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ADDENDUM

SUMMARY
p X para 1 line 10:
p X para 2 line 12:

After "MDM" insert "(high multiplicity of infection)"
After "monocytes" insert "(infrequently infected with HIV-1)"

CHAPTER 1
p 12 para 2 line 6:
p 12 para 2 line 7
p 20, end of para 1:
p 31 para 2 line 5:

Delete "including" and insert "that include"
Before "altered metabolism" insert "and"
Insert: "eg via abnormal production of cytokines and chemokines
produced by other peripheral blood cells infected with HIV-1"
Delete "Kupffer cells and microglial cells"

CHAPTER 3
p
p
p
p

72 para 2 line 6:
73, last line:
77 para 1 line 1:
80, end para 1:

Delete "Croydon, Australia" and insert" La Jolla, CA, USA"
Delete "Kilsyth, Australia" and insert "Dorset, UK"
Delete "mediated by" and insert "associated with".
Insert "It would be of interest to investigate the tyrosine
phosphorylation pattern downstream of GM-CSF R and FcyR"
Fig.3.4, legend, line 6: Delete "cytoplasmic fraction" and insert "non-ionic detergent
soluble fraction; described in section 2.8.3.3"
CHAPTER 4
p 92 last para line 4: Delete "Upstream of Hck and Syk"
p 94 line 3:
Delete "any" and insert "many"
p94 para 2 line 6:
After "associate with y chain" insert "of FcyR"
CHAPTER 5
p 97, title:
Delete "in vivo" and insert "ex vivo"
p 99 parai line 6:
After "since the latter" insert "studies"
p 102 para 2 line 3: After "GST" insert "(unrelated protein available in the laboratory)".
p 105 para 1 line 2: Delete "if" and insert "of
Fig.5.1, legend, line 1: After "C54" insert "(see clinical details in Table 5.1, time-point IV)"
CHAPTER 6
p 120 para 1 line 7: Delete "NSW, Australia" and insert "Kenilworth, NJ, USA"
p125, para 4, line 8: Change "and" to "but"; also after "in vivo" insert "in this individual"
p 128, end para 1:
Insert "Minimal but insignificant effects of E21R GM-CSF on HIV-1
replication in MDM may be due to its signalling via the ct/p
heterodimers of the GM-CSF receptor",
p 125 para 2 Iine5:
Insert at end of para: "The reason for the increased bacteraemia
on day 38 of GM-CSF therapy is unknown"
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SUMMARY
Cells of the macrophage lineage including peripheral blood monocytes and tissue
macrophages play an important role in the pathogenesis of human immunodeficiency
virus type 1 (HIV-1) infection. Following HIV-1 infection, a number of effector functions
carried out by monocytes and macrophages are impaired, including phagocytosis of a
variety of pathogens. Defective immunological function of these cells contributes to
development of opportunistic infections in HIV-infected individuals. Although the
treatment of HIV-infected individuals has improved with the introduction of highly active
antiviral therapy (HAART), opportunistic infections are the major problem for patients
failing HAART and their incidence is likely to increase, as the resistance to antiretroviral
drugs becomes more widespread. Our understanding of the mechanisms by which
HIV-1 impairs cell-mediated immunity leading to the development of opportunistic
infections is critical for the full control of HIV-1 disease progression.

This study aimed to investigate the mechanisms underlying defective monocyte and
macrophage function following HIV-1 infection. As monocytes and macrophages are
distinct cell populations that differ in their susceptibility to HIV-1 infection (monocytes
being refractory, whereas macrophages are fully permissive to HIV-1), impairment of
phagocytosis in monocytes and macrophages was examined independently. The
mechanism underlying defective phagocytosis mediated via Fey receptors (FcyR) by
HIV-infected monocyte-derived macrophages (MDM) was the main focus of my
doctoral studies. The results presented in this thesis show that the early signalling
events during FcyR-mediated phagocytosis in human uninfected MDM are similar to
those previously characterised in murine macrophages. In both species, FcyRmediated phagocytosis is mediated via tyrosine kinase-dependent pathways involving
the key tyrosine kinases Hck, Syk and Pyk2, and the actin-binding protein, paxillin
(Kedzierska et al., 2001b). The effect of HIV-1 on these signalling pathways was

IX

investigated. Using various specifically-opsonised, defined targets it was shown that
FcyR-mediated phagocytosis was inhibited in MDM infected with HIV-1 in vitro. The
observed inhibition was not accompanied by altered surface levels of FcyRs, but was
associated with the strong inhibition of tyrosine phosphorylation of cellular proteins
stimulated during phagocytosis. Further results demonstrated impaired phosphorylation
of tyrosine kinases Hck and Syk, defective formation of Syk complexes with other
tyrosine-phosphorylated proteins and inhibition of paxillin activation. Down-modulation
of protein expression but not mRNA of the y signalling subunit of FcyR (a docking site
for Syk) was observed in HIV-infected MDM. Having established that inhibition was
independent of Nef, infection of MDM with a construct of HIV-1 in which nef was
replaced with the gene for the y signalling subunit augmented FcyR-mediated
phagocytosis, consistent with the interpretation that downmodulation of y-chain protein
expression in HIV-infected MDM caused the defective FcyR-mediated signalling and
impairment of phagocytosis (Kedzierska et al., submitted to J Immunof).

Phagocytosis of the common opportunistic pathogens Mycobacterium avium complex
(MAC) and Toxoplasma gondii by monocytes obtained from HIV-infected individuals
and from the Sydney Blood Bank Cohort (SBBC) members was investigated. MAC
phagocytic capacity of monocytes from individuals infected with wild type HIV-1 was
impaired whan compared to that of uninfected controls. Defective phagocytosis was
irrespective of CD4 counts and HIV-1 viral load, but was associated with defective actin
rearrangement during FcyR-mediated phagocytosis. Monocytes obtained from blood
from SBBC members infected with an attenuated strain of HIV-1 containing deletions
within the nef gene as well as rearrangements and deletions within the overlapping
long terminal repeat displayed phagocytic efficiency equivalent to that of cells from
uninfected individuals. These results suggest the importance of nef/LTR region in
inhibiting phagocytosis by monocytes following HIV-1 infection in vivo (Kedzierska et
a/., 2001a).

The final aim of my doctoral studies was to assess the effect of the immunomodulator
and growth factor, granulocyte-macrophage colony-stimulating factor (GM-CSF) on
phagocytosis by monocytes and macrophages following HIV-1 infection. GM-CSF was
found to markedly augment the ability of HIV-infected MDM to phagocytose MAC in
vitro (Kedzierska et al., 2000b). Phagocytosis of MAC was not altered by exposure to a
mutant form of GM-CSF (E21R) binding only to the alpha chain of the GM-CSF
receptor, suggesting that augmentation of phagocytosis by GM-CSF requires binding to
the a|3 hrrterodimeric form of the receptor. A pilot clinical study confirmed the beneficial

9

effect of Gfvi-CSF in a patient with AIDS and disseminated multi-drug resistant MAC
infection. GM-CSF therapy improved phagocytosis of MAC by peripheral blood

•1

monocytes obtained from this patient. GM-CSF treatment was accompanied by a
reduction in MAC bacteremia as measured by the length of time required for blood
cultures to become positive (Kedzierska et al., 2000b). GM-CSF also consistently
suppressed HIV-1 replication in MDM in vitro, as assessed by measurement of
I 5

supernatant RT activity and intracellular p24 antigen. This effect was reversed by the

Ii

Pi
addition of the neutralising anti-GM-CSF monoclonal antibody (4D4). Analysis of
intracellular HIV-1 DNA and mRNA suggests that HIV-1 replication is inhibited at or
before transcription (Kedzierska et al., 2000a). These results imply that adjunctive GM-

-1
•4

I

I

CSF therapy may be useful to augment monocyte and macrophage function and to
restore antimycobacterial activity in HIV-1 infected patients with opportunistic
infections. Therefore, this thesis combines basic research with some supporting clinical
evidence to provide a scientific rationale for using GM-CSF treatment in the setting of
HIV-1 infection.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 OVERVIEW.

The acquired immunodeficiency syndrome (AIDS) was originally recognised in 1981
following observations of increasing prevalence of Pneumocystis carinii pneumonia,
Kaposi's sarcoma and chronic herpes simplex lesions in previously healthy
homosexual men (Gottlieb et al., 1981; Masur et al., 1981; Siega! et al., 1981). These
clinical observations were associated with low CD4 T cell counts, a reversed ratio of
CD4 T cells to CD8 T cells and impaired T cell function (Masur et al., 1981). The
causative virus was isolated from individuals with AIDS in 1983 (Barre-Sinoussi et al.,
1983; Gallo et al., 1983; Levy et al., 1984) and eventually named the human
immunodeficiency virus type 1 (HIV-1). A second, related virus was isolated from AIDS
patients in West Africa in 1986 and named the human immunodeficiency virus type 2
(HIV-2) (Clavel et al., 1986). Although both viruses cause AIDS, the pathogenicity and
transmissibility of HIV-2 are much lower than those of H!V-1 (reviewed in BarreSinoussi, 1996). HIV-2 is prevalent in West Africa, whereas HIV-1 is present in most
parts of the world, including Australia, and will be the focus of this review.

Since the identification of AIDS two decades ago, the epidemic has resulted in 21.8
million deaths, with an estimated 36.1 million people currently living with HIV. In 2000
alone, 5.3 million people became infected with the virus, of whom 600 thousand were
children (UNAIDS website, accessed in Aug 2001). Although the therapeutic efficacy of
antiretroviral drugs has improved considerably over the past six years, AIDS remains
incurable. A more complete understanding of the biology of HIV-1 and the
pathogenesis of AIDS will facilitate the development of novel drug therapies and
effective vaccines for the full control of HIV-1 infection.
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1.2 ETIOLOGY OF AIDS.
HIV, the etiologic agent of AIDS, is a member of the lentivirus subfamily of retroviruses.
Lentiviruses differ from other retroviruses by their complex genomes and cone-shaped
capsid core particles. They infect cells of haemopoietic and nervous -systems, display
long latent periods before the onset of disease and lead to inv-nunosuppression (Coffin,
1992). Other examples of lentiviruses include the simian immunodeficiency virus,
bovine immunodeficiency virus, feline immunodefiicency virus, equine infectious
anaemia virus, visna maedi virus and caprine arthritis encephalitis virus. All
retroviruses, including HIV-1, use RNA to encode their genome, which is reversetranscribed to DNA by viral reverse transcriptase (RT) before integration into the host
cell's chromosomal DNA. The retroviruses have three major genes in common, viz gag,
po/and envand may contain additional regulatory and accessory genes. In the case of
HIV-1 these are tat, rev, nef, vif, vpu and vpr.

1.2.1 Virion structure.

The HIV-1 virion is spherically shaped and approximately 110nm in diameter (Evans
and Levy, 1989). Similar to other lentiviruses, HIV-1 is enveloped by a lipid bilayer
derived from the host cell membrane and traversed by 72 glycoprotein spikes (Figure
1.1). Surface glycoprotein (SU, gp120) is anchored to the virus via its noncovalent
interaction with the transmembrane glycoprotein (TM, gp41). Under the lipid bilayer a
matrix shell comprising approximately 2000 copies of the matrix protein (MA, p17) lines
the inner surface of the viral membrane, whereas approximately 2000 copies of the
capsid protein (CA, p24) form a conical capsid core. The core of the virion is composed
of two copies of the unspliced viral genomic RNA complexed with approximately 2000
copies of the nucleocapsid protein (NC, p7) and 70 to 100 copies of the viral enzymes:

protease (PR), reverse transcriptase (RT) and integrase (IN) (reviewed in Turner and
Summers, 1999).

1.2.2 HfV-1 genomic organisa tion.

The HIV-1 genome is approximately 9.5 kb in length and is composed of two identical,
positive sense, single-stranded RNAs. The HIV-1 provirus contains open-reading
frames encoding three structural virus-associated polyproteins (Gag, Pol and Env),
flanked by two long terminal repeats (LTR), and sequences encoding six regulatory
and accessory proteins (Figure 1.2). Each LTR is organised into three domains: U3
(untranslated 3'), R (the repeated) and U5 (the untranslated 5'). The Gag and Pol
polyproteins are encoded by overlapping reading frames. The Gag 55 kDa precursor is
synthesised from unspliced mRNA. The Gag-Pol 160 kDa precursor does not have its
own initiation codon, and its synthesis results from a -1 translational frameshift event
with respect to gag (Jacks et al., 1988). Gag polyprotein is proteolytically cleaved
during virus maturation into three structural proteins: MA, CA and NC, and three
additional cleavage products p1, p2 and p6. Pol is cleaved into three enzymes PR, RT
and IN, whereas the Env 160 kDa precursor is cleaved into two envelope proteins,
surface glycoprotein gp120 and transmembrane glycoprotein gp41 (reviewed in Wang
et al., 2000).

Regulatory and accessory proteins are products of spliced mRNA. The HIV-1 genome
encodes three regulatory proteins: Tat (transactivator of transcription), Rev (regulator
of expression of virion proteins) and Nef (negative factor) as well as three accessory
proteins: Vif (virion infectivity factor), Vpr (viral protein r) and Vpu (viral protein u).
These proteins play important roles at multiple stages of the HIV-1 replication cycle,
including reverse transcription, transcription, assembly and budding (summarised in
Table 1.1).

1.2.3 Cellular targets for HIV-1.

The major targets for HIV-1 are cells expressing CD4 molecules on their surface,
mainly the CD4 subset of T cells and cells of macrophage lineage. Both cell types
express chemokine co-receptors for HIV-1 entry, which are important for the cellular
tropism of HIV-1. The G protein-coupled seven-transmembrane chemokine receptors
have been identified as co-receptors for HIV-1 entry. The (3-chemokine co-receptor,
CCR5, is the major co-receptor for macrophage (M)-tropic (R5) strains of HIV-1
(Alkhatib et al., 1996; Dragic et al., 1996), whereas the a-chemokine co-receptor,
CXCR4, is the main co-receptor for T-tropic (X4) strains of HIV-1 (Feng et al., 1996). A
restricted subset of M-tropic strains of HIV-1 can also use the chemokine co-receptors
CCR2 and CCR3 for the viral entry (Choe et al., 1996). M-tropic strains of HIV-1 infect
cells of macrophage lineage, primary CD4 T cells, but not T cell lines in vitro (Collman
et al., 1989; Gartner and Popovic, 1990). These strains of HIV-1 do not induce
syncytium formation, replicate slowly in comparison with syncytium-inducing strains
(reviewed in Fenyo et al., 1989) and can be isolated at all stages of disease
(Schuitemaker et al., 1991). T-tropic strains of HIV-1 infect CD4 T cells and T cell lines
in vitro, but not primary monocytes or macrophages (Collman et al., 1989). These
strains have syncytium-inducing phenotypes, are more cytopathic than M-tropic strains
and generally emerge at late stages of HIV-1 infection (Connor et al., 1993).

Activated CD4 T cells are readily infected with HIV-1, resulting in cytopathology and
cell death (Barre-Sinoussi et al., 1983; Popovic et al., 1984; Zagury et al., 1986) via
syncytium formation or apoptosis (Sodroski et al., 1986; Stevenson et al, 1988).
Although resting CD4 T cells can also be infected with HIV-1, the viral genome is
integrated into chromosomal DNA and remains unexpressed in the absence of
activation (Stevenson et al., 1990; Finzi etal., 1997; Wong et al., 1997).

Cells of macrophage lineage, including both blood monocytes and tis$ u e rnacrophages
are important targets for HIV-1 infection in vivo and in vitro (Ho et a/., 1986; Crowe et
al., 1987) and are described in more detail in Section 1.4.1.

Dendritic cells are, to a lesser degree, susceptible to HIV-1 infection and can support
HIV-1 replication (Pope et al., 1995; Canque et al., 1999). These cells play also an
important role in the initial mucosal infection by capturing HIV-1 in peripheral tissue and
transporting it to lymph nodes, where it infects activated CD4 T cells (Cameron et al.,
1992; Pope era/., 1994). Dendritic cells express the C-type lectin "dendritic cell-specific
ICAM-3-grabbing nonintegrin" (DC-SIGN) on their surface, which binds HIV-1 envelope
glycoprotein and facilitates the contact with CD4 T cells (Geijtenbeek e f a/-. 2000).

1.2.4 Viral replication.

1.2.4.1 Viral entry.

HIV-1 infection of CD4-expressing cells is initiated by high affinity binding between
envelope glycoprotein gp120 and the amino-terminal extracellular domain of CD4
molecules (Landau et al., 1988; Arthos et al., 1989) (Figure 1.3a). jpis interaction
results in conformational changes in gp120, exposes its chemokine receptor-binding
domain and facilitates the interaction with chemokine co-receptors 0>kola et al., 1996).
Subsequent conformational changes in gp41 allow the fusion between the lipid
envelope of the virion and the cell membrane, followed by the entry o f the virion into
the cytoplasm (Dimitrov, 1997) (Figure 1.3b).

1.2.4.2 Reverse transcription.

Following viral entry, the cone-shaped capsid core is uncoated within the cytoplasm
prior to reverse transcription. The process of reverse transcription js mediated by

virion-associated RT (Baltimore, 1970; Temin and Mizutani, 1970) and primed by
cellular transfer RNA specific for lysine (tRNAlys). The cellular derived tRNAlys is
packaged into HIV-1 during virion assembly via Gag-Pol precursor protein (Mak et al.,
1994). The primer tRNAlys is annealed to the primer-binding site positioned immediately
downstream of tho 5'R sequence of the HIV-1 genome. The synthesis of viral cDNA
includes two template switching events and the degradation of the viral genomic RNA
template by HIV-1 RT-associated RNase H activity (reviewed in Mak and Kleiman,
1997). Completion of cDNA synthesis results in a linear double-stranded molecule with
an LTR at each end (Goff, 1990) (Figure 1.3c).

1.2.4.3 Integration.
The viral cDNA is transported to the host cell's nucleus together with IN, MA, RT and
Vpr as a preintegration complex (Miller et al., 1997). This process is directed by Vpr
(Vodicka et al., 1998) and is followed by random integration of the viral cDNA into the
host chromosomal DNA by the catalytic activity of IN (Levy, 1993b). IN removes two
nucleosides from the 31 end of both viral DNA strands. This is followed by insertion of
viral DNA into chromosomal DNA that has been cleaved asymmetrically (Pauza, 1990)
(Figure 1.3d). Depending on the state of activation, the proviral cDNA may remain
latent in the target cell or produce viral mRNA.

1.2.4.4 Transcription.
Transcription is initiated at the U3-R interface of the 5' LTR by cellular RNA polymerase
II and results in unspliced (9kb), singly spliced (4kb) and multiply spliced (2kb) mRNA
transcripts. The multiply spliced mRNAs encoding the regulatory proteins Tat, Rev, and
Nef are transported out of the nucleus and subsequently synthesised. Nef is the first
protein that accumulates in HIV-infected cells. It plays an important role in
downregulation of CD4 receptors (Garcia et al., 1993; Rhee and Marsh, 1994) and

therefore protects cells from superinfection. Tat is the essential regulator of HIV-1
transcription as it increases transcriptional initiation and improves the processivity of
RNA polymerase II (Wei et al., 1998). Rev mediates the export of unspliced (encoding
Gag and Gag-Pol proteins) and single spliced (encoding Env, Vpu, Vif and Vpr) cellular
iRNAs from nucleus to the cytoplasm. This is achieved by binding of Rev to the Rev
.r.esponse Element (RRE).

Binding of Rev to the RRE present in unspliced and single spliced mRNAs results in
the recruitment of the cellular nuclear shuttling protein exportin-1 (Ohno et al., 1998)
and the GTP-bound form of the nuclear export factor Ran guanosine triphosphatase
(Pollard and Malim, 1998). This complex is transported through the nuclear pore to the
cytosol, where it dissociates following hydrolysis of GTP to GDP. Rev is then imported
back to the nucleus via its amino-terminal nuclear localisation signal (NLS) (Emerman
and Malim, 1998). The Env precursor, gp160, is synthesised from the single spliced
env mRNA. It oligomerises to a trimeric structure in the endoplasmic reticulum (ER)
where it is giycosylated (Chan etal., 1997; Wyatt and Sodroski, 1998), cleaved into the
non-covalently associated gp120-gp41 trimeric glycoprotein complex and transported
to the cell membrane for virus assembly. Gag and Gag-Pol are synthesised from
unspliced mRNA and subsequently directed to the cellular membrane by the aminoterminally myristoylated MA domain of the polyproteins (Bryant and Ratner, 1990).

1.2.4.5 Viral assembly and budding.
Viral proteins and RNA are assembled at the cell membrane in CD4 T cells or
predominantly within intracytoplasmic vesicles in macrophages (Gendelman et al.,
1988). The formation of the virion particle is initiated by multimerisation of the 55 kDa
Gag precursor and incorporation of the 160 kDa Gag-Pol precursor and tRNALys.
Proteolytic cleavage of Pr55Gag and Pr160Ga9'Po1 results in maturation of the virion. The
accessory proteins Vif, Vpr and Nef are also packaged into the virion. The viral capsid

buds through the cell .•,•••'•.-, rane and incorporates the viral envelope glycoprotein
present at the cell surface (Levy. 1993a) (Figure 1.3).

1.3 PATHOGENESIS OFHIV-1 INFECTION.

1.3.1 The clinical course of HI V-1 infection in untreated individuals.

HIV-1 is transmitted by exposure to blood and blood products, genital sexual contact or
perinatal transmission. Primary HIV-1 infection is symptomatic in 40 to 60% of
individuals, causing an acute mononucleosis-like syndrome within 2 to 6 weeks after
infection. Symptoms of this acute HIV-1 seroconversion illness include fever, sweating,
malaise, myalgia, headache, ulcers, nausea, and diarrhoea (Cooper et al., 1985).
During this early period after infection plasma concentrations of HIV-1 RNA (viral load)
are very high, often reaching more than one million of copies of HIV-1 RNA per ml
(Figure 1.4). Such a high viral load is accompanied by a transient decline in the CD4 T
ce!5 count and extensive viral dissemination to lymphoid organs (Pantaleo etal, 1993).
Within 1 to 4 weeks after initial infection, humoral and cellular immune responses are
initiated, leading to a decline in the viral load and restoration of the CD4 T cell count
(Clark et al., 1991). Cytotoxic T lymphocytes (CTL; specialised CD8 T cells which
eliminate cells expressing viral proteins in association with MHC class I) play a critical
role in the control of HIV-1 infection. The appearance of virus-specific CTL correlates
with viral decline (McKinney et al., 1999), and higher CTL numbers correspond to a
lower plasma viral load (Koup et al., 1994). An equilibrium between HIV-1 and host
immunity is usually established between 6 to 9 months after infection. At that time, the
steady-state plasma viral load ("viroiogic set point") (Ho, 1996) predicts the long-term
clinical outcome of infection in untreated patients (Figure 1.4). A low viroiogic set point
correlates with longer clinical latency, whereas a high set point correlates with more
rapid progression to AIDS (Mellors etal., 1996).
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The acute phase of HIV-1 infection is followed by a period of clinical latency with no
overt signs of disease, but a steady state of viral replication (Embretson et al, 1993).
During that period the high rate of HIV-1 production of up to 109 virions per day (Ho ef
al., 1995; Wei et al., 1995) and destruction of HIV-infecterf CD4 T cells with a half-life of
less than two days (Ho ef al., 1995; Perelson et al., 1997) is efficiently controlled by the
immune system. The duration of clinical latency varies considerably among HIVinfected patients and may be affected by genetic, environmental and viral factors
(discussed in Section 1.3.2). Eventually, without antiretroviral treatment the immune
system fails and CD4 T ceil levels steadily decline as the viral load steadily increases.
The progressive degeneration of the immune system is associated with defective
immunological functioning of CD4 T cells (Gruters et al., 1990; Shearer and Clerici,
1991), CD8 T cells (Trimble and J, 1998), monocytes (Bravo-Cuellar et al., 1992) and
macrophages (Musher ef al., 1990) (discussed in Section 1.4.3) as well as
dysregulation of cytokine production (Clerici and Shearer, 1993) (discussed in Section
1.3.4). The later stages of HIV-1 infection are characterised by a sudden depletion of
CD4 T cells, which partly results from the appearance of T-tropic strains of HIV-1,
which are responsible for syncytium formation and CD4 T cell destruction (Collman et
al., 1992; Connor et al., 1993).

The immur

:v

unction caused by HIV-1 infection results in immunosuppression and

development of HIV-related symptoms. As the CD4 T cell count declines, patients may
develop a number of HIV-related complications including recurrent mucocutaneous
herpes simplex, herpes zoster, oral candidiasis and oral hairy leukoplakia (reviewed in
MoGullough ef al., 1997). From cohort studies in the absence of antiretroviral
treatment, the onset of AIDS-defining opportunistic infections and malignancies has
generally been shown to occur in individuals with CD4 counts of <200 ceSls/jii and high
plasma viral load about 9 to 10 years after infection. The most common opportunistic
pathogens are Pneumocystis carinii, Mycobacterium avium complex, Mycobacterium

tuberculosis, Toxoplasma gondii, Candida albicans, and cytomegalovirus, whereas
AIDS-related malignancies include Kaposi's sarcoma, non-Hodgkin's lymphoma,
intraepithelial cervical carcinoma and anal neoplasia. HIV-infected patients may also
develop a subacute dementia and a wasting syndrome.

1.3.2 Long-term non-progress ors.

A small proportion of HIV-infected individuals (<5%) remains asymptomatic with normal
CD4 T cell counts and low viral load for more than 10 years in the absence of
antiretroviral therapy (Buchbinder et al., 1994). Several genetic or viral factors may
prolong the duration of the asymptomatic phase. The majority of long-term nonprogressor or slow-progressor cases have been due to host factors. One of the most
important genetic factors is the expression of the chemokine co-receptor for HIV-1,
CCR5. Long term non-progression has been associated with a deletion in the CCR5
allele, named CCR5-A32, which encodes for a non-functional truncated CCR5 receptor
(Samson et al., 1996). Individuals homozygous for CCR5-A32 are highly resistant to
HIV-1 infection, whereas heterozygosity for CCR5-A32 delays the progression to
disease by an average of 2 years (Dean et al., 1996). Specific alleles of HLA loci
including class I B27, B52 and B57, and class II DR1, DR4, DR7 have been also
associated with slower progression to AIDS (Kaslow et al., 1996; Klein et al., 1998).
Long-term non-progressors may also display a broad and potent HIV-specific CTL
response for effective control of HIV-1 replication and associated with stable CD4 T cell
counts (Rinaldo et al., 1995; Cao et al., 1995; Munoz et al., 1995; Shankarappa et al.,
1999).

In a minority of cases, long term non-progression is due to viral factors. Clinical studies
of the Sydney Blood Bank Cohort (SBBC), consisting of a blood donor and eight
transfusion recipients infected with a strain of HIV-1 containing deletions within the nef
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gene, as well as duplications and deletions within the overlapping LTR (Deacon et ai,
1995), suggest the importance of Nef/LTR region for HIV-1 pathogenesis and disease
progression. Whilst there is evidence of recent clinical progression in two of the cohort
members after 17 years of infection (Learmont et ai, 1992; Learmont et ai, 1999), the
virus is clearly attenuated in comparison to wild type HIV-1 strains, indicating that viral
factors may delay disease progression.

1.3.3 The course of HIV-1 infection in the era ofHAART.

With the introduction of antiretroviral drugs and the development of sensitive assays to
monitor plasma viral loads, treatment of HIV-infected individuals has improved
considerably (Carpenter et al., 2000). Currently, there are sixteen antiretroviral drugs
approved by the Australian Therapeutic Goods Administration (TGA) for treatment of
AIDS. They are nine RT inhibitors (six nucleoside inhibitors and three non-nucleoside
inhibitors) and seven PR inhibitors (Dr. Anne Mijch, personal communications). Highly
active antiretroviral therapy (HAART), consisting of combinations of three or more of
these drugs has been very successful in delaying the progression of AIDS and
reducing plasma viral loads in many cases to undetectable levels (Hammer et al.,
1996; Hammer et al., 1997; Gulick et al., 1997). The viral load in lymphoid tissues is
reduced to a lesser extent (Cavert et al., 1997). HAART also improves the CD4 T cell
count and hence decreases the occurrence of opportunistic infections and AIDSrelated morbidity and mortality (Palella et al., 1998) (Figure 1.5).

The persistence of latent reservoirs of HIV-1 is a problem and prevents eradication of
HIV-1 even by prolonged HAART (Ho, 1998; Saag and Kilby, 1999). In patients
receiving HAART and characterised by long-term undetectable viral load, replicationcompetent HIV-1 can be recovered from resting CD4 T cells (Finzi et al., 1997; Chun et
al., 1997; Wong et al., 1997} or peripheral blood monocytes (Crowe and Sonza, 2000;
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Sonza et al., 2001). Viral reservoirs therefore represent a major obstacle to curing HIV1 infection with HAART. They are established during primary infection: initiation of
HAART as early as 10 days after development of symptoms of acute infection does not
prevent their establishment (Chun et al., 1998). As the half-life of the resting CD4 T cell
reservoir is between 6 to 44 months and such reservoirs can be replenished by small
burst of viremia, it is estimated that the time to eradication would take up to 60 years of
continuous HAART with maximal suppression of HIV-1 replication (Zhang et al., 1999;
Pierson et al., 2000). CTL cannot eliminate latently infected cells containing HIV-1
provira! DNA, but not expressing viral proteins. In summary, viral reservoirs represent a
life long persistence of replication-competent forms of HIV-1, and although current
antiretroviral regimens are associated with clinical improvement, they are unlikely to
eradicate HIV-1.

HAART is also associated with the development of HIV-1 strains resistant to
antiretrovira! drugs. Multiple drug resistance has been observed (Hecht et al., 1998)
and raises a great concern. Opportunistic infections are a major problem for patients
failing HAART and are likely to increase, as the resistance to antiretroviral drugs
becomes more widespread. Resistance develops as a result of low plasma drug levels
due to factors including poor adherence, reduced absorption (eg due to diarrhoea),
altered metabolism (eg. drug interactions). The adverse effects a; d toxicities of
antiretrovir&i drugs, including nausea, diarrhoea, myopathy, neuropathy, abdominal
pain and hyperglycemia are common and often lead to cessation of the treatment
and/or poor compliance (reviewed in Landor, 1998).

7,3.4 Abnormal cytokine profile in HIV-1 infected individuals.

Cytokines play an important role in controlling the homeostasis of the immune system.
HIV-1 infection at all stages of the disease is associated with chronic immune activation
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and dysfunctional cytokine production in vivo. Decreased secretion of specific
cytokines and increased production of others contributes to the progression of HIVassociated immune deficiency. Using different experimental approaches, numerous
investigators have examined cytokine production by cells from HIV-infected individuals
as well as within cultures infected with HIV-1 in vitro (summarised in Table 1.2).
Several groups have demonstrated that HIV-1 infection is associated with a switch from
a predominantly T helper (Th) type 1 to Th type 2 response. During the course of HIV-1
infection, secretion of Th type 1 cytokines such as interleukin (IL)-2, and interferon
gamma (IFN)-y, is generally decreased, whereas production of Th type 2 cytokines, IL4, IL-10 is increased (Clerici and Shearer, 1993). Increased production of proinflammatory cytokines, ie. IL-1, I t d, IL-8 and tumor necrosis factor (TNF)-cc (Esser et
ai, 1991; Esser etal., 1996) is thought to activate HIV-1 replication and maintain active
HIV-1 expression via binding of

NF-KB

to LTR (Granowitz et ai, 1995; Munoz-

Fernandez etal., 1997). HIV-1 infection is also associated with increased secretion of
the a-chemokine, stromal-derived factor (SDF)-1 (Ohashi et ai, 1998), and the pchemokines, macrophage-inflammatory protein (MIP)-1a, MIP-1P, RANTES (GarzinoDemo etal., 1999). Such abnormal cytokine production contributes to the pathogenesis
of HIV-1 infection by impairing cell-mediated immunity. Dysregulated cytokine profiles
can be partially reversed with HAART resulting in increases in IL-2 and IFN-y secretion
(but not decreased IL-4 and IL-10 levels), paralleled by suppression of HIV-1
replication and restored CD4 T cell counts (Imami et ai, 1999).

A number of cytokines have been shown to subsequently modulate HIV-1 infection and
replication in vitro in both CD4 T lymphocytes and cells of macrophage lineage. The
effects of cytokines on HIV-1 can be either inhibitory, stimulatory or bifunctional (ie.
both inhibitory and stimulatory) (summarised in Table 1.3), indicating that HIV-1
infection and replication in vivo and in vitro is under the continuous regulation oi £
complex cytokine network produced by a variety of cells. HIV-inductive cytokines
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include TNF-a and TNF-p (Folks et al., 1989; Novak et al., 1990), IL-1 (Poli ef al.,
1994) and IL-6 (Poli ef al., 1990; Poli et al., 1992), which stimulate HIV-1 replication in
T cells and macrophages; IL-2 (Foli et al., 1995), IL-7 (Moran et al., 1993) and IL-15
(Lucey et al., 1997), which up-regulate HIV-1 in T cells, and macrophage-colony
stimulating factor (M-CSF) (Perno et al., 1992), which stimulates

HIV-1 in

macrophages. HIV-suppressive cytokines include IFN-ct and IFN-p (Kornbluth et al.,
1989; Poli et al., 1989) and IL-16 (Maciaszek et al., 1997), which inhibit HIV-1
replication in T cells and monocyte-derived macrophages (MDM); IL-10 (Weissman et
al., 1994) and IL-13 (Montaner et al., 1993) which inhibit HIV-1 in MDM. Bifunctional
cytokines such as IFN-y (Kornbluth et al., 1989; Vyakamam et al., 1990), IL-4
(Schuitemaker et al., 1992; Naif et al., 1994) and granulocyte-macrophage colony
stimulating factor (GM-CSF) (Koyanagi et al., 1988; Kornbluth et al., 1989; Matsuda et
al., 1995), have been shown to have both inhibitory and stimulatory effects on HIV-1.
Bifunctional cytokines may e<ert suppressive or inductive effects on HIV-1 infection
and replication, depending on the state of differentiation of monocytes and the
experimental protocols used by various laboratories (Kazazi et al., 1992; Schuitemaker
et al., 1992b; Naif et al., 1997). The p-chemokines, MIP-1a, MIP-ip and RANTES are
important inhibitors of macrophage-tropic strains of HIV-1 (Cocchi et al., 1995) by
binding to CCR5 and preventing HIV-1 binding. Similarly, the a-chemokine SDF-1
suppresses infection of T cells by T-tropic strains of HIV-1 (Oberlin et al., 1998).
Therefore, there is a complex and dysregulated interplay between cytokines and HIV-1
in vivo (Figure 1.6). The modulation of infection by exposure of cells to specific
cytokines in vitro is a reductionist approach which may oversimplify the biologic
situation.
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1.4 ROLE OFMONOCYTE/MACROPHAGES IN HIV-1 PATHOGENESIS.

1.4.1 Cells of macrophage lineage as a targst and reservoir for HIV-1.

Cells of the macrophage lineage contribute to the pathogenesis of HIV-1 infection
throughout the course of the disease (reviewed in Crowe, 1995). They express CD4
receptor (Gartner et al., 1986; Ho et al., 1986; Crowe et al., 1987) and CCR5 coreceptor (Alkhatib et al., 1996) for HIV-1 entry, and hence are targets for M-tropic
strains of HIV-1. Both blood monocytes and tissue macrophages can be infected with
HIV-1 in vitro and in vivo and persist in the circulation or tissues as viral reservoirs
(Gartner et al., 1986; Salahuddin et al., 1986; Crowe et al., 1987; McElrath et al.,
1989).

1.4.1.1 Tissue macrophages.
Tissue macrophages are major targets for HIV-1 infection (reviewed in Crowe, 1995).
Resident tissue macrophages such as alveolar macrophages (Rich et al., 1992; Lewin
et al., 1996), peritoneal macrophages (Olafsson et al., 1991) and placental
macrophages (Kesson et al., 1993) are readily susceptible to HIV-1 infection in vitro on
the day of isolation. Other specialised tissue macrophages including Kupffer cells
(Schmitt et al., 1990) and microglia (Jordan et al., 1991) can also be productively
infected with HIV-1. The proportion of HIV-infected macrophages within tissues is
relatively high and ranges from 1 to 50% depending on the site of infection (Clarke et
al., 1990; Plata et al., 1987; Stoler et al., 1986; McElrath et al., 1989; Embretson et al.,
1993; Hufert et al., 1993; Mcllroy et al., 1996; Orenstein et al., 1997; Lewin et al.,
1998). Although tissue macrophages are highly susceptible to HIV-1 infection, they are
responsible for producing only a small proportion of the total viral load in HIV-infected
individuals when compared to CD4 T ceils (Meltzer et al., 1S90). Tissue macrophages
infected with HIV-1 are resistant to cytopathic effects and persist throughout the course
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of infection (Gartner et al., 1986). Their half-life is very long, depending on the cell type
and the anatomical location, and ranges from as long as about two months for alveolar
macrophages to decades for microglial cells (Lassmann et al., 1993). Hence, tissue
macrophages can potentially act as long-term stable reservoirs for HIV-1 capable of
disseminating the virus to other tissues (Orenstein et al., 1997; Ghorpade et al., 1998)
and contributing to progression to AIDS.

As discussed above (Section 1.3.3), HIV-1 persists in viral reservoirs during HAART in
patients with undetectable viral load (reviewed in Pierson et al., 2000). The potential
existence of sanctuary sites within tissue compartments where drug concentrations are
sub-optimai as a result of blood-tissue barriers may allow HIV-1 infection and
replication in cells present within those sites. Differences in viral load detected in
plasma and cerebrospinal fluid (Garcia et al., 1999) or semen (Liuzzi et al., 1996)
indicate the ongoing HIV-1 replication in tissue macrophages present within such
sanctuary sites.

1.4.1.2 Monocyte-derived macrophages.

Similar to tissue macrophages, monocyte-derived macrophages (MDM) derived from
peripheral blood monocytes are susceptible to HIV-1 infection in vitro. They can
produce HIV-1 for weeks to months, with a lack of significant cytopathic effects (Crowe
et al., 1987; Sonza et al., 1996). Therefore, MDM provide a very useful model for the
assessment of HIV-1 infection of tissue macrophages. As immune activation affects
HIV-1 infection and replication in MDM (Sonza et al., 1996), cytokines and growth
factors responsible for monocyte differentiation (eg. M-CSF) augment HIV-1 replication
within cells of this lineage in vitro (Perno et al., 1992; Matsuda et al., 1995).
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1.4.1.3 Peripheral blood monocytes.

Peripheral blood monocytes are infrequently infected with HIV-1 in vivo (Schuitemaker
et al., 1992b) and only a very small proportion of blood monocytes (0.001 to 1%)
harbour HIV-1, at any time throughout the course of infection (McElrath et a/., 1989;
Lewin et al., 1998). Freshly isolated monocytes are also much less permissive to HIV-1
infection in vitro compared to MDM cultured for a few days prior to in vitro inaction
(Rich et al., 1992; Sonza et al., 1995; Sonza et al., 1996). HIV-1 replication in freshly
isolated monocytes is blocked prior to reverse transcription and integration (Sonza et
al., 1996). Susceptibility of monocytes to HIV-1 infection is independent of the level of
CD4 expression (Sonza et al., 1995), but correlates with the surface expression of
CCR5 level (Fear et al., 1998; Naif et al., 1998; Tuttle et al., 1998).

Despite the low proportion of peripheral blood monocytes infected with HIV-1 in vivo,
HAART is not able to eradicate the virus from those cells. Replication-competent HIV-1
can be recovered from monocytes purified from peripheral blood of patients effectively
treated with HAART (plasma viral load below 50 copies/ml) and co-cultured with CD8depleted, PHA-activated peripheral blood mononuclear cells (PBMC) (Crowe and
Sonza, 2000; Sonza et al., 2001). Peripheral blood monocyte reservoirs may be
established shortly after infection prior to the commencement of HAART or may
become infected with HIV-1 at any stage of disease via trafficking in and out of the
central nervous system or other sanctuary sites (Thomas and Segai, 1998), and
therefore reflect ongoing HIV-1 replication within cellular sanctuary sites in the body.

1.4.2 Role of macrophages in AIDS-related dementia.

HIV-infected individuals are susceptible to neurological disorders such as subacute
dementia, sensory neuropathy and vacuolar myelopathy. HIV-associated dementia
characterised by cognitive, motor and behavioural abnormalities, is the most severe
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manifestation of HIV-1 infection in the brain. Although the prevalence of neurological
disorders has declined since the introduction of HAART, HIV-associated dementia still
affects a significant number of HIV-infected individuals at late stages of infection.

Within the brain of HIV-infected individuals, HIV-1 replicates productively in bloodderived macrophages and microglia (resident brain macrophages responsible for
removing dead neurons), since HIV-1 DNA, RNA and proteins can be readily detected
within those cells (Gabuzda et al., 1986; Wiley et al., 1986; Johnson et al., 1988; Price
et al., 1988). Although astrocytes have been reported to contain HIV-1 DNA (Watkins
et al., 1990; Tornatore et al., 1991), there is no evidence for productive HIV-1 infection
of those cells (Price et al., 1988; Gorry et al., 1999), possibly due to inefficient
translation of HIV-1 structural proteins (Gorry et al., 1999) Other cells within the brain
such as neurones, oligodendrocytes or epithelial cells have not been found to be
productively infected with HIV-1 (Wiley et al., 1986; Vazeux et al., 1937), suggesting
that cells of macrophage lineage play a central role in the neuropathogenesis of HIV-1
infection.

HIV-associated dementia is associated with massive infiltration of blood-derived
macrophages to the brain through the disrupted blood-brain barrier, and the formation
of multinucleated giant cells and microglial nodules (Price et al., 1988). Both HIVinfected macrophages and microglia are highly activated and produce a number of
neurotoxins contributing to disease progression (Glass et al., 1993). Those include proinflammatory cytokines (TNF-a, IL-1(3), chemokines (SDF-1), excitotoxins (quinolinate
and glutamate), reactive oxygen intermediates (nitric oxide and superoxide) or Iipid
mediators (arachidonate metabolites) (reviewed in Wesselingh and Thompson, 2001),
and may result in the neuropathological changes via neuronal damage and death
(Genis et al., 1992; Achim et al., 1993; Yoshioka et al., 1995). The number of activated
macrophages and their products within the brain strongly correlates with the clinical
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status of the HIV-infected individuals (Wesselingh et al., 1994), confirming the
contribution of those cells to HiV-related encephalopathy and HIV-related dementia.

1.4.3 Altered monocyte/macrophage functions following HIV-1 infection.

Cells of macrophage lineage including peripheral blood monocytes and tissue
macrophages provide critical effector functions within the immune system. Following
HIV-1 infection a number of these functions are impaired, including phagocytosis,
intracellular killing and cytokine production. These defects contribute to the
pathogenesis of AIDS by allowing reactivation and development of opportunistic
infections and resulting in significant morbidity and mortality (reviewed in Crowe, 1995).

1.4.3.1 Impaired phagocytosis.

Cells of macrophage lineage including peripheral blood monocytes and tissue
macrophages provide critical functions in the cell-mediated response to a variety of
pathogens such as bacteria (Mycobacterium avium complex (MAC), Mycobacterium
tuberculosis, Rhodococcus equi), parasites (Toxoplasma gondii, microsporidia) and
fungi {Candida albicans, Cryptococcus neoformans, Pneumocystis carinii) (Drancourt
et al., 1992; Wehle etal., 1993; Doultree et al., 1995). Defective monocyte/macrophage
function leading to inefficient control of opportunistic pathogens contributes to the
development of opportunistic infections due to these pathogens in HIV-infected
individuals at late stages of disease.

Defective phagocytic capacity for opportunistic pathogens by cells of macrophage
lineage following HIV-1 infection has been well documented by our group and others. A
number of investigators have reported impairment of phagocytosis of Toxoplasma
gondii,

Candida

pseudotropicalis,

Porphyromonas

gingivalis,

Fusobacterium

nucleatum, Cryptccoccus neoformans by peripheral monocytes obtained from HIV-
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infected individuals at different stages of disease (Bravo-Cuellar et al., 1992; Cameron
et al., 1993; Delernarre era/., 1995; Estevez et al., 1986; Dobmeyer et al., 1995; Baqui
et al., 1999). Decreased phagocytosis has been found in monocytes obtained from
patients with both undetectable (<400 copies/ml) and high viral loads (>10,000
copies/ml) (Baqui et al., 1999) as well as over a wide range of CD4 count (Roilides et
al., 1993). However, a correlation between defective phagocytosis and the CD4 counts
or disease stage has been also reported (Pittis etal., 1993; Dobmeyer et al., 1995). As
only a small proportion of blood monocytes (0.001% to 1%) is hfected with HIV-1, a
high level of phagocytic inhibition by monocytes from HIV-infected individuals may
reflect an indirect consequence of infection.

The inhibition of phagocytosis of a variety of opportunistic pathogens such as
Pneumocystis

carinii,

Toxoplasma gondii,

Aspergillus

fumigatus,

Histoplasma

capsulatum and Staphylococcus aureus has also been observed in alveolar
macrophages obtained from HIV-infected individuals (Musher etal., 1990; Wehle et al.,
1993) as well as MDM cultured in vitro from monocytes obtained from patients with
HIV-1 infection (Capsoni et al., 1992; Roilides et al., 1993; Capsoni et al., 1994;
Chaturvedi etal., 1995; Delemarre etal., 1995). Similarly, MDM infected with HIV-1 in
vitro displayed impaired phagocytic capacity against Toxoplasma gondii and Candida
albicans (Crowe et al., 1994; Biggs et al., 1995). Since in these experiments a high
proportion of MDM (20 to 70%) were infected with HIV-1, impaired phagocytosis by
those cells may reflect a direct effect of HIV-1 on macrophage function. Such an effect
may be significant in HIV-infected individuals since a high proportion of tissue
macrophages is also infected with HIV-1 (Section 1.4.1.1).

Despite numerous studies demonstrating defective phagocytosis by either monocytes
or macrophages following HIV-1 infection in vivo and in vitro, a few reports have shown
normal monocyte (Nielsen et al., 1986; Eversole et al., 1994) and macrophage (Nottet
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et al., 1993) function after HIV-1 infection. These discordant results may be, at least
partially, explained by substantial variation in methods used by investigators, including
the stage of maturation of monocytes and macrophages at the time of functional
assessment, the specific intracellular pathogens used as targets, type of phagocytosis
assay and in particular the failure of some groups to control for endotoxin
contamination.

The mechanism whereby HIV-1 impairs phagocytosis remains unknown. A number of
phagocytic receptors (Section 1.6.1) can mediate engulfment of specific opportunistic
pathogens. These include complement receptors (C'R) which are generally responsible
for MAC uptake (Schlesinger and Horwitz, 1991) and Fey receptors (FcyR) which
mediate Toxoplasma gondii phagocytosis (Joiner et al., 1990). The effect of HIV-1 on
the surface expression of these phagocytic receptors has been investigated. The
majority of reports show that HIV-1 infection results in either elevated or unchanged
surface expression of FcyRs or C'Rs (Petit et al., 1988; Capsoni et al., 1992; Nottet et
al., 1993; Capsoni et al., 1994; Stent et al., 1995; Dunne et al., 1996). Those studies
suggest that the inhibition of phagocytosis by HIV-1 occurs during or after receptor
binding.

Defective phagocytosis might also be caused by binding of viral proteins present in the
circulation in vivo or in the culture supernatant in vitro to CD4 or other receptors on the
surface of cells of macrophage lineage. Exposure of bronchoalveolar macrophages to
HIV-1 glycoprotein gp120 has been demonstrated to inhibit phagocytosis of
Cryptococcus neoformans (Wagner et al., 1992).

1.4.3.2 Defective intracellular killing.
Our group has previously reported impaired intracellular killing of Toxoplasma gondii
leading to increased intracellular growth of the pathogen in MDM infected with HIV-1 in
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vitro (Biggs et al, 1995). Other investigators have also shown impaired intracellular
killing of Candida species in HIV-infected MDM when compared to uninfected
macrophages although normal function has also been reported (Baldwin et al., 1990;
Nottet et al., 1993). Similarly, MDM cultured from monocytes obtained from
asymptomatic HIV-infected individuals are less efficient in killing Toxoplasma gondii
than cells from uninfected individuals (Eales et al., 1987; Delemarre et al., 1995), and
MDM cultured from monocytes obtained from patients with advanced HIV-1 infection
display increased growth of opportunistic pathogens such as MAC and Leishmania
donovani (Crowle et al., 1992; Ghassemi et al., 1995; Kallenius et al., 1992; Newman
etal., 1993).

Phagosome-lysosome fusion is critical for killing of ingested pathogens and is
significantly reduced in HIV-1 infected MDM when compared to mock-infected control
MDM (Moorjani et al., 1996). Phagosome-lysosome fusion is also impaired in
peripheral blood monocytes obtained from HIV-infected individuals, and correlates with
the stage of disease progression (Pittis etal., 1997).

1.4.3.3 Impaired chemotaxis.
HIV-1 infection also impairs chemotactic activity of cells of macrophage lineage.
Monocytes obtained from patients with AIDS display defective migratory response to
chemotactic stimuli (Wahl et al., 1989) and are associated with downmodulation of
surface expression of receptors for the chemotactic ligands, C5a and fomiyAmethionylleucyl-phenylamine (fMLP; an analogue of bacterial N-terminal peptide). Impaired
chemotaxis (assessed as fMLP-induced polarisation) by peripheral blood monocytes of
HIV-infected men has been also reported (Tas etal., 1988).
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1.4.3.4 Altered cytokine and chemokine profile.

As described in Section 1.3.4, HIV-1 infection at all stages of the disease is associated
with chronic immune activation and dysfunctional cytokine production. Both monocytes
and macrophages contribute considerably to the altered cytokine and chemokine
profiles, and hence play" a major role in the immunopathogenesis of the disease.
Several groups have demonstrated that HIV-1 infection is associated with increased
production of pro-inflammatory cytokines by cells of macrophage lineage. Infection of
MDM with HIV-1 in vitro results in upregulation and constitutive secretion of proinflammatory cytokines such as IL-1, IL-6, IL-8 and TNF-a in culture supernatants
(Esser et al., 1991; Esser et al., 1996). Similarly, increased levels of IL-1 (Sadeghi et
al., 1995), IL-6 (Birx et al., 1990), IL-8 (Matsumoto et ai., 1993) and TNF-a (Lahdevirta
et al., 1988; Baqui et al., 2000) are found in the sera of HIV-infected individuals and
monocytes from HIV-infected subjects. Increased production of pro-inflammatory
cytokines is thought to activate HIV-1 replication and maintain active HIV-1 expression
via binding of

NF-KB

to LTR.

HIV-1 infection is also associated with a switch from a predominantly Th type 1 to Th
type 2 response (Section 1.3.4) (Clerici and Shearer, 1993). Cells of macrophage
lineage contribute to that process by producing elevated levels of IL-10, a Th type 2
cytokine, which inhibits T cell proliferation and macrophage activation (reviewed in
Moore et al., 2001). In vitro HIV-1 infection or gp120 stimulation of monocytes and
MDM significantly increase IL-10 secretion and IL-10 mRNA levels in comparison to
uninfected or untreated cells (Borghi et al., 1995; Gessani etal., 1997).

HIV-1 infection also leads to the altered secretion of interferons and colony-stimulating
factors by cells of macrophage lineage. Productive HIV-infection of monocytes in vitro
results in reduced production of IFN-cc (Gendelman et al., 1990), although binding of
CD4 on monocytes with HIV-1 envelope glycoprotein, gp120, has been reported to
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induce IFN-a production (Capobianchi, 1996). HIV-1 infection in vitro or gp120
treatment of monocytes or MDM results in induction of low levels of IFN-p in
comparison to uninfected/untreated cells (Gessani et al., 1997). MDM infected with
HIV-1 in vitro produce decreased amounts of GM-CSF (Esser et al., 1996), but 5- to
24-fold higher levels of M-CSF in comparison to uninfected cells (Gruber et al., 1995;
Kutza et al., 2000). Increased levels of M-CSF have been detected in the cerebrospinal
fluid of HIV-infected patients, presumably synthesised by cells of macrophage lineage
within the brain (Gallo et al, 1994).

HIV-1 infection induces MDM to secrete the P-chemokines MIP-1a, MIP-1P and
RANTES, which have been identified as natural ligands for CCR5, a major co-receptor
for M-tropic strains of HIV-1 (Cocchi et al., 1995). HIV-infected MDM produce
increased levels of MIP-1oc and MIP-1P, which subsequently enhance chemotaxis and
activation of resting T cells (Schmidtmayerova et al., '996; Swingler et al., 1999).
Exposure of monocytes and MDM to gp120 or interactions between soluble CD40
ligand and CD40 on MDM also stimulate the production of M!P-1a, MIP-1p and
RANTES in a dose-dependent manner (Kornbluth et al., 1998; Fantuzzi et al., 2001).

1.5 BIOLOGY OF MONOCYTES AND MACROPHAGES.

1.5.1 Monocyte differentiation and activation.

Monocytes originate from a self-renewing population of CD34-expressing, CD38negative pluripotent haemopoietic stem cells, located mainly in the bone marrow.
These haemopoietic stem cells generate progenitor cells committed irreversibly to
either the myeloid or lymphoid lineage. The earliest committed progenitor cells of
myeloid lineage are the colony-forming unit (CFU-GEMM), which give rise to
granulocytes,

erythrocytes,

monocytes

and
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megakaryocytes.

The

coordinated

proliferation and differentiation of these cells is controlled by several haemopoietic
growth factors and cytokines including stem cell factor (SCF), thrombopoietin (TPO),
IL-3, IL-5, IL-6, GM-CSF and M-CSF (Lydyard and Grossi, 1993) (Figure 1.7).

Cells of the macrophage lineage share a common progenitor, granulocyte-macrophage
colony forming unit (CFU-GM) with neutrophils (reviewed in Auger and Ross, 1992).
Once IL-3-responsive CFU-GM progenitor cells express receptors for GM-CSF and MCSF, they become responsive to these cytokines, proliferate and mature into
monocytes. Upon stimulation with GM-CSF and IL-3, the CFU-GM proliferates and
differentiates into the first monocyte precursor, the monoblast. These differentiate into
the larger promonocyte and then upon stimulation with GM-CSF, M-CSF and IL-3 into
mature monocytes. After spending less than 24 hr in the bone marrow, monocytes
enter the blood stream and circulate in peripheral blood with a half-life of about three
days. Monocytes subsequently adhere to endothelium and migrate into various
extravascular tissues, where they further differentiate into morphologically and
phenotypically distinct sub-populations of tissue macrophages such as alveolar
macrophages in lungs, the synovial macrophages in the joint capsule, the hepatic
Kupffer cells or peritoneal macrophages (Table 1.4). The life span of tissue
macrophages varies from two months to years depending on the anatomical site
(reviewed in Ralph, 1989). Tissue macrophages display a spectrum of specialised
functions depending on diverse microenvironmental signals. These functionally and
phenotypically distinct macrophage populations increase the responsiveness of the
non-specific immune system to a wide variety of pathogens.

Differentiation of monocytes into macrophages is associated with many morphological
changes such as an increase in cell size, the cytoplasm to nucleus ratio and
cytoplasmic granularity (van Furth etal., 1979; Musson, 1983; Kreutz et al., 1992). The
surface expression of a number of proteins also alters as myeloid cells differentiate into
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macrophages. Mature cells of macrophage lineage lose the CD34 surface marker, gain
the receptor for LPS (CD14), but maintain expression of MHC class II molecule (Figure
1.8). They have increased surface expression of phagocytic receptors FcyRs and the
complement receptor CR3 (CD11b/CD18) (reviewed in Rutherford et al., 1993).
Similarly, functions including phagocytosis and intracellular levels of lysosomal
enzymes increase during differentiation (Auger and Ross, 1992). Monocytes purified
from peripheral blood can be differentiated to MDM in vitro. In the presence of human
serum they undergo similar morphological and phenotypical changes as tissus
macrophages including cell size, cytoplasm to nucleus ratio, cytoplasmic granularity
and surface markers expression (Dougherty and McBride, 1989; Akiyama et al., 1988;
Andreesen et al., 1988; van Furth et al., 1979; Kaplan and Gaudermack, 1982;
Musson, 1983). Macrophages are considered terminally differentiated cells, although
modest proliferation of human MDM has been reported (Schuitemaker et al., 1992b;
Schuitemaker et al., 1994).

Resident tissue macrophages are immunologically quiescent. They have low levels of
MHC II surface expression required for antigen presentation, low oxygen consumption
and little cytokine production, although they display phagocytic and chemotactic
activities. Resident macrophages can achieve maximal functional capacity following
activation with cytokines or endotoxin. In contrast to macrophage differentiation (normal
cellular development associated with permanently altered expression of genes),
macrophage activation involves acquisition of an increased ability to perform effector
functions and is associated with reversibly-altered expression of a set of genes
(Rutherford, 1993). Macrophage activation leads to an alteration in cellular size, cellular
metabolism and surface expression of HLA-DR, FcyRs and CRs required for their
maximal functional capacity (Ezekowitz and Gordon, 1982; Guyre et al., 1983; Basham
and Mengan, 1983). Activated macrophages are the major effectors for cell-mediated
immunity against a broad spectrum of pathogens.
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Activation of macrophages is a two-step process. The first stage involves "priming" for
their full activation. Cytokines produced by stimulated T cells such as IFN-y, and to a
lesser extent IFN-cc, IFN-(3 and TNF-a are the major macrophage "priming" agents
(Ruco and Meltzer, 1978; Gordon, 1986; Peck, 1991; Knight etai, 1992; Rutherford et
al.,

1993). Those "primed" macrophages

display

enhanced bactericidal

and

tumouricidal activities, increased secretory and phagocytic capacities, MHC class !l
expression, antigen presentation and oxygen consumption as well as release of
cytokines such as TNF-a (Adams and Hamilton, 1984; Adams and Hamilton, 1987).
Following stimulation with GM-CSF, LPS or phorbol esters, those "primed"
macrophages become fully activated (Adams and Hamilton, 1987; Belosevic et al.,
1988). The activation state is associated with production of pro-inflammatory cytokines
including TNF-a, IL-1 and IL-6 as well as prostaglandins (PGE2), increased secretion of
catalytic enzymes (acid hydrolyses and proteases), reactive oxygen products and nitric
oxide (Pantalone and Page, 1975; Gordon, 1978; MacMicking et al., 1997). Activated
macrophages also display high oxygen consumption, increased antimicrobial activity,
killing of parasites, tumor cell lysis, augmented phagocytic capacity and the ability to
phagocytose C'-opsonised pathogens (Rutherford etai, 1993).

1.5.2 Monocyte/macrophage function.

Cells of macrophage lineage play a pivotal role within the immune system. They
participate in host defences against infection by bacteria, viruses and protozoa as well
as immune surveillance against malignancies. They generate many important
immunological and inflammatory responses, affect most of the cells of the immune
system and contribute to humoral and cellular immunity. Their ability to act as antigen
presenting cells and major producers of cytokines enables macrophages to induce
adaptive immune responses and stimulate both T cells and B cells (reviewed in
Medzhitov and Janeway, 1997). They regulate both the local and systemic environment
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through their large and diverse secretory potential as well as very potent phagocytic
capacity. Tissue macrophages are ubiquitously distributed throughout the body and
hence provide an immediate defence against pathogens prior to induction of antibody
production and T cell responses. As discussed in Section 1.5.1, the function of
macrophages is influenced by their state of activation.

Macrophages play an important role in the innate immune responses against bacteria,
viruses, fungi and parasites. They recognise invading pathogens at the site of entry
including the submucosae, spleen, liver and lymph nodes. They decrease pathogen
load and clear infectious agents via phagocytosis and subsequent intracellular killing.
Splenic macrophages and Kuptfer cells are important in the clearance of bloodborne
infections, whereas macrophages at the submucosae (eg. gastrointestinal tract) and
alveolar macrophages clear pathogens that have passed through the anatomical
barriers. The effectiveness of macrophages to limit the pathogen load depends on the
nature of inoculum and the susceptibility of macrophages to infection by invading
pathogens.

Macrophages mediate their phagocytic function via a number of surface receptors for a
variety of bacteria, fungi and parasites (eg. FcyRs, CRs and mannose receptors;
described in Section 1.6.1). Apart from the phagocytic receptors, they also express a
surface receptor for LPS, CD14, which is important for eliminating Gram-negative
bacteria from the peripheral blood and interstitial fluids (Ziegler-Heitbrock and Ulevitch,
1993). Apart from removing a variety of pathogens, macrophages also recognise and
ingest infected, senescent and otherwise abnormal cells. They engulf and remove
apoptotic bodies, which can be readily detected within the cytoplasm of activated
macrophages (Bofill et al., 1995). In this context, infectious HIV-1 has been recovered
from macrophages that have phagocytosed infected cellular debris (Kombluth et al.,
1993).
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Cells of macrophage lineage kill pathogens and infected cells via oxygen-dependent
and oxygen-independent mechanisms, respectively. The former mechanism depends
on a massive increase in oxygen consumption (respiratory burst) following the
ingestion of the pathogen and leads to generation of superoxides, halogenated anions
and other toxic molecules, whereas the oxygen-independent mechanism eliminates
infected cells via perform cytotoxicity (reviewed in Mazzarella et al., 1998). Nitric oxide
(NO) is also important for intracellular killing of a broad range of pathogens including
bacteria, viruses, parasites and fungi (DeGroote and Fang, 1995). NO production can
be stimulated by microbia! products (LPS, lipoteichoic acid) or pro-inflammatory
cytokines (IFN-y, TNF-a, IL-1) (Nicholson et al., 1996) and correlates with the ability of
macrophages to inhibit microbial proliferation and thus with a better clinical outcome
(Anstey et al., 1996).

Macrophages play an important role as antigen presenting ceils and therefore are
involved in initiating specific immune responses. They process exogenous antigens in
vesicles derived from phagosomes and present the processed antigens to CD4 T cells
in association with MHC class II molecules. A small subset of macrophages is able to
present exogenous antigens to CD8 T cells in association with MHC I molecules
(Pfeifer ef a/., 1993).

Cells of macrophage lineage also eliminate antibody-coated cells via antibodydependent cellular cytotoxicity (ADCC). This process is mediated by FcyRs on the
macrophage surface and leads to macrophage activation and subsequent death of the
target cell.

Monocytes and macrophages secrete numerous cytokines including !FN-a, IFN-J3,
TNF-a, IL-1, IL-6, IL-8, IL-10, IL-12, IL-15, growth factors including GM-CSF, G-CSF,
and chemokines such as MIP-1a, MIP-1p\ RANTES, SDF-1. Production of pro-
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inflammatory cytokines, IL-1, IL-6, IL-8 and TNF-a (which aoX as adjuvants of immune
responses) by macrophages contributes to the initiation and broadening of host
defences against a variety of pathogens.

1.5.3 GM-CSF and cells ofmacrophage lineage.

The function of cells of macrophage lineage is influenced by their state of activation,
which in turn is initiated by exposure to growth factors and cytokines. GM-CSF is one
of the major growth factors which regulate macrophage function. It stimulates both the
proliferation and differentiation of cells of macrophage lineage as well as a number of
their functions including antimicrobial and antitumoricidal activity, synthesis of cytokines
and antibody-dependent cell-mediated cytotoxicity (reviewed in Armitage, 1998).

1.5.3.1 The structure of GM-CSF and its receptor.
GM-CSF is a glycoprotein of 127 amino acids with a molecular weight of 23 to 28 kDa
and is produced by a variety of cell types including activated T cells, endothelial cells,
macrophages and fibroblasts (Hercus et ai,

1994). The structure of GM-CSF

determined by x-ray crystallography reveals the presence of four alpha helices with a
novel fold combining a two-stranded antiparallel beta sheet (Diederjchs et ai, 1991).
The regions between amino acid residues 14 to 28 (Clark-Lewis et al., 1988) and 88 to
96 in the first alpha helix (Brown et al., 1990) are essential for GM-CSF biological
activity. In contrast, the elimination of the 14 most N-terminal amino acids and 6 Cterminal amino acids does not affect its bioactivity. Using site-directed mutagenesis,
two amino acids G!u21 in helix A (Lopez etal., 1992) and Asp101 in helix D (Hercus et
al., 1994) have been determined to be critical for the full biological activity of GM-CSF.
These residues are thought to bind to the separate subunits of the GM-CSF receptor
(Hercus etal., 1994).
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The human GM-CSF receptor has been cloned and comprises a low affinity a chain
(KD=2.6nM) and a 0 chain which provides a high affinity b ^ ' ^ i when co-expressed
with the a chain. The affinity of GM-CSF for the a|3 heterodimer is in the pM range
(Gearing etal., 1989; Hayashida et al., 1990). The p chain of the GM-CSF receptor is
shared with IL-3 and IL-5 receptors and does not appear to bind GM-CSF by itself
(reviewed in Crowe and Lopez, 1997). A mutant form of GM-CSF, E21R, binding
selectively to the a chain of GM-CSF receptor and behaving as a competitive GM-CSF
antagonist, induces apoptosis of primary haematopoietic cells (Iversen et al., 1996).
These results suggest that engaging the (3 chain and high-affinity binding is important
for cell survival.

1.5.3.2 Function of GM-CSF.

In addition to its role in activating macrophage function, as discussed in Section 1.5.1,
GM-CSF is a multipotential haematopoietic

growth factor regulating cells of

eosinophilic, neutrophilic, monocytic and megakaryocytic

linkages (Figure

1.7)

(reviewed by Metcalf, 1985). Low concentrations of GM-CSF (pM ranges) have been
found to enhance monocyte survival (Elliott etal., 1989; Eischen etal., 1991). GM-CSF
induces the differentiation of circulating monocytes into specialised macrophages such
as alveolar macrophages, Kupffer cells or microglial cells upon their migration into the
tissues. In vitro, GM-CSF has been reported to enhance the effector function of mature
macrophages including increasing their phagocytic capacity (Smith et al., 1990)
cytotoxicity against tumor cells (Parhar et al., 1992), antiparasitic and antimycobacterial
activity (Bermudez et al., 1994; Laursen et al., 1994) as well as antibody-dependent
cellular cytotoxicity (Keler et al., 2000). GM-CSF also stimulates the effector function of
circulating neutrophils and eosinophils (Vadas et al., 1983).
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Stimulation with GM-CSF significantly increases FcyR-mediated phagocytosis by both
human (Capsoni et al., 1992) and murine macrophages (Coleman et ai, 1988). GMCSF also augments C'R-mediated phagocytosis of Mycobacterium avium complex
(Schlesinger and Horwitz, 1991) by human (Bermudez and Young, 1990) and murine
macrophages (Bermudez et al., 1994). GM-CSF augments antimicrobial activity
against a number of other opportunistic pathogens including Candida albicans (Smith
et al., 1990), Aspergillus fumigatus (Roilides et al., 1996), Trypanosoma cri/z/(Reed et
al., 1987), Histoplasma capsulatum (Newman and Gootee, 1992) and Cryptococcus
neoformans (Collins and Bancroft, 1992). Additionally, this cytokine increases surface
expression of the phagocytic receptors such as FcyR II, which subsequently correlates
with the enhanced binding of IgG-opsonised erythrocytes (Rossman et al., 1993).

