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Abstract

Monocyte derived tissue effector cells, macrophages, are present in large numbers in all forms of
kidney disease with inflammation. Their roles in inflammation and the molecular effectors of
macrophage function have been difficult to decipher. With the advent of modern genetic tools and
mouse models of human disease, great insight into monocyte/macrophage biology has been
forthcoming. In this review we will place macrophage study in its historical context, define
immunological diseases of the kidney, and broaden its definition to encompass current thinking of
the immune response to kidney injury, highlight key advances of the study of monocyte/
macrophages in kidney diseases, and identify new therapeutic pathways and targets that hinge
around macrophage function. Here we advance the case that targeting macrophage activation and
phenotype is leading to new therapies in treatment of many acute and chronic kidney diseases.
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Introduction

Monocyte/macrophages play roles in many aspects of experimental and human renal disease
and are implicated in the induction of injury and fibrosis as well as renal repair. This review
will examine the role of Mg in kidneys affected by immunological inflammation. Although
conditions such as autoimmune glomerulonephritis have previously been considered to
represent classical immunological inflammation of the kidney, it is now apparent that
disparate renal conditions such as ischemia-reperfusion injury and even fibrosis may involve
key components of the innate or adaptive immune system such as lymphocytes together with
humoral mediators such as complement and antibody. As a consequence, this review will
adopt a relatively broad definition of immunological disease of the kidney and this will
serve to underscore the key importance of monocyte/macrophage biology in these
pathological processes.
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Macrophages: inflammatory cells of acute and chronic disease as well as
repair of the kidney

Tissue effector cells of the monocyte lineage (macrophages [M¢s]) have been increasingly
detected as a major, or the major subset of recruited ‘inflammatory”’ cells in inflammatory
diseases of the kidney. These discoveries were possible through development of monoclonal
antibodies, in the 1970’s, against cell surface myeloid cells epitopes such as CD11b
(Mac-1), a component of the integrin co-receptor that forms the complement receptor for
C3, and the myeloid lysosomal membrane protein CD68. In addition, seminal studies from
the Rockefeller Institute linking monocyte trafficking from bone marrow (BM) via the
circulation, to the tissues where monocytes differentiate into tissue macrophages (Més) also
enabled our understanding of the origins and identification of tissue M¢s 1:2 In many
examples M¢s are the major inflammatory cell in the kidney outnumbering T lymphocytes
(T-cells), B lymphocvtes (B-cells), Natural Killer (NK) cells or neutrophils (PMN). M¢s
have been recorded in large numbers in both acute diseases such as post-streptococcal
glomerulonephritis (GN) ANCA associated GN, or in chronic diseases such as IgA
nephropathy or Systemic Lupus Erythematosis (SLE) (Figure 1A). Mé¢s are found in both
acute and chronic diseases of kidney transplantation. Moreover they have been detected not
only in the glomerulus of all inflammatory glomerular diseases but also in the interstitium of
kidney cortex and medulla 311, In many human biopsy studies, glomerular or interstitial
Mé¢s correlate numerically with poor outcomes, including disease progression, severity of
presentation, likelihood of future fibrosis or tubular atrophy suggesting possible roles in
these processes/outcomes!2~16,

With the development of antibodies specific to murine monocytes and M¢s such as the
surface marker Emrl detected by F4/80 antibody or CD68 detected by ED1, and the
coincident development of models of kidney diseases in rodents in the 1980’s heralded an
explosion of knowledge about the immune-response in the kidney (Figure 1B-D) 11,1729,

The term ‘immunologically-mediated diseases’ of the kidney, refers principally to
glomerulonephritides, where lymphocytes, monocytes/M¢s, NK cells, PMN and immune-
complexes are detected in the glomerulus and also kidney cortex. By implication the disease
is caused by the immune system in an unspecified way. The term, coined in the 1970’s,
implies something special about these diseases, but as this article hopefully uncovers,
despite the unusual histological manifestations, there is little unique about the inflammation
in the kidney. In addition to the immunologically-mediated diseases, M¢s are present in
large numbers in acute and chronic allo-immune diseases in kidney transplants and are
recruited following all manner of kidney injuries including ischemic or toxic renal injuries
that comprise acute tubular necrosis (Figure 1D). The fact that M¢s are present not only in
diseases where aberrant immune activation is noted but also in a broad range of injuries
implicates M¢s in diverse processes and outcomes in the kidney and blurs the definition of
immunologically mediated disease.

Kidney macrophages show evidence of activation and correlate
numerically with disease outcomes

When cultured in vitro Mé$s may be activated by a range of stimuli. Most notably bacterial
cell wall proteins such as lipopolysaccharide (LPS), flagellin, and CpG microbial
oligodeoxynucleotides, collectively known as pathogen associated molecular patterns
(PAMPs), potently activate M¢s by engagement of specific receptors including but not
restricted to Toll-like receptors (TLRS), receptors that are collectively known as pattern
recognition receptors (PRRs) 30733. Through intracellular signaling pathways including
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NF«kB and MAP kinase, M¢s ‘spew out” a broad range of pro-inflammatory cytokines
including TNFa, IL1B, 1L12, IL18, IL23, IL6, pro-inflammatory chemokines including
MIP1, MIP2, MCP, KC, and they generate Reactive Oxygen Species (ROS) and reactive
nitrogen species including nitric oxide (NO). In addition to foreign proteins, immune-
complexes (ICs) (comprising immunoglobulins, antigens, complement components,
pentraxins and other plasma proteins of the innate immune system), that frequently deposit
in the glomerulus and bind to leukocyte receptors including activating immunoglobulin Fc
receptors (FcRs) and complement receptors (CRs) also have the capacity, in certain
circumstances, to activate M¢s with broadly similar activation and pattern of cytokine
release to that described for pathogens 34. Certain pathogens such as amoebe and
schistosomes activate Mé¢s, but the pattern of cytokine release is quite distinct with high
levels of Tgfp, IL13, and chemokines such as CCL17, CCI22 being released 35'36. The
presence of cell surface ED3 antigen (CD163) in rats or Mac2 (galectin-3) in mice has been
implicated as a marker of activated M¢s in tissues, although expression of NOS2 or IL1p
proteins is probably a more reliable marker of activation 37:38.

