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SUMMARY

Cells of the macrophage lineage inciuding peripheral blood monocytes and tissue
macrophages play an important role in the pathogenesis of human immunodeficiency
virus type 1 (HIV-1) infection. Foilowing 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 contro! of HIV-1 disease progtession.

This study aimed to investigate the mechanisms underlying defective monocyie and
macrophage function following H!V-1 infection. As monocytes and macrophages are
distinct celt populations that differ in thelr 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
HiIV-infected monocyte-derived macrophages (MDM) was the main focus of my
doctoral studies. The results presented in this thesis show that the early sighafiing
events during FeyR-mediated phagocytosis in human uninfected MDM are similar to
those previously characterised in murine macrophages. In both species, FcyR-
mediated 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




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 FeyRs, but was
associated with the strong inhibition of tyrosine phosphorylation of cellular proteins
stimulated during phagocytosis. Further resuits 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 downmoduiation of y-chain protein
expression in HiV-infected MDM caused the defective FeyR-mediated signalling and

impairment of phagocytosis (Kedzietska et al,, submitted to J Immunol).

Phagocylosis of the common opporiunistic 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 detective 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 overiapping
fong terminal repeat displayed phagocytic efficiency equivalent to that of cells from
uninfected individuais. These results suggest the importance of nef/LTR region in
inhibiting phagocytosis by monocytes following HIV-1 infection in vivo (Kedzierska ef

al., 2001a).




The final aim of my doctoral studies was 10 assess the effect of the immunomodulator
and growth factor, granulocyte-macrophage colony-stimulating factor (GM-CSF) on
phagocytosis by monocytes and macrophages foliowing 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 off hriterodimeric form of the receptor, A pilot ciinical study confirmed the beneficial
effect of Givi-CSF in a patient with AIDS and disseminated multi-drug resistant MAC
infection. GM-CSF therapy improved phagocytosis of MAC by peripheral blood
monocyles 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 fo become positive (Kedzierska et al, 2000b). GM-CSF also consistently
suppressed HIV-1 replication in MDM in vitro, as assessed by measurement of
supernatant RT activity and intrac_:ellular p24 antigen. This effect was reversed by the
addition of the neutralising anti-GM-CSF monocional 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-
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 ef al., 1981; Masur et al., 1981; Siegal et al., 1981). These
clinical observations were associated with low CD4 T cell counts, a reversed ratio of
CD4 T celis to CD8 T celis and impaired T cell function (Masur et al,, 1981). The

causative virus was isolated from individuals with AIDS in 1983 (Barre-Sinoussi ef 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., 19886). Although both viruses cause AIDS, the pathogenicity and
transmissibility of HIV-2 are much lower than those of HIV-1 (reviewed in Barre-
Sinoussi, 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 contro! of HIV-1 infection.




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 i 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 BRNA to encode their genome, which is reverse-
transcribed 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,
poland env and may contain additional regulatory and accessory genes. In the case of

HIV-1 these are tat, rev, nef, vif, vou 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 compiexed with approximately 2000

copies of the nucleocapsid protein (NC, p7) and 70 to 100 copies of the viral enzymes:




protease (PR), reverse transcriptése (RT) and integrase (IN) (reviewed in Turner and

Summers, 1999).

1.2.2 RV-1 genomic organisation.

The HIV-1 genome is approximately 9.5 kb in fength 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
(untransfated 3'), R (the repeated) and U5 (the untransiated 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 af,, 2000).

Regulatory and accessory proteins are producis of spliced mRNA. The HIV-1 genome
encodes three regulatory proteins: Tat (transactivator of transctiption), 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 ceils 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 B-chemokine co-receptor,
CCRS5, is the major co-receptor for macrophage (M)-tropic (R5) strains of HiV-1
(Alkhatib et al, 1996; Dragic et al, 1996), whereas the o-chemokine co-receptor,
CXCR4, is the main co-receptor for T-tropic (X4) strains of HIV-1 (Feng ef al,, 1996). A
restricted subset of M-tropic strains of HIV-1 can also use the chemokine co-teceptors
CCR2 and CCRS3 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 af., 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 ef 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.,, 1286) via
syncytium formation or apoptosis (Sodroski et al, 1986; Stevenson et ai, 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 et al., 1997; Wong et al., 1997).




Cells of macrophage lineage, including both blood monocytes and fiSsye macrophages
are important targets for HIV-1 infection in vivo and in vitro (Ho et &l,, 1986; Crowe ot

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 gnd can support
HIV-1 replication (Pope et al., 1995; Canqgue et al., 1999). These Cells play also an

important role in the initial mucosal infection by capturing HIV-1 in péripheral tissue and

transporting it to lymph nodes, where it infects activated CD4 T cells (Cameron et al.,

1992; Pope et al., 1994). Dendiritic 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 (Geitenbeek et g/, 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 gomain of CD4
molecules (Landau et al., 1988; Arthos et al, 1989) (Figure 1.33), This interaction
results in conformational changes in gp120, exposes its chemokine receptor-binding
domain and facilitates the interaction with chemokine co-receptors (Trkola 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 of the virion into

the cytoplasm (Dimitrov, 1997) (Figure 1.3bj).

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 ({RNA"). The celiular derived tRNA™ is
packaged into HIV-1 during virion assembly via Gag-Poi precursor protein (Mak et al.,
1994). The primer tRNA" is annealed to the primer-binding site positioned immediately
downstream of the £&'R sequence of the HIV-1 genome. The synthesis of viral cDNA
includes twe 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). Compiletion 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 rernoves two
nucleosides from the 3' 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
I! 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 imporant role in

downregulation of CD4 receptors (Garcia ef 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 il (Wei of al., 1998). Rev mediates the export of unspliced (encoding
Gag and Gag-Pol proteins) and single spliced (encoding Env, Vpu, Vif and Vpr) cellular

1BNAs 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 mRBNAs resuits 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 throeugh 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, 1t oligomerises to a trimeric struciure in the endoplasmic reticulum (ER)
where it is glycosylated (Chan et al., 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 celiular membrane by the amino-

terminally 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 tRNA™®,

Proteolytic cleavage of Pr55%*% and Pri160%¢" 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) (FFigure 1.3).

1.3 PATHOGENESI!S OF HIV-1 INFECTION.

1.3.1 The ciinical course of HIV-1 infection in untreafed individuals.

HIV-1 is transmitted by exposure to blood and blooed 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, nause¢a, 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 miilion of copies of HIV-1 RNA per m!
(Figure 1.4). Such a high viral load is accompanied by a transient decline inthe CD4 T
¢l count and extensive vira.l dissemination to lymphoid organs (Pantaleo ef ai., 1993).
Within 1 to 4 weeks after initial infection, humoral and cellular immune responses are
initiated, ieading to a decline in the viral load and restoration of the CD4 T cell count
{Clark ot al, 1991). Cytotoxic T lymphocytes (CTL; specialised CD8 T cells which
eliminate cells expressing viral proteins in association with MHC class 1) 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 equiiiorium between HIV-1 and host
immunity is usually established between ¢ to 9 months after infection. At that time, the
steady-stats plasma viral load ("virclogic set point") {(Ho, 1996} predicts the long-term
clinical outcome of infection in untreated patients (Figure 1.4). A low virologic set point

correlates with longer clinical latency, whereas a high set point correlates with more

rapid progression to AIDS (Meliors et al., 1996).




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 10° virions per day (Ho et
al., 1995; Wei et al., 1995) and destruction of HIV-infected CD4 T cells with a half-life of
less than two days (Ho ef al,, 1995; Perelson et al,, 1997) is efficiently con‘troiled by the
immune system. The duration of clinical latency varies considerably among HIV-
infected patients and may be affected by genetic, environmental and viral faciors
(discussed in Section 1.3.2). Eventually, without antiretroviral treatment the immune
system fails and CD4 T cell levels steadily deciine 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 ef 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 celis, which partly reéults from the appearance of T-tropic strains of HIV-1,
which are responsible for syncytium formation and CD4 T celt destruction (Coliman et

af., 1992; Connor ef al,, 1993).

The immur . = unction caused by HIV-1 infection results in immunosuppression and
developrent 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 ora! hairy leukoplakia (reviewed in
MeCullough et 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 cells/ui and high
plasma viral joad 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
AlDS-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 Leng-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 ef al, 1994). Several genetic or viral factors may
prolong the duration of the asymptomatic phase. The majority of long-term non-
progressor 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,
CCRS. Long term non-progression has been associated with a deletion in the CCR5
aliele, named CCR5-A32, which encodes for a non-functional truncated CCRS5 receptor
(Samson ef 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 | B27, B52 and B57, and class Il 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

transfusicn 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 al.,
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 al, 1992; Learmont et al,, 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 of HAART.,

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 antiretrovirai 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). Highty
active antiretroviral therapy (.HAAF{T), 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 ot al,, 1997). HAART also improves the CD4 T cell
count and hence decreases the occurrence of opportunistic infections and AIDS-

related morbidity and mortality (Palelta et af., 1998) (Figure 1.5).

The persisience 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, 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;
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Sonza et al., 2001). Viral reservoirs therefore represent a major obstacle to curing HIV-
1 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 10 44 months and such reservoirs can be replenished by small
burst of viremiz, it is estimated that the time to eradication would take up to 60 years of
continuous HAART with maximal suppression of H1V-1 replication (Zhang ef al., 1999;
Pierson et al, 2000). CTL cannot eliminate latently infected cells containing HIV-1
proviral DNA, but not expressing viral proteins. In summary, viral reservoirs represent a
life long persistence of replication-competent forms of HIV-1, and althcugh 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
antiretroviral 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 antireiroviral drugs
becomes more widespread. Resistance develops as a result of low plasma drug levels
due to factors including poor aciherence, reduced ahsorption {(eg due to diarrhoea),
altered metabolism (eg. drug interactions). The adverse eiects aid toxicities of
antiretrovire: drugs, including nausea, diarrhoea, myopathy, neuropathy, abdominal
pain aid hyperglycemia are common and often lead to cessation of the treatment

and/or poor compliance {reviewed in Landor, 1998).

1.3.4 Abnermal cytokine profile in HiV-1 infected individuals.

Cytokines play an important role in controlling the homeostasis of the immune svstem.

HIV-1 infection at all stages of the disease is associated with chronic immune activation
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and dystunctional cytokine production in vivo. Decreased secretion of specitic
cytokines and increased production of others contributes o the progression of HIV-
associated immune deficiency. Using diiferent 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, IL-
4, 1L-10 is increased {Clerici and Shearer, 1993). Increased production of pro-
inflammatory cytokines, ie. IL-1, li_.-g, IL-8 and tumor necrosis factor {TNF)-a (Esser et
al., 1991; Esser et al,, 1996} is thought to activate HIV-1 replication and maintain active
HIV-1 expression via binding of NF-xB to LTR (Granowitz et af, 1995; Munoz-
Fermandez et al., 1997). HIV-1 infection is also associated with increased secretion of
the o-chemokine, stromal-derived factor (SDF)-1 (Ohashi et al, 1998), and the B-
chemokines, macrophage-inflammatory protein (MIP)-1a, MIP-1, BANTES (Garzino-
Demo ot al., 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 ef al., 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 o1 &

complex cytoking network produced by a variety of cells. HIV-inductive cytokines
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include TNF-oo and TNF-B (Folks et al., 1989; Novak et al., 1990), IL-1 (Poli et al,
1994) and IL-6 (Peli et al,, 1990; Poli et al., 1992), which stimulate HIV-1 replication in
T cells and macrophages; -2 (Foli et al., 1995), I.-7 (Moran et al,, 1993) and IL-15
(Lucey ei al, 1997), which up-regulate HIV-1 in T celis, and macrophage-colony
stimulating factor (M-CSF) (Perno et al, 1992), which stimulates HIV-1 in
macrophages. HIV-suppressive cytokines include IFN-o. and IFN- (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 ef al, 1989; Vyakarnam et al, 1990), IL-4
(Schuitemaker et al., 1992; Naif et al, 1994) and granulocyte-macrophage colony
stimulating factor (GM-CSF) {Koyanagi ef al., 1988; Kornbluth ef al,, 1989; Matsuca st
al., 1995), have been shown to have bcth inhibitory and stimulatory effects on HIV-1.
Bifunctional cytokines may eert 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 ef al., 1992; Schuitemaker
ot al., 1992b; Naif et al, 1997). The p-chemokines, MIP-1¢, MIP-1f3 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 «-chemokine SDF-1
suppresses infection of T cells by T-tropic strains of HIV-1 (Oberlin et af,, 1998).
Therefore, there is a complex and dysreguiated 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.




1.4 ROLE OF MONOCYTE/MACROPHAGES IN HIV-1 PATHOGENESIS.

1.4.1 Cells of macrophage lineage as a targzt 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 ef al, 1986; Ho et al., 1986; Crowe et al., 1987) and CCR5 co-
receptor (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 ef 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 HiIV-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 of
al., 1990; Plata et al., 1987; Stoler et al., 1986; McElrath ef al., 1989; Embretson et 4/,
1993; Hufert et al., 1993; Mcliroy et al., 1996; Orenstein ef 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., 1590). Tissue macrophages

infected with HiV-1 are resistant to cytopathic effects and persist throughout the course




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 st 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 AlDS.

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 concenirations 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., 1956)
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 eflects (Crowe
et al., 1987; Sonza et al., 1996). Therefcre, 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 ef al., 1995).
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1.4.1.3 Peripheral blood monocytes.

Peripheral blood monocytes are infrequently infected with HIV-1 in vivo {Schuitemakers
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 al., 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 ir sction
(Rich et al,, 1992; Sonza et al., 1995; Sonza et al, 1996). HIV-1 replication in freshly
isclated 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

CCRS level (Fear et al., 1998; Naif ef 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 CD8-
depleted, PHA-activated peripheral blood mononuclear cells (PBMC) (Crowe and
Sonza, 2000; Sonza et al, 2001). Peripheral blood monocyle 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 AlDS-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 neurclogical
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 blood-
derived 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 ef al, 1988; Goiry ef al, 1999), possibly due to inefficient
translation of HIV-1 structural proteins (Gorry ef al., 199S}. 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 HIV-
infected macrophages and microglia are highly activated and produce a number of

neurotoxins contributing to disease progression (Glass ef al,, 1923). Those include pro-

inflammatory cytokines (TNF-o., IL-1B), chemokines (SDF-1), excitotoxins (quinolinate
and glutamate), reactive oxygen intermediates (nitric oxide and superoxide) or lipid

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

18

|




status of the HIV-infected individuals (Wesselingh et al, 1994), confirming the

contribution of those ceils to HiV-related encephalopathy and HIV-related dementia.

1.4.3 Altered monocyte/macro phage functions following HIV-1 infection.

Cells of macrophage lineage including peripheral blood monocytes and tissue
macrophages provide critical effector functions within the imrmuite system. Following
HIV-1 infection a number of these functions are impaired, including phagocytosis,
intracellular killing and cytokine production. these delects 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, Prneumocystis carinil) (Drancourt
et al., 1992; Wehle et al,, 1993; Douitree 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-iniected

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, Cryptecoccus 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; Delemarre et al., 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 ef 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 et al.,, 1993; Dobmeyer et al., 1995). As
only a small proportion of blood monocytes (0.001% to 1%) is iHfected 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 phagocylosis 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 et al., 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 ot al., 1995; Delemarre et al., 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., 1895). 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 followi:g HIV-1 infection in vivo and in vitro, a few reports have shown

rormal 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 monccytes and macrophages at the time of functional
assessment, the specific intracellular pathogens used as targets, type of phagocytosis
assay and in particular tre 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 Fcy 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 reporis show that HIV-1 infection results in either elevated or unchanged
surface expression of FcyRs or C'Rs (Petit ef al., 1988; Capsoni et al., 1992; Nottet et
al., 1993; Capsoni et al., 1894; Stent et al., 1995; Dunne et al,, 1996). Those siudies
suggest that the inhibition of phagocyiosis 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 culiure supernatant /n 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 6t al., 1992).

1.4.3.2 Defective intracelftlar Kilfing.

QOur 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 intraceilular
kiling of Candida species in HIV-infected MDM when compared to uninfected
macrophages although normal function has also been reported (Baldwin et al., 1990;
Nottet ef al, 1993). Similarly, MDM "cuitured from monocytes obtained from
asymptomatic HIV-infected individuals are less efficient in killing Toxoplasma gondii
than cells from uninfected individuals (Eales ef 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 ef al,, 1995; Kallenius et al., 1992; Newman

et al., 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 ef al., 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 formyi-methionyl-
leucyl-phenylamirie (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 et af., 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 pro-
inflammatory cytokines such as IL-1, 1L-6, IL-8 and TNF-o in culture supernatants
(Esser et al.,, 1991; Esser et al, 1996). Similarly, increased levels of I1L-1 {Sadeghi et
al., 1995}, IL-6 (Birx et al., 1990}, IL-8 (Matsumoto ef ai., 1993) and TNF-o (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-xB 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 1L-10 secretion and IL-10 mRNA levels in comparison to

uninfected or untreated cells {Borghi et al., 1995; Gessani et al., 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-a (Gendelman st al,, 1980), 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-B in
comparison to uninfected/untreated cells (Gessani ot 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 4., 1994),

HIV-1 infection induces MDM to secrete the f-chemokines MIP-1c, MIP-1g and
RANTES, which have been identified as natural ligands for CCRS, a major co-receptor
for M-tropic strains of HIV-1 (Cocchi et al, 1995). HIV-infected MDM produce
increased levels of MIP-1a 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 gpi120 or interactions between soluble CD40
ligand and CD40 on MDM also stimulate the production of MIP-10, MIP-1f 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, CD38-
negative 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 megakaryocytes. The coordinated
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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 M-
CSF, they become responsive to these cylokines, 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 biood with a hali-life of about three
days. Monocytes subsequently adhere {o 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 et al., 1979; Musson, 1983; Kreutz ef 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 Il molecule (Figure
1.8). They have increased surface expression of phagocytic rereptors 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 tissue
macrophages including cell size, cytoplasm to nucleus ratio, cytoplasmic granutarity
and surface markers expression (Dougherty and McBride, 1989; Akiyama et al., 1988;
Andreesen ef al, 1988; van Furth et an, 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 ef al., 1994),

Resident tissue macrophages are immunologically quiescent. They have low levels of
MHC il 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 capacily following
aclivation with cytokines or endotoxin. in contrast to macrophage differentiation (normal
cellular development associated with permanently altered expression of genes),
macrophage activation involves azquisition 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 surizce expression of HLA-DR, FcyRs and C'Rs 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-ct, IFN-B and TNF-a are the major macrophage "priming”" agents
\Ruce and Meltzer, 1978; Gordon, 1986; Peck, 1991; Knight et al., 1992; Rutherford et
al, 19938). 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-o {Adams and Hamilton, 1984; Adams and Hamiiton, 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-g, IL-1 and IL-6 as well as prostaglandins (PGE.), increased secretion of
catalytic enzymes (acid hydrolyses and proteases), reactive oxygen products and nitric
oxide {Panialone and Page, 1975;.G0rdon, 1978; MacMicking ef al., 1897). Activated
macrophages also display high oxygen consumption, increased antimicrobial activity,
kiling of parasites, tumor cell lysis, augmented phagocytic capacity and the ability to

phagocytose C'-opsonised pathogens (Rutherford et af., 1993).

1.5.2 Monocyte/macrophage function,

Cells of macrophage lineage play a pivotal role within the immuna 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 ceils of the immune
system and contribute to humoral and celluiar 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 phagocytcsis and subsequent intracellular killing.
Splenic macrophages and Kupffer 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, C'Rs 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 (Kornbluth 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 perforin 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 microbial 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 bstter clinical outcome

(Anstey et al., 1996).

Macrophages play an important role as antigen presenting cells and therefore are
involved in initiating specific immune responses. They process exogenous antigens in
vesicies derived from phagosomes and present the processed antigens to CD4 T celis
in association with MHC class Il molecules. A small subset of macrophages is able to
present exogenous antigens to CD8 T cells in association with MHC | molecules

(Pteifer et al., 1993).

Cells of macrophage lineage also eliminate antibody-coated cells via antibody-
dependent 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 n:acrophages secrete numerous cytokines including 1FN-c, 1FN-§,
TNF-q, IL-1, IL-6, IL-8, IL-10, IL-12, IL-15, growth factors including GM-CSF, G-CSF,

and chemokines such as MIP-ia, MIP-1B, RANTES, SDF-1. Production of pro-
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inflammatory cytokines, IL-1, IL-6, IL-8 and TNF-o. {(which &ct 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 of macrophage lineage.

The function of celis 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
profiferation and differentiation of cells of macrophage lineage as well as a number of
their functions inciuding 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 al, 1994). The structure of GM-CSF
determined by x-ray crystallography reveais the presence of four alpha helices with a
novel fold combining a fwo-stranded antiparallet beta sheet (Diederichs et al, 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 C-
terminal amino acids does not affect its bioactivity. Using site-directed mutagenesis,
two amino acids Glu21 in helix A (Lopez et al,, 1992) and Asp101 in helix D (Hercus et
al., 1994) have been determined to be critical for the full biclogical activity of GM-CSF.
These residues are thought to bind to the separate subunits of the GM-CSF receptor

(Hercus et al., 1994).
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The human GM-CSF receptor has been cloned and comprises a low affinity o chain
(Kp=2.6nM) and a f chain which provides a high affinity b:>*~1 when co-expressed
with the o chain. The affinity of GM-CSF for the af heterodimer is in the pM range
{Gearing et al., 1989; Hayashida et af., 1990). The  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 o chain of GM-CSF receptor and behaving as a competitive GM-CSF
antagonist, induces apoptosis of primary haernatopoietic cells (lversen et al, 1996).
These resuits suagest that engaging the B 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 lineages (Figure 1.7)
{reviewed by Metcalf, 1985). Low concentrations of GM-CSF (pM ranges) have been
found to enhance monocyte survivai (Eliiott ot al., 1989; Eischen et al,, 1891}, GM-CSF
induces the differentiation of circulating monocytes into specialisad 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)
cytotoxicily against tumor cells (Parhar et al., 1992), antiparasitic and antimycobacterial
activity (Bermudez et al., 1994; Laursen ef al, 1994) as well as antibody-dependent
cellular cytotoxicity (Keler et al., 2000). GM-CSF aiso stimulates the effector function of

circulating neutrophils and eosinophiis (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 ef al, 1988)., GM-
CSF also augments C'R-mediated phagocyiosis of Mycobacterium avium complex
(Schlesinger and Horwitz, 1991) by human (Bermudez and Young, 1990) and murine
macrophages (Bermudez eof 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 cruzi {Reed ot
al., 1987), Histoplasma capsulatum (Newman and Gootee, 1992) and Cryptococcus
neoformans (Collins and Bancroft, 1982). Additionally, this cytokine increases surface
expression of the phagocytic receptors such as FcyR 1l, which subsequently correlates

with the enhanced binding of IgG-opsonised erythrocytes (Rossman et a/., 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 chemotherapy-
induced 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 FeyR-mediated phagocytosis, oxidative burst, cytotoxicity,
antigen presentation and secretion of TNF-a and iFN-y (Coleman et al., 1988; Wing ef
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; Pemo et al., 1992; Wang et al.,, 1998) as well as in the promonocytic celt
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 couid
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 ef al., 2000). Clinicai improvement and augmented monocyte phagocytic
function against mycobagcteria and fungal infections, again without an increase in viral
load, has also been reported in patients with advanced HIV-1 infection and drug-
resistant oropharyngeal candidiasis treated with GM-CSF (Vazquez ef 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 recepiors.

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 compiement protein C3bi, Opsonin-
independent 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. FcyF_is (FeyR |,
FcyR 1, FcyR 1HIHA) are the major means by which monocytes and macrophages
recognise 1gG-opsonised pariicles and promote phagocytosis, antibody-dependent
cellular cytotoxicity, cytokines and chemokines secretion. The major Fcy receptors
expressed on monocytes are the high affinity FeyRI (CD64) and a low affinity FeyRIl
(CD32), while macrophages also express FeyRINA (CD16) (reviewed in Daeron, 1997).
FcyRs share a highly homologous extraceliular IgG binding domain. The receptors
differ, however, in their cytoplasmic domains. FeyR | and FeyR [HA have relatively short
domains, whereas FcyRIl has a large cytoplasmic domain containing tyrosine residues
arranged into  specific  signalling motifs  YxxbxsaYxesl/l, named ITAMs
(immunoreceptor tyrosine-based activation motifs). FeyR | and FcyR IIIA signal via y v

homodimers, which contain the ITAMs.




Complement receptors promoting phagocytosis of complement-opsonised particles are
C'R1 (CD35), C'R3 (CD11b/CD18) and C'R4 (CD11¢/CD18). C'R1 is a single chain
transmembrane receptor containing an extraceliular domain which binds complement
proteins present in serum; C3b, C4b and C3bi (Fearon, 1980). C'R3 and C'R4 are §,

integrin heterodimers comprising a common § subunit (B2, CD18) and distinct o chains

(o, CD11b and o, CD11c respectively) (Wright ef al, 1983; Myones ef al., 1988).
C'A3 plays also an important role as an opsonin-independent receptor by binding LPS
(Wright et al,, 1988). Apart from their roles in phagocytosis, C'R3 and C'R4 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 lectin-like carbohydrate-binding domains and a short cytoplasmic
tail crucial for endocytic and phagocytic functions (Aderem and Underhili, 1999).
Recently identified toll receptors (Medzhitov et al., 1997) are thought to fransduce the

intracellular signats initiated by binding yeast to mannose receptors.

1.6.2 Mechanism of phagocytosis.

Phagocytosis is a process utilised by celis of macrophage lineage and neutrophils to
enguf and clear particles larger than 0.5um such as pathogens, senescent cells,

apoptotic and necrotic bodies. Phagosytosis is initiated by the interaction of
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phagocytosis-promoting receptors on the surface of macrophages with specific ligands
on the suriace of the target particles. This is foliowed by a cascade of signailing 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 enguifment

into the cytoplasm (Figure 1.9).

After internalisation of the engulfed particle, actin fibres are depolymertised 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 p hagocytosis - signal transduction.

Most studies delineating the specific signalling events during FeyR-mediated
phagocytosis have been performed using murine macrophages {Greenberg et al,
1993; Greenberg ef 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 Fcy receptors with the Fc portion of 1gG 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 D (specific inhibitors of actin
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polymerisation) (Greenberg et al., 1990; Greenberg et al., 1994). There are two studies
reported using human macrophages (Kusnher ef al., 1999) or monocytes (Zheleznyak
and Brown, 1892). Several signal transduction pathways utilised by murine
macrophages activated during FcyR-mediated phagocytosis have been described
(reviewed in Aderem and Underhill, 1999), including requirements for Src family
kinases (Crowley et al., 1997; Fitzer-Attas et al., 2000), Syk kinase (Indik et al., 1995¢;
Crowley et al., 1997; Bonnerot of al,, 1998), phosphatidylinositol 3-kinase (PI3-kinase)
(Kanakaraj et afl, 1994; Ninomiya et al, 1994) and the Rho family of GTPases

(Hackam et al., 1997; Cox et al., 1997) (summarised in Table 1.4).

1.6.3.1 Involvement of Src kinases.

The above-mentioned signalling events are initiated following clustering of FeyRs. This
leads to activation of tyrosine kinases of the Src family which associate with the y chain
{signailing subunit) of FcyR | and WA or the cytoplasmic domain of FcyR |l (Jouvin ef
al., 1994; Sarmay et al., 1994). Several kinases of the Src family are involved in FeyR-
~mediated phagocytosis. Both Hck and Lyn have been also shown to co-
immunoprecipitate with FoyR foliowing cross-linking of receptors on THP-1 monocytic
cell lines (Ghazizadeh et al,, 1994) and human monocytes (Wang et al,, 1994). A role
for Hek, Fgr and Fyn in FeyR 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 FoyR-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 demonsirated using Hok knock-
out mice, which fail to internalise |gG-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 of ITAMs.

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 Fcy Ril or on
the associated y chain of Fcy Rl and A {Park et al.,, 1993; Indik et al., 1994, Indik et
al, 1995a). In fact, this phosphoryletion is absolutely required for FeyR-mediated
phagocytosis as replacement of tyrosine residues within {TAMs 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, 1995¢). A single class of human FcyR can induce
phagocytosis in the absence of other FcyRs (Indik et al., 1995b). The high affinity FcyR
| does not require its cytoplasmic domain to mediate a phagocytic signal as it may
interact with the y chain of FcyR lIA to mediate phagocytosis {Indik et al, 1994).
However, deletion of the intracellular y chain of FoyR |, in the absence of the
cytoplasmic domain of FcyR A, markedly impairs phagocytosis despite unchanged
surface receptor level (Edberg et al,, 1999). The cytoplasmic y signalling subunit of

FeyRs 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,, 1995¢; 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 demcnstrated 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 phagocytosis-
promoting FcyRs to the actin-based cytoskeleton and mediates actin assembly and
FeyR-mediated transport to lysosomes (Cox et al.,, 1996; Kiefer et al., 1998; Bonnerot

et al., 1998).

1.6.3.4 Downstream effectors of Syk.

1.6.3.4.1 Pl3-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 actin-
binding 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 FeyR-mediated
phagocytosis (Crowley ef al., 1997). Crowley and colleagues have shown that tyrosine
phosphorylation of the p85 regulatory subunit of Pl3-kinase, stimulated by FcyR
engagement, is inhibited in Syk knockout mice. A requirement for P13-kinase in FcyR-
mediated phagocytosis has been demonstrated in a study showing that cross-linking of
FcyRs increases the activity of Pl3-kinase, and wortmannin (a tight-binding specific
inhibitor of P13-kinase) inhibits both Pi3-K activity and ingestion of IgG-opsonised

particles (Ninomiya et al., 1994). A role for PI3-kinase in FeyR-mediated phagocytosis
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has been suggested by studies in which wortmannin prevents either pseudopod
extension or phagosome closure and engulfment of lgG-opsonised targets, but does
not affect the actin-based formation of the phagocytic cup (Araki et al,, 1996; Crowley

et al., 1997; Cox et al., 1999).

1.6.3.4.2 Rho family of GTPases.

The members of the Rho family of GTPases, including Rac1, 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,
Rac1 is involved in the formation of focal complexes, whereas Cdc42 mediates filipodia

extension (Hall, 1998).

FeyR-mediated signalling activates two proteins of the Rho family, Rac1 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). Rac1 is involved in the closure of the
phagosome and particle internalisation, whereas Cdc42 is involved in the appearance
of the membrane around the 1gG-opsonised particles (Massol et al, 1998). FcyR-

mediated phagocytosis differs in its requirements for Rho proteins from C'-mediated

phagocytosis, as the latter requires the activation of RhoA for internalisation of the

phagocytosed particle to occur (Cox et al., 1997; Caron and Hali, 1998).

Ract 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 i
nucleotide exchange factor, Vav (Bustelo ot al., 1984). Vav can be stimulated by either
products of the P13-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). E:




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 FeyR-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 preducts of Pl 3-kinase, PIP; or P1-3,4-P, (Han et
al., 1998), suggesting that those two pathways converge to activate the Rho family G

proteins.

Activated Rac1 subsequently signais to its downstream effectors ROCK and p21-
activated kinase (PAKT). The GTP-bound form of ROCK is thougkit 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 depolyraerisation (Arber et al., 1998). Activated
Raci may also result in cofilin phosphorylation via activation of PAK1, a
serine/threcnine kinase (Arber et al., 1998; Bubeck Wardenburg ef al., 1998). PAK1 co-
localises 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 FeyR-

mediated phagocytosis in activated human neutrophils (Dharmawardhane et al., 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 ef al., 2000). Nef also interacts with Vav and the G proteins Ract 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 3
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cytoskeletal processes involved in FeyR-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 inciuding the actin-binding proteins paxillin, vinculin, talin and
alpha-actinin {Greenberg et al, 1990; Greenberg et al, 1984; 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 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 proieins has
led to a suggestion that it is important in rectuiting 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 FeyR-mediated phagocytosis (Greenberg et al., 1994)

and to co-localise with phagosomes (Greenberg et al., 1994; Allen and Aderem, 1996).

Paxillin interacts 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 Tumer, 1998). Paxillin phospharylation foliowing cell
adhesion has been postulated to involve the kinase p125 FAK, shown previously to
bind to paxilin 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 murineé macrophages
(Greenberg et al, 1994}, and another report demonstrating the expression and

phosphorylation of FAK as a result of FcyR cross-linking in human monocytes (Pan et
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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 ot
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 locometion and

adhesion and subsequent calcium or PKC co-stimuiatory activation in human

monocytes (Astier ef al., 1997; Li ef al.,, 1998; Duong et al., 1933).

1.6.3.5 Rearrangement of actin-based cytoskeleton.

Actin assembly and disassembly plays a crucial role in a number of celiular functions
such as cell motility and cell shape changes including phagocytosis. The actin
cytoskeleton is a dynamic network composed of actin polymers and actin-binding
proteins. The polymeric form of actin assembles via interactions of monomeric actin (G-
actin) with pelymerised actin (F-actin) at barbed ends. The first step of actin

polymerisation is uncapping of the barbed ends of existing actin filaments by barbed-

end-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 (gelsolin, villinin, fragmin,

adseverin, scinderin) allowing actin polymerisation in response to a phagocytic signal
(Schmidt anid Hall, 1998). Cofilin is an actin <lepolymerisation 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 e al., 1993).

Phosphorylation of cofilin by LIM-K inactivates cofilin actin-binding and depolymerising

actjvities leading to accumuiation 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
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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 FeyR-mediated phagocytosis focal adhesions in the
submembranous region beneath phagocytosed particles are associated with protein
complexes including paxillin, talin, «-actinin, vincuiin and FAK (Burridge and Fath,
1989; Greenberg et al, 1990; Burridge et al, 1890; Tumer 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 ant FcyR-
mediated phagocytosis, suggesting that F-actin assembly is critical for phagocytosis of
lgG-opsonised particles {(Greenberg et al, 1984). Myosins are motor proteins
interacting with actin polymers and controfling the movement of actin filaments (Wells
et al., 1999). Three types of myosin, |, V, IX have been demonstrated to lccalise
adjacent o 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 1gG-opsonised particles (Mansfield et al., 2000).

1.7 OBJECTIVES AND RATIONALE.

Although the treatment of HIV-infected individuals has improved considerably with the
intreduction 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 defaying the progression of the
disease and decreasing the occurrence of opportunistic infections (Hammer et ai.,
1996; Hammer et al., 1997; Gulick et al., 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). In patients receiving HAART and characterised by long-term undetectable
viral load, replication-competent HIV-1 can be recovered from resting CD4 T celis
(Finzi et af., 1997; Chun et al,, 1997; Wong et al., 1997) or peripheral blood monocytes
(Crowe and Sonza, 2000; Sonza et al., 2001). Viral reservoirs regresent therefore a
potentially life long persisience 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 cumrent drugs 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 full 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 monocyies
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
monocyles and macrophages was examined independently. Phagocytosis of
pathogens is mediated by different recepiors (eg FecyRs 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 FeyR-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 path.ways. 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 6?

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 sheil 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).

A
i~ ;:
a1 ’
- ;




nef

SLTR pol

Gag precursor

Gag-Pol precursor Env precursor

N
mal ca [ncl[er] Rt In] [N

core structural viral enzymes envelope structural

proteins Z proteinsx
extra intra

cellular cellular

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 reguiatory proteins are Tat, Rev and Nef, and the three accessory
proteins are Vif, Vpr and Vpu {modified from www.yale.edu/bio243/HIV/genome.htim).
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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 celi membrane and enters the cytoplasm. After the virion is
uncoated, (c) the viral RNA is reverse transcribed into double-siranded DNA and (d)
integraied into the host cell’'s genome. The transcription of viral mRNA {multiply-spliced,
singly-spliced and unspliced) occurs in the nucleus. Rev mediates transport of singly-
spliced and unspliced mRNA to the cytoplasm, where transiation 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/ul and high plasma viral load on
average 9 to 10 years after the initial infection.
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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 resulis
in dramatic reductions in plasma viral load (blue line}, but does not completely
eradicate the virus. HAART improves CD4 T cells counte - 2d line), and decreases
~ occurrence of opportunistic infections, but is associated with increasing risk of drug

toxicities.
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Figure 1.6 Interactions between HiV-1 and cytokines.

HIV-1 infeclion is associated with dysregulated cytokine production by T cells and celis
of macrophage lineage. During the course of HIV-1 infection secietion 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, [L-6, IL-8, TNF-a), a-
chemokine (SDF-1) and p-chemokines (MIP-1c, MIP-1p, RANTES) is increased. These
cytokines subsequently increase {orange line), decrease (green line) or have bi-
functional 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 CFU-
GEMM, 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 difierentiation into specialised

tissue macrophages {modified from Kedzierska ef al., 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 I} expression. They have increased surface expression
of phagocytic receptors, increased phagocytic and peroxidase activity and intracelluiar
levels of lysosomal enzymes, but decreased DNA synthesis (modified from Auger and
Ross, 1992).
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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 transdustion.

Schematic representation of signalling events occuiring during FcyR-mediaied
phagocytosis. Following the binding of IgG-opsonised particles, clustering of FoyiR
leads to activation of tyrosine kinases from Src¢ family associated with immunoreceptor
tyrosine-based activation motif (ITAM)-containing y-chain of F&yR |, lit or cyloplasmic
domain of FcyR . 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.

protein expression

Nef Negative factor

Vpr Viral protein R

Vif Virion infectivity
factor

Vpu Viral protein U

Protein Product Function (s}

Tat Transcriptional Transcriptional activator, which up-regulates all
transactivator of LTR viral proteins.

Rev Regulator of virus Nuclear RNA export factor, which facilitates the

export of unspliced and singly spliced viral
mRNAS to the cytoplasm.

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

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

Enhances infectivity of viral particles.

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

Modified from Wang, 2000.