1.5.3.3 Clinical applications of GM-CSF.

GM-CSF is used in numerous clinical applications including cancer treatment and bone
marrow repopulation after chemotherapy or irradiation-depletion. Clinical trials have
indicated that recombinant human GM-CSF can shorten the duration of chemotherapyinduced neutropenia in persons receiving chemotherapy for various malignancies
(Antman et al., 1988; Brandt et al., 1988; Nemunaitis et al., 1988). Administration of
GM-CSF increases the number of circulating peripheral blood monocytes as well as the
in vitro effector functions of cells of macrophage lineage obtained from patients
receiving GM-CSF including FcyR-mediated phagocytosis, oxidative burst, cytotoxicity,
antigen presentation and secretion of TNF-a and iFN-y (Coleman et al., 1988; Wing et
al., 1989; Wiltschke et al., 1995). Treatment with GM-CSF also increases the number
of circulating monocytes and neutrophils in AIDS patients (Groopman et al., 1987).

GM-CSF is potentially useful in combating opportunistic infections in AIDS patients by
stimulating monocyte/macrophage number and function. Currently GM-CSF is rarely
used for the treatment of HIV-infected patients due to concerns regarding potential
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activation of HIV-1 replication, with adverse effects on viral load. Early studies
investigating the effect of GM-CSF on HIV-1 replication in vitro reported upregulation of
HIV-1 production in both MDM (Koyanagi et al., 1988; Perno et al., 1989; Schuitemaker
et al., 1990; Perno et al., 1992; Wang et al., 1998) as well as in the promonocytic cell
line U937 and its subclone U1 (Folks et al., 1987; Pomerantz et al., 1990). However,
other investigators have found either inconsistent (Kornbluth et al., 1989; Hammer et
al., 1990) or inhibitory effects of GM-CSF on HIV-1 entry or replication in MDM
(Matsuda et al., 1995; Di Marzio et al., 1998). A number of laboratory variables could
contribute to the conflicting data, including source/concentration of GM-CSF, timing of
incubation with cytokine, maturity (monocyte versus MDM) and strain of HIV-1 used for
infection.

Early clinical trials showed that GM-CSF treatment of HIV-infected patients in the
absence of antiretroviral therapy results in increased serum p24 antigen levels and
plasma HIV RNA titres (Kaplan et al., 1991; Lafeuillade et al., 1996). However, when
used in combination with effective antiretroviral therapy, GM-CSF has been safely
administered to patients without any significant increase in viral load (Krown et al.,
1992; Yarchoan et al., 1990; Angel et al., 2000). In fact GM-CSF has been found to
increase the activity of antiretroviral drugs (Perno et al., 1992). Data from studies of
HIV-infected patients receiving antiretroviral therapy combined with GM-CSF have
shown that patients experienced a decrease in viral load and an increase in CD4
counts (Brites et al., 2000). Clinical improvement and augmented monocyte phagocytic
function against mycobacteria and fungal infections, again without an increase in viral
load, has also been reported in patients with advanced HIV-1 infection and drugresistant oropharyngeal candidiasis treated with GM-CSF (Vazquez et al., 1998).
These studies suggest that GM-CSF might be useful adjunctive therapy in augmenting
macrophage function in HIV-infected patients with opportunistic infections provided that
effective antiretroviral therapy can be given concurrently.
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1.6 MECHANISM OF PHAGOCYTOSIS.

1.6.1 Phagocytic receptors.

Phagocytosis is mediated via a range of receptors promoting microbial binding and
uptake. They include opsonin-dependent receptors, which interact with target particles
by recognising opsonins supplied by the host, and opsonin-independent receptors
(pattern recognition receptors), which interact directly with pathogens by recognising
structural determinants present on their surface (Table 1.5) (reviewed in Greenberg,
1995). The best-characterised opsonin-dependent receptors are FcyRs for the
crystallisable fragment (Fc) of IgG and C'Rs for the complement protein C3bi. Opsoninindependent receptors include mannose receptors as well as other receptors of less
characterised specificity.

Fey receptors for the constant Fc region of IgG are widely expressed on cells of
haematopoietic lineage and play an important role in host defences. FcyRs (FcyR I,
FcyR II, FcyR IIIA) are the major means by which monocytes and macrophages
recognise IgG-opsonised particles and promote phagocytosis, antibody-dependent
cellular cytotoxicity, cytokines and chemokines secretion. The major Fey receptors
expressed on monocytes are the high affinity FcyRI (CD64) and a low affinity FcyRII
(CD32), while macrophages also express
FCYRS

FCYRIIIA

(CD16) (reviewed in Daeron, 1997).

share a highly homologous extracellular IgG binding domain. The receptors

differ, however, in their cytoplasmic domains. FcyR I and FcyR IIIA have relatively short
domains, whereas

FCYRII

arranged

specific

into

has a large cytoplasmic domain containing tyrosine residues
signalling

motifs

YXXL.X5.12YX2-3L/I,

named

ITAMs

(immunoreceptor tyrosine-based activation motifs). FcyR I and FcyR IIIA signal via y Y
homodimers, which contain the ITAMs.
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Complement receptors promoting phagocytosis of complement-opsonised particles are
CR1 (CD35), CR3 (CD11b/CD18) and CR4 (CD11 c/CD18). CR1 is a single chain
transmembrane receptor containing an extracellular domain which binds complement
proteins present in serum; C3b, C4b and C3bi (Fearon, 1980). CR3 and CR4 are (32
integrin heterodimers comprising a common p subunit (p2, CD18) and distinct a chains
(aM, CD11b and a L , CD11c respectively) (Wright et al., 1983; Myones et al., 1988).
CR3 plays also an important role as an opsonin-independent receptor by binding LPS
(Wright et al., 1989). Apart from their roles in phagocytosis, CR3 and CR4 are also
involved in transendothelial movement of macrophages and cell adhesion to
endothelium (Chatila et al., 1989).

Opsonin-independent receptors, with broad pathogen specificity, recognise conserved
motifs on pathogens not found in higher eukaryotes, and have important functions in
immune responses against infections as indicated by gene-knockout studies (Thomas
et al., 2000). The best-characterised opsonin-independent receptor is the mannose
fucose receptor, which recognises mannans on, predominantly, yeast cell walls and
subsequently mediates phagocytosis of those pathogens (Stahl and Ezekowitz, 1998).
The mannose receptor is a single chain type 1 membrane protein with an extracellular
domain containing 8 Iectin-like carbohydrate-binding domains and a short cytopiasmic
tail crucial for endocytic and phagocytic functions (Aderem and Underhill, 1999).
Recently identified toll receptors (Medzhitov et al., 1997) are thought to transduce the
intracellular signals initiated by binding yeast to mannose receptors.

1.6.2 Mechanism of phagocytosis.

Phagocytosis is a process utilised by cells of macrophage lineage and neutrophils to
engulf and clear particles larger than 0.5|im such as pathogens, senescent cells,
apoptotic and necrotic bodies. Phagocytosis is initiated by the interaction of
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phagocytosis-promoting receptors on the surface of macrophages with specific ligands
on the surface of the target particles. This is followed by a cascade of signalling events
resulting in protrusion of membrane extension, pseudopodia formation, actin
polymerisation at the site of ingestion, reorganisation of the actin-based cytoskeleton,
formation of the phagosome enclosing the phagocytosed particle and its engulfment
into the cytoplasm (Figure 1.9).

After internalisation of the engulfed particle, actin fibres are depolymerised and the
phagosome matures via multiple transient and incomplete membrane fusion and fission
events, which have been termed "kiss and run" mechanism of phagosome maturation
(Desjardins et al., 1994). The phagosome fuses with lysosomes and forms the mature
phagolysososme, where degradation of the ingested particle occurs. Phagocytosis
mediated via a number of different receptors induces actin rearrangement and
subsequent particle ingestion, suggesting that signalling mechanisms activated by
distinct phagocytic receptors are likely to converge at some stage in the cell. The
details of the above events are described in Section 1.6.3.

1.6.3 Fey receptor-mediated phagocytosis - signai transduction.

Most studies delineating the specific signalling events during

FcyR-mediated

phagocytosis have been performed using murine macrophages (Greenberg et al.,
1993; Greenberg et al., 1994; Aderem, 1995; Crowley et al., 1997; Strzelecka et al.,
1997; Kiefer et al., 1998), or cell lines transfected with FcyR (Indik et al., 1994; Cox et
al., 1996; Greenberg et al., 1996). FcyR-mediated phagocytosis is initiated by the
interaction of Fey receptors with the Fc portion of IgG antibody on the surface of the
opsonised particle. This is followed by a cascade of signalling events resulting in
internalisation of the particle via an actin-based mechanism, as evidenced by confocal
microscopy

and treatment

with cytochalasins
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D (specific

inhibitors

of

actin

polymerisation) (Greenberg et al., 1990; Greenberg et al., 1994). There are two studies
reported using human macrophages (Kusner et al, 1999) or monocytes (Zheleznyak
and Brown, 1992). Several signal transduction pathways utilised by murine
macrophages activated during FcyR-mediated phagocytosis have been described
(reviewed in Aderem and Underbill, 1999), including requirements for Src family
kinases (Crowley et al., 1997; Fitzer-Attas et al., 2000), Syk kinase (Indik et al., 1995c;
Crowley et al., 1997; Bonnerot et al., 1998), phosphatidylinositol 3-kinase (PI3-kinase)
(Kanakaraj et al., 1994; Ninomiya et al., 1994) and the Rho family of GTPases
(Hackam et al., 1997; Cox era/., 1997) (summarised in Table 1.4).

1.6.3.11nvolvement of Src kinases.

The above-mentioned signalling events are initiated following clustering of FcyRs. This
leads to activation of tyrosine kinases of the Src family which associate with the y chain
(signalling subunit) of FcyR I and IIIA or the cytoplasmic domain of FcyR II (Jouvin et
al., 1994; Sarmay et al., 1994). Several kinases of the Src family are involved in FcyRmediated phagocytosis. Both Hck and Lyn have been also shown to coimmunoprecipitate with FcyR following cross-linking of receptors on THP-1 monocytic
cell lines (Ghazizadeh et al., 1994) and human monocytes (Wang et al., 1994). A role
for Hck, Fgr and Fyn in FcyR signalling has been suggested based on data showing
that macrophages prepared from mice deficient in these three Src family tyrosine
kinases exhibit poor signalling downstream of FcyR (ie. Syk activation) as well as
reduced levels of FcyR-induced functional responses such as phagocytosis, actin cup
formation and respiratory burst (Crowley et al., 1997; Fitzer-Attas et al., 2000). A
specific requirement for Hck in phagocytosis has been demonstrated using Hck knockout

mice, which

fail to

internalise

IgG-opsonised

erythrocytes,

while

other

haematopoietic functions remain intact (Lowell et al., 1994). This study also showed
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that while some functions of Hck are compensated for by increases in the activity of
another Src kinase, Lyn, phagocytosis still remained defective.

1.6.3.2 Phosphorylation oflTAMs.

The activation of Src kinases results in the rapid and transient phosphorylation of
ITAMs on either the ligand binding subunit in the cytoplasmic domain of Fey RH or on
the associated y chain of Fey Rl and IMA (Park et al., 1993; Indik et al., 1994; Indik et
al., 1995a). In fact, this phosphorylf»*ion is absolutely required for FcyR-mediated
phagocytosis as replacement of tyrosine residues within ITAMs with phenylalanine
abolishes the phagocytic signal and subsequent internalisation of target particles (Park
et al., 1993). Two y chain cytoplasmic YXXL sequences are required for FcyR-mediated
phagocytosis to occur (Indik et al., 1995c). A single class of human FcyR can induce
phagocytosis in the absence of other FcyRs (Indik et al., 1995b). The high affinity FcyR
I does not require its cytoplasmic domain to mediate a phagocytic signal as it may
interact with the Y chain of FcyR IIIA to mediate phagocytosis (Indik et al., 1994).
However, deletion of the intracellular y chain of FcyR I, in the absence of the
cytoplasmic domain of FcyR IIIA, markedly impairs phagocytosis despite unchanged
surface receptor level (Edberg et al., 1999). The cytoplasmic y signalling subunit of
FcyRs is critical for subsequent Syk activation (Indik et al., 1995b).

1.6.3.3 Critical role of Syk.
Phosphorylated ITAMs create docking sites for Syk at the cell membrane, allowing its
subsequent activation coupled to receptor clustering (Indik et al., 1995c; Bonnerot et
al., 1998). Syk has also been found to be a part of the activated FcyR complex
following cross-linking of receptors in U937 and THP-1 cell lines (Darby et al., 1994;
Ghazizadeh et al., 1995). A requirement for Syk in FcyR-mediated phagocytosis was
initially demonstrated in human monocytes by using anti-sense oligodeoxynucleotides
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to inactivate Syk mRNA (Matsuda et al., 1996). Gene knockout studies subsequently
confirmed that FcyR-mediated phagocytosis by murine macrophages has an absolute
and specific requirement for Syk (Crowley et ai., 1997). This requirement does not
necessary extend to other phagocytic receptors, since macrophages derived from the
fetal livers of Syk-deficient mice showed unimpaired phagocytosis of yeast
(phagocytosed by mannose receptors) or latex particles (phagocytosed via non-specific
receptors) (Crowley et al., 1997). Transfection studies using COS and DT40 cell lines
have demonstrated that Syk activation is absolutely required for coupling phagocytosispromoting FcyRs to the actin-based cytoskeleton and mediates actin assembly and
FcyR-mediated transport to lysosomes (Cox et al., 1996; Kiefer et al., 1998; Bcnnerot
etal., 1998).

1.6.3.4 Downstream effectors of Syk.

1.6.3.4.1

PI3-kinase.

Activated Syk promotes phosphorylation and/or activation of a number of downstream
substrates including phosphatidyl inositide 3-kinase (PI3-kinase) (Crowley et al., 1997)
(Figure 1.10a), GTP-binding proteins (Massol et al., 1998) (Figure 1.10b), and actinbinding proteins (Greenberg et al., 1994) (Figure 1.10c). PI3-kinase, an enzyme that
catalyses phosphorylation of phosphoinositides in the D3 position of the inositol ring,
has been shown to be a downstream effector of Syk during FcyR-mediated
phagocytosis (Crowley et al., 1997). Crowley and colleagues have shown that tyrosine
phosphorylation of the p85 regulatory subunit of PI3-kinase, stimulated by FcyR
engagement, is inhibited in Syk knockout mice. A requirement for PI3-kinase in FcyRmediated phagocytosis has been demonstrated in a study showing that cross-linking of
FcyRs increases the activity of PI3-kinase, and wortmannin (a tight-binding specific
inhibitor of PI3-kinase) inhibits both PI3-K activity and ingestion of IgG-opsonised
particles (Ninomiya et al., 1994). A role for PI3-kinase in FcyR-mediated phagocytosis
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has been suggested by studies in which wortmannin prevents either pseudopod
extension or phagosome closure and engulfment of IgG-opsonised targets, but does
not affect the actin-based formation of the phagocytic cup (Araki et al., 1996; Crowley
eial., 1997; Cox et al., 1999).

1.6.3.4.2

Rho family of GTPases.

The members of the Rho family of GTPases, including R a d , RhoA and Cdc42, provide
a critical link between the initial signalling events and the subsequent cytoskeletal
rearrangements. Distinct cytoskeletal processes have different requirements for the
GTP-binding proteins, for example RhoA promotes elongation of the stress fibres,
R a d is involved in the formation of focal complexes, whereas Cdc42 mediates filipodia
extension (Hall, 1998).

FcyR-mediated signalling activates two proteins of the Rho family, Rad and Cdc42.
Both proteins accumulate at the phagosome when exposed to IgG-opsonised target
particles and promote phagocytic signalling and membrane ruffling (Cox et al., 1997;
Caron and Hall, 1998; Lee et al., 2000). Rad is involved in the closure of the
phagosome and particle intemalisation, whereas Cdc42 is involved in the appearance
of the membrane around the IgG-opsonised particles (Massol et al., 1998). FcyRmediated phagocytosis differs in its requirements for Rho proteins from C'-mediated
phagocytosis, as the latter requires the activation of RhoA for intemalisation of the
phagocytosed particle to occur (Cox et al., 1997; Caron and Hall, 1998).

R a d can be activated by either PI3-kinase (Massol et al., 1998) or by proteins
promoting its GDP/GTP exchange activity (Yaku et al., 1994), in particular the guanine
nucleotide exchange factor, Vav (Bustelo et al., 1994). Vav can be stimulated by either
products of the PI3-kinase reaction (Crespo et al., 1997; Han et al., 1998) or by its
phosphorylation catalysed by Syk (Kiener et al., 1993; Xu and Chong, 1996).
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Phosphorylation of Syk has been linked to the activation of Vav in a study showing that
inactivation of the syk gene in the DT40 B cell line abolishes Vav phosphorylation
following cross-linking of B cell receptor (Wu et al., 1997). Therefore, Vav is thought to
link the initial FcyR-signalling to cytoskeletal pathways regulated by proteins of the Rho
family (reviewed in Bustelo, 2000). The GDP-GTP exchange activity of phosphorylated
Vav, however, also depends on two products of PI 3-kinase, PIP3 or PI-3,4-P2 (Han et
al., 1998), suggesting that those two pathways converge to activate the Rho family G
proteins.

Activated Rac1 subsequently signals to its downstream effectors ROCK and p21activated kinase (PAK1). The GTP-bound form of ROCK is thought to inactivate myosin
phosphatase resulting in increased myosin light chain phosphorylation and actomyosin
contractility (Maekawa et al., 1999). Activated ROCK also phosphorylates its
downstream substrate LIM-kinase (LIMK), which in turn phosphorylates and inactivates
cofilin, a protein which catalyses actin depolymerisation (Arber et al., 1998). Activated
Rac1 may also result in cofilin phosphorylation via activation of

PAK1, a

serine/threonine kinase (Arber et al., 1998; Bubeck Wardenburg etal., 1998). PAK1 colocalises in focal adhesions with F-actin adjacent to the phagosome and is associated
with remodelling of the actin-based cytoskeleton (Manser et al., 1997). It has been
shown to localise in pseudopodia, membrane ruffles and phagocytic cups during FcyRmediated phagocytosis in activated human neutrophils (Dharmawardhane etal., 1999).

Recently, PAK1 has been identified as Nef-associated kinase (NAK), essential for
cytoskeletal rearrangements and cellular signalling induced by this HIV-1 accessory
protein (Fackler et al., 2000). Nef also interacts with Vav and the G proteins R a d and
Cdc42. Nef inhibits the function of Vav and subsequent cytoskeletal rearrangements by
induction of trichopodia formation (Fackler et al., 1999). The role of Nef on the
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cytoskeletal processes involved in FcyR-mediated phagocytosis has not yet been
elucidated.

1.6.3.4.3

Actin-binding proteins.

Activation of Syk also results in the phosphorylation and localisation of various
cytoskeletal proteins including the actin-binding proteins paxillin, vinculin, talin and
alpha-actinin (Greenberg et ai, 1990; Greenberg et ai, 1934; Allen and Aderem,
1996). During phagocytosis, these proteins are localised in the submembranous region
beneath phagocytosed particles and are required for actin polymerisation and
cytoskeletal rearrangement (Cox et ai, 1996). Paxillin is a potential downstream
effector of Syk, as this protein has been shown to interact with a variety of proteins
involved in growth control and cytoskeletal reorganisation (reviewed in Turner, 1998).
The abundance of binding motifs in paxillin for structural and regulatory proteins has
led to a suggestion that it is important in recruiting signalling molecules at sites of actin
rearrangement and to facilitate their interaction during phagocytosis (Turner et ai,
1999). Paxillin has been previously shown to be tyrosine phosphorylated in murine
peritoneal macrophages during FcyR-mediated phagocytosis (Greenberg et ai, 1994)
and to co-localise with phagosomes (Greenberg et ai, 1994; Allen and Aderem, 1996).

Paxillin interacts with a variety of proteins, such as FAK (focal adhesion kinase), p yk2
and Vav, and in this way it organises focal adhesion complexes and cytoskeletal
rearrangement (reviewed in Turner, 1998). Paxillin phosphorylation following cell
adhesion has been postulated to involve the kinase p125 FAK, shown previously to
bind to paxillin LD motifs (Turner, 1998). The involvement of FAK in FcyR-mediated
phagocytosis remains controversial, with one study showing no enhancement of
tyrosine phosphorylation of FAK during phagocytosis in murine macrophages
(Greenberg et ai, 1994), and another report demonstrating the expression and
phosphorylation of FAK as a result of FcyR cross-linking in human monocytes (Pan et

42

al., 1999). However, it has been reported that human monocytes/macrophages isolated
under stringent conditions and free of platelet contamination do not express FAK (Li et
al., 1998), but they activate and phosphorylate another member of the FAK family,
Pyk2. This kinase is 45% identical in amino acid sequence to FAK (Avraham et al.,
1995), and is involved in reorganisation of the cytoskeleton, such as locomotion and
adhesion and subsequent calcium or PKC co-stimuiatory activation in human
monocytes (Astier etal., 1997; Li et al., 1998; Duong era/., 1938).

1.6.3.5 Rearrangement ofactin-based cytoskeleton.

Actin assembly and disassembly plays a crucial role in a number of cellular functions
such as cell motility and cell shape changes including phagocytosis. The actin
cytoskeleton is a dynamic network composed of actin polymers and aciin-binding
proteins. The polymeric form of actin assembles via interactions of monomeric actin (Gactin) with polymerised actin (F-actin) at barbed ends. The first step of actin
polymerisation is uncapping of the barbed ends of existing actin filaments by barbedend-capping proteins such as gelsolin or capG (reviewed in Schmidt and Hall, 1998).
Subsequent binding of actin monomers onto pre-existing actin filaments is controlled by
actin filament capping proteins such as profilin or heterodimeric capping protein
preventing addition and loss of actin, and severing proteins (gelsoiin, villinin, fragmin,
adseverin, scinderin) allowing actin polymerisation in response to a phagocytic signal
(Schmidt and Hail, 1998). Cofilin is an actin depolymerisation protein and promotes
disassembly of actin filaments by binding to actin monomers and polymers, and
removing monomers from the filaments (Hayden et al., 1993; Hawkins et al., 1993).
Phosphorylation of cofilin by LIM-K inactivates cofilin actin-binding and depolymerising
activities leading to accumulation of actin filaments (Arber et al., 1998).

Organisation of actin polymers is mediated by actin binding proteins such as a-actinin,
filamin, fimbrin and villin (which are responsible for the formation of high-angle

43

branches between actin filaments or actin bundles generated by linking parallel actin
filaments) (Schmidt and Hall, 1998). Actin filaments are formed at distinct sites in the
cell called focal adhesions. During FcyR-mediated phagocytosis focal adhesions in the
submembranous region beneath phagocytosed particles are associated with protein
complexes including paxillin, talin, oc-actinin, vinculin and FAK (Burridge and Fath,
1989; Greenberg et al., 1990; Burridge et al., 1990; Turner and Burridge, 1991).
Pseudopodial extension occurs via recruitment of actin-binding proteins and protrusion
of the F-actin meshwork against the plasma membrane (Greenberg, 1995). A specific
inhibitor of F-actin, cytochalasin D, inhibits both actin polymerisation and FcyRmediated phagocytosis, suggesting that F-actin assembly is critical for phagocytosis of
IgG-opsonised particles (Greenberg et al., 1994). Myosins are motor proteins
interacting with actin polymers and controlling the movement of actin filaments (Wells
et al., 1999). Three types of myosin, I, V, IX have been demonstrated to localise
adjacent to the phagosome and participate in the phagosome closure behind the
phagocytosed particle (Swanson et al., 1999). The myosin ATPase activity is
augmented by myosin light chain kinase (MLCK), which in turn is required for ingestion
of IgG-opsonised particles (Mansfield et al., 2000).

1.7 OBJECTIVES AND RATIONALE.
Although the treatment of HIV-infected individuals has improved considerably with the
introduction of HAART, research into the pathogenesis of AIDS-related opportunistic
infections is still extremely important and relevant. HAART dramatically reduces the
plasma viral load, improves CD4 T cell counts, thereby delaying the progression of the
disease and decreasing the occurrence of opportunistic infections (Hammer et al.,
1996; Hammer et al., 1997; Gulick etal., 1997; Palella et al., 1998). Despite the clinical
improvement associated with HAART, current antiviral drugs are not able to eradicate
HIV-1 due to the persistence of the latent reservoirs of the virus (Ho, 1998; Saag and
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Kilby, 1999). !n patients receiving HAART and characterised by long-term undetectable
viral load, replication-competent HIV-1 can be recovered from resting CD4 T cells
(Finzi et al., 1997; Chun et al., 1997; Wong et al., 1997) or peripheral blood monocytes
(Crowe and Sonza, 2000; Sonza et al., 2001). Viral reservoirs represent therefore a
potentially life long persistence of replication-competent forms of HIV-1 that can not be
suppressed by current antiretroviral treatment. Strains of HIV-1 that are resistant to
reverse transcriptase and protease inhibitors arise in the majority of healed patients
who are not adhered to treatment or have other reasons for low plasma drug levels
(Hecht et al., 1998). Viral load rises as a result of emergence of drug resistant HIV-1.
Opportunistic infections are the major problem for patients failing HAART and are likely
to increase, as the resistance to antiretroviral drugs becomes more widespread.

Development of novel adjunctive immunotherapy able to control opportunistic
pathogens is urgently needed. Although current druas used for treatment of
opportunistic infections are usually effective, drug resistance leading to persistent
clinical symptoms is increasingly being recognised. Furthermore, some of the
antibiotics used for the treatment of opportunistic infections (eg. rifamycin) lower the
blood levels of antiviral drugs, and therefore can not be used in combination with
HAART.

Our understanding of the mechanisms by which HIV-1 impairs cell-mediated immunity
leading to the development of opportunistic infections is critical for the fuli control of
HIV-1 disease progression. Cells of macrophage lineage provide critical immune
responses against a variety of opportunistic pathogens in

immunocompetent

individuals. Following HIV-1 infection, a number of those functions are impaired,
including phagocytosis and intracellular killing of a variety of pathogens including
Mycobacterium avium complex, Toxoplasma gondii, Candida albicans (Crowe et al.,
1994; Biggs et al., 1995). Therefore, defective immunological function of monocytes
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and macrophages leading to inefficient control of opportunistic pathogens contributes
to the development of opportunistic infections and results in significant morbidity and
mortality.

The main aim of this study was to investigate the mechanisms underlying defective
phagocytosis by cells of macrophage lineage following HIV-1 infection. As monocytes
and macrophages are distinct cell populations that differ in their susceptibility to HIV-1
infection (monocytes being highly refractory, whereas macrophages are fully
permissive to HIV-1) (Sonza et al., 1996), the mechanism of defective phagocytosis by
monocytes

and macrophages was examined

independently.

Phagocytosis of

pathogens is mediated by different receptors (eg FcyRs and C'Rs) utilising distinct
signalling pathways to promote cytoskeletal rearrangements and engulfment (Allen and
Aderem. 1996). The mechanism underlying defective phagocytosis mediated via FcyRs
by HIV-infected MDM was investigated in this study. Since most reports which
delineate specific signalling events during FcyR-mediated phagocytosis have been
performed using murine macrophages, the initial aim was to examine the signalling
pathways required for FcyR-mediated phagocytosis in uninfected human MDM before
studying the impact of HIV-1 on these pathways. Phagocytosis of the common
opportunistic pathogens such as Mycobacterium avium complex (utilising C'Rs) and
Toxoplasma gondii (utilising FcyRs) by monocytes obtained from HIV-infected
individuals, as well as from the Sydney Blood Bank Cohort (SBBC) members infected
with an attenuated strain of HIV-1 was also examined. In this work, mechanistic studies
were limited by the amount of blood available, therefore flow cytometric assays were
developed to determine potential causes for inhibition of phagocytosis. The final aim of
this thesis was to assess the effect of the immunomodulator GM-CSF on phagocytosis
by both monocytes and macrophages following HIV-1 infection, in order to determine
whether it is feasible to use GM-CSF in adjunctive therapy for the treatment of
opportunistic infections in HIV-infected individuals.
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Figure 1.1 Structure of the HIV-1 virion.
HIV-1 is enveloped by a lipid bilayer containing 72 glycoprotein spikes consisting of the
externally expressed glycoprotein (SU, gp120) and the membrane embedded
transmembrane glycoprotein (TM, gp41). The cone shaped capsid core is composed of
the capsid protein (CA, p24), which contains two identical RNA strands complexed with
the nucleocapsid protein (NC, p7) and viral enzymes: protease (PR, p12), reverse
transcriptase (RT, p66/p51) and integrase (IN, p32). A matrix shell between the lipid
bilayer and the capsid is formed by the membrane-associated matrix protein (MA, p17)
(modified from the Critical Path AIDS Project; www.critpath.org).
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Figure 1.2 Organisation of the HIV-1 genome.
The HIV-1 provirus encodes three structural proteins Gag, Pol and Env, flanked by two
long terminal repeats (LTR). Gag precursor is cleaved into three core structural
proteins: matrix protein (MA), capsid (CA) and nucleocapsid protein (NC). Pol
polyprotein is cleaved into three enzymes: protease (PR), reverse transcriptase (RT)
and integrase (IN), whereas Env precursor is cleaved into two envelope proteins gp120
and gp41. The three rt-guiatory proteins are Tat, Rev and Nef, and the three accessory
proteins are Vif, Vpr and Vpu (modified from www.yale.edu/bio243/HIV/genome.htlm).
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Figure 1.3 The HIV-1 replication cycle.
Following (a) HIV-1 binding to the CD4 receptor and the chemokine co-receptor, (b) the
virion fuses with the cell membrane and enters the cytoplasm. After the virion is
uncoated, (c) the viral RNA is reverse transcribed into double-stranded DNA and (d)
integrated into the host cell's genome. The transcription of viral mRNA (multiply-spliced,
singly-spiiced and unspliced) occurs in the nucleus. Rev mediates transport of singlyspliced and unspliced mRNA to the cytoplasm, where translation occurs. Viral proteins
and RNA are assembled into the virion at the cell membrane, followed by budding and
maturation of HIV-1 (reproduced from Turner and Summers, 1999).
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Figure 1.4 Typical course of HIV-1 infection in untreated patients.
Acute HIV-1 infection is characterised by high levels of plasma HIV-1 RNA (viral load,
red line) and a transient decline in CD4 T cell count (blue line). This is usually followed
by a period of clinical latency in which plasma viral load varies from patient to patient
but is often undetectable or very low, and CD4 T cell counts are maintained in the
normal range. The virologic set point which occurs approximately 6 months after
infection (shown to be low in this figure) reflects the equilibrium between the host's
immune responses and HIV-1, and predicts the long term clinical outcome of infection.
Without any treatment, the CD4 T cell count steadily declines and HIV-1-related
symptoms develop. The onset of AIDS-defining opportunistic infections generally
occurs in individuals with CD4 T cell counts <200 cells/jj.1 and high plasma viral load on
average 9 to 10 years after the initial infection.

Acute HIV
100CH

Years

10

102

Primary
infection

Figure 1.5 Typical course of HIV-1 infection in the era of HAART.
Highly active antiretroviral therapy (HAART) delays the progression to AIDS and results
in dramatic reductions in plasma viral load (blue line), but does not completely
eradicate the virus. HAART improves CD4 T cells counts , jd line), and decreases
occurrence of opportunistic infections, but is associated with increasing risk of drug
toxicities.

Figure 1.6 Interactions between HiV-1 and cytokines.
HIV-1 infection is associated with dysregulated cytokine production by T cells and cells
of macrophage lineage. During the course of HIV-1 infection secretion of T helper (Th)
type 1 cytokines (IL-2, IFN-y) is generally decreased, whereas production of Th type 2
cytokines (IL-4, IL-10), pro-inflammatory cytokines (IL-1, IL-6, IL-8, TNF-oc), ccchemokine (SDF-1) and B-chemokines (MIP-1a, MIP-1(i, RANTES) is increased. These
cytokines subsequently increase (orange line), decrease (green line) or have bifunctional effects (blue line) on HIV-1 infection and replication, indicating a complex and
dysregulated interplay between cytokines and HIV-1 in vivo (reproduced from
Kedzierska and Crowe, 2001).
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Figure 1.7 Development of granulocytes and monocytes.
Pluripotent haemopoietic stem cells generate the progenitor of myeloid lineage CFUGEMM,

which

gives

rise

to

granulocytes,

erythrocytes,

monocytes

and

megakaryocytes. Cytokines such as IL-3, GM-CSF and M-CSF promote proliferation
and differentiation of mature monocytes, and subsequent differentiation into specialised
tissue macrophages (modified from Kedzierska et a/., 1998).
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Figure 1.8 Characteristics of cells of macrophage lineage.
Phenotypical and functional changes during monocyte and macrophage differentiation.
Mature cells of macrophage lineage lose CD34 surface expression, gain the CD14
marker and maintain MHC class II expression. They have increased surface expression
of phagocytic receptors, increased phagocytic and peroxidase activity and intraceilular
levels of lysosomai enzymes, but decreased DNA synthesis (modified from Auger and
Ross, 1992).

Binding

•

Pseudopod extension

- IgG opsonin

FcyR

Internalisatlon

Actin polymerisation

Figure 1.9 Mechanism of phagocytosis.
Schematic representation of FcyR-mediated phagocytosis. Phagocytosis is initiated by
the interaction of phagocytic receptors with an IgG-opsonised particle. This is followed
by a cascade of signalling events resulting in pseudopodia formation, actin
polymerisation at the site of ingestion and internalisation of the phagocytosed particle.
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Figure 1.10 FcyR-mediated phagocytosis - signal transduction.
Schematic representation of signalling events occurring during FcyR=mediaied
phagocytosis. Following the binding of IgG-opsonised particles, clustering of FcyR
leads to activation of tyrosine kinases from Src family associated with immunoreceptor
tyrosine-based activation motif (ITAM.)-containing y-chain of FcyR I, III or cytoplasmic
domain of FcyR II. Activation of Src kinases results in phosphorylation of tyrosine
residues within ITAMs, which subsequently create docking sites for Syk. Activated Syk
promotes

phosphorylation of a number of downstream

effectors

leading to

rearrangement of the actin-based cytoskeleton and engulfment of the phagocytosed
particle.

Table 1.1 Accessory proteins of HIV-1.

Product

Function (s)

Tat

Transcriptional
transactivator of LTR

Transcriptional activator, which up-regulates ail
viral proteins.

Rev

Regulator of virus
protein expression

Nuclear RNA export factor, which facilitates the
export of unspliced and singly spliced viral
mRNAs to the cytoplasm.

Nef

Negative factor

Numerous effector functions: down-regulation of
cell surface CD4 and MHC I; enhances virion
infectivity; effects on cellular signal transduction
and activation.

Vpr

Viral protein R

Weak transactivator; nuclear import; G2 arrest in
cell cycle.

Vif

Virion infectivity
factor

Enhances infectivity of viral particles.

Vpu

Viral protein U

Enhances virion release from the cell; selective
degradation of CD4 in the ER.

Protein

Modified from Wang, 2000.

Table 1.2 Effects of HIV-1 infection on cytokine production in vivo and in vitro.
v Jecretioi 11

Source

HIV-1 infection

T

MDM
monocytes

in vitro
in vivo

Esser, 1991; 1996; 1998
Sadeghi, 1995; Baqui, 2000

1
4
i

CD4 T cells
PBMC, CD4 T cells
PBMC

in vitro
vitro-gp'\60
in vivo

Fan, 1997
Hu, 1994
Barcellini, 1994; Meyaard, 1996

T

i

PBMC, CD4 T cells
CD4 T cells
CD4 T cells

in vivo
in vivo
in vivo

Barcellini, 1994; Maggi, 1994
Meyaard, 1996
Re, 1992

T
T

MDM
THP-1 cell line, PBMC

in vitro
in v#ro:gp41,gp120

T

Serum

in vivo

Esser, 1991; 1996, Foli, 1997;
Takeshita, 1995; Capobianchi,
1996
Birx, 1990

IL-8

T
T

MDM
Serum, BA fluid

in vitro
in vivo

Esser, 1991; 1996; 1998
Denis, 1994

IL-10

T
T
T

Monocytes, MDM
PBMC, Monocytes/MDM
PBMC, BA fluid

in vitro
in wfro:gp41,gp120
in vivo

IL-12

T
1

Monocytes, MDM
PBMC

in v/fru-gp120
in vivo

Fantuzzi, 1996
Marshall, 1999

IL-13

1

PBMC, CD4, CDS T cells

in vivo

Bailer, 1999

IFN-a

i
T
T

Monocytes, MDM
CD4 T cells, Monocytes
Serum

in vitro
in vitro -gp120
in vivo

Gendelman, 1990; Perno, 1994
Capobianchi, 1996
Ambrus, 1989

IFN-p

T

Monocytes, MDM

in vitro -gp12C

Gessani, 1994; 1997

IFN-Y

1
T
1

CD4 T cells
CD4 T cells
PBMC

in vitro
in vitro
in vivo

Fan, 1997
Vyakarnam, 1990
Meyaard, 1996; Bailer, 1999

GM-CSF

1

MDM
Monocytes

in vitro
in vivo

Esser, 1996; Esser, 1998
Delemarre, 1998

M-CSF

t
T

MDM
Cerebrospinal fluid

in vitro
in vivo

Gruber, 1995; Kutza, 2000
Gallo, 1994

TNF-a

T

PBMC, CD4 T cells.MDM

in vitro

T

Monocytes, PBMC,
Serum
PBMC, CD4 T cells
Cerebrospinal fluid

in vivo

Vyakarnam, 1990; Esser, 1991,
Esser, 1996; Foli, 1997
Lahdevirta, 1988; Baqui, 2000

in vitro
in vivo

Vyakarnam, 1990
Jassoy, 1993

Cytokine

IL-1
IL-2

IL-4

IL-6

in

Reference

Borghi, 1995
Borghi, 1995; Capobianchi, 1996
Barcellini, 1994; Denis, 1994

TNF-p

T
t

SDF-1

T

PBMC

in vivo

Ohashi, 1998

T
t

CD4 T cells, MDM
PBMC, Plasma

in vitro
in vivo

Greco, 1999
Cocchi, 1995; Garzino-Demo,
1999

MIP-1a,p, 1
RANTES J

MDM: monocyte-derived macrophages; PBMC: peripheral blood mononuclear cells;
BA: bronchoalveolar (modified from Kedzierska and Crowe, 2001).

Table 1.3 Effects of cytokines on HIV-1 replication.

B

Cytokine

Replication
level

Source of cells

HIV-1
infection

IL-1

T

PBMC, MDM, U1

in vitro

Poli, 1994; Granowitz, 1995

IL-2

t
t

PBMC, T cell line
PBMC

in vitro
in vivo

Foli, 1995; Weissman, 1996
Kinter, 1995

IL-4

t
4-

Monocytes, MDM, PBMC
Monocytes, MDM

in vitro
in vitro

Kazazi, 1992; Naif, 1994; 1997
Schuitemaker, 1992; Wang, 1998

IL-6

T

PBMC, MDM, U1
Plasma

in vitro
in vivo

Poli, 1990; 1992; 1994
Marfaing-Koka, 1996

IL-7

T
t

PBMC
PBMC

in vitro
in vivo

Moran, 1993
Smithgall, 1996

IL-10

i

MDM, U1

in vitro

Weissman, 1994; 1995

IL-12

t
4,

PBMC, T cell lines
MDM

in vitro
in vitro

Foli, 1995; Al-Harthi, 1998
Akridge, 1996

IL-13

i

MDM

in vitro

Montaner, 1993

IL-15

t
t

PBMC, T cell lines
PBMC

in vitro
in vivo

Lucey, 1997
Lucey, 1997

IL-16

i

CD4 Tcells, PBMC, MDM

in vitro

Maciaszek, 1997; Amiel, 1999

IL-18

t

U1

in vitro

Shapiro, 1998

IFN-a, IFN-p

i
i

Monocytes, MDM, U937
Plasma

in vitro
in vivo

Kornbluth, 1989; Poli, 1989
Schnittman, 1994

IFN-y

I
T

Monocytes, MDM
U1.U937, PBMC, CD4T
cells

in vitro
in vitro

Fan, 1994
Vyakarnam, 1990; Biswas, 1992,
Han, 1996

GM-CSF

t

MDM, U937

in vitro

Variable

4-

MDM
MDM

in vitro
in vitro

Koyanagi, 1988; Schuitemaker,
1990; Perno, 1992
Kombiuth, 1989; Hammer, 1990
Matsuda, 1995; Di Marzio, 1998;

M-CSF

t

MDM

in vitro

Kornbluth, 1989,Kalter, 1991;
Perno, 1992

TNF-a, TNF-p

t

Tcells, MDM, U1

in vitro

SDF-1

i

PBMC, HeLa/CD4 cells

in vitro

Folks, 1989; Novak, 1990; Naif,
1994, Han, 1996
Oberiin, 1998

i

Monocyte, MDM, PBMC,
Migroglial cells

in vitro

B
H

1

MIP-1a, MIP-ip.-i

i

1

RANTES

J

Reference

Cocchi, 1995; 1996; Alhatib, 1996;
Capobianchi, 1998

MDM: monocyte-derived macrophages; PBMC: peripheral blood mononucieai cells
(modified from Kedzierska and Crowe, 2001).
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Table 1.4 Distribution of tissue macrophages.

Tissue

Tissue macrophages

Liver

Ksiytffer cells

Lung

Kft-e^ar macrophages

Lymph node

Macrophages

Spleen

Splenic macrophages

Brain

Microglial cells

Thymus

Macrophages

Peritoneum

Peritoneal macrophages

Skin

Langerhans1 cells

Bone

Osteoclasts

Connective tissue

Histiocytes

Gastrointestinal tract

Macrophages

Genitourinary tract

Macrophages

Placenta

Macrophages

Modified from Auger and Ross, 1992.

Table 1.5

Phagocytosis-promoting receptors.

Phagocytic receptors (Rs)

Opsonin-dependent Rs

Opsonin-independent Rs

IgG R(FoyRI, II, IIIA)

Complement R 3 (CR3)

Complement R 1 and 3 (CR1, CR3)

Macrophage mannose R

IgA R (FcaR I)

Pi integrins

High affinity IgE R (FceR I)

p-Glucan R

Low affinity IgE R (CD23, FceR II)

Macrophage scavenger R

Vitronectin R

Phosphatidylserine R

Modified from Greenberg, 1995.

Table 1.6 Signalling proteins required for FcyR-mediated phagocytosis.
Abbreviation

Name

Description / Function (s)

Cdc42

Cdc42

-a member of Rho family of GTPases,
-accumulates at the phagosome and promotes
cytoskeletal rearrangements,
-involved in the appearance of the membrane around
the IgG-opsonised particles.

cofilin

cofilin

-an enzyme required for actin depolymerisation,
-phosphorylated and inactivated by LIMK.

FAK

Focal Adhesion
Kinase

-a 125kDa cytoplasmic tyrosine kinase,
-binds to paxiliin LD motifs,
-localises with integrins at the focal adhesions.

Hck

Hematopoietic
cell kinase

-a 58-60kDa cytoplasmic tyrosine kinase of Src family
-phosphorylated following clustering of FcyRs,
-leads to phosphorylation of ITAMs.

ITAMs

Immunoreceptor
Tyrosine-based
Activation Motifs

-motifs positioned in the y chain of FcyR I and FcyR III or
the cytoplasmic domain of FcyR II,
-contain tyrosine residues, which are phosphorylated
upon activation of Src kinases,
-provide a docking site for Syk.

LIMK

LIM-Kinase

-a serine kinase containing two LIM domains,
-phosphorylated by activated ROCK during FcyRmediated phagocytosis,
-leads to subsequent phosphorylation and inactivation
of cofilin,

PAK-1

P21-Activated
Kinase

-a 68kDa serine/threonine kinase activated by R a d ,
-co-localises in pseudopodia, membrane ruffles and
phagocytic cups
-associated with remodelling of the actin-based
cytoskeleton
-called Nef-associated kinase (NAK), essential for Nefinduced cytoskeletal rearrangements and cellular
signalling.

paxiilin

paxiilin

-a 68kDa cytoskeletal protein,
-localises beneath phagocytosed particles, required for
actin polymerisation and cytoskeletal rearrangement,
-a potential downstream effector of Syk

PI3-kinase

Phosphatidyl
Inositide 3-kinase

-an
enzyme
catalysing
phosphorylation
of
phosphoinositides in D3 position of the inositol ring,
-a downstream effector of Syk,
-required for pseudopod extension, phagosome closure
and engulfment of IgG-opsonised targets.

Rad

Rad

-a member of Rho family GTPases activated by PI3kinase or Vav,
-accumulates at the phagosome, promotes phagocytic
signalling, the closure of the phagosome and particle
internal isation.

ROCK

Rho-associated
kinase

-a serine/threonine kinase stimulated by Rac.1,
-inactivates myosin phosphatase, results in increased
actomyosin contractility,
-phosphorylates its downstream substrate LIM-kinase.

Syk

-a 72kDa cytoplasmic tyrosine kinase,
-binds to tyrosine phosphorylated ITAMs of FcyRs via its
SH2 domains,
-results in the activation of downstream substrates, PI3kinase, GTP-binding proteins, actin-binding proteins.

Vav

-a 95kDa guanine nucleotide exchange factor,
-stimulated during FcyR-mediated phagocytosis by
either products of the PI3-kinase reaction or Syk,
-promotes GDP/GTP exchange activity of R a d .

CHAPTER 2
MATERIALS AND METHODS
Materials and methods applied throughout this thesis are detailed in this chapter.
Materials and methods which apply to specific chapters only are described in the
individual chapters.

2.1 CELL ISOLATION.

2.1.1 Isolation of peripheral blood mononuclear cells.

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats of HIV-,
HBV-, HCV-, HTLV- and syphilis-seronegative blood donors (supplied by the Red
Cross Blood Bank, Melbourne) by density gradient centrifugation over Ficoll-Paque
(Amersham Pharmacia Bioteck, Uppsala, Sweden) as previously described (Crowe et
al., 1987). Whole blood was diluted 1:2 with calcium- and magnesium-free phosphatebuffered saline (PBS-CMF) (GibcoBRL, Life Technologies, NY, USA). Diluted blood
(25ml) was layered over 15mi of Ficoll-Paque in 50-ml conical tubes (Cellstar, Greiner
Labortechnik, Frickenhausen, Germany) and centrifuged at 914xgfor 25 min at room
temperature in a Beckman centrifuge (Fullerton, CA, USA), with no brake. PBMC were
collected from the interface of the Ficoll and plasma using a plastic transfer pipette
(Samco Scientific, CA, USA), washed twice in PBMC-CMF and pelleted by
centrifugation at 500xp for 10 min, followed by two washes in PBMC-CMF and
centrifugation at 200xg for 10 min at 4°C to remove contaminating platelets. Purified
PBMC were either used immediately for monocyte isolation (Section 2.1.2) or
resuspended in RPMI-1640 medium (GibcoBRL, Life Technologies, NY, USA)
supplemented with 10% heat-inactivated fetal calf serum (FCS; PA Biologicals Co,
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Sydney, Australia), 2mM L-glutamine (GibcoBR) and 24ng/ml gentamycin (Delta West,
Bentley, Western Australia, Australia) (supplemented PPMI-1640 medium) and used
for amplification of HIV-1 stocks (Section 2.3).

2.1.2 Isolation of monocytes.

Human peripheral blood monocytes were isolated from freshly purified PBMC by plastic
adherence. PBMC were resuspended at approximately 2x107 cells/ml in Iscove's
modified Dulbecco medium (GibcoBRL) supplemented with 10% heat-inactivated
human AB-positive serum (supplied by the Red Cross Blood Bank, Sydney), 2mM Lglutamine and 24jxg/ml gentamycin (supplemented Iscove's medium), and plated onto
150-cm2 plastic petri dishes (Nalge Nunc International, Naperville, IL, USA) at no more
than 3x108 cells/plate. Plates were incubated for 1 to 2 hr in a humidified CO2 incubator
at 37°C. Non-adherent cells were removed from monocyte monolayers by repeated (six
times) washing and aspiration using pre-warmed (37°C) PBS (containing calcium and
magnesium). Adherent monocytes were detached by incubating cells with 20ml of cold
(4°C) PBS-CMF for 15 min on ice, followed by gentle scraping with a cell lifter (Costar,
Cambridge, MA, USA). Monocytes were collected into 50-ml conical tubes containing
2.5ml FCS by washing the plate with cold (4°C) PBS-CMF. Cells were centrifuged at
500xgfor 10 min at 4°C and resuspended in supplemented Iscove's medium at 0.5 to
1x106 cells/ml. Monocytes were cultured in suspension in polytetrafluorethylene
(Teflon) jars (Savillex, Minnetonka, MO, USA) or adherent to plastic in 24-well plates
(Costar, Cambridge, MA, USA) in a 5%CO2 humidified incubator at 37°C.

Immediately after isolation, cell viability was greater than 95% as assessed by trypan
blue dye (Sigma, St Louis, MO, USA) exclusion using an inverted phase microscope
(Olympus, Tokyo, Japan). The purity of monocytes was greater than 90% as
determined by immunofluorescence staining with anti-CD14 monoclonal antibody
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(Mab) conjugated to phycoerythrin (CD14-PE; Becton Dickinson, Mountain View, CA,
USA) and flov:/ cytometric analysis using FACStarplus (Becton Dickinson). Briefly, freshly
isolated monocytes (2x105 cells) were placed into 4-ml round bottom polypropylene
tubes (Becton Dickin1 n Labware, Franklin Lakes, NJ, USA), washed with cold (4°C)
PBS-CMF and pellete at 330x0 for 5 min at 4°C. Cells were resuspended in 100^1 of
PBS-CMF, stained with 0.5ng/ml of CD14-PE for 30 min on at 4°C, followed by a wash
in PBS-CMF, fixation with 200|il of 1 % ultrspure formaldehyde (Polysciences,
Warrington, PA, USA) and flow cytometric analysis. Using the same method, cells were
also stained with anti-CD3 Mab conjugated to PE (CD3-PE; Becton Dickinson) or
directly conjugated isotype-matched control (lgG1-PE; Becton Dickinson) to assess the
lavel of contaminating T cells or background fluorescence respectively.

2.2 CELL LINES.
The 293T cells, a primary human embryonal kidney cell line transformed with SV40
large T cell antigen (ATCC McMaster University, Hamilton, Ontario, USA), were
maintained in Duibecco's modified Eagle medium (GibcoBRL) supplemented with 10%
heat-inactivated FCS, 2mM L-glutamine and 100U/ml penicillin (GibcoBRL) and
100ng/ml streptomycin (GibcoBRL) (supplemented Duibecco's medium) at 37°C in a
5% CO2 humidified incubator. Every three to four days, the 293T cells were passaged
by resuspending 1x106 cells in 20ml of supplemented Duibecco's medium and
transferring them to a new 150-cm2 plastic petri dish (Nalge Nunc), for a maximum of
50 passages. The 293T cells were used for transfection of proviral DNA and
subsequent virus production as described in Section 2.3.2.
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2.3 AMPLIFICATION OF VIRUS STOCKS.

2.3.1 HIV-1 Ba.L.

Virai stocks of HIV-1 Ba.L) a laboratory adapted M-tropic strain of HIV-1 (the AIDS
Research and Reference Reagent Program, Division of AIDS, National Institute of
Allergy and Infectious Disease, NIH, Bethesda, MD, USA) were amplified in monocytederived macrophages (MDM) in small volumes (up to 50ml), followed by amplification in
PBMC in volumes up to 200ml as previously described by our laboratory (Crowe et al,
1994). Briefly, freshly isolated monocytes (approximately 5x107 cells) were adhered to a
80-cm2 flask (.Nalge Nunc) in 50ml of supplemented Iscove's medium for 5 days. The
medium was removed and replaced with 10ml of HIV-1 Ba-L stock at multiplicity of
infection (MOI) of 0.1 to 1.0 infectious particles/cell. After 4 to 8 hr of infection 40ml of
fresh supplemented RPMI-1640 medium was added to the culture. Virus culture
supernatant was collected on days 7, 10 and 14 post-infection, centrifuged to remove
cell debris and clarified by using 0.2u.m filters (Schleicher and Schuller, Dassel,
Germany). HIV-1 Ba-L stocks were stored at -70°C in small volumes and thawed
immediately before use.

HIV-1 Ba-L viral stocks passaged through MDM were subsequently amplified in PBMC a
maximum of three times. PBWC at t concentration of 2x106 cells/ml were adhered to
175-cm2 flasks (Nalge Nunc) and stimulated with phytohemagglutinin (PHA, 10ng/ml,
Murex Diagnostics, Dartford, UK) for 3 days in 100 tc 200ml of supplemented RPMI1640 medium. The non-adherent cells were removed from the flask, centrifuged at
500xg for 7 min, resuspended in 20ml of HIV-1Ba-L stock at MOI of 0,1 to 1.0 and
returned to the flask. PBMC were infected for 4 to 8 hr and subsequently cultured in
100 to 200mi of supplemented tecove's medium containing interleukin-2 (IL-2, 10U/ml;
Boehringer-Mannheim, Mannheiir,, Germany). The culture supernatai its were collected
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on days 7, 10 and 14 post-infection and clarified as described for HIV-1Ba-L stocks
cultured in MDM. All the HIV-1 stocks were tested by the reverse transcriptase (RT)
micro assay (Section 2.6.1) and the 50% tissue culture infectivity dose (TCID50) assay
(Section 2.4).

2.3.2 HIV-1 NL(AD8)'

The DNA construct pNL(AD8) was prepared by substituting the envelope coding DNA
sequence from NL4.3 with the M-tropic AD8 envelope coding sequence, converting a
T-tropic virus to M-tropic (a kind gift from Dr. Damien Purcell, Department of
Microbiology and Immunology, The University of Melbourne). Virus stocks wsre
generated using a calcium phosphate transfection method as previously described by
our laboratory (Shehu-Xhilaga et al., 2001), Briefly, the 293T cells (1.2x106) were
plated onto 20-cm2 plastic petri dishes (Nalge Nunc) and cultured for 24 hr in
supplemented Dulbecco's medium as described in Section 2.2. DNA precipitate for
transfection was prepared by adding drop wise 500|il of "DNA mix" (10u.g pNL(AD8)
DNA and 0.2M CaCI2) to 500ul of Hepes buffered saline (280mM NaCI, 50mM Hepes
acid and 1.5mM Na2HPC>4; pH of 7.05) in 15-ml conical tubes (Nalge Nunc), followed
by adequate mixing approximately 10 times. Ca3(PO4)2-DNA complex was added drop
wise onto 293T cells, distributed evenly and cultured for 12 hr at 37°C in a 5% CO2
humidified incubator. Cells were washed twice with pre-warmed (37°C) PBS,
resuspended in fresh supplemented Dulbecco's medium and cultured for an additional
24 hr. The viral supernatants were collected into 50-ml conica! tubes, centrifuged at
1600xg for 30 min to remove cell debris, clarified with 0.22^m filters and stored at
-70°C for later use.
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2.3.3 Primary isolates of HIV-1.

Primary isolates of HIV-1 from D36 and C18 (two of the Sydney Blood Bank Cohort
members from which virus could be successfully isolated) were kindly prepared and an
aliquot donated by Ms. Antoniette Vioio (AIDS Pathogenesis Research Unit,
Macfarlane Burnet Centre for Medical Research) and Ms. Kathy Chatfield (AIDS
Cellular Biology Unit, Macfarlane Burnet Centre for Medical Research) respectively.
Expansion of these M-tropic primary isolates was subsequently performed in CD8depleted PBMC from HIV-1 seronegative donors. Uninfected donor PBMC, at a
concentration of 2x106 cells/ml, were stimulated with PHA (lO^g/ml) and M-CSF
(750U/ml, Genzyme, Cambridge, MA, USA) and cultured in supplemented RPMI-1640
medium in suspension for 3 days prior to CD8-depletion and use in co-culture for virus
amplification. Depletion of CD8-positive T cells from uninfected donors was performed
using anti-CD8 magnetic beads (Dynal, Oslo, Norway) according to manufacturer's
instructions. Briefly, the required number of beads conjugated to anti-CD8 Mab (100fJ
of beads/1 x107cells) was transferred into a 14-ml round-bottom polylpropylene tube
(Becton Dickinson Labware). Beads were washed twice by resuspending them in 1m!
of supplemented RPMI-1640 medium, placing on a magnetic particle concentrator
(Dynal) for 3 min and removing the medium. Washed beads were mixed with PBMC
resuspended in 5ml of supplemented RPMi-1640 medium in a 14-ml round-bottom
tube and incubated on a sampler mixer (Dynal) for 30 min at 4°C. The tube was placed
on a magnetic particle concentrator for 3 min and CD8-depleted cells were collected
into a new tube. A second round of CD8-depletion was performed to remove any
remaining CD8-positive T cells as described for the first round of depletion, this time
using 10ul of beads/1 x107 cells.

CD8-depleted PBMC (2x107) were transferred into 15-ml conical tube and centrifuged
at 500xg for 7 min. Cells were resuspended in 2ml of M-tropic primary HiV-1 isolate at
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MOI of 0.1 to 1.0, placed into a 25-cm2 flask (Nalge Nunc) and infected for 4 hr.
Supplemented RPMI-1640 medium containing IL-2 (10U/ml) and M-CSF (750U/ml)
was added to a final volume of 10ml. The culture supernatant (5ml) was collected on
days 3, 7, 10 and 14 post-infection by centrifugation at 700xc; for 10 min, clarifying the
supernatant through a 0.22nm filter and stored at -70°C until used. Cell pellets were
resuspended in 5ml of fresh supplemented RPMI-1640 medium containing IL-2
(10U/ml) and M-CSF (750U/ml) and returned to the cultures.

2.4 DETERMINATION OF INFECTIOUS VIRUS TITRES.

The 50% tissue culture infectivity dose expressed as TCID50/ml of the virus stock was
determined by setting up 10-fold dilutions of HIV-1 stock in PBMC. HIV-1 stock virus
suspension was serially diluted (ranging from undiluted to 10'7) in a total of 200^1 of
supplemented RPMI-1640 medium per well of a 96-well plate (Nalge Nunc). Dilutions
were performed in triplicate. PBMC, pre-stimulated with PHA (10ng/ml) for 3 days,
were resuspended at a concentration of 5x106/ml in supplemented RPMI-1640 medium
containing 10U/ml of IL-2, added to the plate at 1x105 cells/well and cultured at 37°C in
a 5% CO2 humidified Incubator. On day 3 post-infection, 100^1 of medium was
removed and replenished with fresh supplemented RPMI-1640 medium containing IL2. On day 7 post-infection,

100JJ.1

of culture supernatant was collected and stored at -

70°C until assessed for RT activity in a standard RT micro assay (Section 2.6.1).

The TCID50 of viral stock was determined by the last dilution at which more than 50% of
wells were positive for RT activity and calculated as the number of infectious
particles/ml using the formula as originally described (Reed and Muench, 1938):

(% +ve for this dilution -50
TC!D50 = log dilution
(% +ve for this dilution - % +ve for next dilution)
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2.5 HIV-1 INFECTION OF MONOCYTE-DERIVED MACROPHAGES.
On day 5 after monocyte isolation, MDM cultured in suspension were counted and
centrifuged at 500xg for 7 min at room temperature. After removing the supernatant,
cells were infected with an M-tropic strain of HIV-1 at MOI of 0.01 to 1.0 unless
otherwise indicated at 37°C, 5% CO2for 2 to 4 hr. Control cells were mock-infected and
cultured under identical conditions. The virus was removed by washing cells with PBSCMF and centrifugation at 500xg for 7 min at room temperature. MDM were
resuspended in pre-warmed (37°C) supplemented Iscove's medium at a concentration
of 0.5 to 1x106 and cultured in suspension in a 5% CO2 humidified incubator at 37°C
until used for phagocytosis assays on day 7 post-infection.

In selected experiments monocytes were cultured after isolation adherent to plastic in
24-wel! plates (Costar) at a concentration of 0.5 to 1x106/well. Cultured MDM on day 5
post-isolation were infected with HIV-1 Ba-L at an MOI of 0.01 to 1.0 for 2 to 4 hr, washed
twice with pre-warmed (37°C) PBS-CMF and resuspended in fresh pre-warmed (37°C)
supplemented Iscove's medium. In experiments where HIV-1 PCR products were
assessed, HIV-1 Ba-L w a s pre-treated with 10U/ml of RNase-free DNase (Boehringer
iv'iannheim Australia,' Castle Hill, New South Wair*n} for 20 min at rocm temperature in
the presence of 10mM MgCI2to remove contaminating viral DNA.

2.6 HIV-1 QUANT1TATION ASSAYS.

2.6.1 Reverse transcriptsse activity assay.

HIV-1 replication in supernatant from MDM or PBMC was quantified by monitoring RT
activity using a micro RT assay. Briefly, 10 \i\ of culture supernatant was added to 10^1
of 0.3% Nor.idet-40 (NP-40; Sigma, St Louis, MO, USA) in a 96-well round-bottom
plate. Thereafter, 40|il of RT mixture (50mM Tris pH 7.8, 7.5mM KC!, 5mM MgCI2, 2mM
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dithiothreitol (Sigma), 5ng/ml of template-primer p.An.dT12-18 (Pharmacia-Biotec,
Australia) and 3nCi

33

P-dTTP (Amersham, UK)) was added and the mixture was

incubated for 2 hr at 37°C. The reaction products (10|il) were spotted on to DE81
chromatography paper (Whatman International, Maidstone, UK) and air-dried overnight.
Dry filters were washed 6 times with 2x SSC buffer (0.3M sodium chloride and 34mM
sodium citrate) (Merck, Kilsyth, Victoria, Australia) to remove

unincorporated

radioactive dNTP, rinsed once in 95% ethanol and air-dried. Meltilex scintillant (Wallax,
Turku, Finland) was melted on a heater and spotted onto the filters, followed by
quantifying radioactivity incorporated into DNA using an LKB micro p-counter (Wallax).

2.6.2 HIV-1 p24 ELISA.

In selected experiments HIV-1 replication in MDM was quantified by measuring p24
antigen in culture supernatant (HIV-1 p24 antigen immunoassay, Abbott Laboratories,
Abbott Park, IL, USA) according to manufacturer's instructions. Briefly, 200|il of culture
supernatant treated with 0.5% Triton-X 100 (Merck) together with positive or negative
controls and recombinant p24 quantitation standards of 0, 12.5, 25, 50 and 100pg/ml
(HIV-1 p24 antigen q'uantitation panel; Abbott Laboratories) were dispensed into a
supplied reaction plate. Beads coated with human anti-HIV antibody were dispensed
into the wells (one bead/well) and incubated for 2 hr at 40°C, followed by two washes in
distilled water using a Qwik Wash plate washer (Abbott Laboratories). Beads were
subsequently incubated with 200(il of rabbit anti-HIV antibody for 1 hr at 40°C, washed
twice as above and incubated with 200^il of goat anti-rabbit IgG for 1 hr at 40°C. Beads
were washed, transferred to assay tubes (Abbott Laboratories) ar<i incubated with
300^.1 of OPD substrate (o-phenyl&ne-diamine, 2 HCI in citrate-phosphate buffer) for 30
min at room temperature in the dark. The reaction was stopped with 1ml of 1M
sulphuric acid. The absorbance was measured at 490nm using a Quantumatic reader
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(Abbott Laboratories) and converted to pg/ml values using the standard curve
generated from the quantitation standards.

2.6.3 Intracellular staining for p24 antigen.

HIV-1 replication in MDM cultured in suspension in teflon jars was quantified by
measuring intracellular p24 antigen and flow cytometric analysis as previously
described (Crowe et al., 1987). HIV- and mock-infected MDM (2x105 cells) were
dispensed in polypropylene tubes (Becton Dickinson), washed twice in PBS-CMF by
centrifugation at 500xg for 7 min at 4°C. Cells were fixed in 1ml of 3% ultrapure
formaldehyde (Polysciences, Warrington, PA, USA) for 45 min at 4°C, followed by two
washes with '-.1M glycine in PBS-CMF and permeabilisation with 1ml of 0.1% Triton-X
100 (Merck) for exactly 1min at 4°C. MDM were washed twice in PBS-CMF containing
1% FCS and stained for intracellular p24 antigen using a Mab directed against p24
(2^ig/ml; lgG1, Olympus, Lake Success, NY) or isotype-matched controi (MOPC 21;
2ng/ml; lgG1, Bionetics, Charlestone, SC) for 30 min at 4°C. After a wash with PBSCMF and centrifugation at 500xg for 7 min at 4°C, cells were stained with goat antimouse IgG conjugated to FITC (FITC-GAM; Tago, Burlingame, CA, USA). The mean
fluorescence for intracellular p24 antigen was quantified by flow cytometric analysis,
converted to MESF (molecules of equivalent soluble fluorochrome) units and corrected
for background fluorescence.

2.7 QUANTIFICA TION OF END O TOXIN.
As bacterial endotoxin (lipopolysaccharide; LPS) has been shown to affect HIV-1
replication within MDM (Kombluth et al., 1989; Bernstein et al., 1991), all Teflon jars
and glassware used for macrophage culture were treated in a hot air-oven for 4 hr after
autoclaving to prevent endotoxin contamination. Culture supernatants, reagents and
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media were intermittently tested for the presence of endotoxin using the Limulus
Amebocyte Lysate Assay (Biowhitaker, Walkersville, MD, USA) according to
manufacturer's instructions. Briefly, 50nl of each sample to be tested, LPS standards
(0.1, 0.25, 0.5 and 1.0 endotoxin units/ml from Escherichia coti) and LPS-free water
were dispensed into pre-warmed (37°C) 96-well plates (Nunc). All the samples were
incubated with 50^1 of limulus amebocyte lysate (LAL) for 10 min at 37°C, followed by
the addition of 100nl of chromogenic substrate solution and further incubated for 6 min
at 37°C. The reaction was stopped by addition of 50jil of 0.1 M HCI and the absorbance
was measured at 410nm using a plate reader (Labsystems, Multiskan, Helsinki,
Finland). Samples of >0.5 U/ml were considered positive for the presence of endotoxin.
All culture supernatants, viral stocks, reagents and media tested in this study were
negative for LPS contamination.