Many studies in kidney diseases have indicated that a proportion of Més in injured tissues
are in fact not merely passive bystander cells, but are activated in similar ways to that which
is achieved in vitro. These observations hold true not only in GN with autoimmunity or GN
with immune-complexes but also in other diseases where renal injury of ‘non-
immunological’ causes is implicated in the pathogenesis, such as diabetic nephropathy,
ischemic/vascular kidney disease, and all forms of chronic kidney disease 39748, In all of
these diseases, M¢ number, and M¢ activation status have been reported to correlate
negatively with outcome. In the subsequent sections we will explore more broadly how in
the absence of PAMPSs or immunecomplexes inflammatory M¢s may become activated and
how the pattern of activation affects M¢ function.

Despite the correlation of M¢ number and M¢ activation with poor outcomes in many
studies of kidney diseases, and despite the capacity for M¢s to release cytokines that can
impact the kidney deleteriously (IL1B, TNFa, IL12, NOS2, ROS, IL6, CCL17, TGFB,
PDGF), M¢s also have the capacity to generate a broad range of cytokines that might impact
the kidney beneficially (VEGF, TGFp, IL10, ANG1, HGF, FGF2, WNT7B) Furthermore, a
major function of M¢s is their capacity for phagocytosis 49. Phagocytosis in many
circumstances occurs without cellular activation or without release of proinflammatory
cytokines 50'51. Phagocytosis is not limited to pathogens, but M¢s scavenge many things
from aged erythrocytes (spleen and liver) dying leukocytes, cellular debris, pathological
matrix, and 1Cs 52. In all these circumstances, phagocytic clearance can occur without
cellular activation and in the context of kidney disease would be beneficial to tissue
remodeling and regeneration following injury53:54. Since in health most monocytes do not
become significantly activated yet clear things away (erythrocytes, PMNs, ICs, pathogens
invading gut and lung) it is likely that the major normal function of monocytes/ M¢s one of
repair and homeostasis. Only in overwhelming circumstances does cellular activation occur
with release of pro-inflammatory cytokines/chemokines. In this context it is very striking
that in models of single kidney injury and repair such as the ischemia reperfusion model (a
model of human ATN), inflammatory Mé¢s are recruited during the repair phase and these
M¢s correlate numerically with repair 55 (see later). One collective interpretation of these
observations is that, analogous with wound healing, the M¢ response to severe injury is
initial sterilization and debridement of the tissue, followed by repair and rebuilding of the
tissue56:57. In repetitive or chronic injury states however, the M¢ is driven to become
excessively or aberrantly activated with deleterious outcomes.
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Innate response to injury vs autoimmunity in macrophage activation

Since monocyte lineage tissue effector cells are present in diverse kidney diseases, there has
been debate as to whether these M¢s are tissue effectors activated and regulated by the
adaptive immune response or whether they become activated as an innate response to local
tissue injury 58762, Several studies in mouse models of GN (nephrotoxic nephritis and anti-
GBM disease) indicated that M¢s are secondary effectors regulated or controlled by CD4 T
cells reactive against foreign antibodies planted in the glomerulus 8. This type of monocyte
activation (Figure 2) has been likened to delayed type hypersensitivity responses as seen in
infections such as tuberculosis where the monocyte “plays foot soldier’ to the effector
autoreactive T lymphocyte 3. Prevention of T lymphocyte-directed activation of monocytes
is an attractive therapeutic target and it is likely that this type of T cell directed activation is
by paracrine signaling via IFNy, IL17, IL12 and other Tyl skewed lymphokines. While it is
true that this mechanism of M¢ activation likely is important in certain contexts in human
glomerular diseases, it is unlikely that this is a major mechanism of M¢ activation in the
kidney, because there is relatively little evidence of cell-mediated autoimmunity (effector T
cells) against the kidney itself in diseases such as ANCA associated GN, or in autoimmune
diseases such as SLE. The exception to that is anti-GBM Disease and Goodpasture’s
Syndrome where autoimmunity against the kidney is the root cause of the disease 54-66.
Many ‘immunological diseases’ of the kidney feature 1C deposition in the glomerulus. In
these diseases, the glomerulus is in large part is a bystander, rather than target, of
autoimmunity. Immune-complexes become trapped in the glomerulus by virtue of its highly
specialized vasculature and sieving function. It is likely that the major physiological
function of PMNs and mononocytes/ Mé¢s in the glomerulus is safe, ‘non-phlogistic’,
phagocytic clearance of formed immune-complexes from the glomerulus 67:68. This innate
immune function is multifaceted in that it involves many innate immune proteins, receptors
and regulated cell signaling pathways, with many systems in place to prevent myeloid
leukocyte activation triggered by this ‘cleaning-up process’ including complement proteins
and pentraxins °2:89. It is also clear, however, that these ‘non-phlogistic’ mechanisms of 1C
clearance are readily overwhelmed, as may be detected by complement consumption from
plasma, with resultant inappropriate myeloid leukocyte activation, and liberation of local
cytotoxic products and pro-inflammatory chemokines which contribute to local tissue injury,
activation of the coagulation cascade, recruitment of further leukocytes and consequent loss
of glomerular function (Figure 2) 26:58:70-72_ The consequence for this is that in several
models of GN the net effect of monocyte/M¢ function is deleterious26:73:74. The activating
Fcy receptors (and FcaR in IgA nephropathy) and late complement components (including
C5a) have been strongly implicated in this innate activation process 67:75-79. In addition to
GN with immune-complexes, recent insights into the mechanisms of ANCA associated
vasculitis (AAV) presenting as GN also suggest that local activation of neutrophils and
monocytes in glomerular capillaries by ANCA ICs on the endothelial surface is an important
part of the pathogenesis of glomerular injury in these diseases 80. Therefore in ANCA
associated diseases, innate immune responses to aberrant IC formation also is central to the
pathogenesis26:67:74 73,