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

Cytokine  Secretion Source HIV-1 infection Reference
IL-1 T MDM in vitro Esser, 1991; 199§; 1398
T monocytes in vivo Sadeghi, 1995; Baqui, 2000
IL-2 A2 CD4 T cells in vitro Fan, 1997
J PBMC, CD4 T cells in vitro — gp160 Hu, 1994
i PBMC in vivo Barcellini, 1994; Meyaard, 1996
iL-4 T PBMC, CD4 T cells in vivo Barceltini, 1994; Maggi, 1994
- CD4 T celis invivo Meyaard, 1996
d CD4 T cells in vivo Re, 1992 ;
IL-6 1 MDM in vitro Esser, 1991; 1996, Foli, 1997;
T THP-1 cell line, PBMC  in vitroigp41, gp120  Takeshita, 1995; Capobianchi,
1996 %
T Serum in vivo Birx, 1990
IL-8 1 MDM in vitro Esser, 1991; 1996; 1998
T Serum, BA fluid in vivo Denis, 1994 3
IL-10 T Monocytes, MDM in vitro Borghi, 1095 :
T PBMC, Monocytes/MDM  in vitroigpd 1, gp120  Borghi, 1995; Capobianchi, 1896
T PBMC, BA fluid in vivo Barcellini, 1994, Denis, 1994
iL-12 T Monoccytes, MDM in vitro — gp120 Fantuzzi, 1996
1 PBMC in vive Marshall, 1999
IL-13 ] PBMC, CD4, CD8 T cells in vivo Bailer, 1999
IFN-o 4 Monocytes, MDM in vitro Gendelman, 1980; Perno, 1994 ]
T CD4 T cells, Monocytes in vitro ~ gp120 Capobianchi, 1898 i
T Serum in vivo Ambrus, 1989
IFN-B T Monocytes, MDM in vitro - gp126 Gessani, 1994; 1997
IFN-y d CD4 T cells in vitro Fan, 1997
T CD4 T cells in vitro Vyakarnam, 1990
L PBMC in vivo Meyaard, 1996; Bailer, 1998
GM-CSF l MDM in vitro Esser, 1996; Esser, 1998
- Monocytes in vivo Delemarre, 1998
M-CSF T MDM in vitro Gruber, 1995; Kutza, 2000 3
T Cerebrospinal fluid in vivo Gallo, 1994 g
TNF-o T FBMC, CD4 T cells, MDM in vitro Vyakarnam, 1980; Esser, 1891, i
Esser, 1996; Foli, 1997 ;
T Monocytes, PBMC, in vivo Lahdevirta, 1988; Baqui, 2000 '
Serum
TNF-B T PBMC, CD4 T cells in vitro Vyakarnam, 1980
T Cerebrospinal fluid in vivo Jassoy, 1993
SDF-1 i . PBMC in vivo Ohashi, 1998 |
MP-10.8, . t CD4 T cells, MDM in vitro Greco, 1999
RANTES T PBMC, Plasma in vivo Cocchi, 1995; Garzino-Demo, -‘;
1999

MDM: monocyte-derived macrophages: PBMC: peripheral blood menonuclear cells;

BA. bronchoaiveolar (modified from Kedzierska and Crowe, 2001).




Table 1.3 Effects of cytokines on HiV-1 replication.

Cytokine Replication Source of cells HIV-1 Reference
level infection
IL-1 T PBMC, MDM, U1 invitro Poli, 1994; Granowitz, 1985
v -2 T PBMC, T cell line in vitro Foli, 1995; Weissman, 1996
T PBMC invivo Kinter, 1995
iL-4 T Monocytes, MDM, FBMC in vitro Kazazi, 1992; Naif, 1894; 1997
3 Monocytes, MDM in vitro Schuitemaker, 1992; Wang, 1998
IL-6 T PBMC, MDM, 121 in vitro Poli, 1990; 1992; 4094
- Plasma in vivo Marfaing-Koka, 1996
-7 T PBMC in vitro Moran, 1993
T PBMC in vivo Smithgall, 1896
IL-10 4 MDM, U1 in vitro Weissman, 1994; 1995
iL-12 T PBMC, T cell lines in vitro Foli, 1995; Al-Harthi, 1998
l MDM in vitro Akridge, 1996
IL-13 J MDM in vitro Montaner, 1993
iL-15 T PBMC, T cell lines invitro  Lucey, 1997
T PBMC invivo Lucey, 1997
iL-16 d CD4 Teells, PBMC, MDM in vitro Maciaszek, 1997; Amiel, 1999
IL-18 ) U1 in vitro Shapiro, 1998
IFN-ct, IFN-B d Monocytes, MDM, U937 in vitro Kombluth, 1989; Poli, 1989
J Plasma invive Schnitiman, 1894
IFN-y l Menocytes, MDM in vitre Fan, 1994
1 U1, U937, PBMC,CD4 T in vitro Vyakarnam, 1990; Biswas, 1992,
celis Han, 1996
GM-CSF T MOM, U937 in vitro Koyanagi, 1988; Schuitermaker,
1990; Perno, 1992
Variable MDM in vitro Kombiuth, 1989; Hammer, 1980
MDM in vitro Matsuda, 1995; Di Marzio, 1998,
M-CSF T MDM in vitro Kombluth, 1089, Kalter, 1991;
Perno, 1992
TNF-a, TNF-B T T cells, MDM, U1 in vitro Folks, 1989; Novak, 1990; Naif,
1994, Han, 1996
SDF-1 d PBMC, Hela/CD4 cells in vitro Oberlin, 1998
MIP-1a, MIP-1, l Monocyte, MDM, PBMC, in vitro Coochi, 1995; 1996, Alhatib, 1996;
RANTES Migroglial cells Capobianchi, 1998

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




Table 1.4 Distribution of tissue macrophages.

Tissue Tissue macrophages
Liver Kuyufer cells

Lung jareniar macrophages
Lymph node Macrophages

Spleen Splenic macrophages
Brain Micregiial cells

Thymus Macrophages
Peritoneum Peritoneal macrophages
Skin Langerhans' cells

Bone Osteoclasts

Connective tissue Histiocytes
Gastrointestinal tract Macrophages
Genitourinary tract Macrophages

Placenta Macrophages

Modified from Auger and Ross, 1992,
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Table 1.5 Phagocytosis-promoting receptors.

Phagocytic receptors (Rs)
Opsonin-dependent Rs Opsonin-independent Rs
IgG R (FeyR |, 1i, H1A) Complement R 3 (CR3)

Complement R 1 and 3 (C'R1, C'R3) Macrophage mannose R

IgAR (FcaR 1) B4 integrins

High affinity IgE R (FceR |) B-Glucan R

Low affinity IgE R (CD23, FceR 1) Macrophage scavenger R
Vitronectin R (owBa) Phosphatidylserine R

Modified from Greenberg, 1995.




Table 1.6 Signalling proteins required for FcyR-mediated phagocytosis.

Abbreviation

Name

Description / Function (s)

Cdc42

cofilin

FAK
Hck

ITAMs

LIMK

PAK-1

paxiilin

Pi3-kinase

Rac1

ROCK

Cdc42

cofilin

Focal Adhesion
Kinase

Hematopoietic
cell kinase

Immunoreceptor
Tyrosine-based
Activation Motifs

LIM-Kinase

P21-Activated
Kinase

paxillin

Phosphatidyl
Inositide 3-kinase

Rac1

Rho-associated
kinase

-a member of Rho family of GTPases,

-accumulates at the phagosome and promotes
cytoskeletal rearangements,

-involved in the appearance of the membrane around
the IgG-opsonised particles.

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

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

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

-motifs positioned in the v chain of FeyR | and FeyR il or
the cytoplasmic domain of FeyR 1,

-contain tyrosine residues, which are phosphorylated
upon activation of Src kinases,

-provide a docking site for Syk.

-a serine kinase containing two LIM domains,
-phosphorylated by activated ROCK during FeyR-
mediated phagocylosis,

-feads to subsequent phosphorylation and inactivation
of cofilin,

-a 68kDa serine/threonine kinase activated by Rac1,
-co-localises in pseudopodia, membrane ruffies and
phagocytic cups
-associated with
cytoskeleton
-called Nef-associated kinase (NAK), essential for Nef-
induced cytoskeletal rearrangements and cellular
signalling.

remodelling of the actin-based

-a 68kDa cytoskeletal protein,

-localises beneath phagocytosed particles, required for
actin polymerisation and cytoskeletal rearrangement,

-a potential downstream effector of Syk

-an  enzyme  calalysing  phosphorylation  of
phosphoinositides in D3 position of the inositol ring,

-a downstream effector of Syk,

-required for pseudopod extension, phagosome closure
and enguifment of IgG-opsonised targets.

-a member of Rho family GTPases aclivated by PI3-
Kinase or Vav,

-accumulates at the phagosome, promotes phagocytic
signalling, the closure of the phagosome and particle ;
internalisation. J&{

-a serinefthreonine kinase stimulated by Ract,
-inactivates myosin phosphatase, resuits in increased
actomyosin contractility,

-phosphorylates its downstream substrate LiM-kinase.




Syk

Vav

Syk

Vav

-a 72kDa cytoplasmic tyrosine kinase,

-binds to tyrosine phospheorylated ITAMs of FcyRs via its
8H2 domains,

-results in the activation of downstream substrates, PI3-
kinase, GTP-binding proteins, actin-binding proteins.

-a 95kDa guanine nucleotide exchange factor,
-stimulated during FcyR-mediated pbagocytosis by
either products of the Pl3-kinase reaction or Syk,
-promotes GDP/GTP exchange activity of Rac1.

. T
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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 blocd mononuclear cells.

Peripheral blood mononuclear celis (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 ef
al., 1957). Whole blood was diluted 1:2 with calcium- and magnesium-free phosphate-
buffered saline (PBS-CMF) (GibcoBF{L:, 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 914xg for 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 500xg 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
PEMC 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 24pg/ml gentamycin (Delta West,
Bentley, Western Australia, Australia) (supplemented RPM!-1640 medium) and used

for amplification of HIV-1 stocks (Section 2.3).

2.1.2 Isolation of monocyftes.

Human peripheral blood monocytes were isolated from freshly purified PBMC by plastic
adherence. PBMC were resuspended at approximately 2x10” celis/mi in Iscove's
modified Dulbecco medium (GibcoBRL) suppiemented with 10% heat-inactivated
human AB-positive serum (supplied by the Red Cross Blood Bank, Sydney), 2mM L-
giutamine and 24u9/ml gentamycin (supplemented Iscove's medium), and plated onto
150-cm? plastic petri dishes (Nalge Nunc International, Naperville, IL, USA) at no more
than 3x10° cells/plate. Plates were incubated for 1 to 2 hr in a humidified CO, incubator
at 37°C. Non-adherent cells were removed from monocyte monolayers by repeated (six
times) washing and aépiration using pre-warmed (37°C) PBS (containing calcium and
magnésium). Adherent monocytes were detached by incubating celis 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
500xg for 10 min at 4°C and resuspended in supplemented Iscove's medium at 0.5 to
1x10% 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%C0O; humiified 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 immunoflucrescence staining with anti-CD14 monocional antibody
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(Mab) coniugated to phycoerythrin (CD14-PE; Becton Dickinson, Mountain View, CA,
USA) and flow cytometric analysis using FACStar™* (Becton Dickinson). Briefly, freshly
isolated monocytes (2x10° cells) were placed into 4-ml round bottom polypropylene
tubes (Becton Dickint n Labware, Frankiin Lakes, NJ, USA), washed with cold (4°C)
PBS-CMF and pellete at 330xg for 5 min at 4°C. Cells were resuspended in 100yl of
PBS-CMF, stained with 0.5ug/ml of CD14-PE for 30 min on at 4°C, followed by a wash
in PBS-CMF, fixation with 200 of 1% ultrabure formaidehyde (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 (igG 1-PE; Becton Dickinson) to assess the

lavel of contaminating T cells or background fluorescence respectively.

2.2 CELL LIMES.

The 293T cells, é primary human embryonal kidney cell line transformed with SV40
large T cell antigen (ATCC McMaster University, Hamilton, Ontario, USA), were
maintained in Dulbecco's modified Eagle medium (GibcoBRL) supplemented with 10%
heat-inactivated FCS, 2mM L-glutamine and 100U/m! penicillin {GibcoBRL) and
100pg/ml streptomycin (GibcoBRL) (supplemented Dulbecco’s medium) at 37°C in a
5% CO, humidified incubator. Every three to four days, the 293T celis were passaged
by resuspending 1x10° cells in 20ml of supplemented Dulbecco's medium and
transferring them to a new 150-cm? 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 gq.;.

Virai stocks of HIV-1g,., a laboratory adapted M-tropic strain of HIV-1 (the AIDS
Research and Reference Reagent Program, Division of AIDE, National Institute of
Allergy and Infectious Disease, NIH, Bethesda, MD, USA) were amplified in monocyte-
derived macrophages (MDM) in small volumes (up to S0mt), followed by amplification in
PBMC in volumes up to 200ml as previously described by our laboratory (Crowe et al.,
1994). Briefly, freshly isolated monocytes (anproximately 5x107 cells) were adhered to a
80-cm? flask (Nalge Nunc) in 50mi of supplemented Iscove's medium for 5 days. The
medium was removed and replaced with 10ml of HIV-1g, 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 0.2um filters (Schleicher and Schuller, Dassel,
Germany). HIV-1g., stocks were stored at -70°C in small volumes and thawed

immediately before use.

HiV-1g,. viral stocks passaged through MDM were subsequently amplified in PBMC a
maximum of three times. PBiMC at 't concentration of 2x10° cells/mt were adhered to
175-cm? flasks (Nalge Nunc) and stimulated with phytohemagglutinin (PHA, 10pug/mi,
Murex Diagnostics, Dartford, UK) for 3 days in 100 tc 200ml of supplemented RPMI-
1640 medium. The non-adherent cells were removed from the flask, centrifuged at
500xg for 7 min, resuspended in 20ml of HIV-1p,,. stock at MOI of 0.1 to 1.0 and
returned to the fiask. PBMC were infected for 4 to 8 hr and subsequently cuitured in
100 to 200mi of supplemented ecaove's medium containing interleukin-2 (IL-2, 10U/m;

Boehringer-Mannheim, Mannheim, Gerrnany). The culture supernataits were collected

51




on days 7, 10 and 14 post-infection and clarified as described for HIV-1g,4 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 (TCIDsg) assay

(Section 2.4).

¥

2.3.2 HIV-1 yians).

The DNA construct pNL(AD8) was prepared by substituting the envelope coding DNA
sequence from NL4.3 with the M-tropic ADB envelope coding sequence, converting a
T-tropic virus to M-tropic (a kind gift froni Dr. Damien Purcell, Department of
Microbiology and Immunology, The University of Melbourne). Virus stocks were
generated using a calcium phosphate transfection method as previously described by
our laboratory (Shehu-Xhilaga et af., 2001). Briefly, the 293T cells (1.2x10°%) were
plated onto 20-cm? plastic petri dishes (Nalge Nunc) and cultured for 24 hr in
supplemeﬁted Dulbecco's medium as described in Section 2.2. DNA precipitate for
transfection was prepared by adding drop wise 500u of "DNA mix" (10ug pNL(ADS8)
ONA and 0.2M CaCly) to 500 of Hepes buffered saline {280mM NaCl, 50mM Hepes
acid and 1.5mM Na,HPO;; pH of 7.05) in 15-mi conical tubes (Nalge Nunc), followed
by adeguate mixing approximately 10 times. Caz(PO,)-DNA complex was added drop
wise onto 293T cells, distributed evenly and cultured for 12 hr at 37°C in a 5% CO;
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 coliected into 50-ml conica! tubes, centrifuged at
1600xg for 30 min to remove cell debris, clarified with 0.22um 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 (iwo 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 Chatficld (AIDS
Cellular Biology Unit, Macfarlane Burnet Centre for Medical Research) respectively.
Expansion of these M-tropic primary isolates was subsequently performed in CD8-
depleted PBMC from HIV-1 seronegative donors. Uninfected donor PBMC, at a
concentration of 2x10° cells/ml, were stimulated with PHA (10ug/mi) 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
instrucﬁons. Briefly, the required number of beads conjugated to anti-CD8 Mab (100ul
of beads/1x107cells) was transferred into a 14-ml round-bottom polylpropyler:e tube
(Becton Dickinson Labware). Beads were washed twice by resuspending them in 1m!
of supplemented RPM{-1640 medium, placing on a magnetic particle concentrator
(Dynal) for 3 min and removing the medium. Washed beads were mixed with PBMC
resuspendéd 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 paricle 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 10u! of beads/1x10 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-cm? 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 10mi. The culture supernatant (5ml) was collected on
days 3, 7, 10 and 14 post-infection by centrifugation at 700xg for 10 min, clarifying the
supernatant through a 0.22pum filter and stored at -70°C until used. Cell peliets were
resuspended in 5ml of fresh supplemented RPMI-1640 medium containing L-2

(10U/mi) and M-CSF (750U/mi} and returned to the cultures.

2.4 DETERMINATION OF INFECTIOUS VIRUS TITRES.

The 50% tissue culture infectivity dcse expressed as TCIDgy/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 107) in a total of 200pl of
supplemented RPMi-1640 medium per well of a 96-well plate (Nalge Nunc). Dilutions
were ‘performed in triplicate, PBMC, pre-stimulated with PHA (10pg/mi) for 3 days,
were resuspended at a concentration of 5x10%ml in supplemented RPMI-1640 medium
containing 10U/mt of IL-2, added to the plate at 1x10° cells/well and cultured at 37°C in
a 5% CO. humidified incubator. On day 3 post-infection, 100ul of medium was
removed and replenished with fresh supplemented RPMI-1640 medium containing IL-
2. On day 7 post-infection, 100l 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 TCIDs, 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, 1928):

(% +ve for this dilution -50

TClIDs, = 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% CO,for 2 to 4 hr. Control cells were mock-infected and
cultured under identical conditions. The virus was removed by washing cells with PBS-
CMF 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 1x10° and cultured in suspension in a 5% CO» humidified incubator at 37°C

until used for phagocytosis assays on day 7 post-infection.

In selected experiments monocytes were cultured after isolation adherent io plastic in
24-well plates {Costar) at a concentration cf 0.5 to 1x10%weli. Cultured MDM on day 5
post-isolation were infected with HIV-1g.4 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}
supplementsd Iscove’s medium. In experiments where HIV-1 PCR products were
assessed, HIV-1g.. was pre-freated with 10U/mi of RNase-free DNase (Boehringer
»annheim Australia,' Castle Hifl, New South Waisa} for 20 min at rocm temperature in

the presence of 10mM MgCl to remove contaminating viral DNA.

2.6 HIV-1 QUANTITATION ASSAYS.

2.6.1 Reverse transcriptase activity assay.

HIV-1 replication in supernatant from MDM or PBMC was quantilied by monitoring RT
activity using a ricro RT assay. Briefly, 10 pl of culture supernatant was added to 10yl
of 0.3% Nonidet-40 (NP-40; Sigma, St Louis, MO, USA)} in 2 95-well round-bottom

plate. Thereafter, 40ul of RT mixture {50mM Tris pH 7.8, 7.5mM KC!, 5mM MgCi,, 2mM
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dithiothreitol (Sigma), Sug/ml of template-primer p.An.dT12-18 (Phamacia-Biotec,
Australia) and 3uCi ¥P-dTTP (Amersham, UK); was added and the mixiure was
incubated for 2 hr at 37°C. The reaction products (10p!) were spotted on to DES{
chromatography paper (Whatman Internationat, Maidstone, UK) and air-dried overnigt.i.
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. Mettilex scintillant (Wallax,
Turku, Finland) was melled on a heater and spotted onto the filters, foillowed by

quantifying radioactivity incorporated into DNA using an LKB micro B-counter {Wallax).

2.6.2 HIV-1 p24 ELISA.

In selected experiments HIV-1 replication in MDM was quantified by measuring p24
anfsigen in culture supernatant (HIV-1 p24 antigen immunoassay, Abbott Laboratories,
Abbott Park, IL., USA} according to manufacturer’s instructions. Briefly, 200l 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/mi
{HIV-1 p24 antigen quantitation 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 200ui of rabbit anti-HIV antibody for 1 hr at 40°C, washed
twice as above and incubated with 200ul of goat anti-rabbit IgG for 1 hr at 40°C. Beads
were washed, transferred to assay tubes (Abbott Laboratories) ars incubated with
300p! of OPD substrate (o-phenylene-diamine, 2 HCI in citrate-phosphate buffer) for 30
min at room temperature in the dark. The reaction was stopped with 1ml of 1M

sulphdric 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 (2x10° 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 1mi 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
(2ug/ml; IgG1, Olympus, Lake Success, NY) or isotype-matched controi (MOPC 21;
2ug/ml; igG1, Bionetics, Charlestone, SC) for 30 min at 4°C. After a wash with PBS-
CMF and centrifugation at 500xg for 7 min at 4°C, cells were stained with goat anti-
mouse 1gG conjugated to FITC (FITC-GAM; Tago, Burlingame, CA, USA). The mean
fluorescence for intracellular p24 antigeri was quantified by flow cytometric analysis,
converted to MESF (molecules of equivalent soluble fluorochrome) units and corrected

for background fluorescence.

2.7 QUANTIFICATION OF ENDOTOXIN.

As bacterial endotoxin (lipopolysaccharide; LPS) has been shown to affect HIV-1
replication within MDM (Kornbluth et al,, 1989; Bernstein et al,, 1991), all Tefion jars
and glassware used for macrophage culture viere 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, 50ul of each sampie to be tested, LPS standards
(0.1, 0.25, 0.5 and 1.0 endotoxin units/ml from Escherichia coli} and LPS-free water
were dispensed into pre-warmed (37°C) 96-well plates (Nunc). All the samples were
incubated with 50pl of limulus amebocyte lysate (LAL) for 10 min at 37°C, followed by
the addition of 100ul of chromogenic substrate solution and further incubated for 6 min
at 37°C. The reaction was stopped by addition of 50p! of 0.1M HCl 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.
Ail culture supematants, 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.

Oppoitunistic 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 5x10° cells/mi 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 infracellulare, a mixture of 4

serovars) were inocuiated into 40m! of Middlebrook 7HS broth (Difco Labs, Detroit, Mi,

T N P N Iy S T e L P
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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-mi 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 5mi of 0.1mg/mi FITC (Sigma, St Louis,
MO, USA), aliquoted into 1.5ml micro tubes (Sarstedt, Numbrecht, Gerrany), vortexed
for 30 sec and sonicated for 15 sec (Bransonic, B1200, Branson Ultrasonic Corp.,
Panbury, 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 6500xg for 10 min at
4°C. Fluoresceinated MAC (MAC-FITC) was pooled into a 15-ml conical tube,
resuspended in 1ml 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 5x10° 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 cuiture
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 filiration through a 3um poiycarbonate membrane Poretics, Livermore, CA,
USA). Filtrate was dispensed into 50-ml conical tubes (Cellstar), washed in PBS-CMF

and centrifuged at 1600xg for 10 min at 4°C. Purified T.gondii tachyzoites were heat-
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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.gonditFITC 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 anticoaguiant, dispensed into 4-ml polypropylene tubes (100ul per tube)
within 3 hr of collection and cooled on ice for 20 min. MAC-FITC or T.gondii-FITC 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 5x10°
to 1.5x10” in 30ul 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 phagocylosis 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 100ul 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 2mil 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.gondi-FITC was calculated as the

percentage of FITC-labelled cells in the PE-positive cell population.

2.8.1.3 Phagocytosis of MAC-FIT C by monocyte-derived macrophages.

On day 7 following HIV-1 infection, MDM (2x10° cells) were dispensed in polypropylene

tfubes, washed twice in PBS-CMF by centrifuging at 500xg for 5 min at 4°C. Cells were
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resuspended in 100u! of PBS-CMF and cooled cn 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. Phagocylosis 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 Colorimetric FeyR-mediated phagocylosis assay.

2.8.2.1 Preparation of lgG-opsonised sheep red blood cells.

Sheep red blood cells (E; ICN-Cappel, Aurora, Ohio, USA) were opsonised
immediately prior to the phagocytosis assay. E (2x10° 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 8:0 min at room temperature. Cells were washed five times in cold (4°C)
PBS by centrifugation at 1430xg for 10 min at 4°C. Both 1gG-opsonised E (E-lgG) and
unopsonised E (treated under the same conditions) were resuspended at a

concentration of 1x10%ml in lscove's medium.

2.8.2.2 Phagocytosis by monocyte-derived macrophages.

Cultured MDM were plated onto 86-well plates (Nalge Nunc) at 5x10° cells/well in
100wl of supplemented Iscove’s medium and allowed to adhere for 2 hr at 37°C in a
5%C0; 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 (Labsysterm, Helsinki, Finland).
Phagocytosis of E was quantified using a colorimetric assay (Gebran et al, 1992).
Briefly, after unbound E were removed by washing with PBE, non-phagocytosed E
attached to MDM were lysed with 0.2% NaCl for 3 min, followed by three washes with
pre-warmed (37°C) Iscove’s raedium. Phagocytoc>? £ were measured by reaction of
haemoglobin with 2,7-diaminofiurene (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 using known numbers of E
(ranging from 4x10° to 5x10°). The estimated E per well were divided by the number of
MDM (5x10%) and muttiplied by 100 to obtain the phagocytic index (the number of

phagocytosed E per 100 MDM).

2.8.3 FeyR-mediated phagocy tosis 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) (3um in
diameter, Sigma) were preparec 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 im! of PBS containing 10mg BSA (Sigma)
overnight at 4°C. Beads were washed 5 times with PBS by centrifugation at 1400xg for
¥ min and opsonised with 10% rabbit anti-BSA antiserum (ICN-Cagpel) on a sample
rnizast 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 4x10%mi.
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2.8.3.2 Phagocyltosis by monocyte-derived macrophages.

MDM (2x10° cells) were dispensed into 4-ml pelypropylene tubes (Becton Dickinson),
washed twice in PBS-CMF by centrifugation at 500xg for 5 min at 4°C and cooled on
ice for 20 min in 100ul 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. Celis were pelleted at 20,000xg 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 immunobiofting and immunoprecipitation experiments, washed MDM were lysed in
100u! of Triton-X 100 lysis buffer (TLB) containing 25mM Tris-HCI (pH 7.5), 0.14M
NaCl, imM EDTA, 1% Triton-X 100, supplemented with the following phosphatase
inhibitors: 50mM NaF, 1mM sodium orihovanadate (Sigma, St Louis, MO), 40mM B-
glycerophosphate (Sigma, St Louis, MO), and the following protease inhibitors: 1mM
pefabloc, 1uM pepstatin, 1M leupeptin (Boehringer-Mannheim, Mannheim, Germany).
After 30 min of lysis on ice, cell lysates were centrifuged at 20,000xg for 10 min at 4°C,
fransferred to fresh 1.5-ml micro tubes (Sarstedt), frozen in liquid N, 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 50ug) were boiled in 2x SDS sample buffer (10mM Tris pH 8.0, 2mM EDTA, 1%

SDS, 5% B-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 (Ainersham Pharmacia).

Alternatively, to determine the phosphorylation of various proteins during FcyR-
mediated phagocytosis, particular proteins were immunoprecipitated with relevant
antibodies from MDM extracts containing equal amount of proteins (50 to 100ug) in
100u! of TLB overnight at 4°C. Immunoprecipitates were collected with 15ul 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 hy centrifugation at 420xg
for 2 min at 4°C The washed beads were mixed with 20ul of 2x SDS sample buffer,
boiled for 10 min at 95°C and centrifuged at 20,000xg for 10 min. Supematant
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.




2,10 EXTRACTION OF DNA

DNA was extracted as previously described (Lee et !, 1991). Briefly, 1 x 10° 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 MgCl,, 0.5%
Tween 20 (BDH Chemicals, Kilsyth, Australia), 0.5% NP40 (Sigma, St Louis, MO, USA)
and 0.1mg/m| BSA (Sigma). Following the addition of S0ul/mi 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 and cDNA generation

mRNA was exiracted from MDM lysates using oligo {dT).s beads (Dynabeads, Dynal,
Oslo, Norway) according to the manufacturer's protocol. Briefly, 1x10° cultured MDM
were lysed in Lysis Binding Buffer consisting of 100mM Tris-HCI (pH 8.0}, 500mM LiICl,
10mM EDTA (pH 8.0), 0.1% lithium dodecyl sulphate (LiDS), SmM dithiothreitof (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 (1x10° MDM/20u| beads)
for 10 min at room temperature to form a Dynabeads oligo(dT).s/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 100l of washing buffer (10mM Tris-HCI (pH 8.0), 0.15M LiCl, 1mM EDTA) (BDH
Chemicals) with 0.1%LiDS ({CN Pharmaceuticals), and then three times with 100ul
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
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wash.

To convert mRNA to cDNA, beads containing mRNA were resuspended in 25ul AMV-
RT 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 1hr at 42°C. The samples ware placed on the magnetic
particle separator at room temperature. RT mix was removed and the samples were
resuspended in 100ul 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 100ul 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 p-actin mRNA levels as
previously described (Grassi et al., 1995). Beads/cDNA complexes were serially diluted
in TE bufier (ranging from amounts equivalent to 1x10° cells - 10° cell) and
subsequently amplified using ~actin primers: BA1 5'CATGTGCAAGGCCGGCTTCGS'
and BA4 STGAAGGTCGGAGTGAACGGATTTGGT3' (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.




2.11.3 PCR amplification

DNA or cDNA templates were amplified in a 50ul reaction containing appropriate
primers (1uM final concentration}, 1x PCR reaction buffer (Perkin Elmer, Norwalk, WI,
USA), 1.5mM MgCl,, 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 cyano! were separated based on their size in 2% (w/v) agarose gels
containing 0.05ug/mi of ethidium bromide (EthBr). Samples were electrophoresed at
100V for 30 min in 0.5x TBE electrophoresis buifer consisting of 50mM Tris-HCI, boric
acid pH 8.3 and TmM 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 (SDS-
PAGE).

Protein samples boiled in 2x SDS sample buffer (Section 2.9} were electrophoresed
using a CBC Scientific Electrophoresis tank at 100V consiant 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%
SD§, 0.13% ammonium persufate, 0.05% TEMED). The SDS-PAGE electrode buffer
consisted of 0.1% SDS, 25mM Tris, 192mM glycine, piH 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. 12.4.1-

12.4.11,




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 ovhagocytosis in human monocyte-derived
macrophages (MDM) as well as the effect of granulocyte-macrophage colony-
stimulating factor (GM-CSF) on these events were examined in this study. FcyR-
mediated 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 proteir.1 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
FeyR-mediated phagocytosis in human MDM involve activation of Syk, Hck and paxillin.
It also provides the first evidence for Pyk2 activation during phagocyivsis and a

baseline for further studies on the effect of GM-CSF on FeyR-mediated phagocytosis.

69




3.2 INTRODUCTION.

The receptors for the constant region of IgG (FcyRl, FeyRll, FeyRIHA) are the major

means by which cells of the macrophage lineage recognise IgG - ysonised particles
and promote host defenses including phagocytosis, antibody-dependent cellular
cytotoxicity as well as secretion of cytokines and chemokines. The maior Fey receptor;
expressed on monocytes are the high affinity FeyRl (CD64) and a low affinity FcyRIl
(CD32), while macrophages also express FcyRIIIA (CD16) {reviewed in Daeron, 1997).
Most studies delineating the specific signalling events during FeyR-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 celi lines transfected with FeyR (Indik et al., 1994; Cox et
al., 1996; Greenberg et al., 1996), with only two studies done in human macrophages
(Kusner et 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), inciuding
requirements for isoforms of pretein kinase C (Zheleznyak and Brown, 1892),
phosphatidylinositol 3-kjinase (Kanakaraj et al., 1994; Ninomiya et al., 1994) and the
Rho family of GTPases (Hackam et al, 1997, Cox et al, 1997). These signalling
events are initiated following clustering of F¢yR via activation of tyrosine kinases of the
Src family (Jouvin et al., 1994, Sarmay et al.,, 1994). Src kinase activation resulits in the
rapid and transient phosphorylation of ITAM (immunoreceptor tyrosine-based activation
motifs) on either the ligand binding subunit in the cytoplasmic domain of Fcy RIi or on
the associated y chain of Fey Rl and IIlA (Park et al, 1993; Indik et al,, 1994; Indik ot
al., 1995a). Phosphorylated ITAMs may represent docking sites for Syk allowing its
subsequent activation (Indik et al., 1995¢; Bonnerot et al., 1998). A requirement for Syk
in FcyR-mediated phagocytosis was initially demonstrated in human monocytes by

using anti-sense oligodeoxynuclectides to eliminate Syk mRNA (Matsuda et 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., 1897).
Macrophages derived from the fetal livers of Syk-deficient mice had defective FcyR-
mediated phagocytosis and actin assembly, but unimpaired phagocytosis of E.coli,
yeast or latex particies (Crowley et al, 1997), suggesting that Syk is specifically

required for FeyR-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 actin-
binding 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 (GM-

CSF) augments phagocytosis of IgG-opsonised targets, and concomitantly tyrosine
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phosphorylation of cellular proteins in an additive manner but does not activate Syk.
These observations suggest that GM-CSF rnay either stimuiate 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 (5x10%) 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 30pM at 37°C for 30 min prior to phagocytosis assay.

Alternatively, MDM (2x10° 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

experirments.

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 phagocylesis 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 arounts 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 agains! 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 (ECL) according to manufacturer's instructions (Amersham
Pharmacia). Alternatively, to determine the involvement of various proteins in FcyR-
mediated phagocytosis, cell lysates were immunoprecipitated with either a rabbit
a'ntibody against Hek (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-phosphoiyrosine 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 re-

probed with relevant antibodies.

3.3.4 immunofiuorescence microscopy.

Cells fixed with 1ml of 3% ultrapure formaldehyde (Polysciences, Warrington, PA,
USA) for 20 min were washed twice with cold 0.1M glycine in PBS-CMF and

permeabilised with 0.1% Triton-X 100 (Merck, Kiisyth, Australia) for 1 min. After two
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washes with 1% Fetal Bovine Serum in PBS-CMF, cells were stained for intracellular
proteins with mouse anti-phosphotyrosine Mab (PY20) or isotype-matched conirol IgG1
(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,
Melbourmne, Australia) for 30 min on ice, followed by two further washes with cold PBS-
CMF. Subsequently, MDM were incubated with Texas Red-conjugated strzptavidin
(Amersham Pharmacia, Buckinghamshire, England) for 30 rain on ice, washed once
with cold PBS-CMF, fixed with 200 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 MRCS500, Hercules, CA). For
some samples, cells were also siained 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 cduring FcyR-mediated

phagocytosis by monocyle-derived macroghages.

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 anc 15 min (Figure 3.1a).
Phagocytesis of 1gG-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 FeyR-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 antiphosphotyrosine
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 cytoskeleton
which has been rearranged around the phagosome. Within 2 min of initiation of
phagocytosis, paxilin, 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 of Hck, Syk and Pyk2 kinases.

Having demonstrated a requirement for tyrosine kinase activity during FeyR-mediated
phagocytosis by MDM, the proteins, which were tyrosine phosphorylated in the
experirnents depicted in Figure 3.1, were subsequentiy 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 FeyR-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 paxiliin levels changed in a correspording 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 paneis). Taken
together, these resuits suggest that in different phases of FeyR-mediated phagocytosis,
paxillin is distributed predominantly in either the cytoskeletal (detergent-insoluble)

fraction or cytoplasmic {detergent-soluble) fraction.

3.4.4 Stimulation of FeyR-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 GM-
CSF on Syk phosphorylation was subsequently determined since Syk is activated in
MDM during FeyR-mediated phagocytosis (Figure 3.3b) and it is a well-established
critidal 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 F@H-mediated phagocytosis
(Figure 3.5¢). In addition, control MDM which had not been exposed to target particles
did not display detectable Syk phosphorylation in either GM-CSF-treated or unireated
samples. The level of Syk protein was equal for all the samples (Figure 3.5¢, 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 obsesved 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

Sre) 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 phosphorylation 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 paxilin between the cytoplasm and
cytoskeleton during FeyR-rediated phagocytosis. In addition, augmentation of FeyR-
mediated phagocytosis by GM-CSF, concomitant with increased tyrosine
phosphoryfation of a number of cellular proteins which do not however include Syk, has

also been demonstrated in this study.

A role for Hek in FcyFl 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 FeyR-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 Hek
knock-out mice, which fail to internalise IgG-opsonised erythrocytes, while other
haemopoietic functiqns 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 Hek and Lyn have been also shown to co-immunoprecipitate with
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FeyR following cross-linking of receptors on THP-1 monocytic celi lines (Ghazizadeh et
al., 1994) and human monocytes (Wang et al., 1994). In the present work activation of

Hck during FeyR-mediated phagocytosis in human macrophages is demonstratsd.

Phosphorylation of [TAMs creates docking sites for Syk, a kinase shown by a number
of studies to play a critical role in coupling phagocytosis-promoting FeyRs to the actin-
based 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 FeyR-mediated transport to lysosomes (Cox et al.,
1996, Crowley et al., 1997; Kiefer et al,, 1998; Bonnerot et al., 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 in human MDM following FecyR-

mediated 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 ef 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). Paxilin has been previously
shown to be tyrosine phosphorylated in murine peritoneal macrophages during FcyR-

mediated phagocytosis (Greenberg et al, 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 ceil 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 cross-
linking 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 ef al, 1998) (Jaworowski, unpublished).
Therefore the activation of Pyk2, a kinase with 45% sequenc: 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 PykZ 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 af,, 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 p
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subunit of the receptor, ie JAK (Janus Kinase), and members of the Src family as well
as the transcription factor STATS (signal-transducing activator of transcription-5)
mediate GM-CSF-stimulated proliferation, differentiation and gene expression (Corey
and Anderson, 1999; Mui ef al,, 1995). Stimulation of human monocytes with GM-CSF
for 48 hr resulted in increased expression of FeyR If, and increased binding of 1gG-
opsonised 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 ihat 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 Svk, GM-CSF may exerts its stimulatory
effect on FeyR-phagocytosis by acting either distal to Syk kinase in FcyR-mediated

signalling cascade or in a parallel pathway mediated via Fcy receptor.

