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SUMMARY

Summary

Kidney disease is a major health concern, affecting a growing number of people and placing
an enormous burden on health care systems worldwide. There is no cure for kidney disease
and the current treatments heavily impact patient quality of life. However, the kidneys
possess a limited capacity to regenerate, which provides hope for the future development of
treatments aimed at promoting endogenous repair. This approach, however, will not be
without challenges, due to the broad range of kidney diseases arising from different

aetiologies.

The macrophage is a myeloid cell type recognised for its roles in both inflammation and
tissue repair. Originally identified as a contributor to innate host defence, these cells are now
known to also possess immunomodulatory and wound healing capabilities. For these
reasons, manipulating macrophage function may help promote endogenous repair in
damaged kidneys. Recent attempts to define macrophage activation states as either classical
(M1) or alternative (M2) have been useful, although this classification system appears too
simplistic, due in part to the complexity of the in vivo environment during injury and
disease, where macrophages receive a broad and changing range of stimuli. Therefore, this
thesis presents a series of studies that examine the contribution of myeloid cells to the initial
inflammatory phase and subsequent resolution/remodelling phase of experimental

ischaemia/reperfusion (IR) injury, a model of acute kidney injury (AKI).

Chapter Two describes the establishment of a flow cytometry protocol for detecting and
analysing myeloid cells in injured and non-injured kidneys. This involved optimising
enzymatic digestion methods and identifying important monocyte and macrophage
subpopulations, in addition to neutrophils and epithelial cells in the context of IR injury.
Chapter Three utilised these methods to comprehensively characterise myeloid populations,
inflammatory cytokines and epithelial cell loss throughout the initiation and resolution
phases of kidney IR injury. The histopathology corresponding to each of the time-points was
also examined. Finally, Chapter Four explored and compared the effects of granulocyte-
macrophage-colony stimulating factor (GM-CSF) and colony stimulating factor-1 receptor
(CSF-1R) blockade, using neutralising antibodies, on IR-mediated damage and repair. GM-
CSF and CSF-1 are principal myeloid growth factors linked to pathogenesis and repair in a
range of diseases. The effects on different cell types, serum cytokines, collagen content and

renal function were assessed. While GM-CSF and CSF-1R blockade were able to reduce a

II1



SUMMARY

number of inflammatory mediators, the benefits were outweighed by impacts on reparative
subpopulations of myeloid cells. In particular, CSF-1R blockade substantially reduced
infiltrating inflammatory monocytes shortly following injury but also depleted mannose
receptor (MR) expressing M2 macrophages. The prolonged administration of this antibody

also resulted in a significant increase in the total collagen content at 14 days post-IR injury.

Monocyte-derived macrophages contribute to the pathogenesis of IR injury but are also
crucial mediators of kidney remodelling. Therefore, selective/targeted depletion or
manipulation of specific myeloid populations may be beneficial in reducing inflammation-
mediated damage, whilst still allowing reparative subpopulations to resolve tissue damage,

promote tubular regeneration and mediate tissue remodelling.
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CHAPTER 1: Literature Review

1.1 Introduction

Kidney disease is a major global health problem, and with no cure the prevalence continues to
rise. Due to the progressive nature of chronic kidney disease (CKD), patients commonly develop
end-stage renal disease (ESRD), which requires renal replacement therapies (RRTs) in the form
of organ transplantation or dialysis. These treatments dramatically reduce quality of life and
place a huge burden on health care resources. Therefore, there is a huge need for novel

therapies, particularly those aimed at promoting endogenous repair.

Acute kidney injury (AKI) is defined as a sudden reduction in kidney function, which can result
in renal failure (1). While the aetiology for AKI is broad, ischaemia/reperfusion (IR) injury
often plays a central role (2). IR injury results from an interrupted or reduced blood supply to
the kidney, causing tubular epithelial cell (TEC) death through apoptosis and necrosis,
inflammatory cell infiltration and reduced renal function. The period of ischaemic insult
determines the extent of IR injury and with less severe damage the kidney can repair and
regenerate to varying degrees. These endogenous repair processes involve resolution of
inflammation, TEC proliferation and collagen matrix remodelling. However, the capacity for the
kidney to self-repair appears limited and there is still much to learn about the process. A full
understanding of the cell types and molecular pathways involved in tissue repair will enable the
development of new therapies to reduce the progression of kidney disease and promote

endogenous regeneration.

One cell type known to mediate repair is the macrophage. Traditionally recognised as a pro-
inflammatory cell type involved in innate immunity, more recent work has shown that these
cells can acquire different activation or polarisation states. The classically activated (M1)
macrophage is the inflammatory cell type originally identified, while the alternatively activated
(M2) macrophage has anti-inflammatory and wound healing capabilities. These apparently
opposing states allude to the high plasticity of this myeloid cell. However, this M1/M2

categorisation (see Section 1.3.1) is most likely too simplistic, as macrophages with a range of
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functional capabilities are needed at different stages of repair following IR injury. Therefore,
translating the reparative potential of macrophages into a cell-based therapy will require a

detailed knowledge of their functions in different settings.

Flow cytometry is one technology capable of providing great insight into the cells involved at
different stages of IR injury. This includes the numbers of different cell types and the changes in
expression of particular receptors or other surface and intracellular molecules on specific
populations. Using flow cytometry to assess cellular changes in murine models of IR injury,
which closely represent the changes that occur in the clinical setting of hypoxia-induced kidney
disease, has been and will continue to be very useful in identifying the main contributors to

disease, identifying therapeutic targets and testing the effects of novel therapies.

This literature review will discuss the immune response to AKI, focusing on the contribution of
macrophages to the initial inflammatory insult and their subsequent role in the resolution of
inflammation and tissue repair. These diverse roles are possible due to the plasticity of this
myeloid cell type and the diverse activation/polarisation states that they can acquire. Two
principal myeloid growth factors, colony stimulating factor (CSF)-1 and granulocyte
macrophage-colony stimulating factor (GM-CSF), are also discussed. Due to the important roles
of these growth factors in development, homeostasis and inflammation, they each present as

potential therapeutic targets in injury and disease.

Macrophage biology is an evolving field and through increased knowledge of their broad range
of functions, manipulation of these cells may help deliver effective cell-based therapies to treat

acute and chronic kidney diseases.
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1.2 The Kidney

The kidneys are complex organs made up of many different cell types, which allude to their
varied functions. Their primary role is to filter the blood, retaining important molecules while
removing waste products and excess fluid as urine. This process regulates the body’s fluid and
electrolyte levels. In addition, the kidneys also produce renin, erythropoietin and calcitriol
(active vitamin D), which control blood pressure, stimulate red blood cell production and
mediate calcium absorption in bones, respectively. In general, the kidneys are responsible for

maintaining a state of homeostasis.

Anatomically, the kidneys are divided into two main sections, being the outer cortex and the
inner medulla. Spanning the cortex and medulla is the nephron, the functional unit of the
kidney responsible for blood filtration and the subsequent reabsorption of vital molecules. In
humans, nephrogenesis occurs entirely in utero, resulting in an endowment at birth of
approximately one million nephrons per kidney. However, this number can vary widely, and is

influenced by birth weight, gender, age, ethnicity and disease (3).

Each nephron is composed of a corpuscle and tubule. The corpuscle is comprised of a
glomerulus, being a cluster of fine capillaries, surrounded by the Bowman’s capsule. Blood from
the renal artery enters the glomerulus via the afferent arteriole, where water and other solutes
are passed from the arteries into the Bowman’s space, mediated by high arterial pressure and a
variety of highly specialised cells. This filtrate contains water and small molecules, such as
sodium and potassium ions, calcium, glucose and amino acids, along with waste products. From
the Bowman’s space, the filtrate enters the renal tubule, which is divided into the proximal
convoluted tubule, descending and ascending limbs of the loop of Henle, and a distal
convoluted tubule. As the filtrate passes through the tubules, important molecules and water
are reabsorbed and returned to the circulatory system. The remaining filtrate is passed to the
collecting ducts and further concentrated before eventually passing as urine to the bladder via

the ureters (Figure 1.1).
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Figure 1.1 Schematic of the kidney and nephron. The kidney is divided into two
compartments: the outer cortex and inner medulla. Spanning these compartments is the
nephron, the functional unit of the kidney. The nephron is composed of a glomerulus and renal
tubule. The tubule consists of a proximal convoluted tubule (S1, S2 and S3 segments), the loop

of Henle and the distal convoluted tubule.
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Renal function is commonly defined by the estimated glomerular filtration rate (eGFR), with a
normal GFR being approximately 100mls/min/1.73m* (4). A slow decline in kidney function
with age is normal. However, kidney diseases can rapidly decrease renal function in a relatively
short period of time. Kidney disease can present as acute or chronic and with varied aetiology.
Fortunately, the kidneys have a great capacity to compensate for reduced functionality and it
appears that there is an inherent redundancy, as evidenced by the fact that people can be
considered perfectly healthy even following a unilateral nephrectomy. However, this can be a
double-edged sword, as declining kidney function can remain unnoticed, until a point where

RRT is required.

1.2.1 Kidney Disease in Society

CKD has become a major global health problem, affecting both developed and developing
countries (5). It is estimated that 10% of people worldwide have some form of CKD, although
the prevalence is significantly higher in particular populations (6, 7). Due to a sharp rise in the
incidence and prevalence of CKD over recent years, a five-stage classification system was
designed to aid in earlier and more accurate diagnosis, and to better track disease progression
in order to improve outcomes (4, 8) (Table 1). Using this scale, stage 3 CKD with a GFR of less
than 60 mL/min/1.73m? for 3 months or more is often considered to be moderate or clinically
relevant CKD, although there are still significant risks associated with stages 1 and 2 (5).
Subsequent reviews have led to the division of stage 3 into 3a and 3b, as different risks and
clinical patterns exist for patients with early or late stage 3 CKD (9, 10). More recently, the

addition of albuminuria measurements have been included in the CKD classification (10).
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Table 1.1 The 5 stages of chronic kidney disease (4, 9, 10)

o . GFR
Stage Description mL/min/1.73m? Related Terms
1 Kidney damage with =90 Albuminuria, proteinuria,
normal or 1 GFR - hematuria
9 Kidney damage with mild 60-89 Albuminuria, proteinuria,
| GFR i hematuria
3a 45-59 Chronic renal insufficiency,
3b Moderate | GFR 30-44 early renal insufficiency
Chronic renal insufficiency,
4 Severe | GFR 15-29 late renal insufficiency, pre-
ESRD
5 Kidney failure <15 (or dialysis) Renal failure, uremia, ESRD

CKD encompasses many types of kidney diseases arising from diverse aetiologies, including
both communicable and non-communicable diseases (11). Unfortunately, its progressive nature
means that without appropriate intervention, CKD patients often develop ESRD, requiring RRT
(12). Over the last few decades, the incidence of ESRD has been increasing dramatically but in
more recent times the rate of new cases appears to be stabilising. However, while the incidence
has stabilised, the number of new patients requiring RRT each year is at historic highs. This
increase is driven by ageing populations and the rapid growth in associated diseases, including

obesity, type 2 diabetes and cardiovascular disease (CVD) (7, 13, 14).

In the most recent data from Australia, the leading causes of new cases of ESRD were diabetic
nephropathy (35%), glomerulonephritis (23%) and hypertension (15%) (15). In the USA,
diabetes accounts for 44% of new ESRD patients with 28% attributed to hypertension (16).
ESRD patient care also places an enormous burden on the health care system. In 2011, the
annual cost in the USA per individual for haemodialysis, peritoneal dialysis and transplantation
were $87,954, $71,630 and $32,922, respectively. This equates to a total cost of $49.3 billion
or 7.2% of the Medicare budget to treat 1.4% of the total number of patients (16). The figures
are similar in Australia, with the 2009 cost per patient for in centre haemodialysis, peritoneal

dialysis and first year transplant being $79,072, $53,112 and $81,549 ($11,770 in year two),
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respectively (17). In 2009, the expenditure in Australia on RRTs was approximately 1 billion

dollars, with the cumulative cost between 2009-2020 predicted to reach 12 billion dollars (17).

While RRTs are effective in prolonging ESRD patient survival, they heavily impact quality of life
(18). Many factors contribute to this, including the burden of attending centres for dialysis,
modification to diet, dependence on medication, increased surgical procedures and an increase
in infections. Transplant recipients generally have a better quality of life compared to dialysis
patients, however, donor kidney demand far exceeds supply. Solid organ grafts also have a
relatively limited survival time. For USA patients listed on the transplant list in 2007, the
median waiting time was 4.3 years and 10% of newly listed patients died within 3 years of
listing without receiving a transplant (16). The ten-year probability of graft failure is 54% for
deceased donors and 38% for living donors, meaning that a large number of transplant
recipients will be listed for re-transplantation, contributing to the over demand problem (16).
An extra complication is the 20- to 30-fold increase in CVD for ESRD patients (5). Given the
enormous burden that CKD, in particular ESRD, imposes on individuals and health care

systems, there is a growing need to develop novel therapies to halt disease progression.

1.2.2 Acute Kidney Injury

AKI, formerly termed acute renal failure, is defined as an abrupt loss of renal function,
involving an increase in serum creatinine, often with a reduction in urine output (1). The
incidence of AKI has been steadily increasing in recent times in both low- and high-income
countries, although the cause and presentation differ substantially. For example, AKI can result
from a lack of basic medical support, common in low income countries, or from advanced
medical procedures, such as cardiac surgery, more widely available in high-income countries
(19, 20). AKI is especially common in the intensive care unit, affecting up to two thirds of
patients. Approximately 5% of these require RRT, which carries extremely high mortality rates

of 50-60% (21).



CHAPTER 1: Literature Review

The causes of AKI can be categorised as pre-renal, renal (intrinsic) and post-renal. However,
different causes can be related, such is the case for pre-renal hypoperfusion leading to intrinsic
acute tubular necrosis (ATN) (19). Other types of AKI include post-renal obstruction and
various forms of inflammatory diseases, such as glomerulonephritis, interstitial nephritis,
vasculitis and pyelonephritis (20). Sepsis and nephrotoxic drugs can also result in AKI, although

tubular damage is not always associated with these forms of kidney disease (22-25).

The original notion that AKI fully resolves has been replaced with the understanding that
partial or non-recovery are common outcomes, particularly for patients with existing kidney
disease (19). A great deal of knowledge gained about AKI is from experimental models,
particularly those involving mice and rats. These have been instrumental in understanding the
roles of immune cells, cytokines and signalling pathways involved in AKI, allowing for the

development of targeted therapies.

1.2.3 Ischaemia/Reperfusion Injury

The kidney has a very high demand for oxygen to facilitate blood filtration and to meet cellular
metabolic demand (26). This makes the kidneys susceptible to ischaemic insult, which can be
caused by renal vascular disease, sepsis, nephrotoxins, transplantation and forms of vascular
surgery (27). The pathophysiology of IR injury is characterised by inflammation, altered
haemodynamics, and TEC damage. Hypoxia and reperfusion mediate cell activation and death,
in turn promoting a complex inflammatory cascade that results in additional inflammation and
the recruitment of a variety of leukocytes, including neutrophils, monocytes/macrophages,
dendritic cells (DCs), T and B lymphocytes, natural killer (NK) cells and natural killer T (NKT)

cells (28).
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The initial ischaemic phase results in microvasculature endothelial activation and damage,
which is in part mediated by the production of vasoactive mediators, such as endothelin (29,
30), and inflammatory cytokines. One such cytokine, tumour necrosis factor (TNF)-a, also
elicits alterations to the glycocalyx that lines the endothelial luminal surface (31, 32). This
enables rolling adhesion of leukocytes and their subsequent extravasation into the interstitium,
a process that is mediated by increased expression of L-selectin on leukocytes, and P-selectin, E-
selectin and intercellular adhesion molecule (ICAM)-1 on the endothelium (33-36). The
vasoconstriction of the arterioles that results from IR injury contributes to a prolongation of
hypoxia, which particularly affects TECs (37). Vasoconstriction also results in the reduction of

glomerular filtration pressure and therefore GFR (38).

IR injury is also characterised by increased endothelial permeability and subsequent interstitial
oedema, which further restricts blood flow, impedes tubular function and causes structural
damage (39). This increased permeability is mediated by adenosine triphosphate (ATP)
depletion and the production of inflammatory cytokines. The result is the disorganisation of the
endothelial actin cytoskeleton and loss of vascular endothelial cadherin, disrupting the
endothelial cell-cell junctions (38). There is also evidence to suggest that matrix
metalloproteinase (MMP)-2 and MMP-9, which are up-regulated in the post-ischemic kidney,

also contribute to endothelial permeability following IR injury (40).

Along with the infiltration of cells from both the innate and adaptive immune systems, the rapid
immune response to kidney IR injury is characterised by a predominantly pro-inflammatory
cytokine milieu. This includes TNF-a, interferon (INF)-y, interleukin (IL)-1, IL-6, monocyte
chemoattractant protein (MCP)-1, transforming growth factor (TGF)-B, regulated on activation,
normal T cell expressed and secreted (RANTES) and IL-8 (41). Other inflammatory mediators,
such as reactive oxygen species (ROS), Toll-like receptors (TLRs) and complement molecules
also play a central role in the initiation and perpetuation of the inflammatory response. ROS

generated by endothelial cells during hypoxia and reoxygenation have also been shown to

9
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contribute to neutrophil adhesion and recruitment (42). ROS production can also damage
cellular components, such as membranes and DNA, inhibit TEC proliferation and mediate

expansion of the interstitium (43).

TLRs, a family of transmembrane pattern recognition receptors, can be expressed on both
leukocytes and parenchymal kidney cells (44). Contributing to the innate immune response,
TLRs are designed to recognise microbial products as well as endogenous molecules offered by
damaged cells or cell fragments, known as damage-associated molecular pattern (DAMP)
molecules (45). TLRs respond to ligand binding by recruiting adaptor proteins, of which 5 have
been identified, in order to activate transcription factors. TLR-2 and TLR-4 have both been
implicated in IR injury through myeloid differentiation factor 88 (MyD88)-dependent and
independent activation of the nuclear factor kappa-light-chain-enhancer of activated B-cells

(NF-kB), resulting in the production of pro-inflammatory cytokines and chemokines (46-48).

The complement system has also been implicated in the pathophysiology of IR injury. It
involves a set of serum proteins that, upon binding to membrane bound receptors, initiate a
cascading sequence of effector molecule production. A number of studies have implicated the
alternative and mannose-binding lectin (MBL) complement pathways in the generation of pro-
inflammatory cytokines and chemokines, the recruitment of leukocytes and the promotion of

TEC death (49-51).

Following IR injury, TECs are shown to be highly susceptible to damage, particularly those of
the S3 segment of the proximal tubules (PT), located in the outer stripe of the outer medulla.
Damage to the medullary thick ascending limb of the distal tubule also develops with extended
periods of ischaemia or if appropriate reoxygenation of this kidney compartment fails. The
varied damage, both in degree and type, to cells at different parts of the nephron relates to the

energy requirements of particular cells. Different genes are activated in the distal tubule

10
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compared to the PT. The result is a propensity for apoptosis in the distal tubule following IR

injury compared to necrosis of proximal TECs (52).

Following an ischaemic insult, there is shedding of the TEC brush border, a reduction in
cytokseletal integrity and lost cellular polarity. This involves a reorganisation and mislocation of
membrane proteins, such as Na*K*-ATPase and B-integrin adhesion molecules (53), that in turn
disrupts cell-cell interactions at adherent and tight junctions, resulting in the detachment and
desquamation of TECs from the basement membrane. Longer ischaemic duration also promotes
TEC apoptosis and necrosis. Within the tubular lumen, detached cells, cellular debris and other
proteins, such as fibronectin and Tamm-Horsfall protein (THP), coalesce to form protein casts
(53-55). This leads to tubular obstruction and an increase in the tubular pressure causing a
back leak of filtrate across damaged cells. Impaired sodium reabsorption in the PTs can also
lead to further reductions in GFR via the tubuloglomerular feedback system. In this case, the
macula densa in the distal tubule responds to an increase in sodium concentration by

promoting vasoconstriction of the afferent arterioles (56).

A number of leukocyte populations are known to contribute to the pathogenesis of IR injury.
However, others have divergent roles that are linked to disease resolution. Targeting these
different cell types may form the basis of future therapies by way of halting disease progression

or promoting repair.

Neutrophils are among the earliest leukocytes to infiltrate the post-ischaemic kidney where they
promote inflammation and contribute to the pathogenesis of IR injury (57, 58). These processes
begin with the adherence of neutrophils to the activated endothelium, which precedes
transmigration into the interstitium (59). Evidence suggests that neutrophils exacerbate
hypoxia and promote IR injury through capillary plugging and the production of ROS, proteases

and a range of cytokines and chemokines, including INF-y, IL-4, IL-6, IL-10 and TNF-a (59).

11
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Neutrophils have also been shown to produce IL-17 in response to IR injury, which in turn

stimulates IFN-y-mediated neutrophil infiltration and NKT cell activation (60).

NK cells play a role in the regulation of a variety of leukocytes through the production of
cytokines, such as IFN-y and TNF-o (61). NK cells have also been shown to be an early
contributor to kidney IR damage, mediated by osteopontin (OPN) and TLR-2 ligands expressed
by TECs (62). OPN acts in NK cell recruitment where the NK cells provide apoptotic signals to
the TECs (63, 64). In addition, NK cell binding to CD137L on TECs promotes chemokine (C-X-C
motif) ligand (CXCL)1 and CXCL2 chemokine production and the subsequent recruitment of
neutrophils (65). In the mouse, depletion of NK cells prior to IR injury conveyed protection in

terms of reduced tissue pathology and serum creatinine (63).

Lymphocytes, particularly CD4" T cells, have been implicated in kidney IR injury to various
degrees. T cell deficient nu/nu mice are protected from IR injury and reconstitution of CD4" T
cells, but not CD8™ T cells, re-establishes injury (66). Further, reconstitution with CD4" T cells
that are unable to produce IFN-y fails to re-establish IR injury, signifying a pathological
mechanism of CD4" T cell-mediated damage (66). In addition, mice deficient in the enzyme
signal transducers of transcription (STAT)4, required for the differentiation of Thl IFN-y-
producing CD4" T cells, show modest protection from IR injury (67). Interestingly, STAT6”
mice, deficient in Th2 CD4" T cells, develop more severe damage, due in part to an inherent
lack of IL-4 (67). IL-16, a T cell chemoattractant produced by TECs has also been implicated to

CD4™" T cell-mediated IR injury (68).

Another T lymphocyte subset, the TCR3"CD4"CD25"Foxp3* regulatory T cell (Treg) has been
implicated in repair following kidney IR injury. In a study by Gandolfo et al., Treg depletion
with anti-CD25 monoclonal antibodies (mAbs) delivered 1 day after IR injury lead to worsened
tubular damage and reduced TEC proliferation (69). Conversely, infusion with additional Tregs

1 day after injury reduced IFN-y production and enhanced kidney repair (69). Additional

12
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evidence supports the notion that Tregs promote repair through IL-10-mediated innate immune

system suppression (70).

NKT cells are a subpopulation of T lymphocytes that share surface receptors and functions with
conventional T cells and NK cells. The CD1d restricted, invariant NKT cells are capable of
producing a rapid burst of both Thl and Th2 related cytokines upon interaction with
glycolipids, which can activate other leukocytes (58). A small increase in the proportion of NKT
cells has been observed in IR-injured kidneys within 24hrs of reperfusion (71). The severity of
IR injury in NKT deficient mice and in mice following NKT cell neutralisation and depletion is
also reduced, mediated by a reduction in IFN-y-producing neutrophils (72). These data from

animal studies highlight the complexities involved in the lymphocyte response to IR injury.

Resident kidney DCs, which reside in the interstitium (73), form a heterogeneous population of
professional antigen presenting cells that are suspected to contribute to the initial inflammatory
response to kidney IR injury, in part through the activation of NKT cells. In the IR setting,
resident DCs may also respond to the endogenous molecules released from damaged or dying
cells (DAMPs) (74). However, they also possess the potential to induce tolerance (75). Li et al.,
demonstrated that activation of adenosine 2A receptor (A,,R) signalling on DCs inhibits NKT
cell activation, in turn reducing IFN-y production, limiting neutrophil infiltration and tissue
damage in kidney IR injury (76). As proof of concept, mice with A,,R-deficient DCs developed
more severe injury, while administration of DCs activated and tolerised ex vivo with an A,,R
agonist and an NKT cell antigen were able to provide protection from IR injury, even when
administered shortly after reperfusion (76). Another study proposed that resident kidney DCs
are largely responsible for the TNF production in the early stages of IR injury, along with IL-6,
MCP-1 and RANTES (77). In light of these studies, there is conjecture regarding the identity of
DCs and the distinction from macrophages due to the heterogeneity of these cells and the

overlap of surface receptors and functional capabilities (78-83).
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The focus of this thesis is on macrophages in AKI. These myeloid cells form a heterogeneous
population that are implicated in the initiation of IR injury but have also been shown to govern
tissue repair and remodelling in inflammatory disease settings, including kidney injury.
Harnessing the reparative capabilities of macrophages may form the basis of future therapies
for both acute and chronic kidney diseases. The following is a detailed review of macrophages

in development, injury and repair.

1.3 Macrophages in Renal Development, Injury, and Repair’

In all vertebrates, macrophages are the first leukocytes to appear in the embryo. During
postnatal and adult life they differentiate from haematopoietic precursor cells, a process that
occurs exclusively in the bone marrow (84). In contrast, during early mammalian development
primitive fetal macrophages appear to differentiate from a different cell origin independent of
the blood monocyte (85-87). Macrophages in the embryo serve as specialized phagocytic cells
(88). They are formed in the yolk sac and then migrate through the mesenchyme to invade the
tissues of the embryo proper. With formation of the primitive vasculature, fetal macrophages
migrate from the yolk sac into the liver. Fetal macrophages also proliferate and differentiate
locally within tissues before forming tissue-specific macrophages (89, 90). Macrophages are
essential during embryogenesis and play an important role in programmed cell death and tissue
remodeling during organogenesis (88, 91). The production of both liver and bone marrow-
derived macrophages is controlled by the growth factor colony stimulating factor (CSF)-1, also
termed macrophage colony stimulating factor (M-CSF). CSF-1 binds to the CSF-1 receptor
(CSF-1R) and genetic deletion of either of these genes in mice results in marked depletion of
tissue macrophages (92, 93). The CSF-1 deficient op/op mouse (CSF-1°°/CSF-1°) has revealed
the importance of macrophages in the development of many organs especially the bone, brain
and endocrine systems. In the brain, neuroepithelial cell growth requires macrophages (94).
Macrophages are also required for the normal development of the pancreas and mammary

gland (95, 96). Indeed, embryonic macrophage populations exist within almost all developing

Pages 14-30 have been published in: Williams et al., Semin Nephrol, 2010
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organs and adopt highly specific locations, phenotypes and functions. In developed organs, the
Kupffer cells of the liver, Langerhans cells of the skin, osteoclasts in the bone and microglia in

the brain all represent highly specialized resident macrophage populations (86).

Once permanent or definitive hematopoiesis is established with increased gestation, the
proliferative capacity of the macrophage declines and a distinct set of phagocytes, the
monocyte-macrophages are formed (87, 97, 98). In the adult, macrophages are involved in
inflammation and immune surveillance. However, the heterogeneity and cellular plasticity of
macrophage populations with their ability to change phenotype in response to local stimuli,
allows these cells to be highly specialized and display a wide and apparently opposing range of
functions. Indeed, there is strong evidence that subpopulations of macrophages directly
contribute to wound healing and tissue repair, supporting the concept that some macrophage
phenotypes can promote organ regeneration following injury. However, this ability to change

phenotype and function makes categorizing macrophage populations relatively difficult.

1.3.1 Classical versus Alternative Activation States

Evidence supports the notion of two key macrophage polarization states described as M1
‘classically activated’ pro-inflammatory macrophages and M2 ‘alternatively activated’ immune
regulatory macrophages (99, 100) (Figure 1.2). In general, these two phenotypic states are
somewhat comparable to the opposing Thl and Th2 cells. A key factor driving M1 polarization
and activation is interferon-y (IFN-y), derived from CD4" Thl cells, CD8" cytotoxic T cells and
natural killer (NK) cells, either working alone or in conjunction with lipopolysaccharides (LPS),
tumor necrosis factor-a (TNF-a.) and other microbial products (101). Culture of human CD14"
monocytes in the presence of granulocyte macrophage CSF (GM-CSF) also induces M1
polarization. M1 macrophages produce pro-inflammatory cytokines, in particular interleukin
(IL)-12 and IL-23, are phagocytic, present antigen via major histocompatibility complex (MHC)
class II molecules (102) and generate toxic nitrogen and oxygen intermediates (103). This

equips M1 macrophages to effectively eliminate intracellular pathogens and even some tumors
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(104, 105). The IL-12 produced by M1 macrophages drives further Thl polarization and
stimulates additional IFN-y production from T cells and NK cells thereby perpetuating the
inflammatory response. In kidney disease a predominantly M1 macrophage infiltrate results in
tissue damage and cell loss followed by the accumulation of extracellular matrix (ECM)
proteins. The downstream effect of the pro-inflammatory cascade is the development of renal
interstitial fibrosis and impaired organ function. Thus, macrophage phenotype and the
corresponding polarization state ultimately determine the outcome of acute inflammation and

the progression to irreversible chronic scarring (106).
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Figure 1.2. The defining chemokine and receptor profiles of classically and
alternatively activated macrophages. Two proposed concepts for macrophage polarization
are depicted. (A) Three groups of mature macrophages derived from blood monocytes that
are specialized for host defence, immunoregulation or wound healing. The putative
macrophage phenotypes from one category can share a range of features from the other two
categories. The second model (B and C) suggests the existence of two polarization states,
involving M1 or classically activated macrophages and M2 or alternatively activated
macrophages. (B) Classically activated or M1 macrophages are defined based on the mode of
activation and the subsequent receptor expression and production of pro-inflammatory
cytokines, NO and ROS. (C) Activation typically occurs in response to IFN-y in conjunction
with LPS or GM-CSF. Alternatively activated or M2 macrophages are broadly defined as
being those activated in response to IL-4 and IL-13, resulting in the expression of mannose
and scavenger receptors along with increased endocytosis abilities and the production of IL-
10 and TGF-B. Shifts in the polarization state between differentiated M1 and M2
macrophages may also occur. (D) Within the M2 group there are apparent differences in
receptor expression, cytokine production and function resulting from activation in response
to glucocorticoids (M2a), LPS and immune complexes (M2b) and IL-10 and TGF- (M2c).
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Given a favourable microenvironment, M2 macrophages counteract progressive damaging
inflammation and contribute to ECM remodelling and tissue repair. However, the exact
definition of M2 ‘alternatively activated’ macrophages is still under debate. Martinez et al. have
classified M2 macrophages into three subsets, namely M2a, M2b and M2c macrophages, which

differ in their mode of activation, cytokine profile and function (107).

M2a macrophage polarization following exposure to IL-4 and IL-13 or glucocorticoids results in
increased expression of pattern recognition receptors including the mannose receptor (CD206)
and scavenger receptor (CD163) together with up-regulation of MHC class II molecules and
production of the chemokines CCL17, CCL22 and CCL24 (99, 108). M2a macrophages exhibit
an enhanced capability for endocytosis, pinocytosis and antigen presentation. There is also
increased production of the prototype ECM protein fibronectin, transforming growth factor-f3
(TGF-B) induced matrix associated protein MP78/70 (Big-H3) (109, 110) and insulin-like
growth factor (IGF)-1, which has been shown to stimulate re-epithelialization in dermal wound
healing (111, 112). Furthermore, IL-4 induced arginase production facilitates the conversion of
arginine to ornithine, an intermediate in the synthesis of polyamines and collagen. These
characteristics suggest an important role for M2a macrophages in tissue regeneration. However,
these cells are more commonly associated with the encapsulation and killing of parasites, for
perpetuating Th2 immunity and for being involved in allergic responses due to the expression

of CCR3 ligands, which are involved in the attraction of eosinophils and basophils (113).

M2b macrophages characteristically produce high levels of IL-10 but differ from other
alternatively activated cells in that they concomitantly produce pro-inflammatory cytokines,
including TNF-q, IL-1 and IL-6 but low levels of IL-12. These cells become activated in response
to classical activation stimuli (LPS) in the presence of immunoglobulin G (IgG) immune
complexes and typically elicit an immunoregulatory response (114). This is due mainly to the

high production of IL-10, capable of deactivating pro-inflammatory cytokines, especially TNF-a,
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whilst mediating an IL-4 dominant Th2 response (115) and inducing IgG class switching of B

cells (116).

M2c macrophages, also termed deactivated, are induced by high levels of IL-10 and TGF-p and
have vital immunosuppressive roles whilst contributing to matrix remodeling and tissue repair.
Interestingly, IL-10 induces the expression of pro-inflammatory chemokine receptors such as
CCR1, CCR2 and CCR5 (117), which bind the ligands monocyte inflammatory proteins-la
(MIP-1a) and MIP-1B, monocyte chemoattractant protein (MCP)-1 and CCL5. However, these
receptors become uncoupled, interrupting signal transduction such that IL-10 inhibits cell
migration in the presence of these pro-inflammatory chemokines resulting in macrophage
deactivation. The positive role of M2c macrophages in tissue regeneration is not, however, the
result of restricted migration but from the deactivation event that allows the chemokine
receptors to function as decoy receptors. This contributes to M2c governed immunosuppression
through the clearance of pro-inflammatory mediators. IL-10 also up-regulates cell surface
expression of CD150, or signalling lymphocyte-activating molecule (SLAM), which appears
uniquely on this subset of macrophages but is also an indicator of dendritic cell maturation
(118). SLAM is known to activate T cells but due to its expression by M2c macrophages and its
regulation by the immunoregulatory cytokine IL-10, it may play an important role in the
induction of T regulatory cells and driving Th2 polarization. In support of this notion, SLAM is
also linked to B cell stimulation and proliferation and subsequent immunoglobulin (Ig)

production (119).

Regarding alternative macrophage activation, there is debate over the classification. The effects
governed by IL-10 and IL-12 may not be sufficient to warrant the classification of different
subsets, with the only true M2 macrophage being that which is activated with IL-4 and IL-13
(100). It has been proposed that the M1/M2 nomenclature be used as a guide when discussing
specific cell subsets based on the precise ligands and chemokines associated with that cell. More

recently, Mosser and Edwards suggested that three macrophage activation states exist, being
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specialized for host defence, wound healing or immune regulation (120). Depending on the
specific inflammatory and microenvironmental cues, macrophages can adopt particular
phenotypic and functional characteristics, giving the impression of a range of subsets.
Whichever classification system proves to be most accurate, the ability of macrophages to
mediate renal repair most likely depends on the interplay of a number of different subsets that
function to suppress Thl (M1) induced inflammation, promote Th2 (M2) recruitment and/or
polarization, clear cellular debris and promote tissue regeneration and reorganization through

appropriate ECM production/degradation and angiogenesis.

1.3.2 Tumor-associated Macrophages: Analogies with Embryonic Macrophages

The importance of macrophage phenotype in controlling immune responses is highlighted in
malignancy. Macrophages in the fetal kidney, lung and brain share a characteristic gene
expression profile comprising a variety of anti-inflammatory and pro-proliferative factors (121)
but with a distinct genetic profile compared to the adult (87, 98, 122, 123). Macrophages in the
embryonic kidney express a repertoire of markers suggestive of an M2 phenotype (121) and a
number of the M2-associated genes identified in embryonic macrophages are shared by tumor-
associated macrophages (TAMs) (124-126), including the mannose receptor, macrophage

scavenger receptors (Msrl and Msr2), CCL24, Cl1q, CD163 and TREM2 (121).

There is growing evidence that the tumor microenvironment influences M2 macrophages to
produce a variety of pro-tumor growth and angiogenic factors as well as immunosuppressive
molecules (124). Stemming from a common myeloid precursor, there are distinct
subpopulations of myelomonocytic cells with different differentiation phenotypes, dependent
on the site of tumor origin and progression of disease. Myeloid-derived suppressor cells
(MDSCs; CD11b*Gr-1F4/801L-4Ra") of granulocyte origin are recruited to the tumor
microenvironment where they become F4/80" (124, 126, 127). In addition, TAMs are derived
from circulating monocytes and influence tumor growth. Both MDSCs and TAMs have a

phenotype similar to M2 macrophages and may well represent a unique myeloid cell
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differentiation program (124). Tumor-conditioned granulocytes may play a role in priming
macrophages towards either an M1 or M2 phenotype (128). However, as in inflammation, it is
unclear if macrophages remain committed to a single phenotype or whether they regress to a
resting state that can be reactivated another way (129). Tumor progression and metastasis
depends upon constant macrophage influx to assist tumor growth, angiogenesis and stromal
remodeling. Macrophages may be either anti- or pro-angiogenic depending on their
microenvironment. Recently, Kelly et al. reported that somatic cell senescence genes, Fas ligand
and IL-10 are key regulators of macrophage polarization and determine their ability to regulate
angiogenesis (130). Thus, targeting specific macrophage populations or immunotherapies
designed to exploit the ability of macrophages to adopt an anti-angiogenic phenotype may
effectively remodel the tumor microenvironment in order to suppress tumor cell proliferation

and metastasis (131).

1.3.3 The Role of Tissue Macrophages in Kidney Development

Macrophages play various roles in both kidney development and disease. Macrophages
originating from the liver infiltrate the renal mesenchyme of the developing metanephros via
the circulation prior to nephron formation (121). As the tubules of the developing nephrons are
formed, the interstitial macrophages become intimately associated with the cortical nephron
segments and with the loop of Henle in the medulla. The macrophages assemble in the
interstitium adjacent to the basement membrane underlying the tubular epithelium and wrap
cellular processes around the epithelium. It is in this location that a resident population of
tissue macrophages persists within the kidney into adult life (121). Although we have
documented the timing of the arrival of such macrophages, it is unclear whether their residence
is permanent with such cells representing long-term residents or whether there is ongoing
recruitment and turnover of this population, potentially but not necessarily from the circulating
monocytic/macrophage population. We have examined the expression profile of such resident
macrophages but have not found markers that would definitively distinguish between tissue

and circulating monocyte-derived macrophages or from resident macrophages located in other
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organs. However, the presence of macrophages from early kidney development and their
intimate relationship with the forming tubules of the nephrons suggests that, as for organs such
as the breast and the brain (94, 95, 132), macrophages are critical for kidney development. We
have also demonstrated that the addition of CSF-1 to a developing murine kidney significantly
promotes growth and differentiation and that this is accompanied by an increase in the number
of macrophages present in the cultures (121). CSF-1 itself does not appear to be essential for
kidney development as mice deficient in CSF-1 have kidneys (102). However, these mice are
not completely devoid of macrophages and do access some CSF-1 from their mothers (133).
However, it is possible that manipulation of the trophic role of macrophages within developing
kidneys may be used to induce compensatory nephron production in fetuses suffering from

intrauterine growth retardation.

1.3.4 Macrophages in Kidney Disease

Although the pathogenesis of renal disease is multi-factorial, the ideal therapy would both
address causative factors and promote optimal cellular replacement following injury.
Importantly, damaged kidneys can undergo endogenous repair of the nephron renal epithelia
via cell proliferation (134). However, the capacity of the kidney and especially the glomerulus

to undergo endogenous repair following injury is limited and typically insufficient.

1.3.4.1 Suppression of Macrophage Activities in Chronic Kidney Disease

The role of the macrophage in response to kidney injury has been traditionally regarded as
inflammatory and detrimental. Although the nature of the damage would potentially result in a
variable role for macrophages in disease onset and progression, glomerular and
tubulointerstitial macrophage accumulation occurs in response to almost all insults. Both
immune and non-immune injury results in macrophage infiltration leading to increased ECM
accumulation and tubulointerstitial inflammation and fibrosis. Evidence suggests that
glomerular macrophage accumulation makes an important contribution to diabetic nephropathy

(135) as depletion or disruption of macrophage function limits disease severity. Macrophage
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depletion using liposomal clodronate reduced mesangial ECM accumulation in a rat model of
nephrotoxic nephritis (136) whilst gene deletion of MCP-1 reduced tubular injury and death in
murine nephrotoxic nephritis (137). Mice lacking either L-selectin alone or all three selectins
(E-, P- and L-selectin) exhibited reduced macrophage recruitment and less tubulointerstitial
fibrosis and tubular apoptosis in experimental hydronephrosis implicating macrophages in
tubular cell death (138). The induction of apoptosis by macrophages due to nitric oxide and
TNF-a production results in direct cell death but macrophages may also reduce tubular
expression of vascular endothelial growth factor (VEGF), leading to the disruption of the

peritubular capillary network and resultant tissue ischemia (139, 140).

The growth factor CSF-1 is pivotal to the macrophage response in the adult kidney due to its
role in macrophage differentiation and proliferation. In a chronic setting, CSF-1 is produced by
the kidney in response to renal injury whilst cultured mesangial cells produce CSF-1, along with
its receptor, CSF-1R (141). CSF-1 is also expressed by most renal carcinoma cell lines (142),
potentially inducing a response in TAMs. The cortical and medullary tubular epithelium is a
major site of CSF-1 production during anti-glomerular basement membrane (GBM) induced
glomerulonephritis in rats (143) and is accompanied by considerable interstitial macrophage
accumulation. In glomerulonephritis in humans, there is also increased CSF-1 production by
both the tubular epithelium and glomerular cells (144). This results in glomerular accumulation
and proliferation of macrophages. Although CSF-1 mediates macrophage recruitment and
proliferation, it may also promote classical M1 macrophage activation in renal disease. Lenda et
al. reported fewer interstitial macrophages and reduced tubular cell death in the obstructed
kidneys of CSF-1°°/CSF-1°° mice with bone marrow-derived macrophages exhibiting resistance
to LPS and IFN-y-induced classical activation following pre-incubation with anti-CSF-1R
antibody (145). It is thus of interest that serum levels of CSF-1 are associated with acute
allograft rejection (146). The delivery of an anti-CSF-1R antibody to mice post allograft

transplantation reduced macrophage proliferation and accumulation within the allograft and
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tubulointerstitial rejection, suggesting that signalling between CSF-1 and CSF-1R is critically

important in acute rejection (147).

Somewhat paradoxically, CSF-1 treatment effectively promotes repair in a model of acute
kidney damage (148), a finding that is almost completely opposite to the chronic setting. For
example, although diabetic nephropathy is associated with interstitial macrophage recruitment
(149), greatly increased levels of endogenous CSF-1 produced by glomerular podocytes and the
damaged tubules fail to drive the renal repair observed in the acute models (143, 150).
Furthermore, the inhibition of CSF-1 signaling with CSF-1R antibodies reduces the severity of
chronic disease in obese diabetic mice (db/db) that exhibit a 36-fold increase in CSF-1 levels
and increased CD68" glomerular macrophage numbers (150). Administration of anti-CSF-1R
antibodies results in a 60% decrease in macrophage infiltration with decreased macrophage
proliferation, suppression of diabetic glomerular hyperfiltration, reduced accumulation of
glomerular type IV collagen and reduced tubular injury. In this chronic setting, CSF-1 is an
important contributor to disease progression with endogenous CSF-1 driving the proliferation

and recruitment of a pro-inflammatory or M1-like macrophage population.

Expression of CSF-1 occurs before the onset of injury in MRL-lpr autoimmune mice whilst C3H-
Ipr mice do not express CSF-1 and do not show autoimmune renal injury. However, targeted
CSF-1 over-expression by the tubular epithelial cells of wildtype MRL and C3H mice does not
result in the development of spontaneous renal injury (151). This indicates the importance of
biological context and that mechanisms downstream of simple macrophage recruitment and
proliferation determine outcome. Indeed, context is key as macrophage activity is a requirement
for epithelial regeneration in other organs such as the injured colon (152) with data suggesting
a role for macrophages in renal repair. Also, the nature of the disease model and the mediator
under study is also important. For example, although macrophage migration inhibitory factor
(MIF) induced leukocyte accumulation is detrimental in immune-initiated renal injury, MIF-

deficient and wild-type mice exhibit comparable interstitial macrophage accumulation and
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fibrosis in obstructive nephropathy (153). In the same model, osteopontin knockout mice
exhibit reduced macrophage numbers but increased tubular cell apoptosis (154) whilst
inhibition of CSF-1 failed to attenuate established albuminuria in db/db mice (150). Thus, the
balance between cell death and ECM protein accumulation in fibrosis or epithelial regeneration
and remodeling of collagen during kidney repair is likely to be governed by many
environmental factors capable of shifting the balance between inflammatory M1 and wound

healing M2 macrophage responses.

1.3.4.2 Positive Modulation of Macrophages in Acute Kidney Injury

AKI has myriad causes including acute ischemia due to blood loss or chemical/toxic insults
resulting in proximal tubular cell injury and rapid loss of renal function. When AKI results in
acute renal failure, almost half the patients die as a result, while the remainder follow a natural
course of self-mediated tissue repair (155). Evidence suggests that macrophages contribute to
AKI such as ischemic damage. For example, reduced tubular necrosis and tubular apoptosis was
observed in mice depleted of monocyte-macrophage populations by administration of liposomal
clodronate (156). Although potential therapies to enhance recovery from AKI might logically
aim to reduce inflammation to facilitate repair, another strategy is to direct macrophages to
perform an anti-inflammatory and pro-reparative role. It is thus of interest that, in addition to
regulating the growth, differentiation and survival of macrophages, CSF-1 appears to promote
the anti-inflammatory and wound healing capabilities of macrophages in mice and humans
(102, 157). CSF-1 has been linked to angiogenesis in vivo (158) with these effects likely to
result from the production of vascular endothelial growth factor (VEGF) and matrix
metalloproteinases (MMP) from CSF-1 activated macrophages (159, 160). Tumor studies
demonstrate that increased CSF-1 levels correspond with angiogenesis and subsequent tumor
growth and metastasis (161). The role of CSF-1 in these models has been demonstrated via the
use of blocking antibodies, antisense oligonucleotides or small interfering RNAs, which reduces
human mammary tumor xenografts in mice (162, 163). The depletion of phagocytic

macrophages using liposomal clodronate also inhibits tumor development (164). A further

25



CHAPTER 1: Literature Review

study compared CSF-1 inhibition with VEGF inhibition, another proposed method to block
pathogenic angiogenesis associated with tumor development and retinal neovascular disease
(165). Interestingly, the macrophages associated with retinal neovascular development did not
express VEGF but had high levels of the collagenases MMP-2 and MMP-9 that contributed to
vascular remodeling as a result of ECM degradation (166, 167). Although CSF-1 deficient CSF-
1°°/CSF-1°° mice develop a normal vasculature, CSF-1 and macrophages are involved in the
retinal neovascularization present in a mouse model of diabetic retinopathy in which hyperoxia
results in ischemic vascular damage (165). Also, tumors in MMP-9 knockout mice exhibit
disorganized and irregular ECM deposits similar to inhibition of CSF-1 in wild-type mice
suggesting an important role for macrophage-derived MMPs in ECM remodeling (165). MMPs
are also involved in chemokine and growth factor production, cell receptor expression and cell
migration such that targeting MMPs may also aid the wound repair process (168, 169) (Figure
1.3). CSF-1 has also been shown to elicit a direct autocrine/paracrine effect on renal tubular
epithelial cells following ischemic injury, where they transiently express the CSF-1R in
conjunction with the endogenous production of CSF-1 (148). However, a macrophage-
dependent repair process was also demonstrated following depletion of CD11b expressing cells
although the impairment of repair was less than that evident following antibody-mediated

blocking of CSF-1R on both epithelial cells and macrophages.
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Figure 1.3. Different types of macrophages can contribute to both damage and tissue
repair processes following kidney injury. (A) After damage, necrosis and apoptosis result
in Thl-type inflammatory responses, primarily mediated by IFN-y and TNF-a. This recruits
M1 or classically activated macrophages and Th1 associated T and NK cells, which produce
additional pro-inflammatory cytokines to enhance the inflammatory response but which also
perpetuate damage, resulting in fibrosis, scarring and reduced organ function. Pro-
inflammatory factors act on both resident macrophages and circulating peripheral monocytes
and macrophages, driving M1 polarization. (B) M2, or alternatively activated macrophages,
can mediate cellular repair processes by clearing cellular debris, reducing inflammation,
promoting angiogenesis, stimulating cellular proliferation and contributing to matrix
remodeling. Targeting specific macrophage-related receptors or cell products may rapidly
accelerate tissue repair and organ regeneration. The production of cytokines IL-4, IL-13 and
IL-10 can facilitate M2 polarization and growth factors including CSF-1, arginase, IGF-1,
fibronectin, certain interleukins and MMPs may further contribute to accelerated renal
repair. In Panel B, the descending red arrow from the M2 macrophage indicates that
decoupled pro-inflammatory chemokine receptors act as decoy receptors, eliminating
particular pro-inflammatory mediators. IL-4, IL-13, IL-10 and CSF-1 may produce
alternatively activated macrophages from monocytes as well as drive polarization of M2
from M1 macrophages.
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1.3.5 Harnessing Macrophage Biology for Therapy

Although macrophages are recruited to the injured kidney, they can be alternatively activated
to play a pro-reparative role via the production of anti-inflammatory cytokines (IL-4, IL-10) and
this raises the possibility of therapeutically enhancing this reparative capacity in vivo. Potential
therapeutic approaches include reducing macrophage infiltration, altering the response of the
tissue to the presence of macrophages, delivering reparative factors directly to the kidney via
genetic manipulation of macrophages or the induction of a M2 alternative activation phenotype

in situ to directly promote repair.

Modulation of macrophage infiltration via the delivery of decoy receptors or antibodies has
been discussed previously. For example, deficiency of selectins reduced macrophage infiltration
and fibrosis in obstructive nephropathy (138). In contrast, blockade of either ICAM-1 or VCAM
did not reduce macrophage numbers in nephrotoxic nephritis though disease was still less
severe (170). Manipulation of a wide variety of chemoattractants, including MCP-1, MIP-1a,
CCL5 and fractalkine, also reduce glomerular macrophage accumulation (171). Inhibition of
classical activating cytokines including TNF-a or IL-1f is anti-inflammatory whilst the genetic
deletion of anti-inflammatory cytokines such as IL-4, IL-10 and IL-13 that induce M2
macrophage activation result in more severe macrophage infiltration of glomeruli. In Alport
syndrome, where there is a genetic defect in the gene for type IV collagen, the GBM
irregularities are mediated, at least in part, by glomerular macrophage production of MMP-12
as specific inhibition of MMP-12 greatly improves GBM ultrastructure (172). This study
implicates macrophages in the GBM damage of a genetic disease and indicates that
modification of macrophage activity can improve outcome. Various methods of suppressing
macrophage function have been reported to attenuate injury and fibrosis in experimental
models of renal disease, including glomerulonephritis (173), allograft rejection (174) and

obstructive nephropathy (175).
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Modification of the response of the tissue itself to macrophage accumulation has been
attempted via the delivery of specific genes directly into the kidney itself. For example, the gene
for 15-lipoxygenase, the enzyme responsible for the production of lipoxins which reduce
macrophage activation, was virally delivered into the glomeruli in a rat model of experimental
glomerulonephritis via viral injection into the renal artery (176). Interestingly, this
manipulation reduced proteinuria without reducing macrophage accumulation. An alternative
strategy has been to utilize the efficient macrophage homing mechanism to deliver the gene
product to the inflamed kidney. In these studies, macrophages that have been virally
transduced to over-express anti-inflammatory mediators such as IL-1ra, IL-4 and IL-10 were
administered with a beneficial effect on outcome evident (173, 177, 178). Also, the
administration of macrophages transduced with a dominant-negative inhibitor of nuclear factor
(NF)-kB reduced glomerular expression of inducible nitric oxide synthase and MHC class II
expression in rats with nephrotoxic nephritis (179). Advances in this area have focussed on
longer term gene expression using lentiviruses and the modification of the bone marrow to
produce a continuous supply of anti-inflammatory cells; an approach successfully used in a

model of Goodpasture syndrome (180).

An extension of the approach of genetic manipulation of macrophages to over-express a single
anti-inflammatory molecule is to capitalize on our increasing understanding of macrophage
heterogeneity in order to stimulate the appropriate alternative activation response. Such a
manipulation would involve shifting the balance between M1 and M2 activation with this
tipping of the M1/M2 balance predicted to bias the macrophage response to repair rather than
inflammation. Direct evidence that this approach can be effective was shown following the
adoptive transfer of murine splenic macrophages programmed ex vivo with IL-4/IL-13 to adopt
an alternative activation state prior to systemic administration to a mouse model of chronic
inflammatory renal disease. The macrophages trafficked to the inflamed kidneys and

maintained their phenotype for up to 4 weeks (181). Furthermore, the adoptively transferred
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macrophages modulated the host macrophages towards an M2 phenotype as has been

suggested to occur in models of glomerular inflammation (178, 179).

1.4 CSF Signalling to Myeloid Cells in Inflammation

The importance of CSF-1 signalling on macrophage development, survival and activation has
been discussed, along with the varied effects on kidney disease pathogenesis when comparing
the chronic and acute settings. More recently, work from our laboratory has shown that
administration of recombinant CSF-1 protein to mice with established IR injury resulted in
accelerated structural and functional recovery through the promotion of an anti-inflammatory

macrophage response (182).

Another important myeloid growth factor, GM-CSF also has important roles in providing
survival and proliferative signals to cells of the myeloid lineage, particularly during times of
inflammation. GM-CSF has been implicated in the progression of a number of inflammatory
disease models, including experimental rheumatoid arthritis, osteoarthritis and inflammatory
lung disease (183-185). GM-CSF and CSF-1 have also been shown to induce M1-like and M2-
like activation states in vitro, respectively (102, 186, 187). However, experiments examining in
vivo CSF signalling suggest that the roles of these two growth factors are much more complex.
Targeting CSF-1 and GM-CSF to manipulate inflammation and myeloid cell function does offer
a realistic potential to successfully halt inflammation-mediated damage and enhance repair. To
optimise CSF-related therapies by delivering protein, altering in vivo CSF expression or by
neutralising these growth factors, timing the therapies to the specific phases of the disease will
be vital. This itself requires a detailed knowledge of the events occurring at all stages of each

disease.
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In conclusion, there is considerable renewed interest in macrophages in both kidney
development and disease with a focus upon their reparative functions. However, given the clear
capacity for macrophages to play distinct roles at different times of the disease process, it will
be important to better understand the nature of the inter-relationships between the various
states of macrophage activation. It will also be critical to gain a better understanding of the
distinction between embryonic and postnatal resident tissue macrophages and the kinetics of
turnover of resident macrophages. It is likely that future insights into the complexity of
macrophage biology will lead to novel therapies to promote renal development, diminish injury

and promote repair of the diseased kidney.
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1.5 Hypothesis and Aims

The preceding introduction has reviewed the pathophysiology of AKI, focusing on the response
of immune cells and the effects of cytokines and chemokines. A particular emphasis was placed
on macrophages due to their role in kidney disease pathogenesis and their ability to mediate
tissue repair. This thesis assesses the contribution of different subpopulations of

monocytes/macrophages and associated cytokines to IR injury and resolution.