2.8 PHAGOCYTOSIS ASSAYS.

2.8.1 Flow cytometric phagocytosis assay.

2.8.1.1 Preparation of target particles.

Opportunistic pathogens relevant to HIV-1 pathogenesis such as Mycobacterium avium
complex (MAC) and Toxoplasoma gondii (T.gondi) were used as phagocytic targets.
Both targets were tluoresceinated (Sections 2.8.1.1.1 and 2.8.1.1.2 respectively),
adjusted to a concentration of 5x108 cells/ml and stored at -70°C until used for
phagocytosis.

2.8.1.1.1

Fluoresceination of Mycobacterium avium complex.

MAC cultures {Mycobacterium avium and Mycobacterium intracellulare, a mixture of 4
serovars) were inoculated into 40m! of Middlebrook 7H9 broth (Difco Labs, Detroit, Ml,
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USA) and incubated at 37°C for 14 days. These cultures were kindly donated by Ms
Aina Sievers (Victorian Infectious Disease Reference Laboratory, Melbourne). The
organisms were transferred into a 50-ml conical tube (Cellstar) and heat-killed at 95°C
for 20 min. MAC was washed in PBS-CMF by centrifugation at 2500xg for 10 min and
labelled with FITC as previously described by our laboratory (Hewish et al., 1996).
Briefly, the MAC pellet was resuspended in 5ml of 0.1mg/ml FITC (Sigma, St Louis,
MO, USA), aliquoted into 1.5ml micro tubes (Sarstedt, Numbrecht, Germany), vortexed
for 30 sec and sonicated for 15 sec (Bransonic, B1200, Branson Ultrasonic Corp.,
Danbury, CT, USA). MAC was incubated with FITC for 18 hr at room temperature in
the dark, followed by two washes in PBS-CMF by centrifugation at 6500xgffor 10 min at
4°C. Fluoresceinated MAC (MAC-FITC) was pooled into a 15-ml conical tube,
resuspended in 1 ml of PBS-CMF, vortexed and sonicated. Bacterial concentration was
determined by comparison with McFarland turbidity standards (bioMerieux, Marcy
I'Etoile, France). After adjusting the concentration to 5x108 cells/ml, the intensity of
MAC-FITC fluorescence was assessed by flow cytometry.

2.8.1.1.2 Fluoresceination of Toxoplasma gondii.
T.gondii tachyzoites maintained in supplemented RPMI-1640 medium through serial
passages in human embryonic lung fibroblasts (HEL fibroblasts; ATCC) were kindly
donated by Ms Kay Dixon (Victorian Infectious Disease Reference Laboratory,
Melbourne). Tachyzoites were subsequently purified and fluoresceinated as previously
described by our laboratory (Biggs et al., 1995). Briefly, the monolayer of infected
fibroblasts were detached with a cell lifter (Costar) and passaged together with culture
supernatant through a blunt 25-gauge needle. Tachyzoites were subsequently purified
by passage through a column containing glass wool fibre (Sigma, St. Louis, MO, USA),
followed by filtration through a 3nm polycarbonate membrane '.Poretics, Livermore, CA,
USA). Filtrate was dispensed into 50-ml conical tubes (Cellstar), washed in PBS-CMF
and centrifuged at 1600xgfor 10 min at 4°C. Purified T.gondii tachyzoites were heat59

killed at 60°C for 30 min and labelled with FITC as described for MAC in Section
2.8.1.1.1.

2.8.1.2 Phagocytosis by monocytes within peripheral blood.

Phagocytosis of MAC-FITC or T.gondii-FYTC by monocytes was performed using a
whole blood assay as previously described by our laboratory (Hewish et al., 1996).
Briefly, peripheral blood from HIV-infected and -uninfected individuals was collected in
lithium heparin anticoagulant, dispensed into 4-ml polypropylene tubes (100^1 per tube)
within 3 hr of collection and cooled on ice for 20 min. MAC-FITC or T.gondii-F\TC was
thawed immediately prior to phagocytosis, vortexed for 1 min and sonicated for 1 min
(Bransonic B1200; full settings). Target particles at concentrations ranging from 5x106
to 1.5x107 in 30^1 PBS-CMF were added to duplicate blood samples and incubated in a
shaking water bath at 37°C (or on ice as controls) for 10 min. After phagocytosis was
arrested by placing tubes in ice, the fluorescence of MAC-FITC or T.gondii-FITC
adherent to the cell surface was quenched by the addition of 100^1 of Quenching agent
(Orpegen, Heidelberg, Germany), followed by two washes with cold (4°C) PBS-CMF at
500xg for 5 min at 4°C. Monocytes within the sample were stained with anti-CD14-PE
Mab (Becton Dickinson) for 30 min on ice. After washing with cold (4°C) PBS-CMF,
erythrocytes were lysed with 2ml of FACS lysing solution (Becton Dickinson) for 10 min
at room temperature. White blood cells were washed twice with PBS-CMF and fixed
with 1 % ultrapure formaldehyde (Polysciences). The percentage of CD14-positive
monocytes that phagocytosed MAC-FITC or T.gondii-F\JC was calculated as the
percentage of FITC-labelled cells in the PE-positive cell population.

2.8.1.3 Phagocytosis of MAC-FITC by monocyte-derived macrophages.
On day 7 following HIV-1 infection, MDM (2x105 cells) were dispensed in polypropylene
tubes, washed twice in PBS-CMF by centrifuging at 500xg for 5 min at 4°C. Ceils were
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resuspended in 100\i\ of PBS-CMF and cooled en ice for 20 min prior to phagocytosis.
MDM were incubated for 2hr at 37°C (or on ice as controls) with MAC-FITC, at various
MAC-FITC to MDM ratios (ranged from 1:10 to 1:75), in duplicate. Phagocytosis was
arrested by plunging the tubes into ice. The fluorescence of adherent MAC-FITC was
quenched using Quenching Agent (Orpegen). MDM were washed twice with cold (4°C)
PBS-CMF by centrifugation at 500xg for 5 min at 4°C and fixed with 1 % formaldehyde.
The percentage of MDM that phagocytosed MAC-FITC was quantified by flow
cytometry.

2.8.2 Colorimelric FcyR-media ted phagocytosis assay.

2.8.2.1 Preparation of IgG-opsonised sheep red blood cells.

Sheep red blood cells (E; ICN-Cappel, Aurora, Ohio, USA) were opsonised
immediately prior to the phagocytosis assay. E (2x108 cells) were placed into a 15-ml
conical tube and washed three times in PBS by centrifugation at 1430xg for 10 min at
4°C. Cells were opsonised with a sub-agglutinating titre (1:300) of rabbit anti-E
antibody (ICN-Cappel) in 5ml of PBS. Opsonisation was performed on a sample mixer
(Dynal) for 30 min at room temperature. Cells were washed five times in cold (4°C)
PBS by centrifugation at 1430xgfor 10 min at 4°C. Both IgG-opsonised E (E-IgG) and
unopsonised E (treated under the same conditions) were resuspended at a
concentration of 1x108/ml in Iscove's medium.

2.8.2.2 Phagocytosis by monocyte-derived macrophages.
Cultured MDM were plated onto 96-well plates (Nalge Nunc) at 5x104 cells/well in
100jxl of supplemented Iscove's medium and allowed to adhere for 2 hr at 37°C in a
5%CO2 humidified incubator. Phagocytic targets (E-IgG or unopsonised E) were added
to adhered MDM at a MDM:E ratio of 1:10, in triplicate. The plate was centrifuged at
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100xg for 5 min at 4°C and then placed at 37°C for phagocytosis to proceed.
Phagocytosis was terminated after 10 min by placing the plates on ice ard washing
cells with cold (4°C) PBS using a multichannel pipette (Labsystem, Helsinki, Finland).
Phagocytosis of E was quantified using a colorimetric assay (Gebran et al., 1992).
Briefly, after unbound E were removed by washing with PBS, non-phagocytosed E
attached to MDM were lysed with 0.2% NaCI for 3 min, followed by three washes with
pre-warmed (37°C) Iscove's r.iedium. Phagocytoc^:! E were measured by reaction of
haemoglobin with 2,7-diaminoflurene (Sigma, St Louis, MO, USA) after lysis of MDM in
0.2M Tris-HCI buffer containing 6M urea for 10 min at room temperature. Absorbance
at 620nm was determined using a plate reader (Labsystems, Multiskan, Helsinki,
Finland), and compared to a standard curve generated usino, known numbers of E
(ranging from 4x103 to 5x105). The estimated E per well were divided by the number of
MDM (5x104) and multiplied by 100 to obtain the phagocytic index (the number of
phagocytosed E per 100 MDM).

2.8.3 FcyR-mediated phagocytosis for biochemical analyses.

2.8.3.1 Preparation of IgG-opsonised latex beads.

Latex beads optimised previously for the bead size (Reece et al., 2001) (3jim in
diameter, Sigma) were prepared immediately prior to phagocytosis. Beads (4x10?)
were washed once in PBS by pelleting at 1400xg for 5 min and coated with bovine
serum albumin (BSA) by incubation in 1ml of PBS containing 10mg BSA (Sigma)
overnight at 4°C. Beads were washed 5 times with PBS by centrifugation at 1400xg for
f min and opsonised with 10% rabbit anti-BSA antiserum (ICN-Cappel) on a sample
T'Lnar for 30 min at room temperature. IgG-opsonised beads were washed 3 times in
cold (4°C) PBS and resuspended In PBS at a concentration of 4x108/ml.
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2.8.3.2 Phagocytosis by monocyte-derived macrophages.
MDM (2x106 cells) were dispensed into 4-ml polypropylene tubes (Becton Dickinson),
washed twice in PBS-CMF by centrifugation at 500xgf for 5 min at 4°C and cooled on
ice for 20 min in 100jo.l of PBS-CMF prior to phagocytosis. MDM were incubated with or
without IgG-opsonised beads at MDM to target ratio of 1:10 in a shaking water bath at
37°C. At specified time points phagocytosis was arrested by plunging the tubes into ice
and washing MDM with cold (4°C) PBS-CMF. Cells were pelleted at 20,000xgf for 45
sec at 4°C and used for preparation of cell lysates as described in Section 2.8.3.3.

2.8.3.3 Preparation of cell lysates.
For immunoblotting and immunoprecipitation experiments, washed MDM were lysed in
IOOJLII

of Triton-X 100 lysis buffer (TLB) containing 25mM Tris-HCI (pH 7.5), 0.14M

NaCI, 1mM EDTA, 1 % Triton-X 100, supplemented with the following phosphatase
inhibitors: 50mM NaF, 1mM sodium orlhovanadate (Sigma, St Louis, MO), 40mM pglycerophosphate (Sigma, St Louis, MO), and the following protease inhibitors: 1 mM
pefabloc, 1fiM pepstatin, 1^iM leupeptin (Boehringer-Mannheim, Mannheim, Germany).
After 30 min of lysis on ice, cell lysates were centrifuged at 20,000xgr for 10 min at 4°C,
transferred to fresh 1.5-ml micro tubes (Sarstedt), frozen in liquid N2 and stored at
-70°C until used for biochemical analysis.

2.9 IMMUNOBLOTTING AND IMMUNOPRECIPITATION
For immunoblotting analysis the amount of proteins within MDM lysates were
determined by DC protein assay (Bio-Rad Laboratories, Hercules, CA, USA) according
to manufacturer's instructions. MDM extracts containing equal amounts of proteins (30
to 50|ig) were boiled in 2x SDS sample buffer (10mM Tris pH 8.0, 2mM EDTA, r^.
SDS, 5% p-mercaptoethanol, 5% glycerol) for 10 min at 95°C. Samples were resolved
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by 10% SDS polyacrylamide gel electrophoresis (PAGE) as described in Section
2.12.2.

Proteins

were

transferred

to

nitrocellulose

(Amersham

International,

Buckinghamshire, UK) at 70V for 2.5 hr using a CBC Scientific (Del Mar, Ca, USA)
electrophoretic transfer tank. The nitrocellulose filter was blocked with either 3% BSA
(for anti-phosphotyrosine Mab directly conjugated to horseradish peroxidase; HRPO) or
with 5% skim milk in Tris Buffered Saline, pH 7.5 containing 0.3% Tween-20 (TBST)
(Astral, Gymea, Australia) for 2 hr at room temperature. The blots were probed with a
primary antibody overnight at 4°C, followed by five washes in TBST for 15 min at room
temperature. Blots were subsequently probed with a secondary antibody conjugated
with HRPO for 1hr at room temperature, washed three times in TBST for 10 min at
room temperature and developed for enhanced chemiluminescence (ECL) according to
manufacturer's instructions (Amersham Pharmacia).

Alternatively, to determine the phosphorylation of various proteins during FcyRmediated phagocytosis, particular proteins were immunoprecipitated with relevant
antibodies from MDM extracts containing equal amount of proteins (50 to 100ng) in
100|u.l of TLB overnight at 4°C. Immunoprecipitates were collected with 15(jtl of protein
G sepharose beads (Pharmacia Biotech, Uppsala, Sweden) by incubation on a sample
mixer (Dynal) for 1 hr at 4°C, followed by five washes in TLB by centrifugation at 420xg
for 2 min at 4°C The washed beads were mixed with 20|xl of 2x SDS sample buffer,
boiled for 10 min at 95°C and centrifuged at 20,000xg for 10 min. Supernatant
containing proteins of interest was resolved by 10% SDS-PAGE and transferred to
nitrosellulose as described above. Blots were probed with anti-phosphotyrosine
antibody directly conjugated to HRPO (RC20; Transduction Laboratories, Lexington,
KY, USA) to determine the phosphorylation status of particular proteins. To verify the
equal protein input blots were re-probed with relevant antibodies overnight at 4°C,
followed by a secondary antibody directly conjugated to HRPO as described in the
immunoblotting Section 2.9.
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2.10 EXTRACTION OF DNA
DNA was extracted as previously described (Lee et a!., 1991). Briefly, 1 x 106 MDM
cultured in 24-well plates were washed with 1ml of cold (4°C) PBS-CMF and lysed in
0.5ml lysis buffer containing 50mM KCI, 10mM Tris-HCI (pH 8.3), 2.5mM MgCI2l 0.5%
Tween 20 (BDH Chemicals, Kilsyth, Australia), 0.5% NP40 (Sigma, St Louis, MO, USA)
and 0.1mg/ml BSA (Sigma). Following the addition of 50nl/ml proteinase K (Boehringer
Mannheim), cell lysates were heated at 60° C for 1 hr and 95° C for 30 min. Sample
lysates were stored at -20°C until used in the PCR reaction.

2.11 DETECTION AND QUANTIFICATION OF RNA

2.11.1 mRNA extraction andcDNA generation

mRNA was extracted from MDM lysates using oligo (dT)2s beads (Dynabeads, Dynal,
Oslo, Norway) according to the manufacturer's protocol. Briefly, 1x106 cultured MDM
were lysed in Lysis Binding Buffer consisting of 100mM Tris-HCI (pH 8.0), 500mM LiCI,
10mM EDTA (pH 8.0), 0.1% lithium dodecyl sulphate (LiDS), 5mM dithiothreitol (DTT).
Cell lysates were stored at -70°C until mRNA extractions were performed.

Prior to extractions, beads were pre-conditioned by two washes in Lysis Binding Buffer.
MDM lysates were thawed on ice and hybridised with beads (1x106 MDM/20)xl beads)
for 10 min at room temperature to form a Dynabeads oligo(dT)25/mRNA complex. The
samples were placed on magnetic particle separator (Dynal) to collect the
beads/mRNA complexes. Supernatants were discarded and beads were washed twice
with 100nl of washing buffer (10mM Tris-HCI (pH 8.0), 0.15M LiCI, 1mM EDTA) (BDH
Chemicals) with 0.1%LiDS (ICN Pharmaceuticals), and then three times with 100^1
washing buffer (without LiDS). Beads were then washed three times with RT buffer
consisting of 10mM Tris-HCI (pH 8.3) and 75mM KCI, changing tubes between each
65

wash.

To convert mRNA to cDNA, beads containing mRNA were resuspended in 25jil AMVRT mix consisting of 1mM dNTPs (Promega, Madison, Wi, USA), 4mM sodium
pyrophosphate, 25U RNasin (Promega), 25U AMV-RT (Promega), 1X RT buffer
(Promega) and incubated for 1 hr at 42°C. The samples were placed on the magnetic
particle separator at room temperature. RT mix was removed and the samples were
resuspended in 100|il elution solution (0.5M ammonium acetate, 1mM EDTA,
0.1%SDS) and heated at 95°C for 5 min to remove mRNA, leaving cDNA attached to
the beads. Beads/cDNA complexes were resuspended in 100|al TE buffer consisting of
10mM Tris-HCI (pH 8.0), 1mM EDTA, and stored at 4°C until used for PCR reactions.
To check for DNA contamination samples prepared without AMV-RT were included
within each experiment.

2.11.2 Standardisation of cDNA

cDNA from each sample was standardised according to (3-actin mRNA levels as
previously described (Grassi et al., 1995). Beads/cDNA complexes were serially diluted
in TE buffer (ranging from amounts equivalent to 1x105 cells - 10° cell) and
subsequently amplified using p-actin primers: BA1 5'CATGTGCAAGGCCGGCTTCG3'
and

BA4 5TGAAGGTCGGAGTGAACGGATTTGGT31

(Bresatec,

Adelaide, SA,

Australia) as described in Section 2.11.3. PCR products were separated by agarose
gel electrophoresis as described in Section 2.12.1. The intensity of bands was
assessed by laser densitometry to standardise the amount of cDNA in subsequent
PCR reactions.
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2.11.3 PCR amplification

DNA or cDNA templates were amplified in a 50^1 reaction containing appropriate
primers (1p.M final concentration), 1x PCR reaction buffer (Perkin Elmer, Norwalk, Wl,
USA), 1.5mM MgCI2) 1mM dNTPs and 1U of AmpliTaq (Perkin Elmer). PCR
amplification was performed in a GeneAmp PCR System 9600 (Perkin Elmer). Unless
otherwise specified, initial denaturation occurred at 95°C for 2 min, followed by 35
cycles of denaturation step at 95°C for 1 min, annealing step at 56°C for 1 min and
extension step at 72°C for 2 min, followed by one cycle at 72°C for 2 min.

2.12 GEL ELECTROPHCRESIS

2.12.1 Agarose gel electrophoresis

DNA samples in1x loading buffer consisting of 8% glycerol, 0.1% bromophenol blue
and 0.1% xylene cyanol were separated based on their size in 2% (w/v) agarose gels
containing 0.05ng/ml of ethidium bromide (EthBr). Samples were electrophoresed at
100V for 30 min in 0.5x TBE electrophoresis buffer consisting of 50mM Tris-HCI, boric
acid pH 8.3 and 1mM EDTA). The DNA markers used were 100 base pair (bp) ladder
standards (Promega). DNA fragments were visualised on a short wave length UV
Transilluminator and the image was taken with Polaroid 665 film.

2.12.2 Sodium Dodecyl Sulphate polyacrylamide gel electrophoresis (SDSPAGE).

Protein samples boiled in 2x SDS sample buffer (Section 2.9) were electrophoresed
using a CBC Scientific Electrophoresis tank at 100V constant voltage. A 40% stock
solution of acrylamide (Astral, Gymea, Australia) was used to make the 10% resolving
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gel (together with 0.375M Tris at pH 8.8, 0.1%SDS, 0.07% ammonium persufate,
0.05% TEMED) and the 4% stacking gel (together with 0.125M Tris at pH 6.8, 0.1%
SDS, 0.13% ammonium persufate, 0.05% TEMED). The SDS-PAGE electrode buffer
consisted of 0.1% SDS, 25mM Tris, 192mM glycine, pH 8.3. SeeBlue Pre-Stained
Standards (Novex, San Diego, CA, USA) were used as protein molecular mass
markers. The electrophoresis was conducted at 100V for 2.5 hr.

2.13 RELEVANT PUBLICATIONS.
The following publication has arisen from the work presented in this chapter:

Kedzierska, K., and Crowe, S.M. (2001) Culture of HIV in monocytes and
macrophages. Current Protocols in Immunology. John Wiley & Sons, Inc. 12.4.112.4.11.
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CHAPTER 3
SIGNAL TRANSDUCTION PATHWAYS ACTIVATED DURING
FCyR-MEDIATED PHAGOCYTOSIS BY HUMAN

MACROPHAGES.
3.1 ABSTRACT.

Receptors for the constant region of immunoglobulin G (FcyR) are widely expressed on
cells of haemopoietic lineage and play an important role in host defense. The signalling
pathways activated during FcyR-mediated phagocytosis in human monocyte-derived
macrophages (MDM) as well as the effect of granulocyte-macrophage colonystimulating factor (GM-CSF) on these events were examined in this study. FcyRmediated phagocytosis resulted in enhanced tyrosine phosphorylation of a wide range
of cellular proteins, activation of the protein tyrosine kinases Hck, Syk and Pyk2, and
phosphorylation of the multidomain adapter protein, paxillin. Stimulation of MDM with
GM-CSF augmented FcyR-mediated phagocytosis and increased the levels of tyrosine
phosphorylation in phagocytosing MDM cultures, suggesting activation of tyrosine
kinases or an effect on protein tyrosine phosphatase pathways. GM-CSF treatment of
MDM without a phagocytic stimulus did not activate Syk, suggesting that GM-CSF may
act either distal to Syk in the FcyR-mediated signalling cascade or on a parallel
pathway activated by the FcyR. This study shows that early signalling events during
FcyR-mediated phagocytosis in human MDM involve activation of Syk, Hck and paxillin.
It also provides the first evidence for Pyk2 activation during phagocytosis and a
baseline for further studies on the effect of GM-CSF on FcyR-mediated phagocytosis.
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3.2 INTRODUCTION.

The receptors for the constant region of IgG (FcyRI, FcyRIi,

FCYRIIIA)

are the major

means by which cells of the macrophage lineage recognise IgG» isonised particles
and promote host defenses including phagocytosis, antibody-dependent cellular
cytotoxicity as well as secretion of cytokines and chemokines. The major Fey receptors
expressed on monocytes are the high affinity FcyRI (CD64) and a low affinity FcyRII
(CD32), while macrophages also express FcyRIIIA (CD16) (reviewed in Daeron, 1997).
Most studies delineating the specific signalling events during

FcyR-mediated

phagocytosis have been performed using murine macrophages (Greenberg ef al.,
1993; Greenberg et al., 1994; Aderem, 1995; Crowley et al., 1997; Strzelecka et al.,
1997; Kiefer et al., 1998), or cell lines transfected with FcyR (Indik et al., 1994; Cox ef
al., 1996; Greenberg et al., 1996), with only two studies done in human macrophages
(Kusner ef al., 1999) or monocytes (Zheleznyak and Brown, 1992). Several signal
transduction pathways utilised by macrophages activated during FcyR-mediated
phagocytosis have been described (reviewed in Aderem and Underhill, 1999), including
requirements for isoforms of protein kinase C (Zheleznyak and Brown, 1992),
phosphatidylinositol 3-kjnase (Kanakaraj et al., 1994; Ninomiya et al., 1994) and the
Rho family of GTPases (Hackam ef al., 1997; Cox ef al., 1997). These signalling
events are initiated following clustering of FcyR via activation of tyrosine kinases of the
Src family (Jouvin et al., 1994; Sarmay et al., 1994). Src kinase activation results in the
rapid and transient phosphorylation of ITAM (immunoreceptor tyrosine-based activation
motifs) on either the ligand binding subunit in the cytoplasmic domain of Fey Rll or on
the associated y chain of Fey Rl and MIA (Park et al., 1993; Indik et al., 1994; Indik et
al., 1995a). Phosphorylated ITAMs may represent docking sites for Syk allowing its
subsequent activation (Indik et al., 1995c; Bonnerot et al., 1998). A requirement for Syk
in FcyR-mediated phagocytosis was initially demonstrated in human monocytes by
using anti-sense oligodeoxynucleotides to eliminate Syk mRNA (Matsuda ef al., 1996).
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Gene knockout studies subsequently confirmed an absolute and specific requirement
for Syk FcyR-mediated phagocytosis by murine macrophages (Crowley et al., 1997).
Macrophages derived from the fetal livers of Syk-deficient mice had defective FcyRmediated phagocytosis and actin assembly, but unimpaired phagocytosis of E.coli,
yeast or latex particles (Crowley et al., 1997), suggesting that Syk is specifically
required for FcyR-mediated functions, but not phagocytosis per se.

Activated Syk is thought to promote phosphorylation and localised accumulation of a
number of cytoskeletal substrates (reviewed in Greenberg, 1995), including the actinbinding proteins paxillin, vinculin, talin and alpha-actinin (Greenberg et al., 1990;
Greenberg et al., 1994; Allen and Aderem, 1996). Paxillin, a multidomain adapter
protein, is thought to interact with a variety of proteins, such as FAK (focal adhesion
kinase), Pyk2 and Vav, and in this way it organises focal adhesion complexes and
cytoskeletal rearrangement (reviewed in Turner, 1998). Human monocytes and
macrophages do not express FAK (Li et al., 1998), but they activate and phosphorylate
another member of the FAK family, Pyk2. This kinase is 45% identical in amino acid
sequence to FAK (Avraham et al., 1995), and shown to be involved in cytoskeletal
engagement upon adherence and subsequent calcium or PKC co-stimulatory activation
in human monocytes (Li et al., 1998). A role for Pyk2 in phagocytosis has not yet been
reported.

The results presented in this Chapter demonstrate that FcyR-mediated internalisation
of IgG-opsonised targets by human monocyte-derived macrophages (MDM) is
dependent on protein tyrosine phosphorylation, with transient activation of the protein
tyrosine kinases Hck, Syk and Pyk2, and redistribution of the multidomain adaptor
protein paxillin between Triton-soluble and a Triton-insoluble cell fractions. In addition,
acute stimulation of MDM with granulocyte-macrophage colony-stimulating factor (GMCSF) augments phagocytosis of IgG-opsonised targets, and concomitantly tyrosine
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phosphoryiation of cellular proteins in an additive manner but does not activate Syk.
These observations suggest that GM-CSF may either stimulate phagocytic pathways
activated by the FcyR downstream of Syk kinase or independent of Syk activation.

3.3 METHODS.

3.3.1 Phagocytosis assays.

On day 5 to 7 after monocyte isolation (Section 2.1.2), MDM were used for
phagocytosis assays. Cells (5x104) were plated onto 96 well plates, adhered for 2 hr
and exposed to IgG-opsonised or unopsonised E (Section 2.8.2.1) at a E:MDM ratio of
10:1. Phagocytosis of erythrocytes was quantified by a colorimetric assay (Section
2.8.2.2). In selected experiments MDM were incubated with the protein tyrosine kinase
inhibitor, genistein (Calbiochem, Croydon, Australia), at concentrations ranging from
0.1 to 30nM at 37°C for 30 min prior to phagocytosis assay.

Alternatively, MDM (2x106 cells) in 4ml polypropylene tubes were incubated with or
without IgG-opsonised beads (Section 2.8.3.1) at 37°C with a target to MDM ratio of
10:1 (Section 2.8.3.2). At specified time points, phagocytosis was arrested by plunging
the tubes into ice and washing the MDM in ice-cold PBS-CMF, followed by cell lysis in
Triton-X 100 lysis buffer (Section 2.8.3.3) for immunoblotting and immunoprecipitation
experiments.

3.3.2 GM-CSF stimulation.

MDM were stimulated with GM-CSF at 100ng/ml (Genzyme; kindly provided by Prof. A.
Lopez, Hanson Centre, Adelaide, Australia), immediately prior to addition of phagocytic
targets. Phagocytic assays commenced within 2 min of adding GM-CSF. Lysates were
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either analysed for phagocytosis by a colorimetric assay, tyrosine phosphorylated
proteins by immunoblotting or Syk phosphorylation by immunoprecipitation.

3.3.3 Immunoblotting and imm unoprecipitation.

Cell extracts containing equal amounts of proteins were resolved by 10% SDS-PAGE
(Section 2.12.2) and transferred to nitrocellulose (Section 2.9). The blots were probed
with a recombinant antibody directed against phosphotyrosine (RC20; Transduction
Laboratories, Lexington, KY) or paxillin (Transduction Laboratories) overnight at 4°C,
followed by secondary antibody conjugated with horseradish peroxidase (Amersham
Pharmacia,

Buckinghamshire,

England),

and

developed

chemiluminescence (ECL) according to manufacturer's

for

enhanced

instructions (Amersham

Pharmacia). Alternatively, to determine the involvement of various proteins in

FCYR-

mediated phagocytosis, cell lysates were immunoprecipitated with either a rabbit
antibody against Hck (gift from Dr H.C. Cheng, School of Biochemistry, Melbourne
University), anti-Syk Mab (Santa Cruz Biotechnology, Santa Cruz, CA) or anti-paxillin
Mab, and then probed with anti-phosphotyrosine antibody (PY20; Transduction
Laboratories,

Lexington,

KY),

or

conversely,

immunoprecipitated

with

anti-

phosphotyrosine Mab and then probed with anti-Pyk2 (Transduction Laboratories) or
anti-Syk Mab. Proteins were immunoprecipitated from extracts with antibodies
overnight at 4°C as detailed in Section 2.9. To verify equal protein input, blots were reprobed with relevant antibodies.

3.3.4 Immunofluorescence microscopy.

Cells fixed with 1ml of 3% ultrapure formaldehyde (Polysciences, Warrington, PA,
USA) for 20 min were washed twice with cold 0.1 M glycine in PBS-CMF and
permeabilised with 0.1% Triton-X 100 (Merck, Kilsyth, Australia) for 1 min. After two

73

washes with 1 % Fetal Bovine Serum in PBS-CMF, cells were stained for intracellular
proteins with mouse anti-phosphotyrosine Mab (PY20) or isotype-matched control lgG1
(MOPC 21; Bionetics, Charlestone, SC) for 30 min on ice. After two washes with cold
PBS-CMF, cells were incubated with biotin-conjugated anti-mouse Ig (Silenus,
Melbourne, Australia) for 30 min on ice, followed by two further washes with cold PBSCMF. Subsequently, MDM were incubated with Texas Red-conjugated stroptavidin
(Amersham Pharmacia, Buckinghamshire, England) for 30 min on ice, washed once
with cold PBS-CMF, fixed with 200(a.l of 1% formaldehyde and cytocentrifuged onto
glass slides. Protein tyrosine phosphorylation in both resting and phagocytosing MDM
were analysed by confocal laser microscopy (Bio-Rad MRC500, Hercules, CA). For
some samples, cells were also stained with phalloidin conjugated to Alexa 488
(Molecular Probes, Eugene, OR) to determine co-localisation of F-actin and
phosphotyrosine.

3.4 RESULTS.

3.4.1 Enhanced

protein

tyrosine

phosphorylation

during FcyR-mediated

phagocytosis by monocyte-derived macrophages.

Two minutes after the addition of IgG-opsonised latex beads, increased tyrosine
phosphorylation of a number of human MDM proteins was evident by immunoblot
analysis, with phosphorylation reaching a peak between 5 and 15 min (Figure 3.1a).
Phagocytosis of IgG-opsonised E was inhibited by the protein tyrosine kinase inhibitor,
genistein, in a dose-dependent manner (Figure 3.1b), suggesting that tyrosine kinase
activity was required for FcyR-mediated phagocytosis. Phagocytosis of unopsonised E
by MDM cultured in the presence or absence of genistein was below the detection level
of the assay.
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Confocal

microscopy

revealed

that

the

majority

of

antiphosphotyrosino

immunoreactivity in MDM was localised around the internalised IgG-opsonised latex
beads (Figure 3.2b) co-localised with sites of actin polymerisation (Figure 3.2d). This
finding is consistent with binding of tyrosine phosphorylated proteins to a cytoskeieton
which has been rearranged around the phagosome. Within 2 min of initiation of
phagocytosis, paxillin, a multidomain adapter protein involved in organising focal
adhesion complexes, was also found to be preferentially localised around the
phagosome (Figure 3.2c). Staining with isotype-matched control antibodies verified a
lack of non-specific staining (Figure 3.2a).

3.4.2 Activation ofHck, Sykand Pyk2 kinases.

Having demonstrated a requirement for tyrosine kinase activity during FcyR-mediated
phagocytosis by MDM, the proteins, which were tyrosine phosphorylated in the
experiments depicted in Figure 3.1, were subsequently identified. Based on estimated
size, several tyrosine kinases were investigated, which could potentially be activated
during this process. Enhanced tyrosine phosphorylation of Hck (58-60kDa), Syk
(72kDa) and Pyk2 (120kDa) was observed within 2 to 5 min of FcyR-mediated
phagocytosis (Figure 3.3). The input of Syk, Hck and Pyk2 proteins was standardised
according to protein estimations in each lysate. Protein levels are shown by re-probing
the blots with relevant antibodies (Figure 3.3 a,b; lower panels).

3.4.3 Redistribution of paxillin.

Within 2 to 5 min of FcyR-mediated phagocytosis there was an increase in paxillin
phosphorylation which had declined by 30 min (Figure 3.4a). Immunoblot analysis of
Triton-soluble lysates probed with anti-paxillin antibody showed that the total level of
extracted paxillin levels changed in a corresponding fashion (Figure 3.4b). Total
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extracted paxillin levels did not, however, vary during phagocytosis when MDM were
lysed in SDS sample buffer (total cell extract) (Figure 3.4c, lower panels). Taken
together, these results suggest that in different phases of FcyR-mediated phagocytosis,
paxillin is distributed predominantly in either the cytoskeletal (detergent-insoluble)
fraction or cytoplasmic (detergent-soluble) fraction.

3.4.4 Stimulation of FcyR-mediated phagocytosis by GM-CSF.

Stimulation of MDM with GM-CSF (100ng/ml) augmented the level of FcyR-mediated
phagocytosis by 20-30% (Figure 3.5a). GM-CSF stimulated tyrosine phosphorylation of
MDM cellular proteins and this effect was further augmented during phagocytosis of
IgG-opsonised latex beads in an additional manner (Figure 3.5b). The effect of GMCSF on Syk phosphorylation was subsequently determined since Syk is activated in
MDM during FcyR-mediated phagocytosis (Figure 3.3b) and it is a well-established
critical intermediate in FcyR signalling in murine macrophages (Crowley et al., 1997).
Incubation of MDM with GM-CSF for 2 min did not alter the extent of tyrosine
phosphorylation of Syk above the levels observed during FcyR-mediated phagocytosis
(Figure 3.5c). In addition/control MDM which had not been exposed to target particles
did not display detectable Syk phosphorylation in either GM-CSF-treated or untreated
samples. The level of Syk protein was equal for all the samples (Figure 3.5c, lower
panel). Syk co-immunoprecipitated from Triton-X 100 lysates with several other
phosphoproteins in a reproducible pattern. This pattern may represent a stable
complex of Syk with Fey receptors and/or other signalling molecules located around the
phagosome since a similar pattern was observed in experiments when MDM lysates
were immunoprecipitated with anti y-chain antibody (data not shown). Taken together,
these data suggest that GM-CSF augments the process of

FcyR-mediated

phagocytosis by triggering tyrosine phosphorylation of a number of cellular proteins,
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and most probably by acting downstream of Syk (and, by extension, downstream of
Src) in the FcyR-mediated cascade or via a pathway parallel to these events.

3.5 DISCUSSION.

This study shows that FcyR-mediated phagocytosis by human macrophages is
mediated by tyrosine phosphoryiation of a number of cellular proteins which localise
around the phagocytic cup, and that phagocytosis is blocked by a protein tyrosine
kinase inhibitor, genistein. Both Hck (a macrophage-specific Src family kinase) and Syk
are phosphorylated following engagement of human MDM FcyRs. The results
presented in this chapter also provide the first evidence for activation of Pyk2 and
redistribution of the phosphorylated form of paxillin between the cytoplasm and
cytoskeleton during FcyR-mediated phagocytosis. In addition, augmentation of FcyRmediated

phagocytosis

by

GM-CSF,

concomitant

with

increased

tyrosine

phosphoryiation of a number of cellular proteins which do not however include Syk, has
also been demonstrated in this study.

A role for Hck in FcyR signalling has been suggested, based on data showing that
macrophages prepared from mice deficient in three Src family tyrosine kinases, Hck,
Fgr and Fyn exhibit poor signalling downstream of FcyR (i.e., Syk activation) as well as
reduced levels of FcyR-induced functional responses such as phagocytosis, actin cup
formation and respiratory burst (Crowley et al., 1997; Fitzer-Attas et al., 2000). A
specific requirement for Hck in phagocytosis has also been demonstrated using Hck
knock-out mice, which fail to internalise IgG-opsonised erythrocytes, while other
haemopoietic functions remain intact (Lowell et al., 1994). This study also suggested
that some functions of Hck are subsumed through compensatory increases in the
activity of another Src kinase, Lyn, although Lyn could not substitute for Hck in
phagocytosis. Both Hck and Lyn have been also shown to co-immunoprecipitate with
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FcyR following cross-linking of receptors on THP-1 monocytic cell lines (Ghazizadeh et
al., 1994) and human monocytes (Wang et al., 1994). In the present work activation of
Hck during FcyR-mediated phagocytosis in human macrophages is demonstrated.

Phosphorylation of ITAMs creates docking sites for Syk, a kinase shown by a number
of studies to play a critical role in coupling phagocytosis-promoting FcyRs to the actinbased cytoskeleton (reviewed in Greenberg, 1995). A study employing stem-loop Syk
antisense oligonucleotides in human monocytes (Matsuda et al., 1996) as well as
transfection studies using COS and DT40 cell lines and gene knockout studies have
demonstrated

that

Syk

activation

is

absolutely

required

for

FcyR-mediated

phagocytosis, actin assembly and FcyR-mediated transport to lysosomes (Cox et al.,
1996; Crowley et al., 1997; Kiefer et al., 1998; Bonnerot et ah, 1998). Furthermore, Syk
has also been found to be a part of the activated FcyR complex following cross-linking
of receptors in U937 and THP-1 cell lines (Darby et al., 1994; Ghazizadeh et al., 1995).
This study confirms that Syk is phosphorylated >n human MDM following FcyRmediated phagocytosis.

Activation of Syk is thought to result in the phosphorylation of various substrates
located in the submembranous region beneath phagocytosed particles, which are
required for actin polymerisation and cytoskeletal rearrangement (Cox et al., 1996).
Paxillin is a potential downstream effector of Syk, as this protein has been shown to
interact with a variety of proteins involved in growth control and cytoskeletal
reorganisation (reviewed in Turner, 1998). The abundance of binding motifs in paxillin
for structural and regulatory proteins has led to a suggestion that it is important in
recruiting signalling molecules at sites of actin rearrangement and to facilitate their
interaction during phagocytosis (Turner et al., 1999). Paxillin has been previously
shown to be tyrosine phosphorylated in murine peritoneal macrophages during FcyRmediated phagocytosis (Greenberg et a/., 1994) and to co-localise with phagosomes
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(Greenberg et al., 1994; Allen and Aderem, 1996). This study confirms and extends
those observations by showing that the phosphorylated form of paxillin is redistributed
between cytoplasm and cytoskeleton during phagocytosis in human macrophages.

Paxillin phosphorylation following cell adhesion has been postulated to involve the
kinase p125 FAK, shown previously to bind to paxillin LD motifs (Turner, 1998). The
involvement of FAK in FcyR-mediated phagocytosis remains controversial, with one
study showing no enhancement of tyrosine

phosphorylation

of

FAK during

phagocytosis in murine macrophages (Greenberg et al., 1994), and another report
demonstrating the expression and phosphorylation of FAK as a result of FcyR crosslinking in human monocytes (Pan et al., 1999). However, it has been reported that
human monocytes/macrophages isolated under stringent conditions and free of platelet
contamination do not express FAK (Li et ah, 1998) (Jaworowski, unpublished).
Therefore the activation of Pyk2, a kinase with 45% sequence identity to FAK (Sasaki
et al., 1995), known to be expressed in human monocytes/macrophages (Li et al.,
1998) and bind to paxillin (Hiregowdara et al., 1997), during FcyR-mediated
phagocytosis was determined. This study demonstrates that tyrosine phosphorylation
of Pyk2 is increased during FcyR-mediated phagocytosis. This is the first report of
stimulation of Pyk£ tyrosine phosphorylation in response to phagocytosis, although this
kinase has been implicated in other processes involving reorganisation of the
cytoskeleton, such as locomotion and adhesion (Astier et al., 1997; Li et al., 1998;
Duong et al., 1998).

FcyR-phagocytosis by both human (Capsoni et al., 1992) and murine macrophages
(Coleman et al., 1988) has been found to be upregulated by GM-CSF, a cytokine
known to augment a number of macrophage effector functions (reviewed in Metcalf,
1985; Armitage, 1998). Since GM-CSF receptor does not possess an intrinsic tyrosine
kinase catalytic domain, the activation of protein tyrosine kinases associated with the (3
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subunit of the receptor, ie JAK (Janus Kinase), and members of the Src family as well
as the transcription factor STAT5 (signal-transducing activator of transcription-5)
mediate GM-CSF-stimulated proliferation, differentiation and gene expression (Corey
and Anderson, 1999; Mui et al., 1995). Stimulation of human monocytes with GM-CSF
for 48 hr resulted in increased expression of FcyR II, and increased binding of IgGopsonised particles (Rossman et al, 1993). In experiments presented in this thesis
short-term pretreatment of MDM with GM-CSF (2 to 5 min) was unlikely to increase
FcyR expression and de novo receptor synthesis. The observations of this study and
those of Rossman et al suggest that GM-CSF may augment FcyR-mediated
phagocytosis by several mechanisms, i.e. by stimulating the level of FcyR expression
as well as a direct effect on phagocytic signal transduction. Since GM-CSF treatment of
MDM did not enhance phosphorylation of Syk, GM-CSF may exerts its stimulatory
effect on FcyR-phagocytosis by acting either distal to Syk kinase in FcyR-mediated
signalling cascade or in a parallel pathway mediated via Fey receptor.

This study shows that the early signalling events during FcyR-mediated phagocytosis in
human MDM are similar to those previously characterised in murine macrophages. In
both species, key protein tyrosine kinases are activated during this process. In addition,
activation

of the

FAK-related kinase,

Pyk2, during

phagocytosis

has been

demonstrated for the first time. Furthermore, these studies have provided a baseline for
further studies on the stimulatory role of GM-CSF on macrophage function. Since
recent clinical studies have demonstrated the successful outcome of adjunctive GMCSF treatment for opportunistic infections in immunosuppressed patients (Vazquez et
al., 1998; Brites et al., 2000), an understanding of the mechanism underlying
macrophage stimulation by GM-CSF is potentially of therapeutic benefit.
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3.6 RELEVANT PUBLICATIONS.
The following publication has arisen from the work presented in this chapter:

Kedzierska, K., Vardaxis, N., Jaworowski, A. and Crowe, S.M. (2001) FcyR-mediated
phagocytosis by human macrophages involves Hck, Syk and Pyk2, and is augmented
by GM-CSF. J Leukoc Biol, 70:322-328.

I have performed all the experiments presented in this manuscript, analysed results
and written the manuscript with input from my supervisors Prof. Suzanne Crowe and
Dr. Anthony Jaworowski. Confocal microscopy was performed by A/Prof. Nicholas
Vardaxis.
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Figure 3.1 FcyR-mediated phagocytosis and protein tyrosine phosphoryiation.
(a) MDM incubated with IgG-opsonised latex beads (2x107) for the indicated times were
lysed in Triton-X 100 buffer and samples of lysate containing 50|ig protein were
resolved by SDS-poiyacrylamide gel electrophoresis, then probed with antiphosphotyrosine conjugated to horseradish

peroxidise (RC20). Experiment is

representative of 5 experiments using MDM prepared from different donors; (b)
Inhibition of phagocytosis by Genistein (inhibitor of protein tyrosine kinases).
Phagocytosis of E-IgG (•) or E (O) was measured in the presence of the indicated
concentrations of Genistein via colorimetric assay as described in Materials and
Methods. Data represent mean (±SD) of triplicate determinations. IB: immunoblotting;
PY: phosphotyrosine.

Figure 3.2 Co-localisation of tyrosine-phosphorylated proteins and polymerised
actin around phagocytic cups in MDM ingesting IgG-opsonised latex beads.
MDM were incubated with IgG-opsonised latex beads (3jxm) for 2 min, fixed with 3%
formaldehyde, permeabilised with 0.1% Triton-X 100 and stained with (a) an isotypematched control (MOPC 21); (b,d) mouse anti-phosphotyrosine monoclonal antibody;
(c) mouse anti-paxillin monoclonal antibody, followed by biotinylated anti-mouse Ig and
Texas Red streptavidin conjugate; (d) MDM were double stained for phosphotyrosine
as above and with Alexa 488-labelled phalloidin. Areas of the cell staining with both
antibodies are depicted yellow. MDM were examined by confocal laser microscopy.
Bar = 3u.m
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Figure 3.3

Activation of Hck, Syk and Pyk2 tyrosine kinases during FcyR-

mediated phagocytosis in human MDM.
Cells (2x106) were incubated with IgG-opsonised latex beads (2x107) in polypropylene
tubes in a shaking waterbath for the indicated times (0 to 30 min) at 37°C, then lysed in
Triton-X buffer. Samples of lysat? containing 100^g protein were immunoprecipitated
with (a) anti-Hck or (b) anti-Syk monoclonal antibodies; resolved by SDSpolyacrylamide ge! electrophoresis, and immunoblotted with anti-PY conjugated to
horseradish peroxidase; or immunoprecipitated with (c) anti-PY monoclonal antibody,
resolved by SDS- polyacrylamide gel electrophoresis and immunoblotted with anti-Syk
or anti-Pyk2 Mab. The data are representative of 3 experiments using MDM from
different donors. Protein levels are shown by re-probing the blots with (a) anti-Hck
monoclonal antibody (lower panel) or (b) anti-Syk monoclonal antibody (lower panel).
IB: immunoblotting; IP: immunoprecipitation; PY: phosphotyrosine.
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Figure 3.4 Redistribution of paxillin between cytoplasm and cytoskeleton during
FcyR-mediated phagocytosis in MDM.
Cells were incubated with IgG-opsonised latex beads (2x107) in a shaking waterbath for
the indicated times (0 to 30 min) at 37°C and lysed in either Triton-X or SDS sample
buffer, (a) Triton-X 100 lysates containing 100u.g protein were immunoprecipitated with
anti-paxillin monoclonal antibody, resolved by SDS-polvgicrylamide gel electrophoresis
and probed with anti-PY monoclonal antibody conjugated to horseradish peroxidase.
(b) Triton-X 100 lysates (cytoplasmic fraction) or (c) SDS lysates (whole cell extracts)
containing 50jig protein were resolved by SDS- polyacrylamide gel electrophoresis and
probed with anti-paxillin monoclonal antibody. The data shown are representative of
three experiments. IB: immunoblotting; IP: immuncprecipitation; PY: phosphotyrosine.
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Effect of GM-CSF on FcyR-mediated phagocytosis, tyrosine

phosphorylation and Syk activation.
MDM were treated with GM-CSF (100ng/ml), where indicated, immediately prior to
addition of target particles, (a) MDM (5x104 per well) plated onto 96 well plates were
incubated with E-IgG or E for 20 min and phagocytosis determined by colorimetric
assay. Data are representative of 3 donors. Shown are mean±SD; (b) MDM (2x106)
were incubated with IgG-opsonised latex beads (2x107) for 2 min and Triton-lysates
analysed for tyrosine phosphorylated proteins by probing with HRPO-conjugated antiPY antibody (representative of 5 experiments using MDM prepared from different
donors); or (c) for Syk tyrosine phosphorylation by immunoprecipitation of Syk and
immunoblotting with horseradish conjugated anti-PY antibody (representative of 5 MDM
donors). Input level of Syk was determined by re-probing the blots with Syk monoclonal
antibody. IB: immunoblotting; IP: immunoprecipitation; PY: phosphotyrosine.

CHAPTER 4
THE MECHANISM OF HIV-1 INHIBITION OF FCyR-MEDIATED
PHAGOCYTOSIS BY HUMAN MACROPHAGES.

4.1 ABSTRACT.

HIV-1 infection impairs a number of macrophage effector functions, thereby
contributing to development of opportunistic infections and the pathogenesis of AIDS.
Fey receptor (FcyRJ-mediated phagocytosis by human monocyte-derived macrophages
(MDM) is inhibited by HIV-1 infection in vitro, and the underlying mechanism was
investigated in this study. Inhibition of phagocytosis directly correlated with the
multiplicity of HIV-1 infection. Expression of surface

FCYRS

was unaffected by HIV-1

infection, suggesting that inhibition of phagocytosis occurred during or after recepto;
binding. HIV-1 infection of MDM markedly inhibited tyrosine phosphorylation of the
cellular proteins, which occurs following engagement of FcyRs, suggesting a defect
downstream of initial receptor activation. FcyR-mediated phagocytosis in HIV-infected
MDM was associated with inhibition of phosphorylation of tyrosine kinases from two
different families, Hck and Syk, defective formation of Syk complexes with other
tyrosine-phosphorylated proteins and inhibition of paxillin activation. Down-modulation
of protein expression but not mRNA of the y signalling subunit of FcyR (a docking site
for Syk) was observed in HIV-infected MDM. Infection of MDM with a construct of HIV1 in which nef was replaced with the gene for the y signalling subunit augmented FcyRmediated phagocytosis, suggesting that downmodulation of y-chain protein expression
in HIV-infected MDM caused the defective FcyR-mediated signalling and impairment of
phagocytosis. This study provides the first possible mechanism by which HIV-1 inhibits
macrophage effector function via interference with specific signalling events within the
cell, and contributes to the understanding of how HIV-1 impairs cell-mediated immunity
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leading to HIV-1 disease progression.

4.2 INTRODUCTION.

Cells of macrophage lineage including peripheral blood monocytes and tissue
macrophages provide critical functions in the cell-mediated response to a variety of
opportunistic pathogens such as Mycobacterium avium complex, Toxoplasma gondii
and Candida albicans. A number of monocyte/macrophage functions are impaired
following HIV-1 infection in vivo and in vitro including chemotaxis (Tas et al., 1988;
Wahl et al., 1989), phagocytosis (Crowe et al., 1994; Biggs et al., 1995), intracellular
killing (Biggs et al., 1995) and cytokine production (reviewed in Kedzierska and Crowe,
2001). These defects contribute to the pathogenesis of AIDS by allowing reactivation
and development of opportunistic infections (reviewed in Crowe, 1995). The
mechanism by which HIV-1 impairs effector functions of cells of macrophage lineage is
unknown.

The HIV-1 encoded proteins, Nef, Vif, Vpr and Rev have been shown to modulate a
number of signalling pathways via interactions with cytoskeletal (Macreadie et al.,
1995; Karczewski and Strebel, 1996; Fackler et al., 1997; Watts et al., 2000) and
cytoplasmic proteins (Saksela et al., 1995; Greenway ef al., 1996; Nunn and Marsh,
1996; Fackler et al., 2000; Hassaine et al., 2001). These interactions include cellular
proteins and kinases which are also involved in Fey receptor (FcyR)-mediated
phagocytosis, eg. the Src kinases, Hck and Lyn (Lee ef al., 1991; Saksela et al., 1995;
Lee etal., 1996; Greenway et al., 1996), p21-activated kinase (Nunn and Marsh, 1996;
Fackler et al., 2000), the guanine nucleotide-exchange factor, Vav (Fackler etal., 1999)
and actin (Fackler et al., 1997). HIV-1 impairs FcyR-mediated phagocytosis and the
mechanism is unknown, although studies using the promonocytic U937 cell line
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suggest that inhibition occurs via a cylic AMP (cAMP)-dependent mechanism (Thomas
efa/.,1997).

The receptors for the constant region of immunoglobulin (Ig) G (FcyRI, FcyRII, FcyRIII)
are the major means by which cells of macrophage lineage recognise IgG-opsonised
pathogens,

thereby

triggering

phagocytosis

and

antibody-dependent

cellular

cytotoxicity. Peripheral blood monocytes express r, <ainly the high-affinity FcyRI (CD64)
and a low-affinity

FCYRII,

whereas macrophages also express FcyRIIIA (CD16A)

(reviewed in Daeron, 1997). FcyR-mediated internalisation of IgG-opsonised particles
requires tyrosine phosphoryiation of proteins and involves activation of several kinases
and their substrates. Most studies to date have examined these pathways in murine
macrophages or cell lines transfected with FcyR (Greenberg et al., 1993; Greenberg et
ah, 1994; Indik et al., 1995b; Park and Schreiber, 1995; Allen and Aderem, 1996;
Greenberg et al., 1996). Following clustering of FcyRs, tyrosine kinases from the Src
family associated with y chain of FcyR (including Hck and Lyn) are activated (Jouvin et
al., 1994; Fitzer-Attas et al., 2000) leading to a rapid and transient phosphoryiation of
immunoreceptor tyrosine-based activation motifs (ITAMs) present on the y signalling
subunits associated with FcyR I and FcyR III or on the cytoplasmic domain of FcyR II
(Park et al., 1993). Phosphoryiation of ITAMs create docking sites for the tyrosine
kinase Syk, which is subsequently activated by phosphoryiation (Indik et al., 1995c;
Greenberg et al., 1996). An absolute and specific requirement for Syk in FcyRmediated phagocytosis has been shown by gene knockout studies in mice (Crowiey et
al., 1997). Activation of Syk results in phosphoryiation of phosphatidylinositol 3-kinase
(PI3-kinase) (Ninomiya et al, 1994) and localised accumulation of kinases such as
focal adhesion kinase (FAK) and cytoskeletal substrates including actin-binding
proteins paxillin, vinculin, talin and oc-actinin (Greenberg et al., 1990; Greenberg et al.,
1994; Allen and Aderem, 1996) leading to cytoskeletal
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rearrangement

and

phagocytosis of the opsonised particles. In my doctoral studies (Chapter 3) it was
found that the early signalling events during FcyR-mediated phagocytosis by human
monocyte-derived macrophages (MDM) also involve tyrosine phosphorylation of
cellular proteins including Hck, Syk, Pyk-2 (a member of FAK family) and paxillin
(Kedzierska etal., 2001b).

This study examines the mechanism by which HIV-1 inhibits FcyR-mediated
phagocytosis in human MDM. The results presented in this Chapter show that
defective phagocytosis by HIV-infected MDM is due, at least in part, to decreased
expression of the y signalling subunit of the FcyR, which leads to specific signalling
defects downstream of FcyRs.

4.3 METHODS.

4.3.1 Flow cytometric analysis of FcyR I, II and III expression.

MDM were infected with the M-tropic strain of HIV-1 Ba-L on day 5 post-isolation (Section
2.5). On day 7 post-infection MDM were analysed for surface expression of FcyRs I
(CD64), FcyR II (CD32) and FcyR III (CD16). Cells were stained with monoclonal
antibody (Mab) directed against CD64 conjugated to PE (1|ig/ml; Serotec, Raleigh,
NC), CD32 conjugated to FITC (I^ig/ml; Serotec) and CD16 conjugated to Cy-Chrome
(1ug/ml; BD PharMingen, San Diego, CA) on ice for 30 min, followed by a wash in
PBS-CMF. The mean fluorescence of monocytes expressing FcyRs was quantified by
flow cytometric analysis. Cells were also stained with isotype-matched controls
conjugated to the appropriate fluorochrome.
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4.3.2 Intracellular staining ofy chain ofFcyRs.

The intracellular y chain staining was determined in uninfected and HIV-infected MDM
on day 7 post-infection. Cells were fixed in 3% ultrapure formaldehyde for 45 min,
followed by two washes in 0.1 M glycine in PBS-CMF and permeabilisation in 0.1%
Triton-X for 1 min. MDM were washed twice in PBS-CMF containing 1 % FCS and
stained for intracellular y chain using rabbit anti-y subunit (TCR, FcR) polyclonal
antibody (1(ig/ml; Upstate Biotechnology, New York, USA) or rabbit IgG control
(1^g/ml); Upstate Biotechnology) followed by two washes in cold (4°C) PBS-CMF and
incubation with sheep anti-rabbit IgG conjugated to FITC (Sileneus, Mebourne,
Australia). All staining procedures were performed in the presence of 50% FCS to
reduce the level of non-specific staining. The fluorescence for intracellular y chain was
quantified by flow cytometric analysis, converted to MESF (molecules of equivalent
soluble fluorochrome) units and corrected for background fluorescence.

4.3.3 Phagocytosis assays.

To determine the effect of HIV-1 on FcyR-mediated phagocytosis, MDM were exposed
to IgG-opsonised or unopsonised E on day 7 post-infection, as described in Section
2.8.2.2. In selected experiments MDM were incubated with 8'bromo-cAMP (Sigma, St
Louis, MO. USA) at concentrations ranging from 0.1 ^M to 1mM at 37°C for 30 min or
48 hr prior to phagocytosis assay. Alternatively, MDM were incubated with or without
IgG-opsonised beads (Section 2.8.3.2) and lysed in Triton-X 100 lysis buffer (Section
2.8.3.3) for immunoblotting and immunoprecipitation analysis (Section 2.9).
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4.3.4 Immunoblotting and Imm unoprecipstation.

MDM extracts containing equal amounts of proteins were resolved by 10% SDS-PAGE
(Section 2.12.2), transferred to nitrocellulose (Section 2.9), and probed with antibodies
directed against phosphotyrosine (RC20; Transduction Laboratories, Lexington, KY),
Syk (Santa Cruz Biotechnology, Santa Cruz, CA), paxillin (Transduction Laboratories),
Hck (gift from Dr H.C. Cheng, Department of Biochemistry, The University of
Melbourne), y chain of FcyR (Upstate Biotechnology), followed by secondary antibody
conjugated

with

horseradish

peroxidase

(Section

2.9).

To

determine

the

phosphorylation of Hck, Syk and paxillin during FcyR-mediated phagocytosis, cell
lysates were immunoprecipitated with the appropriate antibody and probed with antiphosphotyrosine antibody (RC20) conjugated to HRPO (Section 2.9).

4.3.5 mRNA extraction and amplification of y signalling subunit.

Using oligo (dT)2s beads (Dynabeads, Dynal, Australia) mRNA was extracted from
MDM as described in Section 2.11.1. Beads/cDNA complexes were resuspended in
100^1 TE buffer (pH 8.0) and stored at 4°C. For PCR, 2-fold dilutions were made using
equal amounts of cDNA based on GAPDH levels determined by real-time PCR as
previously described (Lewin et ai, 1999). PCR for (3-actin was performed to confirm
equal template levels (Section 2.11.2). Reactions were performed in a total of 50|xL
comprising 0.2mM of each dNTP, 1.5mM MgCI2l 0.4j.iM of each primer, 1.1U of Taq
polymerase (Perkin Elmer, Norwalk, Wl, USA) and 1x reaction buffer (Perkin Elmer).
The Y chain primer set amplified 172 bp of the human y chain cDNA sequence
(GenBank

accession

NM004106)

GAGCCTCAGCTCTGCTATATCC-3'

and

with

the

sequences

51-

5'-TCTCGTAAGTCTCCTGGTTCC-3\

Samples were first denatured at 95°C for 2 min and then amplified for 25 cycles of
95°C for 30 sec, 55 °C for 30 sec, and 72°C for 1 min, with a final extension step at
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72°C for 7 min. PCR products were analysed by 2% agarose gel electrophoresis
(Section 2.12.1)

4.3.6 Construction of[NL(AD8)Anef^y(+)]r

The DNA constructs [pNL(AD8)] and [pNL(AD8)Anef] were prepared by substituting the
respective envelope coding DNA sequences from NL4.3 and NL4.3Anef with
monocytotropic AD8 envelope coding sequences, converting a T-tropic virus to Mtropic as described in Section 2.3.2. The [NL(AD8)Anef-y(+)] plasmid was constructed
using

stitch

PCR

mutagenesis.

5'GGGGACCCGACAGGCCCG3'

HIV-1

and

sense

HIV-1

f1

primer

antisense

f1

Rev

8392S

primer

GAGCAAGACCACTGCTGGAATCATCTTATAGCAAAATCCTTTCCAAGC-31

5'were

used to amplify a 390-bp HIV-1 f1 fragment upstream of Net. y chain sense (5'GCTTGGAAAGGATTTTGCTATAAGATGATTCCAGCAGTGGTCTTGCTC-31)
antisense (S'-CCCCTCGAGACGCGTCTACTGTGGTGGTTTCTCATGCTTCAG-S1)

and
f2

primers were used to amplify a 300-bp of y chain coding f2 fragment. HIV-1 f1 and y
chain f2 fragments were joined by extension reaction under the following conditions one cycle of 94°C for 2 min, 35 cycles (each) of 94°C for 30 sec. 60°C for 45 sec, 72°C
for 2 min and 1 cycle of 72°C for 7 min. The resulting fragment was amplified by PCR
(conditions as above) and cloned into the BamHI and Xhol restriction sites of the
[NL(AD8)Anef] proviral DNA as previously described (Shehu-Xhilaga et a/., 2001). To
ensure the presence of y chain in this mutant proviral DNA and the absence of
spontaneous mutations, the construct was sequenced using ABI PRISM BigDye
Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City,
CA, USA) according to manufacturer's instructions. Sequencing reaction products were
separated on a model 373 automated DNA sequencer at the Department of
Microbiology, Monash University, Clayton, Australia. The production of [NL(AD8)],
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[NL(AD8)Anef] viruses and [NL(AD8)Anef-y(+)] particles was achieved by introducing
10[ig of DNA into 293T cells by calcium-phosphate transfection method (Section 2.3.2).

4.3.7 Statistical analysis.

The significance of the effects of HIV-1 and cAMP on FcyR-mediated phagocytosis,
downmodulation of y chain in HIV-infected MDM and the augmentation of phagocytosis
by [NL(AD8)Anef- y{+)] construct were assessed using the Student's paired t test. A
probability of 0.05 was used to reject null hypothesis.

4.4 RESULTS.

4.4.1 HIV-1 INHIBITS FCyR-MEDIATED PHAGOCYTOSIS VIA A POST-RECEPTOR
MEDIATED MECHANISM.

In vitro infection of MDM with HIV-1 inhibited phagocytosis of IgG-opsonised E (mean
inhibition of 50.3 ±. 4.3%, n=33, p<0.001) as assessed on day 7 post-infection (Figure
4.1a). Phagocytosis was inhibited progressively with increased multiplicity of infection
in MDM cultures, indicating a direct effect of HIV-1 replication on the phagocytic
capacity of macrophages (Figure 4.1b). HIV-1 infection of MDM did not alter the
surface expression of FcyRs: FcyRI (CD64), FcyRII (CD32) or FcyRIII (GDI6) (p=0.22,
0.84 and 0.09 respectively, n=5) at the time of phagocytosis, suggesting that inhibition
of phagocytosis occurred during or after receptor binding (Figure 4.2).
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4.4.2 HIV-1 inhibition of FcyR-mediated phagocytosis is not mediated via a
cAMP-dependent mechanism.

As a cAMP-dependent mechanism has been proposed to be the cause of HIV-1
inhibition of FcyR-mediated phagocytosis in the promonocytic U937 cell line (Thomas
et al., 1997), the possibility of a cAMP-dependent mechanism being responsible for the
inhibition of phagocytosis in MDM infected with HIV-1 was initially investigated.
However, incubation of MDM with a non-metabolised cAMP analogue, 8'bromo-cAMP
for either 30 min (p>0.05, n=5) or 48 hr (p>0.05, n=4) did not inhibit FcyR-mediated
phagocytosis by human MDM (Table 4.1).

4.4.3 Tyrosine phosphorylation of cellular proteins is inhibited daring FcyRmediated phagocytosis by HIV-infected MDM.

Since FcyR-mediated internalisation of IgG-opsonised beads by human MDM requires
rapid phosphorylation of tyrosine residues in a range of proteins (shown in Chapter 3),
the effects of HIV-1 on tyrosine phosphorylation triggered by binding of IgG-opsonised
targets was assessed. A range of cellular proteins was rapidly phosphorylated (by 2
min exposure to IgG-particles) in MDM exposed to IgG-opsonised beads, and
phosphorylation reached a peak between 2 and 5 min (Figure 4.3a). HIV-1 infection of
MDM inhibited FcyR-triggered tyrosine phosphorylation of cellular proteins, suggesting
a defect downstream to initial receptor activation. Inhibition of tyrosine phosphorylation
in HIV-infected MDM correlated with markedly impaired phagocytosis (Figure 4.3b). In
some cultures, HIV-infected MDM displayed a relatively high basal level of tyrosine
phosphorylation, but an increase in tyrosine phosphorylation was never observed
during FcyR-mediated phagocytosis by those cells.
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4.4.4 FcyR-mediated phagocytosis is impaired upstream ofHck, Syk and paxillin.

The effect of HIV-1 on specific tyrosine kinases necessary for FcyR-mediated
phagocytosis and their substrates was subsequently assessed. HIV-1 infection of MDM
inhibited phosphorylation of tyrosine kinases from two different families, Hck (a Src
family member; 58-60 kDa) (Figure 4.4a) and Syk (72 kDa) (Figure 4.4b). HIV-1
infection also impaired formation of FcyR-stimulated Syk complexes with other tyrosine
phosphorylated proteins (MW of 38, 42, 48, 52, 58, 64 and 95kDa) (Figure 4.4b). HIVinfected MDM also displayed reduced phosphorylation of paxillin (an adapter protein
which localises to focal adhesions; 68 kDa) during phagocytosis (Figure 4.4c). The
input of Hck, Syk and paxillin proteins was standardised according to protein
estimations in each lysate. Protein levels are shown by re-probing with relevant
antibodies where feasible (Figure 4, lower panels).