This study shows that the early signalling events during FeyR-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 GM-
CSF treatment for opportunisfic 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 Hek, Syk and Pyk2, and is augmented

by GM-CSF. J Leukoc Biol, 70:322-328.

| 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 phosphorylation.

(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 50ug protein were
resolved by SDS-polyacrylamide gel electrophoresis, then probed with anti- 3
phosphotyrosine 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 lgG-opsonised latex beads.

MDM were incubated with IgG-opsonised latex beads (3um) for 2 min, fixed with 3%
formaldehyde, permeabilised with 0.1% Triton-X 100 and stained with (a) an isotype-
matched control (MOPC 21); (b,d) mouse anti-phosphotyrosine monoclonal antibody;
(¢) 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.
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Figure 3.3 Activation of Hck, Syk and Pyk2 tyrosine kinases during FcyR-
mediated phagocytosis in human MDM.

Cells (2x105) 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 lysal> containing 100pg protein were immunoprecipitated
with (a) anti-Hck or (b} anti-Syk monoclonal antibodies; resolved by SDS-
polyacrylamide gel electrophoresis, and immunoblotied with anti-PY conjugated to
horseradish peroxidase; or immunoprecipitated with (¢) anti-PY monoclonal antibody,
resolved by SDS- polyacrylamide gel electrophoresis and immunoblotted with anti-Syk
or anti-Pyk2 Mab. The data are represeniative 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: immunobiotting; 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 lgG-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 1001g protein were immunoprecipitated with
anti-paxillin monoclonal antibody, resolved by SDS-polvacrylamide gel electrophoresis
and probed withi anti-PY monoclonal antibody conjugated to horseradish peroxidase.
(b} Triton-X 100 lysates {(cytoplasmic fraction) or (c) SDS lysates (whiole cell extracts)
containing 50ug protein were resolved by SDS- polyacrylamide gel electrophoresis and
probed with anti-paxillin monoclonal antibody. The data shown are representative of
three experiments. [B: immunoblotting; IP: immuncprecipitatior:; PY: phosphotyrosine.
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Figure 3.5 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 (5x10¢ per well) plated onto 96 well plates were
incubated with E-IgG or E for 0 min and phagocytosis determined by colorimetric
assay. Data are representative of 3 donors. Shown are meantSD; (b) MDM (2x10°)
were incubated with 1gG-opsonised latex beads (2x107) for 2 min and Triton-lysates
analysed for tyrosine phosphorytated proteins by probing with HRPO-conjugated anti-
PY 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. 1B: immunobilotting; 1P: 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.
Fcy receptor (FeyR)-mediated phagocytosis by human monocyte-derived macrophages
(MDM) is inhibited by HIV-1 infection in vifro, 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 FeyRs, suggesting a defect
downstrearn 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-maodutation
of protein expression but not mRNA of the y signalling subunit of FeyR (a docking site
for Syk) was observed in HIV-infected MDM. Infection of MDM with a construct of HIV-
1 in which nef was replaced with the gene for the y signaliing subunit augmented FcyR-
mediated 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 effectcs 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), phagocylosis (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 cytoskeletai (Macreadie et al.,
1995; Karczewski and Strebel, 1996; Fackler et al, 1997; Watts et al., 2000) and
cytoplasmic proteins (Saksela et al.,, 1995; Greenway et 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 Fcy receptor (FcyR)-mediated
phagocytosis, eg. the Src kinases, Heck and Lyn (Lee et al., 1991; Saksela et al., 1995;
Lee et al., 1996; Greenway et al., 1996), p21-activated kinase (Nunn and Marsh, 1996;
Fackler et al., 2000), the guanine nucleotide-exchange factor, Vav (Fackler ot al., 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

ef al., 1997).

The receptors for the constant region of immunoglobulin {1g) G (FcyRlI, FeyRlIl, FeyRIl)
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 naainly the high-affinity FeyR1 (CD64)
and a low-affinity FoyRl, whereas macrophages also express FcyRIllA (CD16A)
(reviewed in Daeron, 1997). FcyR-mediated internalisation of lgG-opsonised particles
requires tyrosine phosphorylation 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 of
ai., 1994; Indik et al, 1995b; Park and Schreiber, 1995; Allen and Aderem, 1996;
Greenberg ef al, 1996). Following clustering of FcyRs, tyrosine kinases from the Sr¢
family aséociated with y chain of FcyR (including Hck and Lyn) are activated {(Jouvin et
al., 1994; Fitzer-Aftas et al., 2000) leading to a rapid and transient phosphorylation of
immunoreceptor tyrosine-based activation motifs (ITAMs) present on the y signalling
subunits associated with FcyR i and FeyR Ill or on the cytoplasmic domain of FeyR |l
(Park et al, 1993). Phosphorylation of ITAMs create docking sites for the tyrosine
kinase Syk, which is subsequently activaied by phosphorylation {Indik et al., 1895c;
Greenberg et al, 1996). An absolute and specific requirement for Syk in FcyR-
mediated phagocytosis has been shown by gene knockout studies in mice (Crowley et
al., 1997). Activation of Syk resuits in phosphorylation of phosphatidylinositol 3-kinase
(P13-kinase) (Ninomiya et ai, 1994) and localised accumulation of kinases such as
focal adhesion kinase (FAK) and cytoskeleta! substrates including actin-binding
proteins paxillin, vinculin, talin and a-actinin (Greenberg et al., 1990; Greenberg et al.,

1994; Allen and Aderem, 1996) leading to cytoskeletal 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 Hek, Syk, Pyk-2 (a member of FAK family) and paxillin

(Kedzierska ef al., 2001b).

This study examines the mechanism by which HIV-1 inhibits FeyR-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 signatlling

defects downstream of FcyRs.

4.3 METHODS.

4.3.1 Flow cytometric analysis of FcyR 1, Il and Hil expression.

MDM were infected with the M-tropic strain of HIV-1g, on day 5 post-isolation (Section
2.5). On day 7 post-infection MDM were analysed for surface expression of FcyRs |
(CD64), FcyR I (CD32) and FeyR Il (CD16). Cells were stained with monoclonal
antibody {Mab) directed against CD64 conjugated to PE (1pg/ml; Serotec, Raleigh,
NC), CD32 conjugated to FITC (1ug/mi; 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 of y chain of FcyRs.

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 0.1M 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 intraceliular y chain using rabbit antiy subunit (TCR, FcR) polyclonal
antibody (1pg/mi; Upstate Biotechnology, New York, USA) or rabbit IgG control
(1pg/mi); 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 Phagocyiosis 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 0.1uM 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 unoprecipitation.

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 phosphetyrosine (RC20; Transduction Laboratories, Lexington, KY),
Syk (Santa Cruz Biotechnology, Santa Cruz, CA), paxillin (Transduction Laboratories),
Hek (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 paxiliin during FcyR-mediated phagocytosis, cell
lysates were immunoprecipitated with the appropriate antibody and probed with anti-

phosphotyrosine antibody (RC20) conjugated to HRPO (Section 2.9).

4.3.5 mRNA extraction and amplification of y signalling subunit.

Using oligo (dT).s beads (Dynabeads, Dynal, Australia) mRNA was extracted from
MDM as described in Section 2.11.1. Beads/cDNA complexes were resuspended in
100 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 al, 1999). PCR for B-actin was performed to confirm
equal template levels {Section 2.11.2). Reactions were performed in a total of 50pL
comprising 0.2mM of each dNTP, 1.5mM MgCl,, 0.4uM of each primer, 1.1U of Taq
polymerase (Perkin Elmer, Norwalk, WI, 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) with the sequences 5%
GAGCCTCAGCTCTGCTATATCC-3' and  §-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(ADB jAnef-y{+)].

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 M-
tropic as described in Section 2.3.2. The [NL(AD8)Anef-y(+)] plasmid was constructed
using stitch PCR mutagenesis. HIV-1 sense f1 primer Rev 83928
5'GGGGACCCGACAGGCCCGE and HIV1  antisense  f1 primer 5
GAGCAAGACCACTGCTGGAATCATCTTATAGCAAAATCCTTTCCAAGC-3' were
used to amplify a 390-bp HIV-1 f1 fragment upstream of Nef. y chain sense (§'-
GCTTGGAAAGGATTTTGCTATAAGATGATTCCAGCAGTGGTCTTGCTC-3) and
antisense (5‘-CCCCTCGAGACGCGTCTACTGTGGTGGT‘I‘I’CTCATGCTTCAG-S') f2
primers were used to amplify a 300-bp of y chain coding 2 fragment. HiV-1 f1 and v
chain 2 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 BamH! and Xho! restriction sites of the
[NL(AD8)Anef] proviral DNA as previously described (Shehu-Xhilaga et al., 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{ADS)],
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[NL{ADB)Anef] viruses and [NL(AD8)Anef-y(+)] particles was achieved by introducing

10ug 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 1o 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=23, p<0.001) as assessed on d'ay 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 FoyRs: FeyR!I (CD64), FoyRil (CD32) or FeyRlil (CD18) (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 fine (Thomas
et al., 1897}, the possibility of a cAMP-dependeint mechanism deing 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 during FeyR-

mediated phagocytosis by HiV-infected MDM.

Sinbe FecyR-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 1gG-opsonised
targets was assessed. A range of cellular proteins was rapidly phosphorylated (by 2
min exposure to [gG-particles) in MDM exposed to |gG-opsonised beads, and
phosphorylation reached a peak between 2 and 5 min (Figure 4.3a). HIV-1 infection of
MDM inhibited FeyR-triggered tyrosine phosphoryiation 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 FeyR-mediated phagocytosis by those cells.
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4.4.4 FeyR-mediated phagocy tosis is impaired upstream of Hek, Syk and paxillin.

The effect of HIV-1 on specific tyrosine kinases necessary for FcyR-mediated
phagocylosis 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 FeyR-stimulated Syk complexes with other tyrosine
phosphorylated proteins (MW of 38, 42, 48, 52, 58, 64 and 95kDa) (Figuré 4.4b). HIV-
infected MDM also displayed reduced phosphorylation of paxillin (an adapter protein
which localises to focal adhesions; 68 kDa) during phagocytosis (Figure 4.4¢). The
input of Hck, Syk and paxiliin proieins 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 FcyR-mediated phagocytosis by HIV-infected MDM is associated with

downmodulation of Fcy chain protein expression.

Since the surface expression of FcyRs was not altered by HIV-1, the protein tyrosine
phosphorylation data (Figure 4.4) suggesi a defect upstream of Hck and Syk, at the
level of the y signalling subunit of FeyR (see Figure 1.10 for a schematic diagram of
FcyR-mediated signalling). HIV-1 infection reduced protein levels of the ITAM-
containing vy 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 FoyR 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
mARNA levels in MDM infected with HIY-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 cODNA was standardised according to GADPH levels as assessed by real-time

PCR and confirmed by conventional PCR using B-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 nefdeletad 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 HIV-
infected 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 ¥ chain as assessed by immunobloting (h=2; data
not shown). Replication of both of these nef-deleted strains of HIV-1 was equivalent to
that of wild type virus, [NL{ADB)Anel] (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 FeyR-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 FeyR 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 inhibitio'h of tyresine 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
FeyR-mediated phagocytosis by human monocytes and macrophages foliowing HIV-1
infection (Bender et al, 1988; Capsoni et al., 1992; Capsoni et zi., 1994), although the
mechanism of inhibition was unknown. The majority of previous reperts (Petit et al.,
1988; Capsoni et al., 1992; Capsoni et al., 1994; Dunne et af.,, 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 sigﬁalling defect downstream of FeyRs. 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 celi 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 o phagocytosis significantly decreased their functional capacity (Thomas et al.,
1997). However, results obtained from primary human MDM presented in this chapter
showed that FeyR-mediated phagocytosis is not inhibited by the presence of 8'bromo-
cAMP. 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
Poilard, 1991; Thomas et al., 1997) are nct responsible for impaired FeyR-mediated

phagoa:iosis. However, it is possible that cAMP inhibits FoyR-mediated phagocytosis
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in the promonocytic U937 celi 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
celiular 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 Hek
(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 ot al, 1994; Ghazizadeh et al, 1994; Ghazizadeh ef al, 1995;
Crowley et al,, 1997; Kedzierska et al., 2001b). Although defective activation of either
Syk or Hek 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 phagocytosis-
promoting FeyRs 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
cytosk.eletal 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 vincuiin, talin and c-actinin (Turner, 1998).
Consistent with data showing irhibition 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 v signalling
subunit of FcyR were found, not associated with an effect on surface expression of
either FeyRl, FeyRIl or FeyRIlIA. The y chain of FoyR is not a prerequisite for transient
expression of surface FcyRs, but it is important for their stable expression (Takai et al.,
1994; van Vugt e: 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., 1393; Indik et 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
vy 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 signailing molecules downstream FeyRs
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-{ chain (Geertsma ef al, 1999; and CD3-y chain (Segura et al,

1999).

Data presented in this study confirmed my resuits (described in Chapter 5) that a
functional nef gene was not essential for inhibition of FcyR-mediateda phagocytosis.
Infection of MDM with a nefdeleted HiV-1 expressing the y chain of FcyR augmented
FeyR-mediated phagocytosis, supporting the claim that reduced expression of the y
signalling subunit of FeyR may be responsible for impaired FeyR-mediated
phagocytosis in HIV-infected MDM. As it was impossible to control the leve! 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 Hek, Syk, paxillin activation and
is associated with decreased protein expression of the y chain signalling subunit of
FeyR. [t provides the first possible mechanism of defective cellula- activation in HIV-
infected macrophages not only during phagocytosis bui potentially also underlying
other functions mediated via FcyR. Impaired FeyR-mediated signalling may explain why
HiV-infected macrophages fail to control opportunistic pathogens such as Toxopfasma
gondii (Joiner et al, 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 in 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 reviewsrs'

comments/questions submitted).

| 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 MDM.

Phagocytosis of specific [gG-opsonised sheep red blood celis (lgG-E) was assessed by
colorimetric assay. Monocyte-derived macrophages (MDM) on day § post-isolation
were either mock-infected {white bars) or infected with HIV-1g,, (black bars).
Phagocytosis assays were performed on day 7 post-infection using IgG-E at target to
MDM ratio of 10:1. These data represent means + SEM 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 muiltiplicity of infection (MOI).
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Figure 4.2 Flow cytometric analysis of surface expression of F¢yR | (CD64), FcyR
Il (CD32) and FeyR lll (CD16) on HiV-infected and uninfected MDM.

Expression of FcyRs on MDM on day 7 after HIV-1 infection was assessed by flow
cylometric analysis using anti-CD84 monoclonal conjugated 1o 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 (biack bars) MDM. (b)
Results from a representative single donor are provided. Histograms are unimodal and
demonstrate the staining with monoclonal antibodies directed against FeyRs (solid
ines) or isotype-matched controls (dotted lines) conjugated to appropriate

fluorochrome.
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Figure 4.3 Inhibition of protein tyrosine phosphorylation during FeyR-mediated
phagocytosis in HiV-infected macrophages.

(a) MDM incubated with igG-opsonised latex beads (target to MDM ratio of 10:1) for the
i_ndicated times were lysed in Triton X-100 buffer, and samples of lysate containing of
equal amount of protein (30pg) 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 HiV-
infected (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 200t 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 (50ng) were
immunoprecipitated with {(a) anti-Hck; (b) anti-Syk and {c)} anti-paxillin, the
immunoprecipitates were resolved by SDS-polyacrylamide gel electrophoresis and
immunoblotted with anti-PY-horseradish peroxidase. The data shown are
representative of threz experiments using MDM from different donors. Equivalent
protein levels are shown by re-probing the blots with the relevant antibodies where
feasible (lower panel). IB: immunoblotting; IP: immunoprecipitation; PY:
phosphotyrosine,
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Figure 4.5 HIV-1 irfection of MDM downmodulates protein levels of the y
signalling subunit of FcyR.

(@) MDM (1x108) 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 (30ug)
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 immunobiot 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 anti-
rabbit antibody conjugated to FITC. Results are representative of four experiments
using MDM prepared from different donors. (c) Net mean fluorescence vaiues 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 moduiate 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. ¥ chain mRNA was reverse transcribed to cONA
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 p-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(ADB)] =nd nefdeleted [NL(AD8)Anef] (black bars) or [NL{AD8)anef y(+)] (striped
bars). (a) Ptagocytosis 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 celis from five diffsrent donors.




Table 4.1 8-bromo-cAMP does not inhibit FcyR-mediated phagocylosis by human

MDM.
Phagocytic index (% controf)
8-Bromo-cAMP 30 mins pre-incubation 48 hrs pre-incubation

{mM) {n=5) (n=4)

10° 111.3+19.9 *61.5+ 15.6
10 109.2+10.5 124.3+ 111
102 1222+ 94 116.0+ 4.5

107 125.0+ 6.9 112.8+10.6
10 111.8+£106 111.5+£6.0

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 1gG-sRBC
ratio of 1:10. Results are expressed as percentage of control (MDM cuitured in the
absence of cAMP) as mean £ SEM; p values <0.05 for ali concentrations tested; *was
toxic to the cells as assessed by viable count measurements using Trypan Blue

exclusion (viability was <75%; under all other conditions viability was >95%).




CHAPTER 5

nef-DELETED HIV-1 INHIBITS PHAGOCYTOSIS BY MOMNOCYTE-
DERIVED 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 monocyta-
derived macrophage. .»ADM) was investigated in this study. Using a flow cytometric
assay, phagocytosis of Mycobacterium avium complex (MAC) by monocytes in
peripheral 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) HiV-infected subjects. The specific impact of Nef on phagocylosis by
MDM waé determined by either infecting cells in vitro with Anef strains of HIV-1 or
electroporating Nef into uninfected MDM. MAC phagocytic capacity of monocytes from
SBBC members was equivalent to that of cells from uninfected ihdividuals (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 contrasi, 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 Fcy 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) jin 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 mntncytes »ro twsue

macrophages are important effector cells against a number of intracellular satnogens
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 kiling. We and others have reported that a number of these functions are
impaired following HIV-1 infection (Crowe et al, 19%4; 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 uxact mecharist by which HIV-1 impairs monocyte/macrophage function and
promotes disease progression remains unclear. However, the importance of Nef (a 25-

to SO-kDa myristylated accessory protein) for HIV-1 pathogenesis has been

demonstrated in prospective studies of the Sydney Blood Bank Ccohort (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 vverlap (Learmont et al., 1992; Deacon et al., 1995;
Learmont et al., 1998). Whiist 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, suppotting the role for a functionai Nef in V-1
pathogenesis in humans (Learmont ef al,, 1992; Doacon ef al,, 1995; Learmont ef al, a
1999). An intact nef gene has also been shown to be important for disease progresaion i
in simian immunodeficiency virus {SIV}-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 nefdeisted SIV at

TR T

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 | expression (Garcia ei al, 1993;
Anderson ef al, 1994; Rhee and Marsh, 1994; Schwartz et al., 1996; Le Gall et al,
1997), enhancing virion infectivity (Aiken and Trono, 1995; Chowers et al., 1995;
Schwartz et al, 1995) and modulating signailling pathways via interactions with host
cell proteins (reviewed in Herna Remkema and Saksela, 2000). Since these latter
include ¥ “~ractions of Nef with cellular proteins and kinases which are also involved in
the process of phagocytosis (such as Src kinases, Hek and Lyn (Saksela eof al., 1995;
Lee ot al., 1996; Greenway et al., 1996; Greenway et al, 1999), p21-activated kinase
(Nunn and Marsh, 1996; Fackier et ai., 2000}, guanine-nucleotide exchange factor Vav
(Fackier et al., 1999) and small GTPases Rac1 and Cdc42 (Lu et ai., 1996; Crespo et
al., 1997)), it is possible that Nef modulation of signailing pathways involving these
proteins inhibits phagocytosis. The impact of Nef on phagocytosis by human

monocytes and macrophages following HIV-1 infection has not yet been elucidated.

In this study the effects of Nef on phagocytosis of MAC, Ly comparing monocytes from
members of SBBC to monocytes from si#~~~e 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 individuais 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
{Anef) 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
electroporated 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 monocyies.

Blood (2 mi) 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 Laboralory (Macfarlane Burnet Centre for Medical Research, Melbourne).

5.3.2 Whole blood phagocvtosis assay.

Fluorescein isothiocyanate (FITC)-labelled MAC or T. gondii (5x10° and 1.5x107) were
added to 100u! of blood dispensed in polypropylene tubes and placed inte 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 (100uL) was dispensed in polypropylene tubes and cooled on ice for 20 min. To
perform phagocytosis, blood samples were incubated with or without IgG-opsonised

latex beads (3um in diameter, Sigma, St Louis, MO} at a concentration of §x10’
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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 1ml of 3% formaldehyde (20 min, 4°C).
Following two washes with cold 0.1M 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 Ronaid 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 & T-tropic virus to M-
tropic. A laboratory adapted M-tropic strain (HIV-1ga.) 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-cuituring PBMC from D36 or C18 with HIV-1 seronegative CDS-
depleted PBMC (Section 2.3.3). Purified MDM from HIV-1 seronegative buffy coats
were infected with HIV-1yaps chimera, HIV-1y apsanen chimera, HIV-1g24, and primary
isolates HIV-1pgs or HIV-1ci5 from SBBC members at the same multiplicity of infection.

Control cells were mock-infected and cuftured 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 [gG-
opsonised 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 imraediatelv prior to the phagocytosis
assay. IgG-E were opsonised with a rabbit anti-shezp red blood cell antibody (Section
2.8.2.1). C-opsonised E were prepared by opsonisation of 2x10® cells with pre-warmed
2% AB-negative human serum as a source of human complement components for 30
min at room temperature (Chan et af/, 2001). As conirols E were opsonised AB-
negative serum from the same source that has been heat-inactivated at 56°C for 45
min (HI-E). Prior to the phagocytosis assay, MDM =dhered to 96-well plates were
activated by treatment with phorbol-12-mytistate-13-acetate (PMA) at a final
concentration of 200nM per welf for 1¢ min at 37°C. Subsequently those cells were
exposed to C-E or HI-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 Pragocytosis by Nef-ele ctroporated MDA,

To assess the direct effect of Nef on piiagocytosis in vitro, purified recombinant Nef
protein (Greenway ef al., 1994) was introcuced by electroporation into MDM on day 5
post-isolation. Cells that were electroporated with purified recombinant GST or mock-
electroporated (no protein) were used as controls. Proteins (300nM per 1x1 0% cells)
were introduced into MDM using a square wave electroporator {Bio-Rad, Richmond,
CA; amplitude, 5kV; pulse frequency, 2% purst time, 0.8 sec; cycle number, 10).
Electroporation of Nef into MDM was confirmed by immunofluorescence staining using
specific anti-Nef Mab (AEB; AIDS Research and Reference Reagent Program, NIAID,

NIH: HIV-1 Nef monocional antibody from Dr James Hoxie) immediately after
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electroporation and at later times as previously described (Greenway et al.,, 1994).
Etectroporated 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 phagocyiosis. The latter was performed by incubating MDM with
lgG-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 nef-deteted SSBC HIV-1 positive). Robust standard

errors were used 1o account for repeat tests on individuals. To account for the highly

skewed data, the MAC-FITC:monocyte ratio was transformed using natural logarithm.
Intcractions between MAC-FITC:monocyte ratio and HIV infection status were
investigated by fitting interaction terms in the model. The analyses were performed

using the Stata statistical software analysis package {Stata, Collage Station, TX).

The significance of F-actin contents of monocytes from HiV-positive and -negative
irdividuals, in vitro infections with WT HIV-1(HIV-1g,. or HIV-1yapg) and nef-deleted
strains of HIV-1 (primary isolates HIV-1pss and HIV-1¢4s or HIV-1nyapsisnet Chimera) as
well as the impact of Nef etectroporation on phagocytosis was assessed using the

Student’s t test (paired, 2-tailed).
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5.4 RESULTS.

5.4.1 Subjects.

Blood was collected from a total of 6 Sydney Biood Bank Cohort members {median
CD4: 805 cells/ul; range: 306 to 2331 cells/ul; median plasma HIV RNA <400
copies/ml; range <400 to 4000 copies/ml), 16 persons with WT HIV-1 infection {median
CD4: 138 celis/ul; range: 20 to 713 cells/ul 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 HIV-
uninfected 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 pricr 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 (Schiesinger and Horwitz, 1991)) with an efficiency similar to
that of monocytes from HIV-1 uninfected individuais (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 gondi-FITC (mediated predominantly via FeyRIl (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 individuais infected
with WT HIV-1. As reorganisation of the actin-based cytoskeleton is essential for the
formation of the phagocyltic cup and the enguifment 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 FcyR-
mediated phagocytosis in blood monocytes (Kedzierska et al, 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.

L T S SE AL ST
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5.4.4 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 Anef strains to infect
MDM in vitro in comparison with WT HIV-1. In vitro infection of MDM by Anef strains
HIV-1p3 (a primary isolate from SBBC member D36) or the HIV-1n apsjner Chimera
impaired phagocytosis of MAC-FITC to the same degree as infection with WT HIV-1

{Ba-L or NL(ADS8)). 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{ADS8)), Anef HIV-1¢c1¢ (a primary isolate
from SBBC cohort member C18) or with HIV-Tyapganer Chimera had impaired
phagocytosis mediated via either Fcy or C' receptors using specifically opsonised
targets (IgG- and C’-opsonised E) as compared to uninfected MDM (p <0.001; Figure
' 6.4). Infection of MDM with nef-deleted strains of HIV-1 resulted in similar levels of
inhibition ot 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 BT activity in the
culture supernatant (mean RT values of 2045 cpm and 1250 cpm for HIV-1yape and
HIV-1nyapsanet 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-1y apg and

HIV-1 napsjanes 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
electroporated 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 FeyR-mediated phagocytosis (eg
Hck), we assessed the impact of Nef on the level of tyrosine phosphorylation during
phagocytosis of IgG-opsonised targets. Stimutation of mock-electroporated MDM with
lgG-opsonised beads triggered an increase in tyrosine phosphorylation of a wide range
of cellular proteins after 2 rivii of phagocytosis. Nef- and GST-electroporated MDM
displayed similar levels and patterns of phosphorylation during FeyR-mediated
phagocytosis to that induced by mock electroporation (Figure 5.5b). These data
suggest that HIV-1 Nef does not inhibit phagocytosis via FeyR 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 bloed monocytes from WT HIV-1 infected subjects was significantly
impaired, compared to monocytes from uninfected conirols. 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 HiV-
1 infection, by monocytes and alveolar macrophages in vivo as well as by
macrophages infected with WT HIV-1 in vitro (Musher et al., 1990; Bravo-Cuellar et al.,

1992; Capsoni et al., 1992; Roilides ef al, 1993; Wehle et al., 1993; Capsoni et al.,
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1994; Dobmeyer et al., 1995; Baqui et al., 1998). However, others have shown normali
monocyte and macrophage function following HIV-1 infection (Nottet ef al, 1993;
Eversole et al., 1994). These discordant results may be at least partially explained by
t'-+ differing methods used by investigators, in particular whether cells have been
isofated 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 aie fully permissive to HIV-1) (Sonza et al, 1996), the
expressicn level of surface receptors (including CD4, CCRS and phagocytic receptors)
(Sonza et al., 1995; Kedzierska et al., 2000a) as well as in their cytokine/chemokine
production profile (reviewed in Fantuzzi et al, 2000). 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 (utilising predominantly C'R for
phagocytosis; (Schiesinger and Horwitz, 1991)) and Toxoplasma gondii (utilising
FeyRll; (Joiner et al, 1990)) was impaired by peripheral blood monocytes from WT
HiV-infected individuals but not from SBBC members infected with a Anef 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. 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 a/.,, 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 phagocylosis 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 ef al., 1995). Nef may alter phagocytosis
through its influence on ihe cellular environment and subsequently on cytokine and
chemokine production. Nef induces the production of two CC-chemokines, MIP1-o and
MIP1- by macrophages (Swingler et al., 1999), induces synthesis of IL-15 by MDM
(Quaranta et al., 1999), iL-10 (Brigino ef al., 1997), TNFo, IL-6 and IL-1 (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 phagocylosis via dysregulated cytokine/chemokine

production.

The nef gene of primate lentiviruses is necessary for high level virus replication in vivo
(Kestler ot al., 1991). it has been also demonstrated by the work of Ruprecht et af that
S|V with nef deletion is generally attenuated in adult macaques, but causes disease in
infant macaques, likely te result from a “threshold” for pathogenicity relating to levels of
viral replication and viral load (Ruprecht et al., 1996; Montefiori et al., 1996). Although it
is possible that Nef may influence phagocytic capacity of monocytes = vivo by affecting
viral load and CD4 counts, data presented in this thesis sugges! that 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
toads 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 nef-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/mi} (Baqui et al., 1999) as well as over a wide

range of CD4 counts (Roilides et al., 1993).

The mechanism of defective phagocytosis by peripheral blood monocytes from WT
HIV-infected individuals remains unclear. Previous reports (Capsoni et al, 1992;
Capsoni et al., 1994; Dunne ef al, 1996), confirmed by observations in this study,
suggest that HIV-1 infection in vivo results in either elevated or unchanged expression
of complement and Fcy receptors on monocytes, indicating that inhibition of
phagocytosis occurs at a post-receptor level. Recently, Elbim et al (Elbim et al., 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.

ik
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There are other potential mechanisms by which Nef could directly influence
phagocytosis. Nef associates with several celluiar kinases, including Src family tyrosine
kinases, Leck {resulting in impairment of Lck-mediated signalling events) (Collette et al.,
1996b) and Hek (resulting in its aclivation) (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 ot:ner relevant
kinases or cytoskeletal proteins. To assess this hypothesis the direct eﬁects; of infection
and replication of HIV-1 on macrophage function as well as the effect of Net 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-mediated 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
FeyR-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 nef-
deleted 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.

5.6 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,

| 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. | have anaiysed 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 Anfoniette 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 by human monocyte-derived

macrophages. Immunol Cell Biol.79:429-435.
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During my doctoral studies | co-supervised Hiu-Tat Chan, a B Med Sci student, who
worked on a parallel project to investigate defective compiermneni-mediated
phagocytosis by HIV-infected MDM. | performed experiments presented in Figure 4d
and Table 2. | have contributed to the analysis of the results and writing and editing of

the manuseript.
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Flgure 5.1 Quantitation of MAC-FITC phagocytosis hy peripheral bilood

monocytes assayed ex vivo.

A representative phagocytic analysis for one SBBC member, C54 (O), WT HIV-infected
individual () and HIV-seronegative controls (4). Phagocytosis of MAC-FITC by
monocytes obtained from C54 and WT HlV-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) unstimutated; 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 phalioidin-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{ADS8); 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 resuits from 10 different MDM donors.

s e Tk

et T g5

e Tl

P T

B
r.
. ‘I
i

i
&
3

[ A R P P

PR E—




> bt 1
:
21 2 2004
100 « 10
= =

@ ] - | A 1001
50- -

. 50 i l *

0 rT o ] I_l ‘

MOC‘A- 89-.( N(ﬁq O&)L{:q 08) 8 MOC‘A- 3&( N{m 084),((;4 08078
, Angs Hne "

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-15,, and HIV-1y,p (black bars) or Anef strains

(HIV-1yy (apsjaner OF HIV-1¢45, nef-deleted primary isolate; grey bars). Phagocytosis was ]

performed on day 7 to 10 post-infection. These data represent meanstSEM from (a) §
different MDM donors; (b) 3 different donors. *Shown resuits 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.

(2) 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
meantSEM of 4 experiments. Student t-test was performed to measure the significance
of these results. (b) MDM (2x10€} were incubated with 1gG-opsonised latex beads
(2x107) for the indicated times, lysed in Trton-X 100 buffer and samples of lysate
containing equal amount of protein {501g) 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. 1B:

immunoblotting; PY: phosphotyrosine.




Table 5.1 Phagocytosis of Mycobacteriurn avium complex by peripheral blood
monocytes in nef-deleted SBBC and WT HIV-infectad subjects ex vivo.

nef-deleted SBBC ) WT HiV-infected controls

Subject Expt Phagocytosis  Viral load* CD4 count Phagocytosis  Viral load® CD4 count

(%Control)  (copies/ml) (cells/ul) (%Control) (copies/mi) (cells/ul)
D36 {i) 124 3100 361 40 <500 713
(ii) 11 2600 414 67 <500 50
(iii) 80 4000 540 32 <500 100
49 {i) 141 <400 918 23 N/T NIT
C54 (i) 123 1500 1260 20 <500 20
(i) 116 1700 1419 35 <500 363
(iii) 96 1800 1120 65 600 N/T
(iv) 96 1600 1152 92 N/T N/T
C64 (i) 137 <400 805 32 385 500 N/T
(i) 123 <400 805 83 N/T N/T
(i) 101 <400 1026 22 95 600 40
(iv) 100 <400 2331 44 119 800 120
co8 (i) 110 <400 612 57 10 700 400
(i) 115 <400 306 13 62 400 247
C135 (i) 105 <400 392 55 26 900 138
(i), 220 " <400 495 130 - 900 480
p value 0.808 ' <0.0001

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

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

6.1 ABSTRACT.

Disseminated Mycobacteriurn 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 1o phagocytose MAC in vivo and in vitro, and the effect of GM-
CSF 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 b+ exposure to a mutant form of GM-CSF (E21R)
binding only to the alpha chain of the GM-CSF receptor, suggesting that augmentation
of phagocytoéis by GM-CSF requires binding 1o the off 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 monocional 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 witﬁ 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), Aspergillus fumigatus and
Toxoplasma gondii (Biggs ef al, 1995), impaired intraceliular killing of Candida
pseudotropicalis, Toxoplasma gondii (Biggs et al, 1995) and Mycobacteriup: avium
complex (MAC) (Crowle et al, 1992; Kalienius et al, 1992; Newman et al, 1993;
Ghassemi et al, 1995). These alterations in macrophage function contribute to the
pathogenesis of AlDS by ailowing the reactivation of cpportunistic pathogens (reviewed

in Crowe, 19295},

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 assocfated with high tissue burden (10° to 10'® 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 granuiocytes
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 et al, 1995). GM-CSF has been ailso shown to

upregulate phagocytosis and intracellular kiling 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 et al., 1994; Hsu et al., 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 GM-

CSF on phagocytosis of MAC by HiV-infected monocytes/MDM has not been reporied.

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 et al., 1988; Perno et al., 1989; Schuitemaker
et al, 1990; Perno et al, 1992, Wang et al, 1998} and in the chronically infected
promonogcytic lines U937 and U1 (Folks et al., 1987; Pomerantz et al,, 1990). However,
other investigators have reported inconsistent (Kormnbluth et al., 1989; Hammer ot al.,
1990) or inhibitory effects of GM-CSF on HIV-1 entry or replication in MDM (Matsuda ef
al., 1995; Di Marzio et al, 1998) associated with reduced p-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 o chain and a common §§ chain that is shared with IL-3 and IL-5
(reviewed in Crowe and Lopez, 1997; Armitage, 1998). Amino acid 21 within the first
alpha helix of GM-CSF has been found to be critical for the biclogical function of GM-
CSF 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 o and 8 chain of the GM-CSF

receptor on both phagocytasis of MAC and HIV-1 replication in vitro.
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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 (1-
100ng/ml). Control cells from the same donors were cultured in the absence of GM-
CSF. 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 ef al,, 1992). E21R GM-
CSF binds to the o 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 (lversen et al, 1997). To
determine the specificity of the effect of GM-CSF on HIV-1 replication in MDM, GM-
CSF was incubated with a neutralising anti-human GM-CSF Mab (100 ng/ml; 4D4) or a
non-neutralising anti-GM-CSF control Mab (100 pg/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, celis 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, HIV-
1eaL (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 GM-
CSF. 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 effacts of GM-CSF on HIV-1 DNA and mRNA levels, MDM were infected
with HIV-1g.. 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 MgCl: to 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 *P-labelled probe
SK19 (Lewin et al., 1996). Briefly, HIV-1 gag gene (115 bp region) was amplified using
SK38 primer (ATAATCCACCTATCCCAGTAGGAGAAAT) and SKB39 primer.
(TTTGGTCCTTGTCTTATGTCCAGAATGC) (Bresatec, Adelaide, South Austraiia).
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 lysates. 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
%2P.labelled for detection of HIV-1 following PCR amplification. The SK19 probe (1 5pM)
and the GH64 probe (30pM) were radiolabelled in separate tubes containing 60ul of
reaction mix consisting of 1x kinase buffer (Promega), 20U T4 polynucleotide kinase
(PNK) and 50uCi y-*P-ATP (Amersham) at 37°C for 1 hr, then at 68°C for 10 min. After
adding 40pl 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 400ul with 0.75mM NaCl, 10mM EDTA.
For hybridisation, Sul of the probe mix was added to 15ul of PCR products, denatured
at 95°C for 5 min and incubated at 59°C for 15 min. ®P-labelled products were resolved
using 10% polyacrylamide gels (Section 2.12.2) and exposed to the X-ray film

{Hyperfilm, Amérsham) for18to 72 hr.

mRNA was extracted from MDM lysates using oligo (dT)s beads and subsequently
converted to cDNA as described in Section 2.11.1. Beads\cONA complexes were
resuspended in 100ul 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 %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 GM-
CSF 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 400ug/day. GM-CSF was suspended on day 7 of therapy due neutrophilia
and recommenced at a dose of 200ug/day on day 14 when his neutrophil coun?
declined to 10.2x10¥mi. On day 38 he developed central line-related sepsis and mui-
organ failure. He died on day 40 of this study due to central-line-associated

complications.