Flow cytometry was used in this PhD to investigate the contributions of particular immune cells
to the initial inflammatory phase and subsequent resolution phase of kidney IR injury. An
advantage of flow cytometry is that it can identify and assess functionally important cell
subpopulations and quantify subtle phenotypic changes in response to injury, disease and
therapeutic intervention. As a range of parameters can be analysed together, these
subpopulations can be assessed in the context of the entire organ, including other
haematopoietic cells and non-haematopoietic cells. This is particularly important in
inflammatory settings, where it is becoming more apparent that there are constant changes in

the microenvironment and a dynamic interplay between the different cell types.

The overall hypothesis of this PhD is that a thorough understanding of the contribution of
myeloid cells to IR injury will enable the fine manipulation of these cells to enhance repair
mechanisms. Further, neutralising myeloid growth factors at the time of IR injury will provide

protection against inflammation-mediated damage.

The aims of the studies described in this thesis are:

1. To optimise a digestion protocol for the flow cytometric assessment of kidneys. To
develop a flow cytometric gating strategy to identify key myeloid subpopulations in the
kidney following IR injury.

2. To perform a comprehensive characterisation of the kidney IR injury model of AKI using
flow cytometry, specifically focusing on epithelial cells and subpopulations of myeloid
cells throughout the inflammatory and remodelling phases of disease.

3. To determine the prophylactic effects of GM-CSF and CSF-1R blockade on kidney

damage and repair following IR injury. To gain further insight into CSF signalling with
the use of neutralising anti-GM-CSF and anti-CSF-1R monoclonal antibodies.
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CHAPTER 2: Analyzing Myeloid Cells in the Kidney

2.1 Introduction

A common feature of the progression of immune and non-immune kidney diseases of diverse
aetiology is the infiltration of inflammatory macrophages (188). Macrophage numbers have
shown to correlate with disease progression, making them a useful tool in predicting disease
outcome (149, 188, 189). More recently, macrophage heterogeneity has been shown to
correspond to the diverse roles that these cells play in both the initiation of tissue fibrosis and
the positive role in wound healing and tissue remodeling (190, 191). Monocytes recruited in
response to inflammatory cues can undergo differentiation into two broad macrophage subsets
based on phenotype, function and polarization state. The classically activated or M1
macrophage is the pro-inflammatory cell type closely associated with the innate immune
response, while the alternatively activated or M2 macrophage possesses a range of anti-
inflammatory and wound healing capabilities (99, 100, 120). In part, achieving wound repair
and tissue remodeling requires an appropriate balance between the M1 and M2 polarization

states.

Traditionally, studies investigating the number of infiltrating macrophages in damaged kidneys
have relied on immunohistochemistry (IHC) and immunofluorescence (IF) techniques to assess
kidney histopathology, cell morphology and receptor expression. However, flow cytometry is
becoming an increasingly important tool, particularly due to the ability to evaluate a panel of
cell surface and intracellular markers on individual cells at a rate of over 10000 cells/second.
Eight-color polychromatic flow cytometry in conjunction with two non-fluorescent parameters,
forward and side light scattering, is now common and with the latest flow cytometers
measuring up to twenty parameters, the information obtainable from each experiment is
destined to grow, and with it the need for more rigorous methods of data analysis (192).
However, even with improving technology, there remain a number of key challenges related to
the preparation of kidney samples for flow cytometry, the selection of appropriate target

markers and the informative analysis of the resulting data, which need to be addressed.
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The aim of this study was to assess the impact of enzymes (used to produce a kidney single cell
suspension) and ischemia/reperfusion (IR) injury on cell yield, viability, surface marker
expression and autofluorescence. Gating strategies were created that best characterize various
myeloid cell types, especially where particular receptors were expressed at low levels. The panel
of monocyte-, macrophage-, dendritic cell (DC)- and granulocyte-associated markers used
included CD11b, CD11c, Ly6C, Ly6G, major histocompatibility complex class II (MHCII), colony
stimulating factor-1 receptor (CSF-1R or CD115), mannose receptor (MR or CD206) and F4/80.
Particular emphasis of the study was on the assessment of kidney myeloid cell analysis in the
inflammatory phase of IR injury, which is characterized by widespread epithelial cell death, an

influx of pro-inflammatory cells and heightened inflammatory cytokine production.

In addition, the apoptotic and necrotic epithelial cells of the damaged kidney tubular
epithelium, related to the reduced glomerular filtration that follows injury, leads to the
accumulation of tubular casts (53). This hallmark of AKI results in autofluorescence and non-
specific background signals, which leads to difficulties in interpretation of flow cytometric data
that are unique to the kidney. Unless corrected, this can lead to erroneous analysis. The
intrinsic autofluorescent properties of kidney cells also apply to macrophages due to their

propensity to phagocytose cellular debris.

Finally, backgating analysis was used to define and extend the knowledge of myeloid
subpopulations in terms of their co-expression of multiple markers and for their spatial location
on parent dot plots. This study clarifies and addresses the anomalies encountered when
assessing myeloid cells in the kidney, as compared to the more commonly assessed primary and
secondary lymphoid organs, while forming a comparative base for which various therapies

aimed at manipulating cell numbers and function can be referenced.
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2.2 Materials and Methods

2.2.1 Animals and Surgery

Male 6-8 week old (20-25g) C57BL/6J mice obtained from Monash Animal Services
(Melbourne, Australia) were used. All studies were approved by the Monash University Animal
Ethics Committee and were performed in accordance with the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes. Mice were anesthetized with 2.0% inhaled
isofluorane (Abbott Australasia, Sydney, Australia) before the left renal pedicle was occluded
using a vascular clamp (0.4-1.0mm; Fine Science Tools, Heidelberg, Germany) for 40min via a
flank incision to induce unilateral IR injury (n=>5 mice/group/time-point). Following removal of
the clamp, reperfusion was visually confirmed prior to wound closure using silk suture (size 5-0,
Ethicon, New Jersey, USA). An additional group of mice served as a sham-operated control
group where the animals were anaesthetized and a flank incision was performed without renal

pedicle clamping.

2.2.2 Digestion and Preparation of the Kidney and Spleen for Flow Cytometry

Mice were culled using a CO, cull chamber at 6 hours, 1 day or 7 days after IR injury. The
spleen and left kidney were removed and placed in cold FACS buffer (PBS supplemented with
0.2% BSA, 0.02% NaN; and 5mM EDTA). Spleens were cleaned of any connective tissue and
mechanically digested in cold FACS buffer to produce a single cell suspension. Mechanical
digestion (MD) was achieved by making small incisions in the side of the spleen before gently
pressing the organ between two frosted glass slides. Kidneys were decapsulated and finely
chopped with surgical scissors before enzymatic digestion (ED) in 1mL of dissociation media
consisting of HBSS (Sigma-Aldrich, St. Louis, USA) supplemented with 3mg/mL
collagenase/dispase (Roche Applied Science, Penzberg, Germany), 0.2mg/mL DNase type 1
(Roche Applied Science), 50uM CaCl,, preheated to 37°C. The samples were mixed on a rotary
tube suspension mixer (20 RPM; Ratek Instruments, Melbourne, Australia) at 37°C for 20min

and then mechanically digested using a 1000uL pipette tip. The samples were mixed for two
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further 5min periods (20 RPM) with mechanical dissociation in between. After 30min,
mechanical dissociation with an 18-gauge needle resulted in a single cell suspension. 9mL of

cold FACS buffer was added in order to inhibit enzyme activity.

ED for kidneys and MD for spleens were used for all aspects of this study except for the
comparison between ED and MD (Section Results 2.3.1 and Figure 2.1) where both ED and MD

were performed on each of the organs.

All single cell suspensions were incubated for 1min with 1mL of red blood cell lysis buffer
(8.3g/L Na,Cl, 10mM Tris-HCI, pH7.5) to remove red blood cells. All samples were filtered with

a 40pm nylon cell strainer (BD Bioscience, San Jose, USA) prior to antibody labeling.

2.2.3 Cell Counts and Viability
For flow cytometry cell preparation, cell counts and viability determination were performed
using a Z2 Coulter Counter (Beckman Coulter, USA). In addition, for the ED versus MD study,

propidium iodide (PI) was also used to determine cell viability.

2.2.4 Antibody Labeling

Three million cells from kidney or spleen single cell suspensions were incubated for 20min at
4°C in the dark with the following fluorochrome-conjugated anti-mouse antibodies: anti-CD45
APC-Cy7 (clone 30-F11; Biolegend, San Diego, USA) and PE-Cy5 (clone 30-F11; BD
Biosciences), anti-CD11b PE-Cy7 (clone M1/70; BD Biosciences), anti-CD11c Pacific Blue (clone
N418; Biolegend), anti-I-A/I-E (MHCII) PE-Cy5 (clone M5/114.15.2; Biolegend), anti-CSF-1R
(CD115) PE (clone AFS98; eBioscience, San Diego, USA), anti-F4/80 APC (clone BMS;
eBioscience), anti-Ly6G Alexa Fluor 647 (clone 1A8; Biolegend), anti-Ly6C FITC (clone HK1.4;
Biolegend), anti-CD206 (mannose receptor) Alexa Fluor 488 (clone C068C2; Biolegend) and
anti-epithelial cell adhesion molecule (EpCAM or CD326) PE-Cy7 (clone G8.8; Biolegend). Fc

receptor block (anti-CD16/32 antibody) was added to all antibody cocktails. Intracellular MR
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labeling involved the use of a CytoFix/CytoPerm kit (BD Biosciences). Following surface
receptor labeling, cells were permeabilized and incubated with antibody for 30min at 4°C in the
dark before being washed twice in 1x Perm/Wash buffer (BD Biosciences) and resuspend in
FACS buffer. Isotype matched controls were used for each antibody in a fluorescence minus one

(FMO) manner.

2.2.5 Flow Cytometric Acquisition and Analysis

Data were acquired on a BD FACS Canto II flow cytometer (BD Biosciences) equipped with
405nm, 488nm and 633nm excitation lasers in conjunction with FACS Diva acquisition software
(BD Biosciences). Compensation was performed with single color controls for each organ using
the same conjugated antibodies used in the study. Data analysis was performed using FlowLogic

FCS analysis software (Inivai Technologies, Melbourne, Australia).

2.2.6 Statistical analysis

Statistical analysis was performed using GraphPad Prism software version 6.0c (GraphPad
Software Inc., San Diego, USA). A Student’s t-test (unpaired, two-tailed, with Welch’s
correction) was used to analyze data between two groups. A one-way analysis of variance with
a Tukey’s multiple comparisons test was used to analyze data contained in three groups. Data

are displayed as means + SEM. P<0.05 was considered statistically significant.

37



CHAPTER 2: Analyzing Myeloid Cells in the Kidney

2.3 Results

2.3.1 Using Enzymes to Aid in the Digestion of the Kidney is more Suitable than MD Alone
Using enzymes (collagenase/dispase, DNase type I) to aid in the digestion of kidney tissue risks
cleaving particular cell surface receptors. In addition, optimal primary and secondary lymphoid
organ cell preparations are often achieved with MD alone. It was therefore necessary to test
whether ED is indeed required for kidney dissociation. Ten mice received 40min unilateral IR
injury and 24hrs later the spleen and injured kidney were removed. One group of 5 mice had
both organs digested with the aid of enzymes while the remaining mice had their organs
digested purely by mechanical means. Once digested, cells from each organ were labeled with
antibodies against CD45, CD11b, CD11c, Ly6C, Ly6G, MHCII, F4/80 and CSF-1R, and assessed
using flow cytometry. Our data shows that in both the spleen and the kidney, ED yielded a
higher viable cell count compared to MD (spleen MD: 5.54x107, spleen ED: 1.49x10%
P<0.0001; kidney MD: 2.56x107, kidney ED: 4.40x107, P=0.0025) (Figure 2.1a). Furthermore,
propidium iodide staining revealed that ED yielded greater viability for both spleen and kidney
cells (spleen MD: 74.2%, spleen ED: 86.1%, P<0.0001; kidney MD: 67.7%, kidney ED: 77.3%,
P=0.0153) (Figure 2.1b). In assessing hematopoietic cells (as per the gating hierarchy
described in Figure 2.1c), we found no difference in the proportion of CD45" leukocytes in the
spleen with the different digestion methods (MD: 98.8%, ED: 98.3%). However, ED of the
kidney resulted in a significantly greater proportion of CD45" cells compared to MD (MD:
6.1%, ED: 13.9%, P=0.0003) (Figure 2.1d). Within the CD45" cell pool in the kidney, the
digestion method caused no difference in the proportion of Ly6G* granulocytes (MD: 28.6%,
ED: 26.0%). However, in the spleen, ED significantly reduced the proportion of this cell type
(MD: 4.8%, ED: 1.8%, P=0.0241) (Figure 2.1e). In both organs, ED significantly increased the
expression (mean fluorescence intensity) of both Ly6G and CD11b on this population, as seen

in the dot plots (Figure 2.1e) (data not shown).
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After excluding the granulocytes, three populations of CD11b" cells were assessed in
conjunction with CD11c expression (Figure 2.1f). In the spleen, ED resulted in a greater
proportion of CD11b*CD11c¢"™" DCs (MD: 0.9%, ED: 1.4%, P=0.0034), although the
populations were less well defined compared to those acquired following MD (Figure 2.1f).
There were very few cells that shared this phenotype in the kidney, regardless of the digestion
method. The proportion of a second population, which expressed low levels of CD11c, was
statistically higher following ED in both the kidney (MD: 4.2%, ED: 13.5%, P=0.0003) and
spleen (MD: 1.6%, ED: 2.1%, P=0.0084) (Figure 2.1f). There was no significant difference in
the proportion of CD11b*CD11c (Ly6G’) cells between the two groups in either the kidney (MD:

50.7%, ED: 56.4%) or spleen (MD: 4.0%, ED: 3.2%) (Figure 2.1f).

F4/80 expression was assessed on the same CD11b Ly6G™ population with a notable difference
identified between the two digestion methods in the kidney. With MD, the F4/80" cells were
barely detectable but made up over 9% of CD11b*Ly6G" cells following ED (MD: 2.8%, ED:
9.1%, P<0.0001) (Figure 2.1g). In the spleen there was no difference in the proportion of
F4/80" cells (MD: 1.4%, ED: 1.3%) although the population appeared more dispersed
following ED (Figure 2.1g). In addition, the two digestion methods resulted in substantial
differences in the CD11b*F4/80""" populations in the kidney. Once gated, the MFI for the
F4/80-APC parameter was assessed and shown to be significantly greater following ED (MD:

505 MFI, ED: 1070 MFI, P<0.0001) (Figure 2.1g).

In the spleen, ED reduced the expression of two CSF-1R* populations: a Ly6C"®"CSF-1R* (MD:
1.38%, ED: 0.03%, P=0.0073) and a Ly6CCSF-1R" population (MD: 1.0%, ED: 0.2%,
P<0.0001) (Figure 2.1h). Very few CSF-1R" cells were detected in either group in the kidney
(data not shown). It must be noted that a change in the proportion of one population can affect
the proportion of other populations. However, ED does appear important for assessing F4/80
expression in the kidney, while dramatically reducing surface CSF-1R expression, as
demonstrated in the spleen. With this knowledge, a suitable gating strategy was created to
clearly identify subpopulations of CD11b" cells in the kidney, both in the steady state and in the

inflammatory phase following IR injury.
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Figure 2.1. Using enzymes to aid in the digestion of the kidney is more suitable than
mechanical digestion alone.

To compare the effects of two different organ digestion methods, spleens and kidneys from
mice at 24hrs post-IR injury were subjected to either mechanical digestion (MD) or enzymatic
digestion (ED). For both organs, ED yielded a higher cell count (a). ED also resulted in a
greater proportion of viable cells as assessed using propidium iodide (b). The gating hierarchy
used to assess viable cells, CD45" cells, Ly6G™ granulocytes and subpopulations of CD11b*Ly6G
cells is shown (c). There was no difference in the proportion of CD45" cells in the spleen
between ED and MD. However, ED yielded a greater proportion of CD45" cells in the kidney
compared to MD (d). The digestion method had no impact on the proportion of CD11b*"Ly6G™
granulocytes in the kidney but significantly reduced the proportion of granulocytes in the
spleen (e). In the spleen ED resulted in a greater proportion of CD11b*CD11c™" and
CD11b*CD11c"™" cells compared to MD (f). However, ED increased CD11b expression and
resulted in less well-defined CD11c populations (f). The CD11b*CD11c"" group was largely
absent in the kidney, while ED greatly increased the proportion of the CD11b*CD11c""
population (f). There was no significant difference in the proportions between the
CD11b*CD11c populations in either organ with regards to the digestion method (f). The
proportion of F4/80" cells was significantly greater in the kidney following ED compared to MD
(g). No difference was observed in this population in the spleen between MD and ED (g). The
MFI of the CD11b*F4/80"" population in the kidney (depicted graphically) was significantly
increased following ED compared to MD (g). CSF-1R expression was dramatically reduced in
the spleen following ED compared to MD for both Ly6C™" and Ly6C populations (h). Numbers
on dot plots represent proportions of parent populations. Statistical analysis was performed
using a Student’s t-test (unpaired, two-tailed, with Welch’s correction); **P<0.01, ***P<0.001,

JORORON
wx

**P<0.0001. Data are displayed as means + SEM (n=5/group).
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2.3.2 Gating Strategy for Myeloid Cells in the Kidney

With up to eight-color flow cytometry commonly employed to assess cell phenotypes, there are
inevitably many different theoretical subsets that can be defined in any experiment. Here we
describe a gating procedure designed to clearly identify important myeloid cell populations in
the kidney, accounting for the high potential for autofluorescence, particularly following injury.
Figure 2.2a outlines the population hierarchy used to distinguish between CD11b*Ly6G™*
granulocytes and CD11b*Ly6G™ non-granulocytes. Initially, a polygon gate was created on the
FSC-A vs. FSC-H plot to select the ‘Single’ cells that passed by the lasers individually (Figure
2.2b). CD45" cells from the resulting daughter population were subsequently viewed against
FSC-A. These cells represent a viable CD45" population as compared with a similar population
identified using propidium iodide to exclude dead cells (data not shown). These CD45" cells
were colored red and viewed on a FSC-A vs. SSC-A plot. The coloring of this population enabled
a ‘Live’ gate to be drawn on the FSC-A vs. SSC-A plot, to select viable hematopoietic cells and
exclude debris (Figure 2.2b). This is otherwise difficult to achieve when assessing cells in the
kidney as compared to those from lymphoid organs due to the low proportion of CD45™ cells.
This same technique can also be employed to aid in the creation of the initial ‘Single’ cells gate.
A population of CD457CD11b" cells (encompassing resident and infiltrating myeloid cells) was
selected from the ‘Live’ cell pool (Figure 2.2b). The plots in Figure 2.2b represent the cells in
the kidney 6hrs post-IR surgery, which is characterized by an influx of CD45" cells.
Granulocytes were identified in the resulting daughter population based on the positive
expression of Ly6G (also Ly6C"") (Figure 2.2c) with their proportion being significantly higher
at 6hrs post-IR injury (sham-IR: 23.0%, IR: 28.3%, P=0.0222). An inverse gate effectively
excluded the granulocytes for further analysis of myeloid cell subpopulations. Examples from

sham-IR and IR kidney at 6hrs post-surgery are shown (Figure 2.2c).
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Figure 2.2. Gating strategy for assessing myeloid cells in the kidney.

The population hierarchy shows the CD11b" gating strategy (a). ‘Single’ cells (excluding
doublets and triplets) were selected with a polygon gate on a FSC-A vs. FSC-H dot plot (b).
CD457 cells were gated on the resulting daughter population on a FSC-A vs. CD45 dot plot.
These cells were colored (red) and viewed on a FSC-A vs. SSC-A dot plot (b). A ‘Live’ cell gate
(which excludes debris) was created with the aid of the colored CD45% cells (b). CD457CD11b*
cells were selected with a polygon gate (b). Granulocytes were selected by gating on
Ly6C"Ly6G* cells (c). An inverse gate to select CD11b*Ly6C*/ Ly6G cells (pink) was used to
gate out granulocytes (black) for further analysis of myeloid cell subsets (c¢). Plots in b are from
a kidney taken 6hrs post-IR injury. Plots in ¢ are from kidneys taken 6hrs post-IR surgery from
IR and sham-IR animals. Numbers on dot plots represent proportions of parent populations.
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2.3.3 Gating Strategy for Myeloid Cell Subpopulations in the Kidney

The gating strategy used to interrogate CD11b*Ly6G subsets shown in Figure 2.3a extends
from the gating procedure described in Results 2.3.2. Expression of the antigen-presenting
molecule MHCII was compared to other markers to identify subpopulations of monocytes and
macrophages. An intracellular antibody against MR was used to identify M2 macrophages
(Figure 2.3b). A quadrant gate was used to identify two MR" populations based on a
combination of MR and MHCII expression. While most mature M2 macrophages co-express
MHCII (16.9% of CD45"CD11b*Ly6G" cells at 24hrs post-IR injury), there was a population of
MHCITI cells in which MR was detected (8.5%). The example shown is from a kidney assessed
24hrs following IR injury, prior to the recognized tissue remodeling phase, where M2

macrophages are the predominant macrophage population (193).

CD11b*Ly6G cells were also examined for their expression of the monocyte-associated marker
Ly6C (Figure 2.3c), the historical mature macrophage marker F4/80 (Figure 2.3d) and the DC-
associated marker CD11c (Figure 2.3e). These markers were all compared to the expression of
MHCII. Both a Ly6C™" (sham-IR: 3.8%, IR: 27.9%, P=0.0004) and a Ly6C"" (sham-IR: 1.4%,
IR: 4.5%, P=0.0257) population not expressing MHCII were identified with a much greater
proportion in the IR injured kidney. Ly6C is a marker of monocyte immaturity and expression is
lost as monocytes transition into macrophages. A general population of Ly6C™ cells expressing
MHCII was seen (sham-IR: 3.3%, IR: 11.0%, P=0.0066), indicating a population of maturing
monocytes, which appear to down-regulate their expression of Ly6C and up-regulate MHCII
concomitantly (Figure 2.3c). F4/80 has historically been regarded as a mature macrophage
marker (194). However, more recent reports have shown that it is not expressed on all
macrophage populations and has been identified on some Ly6C" monocytes along with a range
of other myeloid cells, revoking its status as a sole identifier of macrophages (195-198). When
viewed against MHCII, three F4/80" populations were identified (Figure 2.3d). The classical
F4/80"MHCII"®" mature macrophage was prominent in both sham-IR and IR groups (gated

population) (sham-IR: 59.0%, IR: 30.5%, P=0.0001). When viewed as an overlay containing
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F4/80 stained cells and an isotype control antibody, an F4/80*MHCII" and an F4/80*MHCIT
population were made evident, particularly following IR-injury (Figure 2.3d). The latter
population also corresponded with the Ly6C™" monocyte population when these cells were

gated on a MHCII vs. Ly6C plot and colored (green) (Figure 2.3d).

There is much discussion surrounding the similarities and differences between macrophages
and DCs. In this model, a clearly defined CD11b*CD11c"#" population, generally recognized as
DCs, was not observed in the kidney (Figure 2.3e). There were cells that expressed a low level
of CD11c but this population differs from the distinct CD11c"" DCs seen in other organs, such
as the spleen. For this reason, CD11c expression was viewed on the CD45"CD11b" population,
rather than as an initial differentiating marker for macrophages and DCs. To further investigate
the changes to these cells following IR injury, the entire MHCII"" population was gated and the
change in the MFI for the anti-CD11c antibody analyzed. As seen in the overlay plots for both
the sham-IR and the IR groups at 6hrs post-surgery, antibody labeling exists at levels above the
isotype control. There is also a significant increase in the MFI of this parameter following IR

injury (sham-IR: 570 MFI, IR: 770 MFI, P=0.031) (Figure 2.3e).

44



CHAPTER 2: Analyzing Myeloid Cells in the Kidney

®

Population Hierarchy

Total Acquisition
*‘Single’ Cells (FSC-A vs. FSC-H)
*‘Live’ Cells (FSC-Avs. SSC-A)
*CD45*CD11b* Cells (CD45 vs. CD11b)
*Non-Granulocytes (Ly6C*-Ly6G~)
*MHCIl vs. MR (b)
*MHCII vs. Ly6C (c)

24hrs post-IR

MR-AF488

MR-AF488 iso

108

[N IR

08l

03l Tod!

*MHCII vs. CD11c (e) MHCII-PE-Cy5 MHCII-PE-Cy5
*MHCII vs. F4/80 (d)
Sham-IR 6hrs post-IR
105_3— O 1053 105 o 105_1—
o 138133 2 1S) 2
= % 5 [$) = o
™ 104 4 |: 104 ot |: 104
o 14 L O b
© 3 e Q102 © 53 Q103
3 AP s 3 F s
89.0-°% - 522 -
T 1o3| 10" 1n5| I 103“ 127“' 1o5| K 1‘03| ' m"l |a5| T 1n3| m‘l 1o5|
MHCII-PE-Cy5 MHCII-PE-Cy5 MHCII-PE-Cy5 MHCII-PE-Cy5
r 0 99.0 | 5 i ~30.5 _ =
O 6] o O
a a a o
<| 104 <Iw‘ <I1c‘ <| 104
o o o o
L =% L L
il i i il
T 103| 1o4| m5| I I 103] |o‘| 105‘ I 103[ |o‘| 105‘ 103 104 105
MHCII-PE-Cy5 MHCII-PE-Cy5 MHCII-PE-Cy5 MHCII-PE-Cy5
. Ly6Chigh Monocytes
I aF4/80 Antibody
APC FMO Isotype Control
Sham-IR 6hrs post-IR 16000
g g g ——
=5 =5 S 800
o [ &
(s} o g
=0 L = 600 ——
o) 1033 Hod 9 %
= o s = 200
o) 2 ) =
sl Todl 105 105 Sham-IR IR

MHCII-PE-Cy5 MHCII-PE-Cy5

. aCD11c Antibody

Pacific Blue FMO
Isotype Control

45



Figure 2.3. Gating strategy for CD11b* cell subpopulations in the kidney.

The gating hierarchy (continued from Figure 2) shows the procedure used to assess CD11b"
cells following the exclusion of Ly6G™ granulocytes (a). M2 macrophages, defined as being
MR", were assessed in conjunction with the expression of MHCII (b). Subsequent
monocyte/macrophage subsets were defined based on the cellular expression of MHCII, Ly6C,
F4/80 and CD11c (c-e). Ly6C was used to distinguish monocytes at various maturation stages.
Ly6C"e" cells (MHCII) are immature monocytes. The marker is down regulated as the cells
mature. A prominent Ly6C"®® (MHCII)) population is present at 6hrs post IR-injury (green) (c),
along with a smaller Ly6C*"MHCII population (c¢). A maturing or transitioning population of
MHCIT""Ly6C* cells exist, particularly following IR-injury (c). A prominent Ly6CMHCII™"
population exists in kidneys following both sham-IR and IR-surgery (c). MHCII can also be used
to distinguish between three F4/80" populations. A prominent F4/80*MHCII"®" population was
identified (gated cells) (d). The dot plot overlay shows this population (pink) compared with
an isotype control antibody (light blue) (d). The overlay also helped identify populations of
F4/80"MHCII™ and F4/80"MHCII cells. The latter corresponds to the Ly6C™" population
(green) (d). Low levels of CD11c expression can make it difficult to distinctly categorize
CD11c" cells in the kidney, as opposed to its expression when examined in lymphoid organs or
the blood. Here the CD11c labeled cells (orange) were overlayed with an isotype control (light
blue) (e). In addition, the MFI of the CD11c-Pacific Blue antibody was assessed for the
MHCII"" population. This data is displayed graphically with the MFI for the isotype controls
indicated using a broken line (e). Appropriate isotype controls (iso) are displayed. Numbers on
dot plots represent proportions of parent populations. Statistical analysis was performed using a
Student’s t-test (unpaired, two-tailed, with Welch’s correction); *P<0.05. Data are displayed as
means = SEM (n=5/group).
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2.3.4 Kidney and Spleen Ly6C™*, Ly6G*, and MHCII" Cell Population Comparison

Backgating analysis was used to further characterize various myeloid subpopulations in the
kidney. Comparisons were also made between these cells and their counterparts in the spleen.
Figure 2.4a shows Ly6G™*(Ly6C"") granulocytes (blue). These cells are also displayed on the
grandparent FSC-A vs. SSC-A plot (Figure 2.4b). Granulocytes in the spleen appear similar to
those in the sham-IR and IR kidney 6hrs post-surgery. However, they compose a greater
proportion of the CD45°CD11b" pool (spleen: 72.5%, sham-IR kidney: 23.0%, IR kidney:

28.3%).

In a similar fashion, MHCII*Ly6C  cells (red) (Figure 2.4a) were backgated and overlayed onto
the same FSC-A vs. SSC-A plots (Figure 2.4b) (spleen: 34.2%, sham-IR kidney: 89.0%, IR
kidney: 52.2% of the CD45°CD11b"Ly6G pool). A far greater proportion and number of
Ly6C"e" cells (green) were present in the IR kidney compared to the sham-IR kidneys (spleen:
31.2%, sham-IR kidney: 3.8%, IR kidney: 27.9% of the CD45"CD11b*Ly6G  pool) (Figure
2.4a). There were distinctly fewer MHCIILy6C"" cells (purple) compared to the Ly6C™s"
population (spleen: 9.2%, sham-IR kidney: 1.4%, IR kidney: 4.5% of the CD45"CD11b*Ly6G
pool) (Figure 2.4a). The maturing or transitioning monocytes (MHCII""Ly6C*, light blue) are
also most prevalent in the IR compared to the sham-IR kidneys (spleen: 12.4%, sham-IR
kidney: 3.3%, IR kidney: 11.0% of the CD45"CD11b*Ly6G" pool) (Figure 2.4a). All of the Ly6C
expressing cells from both organs present in a similar fashion on the FSC-A vs. SSC-A plots, as
do the MHCII" populations. The granulocyte population in the spleen appears to be composed
of cells with a greater range of size and granularity compared to that in the kidney (Figure

2.4b).
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Figure 2.4. Kidney and spleen Ly6C*, Ly6G" and MHCII" cell population comparison.
Backgating analysis of flow cytometry data was used to compare the relative positioning of
Ly6G™ granulocytes (dark blue), MHCII*Ly6C™ cells (red), MHCII'Ly6Chigh cells (green), MHCIT
Ly6C™ cells (purple) and maturing or transitioning monocytes (MHCIT"Ly6C*) (light blue)
(a). Backgating analysis of these populations shows their profiles on FSC-A vs. SSC-A dot plots
(b). Examples from spleen and kidneys at 6hrs post sham-IR and IR surgery. Numbers on dot
plots represent proportions of parent populations.
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2.3.5 Assessing Epithelial Cells and Autofluorescence in the Post-Ischemic Kidney

Epithelial proliferation leading to regeneration and repair is central to processes of healing
following various forms of kidney disease, including IR injury (182). As such, the pan epithelial
marker EpCAM was used to assess the impact of IR injury on epithelial cell populations. To
assess EpCAM™ cells, ‘Single’ cells were gated, followed by ‘Live’ cells (to exclude debris), as
depicted in the population hierarchy (Figure 2.5a). EpCAM expression was then compared to
CD45 expression, with a gate placed around the CD45EpCAM* population (Figure 2.5b). The
proportion of EpCAM™ cells had already significantly decreased at 6hrs post-IR injury (sham-IR:
16.3%, IR: 9.6%, P=0.0001) and fell further as seen at day 7 post-injury (sham-IR: 14.3%, IR:
5.9%, P=0.0001). Autofluorescence can pose a problem, as is evident when the kidneys taken
6hrs post-IR are displayed alongside those taken 7 days post-injury, where prominent
autofluorescence is visible in the IR anti-EpCAM antibody and isotype control groups (Figure
2.5b). The autofluorescence was not present in the IR group 6hrs post-injury. For the day 7
time-point, a modified EpDCAM™ gate was created in order to exclude the autofluorescence from
the EpCAM™ population. This method can also be employed for clearly distinguishing CD45"
cells from the rest of the kidney cells. Backgating analysis of the EpCAM*, autofluorescent and
CD45" cells was performed to view their location on the parent FSC-A vs. SSC-A dot plot
(Figure 2.5¢). The difference between the different cell types is clear, with the CD45" cells
forming a tighter group further along the forward scatter axis compared to the EpCAM™ cells

and autofluorescent events.

Autofluorescence increases progressively with time after IR injury. Figure 2.5d shows
autofluorescent cells, after gating on CD457CD11b" cells, on a Ly6C vs. MHCII plot from a
sham-IR kidney along with injured kidneys at 24hrs and 7 days post-IR. The autofluorescent
populations were backgated and shown in pink on the CD11b vs. CD45 parent plot. At 7 days
post-IR the autofluorescence is very difficult to distinguish from non-autofluoroescent CD11b”"
cells. Empty channels may be useful for gating out autofluorescence that is associated with IR-
induced damage. The increase in the autofluorescence increased almost threefold between
24hrs and 7 days post-IR injury (sham-IR: 1.3%, 24hrs post-IR: 7.8%, 7 days post-IR: 21.2%)

(Figure 2.5e).
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Figure 2.5. Assessing epithelial cells and autofluorescence in the post-ischemic kidney.
The population hierarchy resulting from the EpCAM* epithelial gating analysis is shown (a).
Following the gating of ‘Single’ cells (FSC-A vs. FSC-H) and ‘Live’ cells (FSC-A vs. SSC-A) (data
not shown), EpCAM" epithelial cells were selected for their expression of EpCAM and for a lack
of expression of the hematopoietic marker CD45 (b). With the progression of time in the IR
model, autofluorescence becomes increasingly prominent. In this example, at 7 days post-IR,
the EpCAM " gate was altered so as not to include autofluorescent cells (b). Backgating analysis
shows the difference in the FSC-A vs. SSC-A profile of CD45EpCAM™, autofluorescent and
CD45" populations (c). An autofluorescent population appeared when examining the
CD45"CD11b" cell pool in the kidney following IR injury (d). On the MHCII vs. Ly6C dot plots,
autofluorescence became more prominent with time after injury (d). This autofluorescent
population was backgated and displayed in pink on the parent CD11b vs. CD45 plot (d). The
increase in the proportion of this autofluorescent population with time (after injury) is shown
graphically (e). Numbers on dot plots represent proportions of parent populations. Statistical
analysis was performed using a one-way analysis of variance with a Tukey’s multiple
comparisons test; **P<0.01, ***P<0.001, ****P<0.0001. Data are displayed as means + SEM
(n=5/group).
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2.4 Discussion

Identifying and characterizing macrophage functional/polarization states is necessary to
understand processes of disease progression and healing. Here, we have described a
polychromatic flow cytometry analysis strategy, taking into account light scattering and
autofluorescent characteristics, to assess infiltrating and resident cells in the uninjured kidney
and in the inflammatory phase following IR injury. Performing backgating analysis along with
coloring populations and viewing them against multiple parameters will lead to more detailed
phenotypic and functional descriptions. This includes information regarding the maturation
state of the cell, its autofluorescent properties and functional capacity, which can be linked to
other data, such as cytokine production and enzyme activity. This is particularly relevant to
tissue macrophages due to their heterogeneity, especially in the disease setting where they play

central roles in inflammation and tissue remodeling.

One marker that we focused on was Ly6C, as its expression can be used to define monocyte
maturation and function, with Ly6C"" pro-inflammatory cells down regulating the marker as
they mature into Ly6C” macrophages (199). In addition, the activation of monocytes at various
maturation stages leads to mature macrophages of distinct functional states (199). Following
unilateral ureteral obstruction, Ly6C™" cells have been shown to home to kidneys where they
differentiate into monocytes/macrophages of distinct functional states, indeed identified by the
level of Ly6C expression (200). Our data showed that the initial inflammatory phase of the IR
model involves a dramatic increase in the proportion and number of Ly6C™" monocytes. As
such, assessing changes in this population with various treatments or in fact targeting this cell
type directly may impact the degree of injury or provide increased potential for regeneration. A
number of studies have used antibodies against Gr-1, a complex formed by both Ly6C and
Ly6G, to separate monocytes from granulocytes (201). Confirmed here in the kidney, using
separate antibodies against Ly6C and Ly6G allows for an easier delineation of monocytes and

granulocytes, and where applicable allows for further separation of the granulocyte pool into
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neutrophils and eosinophils (202). Monocyte populations have also been defined by their
expression of the chemokine receptors, CX;CR1 and CCR2 (203, 204). CD11b*CCR2°“GR1
Ly6C CX;CR1™" monocytes migrate to normal tissues while inflammatory monocytes with a

CD11b*CCR2""GR1™Ly6C"¢"CX,CR1"" phenotype home to injured tissues (205).

We also chose to assess MR expression as it is a useful identifier of M2 macrophages (190,
206). Indeed, mannose receptor 2 has been shown to be upregulated on macrophages following
unilateral ureteral obstruction and is believed to play a role in modulating fibrosis through
binding and internalizing collagen via an extracellular fibronectin type II domain (207, 208).
Interestingly, this study showed that two populations of MR* cells (MHCII' and MHCII") exist in
the kidney at 24hrs post IR injury. Again, targeting or manipulating this cell type may help
promote kidney remodeling and regeneration. When considering assessing MR expression with
flow cytometry, it should be noted that MR is expressed weakly on the cell surface (209).
Membrane permeabilization may result in more effective labeling, although this does not allow

for isolation of a potential viable M2 population via FACS.

Autofluorescence is another characteristic of kidney IR injury that needs to be considered
carefully. Myeloid cells, particularly those expressing CD11b, CD11c and high levels of F4/80,
exhibit autofluorescence at a range of excitation and emission wavelengths (196). Certain
myeloid populations can even be defined based on their autofluorescence signature. However,
if a full panel of fluorochromes is being used then there is a risk of erroneous emission signals.
Using an FMO approach for antibody controls is useful for identifying and minimizing the
effects of autofluorescence (210). This study showed that autofluorescence increases over time
in kidney IR injury and can be potentially problematic when assessing both hematopoietic and
non-hematopoietic populations. Measuring autofluorescence may also prove to be a useful
indicator of injury and repair, especially if assessed over a longer time-course and correlated

with other injury biomarkers.
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The subtle differential expression of markers such as MHCII may also prove to be important in
characterizing macrophage subsets and determining functional capabilities. Even the notion of
a DC has been challenged in recent times with some evidence suggesting that they might be
more closely associated with macrophages than previously thought. This study highlights the
difference in the expression of the classical DC marker, CD11c, between the spleen and the
kidney, and that the lack of a clear CD11c population may mean that examining CD11c on
subpopulations may be more useful than trying to, for example, separate the CD45"* population
into macrophages and DCs. The assessment of CD11c expression in this study also demonstrates
the usefulness of measuring MFI for a particular antibody in lieu of, or in addition to,
population proportions, especially when the expression is low or when shifts in expression

levels are subtle.

Part of the challenge in using flow cytometry to assess subpopulations of cells in the kidney is
choosing an appropriate panel of markers to investigate. This is further complicated knowing
that different digestion methods may enhance detection of a particular cell type or negatively
impact individual markers or receptors. The enzymatic digestion protocol described in this
paper was optimized for the combination of enzymes used (collagenase/dispase, DNase type 1).
The enzyme concentrations and incubation times, along with the method of mechanical
dissociation (size of pipette tip and timing of the dissociations), were all methodically tested to
achieve an optimal digestion as determined by cell counts, viability and flow cytometric
profiles. This study demonstrated that enzymatic digestion is indeed required to achieve greater
viable and CD45" cell yields and to most effectively study cells expressing markers such as
F4/80. However, variations in dissociation media may be required for different disease models,
as some are characterized by inflammation, cell infiltrate and cell death, whilst others may
centre on fibrosis and collagen deposition. The combination of collagenase/dispase and DNase
type 1 appeared to impact negatively on CSF-1R expression, as seen on Ly6C"®" and Ly6C" cells

in the spleen, again highlighting the need to optimize digestion methods for each specific study.
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Equally as rapid as the advancements in flow cytometer technology, is the development of new
fluorochromes and viability dyes. These are providing narrower emission spectra allowing for
greater clarity in population identification. There is also now a range of viability dyes available
for a large variety of excitation and emission wavelengths. The interactive tools available
online, such as spectra viewers and panel builders are also very useful in creating optimal

antibody cocktails.

Conclusion

This study has highlighted some of the advantages and limitations associated with assessing
kidney cells using flow cytometry, particularly in the IR injury model. This can be an incredibly
powerful tool but requires a tested and systematic approach, including the method for organ
digestion, antibody selection (target antigen and fluorochrome) and specific gating strategies.
Other analytical techniques, including IHC, IF and PCR should be used in conjunction with flow
cytometry data to provide a complete depiction of cell types present together with localization
in the tissue in which they reside. The obvious extension of the use of flow cytometry to analyze
cell populations is the sorting of live populations for further investigations in vitro or in

adoptive transfer experiments.
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CHAPTER 3: Inflammatory Response to IR injury

3.1 Introduction

IR injury is one of the leading causes of AKI. In a clinical context, various forms of cardiac and
vascular surgery, kidney transplantation, sepsis, radiocontrast agents and other nephrotoxins
have been implicated in ischaemic kidney damage (211-218). These acute insults to the kidney
trigger inflammation and cause TEC death, resulting in reduced renal function (27).
Fortunately, the kidney has a capacity to undergo endogenous repair, although this appears
limited. These repair processes revolve around reducing the initial inflammatory response, TEC

replacement and remodelling of the extracellular matrix.

Macrophages form a heterogeneous population implicated in both IR-induced inflammation and
tissue repair. This is made possible by the varied activation states that they can acquire and a
high cellular plasticity. While the M1/M2 paradigm describing macrophage polarisation as
either pro-inflammatory (M1) or anti-inflammatory/immunomodulatory/reparative (M2) is
useful, it cannot fully describe the complexity of macrophage activation in the setting of kidney
IR injury. For example, the high plasticity of macrophages has been demonstrated extensively in
vitro (101, 219-222), however, the propensity to switch polarisation state in the kidney in vivo

is poorly understood.

Conceivably, distinct subpopulations of monocytes may give rise to macrophages of a specific
activation state. In a study using a murine unilateral ureteral obstruction (UUO) model of
kidney disease, different bone marrow-derived monocytes, defined by the level of Ly6C
expression, were reported to differentiate into phenotypically different mature macrophages
(200). In particular, Ly6C"" monocytes were found to transition into profibrotic, M2
macrophages (200). The temporal down-regulation of Ly6C also provides a marker of murine
monocyte maturation (199). Among the first to characterise these monocytes, Sunderkotter et
al. demonstrated that following diphtheria toxin (DT)-mediated depletion of CD11b" cells in

CD11bDTR mice, bone marrow-derived Ly6C™" cells were the first monocytes to repopulate the
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blood and their maturation resulted in the progressive emergence of Ly6C"" and finally Ly6C
monocytes and macrophages. In addition, the immature Ly6C™" monocytes preferentially
homed to sites of both acute and chronic inflammation (199). These findings suggest that
macrophages are derived from monocytes following a steady and predictable maturation
process but that the timing of the activation cues can affect homing patterns and functional

outcomes.

Insight into the nature of macrophage activation and the mechanisms by which they modulate
the immune response to IR injury can be gained through examining their interplay with
neutrophils. Neutrophils are early responders to IR injury where they promote inflammation
and contribute to tissue damage through the production of ROS, proteases and cytokines,
including IFN-y, TNF-q, IL-6, IL-4 and IL-10 (59, 60, 72). Macrophages are known to recruit
neutrophils to sights of inflammation, which in turn recruit inflammatory monocytes (223).
However, mechanisms exist to regulate neutrophil recruitment and survival in order to actively
reduce inflammation (223). For example, macrophage-derived MMP-12 is involved in the
proteolytic processing of MIP-2 (CXCL2), thereby disrupting its ability to mediate neutrophil
chemotaxis (224). Heightened production of TNF by macrophages also promotes neutrophil
apoptosis (225) and macrophage phagocytosis of apoptotic neutrophils stimulates the

production of anti-inflammatory mediators, such as TGF-f (226).

Kidney IR injury can be described in terms of an initial inflammatory phase followed by a
resolution phase. However, rather than two distinct series of events, dynamic changes to the
microenvironment most likely cause shifts in the balance between inflammation and
immunomodulation. Assessing cells through both phases will help place them in the context of

kidney inflammation and repair.
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Harnessing specialised macrophage functions by manipulating macrophage activation may lead
to novel therapies to treat kidney disease. However, a thorough understanding of the cell types
involved at various stages of experimental kidney disease is required to target the correct cell
subpopulation. This study is the first to perform a comprehensive characterisation of the IR
injury model of AKI, specifically focusing on epithelial cells and subpopulations of myeloid cells
throughout the inflammatory and remodelling phases of the disease. Flow cytometry was
predominantly used to characterise the loss, infiltration and maturation of specific cell types in
conjunction with cytokine production. This characterisation will provide a reference point for
future studies designed to manipulate cell function in order to promote endogenous repair of

damaged kidneys.
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3.2 Materials and Methods

3.2.1 Animals and Surgery

Male 6-8 week old (20-25g) C57BL/6J mice were anaesthetised with 2.0% inhaled isofluorane
(Abbott Australasia, Sydney, Australia) before the left renal pedicle was occluded using a
vascular clamp (0.4-1.0mm; Fine Science Tools, Heidelberg, Germany) for 40 min via a flank
incision to induce unilateral IR injury (n=>5 mice/group/time-point). Following removal of the
clamp, reperfusion was visually confirmed prior to wound closure using silk suture (size 5-0,
Ethicon, New Jersey, USA). An additional group of mice served as a sham-operated control
group where the animals were anaesthetised and a flank incision was performed without kidney

pedicle clamping. IR injury was assessed at 0.25 (6 h), 1, 3, 5 and 7 days post-surgery.

3.2.2 Histopathology and Immunostaining

Mid-coronal kidney sections from mice at 0.25 (6 h), 1, 3, 5 and 7 days post-IR or sham surgery
were immersion-fixed in 4% paraformaldehyde (PFA) and embedded in paraffin for
haematoxylin and eosin (H&E) staining. Additional kidney tissue was transferred into 30%
sucrose post-PFA fixation and frozen in optimum cutting temperature (OCT) medium (Tissue-
Tek, PELCO International, USA). Kidneys were sectioned at 4um for immunohistological
staining using a cryostat (Leica, Nussloch Germany). For the visualisation of MR, kidney
sections were stained with a rat anti-mouse MR primary antibody (AbD Serotec, Kidlington,
UK) followed by an Alexa Fluor 555 goat anti-rat secondary antibody (Molecular Probes,
Eugene, USA) and then counterstained with DAPI (Molecular Probes). Sections were viewed
with a Provis AX70 microscope (Olympus, Tokyo, Japan). Bright field images were captured
using an Olympus DP70 colour camera. Fluorescence images were captured with an F-view II

digital camera (Soft Imaging System, Munster, Germany).
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3.2.3 Digestion and Preparation of Kidneys for Flow Cytometry

Mice were culled at 0.25 (6 h), 1, 3, 5 and 7 days after IR injury. At each time-point the left
kidney was removed and placed in cold FACS buffer (PBS supplemented with 0.2% BSA, 0.02%
NaN; and 5mM EDTA) and were enzymatically digested as we have previously described (227).
Single cell suspensions were incubated with red blood cell lysis buffer (8.3g/L Na,Cl, 10mM
Tris-HCI, pH7.5) and samples filtered with a 40pum nylon cell strainer (BD Bioscience, San Jose,
USA) prior to antibody labelling. For flow cytometry cell preparation, cell counts and viability

determination were performed using a Z2 Coulter counter (Beckman Coulter, USA).

3.2.4 Antibody Labelling

Antibody labelling was performed as previously described (227). Three million cells from each
kidney single cell suspension were incubated for 20min at 4°C in the dark with the following
fluorochrome-conjugated anti-mouse antibodies: anti-CD45 APC-Cy7 (clone 30-F11; Biolegend,
San Diego, USA) and PE-Cy5 (clone 30-F11; BD Biosciences), anti-CD11b PE-Cy7 (clone
M1/70; BD Biosciences), anti-CD11c Pacific Blue (clone N418; Biolegend), anti-I-A/I-E (MHCII)
PE-Cy5 (clone M5/114.15.2; Biolegend), anti-CSF-1R (CD115) PE (clone AFS98; eBioscience,
San Diego, USA), anti-F4/80 APC (clone BMS8; eBioscience), anti-Ly6G Alexa Fluor 647 (clone
1A8; Biolegend), anti-Ly6C FITC (clone HK1.4; Biolegend), and anti-EpCAM (CD326) PE-Cy7
(clone G8.8; Biolegend). Fc receptor block (anti-CD16/32 antibody) was added to all antibody

cocktails. Isotype matched controls were used for each antibody in FMO manner.

3.2.5 Flow Cytometric Acquisition and Analysis

Data were acquired on a FACS Canto II flow cytometer (BD Biosciences) equipped with 405nm,
488nm and 633nm excitation lasers in conjunction with FACS Diva acquisition software (BD
Biosciences). Compensation was performed with single colour controls for each organ using the
same conjugated antibodies used in the study. Data analysis was performed using FlowLogic

FCS analysis software (Inivai Technologies, Melbourne, Australia).
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3.2.6 Cytokine Bead Array

The production of the pro-inflammatory cytokines TNF, IL-6, MCP-1 and IL-10 by kidney cells
following IR injury at 0.25 (6 h), 1, 3, 5 and 7 days post-IR was assessed using a mouse
inflammation cytometric bead array (CBA) kit (BD Biosciences, USA). Briefly, following the
digestion of the kidneys into single cell suspensions, 2x10° cells were incubated in media
(DMEM with 5% FBS, L-glutamine and penicillin/streptomycin) at 37°C, 5% CO, in a final
volume of 200uL for 24 h. Following incubation, the cells were centrifuged at 470g for 5min to
form a pellet. The supernatant containing the cytokines was collected and stored at -20°C. To
quantify cytokine production, supernatants were thawed and stained with antibodies provided
in the CBA kit. The amount of cytokine produced was determined by correlating the result with
the standard curve created using supplied cytokine standards. The capture bead-cytokine-
detection antibody complexes were detected on a FACS Canto II and data analysed using FCAP
Array software (Soft Flow, Inc. USA). Final quantitative results for each cytokine were

expressed in pg/ml.

3.2.7 Statistical analysis

Statistical analysis was performed using GraphPad Prism software version 6.0c (GraphPad
Software Inc., San Diego, USA). A Student’s t-test (unpaired, two-tailed) was used to analyse
data between two groups. Data are displayed as mean + SEM. P<0.05 was considered

statistically significant.
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3.3 Results

3.3.1 Histopathology

As shown in Figure 3.1, H&E staining of kidneys isolated from sham-IR mice demonstrated
normal kidney histoarchitecture, with intact tubules and glomeruli. As early as 6 h following IR
injury, widespread structural damage was evident within the kidney. This included the loss of
tubular epithelium, formation of protein casts, and an inflammatory cell infiltrate. Over the 7
day time-course, the infiltrate steadily increased. Kidney sections at day 7 post-IR displayed the
most prominent damage, with protein casts still present, vast interstitial matrix expansion,

tubular dilation and the greatest amount of inflammatory cells.

3.3.2 Kidney IR Injury Results in the Loss of EpCAM™ Epithelial Cells and a Rise in
Autofluorescence

Throughout the time-course of IR injury, the total kidney cellularity was assessed to determine
the balance between cell infiltration and proliferation, and cell death. No difference was
observed between IR and sham-IR kidneys until day 3 post-IR, where there were significantly
fewer cells in IR kidneys (IR: 3.10x107, sham: 4.67x10”, P<0.05). Total cellularity progressively
decreased in injured kidneys, as observed at 5 and 7 days post-IR (day 5, IR: 2.42x107, sham:

4.14x107, P<0.001; day 7, IR: 1.67x107, sham: 4.25x107, P<0.001) (Figure 3.2a).

The characteristic loss of epithelial cells following ischaemic injury was also assessed using flow
cytometry (Figures 3.2b and 3.2c¢). Pseudocolour dot plots show the changes in EpCAM™
epithelial cells compared to CD45" haematopoietic cells (Figure 3.2b). As early as 6 h post-IR
injury, the proportion of EpCAM™ cells was significantly lower in IR kidneys (IR: 9.0%, sham:
16.1%, P<0.001) while the proportion of CD45" cells had increased, predominantly from cell
infiltration (IR: 27.3%, sham: 16.3%, P<0.001). There was also a rapid 35% reduction in the
number of EpCAM™ cells at this 6 h time-point (IR: 5.7x10°, sham: 3.7x10°, P<0.01). There

were fewer EpDCAM™ cells in the IR kidneys at all time-points, although the difference was not
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statistically significant at 1 day post-injury (Figure 3.2c). The large proportional decreases were
a combination of epithelial cell loss and infiltrating CD45" cells (Figure 3.2b). These results

reflect the visual changes observed in the kidney histopathology shown in Figure 3.1.

