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Abstract

Macrophage colony-stimulating factor (CSF-1 or M-CSF) is important for kidney repair after
acute kidney injury (AKI). CSF-1 is upregulated in tubule epithelial cells in response to kidney
injury stimuli and binds to its sole receptor, CSF1R, in an autocrine and paracrine manner. Wang
and colleagues used a genetic approach to constitutively delete CsfZ in proximal tubules to
establish that proximal tubule production of CSF-1 is important for polarizing and skewing
macrophages toward an M2 phenotype, and for recovery from AKI.

Following an acute insult, kidney function may either recover or progressively decline.
During kidney recovery, renal and extrarenal cells participate in the wound-healing response
and can initiate fibrosis. Immune cells of the mononuclear phagocyte system, including
macrophages and dendritic cells, have emerged as important cells in the recovery of kidney
function, as well as in the development of fibrosis and can dictate the balance between
wound healing and progressive fibrosis. The intrinsic plasticity of monocytes/macrophages
and dendritic cells, as well as attempts to relate /n vitro studies to /n vivo findings makes the
functional definition and phenotype of this myeloid population in kidney pathophysiology
complex.1~* The distinct roles of macrophage-derived mediators of tubule repair and/or
fibrosis /n vivo have not been well established. /n vitro studies have led to two well-defined
mononuclear phagocytes. Classically activated macrophages (M1 mononuclear phagocytes,
including macrophages and dendritic cells) are produced by exposure to lipopolysaccharide
or interferon-y and are widely thought to be proinflammatory and contribute to initial kidney
injury. Alternatively activated macrophages (M2 mononuclear phagocytes) are produced by
interleukin-4 and interleukin-10, appear later after acute kidney injury (AKI), and have a
genetic signature associated with wound healing and/or fibrosis.> The /n vitro-defined
relative polarization status of macrophages/dendritic cells may not reflect their true /n vivo
phenotype. These mononuclear phagocyte phenotypes depend on the complex local tissue
microenvironment, which may induce phenotype switching.

Previously, macrophage colony-stimulating factor (CSF-1 or M-CSF) has been shown to be
important for renal macrophage proliferation and polarization during kidney repair after
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AKI.1 Wang er al® (this issue) now establish proximal tubule production of CSF-1 as
important for polarization of renal macrophages and recovery from AKI (Figure 1). CSF-1 is
upregulated in tubule epithelial cells in response to kidney injury stimuli and binds to its sole
receptor, CSF1R, in an autocrine and paracrine manner.” CSF-1 is also well known for its
role in the bone marrow to facilitate the production of blood monocytes, the precursors for
infiltrating tissue macrophages. Tissue production of CSF-1 can induce monocyte
recruitment from the blood and proliferation and survival of tissue-resident macrophages, as
well as skew macrophages toward an M2 phenotype.8

Wang er a/5 used a genetic approach to constitutively delete Csf1 in proximal tubules to
determine whether proximal tubule production of CSF-1 was necessary for kidney recovery
from AKI. They used two murine models of reversible kidney injury: ischemia/reperfusion
injury and the diphtheria toxin receptor (DTR) mouse, in which administration of diphtheria
toxin (DT) to transgenic mice expressing the human DTR in proximal tubule cells results in
cellular apoptosis. As anticipated, in mice lacking proximal tubule expression of Cs7Z,
activation of CSF1R was diminished in tubules and macrophages. Proximal tubule
production of CSF-1 was not necessary for kidney injury at day 4 after DT. However,
kidneys from mice with proximal tubule-deficient CSF-1 had reduced recovery of kidney
function by day 6 and kidney function similar to that of control mice by day 10. Reduced
kidney function on day 6 was associated with cellular and biochemical indicators of kidney
damage such as increased kidney neutrophil numbers, Kim1 levels, and tubular oxidative
stress and secondary necrosis. CSF-1 has been shown to induce tubule proliferation, thereby
mediating kidney repair, and macrophages may be only partially responsible for CSF-1-
dependent renal repair.” Therefore, the relative contribution of CSF1R activation in tubules
versus macrophages in response to tubule production of CSF-1 in kidney recovery has yet to
be determined. Notably, previous studies by this group reported that mice globally deficient
in Csf1 were unable to recover kidney function by day 10 in the DT model, suggesting that
non-proximal tubule production of CSF-1 may also be important for kidney recovery from
DT-mediated AKI. Alternatively, as CSF-1 is important in myeloid-cell development in the
bone marrow,® global deletion of CsfZ may have a greater impact on kidney recovery owing
to extrarenal effects of CSF-1.