Peripheral blooa 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 Labor‘atory, 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 (2x10° cells in 100ul of PBS-CMF)
were exposed to fluoresceinated MAC, at different MAC fo 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 infecied patient treated with GM-CSF was coliected 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 parformed
as described in Section 2.8.1.2. The percentage of CDi4-positive monocytes
phagocytosing MAC-FITC was calculated as the % of FITC-labelled cells in the PE-

positive cell population.

6.3.5 Statistical analyses.

Multiple linear regression analysis was used to determine the effects of HIV-1 infection
and GM-CSF erapy on the phagocytic ability of monocytes. The raw data were
linearised by Iog-trénsforming the values of the MAC-FITC: monocyte ratios. A
regression equation was constructed to estimate % phagocytosis by monocytes as a
function of log,s {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 HlV-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 eflect of HIV-1g,4 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-FITC 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 MAC-
FITC 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 borderiine

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 (1pg/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-1g,. replication in MDM as assessed by a
number of different techniques. GM-CSF reduced RT activity assessed in the culture
supernatant (82%15.2% SEM inhibition; n=7, p<0.01}, whereas E21R GM-CSF did not
significantly decrease RT (13.6%+t18% 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 intracellular p24 antigen leveis, compared to MDM not exposed to GM-CSF
(Figure 6.2b). The net MESF (Molecules of Equivalent Soluble Fluochrome) values
were 7.2x10°, 1.8x10° 5.2x10° and for intracellular 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 0.1ng/ml or greater significantly inhibited HIV-1gay
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 MAD (4A12),

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 cuitured 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 mRBRNA expression
in MDM infected with HIV-1g,, that were exposed to GM-CSF and approxirﬁately 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 B-actin tevels 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 paiient.

- 6.4.2.1 GM-CSF augments phagocytic capacity of peripheral blood monocytes.

Prior to commencing GM-CSF therapy, the phagocytic activity of this paiient’s
monocytes was significantly lower than that of HlV-uninfected control subjects
(p<0.001) (Figure 6.5a). GM-CSF therapy improved the ability of the patient's
monocytes to phagocytose MAGC-FITC to levels comparable to those of HiV-uninfected

individuals, starting from day 5 after commencement of treatment {p=0.45, Figure 6.5b-
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d; Figure 6.6a). 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 (p<0.001) (Figure 6.5¢,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 cuitures (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 4.0log copies/ml.
The patient experienced only minor fluctuations in plasma HiV-1 RNA levels during
therapy with a possibly significant (defined as >0.5log, copies/mi) increase of 0.7l0gy

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 HiV-
1 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 a-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 2
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).
Simitarly, monocytes from HIV-1 infected persons have been found to be less efficient
in terms c¢f 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 ef al, 1993). There are also
inconsistent data regarding the effect of HIV-1 infection on the ability of monocytes and
macrophages o control MAC infection, with the data generally indicating reduced
antimycobacterial function (Kallenius st 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 variabiiity 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
antimycobacteriai function (including intraceliular 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 only to the o
chain of the receptor, failed to stimulate phagocytosis of MAC, suggesting that the

principal signals controlling phagocytosis occur via the receptor §-chain.

In vitro GM-CSF stimulation of MDM prior to HIV-1 infection not only augmented
phagocytosis of MAC by those cells, but aiso 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; Pernoc ef al, 1988; Schuitemaker et al, 1990;
Perno et al., 1992, Wang et al., 1998) or no change (Kombluth ef al., 1889; 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
mechanisrh 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-CSF-
induced increase in HIV-1 replication in MDM was attributable to up-regulation of CCRS
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 ceils. 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 pro-

viral 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 BNA titres (Kaplan et al, 1991; Lafeuillade ef al.,
1996). However, when used in combination with effective antiretroviral theracy, GM-
CSF 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 ef 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 ef 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 biood culture in the single patient with drug-resistant MAC agjunctively treated with
GM-CSF support in vitro findings reported in this thesis. Similarly, a recent report by

Kemper et af (1998) showed enhanced activation and mycobactericidal activity of blood
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monocytes in four AIDS patients with newly diaghosed 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 reportis 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 ef 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 usefui 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., Miich, A., Cooke, |., Rainbird, M., Roberts, S., Paukovics,
G., Jolley, D., Lopez, A. and Crowe, S.M. (2000) Granulocyte-macrophage coiony
stimulating fa ‘or augments phagocytosis of Mycobacterium avium complex by HIV-1

infected monocyte/macrophages in vitro and in vivo. J Inf Dis, 181:390-394.

| have performed the experiments presented in this manuscript, with some technical
assistance from Melissa Rainbird regarding the E21R/in vitro phagocytosis data. | have
analysed the results and written the manuscript with input from Prof, Suzanne Crowe
and Dr. Johnson Mak. A/Prof. lan Cooke and Dr. Damien Jolley have provided their
experiise 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. A/DS, 14:1739-1748.

I have performed the experiments included in this Chapter from the above-menticned
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 ahsence of GM-CSF. '

Freshly isolated monocytes were treated with GM-CSF at a concentration of 100ng/ml
(blue lines) or left unexposed {o this cytokine (black lines). MDM on day 5 post-isolation
were either mock-infected (dotted lines) or infected with HiVg, (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 FITC
(meantSEM) 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 MAC-
FITC 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 § 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 monaoclonal antibody (white, blue and green
histograms) or isotype-matched control (black histograms) and quéntified 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 monocional
antibody, 4D4 (100pug/ml; red bar), or anti-GM-CSF non-blocking monoclonal antibody,
4A12 (100ug/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.

Monaocytes 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 3P-
labelled probe GH 26 for HLA-DQ and SK19 for gag. Dilutions were similarly prepared
i from cell lysates of 8E5S 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 32P-

labelied probe SK19. 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, @, B, ¢) and HIV-1 infected palients, not
receiving GM-CSF (V,a 8). Shown here are representative results from the GM-CSF-
ireated patient obtained a) prior to GM-CSF treatment b) 17 days, ¢) 21 days, d) 30
H 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 Effoct 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 8 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 obfained at each
MAC:monocyte ratio for the seronegative controls were standardised as 100% of

phagocytic efficiency.
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Table 6.1 Effects of GM-CSF/HIV-1 on phagocytosis of Mycobacterium avium 3
complex by monocyte-derivsd macrophages in vitro.

Percent of macrophages phagocytosing Mycobacterium avium oompléx

Mock-infected {mean + SD) HIV-infected (mean + SD)
No. of Control  GM-CSF E21R Control GM-CSF E21R i\
expt’ GM-CSF GM-CSF
¥
10 56.1:45 63.6£3.1 : 34448 559148 - ]
5 64.126.2 697435 41.6£11.0 309159 54.7¢4.0 28.5:7.0

On the day of isolation, monocytes were treated with GM-CSF (100ng/mi), E21R GM- :
CSF (1ug/mi) or cultured unexposed to any growth factors. MDM were infected with :'
HIV-1,,, 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.
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CHAPTER?

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 macrophag:
lineage contribute considerably to the pathogenesis of HIV-1 infection. in
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 cariniiy (Drancourt et al., 1992; Wehle et al.,
1993; Doultree et al,, 1985). 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 pucleatum and Cryptococcus neoformaris 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 underiying
mechanism whereby HIV-1 impairs phagocytosis by cells of macrophage lineage

remained urknown,
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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 Fcy receptors (FcyR) for Toxoplasma gondii

phagocytosis (Joiner et al, 1980). 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 FeyRs or C'Rs (Petit et al., 1988; Capsoni ef 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, CCRS and phagocytic receptors) (Sonza et al.,
1995; Fear et al., 1998) cytokine/chemokine production (reviewed in Fantuzzi et af,
2000) and their susceptibility to HIV-1 infection (monocytes being highly refractory,
whereas ma;:*rophages 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 vifro 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 ef 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 u.c 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 rlifferentiated 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). MDM 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 profiferation 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 13-
acetate (PMA) or retinoic acid (Clapham et al, 1987, Pautrat et al, 1980).
Furthermore, monocytic cell lines such as U837 cells are not permissive to M-tropic
strains of HIV-1 commonly used in laboratories such as HIV-1g,, but are susceptible
to certain T cell-tropic strains of HIV-1 {Schuitemaker et af,, 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 celis comprising of both HIV-infected ani
uninfected MDM. Such inherent variability within the primary cell culture models is

more relevant to the in vivo situation.
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Phagocytosis rmediated 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 FeyR-
mediated phagacytosis were performed using murine macrophages or cell lines
transfected with FeyR, with only two reported studies using either human macrophages
or monocyles (reviewed in Section 1.6.3). The mechanism underlying defective
phagocytosis mediated via FeyRs by HIV-infected MDM was a focus of my studies, The
results presanted in this thesis show that the early signalling events during FcyR-
mediated phagocytosis in human MDM are similar to those previously characterised in
murine macrophages. In both species, tyrosine phosphorylation of a number ¢f cellular
proteins which localise around the phagocytic cup is seen, and phagocytosis is blocked
by a proiein tyrosine kinase inhibitor, genistein. The key protein tyrosine kinases, Hck
(a macrophage-specific Src family kinase) and Syk (a docking site for y signaliing
subunit of FeyR) are activated during this process. In addition, my study also provides
the first evidence for activation of Pyk2 and redistribution of the phosphorylated form of
paxiflin {the actin-binding protein) between the cytoplasm and cytoskeleton during

FeyR-mediated phagocytosis.

Having détermined 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 Hek and Syk during
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phagocytosis by HIV-infected MDM. Impaired Syk phosphorylation would inhibit Syk-
mediated 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 paxilin, one of Syk
downstream effector molecules. Similarly, decreased phosphorylation of Pyk-2, the
FAK-related kinase, during FeyR-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
FeyRs is normal, the levels of associated y-signalling subunit was investigated, since
this is the only known intermediate between FcyRs and Src family kinases, Decreased
protein expres;sion of this molecule was found in HIV-infected MDM. As the ¥ signaliing
subunit is critical for Syk activation and subsequent signalling events during FcyR-
mediated phagocytosis (Park et al.,, 1993; Indik et al., 1995b), reduced protein levels of
the lTAM-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 signalfing 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 post-
transcriptional 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 fevel of tyrosine phosphorylation during FeyR-
mediated phagocytosis. Similarly, in vitro infection of MDM with Anef 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 y-chain of FeyR
resulted in a lower inhibition of FeyR-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 FeyR-mediated signalling may explain why HIV-infected macrophages
fail to contro! 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 HIV-
infected patients. For such studies a rapid whole blood assay has been developed in
our laboratory, using only 100pl of blood coupled with flow cytometric analysis (Hewish
ot al., 1996). Opportunistic pathogens relevant to HiIV-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
FeyRIl; (Joiner et al, 1990)) were impaired in peripheral blood monocytes from HIV-
infected individuals compared to monocytes from uninfected controls. There appears to
be no correlation between the observed inhibition of phagocytosis and either viral ioad
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 et al., 1993).

To investigate the mechanism underlying defective FoyR-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 cells. 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 ef al., 1999). The results, using a
modification of the assay to assess FeyR-mediated phagocytosis and presented in this
thesis, confirmed findings by Elbim et af 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 FeyR-mediated phagocytosis need to be investigated. The
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whole biood 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 FeyR-mediated phagocytosis. Similarly, the phosphorylation

‘ status of Hck or Syk could be determined by flow cytometric analysis, provided that

suitable monocional antibodies against phosphorylated forms of those kinases are

N A e g Bt

available.

eyt

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
:ﬁ: monocytes and/or other cells present in blood (reviewed in Section 1.3.4). In support of
j . this proposal, defective phagocytosis by neutrophils (not targets for HIV-1 infection)
from RIV-positive individuals has also been reported (Dobmeyer et al, 1995).
Phagocytosis might be aiso impaired by viral proteins present in the circulation. HIV-1
glycoprotein, gp120, has been previously shown 1o inhibit phagocytosis of

Cryptococcus neoformans by bronchoalveolar macrophages (Wagner of 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
dujlications 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 ef 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., 1985), a tight correlation of phagocytic
efficiency and nef-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 rot 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 foliowing 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 o chain of the receptor, failed to stimulate phagocytosis of
MAC, suggesting that the principal signals controlling phagocytosis occur via the -

chain 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 anti-GM-CSF
control monoclonal antibody, 4A12. Furthermore, E21R GM-CSF, binding only to the a-
chain 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 GM-
CSF 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 ef
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 5™
triphosphate moieties (Perno et al, 1992). Data from a recent ciinical study 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).
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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 usefu! 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 foilowing 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, [
posiulate that GM-CSF exerts its stimulatory effect on FcyR-phagocytosis by acting
either distal to Syk kinase in FeyR-mediated signalling cascade or in a parallel pathway
mediated via Fcy receptor. A study by Rossman st al (1993) shows that stimulation of
human monocytes with GM-CSF for 48 hours results in increased expression of FcyR
Il, and increased binding of IgG-opsonised particles (Rossman et al., 1893). Therefore,
GM-CSF may augment FcyR-mediated phagocytosis by several mechanisms, i.e. by
stimulating the level of Fcy receptor expression as well as directly affecting FeyR
signalling pathways. GM-CSF augments phagocytosis mediated via both FeyR 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 thic 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 FcyFi-rﬁediated phagocytosis
by human MDM have been characterised and involva the key tyrosine kinases Hck, Syk
and Pyk2, and the actin-binding protein, paxilin (Kedzierska et al, 2001b). Impaired
FeyR-mediated phagocytosis by MiV-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 FeyRs
(upstream of Hck and Syk) found in HIV-infected MDM is likely to be responsible for
defective phagocytosis by those cells. Defective phagocytosis by peripherai blood
monocytes obtained from HIV-infected individuals is associated with dysregulated actin
polymerisation (Kedzierska et al, 2001a). SBBC members infected with aitenuated
strains of HIV-1 display normal monocyte functions, suggesting that nefLTR region
might be responsible for inhibition of phagocytosis by monocytes in vivo (Kedzierska et
al., 20012a). 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
st al., 2000b). GM-CSF also inhibits HIV-1 replication in MDM in vitro (Kedzierska et al.,
2000a). These results indicate that adjunctive GM-CSF therapy may be useful to
augment monocyte and macrephage 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 dru;. becemes more widespread, such adjunctive

immunotherapy able to control opportunistic pathogens 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)-y, is generally decreased, whereas
production of T helper type 2 {Th2) cytokines, IL-4,
IL-10, proinflammatory cytokines (lL-1, 1L-6, IL-8)
and tumour necrosis factor (TNF)-«, is increased.
Such abnormai cytokine production contributes to
the pathogenesis of the disease by impairing cell-
mediated 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-«, TNF-B, it-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-«, IFN-p and I1L-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 gran-
ulocyte-macrophage colony-stimulating factor
have been shown to have both inhibitery and
stimulatory effects on HIV-1. The (3-chemokines,
macrophage-inflammatory protein (MIP)-1c, MIP-
18 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
antiretrovirval therapy or vaccines.

Keywords: HIV-1, cytokines, chemokines,
macrophages, T cells

Introduction

HIV, a member of the lentivirus subfamily, causes progres-
sive degeneration of the immune system, leading to the
development of AIDS (Barre-Sinoussi ef af,, 1983; Gallo ef
al, 1983). The main cellular targets of HIV are cells
expressing the CD4 molecule, mainly the CD4 subset of
T cells and cells of macrophage lincage (both peripheral
blood monocytes and tissue macrophages). These cell types
express chemokine coreceptors for HIV entry, which are
important for the cellular tropism of HFIV. CCRS 1s the
major co-receptor for macrophage (V)-tropic {R5) strains
of HIV-1, and CXCR4 is the main corecepeor for T cell
{T)-wropic (X4) strains (Alkhatib et o/, 19962}, HIV-asso-
cizted immune deficiency results from a decline in the
number of CID4 T fymphocytes, defective immunological
function of both T cells and macrophages as well as dys-
regulation of cytokine production (Diamond ef «f, 1988;

©2001 International Medical Press 0956-3202/01/517.00

Biggs ¢t a/,, 1995; Kedzierska ¢f al., 2000b). Several groups
have demonstrated that HIV infection is associated with a
switch from a predominantly T-helper type 1 (Thl) to T-
helper cype 2 (Th2) response, that is, decreased production
of mterteukin (IL)-2 and interferon {IFN)-y and increased
levels of 1L-4 and 1L-10 secretion (Clerici & Shearer,
1993), and increased production of prownflammarory
cytokines IL-1, 1L-6, 1L-8 and tumour necrosis factor
(TNF)-u (Esser ef al., 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 ef af.,
1990; Sonza e al, 1996), suggesting that cytokines and
growth factors that promote activation and differentiation
of cells of the immune system can.alse modulate both
HIV-1 infection and eeplication. Effects of cytokines on
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HIV-1 can be cither inhibitory, stimulatory or bifenctional
(that is, both inhibitory and stimulatory), indicating that
HIV-1 infection and replication in vive and fn vitro is
under the continuous regulation of a complex cytokine net-
work produced by a variety of cells. This review outlines the
overall interactions between cytokines and HIV-1, consid-
ers the mechanisms by which cytokines may contribuse 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

HIV-1 infection is associated with dysregulation of
cytokine production i1 vive. Decreased secretion of specif-
ic 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 cclls from HIV-infected individuals
as well as within cultures infected with HIV-1 i witre

(Table 1),

Interieuking

it-1. 1L.-1, 2 17 kDa protein, is a proinflammatory cytokine
produced predominantly by cells of macrophage fineage,
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-1a and IL-1B). Ju wizre infection of monocyte-
derived macrophages (MDM) with HIV-1 results in
upregulation and constitutive seeretion of 1L-1 in culture
supernatants (Esser ¢z o/, 1991, 1996, 1998). Similarly,
monocytes obtained from HIV-infected individuals display
constitutive production of biologically active IL-1¢ and
1L-18 proteins, which is suppressed during the course of
antiretroviral therapy (Sadeghi e/ ol., 1995; Baqui o al,
2000).

-2, 1L-2, a 14~17 kDa monomeric glycoprotein com-
prising four a-helices, is 2 Th1 cytokine produced by CD4
and CD8 T cells. The primary role of IL-2 is to stimulare
the proliferation of activated T cells, cytotoxic activity of
CDS8T celis and natural killer (NK) ceils, as welt as induc-
ing B cells and monocyte function (Smith, 1988}, Ju vitre
HIV-1 infection of CD4 T cells results in a significant
downmodulation of JL-2 mRNA expression that can be
reversed by culturing cells in the presence of antiretroviral
drugs (Fan e/ al.,, 1997). Stimulation of peripheral blood
mononuclear cells (PBMC), CD8 T cell-depleted PBMC
and CD4 T cell lines with HIV-1 envelope glycoprotein
{gp160) also reduces IL-2 sceretion in witre (Hu of af.,
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1994). Similarly, deficiency of 1L-2 production is onc of
the first immunological defects that can be demonstrated
in H1V-infected individuals (Kinter & Fauci, 1996). 1L-2
production by in vitre activated PBMC, isolated from
HIV-infected subjects at various stages of discase, is sig-
nificantly decreased when compared with PBMC obtained
from uninfected subjects (Barcellini e a/., 1994; Meroni ot
al., 1996; Meyaard ef a/., 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 cell/mm* compared to those with higher CD4
counts (Hong ¢# a/., 1998).

{L-4. 1.4, 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 IgG1 and IgE, T-
cell activation and MHC 11 expression on B cells and
macrophages (Paul, 1991). Several studies have shown that
increased secretion of 1L-4 is associated with HIV-1 infec-
tion in vive. IL-4 production is upregulated in mitogen-
stimulated PBMC and CD4 T cells obtained from HIV-
infected patients at various stages of disease, including
recently infected patients (Barcellini ef af., 1994; Maggi ef
al,, 1994), Unstimulated PBMC from HIV-infected indi-
viduals not receiving antirctroviral therapy have detectable
II.-4 mRNA expression, which falls to undetectable levels
once HAART is commenced (Imami ef af., 1999
Enhanced secretion of 11.-4 by HIV-seropositive individu-
als receiving no antiviral therapy has been recently con-
firmed by investigators using a sensitive three-colour flow
cytometric assay to quantify intracellular cytokine produc-
tion at the single cell level (Breytenbach e o/, 2001).
However, there are conflicting reports regarding the effect
of HIV-1 infection on IL-4 production, as reduced or ior-
mal 1L-4 levels have also been reported in supernatants of
cultured PBMC and purified CD4 T cells obtained from
HIV-infected individuals (Re ef af,, 1992; Meyaard ¢t o/,
1996).

iL-6. 11.-6, 2 26 kDa protsin, is a proinflimmatory cytokine
produced by a variete »of cells, including T cells, B cells,
macrophages, fibroblase. and endothelial cells, in response
to viral or bacterial infection. It has a wide spectrum of
activities including B-cell stimulation, monocyte differen-
tiation and induction of IL-4 producing cells (Rincon e7 ¢/,
1997). In vitre HIV-1 infection of MDM induces upregu-
lacion and constitutive secretion of 1L-6 in culture super-
natanes (Esser of af, 1991, 1996, 1998; Foli e ok, 1997).
Stimulation with HIV-1 glycoproteins gpd1 or gpl20
increases 1L-6 production by the human monocytic ccll
line, THP-1, and mitogen-activared PBMC, respectively
(Takeshita e a/., 1995; Capobianchi, 1996). Similarly, IL-6
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Table 1. Effects of HIV-1 infection on cytokine production in vive and in vitro

Secretion
Cytokine level Source of cells HIV infection Reference
-1 4\ MDM in vitro Esser et af, 1991,1996,1998
4N monocytes n vivo Sadeghi et al, 1995; Baqui et al, 2000
IL-2 J CD4 T cells in vitro Fan et af.,, 1997
A PBMC, CDA T cells In vitra - gp160 stimulation Hu et al., 1994
N PBMC In vivo Barcellini et af, 1994; Meroni et al,, 1996;
Meyaard et al, 1996; Hong et af, 1998
-4 4 PBMC, CD4 T cells in vivo Barcellini et al, 1994; Magqgi et &/, 1994;
Imami et a/, 1999
No change CD4 T cells in vivo Meyaard et al, 1996
N7 CDA T cells in vivo Re et al.,, 1992
IL-6 ™ MDM In vitro Esser et al,, 1991,1996, 1998; Foli et al,,
1997
A4 THP-1 cell line, PBMC In vitro - gpd1, Takeshita et al, 1995; Capobianchi et af,,
gp120 stimulation 1996
I Serum in vivo Birx et al., 1990; Breen et af, 19390
IL-8 - MDM In vitro Esser et al, 1991,1996,1998
A Serum, in vivo Denis et al,, 1994a
bronchoalveolar fluid
1L-10 A Monocytes, MDM fn vitro Borghi et al, 1995
A PBMC, Monocytes, in vitro - gpd1, Borghi et al, 1995; Capobianchi et al.,
MDM gp120 stimulation 1996; Schols et af, 1996; Gessani et af.,
1997; Taoufic et af, 1997; Barcova et al,,
1998
1 PBMC, in vivo Ameglio et al., 1994; Barcellini et af, 1994;
Bronchoalveolar fluid Denis et al., 1994; Meroni et al, 1996;
Rizzardi ot 5/, 1998; Imami et al, 1999
12 1 Meonocytes, MDM in vitro - gp120 stimulation Fantuzzi et al,, 1996
¥ PBMC In vivo Marshall et af., 1999
IL-13 J PEMC, CD4, CDB T cells In viva Bailer et 3/, 1999; Zou et af,, 1997
FN-ct € Monocytes, MDM In vitro Gendelman et al, 1990; Perrio ot al., 1394
4 CD4 T cells, Monocytes  In vitro - gp120 stimulation Capobianchi et al, 1996
T Serum in vivo Ambrus et al.,, 1989; Francis et af, 1992;
Bizzini et af,, 1999
IFN-P S Monocytes, MDM In vitro - gp120 stimulation Gessani et al, 1994a,1997
IFN-y 4 CD4 T cells In vitro Fan et af,, 1927
M CDAT cells in vivo Vyakarnam et al,, 1990
< PEMC In vitro Meroni et al, 1996; Meyaard et al,, 1996;
Bailer et af., 1999
GM-CSF J MDM In vitro Esser et al, 1996,1998
No change Monocytes in vivo Delemarre et al,, 1998
M-CSF ™ MDM In vitro Gruber et al,, 1995; Kutza et al., 2000
T~ Cerebrospinal fluid in vivo Gallo et al, 1994
TNF-u o PEMC, CD4 T cells, MDM in vitro Vyakarnam et al,, 1990; Esser et al,
1991,1996; Foli et al,, 1997
™ Monocytes, PBMC, in vivo Lahdevirta et al, 1988; Rizzardi et al,
Serumn 1998; Baqui et af., 2000
TNF-{3 05 PBMC, CDA T cells It vitro Vyakarnam et af,, 1990
" Cerebrospinal fluid in vivo lassoy et al, 1993
SDF-1 T PEMC In vivo Ohashi et al, 1998
MIP-1ee,-13, } 1 CDA T cells, MDM in vitro Greco et al, 1999
RANTES S PBMC, Plasma In vivo Cocchi et al, 1995; Malnati et al, 1997;

Qarzino-Demao et af, 1999; Fantuzzi €3 al,
2000

IL, interleukin; MDM, monocyte-derived macrophages; PBMC, peripheral biood mononuclear cells; 1, increase; + decrease; SDF, stromal-derived
factor; MIP, macrophage inflammatory protein.
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secretion is increased in the sera of HIV-infected individu-
als, particularly at the early stages of infection, when com-
pared with FlV-seronegative subjects (Birx ef af., 1990;
Breen e al., 1990). CD4 T cells and monocytes from HIV-
infected subjects, stimulated with phyvtohaemagglutinin
(PHA) or lipopolysaccaride (LPS), respectively, show
enhanced secretion of IL-6 compared with cells from unin-
fected individuals (Cayorta ¢t a/., 1992; Baqui ¢f af., 2000).
The spontaneous production of IL-6 has also been
observed in B cclls obtained from HIV-infected individu-
als, suggesting that HIV is able to induce IL-6 production
from a varicty of cells of the immune system (Kehrl ef af.,

1992).

IL-8. The inflammatory and antimicrobial cytokine, 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, neu-
trophils and basephils (revicwed in (Harada 7 4/, 1994).

IL-8 is upregulated and constitutively secreted following
in witre HIV-infection of MDM (Esser ¢ af,, 1991, 1996,
1998), but reduced in the chrenically infected U937 mono-
cytte cell line (Ohashi e al., 1994). Elevated levels of 1L-8
have been also observed in patients with HIV-1 infection,
both in patients’ serum (Matsumoto ¢f af., 1993) and bron-
choalvealar fluid (Denis & Ghadirian, 19944).

1-10. IL-10, an 18kDa protein, is a Th2 cviokine pro-
duced by activated T and B cells, monocytes, macrophages
and keratinocytes. It inhibits T cell proliferation, predemi-
nantly by suppressing synthesis of Th1 cytokines (including
IL-2, IFN-y), and inhibits macrophage activation and
secretion of pro-inflammatory cytokines (IL-1, IL-6, iL-8,
IL-12, TNF-ct) (reviewed in Moore ¢f al., 2001).

In witre HIV-1 mfection as well as gpl20 or gp4l
teatment of PBMC, monocytes and MDRM results in a
significant increase in 11.-10 secretion and 1L-10 mRNA
levels in comparison to uninfected or untreated cells
(Borghi e al., 1995; Capobianchi ef af., 1996; Schols and
De Clerq, 1996; Gessani ¢f af., 1997; Taoufik ef al., 1997,
Barcova et a/., 1998). However, HIV-1 infection of MM
with M-tropic strains of HIV-1 at various multiplicities
of infection has also been shown not to induce significant
IL-10 secretion or 1L-10 mRNA overexpression
(Dereuddre-Bosquet ¢z af., 1997).

The production of [1.-10 increases with HIV-1 infec-
tion 71 wive. There is increased 11.-10 secretion (Ameglio f
al., 1994; Barcellini ¢f o/, 1994; Meront ef o/, 1996) and
mRNA expression (Imami ¢7 4/, 1999) in PBMC obisined
from HIV-intected patients atall stages of HIV-1 infection
compared to uninfected controls. In patients with advanced
HIV-1 infection clevated 1L-10 production correlates with
increased levels of the pro-inflammatory cviokine, TNI-q,
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suggesting that a combination of those two cytokines has
immunopathological consequences and is related to pro-
gression to disease (Rizzardi ef o/, 1998). Increased levels
of IL-10 have been also observed in bronchoalveolar fluid
from H1V-infected patients at all stages of infection when
compared to levels in uninfected persons (Denis &
Ghadirtan, 1994a).

IL-12. 1L-12, a 70 kDa heterodimeric protein consisting of
rwo polypeptide chains, p40 and p35, produced predomi-
nantly by cells of macrophage lineage, plays a significant
role in cell-mediated immurity against infections by regu-
lating 1FN-y production and medulating responses of cyto-
toxic T lymphocytes {7 - and macrophages (Ma &
Montaner, 2000). HIV-1 -:tion induces production of
IL-12 by macrophages, subsequently leading to enhanced
production of IFN-y by T cells and NK cells (Trinchieri &
Scotr, 1999). Stimulation of monocytes and macrophages
with gp120 induces IL-12 secretion in the supcrnatant and
expression of 1L-12 mRNA of both p35 ard p40 subunits
(Fantuzzi ¢z af.,, 199A). However, PBMC isclated from
HIV-infected subjects are deficient in their ability to pro-
duce TL-12 when compared with uninfected donors, and
unable to upregulate the 1L-12 receptor B2 chain in
responsc to mitogenic sumuli, suggesting that [1.-12 secre-
tion is modulated differently in monocyte/macrophages
infected with HIV-1 in vitro and in PBMC during HIV-1
infection i vive (Marshall o7 4/, 1999},

iL-13. IL-13, a Th2 cyrokine, is produced by T celis and
dendritic cells. It shares a recepror subunit and immunoreg-
ulatory functions with IL-4 on B cells, monocytes, dendrit-
ic 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 MHC 11
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 wirre
via CD3/CD28, secrete significantly lower amounts of I1L-
13 than urinfected conerols {Bailer of @/, 1999). This defect
1s observed in both CD4 and CID8 T-cell subsets, concur-
rent with dewnmodulaton of 11.-13 mRNA level, and cor-
relates positively with the patient’s CD4 T cell count and
negatively with HIV-1 viral load (Zou ot 4/., 1997, Bailer ¢
al., 1999).

IL-16. 1L-16, a 16 kDa honotetrameric cyrokine, is pro-
duced by CD4 T cells, mast cells and cosinophils in
response o stimuli such as mitogens, histamiae and sero-
tonin. It chemoattracts T cells, monocytes and eosinophils,
and modulates T-cell function by enhancing adhesion and
1L.-2 receptor ¢« and HLA-DR expression (Keakauer ef o/,
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1998). IL-16 is a natural ligand for the CD4 receptor and
inhibits HIV-1 replication (Maciaszek ¢ o/, 1997).
Serum levels of 1L-16 in asymptomatic HIV-infected
individuals ase within the normal range or slightly
increased, although a significant reduction in 1L-16 secre-
tion occurs with progression of HIV-1 infection when
compared with levels in uninfected subjects (Amiel ¢z al.,
1999; De Paoli ef 4/, 1999), 1L-2 wreatment of HIV-
infected individuals significantly enhances production of
I1.~16 after 2 weeks of therapy (De Paoli e 4/, 1999).

Interferons

Interferons (IFN-&, -8 and -y} have a wide variety of
antiviral, antiproliferative and immunomodulatory effects,
and are capable of inhibiting viral infection in a non-spe-
cific manner. IFN-a (produced by leukocytes) and 1FN-f
(produced by fibroblasts and lymphocytes) are 18 kDa
monomers, share a commeon type 1 IFN recepror, activate
indistinguishable signalling pathways and have the same
biological actions (Bazan, 1990). Their functions include
stimulation of CTL-mediated killing by inereasing MHC 1
cxpression, stimulation of NX cell lytic function, inhibition
of viral replication and ccll proliferation. IFN-y, a homod-
imer glycoprotein consisting of 21-24 kD subunits, is
produced by activated T and NK cells and binds to a dis-
tinct type 11 IFN receptor (Bazan, 1990). Apart from
shared activities with IFN-«t and -, this cytokine also pro-
motes T- and B-cell proliferation, activates mononuclear
phagocyres and neutrophils, increases MHC 11 expression
and suppresses IL-4 responses (Le Page ef 4/, 2000),

IFN-at. Productive HIV-infection of monocytes i vitro
results in reduced production of IFN-a (Gendelman 7 of.,
1990; Perno ef al., 1994), although binding of CD4 on T
cells or monocytes with HIV-1 envelope glycoprotein,
gp120, has been reported to induce 1IFN-« preduction in
both cell tvpes {Capobianchy, 1996). Increased Jevels of
IFN-e1 in serum (Ambrus of @f., 1989; Francis ¢7 a/., 1592;
Bizzint es al,, 1999) and cerebrospinal fluid have been
reported in HIV-infected individuals with dementia com-
pared with non-demented and uninfected individuals, sug-
gesting chart this cytokine may play a role in the pathogen-

esis of H1V-related dementia (Rho ef «l., 1995).

IFN-B, fn witro HIV-1 infection or gpl20 treatment of
monocytes of MDM results in the induction of low levels
of IFN-B compared with uninfected/untreated cells
(Gessani e af., 1997). HIV-1 infection of MDM in the
presence of antibodies against IFN-f results in increased
levels of p24 antigen in the culture supermatant, suggesting
that JTFN-f secreted by MDM after HIV-1 infection treat-
ment effectively inhibits HIV-1 replication (Gessani e/ of.,
19943).

Antiviral Chemistry & Chemotherapy 12:3
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IFN-y. The literature provides contlicting evidence regard-
ing the effect of HIV-1 infection on IFN-y production. In
vitro H1V-1 infection of CD4 T cells results in a significant
downmodulation of IFN-y mRNA expression, blocked by
zidovudine treatment (Fan ef @/, 1997), but other investi-
gators report enhanced secretion of IFN-y in the culture
supcrnatant {Vyakarnam ¢f a/., 1990). The discrepancics
may be explained by chemokine receptor usage of the HIV-
1 strain, because increased production of IFN-y by HIV-
infected CD4 T cells 7 @itro has been shown to occur in
cclls infected with only non-syncytium inducing RS strains
of HIV-1, and not with syncytium inducing X4 strains
(Greco ez al., 1999). The production of 1IFN-y in HIV-
infected individuals decreases with discase  progression
(Clerici & Shearer, 1993; Hong ef o/., 1998). IFM-y secre-
tion is significantly reduced in the supernatant of PBMC
obtained from HIV-infected subjects, and is activated
vitro when compared with those from wninfected persons
{Meroni ¢f al., 1996; Meyaard ¢f af., 1996), and correlates
with the patient’s CD4 count and negatively with HIV-1
plasma viral load (Bailer ef al., 1999). Downmodulation of
1IFN-y production is observed in both CD4 and CD8 T
cell subsets, and is associated with reduced 1IFN-y mRNA
levels (Imama ¢7 a/,, 1999), as well as reduced numbers of
IFN-y-producing cells (Meyaard ¢f al., 1996). Treatment
of patients who have late stage HIV-1 infection with anti-
retroviral therapy, including protease inhibitors, results in a
significant increase in IFN-y production, when compared
with untreated patients (Kelleher ¢/ a/., 1999). However,
there are also reports of increased IFN-y production by
eyrotoxic T cells derived from blood and cercbrospinal fluid
of H1V-infected individuals (Jassoy of af,, 1993).

Colony-stimulating factors

Granulocyte-macrophage colony-stimulating factor
(GM-CSF). GM-CSE, a 23-28 kDa glycoprotcin compris-
ing 2 two-stranded antiparalle]l B-sheet and four -helices
(Lopez et al., 1992), is produced by & varicty 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). In vitro infec-
tion of MDNM with HIV-1 results in decreased seeretion of
GM-CS)F in comparison with uninfected cells (Esser ef of.,
1996). Reduced GM-CSF production oceurs in all the cells
present in HIV-infected cultures, regardless of their level of
infection, as determined by immunocytochemical staining
for p24 antigen, which suggests that dysregulation of
cytokine production occurs not only in HIV-infected
MDM bug also in non-infected cells via an indirect mech-
anism (Esser er a/., 1998). The production of GM-CSF by
non-stimulated monocytes from AIDS patients is similar

137

o2

e et s e e erd  Len




K Kedzierska & SM Crowe

to that of uninfe.ica individuals, although it increases after
LPS stimulation (Delemarre e af., 1998).

Macrophage colony-stimufating factor (M-CSF). M-
CSF, a 40 kDa polyprotein produced by fibroblasts and
endothelial cells, specifically stimulates the growth and dif-
feeentiation of cells of macrophage lincage. Frr vigro HIV-1
infection induces M-CSF production. MDM productively
infected with HIV-1 in vitre produce 5- to 24-fold higher
levels of M-CSF than uninfected cells (Gruber ¢ af., 1995;
Kutza ¢r al, 2000). Increased levels of M-CSF have been
detected in the cerebrospinal fluid of HIV-infected
patients, presumably synthesized by cells of macrophage
fincage within the brain (Gallo ef o/, 1994).

TNF TNF (TNF-a and TNF-B), a 17 kDa protein, 15 a
proinflammatory cytokine forming a homotrimer capable
of cross-linking TNF receptors {Smith & Baglioni, 1987).
TNF-¢t is produced by a wide variety of cells, including
inonocytes, macronhages, T cells, B cells, NK ccls, neu-
tropbils and microghia cells, whercas TNF-B secretion is
restricted o B cells and T cells. Both TNF 1y and TNF-§
mediate a broad spectrum of inflammatory and immunc
responses, although the effects of TNF- are relatively
weaker than TNF-« (Armitage, 1994..