In addition to the ‘immune mediated’ kidney diseases, many other kidney diseases feature
glomerular and interstitial M¢s. Diabetic nephropathy, chronic kidney disease of any initial
etiology, acute interstitial nephritis, and acute tubular necrosis all feature marked
recruitment of interstitial M¢s (Figure 1). For some time it has been unclear what role these
inflammatory cells play in renal pathology. However increasing evidence particularly from
animal models indicates that these leukocytes are also activated and play active roles in
renal pathology 52. While it has been easier to understand how glomerular M¢s clearing I1Cs
or those adjacent to activated T cells might become activated it has been less clear how
interstitial or glomerular Mé¢s in ‘non-immune’ kidney disease become activated. One
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possibility is that NK cells, recruited to sites of injury generate IFNy which activates
monocytes. Another is that chemokines released from injured parenchymal cells not only
recruit M¢s but activate them 81. However in many diseases of kidney there are very few
NK cells and the data that chemokine ligation of monocyte chemokine receptors triggers
activation has not been forthcoming 58. More likely is that factors released from injured
cells or extracellular factors oxidized or modified during injury function as ligands for
activating receptors on monocytes®2. These factors, known as danger associated molecular
patterns (DAMPSs) have been increasingly described and bind to receptors of the innate
immune response known as pattern recognition receptors such as Toll-like receptors
triggering leukocyte activation with a similar pattern of activation to PAMPS and ICs
(Figure 2). This group of danger molecules includes advanced glycation end products
(AGE), HMGB1, S100A8, S100A9, adenosine and others 83-85.

Macrophage heterogeneity and polarization

As an increasing number of cell-surface M¢ markers have been identified with
commercially available antibodies, labeling studies in tissues have identified different
populations of M¢s in kidney and elsewhere. Some of these subpopulations have been
reported to be differentially activated, some more activated and some activated to produce
different cytokines. One thing is clear: not all M¢s are the same. In vitro studies indicate that
M¢s can be polarized by activation with different cytokines. Polarized activated M¢s have
been ascribed different functions largely based on in vitro studies (Figure 2B, Figure 3).
Polarization was initially described as classical vs alternate activation, but more recently the
former has been ascribed M1 and the latter M2, reminiscent of classifications of T
lymphocytes 49:86:87 Several problems with the in vitro models exist. Firstly, the in vitro
activation is highly artificial and secondly, the in vitro cultured M¢ may bear limited
resemblance to their in vivo cousins: The M1 macrophage can be differentiated with IFNy or
LPS neither of which may be present significantly in tissue injury, the M2 macrophage
generated by exposure to I1L4 or 1113, neither of which are abundant in tissue injury in the
kidney. Thirdly the correlation between in vitro markers (e.g. nitric oxide vs arginase) and in
vivo function is poor. Nevertheless increasing evidence that this type of functional
heterogeneity exists in vivo has accumulated. More recently this classification has been
modified to reflect the increasing controversy in this area and the increased awareness that
other discrete macrophage phenotypes may exist. The M2 population of M¢s may be better
described as wound healing since depending on the injury and organ context the M2 M¢
may promote wound healing, angiogenesis or fibrosis (Figure 3). In addition, exposure to,
the antiinflammatory cytokine IL10, pentraxin-2 (also known as serum amyloid P),
adenosine or in certain circumstances apoptotic cells, and ICs can result in M¢s that
generate high levels of 1L10 themselves and are actively involved in the suppression of
immune responses. This macrophage subpopulation might be better identified as a
regulatory M¢ 52:88:89.

To explain heterogeneity further, three hypotheses have evolved: (1) monocytes differentiate
into an infinite number of phenotypes depending on the environment (Hume Hypothesis) %
(Figure 2B); (2) there are pre-existing subpopulations of monocytes that are functionally
prescribed (Geissman Hypothesis) 91793; (3) there are discrete functional populations that
can change (switch) from one form to the other 56. Evidence supports all three of these
hypotheses. It is clear that depending on the cytokine mixture applied in vitro cultured Mé¢s
acquire different phenotypes transcriptionally that are not polarized, rather show many
patterns of activation suggesting infinite possibilities. Furthermore, increasing evidence
from in vivo studies points to monocytes not only sensing danger or injury but also sensing
and responding to the tissue specific environment, providing multiple ‘phenotypes’ 60:94-96,
In contrast however, studies from the 1990’s revealed two or more discrete populations of
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human monocytes and studies of Geissman and colleagues provided evidence of clear
functional differences between subpopulations of circulating monocytes in mice, in keeping
with the second hypothesis 91:97:98 (Figure 2B). Our own recent studies using the marker
Ly6C to define M¢ subpopulations confirm the second hypothesis but show that the third
hypothesis holds true in vivo, that is that a single monocyte subset differentiates sequentially
into functionally discrete populations rather than infinite phenotypes (Figure 2B 4) 60. In
order for this to occur, either cellular activation engages a transcriptional program which
regulates a sequential or phenoypic switch, or environmental triggers (i.e. within the injured
tissue) activate a transcriptional and functional switch. Several studies support the idea that a
phenotypic switch is triggered by environmental factors. Local release of Adenosine in
injured tissues binds adenosine receptors on M¢s and can trigger M¢ polarization 81, Further
studies to define a role for Adenosine receptors and other injury-released compounds
(DAMPs) and their cognate receptors in this switch are required.