The study by Wang et a/8 also sought to determine whether there was a role for proximal
tubule production of CSF-1 in renal macrophage/dendritic-cell number and polarization
during recovery from DT-mediated AKI. Indeed, there were fewer total renal macrophages/
dendritic cells at day 6 after DT in kidneys of mice lacking proximal tubule production of
CSF-1, which may be owing to reduced proliferation of resident macrophages/dendritic cells
or macrophages/dendritic cells derived from infiltrating monocytes, and/or reduced
monocyte recruitment to the kidney. In addition, macrophages/dendritic cells purified from
kidneys of mice lacking proximal tubule production of CSF-1 at day 6 after DT were less
M2 polarized relative to control mice, and there was no difference in M1 markers. However,
macrophage depletion by liposome clodronate at the time of DT administration in the
absence of proximal tubule production of CSF-1 increased initial kidney injury and reduced
recovery, suggesting that macrophage proliferation and polarization during kidney recovery
is dependent on other factors in addition to CSF-1.
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Consistent with a role for M2 macrophages in promoting renal repair and prevention of
fibrosis, kidneys of mice lacking proximal tubule production of CSF-1 at 4 weeks after DT
had increased fibrosis, fibrotic markers, and oxidative stress relative to control mice.
Interestingly, although kidney function was not measured in mice lacking CsfZ in proximal
tubules at this time point, it was probably similar to that of controls, as kidney function was
not different at day 10. These data suggest that there is dissociation between fibrosis and
kidney function, and the functional consequence of increased fibrosis is not evident at this
time point; longer follow-up may be necessary.

Last, this study also convincingly demonstrates that proximal tubule production of CSF-1 is
necessary for recovery from AKI mediated by ischemia/reperfusion injury. Similar to the
findings in the DT model, there was no difference in initial injury in mice with the proximal
tubule-specific deletion of CsfZ compared with control mice. However, these mice had
reduced recovery of kidney function by 72 h of reperfusion. At day 5 of reperfusion, kidneys
from mice with proximal tubule-specific CsfZ deletion also contained more neutrophils and
fewer macrophages/dendritic cells. In addition, proximal tubule deletion of Csf7 resulted in
a decrease in M2 markers relative to control mice in purified kidney macrophages/dendritic
cells. Four weeks after ischemia/reperfusion injury, there was increased fibrosis in kidneys
of mice with proximal tubule-specific deletion of CsfZ compared with control mice.
Altogether, these findings support that modulation of macrophage polarization and renal
repair by proximal tubule production of CSF-1 is common to both ischemia/reperfusion and
direct tubule apoptosis-mediated AKI.

This study advances our understanding of the importance of the kidney interstitial
microenvironment in recovery from AKI. It identifies proximal tubule production of CSF-1
as an important factor in macrophage polarization and recovery of kidney injury. Further
studies are needed to elucidate the role of local tissue production of CSF-1 in proliferation
and polarization of resident macrophages/dendritic cells versus recruitment of monocytes. In
addition, as M2 macrophages have also been shown to be associated with fibrosis,® future
studies to clarify the functional differences within this heterogeneous population may be
determined through selective, inducible deletion of key factors in specific subsets of
macrophages and dendritic cells in a time-dependent manner.
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Figure 1. Colony-stimulating factor-1 (CSF-1 or M-CSF) produced by the proximal tubule
polarizes renal macrophages and recovery from acute kidney injury (AKI)

Macrophage CSF-1 is upregulated in tubule epithelial cells in response to kidney injury
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stimuli and binds to its sole receptor, CSF-1R, in an autocrine and paracrine manner. Tissue
production of CSF-1 can induce monocyte recruitment from the blood and proliferation and

survival of tissue-resident macrophages, as well as skew macrophages toward an M2

phenotype.
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