TNF-a. TNF-a is increased in association with HIV-1
infection. HIV-1 infection of PBNC and CD4 T cells in
witro enhances their sceretion of TNF-o (Vyakarnam of o/,
1990). Exposure of T celts to anti-TNF-a neutralizing
antibody, decreases H1V-1 production (as assessed by p24
antigen release), prevents H1V-induced CD4 T cell deple-
tion fn vifre and inhibits NFKB activation, suggesting that
autocrine secretion of TNF-a controls HIV-1 replication
in primary T cells via NFxB activation {Muncz-Fernandez
et al, 1997). TNF-u is upregulated and constitutiveiy
secreted afver i wre FlIV-infeetion of MDM, and also
augments the intectivity of macrophages in an autocrine
fashion (ilsser o af, 1991, 1996, 1998; Foli et &f., 1997,
Esser ¢f al., 1998). Increased levels of TNF-« are found in
the sera of IHMIV-inrected individuals, monocytes and
PBMC obtained from HIV-infected subjeets and cultured
in virre (Lahdevirta ef of., 1988; Rizzardi ef af,, 129%: Baqui
et al., 2000).

TNF-B. AIV-1 replication in PBMC and CD4 T eclls is
associated with enhanced secredion of TNF-3, sinular w
that of TNF-a (Vyakarnam e/ af., 1990). HIV-specific
CTL clones derived from peripheral blood and cere-
brospinal Cuid of HV-infected individuals release TNF-f3
following suianiazion with specific antigens (Gag, Eav, RT
and Nef) (Jassoy er 2%, 1593), snggesting that increased
aroduction o TNI-f} ju wive is fren T Vespeaific CTL.
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a-Chemokines. CXC chemokines, known as a-
chemokines, belong to one of three subfamilies of
chemokines defined by their structure and the position of
cysteine residucs. ct-chemokines are distinquished by pos-
sessing @ non-conserved amino acid separating the termi-
nal cysteine residues. The . hemokine stromal-derived
factor (SDF)~1 is a narural lige d for CXCR4. SDF-1isa
chemotactic fector for resting huaa, * cells and mono-
cytes that is expressed on a varicty of tissucs including
heart, lung, liver, spleen, kidney, brain and muscle. it binds
to CXCR4, promotes calcium mobilization and down-
modulation of CXCR4 (Bleul ¢£ 4/, 1996). There are two
splice variants of the SDF-1 gene: SDF-1a and SDF-1§,
which possesses four extra amino acids at the carboxyl ter-
minus. PBMC obta... d from HIV-intected individuals, at
both sympomatic and asympron.utic stages of disease, dis-
play higher levels of SDF-1 mRNA expression than cells
from winminfecred individuals (Ohashi ¢f o/, 1998).

p-chemaokines. The CC chemokine P subset is character-
ized by two unseparated terminal cysteine residucs. p-
chemokines are secreted by a wide variety of cells, includ-
ing T cells, monocytes, macrophages, fibroblasts and mast
cells, bind to seven transmembrane domain receptors and
promote chemoraxis, leukoeyte trafficking, inflammation
and hacmatopoicsis (Rollins, 1997). Theee of the -
chemokines, macrophage inflimmatory protein (MIDP)-
1o, MIP-1{3 and RANTES have been identified as natu-
ral ligands for CCRS, a major co-receptor for M-tropic
stratns of HIV-1 {Cocchi ¢f o/, 1995).

In wvitro HIV-1 infection of CD4 T cells results in
increased secretion of MIP-1a and MIP-1f3 by M-tropic
strains of HIV-1, and increased production of RANTES
by both M- and T-tropic isolates (Greco of af,, 1999).
HIV-1 infection also induces MDM to secrete MIP-1a
and MIP-1f, subscquently enhancing chemotaxis and
activating resting T cells (Schmidumayerova ef al., 1996;
Swingler ¢ af., 1999). Exposure of monocytes and MDM
to gp120 or interactions between soluble CD40 ligand and
CD40 on MDM, als~ stimulate the production of MIP-
Tet, MIP-18 and RANTES 11 a dose-dependent manner
(Kornbluth ¢ al, 1998; Fantwzzi e ol,, 2001). Similarly,
activated CD8 T cells or PBMC obtained from HIV-
infected individuals produce increased levels of MIP-1¢,
MIP-1p and RANTES (Cocchi ¢f af,, 1995, 2000,
Garzino-Deme ¢t al, 1999). Elevaced levels of p-
chemokines are found in the plasma of HIV-infected indi-
viduals at different stages of infection (Malnati o¢ o/, 1997,
Vicenzi of al., 1997), although ether investigators repert
no difference in serum concentrutions of all three -
chemokines between HIV-infected and uninfected indi-
viduals (Kreuzer ef af., 2000},
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Table 2. Efiects of cytokines on HIV-1 replication

Cytokines and HiV-1

Replication HIV
Cytokine level Source of celis infection Reference
IL-1 i PBMC, MOM, N in vitro Poli et al., 1994b; Granowitz et af, 1995;
Kinter et al., 1995
-2 ™ PBMC, T ce'l line In vitro Fob et af,, 1995; Weissman et al,, 1995;
Al-Harthi et af.,, 1998
T PEMC in vivo Kinter et 2f., 1995
IL-4 A Menocytes, MDM, PBMC, fi vitro Kazazi et al., 1992; Naif et af,, 1994,1997;
Uae37 Foli et al, 1995
4 Monocytes, MDM In viiro Novak et al, 1990; Schuitemaker et af, 1992; ,
Wang et al., 1998 g
IL-6 N PEMC, MDM, N in vitro Poli et al., 1990,1994b; Poli & Fauci, 1992 :
No change Plasma In vivo Marfaing-Koka et af, 1996
IL-7 T PBMC In vitro Moran et al,, 1993
0y PEMC In vivo Smithgall et a/, 1996
IL-10 ¥ MDM, U1t in vitro Weissman et al, 1994,1995;
Kootstra et af., 1994; Wang et al, 1998
IL-12 ™ PBMC, T cell lines In vitro Foli et al, 1995; Al-Harthi et 3/, 1998
¥ MDM in vitro Akridge & Reed, 1996 4
iL-13 + MDM In vitro Montaner et al, 1993,1997; Denis & 4
Ghadirian, 1994b; Wang et af., 1998
IL-15 A PBMC, T cell lines In vitro Lucey et al., 1997; Al-Harthi et al., 1998
™ PBMC in vivo Lucey et al, 1997
IL-16 4 CDA T cells, PBMC, MDM, in vitro Maciaszek et al., 1997; Amiel et al,, 1999;
dendritic cells Truong et af., 1999
IL-18 T Ui in vitro Shapiro et al,, 1998
IFN-cz, IFN-p + Monocytes, MDM, U937, In vitro Poli et al.,, 1989,1994b; Shirazi & Pitha, 1992;
T celis Fan et al, 1994; Gessani et afl, 1994
J Plasma in vivo Schnittman et al., 1994
IFN-y N Monocytes, MDM in vitro Denis & Ghadirian, 1994b; Fan et &f, 1994;
Dhawan et al,, 1995; Hariharan et al, 1999
4 U1, U937, PBMC, CD4 T cells In vitro Viyakarnam et al., 1990; Biswas et al,, 1992;
Han et af., 1996
GM-CSF 1 MPM, U937 In vitro Koyanagi et al, 1988; Schuitemaker et al,
Variable 1990; Pomerantz et al., 1990; Perno et al,
1992
¥ MDM in vitro Kornbluth et al, 1989; Hammer et al, 1990
1 MDM in vitro Matsuda et al, 1995; Di Marzio et al,, 1998;
Kedzierska et af, 2000a
M-CSF e MDM in vitro Kornbluth et &, 1989; Kalter et al,, 1991;
Perno et al, 1992; Matsuda et al,, 1995;
Wang et al., 1998
TNF-ce, TNF-f} T T cells, MDM, N in vitro Folks et al, 1989; Kornbluth et al, 1989;
Movak et al., 1990; Naif et a/,, 1994;
Han et al, 1996
SDF-1 J PEMC, Hela-CDA4 cells In vitro Oberlin et al, 1996; Bleul et af, 1996;
Schols et af, 1997; Yang et al, 1999
MIP-1ct, MIP-1{3, N Monocyte, MDM, PBMC, in vitro Cocchi, 1995; Alhatib et al, 1996;
RANTES migroglial cells Cocchi et al,, 1996; Paxton et al, 1996;
Dragic et al., 1996; Coffey et al,, 1997;
Capobianchi et al, 1998; Vicenzi et al,, 2000;
Kitai et al, 2000
1L, interleukin; MEM, monocyte-derived macrophages; PBMC, peripheral blood mononudlear cells: 4 increase; J-dacrease; SOF, stromal- ’4
derived factor; MIF, macrophage inflammatory protein,
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Cytokinres alter HIV-1 replication in vitro
and in vivo

HIV-1 replication is controlled by both viral and host fac-
tors. A variety of cytokines have been reported ro medulate
HIV-1 replication at multiple stages of is 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 CDA4 T cells and cells of macrophage lineage (Tuble 2).

Interleukins

1L-1. 11.-1 has been shown to enhance HIV-1 replication i
IL-2-stimulated PBMC, MDM, and the Ul latently
infected cell line derived from U937 (Poli e o/, 1994b;
Granwwitz ef al., 1995; Kinter ¢/ al,, 1995b).

it-2, 1L-2 is one of the most potent HIV-inducing
cytokines {reviewed in Poli & Fauci, 1992). In mitogen-
stimulated PBMC, but not in unstimulated cells, 1L-2
induces production of HIV-1 over 7 days in culture com-
pared with cells unexposed to this cytokine (Foli e af,
1995). IL-2-induced upregulation of H1V-1 replicatiun in
PBMC and in IL-2 dependent T cell ines is mediated pre-
dominantly through a post-transcriptional mechanism,
independent of direet HIV-1 long terminal repeat (LTR)
activation (Al-Harthi es al, 1998). The stimulatory effect
of 1L-2 on HIV-1 replication can be reversed by antibod-
ies to IL-2 and by IL-10, which blocks 1L-2 sccretion
{(Weissman ef al., 1996). Removal of CD8 T cells resules in
a potent stimulation of the HIV-inductive ability of 1L-2 in
PBMC or lymph node mononuclear cells obtained from
HiV-seropositive donors, suggesung that IL-2 induces
CD8 T cells to suppress HIV-1 replication {Kinter ¢7 o/,
1995a). IL-2 also inhibits apoptosis induced by cross-hink-
ing of gpl20 and CD4 receptor in CD4 T cells
(Randrizzani e/ af., 1995; Tuosto ¢/ af., 1995).

1L.-2 is used in clinical trials in combination with antivi-
ral agents to increasc the efficacy of anti-HIV therapy by
modification of the immune response. Recent studies show
that co-administration of HAART and IL-2 resules in
increased CD4 T cell numbers without an increase in viral
load (Emery of af,, 2000; Pandolfi ¢ al,, 2000; Pert &
Emery, 2001; Tambussi ¢z a/., 2001). Virus cannot be iso-
lated from cither the blood or lymph nodes abtained from
HIV-infected patients on HAART/IL-2 therapy (Chun o7
al., 1999}, 1L-2/HAART also results in a significant reduc-
tion in latently infected resting peripheral blood CD4 T
cells {a major reservoir of HIV-1 in wiwe), in comparison
with patients receiving HAART alone, although prolonged
therapy for 2 or more years docs not eradicate T11V-1
{Zanussi & De Paoli, 2000). A combination of
HAART/IL-2 with IFN-y in patients with carly HIV-1
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infection reduces proviral Joad and shows evidence of
immune rcconstitution, but again without eradication of
viral reservoirs (Lafeuillade 7 4/., 2001). IL-2 15 also used
experimentally in cor-hination with DNA vaccines to aug-
ment cellular immiie responses. Co-administration of
HIV-1 and SIV in DNA vaccines with an 1L-2 plasmid in
thesus monkeys results in controlled viremia and preven-
tion of clinical AIDS in contrast to sham-vaccinated mon-
kevs who cxperience rapid downregulation of CD4 celt
counts, high viral load and disease progression (Barouch et
al., 2000).

ft-4. 1L-4 displays both stimulatory and inhibitory effects
on HIV-1 replication, IL-4 stimulates HIV-1 production
in mitogen-stimulated PBMC, monocytes, MDM and
promonecytic U937 ceil lines (Kazazi of al,, 1992; Naif o
al., 1994, 1997; Foli ef a/., 1995). 1L.-4 induces upregulation
of H1V-1 replication in MDM when added at the time of
HIV-1 infection, which can be reversed by antibodies to
1L-4 {Kazuzi e 4., 1992). However, 1L-4 treatment of
freshly isolated monocytes prior to HIV-1 infection down-
modulates HIV-1 emiry and subsequent replication, possi-
bly as a resulr of reduced surface expression of the CCRS
co~receptor for M-tropic strains of HIV-1 (Schuitemaker
et al., 1992: Wang ef af., 1998). These data suggese that the
stat¢ of maturation of’ monocytes into macrophages may
determine the stimulatory or inhibitory effect of 11.-4 on
HIV-1 :zplication, although cven this finding is not clear.
Others have shown that pretreatment of monocytes 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 1L-4 (Novuk ¢f o/,
1990). The reasons for these discrepancies are not known,

iL-6. 1L-6 has been reported to enhance HIV-1 replication
in JL-2-stimulated PBMC, MDM and the Ul latently
infected cel! line derived from U937 (Poli ¢f ai., 1990; Poli
& Fauci, 1992). 1L-6 synergizes with TNF-« in upregula-
tion of HIV-1 production and potentiates the TNF-«-
induced transcription of NFkB (Poli ¢r o/, 1990, 1994b}.
Treatment of HIV-infected patients wich lymphoma using
an anti-1L-6 monoclonal antibody had no significant effect
on plasma viral load, but reduced B ¢ell-induced produc-
tion of 1gG and IgA (Martaing-Koka ot af,, 1996).

-7, In witre treatment of CD3-stimulated PBMC with
IL-7 results in a significant increase in HIV-1 production
(Moran et al., 1993). Similarly, exogenous 1L-7 induces
FIIV-1 replication in PBMC from asymptomatic HIV-
positive patients at proviral HIV-1 DNA and mRNA lev-
els (Smithgall e af,, 1996). Co-vaccination of IL-7 with
gp160 in HIV-infected individuals results in expansion of
T-cell proliferative responses to HIV-1 Env (Kim of .,
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1997). 1L~7 also increascs activation and expansion of spe-
cific anti-Gag CTL precursors when co-administered to
HIV-infecred individuals with a vaccinia/HIV-1 based vac-
cine, suggesting 1L-7-mediated upregulation of cytotoxic
immune responses in HIV-infected individuals may poten-
tially be of therapeutic value (Ferrari ¢f af., 1995).

I-10. Exposure of primary MDM and the chronically
infected U1 cell line to IL-10 decreases HIV-1 replication
(Weissman ¢/ af., 1994, 1995; Wang ¢f al,, 1998). This
cffect of 1L-10 is macrophage-specific, because treatment
of T cclis with IL-10 does not alter HIV-1 replication
(Kootstra ¢f al,, 1994). The inhibitory ctfect of 1L-10 on
HIV-1 replication is associated with its ability to down-
modulate production of TNF-ct and I1L-6 (Weissman ¢f 2/.,
1994). Immunoblotting demonstrates an accwnulation of
Gag precursor protein combined with an absence of mature
P24 or gpi20, suggesting than inhibitory effect of 1L-10
oceurs af the level of protein processing (Kootstra ef al.,
1994).

I-12. 1L~12 upregulates HIV-1 replication in mitogen-
stimulated PBMC and the IL-2 dependent T cell lines
when compared with untreated cells, predominantdy
through a post-transcriptional mechanism that js inde-
pendent of direet HIV-1 LTR activation (Foli ¢# al., 1995;
Al-Hartli o 4/, 1998). Similar to 1L-2 treatment, 14-12
inhibits gp120-induced apoptosis in IL-2-dependent Thl
clone (Randrizzani e a/., 1995). However, IL-12 treatment
of HIV-infected MIDM decreases reverse transcriptase
(RT) activity in culture supernatants, suggesting that 1L-12
directly suppresses HIV-1 replication in purified MDM
cultures (Akridge & Reud, 1996). 11.-12 is currently being
employed as an immunomodulator in HIV vaccine trials to
enhance cell-mediated immunity (Ma & Montaner, 2000,
Gherardi ef al., 2001),

IL-13. 1L~13 is a potent suppressor of H1V-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-transeriptional level (Montaner o
al., 1993, 1997; Denis & Ghadirian, 1994b; Wang of o/,
1998). 1L-13 in the presenee of TNF-a reduces H1V-1
replication of a dual-tropic strain of FIIV-1in MDM, con-
current with down modulation of surface expression of
CD4, CCR5 and CXCR4 as well as post-entry viral gene
expression {Bailer e /., 2000).

I-15. 1L-15 upregulates 11V-1 replication in PBMC and
11.-2-dependent T cell lines in vitre (Lucey ef af., 1997, Al-
Harthi e al,, 1998). 11.-15 also enhances HIV-1 produc-
tion in PBMC obtained from HIV-seropositive individuals
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{Lucey et al., 1997). Similar to IL-12, an IL-15 expression
plasmid has been found to increase cell-mediated immuni-
ty, including CTL acrivity and HIV-specific DTH
responses, induced by an HIV-1 envelope DNA vaccine
when co-administered intranasally to mice (Xin ef 4/,

1999).

IL-16. 11.-16 inhibits HIV-1 entry and replication in CD4
T cells, MDM and dendritic cells (Truong ef al., 1999).
IL~16 treatment of CD8-depleted mitogen-activated lym-
phocytes, obtained from HIV-infected individuals, results
in significant inhibition of secreted p24 antigen (Amiel e
al., 1999), and reduces apoptosis of PBMC (Idziorek ef af.,
1998). Pretreatment of CD4 T cells with TL-16 results in
up taa 60-fold suppression of HIV-1 promaoter activity and
prevents Tat activation (Maciaszek ef af., 1997). Antiviral
effects of 1L.-16 suggest a potentially bencficial role on the
inhibition of HIV-1 replication 12 vive, although there are
currently no data to support this.

IL-18. IL-18 stimulates HIV-1 production by up to 30-fold
m the chronically infected monocytic cell line, Ul, and is
associated with nuclear translocation of N¥FaB (Shapiro ef
al., 1998). Co-dclivery of 11.-18 (with or without JFN-y)
with DNA vaccine constructs enhances antigen-specific
humoral and ceflular responses in rhesus macaques and
mice (Kim of 2/, 1999; Billaut-Mulot o7 af., 2001).

Interferons

Interferons (IFN-¢, 1FN-f and 1IFN-y) are generally con-
sidered to protect MDM from productive infection by
HIV-1 i witre, with minimal or no p24 antigen accurmula-
tion in the supernataat, and no HIV-1 RNA or DNA in
cell Iysates (Kornbluth of af, 1989 Denis & Ghadirian,
1994b; Fan ef 4/, 1994; Dhawan e o/, 1995),

IFN-. IFN-a is up to 10-20 times less effective than
IFN-y in inhibiting HIV-1 replication in monocytes and
in the U937 promonocytic cell line in vitre (Shinz &
Pitha, 1992; Fan ef al., 1994) measured by viral protein
levels in the culture supernatant and in celi lysates
(Shirazi & Pitha, 1992). Electron microscopy suggests an
altered virus assembly, with the production of morpholog-
ically aleered virus particles (Dianzani e7 4/, 1998} and the
mhibition of budding of newly formed virions from the
cells sucface (Poli e# af., 1989). IFN-a inhibits HIV-1
replication at multiple levels, suppressing RT and inhibit-
ing the production of late products of RT (Shirazi &
Pitha, 1992), and preventing tvanscription of integrated
provirus (Poli ef al., 1994a). The level of inhibition of
IFN-¢¢ depends on the cytokine cencentration, duration
of exposure to cells in culture, viral strain and muluplicity
of infection {Baca-Regen o7 4/, 1994).
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IFN-a was initially used io the trearment of HIV-1 dis-
case, particularly in patients affected by Kaposi's sarcoma
Lane et al., 1988). However, relatively high doses of IFN-
o are required for anti-tumour activity and are not well
tolerated by patients. In patients receiving IFN-a, drug
mtolerance, neutropenia and anacmia were commonly
observed (Haas ef ¢/, 2000). IFN-« therapy transiently
increases CD4 T cell proliferation and reduces H1V titres.
The later effzer is prominent in HIV-infected patients
receiving 2 combination of IFN-¢t and JL-2 treatment
(Schnittman ez af., 1994), Combinatior: therapy of 1FN-0.2a
with zidovudine and zalcitabine transiently enhances plas-
ma viral load decreases but increases toxicity (Fischl ef af.,
1997).

IFN-B. TFN-f is also a potent inhibitory antiviral agent in
MDM infected with HIV-1 in vitro. HIV-1 infection of
MDM in the presence of antibodics to IFN-§ resulis in &
significant enhancement in p24 release, suggesting that
H1V-1 infection of MDM induces production of IFN-f in
the culture, which in turn downregulates HIV-1 replication
in MDM (Gessani er a/,, 1994b). Macsophages deriv- 2
from wmbilical cord blood, transduced with a vector carrying
the IFN-f coding sequence, are resistant o infection with 2
M-tropic strain of HIV-1, demonstrating the efficacy on
IFN-p-mediated inhibition of HIV-1 replication {Cremer ¢z
al., 2000). Constitutive low production of IFN-f in periph-
eral blood lymphocytes by transduction of an IFN- retro-
viral vector into lymphocytes from HIV-infected individu-
als also inhibits viral production (Vieillard er o/, 1997).

IFN=y. 1IFN-y reportedly cxerts both stimulatory and
inhititory eflects on HI %=1 replication in MDM, depending
on whether this cytok:. ¢ is udded before or after infection
(Koyanagt ¢r a/.,, 1988; Foii & Fauci, 1992; Poli e# /., 1994a).
A number of investigarors have shown the inhibitery effect
of IFN-y on HIV-1 replication in monocyres and MDM,
with reduced p24 zntigen in supernatant as well as HIV-1
DNA and mRNA levels {Fan e o/, 1994, Denis &
Ghadirian, 1994b; Dhawan ef o/, 1995), JI'N-y also inhibis
viral entry, possibly via downmodulation of surface expres-
sion of CD4, the major receptor for H1V-1, aithough it
upregulates the expression of CCRS and CCR3 co-receptors
used by M-tropic strains of H1V-1 (Dhawun o o/, 1995;
Harihasan 2 al, 1999). In U937-derived clones, 1FN-y
exerts its inhibitory effect on HIV-1 rephication via inhibi-
tion of the JAK/STAT signaling pathway in these cells
{Bovolenta ef af., 1999).

However, there are also a nunber of studies in which a
stimulatory effect of IFN-y on HIV-) infection has been
found. Lxposure of chronically infected Ut cells o IFN-y
reportedly activates HIV-1 replication, as measured by cui-
ture supernatant RT activity, and cell-asseviated HIV-1
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protein and mRNA (Biswas ¢f o/, 1992). Treatment of
U937 cells with TFN-y modestly increases HIV-1 expres-
sion, whereas when added in the presence of TNF-a, IFN-
v syncrgistically potentiates the stimulatory effect of TNF-
« (Han et al,, 1996). IFN-y has also been found to increase
HIV-1-induced syncytium formation by up to 10000-fold
in PBMC and CD4 T cells infected with HIV-1 in vitro
{Vyakarmam et al., 1990).

In vive IFN-y administration is gencradly well tolerated
and augments the anti-bacterial, -fungal and -parasite
activitics of monocytes, tissue macrophages and neutrophils
(Murray, 1996}, IFN-y treamment of HIV-infected patients
has been used successfully as adjunctive therapy in individ-
uals with drug-resistant tuberculosis or Kaposi's sarcoma
{Heagy ¢ al., 1990; Murray, 1996}, IFN-y is currently used
experimentatly as an adjuvant in vaccine preparations. Co-
administration of IFN-y with DNA vaccine constructs
increases antigen-specific antibedy responses to FIV-1 in
rhesus macaques (Kim ef ./, 1999).

Colony-stimulating factors

GM-CSF. Early studies investigating the cffect of GM-CSF
on HIV-1 replication reported upregulation of HIV-1 pro~
duction in both MDM (Kovanagi ¢ al., 1988; Perno o7 o/,
1989; Schuitemaker ef a/., 1990; Perno oz a/., 1992; Wany of
al., 1998} as well as promonocytic cell lines U937 and U1
(Folks ¢# a/., 1987; Pomerantz ¢f al., 1990). However, other
investigators have found cither inconsistent (Kornbluth e
al., 198%; Hammer ef /., 1990} or inhibitory effects of
GM-CSF on HIV-1 entry or seplication in MDM
(Matsuda £ o/, 1995; Di Marzio ez /., 1998). Recently, we
have reported that GM-CSF inhibits HIV-1 replication in
MDM ir vitro, measured as reduced RT and p24 in the
culture supernatant and reduced mRNA  expression
(Kedzicrska ¢ af., 2000a). Although a number of laborato-
11 variables could contribute to the conflicting data, poten-
tial confounders have been extensively examined, with
reproducrion of assay conditions used by other investigators
{Crowe wud Lopez, 1997; Kedzierska ez af., 1598), includ-
ing strain of HIV-1, source/concentration of GM-CSFE,
timing of incubation with cytokine, marurity {monocyte
versus MDM) and strain of HIV-1 used for infection.
Regardless of experimental conditiors, reduced replication
of H1V-1 bas Leen consistently observed, and GM-CSF-
mediated inhibition of FHIV-1 replication can be reversed
by the addirion of a peutralizing anti-GM-CSF meono-
cional untibody (Kedzierska er a/., 2000a). Analysis of CD4
and CCRS surface expression on MDM using a flow
cytometry, suggeses that the inhibition of HIV-1 does not
oscur at the entry level. rathere inhibition is at or before the
fevel of ranscription. A mutant form of GM-CSF, E21R,
which binds only to the «-chain of the GM-CSF receptor
(L.opez ef af., 1992} de.s not inhibie HIV-1 replication in
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MDNM, suggesting that GM-CSF inhibits HIV-1 replica-
tion via binding to the -chain of the GM-CSF receptor
(Kedzierska ¢ a/., 2000a) and subsequent signalling cvents
1 the cell (T Warby, unpublished data).

Currently, GM-CSF is rarely used for the treatment of
HIV-infected paticnts due to the conflicting ir witro 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 antgen levels and plasma HIV RNA titres
(Kapian ¢f al., 1991; Lafeuillade ef of., 1996}, However,
when used in combination with cffective antivetroviral
therapy, GM-CSF has been safely administered to patients
without any significant increase in viral load (Yarchoan ef
al., 1990; Krown ¢7 af,, 1992; Kedzierska e af., 2000b). In
fact, GM-CSF has been found to increase the activity of
antiretroviral drugs (Pemo e af, 1992). Data from two
studics of HIV-infected paticnts receiving antiretroviral
therapy and GM-CSF have shown thar paticnts experi-
enced a decrease in viral load and an increase in CD4
counts {Skowron ¢ afy 1999; Brites e /., 2000). Clinical
improvement and augmented monocyte phagocytic fune-
tion against mycobacteria and fungal nfections, again
wvithout an increase in viral load, has also been reported in
patients with advanced HIV-1 infection and drug-resistant
opportunistic infections treated with GM-C8F (Vazquez
of af., 1998; Kedzicrska e af, 2000b). These data suggest
that GM-CSF might be uscful in augmenting macrophage
tunction, especially in H1V-infected patients with drug-
resistant opportunistic infections.

M-CSF. Pretreacment of MDM with recombinant M-CSF
significantly increases HIV-1 production, measured by RT
and viral antigen in the culture supernatant on days 7-10
after infection (Kornblurh ¢f 4/, 1989; Perno ef af,, 1992).
MDM exposed 1o M-CSF are ac feast 400-fold more sus-
ceptible to HIV-1 infection than cells cultured in its absence
(Kalter er a/., 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
CCRS co-receptor for M-tropic strains of HIV-1 {Wang ¢
al., 1998). M-CSF exposure also results in increased syncy-
tial formation and increased levels of proviral DNA com-
pared with GM-CSF-treated MDM, wich inhibited
HIV-1 replication (Matsuda e o/, 1995). M-CSF increases
HIV-1 production in bone marrow stem cells infected ith
an M-tropic strain of [H1V-1, as assessed by p24 antige, "v-
¢ls in the culture supernatant (Kitano o 4/, 1991). Addition
of an M-CSF antagonist, anti-M-CST* monoclonal or poly-
clonal antibodies, or soluble M-CSF receptors dramatically
reduces HIV-1 replication in HlV-infected MDM, sug-
gesting that an M-CSF antagonist may prevent infection of
monocytes and macrophages i1 vize (Kutza of af., 2000).
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Tumour necrosis factors

Both TNF-ct and TNF-§ arc potent activators of HIV-1
replication in T cells and cells of macrophage lineage
{Folks er a/., 1989; Kornbluth er af., 1989; Novak ¢/ af.,
1990; Naif e af., 1994) via the activation of the cellular
transcription factor, NF-kB (Griffin ¢ af, 1991). The
cxposure of PFlA-activated T lymphocytes 1o TNF-«
before HIV-1 infection docs not modify HIV-1 entry
(Herbein ¢f al.,, 1996). TNF-u upregulates production of
HIV-1 mRNA in MDM and in the U1 HIV-infected clone
of the U937 cell line, peaking 3--4 days after infection (Naif
¢t al., 1994). The effect of TNF-« s potentiated by IFN-y
(Han ¢f al., 1996). TNF-a and TNF-p increase HIV-1-
induced syncytivm formation by wp to 10000-fold in
PBMC and CD4 T cells infected with HIV-1 in wirre
{(Vyakarnam ¢/ af., 1990). However, an inhibitory role of
TNF-«t on HIV-1 entry in MDM has also been reported
with TNF-¢. pretreatment for 3 days before infection,
reculting in approximately 75% inhibition of wiral cntry
{(Herbein ef af,, 1996).

Chemokines

«-Chemokines. SDI-1 suppresses cell fusion and infec-
tion of T-tropic strains of HIV-1 in PBMC and HcLa-
CD4 cells when compared with uninfected cells (Bleul ¢f
al., 1996; Oberlin of af., 1996), but does not affect infection
by M-tropic or dual tropic strains of HIV-1 in witro
(Oberlin ef a/, 1996). SDF-1 exerts its inhibitory efiect via
binding o CXCR4 (Schols ¢z af., 1997) and downimodula-
tion of CXCR4 (Yang ¢ of., 1999).

-Chemokines. B-Cherokines play an important role in
modulation of HIV-1 infection (Choe «f 4f., 1996), MIP-
1o, MIP-18 and RANTES are inhibitors of HIV-1 repli-
cation in cells of macrophage lineage (Cocchi ez o/, 1995,
1996; Alkhatib ¢f of., 1996b; Coffey of a/., 1997), PBMC
(Coftey e al, 1997; Vicenzi of al., 2000) and microglial
cells (Kitai of /., 2000), suppressing M-tropic izolates, but
having no effect on T-tropic strains (Cocchi ef af., 2000).
Treatment of MDM or T cells wich 3-chemokines inhibics
HIV-1 entry (Cocchi ef al., 1995; Dragic e afl., 1996
Paxton o al., 1996; Capobianchi ¢f /., 1998), viral produc-
tion and uncoating as well as CCRS expression (Jiang &
Jolly, 1999).

HIV-1 and cytokines: summary and
conclusions

HIV-1 infection at all stages of the disease is associated
with chronic immune activation and dyvsfunctional cytokine
production. During HIV-1 infection a shift of Th ¢ell
function from Thl (decreased preduction of 11-2 and
I*N-y} to Th2 (increased 1.-4 and TL-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) arc also thought
to activate HIV-1 replication and mainzain active HIV-1
expression via binding of NF-xB to LTR. This abnormal
cytokine profile can be partially reversed with HAART,
resulting in increases in 1L-2 and IFN-y sccretion (but not
IL-4 and 1L-10), paralleled by suppression of HIV-1 repli-
cation and restored CD4'T cell counts. The use of cytokine
therapy coupled to antiretroviral treatment shows clinical
benefit in some circumstances and restoration of immune
responscs.

The studics presented in this review demonstrate that
HIV-1 replication is under regulation of a complex and
dysregulated nenwork of both HIV-inductive and -suppres-
sive cytokines, together with a variety of viral and cellular
factors, IFN-¢, IFN-f, 1L-10, IL-13 and 1L-16 are clear-
Iy the HIV-suppressive cytokines, whereas TNF-¢, TNF-
B, M-CSF, IL-1, 1L-2, 11.-6, IL-7, IL-15 and IL-18 aug-
ment HIV-1 replication. Bifunctional cytokines, such as
IFN-y, GM-CSF and IL-4, reportedly may exert suppres-
sive or inductive effeces on HIV-1 infection and replica-
tion, possibly depending on the state of differentiation of
monocytes and the experimental protocols used by various
laboratorics. H1V-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 pres-
ence of LPS has been shown to decrease HIV-1 production
by MDM ianfected by HIV-1 in vitro (Kornbluth ¢f al.,
1989), increase viral infectivity of CD4-enriched PBMC
population infected with a T wopic but not an M-tropic
strain of HIV-1 (Juffermans e /., 2000) as well as upregu-
lace HIV-1 co-receptors CXCR4 and CCR5 on CD4 T celis
and induce the secretion of proinflammatory cytokines IL-1,
IL-6, IL-8 and TNF-a (Goletti e af,, 1996). Therefore,
there is a complex interplay between cytokines i wrve. The
modulation of infection by exposure of cells to specific
cytokines in witro, a reductionist approach, may oversimpli-
fy the biological situation,
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FcyR-mediated phagocytosis by human macrophages
involves Hek, Syk, and Pyk2 and is augmented

by GM-CSF

Katherine Kedzierska,*' Nicholas J. Vardaxis,* Anthony Jaworowski,* and Suzanne M. Crowe*!

*AIDS Pathogenesis Research Unit, Macfarlane Burnet Centre for Medical Research, and National Centre for HIV
Virology Research, Fairfield; 1Department of Medicine, Monash University, Prahran; and *Depariment of Medical
Laboratory Science, Royal Melbourne Institute of Technology, Bundoora, Australia

Abstract: The receptors for the constant region
of immunoglobulin G (FeyR) are widely expressed
on cells of hemopoietic lineage and plays an impor-
tant role in host defense. We investigated the sig-
naling pathways during FeyR-mediated phagocy-
tosis in human monocyte-derived macrophages
(MDMs) and exantined the effect of granulocyte-
macrophage colony-stimulating factor (GM-CSF)
on thesc events. FcyR-mediated phagocytosis re-
sulted in enhanced tyrosine phesphorylation of a
wide range of cellular proteins and activation of
tyrosine kinases Hck, Syk, and P'yk2, a8 well as the
multidemain adapter protein pexillin. Stimulation
of MDMs with GM-CSF augmented FeyR-mediated
phagocytosis and increased the levels of tyrosine
phosphoerylation in phagocytosing MDM cultures,
indicating tyrosine kinase-mediated activation,
GM-CSF treatment of MDMs without a phagocytic
stimulus did not activate Syk, suggesting that GM-
CSF may act either distally 1o Syk in the FcyR-
mediated signaling cascade or on a parallel path-
way activated by the FeyR. This study shows that
early signaling events during FeyR-mediated
phagoeytosis in human MDMs invelve activation of
Syk, Hek, and paxillin. It also provides the first
evidence for PykZ activation during phagecytosis
and a baseline for further studies on the effect of
GM-CSF on FeyR-mediated phagocytosis. J. Leu-
koc. Biol, 70: 322-328; 2001.

Key Words: pexillin - monocyte-derived macrophege + tyrosine
kinase - signaling

INTRODUCTION

The receptors for the constznt resion of immunoglobulin (Ig) G
{FeyRl, FeyRII, and FeyRIIIA) are the major means by which
cells of the monocyte/macrophage lineage recognize IgG-opso-
nized particles and promote host defenses, including phagocy-
tosis, antibody-dependent cellular cytotoxicity, and cytokine
and chemokine secretion, The major Fcy receptors expressed
on monocyles are the high-affinity FeyRI (CD64) and a low-
affinity FeyRIl (CD32), whereas macrophages also express
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FeyRINIA (CD16) [reviewed in reference 1], Most studies de-
lineating the specific signaling events during FcyR-mediated
phagocytosis have been performed using murine macrophages
[2-7] or cell lines transfected with FeyR [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 de-
scribed [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 FeyR via activation of
tyrosine kinases of the Src family [18, 19]. Src kinase activa-
tion results in the rapid and transient phosphorylation of im-
muncreceptor tyrosine-based activation motifs (ITAMs) on ei-
ther the ligand-binding subunit in the cyloplasmic domain of
Fey RII or the associated +y chain of FeyRI and RIIIA [10, 20,
21}. Phosphorylated ITAM motifs may represent docking sites
fer Syk that allow its subsequent activation [22, 23], A require-
ment for Syk in FoyR-mediated phagocytosis was firstly dem-
onstrated in human monocytes by using antisense oligode-
oxynucleotides to eliminate Syk mRNA [24]. Gene knockeut
studies subsequently confirmed an absolute and specific re-
quirement 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 Eschericnia
coli, yeasts, or latex particles [3].