Interestingly, we observed a change in autofluorescence as a result of IR injury (coloured pink
in Figure 3.2b, displayed graphically in Figure 3.2d). In sham mice and at 6 h and 1 day post-
injury in IR kidneys, autofluorescence was negligible. However, autofluorescence became
increasingly prominent in IR kidneys from 3 days post-IR onwards (day 3, IR: 2.1%/1.05x10°;
day 5, IR: 3.7%/2.91x10°; day 7, IR: 7.9%/3.80x10° Figure 3.2d). The presence of
autofluorescence reflects the type of damage and response to it by particular immune cells and
must be taken into consideration when assessing cells by flow cytometry, particularly in the

later stages of the IR injury model.
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Figure 3.1. Histopathology over the time-course of IR injury

Representative photomicrographs of H&E staining in sham, 6 h, 1 day, 3 day, 5 day and 7 day
post-IR kidneys. Sham kidneys show normal morphology. IR injury resulted in TEC loss, protein
cast formation extracellular matrix expansion and inflammatory cell infiltration. Magnification
x200. TEC, tubular epithelial cell.
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Figure 3.2. IR injury results in the loss of EpCAM™ epithelial cells and a rise in
autofluorescence

The impact of IR injury on the total kidney cell count (a), epithelial cells (b and ¢) and
autofluorescence (b and d) were assessed throughout a time-course of IR injury using flow
cytometry. Dot plots display EpCAM* epithelial cells, viewed against CD45" haematopoietic
cells (b). At 3, 5 and 7 days post-IR, autofluorescent events were gated and coloured pink (b).
Numbers on dot plots represent proportions of total viable cells. Data are displayed as mean =
SEM (n=>5/group). * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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3.3.3 Cellular Changes in the Kidney over a 7 day Time-course of IR Injury: CD45" Cells,
Total Myeloid Cells and Granulocytes

Flow cytometry was used to assess the CD45" population throughout the time-course of kidney
IR injury. In sham animals, these cells did not form more than 11% of viable cells/non-debris
(Figure 3.3a). With injury, the proportion increased progressively from 17.2% at 6 h post-IR to
57.5% of viable cells/non-debris at day 7 post-IR (Figure 3.3a). The number of CD45" cells
followed a similar trend. At 6 h post-IR, there were 7.8x10° cells in IR kidneys compared with
4.3x10° in sham kidneys (P<0.01) (Figure 3.3a). The total number of CD45" cells also

progressively increased over the time-course to 2.6x10°at day 7 post-IR (Figure 3.3a).

Total myeloid cells, defined here as CD45"CD11b*, were assessed due to their diverse roles in
inflammation and repair. At all time-points following IR injury, these cells comprised a greater
proportion of viable cells/non-debris in the damaged kidneys compared to those in sham
controls (Figure 3.3b). At 6 h post-IR, myeloid cells comprised 14.1% of viable cells/non-debris
in the IR group, compared to 7.5% in the sham (P<0.001) (Figure 3.3b). The greatest
proportional increase in these cells occurred between 6 h and day 1, where 30.0% of viable
cells/non-debris were CD45°CD11b" (sham: 5.4%; P<0.0001). The proportion in injured
kidneys continued to increase gradually with time, reaching 47.8% at day 7 (sham: 6.2%,
P<0.0001) (Figure 3.3b). A similar pattern was observed with the total numbers of myeloid
cells (Figure 3.3b). Six hours after injury there were almost double the number of myeloid cells
in the injured kidney compared to sham (IR: 6.42x10° sham: 3.34x10°, P<0.001). One day
post-IR, there were more than twice as many myeloid cells in the damaged kidney compared to
that at 6 h (day 1, IR: 1.48x10°, sham: 2.17x10°, P<0.0001). From day 1 onwards, the numbers
in the injured kidneys progressively increased, reaching 2.13x10° at day 7 (sham: 2.81x10°,

P<0.001) (Figure 3.3b).

Within the myeloid population, granulocytes were positively identified by the expression of

Ly6G, in conjunction with low levels of Ly6C. Granulocytes are polymorphonuclear cells of
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which the vast majority are neutrophils. Six hours post-IR in this study, granulocytes
constituted over a fifth of all myeloid cells in both the sham and IR groups but with a higher
proportion in the injured kidney (IR: 28.3%, sham: 23.0%, P<0.05) (Figure 3.3c). At day 1,
levels in the sham group had decreased to 6.1% compared to 36.7% in injured kidneys
(P<0.0001). From this time-point onwards, the proportion of granulocytes dropped to less than
8% in the IR groups and approximately 4% in the sham groups. The elevated proportion in the
sham group at 6 h is most likely explained by transient inflammation caused by the sham-IR
surgery. There was no proportional difference observed at 5 days post-IR (day 3, IR: 7.5%,
sham 3.2%, P<0.0001; day 5, IR: 3.8%, sham: 3.0%; day 7, IR: 6.4%, sham: 4.0%, P<0.05)
(Figure 3.3c). The number of granulocytes was significantly greater at all time-points in injured
kidneys compared to the sham controls (Figure 3.3c). However, the number dramatically
peaked 1 day post-IR, at 5.52x10° cells (sham: 1.3x10% P<0.0001). At all other time-points, the
number of granulocytes was less than 2.0x10° (Figure 3.3c). Assessing CD45" cells, the total
myeloid population and inflammatory granulocytes allow for a detailed account of the cellular
response to IR injury. Monocytes and macrophages are also known to respond quickly to
inflammatory cues and are involved in crosstalk with a variety of cells, including neutrophils.

Their additional roles in tissue repair make them an important population to assess.
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Figure 3.3. Cellular changes in the kidney over a 7 day time-course in response to IR
injury: CD45" cells, myeloid cells and granulocytes

CD45" cells (a), CD45*CD11b* myeloid cells (b) and Ly6C°"Ly6G* granulocytes (c) were
assessed throughout a time-course of IR injury using flow cytometry. Data are displayed as
mean + SEM (n=5/group). * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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3.3.4 Proportional and Numerical Changes in Monocyte and Macrophage Subpopulations
in Response to IR Injury

After excluding granulocytes from the CD457CD11b" cell pool, four monocyte/macrophage
populations were assessed for proportion and number (Figure 3.4a-d). These populations, as
described previously (227), were defined by the differential expression of Ly6C and MHC class
II: Ly6C""MHCII monocytes, Ly6C°*MHCII" monocytes, Ly6C*MHCII® monocytes and

MHCII"Ly6C macrophages.

Ly6C"#" inflammatory monocytes rapidly infiltrated the kidney following IR injury, comprising
28.7% of the monocyte/macrophage pool at 6 h post-IR compared to 3.8% in the sham
(P<0.0001). This dropped to 13.3% at 1 day post-IR before comprising a lower proportion than
in sham kidneys at days 5 and 7 (Figure 3.4a). Ly6C"¢" monocyte numbers were highest at 6 h
post-IR (IR: 1.3x10°, sham: 9.8x10% P<0.0001) and 1 day post-IR (IR: 1.2x10°, sham: 2.9x10°,
P<0.0001). At day 3, the number of Ly6C"™" cells had fallen to 4.5x10* and continued to
gradually decrease through to day 7 but remained significantly higher than in the sham groups
at all time-points (Figure 3.4a). Interestingly, similar numbers of Ly6C"™" monocytes and

granulocytes were detected in kidneys at 6 h post-IR.

The Ly6C°"MHCII monocyte population is represented in a similar manner to the Ly6C"e"
monocytes in both proportion and number but with the peak for each occurring at day 1 in the
IR group (Figure 3.4b). The proportion of Ly6C°*MHCII cells in injured kidneys was greater
than in the sham group at 6 h, day 1 and day 3 post-IR injury but lower than sham levels at
days 5 and 7. At their peak, these cells comprised 14.0% of the monocyte/macrophage pool,
compared to 0.6% in the sham (P<0.0001). At all other time-points in IR kidneys, these cells
formed less than 4% of the monocytes/macrophages (Figure 3.4b). Cell counts were very low
for both groups at all time-points with the exception of those in the IR group at day 1, where

there were 1.3x10° cells.
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More prominent than the Ly6C°*MHCII population are the maturing monocytes, described as
Ly6C*MHCII®", although these cells form a heterogeneous population with varying expression
levels of the two markers. In injured kidneys, these cells formed a greater proportion of the
monocyte/macrophage pool at 6 h, 1 day and 3 days post-IR (6 h, IR: 10.9%, sham: 3.2%,
P<0.01; day 1, IR: 16.5%, sham: 1.5%, P<0.0001; day 3, IR: 2.4%, sham: 1.2%, P<0.01) but
resided at sham levels at 5 and 7 days post-IR (Figure 3.4c). In terms of number, fewer than
1x10* cells were detected in the sham kidneys at any time-point. However, at 6 h post-IR, the
cell count in injured kidneys reached 5.0x10* (sham: 8.2x10°, P<0.001) before peaking at
1.6x10° at day 1 (sham: 3.1x10°%, P<0.001). After 3 days the cell count was still relatively high
at 1.3x10° (sham: 3.6x10°, P<0.01) before decreasing to 3.0x10* at day 5 and 2.4x10*at day 7

(Figure 3.4c).

Changes in the MHCII"Ly6C mature macrophage population fit in with the observations of
infiltrating immature monocytes transitioning into mature macrophages once in the injured
kidney. The proportion of total MHCII" macrophages decreased dramatically in IR kidneys from
sham levels of approximately 90% to 52.3% at 6 h, 42.4% at day 1 and 46.7% at day 3 (Figure
3.4d). No differences in the proportion of this population were detected between IR and sham
groups at either day 5 or day 7 post-IR (Figure 3.4d). Even though there was a proportional
difference after 6 h, there was no difference in the number of macrophages with injury at this
early time-point (IR: 2.4x10° sham: 2.3x10°). However, at 1 day post-IR, there was double the
number of cells in the IR kidneys compared to the shams (IR: 3.9x10° sham: 1.9x10°
P<0.001) (Figure 3.4d). The number of macrophages progressively increased throughout the

time-course, reaching 1.6x10° on day 7 (sham: 2.3x10°, P<0.001) (Figure 3.4d).
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Figure 3.4. Proportional and numerical changes in monocyte and macrophage
subpopulations in response to IR injury

Monocyte and macrophage populations were assessed throughout a time-course of IR injury
using flow cytometry. Four populations were assessed based on the differential expression of
Ly6C and MHC class II: Ly6C"$"MHCII" immature monocytes (a), Ly6C°*MHCII" monocytes (b),
Ly6C*MHCII® transitioning monocytes (¢) and MHCII*Ly6C macrophages (c). Percentages
represent proportions of myeloid cells excluding granulocytes. Data are displayed as mean =
SEM (n=>5/group). * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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3.3.5 Changes in the Flow Cytometric Profile of Kidney Monocytes and Macrophages
following IR Injury

Pseudocolour dot plots in Figure 3.5a show the effect of IR injury on the four
monocyte/macrophage populations defined by Ly6C and MHC class II expression. In addition to
the changes in cell proportion following injury, the dot plots reveal a noticeable decrease in the
level of MHC class II expression on macrophages from IR kidneys. When MHC class II
expression was quantified (represented by the MFI), a significant decrease was detected from 1

day post-IR onwards (Figure 3.5b).

Figure 3.5c shows the Ly6C and MHC class II isotype controls used to define the monocyte and
macrophage subsets at day 7 post-IR. From 3 days post-injury onwards, the expression of the
negative populations shifted from that observed at the earlier time-points. Even after selectively
gating viable cells and excluding autofluorescent events, specific gates were required for the
different phases of the injury model. As shown in this example, it was vital to have appropriate

isotype controls set up in an FMO manner to accurately gate on true positive events.
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Figure 3.5. Changes in the flow cytometric profile of kidney monocytes and macrophages
in response to IR injury

Pseudocolour dot plots show the flow cytometric profile of four monocyte/macrophage
populations, throughout a time-course of IR injury, based on the differential expression of Ly6C
and MHC class II (a). The MFIs representing MHC class II expression on MHCII*Ly6C
macrophages are displayed graphically (b). Examples of isotype controls (from day 7) are
displayed for both groups (c). Numbers on the dot plots represent proportions of myeloid cells
excluding granulocytes. Data are displayed as mean + SEM (n=5/group). * P<0.05, ** P<0.01,
*** P<0.001, **** P<0.0001.
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3.3.6 Analysis of Kidney Macrophage Subpopulations based on F4/80 and MHC Class II
Expression

Further assessment of macrophages was performed based on the expression of the classical
macrophage marker, F4/80. Figure 6a shows the expression of F4/80 and MHC class II on
CD45"CD11b* cells at each time-point. In sham groups, the predominant population is
F4/80""MHCII"®" comprising approximately 70% of all CD11b* cells (Figure 3.6a and 3.6b).
Following IR-injury, this population decreased to 31.4% at 6 h post-IR (sham: 58.6%;
P<0.0001) and further to 16.6% at day 1 (sham: 72.6%, P<0.0001) before increasing to 33.6%
at day 3 (sham: 73.1%, P<0.0001) (Figure 3.6a and 3.6b). As this population is composed of
Ly6C" cells (data not shown), the decrease in proportion is explained by the infiltration of
Ly6C"®" monocytes. By day 5, the proportion of F4/80""MHCII"¢" macrophages in the IR group
had returned to sham levels (Figure 3.6b). The numbers of F4/80™"MHCII"®" macrophages
increased over the time-course of injury in a similar fashion to the MHCII*Ly6C" cells. At day 1,
there was a small increase in F4/80"$"MHCII"" cells in the IR group compared to the sham (IR:
2.3x10°, sham: 1.5x10° P<0.0001) (Figure 3.6b). Three days post-IR, there were 5.3x10° cells
in IR kidneys (sham: 2.2x10°; P<0.01), which doubled to 1.1x10° cells at day 5 (sham: 2.0x10°,
P<0.001) and increased further to 1.5x10° cells at day 7 (sham: 2.0x10°, P<0.001) (Figure

3.6b).

A second population, F4/80™"MHCII"™ macrophages, emerged from 3 days post-IR onwards
(Figure 3.6a). This population was practically nonexistent in the sham or early stage IR groups
but represented 36.5% of all CD45°CD11b" cells at day 3 in IR kidneys (Figure 3.6a and 3.6c).
Two days later, the proportion of these cells had decreased to 14.2% and by day 7 only
represented 9.2% of the myeloid pool (Figure 3.6a and 3.6c). These cells appeared to mature

into the F4/80™""MHCII"¢" population.

Ly6C"¢" monocytes (coloured pink) were also displayed on the on the MHC class II versus F4/80

pseudocolour dot plots (Figure 3.6a). When assessed using FMO isotype controls, these cells
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were shown to express low levels of F4/80 but were MHC class II' (Figure 3.6a). These
F4/80°"MHCII cells (of which the majority are Ly6C"™®") represented on average 5.7% of
myeloid cells in sham kidneys compared to 21.1% in IR kidneys at 6 h (sham: 5.3%, P<0.0001)
and 20.2% at day 1 post-IR (sham: 3.6%, P<0.0001). The proportion decreased progressively
to 1.9% at day 7 (sham: 4.7%, P<0.0001), significantly lower than the sham control (Figure

3.6a).

In addition to the previously described Ly6C"®"F4/80"*MHCII" population, an F4/80°*MHCII"
population was also present after IR injury. In control animals, this population was negligible,
making up less than 2% of the CD45"CD11b" cell pool. However, at 6 h and 1 day post-injury,
these cells comprised 7.0% and 15.0% of the same population (Figure 3.6a). While 5% of the
myeloid cells fell within the F4/80°*MHCII®" gate at 3 days after surgery, the population
appeared to have changed phenotype to form the F4/80"¢"MHCII® population described

earlier.

By examining the five time-points throughout the early and late stages of the IR injury model, it
appears that immature, Ly6C"™" monocytes infiltrate the kidney early after injury. These cells
most likely express low levels of F4/80, which is up-regulated concurrently with MHC class II,
while Ly6C expression is lost. The final stage in their maturation is the transition from MHCIT""
to MHCII"®" expression, although the level of MHC class II expression doesn’t reach that found

on resident macrophages in the steady state.

Immunofluorescence microscopy was also used to visualise the presence and localisation of
macrophages expressing the M2 marker, MR (CD206). Very few MR" macrophages (green)
were observed in sham control kidneys (Figure 3.7a). However, an increase in MR" cells were
observed in the interstitium, lining the tubules at both early (day 1, Figure 3.7b) and late (day
7, Figure 3.7c) stages of the injury model, with a greater amount of staining at 7 days post-IR
injury.
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Figure 3.6. Analysis of kidney macrophage subpopulations based on F4/80 and MHC class
IT expression

Further phenotypic assessment of the monocyte/macrophage populations was performed based
on F4/80, MHC class II and Ly6C expression. Pseudocolour dot plots compare F4/80 and MHC
class II expression throughout a time-course of IR injury (a). Ly6C"®" monocytes (coloured pink)
are displayed on the F4/80 versus MHC class II dot plots (a). The proportion and number of
mature F4/80""MHCII™®" (b) and F4/80™¢"MHCII"" macrophages (c) are displayed graphically.
Numbers on dot plots and percentages on graphs represent proportions of CD45°CD11b" cells.
Data are displayed as mean + SEM (n=5/group). * P<0.05, ** P<0.01, *** P<0.001, ****
P<0.0001.
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Figure 3.7. Visualisation of MR" macrophages at day 1 and day 7 post-IR injury
Representative fluorescence micrographs showing MR* macrophages (green) in sham kidneys
(a) and IR injured kidneys at 1 (b) and 7 (c) days post-surgery. Magnification x200.
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3.3.7 Changes in the Inflammatory Cytokine Profile over the Time-course of IR Injury

Four cytokines central to inflammation and myeloid cell activation (IL-6, MCP-1, TNF and IL-
10) were measured to show the changes in the cytokine profile through the inflammatory and

resolution phases of the IR-injury model (Figure 3.8).

IL-6 production was significantly higher following IR injury at all time-points and progressively
increased from 751pg/ml at 6 h post-IR (sham: 450pg/ml, P<0.05) through to 9011pg/ml at 7
days (402pg/ml, P<0.0001) (Figure 3.8). MCP-1 production was also significantly increased in
response to IR injury at all time-points, with levels progressively increasing from 6 h post-IR
(IR: 172pg/ml, sham: 68pg/ml, P<0.01) through to day 5 (IR: 1625pg/ml, sham: 123pg/ml,
P<0.05) before declining at day 7 (IR: 648pg/ml, sham: 61pg/ml, P<0.001) (Figure 3.8).
There were no differences in the levels of TNF between sham and IR groups for the first three
days of the model. However, this was followed by significant increases in the IR groups at day 5
(IR: 508pg/ml, sham: 146pg/ml, P<0.01) and day 7 (IR: 583pg/ml, sham: 129pg/ml, P<0.01)
(Figure 3.8). Interestingly, the levels of IL-10, an immunoregulatory cytokine involved in M2
activation, were significantly higher in response to IR at all time-points. This difference was
only minor at 6 h post-IR (IR: 58pg/ml, sham: 28pg/ml, P<0.01) but increased substantially
through to day 3 (IR: 594pg/ml, sham: 23pg/ml, P<0.001) where they remained for the

remainder of the time-course (Figure 3.8).
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Figure 3.8. Changes in the inflammatory cytokine profile over the time-course of IR injury
Cytokine production by cells from damaged kidneys was measured throughout a time-course of
IR injury. Concentrations (pg/ml) for IL-6, MCP-1, TNF and IL-10 are displayed graphically,
depicting the mean concentration along with individual data points. (n=5/group). * P<0.05,
** P<0.01, *** P<0.001, **** P<0.0001.
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3.4 Discussion

This study has used flow cytometry with a comprehensive array of antibodies to identify major
myeloid cell subpopulations and cytokines involved in kidney IR-injury. Assessing these cells at
five time-points allowed for the mapping of cell loss, infiltration and maturation. This is the first
study to comprehensively characterise the changes associated with IR injury throughout the
damaging and remodelling phases of the model, focusing on different monocyte and
macrophage populations based on the differential expression of Ly6C, F4/80 and MHC class II,
along with cytokine production and changes in tissue histopathology. This information can be
used as a baseline to test the effects of novel treatments while also identifying possible

therapeutic targets.

Ly6C expression is not only a useful surface marker for defining monocyte maturation but has
also been linked to the differentiation of functionally different macrophages (200). In murine
UUO, it was shown that kidneys signal to the bone marrow to recruit Ly6C"®" monocytes, rather
than monocytes already in the circulation. In a similar pattern, our study showed a rapid influx
of Ly6C"" monocytes into the injured kidney, along with Ly6G* neutrophils. This infiltration
also corresponded to the increased production of the pro-inflammatory cytokines MCP-1 and IL-
6, along with the immunoregulatory cytokine, IL-10. The systemic effects of IR injury were
recently highlighted in a study by Brgchner et al., which showed that at 24 h post-bilateral IR
injury there were raised plasma levels of IL-6 and IL-10 along with increased neutrophil
accumulation in the lungs and livers of mice compared to sham kidney IR injury and hind leg IR
injury, which served as an additional control (228). TNF is another pro-inflammatory cytokine
with divergent effects. At low concentrations TNF prolongs neutrophil survival, while at high
concentrations, it induces neutrophil apoptosis (225). In our study, TNF production by kidney
cells increased significantly at 5 and 7 days post-injury, signifying a concerted effort to reduce

inflammation.
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Whilst the down-regulation of Ly6C denotes the maturation of the infiltrating monocytes into
tissue macrophages, what is more difficult to deduce is the relative contribution to the kidney
myeloid cell pool of infiltrating versus proliferating cells. Only recently was it demonstrated
that proliferation and differentiation of infiltrating bone marrow-derived cells contribute to
kidney fibrosis following UUO (200, 229). In addition, Jang et al. used green fluorescent
protein (GFP)" bone marrow chimeric mice and bromodeoxyuridine (BrdU) incorporation to
show that infiltrated bone marrow-derived cells account for greater than 80% of proliferating
cells in the post-ischemic kidney and contribute to fibrosis (230). In addition, the authors
showed that after administering the antioxidant apocynin (a nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase inhibitor), ROS-mediated bone marrow-derived cell infiltration
was reduced, which in turn resulted in fewer bone marrow-derived, proliferating interstitial

cells. Surprisingly, this also caused an increase in TEC proliferation (230).

The expression of the monocyte marker, Ly6C, on cells in the kidney challenges the classical
notion of blood monocytes differentiating into tissue macrophages upon extravasation. This is
explained in other studies, which have shown cells can maintain a monocyte phenotype upon
entering tissues without differentiating into macrophages or DCs (231, 232). Following on from
this point, our study did not attempt to distinguish macrophages from DCs due to the debate
that has surrounded the definition of these cells when considering their high plasticity,
functions, molecular markers and response to certain growth factors (233). CD11c is one
surface marker that has typically been used to identify DCs. However, recent work cautions
against using this marker to distinguish DCs from macrophages (79, 81). For example, splenic
monocytes have been shown to transiently express CD11c during inflammation (234). It is
therefore prudent to define mature monocyte-derived cells based on cell functions and

responses in specific settings.
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Assessing EpCAM expression may prove to be even more important than for the simple
evaluation of viable epithelial cell numbers. While most of the cellular responses to IR injury
involve haematopoietic cells, reduced renal function relates directly to the changes in the
kidney endothelial and epithelial cells (38). As demonstrated in this study, IR injury causes a
large and rapid reduction in the number of EpCAM® cells and so replacement of the lost
epithelial cells is one appropriate measurement of an effective therapy. Antibodies against
EpCAM stain the basolateral cell membranes of the distal tubules and collecting ducts of normal
kidney. However, a study by Trzpis et al. suggest that in addition, EpCAM expression is
associated with epithelial morphogenesis and regeneration (235). More specifically, they
showed by RT-PCR that EpCAM gene expression is up-regulated in the renal cortex following IR
injury. In line with these findings, EpCAM is also used as a diagnostic marker and therapeutic
target for a number of renal cell carcinomas (236). In the liver, the up-regulation of EpCAM
denotes regeneration through re-epithelialisation (237). Further to this, EpCAM has been
implicated in the processes of differentiation, migration and proliferation (238, 239). In this
study, there was no indication by flow cytometry that EpCAM* cells were being replenished 7

days post-IR injury.

Neutrophils have been shown to infiltrate the kidney shortly following IR injury, where they
promote inflammation and disease progression (60). A number of different techniques aimed at
neutrophil depletion, inhibiting recruitment and targeting production of inflammatory
mediators have also had prophylactic benefits in animal models of the disease (240-243).
However, a greater understanding of their relationship with other cell types involved in IR
injury, particularly macrophages, regarding the timing of infiltration and the length of time that

they persist is important in the development of therapies to promote endogenous repair.

The immune response to IR injury is complex and involves many cells and mediators.
Macrophages and neutrophils have been shown to be major contributors to many inflammatory
diseases, including IR injury, but the contribution from cells including NK (63), NKT (72), DCs
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(77), T cells (244) and B cells (245, 246) should not be ignored. A number of studies have
shown that inhibiting specific functions relating to these leukocytes can provide protection from
IR injury. However, developing therapies to promote healing following IR injury will require
enhancing mechanisms of repair. While it is known that promoting M2 macrophage polarisation
is able to promote kidney repair, the requirements for the initial inflammatory response is less
understood. It may be that inflammation is required to recruit monocytes capable of becoming
reparative cells, or perhaps the pro-inflammatory microenvironment is needed to trigger
resident macrophages to take on an alternative activation state in order to reduce
inflammation, which in turn enables cell-mediated repair processes to occur. One method for
selectively reducing aspects of the immune response to injury is to use neutralising antibodies
to inhibit the functions of cytokines or receptors. The benefit of using neutralising antibodies is
that the effects are transient and so blocking particular molecules can be restricted to different

stages of the disease. The challenge then becomes choosing the appropriate molecules to target.

This study has used flow cytometry in conjunction with histological assessment to
comprehensively characterise the myeloid cell types involved in the early inflammatory and
resolution phases of IR injury. The infiltration of myeloid cells was compared to the rapid loss
of EpCAM" epithelial cells and the timing of pro-inflammatory cytokine production, along with
the M2-associated cytokine, IL-10. A substantial decrease in the numbers of inflammatory
monocytes and neutrophils at 3 days post-IR injury, highlights the brief window in which to
target these cells for therapeutic benefit. The progressive increase in macrophage numbers
appears linked to the initial monocyte infiltration. Future studies are required to determine the
importance of the increased macrophage population regarding dampening of inflammation and
mediating repair. The results provide a reference point for future studies aimed at manipulating
the immune response to AKI through specific targeting of individual cell types and effector

molecules.
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4.1 Introduction

Renal IR injury in rodents provides a useful model for investigating the mechanisms of
hypoxia-, inflammation- and cell-mediated kidney damage, along with tissue repair
mechanisms. In addition to impact trauma and sudden restriction or occlusion of the renal
blood supply, IR injury is associated with a number of common clinical procedures, such as
kidney transplantation (247-249), partial nephrectomy (250-252), coronary bypass surgery
(212, 253) and other abdominal, thoracic and vascular procedures (254-256). Chapter Two
described a flow cytometry based method for assessing myeloid cells in murine kidney IR
injury. Chapter Three provided insights into the inflammatory response to acute IR insult. This
Chapter investigates the application of both prophylactic and therapeutic treatments targeting

IR-mediated kidney damage through altering the myeloid response to injury.

Depletion of tissue macrophages can provide protection against kidney IR injury. However, this
is dependent on the method of depletion (257, 258). Macrophage depletion using liposome-
encapsulated clodronate (LEC) can reduce ATN and protect renal function in mice with IR
injury. In comparison, targeted depletion of cells expressing CD11b and CD11c by injecting
human DT to mice, which have the DT receptor (DTR) under the control of the CD11b or
CD11c promoter, failed to provide any form of protection (257, 258). Examination of the
differential production of cytokines with the two depletion methods showed that LEC depletion,
but not DT-induced depletion, resulted in reduced levels of IL-1f, CXCL1, GM-CSF and MCP-1

(258).

Neutralising specific growth factors and cytokines to modulate the macrophage response may
prove to be an effective and clinically feasible method of protecting against IR injury. Two
prime candidates are CSF-1 and GM-CSF due to their roles as principal myeloid mediators. CSF-
1 is widely expressed in the steady state and promotes monocyte and macrophage

differentiation, survival, activation, proliferation and chemotaxis (259, 260). However, its
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expression is often increased at sites of inflammation, causing increased monocyte/macrophage
accumulation and exacerbation of a number of diseases (261, 262). In contrast, GM-CSF is
readily detectible only in times of infection or inflammation, where it provides pro-survival and
proliferative signals to cells of the myeloid lineage (263, 264). Considered a pro-inflammatory
cytokine, GM-CSF has been identified as a mediator of a number of inflammatory diseases, as
highlighted in models for multiple sclerosis, lung inflammation and rheumatoid arthritis (265-
267). These CSFs have also been linked to macrophage polarisation in vitro, whereby culturing
cells of the macrophage lineage with GM-CSF or CSF-1 results in macrophages that resemble
pro-inflammatory M1 and anti-inflammatory M2 cells, respectively, based on their cytokine and
gene expression profiles (102, 187, 268, 269). In a study by Fleetwood et al., murine GM-CSF
cultured macrophages differentially produced TNF-a., IL-6, IL-12p70 and IL-23 compared to IL-
10 and MCP-1 from CSF-1 cultured macrophages upon stimulation with LPS (187). Similar
effects have been observed with human monocytes/macrophages, although with some variation

in the cytokines (222).

Using mAbs to neutralise the effects of GM-CSF and CSF-1 (by targeting the ligand or its
receptor) conveys protection in a number of inflammatory disease settings, including models of
arthritis and lung inflammation, predominantly through halting myeloid cell proliferation and
inhibiting the release of pro-inflammatory mediators (184, 185). In the kidney, endogenous
GM-CSF is a mediator of different forms of glomerular nephritis (270), while CSF-1R blockade
targeting macrophage accumulation and inflammation successfully halted disease progression
in early diabetic nephropathy (150) and crescentic anti-GBM glomerulonephritis (271), and
reduced the severity of tubulointerstitial rejection in renal allografts (147). Contrary to this,
administration of CSF-1 to mice with established IR injury can accelerate repair and improve
renal function (148, 182). However, neutralising either of these CSFs in vivo is unlikely to
produce the opposite result to administrating additional GM-CSF or CSF-1, due to the

complexity of the in vivo setting.

83



CHAPTER 4: GM-CSF and CSF-1R blockade in IR injury

In this study, CSF-1 and GM-CSF signalling was blocked using mAbs in a mouse model of renal
IR injury. Specifically, anti-GM-CSF and anti-CSF-1R mAbs were administered to mice
beginning two days prior to injury. To investigate the importance of timing in CSF signalling,
two mAb administration regimens were compared. These involved a short-term blockade,
spanning the initial inflammatory phase of IR injury and a long-term blockade, continuing

throughout both the inflammatory and reparative phases of the model.
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4.2 Materials and Methods

4.2.1 Animals and Surgery

Male 6-8 week old (20-25g) C57BL/6J mice were anaesthetised with 2.0% inhaled isofluorane
(Abbott Australasia, Sydney, Australia) before the left renal pedicle was occluded using a
vascular clamp (0.4-1.0mm; Fine Science Tools, Heidelberg, Germany) for 40min via a flank
incision to induce unilateral IR injury (n=5-6 mice/group/time-point). Following removal of
the clamp, reperfusion was visually confirmed prior to wound closure using silk suture (size 5-
0, Ethicon, New Jersey, USA). In order to assess renal function, mice received 25min bilateral

IR (or sham-IR) injury.

4.2.2 Antibody Administration

Mice were injected with anti-GM-CSF (clone 22E9, rat anti-mouse 1gG2a), anti-CSF-1R (clone
AFS98, rat anti-mouse IgG2a mAb) or isotype control (anti-B-galactosidase) mAbs (n=>5-
6/group; 250ng/injection for short-term blockade or 100pg/injection for long-term blockade;
i.p.; made up with PBS to a final volume of 200p1) on days -2, 0 and 2 post-IR injury for short-
term blockade or days -2, 0, 2, 4, 7 and 10 post-IR injury for long-term blockade (mice culled at

day 7 did not receive an injection on day 7).

85



CHAPTER 4: GM-CSF and CSF-1R blockade in IR injury

Short-term A i ati
ssess cell populations
therapy and injury severity
C57BL/6J
20-25g IR
n=5-6/group D1 D4 D7
@ e Remodelling & Reg
D-2 DO D2 D7 D14
anti-CSF-1R, anti-GM-CSF Collagen assessment
or isotype control mAbs
Long-term ) ) ]
Assess cell populations, cytokine profile,
therapy C : .
collagen, injury severity and renal function
C57BL/6J
20-25g IR

n=5-6/group

D7 D14
@ e Remodelling & Re

D-2 DO D2 D4 D7 D10

anti-CSF-1R, anti-GM-CSF or isotype control mAbs

Figure: Schematic depicting the timing of neutralising antibody administration in
the short-term and long-term regimens.
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4.2.3 Digestion and Preparation of Kidney and Spleen for Flow Cytometry

Mice receiving short-term therapy were culled at 1, 4 and 7 days post-IR injury. The spleen and
left kidney were removed and placed in cold FACS buffer (PBS supplemented with 0.2% BSA,
0.02% NaN; and 5mM EDTA). Spleens were subjected to mechanical digestion and kidneys
were digested enzymatically as previously described (227). Single cell suspensions were
incubated with red blood cell lysis buffer (8.3g/L Na,Cl, 10mM Tris-HCl, pH7.5) and samples
filtered with a 40pm nylon cell strainer (BD Bioscience, San Jose, USA) prior to antibody
labelling. Cell counts and viability determination were performed using a Z2 Coulter counter

(Beckman Coulter, USA).

4.2.4 Antibody Labelling

Antibody labelling was performed as previously described (227). Three million cells from
kidney and spleen single cell suspensions were incubated for 20min at 4°C in the dark with the
following fluorochrome-conjugated anti-mouse antibodies: anti-CD45 APC-Cy7 (clone 30-F11;
Biolegend, San Diego, USA) and PE-Cy5 (clone 30-F11; BD Biosciences), anti-CD11b PE-Cy7
(clone M1/70; BD Biosciences), anti-CD11c Pacific Blue (clone N418; Biolegend), anti-I-A/I-E
(MHCII) PE-Cy5 (clone M5/114.15.2; Biolegend), anti-CSF-1R (CD115) PE (clone AFS98;
eBioscience, San Diego, USA), anti-F4/80 APC (clone BM8; eBioscience), anti-Ly6G Alexa Fluor
647 (clone 1A8; Biolegend), anti-Ly6C FITC (clone HK1.4; Biolegend), anti-EpCAM (CD326)
PE-Cy7 (clone G8.8; Biolegend) and anti-CD206 (MR) Alexa Fluor 488 (clone MR5D3;
Biolegend). For MR labelling, cells were fixed and permeabilised using Cytofix/Cytoperm
Fixation/Permeabilization Solution (BD Biosciences). Antibodies used for intracellular labelling
were diluted in Perm/Wash Buffer (BD Biosciences) as per the manufacturer’s instructions. Fc
receptor block (anti-CD16/32 antibody) was added to all antibody cocktails. Isotype matched

controls were used for each antibody in a FMO manner.
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4.2.5 Flow Cytometric Acquisition and Analysis

Data was acquired on a FACS Canto II flow cytometer (BD Biosciences) equipped with 405nm,
488nm and 633nm excitation lasers in conjunction with FACS Diva acquisition software (BD
Biosciences). Compensation was performed with single colour controls for each organ using the
same conjugated antibodies used in the study. Data analysis was performed using FlowLogic

FCS analysis software (Inivai Technologies, Melbourne, Australia).

4.2.6 Histology
To assess histopathology, mid-coronal kidney samples were immersion-fixed in 4% PFA and
embedded in paraffin. Kidney sections were cut at a thickness of 4um and stained with H&E to

visualise kidney histopatholgy.

4.2.7 Hydroxyproline and SDS-PAGE Analysis

Hydroxyproline was assessed to determine total kidney collagen (% collagen content/dry tissue
weight) as previously described (272). In brief, snap frozen tissue samples, containing cortex
and medulla, were lyophilised to measure dry weight before being re-hydrated in buffer
containing 1.5M NaCl, 0.5M Tris/HCl pH7.5, 0.5ml of 100x proteinase inhibitors (10mM N-
ethylmeleimide (NEM), 0.5M benzamidine hydrochloride, 0.1M phenylmethylsulfonyl (PMSF),
made up to a final volume with distilled water, at 4°C for 6 hours. Samples were then
hydrolysed in 6M hydrochloric acid and hydroxyproline levels were determined by measuring
the absorbance of the hydrolysed samples at 558nm with a Digital Spectrophotometer (Varian,
Palo Alto, USA). Collagen content was calculated by multiplying hydroxyproline values by a
factor of 6.94. Interstitial collagen subtypes were assessed using sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (273). Kidney samples
were pepsin digested and the supernatants collected for analysis on a 5% (wt/vol) acrylamide
gel with a 3.5% (wt/vol) stacking gel. o;(III) and o,(I) collagen chains were separated with

interrupted electrophoresis with delayed reduction of type III collagen. The gels were stained
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with 0.1% Coomassie blue R-250 overnight at 4°C before being destained with 30% (vol/vol)

methanol containing 7% (vol/vol) acetic acid.

4.2.8 Serum Cytokine Analysis

Blood samples were taken at the time of death and centrifuged to allow serum to be collected.
Serum samples were stored at -80°C prior to being screened for 32 mouse cytokines with a
MILLIPLEXy,p Cytokine/Chemokine assay (MCYTMAG-70K-PX32, Merck Millipore, Billerica,

USA).

4.2.9 Kidney Function Assessment
Serum creatinine and urea was measured in mice that received bilateral IR injury at 14 days
post-IR. Samples were analysed with i-STAT CHEM8+ cartridges with the i-STAT system (n=8;

Abbott, Ontario, Canada.)

4.2.10 Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 6.0c (GraphPad
Software Inc., San Diego, USA). A one-way analysis of variance (ANOVA) with a Tukey’s
multiple comparisons post-hoc test was used to analyse data from three or more groups. Data
are displayed as mean = SEM unless otherwise stated. P<0.05 was considered statistically

significant.
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4.3 Results

4.3.1 The Effect of Short-term GM-CSF and CSF-1R Blockade on Total Cellularity, CD45"
Cells, CD11b* Cells and Granulocytes in the Spleen

Neutralising mAbs against GM-CSF or CSF-1R were administered to mice every 2 days,
beginning in a prophylactic manner, 2 days before IR injury and continuing until 2 days post-
injury. To test the systemic effect of the mAbs, cell populations in the spleen were examined at
1, 4 and 7 days post-injury. Flow cytometry was used to analyse various cell populations,
employing a similar gating strategy to that described previously (227). To analyse
haematopoietic cells, non-autofluorescent CD45" cells were selected from ‘single cells’ (FSC-A

vs FSC-H). CD11b" cells were subsequently selected from the CD45" pool.

Neither GM-CSF or CSF-1R blockade altered the total spleen cellularity at any time-point
(Figure 4.1a), nor was there any effect on the proportion or number of CD45" cells (Figure
4.1b). However, CSF-1R blockade reduced the proportion and number of CD11b" cells 1 day
post-IR compared to the isotype control group (Figure 4.1c). The number of granulocytes
(Ly6C"Ly6G™*) was also significantly lower following both GM-CSF (P<0.05) and CSF-1R

blockade (P<0.05) 1 day post-surgery compared to the isotype control group (Figure 4.1d).
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Figure 4.1. The effect of short-term GM-CSF and CSF-1R blockade on cell populations in
the spleen following kidney IR injury.

Spleens were assessed at 1, 4 and 7 days after kidney IR injury using flow cytometry. Results
displayed graphically show the total cellularity (a), proportion and number of CD45" cells (b),
proportion and number of CD11b" cells (¢) and the proportion and number of granulocytes
(Ly6C"Ly6G™; d). Data are displayed as means = SEM. n=4-6/group. * P<0.05, ** P<0.01,
*** P<0.001, **** P<0.0001.
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A number of myeloid populations were also examined, based on the differential expression of
the markers Ly6C and MHC class II. Pro-inflammatory, immature Ly6C™" monocytes (also
MHCII) existed in higher proportions following CSF-1R blockade at both day 4 and day 7 post-
injury, compared to both other groups (Figure 4.2a). However, this is due to decreases in other
CD11b* populations as there was no difference in the number of Ly6C™s" cells at any time-
point. A maturing monocyte population, exhibiting decreasing Ly6C expression with a
concomitant up-regulation of MHC class II (described here as Ly6C*MHCII"), was reduced in
number 1 day after injury with both GM-CSF and CSF-1R blockade compared to the control
mADb (Figure 4.2b). Very few changes were observed in the CD11b"MHCII*Ly6C  population,
except for a higher proportion of these cells in the anti-CSF-1R mAb group at day 7 (Figure
4.2c). More noticeable differences were observed in a MR'F4/80" M2 macrophage
subpopulation (Figure 4.2d). CSF-1R blockade resulted in a lower proportion of these
macrophages compared to the anti-GM-CSF mAb group and the isotype control group, with the
difference being statistically significant at both days 4 and 7 post-IR. This translated to a
significant reduction in cell number following CSF-1R blockade at days 1 and 4. GM-CSF
blockade also reduced the number of MR*F4/80" cells at day 4 compared to the control group

(Figure 4.2d).
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Figure 4.2. The effect of short-term GM-CSF and CSF-1R blockade on monocyte and
macrophage populations in the spleen following kidney IR injury.

The effects of short-term GM-CSF and CSF-1R blockade on splenic monocyte and macrophage
populations were assessed at 1, 4 and 7 days after kidney IR injury using flow cytometry.
Results displayed graphically show the proportion and number of Ly6C™" monocytes (a),
proportion and number of Ly6C*MHCII monocytes (b), proportion and number of
MHCII*Ly6C" cells (¢) and the proportion and number of MR*F4/80" M2 macrophages (d).
Data are displayed as means + SEM. n=4-6/group. * P<0.05, ** P<0.01, *** P<0.001, ****
P<0.0001.
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CSF-1R expression was detected on both a Ly6C™" monocyte population and a Ly6C™ cell type.
Backgating analysis on the latter population revealed low to intermediate levels of CD11c
expression (data not shown). No difference in the CSF-1R*Ly6C"#" population was observed at
any time-point, with the exception of a lower proportion of cells following CSF-1R blockade at
7 days post-injury (Figure 4.3a). In contrast, anti-CSF-1R mAb administration dramatically
reduced the proportion and number of CSF-1R"Ly6C cells at all time-points compared to the
isotype control (Figure 4.3b). There was also an increase in the proportion of these cells
following GM-CSF neutralisation 1 and 4 days post-surgery compared to the isotype control
(Figure 4.3b). Closer inspection of the CSF-1R versus Ly6C dot plots showed a dramatic
decrease in the CSF-1R expression on the Ly6C™" population with CSF-1R blockade (Figure
4.3¢). In fact, this population only marginally remained within the CSF-1R" gate, which was
established strictly using FMO controls. This change is also represented graphically by plotting
the MFI, representing CSF-1R expression (Figure 4.3d). Regarding the Ly6C"#" population, CSF-
1R blockade significantly reduced the CSF-1R MFI at all three time-points relative to the other
groups. At days 1 and 4, GM-CSF blockade resulted in a slightly higher MFI compared to the
isotype control. For the Ly6C population, CSF-1R blockade again dramatically reduced the MFI
of the CSF-1R parameter at all three time-points, while the slight increase in MFI with anti-GM-

CSF mAD was only seen at day 4 post-injury (Figure 4.3d).
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Figure 4.3. The effect of short-term GM-CSF and CSF-1R blockade on CSF-1R" cells in the
spleen following kidney IR injury.

The effects of short-term GM-CSF and CSF-1R blockade on CSF-1R" cells in the spleen were
examined at 1, 4 and 7 days after kidney IR injury using flow cytometry. Results displayed
graphically show the proportion and number of CSF-1R*Ly6C"®" monocytes (a) and CSF-
1R*Ly6C macrophages (b). Representative dot plots from 7 days post-injury show the effect of
the neutralising mAbs on these two populations (c¢). MFIs, representing the level of CSF-1R
expression, was quantified for each population and displayed graphically (d). MFIs are
displayed in box and whisker plots. Numbers on the dot plots represent proportions of
Ly6C°"Ly6G cells. Data in bar graphs are displayed as means + SEM. n=4-6/group. * P<0.05,
** p<0.01, *** P<0.001, **** P<0.0001. MFI, mean fluorescence intensity.
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4.3.2 The Effect of Short-term GM-CSF and CSF-1R Blockade on Cell Populations in the
Injured Kidney

In Chapter Three, characterisation of this IR injury model depicted a rapid loss in total kidney
cellularity together with an influx of haematopoietic cells. The same progressive cell loss was
observed in this study with no additional changes occurring with GM-CSF or CSF-1R blockade
(Figure 4.4a). In contrast, CD45" cell proportions and numbers were reduced at all time-points
following anti-CSF-1R mAb administration (Figure 4.4b). There were also significantly fewer
CD45" cells 4 days post-IR following GM-CSF blockade (Figure 4b). Similar reductions were
observed in the CD11b" population (Figure 4.4c). These similarities were due to CD11b" cells
forming between 70% and 91% of CD45" cells in the isotype control group throughout the
time-course (Figure 4.4c). Within the CD11b* population, Ly6C°*Ly6G* granulocytes,
predominantly neutrophils, were assessed. The proportion of these granulocytes was
significantly greater at all time-points following CSF-1R blockade compared to the other groups
(Figure 4.4d). However, this increase in proportion is largely due to a decrease in the
proportions of other myeloid cell types. The only difference in cell number compared to the
isotype control was a decrease at day 1. At 4 and 7 days post-IR, the anti-GM-CSF mAb group
had fewer granulocytes than the anti-CSF-1R mAb group, although the granulocyte cell count
was much smaller in all 3 groups at these time-points compared to that at day 1. An apparent
reduction in granulocytes following GM-CSF blockade 1 day post-IR was not statistically
significant (Figure 4.4d). This suggests that GM-CSF and CSF-1R neutralisation did have some

subtle effects on the granulocyte population throughout the time-course.
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Figure 4.4. The effect of short-term GM-CSF and CSF-1R blockade on cell populations in
the injured kidney.

The effects of short-term GM-CSF and CSF-1R blockade on kidney cell populations were
assessed at 1, 4 and 7 days after IR injury using flow cytometry. Results displayed graphically
show the total cellularity (a), proportion and number of non-autofluorescent, CD45" cells (b),
proportion and number of CD11b" cells (¢) and the proportion and number of granulocytes
(Ly6C"Ly6G*, d). Data are displayed as means + SEM. n=4-6/group. * P<0.05, ** P<0.01,
**% p<0.001, **** P<0.0001.
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To assess infiltrating monocytes and macrophages, the CD11b"Ly6G cells were examined. The
proportional changes for this population were the reflection of those seen for the granulocytes.
That is, a decrease in the cell proportion following CSF-1R blockade compared to the other
groups at all three time-points (Figure 4.5a). This equated to a greatly reduced number of
CD11b*Ly6G" cells at all time-points compared to the isotype control and anti-GM-CSF mAb
groups. There also appeared to be a slight decrease in cell number as a result of GM-CSF
blockade, although it was only deemed statistically significant at day 4 (Figure 4.5a). In
Chapter 3, Ly6C"®" monocytes were shown to infiltrate the injured kidney soon after injury,
before maturing into MHCII*Ly6C macrophages within the first three days of injury. In the
current setting, CSF-1R blockade almost completely eliminated the initial Ly6C™" monocyte
influx (Figure 4.5b). At days 4 and 7 post-injury, these cells represented a greater proportion of
the CD11b*Ly6G™ population in the anti-CSF-1R mAb group. However, there was no difference
in the Ly6C"#" cell numbers at these same time-points, which were all very low, consistent with
previous findings in Chapter Three (Figure 4.5b). In effect, administering the anti-CSF-1R mAb
two days prior to IR injury and again on the day of surgery eliminated an entire inflammatory
mediator from the injured kidney. Similar effects were observed in the maturing Ly6C*MHCIT""
monocyte population (Figure 4.5c). These cells formed a lower proportion of the CD11b*Ly6G
cell pool at day 1 following CSF-1R blockade compared to the other groups but a higher
proportion at days 4 and 7 post-IR. GM-CSF blockade did not impact the numbers of this cell
type at any time-point (Figure 4.5c). In regards to the mature, MHCII"Ly6C macrophages, CSF-
1R blockade caused consistent depletion at all time-points. These cells formed a greater
proportion of the CD11b*Ly6G cells at day 1 but a lower proportion at day 7 compared to the
other two groups (Figure 4.5d), although, these are proportions of an already vastly reduced
cell population. Therefore, the absolute cell numbers provide the best insight into the effects of
the neutralising antibodies. GM-CSF blockade also reduced the cell count at day 4 compared to
the isotype control mAb but not to the same extent as with the CSF-1R blockade (Figure 4.5d).
The decrease in this mature population accounts for the increased proportions of monocytes

observed at days 4 and 7 post-IR.
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Figure 4.5. The effect of short-term GM-CSF and CSF-1R blockade on monocytes and
macrophages in the injured kidney.

The effects of short-term GM-CSF and CSF-1R blockade on monocytes and macrophages in the
kidney were examined at 1, 4 and 7 days after IR injury using flow cytometry. Results displayed
graphically show the proportion and number of CD11b*Ly6G™ cells (non-granulocytes myeloid
cells) (a), proportion and number of Ly6C"™" monocytes (b), proportion and number of
Ly6C*MHCII monocytes (¢) and the proportion and number of MHCII*Ly6C macrophages
(d). Data are displayed as means + SEM. n=4-6/group. * P<0.05, ** P<0.01, *** P<0.001,
**x% P<0.0001.
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4.3.3 Changes in Macrophage Populations in the Kidney following Short-term GM-CSF and
CSF-1R Blockade

To more thoroughly investigate the changes to mature macrophages, F4/80"MHCII" cells were
assessed. This population formed less than 6.2% of all CD11b" cells following anti-CSF-1R mAb
administration, compared to approximately 15%, 45% and 63% at days 1, 4 and 7, respectively,
in the isotype control group (Figure 4.6a). The proportional changes were also represented in
the absolute cell numbers, which showed the population was almost completely depleted
following CSF-1R blockade. GM-CSF blockade also reduced the number of these cells compared
to the isotype control group at day 4 but to a lesser extent (Figure 4.6a). Further assessment
showed that MR*F4/80" M2 macrophages formed 11.7% of the CD11b" population 1 day after
surgery and rose to over 60% at both days 4 and 7, as observed in the isotype control group
(Figure 4.6b). These cells also progressively increased in abundance from 1.1x10° cells at day 1,
to 2.0x10° at day 4 and 2.4x10° at day 7. No proportional or numerical differences were
observed with GM-CSF blockade. However, anti-CSF-1R mAb administration depleted these
cells throughout the time-course, with no more than 7.5x10" cells detected at any time-point
(Figure 4.6b). To gain further insight into the phenotype of these MR*F4/80 cells, they were
coloured pink and viewed on dot plots displaying MHC class II and Ly6C expression (Figure
4.6¢). Interestingly, these cells did not form a uniform population but involved Ly6C" cells
expressing MHC class II at low and high levels. With knowledge from previous studies
investigating the pattern of MHC class II expression, it can be assumed that with increasing
time post-IR injury, the MHCIT""Ly6C cells up-regulate the expression of MHC class II to form
the MHCII"" population. In this case, the MR" cells do not appear to be derived from the

Ly6C"#" monocytes.
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Figure 4.6. The effect of short-term GM-CSF and CSF-1R blockade on macrophage subsets
in the injured kidney.

The effects of short-term GM-CSF and CSF-1R blockade on macrophage populations in the
kidney were examined at 1, 4 and 7 days after IR injury using flow cytometry. Results displayed
graphically show the proportion and number of F4/80*MHCII™®" macrophages (a) and
MR*F4/80" M2 macrophages (b). Representative dot plots from 7 days post-IR injury show
MR*F4/80" M2 macrophages (coloured pink) on MHC class II vs Ly6C plots (c). Data are
displayed as means + SEM. n=4-6/group. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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To investigate these subpopulations further, MHC class II expression was compared to that of
MR (Figure 4.7a). For these parameters, four distinct populations were evident, including two
MR* populations: MR*MHCII™" cells and MR*MHCII" cells (Figure 4.7a). For the
MR *MHCII"®" cells, CSF-1R blockade significantly reduced the proportion and cell number at all
three time-points (Figure 4.7b). At days 4 and 7, GM-CSF blockade also reduced the number of
these cells but not to the same extent (Figure 4.7b). CSF-1R blockade also significantly reduced
the MR*MHCII®" population at all time-points. However, GM-CSF blockade did not cause any
significant changes (Figure 4.7c). These two MR" populations were also assessed for the
expression of F4/80. The histograms in Figure 4.7d show that both of these cell types express
high levels of F4/80 with the levels being slightly greater on the MR*MHCII® cells (blue
histogram), compared to the MR*MHCII"®" cells (green histogram). Neutralising GM-CSF did
not alter the level of F4/80 expression. No plot is shown for the anti-CSF-1R mAb group due to
the low number of cells in the injured kidney (Figure 4.7d). Additional analysis confirmed that

these MR™ populations did not express Ly6C (data not shown).
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Figure 4.7. The effect of short-term GM-CSF and CSF-1R blockade on alternatively
activated macrophages in the injured kidney.

The effects of short-term GM-CSF and CSF-1R blockade on alternatively activated macrophage
populations in the kidney were examined at 1, 4 and 7 days after IR injury using flow
cytometry. Representative pseudocolour dot plots from 7 days post-injury show the impact of
the neutralising mAbs on macrophages (a). The proportion and number of MR*MHCII"®" (b)
and MR*MHCIT® macrophages (c) are displayed graphically. Representative histograms from 7
days post-IR injury show the F4/80 expression on these two MR" populations (d). Expression
levels are overlayed on the same plot for the isotype control and anti-GM-CSF mAb groups. No
histogram is shown for the anti-CSF-1R mAb group due to the very low number of macrophages
in the kidney. Numbers on the dot plots represent proportions of CD11b* cells. Data are
displayed as means + SEM. n=4-6/group. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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4.3.4 The Effect of Short-term GM-CSF and CSF-1R Blockade on EpCAM™ Cells and Total
Collagen in the Kidney following IR Injury

The effect of short-term GM-CSF and CSF-1R blockade on EpCAM™ epithelial cells and total
kidney collagen were assessed to determine any renoprotective effects. Chapter Three provides
evidence that, in response to IR injury, the number of EpCAM* cells in the kidney decreases
over the first 7 days but with the majority of cell loss occurring within the first three days. In
this study, neither neutralising antibody reduced the amount of EpCAM™ cell loss or promoted

EpCAM™ cell replacement within the 7 day investigation period (Figure 4.8a).

Hydroxyproline was measured and used to determine total collagen content as a proportion of
dry tissue weight. Aberrant collagen deposition can be interpreted as fibrosis and can also
negatively impact renal function. In this study, the collagen concentration increased from day 7
to 14 as a result of IR injury. However, there was no difference between the control and
treatment groups at either 7 or 14 days post-IR injury (day 7, isotype control: 1.56%, anti-
GMCSF: 1.58%, anti-CSF-1R: 1.81%; day 14, isotype control: 2.42%, anti-GMCSF: 2.08%, anti-

CSF-1R: 2.42%) (Figure 4.8b).