4.4.5 Fc/R-mediated phagocytosis by HIV-infectsd MDM is associated with
downmodulation of Fey chain protein expression.

Since the surface expression of FcyRs was not altered by HIV-1, the protein tyrosine
phosphorylation data (Figure 4.4) suggest a defect upstream of Hck and Syk, at the
level of the y signalling subunit of FcyR (see Figure 1.10 for a schematic diagram of
FcyR-mediated signalling). HIV-1 infection reduced protein levels of the ITAMcontaining y chain of FcyR as demonstrated by immunoblot analysis of Triton-X 100
soluble lysates from HIV-1 infected MDM when compared to lysates obtained from
uninfected MDM and standardised according to total protein levels (Figure 4.5a).
Intracellular staining using anti-y chain antibody confirmed these results and
demonstrated a significant decrease in intracellular levels of the FcyR y signalling
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subunit in HIV-infected MDM (mean inhibition of 57.3 + 12.3%; p=0.009, n=4)
compared to uninfected MDM (Figure 4.5 b,c).

Analysis of cell lysates from three donors showed no detectable change in y chain
mRNA levels in MDM infected with HIV-1 when compared to uninfected controls
(Figure 4.6), showing that HIV-1 does not down-modulate y chain at the mRNA level.
Input of cDNA was standardised according to GADPH levels as assessed by real-time
PCR and confirmed by conventional PCR using (3-actin specific primers (Figure 4.6).

In vitro infection of MDM by either wild type [NL(AD8)] or nef-deleted [NL(AD8)Anef]
HIV-1 inhibited FcyR-mediated phagocytosis (p=0.003 and p=0.01 respectively; n=5).
In marked contrast, infection of MDM with a nef-deleted HIV-1 with the gene for the y
chain of FcyR [NL(AD8)Anef-y(+)] inserted in the nef site augmented FcyR-mediated
phagocytosis (p=0.045, n=5) and partially restored the phagocytic capacity of HIVinfected MDM (mean restoration of 35.2 ± 15.8%) (Figure 4.7a). The observed increase
in phagocytic capacity of MDM infected with [NL(AD8)Anef-y(+)] virus was associated
with increased protein levels of the y chain as assessed by immunobloting (n=2; data
not shown). Replication of both of these nef-deleted strains of HIV-1 was equivalent to
that of wild type virus, [NL(AD8)Anef] (p=0.48, n=5) or [NL(AD8)Anef-y(+)] (p=0.89;
n=5) (Figure 4.7b).

4.5 DISCUSSION.
This study shows that HIV-1 infection of MDM in vitro leads to a significant impairment
of FcyR-mediated phagocytosis, resulting from inhibition of tyrosine phosphorylation of
the signalling proteins required for phagocytosis. Phosphorylation of Hck, Syk and
paxillin was specifically inhibited in HIV-infected MDM. Upstream of Hck and Syk
decreased protein expression of the y signalling subunit of FcyR was found. This
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suggests that HIV-1 inhibits phagocytosis via interference with y chain-specific
signalling events within human MDM. Thus the finding of reduced protein levels of the
ITAM-containing y signalling subunit in HIV-infected MDM is likely to be responsible for
the defective phagocytosis by these cells. To my knowledge, this study is the first to
report inhibition of tyrosine phosphorylation and signalling events underlying defective
effector function in HIV-infected macrophages.

The results presented in this study, in agreement with other reports, show impaired
FcyR-mediated phagocytosis by human monocytes and macrophages following HIV-1
infection (Bender etal., 1988; Capsoni etal., 1992; Capsoni eta!., 1994), although the
mechanism of inhibition was unknown. The majority of previous reports (Petit et al.,
1988; Capsoni et al., 1992; Capsoni et al., 1994; Dunne et al., 1996), confirmed by
observations presented in this study, showed that HIV-1 infection did not change
surface expression of

FCYRS,

indicating that the inhibition of phagocytosis results from

a signalling defect downstream of FcyRs. In the only study published to date on the
mechanism of inhibition of phagocytosis by HIV-1, Thomas and colleagues reported
that inhibition of FcyR-mediated phagocytosis is mediated via a cAMP-dependent
mechanism in the promonocytic U937 cell line latently infected with HIV-1. This was
established by showing that pre-treatment of these cells with 8'bromo-cAMP for 48 hr
prior to phagocytosis significantly decreased their functional capacity (Thomas et al.,
1997). However, results obtained from primary human MDM presented in this chapter
showed that FcyR-mediated phagocytosis is not inhibited by the presence of 8'bromocAMP. Similarly, others have shown that dibutryl cAMP inhibited complement-mediated
phagocytosis but not FcyR-mediated phagocytosis in human MDM (Newman et al.,
1991), suggesting that elevated cAMP levels resulting from HIV-1 infection (Nokta and
Pollard, 1991; Thomas et al., 1997) are not responsible for impaired FcyR-mediated
phapor;ylosis. However, it is possible that cAMP inhibits FcyR-mediated phagocytosis
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in the promonocytic U937 cell line via affecting the differentiation of U937 cells, rather
than inhibiting phagocytosis per se.

Data presented in this Chapter showing inhibition of tyrosine phosphorylation of any
cellular proteins following stimulation with IgG-opsonised targets in HIV-infected MDM
suggested dysfunction at an early stage in FcyR-mediated signalling. This was
confirmed by demonstration of impaired phosphorylation of the tyrosine kinases Hck
and Syk during phagocytosis by HIV-infected MDM. Specific requirements for both Hck
(associated with y chain) and Syk in FcyR-mediated phagocytosis have been
demonstrated in numerous studies using knockout mice, monocytic cell lines and
human MDM (Lowell et al., 1994; Ghazizadeh et ai, 1994; Ghazizadeh et ai, 1995;
Crowley ef ai, 1997; Kedzierska et al., 2001b). Although defective activation of either
Syk or Hck in HIV-infected macrophages has not been previously reported, structural
and functional defects of Lck and Fyn (members of Src kinases) as well as ZAP-70
(analogue of Syk) have been observed in T cells from HIV-infected individuals
(Stefanova et al., 1996).

Syk activation is absolutely essential for phagocytosis, as it couples phagocytosispromoting FcyRs to rearrangements in the actin-based cytoskeleton (Crowley et al.,
1997). Therefore, impaired Syk phosphorylation triggered by FcyR engagement would
inhibit Syk-mediated activation of substrates required for actin polymerisation and
cytoskeletal rearrangement, thereby inhibiting phagocytosis (Cox et al., 1996). Paxillin,
a potential downstream effector of Syk, has been shown to interact with proteins
involved in actin reorganisation including vinculin, talin and a-actinin (Turner, 1998).
Consistent with data showing inhibition of Syk phosphorylation, HIV-infected MDM
displayed reduced phosphorylation of paxillin during phagocytosis, compared to
uninfected MDM.
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Upstream of Hck, Syk and paxillin reduced levels of ITAM-containing y signalling
subunit of FcyR were found, not associated with an effect on surface expression of
either FcyRI, FcyRII or FcyRIIIA. The y chain of FcyR is not a prerequisite for transient
expression of surface

FCYRS,

but it is important for their stable expression (Takai ef al.,

1994; van Vugt &i al., 1996). The cytoplasmic y chain of FcyRs, however, is critical for
Syk activation and subsequent signalling events resulting in

FcyR-mediated

phagocytosis (Park et al., 1993; Indik ef al., 1995b). Deletion of the intracellular y chain
of FcyR markedly impairs phagocytosis despite unchanged surface receptor level
(Edberg et al., 1999). Thus the finding of reduced protein levels of the ITAM-containing
y signalling subunit in HIV-infected MDM is likely to be responsible for the defective
phagocytosis by these cells. The HIV-induced downregulation of y chain expression
was specific for this subunit as levels of other signalling molecules downstream FcyRs
viz. Syk and paxillin were not affected. As y chain mRNA levels were unaltered, this
indicated that HIV-1 inhibited y chain expression at a post-transcriptional point. This
contrasts with T cells where HIV-1 infection reduces the levels of mRNA for the
homologous CD3-C chain (Geertsma et al., 1999) and CD3-y chain (Segura et al.,
1999).

Data presented in this study confirmed my results (described in Chapter 5) that a
functional nef gene was not essential for inhibition of FcyR-mediated phagocytosis.
Infection of MDM with a nef-deleted HIV-1 expressing the y chain of FcyR augmented
FcyR-mediated phagocytosis, supporting the claim that reduced expression of the y
signalling subunit of

FcyR may be

responsible for

impaired

FcyR-mediated

phagocytosis in HIV-infected MDM. As it was impossible to control the level of y chain
protein input in this model, it was not possible to rigorously correlate phagocytic
efficiency of macrophages and y chain levels. If HIV-1 infection impairs FcyR-mediated
phagocytosis at more than one level along the signalling pathway, any HIV-induced
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phagocytic defect would not be completely restored by overexpression of y chain
protein.

Taken together, these data suggest that the mechanism of inhibition of FcyR-mediated
phagocytosis in HIV-infected MDM occurs upstream of Hck, Syk, paxillin activation and
is associated with decreased protein expression of the y chain signalling subunit of
FcyR. It provides the first possible mechanism of defective celluls" activation in HIVinfected macrophages not only during phagocytosis but potentially also underlying
other functions mediated via FcyR. Impaired FcyR-mediated signalling may explain why
HIV-infected macrophages fail to control opportunistic pathogens such as Toxoplasma
gondii

(Joiner

ef a/., 1990)

and provides

potential

therapeutic

targets for

immunomodulatory therapies for the treatment of AIDS via restoration of host defense.

4.6 RELEVANT PUBLICATIONS.
The following publication has arisen from the work presented !n this chapter:

Kedzierska K, Ellery P, Mak J, Lewin S, Crowe SM and Jaworowski A. (2001) HIV-1
downmodulates y signalling chain of Fey receptor in human macrophages: a possible
mechanism for inhibition of phagocytosis (J Immunol; responses to the reviewers'
comments/questions submitted).

I have performed the experiments presented in this Chapter, analysed results and
written the manuscript with input from my supervisors Prof. Suzanne Crowe and Dr.
Anthony Jaworowski. Philip Ellery has provided his expertise with mRNA experiments.
Dr. Johnson Mak designed the [NL(AD8)Anef-y(+)] clone. The real-time PCR data used
for standardisation of cDNA levels were provided by Dr. Sharon Lewin.
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Figure 4.1

HIV-1 inhibits FcyR-mediated phagocytosis by M D M .

Phagocytosis of specific IgG-opsonised sheep red blood cells (IgG-E) was assessed by
colorimetric assay. Monocyte-derived macrophages (MDM) o n d a y 5 post-isolation
were either mock-infected (white bars) or infected with HIV-1 g ^ (black bars).
Phagocytosis assays were performed o n day 7 post-infection using IgG-E at target to
MDM ratio of 10:1. These data represent means ± S E M of the phagocytic index
(number of phagocytosed particles per 100 MDM) from (a) 33 donors used in this study;
(b) representative donor infected with HIV-1 at varying multiplicity of infection (MOI).
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Figure 4.2 Flow cytometric analysis of surface expression of FcyR I (CD64), FcyR
II (CD32) and FcyR III (CD16) on HIV-infected and uninfected MDM.
Expression of FcyRs on MDM on day 7 after HIV-1 infection was assessed by flow
cytometric analysis using anti-CD64 monoclonal conjugated to PE, anti-CD32
monoclonal antibodies conjugated to FITC and anti-CD16 monoclonal antibody
conjugated to Cy-Chrome. (a) Results are expressed as net mean fluorescence
(corrected for background fluorescence) ± SEM and represent data from five
experiments using uninfected (white bars) or HIV-infected (black bars) MDM. (b)
Results from a representative single donor are provided. Histograms are unimodal and
demonstrate the staining with monoclonal antibodies directed against FcyRs (solid
lines)

or
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Inhibition of protein tyrosine phosphorylation during FcyR-mediated

phagocytosis in HIV-infected macrophages.
(a) MDM incubated with IgG-opsonised latex beads (target to MDM ratio of 10:1) for the
indicated times were lysed in Triton X-100 buffer, and samples of lysate containing of
equal amount of protein (30u,g) were

resolved

by SDS-polyacrylamide

gel

electrophoresis, then probed with anti-phosphotyrosine conjugated to horseradish
peroxidase (RC20). Results shown are representative of three experiments using MDM
prepared from different donors, (b) Inhibition of tyrosine phosphorylation was
associated with decreased FcyR-mediated phagocytosis by HIV-infected MDM from the
same donor. Phagocytosis of IgG-opsonised E by uninfected (white bars) and HIVinfected (black bars) MDM was measured using cells from the same cultures analysed
in (a), after 15 or 30 min via a colorimetric assay as described in the Methods section.
Data represent means ± SEM of triplicate determinations. IB: immunoblotting; PY:
phosphotyrosine.
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Figure 4.4 HIV-1 infection of MDM inhibits Hck (p58), Syk (p72) and paxillin (p68)
activation during FcyR-mediated phagocytosis.
On day 7 post-infection, MDM (2x106) were incubated with IgG-opsonised latex beads
(2x107) in 200|il of PBS-CMF for the indicated times at 37°C, followed by lysis in Triton
X-100 buffer. Sample of lysates containing equal amounts of protein (50|ig) were
immunoprecipitated with

(a) anti-Hck; (b) anti-Syk

and (c) anti-paxillin; the

immunoprecipitates were resolved by SDS-polyacrylamide gel eiectrophoresis and
immunoblotted

with

anti-PY-horseradish

peroxidase.
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HIV-1 infection of MDM downmodulates protein levels of the y

signalling subunit of FcyR.
(a) MDM (1x106) infected with HIV-1 for 7 days were washed twice in PBS-CMF, lysed
in Triton X-100 buffer and samples of lysate containing equal amount of protein (30}ig)
were resolved by SDS-polyacrylamide gel electrophoresis, probed with rabbit anti-y
chain antibody overnight followed by anti-rabbit antibody conjugated to horseradish
peroxidase. The immunoblot shown is representative of six experiments using MDM
from different donors, (b) The intracellular staining of y chain of FcyRs on MDM on day
7 post-infection was assessed by flow cytometry using anti-rabbit y chain antibody
(solid lines) or isotype-matched control (dotted lines), followed by a secondary antirabbit antibody conjugated to FITC. Results are representative of four experiments
using MDM prepared from different donors, (c) Net mean fluorescence values are
shown for Fc y-chain expression that has been converted to MESF (molecules of
equivalent soluble fluorochrome) units using QuickCal program and corrected for
background fluorescence. Results are representative of four experiments using
uninfected (white bars) or HIV-infected (black bars) MDM. IB:immunoblotting.
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Figure 4.6 HIV-1 does not modulate y chain mRNA expression.
MDM were infected with HIV-1 on day 5 post-isolation and mRNA extractions were
performed 7 days after HIV-1 infection, y chain mRNA was reverse transcribed to cDNA
by PCR using y chain-specific primers as described in Methods. Levels of cDNA were
standardised according to GADPH by real-time PCR and confirmed by (5-actin levels.
PCR on samples prepared without reverse transcriptase were negative.
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Figure 4.7 Expression of y chain during HIV-1 infection augments FcyR-mediated
phagocytosis.
MDM on day 5 post-isolation were mock-infected (white bars), infected with WT
[NL(AD8)] snd nef-deleted [NL(AD8)Anef] (black bars) or [NL(AD8)Anef *y(+)] (striped
bars), (a) Phagocytosis was performed on day 7 post-infection and assessed via a
colorimetric assay as described in the Methods section. These data represent means
±SEM of experiments using cells from five different donors; (b) Reverse transcriptase
activity was quantified in culture supematant on day 7 post-infection. Results represent
means ±SEM of experiments using cells from five different donors.

Table 4,1

8-bromo-cAMP does not inhibit FcyR-mediated phagocytosis by human

MDM.

Phagocytic Index (% control)
8-Bromo-cAMP
(mM)

30 mins pre-incubation
(n=5)

48 hrs pre-incubation
(n=4)

111.3± 19.9

*61.5±15.6

10-1

109.2±10.5

124.3 ±11.1

10"2

122.2 ± 9 . 4

116.0 ±4.5

10"3

125.0 + 6.9

112.8 ±10.6

10"4

111.8110.6

111.5 ± 6.0

100

1

Phagocytosis using MDM from five different donors pre-incubated with 8-bromo-cAMP
at the indicated comcentrations was performed in triplicate at an MDM to IgG-sRBC
ratio of 1:10. Results are expressed as percentage of control (MDM cultured in the
absence of cAMP) as mean ± SEM; p values <0.05 for all concentrations tested; *was
toxic to the cells as assessed by viable count measurements using Trypan Blue
exclusion (viability was <75%; under ail other conditions viability was >95%).

CHAPTER 5
nef-DELETED HIV-1 INHIBITS PHAGOCYTOSIS BY MONOCYTEDERIVED MACROPHAGES IN VITRO BUT NOT BY
PERIPHERAL BLOOD MONOCYTES IN VIVO.

5.1 ABSTRACT.

HIV-1 infection impairs a number of monocyte and macrophage effector functions. The
role of HIV-1 Nef in modulating phagocytosis by human monocytes and monocytaderived macrophage- ,,v1DM) was investigated in this study. Using a flow cytometric
assay, phagocytosis of Mycobacterium avium complex (MAC) by monocytes in
peripheral blood of Sydney Blood Sank Cohort (SBBC) members infected with a nefdeleted {Anef) strain of HIV-1 was compared with that of monocytes from uninfected or
wild-type (WT) HIV-infected subjects. The specific impact of Nef on phagocytosis by
MDM was determined by either infecting cells in vitro with Anef strains of HIV-1 or
eiectroporating Nef into uninfected MDM. MAC phagocytic capacity of monocytes from
SBBC members was equivalent to that of cells from uninfected individuals (p=0.81); it
was greater than that of cells from individuals infected with WT HIV-1 (p<0.0001),
irrespective of CD4 counts and HIV viral load. In contrast, in vitro infection of MDM with
either Anef or WT strains of HIV-1 resulted in similar levels of HIV-1 replication and
equivalent

impairment

of

phagocytosis

via

Fey and

complement

receptors.

Electroporation of Nef into MDM did not alter phagocytic capacity. This study provides
evidence demonstrating the complex indirect effect of Nef on phagocytosis by
peripheral blood monocytes (infrequently infected with HIV-1) in vivo. Conversely, the
fact that MDM infected with either Anef or WT HIV-1 in vitro (high multiplicity of
infection) show comparably impaired phagocytosis, indicates that HIV-1 infection of
macrophages can directly impair function, independent of Nef.
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5.2 INTRODUCTION.

Cells of macrophage lineage including peripheral blood r^mcytes rr.o

ksue

macrophages are important effector cells against a number of intracellular painogens
including Mycobacterium avium complex (MAC), Toxoplasma gondii, Candida albicans
and Pneumocystis carinii. These cells provide critical functions in the cell-mediated
response to these opportunistic pathogens such as chemotaxis, phagocytosis and
intracellular killing. We and others have reported that a number of these functions are
impaired following HIV-1 infection (Crowe et al., 1994; Biggs et al., 1995). These
defects contribute to the pathogenesis of AIDS by allowing reactivation or infection with
otherwise uncommon opportunistic pathogens (reviewed in Crowe, 1995) resulting in
significant morbidity and mortality.

The axact mechanisrr! by which HIV-1 impairs monocyte/macrophage function and
promotes disease progression remains unclear. However, the importance of Nef (a 25to 30-kDa myristylated accessory protein) for HIV-1 pathogenesis has been
demonstrated in prospective studies of the Sydney Blood Bank Cohort (SBBC), a blood
donor and eight transfusion recipients who were all infected with a strain of HIV-1
containing deletions within the nef gene and deletions and duplications within the
overlapping long terminal repeat overlap (Learmont et al., 1992; Deacon et al., 1995;
Learmont et al., 1999). Whilst there is evidence of recent clinical progression in two of
the cohort members after 16 years of infection, the virus is clearly attenuated in
comparison to WT HIV-1 strains, supporting the role for a functional Nef in HIV-1
pathogenesis in humans (Learmont et al., 1992; Doacon et al., 1995; Learmont et al.,
1999). An intact nef gene has also been shown to be important for disease progression
in simian immunodeficiency virus (SlV)-infected adult rhesus macaques (Kestler et al.,
1991) as well as in HIV-infected SCID-hu mice (Jamieson et al., 1994). However, viral
load may play an important role, as infant macaques infected with nef-deinted 5IV at
high multiplicity of infection deveioped disease (Ruprecht et al., 1996).
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Nef is thought to contribute to HIV-1 pathogenesis through a variety of mechanisms
such as down-regulating CD4 and MHC class I expression (Garcia et al., 1993;
Anderson et al., 1994; Rhee and Marsh, 1994; Schwartz et al., 1996; Le Gall et ai,
1997), enhancing virion infectivity (Aiken and Trono, 1995; Chowers et al., 1995;
Schwartz et al, 1995) and modulating signalling pathways via interactions with host
cell proteins (reviewed in Herna Remkema and Saksela, 2000). Since these latter
include :v fractions of Nef with cellular proteins and kinases which are also involved in
the process of phagocytosis (such as Src kinases, Hck and Lyn (Saksela et al., 1995;
Lee et al., 1996; Greenway et al., 1996; Greenway et al., 1999), p21-activated kinase
(Nunn and Marsh, 1996; Fackler etai, 2000), guanine-nucleotide exchange factor Vav
(Fackter et al., 1999) and small GTPases R a d and Cdc42 (Lu et al., 1996; Crespo et
al., 1997)), it is possible that Nef modulation of signalling pathways involving these
proteins inhibits phagocytosis. The impact of Nef on phagocytosis by human
monocytes and macrophages following HIV-1 infection has not yot been elucidated.

In this study the effects of Nef on phagocytosis of MAC, by comparing monocytes from
members of SBBC to monocyttis from si' u: ~~ lc> who are either uninfected or infected
with WT HIV-1 were investigated. The enects of HIV-1 infection on phagocytosis by
monocytes in whole blood from HIV-infected individuals including SBBC members and
patients with WT HIV-1 infection were examined. Since monocytes are infrequently
infected with HIV-1, these experiments measure the indirect effect of HIV-1 on
monocyte function. To investigate the direct effects of HIV-1 replication within
monocyte-derived macrophages (MDM), cells were infected with either nef-deleted
(Ane/) or WT strains of HIV-1 in vitro, at relatively high multiplicity of infection, and
phagocytosis of both IgG- and complement (C')-opsonised targets was assessed. To
examine the effects of Nef on phagocytosis directly, Nef protein has been
e!ectroporated into uninfected MDM. The results of this study demonstrate that the
impact of HIV-1 Nef protein on phagocytosis differs markedly in MDM infected in vitro
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and in monocytes studied ex vivo reflecting the potentially different mechanisms
underlying inhibition of phagocytosis in these two situations.

5.3 METHODS.

5.3.1 Sources of monocytes.

Blood (2 ml) was collected from six members of the Sydney Blood Bank Cohort in
lithium heparin anticoagulant, with their informed consent, and dispensed into
polypropylene tubes. Similarly, blood was collected from HIV-1 infected patients and
from uninfected controls. Peripheral blood was assessed for plasma HIV-1 RNA by
bDNA assay (Chiron Corporation, Emeryville, USA) or RT-PCR (Roche Diagnostics,
Nutley, New Jersey, USA) according to manufacturers' instructions by the Clinical
Research Laboratory (Macfarlane Burnet Centre for Medical Research, Melbourne).

5.3.2 Whole blood phagocytosis assay.

Fluorescein isothiocyanate (FITC)-labelled MAC or T. gondii (5x106 and 1.5x107) were
added to 100>il of blood dispensed in polypropylene tubes and placed into a shaking
waterbath at 37°C for phagocytosis to proceed as described in Section 2.8.1.2. The
proportion of monocytes that had ingested MAC-FITC was plotted against the ratio of
MAC-FITC: monocyte as calculated from the total monocyte count.

5.3.3 F-actin content of peripheral blood monocytes during phagocytosis.

Blood (1OOpiL) was dispensed in polypropylene tubes and cooled on ice for 20 min. To
perform phagocytosis, blood samples were incubated with or without IgG-opsonised
iatex beads (3j^m in diameter, Sigma, St Louis, MO) at a concentration of 5x107
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beads/ml, at 37°C. Phagocytosis was terminated at various times (0 to 10 min) by
plunging tubes into ice and fixing the cells with 1 ml of 3% formaldehyde (20 min, 4°C).
Following two washes with cold 0.1 M glycine in PBS-Calcium Magnesium free (CMF),
monocytes within blood were stained with anti-CD14 Mab conjugated to PE for 30 min
at 4°C. After a wash in cold (4°C) PBS-CMF, erythrocytes were lysed with FACS lysing
solution at 4°C. The remaining white blood cells were permeabilised with 0.1% Triton-X
100 (Merck, Kilsyth, Australia) for 1 min, washed twice with 1 % FCS/PBS-CMF and
stained for F-actin levels with phalloidin-Alexa 488 (Molecular Probes, Eugene, OR) for
30 min at 4°C. Cells were washed with cold PBS-CMF, fixed with 1 % formaldehyde and
analysed by flow cytometry.

5.3.4 HIV-1 infection of MDM in vitro.

A subproviral Anef construct, obtained from NIH AIDS Reagent Program (contributed
by Ronald Desrosiers), was used to generate the full length NL4.3Anef proviral DNA.
The DNA constructs pNL(AD8) and pNL(AD8Anef) were prepared by substituting the
respective envelope coding DNA sequences from NL4.3 and NL4.3Anef with
monocytotropic AD8 envelope coding sequences, converting a T-tropic virus to Mtropic. A laboratory adapted M-tropic strain (HIV-1 Ba-0 of HIV-1 was also used for MDM
infections as described in Section 2.3.1. The nef-deleted primary isolates from D36 and
C18 (two of the SBBC members from which virus could be successfully isolated) were
prepared by co-culturing PBMC from D36 or C18 with HIV-1 seronegative CD8depleted PBMC (Section 2.3.3). Purified MDM from HIV-1 seronegative buffy coats
were infected with HIV-1 NUADS) chimera, HIV-1 NL(AD8Anef) chimera, HIV-1 Ba-L, and primary
isolates HIV-1 D36 or HIV-1 Cia from SBBC members at the same multiplicity of infection.
Control cells were mock-infected and cultured under identical conditions.
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5.3.5 Phagocytosis by MDM infected with HIV-1 in vitro.

The phagocytic capacity of MDM for MAC-FITC was assessed 7 days after HIV-1
infection by flow cytometric analysis (Section 2.8.1.3). Phagocytosis of specific IgGopsonised targets and complement (C')-opsonised targets was assessed by
colorimetric assay (Section 2.8.2.2) on day 7 to 10 following HIV-1 infection. Sheep
erythrocytes (E) used as targets were prepared immediately prior to the phagocytosis
assay. IgG-E were opsonised with a rabbit anti-sheep red blood cell antibody (Section
2.8,2.1). C'-opsonised E were prepared by opsonisation of 2x108 cells with pre-warmed
2% AB-negative human serum as a source of human complement components for 30
min at room temperature (Chan et al., 2001). As controls E were opsonised ABnegative serum from the same source that has been heat-inactivated at 56°C for AC
min (Hl-E). Prior to the phagocytosis assay, MDM adhered to 96-well plates were
activated by treatment with phorbo!-12-myristate-13-acetate

(PMA) at a final

concentration of 200nM per well for 10 min at 37°C. Subsequently those cells were
exposed to C'-E or Hl-E at E:MDM ratio of 20:1. C'R-mediated phagocytosis was
performed at 37°C for 60 min and assessed by colorimetric assay.

5.3.6 Phagocytosis by Nef-electroporated MDM

To assess the direct effect of Nef on phagocytosis in vitro, purified recombinant Nef
protein (Greenway et al., 1994) was introduced by electroporation into MDM on day 5
post-isolation. Cells that were electroporated with purified recombinant GST or mockelectroporated (no protein) were used as controls. Proteins (300nM per 1x106 cells)
were introduced into MDM using a square wave electroporator (Bio-Rad, Richmond,
CA; amplitude, 5kV; pulse frequency, 28; burst time, 0.8 sec; cycle number, 10).
Electroporation of Nef into MDM was confirmed by immunofluorescence staining using
specific anti-Nef Mab (AE6; AIDS Research and Reference Reagent Program, NIAID,
NIH: HIV-1 Nef monoclonal antibody from Dr James Hoxie) immediately after
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electroporation and at later times as previously described (Greenway et ai, 1994).
Electroporated MDM were returned to cultures and allowed to recover for 24 hr at 37°C
in a humidified incubator and subsequently used for phagocytosis assays. The impact
of Nef on macrophage function was investigated by assessing its role on MAC-FITC
phagocytosis (Section 2.8.1.3) as well as on the level of tyrosine phosphorylation
during FcyR-mediated phagocytosis. The latter was performed by incubating MDM with
IgG-opsonised latex beads at a ratio of 1:10 respectively at 37°C. At the indicated time
points phagocytosis was arrested by plunging the tubes into ice and washing MDM in
ice-cold PBS-CMF, followed by lysis in Triton-X 100 lysis buffer (Section 2.8.3.3) and
immunoblot analysis (Section 2.9).

5.3.7 Statistical analyses.

Multiple regression was used to model the association between the percentage of
phagocytosis and MAC-FITC:monocyte ratio, adjusting for HIV-1 infection status (HIV-1
positive, HIV-1 negative, and ne/-deleted SSBC HIV-1 positive). Robust standard
errors were used to account for repeat tests on individuals. To account for the highly
skewed data, the MAC-FITC:monocyte ratio was transformed using natural logarithm.
Interactions between MAC-FITC:monocyte ratio and HIV infection status were
iiivestigated by fitting interaction terms in the model. The analyses were performed
using the otata statistical software analysis package (Stata, Collage Station, TX).

The significance of F-actin contents of monocytes from HIV-positive and -negative
individuals, in vitro infections with WT HIV-1 (HIV-1 Ba-L or HIV-1 NL(ADS)) and nef-deleted
strains of HIV-1 (primary isolates HIV-1D36and HIV-1Cie or HIV-1 NL(AD8)Anet chimera) as
well as the impact of Nef electroporation on phagocytosis was assessed using the
Student's t test (paired, 2-teiled).
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5.4 RESULTS.

5.4.1 Subjects.

Blood was collected from a total of 6 Sydney Blood Bank Cohort members (median
CD4: 805 cells/pil; range: 306 to 2331 cells/^l; median plasma HIV RNA <400
copies/ml; range <400 to 4000 copies/ml), 16 persons with WT HIV-1 infection (median
CD4: 138 celis/|il; range: 20 to 713 cells/jil for 11 subjects tested at the time of assay;
median plasma HIV RNA 900 copies/ml; range <500 to 385 500 copies/ml for 13
subjects tested) and 3 uninfected persons. Blood samples from the same HIVuninfected donors were used as a source of control monocytes in every experiment
(Table 5.1).

5.4.2 Phagocytosis by monocytes in whole blood from individuals infected with
WT and nef-deleted HIV-1.

As SBBC members have been infected with an attenuated strain of HIV-1 for periods in
excess of 16 years priGr to the onset of any HIV-related symptoms or infections
(Learmont et al., 1999), it was of interest to determine whether they had unimpaired
phagocytic function, consistent with slow or absent disease progression. Monocytes
present in whole blood from members of SBBC phagocytosed MAC-FITC (ingested
predominantly via C'R (Schlesinger and Horwitz, 1991)) with an efficiency similar to
that of monocytes from HIV-1 uninfected individuals (p=0.808; n=16 tests in total), but
significantly better than monocytes from individuals infected with WT HIV-1 (p<0.0001)
\Table 5.1, Figure 5.1). In addition, monocytes from members of the SBBC appeared to
phagocytose Toxoplasma gondii-F\TC (mediated predominantly via FcyRII (Joiner et
al., 1990)) substantially better than monocytes from WT HIV-infected individuals (n=4;
data not shown). These data suggest that phagocytosis by monocytes from WT HIV-
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infected individuals is impaired, while those from subjects infected with the attenuated
strain if HIV-1 containing deletions in nef gene are not. No correlation was found
between the level of inhibition of phagocytosis by WT HIV-1 and either viral load (R=0.27; p=0.38) or CD4 counts (R=0.35; p=0.29) (Data from Table 5.1).

5.4.3 Mechanism underlying inhibition of phagocytosis.

The surface expression of the complement receptor (CD11c) and Fey receptors (CD16,
CD32) was not modulated in monocytes from individuals infected with WT or
attenuated HIV-1 when compared to uninfected subjects (data not shown), suggesting
another mechanism accounts for the inhibition of phagocytosis in individuals infected
with WT HIV-1. As reorganisation of the actin-based cytoskeleton is essential for the
formation of the phagocytic cup and the engulfment of phagocytosed particles, the
mechanism of defective phagocytosis

in HIV-infected individuals was further

investigated at the actin polymerisation level. A flow cytometric assay was developed to
measure the level of polymerised actin (filamentous actin; F-actin) during FcyRmediated phagocytosis in blood monocytes (Kedzierska etal, unpublished). Monocytes
in blood of HIV-infected individuals showed significantly increased basal levels of
polymerised actin in comparison to F-actin levels in monocytes from uninfected
controls (Figure 5.2a; p<0.05; n=5). During phagocytosis there was a significant net
increase of F-actin from basal levels in monocytes from uninfected controls between 2
and 10 min of phagocytosis, but not in monocytes from HIV-infected individuals (Figure
5.2b; n=3). These data suggest defective actin rearrangement (and thus abnormal
phagocytic cup formation) in hlood monocytes from HIV-infected subjects. F-actin
content in peripheral blood monocytes from SBBC members remains to be elucidated.
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5.4.4 Phagocytosis by purified MDM infected with HlV-1 in vitro.

As phagocytosis by monocytes from SBBC members was not impaired, the direct
effect of Nef on phagocytosis was assessed, initially by using Anef strains to infect
MDM in vitro in comparison with WT HIV-1. In vitro infection of MDM by Anef strains
HIV-1D36 (a primary isolate from SBBC member D36) or the HIV-1 NL(AD8)Anef chimera
impaired phagocytosis of MAC-FITC to the same degree as infection with WT HIV-1
(Ba-L or NL(AD8)). All infected MDM cultures showed impaired phagocytosis
compared with uninfected MDM (p < 0.001; Figure 5.3).

MDM infected with either WT HIV-1 (Ba-L or NL(AD8)), Anef HIV-1 Cie (a primary isolate
from SBBC cohort member C18) or with HIV-1 NL(AD8)Anef chimera had impaired
phagocytosis mediated via either Fey or C receptors using specifically opsonised
targets (IgG- and C'-opsonised E) as compared to uninfected MDM (p <0.001; Figure
5.4). Infection of MDM with nef-deleted strains of HIV-1 resulted in similar levels of
inhibition of phagocytosis as MDM infected with WT HIV-1 (p=0.08 and p=0.1, for
FcyR- and C'R-mediated phagocytosis respectively). The presence of a nef-deletion
had no significant effect on HIV-1 replication in vitro as measured by RT activity in the
culture supernatant (mean RT values of 2045 cpm and 1250 cpm for HIV-1 NL(AD8) and
HIV-1 NL(AD8)inef chimera respectively; n=5; p=0.48) or by flow cytometric analysis of
intracellular p24 antigen (mean of 59% and 74% p24-positive MDM for HIV-1 NL(ADS) and
HIV-1 NL(AD8)Anef chimera respectively; n=2).

5.4.5 Phagocytosis by MDM electroporated with Nef protein.

To address directly the effects of Nef on phagocytosis by MDM, cells were
eiectroporated with Nef. Electroporation of Nef protein into MDM did not affect
phagocytosis of MAC-FITC compared to mock- or GST-electroporated controls (n=4;
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p=0.16 and 0.54 respectively) (Figure 5.5a). Since Nef interacts with cellular proteins
and kinases, which are also phosphorylated during FcyR-mediated phagocytosis (eg
Hck), we assessed the impact of Nef on the level of tyrosine phosphorylation during
phagocytosis of IgG-opsonised targets. Stimulation of mock-electroporated MDM with
IgG-opsonised beads triggered an increase in tyrosine phosphorylation of a wide range
of cellular proteins after 2 rc^r, of phagocytosis. Nef- and GST-electroporated MDM
displayed similar levels and patterns of phosphorylation during FcyR-mediated
phagocytosis to that induced by mock electroporation (Figure 5.5b). These data
suggest that HIV-1 Nef does not inhibit phagocytosis via FcryR or C'R in MDM infected
in vitro.

5.5 DISCUSSION.

The data presented in this Chapter show that phagocytosis of MAC by blood
monocytes from individuals infected with the attenuated strains of HIV-1 containing
deletions in the nef gene was normal, whilst in agreement with data shown in Chapter
6, phagocytosis by blood monocytes from WT HIV-1 infected subjects was significantly
impaired, compared to monocytes from uninfected controls. However, when MDM from
HIV-1 seronegative individuals were infected in vitro at the same multiplicity of infection
with WT or Anef HIV-1 strains, the phagocytic capacity of these MDM were equally
reduced. These results suggest that if HIV-1 Nef protein has an effect on monocyte and
macrophage phagocytic function, it is mediated through a complex indirect effect only
evident in vivo.

A number of investigators have reported impairment of phagocytosis following WT HiV1 infection, by monocytes and alveolar macrophages in vivo as well as by
macrophages infected with WT HIV-1 in vitro (Musher et ai, 1990; Bravo-Cuellar et al.,
1992; Capsoni et ai, 1992; Roilides et ai, 1993; Wehle et ai, 1993; Capsoni et ai,
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1994; Dobmeyer et ai, 1995; Baqui et ai, 1999). However, others have shown normal
monocyte and macrophage function following HIV-1 infection (Nottet et ai, 1993;
Eversole et ai, 1994). These discordant results may be at least partially explained by
*'•"»• differing methods used by investigators, in particular whether cells have been
isolated from HIV-infected individuals (where the proportion of infected cells is very low,
in the range of 0.001% to 1%) or from seronegative donors whose purified MDM were
then infected in vitro (with infection rates often in the range of 30 to 70%). As previously
demonstrated by our group, monocytes and macrophages are distinct cell populations
that differ in their susceptibility to HIV-1 infection (monocytes being highly refractory,
whereas macrophages are fully permissive to HIV-1) (Sonza et ai, 1996), the
expression level of surface receptors (including CD4, CCR5 and phagocytic receptors)
(Sonza et ai, 1995; Kedzierska et ai, 2000a) as well as in their cytokine/chemokine
production profile (reviewed in Fantuzzi et ai,

2000). This study, however,

demonstrates defective phagocytosis by either monocytes or macrophages following
HIV-1 infection in v/Voand in vitro.

Phagocytosis of opportunistic pathogens such as MAC (utilising predominantly C'R for
phagocytosis; (Schlesinger and Horwitz, 1991)) and Toxoplasma gondii (utilising
FcyRII; (Joiner et ai, 1990)) was impaired by peripheral blood monocytes from WT
HIV-infected individuals but not from SBBC members infected with a Anef strain of HIV1. Impaired phagocytosis following HIV-1 infection is likely to directly contribute to HIV
pathogenesis, by allowing reactivation of opportunistic pathogens normally controlled
by macrophages. Data demonstrating normal phagocytic efficiency of monocytes in the
blood of SBBC members is therefore consistent with their long term non/slow
progression and the absence of opportunistic infections (Learmont et ai, 1999). Since
individuals infected with nef-deleted HIV-1 displayed normal phagocytic efficiency, it
might be considered that Nef might be responsible for the observed impairment of
phagocytosis following HIV-1 infection. However, as the attenuated virus from this
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group also has deletions and rearrangements within the LTR (Deacon et al., 1995), a
tight correlation between phagocytic efficiency and nef-deletion is not possible.

Since only a small proportion of blood monocytes (<1%) is infected with HIV-1,
impaired phagocytosis may be predominantly an indirect consequence of HIV-1
infection and might reflect dysregulation of cytokine/chemokine production by
monocytes and/or other cells present in blood. In support of this proposal, defective
phagocytosis by neutrophils (not targets for HIV-1 infection) from HIV-positive
individuals has also been reported (Dobmeyer et al., 1995). Nef may alter phagocytosis
through its influence on the cellular environment and subsequently on cytokine and
chemokine production. Nef induces the production of two CC-chemokines, MIP1-a and
MIP1-P by macrophages (Swingler et al., 1999), induces synthesis of IL-15 by MDM
(Quaranta et al., 1999), iL-10 (Brigino et al., 1997), TNFcc, IL-6 and IL-ip (Greenway,
unpublished) by PBMC or alters IL-2 production by T lymphocytes (Collette et al.,
1996a; Schibeci et al., 2000). Since monocyte activation and their response to
phagocytic stimuli are dependent on cytokine concentration (including IL-2 (Ennen et
al., 1989)) Nef may impair phagocytosis via dysregulated cytokine/chemokine
production.

The nef gene of primate lentiviruses is necessary for high level virus replication in vivo
(Kestler et al., 1991). It has been also demonstrated by the work of Ruprecht et al that
SIV with nef deletion is generally attenuated in adult macaques, but causes disease in
infant macaques, likely to result from a "threshold" for pathogenicity relating to levels of
viral replication and viral load (Ruprecht et al., 1996; Montefiori etal, 1996). Although it
is possible that Nef may influence phagocytic capacity of monocytes n vivo by affecting
viral load and CD4 counts, data presented in this thesis sugges? thai she reduction of
phagocytosis was not due to viral load or CD4 counts. SBBC members who contributed
to this study had low vira! load and normal CD4 counts at the time of phagocytosis
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measurements, whereas individuals infected with WT HIV-1 had a wide range of viral
loads and CD4 counts. However, this study found no correlation between the observed
inhibition of phagocytosis and either viral load (undetectable or low in approximately
50% of subjects) or CD4 counts in individuals infected with WT HIV-1, suggesting that
the difference in phagocytosis between /?ef-deleted and WT HIV-infected individuals is
not due to either of those factors. Those results are in the agreement with studies
showing decreased phagocytosis in patients with both undetectable (<400 copies/ml)
and high viral loads (>10,000 copies/ml) (Baqui et ai, 1999) as well as over a wide
range of CD4 counts (Roilides et ai, 1993).

The mechanism of defective phagocytosis by peripheral blood monocytes from WT
HIV-infected individuals remains unclear. Previous reports (Capsoni et ai, 1992;
Capsoni et ai, 1994; Dunne et ai, 1996), confirmed by observations in this study,
suggest that HIV-1 infection in vivo results in either elevated or unchanged expression
of complement and Fey receptors on monocytes, indicating that inhibition of
phagocytosis occurs at a post-receptor level. Recently, Elbim et ai (Elbim et ai., 1999)
showed increased basal levels of F-actin in monocytes from HIV-infected individuals, at
different stages of disease, when compared to uninfected subjects. These findings
have been confirmed and extended in this thesis. Data presented in this Chapter
demonstrated that monocytes from HIV-infected individuals display either minimal or no
elevation of F-actin above their basal level during phagocytosis. This is in contrast to
significant net increases from the basal F-actin level in uninfected controls. As actin
polymerisation plays a critical role in the formation of phagocytic cup and ingestion of
phagocytosed particles, defective actin rearrangement is a potential mechanism
underlying impaired phagocytic function in HIV-infected individuals. F-actin content in
monocytes from individuals infected with nef-deleted HIV-1 remains to be elucidated.
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There are other potential mechanisms by which Nef could directly influence
phagocytosis. Nef associates with several cellular kinases, including Src family tyrosine
kinases, Lck (resulting in impairment of Lck-mediated signalling events) (Collette et al.,
1996b) and Hck (resulting in its activation) (Greenway et al., 1999). Since the same
signalling pathways are involved in FcyR-mediated phagocytosis by MDM, (reviewed in
Greenberg, 1995), Nef may influence phagocytosis by binding to Hck or other relevant
kinases or cytoskeletal proteins. To assess this hypothesis the direct effects of infection
and replication of HIV-1 on macrophage function as well as the effect of Nef in the
absence of other HIV-1 proteins were investigated. Phagocytosis of MAC was defective
in MDM infected in vitro with either WT or nef-deleted strain of HIV-1. Experiments to
specifically address both FcyR- and C'R-meJiated phagocytosis (occurring via different
signalling mechanisms (Allen and Aderem, 1996)) by HIV-infected MDM showed
similar levels of impairment. In results presented in this thesis, deletions within nef did
not significantly alter the replicative capacity of HIV-1 in MDM (in agreement with
previous reports (Hattori et al., 1990; Meylan et al., 1998), but in contrast to other
studies (Miller et al., 1994)). Therefore, results presented in this Chapter suggest that
decreased phagocytosis in vitro is predominantly a direct consequence of HIV-1
replication in MDM, and that Nef does not contribute to this impairment of MDM
function. Unaltered levels and pattern of tyrosine phosphorylation of key proteins during
FcyR-mediated phagocytosis by Nef-electroporated MDM confirmed that Nef on its own
is not sufficient to inhibit the process of phagocytosis.

In conclusion, there is no impairment in phagocytosis by monocytes in whole blood
from individuals infected with Anef strains of HIV-1 in contrast to subjects infected with
WT HIV-1, possibly reflecting an indirect effect of infection with HIV-1 resulting in
altered actin polymerisation in these cells. However, in vitro infection of MDM with nefdeleted strains and WT HIV-1 at relatively high multiplicity of infection both equally
impair phagocytosis, indicating a direct effect of HIV-1 infection and replication on
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macrophage function, and suggesting that Nef does not directly impact on macrophage
phagocytic activity.

5.5 RELEVANT PUBLICATIONS.
The following publications have arisen from the work presented in this chapter:

1. Kedzierska, K., Mak, J., Jaworowski, A., Greenway, A., Violo A, Chan, H., Hocking,
J., Purcell, D., Sullivan, J., Mills, J. and Crowe, S.M. (2001) nef-deleted HIV-1 inhibits
phagocytosis by monocyte-derived macrophages in vitro but not by peripheral blood
monocytes in vivo. AIDS, 15:945-955.

I have performed the majority of the experiments presented in this manuscript, with
some technical assistance from Antoniette Violo who did the pilot experiments for the
SBBC/MAC phagocytosis part of the study. I have analysed results and written the
manuscript with the intellectual input from Prof. Suzanne Crowe, Dr. Anthony
Jaworowski and Prof. John Mills. Dr. Johnson Mak has supervised Antoniette Violo. Dr.
Alison Greenway

has electroporated Nef into macrophages

used for some

experiments. Hiu-Tat Chan performed the complement-mediated phagocytosis assays
under my co-supervision, and Jane Hocking performed the statistical analysis
presented in Table 5.1. Dr. Damien Purcell provided the nef-deleted constructs used in
this study, and Dr. John Sullivan organised blood samples from SBBC members and
provided the CD4 count and viral load details for each of the donors.

2. Chan, H., Kedzierska, K., O'Mullane, J., Crowe, S.M. and Jaworowski, A. (2001)
Quantifying

complement-mediated

phagocytosis

macrophages. Immunol Cell 6/o/.79:429-435.
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human

monocyte-derived

During my doctoral studies I co-supervised Hiu-Tat Chan, a B Med Sci student, who
worked

on

a

parallel

project to

investigate

defective

complement-mediated

phagocytosis by HlV-infected MDM. I performed experiments presented in Figure 4d
and Table 2.1 have contributed to the analysis of the results and writing and editing of
the manuscript.

113

o 100
LL

6<

80"

•j= 60'
CO

o
o

20'

• •
DPn
40

80

120

160

MAC-FITC : monocyte ratio

Figure 5.1 Quantitation
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monocytes assayed ex vivo.
A representative phagocytic analysis for one SBBC member, C54 (O), WT HIV-infected
individual (•) and HIV-seronegative controls (A). Phagocytosis of MAC-FITC by
monocytes obtained from C54 and WT HIV-infected individuals was compared with
regression line fitted to the data points obtained from HIV-uninfected controls. Results
are corrected for background fluorescence.
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Figure 5.2 F-actin content in peripheral blood monocytes during phagocytosis.
Blood samples from HIV-positive individuals (solid symbols) or uninfected controls
(open symbols) were stained for F-actin levels. Cells were (a) unstimulated; or (b)
incubated with IgG-opsonised latex beads (squares, solid lines) or without beads
(triangles, dotted lines) at 37°C for indicated times. Following fixation with 3%
formaldehyde, monocytes were stained with CD14-PE Mab. Cells were permeabilised
with 0.1% Triton-X, stained for F-actin levels with phalloidin-Alexa488 as described in
Methods and analysed by flow cytometry. Data shown represent (a) means±SEM from
5 different experiments (b) representative of 3 experiments using blood samples from
HIV-negative (n=4) and HIV-positive (n=3) donors.
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Figure 5.3 Effect of WT HIV-1 and nef-deleted HIV-1 infection on phagocytosis of
MAC-FITC by MDM.
Phagocytosis of MAC-FITC by MDM infected in vitro with mock (open bar), WT HIV-1
(Ba-L or NL(AD8); black bars) or Anef HIV-1 (NL(AD8)Anef chimera or primary isolate
from SBBC member D36; grey bars) was assessed by a flow cytometric assay on day 7
to 10 post-infection. The proportion of MDM phagocytosing MAC labelled with FITC
(mean±SEM) is shown using MDM to MAC-FITC ratio of 1:75. These data are the
means compiled from results from 10 different MDM donors.

(a)

(b)
350300-

.2 200§)150i
03

°- 100500

Figure 5.4 Effect of nef-deleted HIV-1 on FcyR- and C'R-mediated phagocytosis.
Phagocytosis of specific targets (a) Fc-opsonised and (b) C'-opsonised sheep
erythrocytes (E) was assessed by colorimetric assay. MDM on day 5 post-isolation
were infected with either WT HIV-1Ba.L and HIV-1 NL(AD8) (black bars) or Anef strains
(HIV-1NL(AD8)Anefor HIV-1C18, nef-deleted primary isolate; grey bars). Phagocytosis was
performed on day 7 to 10 post-infection. These data represent means±SEM from (a) 5
different MDM donors; (b) 3 different donors. *Shown results from a single experiment.
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Figure 5.5 Impact of Nef electroporation on phagocytosis of (a) MAC-FITC; (b)
IgG-opsonised beads.
(a) Phagocytosis of MAC-FITC by MDM that were either electroporated with mock
(open bar), Nef (black bar) or GST (hatched bar) were compared. Shown are
mean±SEM of 4 experiments. Student t-test was performed to measure the significance
of these results, (b) MDM (2x106) were incubated with IgG-opsonised latex beads
(2x107) for the indicated times, lysed in Triton-X 100 buffer and samples of lysate
containing equal amount of protein (50fig) were resolved by SDS-PAGE, then probed
with anti-phosphotyrosine conjugated to horseradish peroxidase (RC20). Data shown
are representative of 2 experiments using MDM prepared from different donors. IB:
immunoblotting; PY: phosphotyrosine.
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Table 5.1 Phagocytosis of Mycobacterium avium complex by peripheral blood
monocytes in nef-deleted SBBC and WT HIV-infected subjects ex vivo.

nef-deleted SBBC
Subject Expt

WT HIV-infected controls

Phagocytosis Viral load* CD4 count
(%Control)
(copies/ml) (cells/Hi)

Phagocytosis Viral load CD4 count
(%Control) (copies/ml) (cells/Hi)

D36

(i)
(ii)
(iii)

124
101
80

3100
2600
4000

361
414
540

40
67
32

<500
<500
<500

713
50
100

C49

(i)

141

<400

918

23

N/T

N/T

0)
(ii)
(iii)
(iv)

123
116
96
96

1500
1700
1800
1600

1260
1419
1120
1152

20
35
65
92

<500
<500
600
N/T

20
363

(i)
(ii)
(iii)
(iv)

137
123
101
100

<400
<400
<400
<400

805
805
1026
2331

32
83
22
44

385 500
N/T
95 600
119 800

N/T
N/T

0)
(ii)

110
115

<400
<400

612
306

57
13

10 700
62 400

400
247

(i)
(ii).

105
220

<400
<400

392
495

55
130 '

26 900
900

138
480

C54

C64

C98
C135

p value

0.808

N/T
N/T

40
120

O.0001

The phagocytosis of MAC-FITC by monocytes of SBBC and WT HIV-seropositive
subjects was compared to that of uninfected controls and is reported as a percentage of
the phagocytosis by seronegative controls for the same MAC:monocyte ratio (%
control). The values obtained at each MAC:monocyte ratio for the seronegative controls
were standardised as 100% of phagocytic efficiency. Each phagocytosis experiment
was performed in duplicate. Viral load was assessed by *RT-PCR, #bDNA assay; N/T:
not tested at time of the assay.

CHAPTER 6

\

1
GM-CSF INHIBITS HIV-1 REPLICATION AND RESTORES
PHAGOCYTIC CAPACITY OF MACROPHAGES AND
MONOCYTES FOLLOWING HIV-1 INFECTION.

6.1 ABSTRACT.

Disseminated Mycobacterium avium complex (MAC) infection is common in patients
with advanced HIV-1 infection. In this study the effect of HIV-1 infection on the ability of
monocytes and MDM to phagocytose MAC in vivo and in vitro, and the effect of GMCSF on this function were investigated. Using a flow cytometric assay to quantify
phagocytosis, HIV-1 infection was found to impair the ability of cultured MDM to
phagocytose MAC in vitro, whereas GM-CSF markedly augmented this function.
Phagocytosis of MAC was not altered by exposure to a mutant form of GM-CSF (E21R)
binding only to the alpha chain of the GM-CSF receptor, suggesting that augmentation
of phagocytosis by GM-CSF requires binding to the a(3 heterodimeric form of the
receptor. GM-CSF also consistently suppressed HIV-1 replication in MDM, as assessed
by measurement of supernatant RT activity and intracellular p24 antigen. This effect
was reversed by the addition of the neutralising anti-GM-CSF monoclonal antibody
(4D4). Analysis of intracellular HIV-1 DNA and mRNA suggests that HIV-1 replication is
inhibited at or before transcription. A clinical study confirmed the beneficial effect of
GM-CSF in a patient with AIDS and disseminated multi-drug resistant MAC infection.
GM-CSF therapy improved phagocytosis of MAC by peripheral blood monocytes
obtained from this patient, and reduced bacteraemia. These results imply that GM-CSF
therapy may be useful in restoring antimycobacterial function by human monocytes and
macrophages in the setting of HIV-1 infection.
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6.2 INTRODUCTION.
Infection of monocytes and macrophages with HIV-1 has been reported to impair a
number of effector functions carried out by these cells, resulting in defective
phagocytosis of Candida albicans (Crowe et al., 1994), Aspergiilus fumigatus and
Toxoplasma gondii (Biggs et al., 1995), impaired intracellular killing of Candida
pseudotropicalis, Toxoplasma gondii (Biggs et al., 1995) and Mycobacterium avium
complex (MAC) (Crowle et al., 1992; Kallenius et al., 1992; Newman et al., 1993;
Ghassemi et al., 1995). These alterations in macrophage function contribute to the
pathogenesis of AIDS by allowing the reactivation of opportunistic pathogens (reviewed
in Crowe, 1995).

M. avium is a facultative intracellular pathogen that replicates within circulating
monocytes and tissue macrophages. MAC can be found in many organs and tissues
including lymph nodes, bone marrow, spleen, liver and rectal tissue (Yakrus and Good,
1990), and is associated with high tissue burden (109 to 1010 mycobacteria/g tissue) in
AIDS patients (Shiratsuchi et al., 1994). Disseminated MAC is one of the most common
opportunistic infections, diagnosed in up to 40% of patients with advanced HIV-1
infection, and causing significant morbidity and mortality in those individuals (reviewed
in Hoy, 1996). Although combinations of antimycobacterial drugs are usually effective
in suppressing symptoms, drug resistance leading to persistent clinical symptoms is
increasingly being recognised.

GM-CSF, a cytokine regulating proliferation, differentiation and function of granulocytes
and macrophages, has beer: previously shown to augment effector functions of
macrophages, increasing their antifungal, antiparasitic, antimycobacterial and antitumor
activity (Smith et al., 1990; Eischen et al., 1991; Roilides and Pizzo, 1992; Bermudez et
al., 1994; Laursen et al., 1994; Bober ef al., 1995). GM-CSF has been also shown to
upregulate phagocytosis and intracellular killing of MAC by murine and human MDM
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and human alveolar macrophages in vitro (Bermudez and Young, 1990; Bermudez et
al., 1994; Suzuki etal., 1994; Hsu etal., 1995). A recent report has demonstrated that
GM-CSF therapy can also enhance mycobactericidal activity in monocytes obtained
from AIDS patients with MAC bacteraemia (Kemper et al., 1998). The effect of GMCSF on phagocytosis of MAC by HIV-infeGted monocytes/MDM has not been reported.

There are conflicting reports regarding the effect of GM-CSF on HIV-1 replication in
cells of macrophage lineage in vitro. Early studies investigating the effect of GM-CSF
on HIV-1 replication reported that this growth factor exerts an upregulatory effect on
viral production in both MDM (Koyanagi etal., 1988; Perno etal., 1989; Schuitemaker
et al., 1990; Perno et al., 1992; Wang et ai, 1998) and in the chronically infected

i
promonocytic lines U937and U1 (Folks etal., 1987; Pomerantz etal., 1990). However,
other investigators have reported inconsistent (Kornbluth et al., 1989; Hammer et al.,
1990) or inhibitory effects of GM-CSF on HIV-1 entry or replication in MDM (Matsuda et
al., 1995; Di Marzio et al., 1998) associated with reduced (3-chemokine receptor
expression. In order to clarify the effects of GM-CSF on HIV-1 replication in MDM in
vitro, the activity of this cytokine was also examined in this study.
GM-CSF mediates its activities through binding to a heterodimeric receptor comprising
a ligand-specific a chain and a common (3 chain that is shared with IL-3 and IL-5
(reviewed in Crowe and Lopez, 1997; Armitage, 19°8). Amino acid 21 within the first
alpha helix of GM-CSF has been found to be critical for the biological function of GMCSF and for the interactions between GM-CSF and the beta chain of the GM-CSF
receptor that are necessary for high affinity binding (Lopez et al., 1992). A mutant form
of GM-CSF (E21R), which binds only to the a-chain of the receptor (Lopez et al., 1992;
Hercus et al., 1994), was used to explore the roles of the a and (3 chain of the GM-CSF
receptor on both phagocytosis of MAC and HIV-1 replication in vitro.

i
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In this study the ability of human monocytes and MDM to phagocytose MAC following
infection with HIV-1, and the effects of GM-CSF on this function, were investigated.
HIV-1 infection of MDM in vitro markedly impaired phagocytosis of MAC. GM-CSF
treatment of MDM resulted in the restoration of phagocytic activity and consistent
inhibition of HIV-1 replication within those cells. In addition, the effect of a course of
adjunctive GM-CSF therapy in a patient with advanced HIV-1 infection and
disseminated infection with multi-drug resistant MAC was also examined. GM-CSF
therapy improved phagocytosis of MAC by this patient's monocytes and prolonged the
time required for MAC to be detected in blood culture.

6.3 METHODS.

6.3.1 GM-CSF stimulation of MDM.

Human monocytes were isolated from buffy coats (Section 2.1.1) and cultured in
suspension in teflon jars. Freshly isolated monocytes were treated with recombinant
human GM-CSF (Genzyme, Cambridge, MA, USA) at varying concentrations (1100ng/ml). Control cells from the same donors were cultured in the absence of GMCSF. Experiments were also performed using a mutant form of GM-CSF (E21R;
BresaGen, Adelaide, South Australia) with a site mutation within the first alpha helix
resulting in a substitution of arginine for glutamic acid (Lopez et a/., 1992). E21R GMCSF binds to the a chain of the GM-CSF receptor with low-affinity and thus it was used
at concentrations 10 to 100 times higher than that of wild type GM-CSF. These
concentrations were not associated with cellular toxicity (Iversen et at., 1997). To
determine the specificity of the effect of GM-CSF on HIV-1 replication in MDM, GMCSF was incubated with a neutralising anti-human GM-CSF Mab (100 jig/ml; 4D4) or a
non-neutralising anti-GM-CSF control Mab (100 |Kj/ml; 4A12) for 30 min at 4°C prior to
its addition to MDM cultures.
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To exclude the possibility of toxicity of GM-CSF on MDM, cells were cultured in
suspension with GM-CSF (0.01-100ng/ml) for 21 days. Cell counts were performed at
regular intervals and viability was assessed using trypan blue exclusion.

6.3.2 Quantification of HIV-1 replication.

MDM were infected 4 to 6 days after isolation with the macrophage-tropic strain, HIViBa-L (Section 2.5). After HIV-1 infection cells were washed and resuspended in
supplemented Iscove's medium in the presence or absence of GM-CSF or E21R GMCSF. HIV-1 replication was quantified by monitoring RT activity in culture supernatants
obtained 7 days after the infection using a micro RT assay (Section 2.6.1). In selected
experiments, HIV-1 replication in MDM cultured in suspension in teflon jars was
determined in pre-fixed and permeabilised cells by staining for intracellular p24 and
flow cytometric analysis (Section 2.6.3).

To examine effocts of GM-CSF on HIV-1 DNA and mRNA levels, MDM were infected
with HIV-1 Ba-L then pretreated with 10U of RNase-free DNase (Boehringer Mannheim
Australia, Castle Hill, New South Wales) for 20 min at room temperature in the
presence of 10mM MgCI2to remove contaminating viral DNA. Extraction of DNA was
performed as described in Section 2.10. Amplification of the HIV-1 gag gene was
performed using SK38 and SK39 primers and hybridisation with a

32

P-labelled probe

SK19 (Lewin et ai, 1996).. Briefly, HIV-1 gag gene (115 bp region) was amplified using
SK38

primer

(ATAATCCACCTATCCCAGTAGGAGAAAT)

(TTTGGTCCTTGTCTTATGTCCAGAATGC)

and

SK39

primer:

(Bresatec, Adelaide, South Australia).

HLA-DQ alpha (242 bp) was amplified in the same reaction using GH-26 primer
(GTGCTGCAGGTGTAAACTTGTACCAG)

and

GH-27

primer

(CACGGATCCGGTAGCAGCGGTAGAGTTG) (Bresatec) to standardise the amount of
DNA in the Iysates. PCR reaction and amplification were performed as described in
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Section 2.11.3.

The SK19 probe: ATCCTGGGATTAAATAAAATAGTAAGAATGTATAGCCCTAC for
HIV-1, and the GH64 probe: TGGACCTGGAGAGGAAGGAGACTG for HLA-DQ were
32

P-labelled for detection of HIV-1 following PCR amplification. The SK19 probe (15pM)

and the GH64 probe (30pM) were radiolabelled in separate tubes containing 60^1 of
reaction mix consisting of 1x kinase buffer (Promega), 20U T4 polynucleotide kinase
(PNK) and 50[iC\ y-32P-ATP (Amersham) at 37°C for 1 hr, then at 68°C for 10 min. After
adding 40^.1 of 0.75mM NaCI and 10mM EDTA, the unincorporated label was separated
through a G25 Sephadex column by centrifugation at 1600xg for 3 min. The probes
were pooled and adjusted to a final volume of 400>il with 0.75mM NaCI, 10mM EDTA.
For hybridisation, 5ju.I of the probe mix was added to 15^1 of PCR products, denatured
at 95°C for 5 min and incubated at 59°C for 15 min. 32P-labelled products were resolved
using 10% polyacrylamide gels (Section 2.12.2) and exposed to the X-ray film
(Hyperfilm, Amersham) for 18 to 72 hr.

mRNA was extracted from MDM lysates using oligo (dT)25 beads and subsequently
converted to cDNA as described in Section 2.11.1. Beads\cDNA complexes were
resuspended in 100^1 TE buffer (pH 8.0) and stored at 4°C in 10-fold dilutions in lysis
buffer until used for PCR reactions using gag-specific primers and detected by
hybridisation with a

32

P labelled SK19 probe. Levels of cDNA were standardised

according to beta-actin levels (Section 2.11.2) as assessed by laser densitometry. To
check for viral DNA contamination samples prepared without AMV-RT were included
within each experiment.
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6.3.3 GM-CSF treatment of the HIV-1 infected patient.

A 35-year-old male was hospitalised with disseminated MAC infection resistant to
ethambutol, clarithromycin and amikacin. He had a history of extensive prior
antiretroviral therapy with drug combinations of protease inhibitors and nucleoside and
non-nucleoside reverse transcriptase inhibitors. Two weeks prior to commencing GMCSF therapy his antiretroviral regimen was changed with the addition of two new drugs
(nelfinavir and abacavir). On day one of therapy he received recombinant GM-CSF
(Schering-Plough, New South Wales, Australia) by sub-cutaneous injection at an initial
daily dose of 400ng/day. GM-CSF was suspended on day 7 of therapy due neutrophilia
and recommenced at a dose of 200jxg/day on day 14 when his neutrophil count
declined to 10.2x103/ml. On day 38 he developed central line-related sepsis and muiilorgan failure. He died on day 40 of this study due to central-line-associated
complications.

Peripheral blood was collected from the patient twice prior to commencing GM-CSF,
and 2 to 3 times per week during GM-CSF therapy to assess phagocytosis of MAC by
monocytes and plasma HIV-1 RNA (bDNA assay; Chiron Corporation, Emeryville,
USA; performed by the Clinical Research Laboratory, Macfarlane Burnet Centre for
Medical Research; Melbourne). Blood and duodenal biopsy specimens were cultured
for MAC by inoculation into BACTEC 13A media (Becton Dickinson Diagnostic
Instrument Systems, MD, USA; performed by Ms Aina Sievers; Victorian Infectious
Disease Reference Laboratory, Melbourne) using standard procedures, and cultured at
35°C for up to 8 weeks. A growth index of >20 using the BACTEC 460 system
indicated a positive culture. Zeihl-Neelsen and auramine-rhodamine stains were
performed on all positive cultures and identification was confirmed by the State
Reference Laboratory of Victoria using a DNA probe (Accuprobe, Gen-Probe, San
Diego, CA, USA) and biochemical tests.
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6.3.4 Phagocytosis assays.

6.3.4.1 Using cultured MDM in vitro.
On day 7 following HIV-1 infection in vitro, MDM (2x105 cells in 1OOjxl of PBS-CMF)
were exposed to fluoresceinated MAC, at different MAC to MDM ratios, in duplicate
(Section 2.8.1.3). The percentage of MDM that phagocytosed MAC-FITC was
quantified by flow cytometry.

6.3.4.2 Using monocytes within blood.
Blood from the HIV-1 infected patient treated with GM-CSF was collected in lithium
heparin anticoagulant along with a minimum of 4 HIV-seronegative and seropositive
untreated controls. Blood from the same HIV-seronegative controls were used for each
experiment. Phagocytosis of MAC-FITC by peripheral blood monocytes was performed
as described in Section 2.8.1.2. The percentage of CD14-positive monocytes
phagocytosing MAC-FITC was calculated as the % of FITC-labelled cells in the PEpositive cell population.