Activaled Syk is thought to promote phosphorylation and
localized accunmilation of 2 number of cyloskeletal substrates
[reviewed in 25}, including the actin-binding proteins paxillin,
vinculin, talin, and «-actinin [6, 26, 27} Paxillin, 2 multido-
main adapter protein, is thought lo interact with a varety of
proteins, such as focal adhesion kinase (FAK), Pyk2, and Vav,
and in this way il organizes focal adhesion complexes and
cytoskeletal rearrangement [reviewed in 28], Human mono-
cytes and macrophages do not express FAK [29], but they
activate and phosphorylate ancther member of the FAK [amily,
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Pyk2. This kinase is 45% identical in amino acid sequcnce to
FAK [30] and is shown to be involved in cyloskeletal engage-
ment upon adherence and subsequent calcium or PKC co-
stimulatory activation in human monocyles [29]. A role for
Pyk2 in phagocytosis has not yet been reported.

Here we demonstrate that FeyR-mediated internalization of
IgG-opsonized targets by human monccyte-derived macro-
phages (MDMs) was dependent on protein tyrosine phosphor-
ylation, with transient activation of the proiein tyrosine kinases
Hek, Syk and Pyk2, and redistribution of the multidomain
adaptor protein paxillin between Triton-soluble and Triton-
insoluble cell fractions. In addition, acute stimulation of MDMs
with granulocyte-macrophage coleny-stimulating factor {CM-.
CSF) augmented phagocylosis of IgG-opsonized targets and
concomitantly tyrosire phosphorylation of cellular proteins in
an additive manner but did not activate Syk. These observa-
tions suggest that GM-CSF might either stimulate phagocytic
pathways aclivated by the FeyR downstream of Syk kinase or
might do so independently of Syk activation.

MATERIALS AND METHODS

Isolation and cuiture of monocytes

Huwman monocytes were isolaled from bully coats of HIV-, hepatitis B virus-,
and human T-cell-lymphotropic virus-seronegative blood donors (supplied by
the Red Cross Blood Bank, Melboume) by Ficoll-Pague density gradient
eentrifugation and plastic adherence as previously described [31). immediotely
ofter isolation, cell viability was greater than 95% as assessed by irypan blue
exclusion, and the putity of monocytes was greater than 95% as determined by
immunofluorescent staining with unti-CDI4 monoclonal antibody {mAb) (Becton
Dickinson, Mountain View, CA) and analysis by flow cytomelry (FACStar™;
Becton Dickinson). Monocyles were cullured in supplemented Iscove’s me-
dium [Iscove's modified Dulbecco medium (Cytosystem, Castle Hill, Australia)
supplemented with 10% heat-inactivated human AB™ serum, 2 mM L-glu-
tamine, and 24pg/ml of gemamicin] in suspension in palyteirafluorethylene
{Teflon) pots (Savillex, Minnetonka, MN) at an initie! conceniration of 10°
cells/mL. Monocytes were culiured for 5 to 7 days prior to phagocylosis assay.
All the reagents and cullure supematants were tested for lipopolysaccharide
levels using the Limudus amoebacyte lysate assay (BioWhiltaker, Walkersville,
MD).

Opsonization of target particles

Target particles were opsonized immediately prior to the phagocytosia assay.
Sheep red hlood cells (E; ICN-Cappel, Aurora, OH) were washed three times
in phosphate-buffered saline (PBS; Trace Biosciences, Castle Hill, Austizalia),
and opsonized with a subagglutinating titer (§:300) of rabhbit anti-E antibody
(ICN-Cappel, Aurora, OH) for 30 min at room temperature. Cella were washed
five times in cold PBS and resuspended at a concentration of 1 X 108/ml. in
lscove’s medium, Latex beads (3 um in diameler; Sigmao, 5 Louis, MO) were
conted with bovine serun: albumin (BSA) by incubation in 1 mL of PBS
containing 10 mg of B3A (Sigma) overnight at 4°C, followed by five washes
with cold PBS. Beads were opsonized with 10% rabbit anti-BSA antiserum
(ICN-Cappel, Aurora, OH) for 30 min al room temperature, washed three times
in PBS, and resuspended in PBS a1 a concentration of 4 X 10° cells/mL.

Phagocytosis assay using IgG-opsonized E

On days 3-7 after isolation, MDMs were plaied oato 96-well plates (Costar,
Cambridge, MA) at 5 X 10* cells per well in 100 pL of supplemented lscove’s
medium and allowed to adhere for 2 h at 37°C in a 3% CO, humidified
incubator, lgG-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
thien placed at 37°C for phagocylosis to proceed. Phagoeytosis was terminated
after 30 min by placing the plates on ice and washing cells with ice-cold PBS.
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Phagocyinsis of erythrocyles was quaniified by a colorimelric assay [32).
Briefly, efier unbound E were removed by washing with PRS, non-phagoey-
tosed erythrocytes atinched 1o MDMs were lysed with 0.2% NaCl for 3 min,
followed by three washes with wamt lecove’s medium. Phegocytosed etythro-
cytes were measured by reaction of hemoglobin with 2,7-disminoflutene
(Sigma) after lysis of MDMs in G.2 M Tris-HCl buffer containing 6 M uren.
Absorbance was delermined at 620 nm in ¢ plate reader {Labaysters Mubti-
gkan, Helsinki, Finland} and compared to & standard curve generated using
known numbers of E (ranging from 4X10° to 5X10%). In selected experiments
MDMs were incubated with the prolein tyrosine kinase inhibitor Genistein
{Calbiochem, Croyden, Australia) at concentrations ranging from 0.1 to 30 uM
al 37°C for 30 min prior to phagocylosis assay.

Phagocytosis assays using 1gG-opsonized beads

MDMs (2 10° cells) were dispensed into 4 mL, polypropylene tubes (Becton
Dickinson, Paromus, 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 uL of
PBS-CMF. MDMa were incubated with or without IgG-opsonized beads a1 37°C
in a shaking-water bath with a torgetMDM ratio of 10:1. At specified time
paints, phagocytosis was arrested by plunging the tubes into ice and washing
the MDMs in ice-cold PBS-CMF, followved by centrilugation at 20,000 g for
30 s, For immunoblotting and immunoprecipitation experiments, washed cells
were lysed in 100 pL of Triten lysis buffer containing 253 mM Tris-HCI (pH
7.5), 0.14 M NaCL 1 mM EDTA, 1% Triton X-100, supplemented with
phesphatase inhibitors [50 mM NaF. 1 mM sedium orthovanadate (Sigma), 40
inM B-glycerophosphate (Sigma)], and the following protease inhibitors: 1 mM
pefabloc, 1uM pepstatin, and 1 pM leupeptin (Bochninger-Mannheim, Mann-
heim, Germany).

GM-CSF stimulation

MDMs were stimulated with GM-CSF a1 100 ng/mL (kindly provided by A.
Lopez, Hanson Centre, Adelaide, Austelis), immediaiely prior (o addition of
phagoeytic targets. These phapoeytic assays elways commenced within 2 min
of adding GM-CSF. Lysates wete analyzed either for phagocylosia by a color-
imetric assay, for tyrosine-phosphorylated proteins by immunoblotting, or for
Syk phospharyletion by immunoprecipitation.

immunoblotting and immunoprecipitation

Cell extracls conlaining equal amovnts of proleins as determined by DC
protein assay (Bio-Rad Laboratories, Hercules, CA} were boiled in sodium
dodecy! sulfate (SDS) sample bufler [10 mM Tris (pH 3.0), 2 mM EDTA, 1%
SDS, 5% P-mercapioethanol, 5% glycerol}, resolved by 10% SDS-polyacryl-
amide gel clectrophoresis, tranaferred 10 niwrocellulose, and blocked for 2 hin
either 39 BSA or 5% nonfal milk, The blots were probed with a recombinant
antibody directed againat phosphatyrosine {RC20; Transduction Laborateries,
Lexington, KY)} or paxillin (Transduction Lehoratories) ovemight ot 4°C,
{ollowed by secondary antibedy conjugated with horseradish peroxidase (Am-
ersham Phamacia, Buckinghamshire, England), and developed for enhanced
chemiluminescence according to manuflacturer’s instructions (Amersham Phar-
macia). Altematively, 1o determine the involvement of various proleins in
FcyR-mediated phagocytosis, cell lysates were immunoprecipitated with either
a rabbit antibody against Hek (gift from H. C, Cheng, School of Biochemistry,
Melboumne 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 ex-
tracts with antibodies ovemight a1 4°C, collscted with 15 pl of protein
G-Sepharose heads (1 h of incubation at 4°C) (Pharmacia Biotech, Upbsala,
Sweden), washed five times in Triton lysia buffer, boiled in SDS sample buffer,
resolved by 10% SDS-polyserylamide gel electruphoresis, and anglyzed by
immunoblotiing os deseribed above. To verify the equal protein, input blots
were reprobed with eelevant amibodies.

Immunofluorescence microscopy

Cells fixed with 1 mL of 3% Ulirapure formaidehyde {Polysciences, War-
tington, 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, Auvs-
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tralia)} for 1 min. Afier two washes with 15 fetal bovine serum in PRS-CMF,
cella were slained for intracellular proteins with mouse anti-phosphotyrosine
mAb (I'Y20) or isotype-maiched control IgG} {(MOPC 21; Bionetica, Charles-
ton, SC) for 30 min on ice. After two washes with cold PBS-CMF, cells were
incubaled with biotin-conjugated anli-mouse Ig (Silenus, Methotirne, Austra-
lia) for 30 min on ice, followed by two further washes wis' cold PBS-CMF.
Subsequently, MDMs were incubated with Texas Red-conjugated sireptavidin
{Amersham Pharmacia) for 30 min on ice, washed once with cold PBS-CMF,
fixed with 200 pL of 3% formaldehyde, and eytlocentrifuged onlo glass slides.
Prote’n tyrosine phosphorylation in both resting and phagocylosing MDMs was
analyzed by confocal laser microscopy (Bie-Rad MRCS00). For some samples,
cells were also stained with phalloidin conjugaied 1o Alexa 488 (Molecular
Probes, Eugene, OR) 1o determine colocalization of F-actin and phosphoty-
tosine.

RESULTS

Enhanced protein tyrosine phosphorylation
during FcyR-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 immuncblot analy-
sis, with phosphorylation reaching a peek between 5 and 15
mir. (Fig. 1a). Phagocytosis of lgG-opsonized E was inhibited
by the protein tyrosine kinase inhibitor genistein in a dose-
dependent manner (Fig. 1b), suggesting that yrosine kinase
activity was required for FeyR-mediated phagocytosis. Phago-
cylosis of unopsonized E by MDM cultured in the presence or
absence of genistein was below the delection level of the assay.

The majority of antiphosphotyrosine immunoreactivity in
MDMs was localized around the intemalized IgG-opsonized
latex beads (Fig. 2b) colocalized with sites of actin polymer-
ization (Fig, 2d). This finding is consisient with binding of
tyrosine-phosphorylaled proteins to a cytoskeleton which has
been rearanged around the phagosome. Within 2 min of
initiation of phagocytosis, paxillin, a multidomain adapter pro-
tein involved in organizing focal adhesion complexes, was also
found to be preferentially localized around the phagosome (Fig.
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Fig. 1, FeyR-mediated phagocytosis and protein Lyrosine phesphorylation. (o)
MIIMs incubated with lgG-cpsonized latex beads (2X10%) for the indicated
times were lysed in Trilon X-100 buffer, and samples of lysate containing 50
ug of prolein were resolved by SDS-polyacrylamide gel electrophoresis, then
probed with antiphosphotyrosine conjugated to hotseradish peroxidase (RC20).
Results shown are tepresentative of five experiments using MDMs prepared
lrom different donors, (b) Inhibition of phagocytosis by genistein. Phagocytosis
of IgG-opsonized E (@) or E (O) was meesured in the presence of ihe indicated
concentrations of genistein via colarimetric assay as described in Maierials and
Mrthods. Data represent means {250} of triplicate detenninations,
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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 FeyR-mediated phagocytosis by MDMs, we sought to
identify the proteins which were tyrosine phosphorylated in the
experiments depicled in Fig. 1. Based on estimated size, we
investigated several tyrosine kinases that could potentially be
activated during this process. Enhanced tyrosine phospheryla-
tion of Hek, Syk, and Pyk2 was observed within 2-5 min of
FcyR-mediated phagocytosis (Fig. 3). The input of Syk, Hek,
and Pyk2 proleins was standardized according to Lowry's de-
terminations. Protein levels are shown by reprobing the blots
with relevant anlibodies [Fig. 3a and b (fower panels)},

Redistribution of paxillin

Within 2 to 5 min of FcyR-mediated phagocytosis, there was
an increase in puxillin phosphorylation which had declined by
30 min (Fig. 4a). Immunoblot analysis of Triton-soluble ly-
sates probed with anti-paxillin antibody showed that the total
leve! 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. 4¢). Taken together, these results
suggest that in different phases of FcyR-mediated phagocyto-
sis, paxillin is distributed predominantly in either ihe cytoskel-
elal (detergent-insoluble) fraction or cytoplasmic (detergent-
soluble) fraction.

Stimulation of FcyR-mediated phagocytosis
by GM-CSF

Stimulation of MDMs with GM-CSF (160 ng/ml) augmented
the level of FeyR-mediated phagocytosis by 20-30% {Fig.
Sa). GM-CSF stimulated tyrosine phospherylation of MDM
cellular proteins, and this effect was further augmented during
phagocytosis of IgG-opsonized lalex beads (Fig. 5Sb). We next
determined whether GM-CSF direcily activated Syk, because
in murine macrophages this kinase is a well-established crit-
ical intermediate in Feyy receptor signaling [3]. Incubation of
MDM with GM-CSF for 2 te 5 min did not alter the extent of
tyrosine phosphorylation of Syk above the levels observed
during FeyR-medialed phagocytosis (Fig. 5c). In addition,
control MDMs which had nol been exposed lo target particles
did not display detectable Syk phos horylation in either GM-
CSF-treated or untrealed samples. The level of Syk protein was
equal for ali the samples (Fig. 5S¢, lower panel). Syk coimmu-
noprecipitated from Triton lysaies with several other phospho-
proleins in a reproducible pattern. This pattern may represent
a stable complex of Syk with Fe¢y receplors and/or other
signaling molecules located around the phagosome because a
similar patlern was observed in experiments when MDM ly-
sales were immunoprecipitated with amti +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 and most probably by acting downstream of Syk (and,
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Fig. 2. Colocalization of tyrosine-phosphorylated proteins and polymerized actin around phagoeytic cups in MDMs ingesting JgG-opsonized latex beads. MDMs
were incubated with 1gG-opsonized Iatex beods (3 jum diameter) for 2 min, fived with 3% formaldehyde, permenbilized with 0.1% Triton X-100, and stained with
{a) 8n isotype-maiched control (MOPC 21); (b, d} mouse anti-phosphotyrosine mAb; or (¢} mouse anti-pasillin mAb, lollowed by biotinylated anti-mouse Ig and
Texas Red streptavidin conjugate; (d) MDMs were double siained for phosphotytesine first as above and then with Alexa 488-labeled phallvidin. Areas of the cell
staining with both antibodies appear yellow, MDMs were examined by confocal laser microscopy, Bar = 3 pm.

by exiension, downstream of Src) in the FeyR-mediated cas-  number of cellular proteins which localized around the phago-
cade or via a pathway parallel to these events. cytic cup and that phagocytosis was blocked by a protein
tyrosine kinase inhibitor, genistein. Beth Hck (a macrophage-
specific Src family kinase} and Syk were phosphorylated after
DISCLISSION engagement of human MDM Fcy receptors. Here, we also
provide the first evidence for activation of Pyk2 and redistri-
Our data show that FeyR-mediated phagocytosis by human  bution of the phosphorylaled form of paxillin between the
macrophages was mediated by tyrosine phosphorylation of a  cytoplasm and cytoskeleton during Fe-yR-mediated phagocyto-

8) ;o Hek D pasn <) P aPY
f o ~cims qopigs G it | 185 Syk
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o 2 5 30
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Fig. 3. Activation of Hok, Syk, and Pyk2 tyresine kinases during FeyR-mediated phagocytosis in human MDMs. Cells (2X10% were incubated with
IgG-opasnized latex beads (2X 107) in polypropylene tubes in a shaking water bath for the indicated times (0 1o 30 min) at 37°C and then lysed in Triton X-100
buffer. Samples of lysate containing 100 jg of protein were immunoprecipitated with {a} anti-Hek or (b} anti-Syk: resolved by SDS-polyacrylamide gel
electrophoresis and immuncblotted with anti-PY.-horsermlish peroxidase; or immunoprecipitated wit {¢} anti-PY mAh, resolved by SDS-pelyacrylamide gel
electrophoresis and immuncblotied with anti-Syk or anti-Pyk2 mAb, The data are representative of three expetiments using MDMs from different donors, Protein
levels are shown by re-probing the blots with {a) anti-Hek mAb (lower panel) or (b) anti-Syk mAb (lower panel).
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Fig. 4. Redistribution of paxillin between cyloplasm and cytoskeleton during
FeyR-mediated phagocytosis in MDMs. Cells wete incubeted with 1gG-opso-
nized latex beads (2X107) in a shaking water bath for the indicated times {0
1o 30 min) al 37°C and lysed in either Triton X-100 or SDS semple buffer. {a)
Triton X-100 lysates containing 100 jig of protein were immunoprecipitated
with anti-pasillin mAb, resolved by SD3-polyacrylamide gel electrophoresis,
and probed with anti-PY mAb. (b) Triton X-100 lysates {cytoplasmic fraction)
or (¢) SDS lysates (whole-cell extracts) containing 50 pg of protcin were
resolved by SDS-polyacrylamide gel elecirophoresis and probed with anti-
paxillin 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 mole for Hek in FeyR signaling has been suggested, based
on data showing that macrophages prepared from mice defi-
cient in three Src family tyrosine kinases, Hek, Fgr, and Fyn,
exhibit poor signaling downstream of FeyR (i.e., Syk activa-
tion) as well as reduced levels of FeyR-induced functional
responses such as phagocytosis, actin cup formation, and re-
spiratory burst [3, 33]. A specilic requirement for Hek in

phagocytosis has also been demonstrated using Hek knock-out
mice, which fail to internalize IgG-opsonized E, while other
hemopoietic functions remain intact [34). This study also sug-
gested that some functions of Hck are subsumed through
compensatory increases in the activity of another Src kinase,
Lyn, although Lyn could not substitute for Hek in phagocytosis.
Both Hck and Lyn have been shown also to coimmunoprecipi-
tate with FeyR after cross-linking of receptors on THP-1
menocytic cell lines [35] and human monocytes [36]. In the
present work we demonstrate activation of Hek during FeyR-
mediated 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 FeyRs to the actin-based cy-
toskeleton [reviewed in 25]. A study uvsing 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 Fe'yR-mediated phagocytosis, actin as-
sembly, and FeyR-mediated transpott (o lyscsomes [2, 3, B,
22). Furthermore, Syk has also been found to be a part of the
activaled FeyR 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 afier FeyR-mediated
phagocylosis.

Activation of Syk is thought to resull in the phasphorylation
of various substrates located in the submembranous region
beneath phagoceytosed 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 proleins invelved 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 signating molecules at sites of actin

a)
601 5
2™ 5
20 I
dom 1L
= % _= _+GucCSF
E  EXG

+ GM.CSF

Fig. 5. Effect of CM-CSF on FeyR-mediated phagocytosis, tyrosine phosphorylation and Syk ectivation. MDMs were trested with GM-CSF (10 ng/mL). where
indicated, immediately prior to addition of Larget particles. (a) MDMs (3210 per well} plated onto 96-well plates were incubated with igG-opsonized E or E for
20 inin, and phagocytosis was determined as described in Materials and Methods, Data are representative of 3 donoms and are means % sp. MDMs (2X10% were
incubsted with JgG-opsonized latex beads (2X 107} for the indicated times, and Triton X-100 buffer lysates were analyzed for (b) tyrosine-phosphorylated proteins
hy probing with horseradish peroxidase-conjugated ami-PY antibody (representative of five experiments using MDMs prepared from different donors): or {c) Syk
tytosine phospborylation by immunoprecipitation of Syk snd immunobletting with horseradish peroxidase-conjugaied anti-PY antibody (representative of five MDM

donors), [nput level of Syk wes determined by reprobing the blots with S8yk 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 FcyR-mediated phagocytosis [6] and 1o colecalize with
phagosomes [6, 26]. Here, we confirm and extend those obser-
vations 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 pos-
tulaled to involve the kinase p125 FAK, shown previously to
bind to paxillin LD motifs [28). 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 [6] and an-
other reporl demonstrating the expression and phosphorylation
of FAK as a result of FeyR 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 lo FAK [41], known to be
expressed in human monocytes/macrophages [29] and to bind
to paxillin [42], is activated during FeyR-medialed phagocy-
10sis. OQur results demonstrated that tyrosine phosphorylation of
Pyk2 was increased during FeyR-mediated phagocytosis. This
is the first report of stimulation of Pyk2 tyrosine phosphoryla-
tion in response to phagocytosis, although this kinase has been
implicated in other processes involving reorganization of the
cytoskeleton, such as locomolion and adhesien [29, 43, 44).

FeyR 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 catalylic domain, the
activation of protein tyrosine ¥fnases associated with the B
subunit of the receptor {Janus kinase, signal-iransducing acti-
vator of transcription, and Src families} mediates GM-CSF-
stimulated proliferation, differentiation, and gene expression
[49, 50]. Stimulation of human menccytes with GM-CSF for
48 h resulted in increased expression of FeyR 11 and increased
binding of IgG-opsonized particles [51). In our experiments,
shori-term pretreatment of MDMs with GM-CSF (2-5 min) was
unlikely to increase FcyR expression and de novo receptor
synthesis. Qur observalions 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 Fcy re-
cepior expression as well as the phosphorylation of intracellu-
lar tyrosine kinases. Because GM-CSF treatment of MDMs did
nol enhance phosphorylation of Syk, we postulate that GM-CSF
exerts its slimulatory effect on FeyR-phagocytosis by acting
either distally 10 Syk kinase in the FeyR-mediated signaling
cascade or in a parallel pathway mediated via Fey receptor.

Our study shows that the early signaling events during
FeyR-mediated phagocytosis in human MDMs were similar lo
those previously characterized in murine macrophages. In both
species, key prolein tyrosine kinases were activated during this
process. In addition, we have demonsirated a novel role for the
FAK-related kinase, Pyk2, in phagocytosis and have provided
a baseline for further studies on Ihe stimulsiory role of GM-
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CSF on macrophage function. Because recent clinical studies
have demonstrated the successful oulcome of adjunctive GM-
CSF treatment for opportunistic infecticns in immunosup-
pressed 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 monccyte-
derived macrophages in vitro but not by peripheral
blood monocytes in vivo

Katherine Kedzierska®, Johnson Mak®8*, Anthony Jawerowski¥®*,
Alison Greenway®8*, Antoniette Violo?, HiuTat Chan?, Jane Hocking®,
Damian Purcell’, John S. Sullivan®, john Mills%¢ and
Suzanne Crowe®®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 monocyies and monocyte-derived macrophages (MDM).

Design and methods: Using a flow cytometric assay, phagucytosis of Mycobacterium
avium complex (MAC) by monocytes in whole blood of Sydney Blood Bank Cohort
(SBBC) members infected with a nef-deleted (A nef) 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 A nefstrains 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 Fcy 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 menocytes (infrequently infected with
HIV-1) in vivo. Conversely, the fact that MDM infected with either Anef or WT RHIV-1
in vitro (high multiplicity of infection) show comparably impaired phagocytosis,
indicates that HIV-1 infection of macrophages can directly impair function, indepen-
dent of Nef. © 2001 Lippincott Williams & Wilkins
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Infroduction tor cells against a number of intracellular pathogens
including Mycobacterium aviii complex (MAC), Tox-
Cells of macrophage lineage including peripheral blood oplasma gondii, Candida albicans and Prenmocystis caripii.
monocytes and tissue macrophages are important effec- These cells provide critical functions in the cell-
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mediated response to these opportunistic pathogens
such as chemotaxis, phagocytosis and intracellular kill-
ing. We and others have reported that a number of
these functions are impaired following HIV-1 infection
[1-3]. These defects contribute to the pachogenesis of
AIDS by allowing reactivation or infection with other-
wise uncommon opporiunistic pathogens (reviewed in
[4]), resulting in significant morbidity and moralicy.

The exact mechanism by which HIV-1 impairs mono-
cyte/macrophage funciion and promotes disease pro-
gression remains unclear. However, the iimporance of
Nef (a 25 to 30 kDa myristylated accessory protein) for
HIV-1 pathogenesis has been demonstrated in prospec-
tive studies of the Sydney Blood Bank Cokort (SBBC),
a blood donor and eight transfusion recipients who
were all infected with a strain of HIV-1 containing
deletions within the n¢f gene and deledons and dupli-
cations within the overlapping long terminal repeat
ovetlap [5-7]. Although there is evidence of recemt
clinical progtession 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, sup-
porting 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
rthesus macaques [8] as well as in HIV-infected severe
combined immunodeficient (SCID)-hu nice [9}.
However, viral load may play an important role, as
infant tnacaques infected with nef-deleted SIV at high
multiplicity of infection developed disease [10].

Nef is thought to contribute to HIV-1 pathogenesis
through a variety of mechanisms such as down-regulat-
ing CD4 and MHC class | expression [11—-15], colian-
cing virlon 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 kinascs, Hck and Lyn [20-23], p21-
activated 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
have examined the indirect {(e.g. cytokine or chemo-
kine) effects of HIV-1 infection on phagocytosis by
monocytes (infrequently infected with HIV-1) in
whole blood from HIV-infected individuals including

SBBC members and patients with WT HIV-1 infec-
tion. To examine the direct eifects of HIV-1 replica-
tion within monocyte-derived macrophages (MDM)
we have infected MDM with either nef~deleted (A wnef)
or WT strains of HIV-1 in vitre, at relatvely high
muldplicity 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
mat.'rdly in MDM infected in vitro and in monocytes
studied ex wvivo, 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 antico-
agulant, with their informed consent, and dispensed
into polypropylene tubes. Similarly, blood was collected
from HIV-l-infected patients and from uninfected
controls. Peripheral blood was assessed for plasma HIV
RNA by bDNA assay (Chiron Corporadon, Emery-
ville, USA) or reverse transcriptase (RT)-polymerase
chain reacdon (Roche Diagnostics, Nutley, New Jer-
sey, USA) according to manufacturers’ instructions.

Whole blood phagocytosis assay

Fluorescein isothiocyanate (FITC)-labelled MAC
(5 X 10° and 1.5 X 107} was added to 100 ¢l 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]. Pha-
gocytosis was terminated after 10 min by plunging the
tubes into ice. The fluorescence of MAC-FITC adher-
ent to the monocyte surface was quenched using
quenching agent (Orpegen, Heidelberg, Germany).
Monocytes were identified by staining with anti-CD14
conjugated to phycoerythrin (Becton Dickinson). Ery-
throcytes were lysed with FACS lysing solution (Bec-
ton Dickinson) and the remaining cells were fixed with
1% formaldehyde (Polysciences, Warrington, Pennsyl-
vania, USA) for flow cytometric  analysis
(FACSrarftUS), 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 pl) 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 pm in diameter; Sigma,
St Louis, Missouri, USA) at a concentration of 5 X 107
beads/ml, 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/] glyeine 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% Toton-X
100 (Merck, Kilsych, Australia) for 1 min, washed nwice
with 1% FCS/PBS-CMF and stained for F-actin levels
with phailoidin-Alexa 488 (Molecular Probes, Eugene,
Oregon, USA) for 30min at 4°C. The cells were
washed with cold PBS-CMF, fixed with 1% formalde-
hyde and analysed by flow cytomeury.

HIV-1 infection of MDM in vitro

A subproviral Ancf construct, obtained from NIH
AIDS Reagent Program (contributed by Ronald Des-
rosiers), was used to generate the full length NL4.3A nef
proviral DNA. The DNA constructs pNL(AD8) and
pNL(AD8Ang) 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-1p,.1) of HIV-1 was also used for MDM infec-
tions as described previously [30]. The wef-deleted
primary isolates from D36 and Ci18 (two of the SBBC
members from which virus could be successfully
isolated) were prepared by co-culturing peripheral
bloed mononuclear cells (PBMC) from D36 or Ci8
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/mi, Genzyme, Cam-
bridge, Massachusetts, USA} for 3 days prior to co-
culture, Cells were then co-cultured in the presence of
recombinant human intedeukin (IL)-2 (10 U/mi;
Boehringer Mannheim, Mannheim, Germany). Puni-
fied MDMs from HIV-1 seronegative buffy coats were
infected with HIV-1ncaps chimera, HIV-1 qiansane)
¢himera, HIV-1p,., and primary isolates HIV-1p3 or
HIV-i¢yg from SBBC members at the same multi-
plicity of infection. Control cells were mock-infected
and cultured under identical conditions. HIV-1 infec-
tions were all performed using MDM 5 days after their
isolation, cultured in suspension in polytetrafluorethy-
lene (Teflon) jars (Savillex, Minnetonka, Minnesota,
USA) at a concentration of 1 X 10¢ cells/ml. HIV-1
replication in MDM was quantified by fAow cytomeury
by measuring intracellular p24 antigen using a MADb
directed against p24 (2pg/ml; IgG1, Olympus, Lake

Success, New York, USA). followed by goat anti-
mouse IgG conjugated to FITC (FITC-GAM; Tago,
Burlingame, California, USA) or by monitoring RT
activity using a micro RT assay as previously described

[30).

Phagocytosis by MDM infected with HIV-1 in
vitro

Phagocytosis of MAC-FITC

The phagocytic capacity of MDM for MAC-FITC was
assessed 7 days after HIV-1 infection. Cells (2 X 10°
cells in 100 pl 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 2h with MAC-FITC, at various MAC-
FITC : MDM ratios (ranged from 1:10 10 1:75), in
duplicate. After washing MDM with PBS and quench-
ing adherent MAC-FITC, the cells were fixed and the
proportion of MDM that had ingested MAC-FITC
was quantified by flow cytometry as previously de-
scribed [3]).

Fe-gamma receptor (FcyR)-mediated phagocytosis

On day 7-10 following HIV-1 infection, the MDM
were plated onto 96-well plates (Costar, Cambridge,
Massachusetts, USA) at 5 X 10 cells per well in 100 ul
of supplemented Iscove’s medium (Cytosystem, Castle
Hill, Australia), and allowed to adhere for 2h in a
37°C, 5%CO; humidified incubator. Sheep red blood
cells SRBC; ICN-~-Cappel, Aurora, Ohio, USA) were
opsonized immediately prior to the phagocytosis assay
with a subagglutinating dtre of rabbit anti-sSRBC anti-
body (1 :300; ICN-Cappel) for 30 min at room tem-
perature. IgG-opsomzed or unopsonized sRBC were
added to adhered MDM at a sRBC : MDM ratio of
10: 1. The plate was centrifuged at 100 X ¢ for 5 min
at 4°C and rhen placed at 37°C, 5%CO; for phagocy-
tosis 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
sSRBC was determined by colorimetric assay [31}.
Briefly, after unbound sRBC were removed by wash-
ing 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/l
Tris-HCI buffer containing 6 mol/] urea by reaction of
haemoglobin with 2,7-diaminoflurene (Sigma). Absor-
bance was determined at 620 min in a plate reader
(Labsystemis, Multiskan, Helsinki, Finland), and com-
pared with a standard curve generated using known
amounts of sSRBCs (ranging from 2 X 10° to 5 X 10%).

C R-mediated phagocytosis

sSRBC were opsonized with pre-warmed 2% AB-nega-
tive human serum as a source of human complement
components for 30 imin at room temperature {Chan H-
T, unpublished). As controls, SRBC were opsonized
with the same source of AB-negative serum that had
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been heat-inactivated at 36°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-I2—myrisnate-13—acetate (PMA) at a final con-
centration of 200 nmol/l 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 20:1. C'R-
mediated phagocytosis was performed at 37°C for
60 min and assessed by colorimetric assay as described
above for FcyR-mediated phagocytosis.

Phagocytosis by Nef-electroporated MDM

To assess the direct effect of Nef on ohagocyeosis in
vitro, purified recombirant Nef protein [32] was intro-
duced by electroporation into MM on day 5 post-
isolation. Cells that were electroporated with purified
recombinant glutathione-s-transferase (GST) or mock-
electroporated (no protein) were used as controls.
Proteins (300 nmot/l per 1 X 10° cells) were intro-
duced into MDM asing a square-wave clectroporator
{Bio-Rad, Hercules, California, USA; amplitude, 5 kV;
pulse frequency, 28; burst time, 0.8s; cvele number,
10). Electroporation of Nef into MDM was confinned
by immunofluorescence staining using specific anti-Nef
MAb (AEG; AIDS Research and Reference Reagent
Program, NIAID, INIH: HIV-i Nef monoclonal anti-
body from Dr James Hoxie) immediately after electro-
poration and at later times as previously described [32]).
Electroporated MDM were returned to cultures and
allowed to recover for 24h 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 phago-
cytosis {as described above) as well as on the Jevel] of
tyrosine phosphorylation during FeyR-mediated pha-
gocytosis. The latter was performed by incubating
MDM with 1gG-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 455, Cells were lysed
in 100 u of Triton-X lysis buffer containing 25 mmol/
b Tris-HCl (pH 7.5), 0.14 mol/I NaCl, 1 mmol/l
EDTA, 1% Trwon-X-100, supplemented with the
following phosphatase inhibitors: 50 mmol/l  NaF,
1 mmol/1 sodium orthovanadate (Sigma), 40mmol/1 -
glycerophosphate (Sigma), and the following protease
inhibitors: 1 mmol/l pefabloc, 1 pmol/l pepstatin,
1 pmol/l  leugeptin (Boehringer-Mannheim).  After
30 min lysis at 4°C, MDM extracts were centifuged at
14000 rpm for 10 min and assessed by immunoblot
analysis.

tmmunoblotting

Cell extracts containing equal amounts of proteins, as
determined by DC protein assay (Bio-Rad Labora-
tories). were boiled inn sodium dodecyl suiphate (SDS)
sample buffer (10 mmol/l Tris pH 8.0, 2mmol/l

EDTA, 1% SDS, 5% {-mercaptoethanol, 5% glycercl)
resolved by 10% SDS-polyacrylamide gel (SDS-PAGE),
transferred to Hybond-C  nitrscelisdose (Amersham
Pharmacia, Litde Chalfont, Buckimghamshire, UK} and
blocked for 2 h in 3% bovine seruut albumin (Sigma).
The blots were probed with a recombinant antibody
directed against phosphotyrosine conjugited with
horseradish peroxidase (RC2{); Transduction Labora-
tcries, Lexington, Kentucky, USA) overnight at 4°C,
washed five times in 1 X Tris-buffered saline contain-
ing 0.3% Tween-20 (Astral, Gymea, Australia) and
subsequently developed for enhanced chemilumin-
escence (ECL} according to manufaccures’s instructions
{(Amersham Pharmacia).

Statistical analyses

Multiple regression was used to model the association
between the percentage of phagocytosis and MAC-
FITC:monocyte ratio, adjusting for HIV-! infection
status (HIV-1 positive, HIV-1 uiegative, and nef~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 : -
monocyte ratio was transformed using natural loga-
dthins. 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 Staca statistical software analysis
package (Stata, Collage Stadon, Texas, USA).

The significance of F-actin contents of monocytes from
HIV-positive and -negative individuals, in vitro infec-
tionps with WT HIV-1{HIV-1Ba-L or HIV-INL
(ADS8)) and nef-deleted strains of HIV-1 (primary
isolates HIV-1D36 and HiV-1Ci8 or HIV-INL
{ADB)(nef chimera) as weli 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 2 total of six Sydney Blood
Bank Cohort members {median CD4, 805 X 10° cells/
ul; range, 306 to 2331 X 10° cells/p); median plasma
HIV RNA <400 copies/ml; range, <400 to 4007
copies/ml), 16 persons with WT HIV-1 infcuon
(median CID4, 138 cells X 10° cells/pl; range, 20 o
713 X 10° cells/ul for 1 svpjects tested at the rime of
assay; median plasma HIV RINA 900 copies/ml; range,
< 500 to 385 500 copies/nil for 13 subjects tested) and
three uninfected persons. Blowd samples from the same
HIV-uninfected 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 nefdeleled Sydney Blood Bank Cohort {SBBC) and
wild-type (WT) HiV-infected subjects ex vivo. The phagocytosis of Mycobacterium avium complex (MAC)-fluorescein isothiocyanate (FITC) by
monocytes of SBBC and WT HiViseropositive subjects was compared with that of uninfected controls and is reported as a percentage of the
phagocytosis by seronegative controls for the same MAC : monocyte ratio (% phagocytosis). The values obtained at each MAC : monocyte ratio
for the seronegative controls were standardized as 100% of phagocytic efficiency, as previously describbed [3). Each phagocytosis experiment

was performed in duplicate.

nef-deleted SBBC WT HiV-infected contrals
Phagocytosis Viral load® CD4 count Phagocytosis viral load" CD4 count
Subject  Expt. {% control) (copies/ml) (cells x 106/1) {% control} {copies/ml) {cells X 108/)
D36 {i) 124 3100 361 40 <500 713
(i) o 2600 414 67 < 500 50
{ii} 80 4000 540 32 < 500 100
C49 {i) LER < 400 918 23 NIT N/T
54 {i) 123 1560 1260 20 < 500 20
Giy 116 1700 1419 35 <500 363
(iti) 96 1800 1120 65 600 NIT
(iv} 96 1600 1152 92 T NIT
Co4 (i 137 < 400 805 32 385500 NIT
i) 123 <400 805 83 ) NT
{iii} 101 < 400 1026 22 95600 40
{iv) 100 < 400 231 44 119800 120
C98 {i) 110 < 400 612 57 10700 400
(i) 115 < 400 306 13 62400 247
€135 (i) 105 = 400 392 55 26800 138
(i) 220 < 400 495 130 900 480
Pvalue 0.808 < 0.0001
Viral load assessed by 3reverse-transcriptase-polymerase chain reaction, "(bDNA assay: N/T, not tested at time of assay.
Phagocytosis by monocnt'es in whole blood from o 1007
individuals infected with WT and nef.deleted =
HIV-1 (&') 80+ o
As SBBC members have been infected with an attenu- = O A
ated strain of HIV-1 for periods in excess of 16 years £ 60~
prior to the onset of any HIV-related symptoms or g
infections [7], it was of interest to determine whether £ 40
they had unimpaired phagocytic function, consistent 3 'eY;
with slow or absent disease progression. Monocytes '§’
present in whole blood from members of SBBC E 20 -
phagocytozed MAC-FITC (ingested predominantly via = .I_:I_ﬂ; (m]
C'R [33]) with an cfficiency similar to that of mono- 0 S~ — Py %0

cytes from MHIV-1-uninfected individuals (P = 9.808),
but significantly better than monocytes from individuals
infected with WT HIV-1 (P < 0.0001) (Table 1, Fig.
1). [n addition, monocytes from members of SBBC
phagocytosed Toxoplasma gondii—~FITC (med:ied pre-
dominantly via FcyRII [34]) substantially better than
monocytes from WT HlV-infected individuals (n = 4;
data not shown). These data suggest that both C'R-
and 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 inhibi-
tion of phagocytosis and either viral load (R = —0.27;
P = 0.38) or CD4 counts (R = 0.35; P= 0.29).