Collectively, these results suggested that directly depleting monocytes and macrophages
through the administration of an anti-CSF-1R mAb or by blocking the pro-inflammatory effects
of GM-CSF from two days prior to IR injury through to 4 days post-injury has no clear benefits
on EpCAM™ cell number or the longer-term effects on collagen levels at days 7 and 14. A
possibility is that the short-term regime only delayed the inflammation and cell loss that ensues
from IR injury. Therefore, the long-term administration of the same antibodies was examined,
again beginning two days prior to IR-surgery but continuing through until 10 days post-IR

injury, assessing various parameters at days 7 and 14 post-surgery.
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Figure 4.8. The effect of short-term GM-CSF and CSF-1R blockade on EpCAM™ cells and
total collagen in the injured kidney.

Displayed graphically are the proportion and number of EpCAM™ epithelial cells as assessed at
1, 4 and 7 days post-IR injury (a) and the total collagen concentration as a proportion of dry
tissue weight at 7 and 14 days post-IR injury (b). Data are displayed as means + SEM. n=4-
6/group.
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4.3.5 Effects of Long-term GM-CSF and CSF-1R Blockade on Serum Cytokines

Blocking the CSF-1R had distinct effects on monocytes and macrophages due to their
dependency on CSF-1 for survival. The effectiveness of the short-term administration of anti-
GM-CSF mAb was more difficult to determine, as the changes to the cell numbers were more
subtle. As the short-term blockade failed to impact collagen deposition or EpCAM' cell
numbers, it was decided to test the long-term blockade of GM-CSF and CSF-1R, incorporating
the quantification of 32 inflammation related serum cytokines by way of a multiplex protein
array. The only change with the long-term regime was a dose of 100ug/injection, compared to
250ug/injection for the short-term blockade study. Additional testing showed that the reduced
dose caused a very similar degree of cell depletion in the anti-CSF-1R mAb administered IR
mice and the new dose remained inline with other investigations into inflammatory disorders

using these mAbs (274).

Included in the panel of cytokines assessed were three colony-stimulating factors: CSF-1, GM-
CSF and granulocyte-colony stimulating factor (G-CSF). Circulating CSF-1 levels were elevated
at day 7 following CSF-1R blockade, most likely due to the lack of available receptors to bind to
(CSF-1, day 7, iso ctrl: 21.88pg/ml, anti-GM-CSF: 16.86pg/ml, anti-CSF-1R: 385.78pg/ml,
P<0.05 vs iso ctrl, P<0.05 vs anti-GM-CSF) (Figure 4.9). Blocking GM-CSF and CSF-1R both
reduced circulating GM-CSF levels at 7 days post-injury (GM-CSF, day 7, iso ctrl: 220.52pg/ml,
anti-GM-CSF: 23.14pg/ml, P<0.01 vs iso ctrl, anti-CSF-1R: 74.68pg/ml, P<0.05 vs iso ctrl).
The concentration of G-CSF, which has roles in myelopoiesis (275, 276), was also lower at day
14 following CSF-1R blockade (G-CSF, day 14, iso ctrl: 235.52pg/ml, anti-GM-CSF:
152.54pg/ml, anti-CSF-1R: 133.78pg/ml, P<0.05 vs iso ctrl). These results indicate that the
two neutralising antibodies were effectively binding to their target. Re-populating BM-derived
Ly6C™" monocytes at approximately 13 days post-IR (based on preliminary studies
investigating the timing of re-population after a single anti-CSF-1R mAb injection) may account

for the return to a normal circulating CSF-1 concentration at day 14.
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Concentrations of a number of other cytokines were also altered with the administration of the
two antibodies. The cytokines for which the levels were altered following CSF-1R blockade
were generally different to those altered by neutralising GM-CSF. Changes were also most
pronounced at the day 7 time-point. Among the effects caused by CSF-1R blockade was an
increase at day 7 in the concentrations of IL-1f, IL-5, IL-12p70, IL-15, IL-17, leukaemia
inhibitory factor (LIF) and MCP-1 (CCL2) (Figure 4.9). These changes occurred in conjunction
with a decrease in IFN-y-induced protein 10 (IP-10 or CXCL10) and MIP-2 (CXCL2) at day 7
and monokine induced by IFN-y (MIG or CXCL9), MIP-1a (CCL3), MIP-1$ (CCL4), RANTES
and VEGF at day 14. GM-CSF blockade caused a decrease in IL-2, IL-9, MIP-2 and an increase in
MIG at day 7, along with a decrease in MIP-1p, MIP-2 and RANTES at day 14 (Figure 4.9). Of
interest were the increased concentrations of IL-4 and IL-10 at day 7 with CSF-1R blockade.
Both of these cytokines are associated with M2 macrophage polarisation. There were no
significant alterations seen in the levels of eotaxin, IL-1a, IL-3, IL-6, IL-7, IL-12p40, IL-13,
CXCL1, LPS-induced CXC chemokine (LIX or CXCL5) or TNF-a following administration of

either antibody (data not shown).

These data provides insight into the potential impact blocking GM-CSF and CSF-1R has on
myeloid cell function. To link the changes observed in circulating cytokines with alterations in
cell populations following long-term blockade, flow cytometry was again used to assess

different cell types.
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Figure 4.9. Effects of long-term GM-CSF and CSF-1R blockade on serum cytokine levels
following kidney IR injury.

Serum cytokines were assessed with a multiplex protein array at 7 and 14 days post-IR
following the long-term blockade of GM-CSF and CSF-1R. Scatter plots display all cytokines for
which the concentrations were altered as a result of neutralising mAb administration. Individual
data points and the mean concentration are plotted. Data are displayed as means + SEM.
n=5/group. * P<0.05, ** P<0.01, *** P<0.001, **** P<(0.0001.

Abbreviations: CSF-1, colony stimulating factor-1; G-CSF, granulocyte colony-stimulating
factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IL, interleukin; IP-10,
interferon gamma-induced protein; LIF, leukaemia inhibitory factor; MCP-1, monocyte
chemotactic protein; MIG, monokine induced by gamma interferon; MIP, monocyte
inflammatory protein; RANTES, regulated and normal T cell expressed and secreted; VEGF,
vascular endothelial growth factor.
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4.3.6 The Effect of Long-term GM-CSF and CSF-1R Blockade on Cell Populations in the
Spleen

Similar to results from short-term blockade, no changes were observed in the total cellularity or
number of CD45" cells with either neutralising antibody (data not shown). There were also no
significant changes to the numbers of CD11b" cells, granulocytes or CD11b*Ly6G cells
compared to the isotype control group (data not shown). In addition, no differences were
observed regarding the proportion and number of CSF-1R*Ly6C™#" cells (Figure 4.10a). For the
CSF-1R"Ly6C  cells, however, administering anti-CSF-1R mAb dramatically reduced the
proportion and cell count at the day 7 time-point (Figure 4.10b). Assessing the dot plots
revealed that the CSF-1R expression level for the Ly6C™#" cells had again been greatly reduced

but remained at levels slightly above that in the isotype control (Figure 4.10c).

The CSF-1R expression level (MFI) was again quantified for the Ly6C™#" and Ly6C populations
(Figure 4.10d). This revealed a large decrease in CSF-1R on the Ly6C"&" population at day 7
with CSF-1R blockade. At day 14, expression levels for all three groups had decreased greatly
and no differences were observed between groups at this time-point. There was also a decrease
in MFI for the CSF-1R"Ly6C cells at day 7. At day 14, CSF-1R MFI was only lower in the anti-
CSF-1R mAb group compared to the anti-GM-CSF mAb group (Figure 4.10d). These results,
along with the serum cytokine data, confirm the effectiveness of the anti-CSF-1R mAb in the

periphery, from where many inflammatory cells are recruited.
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Figure 4.10. The effect of long-term GM-CSF and CSF-1R blockade on CSF-1R" cells in the
spleen following kidney IR injury.

The effects of long-term GM-CSF and CSF-1R blockade on CSF-1R" cells in the spleen were
examined at 7 and 14 days after kidney IR injury using flow cytometry. Results displayed
graphically show the proportion and number of CSF-1R*Ly6C"®" monocytes (a) and CSF-
1R*Ly6C macrophages (b). Representative dot plots from 7 days post-injury show the effect of
the neutralising mAbs on these two populations (c¢). MFI representing the level of CSF-1R
expression was quantified for each population and displayed graphically (d). MFIs are
displayed in box and whisker plots. Numbers on the dot plots represent proportions of
Ly6C°"Ly6G cells. Data are displayed as means + SEM for bar graphs. n=5/group.* P<0.05, **
P<0.01, *** P<0.001, **** P<0.0001. MFI, mean fluorescence intensity.
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4.3.7 The Effect of Long-term GM-CSF and CSF-1R Blockade on Cells in the Injured Kidney
Changes were observed in a number of populations in the kidney following the long-term
blockade of CSF-1R but not GM-CSF. There was no alteration to the total cellularity with
administration of the neutralising antibodies. However, CSF-1R blockade did reduce the
number of CD45" cells 7 days post-injury, most likely due to the reduction in the number of
CD11b" cells at this time-point (data not shown). No change was observed in the numbers of
granulocytes at either time-point with GM-CSF of CSF-1R blockade (data not shown). There
was, however, a greater proportion and number of Ly6C™"®" monocytes 7 days post-IR but no
differences between groups at day 14 (Figure 4.11a). This increase in inflammatory monocytes
appears to contradict the effect of short-term CSF-1R blockade at the same time-point.
However, the proportion and cell count are relatively similar between the two regimes. There
was also a higher proportion of maturing Ly6C*MHCII®" cells at both day 7 and 14 post-injury,
which translated to an increased cell count 7 days after surgery (Figure 4.11b). The altered
inflammatory response following CSF-1R blockade may have resulted in a delayed increase in
these monocyte populations. The reverse of this trend was evident for the mature, MHCII"Ly6C"
population, with CSF-1R blockade lowering the cell proportion and number at day 7 (Figure

4.11c). There were no changes in this population at day 14.

A closer examination of the mature macrophage subsets revealed similar changes to those
observed with the MHCII*Ly6C population. The proportion and number of F4/80"MHCII"s"
macrophages were decreased in mice administered anti-CSF-1R mAb compared to the other
groups at day 7 but not at day 14 (Figure 4.12a). The alternatively activated MR*MHCII"s"
macrophages were similarly reduced in proportion and number following CSF-1R blockade at
day 7 with respect to the isotype control (Figure 4.12b). As initially described in Figure 4.7, all
MR *MHCII"" cells expressed high levels of F4/80 at both time-points. MR*F4/80" cells at day
14 post-injury were again coloured pink and displayed on MHC class II versus Ly6C dot plots
(Figure 4.12c). The noted difference with the MR" cells at this time-point compared to those at
day 7 shown in Figure 4.6c¢ is the lack of the MHCII"" population. This evidence shows that the

shift towards an MHCII"" phenotype is complete by 14 days post-IR injury.
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Figure 4.11. The effect of long-term GM-CSF and CSF-1R blockade on monocytes and
macrophages in the injured kidney.

The effects of long-term GM-CSF and CSF-1R blockade on CSF-1R" cells in the kidney were
examined at 7 and 14 days after IR injury using flow cytometry. Results displayed graphically
show the proportion and number of Ly6C™" monocytes (a), proportion and number of
Ly6C*MHCII monocytes (b) and the proportion and number of MHCII*Ly6C macrophages
(c). Data are displayed as means = SEM. n=5/group. * P<0.05, ** P<0.01, *** P<0.001, ****
P<0.0001.
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Figure 4.12. The effect of long-term GM-CSF and CSF-1R blockade on macrophage subsets
in the injured kidney.

The effects of long-term GM-CSF and CSF-1R blockade on macrophage subsets in the kidney
were examined at 7 and 14 days after IR injury using flow cytometry. Results displayed
graphically show the proportion and number of F4/80*MHCII™®" macrophages (a) and
MR*MHCII™" M2 macrophages (b). Representative dot plots from 14 days post-injury show
MR*F4/80" M2 macrophages (coloured pink) on MHC class II vs Ly6C plots (c). Data are
displayed as means + SEM. n=5/group. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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4.3.8 Histological Changes following IR Injury with the Long-term Blockade of GM-CSF
and CSF-1R and the Quantification of EpCAM* Epithelial Cells

Kidney histopathology was assessed at 7 and 14 days post-IR following the long-term GM-CSF
and CSF-1R blockade to identify structural changes that cannot be observed with flow
cytometry. At 7 days following IR injury and isotype control treatment, widespread TEC
damage was evident in the kidney. Sloughing of TECs into the tubular lumen and the formation
of proteinatious casts were evident. In addition, there was expansion of the interstitial matrix
that was filled with inflammatory cells (Figure 4.13a). By day 14 post-IR, re-epithelisation was
evident with fewer protein casts present. However, there was still widespread loss of tissue
architecture. Interestingly, neither mAb treatment appeared to alter the renal histoarchitecture

at either day 7 and 14, in comparison to the isotype control group.

The visual assessment gained from studying the histopathology was compared to the flow
cytometric quantification of EpCAM™ epithelial cells. There were no differences caused by GM-
CSF or CSF-1R blockade at day 7. However, there were significantly fewer EpCAM™ cells at day
14 following CSF-1R blockade compared to the isotype control group (iso ctrl: 1.46x10° anti-
GM-CSF: 1.33x10°, anti-CSF-1R: 8.71x10°, P<0.05 for iso ctrl vs anti-CSF-1R) (Figure 4.13b).
As the proportion and number of EpCAM™ cells increased from day 7 to day 14 in the isotype
control group, the results indicate that CSF-1R blockade limited the replacement/replenishment
of these epithelial cells (Figure 4.13b). Longer time-points are required to determine the extent
of CSF-1R blockade on the inhibition of EpCAM* cell replenishment. These results demonstrate
that the potential anti-inflammatory effects from blocking GM-CSF or CSF-1R do not provide
protection from EpCAM™ cell loss. Further to this, the prolonged depletion of monocytes and
macrophages is a likely contributor to the impaired replacement of these cells. To assess
structural changes occurring at these time-points, collagen content and its distribution

following GM-CSF and CSF-1R blockade were assessed.
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Figure 4.13. Histological changes in the kidney following IR injury with the long-term
blockade of GM-CSF and CSF-1R.

Representative photomicrographs of H&E stained kidney sections from isotype control, anti-
GM-CSF and anti-CSF-1R treated mice (a). The effects of long-term GM-CSF and CSF-1R
blockade on EpCAM™ cells in the kidney were quantified using flow cytometry. Displayed
graphically are the proportion and number of EpCAM™ epithelial cells as assessed at 7 and 14
days post-injury (b). Data are displayed as means + SEM. n=5/group. * P<0.05, ** P<0.01,
**% p<0.001, **** P<0.0001.



CHAPTER 4: GM-CSF and CSF-1R blockade in IR injury

4.3.9 Assessment of Total Collagen in the Injured Kidney following Long-term GM-CSF
and CSF-1R Blockade

Hydroxyproline was measured in injured kidneys at days 7 and 14 post-injury following long-
term GM-CSF and CSF-1R blockade to determine the total collagen content as a means of
assessing fibrosis. As with the short-term antibody administration, there was no difference
between the control and treatment groups at day 7 post-injury (isotype control: 1.73%, anti-
GM-CSF: 1.93%, anti-CSF-1R: 1.75%; Figure 4.14a). However, CSF-1R blockade resulted in a
significantly greater collagen concentration at day 14 compared to the other groups (isotype
control: 2.82%, anti-GM-CSF: 2.48%, anti-CSF-1R: 5.38%, P<0.05 anti-CSF-1R vs isotype

control, P<0.01 anti-CSF-1R vs anti-GM-CSF) (Figure 4.14a).

Further analysis of the collagen subtypes using SDS-PAGE revealed that the predominant
subtypes that contributed to the increase in collagen were type I collagen [o;(I) and o,(I)
monomers and dimers of two a4(I) chains (f11) or a,(I) and a,(I) monomers (f12)] and a

small amount of type V collagen (Figure 4.14b).
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Figure 4.14. Assessment of collagen in the injured kidney following the long-term
blockade of GM-CSF and CSF-1R.

Picrosirius red staining was used to visualise collagen deposition (red staining) within the
kidney (a). A hydroxyproline assay was used to determine total collagen concentration as a
proportion of dry tissue weight at 7 and 14 days post-injury (b). SDS-PAGE analysis shows the
main collagen subtypes present at day 14 post-injury (c¢). Data are displayed as means + SEM.
n=5-6/group. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.



CHAPTER 4: GM-CSF and CSF-1R blockade in IR injury

4.3.10 Changes in Renal Function following IR Injury with Long-term GM-CSF and CSF-1R

Blockade

Renal function was assessed in a bilateral IR injury model (25 minutes of ischaemia) due to the
compensatory capacity of individual kidneys. At day 14 post-IR following the long-term
blockade of GM-CSF and CSF-1R, serum urea and serum creatinine levels were analysed as a
measurement of renal function. A sham-injury group was included to define baseline levels of

serum urea and creatinine.

Urea and creatinine levels were both significantly higher in the IR + isotype control group
(urea; 21.7mmol/L, P<0.05; creatinine; 59.1umol/L, P<0.01) and the IR + anti-GM-CSF mAb
group (urea; 27.1mmol/L, P<0.01; creatinine; 64.6umol/L, P<0.01) compared to the sham-IR
control (urea; 8.4mmol/L; creatinine; 28.2umol/L), indicating reduced renal function (Figure
4.15). The most promising results were for the mice that received the anti-CSF-1R mAb. The
mean values for both serum urea (15.4mmol/L) and creatinine (47.1umol/L) were higher than
in the sham-IR group but lower than in the IR + isotype control group although not statistically

significant (Figure 4.15).
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Figure 4.15. Changes in kidney function following IR injury with the long-term blockade
of GM-CSF and CSF-1R.

Urea and creatinine concentrations were measured in serum samples obtained from mice 14
days after bilateral IR injury (25min ischaemia) following long-term GM-CSF and CSF-1R
blockade (or sham-IR injury with no mAb administration). Scatter plots display individual data
points with means + SEM. n=6-8/group. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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4.4 Discussion

This study provides insights into the roles of GM-CSF and CSF-1, along with the cells that they
govern, in kidney IR injury. More specifically, it appears that the damaging effects of ischaemia
cannot be mitigated by a marked reduction in inflammatory myeloid cell infiltrate shortly after
reperfusion. The results also point to the importance of CSF-1- and macrophage-mediated
repair processes in the recovery from IR injury. The aim of this study was two fold: to
determine if the blockade of the CSF-1R or GM-CSF could provide renoprotection by reducing
the infiltration and function of pro-inflammatory cells into the injured kidney and to identify

differences between short-term and long-term blockade.

Short-term CSF-1R blockade proved very effective in depleting monocytes and macrophages
within the kidney at all stages within the first 7 days of injury. Even after two injections (days -
2 an 0) there was a greatly reduced number of infiltrating Ly6C"¢" inflammatory monocytes, far
below control levels. This reduction also extended to the mature macrophage population
(F4/80"MHCII"), where the additional injection (day 2) resulted in almost complete depletion
throughout the time-course. Possibly more significant is that the MR* M2 macrophage
population was also depleted throughout the 7 days. Interestingly, reductions in the same
populations in the spleen were not as apparent. Possible explanations include a more acute
requirement for CSF-1 in the pro-inflammatory kidney microenvironment or alternative survival
mechanisms offered to the splenic monocytes and macrophages. Neutralising GM-CSF did not
have a dramatic impact on monocyte numbers but did result in fewer kidney F4/80"MHCII*
macrophages 4 days post-injury. Neutralising GM-CSF did, however, result in significantly
fewer granulocytes, compared to the anti-CSF-1R mAb group at 4 and 7 post-IR. Consistent
with findings in Chapter Three, the majority of epithelial reduction occurred shortly after IR
injury. Epithelial cell preservation was one aspect that we were interested in assessing with the

GM-CSF and CSF-1R blockade. Unfortunately, neither mAb reduced the amount of EpCAM™
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epithelial cell loss. Another aspect is enhanced epithelial replacement, which requires the

assessment at later time-points.

The development of fibrosis, assessed at 7 and 14 days post-injury, did not appear to be linked
to the magnitude of the initial infiltration or presence of pro-inflammatory monocytes and
macrophages. Previous studies have shown that depleting macrophages by other methods prior
to IR injury can reduce damage and preserve renal function (277-279). However, the degree of
protection in these studies may be influenced by the length of ischaemic time, which ranged
from 22-32min, and may vary depending on the time post-surgery that kidney function was
assessed. In this study, an ischaemic time of 40min was used, which is considered a severe form
of acute injury but still within the range that allows for some degree of organ recovery and

repair.

Having determined that the short-term neutralisation of GM-CSF and CSF-1R failed to alter the
fibrotic outcome of this IR injury, additional mAb injections were performed at 4, 7 and 10 days
post-surgery, with assessment at days 7 and 14. To gain insight into the systemic effects of GM-
CSF and CSF-1R blockade, 32 serum cytokines were measured at 7 and 14 days post-IR.
Notably, circulating CSF-1 levels were increased at day 7 with CSF-1R blockade, most likely due
to the inability of CSF-1R" cells to bind the ligand. Also, the anti-GM-CSF mAb effectively
decreased circulating GM-CSF levels at the same time-point. Generally speaking, the two
different neutralising mAbs altered a different set of cytokines. In a previous study, “M2-like”
macrophages primed with CSF-1 produced increased MCP-1 and IL-10 after stimulation in vitro
(187). Here, CSF-1R blockade also led to increased levels of these two cytokines in the
circulation at day 7. This may be due to the increased circulating CSF-1 levels or other
compensatory mechanisms resulting from monocyte and macrophage depletion. IL-4, also
related to M2 polarisation, was elevated at day 7. In addition, CSF-1R blockade lead to
increased levels of a number of pro-inflammatory cytokines (IL-1p, IL-2, IL-12p70, IL-15 and IL-

17) compared to the control mAb. These results demonstrate that targeting the functions of this
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one growth factor is not sufficient in causing a widespread reduction in inflammatory
mediators. GM-CSF neutralisation, however, did have the intended effect of reducing a number
of pro-inflammatory mediators, including IL-2 and IL-9 at day 7, and MIP-1p and RANTES at

day 14 compared the control mAb. MIP-2 was also reduced at both time-points.

Interestingly, with the long-term CSF-1R blockade there was a slight but significant increase in
the number of Ly6C"™" and Ly6C"" monocytes at day 7 that was not detected following short-
term blockade, although the cell counts were still comparable. This result indicates that even 7
days post-IR injury, there are still chemoattractant signals attracting inflammatory cells from

the circulation. This is consistent with the elevated levels of serum MCP-1 detected at day 7.

Short-term CSF-1R blockade had no influence on EpCAM' epithelial cell protection or
replacement. However, the lower EpCAM™ cell count at day 14 following long-term CSF-1R
blockade alludes to the importance of mature macrophages in TEC repair. Besides changes in
cell numbers, the biggest effect from the mAb administration was a large proportional increase
in the collagen content at day 14 with CSF-1R blockade. It is difficult to determine if this is
aberrant collagen deposition or an indication of matrix replacement. The reduced serum urea
and creatinine levels in this group at day 14 could support the latter, although as the
differences in the functional data with CSF-1R blockade were not significant, it is difficult to

form this conclusion.

Previous studies have shown the importance of CSF-1 in switching macrophage phenotype
towards an M2 state to promote tissue repair (182). In the study by Alikhan et al., CSF-1
protein was administered after the establishment of injury, which resulted in accelerated repair
of kidney structure and function. More advanced tracing studies may be of use to establish the
differentiation fate and contribution to repair of the infiltrating Ly6C"¢" and Ly6C™" monocytes
in this setting and to help determine if and when the blockade of the CSF-1R may be

advantageous in CSF-1-mediated repair. As the anti-CSF-1R mAb delivery depletes both the
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immature, infiltrating monocytes and the mature macrophages indiscriminately, and given the
importance of M2 macrophages in extracellular matrix remodelling, a more specifically targeted
depletion method may be able to provide more useful anti-inflammatory effects or create an
environment more favourable for repair. That said, the complex nature of the inflammatory
cascade and the conditions required for M2 polarisation may be very closely associated and a
fine manipulation of this balance may be all that is needed to switch on reparative functions

slightly earlier.

GM-CSF and CSF-1R blockade has proven beneficial in a number of inflammation-mediated
diseases. In these inflammatory disease settings, it may be that the immune driven aspect of the
disease, as opposed to the ischaemic cell death and sterile inflammation that results from IR
injury, is what allowed the therapy to be effective. In kidney IR injury, these therapies caused
broad changes in circulating cytokines and kidney myeloid populations. In particular, CSF-1R
blockade caused widespread depletion of pro-inflammatory monocytes and mature
macrophages. While the anti-inflammatory effects of these mAb treatments were obvious,
ablation of the M2 macrophages may have compromised some aspects of tissue repair.
Altogether the results from this study demonstrate the complexity of the in vivo setting. Due to
the broad range of inflammatory mediators and signalling pathways involved, coordinating the

timing of the therapy to the evolving disease state is required for optimal results.
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General Discussion

The impact of kidney disease on individuals and health care systems worldwide is enormous.
The number of people with kidney disease is also growing, largely due to the increased
prevalence of type 2 diabetes and ageing populations. To date, conventional treatments for
kidney disease have focused on delaying the progression towards ESRD and RRT. However, in
recent times there has been a shift to develop novel therapies to promote endogenous kidney
repair. Although a significant challenge remains in a setting of fibrosis and declining function,
this outcome may be possible through harnessing the immunomodulatory and reparative
capabilities of macrophages. Therefore, this thesis aimed to further the knowledge of myeloid
cell biology in kidney IR injury, a model of AKI, with a particular focus on monocytes and
macrophages. In Chapter Two, a flow cytometry protocol was established for detecting and
analysing myeloid cells in injured and non-injured kidneys. Chapter Three utilised this
methodology to characterise myeloid populations, inflammatory cytokines and epithelial cell
loss throughout the initiation and resolution phases of kidney IR injury. Finally, Chapter Four
explored and compared the effects of GM-CSF and CSF-1R blockade, thereby inhibiting

principal mediators of myeloid cell functions, on IR-mediated damage and repair.

Inflammation undoubtedly can have deleterious effects in kidney disease and many studies
have successfully achieved protection in experimental models through inhibiting or blocking
inflammatory cells and mediators. Macrophages are known contributors to the inflammatory
response in kidney IR injury, so it is surprising that in a study that tested two methods of
macrophage ablation, clodronate-mediated depletion was protective while DT-mediated
depletion was not (257). DT administration resulted in the near complete depletion of kidney
macrophages (liver and splenic macrophages were unaffected), while MR* M2 renal
macrophages were resistant to clodronate-mediated depletion. These results confirm the
existence and functional importance of different macrophage populations within the kidney.

However, the kidney microenvironment, which changes throughout the phases of IR injury, can
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also influence macrophage activation. In a separate study involving clodronate depletion of
macrophages prior to IR, adoptive transfer of resting RAW 264.7 cells (a murine macrophage
cell line) re-instated injury when delivered at the time of injury and at 24 hours post-surgery.
However, when delivered 48 hours post-IR, these cells promoted repair (280). In comparison,
IFN-y-stimulated BM macrophages maintained their M1 phenotype when delivered to mice at
the time of injury (during the inflammatory phase) but switched to an M2 state when

administered 3 days post-IR (during the resolution phase) (193).

These results also provide insight into the nature of CSF-1 mediated kidney repair. In separate
studies, administering CSF-1 to mice with established IR injury accelerated repair and
remodelling through the promotion of a reparative macrophage activation state (148, 182). In
these studies, CSF-1 was delivered throughout the resolution phase of the injury model,
promoting TEC proliferation and improving renal function. Using DT-mediated macrophage
depletion, Menke et al. reported that CSF-1-mediated repair involved both macrophage-
dependent and -independent mechanisms, demonstrating that CSF-1 also signals directly to
TECs (148). Alikhan et al. further demonstrated that CSF-1 mediates repair through the
promotion of M2 macrophage activation (182). Conversely, in an experimental lupus nephritis
model, circulating CSF-1 was implicated in the increased numbers of intrarenal macrophages
mediating TEC apoptosis, while CSF-1 deficiency provided protection from kidney damage

(281).

Taken together, these results highlight the dynamic interplay between macrophages and the
microenvironment. In the present study, it is likely that CSF-1R blockade failed to provide
protection from IR due to the depletion of MR" macrophage populations. This likely
counteracted any protective effects from inhibiting inflammatory monocyte infiltration. Results
from Chapter Three show that the majority of monocyte infiltration in kidney IR injury occurs
within the first 24 hours of reperfusion. Therefore, there was most likely a lack of cells and time

required to repopulate the mature MR macrophages in order to promote tubular replacement
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and repair. However, the results in Chapter Four pertaining to collagen levels at 7 and 14 days
post-IR suggest that the impact on myeloid cells following short-term CSF-1R blockade was not

extensive enough to promote excess fibrosis, as was the case with long-term CSF-1R blockade.

Relatively few studies have investigated the role of GM-CSF in kidney IR injury and repair. As
GM-CSF has been identified as a mediator in other inflammatory diseases, and due to its role in
the survival and activation of neutrophils and macrophages (260), neutralising GM-CSF was a
legitimate approach to provide protection against IR injury. However, only modest reductions in
some myeloid populations were observed, generally within 4 days post-injury, with no impact
on epithelial cell numbers or collagen accumulation compared to control IR kidneys. Very
recently, Huen et al. described a unique alternative activation state in macrophages following
co-culture of pro-inflammatory macrophages with either mouse PT cells or primary TECs (282).
The activation of these macrophages occurred via STATS5 signalling, as opposed to the canonical
IL-4-stimulated STAT6 pathway, and while they shared Argl and Cd206 gene expression with
IL-4-activated macrophages, they uniquely expressed Msr1 but lacked Fizzl, Ym1 and Igf-1 gene
expression. It was also shown that culturing naive BM-derived macrophages in mouse PT cell
conditioned media promoted the same activation state, which was inhibited with the addition
of GM-CSF neutralising antibody. The authors also administered anti-GM-CSF antibodies to
mice during the resolution phase of IR injury and observed reduced tubular proliferation but no
impact on serum creatinine levels 5 days post-IR (282). Interestingly, as shown in Chapter Four
of this thesis, neutralising GM-CSF prior to IR injury also did not impact renal function as

assessed at 7 and 14 days post-IR.

Modulation of the inflammatory response to IR injury with neutralising antibodies nevertheless
holds enormous potential for limiting damage caused by inflammation. The findings from this
thesis suggest that future research in kidney regeneration should aim to target specific
subpopulations of cells and focus on manipulating individual functions within these cells, such

as the increased production or inhibition of specific cytokines. Further research is also required
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to determine the importance of infiltrating cells, such as inflammatory neutrophils and
monocytes, for subsequent repair mechanisms. Due to the apparent importance of timing
therapies to specific disease phases, neutralising CSF-1 (or blocking CSF-1R) and GM-CSF may
have benefits despite lack of efficacy extending into the resolution phase of IR injury. In this
regard, one approach may be combination therapy using blockade during inflammation

followed by injecting the growth factors during the resolution phase.

Epigenetic modification is another method that could be very useful in modulating macrophage
function and their response to stimuli (283). Epigenetics involve post-translational chromatin
modifications that confer functional changes in gene activity (284). A cell’s epigenetic
landscape is modified based on events that occur during development and from environmental
signals. This in turn influences the manner that cells respond to new stimuli. Targeting
chromatin regulators with synthetic compounds has already proven to be successful in
inhibiting inflammatory responses by macrophages. The pre-treatment of BM-derived
macrophages with one such compound, I-BET, prior to LPS stimulation, suppressed a range of
LPS-inducible chemokines and cytokines (285). Administration of this compound to mice prior
to the induction of endotoxic shock was also able to prevent death (285). Using such
compounds to selectively suppress the pro-inflammatory functions of macrophages would most

likely be a better-targeted approach than the depletion of entire macrophage populations.

Since Metchnikoff first identified and described macrophages as scavenging phagocytes, their
identity has been constantly evolving, from pro-inflammatory cells of the innate immune
system, to the recent classification of M1 and M2 polarisation states. As discussed by Martinez
and Gordon (286), this classification system is simplistic, as the environment created for in vitro
polarisation does not reflect the complexity of the in vivo setting. The in vitro conditions
involving purely M1 or M2 stimuli do not translate to the in vivo setting and the M1/M2 model
suggests that activated macrophages conform to stable activation states. The context of

signalling also requires consideration, as a cell’s response to a stimulus will be different in times
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of cell maturation, pathogen clearance and resolution from inflammation and injury. There is
also only a partial overlap of signalling pathways for each activation state due to the range of
different M1 and M2 stimuli, adding to the heterogeneity of the activated populations. While
the concept of macrophage activation states is useful, in reality, it may not be possible to fully
classify macrophage activation. However, a thorough understanding of macrophage capabilities
and specific disease environments will aid in the development of highly specific and effective

therapies.

Conclusion

Kidney disease represents a range of disorders arising from different aetiologies. The difficulty
in developing new treatments is due to highly complex disease processes and immune
responses. The ability to resolve kidney injury following damage rests on a fine balance
regarding the initial inflammatory response and the replacement of damaged cells and
structures. Macrophage plasticity and diversity offers the possibility of new therapies through
modulating their phenotype and function. To achieve this, an intimate knowledge is needed of
all cells involved in a specific disease or injury, along with safe and specific methods of

targeting them.
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Macrophages in Renal
Development, Injury, and Repair

Timothy M. Williams, BBiomed Sci (Hons),* Melissa H. Little, PhD,” and
Sharon D. Ricardo, PhD*

Summary: Macrophages have long been regarded as classic mediators of innate immunity
because of their production of proinflammatory cytokines and their ability to induce apopto-
tic cell death. As a result of such activities and the detrimental long-term effect of kidney
inflammation, macrophages principally have been regarded as mediators of glomerular dam-
age, tubular cell death, and the downstream fibrotic events leading to chronic kidney disease.
Although this has been the accepted consequence of macrophage infiltration in kidney
disease, macrophages also play a critical role in normal organ development, cell turnover, and
recovery from injury in many organs, including the kidney. There is also a growing awareness
that there is considerable heterogeneity of phenotype and function within the macrophage
population and that a greater understanding of these different states of activation may result
in the development of therapies specifically designed to capitalize on this variation in
phenotype and cellular responses. In this review, we discuss the current understanding of
induction and consequences of classic versus alternative macrophage activation and highlight
what additional therapeutic options this may provide for the management of both acute and
chronic kidney disease as well as renal cancer.

Semin Nephrol 30:255-267 © 2010 Elsevier Inc. All rights reserved.
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n all vertebrates, macrophages are the first

leukocytes to appear in the embryo. During

postnatal and adult life they differentiate
from hematopoietic precursor cells, a process
that occurs exclusively in the bone marrow.! In
contrast, during early mammalian development
primitive fetal macrophages appear to differen-
tiate from a different cell origin independent of
the blood monocyte.>* Macrophages in the em-
bryo serve as specialized phagocytic cells.’
They are formed in the yolk sac and then mi-
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grate through the mesenchyme to invade the
tissues of the embryo proper. With formation of
the primitive vasculature, fetal macrophages
migrate from the yolk sac into the liver. Fetal
macrophages also proliferate and differentiate
locally within tissues before forming tissue-spe-
cific macrophages.®” Macrophages are essential
during embryogenesis and play an important
role in programmed cell death and tissue re-
modeling during organogenesis.>® The produc-
tion of both liver and bone marrow- derived
macrophages is controlled by the growth factor
colony stimulating factor (CSF)-1, also termed
macrophage colony stimulating factor. CSF-1
binds to the CSF-1 receptor (CSF-1R) and ge-
netic deletion of either of these genes in mice
results in marked depletion of tissue macro-
phages.”!® The CSF-1-deficient op/op mouse
(CSF-1°¢/CSF-1°?) has revealed the importance
of macrophages in the development of many
organs, especially the bone, brain, and endo-
crine systems. In the brain, neuroepithelial cell
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growth requires macrophages.!! Macrophages
also are required for the normal development of
the pancreas and mammary gland.!'?'? Indeed,
embryonic macrophage populations exist
within almost all developing organs and adopt
highly specific locations, phenotypes, and func-
tions. In developed organs, the Kupffer cells of
the liver, Langerhans cells of the skin, oste-
oclasts in the bone, and microglia in the brain
all represent highly specialized resident macro-
phage populations.?

Once permanent or definitive hematopoiesis
is established with increased gestation, the pro-
liferative capacity of the macrophage declines
and a distinct set of phagocytes, the monocyte-
macrophages, are formed.*'%!> In the adult,
macrophages are involved in inflammation and
immune surveillance. However, the heteroge-
neity and cellular plasticity of macrophage pop-
ulations with their ability to change phenotype
in response to local stimuli allows these cells to
be highly specialized and display a wide and
apparently opposing range of functions. In-
deed, there is strong evidence that subpopula-
tions of macrophages directly contribute to
wound healing and tissue repair, supporting
the concept that some macrophage phenotypes
can promote organ regeneration after injury.
However, this ability to change phenotype and
function makes categorizing macrophage pop-
ulations relatively difficult.

CLASSIC VERSUS
ALTERNATIVE ACTIVATION STATES

Evidence supports the notion of two key mac-
rophage polarization states described as M1
“classically activated” proinflammatory macro-
phages, and M2 “alternatively activated” im-
mune regulatory macrophages'®!'” (Fig. 1). In
general, these two phenotypic states are some-
what comparable with the opposing Th1l and
Th2 cells. A key factor driving M1 polarization
and activation is interferon-y (IFN-y), derived
from CD4" Thl cells, CD8" cytotoxic T cells,
and natural killer cells, either working alone or
in conjunction with lipopolysaccharides (LPS),
tumor necrosis factor-a (TNF-«), and other mi-
crobial products.'® Culture of human CD14"
monocytes in the presence of granulocyte mac-
rophage CSF also induces M1 polarization. M1

macrophages produce proinflammatory cyto-
kines, in particular interleukin (IL)-12 and IL-23,
are phagocytic, present antigen via major histo-
compatibility complex (MHC) class II mole-
cules,' and generate toxic nitrogen and oxygen
intermediates.?° This equips M1 macrophages
to eliminate intracellular pathogens and even
some tumors effectively.?!?> The IL-12 pro-
duced by M1 macrophages drives further Thl
polarization and stimulates additional IFN-vy pro-
duction from T cells and natural killer cells,
thereby perpetuating the inflammatory res-
ponse. In kidney disease a predominantly M1
macrophage infiltrate results in tissue damage
and cell loss followed by the accumulation of
extracellular matrix (ECM) proteins. The down-
stream effect of the proinflammatory cascade is
the development of renal interstitial fibrosis and
impaired organ function. Thus, macrophage
phenotype and the corresponding polarization
state ultimately determines the outcome of
acute inflammation and the progression to irre-
versible chronic scarring.?3

Given a favorable microenvironment, M2
macrophages counteract progressive damaging
inflammation and contribute to ECM remodel-
ing and tissue repair. However, the exact defi-
nition of M2 alternatively activated macro-
phages is still under debate. Martinez et al?*
have classified M2 macrophages into three sub-
sets, namely M2a, M2b, and M2c macrophages,
which differ in their mode of activation, cyto-
kine profile, and function.

M2a macrophage polarization after exposure
to IL-4 and IL-13 or glucocorticoids results in
increased expression of pattern recognition re-
ceptors including the mannose receptor
(CD206) and scavenger receptor (CD163) to-
gether with up-regulation of MHC class II mol-
ecules and production of the chemokines
CCL17, CCL22, and CCL24.'%25> M2a macro-
phages show an enhanced capability for endo-
cytosis, pinocytosis, and antigen presentation.
There is also increased production of the pro-
totype ECM protein fibronectin, transforming
growth factor (TGF)-B-induced matrix associ-
ated protein MP78/70 (Big-H3),2%7 and insulin-
like growth factor, which has been shown to
stimulate re-epithelialization in dermal wound
healing.?82°
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Figure 1. The defining chemokine and receptor profiles of classically and alternatively activated macrophages. Two
proposed concepts for macrophage polarization are depicted. (A) Three groups of mature macrophages are derived
from blood monocytes that are specialized for host defense, immunoregulation, or wound healing. The putative
macrophage phenotypes from one category can share a range of features from the other two categories. (B and C) The
possible existence of two polarization states, involving M1 (classically activated macrophages) and M2 (alternatively
activated macrophages). (B) Classically activated or M1 macrophages are defined based on the mode of activation and
the subsequent receptor expression and production of proinflammatory cytokines, nitric oxide (No), and reactive
oxygen species (Ros). Activation typically occurs in response to IFN-y in conjunction with LPS or granulocyte macro-
phage CSF (am-csF). (C) Alternatively activated or M2 macrophages are defined broadly as being those activated in
response to IL-4 and IL-13, resulting in the expression of mannose and scavenger receptors along with increased
endocytosis abilities and the production of IL-10 and transforming growth factor-g (1Gr-B). Shifts in the polarization
state between differentiated M1 and M2 macrophages also may occur. (D) Within the M2 group there are apparent
differences in receptor expression, cytokine production, and function resulting from activation in response to glucocor-
ticoids (M2a), LPS and immune complexes (M2b), and IL-10 and TGF-B (M2c).

in tissue regeneration. However, these cells are
associated more commonly with the encapsu-
lation and killing of parasites, for perpetuating
Th2 immunity, and for being involved in aller-
gic responses owing to the expression of CCR3

Furthermore, IL-4 -induced arginase produc-
tion facilitates the conversion of arginine to
ornithine, an intermediate in the synthesis of
polyamines and collagen. These characteristics
suggest an important role for M2a macrophages
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ligands, which are involved in the attraction of
eosinophils and basophils.?°

M2b macrophages characteristically produce
high levels of IL-10 but differ from other alter-
natively activated cells in that they concomi-
tantly produce proinflammatory cytokines, in-
cluding TNF-, IL-1, and IL-6, but low levels of
IL-12. These cells become activated in response
to classic activation stimuli (LPS) in the pres-
ence of IgG immune complexes and typically
elicit an immunoregulatory response.’! This
mainly is owing to the high production of IL-10,
capable of deactivating proinflammatory cyto-
kines, especially TNF-a, while mediating an IL-
4 - dominant Th2 response3? and inducing IgG
class switching of B cells.??

M2c macrophages, also termed deactivated,
are induced by high levels of IL-10 and trans-
forming growth factor (TGF)-3 and have vital
immunosuppressive roles while contributing to
matrix remodeling and tissue repair. Interest-
ingly, IL-10 induces the expression of proin-
flammatory chemokine receptors such as
CCR1, CCR2, and CCR5,** which bind the li-
gands monocyte inflammatory proteins-1o and
monocyte inflammatory proteins-1[3, monocyte
chemoattractant protein-1, and CCL5. How-
ever, these receptors become uncoupled, inter-
rupting signal transduction such that IL-10 in-
hibits cell migration in the presence of these
proinflammatory chemokines, resulting in mac-
rophage deactivation. The positive role of M2c
macrophages in tissue regeneration, however,
is not the result of restricted migration but from
the deactivation event that allows the chemo-
kine receptors to function as decoy receptors.
This contributes to M2c governed immunosup-
pression through the clearance of proinflamma-
tory mediators. IL-10 also up-regulates cell surface
expression of CD150, or signaling lymphocyte-
activating molecule, which appears uniquely on
this subset of macrophages but is also an indicator
of dendritic cell maturation.?® Signaling lympho-
cyte-activating molecule is known to activate T
cells, but because of its expression by M2c mac-
rophages and its regulation by the immunoregu-
latory cytokine IL-10, it may play an important
role in the induction of T-regulatory cells and
driving Th2 polarization. In support of this no-
tion, signaling lymphocyte-activating molecule

also is linked to B-cell stimulation and prolifera-
tion and subsequent immunoglobulin (Ig) pro-
duction.3¢

Regarding alternative macrophage activation,
there is debate over the classification. The ef-
fects governed by IL-10 and IL-12 may not be
sufficient to warrant the classification of differ-
ent subsets, with the only true M2 macrophage
being that which is activated with IL-4 and
IL-13.17 It has been proposed that the M1/M2
nomenclature be used as a guide when discuss-
ing specific cell subsets based on the precise
ligands and chemokines associated with that
cell. More recently, Mosser and Edwards?” sug-
gested that three macrophage activation sta-
tes exist, specializing in either host defense,
wound healing, or immune regulation. Depend-
ing on the specific inflammatory and micro-
environmental cues, macrophages can adopt
particular phenotypic and functional character-
istics, giving the impression of a range of sub-
sets. Whichever classification system proves to
be most accurate, the ability of macrophages to
mediate renal repair most likely depends on the
interplay of a number of different subsets that
function to suppress Thl (M1)-induced inflam-
mation, promote Th2 (M2) recruitment and/or
polarization, clear cellular debris, and promote
tissue regeneration and reorganization through
appropriate ECM production/degradation and
angiogenesis.

TUMOR-ASSOCIATED
MACROPHAGES: ANALOGIES
WITH EMBRYONIC MACROPHAGES

The importance of macrophage phenotype in
controlling immune responses is highlighted in
malignancy. Macrophages in the fetal kidney,
lung, and brain share a characteristic gene ex-
pression profile comprising a variety of anti-
inflammatory and pro-proliferative factors® but
with a distinct genetic profile compared with
the adult.*!>3%40 Macrophages in the embry-
onic kidney express a repertoire of markers
suggestive of an M2 phenotype3® and a number
of the M2-associated genes identified in embry-
onic macrophages are shared by tumor-associ-
ated macrophages (TAMs),##3 including the
mannose receptor, macrophage scavenger re-



Renal development, injury, and repair

259

ceptors 1 and 2, CCL24, Clq, CD163, and
TREMZ2.38

There is growing evidence that the tumor
microenvironment influences M2 macrophages
to produce a variety of pro-tumor growth and
angiogenic factors as well as immunosuppres-
sive molecules.?! Stemming from a common
myeloid precursor, there are distinct subpopu-
lations of myelomonocytic cells with different
differentiation phenotypes, dependent on the
site of tumor origin and progression of disease.
Myeloid-derived suppressor cells (CD11b* Gr-1-
F4/801L-4Ra™) of granulocyte origin are re-
cruited to the tumor microenvironment where
they become F4/80% 414344 In addition, TAMs
are derived from circulating monocytes and in-
fluence tumor growth. Both myeloid-derived
suppressor cells and TAMs have a phenotype
similar to M2 macrophages and may well rep-
resent a unique myeloid cell differentiation pro-
gram.“! Tumor-conditioned granulocytes may
play a role in priming macrophages toward ei-
ther a M1 or M2 phenotype.*> However, as in
inflammation, it is unclear if macrophages re-
main committed to a single phenotype or
whether they regress to a resting state that can
be reactivated another way.¥® Tumor progres-
sion and metastasis depends on constant mac-
rophage influx to assist tumor growth, angio-
genesis, and stromal remodeling. Macrophages
may be either anti-angiogenic or pro-angiogenic
depending on their microenvironment. Re-
cently, Kelly et al*’ reported that somatic cell
senescence genes, Fas ligand, and IL-10 are key
regulators of macrophage polarization and de-
termine their ability to regulate angiogenesis.4’
Thus, targeting specific macrophage popula-
tions or immunotherapies designed to exploit
the ability of macrophages to adopt an anti-
angiogenic phenotype may effectively remodel
the tumor microenvironment to suppress tu-
mor cell proliferation and metastasis.

THE ROLE OF TISSUE
MACROPHAGES IN KIDNEY DEVELOPMENT

Macrophages play various roles in both kidney
development and disease. Macrophages origi-
nating from the liver infiltrate the renal mesen-
chyme of the developing metanephros via the
circulation before nephron formation.>® As the

tubules of the developing nephrons are formed,
the interstitial macrophages become associated
intimately with the cortical nephron segments
and with the loop of Henle in the medulla. The
macrophages assemble in the interstitium adja-
cent to the basement membrane underlying the
tubular epithelium and wrap cellular processes
around the epithelium. It is in this location that
a resident population of tissue macrophages
persists within the kidney into adult life.>® Al-
though we have documented the timing of the
arrival of such macrophages, it is unclear
whether their residence is permanent with
such cells representing long-term residents or
whether there is ongoing recruitment and turn-
over of this population, potentially but not nec-
essarily from the circulating monocytic/macro-
phage population. We have examined the
expression profile of such resident macro-
phages but have not found markers that defin-
itively would distinguish between tissue and
circulating monocyte-derived macrophages or
from resident macrophages located in other or-
gans. However, the presence of macrophages
from early kidney development and their inti-
mate relationship with the forming tubules of
the nephrons suggests that, as for organs such
as the breast and the brain,'"24 macrophages
are critical for kidney development. We also
have shown that the addition of CSF-1 to a
developing murine kidney significantly pro-
motes growth and differentiation and that this
is accompanied by an increase in the number of
macrophages present in the cultures.’® CSF-1
itself does not appear to be essential for kidney
development because mice deficient in CSF-1
have kidneys.” However, these mice are not
completely devoid of macrophages and do ac-
cess some CSF-1 from their mothers.>® How-
ever, it is possible that manipulation of the
trophic role of macrophages within developing
kidneys may be used to induce compensatory
nephron production in fetuses suffering from
intrauterine growth retardation.

MACROPHAGES IN KIDNEY DISEASE

Although the pathogenesis of renal disease is
multifactorial, the ideal therapy would both ad-
dress causative factors and promote optimal
cellular replacement after injury. Importantly,
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damaged kidneys can undergo endogenous re-
pair of the nephron renal epithelia via cell pro-
liferation.>! However, the capacity of the kid-
ney and especially the glomerulus to undergo
endogenous repair after injury is limited and
typically insufficient.

Suppression of Macrophage
Activities in Chronic Kidney Disease

The role of the macrophage in response to
kidney injury traditionally has been regarded as
inflammatory and detrimental. Although the na-
ture of the damage potentially would result in a
variable role for macrophages in disease onset
and progression, glomerular and tubulointersti-
tial macrophage accumulation occurs in re-
sponse to almost all insults. Both immune and
nonimmune injury results in macrophage infil-
tration, leading to increased ECM accumulation
and tubulointerstitial inflammation and fibrosis.
Evidence suggests that glomerular macrophage
accumulation makes an important contribution
to diabetic nephropathy>? because depletion or
disruption of macrophage function limits dis-
ease severity. Macrophage depletion using lipo-
somal clodronate reduced mesangial ECM ac-
cumulation in a rat model of nephrotoxic
nephritis>® whereas gene deletion of monocyte
chemoattractant protein-1 reduced tubular in-
jury and death in murine nephrotoxic nephri-
tis.>* Mice lacking either L-selectin alone or all
three selectins (E-, P-, and L-selectin) showed
reduced macrophage recruitment and less tu-
bulointerstitial fibrosis and tubular apoptosis in
experimental hydronephrosis implicating mac-
rophages in tubular cell death.>®> The induction
of apoptosis by macrophages owing to nitric
oxide and TNF-a production results in direct
cell death, but macrophages also may reduce
tubular expression of vascular endothelial
growth factor (VEGF), leading to the disruption
of the peritubular capillary network and result-
ant tissue ischemia.>®>’

The growth factor CSF-1 is pivotal to the
macrophage response in the adult kidney be-
cause of its role in macrophage differentiation
and proliferation. In a chronic setting, CSF-1 is
produced by the kidney in response to renal
injury whereas cultured mesangial cells pro-
duce CSF-1, along with its receptor, CSF-1R.%®

CSF-1 also is expressed by most renal carci-
noma cell lines,> potentially inducing a re-
sponse in TAMs. The cortical and medullary
tubular epithelium is a major site of CSF-1 pro-
duction during anti-glomerular basement
membrane (GBM)-induced glomerulonephritis
in rats® and is accompanied by considerable
interstitial macrophage accumulation. In glo-
merulonephritis in human beings, there also is
increased CSF-1 production by both the tubular
epithelium and glomerular cells.®! This results
in glomerular accumulation and proliferation of
macrophages. Although CSF-1 mediates macro-
phage recruitment and proliferation, it also may
promote classic M1 macrophage activation in
renal disease. Lenda et al®? reported fewer in-
terstitial macrophages and reduced tubular cell
death in the obstructed kidneys of CSF-1°//CSF-
1°? mice with bone marrow-derived macro-
phages showing resistance to LPS and IFN-y-
induced classic activation after pre-incubation
with anti-CSF-1R antibody. It is thus of interest
that serum levels of CSF-1 are associated with
acute allograft rejection.®®> The delivery of an
anti-CSF-1R antibody to mice after allograft
transplantation reduced macrophage prolifera-
tion and accumulation within the allograft and
tubulointerstitial rejection, suggesting that sig-
naling between CSF-1 and CSF-1R is critically
important in acute rejection.®*

Somewhat paradoxically, CSF-1 treatment ef-
fectively promotes repair in a model of acute
kidney damage,® a finding that is almost com-
pletely opposite to the chronic setting. For
example, although diabetic nephropathy is as-
sociated with interstitial macrophage recruit-
ment,% greatly increased levels of endogenous
CSF-1 produced by glomerular podocytes and
the damaged tubules fail to drive the renal re-
pair observed in the acute models.°*°” Further-
more, the inhibition of CSF-1 signaling with
CSF-1R antibodies reduces the severity of
chronic disease in obese diabetic mice (db/db)
that show a 36-fold increase in CSF-1 levels and
increased CD68* glomerular macrophage num-
bers.®” Administration of anti-CSF-1R antibod-
ies results in a 60% decrease in macrophage
infiltration with decreased macrophage prolif-
eration, suppression of diabetic glomerular hy-
pertfiltration, reduced accumulation of glomer-
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ular type IV collagen, and reduced tubular
injury. In this chronic setting, CSF-1 is an im-
portant contributor to disease progression,
with endogenous CSF-1 driving the prolifera-
tion and recruitment of a proinflammatory or
M1-like macrophage population.

Expression of CSF-1 occurs before the onset
of injury in Fas deletion mutant gene, Ipr (MRL/
Ipr) autoimmune mice whereas C3H-Ipr mice
do not express CSF-1 and do not show autoim-
mune renal injury. However, targeted CSF-1
overexpression by the tubular epithelial cells of
wild-type MRL and C3H mice does not result in
the development of spontaneous renal injury.%®
This indicates the importance of biological con-
text and that mechanisms downstream of sim-
ple macrophage recruitment and proliferation
determine outcome. Indeed, context is key be-
cause macrophage activity is a requirement for
epithelial regeneration in other organs such as
the injured colon,® with data suggesting a role
for macrophages in renal repair. Also, the na-
ture of the disease model and the mediator
under study also is important. For example,
although macrophage migration inhibitory fac-
tor-induced leukocyte accumulation is detri-
mental in immune-initiated renal injury, migra-
tion inhibitory factor-deficient and wild-type
mice show comparable interstitial macrophage
accumulation and fibrosis in obstructive ne-
phropathy.” In the same model, osteopontin
knockout mice show reduced macrophage
numbers but increased tubular cell apoptosis’*
whereas inhibition of CSF-1 failed to attenuate
established albuminuria in db/db mice.®” Thus,
the balance between cell death and ECM pro-
tein accumulation in fibrosis or epithelial regen-
eration and remodeling of collagen during kid-
ney repair is likely to be governed by many
environmental factors capable of shifting the
balance between inflammatory M1 and wound
healing M2 macrophage responses.