Lessons from genetic models in rodents

Until recently, the function of M¢s in tissue injury has largely been inferred by their
presence in injured tissues and the cytokines that they can generate in vitro when activated.
A limited number of studies using polyclonal anti-M¢ sera suggested deleterious functions
for M¢s in glomerular diseases, but these have to be interpreted with caution due to lack of
specificity of such preparations 27:72, In the 1990’s liposomal encapsulated clodronate was
developed as a strategy to ablate Més in vivo. This strategy relies on the selective uptake of
liposomes by monocytes and M¢s, delivering toxic levels of the bisphosphonate clodronate.
However liposomes are endocytosed by many cells including neutrophils and endothelial
cells, and clodronate has anti-inflammatory effects of its own. Nevertheless, lipsomal
clodronate is effective and has been widely used to study M¢ function in vivo despite
potential lack of specificity.

Macrophage ablation in vivo

To circumvent these problems we developed a genetic approach to Mé¢s ablation in vivo,
relying on the selective susceptibility of human cells but not mouse cells to the toxic effects
diphtheria toxin (DT) 26:99. Humans are greater than 1000x\ more susceptible to DT than
rodents due to the cell surface expression of the human heparin binding epithelial growth
factor receptor which is a receptor for DT (DTR) and transports DT to the cytosol where it is
rapidly lethal. Transgenic expression of this human receptor in mouse cells renders those
cells uniquely susceptible to DT. We generated a mouse model where the DTR was
expressed under a M¢-specific promoter for the integrin CD11b, CD11b-DTR. Although
CD11b is expressed by other cells including neutrophils only monocytes, M¢s, dendritic
cells and a small population of NKT cells are susceptible to the effects of DT (Figure 5A-C)

Using this model we have been able to target monocytes and M¢s specifically in models of
kidney disease, at different time-points. In a model of crescentic GN induced by immune-
complex formation at the basement membrane of the glomerulus (Nephrotoxic nephritis
[NTN]), M¢s promote disease progression (Figure 5D). One manifestation of this
progression was interstitial fibrosis, another was tubular atrophy. In a second model of
immune complex deposition GN, which is analogous to membranoproliferative GN seen in
human diseases including cryoglobulinemia or SLE, M¢ ablation also ameliorated disease.
In both of these models the data suggest that while monocytes and M¢s normally promote
safe, non-phlogisitc clearance of ICs in the glomerulus, the normal safety mechanisms in the
innate immune system are overwhelmed allowing monocyte/M¢ activation and consequent
local tissue injury 88:73. Although within the heterogeneous mix of inflammatory M¢s some
may still be performing reparative functions, the net consequence of widespread of M¢
ablation in these models of glomerular disease is amelioration of tissue injury.

Semin Nephrol. Author manuscript; available in PMC 2011 May 1.
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In order to explore the role of M¢s in fibrosis progression further in ‘non-immunological’
inflammatory disease of the kidney we used a simple model of mechanical injury caused by
obstruction of the ureter of the kidney, that results in inflammation and fibrosis 52:60,
reminiscent of chronic kidney disease (Figure 5E). We discovered that M¢s also promote
fibrosis in response to mechanical injury, suggesting a generalized role for M¢s in fibrosis
progression but also indicating that much of the interstitial disease seen in immunological
kidney disease may be in response to secondary cellular injury rather than glomerular ICs.
This finding has been recapitulated by others by preventing recruitment of monocytes from
the circulation 100,101,

Next we studied M¢ function in the bilateral ischemia reperfusion injury model (IRI), which
shares similarities with human acute tubular necrosis. Surprisingly, Mé recruitment
coincides with repair not injury (Figure 1). This surprising finding led us to speculate that
M¢s have the capacity to repair the kidney in the absence of an injury stimulus. In the
CD11b-DTR mouse model, ablation of M¢s during the repair phase of IRl model indeed
prevented normal repair °°. Studies are currently underway to dissect the mechanisms by
which in single injury followed by repair and regeneration M¢s promote repair whereas in
repetitive injury or chronic injury they promote cell loss and fibrosis.

Rodent Congenics

Strains of inbred mice and rats have widely differing susceptibility to diseases of the kidney.
These differences have been exploited experimentally to identify the genes that govern
increased susceptibility. Not surprisingly, many of the genes identified play roles in the
innate and adaptive immune response 102:103, The Wistar Kyoto rat strain is extremely
susceptible to the model of immunecomplex GN, called NTN. This rat was crossed with
Lewis rats that are resistant to developing disease in response to nephrotoxic serum. By
backcrossing and testing for disease susceptibility, two novel disease susceptibility genes
have been identified and these are both monocyte/ M¢ genes. One, Fcy receptor 3 (FcyRIII)
is present in an alternate form in susceptible rats that renders its Més unable to efficiently
phagocytose ICs, and renders them more activatable by pathways other than FcyRIII 67, The
other disease susceptibility gene is JunD, a transcription factor in the AP-1 family that
regulates cellular activation of M¢s74. These studies both serve to highlight the central role
of M¢ non-phlogistic clearance of ICs and intracellular regulation of M¢ activation as key
facets that regulate disease progression. Furthermore, rodent FcyRIII is analogous to human
FcyRIIA, a major activating FcyR. This receptor has many polymorphisms that determine
susceptibility to the development of SLE and lupus nephritis 104:105.