Mechanism underlying inhibition of phagocytosis
The surface expression of the complement receptor
{CD11¢) and Fey receprors (CI316, CD32) was not
modulated in monocytes from individuals infected with

MAC-FITC: monocyte ratio

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

WT or wnef-deleted HIV-1 when compared with
uninfected subjecs (data not shown), supgesting 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 essen-
tial 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 FeyR-
mediated phagocytosis  (Kedzierska, unpublished).
Monocytes in blood of HiV-infected individuals
showed significantly increased basal levels of polymer-
ized actin in comparison with F-actin level in mono-
‘cytes 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 10min of
phagocytosis, but not in monocytes from HIV-infected
individuals (Fig. 2b; n = 3). These dat suggest defec-
tive actin rearrangement {and thus abnormal phagocy-
tic cup formation} in blood monocytes from HIV-
infected subjects,

Pliagocytosis 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 phagocy-
tosis was assessed, initially by using Anef strains to infect
MDM i vitro in comparison with WT HIV-1, In vitro
infection of MDM by Aunef strains HIV-1p3, (primary
isolate from SBBC member D36) or HIV-1NyADS)D wef
chimera impaired phagocytosis of MAC-FITC to the
same degree as infection with WT HIV-1 [Ba-L or

{a)
1804

P=0006

1601

1404

Mean fluorescence

100+

(XN

0 —
Uninfected HIV-infected

Mean fluorescence

NL(ADS8)]). All infected MDM cultures showed im-
paired phagocytosis compared with uninfected MDM
(P < 0.001; Fig. 3).

MDM infected with either WT HIV-1 (Ba-L or
NL(ADS8)) or Anef HIV-1cg (primary isolate from
SBBC cohort member C18) or HIV-InyL@aDgang chi-
mera had impaired phagocytosis mediated via either
Fcy and C' receptors using specifically opsonized
rargets {IgG- and C’-opsonized sRBC) in comparison
with uninfected MDM (P < 0.001; Fig. 4). Infection
of MDM with n¢f~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 ngf-deletion had no significant effect
on HIV-1 replication in vitro as measured by RT
activity in the culture supernatant (mean RT values of
204 500 cpm/1 X 108 MDM  and 125000 cpm/1 X
10¢ MDM for HIV-1naps and HIV-1niaDs)ans
chimera respectively; n=5; P=048) or by flow
cytometric analysis of intracellular p24 antigen (mean
of 59 and 74% p24-positive MDM for HIV-1npapsg
and HIV-Inpapgang chimera respectively; n = 2}

Phagocytosis by MDM electroporated with Nef
protein

To address directly the effects of Nef on phagocytosis
by MDM, cells were electroporated with Nef. Electro-
poration of Nef protein into MDM did not affect
phagocytosis of MAC-FITC compared with mock- or
GST-electroporated controls (n=4; P==0.16 and

(b)

190

1801

170+

160:

Phagocytosis (mins}

Fig. 2. F-actin content in peripheral blood monocytes during phagocytosis. Blood samples from HIV-positive individuals (solid
symbols} or uninfected contrals {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 -t SEM from five difierent experiments (b) representative of three experiments using
blood samples from HIV-negative {n = 4) and HIV-positive {n = 3} donors.
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Fig. 3. Effect of wild-type (WT) HIV-1 and nefdeleted HIV-1
infection on phagocytosis of Mycobacterium avium complex
{MAC)-fluorescein isothiocyanate (FITC) by monocyte-de-
rived macrophages (MDM). Phagocytosis of MAC-FITC by
MDM infected in vitro with mock (open bar), WT HIV-1 (Ba-
L or NL{ADB); black bars) or Anef HIV-1 (NLAD8)Anef
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 MDM phagocytosing MAC-
labelled with FITC {mean x SEM) is shown using
MDM : MAC-FITC ratio of 1:75. These dala are the means
compiled from results from 10 different MDM donors.

Phagocylic index
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0.54 respectively) (Fig. 5a). As Nef interacts with
cellular proteins and kinases which are also phosphory-
lated 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 GST-
electroporated MDM displayed similar levels and pat-
terns of phosphorylation during FcyR-mediated phago-
cytosis 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.

Discusstion

OQur data show that phagocytosis of MAC by blood
monocytes from individuals infected with nef-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 muldiplicity of infection with WT or Anef
HIV-1 strains, the phagocytic capacity of these MDM

Phagocylic index

Fig. 4. Effect of nef-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-1g, and HIV-1naps (black bars) or Anef strains (HIV-1uapmany of HIV-1¢15, nefdeleted
prmary isolatc; grey bars), Phagocytosis was performed on day 7-10 post-infection. These data represent means + SEM from (a) five

different MDM doners: (b} three different donors. * Shown results from a single experiment.
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Fig. 5. Impact of Nef electroporation on phagocytosis of (a)Mycobacterium avium complex (MAC)-lluorescein isothiocyanate
{FITC); (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) MDM (2 X 108)
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 pg 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 thac if
HIV-1 Nef protein has an effect on monocyte and
macrophage phagocyuc function, 1t 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 in vitro [35—
42], 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 wo 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 susceptibilicy to HIV-1 infection (monocytes
being highly refractory, whereas macrophages are fully
pennissive to HIV-1) [45], the expression level of
surface receptors (including CD4, CCRS5 and phagocy-
tic receptorsy [30,46] as well as in their cytokine/
chemokine prcduction profile (reviewed in [47]). This
study, however, demonstrates defeciive phagocytosis by

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

Phagocytosis of opportunistic pathogens such as MAC
(udlizing predominandy C'R for phagocytosis; [33])
and Toxoplasma gondii (utilizing FcyRil; [34]) was
impaired by peripheral blood monocytes from WT
HiV-infected individuals but not from SBBC members
infected with a Anef strain of HIV-1. Impaired phago-
cytosis following HIV-1 infection is likely to directdy
contribute to HIV pathogenesis, by allowing reactiva-
tion of opportunistic pathogens normally controlled by
macrophages. Our data demonstrating normal phagocy-
tic 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~deleted
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 phagocy-
tic efficiency and nef~deletion is not passible.

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 infecdon) 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,
MIP1-a and MIP1- by macrophages [48], induces
synthesis of IL-15 by MDM [49], IL-10 [50], tumour
necrosis factor-a, IL-6 and IL-1b (Greenway, unpub-
lished) by PBMC or alters IL-2 production by T
lymphocytes {31,52]. 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/chemo-
kine production.

The nef gene of primate lentiviruses is necessary for
high level virus replication fn vive [8]. It has been ako
demonstrated by the work of Ruprecht ef al. that SIV
with nef deletion is generally attenuated in adult
macaques, but causes disease in infant macaques, prob-
ably 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 vive 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 couns 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 correla-
tion between the observed inhibition of phagocytosis
and either viral load (undetectable or low in approxi-
mately 50% of subjects) or CDD4 counts in individuals
infected with WT HIV-1, suggesting that the differ-
ence in phagocytosis between wef-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 wviral 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 Fcy receptors on monocytes, indi-
cating that inhibition of phagocytosis occurs at a post-
receptor level. Recentdy, Elbim e al. [56] showed
increased basal levels of F-actin in monocytes from
HIV-infected individuals, at different stages of discase,
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 P-actin level in
uninfected controls. As actin polymerization plays a
crtical role in the formadon of phagocytic cup and
ingestion of phagocytosed particles, defective actin
rearrangement is a potential mechanism undedying
impaired phagocytic function in HIV-infected indivi-
duals. F-actin content in monocytes from individuals
infected with nef-deleted HIV-1 remains to be eluci-
dated.

There are other potential mechanisms by which Nef
could directly influence phagocytosis. Nef associates
with several celiular kinases, including Src family
tyrosine kinases, Lck (resulting in impairment of Lek-
mediated signaliing events) [57] and Hcek (resulting in
its activation) [23}. As the samie 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 cytoskele-
tal 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 mef-deleted swain of HIV-1. Expen-
ments to specifically address both FeyR- and C'R-
mediated phagocytosis (occurring via different signal-
ling mechanisms {59]) by HIV-infected MDM showed
similar levels of impairment. In our studies deletions
within n¢f did nor 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 resulis suggest that decreased
phagocytosis it virro is predominantly a direct conse-
quence of HIV-1 replication in MDM, and that Nef
does not contribute to this impairment of MDM
function. Unaltered fevels and pattern of tyrosine
phosphorylation of key proteins during FeyR-
mediated phagocytosis by Nef-electroporated MDM
confirmed that Nef on its own is not sufficient 0
inhibit the process of phagocytosis.

In conclusion, there is no impairment in phagocytosis
by monocytes in whole blood from individuals infected
with Angf strains of HIV-1 in contrast to subjects
infected with WT HIV-1, possibly reflecting an indir-
ect effect of infection with HIV-1 resulting in altered
actin polymerization in these cells. However, i vitro
infection of MDM with ng¢f-deleted strains and WT
HIV-1 at relatively high muliplicity of infection both
equally impair phagocytosis, indicating a direct effect of
HIV-1 infection and replication on macrophage finc-
tion, and suggesting that Nef does not directly impact
on macrophage phagocytic activity.
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Granulocyte-Macrophage Colony-Stimulating Factor Augments Phagocytosis

of Mycobacterium avium Complex by Human Immunodeficiency Virus Type
1-Infected Monocytes/Macrophages In Vitre and In Vive
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The role of human itnmunodeficiency virus type 1 (HIV-1) infection on the abiiity of human
monocytes/macrophages to phagocytose Mycobacterium avium complex (MAC) in vivo and
in viecro 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 vv1s found to impair the ability of monocyte-derived macrophages to phago-
cytose MAC in viiro, whereas GM-CSF significantly improved this defect. Phagocytosis was
not altered by exposure {0 a mutant form of GM-CSF (E21R) binding only to the « chain
of the GM-CSF receptor, suggesting that signaling by GM-CSF that leads to augmentation
of phagocytosis is via the 8 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 ther-
apy may be usefut in restoring antimycobacterial function by human monocytesfmacrophages.

Infection of monocytes/macrophages with human immuno-
deficiency virus {HIV) has been reporied 1o impair a2 number
of elfecior functions carried out by these cells, resulting in de-
fective phagocytosis of Candida albicans, Aspergiflus frunigatus,
and Toxoplosma 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 lunction are thought to contribute
to the pathogenesis of A1DS 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 antimyco-
bacterial drugs are wsually effective in suppressing symploms,
drug resistance leading to persistent clinical symploms is in-
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creasingly being recognized. Granuiocyte-macrophage colony-
stimulating factor (GM-CSF), a cytokine regulating prolifer-
ation, differentiation, and function of granulocytes and
macrophages, has been previously shown 1o up-regulate phag-
ocytosis and intracellular killing of MAC by murine and un-
infected 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 my-
cobactericidal activity in monocytes from AIDS patients with
MAC bacteremia [6)].

We have investigaled the ability of human monocyles and
MDM to phagocytose MAC after their having been infected
with HIV-1 in vitro and have siudied the effects of GM-CSF
on this function. In addition, we have examined the elfect of
a course of adjunctive GM-CSF treatment of a patient with
advanced HIV-1 infection and disseminated infection with mul-
tidrug-resistant MAC.

Materials and Methods
Isolation and Culture of Monocytes

Human monocytes were isolated Mrom H1V-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 gither treated with
recombinant human GM-CSF (Genzyme, Cambridge, MA) at a
concentration of 100 ng/ml. or left unexposed to GM-CSF as con-
trols. Experiments were also done with a mutant form of GM-CSF
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(E2IR: T ug/mL; BresaGen. Adelaide, Australia) with a site mu-
tation within the first & helix. resulting in a substitution of arginine
for giutamic acid {7]. This mutant GM-CSF binds with low affinity
only to the o chain of the GM-CSF receplor.

HIV Infection of MDM

MDM in suspension culture were infected 4-6 days after iso-
fation with the macrophage-tropic strain HIV-1,,,. as described
elsewhere [2). Aflter 4 h of exposure to HIV, cells were washed with
PBS and resuspended in supplemented 1scove's medium {Cytosys-
tem, Castle Hill, Australia) in the presence or absence of GM-CSF
or E2]1R mutant GM-CSF. HIV-1 infection was quantified by mea-
suring p24¢ antigen (H1V-]1 p24 assay; Abbott Laboratories, Abbott
Park, 1L} in culture supernatants obtzined 7 days after infection.

GM-CSFE Treatment of the HIV-1-Infected Patient

A 35-year-old man was hospitalized with disseminated MAC
infection resistant 10 ethambutol, clarithromycin, and amikacin.
He had a history of extensive prior anliretroviral 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 GM-
CSF (Schering-Plough, New South Wales, Australia) by subcuta-
neous injection at an initial dosage of 400 pp/day. GM-CSF ireal-
ment was suspended on day 7 of therapy because of neutrophilia
and recommenced at a dose of 200 pg/day on day 14, when his
neutrophil count declined 10 10.2 % 10*/mL. On day 38, he devel-
oped 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 biood was collected twice before begin-
ning GM-CSF wreatment and 2 or 3 times per week during GM-
CSF therapy Lo assess phagocytosis of MAC by monocytes and to
measure plasma HIV RNA (branched DNA uassay; Chiron, Eme-
ryville, CA). Blood and duodenal biopsy specimens were cultured
for MAC by incculation inte BACTEC 13A media (Becton Dick-
inson Diagnostic Systems, Cockeysville, MD) by standard proce-
dures and cultured a1 35°C for up 10 8 weeks. A growth index of
>20 determined by use of the BACTEC 460 system indicated a
positive culture, Ziehl-Neelsen and avramine-rhodamine staining
was dene on all positive cultures, and identification wus confirmed
by the Stale Reference Laboratory by means of a DNA probe
t Accuprobe; Gen-Probe, San Diego) and biochemical tests.

Phagocytosis Assays

Wich auditred MDAM in viro.  On day 7 afier HIV infection,
ADM (2 X 10° cells in 100 gl, of PBS) were dispensed in poly-
ropylene tubes (Beoton Dickinson) and cocled on ice for 20 min.
1DM were incubated for 2 h a1 37°C or 0°C with MAC (M, avitm
Ad M, intracelludare, 2 mixture of 4 serovars) labeled with fluo-
scein isothiocyanate (FITC), as described by our group {8], at
fTerent ratios of MAC-FITC to MDM, in duplicate, Phagocytosis
as arrested by plunging the tubes into ice. The fluorescence of

GM-CSF Improves Phagocytosis by Macrophages a9

adherent MAC-FITC was quenched by uvise of quenching agent
(Orpegen, Heidelberg, Germany). Cells were washed twice with
cold PBS and fixed with 1% flormaldehyde (Polysciences, War-
rington, PA). The percentage of MDM that phagocytosed MAC-
FITC was quantified by flow cytometry {(FACSiar Plus; Becton
Dickinson). The significance of different treatments on phagocy-
tosis was assessed by use of Student’s 7 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 [£]. Briefly, blood from the HIV-1-in-
fected patient treated with GM-CSF was collected in lithium hep-
arin anticoagulant, along with samples from a minimum of 4 HIV-
seronegative and -seropositive unireated controls, Blood samples
from the same HIV-seronegative controls were used for each ex-
periment. MAC-FITC (5% [0° and 1.5 X 107) was added to 100
¢ 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 anti-
CD14 antibody conjugated to phycoerythrin (Becton Dickinson).
Erythrocytes were lysed with FACS lysing solution {Becton Dick-
inson), 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 celis in the phy-
coerythrin-positive cell population.

Statistics

Multiple linear regression analysis was used (o determine the
effects of HIV infection and GM-CSF therapy on the phagocytic
ability of monocytes. A regression equation was constructed to
estimale percentage of phagocytosis by monocytes as a function
of log,, (MAC-FITC 1o monocytes} and dumuiny variables intro-
duced to account for elapsed time, HIV infection status, and GM-
CSF treatment status. The analysis was done by use of the STATA
(Stata, College Station, TX) statistical analysis package.

Results

Effecr of HIV-1 and GM-CSF an phagocytosis of MAC by
MDAM in virro,  The effect of HIV-1,,, infection of MDM in
vitro on phagocytesis of MAC-FITC was assessed by flow cy-
tometry with cells from 10 difTerent donors at a range of ratios
of MDM to MAC-FITC (1 : 12 to 1 ; 75). By 7 days after HIV-
| infection. we found consistent impairment of phagocytosis
compared with that in uninfected controls (significant at ratios
of 1:50 [P<.05] and | : 75 [P<.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-i-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-infecied
GM-CSF-treated MDM phagocyiosed a mean of 55.9% MAC-
FITC, compared with 34.4% of infected MDM cultured with-
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Table 1.

D 2600;181 (January}

Effect of granulocyte-macrophage colony-stimulating factor (GM-CSF) and human

immunodeficiency virus (HIV) on phagocytosis of Mycobacierium avium complex (MAC) by mono-

cyte-derived macrophages (MDM} in vitro,

No. of Mock-inlected HIV-infected

experiments Control GM-CSF EXIR GM-CSF Coniroi GM-CSF E2IR GM-CSF
10 560 + 45 636 x 3.1 — 344 £ 48 559+ 438 —_

5 641 = 62 697 % 315 416 = 110 NG £ 59 54740 A5 70

NOTE. Data are % of macrophages containing fluorescein isothiocyunate-fabeled MAC. Experiments were
done in duplicate with MDM from difTeremt donors a1 a ratio of MDM 10 MAC of | : 75 imean = SD).

out GM-CSF (iable 1). Furthermore, phagocytosis by HIV-
I-infected GM-CSF-treated MDM was restored (o levels com-
parable 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-ireated 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 «
chuin of the GM-CSF receptor, did not augment phagocytosis
of MAC by either HIV-I-infected (P = .68) or paired uninfected
MDM (P = .54; wable 1).

Effect of GM-CSF treaunent on phagocytosis af MAC by
monocytes from an HiV-1-infected patient,  Before GM-CSF
therapy, the phagocytic activity of this patient’s monocyles was
significantly lower than that of H1V-uninfected control subjects
(P < .001). GM-CSF therapy improved the ability of the pa-
tient’s monocyics to phagocytose MAC to levels comparable
with those of Hl1V-uninfected persons, stariing from day 5 after
commencement of treatment (P = .45; figure 14). The phago-
cylic activity of monocytes from HIV-infected palients not un-
dergoing GM-CSF therapy was significantly lower than that
of HiV-uninfected controls and the GM-CSF-treated patient
(P <.001).

The patieni was monitored for MAC bacterentia for =] 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, respec-
tively, whereas after 28-34 days of GM-CSF, the time was 17-24
days (mean, 20.0 days; i =4; figure 1B). The patient experi-
enced only minor fluctuations in plasma HIV RNA levels dur-
ing therapy, with a possibly significant (defined as >0.5 log,,
copies/mL) increase of 0.7 log,, copies/mL occurring at only
one time point (day 28 of therapy; figure 10).

Discussion

This study shows that phazoeytosis of MAC by human
MDM is defective afier HIV-1 infection in vitro and that GM-
CSF treatment can largely restore this antimycobacterial fune-
tion. These data are supported by results from an HIV-infected
patient with drug-resistant MAC infection whose ex vivo pha-
gocytic 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.

Thie effector cells used in the phagocytosis assay in our study
were MDM infected with HIV-1 alter 5§ days in cullure. We
observed a marked degree of donor variation in the abilily of
human MDM 10 phagocylose MAC under conditions test~d
(mean, 56%; range, 35%-82%). This may reflect the variabinwy
in surface expression of CR3 receptors lacilitating 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 voriation in Lhe
proportion of MDM infected with HIV-1, resulting from dif-
fering levels of surface chemokine coreceptor expression.

Our findings are consistent with data showing that HIV-]
infection of MDM in vitro impairs immunologic defenses
against other opportunistic pathogens (reviewed in [4]). Simi-
farly, monocytes from HIV-1-infected persons have been found
10 be less efficient in terms of phagocytosis and killing [9],
although there are also reports of normal macrophage lunction
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 1o controf MAC infec-
tion, with the daia generally indicating reduced antimycobac-
teriad 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, donoz variability of MDM regarding sus-
ceplibility 1o HIV-1 infection, (he stage of maturation of mono-
cytes/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 intracel-
lular killing) of normal human and murine monocytes (re-
viewed in [5)). Earlicr studies that used impure preparations of
GM-CSF reporied no improvement in macrophuge function
after GM-CSF ireatment [12). In our study, there was clear
evidence of improvement in phagocytosis of MAC by MDM
infecled with HIV-1, as well as in paired uninfected MDM (ror:
the same donors. A mutant form of GM-CSF, E21R, bindin,
only to the « chain of the receptor, failed to stimulate pha;
ocytosis of MAC, suggesting that the principal signals co.
trolling phagocylosis occur via the receptor § chain.




ND 2000:181 (January) GM-CSF Improves Phagocytosis by Macrophages 393
1007 A 1007
23 o 8-
=2 ¢
8 o 60~ A GO-I -
€ .E (%] .
g9 40 40+
o O
o~ & 201 20 o
o
3 4 2
0 L i T T T T 1] ) e T ——T T | T T 1
0.4 08 1.2 1.6 2.0 04 a8 1.2 16 2.0

MAC-FITC : monocyte ratio {leg,,)

1B

- ho
L= L=
1 1

Days to positive
MAC cultures
=
1

= o
M |

0 10 20 30 40
= 5.0
% E 48 pormcenmnemomm--g et aleh i S~
cc 8‘ 4.0 [ S ——
- O
= R S e e Rl it Rl R
T
L 30 T v T r -
0 10 20 30 40

Days before/after GM-CSF treatment

Figure 1. A, Effect of granulocyte-macrophsge colony-stimulating factor (GM-CSF) therapy on phagocytosis of Adycodacterium avium complex
(MAC) by monocyles in ex vivo assay. Phagocytosis of fluorescein isothiocyanate (FITC)-labeled MAC by monocyles obtained from human
immunedeficiency virus (HIV)-infected patient undergoing GM-CSF therapy (O} was compared with phagocytosis by monocyles obtiined from
HIV-uninfected controls (A, @, W) and HIV-1-infected patients not receiving GM-CSF ([, A). Shown are representative results from GM-
CSF-treaied patient obtained before GM-CSF trestment (fefi; 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 patieat’s blood. C, Plasma

HIV RNA levels before and during GM-CSF treatment.

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 adjunc-
lively treated with GM-CSF support our in vitro findings. Sim-
ilarly, a recent report by Kemper et al. [6] showed enhanced
aclivation and mycobacitericidal activity of blood monocyles
of 4 AIDS patients with newly diagnosed MAC infection te-
wciving azithromycin combined with GM-CSF, compared with
hat o monocyles from patients receiving azithromycin alone,
‘Towever, those authors found no significant difference between
toups in the reduclion ol mycobacteremia, which may reflect
he efficacy of azithromyein on previously untreated MAC. We

eport here not only increased phagocytosis of MAC but also
nprovement in bacteremii., as measured by the length of time
2quired for blood cullures to become positive, in an HIV-

infected patient with multidrug-resistant disseminated MAC
infection,

Clinical improvement after GM-CSF therapy has similarly
been reported in patients with advanced HIV infeciion and
fluconazole-resistant C. albicans infection [13}: augmentation of
other aspeets of macrophage function has been found in other
immunosuppressed patients [14]. Preliminary data {rom an on-
going 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 sigailicantiy decreased virus load and increased CD4 cell
counts of those subjects [15].

Taken together, these data suggest that GM-CSF therapy
may be uselul to augment macrophage function and to restore

T
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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

Katherine Kedzierska®®, Anne Maerz*, Tammra Warby?,
Anthony Jaworowski*€, HiuTat Chan?, johnson Mak?, Secondo Sonza?,
Angel Lopez®© and Suzanne Crowe®¢

Background: Previous studies of the effect of granulocyte-macrophage colony-stimu-
lating factor (GM-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 CCRS 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 intracelular 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 cytemetric analysis of surface expression of CD4 and CCRS indicates that GM-
CSF 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 replica-
tion through binding to the 3-chain of the GM-CSF receptor.
© 2000 Lippincott Williams & Wilkins
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Introduction of HIV-1 in witro and in wvive [1-3], via the CD4
- molecule and  PB-chemokine  co-receptors  [6,7).
Cells of macrophage lineage can be infected with Although freshly isolated peripheral blood monocytes

macrophage-tropic (M-tropic) or CCR5-using strains {(PBMC) are relatively refractory to HIV-1 infection in
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vitro, susceptibility to infection is dramatically improved
by culturing monocytes prior to infection [8,9]. It i
thought that the levels of maturation of monocytes/
macrophages affects their susceptibility to HIV-1 infec-
tion, as tissue macrophages can be readily infected on
the day of their isolation [6]. HIV-1 replication in
monocyte-derived macrophages (MDM) infected with
M-tropic/CCRS HIV-1 strains may be influenced by a
variety of cytokines and growth factors such as various
interleukins, interferons, chemokines, tumounr 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, includ-
ing activated T cells, monocytes, macrophages and
fibroblasts, is required for the survival, proliferation and
difficrentiation of granulocyte—macrophage precursor
cells and for the funcdon 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 vxerred an vpregu-
latory effect on viral production in both MDM
[14,20-23] and chronically infected promonocytic lines
U937 and U1 [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 a-
¢hain and a (-chain that is shared with interlenkin (IL)
3 and 5 (reviewed by Anmitage [19] and Crowe and
Lopez [29]). Amino acid 21 within the first ¢-helix of
GM-CSF has been found to be critical for the bio-
logical function of GM-CSF and for the interactions
between GM-CSF and the B-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 criter-
ia. A mueant form of GM-CSF (E21R) that binds only
to the a-chatn of the receptor [30,31] and this form
was used to examine the effect of GM-CSF on HIV-1
replication,

Methods

Isolation and culture of monocytes

Human monocytes were isolated from bufty coats of
H1V-seronegative blood donors (supplied by the Red
Cross Blood Bank, Melbourne, Australia} by Ficoll-
Paque density gradient centifugation and plastic adher-
ence as previously described (2] Immediately afeer
isolation, cell viabilicy was greater than 95% as assessed

by Trypan blue exclusion; the purity of monocytes was
greater than 90% as determined by immunofluorescent
staining with anti-CD14 monoclonal antibody (MAb)
{Becton Dickinson, Mountain View, California, USA)
and flow cytometric analysis. Cells were cultured in
Iscove’s modified Dulbecco medium {Cytosystem, Cas-
tle Hill, Australia) supplemented with 10% heat-inacti-
vated human AB+ serum, 2 mmol/] L-glutamine and
24 pg/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 (Te-
flon) pots (Savillex, Minnetonka, Minnesota, USA) at a
concentration of 1 X 10° cells/ml.

Freshly isolated monocytes were treated with recombi-
nant human GM-CSF (Genzyme, Cambndge, Massa-
chusetts, USA or Genetics Institute, Cambridge,
Massachusetts, USA) at varying concentrations (1100
ng/ml). 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 2 neutralizing anti-hu-
man GM-CSF MAb (0.1-100 pug/ml; 4D4) or a non-
neutralizing anti-GM-CSF control MAb (0.1-100 pg/
mi; 4A12) for 30 min ac 4°C prior to its addition to
MDM.

HiV-1 infection of monocyte-derived
macrophages

The M-tropic strain of HIV-1y,. (the AIDS Research
and Reference Reagent Program, Division of AIDS,
Narticnal Institcute of Allergy and Infectious Disease,
NIH, Bethesda, Maryland, USA) or an M-tropic
primary isolate of HIV-1 obtained from an HIV-
infected patient, HIV-1p3,, was amplified in PBMC.
Briefly, PBMC stimulated with phytohaemagglutinin
(10 gg/ml, Murex Diagnostics, Dartford. UK) for 3
days were infected with FIIV-1y, (. or primary isolate
and cultured in lscove’s medium containing 10% fetal
calf serum (PA Biologicals, New South Wales, Aus-
tralia) and 1L-2 10 U/ml (Boehringer-Mannhein,
Mannheim, Germany). The culture supernatants col-
lecred 14 days later were clarified using 0.2 pm filers
{ocnleicher and Schuller, Dassel, Germany), stored at
—70°C in small volumes and thawed inumediacely
before use.

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 GM-
CSF, day 5 infection), as described earlier [20,21); (i)
treated with GM-CSF on the day of isolation and
infected the following day (day 0 GM-CSF, day 1
infection} [23); or (iif) exposed to GM-CSF and HIV-
! on day 5 after isolation {(day 5 GM-CSF, day 5
infection) [13,14]. For infecdons, H1V-1y,, was pre-
treated with 10U RNase-free DNase (Boehringer
Mannheim Australia, Castle Hill, New South Wales,
Australia) for 20 min at room temperature in the
presence of 10 mmol/l MgClto remove contaminat-
ing viral DNA and used at a concentration of
> 350000 pg/ml HIV antigen (HIV-1 p24 antigen
immunoassay, Abbott Laboratories, Abbott Park, Hli-
nois, USA) for 1 X 10% cells for 2 h. Cells were then
washed with phosphate-buffered saline (PBS; Trace
Biosciences, New South Wales, Australia) and resus-
pended 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 24-
well 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 supematants and
GM-CSF stocks were tested for LPS levels using the
- Limulus Amebocyte Lysate Assay (Biowhitrker, Walk-
ersville, Maryland, USA).

Quantification of HIV-1 replication

HIV-1 replication in MDM cultured in 24-well plates
was measured as p24 antigen production (HIV-] 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 pl culture supernatant
was added to 10l 0.3% NP40 in a 96-well plate.
Thereafter, 40 ] RT mixture {50 mmol/i Tns pH 7.8,
7.5 nmmol/l KC), 5 mmol/l MgCh, 2 numol/] dithio-
threitol (Sigma, St Louis, Montana, USA), disulled
HaO up to 4 ml per plate), 5 pg/ml template-primer
p-An.dT12-18 (Pharmacia-Biotec, Buckinghamshire,
UK) and 3 pCi ¥P-dTTP (Amersham Co., Amersham,
UKj was added and the mixture was incubated for 2 h
ac 37°C. The reaction products were spotted on a
DE8! chromatography paper (Whatman, Maidstone,
UK) and air-dried. Dry filters were washed six timcs
with 2X SSC buffer {0.3 mol/! sodium chloride and 34
mmol/l sodium citrate) to remove free radioactive
dNTP, rinsed once in 95% ethanol and air-dried.
Meltitex scindllant (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 de-
termined in pre-fixed and permeabilized cells using a

previously described method (2], by staining for intra-
cellular p24 antigen using a MAb directed against p24
(2 pg/ml; 1gG1, Olympus, Lake Success, New York,
USA) or isotype-matched control (MOPC 21; 2 pg/
mi; IgG;. Bionetcs, 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
(FACStar™, Becton Dickinson).

Expression of GM-CSF, CCR5 and CD4 receptors
Monocytes from HIV-1 seronegative donors were
analysed for expression of the - and f-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;
5pg/ml), P-chain (4F3; 5pg/ml) [32] or isotype-
matched control followed by FITC conjugate. The
proportion of nionocytes expressing - or B-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
HiV-1p,..7 days after isolation. CCR5 and CD4 sur-
face levels were assessed on the day of isoladon, the day
of HIV-1 infection and 2 and 5 days after infection.
CCR5 expression was guantified using MAb against
CCRS5 (5C7; IgG2a, 0.5 pg/ml, LeukoSite Cambridge,
Massachusetts, USA) or isotype-matched control
{(RPCS5; 1gG2a) on ice for 30 min. After two washes
with cold PBS, cells were incubated with anti-mouse
immunoglobulin conjugated with biotin (Silenus, Mel-
bourne, Australia). After two further washes with cold
PBS, MDM were incubated with fluorescein-conju-
gated 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 comugated o FITC
(Leu-3; 1 pg: 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 mutaton within the first -
helix, resulting in a subsdtution of arginine for glutamic
acid [30,31]. This mutaut 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 e-test (paired, 2-tailed).
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HIV-1 DNA and RNA extraction and
amplification

DNA was extracted as previously described [33).
Briefly, 1 X 10° MDM cells infected with HIV-1 were
cultured for 7 days in the presence or absence of GM-
CSF or mutant GM-CSF (E21R). Cells were lysed in
0.5 ml lysis buffer {50 mmol/l KCL, 10 mmol/l Tris
{pH 8.3), 2.5 mmol/l MgCls, 0.5% Tween 20 (BDH
Chemicals, Kilsyth, Australia), 0.5% NP40 (Sigma)].
Following the addition of 5 ul proteinase K (Boehrin-
ger Mannheim), cell lysates were heated at 60°C for
1 h and 95°C for 30 min. Sample lysates and lysates
from controls (8ES 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 *P-labelled probe SK19 was according to published
methods in use in our laboratory [6]. HLA-DQ alpha
was amplified in the same reaction using primers GH-
26 and -27 to standardize the amoumt of DNA in the
lysates,

Using oligo (dT)»; beads (Dynabeads, Dynal, Australia),
mRNA was extracted from MDM lysates according to
the manufacturer’s protocol. Brefly, 1 X 10° 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/l Tris-HCI (pH 8), 500
minol/l LiCl, 10 mmnol/] 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 10°
MDM/20 \l beads) and incubated at room temperature
for 10 min to form a Dynabeads oligo(dT)ss/mRNA
complex. Beads were washed twice with 100 pl wash-
ing buffer [10 mmol/l Tris-HCI (pH 8), 0.15 mol/I
LiCl, 1 mmol/] EDTA (pH 8)}] (BDH Chenicals} 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/l Tris-HCI (pH 8.3), 75 mmol/l KCl
the Dynabeads oligo{dT)s/mRNA complex was resus-
pended in 25 W AMV-RT mix {1 mmol/l each of
dGTP, dATP, dTTP, dCTP, 4 rmmol/l sodium pyr-
ophosphate, 25U RNasin, 18U AMV/RT, S
5X RT-buffer) and incubated for 1h at 42°C to
synthesize cDNA. After removing the RT nux, beads
were resuspended in 100 A elution solution (2 mmol/I
EDTA) and heated at 95°C to remove mRINA. Beads
were resuspended in 100 wl TE buffer (pH 8) and
stored at 4°C in 10-fold dilutions in lysis buffer undi
used for PCR. using gag-specific primers and detection
by hybridization with a 3P-labelled probe SK19.
Levels of ¢DNA were standardized according to f3-
actin levels [34] as assessed by laser densitomerry. To
check for viral DNA contamination, samples prepared

without AMV-RT were included within each experi-
ment.

Results

GM-CSF inhibited HIV-1g,.: replication in MDM in
a dose-dependent manner (Table 1). Results of six
experiments using MDM from different donors con-
firmed that 0.1 ng/ml or greater GM- CSF significantly
inhibited HIV-1y, | replication by a mean of
67.7 + 4.9% (standard error of the mean, SEM) com-
pared with untreated controls. GM-~CSF inhibition was
blocked by a neutralizing MAb (4D4} against GM-CSF
in a concentration-dependent fashion bur uot by 2
non-neutralizing anti-GM-CSF MAb (4A12), suggest-
ing 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-15,, on day 5 and simulta-
neously treated with GM-CSF (day 5 onwards). In 26

Table 1. Granulocyte-macrophage colony-stimulaling factor (GM-
CSF} inhibits HIV-1 replication in monocyte-derived macrophages,

Granulocyte-macrophage
colony-stimulating

factor ing/ml) inhibition (%) Pvalue
0.0 22,2212 0.25
0.1 67.7 £4.9 0.048
1 79.3+£5. 0.042
10 83248 0.043
100 86819 0.046

*Each experiment was performed in duplicate using monocyle-
derived macrophages from six different donors by reverse transcrip-
tase or p24 antigen assay. Percentage of inhibition is expressed as
mean + S0,

Table 2. Specificity of the granulocyte-macrophage colony-stimulat-
ing factor (CM-CSkinduced inhibition of HIV-1 replication in
monocyle-derivied macrophbages,

Reverse ranscriptase activity

{Mean cpm £ 5D}

No GM-CSF 1560 % 192
GM-CSF 1ng/mi 574 £ 209
+404 antibody (pg/ml)

100 1849 1 68

10 1229%72

1 939 £ 70

0.1 672 £ 100
+4A12 antibody (pg/ml}

100 398 & 65

10 27276

1 701 £ 70

0.1 588 X 38

Representative results from a single donor. 404, anti-GM-CSF block-
ing monoclonal antibody: 4A12, anti-GM-CSF non-blocking mono-
clonal antibody.
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of 30 experiments, GM-CSF pre-treatment of MDM
resulted in a two- to tenfold (mean 54.6 4 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-1p3 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

@

d?%

Days post isolation

d10 W

d14

T T
20 000 30 000

MESF

1
10 000

the timing of exposure to GM-CSF prior to infection
influenced the effect of GM-CSF on HIV-1 replica-
tion, monocytes were cultured under one of three
conditions. The addition of GM-CSF resulted in
downregulation of HIV-1 replication under all condi-
tions (P < 0.01) compared with controls. As aneici-
pated 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 3,
regardless of length of time of exposure to GM-CSF
prior to infection {data not shovn).