Positive Modulation of
Macrophages in Acute Kidney Injury

Acute kidney injury has myriad causes includ-
ing acute ischemia owing to blood loss or
chemical/toxic insults resulting in proximal tu-
bular cell injury and rapid loss of renal function.
More than half of patients with acute kidney

injury die as a result, whereas the remainder
follow a natural course of self-mediated tissue
repair.”> Evidence suggests that macrophages
contribute to acute kidney injury such as isch-
emic damage. For example, reduced tubular
necrosis and tubular apoptosis was observed in
mice depleted of monocyte-macrophage popu-
lations by administration of liposomal clodr-
onate.”> Although potential therapies to en-
hance recovery from acute kidney injury might
logically aim to reduce inflammation to facili-
tate repair, another strategy is to direct macro-
phages to perform an anti-inflammatory and
pro-reparative role. It is thus of interest that, in
addition to regulating the growth, differentia-
tion, and survival of macrophages, CSF-1 ap-
pears to promote the anti-inflammatory and
wound healing capabilities of macrophages in
mice and human beings.!74 CSF-1 has been
linked to angiogenesis in vivo’> with these ef-
fects likely to result from the production of
VEGF and matrix metalloproteinases (MMPs)
from CSF-1-activated macrophages.”®’” Tumor
studies show that increased CSF-1 levels corre-
spond with angiogenesis and subsequent tumor
growth and metastasis.”® The role of CSF-1 in
these models has been shown via the use of
blocking antibodies, antisense oligonucleo-
tides, or small interfering RNAs, which reduces
human mammary tumor xenografts in mice.”?8°
The depletion of phagocytic macrophages us-
ing liposomal clodronate also inhibits tumor
development.®! A further study compared
CSF-1 inhibition with VEGF inhibition, another
proposed method to block pathogenic angio-
genesis associated with tumor development
and retinal neovascular disease.®? Interestingly,
the macrophages associated with retinal neo-
vascular development did not express VEGF
but had high levels of the collagenases MMP-2
and MMP-9, which contributed to vascular re-
modeling as a result of ECM degradation 8384
Although CSF-1- deficient CSF-1°2/CSF-1% mice
develop a normal vasculature, CSF-1 and mac-
rophages are involved in the retinal neovascu-
larization present in a mouse model of diabetic
retinopathy in which hyperoxia results in isch-
emic vascular damage.3? Also, tumors in MMP-9
knockout mice show disorganized and irregular
ECM deposits similar to inhibition of CSF-1 in
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Figure 2. Different types of macrophages can contribute to both the damage and tissue repair processes after kidney
injury. (A) After damage, necrosis and apoptosis result in Th1-type inflammatory responses, primarily mediated by
IFN-y and TNF-a. This recruits M1 or classically activated macrophages and Th1-associated T and natural killer (k) cells,
which produce additional proinflammatory cytokines to enhance the inflammatory response but that also perpetuate
damage, resulting in fibrosis, scarring, and reduced organ function. Proinflammatory factors act on both resident
macrophages and circulating peripheral monocytes and macrophages, driving M1 polarization. (B) M2, or alternatively
activated macrophages, can mediate cellular repair processes by clearing cellular debris, reducing inflammation,
promoting angiogenesis, stimulating cellular proliferation, and contributing to matrix remodeling. Targeting specific
macrophage-related receptors or cell products may rapidly accelerate tissue repair and organ regeneration. The
production of cytokines IL-4, IL-13, and IL-10 can facilitate M2 polarization, and growth factors including CSF-1,
arginase, insulin-like growth factor (iGr-1), fibronectin, certain interleukins, and MMPs may further contribute to
accelerated renal repair. (B) The descending red arrow from the M2 macrophage indicates that decoupled proinflam-
matory chemokine receptors act as decoy receptors, eliminating particular proinflammatory mediators. IL-4, IL-13,
IL-10, and CSF-1 may produce alternatively activated macrophages from monocytes as well as drive polarization of M2
from M1 macrophages.

wild-type mice, suggesting an important role
for macrophage-derived MMPs in ECM remod-
eling.8? MMPs also are involved in chemokine
and growth factor production, cell receptor ex-
pression, and cell migration such that targeting
MMPs also may aid the wound repair pro-
cess®>80 (Fig. 2). CSF-1 also has been shown to
elicit a direct autocrine/paracrine effect on re-
nal tubular epithelial cells after ischemic injury,
in which they transiently express the CSF-1R in
conjunction with the endogenous production
of CSF-1.9 However, a macrophage-dependent
repair process also was shown after depletion

of CD11b-expressing cells although the impair-
ment of repair was less than that evident after
antibody-mediated blocking of CSF-1R on both
epithelial cells and macrophages.

HARNESSING
MACROPHAGE BIOLOGY FOR THERAPY

Although macrophages are recruited to the in-
jured kidney, they alternatively can be activated
to play a pro-reparative role via the production
of anti-inflammatory cytokines (IL-4, IL-10) and
this raises the possibility of therapeutically



Renal development, injury, and repair

263

enhancing this reparative capacity in vivo.
Potential therapeutic approaches include re-
ducing macrophage infiltration, altering the
response of the tissue to the presence of
macrophages, delivering reparative factors di-
rectly to the kidney via genetic manipulation
of macrophages, or the induction of a M2
alternative activation phenotype in situ to di-
rectly promote repair.

Modulation of macrophage infiltration via
the delivery of decoy receptors or antibodies
has been discussed previously. For example,
deficiency of selectins reduced macrophage
infiltration and fibrosis in obstructive nephrop-
athy.> In contrast, blockade of either intercel-
lular adhesion molecule-1 or vascular cell adhe-
sion molecule did not reduce macrophage
numbers in nephrotoxic nephritis although dis-
ease still was less severe.?” Manipulation of a
wide variety of chemoattractants, including
monocyte chemoattractant protein-1, mono-
cyte inflammatory proteins-1a, CCL5, and frac-
talkine, also reduce glomerular macrophage ac-
cumulation.®® Inhibition of classic activating
cytokines including TNF-a or IL-1§ is anti-in-
flammatory whereas the genetic deletion of
anti-inflammatory cytokines such as I1-4, IL-10,
and IL-13 that induce M2 macrophage activa-
tion result in more severe macrophage infiltra-
tion of glomeruli. In Alport syndrome, in which
there is a genetic defect in the gene for type IV
collagen, the GBM irregularities are mediated,
at least in part, by glomerular macrophage pro-
duction of MMP-12 because specific inhibition
of MMP-12 greatly improves GBM ultrastruc-
ture.® This study implicates macrophages in
the GBM damage of a genetic disease and indi-
cates that modification of macrophage activity
can improve outcome. Various methods of sup-
pressing macrophage function have been re-
ported to attenuate injury and fibrosis in exper-
imental models of renal disease, including
glomerulonephritis,” allograft rejection,”! and
obstructive nephropathy.®?

Modification of the response of the tissue
itself to macrophage accumulation has been
attempted via the delivery of specific genes
directly into the kidney itself. For example, the
gene for 15-lipoxygenase, the enzyme respon-
sible for the production of lipoxins, which re-

duce macrophage activation, was delivered vi-
rally into the glomeruli in a rat model of
experimental glomerulonephritis via viral injec-
tion into the renal artery.”®> Interestingly, this
manipulation reduced proteinuria without re-
ducing macrophage accumulation. An alterna-
tive strategy has been to use the efficient mac-
rophage homing mechanism to deliver the gene
product to the inflamed kidney. In these stud-
ies, macrophages that have been transduced
virally to overexpress anti-inflammatory media-
tors such as IL-1ra, 114, and IL-10 were admin-
istered with a beneficial effect on outcome
evident.?99495 Also, the administration of mac-
rophages transduced with a dominant-negative
inhibitor of nuclear factor kB reduced glomer-
ular expression of inducible nitric oxide syn-
thase and MHC class II expression in rats with
nephrotoxic nephritis.”® Advances in this area
have focused on longer-term gene expression
using lentiviruses and the modification of the
bone marrow to produce a continuous supply
of anti-inflammatory cells; an approach success-
fully used in a model of Goodpasture syn-
drome.’

An extension of the approach of genetic ma-
nipulation of macrophages to overexpress a sin-
gle anti-inflammatory molecule is to capitalize
on our increasing understanding of macro-
phage heterogeneity to stimulate the appropri-
ate alternative activation response. Such a ma-
nipulation would involve shifting the balance
between M1 and M2 activation, with this tip-
ping of the M1/M2 balance predicted to bias
the macrophage response to repair rather than
inflammation. Direct evidence that this ap-
proach can be effective was shown after the
adoptive transfer of murine splenic macro-
phages programmed ex vivo with IL-4/IL-13 to
adopt an alternative activation state before sys-
temic administration to a mouse model of
chronic inflammatory renal disease. The mac-
rophages trafficked to the inflamed kidneys
and maintained their phenotype for up to 4
weeks.”® Furthermore, the adoptively trans-
ferred macrophages modulated the host macro-
phages toward an M2 phenotype as has been
suggested to occur in models of glomerular
inflammation. %52
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CONCLUSIONS

In conclusion, there is considerable renewed
interest in macrophages in both kidney devel-
opment and disease with a focus on their repar-
ative functions. However, given the clear capac-
ity for macrophages to play distinct roles at
different times of the disease process, it will be
important to better understand the nature of
the interrelationships between the various
states of macrophage activation. It also will be
critical to gain a better understanding of the
distinction between embryonic and postnatal
resident tissue macrophages and the kinetics of
turnover of resident macrophages. It is likely
that future insights into the complexity of mac-
rophage biology will lead to novel therapies to
promote renal development, diminish injury,
and promote repair of the diseased kidney.
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¢ Abstract

Polychromatic flow cytometry is a powerful tool for assessing populations of cells in
the kidney through times of homeostasis, disease and tissue remodeling. In particular,
macrophages have been identified as having central roles in these three settings. How-
ever, because of the plasticity of myeloid cells it has been difficult to define a specific
immunophenotype for these cells in the kidney. This study developed a gating strategy
for identifying and assessing monocyte and macrophage subpopulations, along with
neutrophils and epithelial cells in the healthy kidney and following ischemia/reperfu-
sion (IR) injury in mice, using antibodies against CD45, CD11b, CD11c, Ly6C, Ly6G,
F4/80, CSF-1R (CD115), MHC class II, mannose receptor (MR or CD206), an alterna-
tively activated macrophage marker, and the epithelial cell adhesion marker (EpCAM
or CD326). Backgating analysis and assessment of autofluorescence was used to extend
the knowledge of various cell types and the changes that occur in the kidney at various
time-points post-IR injury. In addition, the impact of enzymatic digestion of kidneys
on cell surface markers and cell viability was assessed. Comparisons of kidney myeloid
populations were also made with those in the spleen. These results provide a useful ref-
erence for future analyses of therapies aimed at modulating inflammation and enhanc-
ing endogenous remodeling following kidney injury. © 2013 International Society for
Advancement of Cytometry

e Key terms
monocyte; macrophage; kidney; ischemia/reperfusion injury

INTRODUCTION

A common feature of the progression of immune and nonimmune kidney disease of
diverse aetiology is the infiltration of inflammatory macrophages (1). Macrophage
numbers have shown to correlate with disease progression, making them a useful
tool in predicting disease outcome (1-3). More recently, macrophage heterogeneity
has been shown to correspond to the diverse roles that these cells play in both the
initiation of tissue fibrosis and the positive role in wound healing and tissue remod-
eling (4,5). Monocytes recruited in response to inflammatory cues can undergo dif-
ferentiation into two broad macrophage subsets based on phenotype, function, and
polarization state. The classically activated or M1 macrophage is the pro-
inflammatory cell type closely associated with the innate immune response, whereas
the alternatively activated or M2 macrophage possesses a range of anti-inflammatory
and wound healing capabilities (6-8). In part, achieving wound repair and tissue
remodeling requires an appropriate balance between the M1 and M2 polarization
states.

Traditionally, studies investigating the number of infiltrating macrophages in
damaged kidneys have relied on immunohistochemistry (IHC) and immunofluores-
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cence (IF) techniques to assess kidney histopathology, cell
morphology, and receptor expression. However, flow cytome-
try is becoming an increasingly important tool, particularly
because of the ability to evaluate a panel of cell surface and
intracellular markers on individual cells at a rate of over
10,000 cells/second. Eight-color polychromatic flow cytometry
in conjunction with two nonfluorescent parameters, forward
and side light scattering, is now common and with the latest
flow cytometers measuring up to 20 parameters, the informa-
tion obtainable from each experiment is destined to grow, and
with it the need for more rigorous methods of data analysis
(9). However, even with improving technology, there remain a
number of key challenges related to the preparation of kidney
samples for flow cytometry, the selection of appropriate target
markers and the informative analysis of the resulting data,
which need to be addressed.

The aim of this study was to assess the impact of enzymes
(used to produce a kidney single cell suspension) and ische-
mia/reperfusion (IR) injury on cell yield, viability, surface
marker expression, and autofluorescence. Gating strategies
were created that best characterize various myeloid cell types,
especially where particular receptors were expressed at low
levels. The panel of monocyte-, macrophage-, dendritic cell
(DC)- and granulocyte-associated markers used included
CD11b, CDllc, Ly6C, Ly6G, major histocompatibility com-
plex class II (MHCII), colony stimulating factor-1 receptor
(CSF-1R or CD115), mannose receptor (MR or CD206), and
F4/80. Particular emphasis of the study was on the assessment
of kidney myeloid cell analysis in the inflammatory phase of
IR injury, which is characterized by widespread epithelial cell
death, an influx of pro-inflammatory cells and heightened
inflammatory cytokine production.

In addition, the apoptotic and necrotic epithelial cells of
the damaged kidney tubular epithelium, related to the reduced
glomerular filtration that follows injury, leads to the accumula-
tion of tubular casts (10). This hallmark of acute kidney injury
results in autofluorescence and nonspecific background signals,
which leads to difficulties in interpretation of flow cytometric
data that is unique to the kidney. Unless addressed, this can
lead to erroneous analysis. The intrinsic autofluorescent prop-
erties of kidney cells also apply to macrophages because of their
propensity to phagocytose cellular debris.

Finally, backgating analysis was used to define and extend
the knowledge of myeloid subpopulations in terms of their
co-expression of multiple markers and for their spatial loca-
tion on parent dot plots. This study clarifies and addresses the
anomalies encountered when assessing myeloid cells in the
kidney, as compared to the more commonly assessed primary
and secondary lymphoid organs, while forming a comparative
base for which various therapies aimed at manipulating cell
numbers and function can be referenced.

MATERIALS AND METHODS

Animals and Surgery
Male 6-8 week old (20-25 g) C57BL/6] mice obtained
from Monash Animal Services (Melbourne, Australia) were

used. All studies were approved by the Monash University
Animal Ethics Committee and were performed in accordance
with the Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes. Mice were anesthetized with
2.0% inhaled isofluorane (Abbott Australasia, Sydney, Aus-
tralia) before the left renal pedicle was occluded using a vascu-
lar clamp (0.4-1.0 mm; Fine Science Tools, Heidelberg,
Germany) for 40 min via a flank incision to induce unilateral
IR injury (n=5 mice/group/time-point). Following removal
of the clamp, reperfusion was visually confirmed prior to
wound closure using silk suture (size 5-0, Ethicon, NJ, USA).
An additional group of mice served as a sham-operated con-
trol group where the animals were anaesthetized and a flank
incision was performed without renal pedicle clamping.

Digestion and Preparation of the Kidney and Spleen
for Flow Cytometry

Mice were culled using a CO, cull chamber at 6 hours, 1
day or 7 days after IR injury. The spleen and left kidney were
removed and placed in cold FACS buffer (PBS supplemented
with 0.2% BSA, 0.02% NaN3; and 5 mM EDTA).

Spleens were cleaned of any connective tissue and
mechanically digested in cold FACS buffer to produce a single
cell suspension. Mechanical digestion (MD) was achieved by
making small incisions in the side of the spleen before gently
pressing the organ between two frosted glass slides.

Kidneys were decapsulated and finely chopped with sur-
gical scissors before enzymatic digestion (ED) in 1 mL of dis-
sociation media consisting of HBSS (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 3 mg/mL collagenase/dispase
(Roche Applied Science, Penzberg, Germany), 0.2 mg/mL
DNase type 1 (Roche Applied Science), 50 uM CaCl,, pre-
heated to 37°C. The samples were mixed on a rotary tube sus-
pension mixer (20 RPM; Ratek Instruments, Melbourne,
Australia) at 37°C for 20 min and then mechanically digested
using a 1000 pL pipette tip. The samples were mixed for two
further 5 min periods (20 RPM) with mechanical dissociation
in between. After 30 min, mechanical dissociation with an 18-
gauge needle resulted in a single cell suspension. Nine mL of
cold FACS buffer was added in order to inhibit enzyme
activity.

ED for kidneys and MD for spleens were used for all
aspects of this study except for the comparison between ED
and MD (Section “Using Enzymes to Aid in the Digestion of
the Kidney is more Suitable than MD Alone” and Fig. 1)
where both ED and MD were performed on each of the
organs.

All single cell suspensions were incubated for 1 min with
1 mL of red blood cell lysis buffer (8.3 g/L Na,Cl, 10 mM Tris-
HCI, pH7.5) to remove red blood cells. All samples were fil-
tered with a 40 um nylon cell strainer (BD Bioscience, San
Jose, USA) prior to antibody labeling.

Cell Counts and Viability

For flow cytometry cell preparation, cell counts and via-
bility determination were performed using a Z2 Coulter
Counter (Beckman Coulter, USA). In addition, for the ED

Analyzing Myeloid Cells in the Kidney



ORIGINAL ARTICLE

~lelalole

d Spleen Kidney b Spleen Kidney
Cell Count Cell Count Viable Cells Viable Cells
2.0%10% 6x107 100 wrnr 100
e o = — —_
= e | P g8 80 _
é; o 4x10 § é,z 60 60
= G — 2 © a0 40
© 5.0x107 o 4 g 20 20
Mechlanical Enzymatic Mech'anicai Enzymatic o Mechlanical Enzymatic Mechanical Enzymatic
C Population Hierarchy d Spleen Kidney
(used for Figure 1d-h) CD45* Cells CD45" Cells
Total Acquisition 100 20
*'Single’ Cells (FSC-A vs. FSC-H) = —
*'Live’ Cells (FSC-A vs. SSC-A) ¥’ g &
+CD45* Cells (FSC-A vs. CD45) (d) S5 o
*Granulocytes (CD11b*Ly6G*) (e) B @ _,_
*Non-Granulocytes (CD11b*-Ly6G") (e) & T = §
*Subpopulations of Non-Granulocytes (f-h) o
Mechanical Enzymatic Mechanical Enzymatic
Kidney Spleen
Mechanical Enzymatic Mechanical Enzymatic
e r.‘_w% mQ
~ ~
A 2 2.
< < <
gwo? (Dno? E;_gm!
L & )

Tod T e L LI B B
CD11b-PE-Cy7 CD11b-PE-Cy7 CD11b-PE-Cy7

f s : g 5
e B o 0.9 o’
Q 2 (&) (o] i’ (]
e 03 & o o= L=
5 B o o
T © @ ©
b 0. o g o
S &’ &l &l
= £ = =
o o) o) fa)
o e - o - © -
[ oll il T Toll 1081 103 Tadl 1081 102 il 105"

CD11b-PE-Cy7 CD11b-PE-Cy7 CD11b-PE-Cy7 CD11b-PE-Cy7

F4/80-APC
F4/80-APC

10 10t 0%

] 103 I N 0 0 104 10% 10 10* 108
CD11b-PE-Cy7 CD11b-PE-Cy7 CD11b-PE-Cy7 CD11b-PE-Cy7
1500 N h
wrn

L)1(1(](} &)
g £
L O
= 500 (g

-

0
Mechanical Enzymatic J T

‘Dsl W‘I IUEI I Wal ID" |D5I

CSF-1R-PE CSF-1R-PE

Figure 1.

Cytometry Part A e 00A: 00—00, 2013



ORIGINAL ARTICLE

versus MD study, propidium iodide (PI) was also used to
determine cell viability.

Antibody Labeling

Three million cells from kidney or spleen single cell sus-
pensions were incubated for 20 min at 4°C in the dark with
the following fluorochrome-conjugated antimouse antibodies:
anti-CD45 APC-Cy7 (clone 30-F11; Biolegend, San Diego,
USA) and PE-Cy5 (clone 30-F11; BD Biosciences), anti-
CD11b PE-Cy7 (clone M1/70; BD Biosciences), anti-CD11c
Pacific Blue (clone N418; Biolegend), anti-I-A/I-E (MHCII)
PE-Cy5 (clone MS5/114.15.2; Biolegend), anti-CSF-1R
(CD115) PE (clone AFS98; eBioscience, San Diego, USA),
anti-F4/80 APC (clone BMS; eBioscience), anti-Ly6G Alexa
Fluor 647 (clone 1A8; Biolegend), anti-Ly6C FITC (clone
HK1.4; Biolegend), anti-CD206 (mannose receptor) Alexa
Fluor 488 (clone C068C2; Biolegend), and anti-EpCAM
(CD326) PE-Cy7 (clone G8.8; Biolegend). Fc receptor block
(anti-CD16/32 antibody) was added to all antibody cocktails.
Intracellular MR labeling involved the use of a CytoFix/Cyto-
Perm kit (BD Biosciences). Following surface receptor label-
ing, cells were permeabilized and incubated with antibody for
30 min at 4°C in the dark before being washed twice in 1X
Perm/Wash buffer (BD Biosciences) and resuspend in FACS
buffer. Isotype matched controls were used for each antibody
in a fluorescence minus one (FMQO) manner.

Flow Cytometric Acquisition and Analysis

Data were acquired on a BD FACS Canto II flow cytome-
ter (BD Biosciences) equipped with 405, 488, and 633 nm
excitation lasers in conjunction with FACS Diva acquisition
software (BD Biosciences). Compensation was performed
with single color controls for each organ using the same con-
jugated antibodies used in the study. Data analysis was per-
formed using FlowLogic FCS analysis software (Inivai
Technologies, Melbourne, Australia).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
software version 6.0c (GraphPad Software, San Diego, USA).
A Student’s #-test (unpaired, two-tailed, with Welch’s correc-
tion) was used to analyze data between two groups. A one-
way analysis of variance with a Tukey’s multiple comparisons

test was used to analyze data contained in three groups. Data
are displayed as means = SEM. P < 0.05 was considered statis-
tically significant.

REsurrs

Using Enzymes to Aid in the Digestion of the Kidney is
more Suitable than MD Alone

Using enzymes (collagenase/dispase, DNase type I) to aid
in the digestion of kidney tissue risks cleaving particular cell
surface receptors. In addition, optimal primary and secondary
lymphoid organ cell preparations are often achieved with MD
alone. It was therefore necessary to test whether ED is indeed
required for kidney dissociation. Ten mice received 40 min
unilateral IR injury and 24 hours later the spleen and injured
kidney were removed. One group of 5 mice had both organs
digested with the aid of enzymes, whereas the remaining mice
had their organs digested purely by mechanical means. Once
digested, cells from each organ were labeled with antibodies
against CD45, CD11b, CDllc, Ly6C, Ly6G, MHCII, F4/80,
and CSF-1R, and assessed using flow cytometry. Our data
show that in both the spleen and the kidney, ED yielded a
higher viable cell count compared to MD (spleen MD: 5.54 X
107, spleen ED: 1.49 X 10°, P<0.0001; kidney MD: 2.56 X
107, kidney ED: 4.40 X 107, P = 0.0025) (Fig. 1a). Further-
more, propidium iodide staining revealed that ED yielded
greater viability for both spleen and kidney cells (spleen MD:
74.2%, spleen ED: 86.1%, P < 0.0001; kidney MD: 67.7%, kid-
ney ED: 77.3%, P = 0.0153) (Fig. 1b). In assessing hematopoi-
etic cells (as per the gating hierarchy described in Fig. 1c), we
found no difference in the proportion of CD45* leukocytes in
the spleen with the different digestion methods (MD: 98.8%,
ED: 98.3%). However, ED of the kidney resulted in a signifi-
cantly greater proportion of CD45" cells compared to MD
(MD: 6.1%, ED: 13.9%, P=0.0003) (Fig. 1d). Within the
CD45™ cell pool in the kidney, the digestion method caused
no difference in the proportion of Ly6G" granulocytes (MD:
28.6%, ED: 26.0%). However, in the spleen, ED significantly
reduced the proportion of this cell type (MD: 4.8%, ED:
1.8%, P=0.0241) (Fig. le). In both organs, ED significantly
increased the expression (mean fluorescence intensity) of both

Figure 1. Using enzymes to aid in the digestion of the kidney is more suitable than mechanical digestion alone. To compare the effects of
two different organ digestion methods, spleens and kidneys from mice at 24 hours post-IR injury were subjected to either mechanical
digestion (MD) or enzymatic digestion (ED). For both organs, ED yielded a higher cell count (a). ED also resulted in a greater proportion of
viable cells as assessed using propidium iodide (b). The gating hierarchy used to assess viable cells, CD45" cells, Ly6G™ granulocytes,
and subpopulations of CD11b*LyB6G™ cells is shown (¢). There was no difference in the proportion of CD45" cells in the spleen between ED
and MD. However, ED yielded a greater proportion of CD45™ cells in the kidney compared to MD (d). The digestion method had no impact
on the proportion of CD11b*Ly6G* granulocytes in the kidney but significantly reduced the proportion of granulocytes in the spleen (e).
In the spleen ED resulted in a greater proportion of CD11b"CD11c"9" and CD11b*CD11¢'°" cells compared to MD (f). However, ED
increased CD11b expression and resulted in less well-defined CD11c populations (f). The CD11b"CD11c¢M9" group was largely absent in
the kidney, while ED greatly increased the proportion of the CD11b"CD11¢'° population (f). There was no significant difference in the pro-
portions between the CD11b*CD11¢c” populations in either organ with regards to the digestion method (f). The proportion of F4/80" cells
was significantly greater in the kidney following ED compared to MD (g). No difference was observed in this population in the spleen
between MD and ED (g). The MFI of the CD11b"F4/80'°"" population in the kidney (depicted graphically) was significantly increased fol-
lowing ED compared to MD (g). CSF-1R expression was dramatically reduced in the spleen following ED compared to MD for both
Ly6C"9" and Ly6C populations (h). Numbers on dot plots represent proportions of parent populations. Statistical analysis was performed
using a Student’s t-test (unpaired, two-tailed, with Welch’s correction); **P<0.01, ***P<0.001, ****P <0.0001. Data are displayed as
means = SEM (n = 5/group).

4 Analyzing Myeloid Cells in the Kidney
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Ly6G and CD11b on this population, as seen in the dot plots
(Fig. le) (data not shown).

After excluding the granulocytes, three populations of
CD11b™ cells were assessed in conjunction with CD1lc
expression (Fig. 1f). In the spleen, ED resulted in a greater
proportion of CD11b*CD11c™" DCs (MD: 0.9%, ED: 1.4%,
P =0.0034), although the populations were less well defined
compared to those acquired following MD (Fig. 1f). There
were very few cells that shared this phenotype in the kidney,
regardless of the digestion method.

The proportion of a second population, which expressed
low levels of CDllc, was statistically higher following ED in
both the kidney (MD: 4.2%, ED: 13.5%, P=0.0003) and
spleen (MD: 1.6%, ED: 2.1%, P = 0.0084) (Fig. 1f).

There was no significant difference in the proportion of
CD11b"CD1 1¢ (Ly6G) cells between the two groups in either
the kidney (MD: 50.7%, ED: 56.4%) or spleen (MD: 4.0%,
ED: 3.2%) (Fig. 1f).

F4/80 expression was assessed on the same CD11b" Ly6G”
population with a notable difference identified between the
two digestion methods in the kidney. With MD, the F4/80
cells were barely detectable but made up over 9% of
CD11b"Ly6G™ cells following ED (MD: 2.8%, ED: 9.1%,
P<0.0001) (Fig. 1g). In the spleen there was no difference in
the proportion of F4/80° cells (MD: 1.4%, ED: 1.3%)
although the population appeared more dispersed following
ED (Fig. 1g). In addition, the two digestion methods resulted
in substantial differences in the CD11b"F4/80'°"" popula-
tions in the kidney. Once gated, the MFI for the F4/80-APC
parameter was assessed and shown to be significantly greater
following ED (MD: 505 MFI, ED: 1070 MFI, P < 0.0001)
(Fig. 1g).

In the spleen, ED reduced the expression of two CSE-
IR* populations: a Ly6C"€"CSF-1IR* (MD: 1.38%, ED:
0.03%, P=0.0073) and a Ly6C CSF-1R" population (MD:
1.0%, ED: 0.2%, P < 0.0001) (Fig. 1h). Very few CSF-1R™ cells
were detected in either group in the kidney (data not shown).
It must be noted that a change in the proportion of one popu-
lation can affect the proportion of other populations. How-
ever, ED does appear important for assessing F4/80 expression
in the kidney, while dramatically reducing surface CSF-1R
expression, as demonstrated in the spleen. With this knowl-
edge, a suitable gating strategy was created to clearly identify
subpopulations of CD11b™ cells in the kidney, both in the
steady state and in the inflammatory phase following IR
injury.

Gating Strategy for Myeloid Cells in the Kidney

With up to eight-color flow cytometry commonly
employed to assess cell phenotypes, there are inevitably many
different theoretical subsets that can be defined in any experi-
ment. Here we describe a gating procedure designed to clearly
identify important myeloid cell populations in the kidney,
accounting for the high potential for autofluorescence, partic-
ularly following injury. Figure 2a outlines the population hier-
archy used to distinguish between CDI11b*Ly6G™
granulocytes and CD11b*Ly6G™ nongranulocytes. Initially, a
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polygon gate was created on the FSC-A vs. FSC-H plot to
select the ‘Single’ cells that passed by the lasers individually
(Fig. 2b). CD45™ cells from the resulting daughter population
were subsequently viewed against FSC-A. These cells represent
a viable CD45 ™" population as compared with a similar popu-
lation identified using propidium iodide to exclude dead cells
(data not shown). These CD45" cells were colored red and
viewed on a FSC-A vs. SCA-A plot. The coloring of this popu-
lation enabled a ‘Live’ gate to be drawn on the FSC-A vs. SCA-
A plot, to select viable hematopoietic cells and exclude debris
(Fig. 2b). This is otherwise difficult to achieve when assessing
cells in the kidney as compared to those from lymphoid
organs because of the low proportion of CD45" cells. This
same technique can also be employed to aid in the creation of
the initial ‘Single’ cells gate. A population of CD45"CD11b*
cells (encompassing resident and infiltrating myeloid cells)
was selected from the ‘Live’ cell pool (Fig. 2b). The plots in
Figure 2b represent the cells in the kidney 6 hours post-IR sur-
gery, which is characterized by an influx of CD45™ cells. Gran-
ulocytes were identified in the resulting daughter population
based on the positive expression of Ly6G (also Ly6C'®") (Fig.
2¢) with their proportion being significantly higher at 6 hrs
post-IR injury (sham-IR: 23.0%, IR: 28.3%, P = 0.0222). An
inverse gate effectively excluded the granulocytes for further
analysis of myeloid cell subpopulations. Examples from sham-
IR and IR kidneys at 6 hours post-surgery are shown (Fig. 2¢).

Gating Strategy for Myeloid Cell Subpopulations in
the Kidney

The gating strategy used to interrogate CD11b"Ly6G
subsets shown in Figure 3a extends from the gating procedure
described in Section “Gating Strategy for Myeloid Cells in the
Kidney”. Expression of the antigen-presenting molecule
MHCII was compared to other markers to identify subpopu-
lations of monocytes and macrophages. An intracellular anti-
body against MR was used to identify M2 macrophages (Fig.
3b). A quadrant gate was used to identify two MR" popula-
tions based on a combination of MR and MHCII expression.
While most mature M2 macrophages co-express MHCII
(16.9% of CD457CDI11b*Ly6G™ cells at 24 hrs post-IR
injury), there was a population of MHCII" cells in which MR
was detected (8.5%). The example shown is from a kidney
assessed 24 hours following IR injury, prior to the recognized
tissue remodeling phase, where M2 macrophages are the pre-
dominant macrophage population (11).

CD11b*Ly6G™ cells were also examined for their expres-
sion of the monocyte-associated marker Ly6C (Fig. 3c), the
historical mature macrophage marker F4/80 (Fig. 3d) and the
DC-associated marker CD11c (Fig. 3e). These markers were
all compared to the expression of MHCIL Both a Ly6CMe"
(sham-IR: 3.8%, IR: 27.9%, P = 0.0004) and a Ly6C'*" (sham-
IR: 1.4%, IR: 4.5%, P=0.0257) population not expressing
MHCII were identified with a much greater proportion in the
IR injured kidney. Ly6C is a marker of monocyte immaturity
and expression is lost as monocytes transition into macro-
phages. A general population of Ly6C™ cells expressing
MHCII was seen (sham-IR: 3.3%, IR: 11.0%, P = 0.0066),
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indicating a population of maturing monocytes, which appear
to down-regulate their expression of Ly6C and up-regulate
MHCII concomitantly (Fig. 3c). F4/80 has historically been
regarded as a mature macrophage marker (12). However,
more recent reports have shown that it is not expressed on all
macrophage populations and has been identified on some
Ly6C* monocytes along with a range of other myeloid cells,
revoking its status as a sole identifier of macrophages (13-16).
When viewed against MHCII, three F4/80" populations were
identified (Fig. 3d). The classical F4/80 "MHCII"®" mature
macrophage was prominent in both sham-IR and IR groups

(gated population) (sham-IR: 59.0%, IR: 30.5%, P = 0.0001).
When viewed as an overlay containing F4/80 stained cells and
an isotype control antibody, an F4/80 " MHCII'" and an F4/
80 "MHCII" population were made evident, particularly fol-
lowing IR-injury (Fig. 3d). The latter population also corre-
sponded with the Ly6C™" monocyte population when these
cells were gated on a MHCII vs. Ly6C plot and colored (green)
(Fig. 3d).

There is much discussion surrounding the similarities
and differences between macrophages and DCs. In this model,
a clearly defined CD11b"CD11c"" population, generally

Analyzing Myeloid Cells in the Kidney
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Figure 3.

recognized as DCs, was not observed in the kidney (Fig. 3e).
There were cells that expressed a low level of CD11c but this
population differs from the distinct CD11c"8" DCs seen in
other organs, such as the spleen. For this reason, CD1lc
expression was viewed on the CD457CD11b™ population,
rather than as an initial differentiating marker for macro-
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phages and DCs. To further investigate the changes to these
cells following IR injury, the entire MHCII"®" population was
gated and the change in the MFI for the anti-CD11c antibody
analyzed. As seen in the overlay plots for both the sham-IR
and the IR groups at 6 hours postsurgery, antibody labeling
exists at levels above the isotype control. There is also a
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significant increase in the MFI of this parameter following IR
injury (sham-IR: 570 MFI, IR: 770 MFI, P = 0.031) (Fig. 3e).

Kidney and Spleen Ly6C™", Ly6G*, and MHCII* Cell
Population Comparison

Backgating analysis was used to further characterize vari-
ous myeloid subpopulations in the kidney. Comparisons were
also made between these cells and their counterparts in the
spleen. Figure 4a shows Ly6G " (Ly6C'®") granulocytes (dark
blue). These cells are also displayed on the grandparent FSC-A
vs. SSC-A plot (Figure 4b). Granulocytes in the spleen appear
similar to those in the sham-IR and IR kidneys 6 hours post-
surgery. However, they compose a greater proportion of the
CD457CD11b" pool (spleen: 72.5%, sham-IR kidney: 23.0%,
IR kidney: 28.3%).

In a similar fashion, MHCII+Ly6C’ cells (red) (Fig. 4a)
were backgated and overlayed onto the same FSC-A vs. SSC-A
plots (Fig. 4b) (spleen: 34.2%, sham-IR kidney: 89.0%, IR kid-
ney: 52.2% of the CD45"CD11b" Ly6G™ pool). A far greater
proportion and number of Ly6C"8" cells (green) were present
in the IR kidney compared to the sham-IR kidneys (spleen:
31.2%, sham-IR kidney: 3.8%, IR kidney: 27.9% of the
CD457CD11b*Ly6G™ pool) (Fig. 4a). There were distinctly
fewer MHCII Ly6C'®" cells (purple) compared to the Ly6C™e"
population (spleen: 9.2%, sham-IR kidney: 1.4%, IR kidney:
4.5% of the CD45"CD11b*Ly6G™ pool) (Fig. 4a). The matur-
ing or transitioning monocytes (MHCII'“Ly6C", light blue)
are also most prevalent in the IR compared to the sham-IR
kidneys (spleen: 12.4%, sham-IR kidney: 3.3%, IR kidney:
11.0% of the CD45"CD11b " Ly6G™ pool) (Fig. 4a). All of the
Ly6C expressing cells from both organs present in a similar
fashion on the FSC-A vs. SCA-A plots, as do the MHCIT™
populations. The granulocyte population in the spleen
appears to be composed of cells with a greater range of size
and granularity compared to that in the kidney (Fig. 4b).

Assessing Epithelial Cells and Autofluorescence in the
Post-Ischemic Kidney

Epithelial proliferation leading to regeneration and repair
is central to processes of healing following various forms of
kidney disease, including IR injury (17). As such, the pan epi-
thelial marker EpCAM was used to assess the impact of IR
injury on epithelial cell populations. To assess EpCAM ™ cells,

‘Single’ cells were gated, followed by ‘Live’ cells (to exclude
debris), as depicted in the population hierarchy (Fig. 5a).
EpCAM expression was then compared to CD45 expression,
with a gate placed around the CD45EpCAM™ population
(Fig. 5b). The proportion of EpCAM™ cells had already signif-
icantly decreased at 6 hours post-IR injury (sham-IR: 16.3%,
IR: 9.6%, P=0.0001) and fell further as seen at day 7 postin-
jury (sham-IR: 14.3%, IR: 5.9%, P=0.0001). Autofluorescence
can pose a problem, as is evident when the kidneys taken 6
hours post-IR are displayed alongside those taken 7 days post-
injury, where prominent autofluorescence is visible in the IR
anti-EpCAM antibody and isotype control groups (Fig. 5b).
The autofluorescence was not present in the IR group 6 hours
postinjury. For the day 7 time-point, a modified EpCAM*
gate was created in order to exclude the autofluorescence from
the EpCAM™ population. This method can also be employed
for clearly distinguishing CD45 " cells from the rest of the kid-
ney cells. Backgating analysis of the EpCAM ¥, autofluorescent
and CD45™ cells was performed to view their location on the
parent FSC-A vs. SSC-A dot plot (Fig. 5c). The difference
between the different cell types is clear, with the CD45™ cells
forming a tighter group further along the forward scatter axis
compared to the EpCAM ™ cells and autofluorescent events.

Autofluorescence increases progressively with time after
IR injury. Figure 5d shows autofluorescent cells, after gating
on CD45"CD11b™ cells, on a Ly6C vs. MHCII plot from a
sham-IR kidney along with injured kidneys at 24 hours and 7
days post-IR. The autofluorescent populations were backgated
and shown in pink on the CD11b vs. CD45 parent plot. At 7
days post-IR the autofluorescence is very difficult to distin-
guish from nonautofluoroescent CD11b™ cells. Empty chan-
nels may be useful for gating out autofluorescence that is
associated with IR-induced damage. The increase in the auto-
fluorescence increased almost threefold between 24 hours and
7 days post-IR injury (sham-IR: 1.3%, 24 hrs post-IR: 7.8%, 7
days post-IR: 21.2%) (Fig. 5e).

DiscussioN

Identifying and characterizing macrophage functional/
polarization states is necessary to understand processes of dis-
ease progression and healing. Here, we have described a poly-
chromatic flow cytometry analysis strategy, taking into

Figure 3. Gating strategy for CD11b™ cell subpopulations in the kidney. The gating hierarchy (continued from Figure 2) shows the proce-
dure used to assess CD11b* cells following the exclusion of Ly6G* granulocytes (a). M2 macrophages, defined as being MR", were
assessed in conjunction with the expression of MHCII (b). Subsequent monocyte/macrophage subsets were defined based on the cellular
expression of MHCII, Ly6C, F4/80 and CD11c (c-e). Ly6C was used to distinguish monocytes at various maturation stages. Ly6C"9" cells
(MHCII) are immature monocytes. The marker is down regulated as the cells mature. A prominent Ly6C"'9" (MHCII") population is present
at 6hrs post-IR injury (green) (c), along with a smaller Ly6C'°“MHCII" population (¢). A maturing or transitioning population of
MHCI'"Ly6C™ cells exist, particularly following IR-injury (¢). A prominent Ly6C'MHCIIM®" population exists in kidneys following both
sham-IR and IR-surgery (c). MHCII can also be used to distinguish between three F4/80" populations. A prominent F4/80 "MHCII"¢" popu-
lation was identified (gated cells) (d). The dot plot overlay shows this population (pink) compared with an isotype control antibody (light
blue) (d). The overlay also helped identify populations of F4/80 "MHCII'®" and F4/80"MHCII" cells. The latter corresponds to the Ly6C"9"
population (green) (d). Low levels of CD11c expression can make it difficult to distinctly categorize CD11¢™ cells in the kidney, as opposed
to its expression when examined in lymphoid organs or the blood. Here the CD11c labeled cells (orange) were overlayed with an isotype
control (light blue) (e). In addition, the MFI of the CD11c-Pacific Blue antibody was assessed for the MHCII"" population. These data are
displayed graphically with the MFI for the isotype controls indicated using a broken line (e). Appropriate isotype controls (iso) are dis-
played. Numbers on dot plots represent proportions of parent populations. Statistical analysis was performed using a Student’s t-test
(unpaired, two-tailed, with Welch's correction); * P< 0.05. Data are displayed as means = SEM (n = 5/group).

8 Analyzing Myeloid Cells in the Kidney
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account light scattering and autofluorescent characteristics, to
assess infiltrating and resident cells in the uninjured kidney
and in the inflammatory phase following IR injury. Perform-
ing backgating analysis along with coloring populations and
viewing them against multiple parameters will lead to more
detailed phenotypic and functional descriptions. This includes
information regarding the maturation state of the cell, its
autofluorescent properties and functional capacity, which can
be linked to other data, such as cytokine production and
enzyme activity. This is particularly relevant to tissue macro-
phages because of their heterogeneity, especially in the disease
setting where they play central roles in inflammation and tis-
sue remodeling.

One marker that we focused on was Ly6C, as its expres-
sion can be used to define monocyte maturation and function,
with Ly6C™€" pro-inflammatory cells down regulating the
marker as they mature into Ly6C™ macrophages (18). In addi-
tion, the activation of monocytes at various maturation stages
leads to mature macrophages of distinct functional states (18).
Following unilateral ureteral obstruction, Ly6C™&" cells have
been shown to home to kidneys where they differentiate into
monocytes/macrophages of distinct functional states, indeed
identified by the level of Ly6C expression (19). Our data
showed that the initial inflammatory phase of the IR model
involves a dramatic increase in the proportion and number of
Ly6C™&" monocytes. As such, assessing changes in this popu-
lation with various treatments or in fact targeting this cell type
directly may impact the degree of injury or provide increased
potential for regeneration. A number of studies have used
antibodies against Gr-1, a complex formed by both Ly6C and
Ly6G, to separate monocytes from granulocytes (20). Con-
firmed here in the kidney, using separate antibodies against
Ly6C and Ly6G allows for an easier delineation of monocytes
and granulocytes, and where applicable allows for further sep-
aration of the granulocyte pool into neutrophils and eosino-
phils (21). Monocyte populations have also been defined by
their expression of the chemokine receptors, CX;CR1 and
CCR2  (22,23). CDI11b"CCR2"°¥GR1 Ly6C CX;CR1™e"
monocytes migrate to normal tissues, whereas inflammatory
monocytes with a CD11b"CCR2"€"GR1™Ly6C"€"CX,CR1-
oW phenotype home to injured tissues (24).

We also chose to assess MR expression as it is a useful
identifier of M2 macrophages (4,25). Indeed, mannose recep-
tor 2 has been shown to be upregulated on macrophages fol-
lowing unilateral ureteral obstruction and is believed to play a
role in modulating fibrosis through binding and internalizing

collagen via an extracellular fibronectin type II domain
(26,27). Interestingly, this study showed that two populations
of MR™ cells (MHCIT and MHCIT™) exist in the kidney at 24
hours post-IR injury. Again, targeting or manipulating this
cell type may help promote kidney remodeling and regenera-
tion. When considering assessing MR expression with flow
cytometry, it should be noted that MR is expressed weakly on
the cell surface (28). Membrane permeabilization may result
in more effective labeling, although this does not allow for iso-
lation of a potential viable M2 population via FACS.

Autofluorescence is another characteristic of kidney IR
injury that needs to be considered carefully. Myeloid cells, par-
ticularly those expressing CD11b, CD11c and high levels of
F4/80, exhibit autofluorescence at a range of excitation and
emission wavelengths (14). Certain myeloid populations can
even be defined based on their autofluorescence signature.
However, if a full panel of fluorochromes is being used then
there is a risk of erroneous emission signals. Using an FMO
approach for antibody controls is useful for identifying and
minimizing the effects of autofluorescence (29). This study
showed that autofluorescence increases over time in kidney IR
injury and can be potentially problematic when assessing both
hematopoietic and nonhematopoietic populations. Measuring
autofluorescence may also prove to be a useful indicator of
injury and repair, especially if assessed over a longer time-
course and correlated with other injury biomarkers.

The subtle differential expression of markers such as
MHCII may also prove to be important in characterizing mac-
rophage subsets and determining functional capabilities. Even
the notion of a DC has been challenged in recent times with
some evidence suggesting that they might be more closely
associated with macrophages than previously thought. This
study highlights the difference in the expression of the classi-
cal DC marker, CD11c¢, between the spleen and the kidney,
and that the lack of a clear CD11c population may mean that
examining CDIllc on subpopulations may be more useful
than trying to, for example, separate the CD45" population
into macrophages and DCs. The assessment of CD11c expres-
sion in this study also demonstrates the usefulness of meas-
uring MFI for a particular antibody in lieu of, or in addition
to, population proportions, especially when the expression is
low or when shifts in expression levels are subtle.

Part of the challenge in using flow cytometry to assess
subpopulations of cells in the kidney is choosing an appropri-
ate panel of markers to investigate. This is further complicated
knowing that different digestion methods may enhance

Figure 5. Assessing epithelial cells and autofluorescence in the post-ischemic kidney. The population hierarchy resulting from the
EpCAM™ epithelial gating analysis is shown (a). Following the gating of ‘Single’ cells (FSC-A vs. FSC-H) and ‘Live’ cells (FSC-A vs. SSC-A)
(data not shown), EpCAM™ epithelial cells were selected for their expression of EpCAM and for a lack of expression of the hematopoietic
marker CD45 (b). With the progression of time in the IR model, autofluorescence becomes increasingly prominent. In this example, at 7
days post-IR, the EpCAM ™" gate was altered so as not to include autofluorescent cells (b). Backgating analysis shows the difference in the
FSC-A vs. SSC-A profile of CD45EpCAM™, autofluorescent and CD45" populations (c). An autofluorescent population appeared when
examining the CD45°CD11b™ cell pool in the kidney following IR injury (d). On the MHCII vs. Ly6C dot plots, autofluorescence became
more prominent with time after injury (d). This autofluorescent population was backgated and displayed in pink on the parent CD11b vs.
CD45 plot (d). The increase in the proportion of this autofluorescent population with time (after injury) is shown graphically (e). Numbers
on dot plots represent proportions of parent populations. Statistical analysis was performed using a one-way analysis of variance with a
Tukey’s multiple comparisons test; **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are displayed as means = SEM (n = 5/group).
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detection of a particular cell type or negatively impact individ-
ual markers or receptors. The ED protocol described in this
paper was optimized for the combination of enzymes used (col-
lagenase/dispase, DNase type 1). The enzyme concentrations
and incubation times, along with the method of mechanical
dissociation (size of pipette tip and timing of the dissociations),
were all methodically tested to achieve an optimal digestion as
determined by cell counts, viability and flow cytometric pro-
files. This study demonstrated that ED is indeed required to
achieve greater viable and CD45™ cells yields and to most effec-
tively study cells expressing markers such as F4/80. However,
variations in dissociation media may be required for different
disease models, as some are characterized by inflammation, cell
infiltrate, and cell death, whilst others may centre on fibrosis
and collagen deposition. The combination of collagenase/dis-
pase and DNase type 1 appeared to impact negatively on CSF-
1R expression, as seen on Ly6C"" and Ly6C cells in the spleen,
again highlighting the need to optimize digestion methods for
each specific study.

Equally as rapid as the advancements in flow cytometer
technology, is the development of new fluorochromes and via-
bility dyes. These are providing narrower emission spectra
allowing for greater clarity in population identification. There
is also now a range of viability dyes available for a large variety
of excitation and emission wavelengths. The interactive tools
available online, such as spectra viewers and panel builders are
also very useful in creating optimal antibody cocktails.

CONCLUSION

This study has highlighted some of the advantages and
limitations associated with assessing kidney cells using flow
cytometry, particularly in the IR injury model. This can be an
incredibly powerful tool but requires a tested and systematic
approach, including the method for organ digestion, antibody
selection (target antigen and fluorochrome) and specific gat-
ing strategies. Other analytical techniques, including THC, IF,
and PCR should be used in conjunction with flow cytometry
data to provide a complete depiction of cell types present
together with localization in the tissue in which they reside.
The obvious extension of the use of flow cytometry to analyze
cell populations is the sorting of live populations for further
investigations in vitro or in adoptive transfer experiments.
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Abstract

Background: Macrophages are traditionally associated with inflammation and host defence, however a greater
understanding of macrophage heterogeneity is revealing their essential roles in non-immune functions such as
development, homeostasis and regeneration. In organs including the brain, kidney, mammary gland and pancreas,
macrophages reside in large numbers and provide essential regulatory functions that shape organ development
and maturation. However, the role of macrophages in lung development and the potential implications of
macrophage modulation in the promotion of lung maturation have not yet been ascertained.

Methods: Embryonic day (E)12.5 mouse lungs were cultured as explants and macrophages associated with
branching morphogenesis were visualised by wholemount immunofluorescence microscopy. Postnatal lung
development and the correlation with macrophage number and phenotype were examined using Colony-
stimulating factor-1 receptor-enhanced green fluorescent protein (Csf1r-EGFP) reporter mice. Structural histological
examination was complemented with whole-body plethysmography assessment of postnatal lung functional
maturation over time.

Flow cytometry, real-time (g)PCR and immunofluorescence microscopy were performed to characterise
macrophage number, phenotype and localisation in the lung during postnatal development. To assess the impact
of developmental macrophage modulation, CSF-1 was administered to neonatal mice at postnatal day (P)1, 2 and
3, and lung macrophage number and phenotype were assessed at P5. EGFP transgene expression and in situ
hybridisation was performed to assess CSF-1R location in the developing lung.

Results: Macrophages in embryonic lungs were abundant and densely located within branch points during
branching morphogenesis. During postnatal development, structural and functional maturation of the lung was
associated with an increase in lung macrophage number. In particular, the period of alveolarisation from P14-21 was
associated with increased number of Csf1r-EGFP+ macrophages and upregulated expression of Arginase 1 (Argl),
Mannose receptor 1 (Mrc1) and Chemokine C-C motif ligand 17 (Ccl17), indicative of an M2 or tissue remodelling
macrophage phenotype. Administration of CSF-1 to neonatal mice increased trophic macrophages during
development and was associated with increased expression of the M2-associated gene Found in inflammatory zone
(Fizz)1 and the growth regulator Insulin-like growth factor (Igf)1. The effects of CSF-1 were identified as macrophage-
mediated, as the CSF-1R was found to be exclusively expressed on interstitial myeloid cells.
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potential intervention to promote lung development.

Conclusions: This study identifies the presence of CSF-1R+ M2-polarised macrophages localising to sites of
branching morphogenesis and increasing in number during the alveolarisation stage of normal lung development.
Improved understanding of the role of macrophages in lung developmental regulation has clinical relevance for
addressing neonatal inflammatory perturbation of development and highlights macrophage modulation as a

Keywords: Macrophage, CSF-1, Lung development, M2, Alveolarisation

Background

A diverse network of regulators govern the developmen-
tal transformation from multipotent progenitors in the
post-induction lung buds to the complex architecture
and highly specialised terminal cell types that make up
the mature lung. These include a range of growth fac-
tors, signalling pathways and transcriptional regulators
that arise from epithelial, mesodermal and mesothelial
origins [Reviewed in [1]]. Another important component
of the lung organogenic milieu is the tissue macrophage.
Traditionally associated with host defence, inflammation
and scavenging functions, a greater appreciation of
macrophage diversity has revealed broader functions of
macrophages including vital roles in tissue repair [2-6]
and organ development [7-11].

Macrophages first arise in the yolk sac around embry-
onic day (E)8 in the mouse, and migrate into the devel-
oping head before colonising the entire embryo [12-14].
Large numbers of macrophages are present in virtually
all developing organs, with maximum numbers correlat-
ing with key periods of organogenesis [15]. Macrophages
contribute to development through apoptosis, phagocytic
clearance of cellular debris associated with tissue remodel-
ling, and as potent effector cells producing a range of
trophic factors that stimulate growth, regulate cellular dif-
ferentiation and promote angiogenesis [Reviewed in [16]].
Furthermore, mice deficient in tissue macrophages display
a range of developmental abnormalities including skeletal
and neurological deficiencies and impaired growth and
fertility [17-19].

Macrophages are essential in the normal development
of the mammary gland, pancreas and kidney; organs
which, similar to the lung, develop through branching
morphogenesis. Normally, macrophages are located sur-
rounding developing terminal buds but, in their absence,
branching is impaired resulting in atrophic, poorly-
branched terminal buds in the mammary gland [9,20],
and abnormal islet cell morphology and reduced insulin
production in the pancreas [21,22]. Furthermore, the
addition of the key macrophage regulatory cytokine
colony-stimulating factor (CSF)-1 to embryonic organ
cultures was shown to enhance development of the pancreas
[8] and kidney [11], which was associated with increased
number of tissue macrophages. While the organogenic

contribution of macrophages to these organs is well de-
scribed, less has been investigated regarding their roles in
the development of the lung.