In congenic studies in mice that develop spontaneous SLE, several disease susceptibility
chromosomal loci have been identified. The mouse Slel locus is syntenic with the human
SLE susceptibility loci containing genes involved in the complement cascade and FcyRs,
that are present on monocytes and M¢s. It also contains genes for B cell survival signals
(SLAM), regulatory T cells, complement receptors (CR2), and regulates the development of
autoantibody and nephritis 192:106-108. These studies therefore also place monocytes and
Mé¢s at the centre of the immune response in these models of lupus kidney disease.
Collectively these powerful genetic studies place M¢ regulation of activation and signaling
through M¢ FcyRs at the centre of the immune response in the glomerulus

Mechanisms of macrophage mediated fibrosis

From many studies in vivo in different organ systems, M¢s have been shown to play a key
role in the progression of fibrosis, a major harbinger of organ failure. These cross-organ
findings, suggest that the pro-fibrotic role of M¢s is a stereotyped response to chronic injury
or repetitive injury 26,60,99,100,109-115 Ny Itiple mechanisms by which M¢s cause fibrosis
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have been proposed (Figure 6), and merit review. In parasitic infections, of liver, recruited
inflammatory M¢s are a major cellular mediators of fibrosis 3:96:116_|n this setting M¢
derived arginase and I1L-13 are molecular factors driving fibrosis. It has been postulated that
M¢ arginase may directly promote fibrosis by hydrolyzing arginine to ornithine which can
be used to generate the polyamines glutamate and proline which are necessary for collagen
synthesis 117, IL13 generated by both T2 skewed T cells and M¢s, directly drives
myofibrobalsts to generate collagenous matrix. (Figure 6). In lung diseases, production of
IL13 and YM1 by M¢s has been strongly implicated in directly driving myofibroblast
activation (Figure 6) 92118, However, in contrast to lung and skin, in the injured kidney M¢s
do not generate IL-13, Fizz1 or YML, and arginase is not significantly regulated in response
to injury 69, These mechanisms are probably not important in the pathology of renal fibrosis.

The cytokine TGFp has been implicated in M¢-driven fibrosis in many organ systems by
local release and local activation119:120_In the kidney it is clear that M¢s are but one of
many sources of TGFp and epithelial cells, rather than M¢s, are the main source of
activation of TGFp from its latent form. The major activating factor is oy Bg integrin
mediated cleavage of the inactive molecule at the epithelial basolateral membrane 121,122,
Although TGFp can activate and trigger proliferation of myofibroblasts, it also promotes cell
cycle arrest and cell death in epithelial cells which is also deleterious to the kidney and it
remains therefore an attractive target for therapeutics. It is but one factor, however released
by Mé¢s that can play a role in fibrogenesis (Figure 6). Therefore although M¢ derived TGFp
may play a role in fibrogenesis it is not likely to be the major M¢ effector cytokine.

A third mechanism by which M¢s promote fibrosis is by differentiation into a cell called
fibrocyte (myeloid cell that generates fibrotic matrix directly). Despite reports providing
evidence for the presence of fibrocytes in models of kidney disease 123-125, our recent
exhaustive studies of these cells indicates that in the mouse, at least, they are very rare and
do not contribute to fibrogenesis (Figure 6) 52:55:126. More likely is that M¢s signal directly
or indirectly to myofibroblasts and their precursors via cellular (paracrine) cross talk.

We have recently defined M¢ heterogeneity in vivo in mouse models of chronic kidney
disease. Three populations of kidney Mé¢s can be identified (Ly6C9", Ly6Cin, LygClow),
Al three derive from a single population of circulating inflammatory Ly6C"9" monocytes
(Figure 4) 52:55,126 | ygCNigh M¢s in the kidney are activated, produce pro-inflammatory
cytokines including IL1p and chemokines including Mipla, Mip2 and are similar to M1
activated M¢s defined previously. In stark contrast, Ly6C'W M¢s, which derive from
Ly6Chigh M¢s generate low levels of IL1p and Mip2, but instead produce cytokines Ccl17,
Ccl22, Pdgf, 1gf1, all factors that have been associated with fibrogenesis and define Ly6C'oW
M¢s as M2 or wound healing. Myofibroblasts have receptors for Pdgf, Igfl and receptors for
the type 2 chemokines. While it is possible that one M¢ derived factor is responsible for the
pro-fibrotic biology of M¢s, far more likely is that many cytokines converge on
myofibroblasts or pericytes in driving fibrosis. Nevertheless, the Ly6C'®% M¢s, by virtue of
their M2 skewed transcriptional profile, fulfill several of the criteria for paracrine signaling,
and are therefore a target for therapy (Figure 4). Despite clear evidence for wound healing
Més in kidney fibrosis, it remains possible that either Ly6CM9" M¢s producing M1 type
cytokines or Ly6C!°W M¢s producing M2 type cytokines act indirectly to drive
myofibroblast activation and differentiation. We have recently discovered that
myofibroblasts derive from pericytes, a newly described cell type in the kidney 126:127,
Pericytes are perivascular cells of capillaries, derived from metanephric mesenchyme during
development, and are necessary for angiogenesis and vascular stability through two-way
signaling between pericytes and endothelial cells. It is therefore possible that M¢-signaling
to endothelial cells, directs pericyte migration, and differentiation into myofibroblasts. In
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that context, Ly6CM3" M¢s generate high levels of Ang2 which may signal deleteriously to
endothelial cells (Figure 6).