6.3.5 Statistical analyses.

Multiple linear regression analysis was used to determine the effects of HIV-1 infection
and GM-CSF vnerapy on the phagocytic ability of monocytes. The raw data were
linearised by log-transforming the values of the MAC-FITC: monocyte ratios. A
regression equation was constructed to estimate % phagocytosis by monocytes as a
function of log10 (MAC-FITC: monocytes) and dummy variables introduced to account
for elapsed time, HIV-1 infection status and GM-CSF treatment status. Separate
regression equations were also constructed to assess the effects of HIV-infection
status and GM-CSF treatment status on phagocytic activity on specific days prior to
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and during treatment. The analysis was performed using the STATA (Stata, College
Station, TX) statistical analysis package.

The significance of the effect of treatment with GM-CSF or the E21R mutant GM-CSF
on phagocytosis of MAC and HIV-1 replication was assessed using the Student's t test
(paired, 2-tailed).

6.4 RESULTS.

6.4.1 GM-CSF stimulation of monocyte-derived macrophages in vitro.

6.4.1.1 GM-CSF restores phagocytosis of Mycobacterium avium complex.
The effect of HIV-1 Ba-L infection of MDM in vitro on phagocytosis of MAC-FITC was
assessed by flow cytometry using cells from ten different donors and a range of MDM
to MAC-FJTC ratios (1:12 to 1:75). By 7 days following HIV-1 infection a consistent
impairment of phagocytosis compared with uninfected controls (significant at ratios of
1:50; p<0.05, and 1:75; p<0.01) was found (Figure 6.1). At a ratio of MDM to MACFITC of 1:75, a mean of 56.1% of uninfected MDM ingested MAC-FITC compared to
34.4% of MDM in HIV-infected cultures (p<0.01) (Table 6.1).

GM-CSF treatment of MDM augmented phagocytosis of MAC-FITC by HIV-1 infected
MDM (significant at MDM:MAC ratios of 1:25, 1:50 and 1:75 (p<0.05, p<0.01, p<0.01
respectively) (Figure 6.1). At the highest ratio, HIV-infected, GM-CSF-treated MDM
phagocytosed a mean of 55.9% MAC-FITC compared with 34.4% of HIV-infected MDM
cultured without GM-CSF (Table 6.1). Furthermore, phagocytosis by HIV-1 infected,
GM-CSF-treated MDM was restored to levels comparable to those found in uninfected
MDM (at a ratio of 1:75, 55.9% and 56.1% respectively p=0.487). The apparent
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increase in phagocytosis by GM-CSF treated, uninfected MDM was of borderline
significance (at a ratio of 1:75, p = 0.057).

A mutant form of GM-CSF (E21R) binding only to the a chain of the GM-CSF receptor
did not augment phagocytosis of MAC by either HIV-infected (p=0.68) or paired
uninfected MDM (p=0.54) (Table 6.1).

There was no toxic effect observed in monocytes incubated with GM-CSF (0.01 -100
ng/ml) or the mutant GM-CSF E21R (1/vg/ml) immediately after isolation, and
maintained in the presence of GM-CSF over 21 days (data not shown).

6.4.1.2 GM-CSF inhibits HIV-1 replication in MDM.
GM-CSF reproducibly suppressed HIV-1 Ba-L replication in MDM as assessed by a
number of different techniques. GM-CSF reduced RT activity assessed in the culture
supernatant (82%±5.2% SEM inhibition; n=7, p<0.01), whereas E21R GM-CSF did not
significantly decrease RT (13.6%±18% SEM inhibition; n=7, p=0.5) (Figure 6.2a).
Similarly, GM-CSF dramatically decreased intraceliular p24 antigen concentrations
quantified by flow cytometry, whereas the mutant GM-CSF E21R did not significantly
alter intraceliular p24 antigen leveis, compared to MDM not exposed to GM-CSF
(Figure 6.2b). The net MESF (Molecules of Equivalent Soluble Fluochrome) values
were 7.2x105, 1.8x105, 5.2x105 and for intraceliular p24 fluorescence of MDM cultured
in the absence of GM-CSF, presence of GM-CSF and mutant E21R GM-CSF
respectively.

Results of 6 experiments using MDM from different donors confirmed that a
concentration of GM-CSF of 0.1 ng/ml or greater significantly inhibited HIV-1 Ba-L
replication by a mean of 67.7%±4.9% (standard error of the mean, SEM) compared to
untreated controls (data not shown). GM-CSF inhibition was blocked by a neutralising
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Mab (4D4) against GM-CSF, but not by a non-neutralising anti-GM-CSF MAb (4A12),

J

demonstrating the specificity of the observed effect (Figure 6.3).

To establish whether the decrease in HIV-1 replication occurs before or after
transcription, the effect of GM-CSF on HIV-1 DNA and mRNA levels were investigated.
There was a minimal 1-3 fold decrease in the level of HIV gag DNA in infected cells
cultured in the presence of GM-CSF (n=3) when compared with cells not exposed to
GM-CSF or treated with E21R GM-CSF (Figure 6.4a). As assessed by laser
densitometry, the ratio of gag to DQ signal was 0.47, 0.18 and 0.47 (mean of the first 3
dilutions, results for a representative experiment) for cells cultured in the absence of
GM-CSF, presence of GM-CSF and E21R GM-CSF respectively. Analysis of cell
lysates from 3 donors showed a 3 to 10 fold decrease in HIV-1 gag mRNA expression
in MDM infected with HIV-1 Ba-L that were exposed to GM-CSF and approximately 2-fold
inhibition in those exposed to GM-CSF E21R when compared with untreated MDM
(Figure 6.4b). Taken together, these results suggest that HIV-1 replication is inhibited
by GM-CSF before or at the level of transcription. Densitometry units for gag signal
standardised to equivalent levels of (3-actin levels were 1956, 732 and 957 for MDM
cultured in the absence of GM-CSF, presence of GM-CSF and E21R GM-CSF
respectively.

6.4.2 GM-CSF therapy of HIV-infected patient.

6.4.2.1 GM-CSF augments phagocytic capacity of peripheral blood monocytes.
Prior to commencing GM-CSF therapy, the phagocytic activity of this patient's
monocytes was significantly lower than that of HIV-uninfected control subjects
(p<0.001) (Figure 6.5a). GM-CSF therapy improved the ability of the patient's
monocytes to phagocytose MAC-FITC to levels comparable to those of HIV-uninfected
individuals, starting from day 5 after commencement of treatment (p=0.45, Figure 6.5b124

d; Figure 6.6a). The phagocytic activity of monocytes from HIV-infected patients not
undergoing GM-CSF therapy was significantly lower than that of HIV-uninfected
controls and the GM-CSF-treated patient (p<0.001) (Figure 6.5c,d).

6.4.2.2 GM-CSF increases time to MAC positive cultures.
>
The patient was monitored for MAC bacteraemia for more than a year prior to GM-CSF
therapy. Over this period, blood samples took a mean of 11.1 days to return positive
MAC cultures (n=10). A week prior to GM-CSF treatment MAC was cultured from blood
and duodenal biopsy within 6 days and 4 days respectively, whereas after 28 to 34
days of GM-CSF the time was 17-24 days (mean of 20.0 days, n=4) (Figure 6.6b).

6.4.2.3 GM-CSF does not affect plasma viral load.
At commencement of GM-CSF therapy his plasma HIV-1 RNA was 4.0log10 copies/ml.
The patient experienced only minor fluctuations in plasma HIV-1 RNA levels during
therapy with a possibly significant (defined as >0.5log-i0 copies/ml) increase of 0.7log10
copies/ml occurring at only one time point (day 28 of therapy) (Figure 6.6c).

6.5 DISCUSSION.
This study shows that phagocytosis of MAC by human MDM is defective following HIV1 infection in vitro, and that GM-CSF stimulation

can largely restore this

antimycobacterial function. These data are supported by results from an HIV-infected
patient with drug-resistant MAC infection whose ex vivo phagocytic capacity was
significantly improved during adjunctive therapy with GM-CSF, and was accompanied
by a reduction in MAC bacteraemia as measured by the length of time required for
blood cultures to become positive. In addition, GM-CSF consistently suppressed HIV-1
replication in vitro, and the administration of GM-CSF in vivo did not result in significant
changes in plasma viral load during 40 days of therapy. The inhibitory effect was GM-
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CSF-specific since it was totally reversible by addition of neutralising Mab, 4D4, but not
by addition of a non-neutralising anti-GM-CSF control Mab, 4A12. E21R GM-CSF,
binding only to the cc-chain of the GM-CSF receptor (Lopez et al., 1992), did not affect
HIV-1 replication or phagocytosis of MAC in vitro.

The effector cells used in the phagocytosis assay employed in this study were MDM
infected with HIV-1 following 5 days in culture. A marked degree of donor variation in
the ability of human MDM to phagocytose MAC under conditions tested (mean 56%;
range 35-82%) was observed. This may reflect the variability in surface expression of
CR3 receptor facilitating phagocytosis of MAC or complement levels (required for
opsonisation) present within human serum used in the experiments. There was also a
variable suppression of phagocytosis resulting from HIV-1 infection of MDM, which may
reflect variation in the proportion of MDM infected with HIV-1 resulting from differing
levels of surface chemokine co-receptor expression.

The results presented in this study are consistent with data showing that HIV-1
infection of MDM in vitro impairs immunologic defences against opportunistic
pathogens other than MAC, including Cryptococcus neoformans, Candida albicans and
Toxoplasma gondii (Cameron et al,, 1993; Crowe et al., 1994; Biggs et al., 1995).
Similarly, monocytes from HIV-1 infected persons have been found to be less efficient
in terms cf phagocytosis and killing (Estevez et al., 1986; Delemarre et al., 1995;
Chaturvedi et al., 1995), although there are also reports of normal macrophage function
following in vitro and in vivo infection with HIV-1 (Nottet et al., 1993). There are also
inconsistent data regarding the effect of HIV-1 infection on the ability of monocytes and
macrophages to control MAC infection, with the data generally indicating reduced
antimycobacterial function (Kallenius et al., 1992; Shiratsuchi et al., 1994; Zerlauth et
al., 1995). A number of variables may be responsible for the inconsistencies in the
literature, including the strain of HIV-1 used in vitro, donor variability of MDM regarding
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susceptibility to HIV-1 infection, the stage of maturation of monocytes/macrophages at
the time of functional assessment, the type of intracellular pathogen, the type of
exogenous cytokines used or the nature of the patient cohort.

Recombinant GM-CSF has been found by most investigators to augment the
antimycobacterial function (including intraceilular killing) of normal human and murine
monocytes (reviewed in Armitage, 1998). Earlier studies using impure preparations of
GM-CSF reported no improvement in macrophage function following GM-CSF
treatment (Nathan et al., 1984). In this study there was clear evidence of improvement
in phagocytosis of MAC by MDM infected with HIV-1 as well as in paired uninfected
MDM from the same donors. A mutant form of GM-CSF, E21R, binding oniy to the a
chain of the receptor, failed to stimulate phagocytosis of MAC, suggesting that the
principal signals controlling phagocytosis occur via the receptor p-chain.

In vitro GM-CSF stimulation of MDM prior to HIV-1 infection not only augmented
phagocytosis of MAC by those cells, but also inhibited HIV-1 replication. There is a
longstanding controversy in the literature regarding the effect of GM-CSF on HIV-1
replication within cells of macrophage lineage. Most of the early studies report
augmentation (Koyanagi et al., 1988; Perno et al., 1989; Schuitemaker et al., 1990;
Perno et al., 1992; Wang et al., 1998) or no change (Kombluth et al., 1989; Hammer et
al., 1990) in viral production. However, two recent studies suggest inhibition of HIV-1
replication in MDM by GM-CSF (Matsuda et al., 1995; Di Marzio et al., 1998). The
mechanism by which GM-CSF alters HIV-1 replication in MDM and in promonocytic cell
lines is also controversial. Wang et al (Wang et al., 1998) reported that the GM-CSFinduced increase in HIV-1 replication in MDM was attributable to up-regulation of CCR5
expression. These data are in direct contrast to those of Di Marzio and collegues (Di
Marzio et al., 1998) demonstrating that GM-CSF suppressed CCR5 and CD4
expression on MDM, and reduced HIV-1 entry into these cells. The data reported here
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suggest minimal inhibition at gag DNA level and a 3-10 fold decrease in gag mRNA
within MDM treated with GM-CSF compared with untreated cells, suggesting that the
block to HIV-1 replication occurs at or prior to transcription. The difference in the
inhibitory effect between DNA and mRNA levels could be due to the effect of GM-CSF
at multiple points, donor variation, or the semi-quantitative nature of the assays. The
results reported here are in agreement with Matsuda et al. (Matsuda et al., 1995) who
have also reported inhibition of HIV-1 replication by GM-CSF with a decrease in proviral DNA.

Currently GM-CSF is used rarely for the treatment of HIV-infected patients in part due
to the conflicting in vitro data leading to concerns regarding potential activation of HIV-1
replication. Similarly, early clinical trials showed that GM-CSF treatment of HIV-infected
patients in the absence of antiretroviral therapy resulted in increased serum p24
antigen levels and plasma HIV-1 RNA titres (Kaplan et al., 1991; Lafeuillade et al.,
1996). However, when used in combination with effective antiretroviral therapy, GMCSF has been safely administered to patients without any significant increase in viral
load (Yarchoan et al., 1990; Krown et al., 1992). In fact GM-CSF has been found to
increase the activity of antiretroviral drugs (Perno et al., 1992). Data from studies of
HIV-infected patients receiving antiretroviral therapy and GM-CSF have shown that
patients experienced a decrease in viral load and an increase in CD4 counts (Skowron
et al., 1999; Brites et al., 2000).

The clinical study reported in this thesis demonstrates a beneficial effect of GM-CSF on
antimycobacterial activity without a significant increase in viral load in the HIV-infected
patient. The improvement in phagocytosis of MAC and lengthening of time to positive
MAC blood culture in the single patient with drug-resistant MAC adjunctively treated with
GM-CSF support in vitro findings reported in this thesis. Similarly, a recent report by
Kemper et a/(1998) showed enhanced activation and mycobactericidal activity of blood
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monocytes in four AIDS patients with newly diagnosed MAC receiving azithromycin
combined with GM-CSF, as compared to patients receiving azithromycin alone (Kemper
et al., 1998). However, the authors of this study found no significant difference between
both groups in the reduction of mycobacteraemia, which may reflect the efficacy of
azithromycin on previously untreated MAC. This study reports not only increased
phagocytosis of MAC but also improvement in bacteraemia, as measured by the length
of time required for blood cultures to become positive, in an HIV-infected patient with
multi drug-resistant disseminated MAC.

Clinical improvement and augmented monocyte phagocytic function following GM-CSF
therapy has similarly been reported in patients with advanced HIV-1 infection and
fluconazole-resistant Candida albicans infection, again without an increase in viral load
(Vazquez et al., 1998). Augmentation of other aspects of macrophage function has
been also found in other immunosuppressed patients (Williams et al., 1997). Data from
the study in which AIDS patients received nucleoside therapy has shown that GM-CSF
administered twice weekly for 6 months not only reduced the frequency of opportunistic
infections but also significantly decreased viral load and increased CD4 counts in those
individuals (Brites et al., 2000).

Taken together, these data suggest that adjunctive GM-CSF therapy may be useful to
augment macrophage function and to restore antimycobacterial activity in HIV-1
infected patients with opportunistic infections.
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6.6 RELEVANT PUBLICATIONS.
The following publications have arisen from the work presented in this chapter:

1. Kedzierska, K., Mak, J., Mijch, A., Cooke, I., Rainbird, M., Roberts, S., Paukovics,
G., Jolley, D., Lopez, A. and Crowe, S.M. (2000) Granulocyte-macrophage colony
stimulating fa tor augments phagocytosis of Mycobacterium avium complex by HIV-1
infected monocyte/macrophages in vitro and in vivo. J InfDis, 181:390-394.

I have performed the experiments presented in this manuscript, with some technical
assistance from Melissa Rainbird regarding the E21R//n vitro phagocytosis data. I have
analysed the results and written the manuscript with input from Prof. Suzanne Crowe
and Dr. Johnson Mak. A/Prof. Ian Cooke and Dr. Damien Jolley have provided their
expertise with statistical analyses. Geza Paukovics has provided his assistance with
flow cytometry. The clinical study was performed in collaboration with Drs Anne Mijch
and Sally Roberts. Prof. Angel Lopez has provided the E21R GM-CSF and constructive
criticism of the manuscript.

2. Kedzierska, K., Maerz, A., Warby, T., Jaworowski, A., Chan, H., Mak, J., Sonza, S.,
Lopez, A. and Crowe, S.M. (2000) Granulocyte-macrophage colony stimulating factor
inhibits HIV-1 replication in monocyte-derived macrophages. AIDS, 14:1739-1748.

! have performed the experiments included in this Chapter from the above-mentioned
manuscript, analysed results and written the manuscript with input from my supervisors
Prof. Suzanne Crowe and Dr, Anthony Jaworowski. Drs. Johnson Mak and Secondo
Sonza have provided their expertise with HIV-1 mRNA and DNA experiments. Prof.
Angel Lopez has provided the E21R GM-CSF and constructive criticism of the
manuscript. Anne Maerz, Tammra Warby and Hiu-Tat Chan have provided their
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technical assistance with Figure 2 and Table 2 of the manuscript, which are not
included in my thesis (a partial requirement for Ms. Warby's PhD thesis).
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Figure 6.1

Comparison of phagocytosis of MAC-FITC by HIV-1 infected and

uninfected MDM cultured in the presence or absence of GM-CSF.
Freshly isolated monocytes were treated with GM-CSF at a concentration of 100ng/ml
(blue lines) or left unexposed to this cytokine (black lines). MDM on day 5 post-isolation
were either mock-infected (dotted lines) or infected with H I V ^

(solid lines).

Phagocytosis of MAC-FITC by MDM was assessed by flow cytometric analysis on day
7 post-infection. The proportion of MDM phagocytosing MAC labelled with F!TC
(meaniSEM) is shown using MDM to MAC-FITC ratios of 1:12.5, 1:25, 1:50 and 1:75.
These data are the means compiled from results from 4 donors using MDM to MACFITC ratios of 1:12.5-1:50 and 10 donors using a ratio of 1:75.
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Figure 6.2 Wild type GM-CSF but not E21R GM-CSF inhibits HIV-1 replication in
MDM.
Freshly isolated monocytes were pretreated with GM-CSF (1ng/ml; blue bars) or a
mutant E21R GM-CSF (100ng/ml; green bars) for 5 days prior to HIV-1 infection. MDM
from the same donor not exposed to GM-CSF were used as controls (white bars).
Cytokine was replenished in cultures during the course of the experiment. On day 10
post-infection HIV-1 replication was quantified by (a) measuring RT activity in culture
supernatants by RT micro assay. Results were compared with those from supernatants
of HIV-1 infected control MDM cultured in the absence of GM-CSF that were
standardised to represent 100% (n=7); (b) intracellular HIV-1 p24 antigen level
assessed by staining cells with anti-p24 monoclonal antibody (white, blue and green
histograms) or isotype-matched control (black histograms) and quantified by flow
cytometry. Histograms were unimodal. Results from a representative donor are shown.
The level of p24 staining or RT activity in mock-infected MDM cultures was below the
level of detection of those assays.
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Figure 6.3 Specificity of the GM-CSF-induced inhibition of HiV-1 replication in
MDM.
MDM were cultured in the presence of GM-CSF alone (Genetics Institute; 1ng/ml; blue
bar) or with GM-CSF pretreated with the specific anti-GM-CSF blocking monoclonal
antibody, 4D4 (100ng/ml; red bar), or anti-GM-CSF non-blocking monoclonal antibody,
4A12 (100|j.g/ml; red bar). Control cells from the same donors were cultured in the
absence of the cytokine (white bar). GM-CSF and monoclonal antibodies were
maintained in all treated cultures after HIV-1 infection. Replication of HIV-1 was
quantified by RT activity assay using culture supernatants obtained 10 days following
infection. Results shown are representative from two experiments using different MDM
donors.
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Figure 6.4 Effects of GM-CSF on HIV-1 gag DNA and mRNA.
Monocytes were cultured for 5 days in presence or absence of GM-CSF (Genzyme) or
mutant GM-CSF E21R, infected on day 5, and DNA and mRNA extractions were
performed 7 days after infection, a) 3-fold dilutions of cell extracts were prepared from
HIV-infected MDM cultured in the presence or absence of GM-CSF or GM-CSF E21R
for PCR of DNA using DQ and gag primers, detected by hybridisation with a
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P-

labelled probe GH 26 for HLA-DQ and SK19 for gag. Dilutions were similarly prepared
from cell lysates of 8E5 cells (containing 1 HIV-1 provirus per cell) and amplified
concurrently to serve as standards, b) cDNA was synthesised from mRNA and PCR
was performed using gag-specific primers and detected by hybridisation with a 32Plabelled probe SKI 9. Levels of cDNA were standardised according to beta-actin levels.
PCR on samples prepared without reverse transcriptase were negative.
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Figure 6.5 Quantitation of MAC-FITC phagocytosis by monocytes in an ex vivo
assay.
Phagocytosis of MAC-FITC by monocytes obtained from

an HIV-infected patient

undergoing GM-CSF therapy (O) was compared with phagocytosis by monocytes
obtained from HIV-uninfected controls (A, • , • , • ) and HIV-1 infected p&tients, not
receiving GM-CSF

(V,A,D).

Shown here are representative results from the GM-CSF-

treated patient obtained a) prior to GM-CSF treatment b) 17 days, c) 21 days, d) 30
days after commencing GM-CSF. The regression lines shown in each graph were fitted
to the data points obtained from HIV-uninfected controls.
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Figure 6.6 Effect of GM-CSF therapy on phagocytosis of MAC-FITC, bacteraemia
and plasma viral load.
The effect of GM-CSF therapy (blue bars) on a) phagocytosis of MAC-FITC by
monocytes within whole blood of an HIV-infected patient receiving GM-CSF, compared
to that of uninfected controls (standardised as 100% for a given monocyte: MAC-FITC
ratio). Patient's blood was collected twice prior to commencing GM-CSF treatment
(black bars). Results for the mean and standard deviation of phagocytosis by
monocytes within blood of 6 HIV-infected controls not receiving GM-CSF (a striped bar)
are shown, b) time to positive culture of MAC from blood and duodenal biopsy(*) c)
plasma HIV-1 RNA levels. The phagocytosis of MAC by monocytes of the patient and
HIV-seropositive controls are reported as a percentage of the phagocytosis by
seronegative controls for the same MAC:monocyte ratio. The values obtained at each
MAC:monocyte ratio for the seronegative controls were standardised as 100% of
phagocytic efficiency.

Table 6.1 Effects of GM-CSF/HIV-1 on phagocytosis of Mycobacterium avium
complex by monocyte-derivsd macrophages in vitro.

Percent of macrophages phagocytosing Mycobacterium avium complex
Mock-infected (mean ± SD)
No. of
expt*

Control

GM-CSF

10

56.1±4.5

63.6±3.1

64.1±6.2

69.713.5

E21R
GM-CSF

41.6111.0

HIV-infected (mean ± SD)
Control

GM-CSF

E21R
GM-CSF

34.4+4.8

55.9±4.8

30.915.9

54.714.0 28.517.0

On the day of isolation, monocytes were treated with GM-CSF (100ng/ml), E21R GMCSF (1 jig/ml) or cultured unexposed to any growth factors. MDM were infected with
HIV-1Ba_L on day 5 after isolation. Phagocytosis of MAC-FITC by MDM was assessed
by flow cytometric analysis on day 7 post-infection. 'Experiments were performed in
duplicate using MDM from different donors. Results show the percentage of
macrophages containing MAC-FITC at 1:75 MDM to MAC-FITC ratio.

CHAPTER 7
GENERAL DISCUSSION
An understanding of the mechanisms by which HIV-1 impairs cell-mediated immunity
leading to degeneration of the immune system is critical for the full control of HIV-1
disease progression. Defects in immunological function of cells of the macrophagca
lineage

contribute

considerably

to

the pathogenesis

of

HIV-1 infection. vvn

immunocompetent individuals peripheral blood monocytes and tissue macrophages
mediate the cell-mediated response to a variety of pathogens such as bacteria
(Mycobacterium avium complex, Mycobacterium tuberculosis, Rhodococcus equi),
parasites

(Toxoplasma

gondii,

microsporidia)

and

fungi

(Candida

albicans,

Cryptococcus neoformans, Pneumocystis carinii) (Drancourt et al., 1992; Wehle et al.,
1993; Doultree et al., 1995). As these pathogens are the cause of opportunistic
infections in HIV-infected individuals at late stages of disease, their inefficient control
as a result of defective macrophage function is considered to be the main mechanism
underlying the development of AIDS-related opportunistic infections.

My doctoral studies were aimed to investigate the mechanisms underlying defective
monocyte and macrophage function following HIV-1 infection. Impairment of critical
effector functions carried out by cells of macrophage lineage, including phagocytosis,
intracellular killing and cytokine production has been reviewed in the General
Introduction to this thesis (Section 1.4.3). Impairment of phagocytosis of pathogens
such as Toxoplasma gondii, Candida pseudotropicalis, Porphyromonas gingivalis,
Fusobacterium nucleatum and Cryptococcus neoformans by peripheral

blood

monocytes, alveolar macrophages and MDM have been reported following HIV-1
infection in vivo as well as MDM infected with HIV-1 in vitro. However, the underlying
mechanism whereby HIV-1 impairs phagocytosis by cells of macrophage lineage
remained unknown.
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In my studies defective phagocytosis by both peripheral blood monocytes obtained
from HIV-infected individuals and MDM infected with HIV-1 in vitro was observed. A
number of different phagocytic receptors (Section 1.6.1) mediate engulfment of
opportunistic pathogens, in particular complement receptors (C'R) for MAC uptake
(Schlesinger and Horwitz, 1991) and Fey receptors (FcyR) for Toxoplasma gondii
phagocytosis (Joiner et al., 1990). The effect of HIV-1 on the surface expression of
these phagocytic receptors has previously been investigated by others. The majority of
reports show that HIV-1 infection results in either elevated or unchanged surface
expression of FcyRs or C'Rs (Petit et al., 1988; Capsoni et al., 1992; Nottet et al., 1993;
Capsoni et al., 1994; Stent et al., 1995; Dunne et al., 1996). The results presented in
this thesis are in agreement with those reports and suggest that the inhibition of
phagocytosis by HIV-1 in both monocytes and macrophages occurs during or after
receptor binding.

Monocytes and macrophages are distinct cell populations that differ in the expression
of surface receptors (including CD4, CCR5 and phagocytic receptors) (Sonza et al.,
1995; Fear et al., 1998) cytokine/chemokine production (reviewed in Fantuzzi et al.,
2000) and their susceptibility to HIV-1 infection (monocytes being highly refractory,
whereas macrophages are fully permissive to HIV-1) (Sonza et al., 1996). It is therefore
possible that different mechanisms underlie defective phagocytosis in those two cell
populations. Since only a small proportion of blood monocytes (0.001% to 1%) is
infected with HIV-1, the high level of inhibition of phagocytosis in monocytes obtained
from HIV-infected individuals may reflect an indirect consequence of infection.
Conversely, a high proportion of MDM in cultures infected in vitro under conditions
used in this study expressed HIV-1 antigens, in the range of 20 to 70% (Figure 6.2b), a
proportion similar to for that reported for some populations of tissue macrophages in
HIV-infected individuals (Orenstein et al, 1997). This suggests that a direct effect of
HIV-1 on phagocytosis by the host macrophages is possible. This is supported by a
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previous report from our laboratory demonstrating defective phagocytosis of
Toxoplasma gondii predominantly in MDM shown by flow cytometric analysis to be
positive for p24 antigen (Biggs et al., 1995), and by evidence that heat-killed HIV-1 did
not impair phagocytosis of Candida albicans (Crowe et al., 1994).

To investigate \,.d mechanism of defective phagocytosis in tissue macrophages
following HIV-1 infection in vivo, MDM infected with HIV-1 in vitro have been used as a
model in my studies. MDM differentiated from peripheral blood monocytes in vitro are
highly susceptible to HIV-1 infection, as are tissue macrophages. They produce HIV-1
for several weeks, and exhibit few cytopathic effects on infection (Crowe et al., 1987;
Sonza et al., 1996). MDIV! are therefore a very useful model for tissue macrophages.
Some investigators have used promonocytic leukemic cell lines such as U937 cells
(Sundstrom and Nilsson, 1976) or U1 cells (a clone of chronically infected U937 cells)
(Folks et al., 1988) as a model for HIV-infected macrophages. However, a few
considerable differences between primary macrophages and these cell lines have been
reported including their proliferation and differentiation status as well as susceptibility to
HIV-1 infection. Primary macrophages are generally considered to be non-replicating
and terminally differentiated cells, whereas promonocytic cell lines are capable of
replication as well as differentiation upon stimulation with phorbol 12-myristate 13acetate (PMA) or retinoic acid (Clapham et al., 1987; Pautrat et al., 1990).
Furthermore, monocytic cell lines such as U937 cells are not permissive to M-tropic
strains of HIV-1 commonly used in laboratories such as HIV-1 Ba-i, but are susceptible
to certain T cell-tropic strains of HIV-1 (Schuitemaker et al., 1992a). For these reasons,
such cell lines were not used in my studies. Furthermore, infection of MDM with HIV-1
results in a heterogenous population of cells comprising of both HIV-infected ana
uninfected MDM. Such inherent variability within the primary cell culture models is
more relevant to the in vivo situation.
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Phagocytosis mediated via the different phagocytic receptors utilises different signalling
pathways to promote cytoskeletal rearrangement and engulfment of the target (Allen
and Aderem, 1996). Most earlier reports delineating the signalling events during FcyRmediated phagocytosis were performed using murine macrophages or cell lines
transfectec! with FcyR, with only two reported studies using either human macrophages
or monocytes (reviewed in Section 1.6.3). The mechanism underlying defective
phagocytosis mediated via FcyRs by HIV-infected MDM was a focus of my studies. The
results presanted in this thesis show that the early signalling events during FcyRmediated phagocytosis in human MDM are similar to those previously characterised in
murine macrophages. In both species, tyrosine phosphorylation of a number of cellular
proteins which localise around the phagocytic cup is seen, and phagocytosis is blocked
by a protein tyrosine kinase inhibitor, genistein. The key protein tyrosine kinases, Hck
(a macrophage-specific Src family kinase) and Syk (a docking site for y signalling
subin't of FcyR) are activated during this process. In addition, my study also provides
the first evidence for activation of Pyk2 and redistribution of the phospnorylated form of
paxillin (the actin-binding protein) between the cytoplasm and cytoskeleton during
FcyR-mediated phagocytosis.

Having determined several key signalling molecules involved in FcyR-mediated
phagocytosis by human MDM, the effect of HIV-1 on these signalling pathways was
investigated. HIV-1 infection of MDM in vitro was shown to lead to a significant
impairment of FcyR-mediated phagocytosis, associated with the inhibition of tyrosine
phosphorylation of cellular proteins stimulated during phagocytosis. The strong
inhibition of tyrosine phosphorylation of a wide variety of cellular proteins following
stimulation with IgG-opsonised targets in HIV-infected MDM suggested dysfunction at
an early stage in FcyR-mediated signalling events. Further results confirmed this and
demonstrated impaired phosphorylation of the tyrosine kinases Hck and Syk during

135

phagocytosis by HIV-infected MDM. Impaired Syk phosphorylation would inhibit Sykmediated activation of substrates required for actin polymerisation and cytoskeletal
rearrangement essential for FcyR-mediated phagocytosis. Consistent with this data,
HIV-infected MDM displayed reduced phosphorylation of paxillin, one of Syk
downstream effector molecules. Similarly, decreased phosphorylation of Pyk-2, the
FAK-related kinase, during FcyR-mediated phagocytosis in HIV-infected MDM has also
been observed, although this work is ongoing in the laboratory. The activation status of
other downstream substrates of Syk such as PI-3 kinase, Vav or Rho family GTPases
during FcyR-mediated phagocytosis in HIV-infected MDM has not been investigated in
this study, although they are likely to be reduced as well.

In seeking to understand why activation of Syk and Hck is impaired when expression of
FcyRs is normal, the levels of associated v-signalling subunit was investigated, since
this is the only known intermediate between FcyRs and Src family kinases. Decreased
protein expression of this molecule was found in HIV-infected MDM. As the y signalling
subunit is critical for Syk activation and subsequent signalling events during FcyRmediated phagocytosis (Park et a/., 1993; Indik et al., 1995b), reduced protein levels of
the ITAM-containing y-signalling subunit in HIV-infected MDM are likely to be
responsible for the defective phagocytosis by these cells. To my knowledge, this is the
first study reporting inhibition of tyrosine phosphorylation and signalling events
underlying defective effector functions in HIV-infected macrophages. Since mRNA
levels were normal, it is concluded that HIV-1 inhibits y chain expression at a posttranscriptional level, indicating that protein synthesis, transport or degradation might be
affected

by

HIV-1

infection. To

determine

the

exact

site

of

HIV-induced

downmodulation of y signalling subunit, further experiments such as pulse-chase
studies of y chain synthesis need to be performed.

Since the HIV-1 encoded protein, Nef, interacts with cellular proteins and kinases
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which are potentially involved in FcyR-mediated phagocytosis, the effect of Nef was
investigated. Surprisingly, it was found that in vitro electroporation of Nef into
uninfected MDM did not inhibit the level of tyrosine phosphorylation during FcyRmediated phagocytosis. Similarly, in vitro infection of MDM with Lnef strains of HIV-1
impaired phagocytosis to the same degree as infection with wild type HIV-1, indicating
that inhibition of phagocytosis by MDM in vitro occurs independent of Nef in this
system. Infection of MDM with a nef-deleted HIV-1 expressing the ychain of FcyR
resulted in a lower inhibition of FcyR-mediated phagocytosis, supporting the hypothesis
that reduced expression of the y-signalling subunit of FcyR may be responsible for
impaired FcyR-mediated phagocytosis in HIV-infected MDM. Further experiments to
correlate phagocytic efficiency of macrophages and y chain levels are planned using
the HIV-1 construct described in this thesis. This study therefore provides the first
possible mechanism of defective cellular activation in HIV-infected macrophages not
only during phagocytosis but potentially also underlying other functions mediated via
FcyR. Impaired FcyR-mediated signalling may explain why HIV-infected macrophages
fail to control opportunistic pathogens such as Toxoplasma gondii (Joiner et al., 1990).
The proposed mechanism is specific for FcyR-mediated phagocytosis and the events
underlying defective phagocytosis mediated via other receptors by HIV-infected
macrophages need to be investigated independently.

The mechanism underlying defective phagocytosis by peripheral blood monocytes
obtained from HIV-infected individuals could not be investigated using similar
biochemical approaches due to limitations in the amount of blood available from HIVinfected patients. For such studies a rapid whole blood assay has been developed in
our laboratory, using only 100p.l of blood coupled with flow cytometric analysis (Hewish
et al., 1996). Opportunistic pathogens relevant to HIV-1 pathogenesis such as
Mycobacterium avium complex and Toxoplasoma gondii conjugated to FITC were used
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as phagocytic targets in my research. Phagocytosis of MAC (utilising predominantly
C'R for phagocytosis (Schlesinger and Horwitz, 1991)) and Toxoplasma gondii (utilising
FcyRII; (Joiner et al., 1990)) were impaired in peripheral blood monocytes from HIVinfected individuals compared to monocytes from uninfected controls. There appears to
be no correlation between the observed inhibition of phagocytosis and either viral load
or CD4 counts in individuals infected with HIV-1, suggesting that defective
phagocytosis in HIV-infected individuals is not due to either of those factors, which is
consistent with previous reports (Roilides etal., 1993).

To investigate the mechanism underlying defective FcyR-mediated phagocytosis by
blood monocytes obtained from HIV-infected individuals, a whole blood phagocytosis
assay using FITC-tagged phalloidin to measure the level of actin polymerisation within
monocytes was developed in this study. Using this assay inhibition of phagocytosis by
monocytes from HIV-infected individuals was associated with dysregulated actin
polymerisation within those ceils. Increased basal levels of F-actin in monocytes from
HIV-infected individuals, at different stages of disease, when compared to uninfected
subjects has been demonstrated previously (Elbim et al., 1999). The results, using a
modification of the assay to assess FcyR-mediated phagocytosis and presented in this
thesis, confirmed findings by Elbim et al and have further shown that monocytes from
HIV-infected individuals display either minimal or no elevation of F-actin above their
basal level when presented with IgG-opsonised targets. This is in contrast to significant
net increases from the basal F-actin level in uninfected controls. As actin
polymerisation plays a critical role in the formation of the phagocytic cup and ingestion
of phagocytosed particles, defective actin remodelling is a potential mechanism
underlying impaired phagocytic function in HIV-infected individuals. To determine if this
HIV-induced effect occurs specifically at the actin polymerisation level or rather as a
consequence of altered signalling events after engagement of FcyRs, the early
signalling pathways during FcyR-mediated phagocytosis need to be investigated. The
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whole blood assay developed in this study to assess the level of actin polymerisation
during phagocytosis might be further modified to determine the level of tyrosine
phosphorylation during FcyR-mediated phagocytosis. Similarly, the phosphorylation
status of Hck or Syk could be determined by flow cytometric analysis, provided that
suitable monoclonal antibodies against phosphorylated forms of those kinases are
available.

In circulating blood monocytes, in contrast to tissue macrophages, the viral burden is
very low (0.01 to 1% of cells are infected), suggesting that a defective phagocytosis in
those cells could be rather explained by an indirect effect of HIV-1 infection. Impaired
phagocytosis might therefore reflect dysregulation of cytokine/chemokine production by
monocytes and/or other cells present in blood (reviewed in Section 1.3.4). In support of
this proposal, defective phagocytosis by neutrophils (not targets for HIV-1 infection)
from HIV-positive individuals has also been reported (Dobmeyer et al., 1995).
Phagocytosis might be also impaired by viral proteins present in the circulation. HIV-1
glycoprotein, gp120, has been previously shown to

inhibit

phagocytosis of

Cryptococcus neoformans by bronchoalveolar macrophages (Wagner et al., 1992).

Phagocytosis of MAC and Toxoplasma gondii is not impaired in peripheral blood
monocytes from members of the Sydney Blood Bank Cohort (SBBC) infected with an
attenuated strain of HIV-1 containing deletions within the nef gene and deletions and
duplications within the overlapping long terminal repeat overlap (Deacon et al., 1995).
Normal phagocytic efficiency of monocytes in the blood of SBBC members is therefore
consistent with their long term non/slow progression and in all but one, the absence of
opportunistic infections (Learmont et al., 1999). Since monocytes from individuals
infected with nef-deleted HIV-1 displayed normal phagocytic efficiency, Nef might be
responsible for the observed impairment of phagocytosis by monocytes following HIV-1
infection. However, as the attenuated virus from this group also has deletions and
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rearrangements within the LTR (Deacon et al., 1995), a tight correlation of phagocytic
efficiency and ne/-deletion is not possible. Since the inhibition of phagocytosis does not
correlate with viral load or CD4 counts (discussed above), the normal CD4 levels seen
in the cohort members is not likely to be a reason why phagocytosis is unaltered. This
study demonstrates for the first time normal phagocytic activity of monocytes obtained
from long-term non-progressors, and provides a mechanism, at least in part, as to why
these cohort members remain asymptomatic. As inhibition of phagocytosis by MDM
infected with HIV-1 in vitro was independent of Nef, these results suggest that if HIV-1
Nef protein has an effect on monocyte and macrophage phagocytic function, it is
mediated through a complex indirect effect only evident in vivo. Given that the
impairment of phagocytosis in monocytes from HIV-infected individuals is associated
with defective actin rearrangements, it would be interesting to determine the F-actin
content in monocytes from individuals infected with the attenuated strain of HIV-1
containing deletions in nef gene. To date this has not been possible due to receiving
blood samples of very small volumes.

The ultimate aim of this thesis was to propose a potential adjunctive immunotherapy
which would help to control opportunistic infections in vivo. As GM-CSF is a well-known
immunomodulator augmenting monocyte and macrophage function of human and
murine monocytes/macrophages (reviewed in Section 1.5.3.2), the ability of this
cytokine to restore phagocytosis following HIV-1 infection was investigated. This study
provides clear evidence of improvement of phagocytosis of MAC by MDM infected with
HIV-1 as well as in uninfected MDM from the same donors. A mutant form of GM-CSF,
E21R, binding only to the a chain of the receptor, failed to stimulate phagocytosis of
MAC, suggesting that the principal signals controlling phagocytosis occur via the pchain of the receptor.
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GM-CSF stimulation of MDM prior to HIV-1 infection not only augmented phagocytosis
of MAC by those cells, but also inhibited HIV-1 replication. The effect of GM-CSF on
HIV-1 replication in macrophages has been controversial. Most of the early studies
report augmentation or no change in viral production, with two recent studies
suggesting inhibition of HIV-1 replication in MDM by GM-CSF (reviewed in Section
1.5.3.2). The results presented in this thesis demonstrate that this observed inhibitory
effect is GM-CSF-specific since it is totally reversible by addition of neutralising
monoclonal antibody, 4D4, but not by addition of a non-neutralising apti-GM-CSF
control monoclonal antibody, 4A12. Furthermore, E21R GM-CSF, binding only to the achain of the GM-CSF receptor (Lopez et al., 1992), does not affect HIV-1 replication.
The inhibition of HIV-1 replication was found to occur at or before transcription of viral
genes, in agreement with results reported previously by Matsuda et al. (Matsuda et al.,
1995).

Due to concerns regarding the potential activation of HIV-1 replication, GM-CSF is
used rarely for the treatment of HIV-infected patients. Early clinical trials show that GMCSF treatment of HIV-infected patients in the absence of antiretroviral therapy may
result in increased serum p24 antigen levels and plasma HIV-1 RNA titres (Kaplan et
al., 1991; Lafeuillade et al., 1996). However, when used in combination with effective
antiretroviral therapy, GM-CSF has been safely administered to patients without any
significant increase in viral load (Yarchoan et al., 1990; Krown et al., 1992). In addition
GM-CSF has been found to augment the antiretroviral activity of 2',3'-dideoxy-3'azidothymidine (AZT), concurrent with an increased anabolism of AZT to its active 51triphosphate moieties (Perno et al., 1992). Data from a recent clinical study of HIVinfected patients receiving antiretroviral therapy and GM-CSF have shown that patients
experienced a decrease in viral load and an increase in CD4 counts (Skowron et al.,
1999;Britesefa/.,2000).
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The clinical study presented in this thesis demonstrates a beneficial effect of GM-CSF
therapy on antimycobacterial activity without a significant increase in viral load. The
augmentation of phagocytosis of MAC and improvement in bacteraemia (measured by
the length of time required for MAC blood cultures to become positive) was seen in the
single HIV-infected patient with multi drug-resistant disseminated MAC adjunctively
treated with GM-CSF. Clinical improvement and augmented monocyte phagocytic
function following GM-CSF therapy has similarly been reported in patients with
advanced HIV-1 infection and other opportunistic infections, including Candida albicans
(Vazquez et al., 1998; Brites et al., 2000). Taken together, these data suggest that
adjunctive GM-CSF therapy may be useful to augment monocyte/macrophage functions
and to restore activity against a variety of opportunistic pathogens in HIV-1 infected
individuals.

The mechanism whereby GM-CSF restores phagocytosis by monocytes and
macrophages following HIV-1 infection remains unknown. The results presented in this
thesis demonstrate that short-term stimulation of uninfected MDM with GM-CSF
augments

FcyR-mediated phagocytosis and increases the

levels of tyrosine

phosphorylation in phagocytosing MDM cultures, indicating tyrosine kinase-mediated
activation. Since GM-CSF treatment of MDM did not enhance phosphorylation of Syk, I
postulate that GM-CSF exerts its stimulatory effect on FcyR-phagocytosis by acting
either distal to Syk kinase in FcyR-mediated signalling cascade or in a parallel pathway
mediated via Fey receptor. A study by Rossman et al (1993) shows that stimulation of
human monocytes with GM-CSF for 48 hours results in increased expression of FcyR
II, and increased binding of IgG-opsonised particles (Rossman et al., 1993). Therefore,
GM-CSF may augment FcyR-mediated phagocytosis by several mechanisms, i.e. by
stimulating the level of Fey receptor expression as well as directly affecting FcyR
signalling pathways. GM-CSF augments phagocytosis mediated via both FcyR and
C'Rs (Bermudez and Young, 1990; Capsoni et al., 1992), therefore it is likely that this
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cytokine acts on the distal signalling events common to phagocytosis mediated via
different receptors, such as mechanisms involved in cytoskeletal rearrangements.

Collectively, the results obtained in this thesis clearly demonstrate that HIV-1 inhibits
phagocytosis by both monocytes and macrophages. Such impaired phagocytosis
following HIV-1 infection is likely to directly contribute to HIV-1 pathogenesis, by
allowing reactivation of opportunistic pathogens normally controlled by cells of
macrophage lineage. The specific mechanisms underlying FcyR-mediated phagocytosis
by human MDM have been characterised and involve the key tyrosine kinases Hck, Syk
and Pyk2, and the actin-binding protein, paxillin (Kedzierska et ai, 2001b). Impaired
FcyR-mediated phagocytosis by HIV-infected MDM results from the strong inhibition of
tyrosine phosphorylation of cellular proteins, specifically at the early signalling events
such as Hck, Syk phosphorylation. The reduced protein level of the y chain of FcyRs
(upstream of Hck and Syk) found in HIV-infected MDM is likely to be responsible for
defective phagocytosis by those cells. Defective phagocytosis by peripheral blood
monocytes obtained from HIV-infected individuals is associated with dysregulated actin
polymerisation (Kedzierska et ai, 2001a). SBBC members infected with attenuated
strains of HIV-1 display normal monocyte functions, suggesting that neffLTR region
might be responsible for inhibition of phagocytosis by monocytes in vivo (Kedzierska et
ai, 2001a). GM-CSF restores phagocytosis of MAC by MDM infected with HIV-1 in vitro
as well as by monocytes within the peripheral blood of HIV-infected patient (Kedzierska
et ai, 2000b). GM-CSF also inhibits HIV-1 replication in MDM in vitro (Kedzierska et ai,
2000a). These results indicate that adjunctive GM-CSF therapy may be useful to
augment monocyte and macrophage function and to restore antimycobacterial activity in
HIV-1 infected patients with opportunistic infections. Therefore, this thesis combines
basic research with some supporting clinical evidence to provide a scientific rationale for
using GM-CSF treatment in the setting of HIV-1 infection. Since opportunistic infections
are the major problem for patients failing HAART and are likely to increase as the
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resistance to antiretroviral drur,.- becomes more widespread, such adjunctive
immunotherapy able to control opportunistic pathogons is urgently needed.
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Cytokines play an important role in controlling the
homoeostasis of the immune system. Infection
with HIV results in dysregulation of the cytokine
profile in vivo and in vitro. During the course of
HIV-1 infection secretion of T-helper type 1 (Th1)
cytokines, such as interleukin (iL)-2, and antiviral
interferon (IFN)-v, is generally decreased, whereas
production of T helper type 2 (Th2) cytokines, IL-4,
IL-10, proinflammatory cytokines (IL-1, IL-6, IL-8)
and tumour necrosis factor (TNF)-a, is increased.
Such abnormal cytokine production contributes to
the pathogenesis of the disease by impairing cellmediated immunity. A number of cytokines have
been shown to modulate in vitro HIV-1 infection
and replication in both CD4 T lymphocytes and
cells of macrophage lineage. HIV-inductive
cytokines include: TNF-a, TNF-p, IL-1 and IL-6,
which stimulate HIV-1 replication in T cells and
monocyte-derived macrophages (MDM), IL-2, IL-7
and IL-15, which upregulate HIV-1 in T cells, and
macrophage-colony stimulating factor, which

stimulates HIV-1 in MDM. HIV-suppressive
cytokines include: IFN-a, IFN-p and IL-16, which
inhibit HIV-1 replication in T cells and MDM, and
IL-10 and IL-13, which inhibit HIV-1 in MDM.
Bifunctional cytokines such as IFN-y, IL-4 and granulocyte-macrophage colony-stimulating factor
have been shown to have both inhibitory and
stimulatory effects on HIV-1. The (3-chemokines,
macrophage-inflammatory protein (MIP)-1a, MIP1(5 and RANTES are important inhibitors of
macrophage-tropic strains of HIV-1, whereas the
a-chemckine stromal-derived factor-1 suppresses
infection of T-tropic strains of HIV-1. This review
outlines the interactions between cytokines and
HIV-1, and presents clinical applications of
cytokine therapy combined with highly active
antiretroviral therapy or vaccines.
Keywords: HIV-1,
macrophages, T cells

cytokines,

chemokines,

Introduction

'i

HIV, a member of the Icntivirus subfamily, causes progressive degeneration of the immune system, leading to the
development of AIDS (Barre-Sinoussi et al., 1983; Gallo et
al., 1983). The main cellular targets of HIV are cells
expressing the CD4 molecule, mainly the CD4 subset or
T cells and cells of macrophage lineage (both peripheral
blood monocytcs and tissue macrophages). These cell types
express chemokine coreceptors for HIV entry, which are
important for the cellular tropism of HIV. CCR5 is the
major co-receptor for macrophage (M)-tropic (R5) strains
of HIV-1, and CXCR4 is the main corcceptor for T cell
(T)-tropic (X4) strains (Alkhatib eta/., 1996a). HlV-associiitcd immune deficiency results from a decline in the
number of CD4 T lymphocytes, defective immunologicai
function of both T cells and macrophages as well as dysregulation of cytokine production (Diamond et al., 1988;
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Biggs etal., 1995; Kedzierska et al., 2000b). Several groups
have demonstrated that HIV infection is associated with a
switch from a predominantly T-hclper type 1 (Thl) to Thclper type 2 (Th2) response, that is, decreased production
of interleukin (IL)-2 and interferon (IFN)-y and increased
levels of IL-4 and IL-10 secretion (Clerici 6c Shearer,
1993), and increased production of proinflammatory
cytokines IL-1, IL-6, IL-8 and tumour necrosis factor
(TNF)-u(Esser <•/«/., 1991).
The susceptibility of cells to productive HIV-1 infection
depends on the level of T-lymphocyte activation and the
stage of monocyte/macrophage differentiation (Zack et al.,
1990; Sonza et al., 1996), suggesting that cytokines and
growth factors that promote activation and differentiation
of cells of the immune system can.also modulate both
HIV-1 infection and replication. Effects of cytokines on
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HIV-1 can be either inhibitor}', stimulator}' or bifunctional
(that is, both inhibitory and stimulatory), indicating that
HIV-1 infection and replication in vivo and in vitro is
under the continuous regulation of a complex cytokine network produced by a variety of cells. This review outlines the
overall interactions between cytokines and HIV-1, considers the mechanisms by which cytokines may contribute to
HIV-1 pathogenesis and presents examples of clinical
applications of cytokine therapy combined with highly
active antiretroviral therapy (HAART) or vaccines.

HIV-1 alters cytokine secretion in vitro and
in vivo

1994). Similarly, deficiency of IL-2 production is one of
the first irnmunological defects that can be demonstrated
in HIV-infected individuals (Kinter & Fauci, 1996). IL-2
production bv in vitro activated PBMC, isolated from
HIV-infected subjects at various stages of disease, is significantly decreased when compared with PBMC obtained
from uninfected subjects (Barcellini ct al., 1994; Mcroni et
al., 1996; Mcyaard et al., 1996). IL-2 production is related
to CD4 T cell counts and clinical status of the patients. It
is significantly decreased in patients with CD4 cell counts
of <200 cells/mm3 compared to those with higher CD4
counts (Hong et al., 1998).

IL-1. IL-1, a 17 kDa protein, is a proinflammatory cytokine
produced predominantly by cells of macrophagc lineage,
and to a lesser extent by B cells, endothelial cells and
fibroblasts in response to infections and inflammation
(Dinarello, 1997). There are two biologically active forms
of IL-1 (IL-la and IL-lp). /;/ vitro infection of monocytederived macrophages (A4DM) with HIV-1 results in
upregulation and constitutive secretion of IL-1 in culture
supernatants (Esscr ct al, 1991, 1996, 1998). Similarly,
monocytes obtained from HIV-infected individuals display
constitutive production of biologically active I L - l a and
IL-ip proteins, which is suppressed during the course of
antiretroviral therapy (Sadeghi et al., 1995; Baqui et al.,
2000).

IL-4. IL-4, an 18 kDa monomeric protein, is a Th2 cytokine
produced predominantly by activated CD4 T cells, but also
by NK cells, mast cells and basophils. It stimulates B-cell
activation and differentiation, secretion of IgGl and IgE,Tcell activation and M H C II expression on B cells and
macrophages (Paul, 1991). Several studies have shown that
increased secretion of IL-4 is associated with HIV-1 infection in vivo. IL-4 production is upregulatcd in mitogenstimulatcd PBMC and CD4 T cells obtained from HIVinfected patients at various stages of disease, including
recently infected patients (Barcellini et al., 1994; Maggi et
al., 1994). Unstimulated PBMC from HIV-infected individuals not receiving antirctroviral therapy have detectable
IL-4 mRNA expression, which falls to undetectable levels
once HAART is commenced (Imami et al., 1999).
Enhanced secretion of IL-4 by HIV-seropositive individuals receiving no antiviral therapy has been recently confirmed by investigators using a sensitive three-colour flow
cytometric assay to quantify intracellular cytokine production at the single cell level (Breytenbach et al., 2001).
However, there arc conflicting reports regarding the effect
of HIV-1 infection on IL-4 production, as reduced or normal IL-4 levels have also been reported in supernatants of
cultured PBMC and purified CD4 T cells obtained from
HIV-infected individuals (Re et al., 1992; Meyaard et al.,
1996).

IL-2. IL-2, a 14-17 kDa monomcric glycoprotcin comprising four a-heliccs, is a Thl cytokine produced by CD4
and CD8 T cells. The primary role of IL-2 is to stimulate
the proliferation of activated T cells, cytotoxic activity of
CD8 T cells and natural killer (NK) cells, as well as inducing B cells and monocyte function (Smith, 1988). /;/ vitro
HIV-1 infection of CD4 T cells results in a significant
downmodulation of IL-2 mRNA expression that can be
reversed by culturing cells in the presence of antiretroviral
drugs (Fan et al., 1997). Stimulation of peripheral blood
mononuclear cells (PBMC), CDS T cell-depleted PBMC
and CD4 T cell lines with HIV-1 envelope glycoprotein
(gpl60) also reduces IL-2 secretion in vitro (Hu et al.,

IL-6.1L-6, a 26 kDa protein, is a proinflammatory cytokine
produced by a variety >>f cells, including T cells, B cells,
macrophages, fibroblasix ,md endothelial cells, in response
to viral or bacterial infection. It has a wide spectrum of
activities including B-ccll stimulation, monocyte differentiation and induction of IL-4 producing cells (Rincon eta/.,
1997). /;; vitro HIV-1 infection of MDM induces upregulation and constitutive secretion of IL-6 in culture supernatants (Esser et al., 1991, 1996, 1998; Foli et al., 1997).
Stimulation with HIV-1 glycoproteins gp41 or gpl20
increases IL-6 production by the human monocytic cell
line, THP-1, and mitogen-activared PBMC, respectively
(Takeshita et al., 1995; Capobianchi, 1996). Similarly, IL-6

HIV-1 infection is associated with dysregulation of
cytokine production in vivo. Decreased secretion of specific cytokines and increased production of others contributes
to the progression of HIV-associated immune deficiency
(Clerici & Shearer, 1993). Using different experimental
approaches, numerous investigators have examined
cytokine production by cells from HIV-infected individuals
as well as within cultures infected with HIV-1 in vitro
(Table 1).

Interleukins
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Table 1. Effects of HIV-1 insertion on cytokine production in vivo and in vitro
Secretion

Cytokine

level

IL-1

Source of cells

HIV infection

MDM
monocytes

In vitro
In vivo

IL-2

444-

CD4 T cells
PBMC, CD4 T cells
PBMC

IL-4

•r

PBMC, CD4 T cells

In vivo

No change

CD4T cells
CD4 T cells

In vivo
In vivo

MDM

In vitro

THP-1 cell line, PBMC

In vitro - gp41.
gp120 stimulation
In vivo

4IL-6

Serum
MDM
Serum,
bronchoalveolar fluid

In vitro
In vivo

IL-10

Monocytes, MDM
PBMC, Monocytes,
MDM

In vitro
In vitro - gp41.
gp120 stimulation

PBMC,
Bronchoalveolar fluid

In vivo

^
444-

IL-13
FN-a

IFN-P

PBMC, CD4, CD8 T cells
Monocytes, MDM
CD4 T cells, Monocytes
Serum
Monocytes, MDM

IFN-Y

GM-CSF
M-CSF

Borghi etal., 1995
Borghi et al., 1995; Capobianchi et al.,
1996; Schols et al., 1996; Gessani et al.,
1997; Taoufic et al., 1997; Barcova et al.,
1998
Ameglio etal., 1994; Barcellini etal., 1994;
Denis etal., 1994; Meroni etal., 1996;
Rizzardi etal., 1998; Imami etal., 1999

In vitro - gp120 stimulation Fantuzzi et al., 1996
In vivo
Marshall etal., 1999
In vivo

Bailer et al., 1999; Zou et al., 1997

In vitro
Gendelman etal., 1990; Perno etal., 1994
In vitro - gp120 stimulation Capobianchi etal., 1996
In vivo
Ambrus et al., 1989; Francis et al., 1992;
Bizzini et al., 1999
In vitro - gp120 stimulation Gessani etal., 1994a, 1997
Fan etal., 1997
Vyakarnam etal., 1990
Meroni etal., 1996; Meyaard etal., 1996;
Bailer etal., 1999

4-

MDM
Monocytes

In vitro
In vivo

Esser etal., 1996,1998
Delemarre etal., 1998

MDM
Cerebrospinal fluid

In vitro
In vivo

Gruber etal., 1995; Kutza etal., 2000
Galloera/., 1994

PBMC, CD4T cells, MDM

In vitro

Monocytes, PBMC,
Serum

In vivo

Vyakarnam etal., 1990; Esser etal.,
1991,1996; Foli etal.. 1997
Lahdevirta et al., 1988; Rizzardi etal.,
1998; Baqui etal., 2000

PBMC, CD4T cells
Cerebrospinal fluid

In vitro
In vivo

Vyakarnam etal., 1990
Jassoy etal., 1993

PBMC

In vivo

Ohashi etal., 1998

CD4 T cells, MDM
PBMC, Plasma

In vitro
In vivo

Greco etal., 1999
Cocchi et al., 1995; Malnati etal., 1997;
Garzino-Demo et al., 1999; Fantuzzi ei al.,
2001

•r

>

Esser etal., 1991,1996,1998
Denis etal., 1994a

In vitro
In vivo
In vitro

TNF-u

SDF-1

Esser etal., 1991,1996, 1998; Foli etal.,
1997
Takeshita et al., 1995; Capobianchi et al..
1996
Birx et al., 1990; Breen et al., 1990

CD4T cells
CD4T cells
PBMC

•r

TNF-|5

Barcellini etal., 1994; Maggi et al., 1994;
Imami et al., 1999
Meyaard etal., 1996
Re etal., 1992

41"
4-

No change

MIP-1«.-p,
RANTES

Monocytes, MDM
PBMC

Esser etal., 1991,1996,1998
Sadeghi et al., 1995; Baqui et al., 2000

In vitro
Fan etal., 1997
In vitro - gp160 stimulation Hu etal., 1994
In vivo
Barcellini etal., 1994; Meroni etal., 1996;
Meyaard etal., 1996; Hong etal., 1998

IL-8

IL-12

Reference

IL, interleukin; MDM, monocyte-derived macrophages; PBMC, peripheral blood mononuclear cells; t, increase; 4- decrease; SDF, stromal-derived
faaor; MIP, macrophage inflammatory protein.
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secretion is increased in the sera of HIV-infected individuals, particularly ;it the early stages of infection, when compared with HIV-seronegative subjects (Birx et a/., 1990;
Breen eta/., 1990). C D 4 T cells and monocytes from HIVinfected subjects, stimulated with phytohaemagglutinin
(PHA) or lipopolysaccaride (LPS), respectively, show
enhanced secretion of IL-6 compared with cells from uninfected individuals (Cayota et a/., 1992; Baqui et a/., 2000).
The spontaneous production of IL-6 has also been
observed in B cells obtained from HIV-infected individuals, suggesting that HIV is able to induce IL-6 production
from a variety of cells of the immune system (Kchrl et at.,
1992).
IL-8. The inflammatory and antimicrobial cytokinc, IL-8.
is produced by macrophages, T cells, neutrophils and
endothelial cells in acute and chronic inflammatory states.
It is a potent chemotactic factor for T cells, NK cells, neutrophils and basophils (reviewed in (Harada et a/., 1994).
IL-8 is upregulated and constitutively secreted following
/;; -vitro HIV-infection of MDM (Esser eta/., 1991, 1996,
1998), but reduced in the chronically infected U937 monocytic cell line (Ohashi eta/., 1994). Elevated levels of IL-8
have been also observed in patients with HIV-1 infection,
both in patients' serum (Matsamoto eta/., 1993) and bronchoalveolar fluid (Denis ScGhadirian, 1994a).
IL-10. IL-10, an 18kDa protein, is a Th2 cytokine produced by activated T and B cells, monocytes, macrophages
and keratinocytes. It inhibits T cell proliferation, predominantly by suppressing synthesis of T h l cytokines (including
IL-2, IFN-y), and inhibits macrophagc activation and
secretion of pro-inflammatory cytokines (IL-1, IL-6, IL-8,
IL-12,TNF-a) (reviewed in Moore eta/., 2001).
In vitro HIV-1 infection as well as gpl20 or gp41
treatment of PBMC, monocytes and MDM results in a
significant increase in IL-10 secretion and IL-10 mRNA
levels in comparison to uninfected or untreated cells
(Borghi et a/., 1995; Capobianchi et a/., 1996; Schols and
Dc Clerq, 1996; Gessani eta/., 1997;Taoufik et <>/., 1997;
Barcova eta/., 1998). However, HIV-1 infection of MDM
with M-tropic strains of HIV-1 at various multiplicities
of infection has also been shown not to induce significant
IL-10 secretion or IL-10 mRNA overcxpression
(Dercuddre-Bosquet et a/., 1997).
The production of IL-10 increases with HIV-1 infection in vivo. There is increased IL-10 secretion (Ameglio et
a/., 1994; Barcellini et <il., 1994; Mcroni et a/., 1996) and
mRNA expression (Imami eta/., 1999) in PBMC obuincd
from HIV-infected patients at all stages of HIV-1 infection
compared to uninfected controls. In patients with advanced
HIV-1 infection elevated IL-10 production correlates with
increased levels of the pro-inflammatory cytokine, TNF-a,
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suggesting that a combination of those two cytokines has
immunopathological consequences and is related to progression to disease (Rizzardi et a/., 1998). Increased levels
of IL-10 have been also observed in bronchoalveolar fluid
from HIV-infcctcd patients at all stages of infection when
compared to levels in uninfected persons (Denis &
Ghadirian, 1994a).
IL-12. IL-12, a 70 kDa heterodimcric protein consisting of
two polypeptide chains, p40 and p35, produced predominantly by cells of macrophage lineage, plays a significant
role in cell-mediated immunity against infections by regulating IFN-y production and modulating responses of cytotoxic T lymphocytes C
and macrophages (Ma &
Montaner, 2000). HIV-1
:tion induces production of
IL-12 by macrophages, subsequently leading to enhanced
production of IFN-y byT cells and NK cells (Trinchieri &.
Scott, 1999). Stimulation of monocytes and macrophages
with gpl20 induces IL-12 secretion in the supernatant and
expression of IL-12 mRNA of both p35 and p40 subunits
(Fantuzzi et a/., 1996). However, PBMC isolated from
HIV-infected subjects are deficient in their ability to produce IL-12 when compared with uninfected donors, and
unable to uprcgulate the IL-12 receptor fJ2 chain in
response to mitogenic stimuli, suggesting that IL-12 secretion is modulated differently in monocyte/macrophages
infected with HIV-1 in vitro and in PBMC during HIV-1
infection in vivo (Marshall eta/., 1999).
IL-13. IL-13, a Th2 cytokine, is produced b y T cells and
dendritic cells. It shares a receptor subunit and immunoregulatory functions with IL-4 on B cells, monocytes, dendritic cells and fibroblasts, but not T cells, due to the absence
of IL-13 receptors on those cells. IL-13 is required for
optimal IgE production by B cells, induces M H C II
expression on antigen presenting cells (APC) and regulates
inflammation by inhibiting proinflammatory cytokine and
chemokine production (reviewed in (de Vries, 1998).
PBMC from HIV-infected individuals activated in vitro
via CD3/CD28, secrete significantly lower amounts of IL13 than urinfected controls (Bailereta/., 1999).This defect
is observed in both CD4 and CD8 T-cell subsets, concurrent with downmodulation of IL-13 mRNA level, and correlates positively with the patient's CD4 T cell count and
negatively with HIV-1 viral load (Zou eta/., 1997; Bailer et
aL,
IL-16. IL-16, a 16 kDa homotetramcric cytokinc, is produced by CD4 T cells, mast cells and eosinophtls in
response to stimuli such as mitogens, histamiae and serotonin. It chemoattracts T cells, monocytes and eosinophils,
and modulates T-cell function by enhancing adhesion and
IL-2 receptor a and HLA-DR expression (Krakauer ?/<//.,
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1998). IL-16 is a natural ligand for the CD4 receptor and
inhibits HIV-1 replication (Maciaszek et al., 1997).
Serum levels of IL-16 in asymptomatic HIV-infectcd
individuals are within the normal range or slightly
increased, although a significant reduction in IL-16 secretion occurs with progression of HIV-1 infection when
compared with levels in uninfected subjects (Amiel et al.,
1999; De Paoli et al., 1999). IL-2 treatment of HIVinf-jcted individuals significantly enhances production of
IL-16 after 2 weeks of therapy (De Paoli et al., 1999).