Macrophages are present in the lung from the initi-
ation of development, and at E10 are located abundantly
in the mesenchyme and in association with elongating
lung buds [23,24]. Fetal lung macrophages likely contrib-
ute to lung development through the regulation of apop-
tosis and clearance of cellular debris. Defective pulmonary
phagocytosis in the phosphatidylerine receptor (psr)”'~
mutant mouse is associated with impaired removal of
apoptotic cells during development, which in turn results
in solid lungs devoid of alveoli [25]. Macrophages in the
lung are also sources of trophic factors such as insulin-like
growth factor (IGF)-1 [26] and wingless-type MMTYV inte-
gration site (Wnt)7b [27], both of which are important
regulators in lung development.

To date, the understanding of lung macrophage func-
tion has focussed on pathological implications in settings
associated with neonatal inflammation with little insight
regarding their contribution to normal developmental
regulation. In this study, we provide the first report
characterising macrophages during the alveolarisation
stage of lung development in the mouse. Macro-
phages in the postnatal lung displayed a phenotype
indicative of an M2 or alternatively activated macro-
phage polarisation state, which is characteristic of
macrophages involved in trophic and tissue remodel-
ling functions. Furthermore, the number of CSF-1 re-
ceptor (CSF-1R)+F4/80+ macrophages was increased
during alveolarisation and, together with the expres-
sion of M2-associated genes, indicates the importance
of trophic macrophages during this period of signifi-
cant tissue remodelling.

Methods

Animals

All animal experiments were approved in advance by the
Monash University Animal Ethics Committee and conducted
in accordance with the “Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes” (7 Edition,
2004). For embryonic lung culture, time-mated C57BL/6] fe-
males were humanely euthanised by cervical dislocation at
12.5 days postcoitum, with 0.5 defined as noon on the day a
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plug was detected. Embryos were collected, development was
assessed using the Theiler Staging (TS) criteria (TS 15-
16/27-31 somites) and the lungs were dissected. Postnatal
lung analyses were performed on CsfIr-EGFP mice, which
directs enhanced green fluorescent protein (EGFP) ex-
pression to cells of the myeloid lineage under the control
of the CsfIr promoter [14]. Neonatal mice were adminis-
tered mouse recombinant CSF-1 (1 pg/g bodyweight; Uni-
versity of Queensland Protein Facility, Brisbane, Australia)
in phosphate buffered saline (PBS) via intraperitoneal (i.p.)
injection at a final volume of 50 pl at postnatal day (P)1, 2
and 3, with P1 defined as day of birth [2]. Littermate con-
trols received vehicle PBS at the equivalent final volume.

Embryonic lung culture and wholemount
immunofluorescence labelling

Embryonic lungs were transferred onto polycarbonate mem-
branes (3 pum pore size; GE Water and Processing Tech-
nologies, Oakville, Canada), floating on serum-free media in
a 24 well plate (BD Biosciences). Culture media was com-
posed of Dulbecco’s Modified Eagle Medium F/12 (Gibco/
Invitrogen, Mulgrave, VIC, Australia), supplemented with
25 mM L-glutamine (Gibco/Invitrogen), 5 pg/ml insulin
transferrin selenium (Gibco/Invitrogen) and 100 pg/ml peni-
cillin streptomycin (Gibco/Invitrogen). Organs were incu-
bated for 48 hours at 37°C in 5% CO,. Explants were fixed
in ice-cold methanol (for 30 min at —20°C) and wholemount
immunolabelled to visualise macrophages in development.
Explants were permeablised in 0.1% Triton X (in PBS for
10 min) and non-specific binding was blocked by incubation
with 10% goat serum and 2% bovine serum albumin (BSA;
in PBS for 30 min). Explants were incubated with rat anti-
F4/80 (1:100; Serotec, Kidlington, UK; Clone Cl:A3-1) and
rabbit anti-E-cadherin (1:100: Cell Signalling Technologies,
Danvers, MA, USA; Clone 24E10) primary antibodies (at
37°C for 2 hrs) to demarcate macrophages and lung epithe-
lium, respectively. Explants were washed in PBS (3x 5 min
at room temperature), incubated with Alexa Fluor® goat
anti-rat 555 and goat anti-rabbit 488 (Invitrogen; 1:500)
secondary antibodies (at 37°C for 1 hr). Membrane-bound
explants were placed on glass slides with PBS and
coverslipped.

Postnatal lung histology and macrophage
immunofluorescence labelling

Lungs were reinflated and fixed in situ through intratracheal
instillation of 10% buffered formalin at a pressure of 20
cmH,0. After ligating the trachea, the entire thorax was
immersion fixed for 24 hr before lungs were dissected. To
assess histology, lungs were processed, embedded in paraffin
wax, sectioned at 5 pum, mounted on Polylysine™ slides
(Menzel-Glaser, Braunschweig, Germany) and stained with
haematoxylin and eosin. For immunofluorescence labelling,
excised lungs were placed in 30% sucrose solution (in PBS)
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and allowed to infiltrate overnight at 4°C. Organs were
immersed in OCT compound (Sakura, Torrance, CA, USA)
in Tissue-Tek® cryomoulds (Sakura) and frozen by floating
moulds on chilled isopentane on dry ice. Lungs were
cryosectioned at 5 um and mounted on SuperFrost® Plus
slides (Menzel-Glaser). For macrophage visualisation, sec-
tions were blocked in 10% goat serum, incubated with rat
anti-F4/80 primary antibody (1:100; Serotec), washed and in-
cubated with AlexaFluor® goat anti-rat 488 secondary anti-
body (1:500; Invitrogen). Sections were counterstained with
DAPI nuclear stain (1:10,000 in PBS; Invitrogen) for 5 -
minutes, washed, mounted with DAKO fluorescent mount-
ing medium (DAKO Cytomation, Botany, NSW, Australia)
and coverslipped.

Flow cytometry

Whole lungs underwent enzymatic and mechanical di-
gestion to yield a single cell suspension as described pre-
viously [2]. In brief, organs were finely minced and
incubated in 1 ml digestion buffer; comprising 1 mg/ml
collagenase/dispase (Roche Diagnostics, Indianapolis,
IN, USA), 0.1% DNase I (Roche Diagnostics) and 5 mM
CaCl2 in Hank’s Balanced Salt Solution (Invitrogen) at
37°C for 20 minutes. Lungs were mechanically disrupted
using a 1000 pl pipette, before cells were gently passed
through a 25-gauge needle to yield a single cell suspension.
Cell suspensions were washed in fluorescence-activated cell
sorting (FACS) buffer; comprising PBS supplemented with
0.2% BSA, 0.5 M ethylenediaminetetraacetic acid (EDTA)
and 0.02% sodium azide, and centrifuged at 485 relative
centrifugal force (rcf; for 5 minutes at 4°C). Red blood cells
were lysed by resuspending samples in 1 ml of red blood
cell lysis buffer (at 37°C for 1 min; 8.3 g/L ammonium
chloride; pH 7.5;) and cell suspensions were filtered
through a 40 pum cell strainer (BD Biosciences, North Ryde,
NSW, Australia). Cell counts were performed using a
Coulter® Particle Count and Size Analyzer (Beckman
Coulter Australia Pty Ltd, Gladesville, NSW, Australia). To
assess macrophages across postnatal development, 1x10°
cells were immunolabelled with anti-CD45 PE Cy5-conju-
gated antibody (1:1000; BD Biosciences; Clone 30-F11) at a
final volume of 20 ul for 20 minutes at 4°C in a 96 well
plate. Cells were washed in FACS buffer and centrifuged,
repeated twice, before being resuspended in 200 pl FACS
buffer and run on a BD FACSCalibur cytometer (BD Bio-
sciences). To assess macrophages at P5 following CSE-1
administration, cells were immunolabelled with anti-CD45
APC Cy7-conjugated (1:800; BioLegend, San Diego, CA,
USA; Clone 30-F11) and rat anti-F4/80 APC-conjugated
(1:200; eBioscience, San Diego, CA, USA; Clone BMS)
antibodies. Samples were run on a BD FACSCanto II
cytometer (BD Biosciences). Data analysis was performed
using Flow Jo FCS analysis software (Tree Star Inc,
Ashland, OR, USA).
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Plethysmography

Respiratory physiology across a time course of postnatal
development was assessed using unrestrained barometric
whole-body plethysmography, as described previously
[28,29]. In brief, mice were placed in a sealed cylindrical
Perspex chamber (Neonate; 75 mm x 50 mm, Adoles-
cent/Adult; 150 mm x 50 mm), where changes in pres-
sure caused by breath tidal movements were measured
using a volumetric pressure transducer (model PT5A;
Grass Instrument Co., Quincy, MA, USA), amplified
(Octal Bridge Amp model ML228 and Powerlab 8/30
model ML870; ADInstruments, Bella Vista, NSW, Australia)
and the respiratory trace patterns recorded using Chart™
software (v5.1; ADInstruments). At the beginning of each
session the plethysmograph was calibrated by measuring the
pressure deflection caused by the injection of a known vol-
ume (300 pl) of air into the chamber. The temperature and
relative humidity within the chamber were noted at the
beginning and end of recordings (model HM34; Vaisala,
Hawthorn, VIC, Australia). Waveform analysis (Chart™;
ADInstruments) of respiratory traces was used to directly de-
rive the pressure deflection per tidal breath (Pr), total breath
cycle time (T, sec), breath frequency (f; breaths/min), in-
spiration time (T; sec) and expiration time (T, sec). To
calculate tidal volume (Vy; mL), the Pt value obtained
from the respiratory trace was inputted into the equation
of Drorbaugh and Fenn [30], which was subsequently
used to determine minute volume (Vg mL/min; V1 x f)
and inspiratory flow rate (V1/T; mL/sec).

QPCR

Semi-quantitative real-time (qQPCR) was used to assess
gene expression in whole lungs across postnatal devel-
opment and in response to CSF-1. Lungs were dis-
sected and snap frozen in RNAlater® RNA stabilisation
reagent (Qiagen, Doncaster, VIC, Australia). Total RNA
was extracted from organs using an RNeasy Mini Kit
(Qiagen) and concentration and purity were analysed
using a Nanodrop® Spectrometer (Nanodrop® Technolo-
gies, Wilmington, DE, USA). RNA was converted to
c¢DNA using a High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Mulgrave, VIC, Australia). qPCR
was performed using Tagman® Gene Expression Assays
(Applied Biosystems) which provided pre-designed primer
and probes to assess the genes f-actin (Actb; Assay ID:
Mm00607939_s1), Chemokine C-C motif ligand (Ccl)2
(Mm00441242_m1), Inducible nitric oxide synthase
(Nos2; Mm00440485_m1), Tumor mnecrosis factor-a
(Tnf, Mm00443258_m1), Ccl17 (MmO00516136_m1), Arginase
1 (Argl; MmO00475988_m1), Igfl (MmO00439561_ml) and
Found in Inflammatory Zone 1 (Fizzl; Mm00445109_ml).
Reactions were performed in triplicate and run on a 7500
Real-Time PCR machine using SDS Software (v1.3; Applied
Biosystems). Threshold cycle (Ct) values were normalised
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against endogenous Actb expression and presented as rela-
tive quantification (RQ).

In situ hybridisation and microscopy

Section in situ hybridisation for the Csflr gene was
performed on paraffin-embedded, 5 um sections of E12.5
embryonic lungs, as described previously [31] (Probe ID:
MGI:50000914; http://www.gudmap.org). Sections were
counterstained with haematoxylin. Light and fluorescence
microscopy were performed using an Olympus Provis
AX70 microscope (Olympus, Mt Waverley, VIC, Australia)
and AnalysisB software (Soft Imaging Systems GmbH,
Muenster, Germany). Bright field images were captured
using a DP70 colour camera (Olympus). Fluorescence im-
ages were captured using an F-View black and white cam-
era (Olympus). Image preparation and compilation was
performed using AnalysisB software (Soft Imaging Sys-
tems) and Microsoft Power Point (Microsoft Corporation,
Redmond, WA, USA).

Statistical analysis

Data is presented as mean + standard error of the mean
(SEM). Statistical analysis was performed using GraphPad
Prism™ (Version 5 for Windows; GraphPad Software Inc,
La Jolla, CA, USA). Significance was assessed using a one-
way ANOVA and Tukey’s post hoc test for comparisons
across multiple time points or unpaired Student’s ¢-test
for comparisons between two experimental groups. A
p value <0.05 was considered statistically significant.

Results

Macrophages are abundant in embryonic lungs and
localise within branch points

To assess macrophages and their involvement in lung
branching morphogenesis, E12.5 lungs were cultured as
embryonic explants, with a continuation of branching
morphogenesis observed over 48 hours of culture
(Figure 1A-C). In this model system, flattening of the
organ facilitated wholemount visualisation and the
examination of macrophage localisation within the embry-
onic lung. Immunofluorescence labelling demonstrates
that embryonic macrophages express the mature macro-
phage marker F4/80 and are found abundantly within em-
bryonic lungs undergoing branching morphogenesis
(Figure 1D&E). In particular, the dense concentration of
macrophages localised within branch points is prominent
(Figure 1E). Such abundance, branch-specific location and
intimate epithelial interaction support the relevance of
macrophages in the regulation of lung development. Fur-
thermore, this system indicates the importance of early
fetal macrophages in colonising organs undergoing devel-
opment. With the explant system eliminating the contri-
bution of infiltrating cells at later stages of development, it
also indicates that the large numbers of macrophages
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Figure 1 Macrophages are abundant in developing embryonic lungs. £x vivo culture of E12.5 embryonic lungs, maintained for 48 hours on
floating polycarbonate membranes at the air-liquid interface, supported continuation of branching morphogenesis (A-C). Wholemount
immunofluorescence labelling of the lung epithelium (anti-E-cadherin; blue) and macrophages (anti-F4/80; green) revealed extensive macrophage
accumulation within developing lungs (D), and in particular within branch points (E).

observed are seeded within the lung before E12.5, and are
then maintained through local mechanisms to support on-
going branching morphogenesis.

Macrophages are associated with the structural and
functional postnatal maturation in the mouse

In the mouse, the lung undergoes a significant period of
postnatal development comprising both the closing stages
of the saccular phase (E18.5-P5) and the alveolarisation
phase (P5-P36) [1,32], and thereby provides an important
animal species for investigating aspects of developmental
regulation. The structural and functional maturation
across the time course of postnatal lung development was
characterised in CsfIr-EGFP mice.

Structural maturation facilitates the progressive gain in
gas exchange efficiency; from large, thick-walled ter-
minal sacs to smaller, thin-walled alveoli with a large
surface area (Figure 2A-E). Histologically at P5, the lung
parenchyma consisted of large terminal sacs (Figure 2A),
and with continuing alveolarisation the subdivision into
smaller alveoli through the process of secondary sept-
ation was evidenced by the formation of ridges on sac
walls invading into the alveolar space (Figure 2B&C).
Continued secondary septation was evident at P14, with
significant numbers of smaller alveoli present (Figure 2C).
By P21 there was considerable thinning of alveolar walls
bringing blood vessels into close association with the epi-
thelium lining the alveolar space (Figure 2D). In these
later stages of the alveolarisation phase, much of the sec-
ondary septation was complete and maturation involved
thinning of the alveolar wall interstitium (Figure 2D). The
adult lung at 3M showed all the structural hallmarks of an
efficient gas exchange organ; large number of alveoli

providing a large surface area and extremely thin walls
to allow for efficient gas exchange (Figure 2E). Postna-
tal development was accompanied by the identification
of macrophages in the lung parenchyma. Visualised by
Csflr-EGFP expression, these myeloid cells were pre-
dominantly macrophages, evident by their consistent
co-expression of F4/80 (Figure 2F-]). The large num-
bers of macrophages within the lung from P5-P21 cor-
relates with the key period of alveolar development.
These structural changes were mirrored by the func-
tional improvements observed during postnatal develop-
ment. Trace recordings from unrestrained barometric
whole-body plethysmography illustrated the breath pat-
terns and functional maturation of the lungs of mice
during postnatal development through measurement of
tidal pressure changes within the chamber due to respir-
ation (Figure 2K-0). At P5, before alveolarisation, the re-
spiratory capacity was limited, evidenced by trace
recordings where breaths were shallow, uneven and dis-
persed (Figure 2K). With maturation and the formation of
increasing numbers of alveoli from P7-P14 (Figure 2L&M),
breaths became deeper, more frequent and more even.
At P21, a breath pattern comparable to the adult was
observed (Figure 2N), however as lung growth contin-
ued tidal volume increased, as evidenced by the in-
creased amplitude of the trace pattern of the 3M lung
(Figure 20). Waveform analysis provided a quantitative
assessment of lung function parameters to provide a
functional correlation with the structural maturation of
the postnatal lung. Progressive increases in tidal and mi-
nute volume were evident during postnatal lung devel-
opment, increasing 8-fold (0.012 + 0.001 vs. 0.113 +
0.011, p<0.001; Figure 2P) and 10-fold (3.09 + 0.30 vs.
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Figure 2 Postnatal structural and functional lung maturation in the mouse. Representative photomicrographs of postnatal lung histology,
immunofluorescence macrophage localisation and respiratory trace patterns at P5 (A,F,K), P7 (B,G,L), P1
0). Structural maturation (A-E) is demonstrated by a reduction in alveoli (a) size through the formation of new secondary septae (*) and a
thinning of alveolar walls (arrows). Structural maturation accompanies functional maturation as indicated by deeper, more even respiratory trace
patterns (K-O), which was quantified through waveform analysis (P-T). Postnatal lung development is accompanied by significant numbers of
CSF-1R+ cells (green), which are predominantly macrophages (arrows) as indicated by F4/80 co-expression (red; F-J;). n=4 littermates/time point.
‘a’ represents significant difference compared to P5, ‘b’ compared to P7, *
following letters represent level of significance, where *=p<0.05, **=p<0.01
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3393 + 2.70, p<0.001; Figure 2Q) from P5 to 3M, re-
spectively, as the number of alveoli and overall size of
the gas exchange compartment of the lung increased.
As observed in the respiratory trace, breath patterns in
immature lungs were quite uneven with short inhala-
tions and slow dribbled exhalations at P5 and P7. This

was also demonstrated in the waveform measurements,
where expiration time decreased with the onset of
alveolarisation (Figure 2S) and inspiration time progres-
sively increased (Figure 2R) as a more even breath pat-
tern emerged. A progressive increase in inspiratory flow
rate was also observed, increasing approximately 4-fold
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from P5-P21 (0.24 + 0.04 vs. 1.15 = 0.09, p<0.001)
when a maximum flow rate was then reached and
maintained in the adult lung at 3M (Figure 2T).

Lung macrophage number is increased during
alveolarisation

To more comprehensively assess the correlation between
macrophages and alveolarisation, flow cytometry was
performed to quantitatively examine the proportion and
number of macrophages in the lung during postnatal de-
velopment and into adulthood (Figure 3A-C). Again
EGFP transgene expression facilitated the quantification
of Csflr+ myeloid cells (Figure 3D), which were confirmed
as predominantly macrophages by consistent co-expression
of F4/80 (Figure 2F-]) evident in both alveolar and intersti-
tial macrophage subpopulations (Figure 3E&F). Lungs were
analysed at P1 in the saccular stage, at P5 when the lung
transitions from the saccular to alveolarisation stage, at P7,
P14 and P21 during alveolarisation, and at 3M in the
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mature lung. During postnatal life the overall cellularity of
the lung gradually increased peaking at P14 during
alveolarisation with an approximately 5-fold increase com-
pared to P1 (7.78 + 0.14 x10° vs. 3550 + 501 x10°,
p<0.001; Figure 3A). From P14 onwards, as alveoli contin-
ued to develop and mature the total cellularity of the lung
decreased. At 3M, despite the overall size difference, cellu-
larity was comparable between the mature lung com-
posed primarily of air sacs and the dense lung at P1
(7.78 + 0.14 x10° vs. 12.24 + 2.23 x10°, p=ns). Similarly,
the number of macrophages followed a parallel trend,
and increased 9-fold from P1 to P14 (5.65 + 0.87 x10°
vs. 50.68 + 4.95 x10°, p<0.001), before a —2.5-fold re-
duction by 3M (50.68 + 4.95 x10° vs. 19.93 + 1.39 x10°,
p>0.05; Figure 3B). In contrast to number, the propor-
tion of macrophages in the lung steadily increased
throughout postnatal life (Figure 3C). During the saccu-
lar stage at P1 and P5, macrophages represented ap-
proximately 8% of cells in the lung. This is significantly
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Figure 3 Macrophages are increased during alveolarisation in the developing mouse lung. Flow cytometric analysis of CSF-1R+ leukocyte
(Csf1r-EGFP+CD45+) number (B) and proportion (C) within whole lungs (A) across a timecourse of postnatal development. Representative plots
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increased at P14 and P21 during alveolarisation to ap-
proximately 16% (p<0.05), and at 3M a significant resi-
dent macrophage population was maintained in the
adult lung (Figure 3C).

Macrophages are polarised to an M2 phenotype during
alveolarisation

Correlations between macrophage phenotype and stages
of lung development were investigated by analysing ex-
pression of genes indicative of different macrophage ac-
tivation states (Figure 4). An upregulated expression of
Ccl2, Nos2 and Tnf is associated with an M1 or classical
phenotype where macrophages contribute to host de-
fence. M2 or alternatively activated macrophages are im-
portant in tissue remodelling, immunoregulatory and
trophic functions, and are characterised by upregulation
of genes including Argl, Ccll17, Mrcl. A limited correl-
ation between M1 gene expression and postnatal lung
development was observed, although Ccl2 expression
was highest after birth (Figure 4A) and Nos2 decreased
in later life at P21 and 3M (Figure 4B). In contrast, sig-
nificant upregulation of M2 genes showed a distinct cor-
relation with the key period of alveolar development.
Argl expression was low in early postnatal life and began
to increase at P14 (Figure 4D). At P21, Argl expression
peaked and was 48-fold higher than at P1 (p<0.01), be-
fore returning to a low level of expression in the adult
lung. Ccll17 was also shown to increase during the
alveolarisation stage (Figure 4E). After low expression
from birth to P7, Ccll7 expression increased 9-fold at
P14 (p<0.001) before decreasing by P21. The resident
population of macrophages in the mature lung at 3M
also maintained significant Ccl17 expression. Similarly,
Mrcl expression remained unchanged throughout early
postnatal lung development but peaked at P14 with a 3-fold
increase compared to P7 (p<0.01; Figure 4F). Expression
was decreased at P21 before high levels of Mrcl expression
were maintained in the resident lung macrophage popula-
tion at 3M. When all the genes analysed are presented on
the same graph, the increase in the three genes indicative of
an M2 macrophage phenotype is particularly evident
(Figure 4G). This demonstrates a clear correlation be-
tween M2 macrophage phenotype and the key period of
alveolarisation.

CSF-1 administration increases developmental
macrophages in the lung and is associated with increased
Igf1 expression

CSF-1 is the primary regulator of macrophage differenti-
ation, survival and proliferation, and during development it
plays an essential and non-redundant role in regulating
organogenic macrophage functions [17,18,33,34]. Adminis-
tration of CSF-1 to neonatal mice was shown to increase
the number and proportion of developmental macrophages
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within the lung at P5. Flow cytometric analysis was
performed on whole lungs, with populations of CsfIr-
EGFP+ leukocytes (Figure 5C) further gated on F4/80 ex-
pression to investigate macrophages (Figure 5D&E). There
was a trend towards an increase in total cellularity in CSF-
1-treated lungs (Figure 5A). CSF-1 treatment resulted in a
6% increase in macrophage number (58.10 + 2.49 x10* vs.
69.32 + 2.56 x10% p<0.05), and a 19% increase in macro-
phage proportion (57.77 + 1.15% vs. 63.88 + 1.78%, p<0.05),
compared to PBS-treated littermates (Figure 5B). Analysis of
gene expression also indicated that the CSF-1-mediated in-
crease in macrophages was associated with upregulation of
the Th2-associated molecule Fizzl (1.05 + 0.18 vs. 1.56 +
0.05, p<0.05; Figure 5F) and the important growth regulator
Igfl (1.01 + 0.11 vs. 2,55 + 0.41, p<0.05; Figure 5G).

These effects of CSF-1 administration were confirmed
to be via a macrophage-mediated mechanism as the
CSE-1R was expressed exclusively on interstitial myeloid
cells and not other cells of the developing lung. In situ
hybridisation for the CSF-1R at E12.5 (Figure 5H) and
CsfIr driven EGFP transgene expression at P7 (Figure 5I)
confirmed that the trophic activity of CSE-1 during lung
development is through macrophage regulation. Further-
more, the finding that CSF-1 supplementation promoted
a trophic M2 macrophage phenotype highlights CSF-1
and the manipulation of CSF-1-responsive cells as a po-
tential intervention for rescuing or promoting organ de-
velopment and maturation.

Discussion
The renewed interest in macrophages has stemmed from
an increased understanding of monocyte/macrophage
heterogeneity and how it relates to functional diversity
[35-38]. Differential activation states have been broadly
classified as M1, which encompasses macrophages in-
volved in host defence and inflammation, and M2, which
represent a more wound healing or tissue remodelling
phenotype. Despite the M1/M2 activation dichotomy
arising from studies of tissue disease and repair, under-
standing macrophage phenotype and function has impli-
cations for discerning and potentially enhancing their
contribution to organ development. Functions of M2
macrophages, such as extracellular matrix (ECM) pro-
duction, release of trophic factors and promotion of
angiogenesis, are fundamental to organogenesis. Further-
more, our microarray expression profiling has revealed
that embryonic macrophages in developing lungs, kid-
neys and brains show a comparable gene expression pro-
file consistent with an M2 activation state [11]. In
addition, CSF-1 can also promote an ‘M2’ macrophage
activation state, which is increasingly being linked to tis-
sue repair and regeneration [2,39,40].

During embryonic development, macrophages are lo-
cated abundantly within the embryo and are present in
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virtually all developing organs [7]. Macrophage functions
that support organogenesis include clearance of apop-
totic cellular debris associated with tissue remodelling
[41] and the provision of trophic support by producing a
range of regulatory mediators [5,42]. Macrophages also
contribute to appropriate cellular differentiation [8,21,22]
and angiogenic regulation [43], through both the produc-
tion of angiogenic factors [44] and by physically directing
angiogenic positioning [10]. As the lung buds form, mac-
rophages surround the elongating primary bronchi [24].
The use of the CsfIr-EGFP reporter mice has been an im-
portant tool in demarcating the developmental role of
macrophages in the embryo and has demonstrated a sig-
nificant population of CSF-1R-expressing macrophages
within the lungs at E13.5 [14]. Eliciting its effect through
binding with the CSF-1R [45], CSF-1 is a pleiotropic
growth factor also important in the regulation of preg-
nancy, fetal development and tissue regeneration
[Reviewed in [33,34,40]].

Macrophages in the lung have been well described for
their functions in host defence and inflammatory dis-
eases, however the importance of CSF-1R+ macrophages
in contributing to lung development has not been eluci-
dated. The present study demonstrates the localisation
of CSF-1R+EGFP+ alveolar and interstitial macrophages,
which co-express the mature macrophage marker F4/80,
in developing lungs during postnatal development. In
addition, CSF-1R+ macrophages were identified in embry-
onic lung explants using wholemount immunofluores-
cence microscopy, where they were found to accumulate
at branch points during lung branching morphogenesis.

The proposal that key organogenic periods are accom-
panied by an M2 macrophage phenotype was examined
in the postnatal lung. During alveolarisation from P14 to
P21, the expression of the M2 markers examined (Argl,
Ccl17 and Mrcl) showed a significantly increased ex-
pression. The remodelling functions of M2 macrophages
are in accordance with the structural changes occurring
within the lung at this time. MrcI provides an important
mechanism for cellular clearance associated with
homeostasis and tissue reorganisation [46]. Arg! is asso-
ciated with collagen formation and ECM production
[47]. This study thus highlights the importance of mac-
rophages in the alveolarisation stage of lung develop-
ment, and in particular the association with an M2
activation state. Furthermore in the adult lung, an
upregulation of M2 genes was also observed, supporting
the homeostatic and immunomodulatory functions of
resident pulmonary macrophages.

We have previously reported that CSF-1-responsive
developmental macrophages are associated with growth
and organ development, with delivery of recombinant
protein to neonatal mice resulting in increased body and
organ weight [2]. The present study showed that
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administration of CSF-1 to neonatal mice was also in-
creased the number of macrophages in the developing
lung and promoted an increase in Fizzl (Retnla) and
Igfl expression. Fizzl is an important mediator of lung
development and maturation, and is upregulated during
the saccular and alveolar stages, where its angiogenic
and proliferative functions are suggested to promote al-
veolar development [48]. Fizzl is also reported to par-
ticipate in lung maturation by modulating surfactant
production [49]. Expressed on lung cells such as mesen-
chymal and alveolar type II cells, the function of
macrophage-derived Fizzl is under-examined in previ-
ous reports, and its upregulation with CSF-1 supplemen-
tation indicates it may provide beneficial effects in
regulating lung development.

The increase in the key growth regulator IGF-1 in re-
sponse to CSF-1 administration provides insight regard-
ing the potential mechanism of trophic macrophage
function in organogenesis, and also supports an emer-
ging link between CSF-1, macrophages and the IGF-1
growth axis [34]. Interestingly, many of the growth and
developmental deficiencies observed in CSF-1-deficient
mice are common to IGF-1-deficient animals [50]. More-
over, an interaction between CSF-1 and the IGF-1 growth
axis is supported by the finding that CSF-1-deficient rats
fail to produce the postnatal spike in IGF-1 [34]. Fur-
thermore, IGF-1 production as a key mechanism of
trophic macrophage function is supported by a previ-
ous study which demonstrated that kidney regene-
ration in an experimental model of acute kidney
disease is mediated by CSF-1-responsive macrophages
and an upregulation of IGF-1 [2]. This has important
parallels for normal lung development as IGF-1 in-
creases during alveolarisation, and the promotion of
lung maturation using retinoic acid and dexametha-
sone has been shown to correlate positively with in-
creased levels of IGF-1 [51].

Identification of M2-polarised macrophages as an im-
portant component of the organogenic milieu during al-
veolar development has important potential clinical
implications, not only for understanding normal develop-
mental processes, but also for addressing lung immaturity
and the impact of neonatal inflammation of developmen-
tal perturbation. Inflammatory activation of macrophages
not only contributes to tissue damage and perturbation of
organ development through pro-inflammatory injury, but
also disrupts morphogenesis in the lung and alters the ex-
pression of key genes important in lung development
[23,52]. Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) signalling in fetal macro-
phages upregulates pro-inflammatory mediators such
as interleukin-1f and alters expression of Wnt7b, bone
morphogenic protein-4 [23] and fibroblast growth
factor-10 [52]. Given the correlation between the
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timing of lung structural establishment and lung im-
munological maturity [53], it is plausible that the de-
velopmental deficits associated with inflammation may
also result from skewing of macrophages prematurely
away from their organogenic activities toward pro-
inflammatory mediation roles.

Understanding the regulation of alveolar development
has particular relevance with regard to clinical implica-
tions of developmental perturbation, and especially in
the setting of preterm birth. The neonatal mouse pro-
vides an excellent model for studying these aspects of
lung development as mice are born at a stage where
earlier aspects of organ development are still ongoing.
The period of postnatal development in the mouse was
characterised; correlating structural and functional mat-
uration with macrophage localisation. The histological
time course of postnatal lung development demonstrates
the processes of structural maturation, whereby large
saccules evident at the end of the saccular stage at P5
begin to subdivide through secondary septation to form
definitive alveoli clearly evident at P21. This period of
alveolarisation is critical in establishment of the gas ex-
change units required for proper function of the lung.
This is evidenced by the chronic lung dysfunction asso-
ciated with disruptions of alveolar development that
often result from preterm birth and injurious therapeutic
interventions that are required to keep the neonate alive
[54,55]. Indeed, Mund et al. reported that murine
alveolarisation occurs in two stages; phase 1 from P4-21
where alveoli arise from immature septae, and phase 2
from P21-36 where alveoli lift off from existing mature
alveoli [32].

The histological time course of postnatal lung develop-
ment was complemented by analysis of functional matur-
ation over this time. Changes in breath cycle parameters
were examined throughout postnatal lung development
using unrestrained barometric whole-body plethysmogra-
phy. This technique has been utilised in adult models of
lung injury [28,29] and was optimised for use in neonatal
mice in our study. Modifications including the adjustment
of the Perspex chamber size and increased sensitivity set-
tings for pressure transduction recording enabled the
measurement of lung function from as early as P5. Trace
recordings showed discernable changes in breath patterns
from P5 to adulthood, which when analysed provided
quantitative changes in lung function. As the number of
alveoli increased and the gas exchange compartment ex-
panded, there was a correlation with changes in lung
function parameters including an 8- and 10-fold in-
crease in tidal and minute volume from the beginning
of alveolarisation at P5 to adulthood. Normalisation of
inspiratory flow rate and expiratory time were also ob-
served over this time period of postnatal development
as the chest wall and diaphragm mature.
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The unique saccular architecture of the mature lung is
associated with a different developmental cellularity pat-
tern than that of solid organs. Overall cellularity in-
creases rapidly in the alveolarisation phase and peaks at
P14. From this stage, development is associated with sig-
nificant remodelling and apoptosis as alveolar sacs form
and mature, resulting in a decrease in cellularity in the
adult mature lung. By digesting whole lungs, both inter-
stitial as well as alveolar macrophages were able to be
included for analysis, as opposed to the commonly used
bronchoalveolar lavage-based collection method which
restricts analysis to alveolar macrophages only. The pro-
portion of macrophages in the lung is highest during the
alveolarisation stage of lung development. A significant
resident population is also maintained in the adult lung
post completion of development, indicative of the unique
air-exposed environment and the importance of pulmon-
ary macrophages in clearing inhaled debris and modulat-
ing immune responses. The increased proportion of
macrophages observed during alveolarisation — a time that
lacks immunological relevance in this normal setting -
therefore suggests that macrophages are associated with
developmental functions.

Conclusion

This study has demonstrated that macrophages provide a
valuable contribution to normal lung development, and in
particular that macrophages are increased and display an
M2 polarisation phenotype during alveolarisation. An im-
proved understanding of the organogenic environment
important in regulating alveolar development has signifi-
cant clinical relevance. The impact of inflammation and
therapeutics on organogenic macrophage populations
should be considered when studying the dysregulation
and damage of the neonatal lung associated with preterm
birth. It also supports research into modulation of macro-
phages in lung development to provide a novel interven-
tion for enhancing lung maturation.
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Wise AF, Williams TM, Kiewiet MB, Payne NL, Siatskas C,
Samuel CS, Ricardo SD. Human mesenchymal stem cells alter
macrophage phenotype and promote regeneration via homing to the
kidney following ischemia-reperfusion injury. Am J Physiol Renal
Physiol 306: F1222-F1235, 2014. First published March 12, 2014;
doi:10.1152/ajprenal.00675.2013.—Mesenchymal stem cells (MSCs)
ameliorate injury and accelerate repair in many organs, including the
kidney, although the reparative mechanisms and interaction with
macrophages have not been elucidated. This study investigated the
reparative potential of human bone marrow-derived MSCs and traced
their homing patterns following administration to mice with ischemia-
reperfusion (IR) injury using whole body bioluminescence imaging.
The effect of MSCs on macrophage phenotype following direct and
indirect coculture was assessed using qPCR. Human cytokine produc-
tion was measured using multiplex arrays. After IR, MSCs homed to
injured kidneys where they afforded protection indicated by decreased
proximal tubule kidney injury molecule-1 expression, blood urea
nitrogen, and serum creatinine levels. SDS-PAGE and immunofluo-
rescence labeling revealed MSCs reduced collagen a(I) and IV by
day 7 post-IR. Gelatin zymography confirmed that MSC treatment
significantly increased matrix metalloproteinase-9 activity in IR kid-
neys, which contributed to a reduction in total collagen. Following
direct and indirect coculture, macrophages expressed genes indicative
of an anti-inflammatory “M2” phenotype. MSC-derived human GM-
CSF, EGF, CXCLI1, IL-6, IL-8, MCP-1, PDGF-AA, and CCLS5 were
identified in culture supernatants. In conclusion, MSCs home to
injured kidneys and promote repair, which may be mediated by their
ability to promote M2 macrophage polarization.

ischemia-reperfusion injury; mesenchymal stem cells; macrophage

SINCE THE INITIAL EXCITEMENT surrounding the multilineage po-
tential and self-renewal properties of mesenchymal stem (stro-
mal) cells (MSCs), their therapeutic potential to elicit tissue
regeneration has been explored experimentally and in a wide
range of clinical applications (45). MSCs are capable of mod-
ulating inflammation through interacting with a variety of
immune cells (53, 68). These immunomodulatory properties, in
combination with their tissue-regenerative capabilities, have
created great enthusiasm for these cells to be used as a
treatment for a wide variety of pathological conditions ranging
from autoimmune to chronic inflammatory diseases (for a
review, see Refs. 45, 62, and 68). MSCs reside in most
postnatal organs and tissues and can be isolated and expanded
in culture (13). Unlike embryonic stem (ES) cells and induced
pluripotent stem (iPS) cells, MSCs typically do not form
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tumors following transplantation in rodents and are free of the
ethical limitations associated with ES cell research.

Human MSCs have been shown to ameliorate the symptoms
of inflammatory diseases in rodent models (4, 9, 24, 27, 41,
70); however, the mechanisms responsible for their protective
and regenerative effects are not completely understood. The
interaction of MSCs with macrophages may play a vital role in
their downstream anti-inflammatory and immunomodulatory
effects, yet the specific cell cross talk MSCs have with infil-
trating macrophages and damaged kidney cells, along with the
cytokines that contribute to their unique immunomodulatory
properties, remains poorly defined.

MSC:s secrete a broad range of cytokines, including macro-
phage chemoattractants, as well as a variety of factors with
renoprotective and reparative capabilities. These include anti-
inflammatory, antiapoptotic, mitogenic, antifibrotic, and proan-
giogenic agents, which most likely govern repair via paracrine
and endocrine pathways (5, 19, 21, 67). In a setting of acute
kidney injury (AKI), transplanted MSCs localized within peri-
tubular capillaries, adjacent to the renal tubules, and glomeruli
(56). However, the survival of MSCs and timing of adminis-
tration leading to the interplay between MSCs and macro-
phages, along with their ability to modify the tissue microen-
vironment in a setting where aberrant wound healing-induced
collagen accumulation leads to fibrosis, have yet to be eluci-
dated.

Macrophages comprise a heterogeneous population that is
governed by the inflammatory cues in the surrounding mi-
croenvironment (54). Although initially recognized as contrib-
uting to the pathogenesis of kidney injury, macrophages may
also play a vital role in the remodeling phase of kidney
regeneration following acute damage (30, 61, 63). Subse-
quently, macrophages have been broadly classified into one of
two opposing polarization states: classically activated “M1”
and alternatively activated “M2” populations (38). M1 macro-
phages secrete numerous proinflammatory cytokines and are
involved in pathogen clearance whereas M2 macrophages
secrete anti-inflammatory cytokines that mediate wound heal-
ing and tissue remodeling (38).

This study investigated the therapeutic potential of human
bone marrow (BM)-derived MSCs in conjunction with their
homing patterns following intravenous (iv) administration to
mice with ischemia-reperfusion (IR) injury using whole body
bioluminescence imaging. In addition, the effect of MSCs on
macrophage phenotype and the soluble factors produced fol-
lowing direct and indirect coculture experiments were as-
sessed.

http://www.ajprenal.org
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MATERIALS AND METHODS

Mesenchymal stem cell culture. Human BM-derived MSCs pur-
chased from the Tulane Center for Stem Cell Research and Regenerative
Medicine (Tulane University, New Orleans, LA) and enhanced green
fluorescent protein (eGFP) and firefly luciferase (fluc) eGFP*fluc™
MSCs were cultured as previously described (47). Karyotype analysis
was performed on MSCs at passage 3 (Southern Cross Pathology,
Clayton, Australia). The clonogenic potential of MSCs was tested using
a colony-forming unit-fibroblast (CFU-F) assay, and colonies were
stained with 3% (wt/vol) crystal violet (Sigma-Aldrich, St. Louis, MO).

Multilineage differentiation. To demonstrate multilineage differen-
tiation potential, MSCs were differentiated toward osteogenic, adipo-
genic, and chondrogenic lineages using a human functional identifi-
cation kit (R&D Systems, Minneapolis, MN). Following differentia-
tion, osteocytes were stained with Alizarin red S (Sigma-Aldrich),
adipocytes with fatty acid binding protein-4 (FABP-4; R&D Sys-
tems), and chondrocytes with aggrecan (R&D Systems).

Flow cytometry. Immunophenotypic analysis of MSCs by flow
cytometry was performed using the following fluorochrome-conju-
gated anti-human antibodies: CD73-PE, CD90-PerCP-Cy5.5, CD105-
Alexa Fluor 647, CD14-APC (eBioscience), CD19-FITC, CD34-
APC, CD45-APC, and HLA-DR-FITC. All antibodies were purchased
from BD Biosciences (San Jose, CA) unless otherwise indicated. Cell
population data was acquired using a FACSCanto II flow cytometer
(BD Biosciences) and analyzed using Flowlogic Software (Inivai
Technologies, Mentone, Australia).

Experimental design. All animal studies were approved by the
Monash University Animal Ethics Committee, which adheres to the
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes. For IR injury, male 6- to 8-wk-old C57BL/6J
mice (Monash Animal Services, Clayton, Australia) were anesthetized
with 2.5% (vol/vol) inhaled isoflurane (Abbott Australasia Pty, Kur-
nell, Australia), and injury was induced by clamping the left renal
pedicle for 40 min (unilateral) or both renal pedicles for 25 min
(bilateral) with a microvascular clamp (0.4-0.1 mm; S&T Fine
Science Tools, Foster City, CA) through a flank incision. Following
reperfusion, mice were injected iv with 1 X 10® MSCs resuspended in
120 w1 PBS or a vehicle control (120 nl PBS alone). A third group of
mice served as a sham-operated control group, whereby the animals
were anesthetized and a flank incision made without clamping the
renal pedicle. Mice that received bilateral IR injury were placed in
metabolic cages to obtain 24-h urine samples. Urinary kidney injury
molecule (Kim)-1 was measured with a Kim-1 mouse ELISA (Ab-
cam, Cambridge, UK). Concentrations of blood urea nitrogen (BUN)
and serum creatinine were measured 3 days post-IR using the i-STAT
CHEMS8+ cartridges and the i-STAT system (n = 8; Abbott, Ontario,
Canada).

Bioluminescence imaging. Mice (n = 5) were anesthetized with
2.5% (vol/vol) isoflurane, injected intraperitoneally (ip) with 200 wl
D-luciferin (15 mg/ml in PBS; VivoGlo Luciferin, Promega, San Luis
Obispo, CA) and imaged 10 min after injection using the Xenogen
IVIS 200 system (Xenogen, Alameda, CA) on days 0 (1-h post-MSC
injection), /, and 3 post-IR. Regions of interest (ROI) were drawn,
and fluc luminescent signal intensities were analyzed using Living
Image 3.2 software (Xenogen).

Histology and immunofluorescence labeling. Histopathology was
assessed on formalin-fixed, 4-pwm-thick paraffin sections stained with
hematoxylin and eosin (H&E). Semiquantification of histopathology
was performed after taking five fields of view/kidney section within
the corticomedullary region (n = 3; 3 sections/mouse; X400). Prox-
imal tubular damage and protein cast formation were assessed, and the
percentage of kidney damage was graded on a scale of 0 to 4 (refer to
Table 1).

To assess proliferation, kidney sections were stained with mouse
anti-PCNA (DakoCytomation, Glostrup, Denmark) and rabbit anti-
mouse Ki67 (Abcam) primary antibodies followed by Alexa Fluor

F1223

Table 1. Injury scale used to grade kidney damage following
IR injury

Scale Percentage of Kidney Damage

0 Normal tubules and no protein casts

0.5 Minor tubular damage and protein cast formation

1.0 Involvement of <10% corticomedullary region

2.0 Involvement of 10% to 25% of corticomedullary region
2.5 Involvement of 26% to 50% of corticomedullary region
3.0 Involvement of 51% to 75% of corticomedullary region
4.0 Widespread damage >75% of corticomedullary region

IR, ischemia-reperfusion.

488 donkey anti-mouse (Molecular Probes, Eugene, OR) and Alexa
Fluor 555 goat anti-rabbit (Molecular Probes) secondary antibodies.
For proximal tubule Kim-1 expression, immunohistochemical stain-
ing was performed with rat anti-mouse Kim-1 (R&D Systems) using
the avidin-biotin complex (ABC) method as described previously
(43). The area of 3,3'-diaminobenzidine staining per unit area of
tissue was measured using a custom macro from the image-analysis
software ImagelJ/FIJI, version 1.48d. Areas of positive staining were
quantified in five nonoverlapping, randomly selected fields of view
(n = 3, 3 sections/mouse; X400 magnification).

For the visualization of type IV collagen, kidney sections were
stained with a goat anti-human collagen type IV primary antibody
(Southern Biotech, Birmingham, AL) followed by an Alexa Fluor 647
chicken anti-goat antibody (Molecular Probes) and for macrophage
staining, a rat anti-mouse F4/80 antibody (AbD Serotec, Oxford, UK)
followed by an Alexa Fluor 555 goat anti-rat antibody (Molecular
Probes). Sections were counterstained with 4,6-diamidino-2-phenylin-
dole (Molecular Probes) and viewed with a Provis AX70 fluorescence
microscope (Olympus, Tokyo, Japan). Fluorescence images were
captured with an F-view II digital camera (Soft Imaging System,
Munster, Germany).

Hydroxyproline, SDS-PAGE, and zymographic analyses. A kidney
from each animal was divided into portions containing both cortex
and medulla for use in each assay. The total collagen content (%
collagen content/dry weight tissue) in the kidney (n = 3/group) was
measured using a hydroxyproline assay as previously described (49).
In brief, kidneys were lyophilized to measure dry weight, hydrolyzed
in 6 M hydrochloric acid, and hydroxyproline levels were determined
by measuring the absorbance of hydrolyzed samples at 558 nm, using
a Digital Spectrophotometer (Varian, Palo Alto, CA) (50). Total
collagen content was determined by multiplying the hydroxyproline
measurements by a factor of 6.94.

SDS-PAGE analysis was used to detect changes in interstitial
collagen subtypes within the kidney (50). The supernatants from
pepsin-digested kidneys were analyzed on 5% (wt/vol) acrylamide
gels with 3.5% (wt/vol) acrylamide stacking gels. The o;(IlI) chains
were separated from the o;(I) collagen chains with interrupted elec-
trophoresis with delayed reduction of type III collagen. The gels were
stained with 0.1% Coomassie blue R-250 overnight at 4°C and then
destained with 30% (vol/vol) methanol containing 7% (vol/vol) acetic
acid. Densitometry was performed with a calibrated imaging densi-
tometer (Gel Scan-710, Bio-Rad, Hercules, CA), and data were
analyzed using Quantity-One software (Bio-Rad).

Matrix metalloproteinase (MMP)-2 and MMP-9 activity was as-
sessed by gelatin zymography (65). Zymographs consisted of 7.5%
(wt/vol) acrylamide gels containing 1 mg/ml gelatin. The gels were
stained with 0.1% (wt/vol) Coomassie blue R-250 overnight at 37°C
and then destained with 7% (vol/vol) acetic acid. Clear bands indi-
cated gelatinolytic activity, where the enzymes had digested the
substrate. Densitometry of these MMP bands was performed, and data
were analyzed using Quantity-One software.

MSC and macrophage coculture. BM was isolated from male 6- to
8-wk-old C57BL/6J mice and cultured in DMEM/F12 (Invitrogen,
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Camarillo, CA) supplemented with 10% FBS, 10 mM L-glutamine,
100 pg/ml penicillin/streptomycin, and 100 U/ml mouse recombinant
colony-stimulating factor (CSF)-1 (Chiron) to generate macrophages.
On day 7, the purity of the BM-derived macrophages was >95%
when checked by flow cytometry.

For coculture experiments, macrophages were primed with 120
ng/ml of IFN-y (R&D Systems) and 10 ng/ml LPS (Sigma-Aldrich) to
induce an M1 phenotype or with 20 ng/ml IL-4 (Invitrogen) to induce
an M2 phenotype. The macrophages were then washed with PBS
before MSCs were plated indirectly, on a 0.4-pm pore size Transwell
(Corning Life Sciences, Pittson, PA), or directly and cultured for 48
h. Following 24 h of coculture, 1 ml of the coculture supernatant was
collected and screened for human MSC-derived cytokines, using a
MILLIPLEXmap Human Cytokine/Chemokine Panel (Millipore).

Real-time quantification PCR gene expression analysis. Macro-
phages were sorted by fluorescence-activated cell sorting (FACS)
from the cocultures using the conjugated anti-mouse antibodies
CD45-FITC (BD Biosciences) and F4/80-APC (BD Biosciences).
RNA was extracted using an RNeasy Micro Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s guidelines. RNA samples
were reverse transcribed using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA), and real-
time quantitative PCR (qPCR) for each target gene was performed in
duplicate on cDNA samples using TagMan Universal PCR Master Mix
(Applied Biosystems) and TagMan Gene Expression Assays (Applied
Biosystems; see Table 2). The threshold cycle (Ct) values were normal-
ized against endogenous control B-actin to determine ACt.

Statistical analyses. Statistical analyses of the data were performed
using GraphPad Prism software version 5.0 (GraphPad Software, San
Diego, CA). An unpaired #-test was used to analyze data between two
groups. Comparisons among three groups were performed by one-way
ANOVA followed by Tukey’s multiple comparison tests. All data
were expressed as means = SE. P < 0.05 was considered statistically
significant.

RESULTS

Characterization of MSCs. Human MSCs were initially
characterized to confirm their cellular identity using the mini-
mal criteria established by Dominici et al. (14). In vitro,
cultured MSCs adhered to plastic, had a spindle-shaped mor-
phology (Fig. 1A), displayed a normal karyotype (Fig. 1B), and
formed CFU-F (Fig. 1C). Functionally, MSCs differentiated
into osteocytes, adipocytes, and chondrocytes as evidenced by
positive staining with Alizarin red (Fig. 1D), FABP-4 (Fig.
1E), and aggrecan (Fig. 1F), respectively. Finally, MSCs were
uniformly positive for the canonical MSC markers CD73,
CD90, and CD105 and lacked the expression of the hemato-
poietic markers CD14, CD19, CD34, CD45, and HLA-DR
(Fig. 1G).

MSCs home to the injured kidney following unilateral and
bilateral IR injury. eGFP*fluc™ MSCs were FACS sorted to
enrich for the number of eGFP* fluc* MSCs (Fig. 2A), with the
purity of the postsorted cells also determined by flow cytom-
etry (Fig. 2A). eGFP expression was confirmed visually using
fluorescence microscopy (Fig. 2B). Using a noninvasive bio-
luminescent imaging technique, eGFP*fluct® MSCs were
tracked in vivo following iv administration immediately fol-
lowing surgery in mice with unilateral or bilateral IR injury and
in sham-operated control mice (see diagram in Fig. 2C).

Following sham surgery, MSCs accumulated only in the
lungs, likely the result of being trapped in the pulmonary
capillaries (Fig. 3A). Bioluminescence measurements in the
sham-operated control mice decreased over the 3-day time

MESENCHYMAL STEM CELL HOMING AND KIDNEY REGENERATION

Table 2. Real-time PCR TagMan gene expression assays

Gene Symbol Assay ID

Actb MmO00607939_s1

Argl Mm00475988_m1
Chi3l3 MmO00657889_m1
Fizzl (Retnla) Mm00445108_m1
Ccl2 Mm00441242_m1
Mrcl Mm00485148_ml

course (2.038 X 107 photons-s '-cm~2sr~! on day 0 to

3.362 X 10° photons-s~'-cm™2-sr™! on day 1 as per mouse in
Fig. 3A). No signal was detected at day 3. In contrast, follow-
ing unilateral and bilateral IR injury, MSCs homed to the site
of damage via two routes: directly to the kidney(s), as detected
at the day 0 imaging time point (Fig. 3, B and D, respectively),
or to the kidney(s) via the lungs (Fig. 3, C and E, respectively).
The localization of the MSCs in the kidney was confirmed by
imaging the lateral aspect of the mouse (images not shown)
before the kidneys were excised and imaged ex vivo. Examples
of each of the MSC homing patterns with detected fluc signals
in sham and IR mice are shown in Fig. 3. The fluc signal
following direct homing to the kidney with unilateral IR injury
was marginally decreased from day 0 to day 1 (4.436 X 107 to
3.828 X 107 photons:s~'cm~%sr™!) and further by day 3
(1.953 X 107 photons-s~'-cm™~2-sr~1; Fig. 3B). In contrast to
the unilateral model, the fluc signal with bilateral IR injury
gradually increased from 5.109 X 107 photons-s~'.cm™2.sr™!
on day 1 to 1.706 X 108 photons-s~'-cm™2-sr™! on day 3. At
7 days post-IR, the fluc signal was no longer detected in either
the unilateral or bilateral models. In the mice where MSCs
were observed to accumulate in the lungs before migrating to
the damaged kidney(s) following unilateral or bilateral IR
injury (Fig. 3, C and E), the majority of injected cells had
localized in the lungs at 1 h postadministration. However, the
MSCs further migrated from the lungs to the injured kidney(s)
(imaged on days I and 3), with the majority of cells being
present in the kidney(s) at day 3. Again, at day 7, no cells were
detected.