Monocytes and Macrophages as new targets for therapy

A) Targeting macrophage activation of phenotype

We have recently been able to test, serendipitously, whether M¢-ativation in the injured
kidney is necessary for fibrosis progression. Understanding of the mechanisms by which
M¢s become activated in sterile inflammation remains incomplete. Although foreign
proteins, lipoproteins and nucleic acids, (pathogen associated molecular patterns or PAMPS)
readily bind to M¢ cell surface pattern recognition receptors (PRRS), and activate cells,
these foreign proteins are not present in sterile injured tissues and therefore cannot be a
mechanism of activation. Increasing evidence suggests that in addition to activating IFNy
released from NK cell, soluble factors and debris released from injured cells and injured
tissues, known as danger associated molecular patterns (DAMPS) also bind to PRRs
including TLRs and other receptors such as RAGE (Receptor for advanced glycation
endproducts) (Figure 2, 3) 8385 Selective blockade of myeloid cell activation triggered by
sterile injury while permitting activation triggered by foreign pathogen epitopes is a highly
attractive approach to the treatment of chronic inflammation since it will not pose a risk of
increased infection susceptibility, always a concern when targeting leukocyte activation.

Serum Amyloid P (SAP) or pentraxin-2 (PTX2), with structural similarities to C-reactive
protein (CRP) is a circulating pentameric protein of the innate immune system and is
strongly anti-fibrotic in diseases of the kidney 2. Unexpectedly, its antifibrotic effect is not
mediated through binding to myofibroblasts, rather it binds to M¢ FcyRs. PTX-2 deposits in
injured tissues by opsonizing dead cells and debris in injured tissues. Once it has opsonized
targets, it undergoes a conformational change converting to a high affinity ligand for the
activating FcyRs, hFcyRIIA and hFcyRIIT (mFcyRIT and mFcyRIV). Cross-linking of
FcyRs by PTX-2 does not activate M¢s (unlike crosslinking of FcyRs by immunoglobulin)
52. Conversely it inhibits activation mediated by other activating stimuli (Figure 7). Part of
the mechanism by which SAP inhibits M¢ activation is through local release of 1L10. IL10
is an anti-inflammatory cytokine that is well recognized for inhibiting inflammation and has
direct antifibrotic effects on myofibroblasts. IL10 is very short-lived and therefore difficult
to administer systemically. In addition systemic administration may stimulate B-cell
proliferation and may thereofre paradoxically stimulate adaptive immune responses.
However our studies show that by endocytosing and phagocytosing PTX-2-opsonized
debris, Més release 1L10 locally in the injured kidney resulting in less activated Més (both
M1 and M2 subtypes) that are unable to drive fibrosis. Furthermore, IL10 generation by
inflammatory Mé¢s defines them as regulatory or immunsuppressive M¢s. It maybe therefore
that PTX-2 not only inhibits M¢ activation but causes differentiation toward the regulatory
M¢ phenotype (Figure 3) 52:88. Importantly, PTX-2 does not inhibit activation triggered by
the bacterial cell wall lipoprotein LPS, implicating PTX-2 as a novel and safe endogenous
inhibitor of sterile inflammation and fibrosis. Recombinant (PTX-2), is currently in Phase |
trials as an anti-fibrotic therapy, and it clearly may have broad therapeutic indications.
Although still in its infancy new PRRs and new DAMPs that active the innate immune
system are being identified and may become new targets for therapy 8°. Novel inhibitors of
M¢ activation including inhibitors of the MAP kinase and Jun kinase activating cell-
signaling pathway are currently in development.

B) Targeting monocytes

Rodent studies using liposomal clodronate or the CD11b-DTR ablation system indicate that
ablation is effective in limiting tissue injury and fibrosis in chronic injury models in rodents.
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Selective cellular ablation is widely accepted in humans, in the form of monoclonal or
polyclonal antibodies that target T cells or B cells (Anti-thymocyte globulin (ATG), anti-
CD3 antibodies (OKT3), anti-CD20 antibodies (rituxumab), anti-CD52 (Campath)
antibodies). All of these therapies are highly efficacious but come with considerable
infection risk (except anti-CD20 antibodies). ATG likely also ablates monocytes in addition
to T cells. In addition, a wide range of other therapies, including Mycophenolic acid,
Cyclosporine A, and Cyclophosphamide, function either to ablate or profoundly inhibit
proliferation of lymphocytes. It is quite likely therefore that monocyte specific ablative
therapies would be successful in humans, but there may be unacceptable side effects,
particularly if they are to considered in the treatment of chronic diseases. Nevertheless, these
therapies could find a role in the management of acute inflammatory diseases of the kidney
including acute interstitial nephritis and rapidly progressive GN. The monocyte and M¢
receptor for CSF or M-CSF is Csf1R or C-FMS. This tyrosine kinase dependent receptor
drives monocyte proliferation in tissues and may be an alternative target for therapy. Several
tyrosine kinase inhibitors that are selective for the Csf1R have been developed and are in
early trial phases 128,