Interferons
Interferons (IFN-d, -|i and -y) have a wide variety of
antiviral, antiprolifcrativc and immunomodulatory effects,
and are capable of inhibiting viral infection in a non-specific manner. IFN-a (produced by leukocytes) and 1FN-|3
(produced by fibroblasts and lymphocytes) arc 18 kDa
monomers, siiare a common type I IFN receptor, activate
indistinguishable signalling pathways and have the same
biological actions (Bazan, 1990). Their functions include
stimulation of CTL-mediatcd killing by increasing MHC I
expression, stimulation of NK cell lytic function, inhibition
of viral replication and cell proliferation. IFN-y, a homodimer glycoprotcin consisting of 21-24 kDa subunits, is
produced by activated T and NK cells and binds to a distinct type II IFN receptor (Bazan, 1990). Apart from
shared activities with IFN-a and -p\ this cytokine also promotes T- and B-cell proliferation, activates mononuclear
phagocytes and neutrophils, increases M H C II expression
and suppresses IL-4 responses (Le Page et al., 2000).
IFN-a. Productive HlV-infcction of monocytcs in vitro
results in reduced production of IFN-a (Gcndelman et al.,
1990; Perno et al., 1994), although binding of CD4 on T
cells or monocytcs with HIV-1 envelope glycoprotcin,
gpl20, has been reported to induce IFN-a production in
both cell types (Capobianchi, 1996). Increased levels of
IFN-a in scrum (Ambrus et al., 1989; Francis et al., 1992;
Bizzini et al., 1999) and cercbrospinal fluid have been
reported in HIV-infectcd individuals with dementia compared with non-demented and uninfected individuals, suggesting that this cytokine may play a role in the pathogenesis of HIV-related dementia (Rho et al., 1995).
IFN-{]. In vitro HIV-1 infection or gpl20 treatment of
monocytes of M D M results in the induction of low levels
of IFN-fi compared with uninfected/untreated cells
(Gcssani et al., 1997). HIV-1 infection of MDM in the
presence of antibodies against IFN-p results in increased
levels of p24 antigen in the culture supernatant, suggesting
that IFN-p secreted by MDM after HIV-1 infection treatment effectively inhibits HIV-1 replication (Gcssani et al.,
1994a).
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IFN-y. The literature provides conflicting evidence regarding the effect of HIV-1 infection on IFN-y production, In
vitro HIV-1 infection of C D 4 T cells results in a significant
downmodulation of IFN-y mRNA expression, blocked by
zidovudine treatment (Fan et al., 1997), but other investigators report enhanced secretion of IFN-y in the culture
supernatant (Vyakarnam et al., 1990). The discrepancies
may be explained by chemokine receptor usage of the HIV1 strain, because increased production of IFN-y by HIVinfected CD4 T cells /// vitro has been shown to occur in
cells infected with only non-syncytium inducing R5 strains
of HIV-1, and not with syncytium inducing X4 strains
(Greco et al., 1999). The production of IFN-y in HIVinfectcd individuals decreases with disease progression
(Clerici & Shearer, 1993; Hong et al., 1998). IFN-y secretion is significantly reduced in the supernatant of PBMC
obtained from HIV-infectcd subjects, and is activated in
vitro when compared with those from uninfected persons
(Meroni et al., 1996; Meyaard et al., 1996), and correlates
with the patient's CD4 count and negatively with HIV-1
plasma viral load (Bailer et al., 1999). Downmodulation of
IFN-y production is observed in both CD4 and CD8 T
cell subsets, and is associated with reduced IFN-y mRNA
levels (Imami et al., 1999), as well as reduced numbers of
lFN-y-producing cells (Meyaard et al., 1996). Treatment
of patients who have late stage HIV-1 infection with antiretroviral therapy, including protease inhibitors, results in a
significant increase in IFN-y production, when compared
with untreated patients (Kcllchcr et al., 1999). However,
there are also reports of increased IFN-y production by
cvtotoxic T cells derived from blood and cerebrospinal fluid
of HIV-infectcd individuals (Jassoy et al., 1993).

Colony-stimulating factors
Granulocyte-macrophage colony-stimulating

factor

(GM-CSF). GM-CSF, a 23-28 kDa glycoprotcin comprising a two-stranded antiparalld (?-sheet and four cx-heliccs
(Lopez et al., 1992), is produced by a variety of cell types,
including activated T cells, endothelial cells, macrophages
and fibroblasts. This haemopoietic growth factor is
required for survival, proliferation and differentiation of
granulocyte/macrophage progenitor cells and the function
of their mature progeny (Armitage, 1998). //; vitro infection of MDM with II1V-1 results in decreased secretion of
GM-CSF in comparison with uninfected cells (Esser et al.,
1996). Reduced GM-CSF production occurs in all the cells
present in HI V-infected cultures, regardless of their level of
infection, as determined by immunocytochcmical staining
for p24 antigen, which suggests that dysregulation of
cytokine production occurs not only in HIV-infected
MDM but also in non-infected cells via an indirect mechanism (Esser et al., 1998). The production of GM-CSF by
non-stimulated monocytes from AIDS patients is similar

137

K Kedzierska & SM Crowe

to that of unintc^tcU individuals, although it increases after
LPS stimulation (Delemarre et al., 1998).
Macrophage colony-stimulating
factor (M-CSF). MCSF, a 40 kDa polyprotcin produced by fibroblasts and
endothelial cells, specifically stimulates the growth and differentiation of cells of macrophage lineage. In vitro HIY-1
infection induces M-CSF production. M D M productively
infected with HIV-1 /;/ vitro produce 5- to 24-fold higher
levels of M-CSF than uninfected cells (Grubcr et til., 1995;
Kutza et al., 2000). Increased levels of M-CSF have been
detected in the ccrcbrospinal fluid of HIV-infccted
patients, presumably synthesized by cells of macrophage
lineage within the brain (Gallo et al., 1994).
TNF. T N F (TNF-a and TNF-J3), a 17 kDa protein, is a
proinflammatory cytokinc forming a homotrimer capable
of cross-linking TNF receptors (Smith & Baglioni, 1987).
T N F - a is produced by a wide variety of cells, including
monocytes, macroohages, T cells, B cells, NK cells, neutrophils and microglia cells, whereas TNF-p secretion is
restricted to B cells and T cells. Both TNF-u and TNF-[3
mediate a broad spectrum of inflammatory and immune
responses, although the effects of TNF-p arc relatively
weaker than TNF-a (Armitagc, 1994}.
TNF-a. T N F - a is increased in association with HIV-1
infection. HIV-1 infection of PBMC and CD4 T cells in
vitro enhances their secretion of T N F - a (Vyakamam et al.,
1990). Exposure of T cells to anti-TNF-a neutralizing
antibody, decreases HIV-1 production (as assessed by p24
antigen release), prevents HIV-induced CD4 T cell depletion in vitro and inhibits N F K B activation, suggesting that
autocrinc secretion of T N F - a controls HIV-1 replication
in primary T colls via N F K B activation (Munoz-Fernandez
et al., 1997). TNF-a is upregulated and constitutivciy
secreted after in vj'ro HIV-infection of MDM, and also
augments the imectivity of macrophages in an autocrine
fashion (Esser et al., 1991, 1996, 1998; Foli et al., 1997;
Esscr et al., 1998). Increased levels of T N F - a are found in
the sera of HlV-intccted individuals, monocytes and
PBMC obtained from HIV-infected subjects and cultured
in vitro (Lahdevirta et al., 1988; Rizzardi et al., i?9«; B.iqui
«•/<//., 2000).
TNF-\\. HIV-1 replicatir.ii in PBMC and CD4 T cells is
associated with enhanced secretion of TNF-p, similar u>
that of T N F - a (Vyakarnam et a!., 1990). HIV-specific
CTL clones derived from peripheral blood and ccrebrospinal fluid of HIV-infected individuals release TNF-p
following siii.i'.iiiidor. with specific antigens (Gag, Env, RT
and Net) (jassoy et .,'., 1993), suggesting that increased
production or*TNF-p in vivo is from HlV-speufic CTL.
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Chemokines
a-Chemokines.
CXC chemokines, known as achemokines, belong to one of three subfamilies of
chemokines defined by their structure and the position of
cysteine residues, a-chemokincs are distinquished by possessing a non-conserved amino acid separating the terminal cysteine residues. The c hemokinc stromal-derived
factor (SDF)-l is a natural ligc d for CXCR4. SDF-1 is a
chemotactic factor for resting hu.ua. ' cells and monocytes that is expressed on a variety ot tissues including
heart, lung, liver, spleen, kidney, brain and muscle. It binds
to CXCR4, promotes calcium mobilization and downmodulation of CXCR4 (Bleul et al, 1996). There arc two
splice variants of the SDF-1 gene: S D F - l a and SDF-ip,
which possesses four extra amino acids at the carboxyl terminus. PBMC obta... d from HIV-infected individuals, at
both sympomatic and asymptomatic stages of disease, display higher levels of SDF-1 mRNA expression than cells
from uininfected individuals (Ohashi et al, 1998).
^-chemokines. The CC chemokine P subset is characterized by two unseparatcd terminal cysteine residues. pchemokines are secreted by a wide variety of cells, including T cells, monocytes, macrophages, fibroblasts and mast
cells, bind to seven transmembrane domain receptors and
promote chemotaxis, leukocyte trafficking, inflammation
and haematopoiesis (Rollins, 1997). Three of the pchemokincs, macrophage inflammatory protein (M1P)lcx, M I P - i p and RANTES have been identified as natural ligands for CCR5, a major co-receptor for M-tropic
strains of HIV-1 (Cocchi eta/., 1995).
In vitro HIV-1 infection of CD4 T cells results in
increased secretion of M l P - l a and M I P - i p by M-tropic
strains of HIV-1, and increased production of RANTES
by both M- and T-tmpic isolates (Greco et al., 1999).
HIV-1 infection also induces MDM to secrete M l P - l a
and M l P - l p , subsequently enhancing chemotaxis and
activating resting T cells (Schmidtmayerova et al., 1996;
Svvingler et al., 1999). Exposure of monocytes and MDM
to gpl20 or interactions between soluble CD40 ligand and
CD40 on MDM, als~ stimulate the production of MIPl a , M I P - i p and RANTES ii. a dose-dependent manner
(Kornbluth et al., 1998; Fantuzzi et al., 2001). Similarly,
activated CDS T cells or PBMC obtained from HIVinfected individuals produce increased levels of M l P - l a ,
M I P - i p and RANTES (Cocchi et a!., 1995, 2000;
Garzino-Demo ei al., 1999). Elevated levels of pchemokines are found in the plasma of HIV-infected individuals at different stages of infection (Malnati eta!., 1997;
Vicenzi et al., 1997), although other investigators report
no difference in serum concentrations of all three pchemokincs between HIV-infected and uninfected individuals (Kreuzer et al., 2000).
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Table 2. Effects of cytokines on HIV-1 replication
Replication
level

Source of tells

HIV
infection

IL-1

PBMC, MOM, U1

In vitro

Po!i etal., 1994b; Granowitz et al., 1995;
Kinter eta/., 1995

IL-2

PBMC, Tce'l line

In vitro

PBMC
IL-4

Monocytes, MDM, PBMC,
U937

In vivc
!n vitro

Foil et al., 1995; Weissman et al., 1995;
Al-Harthi etal., 1998
Kinter etal., 1995

Cytokine

4/
IL-6
o change

In viira

Novak etal., 1990; Schuitemaker etal., 1992;
Wang etal., 1998

PBMC, MDM, U1
Plasma

In vitro
In vivo
In vitro
In vivo
In vitro

Poli etal., 1990,1994b; Poli & Fauci, 1992
Marfaing-Koka et a/., 1996
Moran etal., 1993
Smithgall etal., 1996

1*

PBMC
PBMC

IL-10

4/

MDM, U1

IL-12

*
4/
4>

PBMC, T cell lines
MDM
MDM

IL-15
IL-16

PBMC, T cell lines
PBMC

4/

CD4 T cells, PBMC, MDM,
dendritic cells

IL-18

U1

IFN-a, IFN-p

4/

IFN-Y

4/
4-

Kazazi etal., 1992; Naif etal., 1994,1997;
Foli etal.. 1995

Monocytes, MDM

IL-7

IL-13

Reference

Monocytes, MDM, U937,
T cells
Plasma

Weissman et a/., 1994,1995;
Kootstra etal., 1994; Wang et al., 1998

In vitro
In vitro
In vitro

Foli etal., 1995; Al-Harthi etal., 1998
Akridge & Reed, 1996

In vitro
In vivo
In vitro

Lucey et al., 1997; Al-Harthi et al., 1998
Lucey etal., 1997

In vitro
In vitro

Montaner etal., 1993,1997; Denis &
Ghadirian, 1994b; Wang etal., 1998

Maciaszek etal., 1997; Amiel etal., 1999;
Truong etal., 1999
Shapiro et al., 1998
Poli etal., 1989,1994b; Shirazi & Pitha, 1992;
Fan etal., 1994; Gessani etal., 1994
Schnittman et al., 1994

Monocytes, MDM

In vivo
In vitro

U1, U937, PBMC, CD4T cells

In vitro

MDM, U937

In vitro

MDM
MDM

In vitro
In vitro

M-CSF

MDM

In vitro

Kornbluth etal., 1989; Kalter etal., 1991;
Perno et al., 1992; Matsuda et al., 1995;
Wang etal., 1998

TNF-«,

T cells, MDM, U1

In vitro

Folks etal., 1989; Kornbluth etal.. 1989;
Novak etal., 1990; Naif etal., 1994;
Han etal., 1996

SDF-1

PBMC, HeLa-CD4 cells

In vitro

Oberlin etal., 1996; Bleul etal., 1996;
Schols et al., 1997; Yang et al., 1999

MIP-1u,

Monocyte, MDM, PBMC,

In vitro

Cocchi, 1995; Alhatib etal., 1996;

RANTES

migroglial cells

*
GM-CSF

Variable

4/
4*

Denis & Ghadirian, 1994b; Fan etal., 1994;
Dhawan etal., 1995; Hariharan etal., 1999
Vyakarnam etal., 1990; Biswas etal., 1992;
Han etal., 1996
Koyanagi et al., 1988; Schuitemaker et al.,
1990; Pomerantz etal., 1990; Perno etal.,
1992
Kornbluth etal., 1989; Hammer etal., 1990
Matsuda etal., 1995; Di Marzio etal., 1998;
Kedzierska et al., 2000a

Cocchi etal., 1996; Paxton etal., 1996;
Dragic et al., 1996; Coffey et al., 1997;
Capobianchi etal., 1998; Vicenzi etal., 2000;
Kitai etal., 2000

IL, interleukin; MDM, monocyte-derived macrophages; PBMC, peripheral blood mononuclear cells:
derived factor; MIP, macrophage inflammatory protein.
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Cytokines alter HIV-1 replication in vitro
and in vivo
HIV-1 replication is controlled by both viral and host factors. A variety of cytokines have been reported to modulate
HIV-1 replication at multiple stages of its life cycle, from
binding to the CD4 receptor to budding of virions from the
infected cells. Cytokines exert both stimulatory and
inhibitory effects on HIV-1 infection and replication in
both C D 4 T cells and cells of macrophagc lineage (Table 2).

infection reduces proviral load and shows evidence of
immune reconstitution, but again without eradication of
viral reservoirs (Lafeuillade ct al, 2001). IL-2 is also used
experimentally in coniliination with DNA vaccines to augment cellular immune responses. Co-administration of
HIV-1 and S1V in DNA vaccines with an IL-2 plasmid in
rhesus monkeys results in controlled viremia and prevention of clinical AIDS in contrast to sham-vaccinated monkeys who experience rapid downregulation of CD4 cell
counts, high viral load and disease progression (Barouch et
al, 2000).

Interleukins
IL-1. IL-1 has been shown to enhance HIV-1 replication in
IL-2-stimulatcd PBMC, MDM, and the Ul latently
infected cell line derived from U937 (Poli ct al, 1994b;
Granowitz eta/., 1995; Kintcr et al, 1995b).
IL-2. IL-2 is one of the most potent HIV-inducing
cytokines (reviewed in Poli & Fauci, 1992). In mitogenstimulated PBMC, but not in unstimulated cells, IL-2
induces production of HIV-1 over 7 days in culture compared with cells unexposed to this cytokine (Foli et al,
1995). IL-2-induced upregulation of HIV-1 replication in
PBMC and in IL-2 dependent T cell lines is mediated predominantly through a post-transcriptional mechanism,
independent of direct HIV-1 long terminal repeat (LTR)
activation (Al-Harthi et al, 1998). The stimulatory effect
of IL-2 on HIV-1 replication can be reversed by antibodies to IL-2 and by IL-10, which blocks IL-2 secretion
(Wcissman et al, 1996). Removal of CD8 T cells results in
a potent stimulation of the HIV-inductivc ability of IL-2 in
PBMC or lymph node mononuclear cells obtained from
HIV-seropositive donors, suggesting that IL-2 induces
CD8 T cells to suppress HIV-1 replication (Kinter et al,
1995a). IL-2 also inhibits apoptosis induced by cross-linking of gpl20 and CD4 receptor in CD4 T cells
(Randrizzani et al, 1995;Tuosto et al, 1995).
IL-2 is used in clinical trials in combination with antiviral agents to increase the efficacy of anti-HIV therapy by
modification of the immune response. Recent studies show
that co-administration of HAART and IL-2 results in
increased CD4 T cell numbers without an increase in viral
load (Emery et al, 2000; Pandolfi et al, 2000; Pett &.
Emery, 2001; Tambussi et al, 2001). Virus cannot be isolated from either the blood or lymph nodes obtained from
HIV-infected patients on HAART/IL-2 therapy (Chun et
al, 1999). 1L-2/HAART also results in a significant reduction in latently infected resting peripheral blood CD4 T
cells (a major reservoir of HIV-1 /'/; vivo), in comparison
with patients receiving HAART alone, although prolonged
therapy for 2 or more years does not eradicate HIV-1
(Zanussi &. De Paoli, 2000). i\ combination of
HAART/IL-2 with IFN-y in patients with early HIV-1
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IL-4. IL-4 displays both stimulatory and inhibitory effects
on HIV-1 replication. IL-4 stimulates HIV-1 production
in mitogen-stimulated PBMC, monocytcs, MDM and
promonocytic U937 cell lines (Kazazi et al, 1992; Naif et
al, 1994,1997; Foli et al, 1995). IL-4 induces upregulation
of HIV-1 replication in M D M when added at the time of
HIV-1 infection, which can be reversed by antibodies to
IL-4 (Kazazi ct al, 1992). However, IL-4 treatment of
freshly isolated monocytes prior to HIV-1 infection downmodulates HIV-1 entry and subsequent replication, possibly as a result of reduced surface expression of the CCR5
co-receptor for M-tropic strains of HIV-1 (Schuitemaker
et al, 1992; Wang et til, 1998). These data suggest that the
state of maturation of monocytcs into macrophages may
determine the stimulatory or inhibitory effect of IL-4 on
HIV-1 .; implication, although even this finding is not clear.
Others have shown that pretreatment of monocytcs with
IL-4 for 5 days prior to HIV-1 infection enhances HIV-1
replication, inducing p24 antigen levels up to 230 times
that of cells cultured in the absence of IL-4 (Novak et al,
1990). The reasons for these discrepancies are not known.
IL-6. IL-6 has been reported to enhance HIV-1 replication
in IL-2-stimulatcd PBMC, MDM and the U l latently
infected eel! line derived from U937 (Poli et al, 1990; Poli
& Fauci, 1992). IL-6 synergizes with TNF-u in upregulation of HIV-1 production and potentiates the TNF-ainduced transcription of N F K B (Poli et al, 1990, 1994b).
Treatment of HIV-infected patients with iymphoma using
an anti-IL-6 monoclonal antibody had no significant effect
on plasma viral load, but reduced B cell-induced production oflgG and IgA (Marfaing-Koka et al, 1996).
IL-7. In vitro treatment of CD3-stimulated PBMC with
IL-7 results in a significant increase in HIV-1 production
(Moran et al, 1993). Similarly, exogenous IL-7 induces
HIV-1 replication in PBMC from asymptomatic HIVpositive patients at proviral HIV-1 DNA and mRNA levels (Smithgall et al, 1996). Co-vaccination of IL-7 with
gpl60 in HIV-intcctcd individuals results in expansion ot
T-cell proliferative responses to HIV-1 Env (Kim et al,
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1997). IL-7 also increases activation and expansion of specific anti-Gag CTL precursors when co-administered to
HIV-infected individuals with a vaccinia/HIV-1 based vaccine, suggesting IL-7-mediated upregulation of cytotoxic
immune responses in HIV-infectcd individuals may potentially be of therapeutic value (Ferrari ct al., 1995).

(Lucey ct al., 1997). Similar to IL-12, an IL-15 expression
plasmid has been found to increase cell-mediated immunity, including CTL activity' and HIV-spccific D T H
responses, induced by an HIV-1 envelope DNA vaccine
when co-administered intranasally to mice (Xin et al.,
1999).

/i.-70. Exposure of primary MDM and the chronically
infected U l cell line to 1L-10 decreases HIV-1 replication
(Weissman et al., 1994, 1995; Wang ct al., 1998). This
effect of 1L-10 is macrophage-specific, because treatment
of T cells with IL-10 does not alter HIV-1 replication
(Kootstra et al., 1994). The inhibitory effect of IL-10 on
HIV-1 replication is associated with its ability to downmodulate production of TNF-a and IL-6 (Weissman et al.,
1994). Immunoblotting demonstrates an accumulation of
Gag precursor protein combined with an absence of mature
p24 or gpl20, suggesting than inhibitory effect of IL-10
occurs at the level of protein processing (Kootstra ct al,
1994).

IL-16. IL-16 inhibits HIV-1 entry and replication in CD4
T cells, M D M and dendritic cells (Truong et al., 1999).
IL-16 treatment of CD8-depleted initogen-activated lymphocytes, obtained from HIV-infected individuals, results
in significant inhibition of secreted p24 antigen (Amiel et.
al., 1999), and reduces apoptosis of PBMC (Idziorek et al,
1998). Pretrcatment of CD4 T cells with IL-16 results in
up to a 60-fold suppression of HIV-1 promoter activity and
prevents Tat activation (Maciaszek et al., 1997). Antiviral
effects of IL-16 suggest a potentially beneficial role on the
inhibition of HIV-1 replication in vivo, although there are
currently no data to support this.

IL-12. IL-12 upregulates HIV-1 replication in mitogenstimulated PBMC and the IL-2 dependent T cell lines
when compared with untreated cells, predominantly
through a post-transcriptional mechanism that is independent of direct HIV-1 LTR activation (Foli ct it/., 1995;
Al-Harthi et al., 1998). Similar to IL-2 treatment, IL-12
inhibits gpl20-induced apoptosis in IL-2-depcndent T h l
clone (Randrizzani et al., 1995). However, IL-12 treatment
of HIV-infected MDM decreases reverse transcriptase
(RT) activity in culture supernatants, suggesting that IL-12
directly suppresses HIV-1 replication in purified MDM
cultures (Akridge 6c Reed, 1996). IL-12 is currently being
employed as an immunomodulator in HIV vaccine trials to
enhance cell-mediated immunity- (Ma & Montaner, 2000;
Ghcrardi ct al., 2001).
IL-13. IL-13 is a potent suppressor of HIV-1 replication in
MDM. This cytokine inhibits both virus infectivity and
virus production by down modulating CCR5 expression on
MDM, blocking the completion of RT and inhibiting
replication at the post-transcriptional level (Montaner ct
al., 1993, 1997; Denis 6c Ghadirian, 1994b; Wang et al.,
1998). IL-13 in the presence of T N F - a reduces HIV-1
replication of a dual-tropic strain of HIV-1 in MDM, concurrent with down modulation of surface expression of
CD4, CCR5 and CXCR4 as well as post-entry viral gene
expression (Bailer et al., 2000).
IL-15. 1L-15 upregulates HIV-1 replication in PBMC and
IL-2-dcpendcntT cell lines in vitro (Lucey et al., 1997; AlHarthi et al., 1998). IL-15 also enhances HIV-1 production in PBMC obtained from HIV-scropositivc individuals
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IL-18. IL-18 stimulates HIV-1 production by up to 30-fold
in the chronically infected monocytic cell line, U l , and is
associated with nuclear translocation of N F K B (Shapiro et
al., 1998). Co-deliver)' of IL-18 (with or without IFN-y)
with DNA vaccine constructs enhances antigen-specific
humoral and cellular responses in rhesus macaques and
mice (Kim et al., 1999; Billaut-Mulot ct al, 2001).

Interferons
Interfcrons (lFN-a, IFN-p and IFN-y) arc generally considered to protect MDM from productive infection by
HIV-1 in vitro, with minimal or no p24 antigen accumulation in the supernatant, and no HIV-1 RNA or DNA in
cell lysates (Kornbluth et al., 1989; Denis & Ghadirian.,
1994b; Fan et al., 1994; Dhawan et al., 1995).
IFN-a. IFN-a is up to 10-20 times less effective than
lFN-y in inhibiting HIV-1 replication in monocytcs and
in the U937 promonocytic cell line in vitro (Shirazi »Sc
Pitha, 1992; Fan et al., 1994) measured by viral protein
levels in the culture supernatant and in cell lysates
(Shirazi &. Pitha, 1992). Electron microscopv suggests an
altered virus assembly, with the production of morphologically altered virus particles (Dianzani et al., 1998) and the
inhibition of budding of newly formed virions from the
cells surface (Poii et al., 1989). IFN-a inhibits HIV-1
replication at multiple levels, suppressing RT and inhibiting the production of late products of RT (Shirazi 6c
Pitha, 1992), and preventing transcription of integrated
provirus (Poli et al., 1994a). The level of inhibition of
IFN-a depends on the cytokine concentration, duration
of exposure to cells in culture, viral strain and multiplicity
of infection (Baca-Regen et al., 1994).
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IFN-a was initially used in the treatment of HIV-1 disease, particularly in patients affected by Kaposi's sarcoma
(Lane et al, 1988). However, relatively high doses of IFNa are required for anti-tumour activity and are not well
tolerated by patients. In patients receiving IFN-rx, drug
intolerance, neutropcnia and anaemia were commonly
observed (Haas et al, 2000). IFN-a therapy transiently
increases CD4 T cell proliferation and reduces HIV titrcs.
The latter effect is prominent in HIV-infected patients
receiving a combination of IFN-a and IL-2 treatment
(Schnittman elal, 1994). Combination therapy of !FN-a2a
with zidovudine and zalcitabine transiently enhances plasma viral load decreases but increases toxicity (Fischl et al,
1997).
IFN-fi. IFN-f5 is also a potent inhibitory antiviral agent in
MDM infected with HIV-1 in vitro. HIV-1 infection of
MDM in the presence of antibodies to IFN-(i results in a
significant enhancement in p24 release, suggesting that
HIV-1 infection of MDM induces production of lFN-(3 in
the culture, which in turn downregulates HIV-1 replication
in MDM (Gessani et al, 1994b). Macrophages derivr I
from umbilical cord blood, transduced with a vector carrying
the IFN-p coding sequence, are resistant to infection with a
M-tropic strain of HIV-1, demonstrating the efficacy on
IFN-|Vmcdiatcd inhibition of HIV-1 replication (Crcmer ct
al, 2000). Constitutive low production of IFN-f$ in peripheral blood lymphocytes by transduction of an IFN-[? retroviral vector into lymphocytes from HIV-infected individuals also inhibits viral production (Vicillard ct a/., 1997).
IFN-y. IFN-y reportedly exerts both stimulatory and
inhibitory effects on HIV-1 replication in MDM, depending
on whether this cytoV..'.. is added before or after infection
(Koyanagi tt al, 1988; Foil Sc Fauci, 1992; Poli etal, 1994a).
A number of investigators have shown the inhibitor}' effect
of lFN-y on HIV-1 replication in monocytes and MDM,
with reduced p24 antigen in supernatant ;;a well as HIV-1
DNA and mRNA levels (Fan et al, 1994; Denis &
Ghadirian, 1994b; Dhawan et al, 1995). IFN-y also inhibits
viral entry, possibly via downmodulation o^ surface expression of CD4, the major receptor for HIV-1, although it
upregulates the expression of CCR5 and CCR3 co-rcceptors
used by M-tropic strains of HIV-1 (Dhawan a al, 1995;
Harihanm ct al, 1999). In U937-derivcd clones, IFN-y
exerts its inhibitory effect on HIV-1 replication via inhibition of the JAK/STAT signalling pathway in these cells
(Bovolenta <?/«/., 1999).
However, fhere are also a number of studies in which a
stimulatory effect of IFN-y on HIV-] infection has been
found. Exposure of chronically infected Ul cells to IFN-y
reportedly activates HIV-1 replication, as measured by cuiture supernatant RT activity, and cell-associated HIV-1
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protein and mRNA (Biswas ct al, 1992). Treatment of
U937 cells with IFN-y modestly increases HIV-1 expression, whereas when added in the presence of TNF-a, IFNY synergistically potentiates the stimulator}' effect of TNFa (Han et al, 1996). IFN-y has also been found to increase
HlV-1-induced syncyrium formation by up to 10000-fold
in PBMC and CD4 T cells infected with HIV-1 in vitro
(Vyakarnam et al, 1990).
In vivo IFN-y administration is generally well tolerated
and augments the anti-bacterial, -fungal and -parasite
activities of monocytes, tissue macrophages and neutrophils
(Murray, 1996). IFN-y treatment of HIV-infected patients
has been used successfully as adjunctive therapy in individuals with drug-resistant tuberculosis or Kaposi's sarcoma
(Hcagy ct al, 1990; Murray, 1996). IFN-y is currently used
experimentally as an adjuvant in vaccine preparations. Coadministration of IFN-y with DNA vaccine constructs
increases antigen-specific antibedy responses to HIV-1 in
rhesus macaques (Kim et ul, 1999).

Colony-stimulating factors
GM-CSF. Early studies investigating the effect of GM-CSF
on HIV-1 replication reported upregulation of HIV-1 production in both MDM (Koyanagi et al, 1988; Perno it al,
1989; Schuitemaker ct al, 1990; Perno ct ul, 1992; Wang et
al, 199S) as well as promonocytic cell lines U937 and Ul
(Folks f.t al, 1987; Pomerantz et al, 1990). However, other
investigators have found either inconsistent (Kornbluth ct
al, 1989; Hammer et ul, 1990) or inhibitory effects of
GM-CSF on HIV-1 entry or replication in M D M
(Matsuda et al, 1995; Di Marzio et al, 1998). Recently, we
have reported that GM-CSF inhibits HIV-1 replication in
MDM in vitro, measured as reduced RT and p24 in the
culture supernatant and reduced mRNA expression
(Kedzierska et al, 2000a). Although a number of laborato: v variables could contribute to the conflicting data, potential confounders have been extensive!"' examined, with
reproduction of assay conditions used by other investigators
(Crowe r.:id Lopez, 1997; Kedzierska ct al, 1998), including strain of HIV-1, source/concentration of GM-CSF,
timing of incubation with cytokine, maturity (monocyte
versus MDM) and strain of HIV-1 used for infection.
Regardless of experimental conditions, reduced replication
of HIV-1 has been consistently observed, and GM-CSFmediatcd inhibition of* HIV-1 replication can be reversed
by the addition of a neutralizing anti-GM-CSF monoclonal antibody (Kedzierska et al, 2000a). Analysis of CD4
and CCR5 surface expression on MDM using a flow
cytometry, suggests that the inhibition of HIV-1 docs not
occur at the entry level, rather inhibition is at or before the
level of transcription. A mutant form of GM-CSF, E21R,
which binds only to the a-chain of the GM-CSF receptor
(Lopez el al, 1992) dojs not inhibit HIV-1 replication in
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MDM, suggesting that GM-CSF inhibits HIV-1 replication via binding to the (5-chain of the GM-CSF receptor
(Kcdzierska et al., 2000a) and subsequent signalling events
in the cell (T Warby, unpublished data).
Currently, GM-CSF is rarely used for the treatment of
HIV-infected patients due to the conflicting in vitro data,
and thus concern regarding potential activation of HIV-1
replication. GM-CSF treatment of HIV-infected patients
in the absence of antiretroviral therapy results in increased
serum p24 antigen levels and plasma HIV RNA titrcs
(Kaplan et al., 1991; Lafcuillade et al., 1996). However,
when used in combination with effective antnetroviral
therapy, GM-CSF has been safely administered to patients
without any significant increase in viral load (Yarchoan et
al., 1990; Krown et ah, 1992; Kedzierska et al., 2000b). In
fact, GM-CSF has been found to increase the activity of
antiretroviral drugs (Pcrno et al., 1992). Data from two
studies of HIV-infected patients receiving antiretroviral
therapy arid GM-CSF have shown that patients experienced a decrease in viral load and an increase in CD4
counts (Skowron et al; 1999; Brites et al., 2000). Clinical
improvement and augmented monocytc phagocytic function against mycobacteria and fungal infections, again
without an increase in viral load, has also been reported in
patients with advanced HIV-1 infection and drug-resistant
opportunistic infections treated with GM-CSF (Vazquez
et al., 1998; Kedzierska et al., 2000b). These data suggest
that GM-CSF might be useful in augmenting macrophage
function, especially in HIV-infected patients with drugresistant opportunistic infections.

Tumour necrosis factors

M-CSF. Pretreatmcnt of MDM with recombinant M-CSF
significantly increases HIV-1 production, measured by RT
and viral nntigen in the culture supernatant on days 7-10
after infection (Kornblufh et al., 1989; Perno et al., 1992).
MDM exposed to M-CSF arc at least 400-fold more susceptible to HIV-1 infection than cells cultured in its absence
(Kalter et al., 1991). M-CSF treatment of MDM results in
increased HIV-1 entry and replication, possibly as a result of
increasing the surface expression of both CD4 and the
CCR5 co-receptor for M-tropic strains of HIV-1 (Wang et
al., 1998). M-CSF exposure also results in increased syncytial formation and increased levels of proviral DNA compared with GM-CSF-treatcd MDM, wi-.ich inhibited
HIV-1 replication (Matsuda et al., 1995). M-CSF increases
HIV-1 production in bone marrow stem cells infected .•'5th
an M-tropic strain of HI V-l> as assessed by p24 antigen '' vels in the culture supernatant (Kitano et al., 1991). Addition
of an M-CSF antagonist, anti-M-CSF monoclonal or polydonal antibodies, or soluble M-CSF receptors dramatically
reduces HIV-1 replication in HIV-infected MDM, suggesting that an M-CSF antagonist may prevent infection of
monocytes and macrophages;';; vivo (Kutza et al., 2000).

\\-Chemokines. p-Cheirokines play an important role in
modulation of HIV-1 infection (Choe et al., 1996). M1Pl a , MIP-ip and RANTES are inhibitors of HIV-1 replication in cells of macrophage lineage (Cocchi et al., 1995,
1996; Alkhatib et al., 1996b; Coffey et al., 1997), PBMC
(Coffey et al., 1997; Vicenzi et al., 2000) and microglial
cells (Kitai et al., 2000), suppressing M-tropic isolates, but
having no effect on T-tropic strains (Cocchi et al., 2000).
Treatment of MDM o r T cells with p-chemokines inhibits
HIV-1 entry (Cocchi et al., 1995; Dragic et al., 1996;
Paxton et al., 1996; Capobianchi et al., 1998), viral production and uncoating as well as CCR5 expression (Jiang &
Jolly, 1999).

Antiviral C'lemistry & Chemotherapy 12:3

I

Both TNF-c* and TNF-(5 arc potent activators of HIV-1
replication in T cells and cells of macrophage lineage
(Folks et al., 1989; Kombluth et al., 1989; Novak et al.,
1990; Naif et al., 1994) via the activation of the cellular
transcription factor, N F - K B (Griffin et al., 1991). The
exposure of PHA-activated T lymphocytes to TNF-cx
before HIV-1 infection docs not modify HIV-1 entry
(Herbcin et al., 1996). T N F - a upregulates production of
HIV-1 mRNA in MDM and in the Ul HIV-infected clone
of the U937 cell line, peaking 3-4 days after infection (Naif
et al., 1994). The effect of TNF-a is potentiated by IFN-y
(Han et al., 1996). T N F - a and TNF-|5 increase HIV-1induced syncytium formation by up to 10000-fold in
PBMC and CD4 T cells infected with HIV-1 /// vitro
(Vyakarnam et al., 1990). However, an inhibitory role of
T N F - a on HIV-1 entry in M D M has also been reported
with T N F - a pretreatment for 3 days before infection,
re-ulting in approximately 75% inhibition of viral entry
(Herbcin et al., 1996).

Chemokines
a-Chemokines. SDF-1 suppresses cell fusion and infection ofT-tropic strains of HIV-1 in PBMC and HeLaCD4 cells when compared with uninfected cells (Bleul et
al., 1996; Oberlin et al., 1996), but docs not affect infection
by M-tropic or dual tropic strains of HIV-1 in vitro
(Oberlin et al, 1996). SDF-1 exerts its inhibitory effect via
binding to CXCR4 (Schols et al., 1997) and downmodulation of CXCR4 (Yang et al., 1999).

HIV-1 and cytokines: summary and
conclusions
HIV-1 infection at all stages of the disease is associated
with chronic immune activation and dysfunctional cytokine
production. During HIV-1 infection a shift of Th cell
function from T h l (decreased production of IL-2 and
IFN-v) to Th2 (increased IL-4 and IL-10 serum levels) is
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thought to play a central role in the immunopathogenesis
of the disease. Increased production of proinflammatory
cytokines (IL-1,1L-6, IL-8 and TNF-a) are also thought
to activate HIV-1 replication and maintain active HIV-1
expression via binding of N F - K B to LTR. This abnormal
cytokine profile can be partially reversed with HAART,
resulting in increases in IL-2 and IFN-y secretion (but not
IL-4 and IL-10), paralleled by suppression of HIV-1 replication and restored C D 4 T cell counts. The use of cytokine
therapy coupled to antiretroviral treatment shows clinical
benefit in some circumstances and restoration of immune
responses.

18:124-131.
Alkhatib G, Brodcr CC &Bcrgcr EA (1996a) Cell rypc specific
fusion cofactors determine human immunodeficiency virus type 1
tropism forT cell lines versus primary macrophagcs.yottrnfl/o/"
Virology 70:5487-5494.
Alkhatib G, Combadicrc C, Brodcr CC, Feng Y, Kennedy PE,
Murphy PM cc Bcrgcr EA (1996b) CC CKR5; a RANTES,
MIP-1 alpha, MIP-lbeta receptor as a fusion cofactor for
macrophage tropic HIV-1. Science 272:1955-1958.
Ambrus J, Poiesz B, Lillie M, Stadler I, Di Berardino L ScChadha
K (1989) Interferon and interferon inhibitor levels in patients
infected with varicella-zoster virus, acquired immunodeficiency
syndrome, acquired immunodeficiency syndrome-related complex,
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The studies presented in this review demonstrate that
HIV-1 replication is under regulation of a complex and
dysregulated network of both HIV-inductive and -suppressive cytokines, together with a variety of viral and cellular
factors. IFN-a, IFN-0,1L-10, IL-13 and IL-16 are clearly the HIV-suppressivc cytokines, whereas TNF-a, T N F [3, M-CSF, IL-1, IL-2,1L-6, IL-7, IL-15 and 1L-18 augment HIV-1 replication. Bifunctional cytokines, such as
IFN-y, GM-CSF and IL-4, reportedly may exert suppressive or inductive effects on HIV-1 infection and replication, possibly depending on the state of differentiation of
monocytes and the experimental protocols used by various
laboratories. HIV-1 infection and replication can also be
modulated by the presence of LPS in cultures, and results
should be carefully examined with this in mind. The presence of LPS has been shown to decrease HIV-1 production
by MDM infected by HIV-1 in vitro (Kombluth ct a/.,
1989), increase viral infectivity of CD4-enriched PBMC
population infected with a T tropic but not an M-tropic
strain of HIV-1 (Juffermans et a/., 2000) as well as upregulate HIV-1 co-reccptors CXCR4 and CCR5 on C D 4 T cells
and induce the secretion of proinflammatory cytokines IL-1,
IL-6, IL-8 and T N F - a (Goletti et al, 1996). Therefore,
there is a complex interplay between cytokines //; vivo. The
modulation of infection by exposure of cells to specific
cytokines in vitro, a reductionist approach, may oversimplify the biological situation.
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FaYR-mediated phagocytosis by human macrophages
involves Hck, Syk, and Pyk2 and is augmented
by GM-CSF
Katherine Kedzierska,*'1" Nicholas J. Vardaxis,* Anthony Jaworowski,* and Suzanne M. Crowe*i+
*AIDS Pathogenesis Research Unit, Macfarlane Burnet Centre for Medical Research, and National Centre for HIV
Virology Research, Fairfield; 'Department of Medicine, Monash University, Prahran; and Department of Medical
Laboratory Science, Royal Melbourne Institute of Technology, Bundoora, Australia

Abstract: The receptors for the constant region
of immunoglobulin G (FCYR) are widely expressed
on cells of hemopoietic lineage and plays an important role in host defense. We investigated the signaling pathways during FcYR-mediated phagocytosis in human monocyte-derived macrophages
(MDMs) and examined the effect of granulocytemacrophage colony-stimulating factor (GM-CSF)
on these events. FcyR-mediated phagocytosis resulted in enhanced tyrosine phosphorylation of a
wide range of cellular proteins and activation of
tyrosine kinases Hck, Syk, and Pyk2, as well as the
multidomain adapter protein poxillin. Stimulation
of MDMs with GM-CSF augmented FcYR-mediated
phagocytosis and increased the levels of tyrosine
phosphorylation in phagocytosing MDM cultures,
indicating tyrosine kinase-mediated activation.
GM-CSF treatment of MDMs without a phagocytic
stimulus did not activate Syk, suggesting that GMCSF may act either distally to Syk in the FCYRmediated signaling cascade or on a parallel pathway activated by the FCYR. This study shows that
early signaling events during FcYR-mediated
phagocytosis in human MDMs involve activation of
Syk, Hck, and paxillin. It also provides the first
evidence for Pyk2 activation during phagocytosis
and a baseline for further studies on the effect of
GM-CSF on FcYR-mediated phagocytosis. J. Leukoc. Biol. 70: 322-328; 2001.

FcyRIIIA (CD16) [reviewed in reference 1]. Most studies delineating the specific signaling events during FcyR-mediated
phagocytosis have been performed using murine macrophages
[2-7] or cell lines transfected with FcyR [8-10], with only two
studies done in human macrophages [11] or monocytes [12].
Several signal transduction pathways utilized by macrophages
activated during FcyR-mediated phagocytosis have been described [reviewed in 13], including requirements for isoforms
of protein kinase C [12], phosphatidylinositol 3-kinase [14,
15], and the Rho family of GTPases [16, 17]. These signaling
events are initiated after clustering of FC7R via activation of
tyrosine kinases of the Src family [18, 19]. Src kinase activation results in the rapid and transient phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) on either the ligand-binding subunit in the cytoplasmic domain of
Fey RII or the associated -y chain of FcyRI and RIIIA [10, 20,
21]. Phosphorylated ITAM motifs may represent docking sites
for Syk that allow its subsequent activation [22, 23]. A requirement for Syk in FcyR-mediated phagocytosis was firstly demonstrated in human monocytes by using antisense oligodeoxynucleotides to eliminate Syk mRNA [24]. Gene knockout
studies subsequently confirmed an absolute and specific requirement for Syk in FcyR-mediated phagocytosis by murine
macrophages [3]. Macrophages derived from the fetal livers of
Syk-deficient mice had defective FcyR-mediated phagocytosis
and actin assembly but unimpaired phagocytosis of Escherichia
coli, yeasts, or latex particles [3].
Activated Syk is thought to promote phosphorylation and
localized accumulation of a number of cytoskeletal substrates
[reviewed in 25], including the actin-binding proteins paxillin,
Key Words: paxillin monocyte-derived macrophage • tyrosine
vinculin, lalin, and a-actinin [6, 26, 27]. Paxillin, a multidokinase • signaling
main adapter protein, is thought to interact with a variety of
proteins, such as focal adhesion kinase (FAK), Pyk2, and Vav,
and in this way it organizes focal adhesion complexes and
INTRODUCTION
cytoskeletal rearrangement [reviewed in 28], Human monocytes and macrophages do not express FAK [29], but they
The receptors for the constant region of immunoglobulin (Ig) G
activate and phosphorylate another member of the FAK family,
(FcyRI, FC7RII, and FcyRIIIA) are the major means by which
cells of the monocyte/macrophage lineage recognize IgG-opsonized particles and promote host defenses, including phagocyCorrespondence: Suzanne Crowe, AIDS Palhogenesis Research Unit, Mactosis, antibody-dependent cellular cytotoxicity, and cytokine
farlane Bumet Centre for Medical Research, Yarra Bend Rd., Fairfield, 3078
and chemokine secretion. The major Fey receptors expressed
Melbourne, Australia. E-mail: crowe@burnet.edu.au
on monocytes are the high-affinity FcyRI (CD64) and a lowReceived December 22, 2000; revised April 4, 2001; accepted April 5,
affinity Fc-/RII (CD32), whereas macrophages also express
2001.
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Pyk2. This kinase is 45% identical in amino acid sequence to
FAK [30] and is shown to be involved in cytoskeletal engagement upon adherence and subsequent calcium or PKC costimulatory activation in human monocytes [29]. A role for
Pyk2 in phagocytosis has not yet been reported.
Here we demonstrate that FcyR-mediated internalization of
IgG-opsonized targets by human monocyte-derived macrophages (MDMs) was dependent on protein tyrosine phosphorylation, with transient activation of the protein tyrosine kinases
Hck, Syk and Pyk2, and redistribution of the multidomain
adaptor protein paxillin between Triton-soluble and Tritoninsoluble cell fractions. In addition, acute stimulation of MDMs
with granulocyte-macrophage colony-stimulating factor (GMCSF) augmented phagocytosis of IgG-opsonized targets and
concomitantly tyrosine phosphorylation of cellular proteins in
an additive manner but did not activate Syk. These observations suggest that GM-CSF might either stimulate phagocytic
pathways activated by the FcyR downstream of Syk kinase or
might do so independently of Syk activation.

MATERIALS AND METHODS
Isolation and culture of monocytes

i i

Human monocytes were isolated from buffy coats of HIV-, hepatitis B virus-,
and human T-cell-lymphotropic virus-seronegative blood donors (supplied by
the Red Cross Blood Bank, Melbourne) by Ficoll-Paque density gradient
centrifugation and plastic adherence as previously described [31]. Immediately
after isolation, cell viability was greater than 95% as assessed by trypan blue
exclusion, and the purity of monocytes was greater than 95% as determined by
immunofluorescent staining with anti-CD14 monoclonal antibody (niAb) (Beclon
Dickinson, Mountain View, CA) and analysis hy (low cytometry (FACStar1"1"*;
Becton Dickinson). Monocytes were cultured in supplemented Iscove's medium [Iscove's modified Dulbecco medium (Cytosystem, Castle Hill, Australia)
supplemented with 10% heat-inactivated human AB + serum, 2 mM l^glulainine, and 24jig/mL of gentomicin] in suspension in polytctrafluorethylene
(Teflon) pots (Savillex, Minnetonka, MN) at on initial concentration of 10 6
cells/mL. Monocytes were cultured for 5 to 7 days prior to phagocytosis assay.
All the reagents and culture supernatants were tested for lipopolysaccharide
levels using the Limulus amoebocyte lysate assay (BioWhittaker, Walkersville,
MD).

Opsonization of target particles
Target particles were opsonized immediately prior to the phagocytosis assay.
Sheep red blood cells (E; lCN-Cappel, Aurora, OH) were washed three times
in phosphate-buffered saline (PBS; Trace Biosciences, Castle Hill, Australia),
and opsonized with a subagglutinating tiler (1:300) of rabbit anti-E antibody
(ICN-Cappel, Aurora, OH) for 30 min at room temperature. Cells were washed
five times in cold PBS and resuspended at a concentration of 1 X lO'/mL in
Iscove's medium. Latex beads (3 |im ' n diameter; Sigma, St Louis, MO) were
coaled with bovine serum albumin (BSA) by incubation in 1 mL of PBS
containing 10 mg of BSA (Sigma) overnight at 4°C, followed by five washes
with cold PBS. Beads were opsonized with 10% rabbit anti-BSA anliserum
(ICN-Cappel, Aurora, OH) for 30 min at room temperature, washed three times
in PBS, and resuspended in PBS at a concentration of 4 X 10° cells/mL.

Phagocytosis assay using IgG-opsonized E
On days 5-7 after isolation, MDMs were plated onto 96-well plates (Costar,
Cambridge, MA) at 5 X 104 cells per well in 100 |iL of supplemented Iscove's
medium and allowed to adhere for 2 h at 37°C in a 5% CO2 humidified
incubator. IgG-opsonized or unopsonized E was added to adhered MDMs at an
E/MDM ratio of 10:1. The plate was centrifuged at 100 g for 5 min at 4°C and
then placed nt 37°C for phagocytosis to proceed. Phagocytosis was terminated
after 30 min by placing the plates on ice and washing cells with ice-cold PBS.

Phagocytosis of erythrocytes was quantified by a colorimetrio assay [32].
Briefly, after unbound E were removed by washing with PPiS, non-phagocytosed erythrocytes attached to MDMs were lysed with 0.2% NaCl for 3 min,
followed by three washes with warm Iscove's medium. Phagocytosed erythrocytes were measured by reaction of hemoglobin with 2,7-diaminoflurene
(Sigma) after lysis of MDMs in C.2 M Tris-HCl buffer containing 6 M urea.
Absorbance was determined at 620 nm in a plate reader (Lobsystems Mulliskan, Helsinki, Finland) and compared to a standard curve generated using
known numbers of E (ranging from 4X10 3 to 5X10 5 ). In selected experiments
MDMs were incubated with the protein tyrosine kinr.se inhibitor Genistein
(Calbiochem, Croydon, Australia) at concentrations ranging from 0.1 to 30 U.M
at 37°C for 30 min prior to phagocytosis assay.

Phagocytosis assays using IgG-opsonized beads
MDMs (2X10 6 cells) were dispensed into 4 mL polypropylene tubes (Becton
Dickinson, Paramus, NJ), washed twice in calcium- and magnesium-free PBS
(PBS-CMF; 500 g for 5 min), and cooled on ice for 20 min in 100 H-L of
PBS-CMF. MDMs were incubated with or without IgG-opsonized beads at 37°C
in a shaking-water bath with a larget/MDM ratio of 10:1. At specified time
points, phagocytosis was arrested by plunging the tubes into ice and washing
the MDMs in ice-cold PBS-CMF, followed by centrifugation at 20,000 g for
30 s. For imniunoblotting and immunoprecipitation experiments, washed cells
were lysed in 100 u.L of Triton lysis buffer containing 25 mM Tris-HCl (pH
7.5), 0.14 M NaCl, 1 mM EDTA, 1% Triton X-100, supplemented with
phosphatase inhibitors [50 mM NaF, 1 mM sodium orthovanadate (Sigma), 40
mM p-glycerophosphate (Sigma)], and the following protease inhibitors: 1 mM
pefabloc, lu.M pepstatin, and 1 u,M leupeptin (Boehringer-Mannheim, Mannheim, Germany).

GM-CSF stimulation
MDMs were stimulated with GM-CSF at 100 ng/mL (kindly provided by A.
Lopez, Hanson Centre, Adelaide, Australia), immediately prior to addition of
phagocytic targets. These phagocytic assays alwaye commenced within 2 min
of adding GM-CSF. Lysates were analyzed either for phagocytosis by a colorimetric assay, for lyrosine-phosphorylated proteins by imniunoblotting, or for
Syk phosphorylation by immunoprecipitation.

Immunoblotting and immunoprecipitation
Cell extracts containing equal amounts of proteins as determined by DC
protein assay (Bio-Rad Laboratories, Hercules, CA) were boiled in sodium
dodecyl sulfate (SDS) sample buffer [10 mM Tris (pH 8.0), 2 mM EDTA, 1%
SDS, 5% P-mercaptoethanol, 5% glycerol], resolved by 10% SDS-poIyacrylamide gel electrophoresis, transferred to nitrocellulose, and blocked for 2 h in
either 3% BSA or 5% nonfat milk. The blots were probed with a recombinant
antibody directed against phosphotyrosine (RC20; Transduction Laboratories,
Lexington, KY) or paxillin (Transduction Laboratories) overnight at 4°C,
followed by secondary antibody conjugated with horseradish peroxidase (Amersham Pharmacia, Buckinghamshire, England), and developed for enhanced
chemiluminescence according to manufacturer's instructions (Amershom Pharmacia). Alternatively, to determine the involvement of various proteins in
FcyR-mediated phagocytosis, cell lysates were immunoprecipitaled with either
a rabbit antibody against Hck (gift from H. C. Cheng, School of Biochemistry,
Melbourne University), anti-Syk mAb (Santa Cruz Biotechnology, Santa Cruz,
CA), or anti-paxillin mAb and then probed with anti-phosphotyrosine antibody
(PY20; Transduction Laboratories) or conversely, immunoprecipitated with
anti-phosphotyrosine mAb and then probed with anti-Pyk2 (Transduction
Laboratories) or anti-Syk mAb. Proteins were immunoprecipitated from extracts with antibodies overnight at 4°C, collected with 15 u,L of protein
G-Sepharose beads (1 h of incubation at 4°C) (Pharmacia Biotech, Uppsala,
Sweden), washed five times in Triton lysis buffer, boiled in SDS sample buffer,
resolved by 10% SDS-polyacrylamide gel electrophoresis, and andyzed by
immunoblotting as described above. To verify the equal protein, input blots
were reprobed with relevant antibodies.

Immunofiuorescence microscopy
Cells fixed with 1 mL of 3% Ultrupure formaldehyde (Polysciences, Warrington, PA) for 20 min were washed twice with cold 0.1 M glycine in
PBS-CMF and permeabilized with 0.1% Triton X-100 (Merck, Kilsyth, Aus-
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tralia) for 1 min. After two washes with 1% fetal bovine serum in PBS-CMF,
cells were stained for inlracellular proteins with mouse anti-phosphotynraine
mAb (PY20) or isotype-matched control IgGl (MOPC 21; Bionetics, Charleston, SC) for 30 min on ice. After two washes with cold PBS-CMF, cells were
incubated with biotin-conjugated anti-mouse Ig (Silenus, Melbourne, Australia) for 30 min on ice, followed by two further washes wk\ cold PBS-CMF.
Subsequently, MDMs were incubated with Texas Red-conjugated streptavidin
(Amersham Pharmacia) for 30 min on ice, washed once with cold PBS-CMF,
fixed with 200 u.L of 1% formaldehyde, and cytocentrifuged onto glass slides.
Protejn tyrosine phosphorylation in both resting and phagocytosing MDMs was
analyzed by confocal laser microscopy (Bio-Rat] MRC500). For some samples,
cells were also stained with phalloidin conjugated to Alexa 488 (Molecular
Probes, Eugene, OR) to determine colocalization of F-actin and phosphotyrosine.

RESULTS
Enhanced protein tyrosine phosphorylation
during Fc7R-mediated phagocytosis by MDMs
Two minutes after the addition of IgG-opsonized latex beads,
increased tyrosine phosphorylation of a number of human
MDM cytoplasmic proteins was evident by immunoblot analysis, with phosphorylation reaching a peak between 5 and 15
mir. (Fig. la). Phagocytosis of IgG-opsonized E was inhibited
by the protein tyrosine kinase inhibitor genistein in a dosedependent manner (Fig. lb), suggesting that tyrosine kinase
activity was required for FcyR-mediated phagocytosis. Phagocytosis of unopsonized E by MDM cultured in the presence or
absence of genistein was below the detection level of the assay.
The majority of antiphosphotyrosine immunoreactivity in
MDMs was localized around the internalized IgG-opsonized
latex beads (Fig. 2b) colocalized with sites of actin polymerization (Fig. 2d). This finding is consistent with binding of
tyrosine-phosphorylated proteins to a cytoskeleton which has
been rearranged around the phagosome. Within 2 min of
initiation of phagocytosis, paxillin, a multidomain adapter protein involved in organizing focal adhesion complexes, was also
found to be preferentially localized around the phagosome (Fig.
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Fig. 1. Fc*yR-medialed phagocytosis and protein tyrosine phosphorylation. (a)
MDMs incubated with IgG-opsonized latex beads (2X1O7) for the indicated
times were lysed in Triton X-100 buffer, and samples of lysate containing 50
u.g of protein were resolved by SDS-polyacrylamide gel electrophoresis. then
probed with antipliosphotyrosine conjugated to horseradish peroxidase (RC20).
Results shown are representative of five experiments using MDMs prepared
from different donors, (b) Inhibition of phagocytosis by genistein. Phagocytosis
of IgG-opsonized E (•) or E (O) was measured in the presence of the indicated
concentrations of genistein viacolorimetric assay as described in Materials and
Methods. Data represent means (±SD) of triplicate determinations.
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2c). Control experiments verified a lack of nonspecific staining
with the isotype-matched antibody (Fig. 2a).

Activation of Hck, Syk, and Pyk2 tyrosine
kinases
Having demonstrated a requirement for tyrosine kinase activity
during Fc^R-mediated phagocytosis by MDMs, we sought to
identify the proteins which were tyrosine phosphorylated in the
experiments depicted in Fig. 1. Based on estimated size, we
investigated several tyrosine kinases that could potentially be
activated during this process. Enhanced tyrosine phosphorylation of Hck, Syk, and Pyk2 was observed within 2-5 min of
FcyR-mediated phagocytosis (Fig. 3). The input of Syk, Hck,
and Pyk2 proteins was standardized according to Lowry's determinations. Protein levels are shown by reprobing the blots
with relevant antibodies [Fig. 3a and b (lower panels)].

Redistribution of paxillin
Within 2 to 5 min of FcyR-mediated phagocytosis, there was
an increase in paxillin phosphorylation which had declined by
30 min (Fig. 4a). Immunoblot analysis of Triton-soluble lysates probed with anti-paxillin antibody showed that the total
level of extracted paxillin levels changed in a corresponding
fashion (Fig. 4b). Total extracted paxillin levels did not vary
during phagocytosis when MDMs were lysed in SDS sample
buffer (total cell extract) (Fig. 4c). Taken together, these results
suggest that in different phases of Fc7R-mediated phagocytosis, paxillin is distributed predominantly in either the cytoskeletal (detergent-insoluble) fraction or cytoplasmic (detergentsoluble) fraction.

Stimulation of FcyR-mediated phagocytosis
by GM-CSF
Stimulation of MDMs with GM-CSF (100 ng/mL) augmented
the level of FcyR-mediated phagocytosis by 20-30% (Fig.
5a). GM-CSF stimulated tyrosine phosphorylation of MDM
cellular proteins, and this effect was further augmented during
phagocytosis of IgG-opsonized latex beads (Fig. 5b). We next
determined whether GM-CSF directly activated Syk, because
in murine macrophages this kinase is a well-established critical intermediate in Fey receptor signaling [3]. Incubation of
MDM with GM-CSF for 2 to 5 min did not alter the extent of
tyrosine phosphorylation of Syk above the levels observed
during FcyR-mediated phagocytosis (Fig. 5c). In addition,
control MDMs which had not been exposed to target particles
did not display detectable Syk phosphorylation in either GMCSF-treated or untreated samples. The level of Syk protein was
equal for all the samples (Fig. 5c, lower panel). Syk coimmunoprecipitated from Triton lysates with several other phosphoproteins in a reproducible pattern. This pattern may represent
a stable complex of Syk with Fey receptors and/or other
signaling molecules located around the phagosome because a
similar pattern was observed in experiments when MDM lysates were immunoprecipitated with anti "y-chain antibody
(data not shown). Taken together, these data suggest that
GM-CSF augments the process of Fc-yR-mediated phagocytosis
by triggering tyrosine phosphorylation of a number of cellular
proteins and most probably by acting downstream of Syk (and,
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Fig. 2 . Colocalization of tyrosine-phosphorylaled proteins and polymerized actin around phagocytic cups in MDMs ingesting IgG-opsonized latex beads. MDMs
were incubated with IgG-opsonized latex beads (3 ujn dinmeter) for 2 min, fixed with 3 % formaldehyde, permeabilired with 0.1% Triton X-100, and stained with
(a) an isotype-matched control (MOPC 21); (b, d) mouse anti-phosphotyrosine mAb; or (c) mouse anti-paxillin mAb. followed by biotinylated anti-mouse Ig and
Texas Red streptavidin conjugate; (d) MDMs were double stained for phosphotyrosine first as above and then with Alexa 488-labeled phalloidin. Areas of the cell
staining with both antibodies appear yellow. MDMs were examined by confocal laser microscopy. Bar = 3 u,m.

by extension, downstream of Src) in the Fc7R-mediated cascade or via a pathway parallel to these events.

number of cellular proteins which localized around the phagocytic cup and that phagocytosis was blocked by a protein
tyrosine kinase inhibitor, genistein. Both Hck (a macrophagespecific Src family kinase) and Syk were phosphorylated after
engagement of human MDM Fey receptors. Here, we also
provide the first evidence for activation of Pyk2 and redistribution of the phosphorylated form of paxillin between the
cytoplasm and cytoskeleton during FcyR-mediated phagocyto-

DISCUSSION
Our data show that FcyR-mediated phagocytosis by human
macrophages was mediated by tyrosine phosphorylation of a
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Fig. 3 . Activation of Hck, Syk, and Pyk2 tyrosine kinases during FcyR-mediated phagocytosis in human MDMs. Cells (2X106) were incubated with
IgG-opsonized latex beads (2X107) in polypropylene tubes in a shaking water bath for the indicated times (0 to 30 min) at 37°C and then lysed in Triton X-100
buffer. Samples of lysate containing 100 jig of protein were immunoprecipitated with (a) anti-Hck or (b) anti-Syk; resolved by SDS-polyacrylamide gel
electrophoresis and immunoblolted with anti-PY-horseradish peroxidase; or immunoprecipitated with (c) anti-PY mAb, resolved by SDS-polyacrylamide gel
electrophoresij and immunoblotted with anti-Syk or anti-Pyk2 mAb. The data are representative of tliree experiments using MDMs from different donors. Protein
levels are shown by re-probing the blots with (a) anti-Hck mAb (lower panel) or (b) anti-Syk mAb (lower panel).
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phagocytosis has also been demonstrated using Hck knock-out
mice, which fail to internalize IgG-opsonized E, while other
hemopoietic functions remain intact [34]. This study also suggested that some functions of Hck are subsumed through
compensatory increases in the activity of another Src kinase,
Lyn, although Lyn could not substitute for Hck in phagocytosis.
Both Hck and Lyn have been shown also to coimmunoprecipitate with FcyR after cross-linking of receptors on THP-1
monocytic cell lines [35] and human monocytes [36]. In the
present work we demonstrate activation of Hck during FcyRmediated phagocytosis in human macrophages.
Phosphorylation of ITAM creates docking sites for Syk, a
kinase shown by a number of studies to play a critical role in
coupling phagocytosis-promoting FcyRs to the actin-based cytoskeleton [reviewed in 25]. A study using stem-loop Syk
antisense oligonucleotides in human monocytes [24], as well as
transfection studies using COS and DT40 cell lines and gene
knockout studies, has demonstrated that Syk activation is
absolutely required for FcyR-mediated phagocytosis, actin assembly, and FcyR-mediated transport to lysosomes [2, 3, 8,
22]. Furthermore, Syk has also been found to be a part of the
activated FC7R complex after cross-linking of receptors in
U937 and THP-1 cell lines [37, 38]. Our data confirm that Syk
is phosphorylated in human MDMs after FcyR-mediated
phagocytosis.
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Fig. 4 . Redistribution of paxillin between cytoplasm and cytoskelcton during
FcyR-mediated phagocytosis in MDMs. Cells were incubated with IgG-opsonized latex beads (2X107) in a shaking water bath for the indicated times (0
to 30 min) at 37°C and lysed in either Triton X-100 or SDS sample buffer, (a)
Triton X-100 lysates containing 100 Jig of protein were immunoprecipitated
with anti-paxillin mAb, resolved by SDS-polyacrylamide gel electrophoresis,
and probed with anti-PY mAb. (b) Triton X-100 lysates (cytoplasmic fraction)
or (c) SDS lysates (whole-cell extracts) containing 50 u.g of protein were
resolved by SDS-polyacrylamide gel electrophoresis and probed with antipaxillin mAb. The data shown are representative of three experiments.

sis. In addition, we show augmentation of FcyR-mediated
phagocytosis by GM-CSF, concomitant with increased tyrosine
phosphorylation of a number of cellular proteins, which did not
however include Syk.
A role for Hck in Fc*yR signaling has been suggested, based
on data showing that macrophages prepared from mice deficient in three Src family tyrosine kinases, Hck, Fgr, and Fyn,
exhibit poor signaling downstream of FC7R (i.e., Syk activation) as well as reduced levels of FcyR-induced functional
responses such as phagocytosis, actin cup formation, and respiratory burst [3, 33]. A specific requirement for Hck in

Activation of Syk is thought to result in the phosphorylation
of various substrates located in the submembranous region
beneath phagocytosed particles, which are required for actin
polymerization and cytoskeletal rearrangement [8]. Paxillin is a
potential downstream effector of Syk, because this protein has
been shown to interact with a variety of proteins involved in
growth control and cytoskeletal reorganization [reviewed in
28]. The abundance of binding motifs in paxillin for structural
and regulatory proteins has led to a suggestion that it is
important in recruiting signaling molecules at sites of actin
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Fig. 5 . Effect of GM-CSF on FcYR-mediated phagocytosis, tyrosine phosphorylation and Syk activation. MDMs were treated with GM-CSF (100 ng/mL), where
indicated, immediately prior to addition of target particles, (a) MDMs (5X10 4 per well) plated onto 96-well plates were incubated with IgG-opsonized E or E for
20 min, and phagocytosis was determined as described in Materials and Methods. Data are representative of 3 donors and are means ± SD. MDMs (2X106) were
incubated with IgG-opsonized latex beads (2X107) for the indicated times, and Triton X-100 buffer lysates were analyzed for (b) tyrosine-phoaphorylated proteins
by probing with horseradish peroxidase-conjugated anti-PY antibody (representative of five experiments using MDMs prepared from different donors); or (c) Syk
lyrosine phosphorylation by immunoprecipitation of Syk and immune-blotting with horseradish peroxidase-conjugated anti-PY antibody (representative of five MDM
donors). Input level of Syk was determined by reprobing the blots with Syk mAb.
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rearrangement and in facilitating their interaction during
phagocytosis [39]. Paxillin has been previously shown to be
tyrosine phosphorylated in murine peritoneal macrophages
during Fc7R-mediated phagocytosis [6] and to colocalize with
phagosomes [6, 26]. Here, we confirm and extend those observations by showing that the phosphorylated form of paxillin is
redistributed between cytoplasm and cytoskeleton during
phagocytosis in human macrophages.
Paxillin phosphorylation after cell adhesion has been postulated to involve the kinase pl25 FAK, shown previously to
bind to paxillin LD motifs [28]. The involvement of FAK in
Fc7R-mediated phagocytosis remains controversial, with one
study showing no enhancement of tyrosine phosphorylation of
FAK during phagocytosis in murine macrophages [6] and another report demonstrating the expression and phosphorylation
of FAK as a result of FC7R cross-linking in human monocytes
[40]. However, it has been reported that human monocytes/
macrophages isolated under stringent conditions and free of
platelet contamination do not express FAK [29; A. Jaworowski,
unpublished results). We therefore determined whether Pyk2,
a kinase with 45% sequence identity to FAK [41], known to be
expressed in human monocytes/macrophages [29] and to bind
to paxillin [42], is activated during FcyR-mediated phagocytosis. Our results demonstrated that tyrosine phosphorylation of
Pyk2 was increased during FcyR-mediated phagocytosis. This
is the first report of stimulation of Pyk2 tyrosine phosphorylation in response to phagocytosis, although this kinase has been
implicated in other processes involving reorganization of the
cytoskeleton, such as locomotion and adhesion [29, 43, 44].
FC7R phagocytosis by both human [45] and murine [46]
macrophages has been found to be up-regulated by GM-CSF, a
cytokine known to augment a number of macrophage effector
functions [reviewed in 47, 48]. Since GM-CSF receptor does
not possess an intrinsic tyrosine kinase catalytic domain, the
activation of protein tyrosine k?nases associated with the £
subunit of the receptor (Janus kinase, signal-transducing activator of transcription, and Src families) mediates GM-CSFstimulated proliferation, differentiation, and gene expression
[49, 50]. Stimulation of human monocytes with GM-CSF for
48 h resulted in increased expression of FC7R II and increased
binding of IgG-opsonized particles [51]. In our experiments,
short-term pretreatment of MDMs with GM-CSF (2-5 min) was
unlikely to increase FC7R expression and de novo receptor
synthesis. Our observations and those of Rossman et al. suggest
that GM-CSF may augment Fc7R-mediated phagocytosis by
several mechanisms, i.e., by stimulating the level of Fc7 receptor expression as well as the phosphorylation of intracellular tyrosine kinases. Because GM-CSF treatment of MDMs did
not enhance phosphorylation of Syk, we postulate that GM-CSF
exerts its stimulatory effect on Fc7R-phagocytosis by acting
either distally to Syk kinase in the Fc7R-mediated signaling
cascade or in a parallel pathway mediated via Fc7 receptor.

n

Our study shows that the early signaling events during
Fc7R-mediated phagocytosis in human MDMs were similar to
those previously characterized in murine macrophages. In both
species, key protein tyrosine kinases were activated during this
process. In addition, we have demonstrated a novel role for the
FAK-related kinase, Pyk2, in phagocytosis and have provided
a baseline for further studies on the stimulatory role of GM-

CSF on macrophage function. Because recent clinical studies
have demonstrated the successful outcome of adjunctive GMCSF treatment for opportunistic infections in immunosuppressed patients [52, 53], an understanding of the mechanism
underlying macrophage stimulation by GM-CSF is potentially
of therapeutic benefit.
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nef-deleted HIV-1 inhibits phagocytosis by monocytederived macrophages in vitro but not by peripheral
blood monocytes in vivo
Katherine Kedzierskaa'f, Johnson Maka'&*, Anthony Jaworowskia'e'*,
Alison Greenwayb'&*, Antoniette Violoa, HiuTat Chana, Jane Hockingc,
Damian Purcellb, John S. Sullivanh, John Mills de and
Suzanne Crowea'e>f
Objective: HIV-1 infection impairs a number of macrophage effector functions, but
the mechanism is unknown. We studied the role of HIV-1 Nef in modulating
phagocytosis by human monocytes and monocyte-derived macrophages (MDM).
Design and methods: Using a flow cytometric assay, phagocytosis of Mycobacterium
avium complex (MAC) by monocytes in whole blood of Sydney Blood Bank Cohort
(SBBC) members infected with a nef-deleted (Anef) strain of HIV-1 was compared with
that of monocytes from uninfected or wild-type (WT) H!V-infected subjects. The
specific impact of Nef on phagocytosis by MDM was determined by either infecting
cells in vitro with A nef strains of HIV-1 or electroporating Nef into uninfected MDM.
Results: MAC phagocytic capacity of monocytes from SBBC members was equivalent
to that of cells from uninfected individuals (P= 0.81); it was greater than that of cells
from individuals infected with WT HIV-1 ( P < 0.0001),- irrespective of CD4 counts
and HIV viral load. In contrast, in vitro infection of MDM with either Anef or WT
strains of HIV-1 resulted in similar levels of HIV replication and equivalent impairment
of phagocytosis via Fey and complement receptors. Electroporation of Nef into MDM
did not alter phagocytic capacity.
Conclusions: This study provides evidence demonstrating the complex indirect effect
of Nef on phagocytosis by peripheral blood monocytes (infrequently infected with
HIV-1) in vivo. Conversely, the fact that MDM infected with either Anef or WT HIV-1
in vitro (high multiplicity of infection) show comparably impaired phagocytosis,
indicates that HIV-1 infection of macrophages can directly impair function, independent of Nef.
© 2001 Lippincott Williams & Wilkins
AIDS 2001, 15:945-955
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Introduction

tor cells against a number of intracellular pathogens
including Mycobacterium avium complex (MAC), Tox-

Cells of macrophage lineage including peripheral blood
monocytes and tissue macrophages are important effec-

These cells provide critical functions in the cell-

oplasma gondii, Candida albicans and Pncumocystis carinii.
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mediated response to these opportunistic pathogens
such as chemotaxis, phagocytosis and intracellular killing. We and others have reported that a number of
these functions are impaired following HIV-1 infection
[1—3]. These defects contribute to the pathogenesis of
AIDS by allowing reactivation or infection with otherwise uncommon opportunistic pathogens (reviewed in
[4]), resulting in significant morbidity and mortality.
The exact mechanism by which HIV-1 impairs monocyte/imcrophage function and promotes disease progression remains unclear. However, the importance of
Nef (a 25 to 30 kDa myristylated accessor/ protein) for
HIV-1 pathogenesis has been demonstrated in prospective studies of the Sydney Blood Bank Cohort (SBBC).
a blood donor and eight transfusion recipients who
were all infected with a strain of HIV-1 containing
deletions within the nef gene and deletions and duplications within the overlapping long terminal repeat
overlap [5-7]. Although there is evidence of recent
clinical progression in two of the cohort members after
16 years of infection, the virus is clearly attenuated in
comparison with wild-type (WT) HIV-1 strains, supporting the role for a functional Nef in HIV-1
pathogenesis in humans [5-7]. An intact nef gene has
also been shown to be important for disease progression
in simian immunodeficiency virus (SIV)-infected adult
rhesus macaques [8] as well as in HIV-infected severe
combined immunodeficient (SCID)-hu mice [9].
However, viral load may play an important role, as
infant macaques infected with undeleted SIV at high
multiplicity of infection developed disease [10].