MSCs promote structural and functional regeneration. Com-
pared to sham-operated mice, at 7 days following IR injury there
was widespread tubular epithelial cell damage within the kidney,
evidenced by numerous protein casts, interstitial matrix expan-
sion, and extracellular matrix deposition along with a marked
infiltration of inflammatory cells (Fig. 4A). In contrast, the
administration of MSCs to mice with IR injury promoted
structural regeneration, including reduced inflammation and
reestablishment of the tubular epithelium. Semiquantitative
examination of kidney sections revealed a significant reduction
in the number of protein casts (P < 0.001) and proximal tubule
epithelial cell damage (P < 0.001; Fig. 4B) by 5 days follow-
ing MSC injection. Structural regeneration of the MSC-treated
kidneys was associated with a significant increase in tubular
epithelial cell proliferation demonstrated at the day 3 time
point, as assessed with Ki67 and PCNA immunostaining (Fig.
4, C and D). This MSC-mediated repair was further evidenced by
functional recovery. BUN and serum creatinine concentrations
were measured 3 days post-MSC administration (Fig. 5, A and B).
At 3 days after bilateral IR surgery, BUN levels had increased
over twofold compared with sham-operated controls (18.1 =
1.9 vs. 84 = 0.4 mmol/l; P < 0.001) and serum creatinine
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Fig. 1. In vitro characterization of human mesenchymal stem cells (MSCs). MSCs adhered to plastic in standard tissue culture conditions (magnification X200;
A), displayed a normal 46XY karyotype (B), and formed colony-forming unit-fibroblasts (CFU-F), demonstrated by crystal violet staining, following 14 days of
in vitro culture (C). MSCs possessed multilineage differentiation potential in vitro, differentiating into osteocytes, indicated by the formation of calcium-rich
deposits detected with alizarin red staining (magnification X50; D), adipocytes, identified by the presence of lipid vacuoles and fatty acid binding protein-4
staining (magnification X400; E), and chondrocytes, visualized by the presence of aggrecan staining (magnification X200; F). MSCs expressed the cell surface
antigens CD73, CD90, and CD105, however, and lacked the expression of CD14, CD19, CD34, CD45, and HLA-DR (G).

1.5-fold higher than sham levels (34.7 = 3.1 vs. 224 = 2.1
pmol/l; P < 0.05). In MSC-treated mice, both the BUN and
serum creatinine concentrations were comparable to baseline
measurements and were significantly lower than the vehicle-
treated controls (Fig. 5, A and B). In addition, immunohisto-
chemical staining revealed increased expression of Kim-1, a
marker of proximal tubular injury, on the apical membrane of
proximal tubule cells 3 days after IR injury, compared with
sham-operated kidneys (Fig. 5C), while Kim-1 expression was
markedly reduced in MSC-treated mice. Notably, urinary
Kim-1, assessed by an ELISA, was significantly increased at 7

days post-IR compared with sham-operated control mice (P <
0.001) but returned to baseline levels in MSC-treated mice
(P < 0.01; Fig. 5D).

MSCs reduce collagen accumulation in the injured kidney.
MSC therapy following IR injury reduced interstitial collagen
accumulation as assessed by hydroxyproline assay, SDS-
PAGE, and type IV collagen immunofluorescence labeling. IR
injury resulted in a gradual but significant increase in the total
collagen concentration at 3 (P < 0.05), 5 (P < 0.001), and 7
(P < 0.001) days postinjury compared with sham-operated
controls (Fig. 6A). At 5 days post-IR injury, MSC treatment
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Fig. 2. Isolation of enhanced green fluorescent protein+ firefly luciferase+ (eGFP*fluc™) MSCs and experimental design for in vivo bioluminescence tracing.
eGFP*fluc* MSCs were FACS sorted based on their forward and side light-scattering properties, viability using propidium iodide (PI), and eGFP expression
(A). Representative micrographs are shown of the MSCs demonstrating eGFP expression (magnification X200; B) and a schematic diagram of the experimental
timeline following the induction of unilateral (40 min) or bilateral (25 min) ischemia-reperfusion (IR) injury with and without MSC treatment (C).

significantly decreased the total renal collagen concentration
(P < 0.05) compared with vehicle-treated mice. SDS-PAGE
revealed the predominant interstitial collagen subtypes within
the kidney were type 1 collagen [a;(I) and oz(I) monomers and
dimers of two o;(I) chains (B11) or a;(I) and ox(I) monomers
(B12)], and a small amount of type V collagen (Fig. 6B).
Scanning densitometry further revealed a decrease in the ac-
cumulation of the collagen subtype a;(I) in MSC-treated kid-
neys compared with the vehicle-treated controls at 5 and 7 days
postinjury (Fig. 6B), which reached significance (P < 0.05) at
day 7. Immunofluorescence microscopy was utilized to visu-
alize type IV collagen and macrophage (F4/80) localization
within the kidney (Fig. 6D). At day 7, an accumulation of
interstitial collagen was evident in vehicle-treated kidneys. In
comparison, type IV collagen appeared as a delicate frame-
work surrounding the glomeruli and reepithelialized tubules of
MSC-treated kidneys, with a pattern of expression comparable
to kidneys from sham-operated control mice.

Gelatin zymography revealed that IR injury resulted in a
significant increase in latent and active MMP-2 levels com-
pared with sham-operated control kidneys at both 5 (P <
0.001) and 7 (P < 0.001) days postinjury (Fig. 6C). In
comparison, the latent and active forms of MMP-2 in the
MSC-treated kidneys remained significantly lower than in the
vehicle-treated kidneys at both days 5 and 7. Active MMP-9
was also significantly increased in vehicle-treated kidneys at 3
(P < 0.001), 5 (P < 0.01), and 7 (P < 0.05) days postinjury
compared with the sham-operated kidneys (Fig. 6C). Notably,
MSC treatment resulted in a significant increase in active
MMP-9 at 3 days postinjury (P < 0.05) compared with its
vehicle-treated counterpart.

MSCs alter macrophage phenotype following in vitro coculture.
Direct and indirect coculture of MSCs with macrophages resulted
in an MSC-dependent polarization of macrophages toward an M2
phenotype. BM-derived murine macrophages that had been stim-
ulated to display an M1 or M2 phenotype in vitro were cocultured

Fig. 3. MSCs traffic to the injured kidney(s) following unilateral and bilateral IR injury. Representative images of the distribution of MSCs 0, 1, and 3 days
post-intravenous injection in sham-operated control mice, showing the accumulation of these cells in the lungs (A) and in mice with unilateral or bilateral IR
injury, where the cells homed directly to the injured kidney (B and D, respectively) or to the injured kidney via the lungs (C and E, respectively). The region
of interest (ROI) indicates photon emission within the red-encircled area. Red indicates areas with the highest photon emission density, and blue indicates the
areas with the lowest. The in vivo ROIs for each animal on days 0, 1, and 3 are displayed in each corresponding graph.
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Fig. 4. MSC treatment following IR injury
accelerates structural repair in adult mice.
Representative micrographs of hematoxylin
and eosin (H&E)-stained sections show the
histoarchitecture of the corticomedullary
region from sham and unilateral IR kidneys
with and without MSC treatment, 7 days
postinjury (magnification X200 and X400; 0 i 5 .
A). Semiquantitative analysis of kidney in- Veh MSC Veh MSC Veh MSC Veh MSC
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with MSCs for 48 h either directly or indirectly using a Transwell
coculture system (see diagram in Fig. 7A). qPCR analysis of
macrophage gene expression showed that the direct coculture
of M1 macrophages with MSCs caused an upregulation of the
M2-associated gene, Argl (Fig. 7B). Another M2-associated
gene, Ccl2, was also upregulated following the indirect cocul-
ture of M1 macrophages with MSCs (Fig. 7B). Furthermore, an
enhanced expression of the M2-associated genes, Argl,
Chi3i3, Ccl2, and Fizzl (also known as Retnla), was observed
following both the direct and indirect coculture of M2 macro-
phages with MSCs (Fig. 7B).

The MSC-macrophage coculture medium was then screened
using a panel of human cytokines and chemokines (Table 3).
The human soluble factors EGF, granulocyte macrophage
colony-stimulating factor (GM-CSF), CXCL1, IL-6, IL-8,
monocyte chemotactic protein (MCP)-1, PDGF-AA, and
CCLS were detected in the coculture supernatants, suggesting
these factors may play a role in the MSC-mediated shift in
macrophage polarization.

DISCUSSION

The therapeutic efficacy of MSCs derived from various
sources including BM (41), adipose (11), umbilical cord (7),
embryos (69), and Wharton’s jelly (15) to treat cisplatin- (5,
17, 41)-, glycerol (18, 42)-, unilateral ureteral obstruction
(UUO) (2, 34, 35, 46)-, and IR (28, 51, 56, 57)-induced
experimental models of AKI have been investigated (for a
review, see Ref. 64). However, the mechanisms by which
MSC:s elicit repair remain largely unknown. Following injury,
MSCs have the capacity to migrate along an inflammatory
cytokine gradient, governed largely by chemokines and their
receptors, to the site of damage (18, 23, 33, 58). The present
study demonstrated that MSCs administered to sham-operated
mice migrated directly to the lungs, where they remained and
were cleared within 3 days. In comparison, MSCs administered
to mice following IR had the potential to home directly to the
injured kidney(s), where they remained for up to 3 days
postadministration and exerted beneficial effects over the lon-
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ger term. These findings are consistent with previously pub-
lished work (59). While some MSCs still traveled to the lung,
these cells retained the ability to migrate to the injured kid-
ney(s) within the first 3 days following IR injury. The local-
ization of the MSCs in the lungs of mice has been confirmed in
previous studies in other experimental models (29, 44). Cell
size is believed to contribute to the initial entrapment of the
MSCs within the pulmonary capillaries, due to the small
diameter of the vessels. In addition, adhesion molecules ex-

pressed by MSCs and the corresponding receptors expressed
on the lung endothelia may also contribute to the MSC lung
entrapment and dislodgment (44). Although tissue-specific
homing has been demonstrated in a number of different con-
ditions, long-term engraftment of the MSCs has rarely been
shown. Consequently, several studies have investigated strat-
egies aimed at enhancing the MSC migratory properties, sur-
vival, and consequently regenerative capacity through precon-
ditioning with various growth factors such as IGF-1 (66), glial
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Table 3. Human cytokines secreted following 24 h of MSC and mouse bone marrow-derived macrophage coculture in vitro

Coculture Conditions

Cytokine, pg/ml M1+MSC direct MI1+MSC Transwell Significance M2+MSC direct M2+MSC Transwell Significance
EGF 83*50 16.6 = 3.2 NS 2.57 £2.6 0 NS
Eotaxin 0 0 NS 0 0 NS
FGF2 0 0 NS 0 0 NS
FIt-3L 0 0 NS 0 0 NS
Fractalkine 0 0 NS 0 0 NS
G-CSF 0 0 NS 0 0 NS
GM-CSF 35+02 0 T 0 0 NS
GRO (CXCL1) 67.8 £3.6 0 T 30.8 = 5.1 0 T
IFN-a2 0 0 NS 0 0 NS
IFN-y 0 0 NS 0 0 NS
IL-1a 0 0 NS 0 0 NS
IL-1B 0 0 NS 0 0 NS
IL-1Ra 0 0 NS 0 0 NS
1L-2 0 0 NS 0 0 NS
1L-3 0 0 NS 0 0 NS
1L-4 0 0 NS 0 0 NS
IL-5 0 0 NS 0 0 NS
IL-6 732.6 £ 22.6 1939 £ 10.7 T 423.2 = 38.3 88.7 = 3.7 T
1L-7 0 0 NS 0 0 NS
IL-8 1335 7.7 232 +40 T 683 =119 6.8 04 *
1L-9 0 0 NS 0 0 NS
IL-10 0 0 NS 0 0 NS
1L12p40 0 0 NS 0 0 NS
IL12p70 0 0 NS 0 0 NS
IL-13 0 0 NS 0 0 NS
IL-15 0 0 NS 0 0 NS
IL-17A 0 0 NS 0 0 NS
IP10 (CXCL10) 0 0 NS 0 0 NS
MCP-1 (CCL2) 433.1 = 16.1 103.9 = 8.7 F 86.1 £ 11.8 513 €27 ¥
MCP-3 (CCL7) 0 0 NS 0 0 NS
MDC (CCL22) 0 0 NS 0 0 NS
MIP-1a (CCL3) 0 0 NS 0 0 NS
MIP-183 (CCL4) 0 0 NS 0 0 NS
PDGF-AA 38.1 +25 135 1.0 T 352+ 1.0 155 0.2 T
PDGF-BB 0 0 NS 0 0 NS
RANTES (CCL5) 0 16.2 £ 1.0 T 0 3.58 £0.9 *
sCD40L« 0 0 NS 0 0 NS
sIL-2Ra 0 0 NS 0 0 NS
TGF-a 0 0 NS 0 0 NS
TNF-a 0 0 NS 0 0 NS
TNF-B 0 0 NS 0 0 NS

Values are means * SE; n = 3. MSC, mesenchymal stem cell; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage
colony-stimulating factor; IL-1RA, IL-1 receptor antagonist; IP-10, IFN-y-induced protein; MCP-1, monocyte chemotactic protein; MDC, macrophage-derived
chemokine; MIP, monocyte inflammatory protein; RANTES, regulated and normal T cell expressed and secreted; sCD40L, soluble CD40 ligand; sIL-2Ra,
soluble IL-2 receptor-a; TGF, transforming growth factor; NS, not significant. *P < 0.01. P < 0.001.

cell-derived neurotrophic factor (GDNF) (52), melatonin (40),
exposure to hypoxia (20), or genetic modification (10, 12, 16,
69, 71).

The current study utilized the xenogeneic transplantation of
MSCs into immunocompetent mice without the use of immu-
nosuppressant agents. Although there are extensive data dem-
onstrating the immunomodulatory properties of MSCs in vitro,
it is unclear why these cells remain tolerated by the host’s
immune system following xenogeneic transplantation (3). In
the current study, the possibility that the host’s immune system
cleared the transplanted MSCs by the day 7 time point cannot
be discounted. Nevertheless, numerous studies have demon-
strated extraordinary regenerative efficacy following success-
ful transplantation of human MSCs into mice in several disease
models (31). However, the type of MSC transplantation (allo-
geneic vs. autologous), tissue of origin (BM, adipose, umbilical
cord), isolation method (enzymatic vs. mechanical), delivery

route (systemic vs. local), dose, and timing of administration
are also key factors that may influence the renoprotective effect
of MSC therapy and need to be carefully considered before
clinical application. For example, in an experimental model of
glomerulonephritis, the administration of MSCs improved re-
nal function but resulted in long-term maldifferentiation into
glomerular adipocytes (26). These findings raise considerable
concerns surrounding the safety of MSC-based therapies, and
so it is imperative that studies looking into their long-term
safety and unwanted differentiation are performed.

In this study, we demonstrate that following migration to the
kidney in response to IR injury, MSCs promoted tubular
epithelial cell proliferation, resulting in structural repair and
tissue remodeling concurrent with a reduction in collagen.
MMPs are enzymes that are involved in extracellular matrix
remodeling via collagen degradation (8). The identification of
an MSC-induced increase in MMP-9 at day 3 and decrease in
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MMP-2 at days 5 and 7 provides insight into the temporal
pattern of MSC-mediated tissue remodeling. In addition to
structural improvement, proximal tubular Kim-1 expression
and urinary Kim-1 levels were assessed, as a direct measure of
kidney injury. Both demonstrated significant improvements in
the severity of injury at 3 and 7 days post-MSC treatment.
Kim-1 is a sensitive AKI biomarker useful for detecting early
disease onset and can provide useful insight into the state of
injury before the production of classic indicators of nephrotox-
icity, such as serum creatinine levels (22, 60).

MSCs have unique immunomodulatory properties and their
trophic effects on T, B, natural killer, and dendritic cells have
been thoroughly investigated (53, 68). However, the effect of
MSCs on macrophage polarization and the consequences of
this cell-cell interaction in altering the proinflammatory course
of injury remains largely unknown. Our findings are consistent
with other studies that have demonstrated the ability of MSCs
to polarize macrophages toward an M2 phenotype in vitro (1,
25, 32, 36, 37). However, the influence MSCs have on the
phenotypic and functional characteristics of macrophages is
often variable. For example, MSCs have been shown to both
upregulate and inhibit the expression of IL-6. Similarly, mac-
rophage phagocytic activity has been both enhanced and sup-
pressed by MSCs (1, 25, 32, 37).

Li et al. (32) demonstrated that MSC repair requires the
infiltration of macrophages after the induction of IR injury.
Given this important observation, we show herein that MSCs
significantly enhanced the expression of M2-associated mac-
rophage genes in both M1 and M2 macrophage subsets in vitro.
Furthermore, MSC-induced M2 polarization was evident in
both direct and indirect coculture systems, indicating that the
alteration of macrophage phenotype was mediated through
paracrine mechanisms. Screening of the coculture supernatants
detected the presence of MSC-derived EGF, GM-CSF,
CXCLI1, IL-6, IL-8, MCP-1/CCL2, PDGF-AA, and RANTES/
CCLY5, all of which, except for EGF, GM-CSF, CXCLI, and
PDGF-AA, have previously been shown to promote M2 po-
larization (1, 6, 39, 48, 55). Interestingly, CXCL1 was only
detected in the direct coculture system, indicating that its
production required direct cell-to-cell contact. Conversely,
RANTES/CCLS was only detected in the Transwell coculture
system, signifying that the direct cell-to-cell contact inhibited
the release of this chemokine. Although the enhancement of an
M2 phenotype was facilitated through paracrine mechanisms,
with the exception of EGF and RANTES/CCLS, direct cocul-
ture did result in increased levels of MSC-secreted soluble
factors.

In summary, whole body bioluminescence imaging to trace
MSC:s delivered to mice with unilateral or bilateral IR injury
demonstrated a unique pattern of infiltration where MSCs
either homed directly to the injured kidney(s) or mobilized
from the lungs to the injured kidney(s). MSC therapy was
renoprotective and promoted kidney repair, as indicated by
decreased proximal tubule Kim-1 expression and urinary
Kim-1 levels. In addition, MSC therapy stimulated somatic
tubular epithelial cell proliferation and significantly reduced
aberrant collagen accumulation, resulting in improved kidney
function. This highlights the therapeutic potential of MSCs in
ameliorating the progression of kidney disease, of which es-
tablished fibrosis is a common characteristic. MSCs are
thought to elicit repair through paracrine and/or endocrine
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mechanisms that modulate the immune response, leading to
tissue repair and cellular replacement. Our results provide
important insights into the production of various cytokines,
chemokines, and enzymes resulting from macrophage-MSC
interactions and how these govern the inflammatory and re-
modeling phases of AKI. However, determining the optimal
delivery methods for engraftment, testing long-term safety, and
understanding their ability to modify the tissue microenviron-
ment in a setting of progressive fibrosis require further consid-
eration.
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Colony-stimulating factor (CSF)-1 controls the sur-
vival, proliferation, and differentiation of macro-
phages, which are recognized as scavengers and
agents of the innate and the acquired immune sys-
tems. Because of their plasticity, macrophages are
endowed with many other essential roles during
development and tissue homeostasis. We present
evidence that CSF-1 plays an important trophic role
in postnatal organ growth and kidney repair. Nota-
bly, the injection of CSF-1 postnatally enhanced kid-
ney weight and volume and was associated with
increased numbers of tissue macrophages. More-
over, CSF-1 promotes postnatal renal repair in mice
after ischemia-reperfusion injury by recruiting and
influencing macrophages toward a reparative state.
CSF-1 treatment rapidly accelerated renal repair
with tubular epithelial cell replacement, attenua-
tion of interstitial fibrosis, and functional recovery.
Analysis of macrophages from CSF-1-treated kid-
neys showed increased expression of insulin-like
growth factor-1 and anti-inflammatory genes that
are known CSF-1 targets. Taken together, these data
suggest that CSF-1 is important in kidney growth
and the promotion of endogenous repair and reso-

lution of inflammatory injury. (4mJ Pathol 2011, 179:
1243-1256; DOI: 10.1016/j.ajpath.2011.05.037)

Macrophages are versatile cells that have been long
recognized as immune effectors where their recruitment
to sites of injury is a fundamental feature of inflammation.
Although their role in host defense has been well docu-
mented, macrophages and their precursors are also impor-
tant during embryogenesis, normal tissue maintenance,
and postnatal organ repair."2 Aimost all developing organs
contain a population of resident monocytes that infiltrate
very early during organogenesis and persist throughout
adult life.®® In addition to their phagocytic capabilities
during tissue remodeling-associated apoptosis,®’ fetal
macrophages have many trophic effects that promote
tissue and organ growth.8°

Colony-stimulating factor (CSF)-1 controls the differ-
entiation, proliferation, and survival of macrophages by
binding to a high-affinity cell-surface tyrosine kinase
receptor (CSF-1R), encoded by the c-fms proto-onco-
gene that is expressed on macrophages and their pro-
genitors.® CSF-1 is critical for both adult and embry-
onic macrophage development. This is manifested by
multiple organ growth deficiencies observed in osteo-
petrotic (Csf1°P/Csf1°P) mice that have a spontaneous
mutation in the csf-1 gene. These mice show growth
restriction and developmental abnormalities of the
bones, brain, and reproductive and endocrine or-
gans,'°~'3 a phenotype that can be rescued by injec-
tion of exogenous CSF-1 or insertion of a csf-7 trans-
gene_mqa

In adult organs, there is considerable heterogeneity
of monocytes and macrophages with distinct subsets
defined by phenotype, function, and the differential
expression of cell surface markers.'”~'® Subpopula-
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tions of macrophages directly contribute to wound
healing and tissue repair, supporting the concept that
some macrophage phenotypes can promote organ re-
generation after a pro-inflammatory state of injury.?°
The concept of macrophage polarization states has
emerged; the M1 “classically activated” pro-inflamma-
tory cell type apparently opposed by an M2 “alterna-
tively activated” immune regulatory macrophage.'® In
general, these two states are thought to be analogous
to the opposing T helper 1 and T helper 2 immune
responses, although in both cases this model is prob-
ably too simplistic. Functionally, it is more likely that
distinct subpopulations of macrophages may exist in
the same tissue and play critical roles in both the injury
and recovery phases of inflammatory scarring.2°

Our previous study provided evidence that the addi-
tion of CSF-1 to a developing murine kidney promotes a
growth and differentiation response that is accompanied
by increased numbers of macrophages.® Furthermore,
with the use of expression profiling we demonstrated that
fetal kidney, lung, and brain macrophages share a char-
acteristic gene expression profile that includes the pro-
duction of factors important in the suppression of inflam-
mation and the promotion of proliferation.® Embryonic
macrophages appear to play a positive trophic role that
may have parallel reparative functions in many adult tis-
sues undergoing repair and cellular replacement.™2° A
number of studies have suggested that infiltrating macro-
phages along with the trophic factors they release partici-
pate in tissue repair of the kidney,?°=22 brain,?® skin,+2°
lung,?® liver,?” heart,?® gastrointestinal tract,**3° and skel-
etal muscle.®"*? Indeed, the pleiotrophic roles for CSF-1in
reproduction, development of multiple organ systems, and
maternal-fetal interactions during pregnancy by macro-
phage-mediated processes have also been well de-
fined.2’33’34

To determine the physiological relevance of CSF-1
as a component of the mammalian growth regulatory
axis, CSF-1 was administered to neonatal mice. We
report that CSF-1 administration to newborn mice in-
creased body weight and kidney weight and volume
and was associated with increased numbers of mac-
rophages. Our results also establish that CSF-1 injec-
tion into mice after ischemia-reperfusion (IR) injury pro-
moted endogenous repair with characteristic rapid
re-epithelialization of the damaged tubular epithelium,
leading to functional recovery. Flow cytometric and
gene expression analyses were used to delineate the
macrophage profile present in the kidneys during the
early and resolution phase of IR injury with and without
CSF-1 therapy. We thus provide evidence that CSF-1
recruits macrophages to the reparative site and influ-
ences their phenotype, partly through an insulin-like
growth factor (IGF)-1 signaling response. Therefore,
macrophages under the stimulus of CSF-1 in an acute
setting of renal disease markedly accelerate renal cell
replacement and tissue remodeling while attenuating
downstream interstitial extracellular matrix accumul-
ation.

Materials and Methods
Mice

Csf1r-enhanced green fluorescent protein (EGFP) trans-
genic or C57BL/6J mice were obtained from Monash
University Animal House, Melbourne, Australia. The csfir-
EGFP transgenic mice express EGFP under the control of
the CSF-1R (c-fms) promoter and first intron.® These mice
were backcrossed onto the C57BL/6J background for 10
generations. All experiments were approved by the Mo-
nash University Animal Ethics Committee, which adheres
to the Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes.

Newborn Mouse Analysis

Newborn csf1r-EGFP transgenic mice received treatment
by i.p. injection at postnatal day (P) 0.5, P1.5, and P2.5.
Littermate newborn mice were injected with either mouse
recombinant CSF-1 protein (1 ug/g of body weight; Chi-
ron Corporation, Emeryville, CA) or vehicle (PBS). Mice
were sacrificed at P30 for unbiased stereologic ap-
proaches to estimate kidney and glomerular volumes.
The kidneys from csf1r-null mutant mice'® and wild-type
kidneys were collected at P19, and the body and organ
weights were assessed.

CSF-1 and vehicle-injected littermate pups were sac-
rificed at P5 to investigate kidney macrophage number.
The number of csf1r-EGFP macrophages was quantified
from three sections at X1000 magnification, with a mini-
mum of three medullary and five cortical fields of view per
section.

Stereologic Estimation of Total Kidney and
Glomerular Volumes

Unbiased estimation was performed on the kidneys from
littermate mice injected with CSF-1 and vehicle at P30.
Kidneys were immersion fixed in 10% formalin for 48
hours and embedded in Technovit 7100 glycol methac-
rylate resin (Electron Microscopy Sciences, Hatfield, PA).
Tissue was then serial sectioned at 20 um, and every
10th and 11th sections were collected, beginning at a
random number, and stained with periodic acid-Schiff
reagent. To determine total kidney volume, every 10th
section was viewed on a RF3A microfiche reader (Fugi,
Tokyo, Japan) overlaid with a 2 X 2-cm grid at a final
magnification of xX24.25. Total volume was calculated
with the Cavalieri Principle.®3¢ Glomerular volume was
estimated with the physical dissector/fractionator princi-
ple as previously described®®® where sections were
projected on an unbiased 2 X 2-cm grid at a final mag-
nification of X298.

Unilateral IR Injury in Adult Mice

Male mice (20 to 25 g) were anesthetized with 2% inhaled
isofluorane (Abbott Australasia Pty Ltd, Kurnell, Austra-
lia), and IR injury was induced by 40 minutes of left renal
artery clamping with a vascular clamp (0.4 to 1.0 mm;



S&T Fine Science Tools, Foster City, CA) through a flank
incision. After IR injury, mice either received mouse re-
combinant CSF-1 protein (Chiron Corporation) or vehicle
(PBS), starting at 3 days after the induction of injury and
continuing daily for 3 consecutive days. A third group of
mice served as a sham-operated control group in which
the animals were anesthetized, and a flank incision was
performed without renal artery clamping.

Functional Assessment

Csf1r-EGFP mice (20 to 25 g) were used for functional
assessment and placed in metabolic cages to obtain 24-
hour urine samples. Mice underwent bilateral IR injury for 25
minutes on both kidneys by flank incisions. After IR surgery,
mice were injected with CSF-1 (Chiron Corporation) or ve-
hicle (PBS) at 3, 4, and 5 days. Twenty-four—hour urinary
albumin excretion was measured with a murine-specific
albumin ELISA (Exocell Inc., Philadelphia, PA).

Histology and Immunofluorescence Microscopy

For structural analysis, csf1r-EGFP or C57BL/6J mice
were perfusion-fixed with 4% paraformaldehyde at 100
mmHg for 10 minutes. Mid-coronal kidney sections were
immersion fixed in 4% paraformaldehyde embedded in
paraffin wax and sectioned at 5 um and processed for
H&E staining for histopathologic analysis or deparaf-
finized and rehydrated for quantification of tubular epi-
thelial cell proliferation. For quantification of renal pathol-
ogy five fields of view per section at a magnification of
X400 were assessed within the outer stripe of the outer
medulla (OSOM) of the kidney for proximal tubular dam-
age and protein cast formation in modification to a pre-
viously reported method.?" The percentage of renal dam-
age was graded on a scale of O to 4.0, with O
representing normal tubules and no protein casts; 0.5,
minor tubular damage and protein cast formation; 1, in-
volvement of <10% of OSOM,; 2, involvement of <25% of
OSOM; 2.5, involvement of 26% to 50% of OSOM; G,
involvement of 51% to 75% of OSOM; and 4, widespread
damage >75% of OSOM.

For proliferating cell nuclear antigen (PCNA) quan-
tification, kidney sections were antigen retrieved in
boiling 10 mmol/L sodium citrate buffer, followed by
blocking nonspecific binding with the use of the MOM
blocking kit (Vector Laboratories, Burlingame, CA).
Sections were stained with mouse anti-PCNA primary
Ab (1:100; DakoCytomation, Glostrup, Denmark) for 30
minutes, followed by donkey anti-mouse Alexa Fluor 555
(1:1000; Molecular Probes, Eugene, OR) for 30 minutes.
PCNA-positive tubular epithelial cells were quantified in
five randomly selected fields of view per section at a
magnification of X400 within the OSOM.

For fluorescence visualization of csf1r-EGFP macro-
phages, after perfusion-fixation of adult and P5 kid-
neys, tissue was postfixed in 4% paraformaldehyde for
24 hours, transferred to PBS containing 30% sucrose
for overnight incubation at 4°C, embedded in OCT
(TissueTek, Tokyo, Japan), and stored at —80°C. Fro-
zen sections were cut at 5 um, washed in PBS, and
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blocked with 1% bovine serum albumin. For determi-
nation of collagen type IV localization, a goat anti-
human collagen type IV primary Ab (1:400; Southern
Biotech, Birmingham, AL) was added for 1 hour, fol-
lowed by a chicken anti-goat Alexa Fluor 488 (1:1000;
Molecular Probes) for 30 minutes. For macrophage
staining, sections were incubated with rat anti-mouse
F4/80 (1:100; AbD Serotec, Oxford, UK) for 1 hour, fol-
lowed by a goat anti-rat Alexa Flour 594 (1:1000; Molec-
ular Probes) for 30 minutes. After staining, sections were
counterstained with DAPI (1:10,000; Molecular Probes)
and then mounted with Fluorescent Mounting Medium
(DakoCytomation). Sections were analyzed with a Provis
AX70 fluorescent microscope (Olympus, Tokyo, Japan),
and fluorescent images were captured with the F-view |l
digital camera (Soft Imaging System, Munster, Germany).

Hydroxyproline and SDS-PAGE Analyses of
Kidney Collagen Content

Hydroxyproline content was measured from one-half of
each kidney (cross-sectioning the same region of cortex,
medulla, and papilla for analysis) of sham control and
treated adult C57BL/6J mice (20 to 25 g) as previously
described.®®4° Hydroxyproline values were then multi-
plied by a factor of 6.94 to extrapolate collagen content
from each sample (because hydroxyproline represents
~14.4% of the amino acid composition of collagen).*’
Collagen concentration was then determined by dividing
collagen content as a percentage of the dry weight tis-
sue. The other half of each kidney was digested for the
detection of changes in interstitial collagen subtypes by
SDS-PAGE analysis.®®° The pepsin-digested supernatant
fluids were then analyzed on 5% (w/v) acrylamide gels with
stacking gels of 3.5% (w/v) acrylamide. The a1(l) collagen
chains were separated from the a1(lll) chains by interrupted
electrophoresis with delayed reduction of the disulfide
bonds of type Ill collagen. The gels were stained with 0.1%
Coomassie Blue R-250 overnight at 4°C and destained with
30% methanol supplemented with 7% acetic acid.*? Den-
sitometry of the a1(l) and «a2(l) chains (representing type |
collagen monomers) was then performed with a calibrated
imaging densitometer and Quantity-One software version
4.1 (Bio-Rad, Hercules, CA).

Flow Cytometry of the CSF-1 Inflammatory
Profile

The left kidneys of neonatal csf1r-EGFP mice at P5 and
adult C57BL/6J mice (20 to 25 g) were removed and
prepared for single-cell suspensions. Kidneys were
placed in cold fluorescent-activated cell sorting (FACS)
buffer containing PBS supplemented with 0.2% bovine
serum albumin, 0.5 mol/L EDTA, and 0.02% NaAz. Kid-
neys were finely minced and incubated in HBSS contain-
ing 1 mg/mL Collagenase/Dispase (Roche Diagnostics,
Indianapolis, IN), 0.1% DNase | (Roche Diagnostics), and
5 mmol/L CaCl, at 37°C for 30 minutes on a rotating
board. Cells were manually digested into a single-cell
suspension with a 1000-uL pipette and further incubated
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for 5 minutes. The cell suspensions were washed in FACS
buffer and recovered by centrifugation at 400 g for 5
minutes at 4°C. Cells were filtered through a 40-um cell
strainer (BD Biosciences, North Ryde, Australia),
washed, centrifuged, and lysed with red blood cell lysis
buffer (8.3 g/L ammonium chloride, pH 7.5). Cells were
adjusted to 3 x 10° cells/test in 96-well trays and stained
with the following mAb cocktail for 15 minutes at 4°C:
CD45-APC Cy7 (clone 30-F11), CD11c-Pacific Blue,
(clone N418), mannose receptor (MR) CD206-Alexa Fluor
488 (clone MR5D3; BiolLegend, San Diego, CA);
CD11b-PE Cy7 (clone M1/70) MHCII/1-A/1-E-PE (Clone
M5/114.15.2; BD Biosciences); and F4/80-APC (clone
BMS8; eBioscence, San Diego, CA). For intracellular MR
staining, surface-labeled cells were fixed, permeabilized,
and stained for 30 minutes at 4°C with the use of the
CytoFix/CytoPerm kit (BD Biosciences) according to the
manufacturer’s instructions. Cells were washed twice in
1X Perm/Wash buffer (BD Biosciences) and finally resus-
pended in FACS buffer. Labeled kidney cells were then
analyzed with the FACSCanto Il (BD Biosciences), and
flow cytometric data were analyzed with FlowJo software
version 8.8.6 (TreeStar, Palo Alto, CA).

Real-Time Quantitative PCR Gene Expression
Analysis

Total RNA was extracted from whole kidneys with the use
of the RNeasy Mini Kit (Qiagen, Doncaster, Australia),
and kidney macrophages were sorted on the expression
of CD45-APC (Clone 30-F11; BD Biosciences) and
CD11b-FITC (Clone M1/70; BD Biosciences) and the ab-
sence of CD11c-PE (Clone HL3; BD Biosciences) with
the use of the RNAqueous-Micro Kit (Ambion, Austin, TX)
according to the manufacturer’s instructions. RNA sam-
ples were reverse transcribed into cDNA with the use of
the High Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems, Foster City, CA). Real-time quantitative
PCR (gPCR) of target mRNA expression was performed
with the TagMan Universal PCR Master Mix (Applied Bio-
systems) and the TagMan Gene Expression Assays (Ap-
plied Biosystems). Reactions were measured on the 7500
Real Time PCR System (Applied Biosystems), and rela-
tive quantification PCR analysis was analyzed with the
SDS software version 1.3 (Applied Biosystems). The
threshold cycle (Ct) values were measured in triplicate and
normalized against the endogenous control B-actin to de-
termine the ACt value. The ACt value of the different treat-
ment groups was standardized against the control group to
yield the AACt for each gene. The relative quantification was
then calculated as 2 22C" and graphed. The primers were
as follows: Actb, Mm00607939_s1; Ccl2, Mm00441242_m1:;
Nos2, MmQ00440485_m1; Tnf, Mm00443258_m1; Cxcl2,
MmO00436450_m1;  Ccl17, Mm00516136_m1; Mirct,
Mm00485148_m1;  Msr2, Mm00472833_m1; Argl,
MmO00475988; lgft, MmQ00439561_m1; Whnt7b,
MmO01301717_m1; Tgfibl, Mm01178820_m1; Acta2,
Mm01546133_m1; and Mmp9, Mm00442991_m1. All prim-
ers were purchased from Applied Biosystems.

Microarray and Data Analyses

Microarray experiments were undertaken with the use of
lllumina Mouse Ref8 V2 gene expression arrays (San
Diego, CA). RNA was extracted from sorted macrophage
cells as described above with the use of the RNeasy
Micro Kit (Qiagen). Two technical replicates were in-
cluded to determine whether the RNA extraction and
labeling procedure and the hybridization procedure were
reproducible. RNA quantity was measured with a Nano-
drop ND1000 spectrophotometer (Rockland, DE), quality
was determined with a Bioanalyzer 2100 (Agilent, Santa
Clara, CA), and an RNA integrity number threshold of >8
was used for all samples. The procedures for amplifying
RNA, labeling, hybridization, scanning, and data extraction
were performed exactly as outlined previously with the fol-
lowing exception: The quantity of total RNA used in the initial
amplification process was 150 ng and the in vitro transcrip-
tion reaction was incubated for 14 hours.*® All microarray
data have been submitted to the ArrayExpress database
(http.//www.ebi.ac.uk/arrayexpress) under the accession
number E-MTAB-557. Data were normalized with the
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Figure 1. CSF-1 administration to newborn mice increased body and kidney
weights and kidney volume, and in comparison csf7r knockout mice exhibit
decreased body and kidney weights. A: Mean body and kidney weights of
CSF-1 or vehicle control mice at P30, after injection at P0.5, P1.5, and P2.5
(n = 8 per group). CSF-1-treated mice had a 19% increase in body weight
(P = 0.02) and a 19% increase in kidney weight (» = 0.04) compared with
vehicle-injected controls. B: Unbiased stereologic estimation of kidney and
glomerular volumes at P30 after littermates received either CSF-1 or vehicle
control (n = 3 per group). Kidney volume was increased by 28% (P = 0.04),
whereas no significant change in glomerular volume was observed. C: Csf1r
knockout mice had significantly decreased body and kidney weights com-
pared with wild-type animals (7 = 3 per group). Body weight was decreased
by 15% (P = 0.0002) and kidney weight by 28% (P = 0.048). Data were
analyzed with a Student’s rtest (unpaired, 2-tailed); *P < 0.05, **P < 0.005.
Data are mean = SEMs. KO, knockout; Veh, vehicle; WT, wild type.
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Lumi R/Bioconductor package and Log2 transformed.
Samples were grouped on the basis of treatment regime,
and genes were filtered on detection score whereby
genes had to be detected in =75% of the samples in
each group. Welch'’s t-test was applied to determine
genes that were significantly different (P < 0.05) between
the two groups. The lists of differentially expressed genes
were then subjected to pathway analyses within the In-
genuity Pathway Analysis software version 8.8 (Ingenuity
Systems, Redwood City, CA).

Cell Culture in Vitro

Bone marrow-derived macrophages (BMMs) were iso-
lated and cultured with an established protocol.** Cells
were initially grown for 24 hours in serum medium with
CSF-1 protein (100 ng/mL; Chiron Corporation). Once
BMMs were plated, medium was replaced with serum-
free medium, and cells were synchronized for 24 hours.
BMMs were stimulated with CSF-1 protein (100 ng/mL;
Chiron Corporation) in the presence of anti-IGF-1 mAb (3
pg/mL; R&D Systems, Minneapolis, MN) for 72 hours in
serum-free medium. Cell proliferation was measured with
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay,
CellTiter 96 Aqueous One Solution Cell Proliferation As-
say (Promega, Madison, WI) according to the manufac-
turer’s instructions.

Statistical Analysis

Statistic analysis was performed with GraphPad Prism
software version 5.0 (GraphPad Software Inc., San Di-
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ego, CA). A P value < 0.05 was considered statistically
significant. All data were expressed as means = SEMs.

Results

CSF-1 Treatment Increases Body Weight and
Kidney Weight

The murine kidney undergoes significant postnatal mat-
uration. CSF-1 increases in the circulation and tissues,
including kidney, liver, and lung, in the immediate post-
natal period. To determine whether the availability of
CSF-1 is limiting in this period and to investigate the
role(s) that CSF-1 may play in postnatal renal develop-
ment, CSF-1 was administered to newborn csf1r-EGFP
mice at P0.5, P1.5, and P2.5.%° CSF-1 treatment resulted
in a significant 19% increase in body weight at P30 (P =
0.02) compared with littermate vehicle-injected controls
(Figure 1A). At day 30, a significant increase in kidney
weight (P = 0.04) of 19% was also observed (Figure 1A).
Conversely, mice lacking CSF-1 signaling experienced
retarded growth. The kidneys from csf7r-null mutant mice
were assessed at P19 because of the shortened lifespan
of the animals.™ Overall body weight was significantly
decreased in knockout compared with wild-type mice of
the same age (Figure 1C; 10.53 = 0.11 versus 8.94 =
0.06 g; P < 0.0002). Furthermore, csflr knockout mice
had a significant decrease in kidney weight compared
with their wild-type counterparts (Figure 1C; 0.078 =
0.004 versus 0.064 = 0.003 g; P < 0.05).

Unbiased stereology was used to estimate kidney and
glomerular volumes in CSF-1-injected kidneys compared
with littermate control-injected mice to determine whether
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Figure 2. Macrophage infiltration is increased in kidneys at P5 after treatment with CSF-1. A-D: Flow cytometric analysis of whole kidneys indicates
CD457CD11b*CD11¢ ™ /F480" renal macrophages are increased in CSF-1-treated mice at P5. Representative histograms show an increase in CD45"CD11b*CD11c™ cells
expressing the macrophage marker F4/80 with CSF-1 treatment (B) compared with littermate vehicle-injected controls (A). C: Positive staining was confirmed with
appropriate isotype controls. E—G: Representative images with the use of fluorescent microscopy show c¢sf7-EGFP macrophage infiltration (arrows) in kidneys at P5
after treatment with either CSF-1 or vehicle control at P1, P2, and P3 (1 = 4 per group). Nuclei are stained with DAPI (blue). Low magnification (X100) shows that kidneys
treated with CSF-1 (F) had increased numbers of macrophages in the renal medulla and cortex, compared with vehicle controls (E). G: Csf1r-EGFP macrophages show
a spindle-shaped structure, wrapping around newly developed structures. H: Estimation of the number of renal csf7-EGFP macrophages showed a 42% (P = 0.004)
increase in macrophages within the cortex and a 157% (P = 0.003) increase within the medulla after treatment with CSF-1, compared with vehicles (72 = 3 to 4 per group).
Data were analyzed with a Student’s ttest (unpaired, 2-tailed); *P < 0.05, *P < 0.01. Data are means * SEMs. Veh, vehicle.
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increased kidney weight was associated with overall re-
nal volume or glomerular changes. At P30 the increase in
kidney weight in CSF-1-treated mice correlated with a
28% increase in total kidney volume compared with
littermate controls (Figure 1B). This increased volume
was not associated with glomerular hypertrophy with
no alteration in glomerular volume (Figure 1B). At P5,
flow cytometric analysis of kidney macrophages after
CSF-1 treatment showed an increase in both cell num-
ber (63.5 = 0.8 versus 67.5 = 2.2; P = 0.003) and
proportion (34,633 = 3561 versus 46,750 + 2864; P =
0.04) of CD45*CD11b*CD11c™ cells expressing the
macrophage marker F4/80 (Figure 2, A-D). Semiquanti-
tative analysis of the number of interstitial csfir-EGFP
cells showed significant increases in both the medulla
(157%; P = 0.003) and cortex (42%; P = 0.004; Figure 2,
E-H). Furthermore, the csfir-EGFP cells displayed a
more elongated, spindle-like structure and were regularly
found to wrap around tubules (Figure 2G).

Structural Regeneration and Functional
Recovery in Response to CSF-1

On the basis of the observations of the role of CSF-1 in
growth and development of the kidney in newborn mice,
we tested the effect of CSF-1 in promoting kidney repair
after IR injury (see diagram in Figure 3A). IR injury of the
kidney leads to tubular epithelial cell damage within the
OSOM, the area most susceptible to hypoxic damage.
Compared with sham-operated kidneys, at 5 days after
IR injury widespread tubular epithelial cell damage was
evident with a prominent inflammatory cell infiltrate, inter-
stitial matrix expansion, and tubular cast formation (Fig-
ure 3B). By contrast, when mice with IR injury were ad-
ministered CSF-1, there was an acceleration of renal
repair and reduced tubular damage (Figure 3, B and C),
also characterized by increased tubular epithelial cell
proliferation as measured by quantification of PCNA im-
munostaining in proximal tubules (Figure 3D). At 7 days
after IR in mice with vehicle injection, renal damage was
evident with numerous proteinaceous casts present and
a marked inflammatory cell infiltrate associated with the
accumulation of extracellular matrix proteins and intersti-
tial matrix expansion (Figure 3B). Quantification of the
histopathologic analysis of kidneys from IR mice with and
without CSF-1 treatment showed that CSF-1 treatment
rescued tubular damage as confirmed by the reduction in
the number and size of tubular casts and restoration of
the tubular epithelial cell layer (Figure 3C) that was as-
sociated with reduced tubular epithelial cell proliferation
(Figure 3D).

This reparative effect of CSF-1 therapy in IR mice was
further supported by evidence of functional recovery and
the expression of Wnt7b in sorted macrophage popula-
tions. Urinary albumin excretion was measured in 24-hour
urine samples from 7-day bilateral IR mice (Figure 3E).
Baseline urinary albumin levels were determined in both
vehicle- and CSF-1-treated groups before IR surgery (Fig-
ure 3E). At 7 days after bilateral IR surgery urinary albumin
levels of vehicle-treated mice were twice that of baseline
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Figure 3. CSF-1 treatment, starting at 3 days after IR injury, accelerates endogenous
cellular repair and improves renal function in adult mice after IR injury. A: Schematic
diagram of the dosing regimen for CSF-1 therapy, beginning at 3 days after unilateral
(40 minutes) or bilateral (25 minutes) renal artery clamping. B: Representative
H&E-stained sections showing the histoarchitecture of the OSOM from sham control
(original magnification, X200), 3 days after unilateral IR kidney, 5 and 7 days after
unilateral IR kidneys with vehicle or CSF-1 injections (original magnification, X400).
C: Semiquantitative analysis of kidney injury from kidneys 5 and 7 days after IR with
vehicle or CSF-1 treatment. Data were analyzed by a one-way analysis of variance
with an accompanying Tukey’s post hoc test for multiple comparisons; *P < 0.05,
P < 0.01, and **P < 0.001. D: Tubular epithelial cell proliferation measured by
immunostaining with PCNA in kidneys 5 and 7 days after IR treated with CSF-1 or
vehicle injections. Data were analyzed with a Student’s #test (unpaired, 2-tailed);
*P < 0.05. E: Functional analysis measuring 24-hour urinary albumin excretion at
baseline and in kidneys 7 days after bilateral IR. Albumin data were analyzed with a
two-way analysis of variance; *P < 0.05. F: gPCR analysis of Wnt7b expression in
sorted macrophage populations at 5 and 7 days after IR in kidneys treated with CSF-1
or vehicle injections. Data were analyzed with a Student’s #test (unpaired, 2-tailed);
*P = 0.03. Data are means * SEMs (12 = 5 to 6 per group). RQ, relative quantifica-
tion; Veh, vehicle.

measurements (Figure 3E; 88.69 = 18.59 versus 229.46 =+
22.52 ng/24 hours). However, 24-hour urinary albumin ex-
cretion of IR mice treated with CSF-1 was not different from
baseline measurements and approximately one-half that of



vehicle-injected controls (Figure 3E; 130.47 = 17.14 versus
229.46 + 22.52 ug/24 hours; P < 0.05).

Recently, it was shown that Wnt7b ligand production
from in sorted macrophage populations in mouse IR kid-
neys is critical for repair of the kidney tubule basal lamina
and the proliferation and migration of epithelial cells.*®
With the use of gPCR, the expression of Wnt7b in sorted
kidney macrophages was investigated with and without
CSF-1 therapy after IR injury. A significant increase in
Wnt7b expression was found in sorted kidney macro-
phages (CD45*CD11b*CD11¢ ™) at day 7 after IR, atime
corresponding to both structural and functional recovery,
compared with vehicle-treated kidneys (Figure 3F; 1.091
+ 0.25 versus 3.25 = 0.75 relative quantification; P =
0.03).

Assessment of Collagen Accumulation

CSF-1 treatment of mice with IR injury reduced the accu-
mulation of interstitial collagen as assessed by hydroxy-
proline assay, SDS-PAGE analysis, and immunostaining
for type IV collagen. In IR kidneys a significant increase
was observed in total renal collagen concentration by
hydroxyproline assay at both 5 and 7 days, compared
with sham-operated kidneys (both P < 0.01 versus sham
controls; Figure 4A). At 7 days after IR a significant de-
crease in total kidney collagen concentration (P < 0.05)
was evident in CSF-1-treated mice than in kidneys from
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vehicle-treated mice (Figure 4A). In addition, most of the
interstitial collagen in the kidney as assessed by SDS-
PAGE was type 1 collagen [a1(l) and «2(]) monomers
and dimers of two «1(l) chains (B11) or a1(l) and «2(l)
monomers (B12)], with a smaller amount of type V colla-
gen also being present. At 7 days after IR, a significant
decrease was observed in collagen, particularly type 1
collagen, after CSF-1 treatment compared with vehicle-
injected IR mice as determined by scanning densitome-
try (Figure 4A). Furthermore, immunofluorescence mi-
croscopy was used to visualize type IV collagen
localization (Figure 4B). At 7 days, type IV collagen was
present as a fine framework within the glomerular and
tubulointerstitium without evidence of interstitial collagen
accumulation in IR kidneys after CSF-1 treatment, com-
pared with IR kidneys without treatment. These findings
suggest that CSF-1-dependent macrophages prevent fi-
brosis during tissue remodeling. At day 5, gPCR showed
a decreased expression of TGF-B and a-SMA in CSF-1-
treated animals compared with vehicle-injected IR mice,
with an up-regulation of MMP9 by day 7 (Figure 4C).

Alteration of Macrophage Phenotype after IR
Injury with CSF-1 Treatment

With the use of fluorescence microscopy at 7 days after
IR injury, a marked interstitial inflammatory response was
observed with an infiltration of csf7r-EGFP macrophages
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Figure 4. CSF-1 reduces renal fibrosis by 7 days
after IR injury. A: Kidney collagen concentration,
SDS-PAGE analysis, and densitometry of sham,
and kidneys 5 and 7 days after IR treated with
CSF-1 or vehicle. Type I collagen monomers are
represented by al(I) and a2(I) chains, 811 rep-
resents dimers of two a1(D) chains, whereas 812
represents dimers of al(I) and «2(I) chains.
Type V collagen is represented by a1(V) and
a2(V) chains. B: Representative fluorescent mi-
crographs showing type IV collagen (green) and
PCNA (red) staining at 7 days after IR injury with
and without CSF-1 treatment. Original magnifi-
cation, X400. Type IV collagen in the CSF-1-
treated IR kidneys displays a fine supportive net-
work around re-epithelialized tubules (arrows)
compared with interstitial collagen accumulation
(arrowheads) and disruption of the tissue ar-
chitecture evidence in vehicle-injected controls.
C: qPCR analysis of TGF-B, a-SMA, and MMP9
expression in sorted macrophage populations of
kidneys at 5 and 7 days after IR treated with
CSF-1 or vehicle injections. Hydroxyproline and
densitometry data were analyzed with a one-
way analysis of variance with an accompanying
Tukey’s post hoc test. qPCR analysis was ana-
lyzed with a Student’s ~test (unpaired, 2-tailed);
*P < 0.05, *P < 0.005, and **P < 0.0001. Data
are means * SEMs (7 = 5 to 6 per group). RQ,
relative quantification; Veh, vehicle.
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Figure 5. CSF-1 alters macrophage phenotype after IR injury. A: Representative fluorescent micrographs depicting the phenotypic changes of ¢sf7r-EGFP (green)
interstitial macrophages from sham control (original magnification, X200) and kidneys 7 days after IR with and without CSF-1 treatment (original magnification,
X400). In vehicle-injected IR kidneys there is a marked infiltrate of interstitial macrophages (arrows) with autofluorescent tubular casts also evident (arrow-
heads). In comparison, kidneys from the CSF-1-treated mice had a prominent interstitial macrophage infiltrate that displayed a spindle-shaped structure (arrows).
At high power the csf7r-EGFP macrophages in CSF-1-treated IR kidneys envelop the tubules with connecting cytoplasmic projections closely adjacent to the
tubular basement membrane. Original magnification, X1000. B: Representative immunofluorescence microscopy showing co-expression of F4/80 (red) with
¢sf1r-EGFP macrophages (green) 5 days after IR injury with vehicle or CSF-1 injection. Original magnification, X400. L, tubular lumen.

in the tubulointerstitium associated with the presence of
tubular casts. In response to CSF-1, csf1r-EGFP macro-
phages were also observed in large numbers in the tu-
bulointerstitium (Figure 5A), however, without evidence of
collagen accumulation or interstitial expansion. CSF-1-
responsive csf1r-EGFP macrophages manifested a spin-
dle-shaped structure such that the cells surrounded tu-
bules with interconnecting projections surrounding the
tubular basement membrane (Figure 5A).

Immunofluorescence staining was then used to deter-
mine the maturation status of the macrophage with the
use of the F4/80 antigen on csf1r-EGFP macrophages in
kidneys 5 and 7 days after IR with and without CSF-1
treatment. At 5 and 7 days (data not shown) after IR,
expression of F4/80 completely localized with csf1r-EGFP
in presumptive macrophages in the interstitium surround-
ing damaged tubules (Figure 5B). In CSF-1-treated kid-
neys, mature F4/80/csf1r-EGFP macrophages adopted a
flattened spindle-shaped structure that lined the base-
ment membrane of repaired tubules (Figure 5B).

Characterization of Macrophage Phenotype
after IR Injury in Response to CSF-1

The inflammatory profile and functional phenotype of
macrophages in response to CSF-1 was further exam-

ined by flow cytometry, gPCR, and expression profiling
with the use of the lllumina Mouse Ref8 V2 gene ex-
pression arrays (lllumina) in C57BL/6J mice. At 5 days
after IR surgery, there was a large influx of macro-
phages (CD45°CD11b*CD11¢c™), which increased
further in response to CSF-1, compared with vehicle-
(P < 0.05) and sham-treated (P < 0.001) kidneys (Fig-
ure 6A). The number of macrophages remained con-
sistent between 5 and 7 days after IR in vehicle-treated
animals, whereas the inflammatory infiltrate declined in
the CSF-1-treated animals, suggesting an accelerated
recovery (Figure 6A). These inflammatory cells pre-
dominantly expressed F4/80 and major histocompati-
bility complex (MHC) class II, and CSF-1 treatment did
not change the relative proportions of cells expressing
these markers (Figure 6A). However, CSF-1 adminis-
tration did increase the level of MHC class Il expres-
sion on F4/80" macrophages at 5 days after IR com-
pared with vehicle-treated animals, as shown by a
positive shift in the mean fluorescent intensity (P <
0.01; Figure 6B).

The accelerated resolution of the lesions in response
to CSF-1 suggested the presence of an anti-inflamma-
tory response. The macrophage MR has been associ-
ated with an anti-inflammatory phenotype in macro-
phages.*”*® The number of macrophages expressing
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mice at 5 and 7 days after IR injury. Flow cytometric analysis was performed on sham-operated kidneys and kidneys 5 and 7 days after IR treated with

vehicle or CSF-1. A: Flow cytometric quantification of leukocytes stained for F480, MR, and MHC class IT on CD45"CD11b*CD11c¢™

renal macrophages.