C) Targeting macrophage recruitment

Alternative strategies to M¢ ablation have been investigated and tested with varying degrees
of success. Chemokines and their receptors are important factors in monocyte recruitment.
One problem encountered with targeting monocyte recruitment has been the redundancy of
chemokines and their receptors, relegating single chemokine receptor blockade due to its
limited capacity to prevent monocyte entry into the injured organ including the kidney 129.
Moreover chemokine receptors such as CCR2 have broader roles in release of monocytes
from bone marrow which may pose additive risks of infection. In addition, the finding that
two or more subpopulations of monocytes exist in the circulation, one with high CCR2
receptor, another with high CX3CRL1 (fractalkine) receptor renders targeting strategies more
complicated since there may be redundancy of function of these populations 130. New small
molecules that provide broader blockade of chemokine receptors, including compounds such
as BMS-A (Bristol-Myers Squibb) which block both CCR2 and CCR5 in humans and
rodents, or combination inhibitors that block individual receptors including CCR1, CCR2
and CCR5 hold promise as new therapies in fibrosing inflammatory diseases, not only in the
kidney but in other organs systems including liver 1317135. Since the innate cellular
immune response to pathogens is important in health, and since almost all rodent studies are
performed in sterile facilities, safety in addition to efficacy studies will need to be completed
before these compounds can be used in human diseases. In this context the CCR1 antagonist
CP-481,715 (Pfizer) is currently in phase I trials for Rheumatoid Arthritis 136:137.

D) Targeting macrophage differentiation

Several studies support the model in which Mé¢s differentiate into a wound remodeling or
fibrotic macrophage 56:84,88,138,139 The mechanisms by which this differentiation occurs
remain incompletely understood. Several candidate factors driving such differentiation have
been described including PTX-2 described earlier. Local release of adenosine, which binds
to adenosine receptors has been identified as another candidate. Adenosine has been
ascribed as ‘anti-inflammatory’ since it can result in appearance of wound healing M¢s with
angiogenic properties and can prevent pro-inflammatory cytokine production 81, However
the role of adenosine in appearance of pro-fibrotic M¢s remains to be explored. Mechanisms
to selectively target Adenosine receptors or target the extracellular enzymes such as CD73
that generate extracellular adenosine should be tested in models of sterile inflammation with
fibrosis to determine efficacy 140,
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E) Other potential targets

The list of M¢ paracrine effector molecules is extensive, but the precise role of these factors
individually or in concert has been inadequately tested. The cytokines PDGF, IGF1, and
Angiopoietin2, PGE2 are all liberated by M2 or wound healing M¢s in vivo and may play
deleterious roles. Whether single molecule blockade will be effective remains to be
established. However, promising studies that target the receptor for PDGF, PDGFR using
tyrosine kinase inhibitors are currently underway in human transplant nephropathy to
determine whether selective blockade of this paracrine pathway will impact on human
fibrosis progression.

Mechanisms of macrophage mediated cellular loss

In additional to a fibrogenic role of M¢s in chronic or repetitive kidney injuries, M¢ not only
promote fibrosis but also promote loss of epithelial cells and microvasculature 26:5%:141.
M¢-directed loss of epithelial cells can be detected by the presence of increased cellular
apoptosis, but apoptotic cell death occurs while epithelial cells engaged in cell cycle. In
chronic disease states M¢s drive both the cell cycle and apoptotic cell death 26:59. The
mechanisms by which this occurs have not been completely elucidated., but it is likely that
growth factors drive cell cycle entry and progression and other factors promote cell death at
cell cycle checkpoints. Possible roles for iINOS, and Tnfa have been explored but no
consistent cytokine signals have been clearly identified 142, and M1 M¢ type functions are
implicated in this process. Regardless of the specific cellular crosstalk, two important facets
of macrophage biology are highlighted. Firstly, macrophage activation is required for
epithelial cell death and secondly, a common theme emerges by which macrophages
provoke cells into cell cycle and target their untimely death at DNA cell cycle checkpoints.
This manifestation of macrophage function has been recapitulated in several organ systems,
and seems to be a generalized function of activated macrophages. It is possible that
macrophages function in this context to test cell health. By triggering epithelial (and other)
cells into cell cycle they are testing cell integrity. If a cell pauses at a DNA checkpoint it is
likely due to stress, inadequate energy or resources, or excessive damage to its DNA. It is
widely acknowledged that cells pausing at DNA checkpoints are more susceptible to
apoptotic cell death, so the macrophage functions as a policeman of interstitial cells
checking for health and driving rapid death and clearance if the stress testing does not go
well. Clearly although this kind of function might appear desirable, in chronic inflammation
with persistent activation of macrophages, excessive cell loss can ensue leading to tubule
atrophy and peritubular capillary rarefaction. New studies are required to understand the
molecular mechanisms underlying these observations.

Macrophages in repair and regeneration

A common theme throughout this article is that the natural state of being for a M¢ is non-
phlogistic clearance of debris, and unwanted things from the body, and liberation of safe
helpful cytokines that promote well-being. Chronic, repetitive or severe injury states
overcome the inbuilt mechanisms that prevent activation and the M¢ becomes chronically
activated leading to deleterious consequences. There is evidence from multiple organ
settings that following single injury M¢s provide reparative functions 5:143:144 At the
current time, the factors that dictate how M¢s become predominantly reparative vs.
deleterious remain obscure. One candidate pathway that is activated by reparative M¢s in
the kidney is the Wnt signaling pathway, a cell-cell signaling pathway with profound
importance in kidney development. Doubtless multiple mechanisms by which Més promote
repair in the kidney will be uncovered. Nevertheless, by understanding how M¢s repair and
regenerate tissue we may be able to artificially impose a repair program on chronically
injured tissues to drive healthy repair processes and disable the deleterious processes that
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lead to chronic disease. Further in targeting ‘bad” Mé¢s as a novel therapeutic option, it will
be important to understand when inflammatory Mé¢s function positively rather than
negatively.