SBBC members and patients with WT HIV-1 infection. To examine the direct effects of HIV-1 replication within monocyte-derived macrophages (MDM)
we have infected MDM with either »c/"-deleted (A»c/)
or WT strains of HIV-1 in vitro, at relatively high
multiplicity of infection, and assessed phagocytosis of
both IgG- and complement (C')-opsonized targets. To
examine the effects of Nef on phagocytosis directly we
have electroporated Nef protein into uninfected
MDM. The results of this study demonstrate that the
impact of HIV-1 Nef protein on phagocytosis differs
matif-dly in MDM infected in vitro and in monocytes
studied ex vivo, reflecting the potentially different
mechanisms underlying inhibition of phagocytosis in
these two situations.

Methods
Sources of monocytes
Blood (2 ml) was collected from six members of the
Sydney Blood Bank Cohort in lithium heparin anticoagulant, with their informed consent, and dispensed
into polypropylene tubes. Similarly, blood was collected
from HIV-1-infected patients and from uninfected
controls. Peripheral blood was assessed for plasma HIV
RNA by bDNA assay (Chiron Corporation, Emeryville, USA) or reverse transcriptase (RT)-polymerase
chain reaction (Roche Diagnostics, Nutley, New Jersey, USA) according to manufacturers' instructions.

Whole blood phagocytosis assay
Nef is thought to contribute to HIV-1 pathogenesis
through a variety of mechanisms such as down-regulating CD4 and MHC class I expression [11-15], enhancing virion infectivity [16-18] and modulating
signalling pathways via interactions with host cell
proteins (reviewed in [19]). As these latter include
interactions of Nef with cellular proteins and kinases
which are also involved in the process of phagocytosis
(such as Src kinases, Hck and Lyn [20-23], p21activated kinase [24,25], guanine-nucleotide exchange
factor Vav [26] and small GTPases Racl and Cdc42
[27,28]), it is possible that Nef modulation of signalling
pathways involving these proteins inhibits phagocytosis.
The role of Nef on phagocytosis by human monocytes
and macrophages following HIV-1 infection has not
yet been elucidated.
In this study we have investigated the effects of Nef on
phagocytosis of MAC, by comparing monocytes from
members of SBBC with monocytes from subjects who
are either uninfected or infected with WT HIV-1. We
h?ve examined the indirect (e.g. cytokine or chemokine) effects of HIV-1 infection on phagocytosis by
monocytes (infrequently infected with HIV-1) in
whole blood from HIV-infected individuals including

Fluorescein isothiocyanate (FITC)-labelled MAC
(5 X 106 and 1.5 X 107) was added to 100 \il of blood
dispensed in polypropylene tubes (Becton Dickinson,
Franklin Lakes, New Jersey, USA) and placed into a
shaking waterbath at 37°C for phagocytosis to proceed,
as previously described by this laboratory [3,29]. Phagocytosis was temiinated after 10 min by plunging the
tubes into ice. The fluorescence of MAC-FITC adherent to the monocyte surface was quenched using
quenching agent (Orpegen, Heidelberg, Germany).
Monocytes were identified by staining with anti-CD 14
conjugated to phycoerythrin (Becton Dickinson). Erythrocytes were lysed with FACS lysing solution (Becton Dickinson) and the remaining cells were fixed with
1% formaldehyde (Polysciences, Warrington, Pennsylvania,
USA)
for
flow
cytometric
analysis
(FACStar1>LUS). The proportion of monocytes that had
ingested MAC-FITC were plotted against the ratio of
MAC-FITC : monocyte which was calculated from the
total monocyte count as previously described [3].

F-actin content of peripheral blood monocytes
during phagocytosis
Blood (100 JjJ) was dispensed in polypropylene tubes
and cooled on ice for 20 min. To perform phagocyto-
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sis, blood samples were incubated with or without
IgG-opsonized latex beads (3 |im in diameter; Sigma,
St Louis, Missouri, USA) at a concentration of 5 X 107
beads/nil, at 37°C. Phagocytosis was terminated at
various times (0 to 10 min) by plunging the tubes into
ice and fixing the cells with 1 ml of 3% formaldehyde
(20 min, 4°C). Following two washes with cold
0.1 mol/1 glycine in phosphate-buffered saline (PBS)calcium magnesium free (CMF), the monocytes within
blood were stained with anti-CD14 Mab conjugated to
phycoerythrin for 30 mins at 4°C. After a wash in cold
(4°C) PBS-CMF, the erythrocytes were lysed with
FACS lysing solution at 4°C. The remaining white
blood cells were permeabilized with 0.1% Triton-X
100 (Merck, Kilsyth, Australia) for 1 min, washed twice
with 1% FCS/PBS-CMF and stained for F-actin levels
with phalloidin-Alexa 488 (Molecular Probes, Eugene,
Oregon, USA) for 30 min at 4°C. The cells were
washed with cold PBS-CMF, fixed with 1% formaldehyde and analysed by flow cytometry.

Success, New York, USA), followed by goat antimouse IgG conjugated to FITC (FITC-GAM; Tago,
Burlingame, California, USA) or by monitoring R T
activity using a micro R T assay as previously described
[30].
Phagocytosis by M D M infected with HIV-1 in
vitro
Phagocytosis ofMAC-FITC

The phagocytic capacity of MDM for MAC-FITC was
assessed 7 days after HIV-1 infection. Cells (2 X 105
cells in 100 uJ of PBS) were dispensed in polypropylene
tubes (Becton Dickinson) and cooled on ice for
20 min. MDM were incubated at 37°C (or on ice as a
control) for 2 h with MAC-FITC, at various MACFITC : MDM ratios (ranged from 1 : 10 to 1 : 75), in
duplicate. After washing MDM with PBS and quenching adherent MAC-FITC, the cells were fixed and the
proportion of MDM that had ingested MAC-FITC
was quantified by flow cytometry as previously described [3].

HIV-1 infection of MDM in vitro
A subproviral Anef construct, obtained from NIH
AIDS Reagent Program (contributed by Ronald Desrosiers), was used to generate the full length NL4.3A«e/"
proviral DNA. The DNA constructs pNL(AD8) and
pNL(AD8A«e/) were prepared by substituting the
respective envelope coding DNA sequences from
NL4.3 and NL4.3Anef with monocytotropic ADS
envelope coding sequences, converting a T-tropic virus
to M-tropic. A laboratory-adapted M-tropic strain
(HIV-1 Ba-L) of HIV-1 was also used for MDM infections as described previously [30]. The »c/"-deleted
primary isolates ftv,m D36 and C18 (two of the SBBC
members from which virus could be successfully
isolated) were prepared by co-culturing peripheral
blood mononuclear cells (PBMC) from D36 or C18
with HIV-1 seronegative CD8-depleted PBMC that
were pre-stimulated with phytohaemagglutinin (10 pg/
ml; Murex Diagnostics, Dartford, UK) and macrophage
colony-stimulating factor (750U/ml, Genzyme, Cambridge, Massachusetts, USA) for 3 days prior to coculture. Cells were then co-cultured in the presence of
recombinant human interleukin (IL)-2 (10 U/ml;
Boehringer Mannheim, Mannheim, Germany). Purified MDMs from HIV-1 seronegative buffy coats were
infected with HIV-1NL(AD8) chimera, HIV-1 NL(ADBA»</)
chimera, HIV-lfla-L. a "d primary isolates HIV-1 »36 o r
HIV-1 cis from SBBC members at the same multiplicity of infection. Control cells were mock-infected
and cultured under identical conditions. HIV-1 infections were all performed using MDM 5 days after their
isolation, cultured in suspension in polytetrafluorethylene (Teflon) jars (Savillex, Minnetonka, Minnesota,
USA) at a concentration of 1 X 106 cells/ml. HIV-1
replication in MDM was quantified by flow cytometry
by measuring intracellular p24 antigen using a MAb
directed against p24 (2(ig/ml; IgGl, Olympus, Lake

Fc-gamma receptor (Fey Remediated phagocytosis
On day 7-10 following HIV-1 infection, the MDM
were plated onto 96-well plates (Costar, Cambridge,
Massachusetts, USA) at 5 X 104 cells per well in 100 uJ
of supplemented Iscove's medium (Cytosystem, Castle
Hill, Australia), and allowed to adhere for 2 h in a
37°C, 5%CO2 humidified incubator.- Sheep red blood
cells (sRBC; ICN-Cappel, Aurora, Ohio, USA) were
opsonized immediately prior to the phagocytosis assay
with a subagglutinating titre of rabbit anti-sRBC antibody (1 : 300; ICN-Cappel) for 30 min at room temperature. IgG-opsonized or unopsonized sRBC were
added to adhered MDM at a sRBC : MDM ratio of
1 0 : 1 . The plate was centrifuged at 100 X g for 5 min
at 4°C and then placed at 37°C, 5%CO2 for phagocytosis to proceed. Phagocytosis was terminated after
10 min by placing the plates on ice and washing the
cells with ice-cold PBS. The level of phagocytosed
sRBC was determined by colorimetric assay [31].
Briefly, after unbound sRBC were removed by washing with PBS, the bound non-phagocytosed sRBC
were lysed with 0.2% NaCl for 3 min. Phagocytosed
sRBC were assessed after total cell lysis in 0.2 mol/1
Tris-HCl buffer containing 6 mol/1 urea by reaction of
haemoglobin with 2,7-diaminoflurene (Sigma). Absorbance was determined at 620 nm in a plate reader
(Labsystems, Multiskan, Helsinki, Finland), and compared with a standard curve generated using known
amounts of sRBCs (ranging from 2 X 103 to 5 X 105).
C R-mediated phagocytosis

sRBC were opsonized with pre-warmed 2% AB-negative human serum as a source of human complement
components for 30 min at room temperature (Chan HT, unpublished). As controls, sRBC were opsonized
with the same source of AB-negative serum that had

947

948

AlDS2001,Vol15No8
been heat-inactivated at 56°C for 45 min (HI-sRBC).
Prior to the phagocytosis assay, MDM that had adhered
to 96-well plates were activated by treatment with
phorbol-12-myristate-13-acetate (PMA) at a final concentration of 200 nmol/1 per well for 10 min at 37°C.
Subsequently those cells were exposed to C'-sRBC or
HI-sRBC at an sRBC: MDM ratio of 2 0 : 1. C'Rmediated phagocytosis was performed at 37°C for
60 min and assessed by colorimetric assay as described
above for FcyR-mediatcd phagocytosis.

Phagocytosis by Nef-electroporated MDM
To assess the direct effect of Nef on phagocytosis in
vitro, purified recom.bir.ant Nef protein [32] was introduced by electroporation into MDM on day 5 postisolation. Cells that were electroporated with purified
recombinant glutathione-s-transferase (GST) or mockelectroporated (no protein) were used as controls.
Proteins (300 nmol/1 per 1 X 106 cells) were introduced into MDM using a square-wave electroporator
(Bio-Rad, Hercules, California, USA; amplitude, 5 kV;
pulse frequency, 28; burst time, 0.8 s; cycle number,
10). Electroporation of Nef into MDM was confirmed
by immunofluorescence staining using specific anti-Nef
MAb (AE6; AIDS Research and Reference Reagent
Program, NIAID, NIH: HIV-i Nef monoclonal antibody from Dr James Hoxie) immediately after electroporation and at later times as previously described [32].
Electropoiated MDM were returned to cultures and
allowed to recover for 24 h at 37°C in a humidified
incubator and subsequently used for phagocytosis
assays. The impact of Nef on macrophage function was
investigated by assessing its role on MAC-F1TC phagocytosis (as described above) as well as on the level of
tyrosine phosphorylation during FcyR-mediated phagocytosis. The latter was performed by incubating
MDM with igG-opsonized latex beads at a ratio of
1 : 10 respectively at 37°C. At indicated time points
phagocytosis was arrested by plunging the tubes into
ice and washing MDM in ice-cold PBS, followed by
centrifugation at 14 000 rpm for 45 s. Cells were lysed
in 100 (il of Triton-X lysis buffer containing 25 mmol/
1 Tris-HCl (pH 7.5), 0.14mol/l NaCl, 1 mmol/1
EDTA, 1% Triton-X-100, supplemented with the
following phosphatase inhibitors: 50 mmol/1 NaF,
1 mmol/1 sodium orthovanadate (Sigma), 40nimol/l (3glycerophosphate (Sigma), and the following protease
inhibitors: 1 mmol/1 pefabloc, 1 [Xinol/1 pepstatin,
1 Jiniol/1 leut"eptin (Boehringer-Mannheini). After
30 min lysis at 4°C, MDM extracts were centrifuged at
14 000 rpm for 10 min and assessed by immunoblot
analysis.

Immunobiotting
Cell extracts containing equal amounts of proteins, as
determined by DC protein assay (Bio-Rad Laboratories), were boiled in sodium dodecyl sulphate (SDS)
sample buffer (10 mmol/1 Tris pH 8.0, 2 mmol/1

EDTA, 1% SDS, 5% p-mercaptoethanol, 5% glycerol)
resolved by 10% SDS-polyacrylamide gel (SDS-PAGE),
transferred to Hyboiid-C nitr vvcUuiose (Amersham
Pharmacia, Litde Chalfont, Buckinghamshire, UK) and
blocked for 2 h in 3% bovine serum albumin (Sigma).
The blots were probed with a recombinant antibody
directed against phosphotyrosine conjugated with
horseradish peroxidase (RC20; Transduction Laboratories, Lexington, Kentucky, USA) overnight at 4°C,
washed five limes in 1 X Tris-buffered saline containing 0.3% Tween-20 (Astral, Gymea, Australia) and
subsequendy developed for enhanced chemiluminescence (ECL) according to manufacture's instructions
(Amersham Pharmacia).

Statistical analyses
Multiple regression was used to model the association
between the percentage of phagocytosis and MACFITC:monocyte ratio, adjusting for HIV-1 infection
status (HIV-1 positive, HIV-1 negative, and »e/"-deleted
SBBC HIV-1 positive). Robust standard errors were
used to account for repeat tests on individuals. To
account for the highly skewed data, the MAC-FITC : monotyte ratio was transformed using natural logarithms. Interactions between MAC-FITC : monocyte
ratio and HIV infection status were investigated by
fitting interaction terms in the model. The analyses
were carried out using Stata statistical software analysis
package (Stata, Collage Station, Texas, USA).
The significance of F-actin contents of monocytes from
HIV-positive and -negative individuals, in vitro infections with WT HIV-1 (HIV-lBa-L or HIV-1NL
(AD8)) and ne/"-deleted strains of HIV-1 (primary
isolates HIV-1D36 and HIV-1C18 or HIV-1NL
(AD8)(nef chimera) as well as the impact of Nef
electroporation on phagocytosis was assessed using the
Student's t test (paired, two-tailed).

Results
Subjects
"Blood was collected from a total of six Sydney Blood
Bank Cohort members (median CD4, 805 X 10° cells/
(il; range, 306 to 2331 X 106 cells/ui; median plasma
HIV RNA < 400 copies/ml; rauge, < 400 to 4000
copies/ml), 16 persons with WT HIV-1 infection
(median CD4, 138 cells X 106 cells/ul; range, 20 to
713 X 106 cells/|il for U subjects tested at the time of
assay; median plasma HIV P^NA 900 copies/ml; range,
< 500 to 385 500 copies/ml for 13 subjects tested) and
three uninfected persons. Bloi d samples from the same
HIV-uniiifected donors were used as a source of
control monocytes in every experiment (Table 1).
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Table 1. Phagocytosis of Mycobacterium avium complex by peripheral blood monocytes in nef-deleted Sydney Blood Bank Cohort (SBBC) and
wild-type (WT) HIV-infected subjects ex vivo. The phagocytosis of Mycobacterium avium complex (MAQ-fluorescein isothiocyanate (FITC) by
monocytes of SBBC and WT HIV-seropositive subjects was compared with that of uninfected controls and is leported as a percentage of the
phagocytosis by seronegative controls for the same M A C : monocyte ratio (% phagocytosis). The values obtained at each MAC : monocyte ratio
for the seronegative controls were standardized as 100% of phagocytic efficiency, as previously described [3]. Each phagocytosis experiment
was performed in duplicate.

WT HIV-infected controls

ne/"-deleted SBBC

Subject
D36

C49
C54

C64

C98

Expt.
(i)
(ii)
(iii)
(i)
(i)
(ii)
(iii)
(iv)
(i)
(ii)
(iii)
(iv)

(i)
(ii)

C135

(i)
(ii)

P-value

Phagocytosis
(% control)
124
101
80
141
123
116
96
96
137
123
101
100
110
115
105
220
0.808

Viral load3

(copies/ml)

CD4 count
(cells X lOVl)

3100
2600
4000
<400
1500
1700
1800
1600
<400
<400
<400
<400
<400
<400
<400
<400

Viral loadb
(copies/ml)

Phagocytosis
(% control)

<500
<500
<500

40

361
414
540
918

*

67
32
23
20
35
65
92
32
83
22
44
57
13
55
130

1260
1419
1120
1152
805
805

1026
2331
612
306
392
495

CD4 count
(cells x 106/l)
713
50
100
N/T
20
363
N/T
N/T
N/T
N/T
40
120
400
247
138
480

N/T

<500
<500
600
N/T

385500
N/T

95600
119800
10700
62400
26900
900

< 0.0001

Mechanism underlying inhibition of phagocytosis
The surface expression of the complement receptor
(CDllc) and Fey receptors (CD16, CD32) was not
modulated in monocytes from individuals infected with
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As SBBC members have been infected with an attenuated strain of HIV-1 for periods in excess of 16 years
prior to the onset of any HIV-related symptoms or
infections [7], it was of interest to determine whether
they had unimpaired phagocytic function, consistent
with slow or absent disease progression. Monocytes
present in whole blood from members of SBBC
phagocytozed MAC-FITC (ingested predominantly via
C'R [33]) with an efficiency similar to that of monocytes from HIV-1-uninfected individuals (P = 0.808),
but significantly better than monocytes from individuals
infected with WT HIV-1 ( P < 0.0001) (Table 1, Fig.
1). In addition, monocytes from members of SBBC
phagocytosed Toxoplasma gondii—FVTC (merited predominantly via FcyRH [34]) substantially better than
monocytes from WT HIV-infected individuals (n = 4;
data not shown). These data suggest that both C'Rand FcyR-mediated phagocytosis by monocytes from
WT HIV-infected individuals is impaired, whereas
those from subjects infected with Anef HIV-1 are not.
No correlation was found between the level of inhibition of phagocytosis and either viral load (R = —0.27;
P = 0.38) or CD4 counts (R = 0.35; P = 0.29).

o 80lin

Phagocytosis by monocytes in whole blood from
individuals infected with WTand nef-deleted
HIV-1

FITC

Viral load assessed by areverse-transcriptase-po!ymerase chain reaction, b bDNA assay; N/T, not tested at time of assay.

E

201
40
80
120
MAC-FITC: monocyte ratio

160

Fig. 1 . Quantitation of Mycobacterium avium complex
(MAC)-fiuorescein isothiocyanate (FITC) phagocytosis by peripheral blood monocytes assayed ex vivo. A representative
phagocytic analysis for one Sydney Blood Bank Cohort
(SBBC) member, C54 (open circles), wild-type (WT) HIVinfected individual (open squares) and HIV-seronegative controls (solid triangles). Phagocytosis of MAC-FITC by monocytes obtained from C54 and WT HIV-infected individuals
was compared with regression line fitted to the data points
obtained from HIV-uninfected controls. Results are corrected
for background fluorescence.

WT or nef-de\eted HIV-1 when compared with
uninfected subjects (data not shown), suggesting a
post-receptor mediated mechanism of phagocytosis
inhibition in individuals infected with WT HIV-1. As
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reorganization of the actin-based cytoskeleton is essential for the formation of the phagocytic cup and the
engulfment of phagocytosed particles, the mechanism
of defective phagocytosis in HIV-infected individuals
was further investigated at the actin polymerization
level. A flow cytometric assay was developed to
measure the level of polymerized actin (filamentous
actin; F-actin) in blood monocytes during FcyRmediated phagocytosis (Kedzierska, unpublished).
Monocytes in blood of HIV-infected individuals
showed significantly increased basal levels of polymerized actin in comparison with F-actin level in monocytes from uninfected controls (Fig. 2a; P < 0.05;
n = 5). During phagocytosis there was a significant net
increase of F-actin from basal levels in monocytes from
uninfected controls at between 2 and 10 min of
phagocytosis, but not in monocytes from HIV-infected
individuals (Fig. 2b; n = 3). These data suggest defective actin rearrangement (and thus abnormal phagocytic cup formation) in blood monocytes from HIVinfected subjects.

NL(AD8)]. All infected MDM cultures showed impaired phagocytosis compared with uninfected MDM
( P < 0.001; Fig. 3).
MDM infected with either WT HIV-1 (Ba-L or
NL(AD8)) or Ancf HIV-lcis (primary isolate from
SBBC cohort member C18) or HIV-1NL(AD8)AW/" chimera had impaired phagocytosis mediated via either
Fey and C' receptors using specifically opsonized
targets (igG- and C'-opsonized sRBC) in comparison
with uninfected MDM ( P < 0.001; Fig. 4). Infection
of MDM with undeleted strains of HIV-1 resulted in
similar levels of inhibition of phagocytosis as MDM
infected with WT HIV-1 ( P = 0 . 0 8 and P = 0 . 1 , for
FcyR- and C'R-mediated phagocytosis respectively).
The presence of a nc/^-deletion had no significant effect
on HIV-1 replication in vitro as measured by RT
activity in the culture supernatant (mean R T values of
204 500 cpm/1 X 106 MDM and 125 000 cpm/1 X
10 6 MDM for HIV-1 NL(ADS) and HIV-1 N L ( A D 8 ) / W
chimera respectively; n = 5; P = 0.48) or by flow
cytometric analysis of intracellular p24 antigen (mean
of 59 and 74% p24-posirive MDM for HIV-1NL(AD8)
and HIV-lN]L(AD8)AHf/ chimera respectively; n = 2).

Phagocytosis by purified MDM infected with

HIV-1 in vitro
As phagocytosis by monocytes from SBBC members
was not impaired, the direct effect of Nef on phagocytosis was assessed, initially by using A«e/"strains to infect
MDM in vitro in comparison with W T HIV-1. In vitro
infection of MDM by A nef strains HIV-1D36 (primary
isolate from SBBC member D36) or HIV-1NL(AD8)DH<:/'
chimera impaired phagocytosis of MAC-FITC to the
same degree as infection with WT HIV-1 [Ba-L or
(a)

Phagocytosis by MDM electroporated with Nef
protein
To address directly the effects of Nef on phagocytosis
by MDM, cells were electroporated with Nef. Electroporation of Nef protein into MDM did not affect
phagocytosis of MAC-FITC compared with mock- or
GST-electroporated controls (n = 4; P = 0 . 1 6 and
(b)

P=0.006
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Phagocytosis (mins)
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Fig. 2. F-actin content in peripheral blood monocytes during phagocytosis. Blood samples from HIV-positive individuals (solid
symbols) or uninfected controls (open symbols) were stained for F-actin levels. Cells were (a) unstimulated; or (b) incubated with
IgG-opsonised latex beads (squares, solid lines) or without beads (triangles, dotted lines) at 37°C for indicated times. Following
fixation with 3% formaldehyde, monocytes were stained with CD14-PE monoclonal antibody (Mab). Cells were permeabilized
with 0.01% Triton-X, stained for F-actin levels with phalloidin-Alexa488 as described in 'Methods' section and analysed by flow
cytometry. Data shown represent (a) means ± SEM from five different experiments (b) representative of three experiments using
blood samples from HIV-negative (n = 4) and HIV-positive (n = 3) donors.
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0.54 respectively) (Fig. 5a). As Nef interacts with
cellular proteins and kinases which are also phosphorylated during FcyR-mediated phagocytosis (eg Hck), we
assessed the impact of Nef on the level of tyrosine
phosphorylation during phagocytosis of IgG-opsonized
targets. Stimulation of mock-electroporated MDM
with IgG-opsonized beads triggered an increase in
tyrosine phosphorylation of a wide range of cellular
proteins after 2 min of phagocytosis. Nef- and GSTelectroporated MDM displayed similar levels and patterns of phosphorylation during FcyR-mediated phagocytosis to that induced by mock electroporation (Fig.
5b). These data suggest that HIV-1 Nef does not
inhibit phagocytosis via FcyR or C'R in MDM
infected in vitro.

Fig. 3. Effect of wild-type (WT) HIV-1 and /lef-deleted HIV-1
infection on phagocytosis of Mycobacterium avium complex
(MAQ-fluorescein isothiocyanate (FITC) by monocyte-derived macrophages (MDM). Phagocytosis of MAC-F1TC by
M D M infected in vitro with mock (open bar), WT HIV-1 (BaL or NL(AD8); black bars) or Lnef HIV-1 (NL(AD8)Ane/"
chimera or primary isolate from SBBC member D36; grey
bars) was assessed by a flow cytometric assay on day 7-10
post-infection. The proportion of M D M phagocytosing MAClabelled with FITC (mean ± SEM) is shown using
M D M : MAC-FITC ratio of 1 : 75. These data are the means
compiled from results from 10 different M D M donors.

(a)

Discussion
Our data show that phagocytosis of MAC by blood
monocytes from individuals infected with rtc/^-deleted
strains of HIV-1 was normal, whereas in agreement
with our previous data [3] phagocytosis by blood
monocytes from WT HIV-1 infected subjects was
significantly impaired, in comparison with monocytes
from uninfected controls. However, when MDM from
HIV-1 seronegative individuals were infected in vitro at
the same multiplicity of infection with WT or Atwf
HIV-1 strains, the phagocytic capacity of these MDM

(b)
350'
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% > ' % > * ,
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Fig. 4. Effect of ne/"-deleted HIV-1 on FcyR- and C'R-mediated phagocytosis. Phagocytosis of specific targets (a) Fc-opsonized
and (b) C*-opsonized sRBC was assessed by colorimelric assay. Monocyte-derived macrophages (MDM) on day 5 post-isolation
were infected with either WT HIV-1 Ba.L and HIV-1 N U A D 8 ) (black bars) or Anef strains (HIV-1 N L ( A D 8 ) A m / or HIV-l C ia, nef-delcted
primary isolate; grey bars). Phagocytosis was performed on day 7-10 post-infection. These data represent means ± SEM from (a) five
different MDM donors; (b) three different donors. *Shovvn results from a single experiment.
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(a)

IB: anti-PY
50-i

Nef

GST

50

36
2
3
4
5
Phagocytosis (mins)
0-

Mock

Nef

GST

Fig. 5. Impact of Nef electroporation on phagocytosis of (a)Mycobacterium avium complex (MAQ-fluorescein isothiocyanate
(FITQ; (b) IgG-opsonized beads, (a) Phagocytosis of MAC-FITC by monocyte-derived macrophages (MDM) that were either
electroporated with mock (open bar), Nef (solid bar) or glutathione-S-transferase (GST) (hatched bar) were compared. Shown are
mean ± SEM of four experiments. Student's t-test was performed to measure the significance of these results, (b) M D M ( 2 X 1 0 6 )
were incubated with IgG-opsonized latex beads (2 X 107) for the indicated times, lysed in Triton-X 100 buffer and samples of
lysate containing 50 ug protein were resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis, then probed with
anti-phosphotyrosine conjugated to horseradish peroxidase (RC20). Data shown are representative of two experiments using
MDM prepared from different donors.

were equally reduced. These results suggest that if
HIV-1 Nef protein has an effect on monocyte and
macrophage phagocytic function, it is mediated
through a complex indirect effect only evident in vivo.
A number of investigators have reported impairment of
phagocytosis following WT HIV-1 infection, by
monocytes and alveolar macrophages in vivo as well as
by macrophages infected with WT HIV-1 IH vitro [3542], although others have shown normal monocyte and
macrophage function following HIV-1 infection
[43,44]. These discordant results may be at least
partially explained by the differing methods used by
investigators, in particular whether cells have been
isolated from HIV-infected individuals (where the
proportion of infected cells is very low, in the range of
0.001 to 1%) or from seronegative donors whose
purified MDM were then infected in vitro (with
infection rates often in the range of 30 to 70%). As
previously demonstrated by our group, monocytes and
macrophages are distinct cell populations that differ in
their susceptibility to HIV-1 infection (monocytes
being highly refractory, whereas macrophages are fully
permissive to HIV-1) [45], the expression level of
surface receptors (including CD4, CCR5 and phagocytic receptors) [30,46] as well as in their cytokine/
chemokine production profile (reviewed in [47]). This
study, however, demonstrates defective phagocytosis by

either monocytes or macrophages following HIV-1
infection in vivo and in vitro.

Phagocytosis of opportunistic pathogens such as MAC
(utilizing predominantly C'R for phagocytosis; [33])
and Toxoplastna gondii (utilizing FcyRH; [34]) was
impaired by peripheral blood monocytes from WT
HIV-infected individuals but not from SBBC members
infected with a Ancf strain of HIV-1. Impaired phagocytosis following HIV-1 infection is likely to directly
contribute to HIV pathogenesis, by allowing reactivation of opportunistic pathogens normally controlled by
macrophages. Our data demonstrating normal phagocytic efficiency of monocytes in the blood of SBBC
members is therefore consistent with their long-term
non/slow progression and the absence of opportunistic
infections [7]. As individuals infected with nef-dehted
HIV-1 displayed normal phagocytic efficiency, we
considered that Nef might be responsible for the
observed impairment of phagocytosis following HIV-1
infection. However, as the attenuated virus from this
group also has deletions and rearrangements within the
long terminal repeat [6], a tight correlation of phagocytic efficiency and /undeletion is not possible.
As only a small proportion of blood monocytes (< 1%)
is infected with HIV-1, impaired phagocytosis may be
predominantly an indirect consequence of HIV-1
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infection and might reflect dysregulation of cytokine/
chemokine production by monocytes and/or other
cells present in blood. In support of this proposal,
defective phagocytosis by neutrophils (not targets for
HIV-1 infection) from HIV-positive individuals has
also been reported [41]. Nef may alter phagocytosis
through its influence on the cellular environment and
subsequently on cytokine and chemokine production.
Nef induces the production of two CC-chemokines,
MlPl-ct and M1P1-|3 by macrophages [48], induces
synthesis of IL-15 by MDM [49], IL-10 [50], tumour
necrosis factor-a, IL-6 and IL-lb (Greenway, unpublished) by PBMC or alters IL-2 production by T
lymphocytes [51,52]. As monocyte activation and their
response to phagocytic stimuli are dependent on
cytokine concentration (including IL-2 [53]) Nef may
impair phagocytosis via dysregulated cytokine/cliemokine production.
The nef gene of primate lentiviruses is necessary for
high level virus replication /'/; vivo [8]. It has been also
demonstrated by the work of Ruprecht et al. that SIV
with nef deletion is generally attenuated in adult
macaques, but causes disease in infant macaques, probably as a result of a 'threshold' for pathogenicity
relating to levels of viral replication and viral load
[10,54]. Although it is possible that Nef may influence
phagocytic capacity of monocytes in vivo by affecting
viral load and CD4 counts, our data suggest that the
reduction of phagocytosis was not due to viral load or
CD4 counts. SBBC members who contributed to this
study had low viral load and normal CD4 counts at the
time of phagocytosis measurements, whereas individuals
infected with WT HIV-1 had a wide range of viral
loads and CD4 counts. However, we found no correlation between the observed inhibition of phagocytosis
and either viral load (undetectable or low in approximately 50% of subjects) or CD4 counts in individuals
infected with WT HIV-1, suggesting that the difference in phagocytosis between »c/"-deleted and WT
HIV-infected individuals is not due to either of those
factors. Those results are in the agreement with studies
showing decreased phagocytosis in patients with both
undetectable (< 400 copies/ml) and high viral loads
(> 10000 copies/ml) [42] as well as over a wide range
of CD4 counts [39].
The mechanism of defective phagocytosis by peripheral
blood monocytes from WT HIV-infected individuals
remains unclear. Previous reports [37,38,55], confirmed
by our observations, suggest that HIV-1 infection in
vivo results in either elevated or unchanged expression
of complement and Fey receptors on monocytes, indicating that inhibition of phagocytosis occurs at a postreceptor level. Recently, Elbim et al. [56] showed
increased basal levels of F-actin in monocytes from
HIV-infected individuals, at different stages of disease,
when compared with uninfected subjects. We have

confirmed these findings and have further demonstrated
that monocytes from HIV-infected individuals display
either minimal or no elevation of F-actin above their
basal level during phagocytosis. This is in contrast to
significant net increases from the basal F-actin level in
uninfected controls. As actin polymerization plays a
critical role in the formation of phagocytic cup and
ingestion of phagocytosed panicles, defective actin
rearrangement is a potential mechanism underlying
impaired phagocytic function in HIV-infected individuals. F-actin content in monocytes from individuals
infected with »c/~-deleted HIV-1 remains to be elucidated.
There are other potential mechanisms by which Nef
could directly influence phagocytosis. Nef associates
with several cellular kinases, including Src family
tyrosine kinases, Lck (resulting in impairment of Lckmediated signalling events) [57] and Hck (resulting in
its activation) [23]. As the same signalling pathways are
involved in FcyR-mediated phagocytosis by MDM,
(reviewed in [58]), Nef may influence phagocytosis by
binding to Hck or other relevant kinases or cytoskeletal proteins. To assess this hypothesis we investigated
the direct effects of infection and replication of HIV-1
on macrophage function as well as the effect of Nef in
the absence of other HIV-1 proteins. Phagocytosis of
MAC was defective in MDM infected in vitro with
either WT or »c/"-deleted strain of HIV-1. Experiments to specifically address both FcyR- and C'Rmediated phagocytosis (occurring via different signalling mechanisms [59]) by HIV-infected MDM showed
similar levels of impairment. In our studies deletions
within nef did not significantly alter the replicative
capacity of HIV-1 in MDM (in agreement with
previous reports [60,61], in contrast to other studies
[62]). Therefore, our results suggest that decreased
phagocytosis in vitro is predominantly a direct consequence of HIV-1 replication in MDM, and that Nef
does not contribute to this impairment of MDM
function. Unaltered levels and pattern of tyrosine
phosphorylation of key proteins during FcyRmediated phagocytosis by Nef-electroporated MDM
confirmed that Nef on its own is not sufficient to
inhibit the process of phagocytosis.
In conclusion, there is no impairment in phagocytosis
by monocytes in whole blood from individuals infected
with Ancf strains of HIV-1 in contrast to subjects
infected with WT HIV-1, possibly reflecting an indirect effect of infection with HIV-1 resulting in altered
actin polymerization in these cells. However, in vitro
infection of MDM with undeleted strains and WT
HIV-1 at relatively high multiplicity of infection both
equally impair phagocytosis, indicating a direct effect of
HIV-1 infection and replication on macrophage function, and suggesting that Nef does not directly impact
on macrophage phagocytic activity.
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The role of human immunodeficiency virus type 1 (HIV-1) infection on the ability of human
monocytes/macrophages to phagocytose Mycobacterium avium complex (MAC) in vivo and
in vitro and the effect of granulocyte-macrophage colony-stimulating factor (GM-CSF) on
this function were investigated. By use of a flow cytometric assay to quantify phagocytosis,
HIV-1 infection v us found to impair the ability of monocyte-derived macrophages to phagocytose MAC in vitro, whereas GM-CSF significantly improved this defect. Phagocytosis was
not altered by exposure to a mutant form of GM-CSF (E21R) binding only to the a chain
of the GM-CSF receptor, suggesting that signaling by GM-CSF that leads to augmentation
of phagocytosis is via the /S chain of the receptor. In a patient with AIDS and disseminated
multidrug-resistant MAC infection, GM-CSF treatment improved phagocytosis of MAC by
peripheral blood monocytes and reduced bacteremia. These results imply that GM-CSF therapy may be useful in restoring antimycobacterial function by human monocytes/macrophages.

Infection of monocytes/macrophages with human immunodeficiency virus (HIV) has been reported to impair a number
of effector functions carried out by these cells, resulting in defective phagocytosis of Candida albicans. Aspergillusfumigatus,
and Toxoplastna gondii; impaired intracellular killing of C.
pseudotropicalis, T. gondii, and Mycobacterium avium complex
(MAC); and dysregulation of cytokine production [1-3]. These
alterations in macrophage function are thought to contribute
to the pathogenesis of AIDS by allowing the reactivation of
opportunistic pathogens (reviewed in [4]).
Disseminated MAC infection is one of the most common
opportunistic infections, diagnosed in up to 40% of patients
with advanced HIV infection and causing significant morbidity
and mortality in them. Although combinations of antimycobacterial drugs are usually effective in suppressing symptoms,
drug resistance leading to persistent clinical symptoms is in-
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creasingly being recognized. Granulocyte-macrophage colonystimulating factor (GM-CSF), a cytokine regulating proliferation, differentiation, and function of granulocytes and
macrophages, has been previously shown to up-regulate phagocytosis and intracellular killing of MAC by murine and uninfected human monocyte-derived macrophages (MDM) and
alveolar macrophages in vitro (reviewed in [5]). A recent report
has demonstrated that GM-CSF therapy can also enhance mycobactericidal activity in monocytes from AIDS patients with
MAC bacteremia [6].
We have investigated the ability of human monocytes and
MDM to phagocytose MAC after their having been infected
with HIV-1 in vitro and have studied the effects of GM-CSF
on this function. In addition, we have examined the effect of
a course of adjunctive GM-CSF treatment of a patient with
advanced HIV-1 infection and disseminated infection with multidrug-resistant MAC.

Materials and Methods
Isolation and Culture of Monocytes
Human monocytes were isolated from HIV-seronegative buffy
coats (supplied by the Red Cross Blood Bank, Melbourne) and
cultured in suspension in polytetrafluoroethylene pots as described
elsewhere [1]. Freshly isolated monocytes were either treated with
recombinant human GM-CSF (Genzyme, Cambridge, MA) at a
concentration of 100 ng/mL or left unexposed to GM-CSF as controls. Experiments were also done with a mutant form of GM-CSF
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(E21R; 1 jtg/mL; BresaGen, Adelaide, Australia) with a site mutation within the first a helix, resulting in a substitution of arginine
for glutamic acid [7]. This mutant GM-CSF binds with low affinity
only to the a chain of the GM-CSF receptor.

HIV Infection of MDM
MDM in suspension culture were infected 4-6 days after isolation with the macrophage-tropic strain HIV-lBa.L, as described
elsewhere [2]. After 4 h of exposure to HIV, cells were washed with
PBS and resuspended in supplemented Iscove's medium (Cytosystem, Castle Hill, Australia) in the presence or absence of GM-CSF
or E21R mutant GM-CSF. HIV-1 infection was quantified by measuring p24 antigen (HI V-l p24 assay; Abbott Laboratories, Abbott
Park, IL) in culture supernatants obtained 7 days after infection.

GM-CSF Treatment of the HIV-1-Infected Patient
A 35-year-old man was hospitalized with disseminated MAC
infection resistant to ethambutol, clarithromycin, and amikacin.
He had a history of extensive prior antiretroviral therapy. Two
weeks before commencing GM-CSF treatment, his antiretroviral
regimen was changed by the addition of 2 new drugs (nelfinavir
and abacavir). On day 1 of therapy, he received recombinant GMCSF (Schering-Plough, New South Wales, Australia) by subcutaneous injection at an initial dosage of 400 jtg/day. GM-CSF treatment was suspended on day 7 of therapy because of neutrophilia
and recommenced at a dose of 200 fig/day on day 14, when his
neutrophil count declined to 10.2 X lOVmL. On day 38, he developed central catheter-related sepsis and multiorgan failure. He died
on day 40 from central catheter-associated complications. Further
clinical details of this patient are to be provided elsewhere (authors'
unpublished data).
The patient's peripheral blood was collected twice before beginning GM-CSF treatment and 2 or 3 times per week during GMCSF therapy to assess phagocytosis of MAC by monocytes and to
measure plasma HIV RNA (branched DNA assay; Chiron, Emeryville, CA). Blood and duodenal biopsy specimens were cultured
for MAC by inoculation into BACTEC 13A media (Becton Dickinson Diagnostic Systems, Cockeysville, MD) by standard procedures and cultured at 35°C for up to 8 weeks. A growth index of
>20 determined by use of the BACTEC 460 system indicated a
positive culture. Ziehl-Neelsen and auramine-rhodamine staining
was dene on all positive cultures, and identification was confirmed
by the State Reference Laboratory by means of a DNA probe
'Accuprobe; Gen-Probe, San Diego) and biochemical tests.

i'hagocytosis Assays
With cultured MDM in vitro. On day 7 after HIV infection,
1DM (2 X 105 cells in 100 /*L of PBS) were dispensed in poly'opylene tubes (Be4on Dickinson) and cooled on ice for 20 min.
iDM were incubated for 2 h at 37°C or 0°C with MAC (M. aviuni
id M. intracellulare, a mixture of 4 serovars) labeled with fluoscein isothiocyanate (F1TC), as described by our group [8], at
fferent ratios of MAC-FITC to MDM, in duplicate. Phagocytosis
us arrested by plunging the tubes into ice. The fluorescence of
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adherent MAC-FITC was quenched by use of quenching agent
(Orpegen, Heidelberg, Germany). Cells were washed twice with
cold PBS and fixed with 1% formaldehyde (Polysciences, Warrington, PA). The percentage of MDM that phagocytosed MACFITC was quantified by flow cytometry (FACStar Plus; Becton
Dickinson). The significance of different treatments on phagocytosis was assessed by use of Student's / test (paired, two-tailed).
With monocytes within blood Analysis of phagocytosis of
MAC-FITC by monocytes was done by means of a whole blood
assay as described elsewhere [8]. Briefly, blood from the HIV-1-infected patient treated with GM-CSF was collected in lithium heparin anticoagulant, along with samples from a minimum of 4 HIVseronegative and -seropositive untreated controls. Blood samples
from the same HIV-seronegative controls were used for each experiment. MAC-FITC (5 X 106 and 1.5 X 107) was added to 100
nL of blood dispensed into polypropylene tubes and incubated in
a shaking water bath at 37°C for 10 min. After phagocytosis was
arrested and the fluorescence of adherent MAC-FITC was
quenched, monocytes were stained for 30 min on ice with antiCD 14 antibody conjugated to phycoerythrin (Becton Dickinson).
Erythrocytes were lysed with FACS lysing solution (Becton Dickinson), and white blood cells were fixed with 1% formaldehyde.
The percentage of CD14+ monocytes phagocytosing MAC-FITC
was calculated as the percentage of FITC-labeled cells in the phycoerythrin-positive cell population.

Statistics
Multiple linear regression analysis was used to determine the
effects of HIV infection and GM-CSF therapy on the phagocytic
ability of monocytes. A regression equation was constructed to
estimate percentage of phagocytosis by monocytes as a function
of log10 (MAC-FITC to monocytes) and dummy variables introduced to account for elapsed time, HIV infection status, and GMCSF treatment status. The analysis was done by use of the STATA
(Stata, College Station, TX) statistical analysis package.

Results
Effect of HIV-1 and GM-CSF on phagocytosis of MAC by
MDM in vitro. The effect of HIV-1 Bi,.L infection of MDM in
vitro on phagocytosis of MAC-FITC was assessed by flow cytometry with cells from 10 different donors at a range of ratios
of MDM to MAC-FITC (1 : 12 to 1 : 75). By 7 days after HIV1 infection, we found consistent impairment of phagocytosis
compared with that in uninfected controls (significant at ratios
of 1 : 50 [P<.05] and 1 : 75 [/><.01]; table 1). HIV-1 infection
of MDM was confirmed in all experiments by demonstrating
a rise in p24 antigen in culture supernatants between day 1 and
day 7 after infection (data not shown).
GM-CSF treatment of MDM augmented phagocytosis of
MAC-FITC by HIV-1-infected MDM (significant at ratios
of MDM to MAC of 1 : 25, 1 : 50, and 1 : 75 [P< .05, <.01,
and <.01, respectively]). At the highest ratio, HIV-infected
GM-CSF-treated MDM phagocytosed a mean of 55.9% MACFITC, compared with 34.4% of infected MDM cultured with-
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Table 1. Effect of granulocyle-macrophage colony-stimulating factor (GM-CSF) and human
immunodeficiency virus (HIV) on phagocytosis of Mytobactcrium avium complex (MAC) by monocyte-derived macrophages (MDM) in vitro.
No. of
experiments
10
5

Mock-infected

HlV-infected

Control

GM-CSF

E21R GM-CSF

Control

GM-CSF

E21R GM-CSF

56.1 ± 4.5
64.1 ± 6.2

63.6 ± 3.1
69.7 ± 3.5

41.6 ± 11.0

34.4 ± 4.8
30.9 ± 5.9

55.9 ± 4.8
54.7 ± 4.0

28.5 ± 7.0

NOTE. Data are % of macrophages containing fluorescein isothiocyanatc-labeled MAC. Experiments were
done in duplicate with MDM from different donors at a ratio of MDM to MAC of 1 : 75 (mean ± SD).

out GM-CSF (table 1). Furthermore, phagocytosis by H1V1-infected GM-CSF-treated MDM was restored to levels comparable with those found in uninfected MDM (at a ratio of
1 :75, 55.9% vs. 56.1%; P = .487). The apparent increase in
phagocytosis by GM-CSF-treated uninfected MDM was of
borderline significance (at a ratio of 1 : 75, P = .057).
A mutant form of GM-CSF (E21R), binding only to the a
chain of the GM-CSF receptor, did not augment phagocytosis
of MAC by either HI V-1-infected (P = .68) or paired uninfected
MDM (P = .54; table 1).
Effect of GM-CSF treatment on phagocytosis of MAC by
monocytes from an HI V-1-infected patient. Before GM-CSF
therapy, the phagocytic activity of this patient's monocytes was
significantly lower than that of HIV-uninfecled control subjects
(f<.001). GM-CSF therapy improved the ability of the patient's monocytes to phagocytose MAC to levels comparable
with those of HIV-uninfected persons, starting from day 5 after
commencement of treatment (P= .45; figure \A). The phagocytic activity of monocytes from HlV-infected patients not undergoing GM-CSF therapy was significantly lower than that
of HIV-uninfected controls and the GM-CSF-treated patient
The patient was monitored for MAC bacteremia for >1 year
before GM-CSF therapy. Over this period, blood samples took
a mean of 11.1 days to yield cultures positive for MAC (n =
10). One week before GM-CSF treatment, MAC was cultured
from blood and duodenal biopsy within 6 and 4 days, respectively, whereas after 28-34 days of GM-CSF, the time was 17-24
days (mean, 20.0 days; n = 4; figure \B). The patient experienced only minor fluctuations in plasma HIV RNA levels during therapy, with a possibly significant (defined as >0.5 log,0
copies/mL) increase of 0.7 logl0 copies/mL occurring at only
one time point (day 28 of therapy; figure 1Q.

Discussion
This study shows that phagocytosis of MAC by human
MDM is defective after HIV-1 infection in vitro and that GMCSF treatment can largely restore this antimycobacterial function. These data are supported by results from an HIV-infected
patient with drug-resistant MAC infection whose ex vivo phagocytic capacity was significantly improved during adjunctive
therapy with GM-CSF and was accompanied by a reduction

in MAC bacteremia as measured by the length of time required
for blood cultures to become positive.
The effector cells used in the phagocytosis assay in our study
were MDM infected with HIV-1 after 5 days in culture. We
observed a marked degree of donor variation in the ability of
human MDM to phagocytose MAC under conditions tested
(mean, 56%; range, 35%-82%). This may reflect the variability
in surface expression of CR3 receptors facilitating phagocytosis
of MAC or in complement levels (required for opsonization)
present within human serum used in the experiments. There
was also variable suppression of phagocytosis resulting from
HIV-1 infection of MDM, which may reflect variation in the
proportion of MDM infected with HIV-1, resulting from differing levels of surface chemokine coreceptor expression.
Our findings are consistent with data showing that HIV-1
infection of MDM in vitro impairs immunologic defenses
against other opportunistic pathogens (reviewed in [4]). Similarly, monocytes from HIV-1-infected persons have been found
to be less efficient in terms of phagocytosis and killing [9],
although there are also reports of normal macrophage function
following HIV infection in vivo and in vitro [10]. There are
also inconsistent data regarding the effect of HIV infection on
the ability of monocytes/macrophages to control MAC infection, with the data generally indicating reduced antimycobacterial function [3,11], A number of variables may be responsible
for the inconsistencies in the literature, including the strain of
HIV-1 used in vitro, donor variability of MDM regarding susceptibility to HIV-1 infection, the stage of maturation of monocytes/macrophages at the time of functional assessment, the
type of intracellular pathogen, and the nature of exogenous
cytokines.
Recombinant GM-CSF has been found by most investigators
to augment the antimycobacterial function (including intracellular killing) of normal human and murine monocytes (reviewed in [5]). Earlier studies that used impure preparations of
GM-CSF reported no improvement in macrophage function
after GM-CSF treatment [12]. In our study, there was clear
evidence of improvement in phagocytosis of MAC by MDN:
infected with HIV-1, as well as in paired uninfected MDM fror.
the same donors. A mutant form of GM-CSF, E21R, bindin
only to the a chain of the receptor, failed to stimulate phas.
ocytosis of MAC, suggesting that the principal signals co.
trolling phagocytosis occur via the receptor /3 chain.
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Figure 1. A, Effect of granulocyte-macrophage colony-stimulating factor (GM-CSF) therapy on phagocytosis of Mycobadcrium avium complex
(MAC) by monocytes in ex vivo assay. Phagocytosis of iiuorescein isothiocyanate (FITC)-labeled MAC by monocytes obtained from human
immunodeficiency virus (HIVj-infected patient undergoing GM-CSF therapy (O) was compared with phagocytosis by monocytes obtained from
HIV-uninfected controls (A, • , • ) and HIV-1-infected patients not receiving GM-CSF ( Q A). Shown are representative results from GMCSF-treated patient obtained before GM-CSF treatment (left; P< .01) and 30 days after beginning GM-CSF (right: P= .45). Regression lines
were fitted to data points obtained from HIV-uninfected controls. B, Time to culture positivity for MAC in samples of patient's blood. C, Plasma
HIV RNA levels before and during GM-CSF treatment.

: I

The improvement in phagocytosis of MAC and lengthening
of time to culture positivity for MAC in blood samples from
the single patient with drug-resistant MAC infection adjunctively treated with GM-CSF support our in vitro findings. Similarly, a recent report by Kemper et al. [6] showed enhanced
.iclivation and mycobactericidal activity of blood monocytes
of 4 AIDS patients with newly diagnosed MAC infection ie•eiving azithromycin combined with GM-CSF, compared with
hat of monocytes from patients receiving azithromycin alone.
Iowever, those authors found no significant difference between
roups in the reduction of mycobacteremia, which may reflect
he efficacy of azithromycin on previously untreated MAC. We
-•port here not only increased phagocytosis of MAC but also
nprovement in bacteremia, as measured by the length of time
:quired for blood cultures to become positive, in an HIV-

infected patient with multidrug-resislant disseminated MAC
infection.
Clinical improvement after GM-CSF therapy has similarly
been reported in patients with advanced HIV infection and
fluconazole-resistant C. albicans infection [13]; augmentation of
other aspects of macrophage function has been found in other
immunosuppressed patients [14]. Preliminary data from an ongoing study of AIDS patients receiving nucleoside therapy has
shown that GM-CSF-" administrated twice weekly for 6 months
not only reduced the frequency of opportunistic infections but
also significantly decreased virus load and increased CD4 cell
cooiits of those subjects [15].
Taken together, these data suggest that GM-CSF therapy
may be useful to augment macrophage function and to restore
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antimycobacterial activity in HIV-1-infected and -uninfected
patients.
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Granulocyte-macrophage colony-stimulating factor
inhibits HIV-1 replication in monocyte-derived
macrophages
(Catherine Kedzierskaac, Anne Maerz ac , Tammra Warbya,
Anthony Jaworowskia'c, HiuTat Chana, Johnson Maka, Secondo Sonzaa,

Angel Lopezb'c and Suzanne Crowea'c
Background: Previous studies of the effect of granulocyte-macrophage colony-stimulating factor (CM-CSF) on HIV-1 replication in macrophages have had inconsistent
results, variously reporting no effect, augmentation or inhibition of viral replication.
Objective: To investigate the regulation of HIV-1 in monocyte-derived macrophages
(MDM) by GM-CSF in vitro.
Methods: The role of GM-CSF on HIV-1 replication was assessed as supernatant and
intracellular p24 antigen concentrations and by HIV-1 DNA and mRNA production
under different culture conditions. Expression of CD4 and CCR5 receptors was
examined. The effect of GM-CSF with an E21R mutation, which binds only to the
a-chain of GM-CSF receptor, was used as an additional control.
Results: GM-CSF consistently suppressed HIV-1 replication in human MDM in vitro,
as assessed by supernatant and intracellular p24 antigen concentrations and HIV-1
gag mRNA expression. The inhibitory effect of GM-CSF on HIV-1 replication was
observed regardless of HIV-1 strain, source of GM-CSF, stage of MDM maturation or
timing of GM-CSF exposure in relation to HIV-1 infection. The effect was dose
dependent and reversed by addition of a neutralizing monoclonal antibody (4D4).
Flow cytometric analysis of surface expression of CD4 and CCR5 indicates that GMCSF does not affect HIV-1 entry into MDM. Analysis of intracellular HIV-1 DNA and
mRNA suggests that HIV-1 replication is inhibited at or before transcription. E21R
GM-CSF had no effect on HIV-1 replication in MDM.
Conclusions: GM-CSF regulates HIV-1 replication in MDM, inhibiting HIV-1 replication through binding to the fj-chain of the GM-CSF receptor.
© 2000 Lippincott Williams & Wilkins
AIDS 2000,14:1739-1748
Keywords: granulocyte-macrophage colony-stimulating factor, GM-CSF,
macrophage, HIV, replication

introduction
Cells of macrophage lineage can be infected with
macrophage-tropic (M-tropic) or CCR5-using strains

of HIV-1 I'H vitro and in vivo [1—5], via the CD4
molecule and (5-chemokine co-receptors [6,7].
Although freshly isolated peripheral blood monocytes
(PBMC) are relatively refractor)' to HIV-1 infection ///
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vitro, susceptibility to infection is dramatically improved
by culturing monocytes prior to infection [8,9]. It is
thought that the levels of maturation of monocytes/
niacrophages affects their susceptibility to HIV-1 infection, as tissue niacrophages can be readily infected on
the day of their isolation [6]. HIV-1 replication in
monocyte-derived niacrophages (MDM) infected with
M-tropic/CCR5 HIV-1 strains may be influenced by a
variety of cytokines and growth factors such as various
interleukins, interferons, chemokines, tumour necrosis
factor alpha, colony-stimulating factor-1 (CSF-1) and
granulocyte-macrophage
colony-stimulating
factor
(GM-CSF) [10-17].
GM-CSF, produced by a variety of cell types, including activated T cells, monocytes, niacrophages and
fibroblasts, is required for the survival, proliferation and
differentiation of granulocyte-macrophage precursor
cells and for the function of their mature progeny
(reviewed by Metcalf [18] and Armitage [19]). Early
studies investigating the effect of GM-CSF on HIV-1
replication reported that this factor exerted an upregulatory effect on viral production in both MDM
[14,20-23] and chronically infected promonocytic lines
U937 and Ul [24,25]. However, other investigators
have reported inconsistent [13,26] or negative effects of
GM-CSF on HIV-1 entry or replication in MDM
[27,28] associated with reduced P-chemokine receptor
expression.
GM-CSF mediates its activities through binding to a
heterodimer receptor comprising a ligand-specific achain and a (3-chain that is shared with interleukin (1L)
3 and 5 (reviewed by Annitage [19] and Crowe and
Lopez [29]). Amino acid 21 within the first a-helix of
GM-CSF has been found to be critical for the biological function of GM-CSF and for the interactions
between GM-CSF and the P-chain of the GM-CSF
receptor that are necessary for high-affinity binding
[30]. In order to clarify the effects of GM-CSF on
HIV-1 replication in MDM in vitro, the activity of this
growth factor was examined by several different criteria. A mutant form of GM-CSF (E21R) that binds only
to the a-chain of the receptor [30,31] and this form
was used to examine the effect of GM-CSF on HIV-1
replication.

by Trypan blue exclusion; the purity of monocytes was
greater than 90% as determined by immunofluorescent
staining with anti-CD 14 monoclonal antibody (MAb)
(Becton Dickinson, Mountain View, California, USA)
and flow cytometric analysis. Cells were cultured in
Iscove's modified Dulbecco medium (Cytosystem, Castle Hill, Australia) supplemented with 10% heat-inactivated human AB+ serum, 2 nimol/1 L-glutamine and
24 |ig/ml gentamicin (supplemented Iscove's medium).
Monocytes were cultured adherent to plastic in 24-well
plates (Costar, Cambridge, Massachusetts, USA) or
cultured in suspension in polytetrafluorethylene (Teflon) pots (Savillex, Minnetonka, Minnesota, USA) at a
concentration of 1 X 106 cells/ml.
Freshly isolated monocytes were treated with recombinant human GM-CSF (Genzyme, Cambridge, Massachusetts, USA or Genetics Institute, Cambridge,
Massachusetts, USA) at varying concentrations (1-100
ng/nil). In selected experiments, monocytes were
cultured for 5 days prior to the addition of GM-CSF.
Control cells from the same donors were cultured in
the absence of GM-CSF. MDM cultured in suspension
in the presence of GM-CSF (0.01-100 ng/ml) for 21
days showed no evidence of toxicity as assessed by
Trypan blue exclusion. To determine the specificity of
the effect of GM-CSF on HIV-1 replication in MDM,
GM-CSF was incubated with a neutralizing anti-human GM-CSF MAb (0.1-100 ug/ml; 4D4) or a nonneutralizing anti-GM-CSF control MAb (0.1-100 Hg/
ml; 4A12) for 30 min at 4°C prior to its addition to
MDM.

HIV-1 infection of monocyte-derived
macrophages

Isolation and culture of monocytes

The M-tropic strain of HIV-lua_L (the AIDS Research
and Reference Reagent Program, Division of AIDS,
National Institute of Allergy and Infectious Disease,
NIH, Bethesda, Maryland, USA) or an M-tropic
primary isolate of HIV-1 obtained from an HIVinfected patient, HIV-1 \w,, was amplified in PBMC.
Briefly, PBMC stimulated with phytohaemagglutinin
(10 Ug/ml, Murex Diagnostics, Dartford, UK) for 3
days were infected with HIV-1 Ha.L or primary isolate
and cultured in Iscove's medium containing 10% fetal
calf serum (PA Biologicals, New South Wales, Australia) and IL-2 10 U/ml (Boehringer-Mannheim,
Mannheim, Germany). The culture supernatants collec-^d 14 days later were clarified using 0.2 um filters
(^cnleicher and Schuller, Dassel, Germany), stored at
—70°C in small volumes and thawed immediately
before use.