Incracellular p24 antigen was guantified in MDM
cultured and infected in suspension; GM-CSF dramati-
cally decreased intracellular p24 antigen concentrations
as assessed by fow cytometry, whereas the mutam
GM-CSF E21R did not significantly alter intracellular
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Fig. 1. Flow cytometric analysis of surface expression of a- and f-chains of granulocyte-macrophage colony-stimulating factor
({GM-CSF) receptor. The kinetics of expression of a- (clear bar} and - (haiched bar) receptor subunit expression on manocyte-
derived macrophages during 14 days culture in Teflon pots was measured using monoclonal antibodies against the a-chain
‘8G6; 5 pg/ml), and B-chain (4F3; 5 pg/ml) of the GM-CSF receptor and flow cytometric analysis. Results are expressed as net
mean fluorescence values that have been converted to MESF (molecules oi equivalent soluble fluorochrome) units using
QuickCal program and corrected for background fluorescence. Histograms were unimodal. Results are corrected for background

lluorescence 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 10°, 1.8 X 107 and
5.2 X 1(® 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 < 0.01),
whereas E21R. GM-CSF did not significantly suppress
RT (13.6 & 18% inhibiton; n =7; P= 0.5).

To establish whether the surfice expression of a- and
B-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 B-chain expression on
monocytes were low on the day of isolation and
increased during dhe 14-day culture period (Fig. 1).

To investigate the effect of GM-CSF at the viral entry

(a)

o]

UT- f
;

0 100 200 300
MESF (x10%)

Fig. 2.

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 CID4 was readily detected on freshly isolated
monocytes and increased more than fivefold after 7
days of culture. GM-CSF significanily downregulated
surface expression of CD4 by more than 50% on days
7. 9 or 12 after monocyte isclation and GM-CSF
treatment (Fig. 2a). GM-CSF also decreased expression
of CD4 in HlV-infected MDM on days 2 and 5 after
HIV-infection (corresponding to days 9 and 12 poss-
isolation) (Fig. 2a). Surface expression of CCR5 was
undetectable or barely detectable on freshly isolated
monocytes and significantly increased with in wvitro
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 2 minimal one- to threefeld decrease in the
level of HIV g¢a¢g DNA in infected cells cultured in the
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Fig. 2. Flow cytometric analysis of surface expression of CD4 (a) and CCRS5 (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. Celis were infected for 4 h with HIV-Tg, and then cultured in the presence (shaded
hars) or absence of GM-CSF (dotted bars). MDM 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 {lucrochrome) 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 contsol monocional antibody (RPCS5; 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 experi-
ment) for cells cultured in the absence of GM-CSF,
presence of GM-CSF and presence of EZIR 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-1p,
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 transerip-
tion. Densitometry units for gag signal standardized o
equivalent levels of f-actin Jevels 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-TSF coasistently suppresses
HIV-1 replication in human MDM in 2 dose-depen-
dent 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. E2IR
GM-CSF, binding only to the a-chain of the GM-
CSF 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 B-chain of its receptor.

Our report addresses a longstanding controversy in the
literature, with most of the early studies reporting
augmencation [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 concentra-
tions 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 afier infection. {a) HIV-1 gag DNA
was assessed in threefold dilutions of celt 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 SK19 for gag. Dilutians were
similarly prepared from cell lysates of 8E5 cells (cuntaining 1
HIV-T provirus per cell} and amplified concurrently to serve
as standards. (b) HIV-1 mRNA was assessed as cDNA synthe-
sized from mRNA by PCR using gag-specific primers and
detected by hybridization with a *2P labelled probe SK19.
Levels of cDNA were standardized according to f-actin
fevels. Polymerase chain reaction on samples prepared with-
out 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 potendally con-
tribute to such variation. We have extensively exam-
ined potential confounders to determine why our
results differ to some previous studies. We have
reproduced the assay conditions used by other investi-
gators, including strain of HIV-1, source/concentration
of GM-CSF, tming of incubation with cyiokine in
refation to cell maturity and HIV-1 infection. Regard-
less of the experimental conditions, we observed
reduced replication of HIV-].

The mechanism by which GM-CSF alters HIV replica-
don in MDM and in promonocytic cell lines is also
controversial. Wang et al. (23] reported that the GM-

CSF-induced increase in HIV-1 replication in MDM
was attributable to upregulation of CCR35 expression,
These data are in direct contrast to those of Di Marzio
¢t al. [28], who demonstrated that GM-CSF suppressed
CCRS5 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 infecdon resulted in modest down-
regulation of CD4 surface expression and augmentation
of CCRS35 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 er al. [38] and
Kozak ¢ af. [39] demonstrate that expression of CI34 is
not a rate-detertnining factor for viral entry in the
presence of adequate CCRS levels, since M-tropic
strains of HIV-1 have been able to infect CCRS5-
expressing 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 CCRS5. Interferon-gamma {IFNy), 2
cytokine that has bidirectional effects on HIV-1 repli-
cation in MDM, significantly upregulated CCRS sur-
face expression and inhibited CD4 surface levels,
coincident with suppression of HIV-1 replication |40].
These results are not surprising since both GM-CSF
and IFNYy are known to transduce signals via contimon
pathways, e.g., JAK/STAT. The reladonship berween
JAK2 actvation 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 o-
chain with low-aflinity binding [41] and 1 non-ligand-
binding f-chains that increases binding affinity [42].
Although there is high expression of the a-chain and
low expression of the B-chain on the surface of mono-
cytes [43], to our knowledge the kinetics of expression
over time in culture has not previously been documen-
ted. It appears that monocyte differentiation is assoctated
with an increase in a/f dimers available for GM-CSF
binding and transduction of the signal o the cell.

Our data suggest nunimal inlibiton at ggg DINA level
and a three- to tenfold decrease in gag mRINA within
MDM treated with GM-CSF compared with uncreated
cells, suggesting thar the block to HIV-1 replication
occurs at or prior to transcription. The difference in
the inhibitory effect for DNA and mRINA levels could
be a consequence of the effect of GM-CSF ar multiple
points, donor variation or the semiquantitative nature
of the assays. Qur results are in agrecment with
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Matsuda ef al. [27], who has also reported inhibition of
HIV-1 replication by GM-CSF with a decrease in pro-
viral DNA.,

Currendy, 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 pa-
tients increased serum p24 antigen and plasma HIV
RINA titres [44,45]. However, when used in combina-
tion with effective antiretroviral therapy, GM-CSF has
been safely administered to patients [46-49]. Data from
two studies of HIV-infected patients receiving antire-
troviral therapy and GM-CSF have shown that patients
experienced a decrease in viral Joad and an increase in
CD4 counts [50,51]. Clinical improvement and aug-
mented macrophage function without an increase in
viral load has heen also rcported in patients with
advanced HIV infection and drug-resistamt opportunis-
tic infections when treated with GM-CSF {46,52]. Our
i vitre data, together with that contined in another
recent report [28] and the clinical studies mentioned
above, suggest that clinical utility of GM-CSF in the
serting of HIV infecdon ({especially with M-tropic
strains of the virus) may be cautionsly revisited.
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monocytes /macrophages in vivo and in vitroe:
a review
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Abstract

Ceils of macrophage lineage constitute the main cellular target of Human Immunodeficiency
Virus type | (HIV-1). Replication of HIV-1 in monocyte /macrophages is generally angmented by
factors promoting their differentiation. Granulocyts—macrophape colony-stimulating factor (GM-
CSF) is a key regulator of the differentiativn of cells of macrophapge lincage. The effects of
GM-CSF on HIV-1 replication in vitro are still controversial. Most of the published smdies
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-]
expression. In vivo, GM-CSF administrated to HIV-positive patients at any stage of disease,
without any antiretroviral therapy, appears 1o increase HIV-1 activity. The possible mechanism by
which GM-CSF might affect HIV-] replication in macrophages remains uncleas. © 1998 Eisevier
Science B.V. All rights reserved.

Keywards: Macrophage: GM-CSF; HIV

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 immupe
systemn leading to the development of Acquired Immunodeficiency Syndrome (AIDS)

" Comesponding author.

0165-2427 /98/519.00 © 1948 Elsevier Science B.Y. All rights teserved.
PI1 50165-2427(98)00087-7
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{Barre-Sinoussi et al., 1983; Galio et al., 1984). The main cellular targets of HIV-1 are
cells expressing CD4 + surface receptor: the CD4 + subset of T lymphocytes and celis
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 imporiant roles in
immunological and inflammatory responses. Their hematopoietic and immunologic
functicns are regulated through their surface receptors by various cytokines and other
growfa factors. It has been shown that the susceptibility of monocytes to HIV-)
infe~don depends on their differentiation (Sonza et al., 1995; Sonza et al., 1996)
suggesting that factors promoting differentiation of monocytes /macrophages can di-
rectly affect HIV-1 infection and replication. Grannlocyte-macrophage colony-stimulat-
ing factor (GM-CSF) is a critical regulator of the differentiation of cells of this lincage.

2. The structure snd function of GM-CSF and its receptor

GM-CSF is a giycoprotein of 127 amino acids with a molecuilar weight of 23 000-
28 000 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 maltipotential
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 cemonsirated
that GM-CSF at relatively high concentrations enhances monocyte number by stimulat-
ing cell proliferation (Elliott et al., 1989; Bratton et al., 1995), whereas low concentra-
tions of GM-CSF (pM ranges) have been found to enhance monocyte survival (Ellioit et
al., 1989; Eischen et al., 1991). GM-CSF induces the differentiation of monocytes into
macrophages. Circulaling monocytes upon migration inte the tissues differentiate ino
specialised macrophages such as alveolar macrophages, Kupffer celis 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 antimy-
cobacterial activity (Bermudez, 1994; Laursen et al., 1994). Being a pleiotropic cy-
tokine, GM-CSF also stimulates the effector function of circulating neutrophils and
eosinophits {(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
antiparalle] beta sheet (Diederichs et al,, 1991). Although the structure of GM-CSF was
extensively studied in vivo and in vitro, litile is known about regions of the molecule
essential for its biological activity and for receptor recogniticn. However, il has been
shown that elimination of 14 most N-terminal amino acids and six C-terminsl 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 et al., 1988) and the
region between residues 88-96 (Brown et al,, 1990) are essential for ifs biological
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Fig, 1. GM-CSF as a multipotential hemopoictic growth factor that regulates cells of cosinophilic, newtrophilic,
monocytic and megakaryocytic lingages (BFU: bursi-forming unit; CFU: colony-forming unit; Eo: eosinophil;
GEMM: granulocyte, erythrocyte macrophage, megakaryocyie; G: gramu'. <213 GM: granulocyte, macrophage;
M: monocyte; MM: monocyte, macrophage; SCF: stem cell factors TPO; thrombopoietin). 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,, 1952) snd AsplO1 in helix D (Hercus et al.,, 1994a,b) are critical for the
foll 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 « chain
(2.6 nM) and a B 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 8 chain of GM-CSF receptor is shared with [L-3 and IL-5
receplors and does not appear to bind GM-CSF by itself. Recently, it has been
demonstrated that E2IR, 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 8 chain is important for cell survival, which may have important
implications for our understanding of cytokine receptor function.
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3. The effect of GM-CSF on HIV-1 replication in vivo

Clinical trials in HIV-seronegative patierits have indicated that recombinam GM-CSF
can shorien the duration of chemotherapy-induced neutropenia in persons receiving
chemotherapy for various maligrancies (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 HIV-associ-
ated 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 aiso 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-CSIF
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 10° celis) 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 1o report that 2 number of
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cytokines inciuding 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 10 90 times (varying among the different donors) as
assessed by auantifying 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 stimulatied by GM-CSF (Pemo et al., 1989; Schuitemaker
et al, 1990; Perno et al., 1992). Using different experimental protocols they have
reported increases in replication of HIV-lg, | in cultured monocyles exposed to
GM-CSF (100 U /ml) for 5 days prior to HIV-1 infection. These investigators found a 2-
to 30-fold augmentation in HIV-1 replication in cultures pretreated with GM-CSF (or
IL-3, which shares a common S receptor with GM-CSF} when compared to the
unstimulated controls. Similarly, using alvcolar 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 (he presence of GM-CSF has been reported (Denis and
Ghadirian, 1994). These increase effect could be abrogated by other cytokines including
IL-4 and 1L-13.

4.2. Suppression of HIV-1 replication in primary monocyte cultures

Whilst the majority of studies provide evidence of augmentation in H1V-1 replication,
there are also reports that GM-CSF may actually suppress HiV-1 replicalion in
monocyte-derived macropbages (Matsuda et al., 1995) or that it can cause inconsistent
effects on HIV-1 expression. Matsuda et al. found that replication of HIV-1,,, (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 stuady 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 downreguiation of HIV-1,, _, replication in cells
of macrophage lineage (unpublished data).

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 HIV-seronega-
tive volunteers, Hammer et al. (1990) have investigated the role of GM-CSF on HIV-|
expression in these cells. Pretreatment of macrophages with GM-CSF (30 to 300 U/ml)
for 48 to 72 h prior to HIV-1;,, infection and mainienance of the cytokine in the
cultures neither had an inhibitory nor stimulatory effect on HIV-1 replication. There
have been two additional siudies showing that GM-CSF treatment of HIV-1 infected
macrophages may give inconsistent results (Kombluth el al., 1989; Novak et al., 1990).
Novak et al., when investigaling the effects of GM-CSF pretreatment of monocyle-de-
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The effect of GM-CSF on HIV-1 replication in macrophages &
Refcrence Cells Strain of HIV-1  Effect on HIV-{ Source of GM-CSF Protocol Method of detection %‘
Increase in HIV-I E
Folks et al., 1987 U1 /U937 100 fold increase Immunex 10U/5X10% cells 48 h RT activity Z
Koyanagi et al., 1988 MDM IR-FL 4-90 fold increase  Unknown 100 pM-1 nM 1 day post-HIV HIV p24 ELISA ~
Schuiternaker et al., 1990  MDM Ba-L 2-5 fold increase Sandogz 100 U /m) 3 days pre-HiV HIV p24 ELISA 3
and post-HIV a
Perno et al., 1989 MDM Ba-L 5-10 fold increase  Sandoz, Genetics Instiiute; 5 days pre-HIV HIV pi4 ELISA f{
100 U/ml and post-HIV g
Perno et al., 1992 MDM HiB 7-30 fold increase  Sandoz 100 U/m! 5 days pre-HIV HIV p24 ELISA E
‘ and post-infection 3
)
Decrease in HIV-f B
Masuda et al., 1995 MDM Primary isolate  decrease compared  Schering, Plough, Kirin T days pre-HIV, RT activity -
0 M-CSF and post-HIV 3
=
-
No effect on HIV-I ,;g:
Kombluth et al.. 1989 MDM Ba-L Variable Genzyme, Genetics Institute: 18 h pre-HLV, HIV p24 ELISA F
1-10,000 U/m] and post-HIV S
Hammer ct al., 1990 AM 1B No increase/ Geneties institute; 30 U /ml 2-3 days pre-HIV,  RT activity <
decrease and post-HIV w
Novak et al., 1990 MDM 1:] Variable Endogen 5 days pre-HIV HIV p24 ELISA %
=
MDM: monoeyte-desived macrophages. =
AM: alveolar macrophages. e
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rived macrophages on HIV-1,1 v s Teplication, 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
HIVy, _, infection in two experiments, had no effect in two other experiments, and
actually wpregulated 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-] 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

The publishad data suggest that GM-CSF upregulates HIV-1 expression in both
primary cultured monocyte/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 hemopeietic growth
factor stimulating the differentiation and proliferation of cells of macrophage lincage
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
monocyle /macrophages in vitro as delermined by experiments measuring tritiated
thymidine incorporation {Eltiott et al., 1989; Schuitemaker et al., 1990). Walsh et al.
{1991) using a maraque model. observed that GM-CSF enhanced the amount of simian
immunodeficiency virus (SIV) gag protein in the culiure supematant (three- 1o 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 supernatanis may not actually reflect changes in the
virus replication on a per cell basis.

By stimulating the differentiation of monocyltes/macrophages, GM-CSF may actu-
ally 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-I infection, whereas cultured monocyte-derived macrophages and tissue
macrophages (such as bronchoalveolar macrophages) are fully permissive to HIV-{
infection (Rich et al,, 1992; Sonza et al., 1996). Thus the maturation from monocytes (0
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 afflect HIV-1 replication in monocyte-derived macrophages
through stimulation of the binding of host-ceil transcriptionai factors to the HIV-1 LTR
resulting in its transactivation and thus increasing HIV-1 transcription (Nabel and
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5
Baltimore, 1987). Although this mechanism is not entirely clear, it is known that the ;f ¥
enhanced expression of HIV-1 following pretreatment of macrophages with GM-CSF 9
does not act through the NF-xB binding site of HIV-1 LTR. The region responsible for ,:-
GM-CSF activation in cells of macrophage lincage was shown to be located slightly i
upstream and partially overlapping the NF-xB binding site (Zack et zl., 1990). .-'- 5
6. GM-CSF and HIV-1 pathogenesis: summary and conclusions _'; 3

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 ranscriptional 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-!
activity in monocytes /macrophages similarly to that observed in vitro. The effects of

1 gt g
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GM-CSF on HIV-infected macrephage function remains enigmatic. 3
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Quantifving complement-mediated phagocytosis by human

monocyte-derived macrophages

HIU-TAT CHAN,"? KATHERINE KEDZIERSKA,"? JONATHAN O'MULLANE,'
SUZANNE M < ROWE'* and ANTHONY JAWOROWSKI**

41IDS Pathogenesis Research Unit, Macfarlane Burnet Centre for Medical Research, Fairfield, ‘National Centre in
HIV Virology Research, *Faculty 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 car be oneopized with untreated human serum such that
lysis by active complement components is minimal but sufficient opsonization occurs to permit high rates of
coraplement-mediated phagocytosis, Phagocytosis of SRBC opsonized with 2% whole human serum by hurnan
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 heat.
inactivated human serum, phagocytosis was augmented by the phorpol ester, PMA, and phagocytosis was inhib-
ited by a protein kinase C (PKC)-specific inhibitor RO 31-8220, This method was used to demonstraie dircetly that
HIV-1 infection of human monocyte-derived macrophages inhibits complement-mediated phagocyiosis and will
provide a useful tool for pharmacological investigations on complement-mediated phagocytosis by adherent

macrophages.

Key words: complement-mediated snagocytosis, HIV-1, hum2n macrophages.

Introduction

The complement {C') system, a phylogenically ancient com-
ponent of the immune system, is very important in defence
against bazteria.!2 Genetic defects resulting in deficienvies in
specific C’ proteins have been linked to increased suscepti-
bility to infections caused by bacteria such as Neisseria
meningitidis.>* Derivatives of C' proteins, C3 and C4, are
important opsonins for phagocytosis by macrophages,® and
macrophage surface receptors that take up particles coated
with these cleavage products irclude CR1, CR3 and CR4.7-1*
CR1 is a single transmembrane receptor, whereas CR2 and
CR4 arc integrin heterodimers with a commnon B2 chain.?31¢
These receptors have different affinities for different C' prod-
ucts and they are thought to coliaborate in mediating the
uptake of C’-opsonized particles,'"12

C'-mediated phagocytosis has assumed increasing
importance in the era of HIV/AIDS, as the AlDS-related
opportunistic pathogens AMycobacterium tuberculosis and
Mycobacterium avium complex are phagocytosed by macro-
phages predeminantly via the C° pathway,'*'* Our observa-
tions that phagocytosis of M. aviur: complex is impaired by
macrophages infected with HIV-1 in vitro and in vive"
suggest a defect ir C'-mediated phagocytosis in macrophages
as a result of HIV infection. C’ can aiso facilitate phago-
cytosis of other mycobacteria, Legionella pneumophilia,
Salmonella typhi and Staphylo-coccus aureus.\*="
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Studies inio 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 tediows microscopic evaluation of internalized
C'-coated 1argets. ™ Furthermore, the conventional coating
protocols and targets used cannot simuitaneously enable easy
opsonization and convenient discrimination between attached
and internaiized particles.

in the present study, we describe a simple procedure using
2% human serum {or C’-opsonizing SRBU as targets for
phagocytosis, which can then be quantified by 2 modified
colourimetric assay that is specific for ingestion via C’ recep-
tors, 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
isoiation cnd culture of human monocytes

Human peripheral blood monocytes were isslated from buffy packs
of BIV-1, hepatitis B virus (HBV}, hepatitis C virus (HCV), human
T-cell fevkaemia virns {HTLV) and syphilis-“cronegative blood
donors {purchased {rom the Red Cross Blood Bark, Melbourne, Vic.,
Australia) using Ficoll-Pague density gradient centrifugation fol-
lowed by plastic adherence as described elsewhere.® Iinmediately
after isolation, cell viability was greater than 95% as assessed by
Trypan blue exctusion. The purity of monocytes was greater than
85% as determined by immunofluorescent staining with anti-CD14
mAb conjugated directly (o phycoerytherin (CDI4-PE; Becton




Dickinson, San Jose, CA, USA) and assessed by flow cylometry
using a FACS Star Plus flow cytometer {Becton Dickinson). Mono-
cytes were resuspended and cultured in Iscove’s medium (Gibeo-
BRL, Life Technologies, NY, USA) supplemented with 10%
heat-inactiveted human AB-positive serum, 2 mmol/L L-glutamine
{GibcoBRL) sad 24 pp/mL gentamicin {Delta West, Bentley, WA,
Australia) at a concentration of 0.5-1 x 10f celiz!mL in polytetraflu-
orethylene {Teflon) jars (Savillex, Minnetonka, MO, USA).

Preparation of C-opsonized sheep red blood cells

Sheep red blood cells (2 x 10*) ™N-Cappel, Aurora, OH, USA)
were washed three times in cold PBS /*°*" ¢. 7 min}, centrifuged
and opsonized for 30 min at room temperab  immediately priot to
the phagocytosis assay using prewarmed (357°C) 2% AB-negative
untreaied human whole serum (NHS) from Hlv.negativ: donors
(a rource of human C' components). To terminate opsonization,
SRBC were pelleted by centrifugation at 660 g for 10 win at 4°C.
Supernatant was collected nnd the concentration of released haemo-
globin (Hb) was measured a1 540 nm to determing the Jysis of the
SRBC resulting from d-~<truction by C' components, Sheep red blood
cells were then washe. O vee times in coid PBS and resuspended at
a concentration of T x 10%mL, Sheey. rod blood cells used as controls
wete prepared using the same procedures but using heat-inactivated
serum {(iNHS); INHS was derived from serum prepared from the
same donor, heat-innctivaied at 56°C for 45 min (iINHS) and clarified
by centrifugation {20 000 ¢, 10 min). Freshly prepared NHS and
iNHS were aliquoted info microcentrifuge tubes, typically in a
volume of 50-100 uL, snap-frozen in liquid nitrogen and stcred
at —80°C. Serum stored in this manner could be used for up to
12 months after preparation.

For inhibition studies of Fc R-mediated phagocytosis, SRBC
were opsonized with 1gG by incubation with rabbit antiserum to
SRBC (ICN 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 solu-
tion and the pellet was boiled in SDS sample buffer (10 mmol/L Tris
pH 8.0, 2 mmol/L EDTA, 13% SDS§, 5% B-mercaptocthanol, 5% glyc-
erol) at 95°C. Samples were analysed by SDS-PAGE using the
discontinuous buffer system at 100 V. Proteins were transferred to
nitroceliulose (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 hat 37°C and then probed with goat polyvalent
antigerum against hume= C3 {JICN-Cappel) at 4°C for 16 h. Follow-
ing five washes in - x TBST, blois were probed with a rabbit-antigoat
antibody conjugated with horseradish peroxidase (Dako, Carpintedia,
CA, USA), followed by three washes in ! x TBST, and developed for
enhanced chemiluminescence (ECL) according to the manufacturer’s
instructions {Amersham Internatio=al).

-mediated phagocytosis assay

On days 5-14 of postisolation, monocyte-derived macrophages
(MDM) were adhered in quadruplicate wells onto flat-buitzmed
96-well plates at 5 x 10* cells/wel! in 200 gL of supplementad
Iscove’s medium for 24h at 37°C in a 3% CO, humidified
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incubator. The volume of the medium was adjusted to 85 pl. before
the addition of 5 pL of pherbel-12-myristate-i3-acctate (PMA;
Sigma) in 10% dimethylsulfoxide (Merck) (final concentration of
PMA of 200 nmolL per well) for 10 min prior to the assay. Phago-
cytic targets (SRBC coated with NHS or iNHS) were added to MDM
a1 the ratio of 20 SRBC 1o 1} MDM and centrifuged a1 57 g for 5 min
at 4°C onto the adherent MDM. The plate was placed at 37°C in 5%
CO, for phagocytosis to procesd. Phagocytosis was terminated after
60 min by placing the plate on ice and weshing non-phagocytosed
SRBC away with cold (4°C} PBS. The amount of internalized SRBC
was measured using a colourimetric assay.™ Briefly, unbound SRBC
were washed off the wells wilh cold PBS, whercas adhered but
non-phagocytosed SRBC were lysed with 0.2% NaCl solution for
3 min and removed by washing three times with prewared (37°C)
Iscove's medium. Monocyte-derived macrophages were lysed with
& mol/L urea solution cor.aining 0.2 mel/L Tris-HC! buffer (pH 7.4).
The number of phagoc tosed SRBC was determined by measuring
the amount of fluorene blue that had been converted from 2,7-
diaminofluorene {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
comained only 2,7-diaminofluorene solution and wrea—Tris buffer.
The adjusted absorbance was compared to a siandard curve, which
was generated for each assay plate using known numbers of SRBC
(twofold dilutions in triplicate ranging from B x 10° to 1 x 10° per
well) and fitted by four-parameter malysis using 8 microplate analy-
sis program (Delasoft 3, BioMetatlics Inc., Princeton, NJ, USA).
The number of SRBC detenmined from this standard curve was
divided by the number of MDM in the well {5 x 10*) and miultiplied
by 100 to obiain the phagocytic (adex {the numbe: of SRBC phago-
cytosed per 100 MDM). The data from quadruplicaie wells were
averaged and expressed as mean 3 SD.

Measurement of C-mediated phagocyltosis in HiV-infected
monocyte-derived macrophages

Monocyte~derived macrophages prepared from individual donors’

monocytes W ©. .. o a4 into two and either infected with

HiV-l,, or .etted, as described elswhere'” o day 5 of
postisolation. Infected cetls were cultured for a further 6 days and

then plate.® for 24 h onto 96-well plates for the measurement of
C'- and ¥, -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 Jom various phagocytosis experiments
wa, assessed using a paired Student’s i-test; significance depended
upon a P-value of < (.05, two-tailed.

Results

Sensitivity of the colourimetric assay for sheep red blood
cells

In order to quantify the number of SRBC phagorytosed by
macrophages, Hb reieased foliowing lysis of cells was deter-
mined by reaction with 2,7-diaminofluorene and the fluorene
blue product was measured spectrophotometrically.* To deter-
mine the relationship between the fluorene blue generated
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Figure I 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
polyclonzi goat-antiserum against human C3 following enhanced
chemiluminescence detection, and were preseat 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 10° to 1 x 10¢ per well. Under
the conditions used, colour development was not saturated up
to 4.5 x 10* SRBC per well (data not shown). The range of
values that could be read from the standard ¢urve (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 piated per
well,

Effect of variables on phagocytosis of sheep red blood cell
targets

Conditions for opsonization of targets The Fc R-mediated
phagocytosis assay deseribed by Gebran and coworkers? was
modified to measure C'-mediated phagocylosis without the
requirement of target opsonization by purified C* compo-
nents. Untreated whole serum (NHS) was evaluated as a
source of C' components, Various setum ¢oncentrations weire
tested 10 achieve adequate opsonization with insignificant
lysis of the SRBC targets. When MDM were incubate§ .1
SRBC for 60 min, a similar extent of phagocytosis of tai;:x
particles was achieved using targets opsonized at room
temperature at final serum concentrations of 2% (phagocytic
index + SD =389 1 33.0) and 5% (phagocytic index + 8D
=433 1 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 hand 2 h were
evaiuated 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

Phagocytic index
S

’_

i3

840

0 T g
0 30 680 120
Time {min)

Figure 2 Kinetics of C'-mediated phagocytosis by monocyze-
derived macrophages (MDM) measured using the colourimetric
assay. Monocyte-derived macrophages were prestimulated with
PMA (l,00) or DMSO control {(@,0) for 10 min at 37°C. Shecp
red blood cells (opsonized with untreated serum (NHS) (I, @), or
heat-inactivated serum (iNHS) (0,0)) were added at a MDM o
target ratio of 1 : 20, and phagocytosis was all~ed to proceed for
the times indicated, Phagocytosis was then quantified as
described in Materials and Methods. The figure is a representa-
tive of three independent experiments, Each data point was per-
formed in quadruplicate and error bars indicate standard
deviation. Phagocytic indices from 30 min onwards that were
below the lowest poimt on the standard curve are arbitrarily
defined 25 15 (the phagocytic index equivalent te the lowest limit
of the standard curve).

of these resulls, the target opsonization parameters were set
at 2% serum at room temperature for 30 min. This concen-
tration was subsequently used successfully with AB serum
prepared from several individuals, but should be optimized
for each serum batch.

Deposition of C' on SRBC opsunized under the optimal
conditions was subsequently demonstrated by the detection
of C3 products on SRBC ghosts using SDS-PAGE followed
by immunoblotting with polyclonal goat-antiserumn 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
phagoeytosis  To determine the optimal incubation time for
phagocytesis, the kineties 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 maximem by 90 min and
plateaucd 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,? 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 phagocyto-
sis assay and compared to control MDM from the same
donors adhered for only 2 h (as described for Fc R-mediated
phagocytosis®). Adherence for 24 h resulted in higher Jevels
of phagocylosis than 2 h of adherence (86% increase; Fig. 3).
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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 isolationt and then adhered
to plastic for 2 h or 24 h prior 10 assay. The figure is representa-
tive of three independent experiments using cells from three
different donors (mean £ SD).
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Increasing the adkerence time to 48 h and 72 h did not result
in higher levels of phagocytosis when compared to 24 h
(D Doischer, pers. comm., 2069).

Specificity of C-mediated phagocyrosis 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 phago-
cytosis 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), butnot the tyrosine kinase (PTK)-specific inhibitor,
genistein (Fig. 4¢). The PKC inhibitor did not inhibit the
Fe R-mediated phagocytosis of Ig-opsonized SRBC (Fig. 4d).

Quantification of phagocylosis of C“-opronized sheep red
blnod cell targets by monocyte-derived macrophages

C’-mediated phagocytosis by MDM was assessed under the
conditions established using celis from eight different donors
culred for a mean of 12 days (range 6-13 days) afier
isolation. As shown in Table 1, the mean phagocytic index of

©

100

Phagocytic index

o 1 5 10 20
(RO 31-8220] {pmol/L)

(d}

2004
160

120
80
404

Phagocytic index

0% 8 10 15 20 25 20

{RO 31-8220] {ymelfL)

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 (8,0 and @) 19 min prior to the addition of SRBC coated with untreated serum
(NHS; W) or heat-inactivated serum (iNHS; 0). Data represent mean % SD from a single experiment performed in triplicate. For all
subsequent experiments, 2 PMA, concentration of 200 nmol/L. was used. (b,c) Adhered MDM were weated with varying concentrations
of the indicated kinase inhibitors for 10 min, After a further 10 min of incubation with PMA (,00) or the DMSO vehicle contrel (@),
opsonized SRBC (1, ®) or iNHS-treated SRBC (0J) were added to the MDM for phagocytosis at 37°C for 1 h. Quantification of ingested
SRBC was perfortned as described in Materials and Methods. Shown here are results (mean + SD) froin owe experiment. Each data point
was performed in wiplicate and ervor bars indicate standard deviations, (d) Monocyte-derived macrophages vere plated for 2 h prior to
assay. Immunoglobulin-opsonized SRBC (M) 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 of C™- and Fe¢-mediated phagocytosis by HIV-1
infection of monocyte-derived macrophages

Monocyte-derived macrophages from three separate donors
were infected with HIV-1, , , which is an M-tropic laboratory-
adapted strain of HIV-1, Infected and mock-infected cells
were then assayed at the same time for their ability to phago-
cytose 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-adhersnt
celts cultured in suspension and flow cytometric assessment
of internalization of fluorescently labelled targets.?*® Adher-
ent cells may batter reflect the in vivo physiological environ-
ment of macrophages as effector cells, Conventionel assays
using adherent cells usually involve microscopic analysis of
internalized particles,**** and investigator bias can dimin-
ish their usefulness. The C'-mediated phagocytosis assay
reported in the present study employs an adapiation of a
colourimetric method described previously by Gebran and
coworkers** for Fe R-medisted phagocytosis, eliminating
the need for manual microscopic counting, and is highly

Table 1 C'-mediated phapgocytosis by monocyle-detived
macrophages

Macrophage donor® Phagocytic index £ SD

490 £33
131 £10
4714
61£16
134
286 £31
386+ 24
81412
Mean (n = 8) £ SEM 199 £ 59

- - R B I T

"Experiments were performed in triplicates using monoccyte-
derived macrophages from eight different donors.

reproducible and independent of irvestigator bias. The pro-
tocol also enables the measuremen o anly ingested targets
and not attached particles. In addition, a simple and inexpen-

. sive methad to produce C'-opsonized SRBC as phagocytic

targets is provided.

Commonly used targets for measuring C’-mediated
phagocytosis are¢ C’-coated zymosan, latex beads and
erythrocytes.2 2% Zymosan is resistant to iysis by C’ com-
ponents sad cun be opsonized adequately using NHS.®
Latex beads are also resistant to lysis but cannot be fixed
directly with C' and they must be coated by BSA and anti-
BSA Ig prior to incubation with serum.? Despite the relative
ease of opsonization of these lysis-resistant particles, their
use in nsuays is not ideal because attached and enguifed
particles cannct be differentiated easily. The extent of attach-
ment must be additionally measured (e.g. by wsing cyto-
chalgsin D to inhibit microtubules required for phagocytosiz
but not the aitachment of particles®). Another commonly
used procedure is to use fluerescently labelled targets fol-
lowed by quenching of the attached fluorescent targets asing
a non-cell permeable quenching agent.*® However, the relia-
bility of quenching is debatable ang, in our experience, these
methods may be associated with a high backgroend.”

In contrast, attached erythrocytes can be hypotonically
lysed under conditions that do not lyse macrophages, thus
sllowing precise quantification of internalized pe2icles. 20211
As SRBC are susceptible to C’ lysis, the published protocols
for opyonizing SRBC use purified C' components (e.g. C3,
factor i, factor H), or sera deficier in one of the later C' com-
ponents that constitute the merabrane attack complex that is
responsible for lysis**! instead of whole serum. The present
study reports for the first time conditions thet allow
opsonization of SRBC by untreated whole serum without
generating substantial lysis, a rapid and inexpensive protocul
for the production of C'-opsonized targets.

Because C' is heat labile," iNHS was used to coat SRBC
as a negative control, The negligible phagotytosis of iINHS-
treated SRBC, as weil as the PKC dependency of NHS-
opsonized SRBC phagocytosis observed in the present siudy,
confirms the specificity of the assay and demonstrates that
opsonization of SRBC by xencantibodies present in human
serum?? d.s not result in significant phagocytosis via Fe-
nediated pathways under the conditions used here for
opzonization and [agocytosis. The dependence of phago-
cytosis of: PMA stimulation (and thus PKC activity) aid
inhibition with the PKC inhibitor RO 31-8220, but not the
tyrosine kinase inhibitor genisteia, are in agreement with
earlier studies by other investigators showing the dependence

Table 2 Inhibition of C'- and Fe-mediated phagocytosis by HiV.1 infection of monocyte-derived macrophages

C’-mediated Foe-mediated
Donor Mock-infected HIV-infected 2% Inhibition Mock-infected HIViinfected % Irhibition
A 113.4 4.2 96.3 161.3 17.2 89.3
B 2858 34 89.0 2683 48.1 82.1
C 386.1 238 938 204.6 7.8 96.2
Mean 261.8 19.8 93.0° 214 24.4 892"
SEM 79.6 8.1 2.1 i 22 4.1

*P=0.00053; P =0.002].
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of C'-mediated phagocytosis on PKC activation. 22 This
assay is particularly useful for such pharmacological investi-
gations because the protocol employs 96-well plates, allow-
ing a comparison of C’-mediated phagocytosis of MDM from
the same donor with numerous different treatments,

C'-mediated phagocyiosis requires C’ receptors to be acti-
vated. Despite pre-incubation of MDM with PMA to activate
C' receptors, the phagocytic index remained variable and fow.
Because it has been reported that lengthy adherence of MDM
to either plastic or glass can activate C' receptors for phago-
cytosis,?' the protocol has been modified to adhere cells for
24 hinstead of 2 h prior to assay.

We have shown previously that HIV-infection of human
MDM impairs their ability to phagocytose M. avium
complex,!* implying that complement-micdiated phagocytosis
is impaired in MDM because M. avium complex is princi-
pally ingested via a complement-dependent path-way.'*!4
In the present study, we show directly, using specifically
opsonized target particles, that complement-mediated phago-
cytosis is impaired when MDM arc infected with HIV-1,
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 phagocy.osis 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'-medinted phagocytosis and, thus,
may assist in assessing nevv adjunctive therapies for restora-
tion of activity against pathogens entering ceils via this
pathway (e.g. M. avium complex) in immunodeficient
patients.
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