Therapeutic options in the treatment of chronic kidney diseases and
immune mediated kidney diseases

To summarize, M¢s are an innate immune cell that is widespread in diseases of the kidney.
Increasing evidence that targeting M¢s and their functions will lead to improved outcomes
in many kidney diseases has emerged. The final common pathway of chronic kidney disease
that leads to organ failure, death or renal replacement therapy, appears increasingly to be
driven, at least in part, by chronically activated M¢s, and similar deleterious roles for M¢s in
immunologically mediated diseases have been identified. New therapeutic targets are
emerging and undergoing investigation in human trials as potential novel therapies in a
range of kidney diseases.
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Figure 1. Macrophages are present in all forms of kidney disease with inflammation
Photomicrographs of (A) human glomerulonephritis labeled with antibodies (brown) against
the macrophage marker CD68 (T = tubule, G = glomerulus). (B) mouse model of chronic
kidney disease showing macrophages (brown) labeled with the F4/80 antibody against
EMRL1. (C-D) Graph showing the proportion kidney cells that are macrophages in two
mouse models of kidney disease. Note that macrophages are present in chronic disease (C)
but also in repair after injury (D). Marker = 100pum
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Figure 2. Schematics demonstrating likely mechanisms of

(A) macrophage activation in vivo. In addition to pathogens (Model I11), lymphocytes,
immune complexes and molecules released from damaged tissue all have the capacity to
activate macrophages. (B) Three models proposed to explain macrophage heterogeneity in
tissue inflammation. In model A an infinite number of M¢ phenotypes can occur, in model
B there are subsets of monocytes that are preprogrammed with a stereotyped response and in
model C monocytes differentiate into a restricted number of phenotypes depending on both
the tissue environment and an activating stimulus.
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Figure 3. Subpopulations of inflammatory macrophages in vivo

Schematic showing three different types of inflammatory macrophage, and factors that
regulate their activation/differentiation in sterile inflammation in vivo. Although cell-derived
and tissue-derived factors can regulate recruited monocytes to differentiate into different
macrophage subtypes, regulatory macrophages also differentiate from M1 and M2/wound
healing activated macrophages, triggered by mechanisms that are poorly understood.
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Figure 4. Ly6C, a marker of monocyte and macrophage heterogeneity

Schematic showing recruitment of Ly6CM monocytes selectively into the kidney from
capillaries, which differentiate into three populations of kidney macrophages, Ly6Chi,
Ly6Cint and Ly6C'°. These kidney macrophage subpopulations generate discrete M1 biased
(Ly6C") and M2 (Ly6C!°) biased cytokines in vivo. The Ly6Cint subpopulation comprises
both macrophages derived from activation of resident macrophages and also macrophages in
transition between with Ly6CM and Ly6C!° subpopulations.
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Figure 5. Studying macrophages in vivo by ablation using the CD11b-DTR mouse model

(A) The CD11b-DTR mouse harbors the CD11b-DTR transgene where the diphtheria toxin
receptor is regulated by the CD11b promoter/enhancer. (B) By injecting minute amounts of
DT into these mice only cells expressing the DTR are susceptible to its lethal effect. (C)
Graph showing the effect of a single injection of DT on peripheral blood mononuclear cell
populations (PBMCs). Note the selective ablation of CD11b+, Ly6G-, NK1.1 cells which
are monocytes. Neutrophils are also not affected (not shown). (D) Schematic of late ablation
of monocytes and M¢s in the nephrotoxic nephritis (NTN) model of crescentic
glomerulonephritis and Collagen-111 stained lower power images of kidney d20 of NTN.
Note the deposition of interstitial collagen is attenuated by M¢ ablation as is tubular atrophy
(E) Schematic of late ablation of monoctes and M¢s in the chronic obstructive injury model
and images of Sirius red stained sections of kidneys after 10d of injury. Note M¢ ablation
attenuated fibrosis in this model of chronic kidney disease also.
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Figure 6. Schematics of proposed models of macrophage mediated fibrosis

(I) Arginase, TGFp and IL13 have been shown in pathogen triggered liver fibrosis, lung
fibrosis and skin diseases and kidney diseases (TGFp only) to be significant M¢ factors in
fibrogenesis (I1) Activated M¢s differentiate into Type 2 (M2 or wound healing) M¢s
liberate cytokines that can drive pericyte or myofibroblast activation and consequent
deposition of fibrillar collagens I and 111, (111) A subpopulation of monocytes differentiates
directly into a scar forming cell called fibrocyte (IV) Activated M¢s injure endothelial cells
which sequentially trigger pericyte migration and differentiation into myofibroblasts, or they
injure epithelial cells which sequentially liberate factors that promote pericyte migration
from capillaries and differentiation into myofibroblasts.
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Figure 7. Mechanism by which Pentraxin-2/Serum Amyloid P inhibits macrophage directed

fibrogenesis in the kidney

PTX-2 (red pentamers) opsonization of apoptotic cells, debris and oxidized matrix, triggers
a conformational change that renders PTX-2 a high affinity ligand for activating
immunoglobulin Fcy receptors hFcyRIIA and I11. Ligation of activating receptors on
inflammatory kidney macrophages triggers differentiation of inflammatory M¢s into
regulatory M¢s which generate IL10. This inhibits both Ly6CM and Ly6C'°® M¢ activation
and also directly inhibits collagen synthesis by myofibroblasts. In other organ systems
PTX-2 has been reported to trigger differentiation of fibrocytes but these are not detected in

kidney disease.
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