Human monocytes were isolated from buffy coats of
HIV-seronegative blood donors (supplied by the Red
Cross Blood Bank, Melbourne, Australia) by FicollPaque density gradient centrifugation and plastic adherence as previously described [2]. Immediately after
isolation, cell viability was greater than 95% as assessed

Following their isolation, monocytes were cultured
under three sets of conditions to determine whether
alteration of HIV replication depended upon the
timing of addition of GM-CSF with respect to cellular
maturation or addition of HIV. Cells were (i) cultured
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from time of isolation in the presence or absence of
GM-CSF, infected with HIV-1 on day 5 (day 0 GMCSF, day 5 infection), as described earlier [20,21]; (ii)
treated with GM-CSF on the day of isolation and
infected the following day (day 0 GM-CSF, day 1
infection) [23]; or (iii) exposed to GM-CSF and H1V1 on day 5 after isolation (day 5 GM-CSF, day 5
infection) [13,14]. For infections, HlV-lu a . L was pretreated with 10 U RNase-free DNase (Boehringer
Mannheim Australia, Castle Hill, New South Wales,
Australia) for 20 min at room temperature in the
presence of 10 mmol/1 MgCloto remove contaminating viral DNA and used at a concentration of
> 50 000 pg/ml HIV antigen (HIV-1 p24 antigen
immunoassay, Abbott Laboratories, Abbott Park, Illinois, USA) for 1 X 106 cells for 2 h. Cells were then
washed with phosphate-buffered saline (PBS; Trace
Biosciences, New South Wales, Australia) and resuspended in fresh Iscove's supplemented medium in the
presence or absence of GM-CSF. MDM were then
cultured for 10 days following infection either in
suspension in Teflon pots or adherent to plastic in 24well plates. Uninfected MDM from the same donors
were used as controls for each experiment. Since
endotoxin contamination has been shown to alter
HIV-1 replication in MDM, culture supernatants and
GM-CSF stocks were tested for LPS levels using the
Limulus Amebocyte Lysate Assay (Biowhitiker, Walkersville, Maryland, USA).

Quantification of HIV-1 replication
HIV-1 replication in MDM cultured in 24-well plates
was measured as p24 antigen production (HIV-1 p24
antigen immunoassay, Abbott Laboratories, according
to manufacturer's instructions) using serial dilutions of
culture supernatant obtained 10 days after infection or
by monitoring reverse transcriptase (RT) activity using
a micro-RT assay. Briefly, 10 |iJ culture supernatant
was added to 10 |ul 0.3% NP40 in a 96-well plate.
Thereafter, 40 uJ RT mixture [50 mmol/1 Tris pH 7.8,
7.5 mmol/1 KC1, 5 mmol/1 MgCl2, 2 mmol/1 dithiothreitol (Sigma, St Louis, Montana, USA), distilled
HiO up to 4 ml per plate], 5 |ig/ml template-primer
p.An.dT12-18 (Pharmacia-Biotec, Buckinghamshire,
UK) and 3 ^Ci 33 P-dTTP (Amersham Co., Amersham,
UK) was added and the mixture was incubated for 2 h
at 37°C. The reaction products were spotted on a
DE81 chromatography paper (Whatman, Maidstone,
UK) and air-dried. Dry filters were washed six times
with 2X SSC buffer (0.3 mol/1 sodium chloride and 34
mmol/1 sodium citrate) to remove free radioactive
dNTP, rinsed once in 95% ethanol and air-dried.
Meltilex scintillant (Wallax, Turku, Finland) was
spotted onto the filters and bound radioactivity was
counted in the LKB micro betacounter (Wallex).
Infection in suspension-cultured macrophages was determined in pre-fixed and permeabilized cells using a

previously described method [2], by staining for intracellular p24 antigen using a MAb directed against p24
(2 ng/ml; IgGl, Olympus, Lake Success, New York,
USA) or isotype-matched control (MOPC 21; 2 \lg/
ml; IgGi, Bionetics, Charlestone, South Carolina,
USA) followed by goat anti-mouse IgG conjugated to
FITC (FITC-GAM; Tago, Burlingame, California,
USA). The proportion of cells containing intracellular
p24 antigen was quantified by flow cytometric analysis
(FACStar15'"5, Becton Dickinson).

Expression of GM-CSF, CCR5 and CD4 receptors
Monocytes from HIV-1 seronegative donors were
analysed for expression of the a- and (3-chain of the
GM-CSF receptor on the day of isolation and at times
up to 14 days in culture in Teflon pots. Cells were
stained with MAb directed against the a-chain (8G6;
5 |ig/ml), P-chain (4F3; 5 (ig/ml) [32] or isotypematched control followed by FITC conjugate. The
proportion of monocytes expressing a- or P-chain was
quantified by flow cytometric analysis.
To determine regulation of CCR5 and CD4 surface
expression by GM-CSF, monocytes were exposed to
GM-CSF on the day of isolation and infected with
H I V - 1 ^ 7 days after isolation. CCR5 and CD4 surface levels were assessed on the day of isolation, the day
of HIV-1 infection and 2 and 5 days after infection.
CCR5 expression was quantified using MAb against
CCR5 (5C7; IgG2a, 0.5 |ig/ml, LeukoSite Cambridge,
Massachusetts, USA) or isotype-matched control
(RPC5; IgG2a) on ice for 30 min. After two washes
with cold PBS, cells were incubated with anti-mouse
immunoglobulin conjugated with biotin (Silenus, Melbourne, Australia). After two further washes with cold
PBS, MDM were incubated with fluorescein-conjugated streptavidin (Calbiochem, La Jolla, California,
USA) for 30 min, washed with cold PBS and analysed
by flow cytometry. The expression of CD4 receptor
was assessed using anti-CD4 MAb conjugated to FITC
(Leu-3; 1 Jig; Becton Dickinson) on ice for 30 min,
followed by a wash with cold PBS and flow cytometric
analysis.

The effect of mutant granulocyte-macrophage
colony-stimulating factor on HIV-1 replication
In selected experiments, MDM were also exposed to a
mutant form of GM-CSF (E21R; BresaGen, Adelaide,
South Australia) with a site mutation within the first cthelix, resulting in a substitution of arginine for glutamic
acid [30,31]. This mutant GM-CSF only binds with a
low affinity to the a-chain of the GM-CSF receptor
and was used at a concentration of 100 ng/ml. The
significance of the effect of treatment with GM-CSF or
the E21R mutant GM-CSF on HIV replication was
assessed using the Student's t-test (paired, 2-tailed).
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HlV-1 DNA and RNA extraction and
amplification
DNA was extracted as previously described [33].
Briefly, 1 X 106 MDM cells infected with HIV-1 were
cultured for 7 days in the presence or absence of GMCSF or mutant GM-CSF (E21R). Cells were lysed in
0.5 ml lysis buffer [50 mmol/1 KC1, 10 mmol/1 Tris
(pH 8.3), 2.5 mmol/1 MgCl2, 0.5% Tween 20 (BDH
Chemicals, Kilsyth, Australia), 0.5% NP40 (Sigma)].
Following the addition of 5 uj proteinase K (Boehringer Mannheim), cell lysates were heated at 60°C for
1 h and 95°C for 30 min. Sample lysates and lysates
from controls (8E5 cells, containing a single HIV-1
provirus per cell) [10] were used in the polymerase
chain reaction (PCR) reaction after making serial
threefold dilutions in lysis buffer. Amplification of gag
using SK38 and SK39 primers and hybridization using
a 32P-labelled probe SKI 9 was according to published
methods in use in our laboratory [6]. HLA-DQ alpha
was amplified in the same reaction using primers GH26 and -27 to standardize the amount of DNA in the
lysates.
Using oligo (dT)i5 beads (Dynabeads, Dynal, Australia),
mRNA was extracted from MDM lysates according to
the manufacturer's protocol. Briefly, 1 X 106 MDM
that had been cultured in the presence or absence of
GM-CSF for 7 days after infection were lysed in lysis/
binding buffer [100 mmol/1 Tris-HCl (pH 8), 500
mmol/1 LiCl, 10 mmol/1 ethylenediamine tetraacetic
acid (EDTA) (pH 8), 0.1% LiDS (ICN Pharmaceuticals
Mesa, California, USA), 5 mmol/1 dithiothreitol]. After
beads were preconditioned in lysis/binding buffer,
MDM lysates were hybridized with beads (1 X 106
MDM/20 uJ beads) and incubated at room temperature
for 10 min to form a Dynabeads oligo(dT)25/mRNA
complex. Beads were washed twice with 100 pJ washing buffer [10 mmol/1 Tris-HCl (pH 8), 0.15 mol/1
LiCl, 1 mmol/1 EDTA (pH 8)] (BDH Chemicals) with
0.1% LiDS (ICN Pharmaceuticals Mesa, California,
USA), and then three times with 100 ml washing
buffer. After beads were washed four times with RT
buffer [10 mmol/1 Tris-HCl (pH 8.3), 75 mmol/1 KC1]
the Dynabeads oligo(dT)25/mRNA complex was resuspended in 25 |il AMV-RT mix (1 mmol/1 each of
dGTP, dATP, dTTP, dCTP, 4 r^mol/1 sodium pyrophosphate, 25 U RNasin, 18 U AMV/RT, 5 uJ
5X RT-buffer) and incubated for 1 h at 42°C to
synthesize cDNA. After removing the RT mix, beads
were resuspended in 100 |ll elution solution (2 mmol/1
EDTA) and heated at 95°C to remove mRNA. Beads
were resuspended in 100 pi TE buffer (pH 8) and
stored at 4°C in 10-fold dilutions in lysis buffer until
used for PCR using jjrt^-specific primers and detection
by hybridization with a 32P-labelled probe SKI9.
Levels of cDNA were standardized according to [3actin levels [34] as assessed by laser densitometry. To
check for viral DNA contamination, samples prepared

without AMV-RT were included within each experiment.

Results
GM-CSF inhibited HIV-1 ^.i replication in MDM in
a dose-dependent manner (Table 1). Results of six
experiments using MDM from different donors confirmed that 0.1 ng/ml or greater GM- CSF significantly
inhibited HIV-1 n3.\_ replication by a mean of
67.7 ± 4.9% (standard error of the mean, SEM) compared with untreated controls. GM-CSF inhibition was
blocked by a neutralizing MAb (4D4) against GM-CSF
in a concentration-dependent fashion but not by a
non-neutralizing anti-GM-CSF MAb (4A12), suggesting the specificity of the observed effect (Table 2).
MDM from a total of 30 donors were cultured in the
absence of GM-CSF for the first 5 days after isolation
then infected with HIV-1 na_L OIi day 5 and simultaneously treated with GM-CSF (day 5 onwards). In 26

Table 1. Granulocyte-macrophage colony-stimulating factor (GMCSF) inhibits HIV-1 replication in monocyte-derived macrophages.
Granulocyte-macrophage
colony-stimulating
factor (ng/ml)
0.01
0.1
1
10
100

Inhibition (%)•'

P value

22.2 ±21.2
67.7 ±4.9
79.3 ±5.1
83.2 ±4.8
86.8 ±1.9

0.25
0.048
0.042
0.043
0.046

a

Each experiment was performed in duplicate using monocytederived macrophages from six different donors by reverse transcriptase or p24 antigen assay. Percentage of inhibition is expressed as
mean ± SD.

Table 2. Specificity of the granulocyte-macrophage colony-stimulating factor (GM-CSc)-induced inhibition of HIV-1 replication in
monocyte-derived macrophages.
Reverse transcriptase activity
(Mean cpm ± SD)
No GM-CSF
GM-CSF 1 ng/ml
+4D4 antibody (ng/ml)
100
10
1
0.1

1560 ±192
574 ± 209
1849 ± 68
1229 ±72
939 ± 7 0
672 ±100

+4A12 antibodv (ug/ml)
100
10
1
0.1

398 ± 65
327 ± 7 6
701 ± 70
588 ± 3 8

Representative results from a single donor. 4D4, anti-GM-CSF blocking monoclonal antibody; 4A12, anti-GM-CSF non-blocking monoclonal antibody.
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of 30 experiments, GM-CSF pre-treatment of MDM
resulted in a two- to tenfold (mean 54.6 ± 5.5%,
n = 30) decrease in the level of HIV p24 antigen in
culture supernatants harvested 10 days after infection
compared with untreated cells. In the remaining four
experiments, there was no or insignificant (< 10%)
inhibition (data not shown). Replication of a primary
isolate HIV-1 DSG was similarly inhibited. There was no
difference observed in results from experiments using
GM-CSF from Genzyme (n = 8) and Genetics Institute
(n = 10) with a mean inhibition of 41.0 ± 8.4% (SEM)
and 51.0 ±11.3%, respectively, compared with p24
antigen concentrations in control supernatants (data not
shown).
To determine whether the level of maturation of the
monocyte at the time of exposure to GM-CSF, and

the timing of exposure to GM-CSF prior to infection
influenced the effect of GM-CSF on HIV-1 replication, monocytes were cultured under one of three
conditions. The addition of GM-CSF resulted in
downregulation of HIV-1 replication under all conditions (P<0.01) compared with controls. As anticipated from results of previous studies in this laboratory
[9,35], infection on day 1 resulted in lower levels of
viral replication than in MDM infected on day 5,
regardless of length of time of exposure to GM-CSF
prior to infection (data not shown).
Intracellular p24 antigen was quantified in MDM
cultured and infected in suspension; GM-CSF dramatically decreased intracellular p24 antigen concentrations
as assessed by flow cytometry, whereas the mutant
GM-CSF E21R did not significantly alter intracellular
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Fig. 1. Flow cytometric analysis of surface expression of a- and p-chains of granulocyte-macrophage colony-stimulating factor
(GM-CSF) receptor. The kinetics of expression of a- (clear bar) and (3- (hatched bar) receptor subunit expression on monocytederived macrophages during 14 days culture in Teflon pots was measured using monoclonal antibodies against the a-chain
'8G6; 5 u.g/ml), and (5-chain (4F3; 5 u.g/ml) of the GM-CSF receptor and flow cytometric analysis. Results are expressed as net
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QuickCal program and corrected for background fluorescence. Histograms were unimodal. Results are corrected for background
tluorescence and expressed as net MESF values.
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p24 antigen levels from those in MDM not exposed to
GM-CSF. The MESF (molecules -of equivalent soluble
fluorochrome) values were 7.2 X 105, 1.8 X 105 and
5.2 X 105 for intracellular p24 fluorescence of MDM
cultured in the absence of GM-CSF, in presence of
GM-CSF and in presence of mutant E21R GM-CSF,
respectively. GM-CSF also inhibited supernatant RT
production (82 ± 5.2% inhibition; n = 7; P < 0 . 0 1 ) ,
whereas E21R GM-CSF did not significantly suppress
R T (13.6 ± 18% inhibition; n = 7; P = 0.5).
To establish whether the surface expression of a- and
(3-chains of GM-CSF receptor on freshly isolated
monocytes and differentiated MDM could affect their
susceptibility to GM-CSF and potentially contribute to
the effect of GM-CSF on HIV-1 replication, the level
of both chains were assessed during 14 days of culture.
The a-chain of the GM-CSF receptor was present in
abundance on monocytes on the day of isolation,
declined during the first 3 days of culture and then
subsequently increased to the same level as on the day
of isolation (Fig. 1). Levels of (3-chain expression on
monocytes were low on the day of isolation and
increased during the 14-day culture period (Fig. 1).
To investigate the effect of GM-CSF at the viral entry

level, surface expression of both CD4 receptor and
CCR5 chemokine co-receptor was assessed by flow
cytometry. As previously reported by our group [35],
surface CD4 was readily detected on freshly isolated
monocytes and increased more than fivefold after 7
days of culture. GM-CSF significantly downregulated
surface expression of CD4 by more than 50% on days
7, 9 or 12 after monocyte isolation and GM-CSF
treatment (Fig. 2a). GM-CSF also decreased expression
of CD4 in HIV-infected MDM on days 2 and 5 after
HIV-infection (corresponding to days 9 and 12 postisolation) (Fig. 2a). Surface expression of CCR5 was
undetectable or barely detectable on freshly isolated
monocytes and significantly increased with in vitro
differentiation (as previously demonstrated by a number
of studies [28,36,37]). Exposure of fresh monocytes and
MDM to GM-CSF resulted in an increase in CCR5
surface expression in both mock- and HIV-infected
cultures compared with cells unexposed to GM-CSF
(Fig. 2b).
The effect of GM-CSF on HIV-1 DNA and mRNA
levels was examined to establish whether the decrease
in HIV replication occurs before or after transcription.
There was a minimal one- to threefold decrease in the
level of HIV gag DNA in infected cells cultured in the
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Fig. 2. Flow cytometric analysis of surface expression of CD4 (a) and CCR5 (b). Monocyte-derived macrophages (MDM) were
pretreated with granulocyte-macrophage colony-stimulating factor (GM-CSF) (hatched bars) or media alone (open bars) for 7
days in Teflon jars prior to HIV-1 infection. Cells were infected for 4 h with HIV-1 Ba-L and then cultured in the presence (shaded
bars) or absence of GM-CSF (dotted bars). M D M were stained with monoclonal antibodies on the day of isolation, after 7 days in
culture and 2 days after HIV-1 infection. Results are expressed as net mean fluorescence values that have been converted to
MESF (molecules of equivalent soluble fluorochrome) units using QuickCal program and corrected for background fluorescence.
(a) Antibodies against against CD4 (Leu-3; gray histograms) and isotype-matched control monoclonal antibody (MOPC 21; black
histograms), (b) Antibodies against CCR5 (5C7; gray histograms) and isotype-matched control monoclonal antibody (RPC5; black
histograms).

presence of GM-CSF (n = 3) compared with cells not
exposed to GM-CSF or treated with E21R GM-CSF
(Fig. 3a). As assessed by laser densitometry, the ratio of
gag to DQ signal was 0.47, 0.18 and 0.47 (mean of the
first three dilutions, results for a representative experiment) for cells cultured in the absence of GM-CSF,
presence of GM-CSF and presence of E21R GM-CSF,
respectively. Analysis of cell lysates from three donors
showed a three- to tenfold decrease in HIV-1 gag
mRNA expression in MDM infected with HIV-1 Ba_L
that were exposed to GM-CSF and an approximately
twofold inhibition in those exposed to GM-CSF E21R
compared with that in untreated MDM, suggesting that
HIV-1 replication is inhibited before or at transcription. Densitometry units for gag signal standardized to
equivalent levels of (5-acrin levels were 1956, 732 and
957 for MDM cultured in the absence of GM-CSF,
presence of GM-CSF and presence of E21R GM-CSF,
respectively (Fig. 3b).

Discussion
This study shows that GM-CSF consistently suppresses
HIV-1 replication in human MDM in a dose-dependent manner. The inhibitory effect is specific since it is
totally reversed by addition of neutralizing MAb 4D4
but not by addition of non-neutralizing anti-GM-CSF
control MAb, 4A12. The inhibitory effect of GM-CSF
is unrelated to the level of maturation of MDM at the
time of GM-CSF stimulation or HIV infection. E21R
GM-CSF, binding only to the a-chain of the GMCSF receptor [30], does not affect HIV-1 replication.
We conclude, therefore, that the inhibition of HIV-1
replication by GM-CSF results from signaling through
the (3-chain of its receptor.
Our report addresses a longstanding controversy in the
literature, with most of the early studies reporting
augmentation [14,20-25] or no change [13,26] in viral
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Fig. 3. Effects of granulocyte-macrophage colony-stimulating
factor (GM-CSF) on HIV-1 gag DNA and mRNA concentrations in HIV-infected monocyte-derived macrophages
(MDM). Monocytes were cultured for 5 days in presence or
absence of wild-type GM-CSF (Genzyme) or mutant GM-CSF
(E21R), infected on day 5, and DNA and mRNA extractions
were performed 7 days after infection, (a) HIV-1 gag DNA
was assessed in threefold dilutions of cell extracts prepared
for polymerase chain reaction (PCR) using DQ and gag
primers and detected by hybridization with a 32P-labelled
probe GH 26 for HLA-DQ and SKI 9 for gag. Dilutions were
similarly prepared from cell lysates of 8E5 cells (containing 1
HIV-1 provirus per cell) and amplified concurrently to serve
as standards, (b) HIV-1 mRNA was assessed as cDNA synthesized from mRNA by PCR using gag-specific primers and
detected by hybridization with a 32 P labelled probe SKI9.
Levels of cDNA were standardized according to P-actin
levels. Polymerase chain reaction on samples prepared without reverse transcriptase were negative.

production and two recent studies suggesting inhibition
of HIV-1 replication in MDM by GM-CSF [27,28]. A
number of laboratory variables could potentially contribute to such variation. We have extensively examined potential confounders to determine why our
results differ to some previous studies. We have
reproduced the assay conditions used by other investigators, including strain of HIV-1, source/concentration
of GM-CSF, timing of incubation with cytokine in
relation to cell maturity and HIV-1 infection. Regardless of the experimental conditions, we observed
reduced replication of HIV-1.
The mechanism by which GM-CSF alters HIV replication in MDM and in promonocytic cell lines is also
controversial. Wang ct al. [23] reported that the GM-

CSF-induced increase in HIV-1 replication in MDM
was attributable to upregulation of CCR5 expression.
These data are in direct contrast to those of Di Marzio
ct al. [28], who demonstrated that GM-CSF suppressed
CCR5 and CD4 expression on MDM and reduced
HIV-1 entry into these cells.
Stimulation of monocytes with GM-CSF for 7 days
prior to HIV-1 infection resulted in modest downregulation of CD4 surface expression and augmentation
of CCR5 levels on MDM, coincident with inhibition
of HIV-1 replication in those cells. It is unlikely that
these opposing effects on the expression of CD4 and
CCR5 will affect viral entry of M-tropic strains of
HIV-1. We have previously demonstrated that the
susceptibility of human monocytes/macrophages to
HIV-1 infection is not dependent on the level of CD4
expression [35]. Recent studies by Fear el al. [38] and
Kozak ct al. [39] demonstrate that expression of CD4 is
not a rate-determining factor for viral entry in the
presence of adequate CCR5 levels, since M-tropic
strains of HIV-1 have been able to infect CCR5expressing cells by utilizing very low densities of CD4.
In support of our findings, other cytokines have also
been shown to have opposing effects on the expression
of CD4 and CCR5. Interferon-gamma (IFNy), a
cytokine that has bidirectional effects on HIV-1 replication in MDM, significantly upregulated CCR5 surface expression and inhibited CD4 surface levels,
coincident with suppression of HIV-1 replication [40].
These results are not surprising since both GM-CSF
and IFNy are known to transduce signals via common
pathways, e.g., JAK/STAT. The relationship between
JAK2 activation and HIV-1 replication in MDM is
currently being investigated.
GM-CSF mediates its activities through binding to its
receptor, a heterodimer comprising a ligand-specific enchain with low-affinity binding [41] and a non-ligandbinding |5-chain that increases binding affinity [42].
Although there is high expression of the CX-chain and
low expression of the (3-chain on the surface of monocytes [43], to our knowledge the kinetics of expression
over time in culture has not previously been documented. It appears that monocyte differentiation is associated
with an increase in a/(5 dialers available for GM-CSF
binding and transduction of the signal to the cell.
Our data suggest minimal inhibition at gag DNA level
and a three- to tenfold decrease in gag mRNA within
MDM treated with GM-CSF compared with untreated
cells, suggesting that the block to HIV-1 replication
occurs at or prior to transcription. The difference in
the inhibitory effect for DNA and mRNA levels could
be a consequence of the effect of GM-CSF at multiple
points, donor variation or the semiquantitative nature
of the assays. Our results are in agreement with
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Matsuda ct al. [27], who has also reported inhibition of
HIV-1 replication by GM-CSF with a decrease in proviral DNA.
Currently, GM-CSF is used rarely for the treatment of
HIV-infected patients because of concerns regarding
potential activation of HIV replication. Early studies
showed that GM-CSF treatment of HIV-infected patients increased serum p24 antigen and plasma HIV
RNA titres [44,45]. However, when used in combination with effective antiretroviral therapy, GM-CSF has
been safely administered to patients [46-49]. Data from
two studies of HIV-infected patients receiving antiretroviral therapy and GM-CSF have shown that patients
experienced a decrease in viral load and an increase in
CD4 counts [50,51]. Clinical improvement and augmented macrophage function without an increase in
viral load has been also reported in patients with
advanced HIV infection and drug-resistant opportunistic infections when treated with GM-CSF [46,52]. Our
in vitro data, together with that contained in another
recent report [28] and the clinical studies mentioned
above, suggest that clinical utility of GM-CSF in the
setting of HIV infection (especially with M-tropic
strains of the virus) may be cautiously revisited.
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Abstract

rlands)

Cells of macrophage lineage constitute the main cellular target of Human Immunodeficiency
Virus type 1 (HIV-1). Replication of HIV-1 in monocyte/macrophages is generally augmented by
factors promoting their differentiation. Granulocytc-macrophage colony-stimulating factor (GMCSF) is a key regulator of the differentiation of cells of macrophage lineage. The effects of
GM-CSF on HIV-1 replication in vitro are still controversial. Most of the published studies
suggest that GM-CSF upregulates HIV-1 expression in both primary cultured macrophages and
promonocytic cell lines. There have also been reports demonstrating that GM-CSF does not affect
HIV-1 replication in cells of macrophage lineage or that GM-CSF can actually suppress HIV-1
expression. In vivo, GM-CSF administrated to HIV-positive patients at any stage of disease,
without any antiretroviral therapy, appears to increase HIV-1 activity. The possible mechanism by
which GM-CSF might affect HIV-1 replication in macrophages remains unclear. © 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction
Human Immunodeficiency Virus (HIV) is a member of the lentivirus subfamily of
retroviruses. It is the virus responsible for the progressive degeneration of the immune
system leading to the development of Acquired Immunodeficiency Syndrome (AIDS)
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(Barre-Sinoussi et al., 1983; Gallo et al., 1984). The main cellular targets of HIV-1 are
cells expressing CD4 + surface receptor: the CD4 + subset of T lymphocytes and cells
of macrophage lineage. Both blood monocytes and tissue macrophages can be infected
with HIV-1 in vitro and in vivo and the HIV-1 infected macrophage is considered a
likely viral reservoir in vivo (Gartner et al., 1986; Salahuddin et al., 1986; Crowe et al.,
1987; McUrath et al., 1989). Cells of macrophage lineage have many important roles in
immunological and inflammatory responses. Their hematopoietic and immunologic
functions are regulated through their surface receptors by various cytokines and other
growt'i factors. It has been shown that the susceptibility of monocytes to HIV-1
infection depends on their differentiation (Sonza et al., 1995; Sonza et al., 1996)
suggesting that factors promoting differentiation of monocytes/macrophages can directly affect HIV-1 infection and replication. Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a critical regulator of the differentiation of cells of this lineage.

2. The structure and function of GM-CSF and its receptor
GM-CSF is a glycoprotein of 127 amino acids with a molecular weight of 2300028 000 produced by a variety of cell types including activated T cells, endothelial cells,
macrophages and fibroblasts (Hercus et al., 1994a,b). This cytokine is a multipotential
hemopoietic growth factor regulating cells of eosinophilic, neutrophilic, monocytic and
megakaryocytic lineages (Fig. 1) [reviewed by Metcalf (1985)]. A number of studies
investigating the effects of GM-CSF on monocytes/macrophages have demonstrated
that GM-CSF at relatively high concentrations enhances monocyte number by stimulating cell proliferation (Elliott et al., 1989; Bratton et al., 1995), whereas low concentrations of GM-CSF (pM ranges) have been found to enhance monocyte survival (Elliott et
al., 1989; Eischen et al., 1991). GM-CSF induces the differentiation of monocytes into
macrophages. Circulating monocytes upon migration into the tissues differentiate into
specialised macrophages such as alveolar macrophages, Kupffer cells or microglial cells.
In vitro, GM-CSF has also been reported to enhance the effector function of mature
macrophages including increasing their phagocytic capacity (Smith et al., 1990) as well
as cytotoxicity against tumor cells (Parhar et al., 1992) and antiparasitic and antimycobacterial activity (Bermudez, 1994; Laursen et al., 1994). Being a pleiotropic cytokine, GM-CSF also stimulates the effector function of circulating neutrophils and
eosinophils (Vadas et al., 1983).
The structure of GM-CSF has been determined by X-ray crystallography revealing
the presence of four alpha helices with a novel fold combining a two-stranded
antiparallel beta sheet (Diederichs et al., 1991). Although the structure of GM-CSF was
extensively studied in vivo and in vitro, little is known about regions of the molecule
essential for its biological activity and for receptor recognition. However, it has been
shown that elimination of 14 most N-terminal amino acids and six C-terminai amino
acids does not have any effect on GM-CSF bioactivity, whereas the comprising amino
acid residues 14-28 region in the first alpha helix (Clark-Lewis el al., 1988) and the
region between residues 88-96 (Brown et al., 1990) are essential for its biological
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Fig. 1. GM-CSF as a multipotential hemopoietic growth factor that regulates cells of eosinophilic, neutrophilic,
monocytic and megakaryocytic lineages (BFU: burst-forming unit; CFU: colony-forniing unit; Eo: eosinophil;
GEMM: granulocyte, erythrocyte macrophage, mcgakaryocyie; G: grant.'..:••';; GM: granulocyte, macrophage;
M: monocyte; MM: monocyte, macrophage; SCF: stem cell factor; TPO: thrombopoiettn). This figure has
been modified from the work of Roitt et al., 1993 with permission.

activity. Using site-directed mutagenesis it has been determined that Glu21 in helix A
(Lopez et al., 1992) and AsplOl in helix D (Hercus et al., 1994a,b) are critical for the
full biological activity of GM-CSF. These residues have been postulated to bind to the
separate subunits of the GM-CSF receptor (Hercus et al., 1994a,b).
The human GM-CSF receptor has been cloned and comprises a low affinity a chain
(2.6 nM) and a /3 chain which provides a high affinity binding when co-expressed with
a chain, increasing the binding affinity to the pM range (Gearing et al., 1989;
Hayashida et al., 1990). The /3 chain of GM-CSF receptor is shared with 1L-3 and IL-5
receptors and does not appear to bind GM-CSF by itself. Recently, it has been
demonstrated that E21R, a mutant form of GM-CSF binding selectively to the a chain
of GM-CSF receptor and behaving as a competitive GM-CSF antagonist, induces
apoptosis of primary hemopoietic cells (Iversen et al., 1996). These results suggest that
engaging of the /3 chain is important for cell survival, which may have important
implications for our understanding of cytokir.e receptor function.
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3. The effect of GM-CSF on HIV-1 replication in vivo
Clinical trials in HIV-seronegative patients have indicated that recombinant GM-CSF
can shorten the duration of chemotherapy-induced neutropenia in persons receiving
chemotherapy for various malignancies (Antman et al., 1988) and can accelerate
myeloid recovery after chemotherapy and autologous bone marrow transplantation
(Brandt et al., 1988; Nemunaitis et al., 1988). GM-CSF has also been demonstrated to
significantly increase the number of circulating neutrophils in patients with HlV-associated neutropenia (Groopman et al., 1987). However, several studies have shown that
recombinant GM-CSF administrated subcutaneously to patients with HIV-1 infection at
any stage of disease, without any antiretroviral therapy, can increase HIV-1 activity, as
assessed by serum p24 antigen levels and plasma HIV RNA titres (Kaplan et al., 1991;
Lafeuillade et al., 1996). The observed effect of GM-CSF can be ameliorated by
addition of effective antiretroviral therapy (Yarchoan et al., 1990; Krown et al., 1992).
Of particular relevance was the observation that although GM-CSF administrated to
HIV-seropositive patients without any antiretroviral therapy induced HIV-1 replication
(Kaplan et al., 1991), when HIV-1 infected monocytes/macrophages were exposed to
GM-CSF it also increased the sensitivity of infected cells to antiretroviral drugs such as
zidovudine (Perno et al., 1989).

4. The effect of GM-CSF on HIV-1 replication in vitro
4.1. Increased HIV-1 replication in promonocytic cell lines and primary monocyte
cultures
Most of the published studies suggest that GM-CSF exerts an upregulatory effect on
HIV-1 infection and replication in both monocyte-derived cell lines and in primary
monocyte cultures (Poli and Fauci, 1992). The chronically infected promonocytic cell
line, U937 and U937-derived clone, Ul, characterised by two integrated copies of
proviral HIV-1 and minimal constitutive expression of HIV-1, have often been used as
an in vitro model of monocyte infection (Petit et al., 1987). Folks et al. (1987), when
studying the expression of HIV-1 induced by various cytokines, found that GM-CSF
enhanced HIV-1 replication of the Ul clone by approximately 100%. In this study
HIV-1 expression of Ul cells exposed to GM-CSF (10 U per 5 X 105 cells) for 48 h was
assessed by reverse transcription (RT) assay and compared to control cells not treated
with GM-CSF. Other investigators, using the same clone, found a 27-fold increase in
HIV-1 p24 antigen level following 72 h treatment with GM-CSF at concentration 500
U/ml (Pomerantz et al., 1990). Furthermore, they have also shown that GM-CSF
enhanced by 200-fold the lipopolysaccharide-induced expression of HIV-1 in Ul cells.
The stimulatory effects of GM-CSF on HIV-1 production resulted in increased levels of
HIV-1 specific RNA.
Most of the studies reported the effects of various growth factors and cytokines on
HIV-1 replication in primary peripheral blood derived monocytes and tissue
macrophages. Koyanagi et al. (1988) were one of the first to report that a number of

K. Kcdzierska et al. / Veterinary Immunology and Immunopathology 63 (J998) 111—121

115

cytokines including colony stimulating factors, interleukins and interferons can alter
HIV-1 replication in macrophages infected with HIV-1. They have shown that GM-CSF
treatment of primary peripheral blood monocytes infected with HIV-1 enhanced the
level of HIV-1 replication from 4 to 90 times (varying among the different donors) as
assessed by quantifying supernatant p24 antigen concentrations in culture supernatants.
Neutralising antiserum to GM-CSF could inhibit the induction of HIV-1 replication by
GM-CSF suggesting that the observed effect was GM-CSF-specific. Work by a number
of other groups, has shown similar results to those obtained by Koyanagi et al. Other
investigators have consistently observed augmentation of HIV-1 replication in primary
monocyte/macrophage culture stimulated by GM-CSF (Perno et al., 1989; Schuitemaker
et al., 1990; Perno et al., 1992). Using different experimental protocols th^y have
reported increases in replication of HIV-l Ba _ L in cultured monocytes exposed to
GM-CSF (100 U/ml) for 5 days prior to HIV-1 infection. These investigators found a 2to 30-fold augmentation in HIV-1 replication in cultures pretreated with GM-CSF (or
IL-3, which shares a common /3 receptor with GM-CSF) when compared to the
unstimulated controls. Similarly, using alveolar macrophages as representative of human
tissue macrophages and a strain of HIV-1 that replicates well in these cells, a significant
increase in HIV-1 replication in the presence of GM-CSF has been reported (Denis and
Ghadirian, 1994). These increase effect could be abrogated by other cytokines including
IL-4 and IL-13.
4.2.- Suppression of HIV-1 replication in primary monocyte cultures
vte

t on
nary
cell
s of
d as
vhen
CSF
tudy
was
ated
e in
500
CSF
ells.
is of

!

s on
ssue
;r of

I.

.1
\

Whilst the majority of studies provide evidence of augmentation in HIV-1 replication,
there are also reports that GM-CSF may actually suppress HIV-1 replication in
monocyte-derived macrophages (Matsuda et al., 1995) or that it can cause inconsistent
effects on HIV-1 expression. Matsuda et al. found that replication of HIV-1PAR (a
macrophage-tropic strain) in primary cultured macrophages exposed to GM-CSF was
suppressed by 100-fold in contrast to HIV-1 production in macrophages incubated in the
presence of M-CSF. In this study GM-CSF was added to macrophages 7 days after the
isolation of monocytes, and immediately following infection with HIV-1. Our studies to
date also suggest that GM-CSF causes downregulation of HIV-1 Ba_L replication in cells
of macrophage lineage (unpublished data).
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4.3. No augmentation or suppression of HIV-1 replication in monocyte-derived
macrophages and alveolar macrophages
Using alveolar macrophages obtained by bronchoalveolar lavage from HlV-seronegative volunteers, Hammer et al. (1990) have investigated the role of GM-CSF on HIV-1
expression in these cells. Pretreatment of macrophages with GM-CSF (30 to 300 U/ml)
for 48 to 72 h prior to HIV-1I11B infection and maintenance of the cytokine in the
cultures neither had an inhibitory nor stimulatory effect on HIV-1 replication. There
have been two additional studies showing that GM-CSF treatment of HIV-1 infected
macrophages may give inconsistent results (Kornbluth et al., 1989; Novak et al., 1990).
Novak et al., when investigating the effects of GM-CSF pretreatment of monocyte-de-

Table I
The effect of GM-CSF on HIV-1 replication in macrophages

%

1

Reference

Cells

Strain of HIV-1

Effect on HIV-1

Source of GM-CSF

Protocol

Method of detection

Increase in HIV-/
Folks et al., 1987
Koyanagv et al., 1988
Schuitemaker et al., 1990

U1/U937
MDM
MDM

JR-FL
Ba-L

100 fold increase
4-90 fold increase
2-5 fold increase

Immunex 10 U/5X 10s cells
Unknown 100pM-l nM
Sandoz 100 U/ml

RT activity
HIV p24 ELISA
HIV p24 ELISA

Pernoctal., 1989

MDM

Ba-L

5-10 fold increase

Pernoetal., 1992

MDM

IIIB

7-30 fold increase

Sandoz, Genetics Institute;
100 U/ml
Sandoz 100 U/ml

48 h
1 day post-HIV
5 days pre-HIV
and post-HIV
5 days pre-HIV
and post-HIV
5 days pre-HIV
and post-infection

Decrease in H1V-!
Matsuda et al., 1995

MDM

Primary isolate

decrease compared
to M-CSF

Schering, Plough, Kirin

7 days pre-HIV,
and post-HIV

RT activity

No effect on HIV-/
Kornbluth et al., 1989

MDM

Ba-L

Variable

S-

AM

IIIB

RT activity

??

Novak etal., 1990

MDM

IIB

No increase/
decrease
Variable

18 h pre-HIV,
and post-HIV
2-3 days pre-HIV,
and post-HIV
5 days pre-HIV

HIV p24 ELISA

Hammer etal., 1990

Genzyme, Genetics Institute;
1-10.000 U/ml
Genetics institute; 30 U/ml

HIV p24 ELISA
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rived macrophages on H I V - I ^ ^ ^ replication, obtained variable results amongst
different donors. Kornbluth et al. (1989) also reported inconsistent results showing that
GM-CSF at concentrations of 1-10,000 U/ml partially protected macrophages from
HIVBa_L infection in two experiments, had no effect in two other experiments, and
actually upregulated HIV-1 replication in one experiment. It has been suggested that
factors such as the culture conditions, source and concentration of HIV-1, frequency of
replenishment of GM-CSF into the culture, HIV-1 strain as well as the stage of
monocyte/macrophage maturation at the time of HIV-1 infection or cytokine exposure
may contribute to such variations (Table 1).

5. Discussion

{\
i

The published data suggest that GM-CSF upregulates HIV-1 expression in both
primary cultured rr.onocyte/macrophages and in promonocytic cell. However, the
effects of GM-CSF on HIV-1 replication in these cells remains controversial and the
mechanism by which GM-CSF might cause this effect has not been elucidated.
There are a few possible mechanisms by which GM-CSF, as a hemopoietic growth
factor stimulating the differentiation and proliferation of cells of macrophage lineage
might increase HIV-1 replication in these cells. Several groups have reported that both
GM-CSF and M-CSF induce proliferation of a small fraction (3 to 5%) of
monocyte/macrophages in vitro as determined by experiments measuring undated
thymidine incorporation (Elliott et al., 1989; Schuitemaker et al., 1990). Walsh et al.
(1991) using a macaque model, observed that GM-CSF enhanced the amount of simian
immunodeficiency virus (SIV) gag protein in the culture supernatant (three- to six-fold
increase), but at the same time this cytokine also significantly increased the number of
simian alveolar macrophages. However, after adjusting for differences in total cell
number, GM-CSF did not increase SIV replication on a per-cell basis at any of the
concentrations tested, emphasising the importance of considering the total number of
cells within a culture when assessing virus expression. They demonstrated that the
quantification of virus in culture supernatants may not actually reflect changes in the
virus replication on a per cell basis.
By stimulating the differentiation of monocytes/macrophages, GM-CSF may actually increase susceptibility of these cells to HIV-1 infection. It has been shown by
several investigators that freshly isolated peripheral blood monocytes are relatively
resistant to HIV-1 infection, whereas cultured monocyte-derived macrophages and tissue
macrophages (such as bronchoalveolar macrophages) are fully permissive to HIV-1
infection (Rich et al., 1992; Sonza et al., 1996). Thus the maturation from monocytes to
macrophages appears to correlate with increased susceptibility to HIV-1 infection.
Therefore, differential regulation of HIV-1 replication by GM-CSF at various stages of
monocyte maturation may explain observed increases in HIV-1 expression in cells of
macrophage lineage.
In addition, GM-CSF may affect HIV-1 replication in monocyte-derived macrophages
through stimulation of the binding of host-cell transcriptional factors to the HIV-1 LTR
resulting in its transactivation and thus increasing HIV-1 transcription (Nabel and
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Baltimore, 1987). Although this mechanism is not entirely clear, it is known that the
enhanced expression of HIV-1 following pretreatment of macrophages with GM-CSF
does not act through the N F - K B binding site of HIV-1 LTR. The region responsible for
GM-CSF activation in cells of macrophage lineage was shown to be located slightly
upstream and partially overlapping the N F - K B binding site (Zack et al., 1990).

6. GM-CSF and HIV-1 pathogenesis: summary and conclusions
Although the effects of GM-CSF on HIV-1 replication in cells of macrophage lineage
in vitro are still controversial, most of the published studies have demonstrated that
GM-CSF upregulates HIV-1 expression in both primary cultured macrophages and
monocytic cell lines. The possible mechanism of augmentation of HIV-1 replication in
these cells may involve GM-CSF-enhanced differentiation or proliferation of
macrophages as well as increased production of host-cell transcriptional factors. In vivo,
GM-CSF provides clinical benefit only in the presence of antiretroviral therapy, as
administration of the cytokine alone to HIV-positive individuals increases HIV-1
activity in monocytes/macrophages similarly to that observed in vitro. The effects of
GM-CSF on HIV-infected macrophage function remains enigmatic.
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Research Article
Quantifying complement-mediated phagocytosis by human
monocyte-derived macrophages
HIU-TAT CHAN, 1 - 2 {CATHERINE KEDZIERSKA, 1 - 3 JONATHAN O'MULLANE, 1
SUZANNE M CROWE 1 " 4 and ANTHONY JAWOROWSKP- 4
1

AIDS Pathogenesis Research Unit, Macfarlane Burnet Centre for Medical Research, Fairjleld, National Centre in
HIV Virology Research, 2Faculty of Medicine, Dentistry, Health Sciences, The University of Melbourne, Parkville
and ^Department of Medicine, Monash University, Prahran, Victoria, Australia
Summary The present study demonstrates that SRBC can *« nneonized with untreated human serum such that
lysis by active complement components is minimal but sufficient opsonization occurs to permit high rates of
complement-mediated phagocytosis. Phagocytosis of SRBC opsonized with 2% whole human serum by human
monocyte-derived macrophages was quantified in a colourimetric assay. Ingestion of SRBC was shown to occur
solely via complement receptors because no phagocytosis was observed when SRBC were coated with heatinactivated human serum, phagocytosis was augmented by the phorbol ester, PMA, and phagocytosis was inhibited by a protein kinase C (PKC)-specific inhibitor RO 31-8220. This method was used to demonstrate directly that
HIV-1 infection of human monocyte-derived macrophages inhibits complement-mediated phagocytosis and will
provide a useful tool for pharmacological investigations on complement-mediated phagocytosis by adherent
macrophages.
Key words: complement-mediated phagocytosis, HIV-1, ht;:r?.n macrophages.
Introduction
The complement (C) system, a phylogenically ancient component of the immune system, is very important in defence
against bacteria.u Genetic defects resulting in deficiencies in
specific C proteins have been linked to increased susceptibility to infections caused by bacteria such as Neisseria
meningitidis.3-* Derivatives of C proteins, C3 and C4, are
important opsonins for phagocytosis by macrophages,6 and
macrophage surface receptors that take up particles coated
with these cleavage products include CR1, CR3 and CR4.7-'0
CR1 is a single transmembrane receptor, whereas CR? and
CR4 arc integrin heterodimers with a common P2 chain.7910
These receptors have different affinities for different C products and they are thought to collaborate in mediating the
uptake of C'-opsonized particles.11-12
C'-mediated phagocytosis has assumed increasing
importance in the era of HIV/AIDS, as the AIDS-related
opportunistic pathogens Mycobacterium tuberculosis and
Mycobacterium avium complex are phagocytosed by macrophages predominantly via the C pathway.13-14 Our observations that phagocytosis of M. avium complex is impaired by
macrophages infected with HIV-1 in vitro and in v/vo15
suggest a defect ir. C'-mediated phagocytosis in macrophages
as a result of HIV infection. C' can also facilitate phagocytosis of other mycobacteria, Legionella pneumophilia,
Salmonella typhi and Staphylo-coccus aureus.1^19
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Studies into C'-mediated phagocytosis by macrophages
have been hampered by a lack of easy procedures for
opsonization of target particles and convenient methods to
quantify phagocytosis that can distinguish attached and
phagocytosed particles. Common assays for investigation
of phagocytosis by macrophages via C' receptors usually
involve tedious microscopic evaluation of internalized
C'-coated targets.2*"22 Furthermore, the conventional coating
protocols and targets used cannot simultaneously enable easy
opsonization and convenient discrimination between attached
and internalized particles.
In the present study, we describe a simple procedure using
2% human senim lot C'-opsonizing SRBC as targets for
phagocytosis, which can then be quantified by a modified
colourimetric assay that is specific for ingestion via C receptors. We further show, by use of this assay, that HIV-infected
monocyte-derived macrophages are defective in their ability
to phagocytose complement-opsonized SRBC.
Materials acd Methods
isolation end culture of human monocytes
Human peripheral blood monocyte- were isolated from bufiy packs
of HIV-1, hepatitis B virus (HBV), hepatitis C virus (HCV), human
T-cell leukaemia virus (HTLV) and syphilis-"eronegative blood
donors (purchased from the Red Cross Blood Bank, Melbourne, Vic,
Australia) using Ficoll-Paque density gradient centrifugation followed by plastic adherence as described elsewhere.23 Immediately
after isolation, cell viability was greater than 95% as assessed by
Trypan blue exclusion. The purity of monocytes was greater than
85% as determined by immunofluorescent staining with anU'-CD14
mAb conjugated directly to phycoerytherin (CD14-PE; Becton
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Dickinson, San Jose, CA, USA) and assessed by flow cytometry
using a FACS Star Plus flow cytometer (Becton Dickinson). Monocytes were resuspended and cultured in Iscove's medium (GibcoBRL, Life Technologies, NY, USA) supplemented with 10%
heat-inactwrted human AB-positive serum, 2 mmol/L L-glutaminc
(GibcoBRL) snd 24 ug/mL gentamicin (Delta West, Bentley, WA,
Australia) at a concentration of 0.5-1 x 10scei»f'mLinpolytetrafluorethylene (Teflon) jars (Savillex, Minnetonka, MO, USA).

Preparation of C'-opsonized sheep red blood cells
Sheep red blood cells (2 x 10") x.rN-Cappcl, Aurora, OH, USA)
were washed three times in cold PBS P 1 ""* e. 7 min), centrifuged
and opsonized fur 30 min at room temperati immediately prior to
the phagocytosis assay using prewarmed (3/°C) 2% AB -negative
untreated human whole serum (NHS) from HlV-negativs donors
(a source of human C components). To terminate opsonization,
SRBC were pelleted by centrifugation at 660 g for 10 min at 4°C.
Supernatant was collected Mid the concentration of released haemoglobin (Hb) was measured at 540 run to determine the lysis of the
SRBC resulting from <*~*truction by C components. Sheep red blood
cells were then washes ^ Tee times in cold PBS and resuspended at
a concentration of 1 x 108/mL. Sheep red blood cells used as controls
were prepared using the same procedures but using heat-inactivated
serum (iNHS); iNHS was derived from rerum prepared from the
same donor, heat-inactivated at 56°C for 45 min (iNHS) and clarified
by centrifugation (20 000 g, 10 min). Freshly prepared NHS and
iNHS were aliquotcd into microcentrifuge tubes, typically in a
volume of 50-100 uL, snap-frozen in liquid nitrogen and steed
at -80°C. Serum stored in this manner could be used for up to
12 months after preparation.
For inhibition studies of FcTR-mediated phagocytosis, SRBC
were opsonized with IgG by incubation with rabbit antiserum to
SRBC (1CN Cappel) at a dilution of 1 :300 for 30 min at room
temperature.

Gel electrophoresis and western blotting
For analysis of C3 derivatives (major C opsonins) on opsonized
SRBC preparations, SRBC samples were lysed in cold 0.2% NaCl
(Merck, Kilsyth, Vic, Australia) solution, and SRBC membranes
pelleted by centrifuging at 20 800 g for 5 min at 4°C. The SRBC
membrane fragments were washed once with cold 0.2% NaCl solution and the pellet was boiled in SDS sample buffer (10 mmol/L Tris
pH 8.0,2 mmol/L EDTA, \% SDS, 5% P-mercaptoethanol, 5%glycerol) at 95°C. Samples were analysed by SDS-PAGE using the
discontinuous buffer system at 100 V. Proteins were transferred to
nitrocellulose (Amersham International, Buckinghamshire, UK) at
70 V for 2 h. The nitrocellulose filters were blocked in 5% skim milk
in Tris-buffered saline containing 0.3% Tween-20 (Astral, Gymea,
NSW, Australia) for 2 h at 37°C and then probed with goat polyvalent
antiserum against huma- C3 (ICN-Cappel) at 4°C for 16 h. Following five washes in x TBST, blois were probed with a rabbit-antigoat
antibody conjugated with horseradish peroxidase (Dako, Carpinteria,
CA, USA), followed by three washes in ! x TBST, and developed for
enhanced chemiluminescence (ECL) according to the manufacturer's
instructions (Amersham International).

C '-mediated phagocytosis assay
On days 5-14 of postisolation, monocyte-derived macrophages
(MDM) were adhered in quadruplicate wells onto flat-bottomed
96-well plates at 5 x 10* cells/well in 200 nL of supplemented
Iscove's medium for 24 h at 37°C in a 5% CO2 humidified

incubator. The volume of the medium was adjusted to 85 uL before
the addition of 5 fiL of phorbol-12-myristate-13-acetate (PMA;
Sigma) in 10% dimcthylsulfoxide (Merck) (final concentration of
PMA of 200 nmol/L per well) for 10 min prior to the assay. Phagocytic targets (SRBC coated with NHS or iNHS) were added to MDM
at the ratio of 20 SRBC to 1 MDM and centrifuged at 57 g for 5 min
at 4°C onto the adherent MDM. The plate was placed at 37°C in 5%
CO2 for phagocytosis to proceed. Phagocytosis was terminated after
60 min by placing the plate on ice and washing non-phagocytosed
SRBC away with cold (4°C) PBS. The amount of internalized SRBC
was measured using a colourimetric assay.24 Briefly, unbound SRBC
were washed off the wells with cold PBS, whereas adhered but
non-phagocytosed SRBC were lysed with 0.2% NaCl solution for
3 min and removed by washins three times with prewarmed (37°C)
Iscoye's medium. Monocyitf-derived roacrophages were lysed with
6 mol/L urea solution containing 0.2 mol/L Tris-HCl buffer (pH 7.4).
The number of phagoctosed SRBC was determined by measuring
the amount of fluorene blue that had been converted from 2,7diaminofluorenc (Sigma) by the pseudoperoxidase activity of Hb.
Absorbance was determined at 620 nm in an ELISA plate reader
(Labsystems, Helsinki, Finland) and corrected against a blank, which
contained only 2,7-diaminofluorene solution and urea-Tris buffer.
The adjusted absorbance was compared to a standard curve, which
was generated for each assay plate using known numbers cf SRBC
(twofold dilutions in triplicate ranging from 8 x 103 to 1 x 10* per
well) and fitted by four-parameter analysis using a microplate analysis program (Dtfltasoft 3, BioMetallics Inc., Princeton, NJ, USA).
The number of SRBC determined from this standard curve was
divided by the number of MDM in the well (5 x 104) and multiplied
by 100 to obtain the phagocytic index (the numbtt of SRBC phagocytosed per 100 MDM). The data from quadruplicate wells were
averaged and expressed as mean ± SD.

Measurement of C'-mediatedphagocytosis in HIV-infected
monocyte-derived macrophages
Monocyte-derived macrophages prepared from individual donors'
monocytes \»
• • > ; . ^ d into two and either infected with
HIV-1. or
_;cted, as described elswhere11 cv» day 5 of
postisolation. Infected cells were cultured for a further 6 days and
then platei for 24 h onto 96-well plates for the measurement of
C- and r\ -mediated phagocytosis. Infection was confirmed by the
measurement of reverse transcriptase activity in culture supernatants
on day 7 of postinfection. Experiments were carried out under strict
PC3 containment until the virus was inactivated by the urea lysis
step, after which the plates were transferred to the PC2 laboratory for
colourimetric determination of released Hb.

Statistical analysis
The significance of the data •.Vom various phagocytosis experiments
wa> assessed using a paired Student's (-test; significance depended
upon a /lvalue of i 0.05, two-tailed.

Results
Sensitivity of the colourimetric assay for sheep red blood
cells
In order to quantify the number of SRBC phagocytosed by
macrophages, Hb released following lysis of cells was determined by reaction with 2,7-diaminofluorene and the fluorene
blue product was measured spectrophotometrically." To determine the relationship between the fluorene blue generated
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36 30Figure 1 Deposition of C opsonins on SRBC targets. Sheep red
blood cell ghosts were obtained by lysing SRBC with 0.2% NaCl
solution. C3 opsonins were detected by immunoblotting with a
polyclonai goat-antiserum against human C3 following enhanced
chemiluminescence detection, and were present in SRBC
opsonized with untreated serum (US) but not in SRBC samples
treated with heat-inactivated serum (HIS).

and the number of SRBC, a standard curve was constructed
with SRBC ranging from 8 x 103 to 1 x 106 per well. Under
the conditions used, colour development was not saturated up
to 4.5 x 10s SRBC per well (data not shown). The range of
values that could be read from the standard curve (from the
first data point significantly above the background to the
point of saturation) equated to a phagocytic index of between
15 and 900 in experiments using 5 x 104 MDM plated per
well.
Effect of variables on phagocytosis of sheep red blood cell
targets
Conditions for opsonization of targets The Fc^R-mediated
phagocytosis assay described by Gebran and coworkers24 was
modified to measure C'-mediated phagocytosis without the
requirement of target opsonization by purified C components. Untreated whole serum (NHS) was evaluated as a
source of C components. Various serum concentrations were
tested to achieve adequate opsonization with insigpifi^sit
lysis of the SRBC targets. When MDM were incubate i , :,\
SRBC for 60 min, a similar extent of phagocytosis of tai:>,::
particles was achieved using targets opsonized at room
temperature at final serum concentrations of 2% (phagocytic
index ± SD = 389 ± 33.0) and 5% (phagocytic index ± SD
= 433 ±53.1); however, the latter concentration resulted in
significantly more lysis of the target SRBC (62% vs 14%,
respectively). Incubation periods of 30 min, 1 h and 2 h were
evaluated with incubation at 4°C and/or room temperature
(20-25°C); the optimal incubation conditions were found to
be 30 min at room temperature (data not shown). On the basis

Time (min)
Figure 2 Kinetics of C'-mediattd phagocytosis by monocytederived macrophages (MDM) measured using the colourimetric
assay. Monocyte-derived macrophages were prest.lmulated with
PMA ( • , • ) or DMSO control (•.O) for 10 min at 37°C. Sheep
red blood cells (opsonized with untreated serum (NHS) ( • , • ) , or
heat-inactivated serum (iNHS) (D,O)) were added at a MDM Jo
target ratio of 1 :20, and phagocytosis was allied to proceed for
the times indicated. Phagocytosis was then quantified as
described in Materials and Methods. The figure is a representative of three independent experiments. Each data point was performed in quadruplicate and error bars indicate standard
deviation. Phagocytic indices from 30 min onwards that were
below the lowest point on the standard curve are arbitrarily
defined as 15 (the phagocytic index equivalent to the lowest limit
of the standard curve).
of these results, the target opsonization parameters were set
at 2% serum at room temperature for 30 min. This concentration was subsequently used successfully with AB serum
prepared from several individuals, but should be optimized
for each serum batch.
Deposition of C on SRBC opsonized under the optimal
conditions was subsequently demonstrated by the detection
of C3 products on SRBC ghosts using SDS-PAGE followed
by immunoblotting with polyclonai goat-antiserum against
human C3 components. Multiple bands between 40 kDa and
200 kDa (C3 products) were detected on SRBC opsonized
with NHS but not iNHS (Fig. 1).
Conditions for phagocytosis assay incubation time for
phagocytosis To determine the optimal incubation time for
phagocytosis, the kinetics of C'-mediated phagocytosis
(0-120 min) by MDM were assessed using a target to MDM
ratio of 20: 1. The number of phagocytosed SRBC, as
assessed by the content of internalized Hb, increased as a
function of time, reached a maximum by 90 min and
plateaued thereafter (Fig. 2). Adherence time of MDM prior
to phagocytosis assay As macrophage function, including
phagocytosis, might be augmented as a result of activation
induced by adherence,25 the effect of altering the adherence
period prior to conducting a phagocytic assay was examined.
Monocyte-derived macrophages from three donors were
adhered to plastic 96-well plates for 24 h prior to phagocytosis assay and compared to control MDM from the same
donors adhered for only 2 h (as described for FcTR-mediated
phagocytosis24). Adherence for 24 h resulted in higher levels
of phagocytosis than 2 h of adherence (86% increase; Fig. 3).
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Increasing the adherence time to 48 h and 72 h did not result
in higher levels of phagocytosis when compared to 24 h
(D Doischer, pers. comm., 2000).

140 i

Specificity of C'-mediated phagocytosis assay
Sheep red blood ceils treated with NHS as described earlier
were verified to be phagocytosed via a C'-mediated pathway.
First, phagocytosis was enhanced by PMA, a known activator
of C receptors (Fig. 4a, see also 4b,c). There was no phagocytosis of SRBC targets when the SRBC were treated with
iNHS (Fig. 4a-c). In addition, phagocytosis measured by this
assay was inhibited by a specific PKC inhibitor, RO 31-8220
(Fig. 4b), but not the tyrosine kinase (PTK)-specific inhibitor,
genistein (Fig. 4c). The PKC inhibitor did not inhibit the
Fc7R-mediated phagocytosis of Ig-opsonized SRBC (Fig. 4d).

24
Adherence time (h)
Figure 3 Phagocytic index is increased in monocyte-derived
macrophages (MDM) that have adhered for 24 h in comparison to
those that have adhered for only 2 h prior to phagocytosis assay.
Phagocytosis assays were performed on MDM cultured for
12 days in Teflon pots after their initial isolation and then adhered
to plastic for 2 h or 24 h prior to assay. The figure is representative of three independent experiments using cells from three
different donors (mean ± SD).

Quantification of phagocytosis of C'-opsonized sheep red
blood cell targets by monocyte-derived macrophages
C'-mediated phagocytosis by MDM was assessed under the
conditions established using cells from eight different donors
cultured for a mean of 12 days (range 6-15 days) after
isolation. As shown in Table 1, the mean phagocytic index of
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Figure 4 Specificity of C'-mediated phagocytosis assay, (a) Monocyte-derived macrophages (MDM) were pre-incubated with the
indicated concentrations of PMA in 0.5% DMSO ( • , • and • ) 10 min prior to the addition of SRBC coated with untreated serum
(NHS; • ) or heat-inactivated serum (iNHS; D). Data represent mean ± SD from a single experiment performed in triplicate. For all
subsequent experiments, a PMA concentration of 200 nmol/L was used. (b,c) Adhered MDM were treated with varying concentrations
of the indicated kinase inhibitors for 10 min. After a further 10 min of incubation with PMA ( • , • ) or the DMSO vehicle control ( • ) .
opsonized SRBC ( • , • ) or iNHS-treated SRBC (D) were added to the MDM for phagocytosis at 37°C for 1 h. Quantification of ingested
SRBC was performed as described in Materials and Methods. Shown here are results (mean ± SD) from oue experiment. Each data point
was performed in uiplicate and error bars indicate standard deviations, (d) Monocyte-derived macrophages v/ere plated for 2 h prior to
assay. Immunoglobulin-opsonized SRBC ( • ) were then added to MDM for phagocytosis at 37°C for 30 min. Quantification of ingested
SRBC was performed as described in Materials and Methods. Shown here are representative results (mean ± SD) from three independent
experiments.
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MDM was 199 ± 59 (mean ± SEM; range, 47-490). For all
experiments, iNHS-coated SRBC controls were below or
very close to the lower limit of detection of the assay (data
not shown).
Inhibition ofC- and Fc-mediatedphagocytosis by HIV-1
infection ofmonocyte-derived macrophages
Monocyte-derived macrophages from three separate donors
were infected with HIV-1^ L, which is an M-tropic laboratoryadapted strain of HIV-1. Infected and mock-infected cells
were then assayed at the same time for their ability to phagocytose either C'-opsonized or IgG-opsonized SRBC. The data
show that C'-mediated phagocytosis was strongly inhibited
by HIV-1 infection, as was Fc-mediated phagocytosis (Table 2).
Discussion
Phagocytosis assays for monocytes often use non-adhe^nt
cells cultured in suspension and flow cytometric assessment
of internalization of fluorescently labelled targets.2627 Adherent cells may better reflect the in vivo physiological environment of macrophages as effector cells. Conventional assays
using adherent cells usually involve microscopic analysis of
internalized particles,2*"22-28 and investigator bias can diminish their usefulness. The C'-mediated phagocytosis assay
reported in the present study employs an adaptation of a
colourimetric method described previously by Gebran and
coworkers24 for FcrR-mediated phagocytosis, eliminating
the need for manual microscopic counting, and is highly

Table 1 C'-mediated
macrophages

phagocytosis

by

monocyte-d'Jtived

Macrophage donor'

Phagocytic index ± SD

1
2
3
4
5
6
7
8
Mean (n = 8) ± SEM

490 ±33
131 ±10
47±4
61 ±16
113 ±4
286 ±31
386 ± 24
81 ±12
199 ± 59

"Experiments were performed in triplicates using monocytederived macrophages from eight different donors.

reproducible and independent of investigator bias. The protocol also enables the measuremen of only ingested targets
and not attached particles. In addition, a simple and inexpensive method to produce C'-opsonized SRBC as phagocytic
targets is provided.
Commonly used targets for measuring C'-mediated
phagocytosis lire C'-coated zymosan, latex beads and
erythrocytes.21-22'26 Zymosan is resistant to lysis by C components and can be opsonized adequately using NHS.29-30
Latex beads are also resistant to lysis but cannot be fixed
directly wiJh C and they must, be coated by BSA and antiBSA Ig prior to incubation with serum.26 Despite the relative
ease of opsonization of these lysis-resistant particles, their
use in assays is not ideal because attached and engulfed
particks cannot be differentiated easily. The extent of attachment must be additionally measured (e.g. by using cytochalasin D to inhibit microtubules required for phagocytosis
but not the attachment of particles26). Another commonly
used procedure is to use fluorescently labelled targets followed by quenching of the attached fluorescent targets asing
a non-cell permeable quenching agent.29 However, the reliability of quenching is debatable and, in our experience, these
methods may be associated with a high background.27
In contrast, attached erythrocytes can be hypotonically
lysed under conditions that do not lyse macrophages, thus
allowing precise Quantification of internalized peiiicles.20-21-31
As SRBC are susceptible to C lysis, the published protocols
for opion'zing SRBC use purified C components (e.g. C3,
factor I, factor H), or sera deficieri in one of the later C components that constitute the membrane attack complex that is
responsible for lysis20-31 instead of whole serum. The present
study reports for the first time conditions that allow
opsonization of SRBC by untreated whole serum without
generating substantial lysis, a rapid and inexpensive protocol
for the production of C'-opsonized targets.
Because C is heat labile,' iNHS was used to coat SRBC
as a negative control. The negligible phagocytosis of iNHStreated SRBC, as well as the PKC dependency of NHSopsonized SRBC phagocytosis observed in the present study,
confirms the specificity of the assay and demonstrates that
opsonization of SRBC by xenoantibodies present in huma;i
serum32 dx'S not result in significant phagocytosis via Fcmediated pathways under the conditions used here for
opsonization and r wgocytosis. The dependence of phagocytosis on PMA stimulation (and thus PKC activity) awd
inhibition with the PKC inhibitor RO 31-8220, but not the
tyrosine kinase inhibitor genisteiii, are in agreement with
earlier studies by other investigators showing the dependence

Table 2 Inhibition of C- and Fc-mediated phagocytosis by HIV-1 infection of monocyts-derived macrophages

Donor

Mock-infected

C'-mediated
HIV-infected

% Inhibition

A
B
C
Mean
SEM

113.4
285.8
386.1
261.8
79.6

4.2
31.4
23.8
19.8
8.1

96.3
89.0
93.8
93.0°
2.1

= 0.00053; "P = 0.0021.

Mock-infected
161.3
268.3
204.6
211.4
31.1

Fc-mediated
HIV-infected

% Inhibition

17.2
48.1
7.8
24.4
12.2

89.3
82.1
96.2
89.2"
4.1
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of C'-mediated phagocytosis on PKC activation.22-33-34 This
assay is particularly useful for such pharmacological investigations because the protocol employs 96-well plates, allowing a comparison of C'-mediated phagocytosis of MDM from
the same donor with numerous different treatments.
C'-mediated phagocytosis requires C receptors to be activated. Despite pre-incubation of MDM with PMA to activate
C receptors, the phagocytic index remained variable and low.
Because it has been reported that lengthy adherence of MDM
to either plastic or glass can activate C receptors for phagocytosis,21 the protocol has been modified to adhere cells for
24 h instead of 2 h prior to assay.
We have shown previously that HIV-infection of human
MDM impairs their ability to phagocytose M. avium
complex,15 implying that complement-mediated phagocytosis
is impaired in MDM because M. avium complex is principally ingested via a complement-dependent path-way.13-14
In the present study, we show directly, using specifically
opsonized target particles, that complement-mediated phagocytosis is impaired when MDM are infected with HIV-l BiL
and that the degree of inhibition is at least as strong as that
of Fc-mediated phagocytosis. We are currently using this
assay in the laboratory to investigate the signalling pathways
involved in C'-mediated phagocytosis by macrophages and
the effect of HIV-1 infection on this function. In addition, this
assay provides a useful tool for the examination of the effects
of therapeutic agents on C'-rnediated phagocytosis and, thus,
may assist in assessing new adjunctive therapies for restoration of activity against pathogens entering cells via this
pathway (e.g. M. avium complex) in immunodeficient
patients.
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