B: Representative histograms displaying the shift in mean fluorescent intensity of MHC class 11" cells gated on CD45*CD11b*CD11c™/F480" macrophages.
C: Representative contour plots of F480 and MR co-expression on CD45"CD11b"CD11¢™ macrophages. Positive staining was confirmed with appropriate
isotype controls. Percentages of cells in each quadrant represent mean * SEM. Statistical analysis was performed with a one-way analysis of variance with
an accompanying Tukey’s post hoc test for multiple comparisons; *P < 0.05, *P < 0.01, and ***P < 0.001. Data are means * SEMs (n = 5 per group). MFI,

mean fluorescent intensity; Veh, vehicle.

MR at 5 days after IR with CSF-1 therapy was signifi-
cantly increased than with vehicle- (P < 0.01) and
sham-treated (P < 0.001) mice (Figure 6A). These MR
cells were also positive for F4/80 (Figure 6A) with a
shift from F4/80"MR" population at 5 days after IR to a
F4/80"MR' population at 7 days after IR in response to
CSF-1 (Figure 6C). In vehicle-treated mice, this phe-
notypic shift was mostly reversed with a F4/80"MR'"°
population at 5 days after IR to a F4/80"MR" popula-
tion at 7 days after IR injury (Figure 6C). These results
suggest that CSF-1 accelerates macrophage matura-
tion, leading to a more rapid resolution of injury.

The numbers of CD457"CD11b*CD11¢c™ macro-
phages in the inflamed kidney are sufficient to allow
detection of relevant macrophage-expressed genes
with the use of gPCR analysis. At 5 days after IR, CSF-1
therapy increased the initial inflammatory response, as
evidenced by TNF-a and CCL2 expressions (Figure
7A) but did not alter INOS and Cxcl2 expressions (Fig-

ure 7A). By 7 days, these effects of CSF-1 were no
longer evident (Figure 7A). Conversely, at 5 days after
IR, CSF-1 therapy also induced the expression of ar-
ginase and CCL17 more often associated with an anti-
inflammatory phenotype, and by 7 days after IR mac-
rophage scavenger receptor 2 (MSR2) and MR were
also induced further by CSF-1 (Figure 7B).

Gene expression profiling was performed to further
examine the differentially expressed genes and altered
signaling pathways in sorted kidney macrophages at
both 5 and 7 days after IR injury with CSF-1 therapy
compared with untreated mice. Hierarchical clustering
of genes in each group showed distinct patterns of
gene expression because of time and treatment with
CSF-1. The largest difference in transcript expression
between vehicle and CSF-1 treatment samples was
seen at day 5 after IR; this was less obvious at day 7
after IR between treatment groups (Figure 8A). The
lists of differentially expressed genes were then sub-
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jected to pathway overrepresentation analyses with the
use of Ingenuity Pathway Analysis software version 8.8
(Ingenuity Systems). Overrepresentation analyses are
a measure of probability that the gene lists at both 5
and 7 days after IR with CSF-1 treatment compared
with vehicle contains more members of the biochemi-
cal pathway than because of chance alone (Figure 8B).
Interestingly, in the day-5 CSF-1-treated macrophage
populations, the glucocorticoid receptor, IL-10, and
IGF-1 signaling pathways were identified, all are asso-
ciated with a M2 macrophage response (Figure 8B).
Networks of differentially expressed genes were also
generated with Ingenuity Pathway Analysis version 8.8
(Ingenuity Systems), and network hubs were identified
around IL-1 receptor antagonist, arginase, and mice
STAT3 molecules, all associated with an M2 macro-
phage response (see Supplemental Figures S1 and S2
at http://ajp.amjpathol.org). The pathways significantly
overrepresented in the day-7 CSF-1-treated macro-
phages included platelet-derived growth factor
(PDGF), granulocyte macrophage (GM)-CSF-1, and
apoptosis signaling (Figure 8B).

7d IR

IGF-1 Expression in IR Kidneys

IGF-1 has been shown to play an important role in the
reparative process of postischemic rat kidneys,*°>"
and CSF-1 is known to control the expression of IGF-
1,523 We therefore investigated IGF-1 expression by
gPCR at 5 and 7 days after IR injury following CSF-1
therapy (Figure 9). In whole kidneys, at 5 days after IR
no difference in IGF-1 expression was observed be-
tween vehicle- and CSF-1-treated mice. However, by 7
days after IR, IGF-1 expression was significantly in-
creased in CSF-1 mice compared with vehicle-treated
animals (P < 0.01; Figure 9A), which correlated with
the structural and functional recovery evident at the
same time point. To confirm that macrophages were
the source of IGF-1, we assessed the expression in
sorted CD45"CD11b*CD11¢c™ macrophage cells after
IR injury. IGF-1 was significantly up-regulated in CSF-
1-treated mice at both 5 (P < 0.001) and 7 (P < 0.01)
days after IR injury compared with vehicle-treated an-
imals (Figure 9A). In addition, BMMs cultured with
CSF-1 protein in the presence of IGF-1-neutralizing
antibody inhibited CSF-1-stimulated BMM cell prolifer-
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Figure 8. Microarray analysis of sorted macrophage populations from kidneys 5 and 7 days after IR with or without CSF-1 therapy. A: Hierarchical cluster of
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ation, suggesting that CSF-1 can promote macrophage
growth by IGF-1 signaling (Figure 9B).

Discussion

The pleiotrophic role for CSF-1 in reproduction, including
mammary branching morphogenesis and placental
growth, suggest that CSF-1 exerts many of its actions
through the trophic activities of cells of the mononuclear
phagocytic lineage.®* Fetal macrophages are among the
first hematopoietic cells found in the kidney, entering
the murine kidney at embryonic day 12.% Furthermore, the
numbers of macrophages in most major organs of the

mouse undergo a substantial numerical increase in re-
sponse to a postnatal surge of CSF-1.2" In the current
study, we report that CSF-1 increases overall body
weight and kidney weight and volume when administered
during the final week of development, and we provide
evidence that this is accompanied by an increase in
macrophage numbers in the kidneys with the use of a
csf1r-EGFP reporter mouse described previously.®
Osteopetrotic (csf1°P/csf1°P) mice that have a sponta-
neous mutation in the csf7 gene, show growth restriction
and developmental abnormalities’"'22% that can be par-
tially reversed by the exogenous administration of
CSF-1."¢ Targeted disruption of the csf1r gene results in
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growth deficiencies, reduced macrophage numbers, and
reproductive defects similar to csf1°?/csf1°? mice yet
more severely.’® Here, we further show that csf7r-null
mice have decreased kidney weight. The CSF-1-deficient
csf1°°/csf1°? mouse has many developmental deficien-
cies in common with the IGF-1-deficient mouse, including
a failure to produce insulin-producing cells in the islets,
neurologic defects, deficiencies in male and female re-
productive systems, and failure of mammary gland de-
velopment.®® QOur previous report showing that CSF-1
can promote nephrogenesis in kidney explants® is anal-
ogous to the growth-promoting role of IGF-1 in human
fetal kidney explants that supports the induction and dif-
ferentiation of the nephrogenic zone.®® The production of
IGF-1 by CSF-1-stimulated macrophages has been rec-
ognized previously,®?%7%® put no comparative abun-
dance data have previously been presented.

The present data suggest that macrophages respond
to CSF-1 signaling by the production of IGF-1, an essen-
tial growth factor that regulates postnatal growth and
development.®® In fact, the biology we observe is consis-
tent with a study of muscle regeneration, in which IGF-1
not only promotes repair but also dampens expression of
inflammatory cytokines.®® The other possibility is that
there is another cell type able to transduce the CSF-1
signal. Indeed, Menke et al®® have also reported that
CSF-1 can promote kidney repair but conclude that the
renal epithelium itself expresses the CSF-1R, suggesting
a direct signaling mechanism for this outcome. They re-
port the detection of CSF-1R mRNA and protein on
mouse primary tubular epithelial cells in vitro, although at
a very low level in comparison to macrophage lines.®°

Local microenvironmental cues play an important role
in macrophage heterogeneity. Therefore, CSF-1 activa-
tion of tissue macrophages may influence the growth,
proliferation, and maturation of the kidney during organo-
genesis, a phenomenon that may be mirrored in repairing
kidneys after CSF-1 therapy. We report that the adminis-
tration of CSF-1 to mice with established IR injury resulted
in tubular epithelial proliferation, attenuation of interstitial
fibrosis, and functional recovery. In many settings regen-
eration of the kidney is macrophage dependent, evi-

denced by the switch of macrophage phenotype from a
pro-inflammatory to an anti-inflammatory phenotype,®’
which is followed by the production of angiogenic and
anti-inflammatory factors in addition to phagocytic tissue
remodeling.?®®" The precise phenotype of the macro-
phages seen in the repairing kidney in our study does not
strictly conform to the M1/M2 dichotomy, because we see
expression of genes associated with both extremes and
the profile changes with time. Mosser and Edwards*®
have suggested a third macrophage classification, asso-
ciated with wound healing, that is distinct from the M2
category. In reality, the repairing kidney should be con-
sidered as a unique environment. Induction of genes
such as IGF-1, and the MSR®? are probably direct re-
sponses to CSF-1. The macrophage MR is also highly
expressed in CSF-1-stimulated BMMs (see data at http.//
www.bioGPS.org) and in macrophages of the embryo.*®
Urokinase plasminogen activator is another relevant
gene that is inducible by CSF-1.%% Previous reports im-
plicate urokinase plasminogen activator in the prevention
of fibrosis in kidney and other tissues.®*®°> Other genes
expressed by macrophages that we observed may be in
response to the presence of apoptotic cells. Our microar-
ray profiling of differentially expressed genes and signal-
ing pathways showed distinct patterns that correspond to
macrophage phenotypes that showed genes in common
with csf1r-EGFP-expressing macrophages during embry-
onic development.®

Original studies of CSF-1 administration to adult mice
showed that it can increase circulating monocytes and
tissue macrophages.®® Notwithstanding the surge in
availability in the postnatal period, injected CSF-1 can
additionally promote postnatal growth in newborn mice.
We have recently reported that the administration of
CSF-1R blocking antibody selectively reduced monocyte
precursors of resident tissue macrophages.®” The cur-
rent study suggests that CSF-1 acts, at least in part,
through production of IGF-1 by kidney macrophages. We
further propose that an activation of CSF-1 by tissue
macrophages creates a microenvironment that influ-
ences the growth, proliferation, and differentiation of re-
nal epithelial cells and promotes matrix remodeling and
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cellular replacement in an inflammatory setting. CSF-1
thus may bias the macrophage response to one of me-
diating tissue repair rather than driving inflammation.
An understanding of the factors that control differenti-
ation and activation of regenerative macrophages and
the environmental cues that govern the outcome of
inflammation is vital to the successful development of
cellular-based therapies that may prevent or retard the
progression of renal disease.
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Abstract

Background: Lung immaturity due to preterm birth is a significant complication affecting neonatal health. Despite
the detrimental effects of supplemental oxygen on alveolar formation, it remains an important treatment for infants
with respiratory distress. Macrophages are traditionally associated with the propagation of inflammatory insults,

however increased appreciation of their diversity has revealed essential functions in development and regeneration.

Methods: Macrophage regulatory cytokine Colony-Stimulating Factor-1 (CSF-1) was investigated in a model of
neonatal hyperoxia exposure, with the aim of promoting macrophages associated with alveologenesis to protect/
rescue lung development and function. Neonatal mice were exposed to normoxia (21% oxygen) or hyperoxia (Hyp; 65%
oxygen); and administered CSF-1 (0.5 ug/g, daily x 5) or vehicle (PBS) in two treatment regimes; 1) after hyperoxia from
postnatal day (P)7-11, or 2) concurrently with five days of hyperoxia from P1-5. Lung structure, function and macrophages
were assessed using alveolar morphometry, barometric whole-body plethysmography and flow cytometry.

Results and discussion: Seven days of hyperoxia resulted in an 18% decrease in body weight and perturbation of lung
structure and function. In regime 1, growth restriction persisted in the Hyp + PBS and Hyp + CSF-1 groups, although
perturbations in respiratory function were resolved by P35. CSF-1 increased CSF-1R+/F4/80+ macrophage number by
34% at P11 compared to Hyp + PBS, but was not associated with growth or lung structural rescue. In regime 2, five days
of hyperoxia did not cause initial growth restriction in the Hyp + PBS and Hyp + CSF-1 groups, although body weight
was decreased at P35 with CSF-1. CSF-1 was not associated with increased macrophages, or with functional perturbation
in the adult. Overall, CSF-1 did not rescue the growth and lung defects associated with hyperoxia in this model;, however,
an increase in CSF-1R+ macrophages was not associated with an exacerbation of lung injury. The trophic functions of
macrophages in lung development requires further elucidation in order to explore macrophage modulation as a strategy

for promoting lung maturation.

Introduction

Immaturity of the lungs due to preterm birth is one of the
most significant complications affecting neonatal mortality.
As preterm infants with respiratory distress are born with
lungs at an anatomical stage not yet conducive to gas ex-
change, routine care practices include mechanical ventila-
tion and oxygen supplementation. However, these lifesaving
interventions can also cause permanent damage to the de-
veloping lung, resulting in a chronic lung disease termed
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bronchopulmonary dysplasia (BPD) [1,2]. Modern thera-
peutic improvements such as the administration of surfac-
tant and corticosteroids have seen a transformation in BPD
pathology away from the fibrotic injury of the past. Instead
today, with many extremely preterm babies now surviving,
‘new’ BPD pathology is characterised by a disruption of al-
veolar formation [3,4].

Delivery of high concentrations of oxygen to neonatal
animals is widely used to investigate the basis of arrested
alveolar development associated with BPD in preterm
infants [5,6]. In humans, alveolarisation begins in utero
at around 36 weeks gestation, with 85% of alveoli formed
after birth [7]. In the mouse, alveolar formation occurs
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entirely postnatally, beginning approximately 4 days after
birth and proceeding until P36 [8]. Exposure of the de-
veloping lung to high levels of oxygen results in inflam-
mation and oxidant damage, and dysregulation of
alveolar development [9-11]. Understanding the mecha-
nisms of alveolar formation has clinical relevance for the
development of therapeutic strategies to improve lung
maturation in preterm infants.

Macrophages are key immune cells commonly associ-
ated with inflammation and the propagation of tissue
injury associated with oxygen toxicity in hyperoxia ex-
posure. However, a greater appreciation of macrophage
diversity is revealing that this heterogenous cell type is
also essential in regulating organ development and re-
generation [12-15]. In particular, diversity in macro-
phage subpopulation activation in the lung has been
shown to be important in both the induction and reso-
lution of lung injury [16].

Colony-Stimulating Factor-1 (CSE-1) is a key regulator
of macrophage differentiation, proliferation, survival and
activation, and acts as a pleiotropic growth factor essen-
tial in reproduction and organogenesis [17]. During
pregnancy, uterine production of CSF-1 increases 1000-
fold [18], and macrophages colonise the embryo and are
present in large numbers in virtually all developing organs
[19]. The absence of CSF-1 results in severe developmen-
tal impairment including reduced growth, neurological
and reproductive defects, as well as altered development
of the mammary gland, bone and pancreas [20-22]. We
have previously reported that lung CSF-1R+ macrophages
increase during normal lung development and peak dur-
ing the alveolarisation stage [23]. In the absence of CSF-1,
alveolar macrophage populations are severely depleted
during postnatal development [24—26], and in adulthood
mice develop spontaneous emphysema associated with
deregulated matrix metalloproteinases (MMPs) and ab-
normal elastin deposition [26].

CSEF-1 administration has been shown to enhance or-
ganogenesis. Increased branching morphogenesis was
observed in embryonic kidney explants following the
addition of CSF-1 [27], and in embryonic pancreas ex-
plants B-cell proliferation and insulin production were
increased [28]. Furthermore, CSF-1 is suggested to
preferentially regulate macrophage populations associ-
ated with trophic functions such as development [29].
While abnormalities seen in CSF-1-deficient animals
are associated with a virtual absence of tissue macro-
phages, organogenic enhancement with CSF-1 admin-
istration is correlated with increased macrophage
numbers [20-22,27,28].

CSF-1-responsive macrophages in developing embryonic
kidneys and lungs exhibit a gene expression profile charac-
teristic of an M2 or tissue remodelling-type macrophage
[27]. Similarly we have demonstrated the importance of
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trophic macrophages in alveolarisation, with an upregula-
tion of M2 genes observed during this developmental stage
in the mouse [23]. Furthermore, CSF-1 has important im-
munomodulatory properties, and in a murine model of
neonatal hyperoxia, mesenchymal stem cell (MSC)-medi-
ated amelioration of injury was associated with increased
CSF-1 levels [30]. We hypothesise that the administration
of CSF-1 to promote augmentation of developmental mac-
rophages associated with alveolarisation may reduce the
need for damaging long-term oxygen therapy in preterm
newborns and attenuate the developmental arrest of the
lung associated with BPD.

The aim of this study was to determine the impact of
CSF-1 administration on lung maturation in a model of
hyperoxia-associated lung developmental perturbation,
when delivered either as a treatment after hyperoxia or
when administered prophylactically with concurrent
hyperoxia exposure. In particular, we assessed lung func-
tional maturation and the impact of a CSF-1-mediated
increase in macrophages. We found that CSE-1 did not
rescue the growth and pulmonary defects associated
with hyperoxia in this model; however the concomitant
increased infiltration of CSF-1-responsive macrophages
was not associated with exacerbation of lung injury.

Methods

Hyperoxia exposure

All animal experiments were approved by the Monash Uni-
versity Animal Ethics Committee and conducted in accord-
ance with the “Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes”. This study utilised
csfIr-EGFP mice, which express enhanced green fluores-
cent protein (EGFP) in cells of the myeloid lineage via the
insertion of an EGFP transgene under the control of the
Csflr promoter [31]. Pregnant csfIr-EGFP mice were
allowed to litter-down naturally in individually ventilated
cages (Green Line IVC Sealsafe; Techniplast, Buguggiate,
Italy). Litters were randomly assigned to receive either nor-
moxia (ambient room air; 21% oxygen) or hyperoxia (65%
oxygen). Hyperoxia was achieved by mixing 100% medical
grade oxygen and medical grade dry air, delivered to cages
via Perspex(R) tubing into ventilation ports. Oxygen and car-
bon dioxide concentrations were continuously monitored by
a gas analyser (Servoflex MiniMP 5200, Servomex, Valley
Point, Singapore). Dams remained with their own pups for
the entire experiment. Boxes were briefly disconnected from
hyperoxia gases for a maximum of 15 minutes when injec-
tions were performed. Following hyperoxia exposure (regime
1: 7 days; regime 2: 5 days), mice were maintained in room
air until experimental endpoints at P11 and P35.

CSF-1 administration
Hyperoxia-exposed littermate pups received either mouse
recombinant CSF-1 (0.5 pg/g body weight; University of
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Queensland Protein Facility, Brisbane, Australia) or ve-
hicle (PBS), administered via intraperitoneal (i.p.) injection
at a final volume of 25 pl. Biological activity was confirmed
with in vitro culture assays demonstrating CSF-1-mediated
proliferation of bone-marrow derived macrophages (data
not shown). In treatment regime 1, neonatal pups were
continuously exposed to hyperoxia from birth for 7 days
with subsequent injections performed once daily for 5 days
from P7-11. In treatment regime 2, newborn pups were
exposed to hyperoxia and were administered CSF-1 con-
currently, and therefore a shorter exposure of 5 days was
used to facilitate 5 concurrent daily injections. At ex-
perimental endpoints (regime 1: P11 and P35; regime 2:
P5 and P35) mice were humanely euthanised via cer-
vical dislocation for morphometric or flow cytometric
analysis.

Plethysmography

Respiratory function was assessed using unrestrained
barometric whole-body plethysmography, as described
previously [23,32,33]. In brief, mice were placed in a
sealed cylindrical Perspex chamber (Neonate; 75 mm x
50 mm, Adolescent/Adult; 150 mm x50 mm), and
changes in pressure caused by tidal breathing move-
ments were measured using a volumetric pressure trans-
ducer (model PT5A; Grass Instrument Co., Quincy,
MA, USA) and amplified (Octal Bridge Amp model
ML228 and Powerlab 8/30 model ML870; ADInstru-
ments, Bella Vista, NSW, Australia). Pressure fluctua-
tions were recorded using Chart™ software (v5.1;
ADInstruments). At the beginning of each session the
plethysmograph was calibrated by measuring the pres-
sure deflection caused by the injection of a known vol-
ume (300 pl) of air into the chamber. The temperature
and relative humidity within the chamber were noted at
the beginning and end of recordings (model HM34; Vai-
sala, Hawthorn, VIC, Australia). Waveform analysis
(Chart™; ADInstruments) was used to derive breath fre-
quency (breaths/min), total breath cycle time (ms), in-
spiration time (ms), expiration time (ms), tidal volume
(uL), minute volume (mL/min), inspiratory duty cycle
(%) and inspiratory flow rate (uL/sec). Measurements
were performed at P5 or P7 at the end of hyperoxia, fol-
lowing CSF-1 administration at P11 and then at P14,
P21, P28 and P35.

Morphometry

For morphometric assessments, the trachea was cannu-
lated immediately after euthanasia and the lungs
inflation-fixed in situ via intratracheal instillation of 10%
buffered formalin at a pressure of 20 cmH,0. The entire
thorax was subsequently immersion fixed for 24 hr be-
fore lungs were dissected. The left lobe was processed,
embedded in paraffin wax, sectioned at 5 um, mounted

Page 3 of 14

on Polysine™ slides (Menzel-Glaser, Braunschweig,
Germany) and stained with haematoxylin and eosin. Im-
ages from 15 non-overlapping fields of view were cap-
tured at x 400 magnification and ImagePro Plus software
(Media Cybernetics, Bethesda, MA, USA) was used to
assess mean linear intercept (MLI), as an estimate of al-
veolar diameter, and tissue/airspace percentage, as de-
scribed previously [34]. In brief, MLI was calculated by
superimposing two transverse lines over lung images
and counting intersecting points. The percentage air-
space and tissue was estimated by superimposing 21
equidistant line segments over lung images and counting
line termini intersections with either tissue or airspace,
respectively. Fields of view containing parenchyma only
were analysed, with care taken to exclude areas with air-
ways or extensive vasculature. Measurements were con-
ducted in a blinded manner by the same individual
(CV]J) to reduce bias.

Flow cytometry

To assess macrophage populations in hyperoxic lungs
and their response to CSF-1 treatment, whole lungs of
littermate mice underwent flow cytometric analysis at the
end of treatment at P11 or P5, with the final injection be-
ing administered 3 hours before lungs were collected.
Whole lungs underwent enzymatic and mechanical diges-
tion to yield a single cell suspension as described previ-
ously [12]. Red blood cells were lysed and cell suspensions
were filtered through a 40 pum cell strainer (BD Biosci-
ences, North Ryde, NSW, Australia). Cell counts were per-
formed using a Coulter® Particle Count and Size Analyzer
(Beckman Coulter Australia Pty Ltd, Gladesville, NSW,
Australia). 3 x 10° cells were immunolabelled with anti-
CD45 APC Cy7-conjugated (1:800; BioLegend, San Diego,
CA, USA; Clone 30-F11) and anti-F4/80 APC-conjugated
(1:200; eBioscience, San Diego, CA, USA; Clone BM8)
antibodies. Samples were run on a BD FACSCanto II
cytometer (BD Biosciences) and data analysis was per-
formed using FlowJo FCS analysis software (Tree Star
Inc., Ashland, OR, USA).

Statistical analysis

This study included 17 litters of mice, ranging between 4
and 8 pups per litter. The N numbers for bodyweight
and lung function analysis outlined in appropriate figure
legends are a cumulative of a minimum two repeated ex-
periments. Flow cytometric analysis was performed on
one representative litter for inter-litter comparison. Data
are presented as mean * standard error of the mean
(SEM). Graphing and statistical analyses were performed
using GraphPad Prism™ (GraphPad Software; Section
3.14). Specific statistical tests used are outlined in figure
legends. A p value of less than 0.05 was considered sta-
tistically significant.
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Results

Neonatal hyperoxia exposure for 7 days results in
decreased body weight and perturbations in lung
structure and function

Neonatal murine hyperoxia is a model of impaired alveolo-
genesis and a clinically relevant model of preterm lung
damage. In our hyperoxia model, neonatal mice were ex-
posed to 65% oxygen from birth for 7 days. Hyperoxia sig-
nificantly decreased growth of neonatal mice. At birth there
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was no significant difference in body weight between
groups (p = 0.09); however after 7 days of hyperoxia expos-
ure body weight was decreased by 18% compared to
normoxia-exposed offspring (4.37 +0.12 g vs. 3.57 £ 0.01 g,
p<0.001; Figure 1A). Lung structural alterations were
assessed via morphometric analyses. Compared to nor-
moxia, hyperoxia resulted in a 17% increase in MLI (80.9 +
2.1 pm vs. 94.6 + 2.4 pm, p < 0.05; Figure 1B), a 6% decrease
in percentage tissue (44.3 £ 0.5% vs. 38.6 + 1.1%, p < 0.05;
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Figure 1 Neonatal hyperoxia exposure resulted in decreased growth and lung structural and functional alterations. Body weights of
mice exposed to hyperoxia for 7 days from birth compared to neonates exposed to normoxia (A). n =9 & 13 mice/treatment. Morphometric
estimation of mean linear intercept (B), percentage tissue (C) and percentage airspace (D) in lungs exposed to hyperoxia and normoxia. n=4 &5
lungs/treatment. Data were analysed using two-tailed unpaired t-tests. *p < 0.05. Normoxia (E) and hyperoxia-exposed (F) lungs at P7 demonstrated
the decrease in tissue percentage and increase in alveolar size due to hyperoxia. Respiratory trace recordings revealed that mice exposed to hyperoxia
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Figure 1C) and a corresponding 6% increase in percentage
airspace (55.7 £0.5% vs. 614+ 1.1%, p <0.05; Figure 1D).
These quantitative measurements reflect the histological
changes observed in hyperoxic lungs, where alveoli ap-
peared larger and secondary septation appeared to be im-
paired (Figure 1F), in comparison to the lungs of normoxic
mice which had smaller alveoli and evidence of extensive
secondary septation (Figure 1E). These structural perturba-
tions associated with hyperoxia exposure were reflected in
functional alterations (Table 1). Unrestrained barometric
whole-body plethysmography assessment of respiratory
function after 7 days of hyperoxia indicated that these mice
exhibited abnormal breathing patterns compared to nor-
moxic mice (Figure 1G&H). Quantification revealed signifi-
cant reductions in tidal volume (21% p <0.0001), minute
volume (29% p < 0.01), breath frequency (9% p < 0.05) and
inspiratory flow rate (30% p < 0.001; Table 1). Functional al-
terations also included significant increases in total cycle
time (9% p <0.05), expiration time (50% p <0.001) and a
trend towards increased inspiration time (14% p = 0.08).

CSF-1 treatment after hyperoxia did not rescue body
weight, but increased macrophage numbers were not
associated with exacerbation of lung structural or
functional perturbation

In the first treatment regime, CSF-1 was administered
after 7 days of hyperoxia-induced lung injury to assess the
ability of CSF-1 therapy to rescue growth and promote al-
veolar development. Comparing hyperoxia and normoxia
groups, a significant reduction in body weight was ob-
served in Hyp + PBS mice, which persisted from P11
(643 £0.34 g vs. 5.07+0.13 g, p<0.001) to adulthood at
P35 (21.17 £ 0.47 g vs. 17.70 £ 0.76 g, p < 0.001; Figure 2A).
While both groups exposed to hyperoxia weighed signifi-
cantly less than the Norm group, there was no significant
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difference in growth between the Hyp + PBS and Hyp +
CSE-1 groups (Figure 2A). From P11 at the end of treat-
ment (5.07 £0.13 g vs. 5.05+0.16 g) to adulthood at P35
(17.70 £ 0.76 g vs. 17.35+ 0.70 g), CSF-1 treatment did not
rescue body weight when compared to mice exposed to
hyperoxia and administered PBS (Figure 2A).

Removal of mice from hyperoxia resulted in a marked
improvement in lung structure. At the end of treatment
at P11, there was no significant difference in MLI, per-
centage tissue or percentage airspace amongst any of the
three groups (Table 2). However, there was a trend to-
wards increased MLI in the Hyp + PBS group compared
to Norm, and this increase was not observed in the CSE-1
treated group. In adulthood at P35, no significant differ-
ences were observed in any of the lung structure param-
eters investigated in any group. However, of note is that
all Hyp + CSF-1 values were more similar to Norm
values than Hyp + PBS, indicating that structural abnor-
malities had not been exacerbated with CSF-1 treatment.

A time course analysis of lung function was performed
from the conclusion of hyperoxia exposure at P7, at the
end of treatment at P11, and weekly throughout devel-
opment from P14 to adulthood at P35 (Figure 3). Tidal
volume (Figure 3A), minute volume (Figure 3B), tidal
volume/body weight ratio (Figure 3G) and inspiratory
flow rate (Figure 3I) all increased during postnatal devel-
opment, with all three groups following a similar trajec-
tory. No significant differences were observed at any time
point, with the exception of P21 when a significant reduc-
tion in tidal volume (79.5 £ 6.0 ul vs. 53.0 + 5.0 pl, p < 0.01;
Figure 3A), minute volume (23.2 £ 1.3 ml vs. 15.9 + 0.8 ml,
p < 0.05; Figure 3B) and tidal volume/body weight (7.4 +
0.6 pl/g vs. 6.3+04 ul/g, p<0.05; Figure 3G) was ob-
served in the Hyp + CSF-1 group compared to Norm.
Some early alterations were observed in parameters

Table 1 Effect of neonatal hyperoxia exposure on lung function

Normoxia Hyperoxia Significance p value

Tidal volume (pl) 1364 +0.76 10.74+0.34 xxx 0.0008
Minute volume (ml/min) 328+ 0.25 234+0.13 ** 0.0014
Frequency (breaths/min) 2380+6.63 2164 +£6.18 * 0.031
Total cycle time (ms) 2542 %732 2769+7.07 * 0.044
Inspiration time (ms) 7251+3.85 82.75 +3.64 0.076
Expiration time (ms) 137.7+22.11 2064+ 10.76 ** 0.005
Inspiratory flow rate (ul/sec) 191.6+£1293 1335+ 806 *xk 0.0006
Inspiratory duty cycle (%) 2873+ 1.66 29.99+129 0.55
Tidal volume (ul)/bw (g) 3.11+0.11 298+0.17 0.56
Minute volume (ml/min)/bw (g) 7440+ 42.11 650.8 £48.17 0.19

*p < 0.05, **p < 0.01, **p <0.001.

Plethysmographic analysis of respiratory parameters in neonates exposed to normoxia or hyperoxia for 7 days following birth. Hyperoxia exposure resulted in
significant perturbation of lung function at P7, compared to normoxia controls, n=9/16 per group. Data were analysed using two-tailed unpaired t-tests.

Bw - body weight.
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Figure 2 Growth and macrophage analysis of mice treated with CSF-1 following hyperoxia. Body weights of mice treated with CSF-1

(Hyp + CSF-1; purple line) or PBS (Hyp + PBS; blue line) following hyperoxia exposure was significantly decreased compared to normoxic mice
(Norm; red line) (A). n =4-13 mice/time point. Data were analysed using one-way ANOVAs and Tukey's post-hoc tests. ‘@’ represents significant
difference between Norm and Hyp + PBS, b’ represents significant difference between Norm and Hyp + CSF-1. Flow cytometric analysis of littermate
lungs at P11 treated with CSF-1 or PBS controls following hyperoxia (B-H). Total lung cells (B) were gated on ¢sf1-EGFP+ CD45+ cells to quantitate
CSF-1R+ cell number and proportion (C) after CSF-1 (D) and PBS treatment (E). F4/80 expression demarcates mature macrophages within the CSF-1R+
population (F-H). Histograms revealing gating procedure for F4/80 expression in representative PBS (G) and CSF-1-treated lungs (H). Staining (blue) is
overlayed with an isotype control (red). CSF-1 treatment resulted in a significant increase in total cellularity, CSF-1R+ cell number and macrophage
number. n =4 littermate lungs/treatment. Data were analysed using two-tailed unpaired t-tests. *p < 0.05, ***p < 0.001.

including frequency (Figure 3C), total cycle time (Figure 3D),  to PBS administration at P11. However, any earlier pertur-
inspiration time (Figure 3E) and minute volume/body bations associated with hyperoxia exposure and/or CSF-1
weight (Figure 3H), where at P11 CSF-1-treated mice had  administration resolved and at P35 no significant differ-
significant alterations in breathing patterns compared to  ence was observed amongst the three treatment groups in
Norm or Hyp + PBS mice. Furthermore, only in frequency  the breathing parameters examined.

(Figure 3C), expiration time (Figure 3F) and minute vol- To investigate the impact of CSE-1 treatment on lung
ume/body weight (Figure 3H) was there an alteration with  macrophages, flow cytometry was performed on litter-
CSF-1 treatment that was significantly different compared  mate hyperoxic lungs after treatment with either PBS or
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Table 2 Morphometric analysis of lungs from
CSF-1-treated mice after 7 days of neonatal hyperoxia
exposure

Normoxia Hyp + PBS Hyp + CSF-1
P11 % Tissue 50.66 + 1.61 5362+299 5298+ 1.90
% Airspace 4934 £161 46.38 £2.99 47.02+1.90
MLI 8859+242 9433 +£237 8742 +0.99
P35 % Tissue 36.97 £1.29 39.15+201 3592+087
% Airspace 63.03+1.29 60.85 +2.01 64.08 £ 0.87
MLI 6499+ 178 68.67 +1.64 67.34+1.63

Morphometric estimation of percentage tissue, percentage airspace and mean
linear intercept (MLI) at P11 (n =4 lungs/treatment) and P35 (n=6-7
lungs/treatment) in newborn mice exposed to normoxia or hyperoxia for

7 days followed by either CSF-1 or PBS treatment for 5 consecutive days. No
significant changes were observed in the morphometric parameters examined
amongst the three treatment groups. Data were analysed using one-way
ANOVAs and Tukey's post-hoc tests.

CSF-1 at P11 (Figure 2). The total lung cell number was
significantly increased by 13% in mice treated with CSE-1
(128 +53 x 10° vs. 144+3.1x10°, p<0.05; Figure 2B).
Transgenic csfIr-EGFP mice, which express EGFP under
control of the csflr promoter, identified CSF-1-responsive
cells. The number of CSF-1R+ cells significantly increased
by 34% with CSF-1 treatment compared to PBS (16.7 £
0.2 x 10* vs. 22.2 +2.2 x 10% p<0.05; Figure 2C). CSE-1R
was not expressed outside the leukocyte population, with
no CD45- lung cells found to express the EGFP transgene
(Figure 2D&E). F4/80 expression was used to identify ma-
ture macrophages (Figure 2F-H). The number of F4/80+
macrophages significantly increased by 34% with CSF-1
treatment at P11 (88 + 2.0 x 10% vs. 118 + 9.0 x 10°, p < 0.05;
Figure 2F).

Delivery of CSF-1 in conjunction with hyperoxia exposure
resulted in reduced body weight; however structural
alterations were not exacerbated and pulmonary
macrophages were not increased

In the second treatment regime, CSF-1 was administered
in conjunction with high oxygen exposure to assess the
potential of CSF-1 to mitigate lung damage and promote
alveolar formation. In this more clinically relevant re-
gime, neonatal mice were exposed to hyperoxia for
5 days to allow for 5 concurrent daily injections of CSE-
1 or PBS. Body weight was measured to assess growth
over the time course of development, from the end of
treatment at P5, and weekly throughout postnatal devel-
opment from P14 to adulthood at P35 (Figure 4A). Body
weight was not significantly altered in the Hyp + PBS
group compared to Norm. These two treatment groups
followed a similar growth trajectory and no significant
changes were observed at any of the time points examined.
However, Hyp + CSF-1 was found to negatively affect body
weight, although this emerged only at later time points. By
P28, the growth trajectory was decreased in the Hyp +
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CSF-1 group and body weight was significantly lower than
in the Norm group (17.27+0.54 g vs. 1520+042 g,
p <0.001). Also, at P35, body weight was significantly lower
in the Hyp + CSE-1 group compared to both the Norm
(2147 £0.51 g vs. 1850+ 0.53 g, p<0.001) and Hyp +
PBS groups (20.89+0.61 g vs. 18.50+0.53 g, p <0.001;
Figure 4A).

The effect of hyperoxia and concurrent CSF-1 treat-
ment on structural development of the lung was
assessed at P5 (Table 3). No significant differences were
observed in the structural parameters examined between
the three groups. A trend of altered structural measure-
ments was observed in the Hyp + PBS group compared to
Norm, although it did not reach significance. In the Hyp +
CSF-1 group, all parameters measured approached the
values of the Norm group and structural alterations were
not exacerbated with CSF-1 administration. In the adult at
P35, percentage tissue and airspace were unaltered in the
Hyp + PBS or Hyp + CSF-1 groups compared to Norm.
However, MLI was affected by hyperoxia exposure. Com-
pared to Norm, a significant increase in MLI was observed
in the Hyp + PBS (65.0 £ 1.8 um vs. 72.7 + 1.2 ym, p < 0.05)
and the Hyp + CSF-1 groups (65.0+1.8 um vs. 753 +
2.8 pm, p < 0.01; Table 3). CSE-1 treatment did not signifi-
cantly affect the outcome of hyperoxia on the lung, as no
significant difference in MLI compared to PBS was ob-
served. Histologically, there were fewer and larger alveoli
in the lungs of mice exposed to both Hyp + PBS (Figure 4])
and Hyp + CSF-1 (Figure 4K) as compared to Norm con-
trols (Figure 41).

Plethysmographic analysis of breath parameters (Figure 5)
indicated that initial perturbations at P5 were present in
breath frequency (Figure 5C), total cycle time (Figure 5D),
inspiration time (Figure 5E), expiration time (Figure 5F)
and minute volume/body weight ratio (Figure 5H). How-
ever, these alterations were observed in both hyperoxia
groups compared to Norm, and were thus not a result of
CSF-1 delivery. After initial perturbation at P5, breathing
frequency, total cycle time and expiration time were subse-
quently comparable amongst all treatment groups. Inspir-
ation time was altered in the hyperoxia groups compared
to Norm, with a significant decrease at P21 (Norm vs.
Hyp + PBS 15%, p < 0.05; Norm vs. Hyp + CSF-1 23%, p <
0.01) and P28 (Norm vs. Hyp + PBS 17%, p < 0.01; Norm
vs. Hyp + CSF-1 16%, p <0.05; Figure 5E). Tidal volume
(Figure 5A), minute volume (Figure 5B) and inspiratory
flow rate (Figure 5I) increased during postnatal life and
followed a similar trajectory in all three treatment groups.
No significant differences were observed in inspiratory flow
rate at any time points. However, at P35 in the Hyp +
CSF-1 group there was a significant decrease in tidal vol-
ume (122.84+598 ul vs. 9836+4.26 ul, p<0.001;
Figure 5A) and minute volume (38.7+2.1 ml vs. 32.0 £
1.9 ml, p < 0.01; Figure 5B) compared to Norm.
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Figure 3 Lung function of mice treated with CSF-1 following hyperoxia exposure. Plethysmography assessment of lung function parameters
- tidal volume (A), minute volume (B), frequency (C), total cycle time (D), inspiration time (E), expiration time (F), tidal volume/bodyweight (G), minute
volume/bodyweight (H), inspiratory flow rate (1) - in mice treated with CSF-1 (Hyp + CSF-1; purple line) or PBS (Hyp + PBS; blue line) following hyper-
oxia exposure, compared to normoxic controls (Norm; red line). n = 6-14 mice/treatment/time point. Data were analysed using two-way ANOVAs and
Bonferonni post-hoc tests. ‘a’ represents significant difference between Norm and Hyp + PBS, ‘b’ represents significant difference between Norm and
Hyp + CSF-1, ‘c’ represents significant difference between Hyp + PBS and Hyp + CSF-1. *p < 0.05, **p < 0.01, ***p < 0.001.

To investigate the impact of CSE-1 treatment on lung
macrophages, flow cytometry was performed on littermate
lungs at P5, after either PBS or CSF-1 treatment was deliv-
ered concurrently with hyperoxia. Total lung cell number
was not altered with CSF-1 treatment, with no significant
change compared to PBS was observed (Figure 4B). CsfIr-
EGFP transgene expression on CD45+ leukocytes revealed
that the number and percentage of CSF-1R+ cells within
the lung was comparable amongst both PBS and CSF-1-
treated mice (Figure 4C-E). Similarly, when cells were fur-
ther gated on F4/80 expression to identify macrophages
(Figure 4G&H), no change in the number or percentage
of macrophages in the lung was observed as a result of
CSF-1 treatment (Figure 4F).

Discussion

Oxygen supplementation remains a critical and lifesaving
intervention for infants with respiratory distress; however,
it can result in detrimental alterations to the developing
lung. Exposing neonatal mice to high concentrations of
oxygen mimics the damage to the lung associated with
BPD, providing a relevant model to assess the function of
CSE-1 in rescuing and enhancing alveolar formation. This
study employed a hyperoxia regime of 65% oxygen for
1 week after birth, providing a milder, more clinically-
relevant exposure that more closely resembles the oxygen
therapy regime of ventilated premature infants than other
previous studies [5,35]. It was also selected to minimize ma-
ternal oxygen toxicity and avoid stress and abandonment
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Bodyweight timecourse

Figure 4 (See legend on next page.)
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(See figure on previous page.)

Figure 4 Growth and macrophage analysis in mice treated with CSF-1 during concurrent hyperoxia exposure. Body weights of mice
treated with CSF-1 (Hyp + CSF-1; purple line) or PBS (Hyp + PBS; blue line) during hyperoxia exposure compared to normoxic mice (Norm; red line)

(A). n =4-13 mice/time point. Data were analysed using a two-way ANOVA and Bonferonni post-hoc test. 'b’ represents significant difference between
Norm and Hyp + CSF-1, 'c’ represents significant difference between Hyp + PBS and Hyp + CSF-1. ***p < 0.001. Flow cytometric analysis of littermate lungs
at P5 following treatment with CSF-1 or PBS during hyperoxia. Total lung cells (B) were gated on csf1-EGFP+ CD45+ cells to quantitate CSF-1R+ cell
number and proportion (C) after CSF-1 (E) and PBS treatment (D). F4/80 expression demarcates mature macrophages within the CSF-1R+ population
(F-H). Histograms revealing gating procedure for F4/80 expression in representative PBS (G) and CSF-1-treated lungs (H). Staining (blue) is overlayed with
an isotype control (red). n = 3 littermate lungs/treatment. Data were analysed using two-tailed unpaired t-tests. Photomicrographs of Norm (I), Hyp + PBS
(J) and Hyp + CSF-1 (K) lungs at P35 stained with H&E demonstrated fewer, larger alveoli with hyperoxia exposure (J & K).

issues associated with dam rotation. Hallmarks of this
hyperoxia model included growth restriction, impaired lung
structural development indicative of reduced alveolarisa-
tion, and as a consequence measurable perturbations of re-
spiratory function. While body weight was comparable at
birth, hyperoxia impacted negatively on neonatal growth as
evidenced by the reduction in body weight in the hyperoxia
group by the end of exposure. Although there is potential
for maternal oxygen toxicity to impact on the growth re-
striction observed, such growth restriction associated with
this model is important to examine the growth promoting
functions of CSF-1 as observed previously [23]. Lung struc-
tural alterations characteristic of oxygen toxicity and BPD
were also observed. MLI and percentage airspace were in-
creased, while percentage tissue was decreased. This is in
agreement with other hyperoxia studies, where oxygen sup-
plementation caused BPD-like pathological changes to the
lung parenchyma and impaired alveolarisation resulting in
fewer, larger alveoli [5,6].

Functional perturbations were also revealed following
hyperoxia. Unrestrained barometric whole-body plethys-
mography proved a beneficial analytical technique sensi-
tive enough to reveal measurable differences in neonates
at 7 days of age. While the accuracy of absolute quanti-
tation in small animals is debatable [36], this technique
provides a qualitative comparative assessment applicable
to this study. Furthermore, the non-invasive nature of
this technique makes it invaluable for these experiments

Table 3 Morphometric analysis of lungs from mice
administered CSF-1 during concurrent hyperoxia exposure

Normoxia Hyp + PBS Hyp + CSF-1
P5 % Tissue 3492+183 2831+£183 3215174
% Airspace 6508+ 1.83 7169+ 1.83 67.85+1.74
MLI 113.00£322 121.70+7.97 11640 £ 345
P35 % Tissue 3697 +1.29 3848 £ 201 36.92+0.88
% Airspace  63.03+1.29 6152 +201 63.08 £0.88
MLI 64.99 +£1.78 7266+1.22a* 7527 +2.79 b**

Morphometric estimation of percentage tissue, percentage airspace and mean
linear intercept at P5 at the cessation of treatment (n = 4-5/group), and at P35
(n=6-7/group). Data were analysed by one-way ANOVA and Tukey’s post-hoc test.
‘a’ represents significant difference between Norm and Hyp + PBS, ‘b’ represents
significant difference between Norm and Hyp + CSF-1. *p < 0.05, **p < 0.01.

in assessing the effects of CSF-1 and the rescue of lung
function over time. Abnormal breathing patterns were
associated with hyperoxia exposure after 7 days. In
agreement with previously reported effects of hyperoxia
on pulmonary activity [37], changes included an increase
in total cycle time primarily due to lengthened expiratory
time. Furthermore, hyperoxia resulted in a reduction in
tidal volume, supporting the structural observation of im-
paired alveolar formation. However, effects on tidal and
minute volumes were mitigated when normalised to body
weight, suggesting that the overall growth restriction con-
tributes to the reduced lung volumes.

Harnessing the organogenic importance of growth fac-
tors involved in alveolar formation has been a fundamen-
tal strategy for promoting lung maturation. Factors such
as keratinocyte growth factor [38], hepatocyte growth fac-
tor [39], retinoic acid [40] and vascular endothelial growth
factor [41] are important in alveolarisation and have
shown positive effects in rescuing alveolar development in
hyperoxic animal studies. The injury-induced perturbation
of development associated with BPD is also being tackled
by using anti-inflammatory approaches, such as interleu-
kin (IL)-10 [42] or inflammatory chemokine blockade
[43], and by optimising ventilation strategies [44] to miti-
gate damage and protect alveolar formation.

CSE-1 provides a particularly attractive candidate for use
in this setting because it is a growth factor with proven
organogenic [27,28], anti-inflammatory [29,45] and regen-
erative capabilities [12,46]. During development, endogen-
ous CSF-1 preferentially regulates trophic macrophages
associated with organogenesis, as evidenced by the wide-
spread developmental defects observed in CSF-1-deficient
mice [20-22]. Functions of trophic macrophages that sup-
port organogenesis include apoptotic clearance of cellular
debris associated with tissue remodelling [47], regulation of
angiogenesis through the production of angiogenic factors
[48,49] and by physically directing vascular development
[50]. Macrophages act as potent effector cells producing a
range of important trophic mediators such as insulin-like
growth factor-1 (IGF-1) [51], wingless-type MMTYV inte-
gration site family, member 7b (Wnt7b) [52], transforming
growth factor-p (TGF-P) [53] and MMP9 [54], which are
involved in epithelial proliferation and matrix reorganisa-
tion. These processes are all essential in lung development,
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Figure 5 Lung function of mice treated with CSF-1 during concurrent hyperoxia exposure. Plethysmographic assessment of lung function
parameters - tidal volume (A), minute volume (B), frequency (C), total cycle time (D), inspiration time (E), expiration time (F), tidal volume/body-
weight (G), minute volume/bodyweight (H), inspiratory flow rate (1) - in mice treated with CSF-1 (Hyp + CSF-1; purple line) or PBS (Hyp + PBS; blue
line) during hyperoxia exposure compared to normoxia (Norm; red line). n =6-14 mice/treatment/time point. Data were analysed using
two-way ANOVAs and Bonferonni post-hoc tests. ‘a’ represents significant difference between Norm and Hyp + PBS, ‘b’ represents significant
difference between Norm and Hyp + CSF-1. *p < 0.05, **p < 0.01, ***p < 0.001.

particularly in alveolarisation. Macrophages in both the
embryonic lung and the postnatal lung undergoing alveo-
larisation demonstrate a gene expression profile, indicative
of a trophic M2 macrophage activation state [23,27].

The role of CSF-1 in polarising macrophages towards
an M2 phenotype may also provide beneficial effects in
hyperoxia through its involvement in immune dampening
[29]. Inflammation has a negative impact on lung develop-
ment [55,56]. Inflammatory cell influx and release of pro-
inflammatory mediators promotes apoptotic and necrotic
cell death that disrupts lung morphogenesis and impairs
function. Furthermore, inflammatory activation disrupts
organogenic signalling pathways by altering expression of

key genes important in lung development [57,58]. While
inflammatory challenges such as lipopolysaccharide (LPS)
or IL-1p administration in animal models of chorioam-
nionitis promote lung maturation, the mechanism is
distinct from alveolarisation and is instead a survival
adaptation that comes at the expense of proper alveolar
formation resulting in a lung pathology associated with
BPD [59].

The infiltration of inflammatory macrophages is asso-
ciated with the progression of lung injury and pathology
[60,61]. However macrophage diversity is revealing the
importance of lung macrophages in both the injury and
repair stages [16], and differential activation suggests
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that a GM-CSF driven M1 pro-inflammatory response
may be distinct from CSF-1-mediated stimulation of
macrophages to take on a remodelling/anti-inflamma-
tory M2 phenotype [29]. In a recent study, CSF-1 was
associated with repair and rescue of alveolar formation
following hyperoxia in the mouse [30]. It was reported
that the administration of MSC-conditioned media
into a neonatal murine hyperoxia model reduced in-
flammation and prevented alveolar and vascular dam-
age [30]. Interestingly, this correlated with high levels of
CSF-1, indicating that the developmentally protective ef-
fect of MSCs may be indirectly mediated by the immuno-
modulatory effect of CSF-1 [30].

In the present study, CSF-1 was administered to a neo-
natal murine hyperoxia model and growth, lung structure
and respiratory function were assessed. In the first treat-
ment regime, CSF-1 was administered post-hyperoxic
injury to investigate whether CSF-1 could rescue develop-
mental perturbation and promote alveolar formation.
Results demonstrated limited success of CSE-1 in the miti-
gation of hyperoxia-induced injury. Deficits in growth were
not improved, with the body weights of CSF-1-treated
mice comparable to the Hyp + PBS group. With regard to
lung function, a negative impact was revealed at P11 at the
end of treatment. In parameters such as total cycle time,
expiration time and minute volume/body weight ratio the
detrimental effect of hyperoxia was exacerbated with CSF-
1. Interestingly, these initial defects did normalise over
time and by P35 no differences between treatment groups
were observed. This normalisation was also seen in the
Hyp + PBS group, and therefore CSF-1 treatment did not
accelerate or enhance functional recovery, although in-
creased numbers of CSF-1R+ macrophages were evident.
Nevertheless, it is noteworthy that CSF-1 did not have a
negative impact on the parameters measured in the adult.
It is interesting that earlier perturbations observed with
hyperoxia resolved by adulthood. Whether this impacts
on the lungs capacity to cope with challenges and aging in
later life is unknown. Furthermore questions remain about
potential negative effects associated with catch up growth.
Indeed CSE-1R+ macrophages have been shown to be in-
creased in the alveolarisation stage of lung development
[23], however whether in this setting the increase in CSF-
1R+/F4/80+ macrophages is retained and whether it is as-
sociated with positive or negative outcomes in lung
physiology is also of ongoing interest.

Oxygen supplementation is a critical life saving inter-
vention for babies with respiratory distress, and clinically
any maturation-based therapies would need to be deliv-
ered concurrently. Therefore, in the second part of this
study, CSF-1 was administered from birth in conjunc-
tion with hyperoxic exposure, in a setting where a prophy-
lactic effect of CSE-1 treatment was aimed at preventing
damage and alveolar loss and enhancing alveolarisation. A
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shortened exposure time was utilised to enable the 5 daily
doses to be administered in conjunction with hyperoxia.
The lack of growth restriction is likely due to the de-
creased oxygen exposure, as pup litters size was consistent
amongst regimes. Structurally and functionally, the lungs
of both hyperoxia groups were impacted negatively. Mor-
phometric analysis in the adult revealed significant in-
creases in MLI, with fewer, larger alveoli in both the Hyp +
PBS and Hyp + CSF-1 groups compared to Norm. Al-
though CSF-1 was not found to improve the structural al-
terations caused by hyperoxia, this treatment did not
exacerbate the negative impact of hyperoxia and no signifi-
cant difference between PBS and CSF-1-treated mice was
observed. There were no differences between any groups at
P5, although this time coincides with the beginning of the
alveolarisation phase. Of note is that Hyp + CSE-1 values
began to approach Norm values in all parameters. Func-
tionally in the adult, CSF-1 did not exacerbate the adverse
effects on lung function that were characteristic of hyper-
oxia exposure, as represented by the Hyp + PBS group.
Although no negative effect of CSF-1 was identified, it
must be noted that no functionally beneficial effects
with regard to preventing hyperoxic damage or further
enhancing lung development were observed. The only
changes with CSF-1 at P35 were in tidal volume and mi-
nute volume. However, these were normalised when
body weight was accounted for and, relative to their
size, there were no changes in these parameters as a re-
sult of CSF-1 treatment.

Overall, CSF-1 treatment showed little effect in pro-
moting alveolar formation in the hyperoxic settings
employed in this study. Ongoing studies examining the
role of M2 polarisation in the protection and rescue of
hyperoxic injury with be important before a definitive
statement that CSF-1-responsive macrophages are not
effective can be made. Also further experiments utilizing
a premature birth model — where animals are prema-
turely removed from their high uterine CSE-1 environ-
ment — will be important to better model this aspect of
the clinical situation. However, in this study the finding
that CSE-1 treatment did not exacerbate the pathological
response to high oxygen levels was encouraging in that
macrophage-mediation may provide a novel strategy for
the immunomodulation and trophic promotion of alveolar
development. In particular in the second regime where po-
tential negative outcomes were a legitimate concern, CSF-1
did not exacerbate damage with concurrent oxygen supple-
mentation. This is a significant finding that is important for
any potential clinical use of CSF-1, and supports ongoing
studies to improve understanding of the role of CSF-1 in al-
veolar formation.
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