












both C1q and F4/80 in kidney sections of UUO mice, which
was predominant in the interstitial compartment.

C1qA deficiency does not prevent UUO-mediated kidney
fibrosis. C1qA mRNA levels after UUO were increased only in
wild-type but not in C1qA�/� mice; however, C1qB, C1qC,
C1r, C1s, and C3 levels were persistently elevated in kidney
tissue of both wild-type and C1qA-null mice after UUO (Fig.
6A). Previous studies characterizing complement activation in
kidney tissue have used complement C3 antibodies that do not
recognize complement C3 fragments generated upon comple-
ment activation. To address the issue of whether complement
activation occurs in kidney tissue after obstructive injury in
wild-type and C1q-null mice, we used in our studies rat
monoclonal antibodies (clone 2/11) that preferentially react
with the cleaved C3 fragments (31). These antibodies have
been well characterized in previous studies (31). Western blot
analysis using this antibody showed that protein levels for C3
fragments were increased to the same extent after UUO in both
wild-type and C1qA�/� mice (Fig. 6B). C1qA�/� mice also
showed similar levels of fibrosis as WT mice when assessed by
picrosirius red staining (Fig. 6C). Fibrogenic gene expression,
including �-SMA, fibronectin, and collagen 1A1, was also
significantly increased after UUO in both wild-type and
C1qA�/� mice, as shown in Fig. 6D. A recent study demon-
strated that targeted deletion of C1q in mice alters pulmonary

vascular homeostasis by augmenting the expression of endo-
thelial adhesion markers associated with enhanced susceptibil-
ity of the lung endothelium to injury (49). To examine the
potential mechanism by which fibrosis was still observed in
C1qA�/� mice, we measured mRNA levels of two adhesion
molecules involved in endothelial cell injury, ICAM-1 and
VCAM-1. As shown in Fig. 6E, we found that transcript levels
for ICAM-1 and VCAM-1 were significantly enhanced after
UUO, suggesting increased endothelial damage in kidney tis-
sue from C1qA�/� mice. Our results support the presence of
complement C3 activation in kidney tissue during obstructive
injury leading to kidney fibrosis, an effect that cannot be
prevented solely by the use of C1q-deficient mice. Similar to
the model of UUO injury, we also found lack of protection
against kidney fibrosis in C1q-null mice subjected to folic acid
injury (results not shown). Our results showing that increased
expression of endothelial cell adhesion markers occurs in
C1q-null mice during obstructive injury points toward a po-
tential protective role of C1q on vascular endothelium. This
role of C1q has been suggested to be independent from its role
in classical complement activation (24).

C3 deficiency reduces infiltration of inflammatory cells and
fibrosis in obstructive and folic acid injury. Compared with
wild-type mice, C3�/� mice had reduced expression of C1qA,
C1r, and C1s as well as C3a and C5a receptors (Fig. 7A).

Fig. 4. C1q expression increases in folic acid-treated mice. A: real-time PCR analysis for expression of C1qA, -B, and -C in pericyte cultures from vehicle- and
folic acid-treated mice and in total kidneys of folic acid-treated mice 2 wk postinjection (n � 3). B: Western blot showing increased C1q protein in supernatants
of PDGFR�-positive pericytes cultured from vehicle and folic acid-treated mice and in total kidneys of folic acid mice. hC1q, human C1q protein used as positive
control. C. immunofluorescence staining showing increased C1q (green) expression in folic acid-treated mice in the interstitium 2 wk postinjury and
colocalization (white arrows) with �-SMA (red; original magnification, �400). Inset shows enlarged magnification of coexpression of C1q and �-SMA in the
same interstitial cell. *P 	 0.05.
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Immunohistochemistry analysis of kidney sections from wild-
type and C3�/� UUO mice indicated that complement activa-
tion measured by increased C3 fragments after UUO in wild-
type mice was localized predominantly in the interstitium, with
no significant staining in the tubular epithelium (Fig. 7B). No
staining for C3 fragments was seen in C3�/� mice subjected to
UUO. Staining for �-SMA was also reduced in C3�/� UUO
kidneys. Of importance is the observation that C3�/� mice had
marked reduction in macrophage infiltration when compared
with wild-type mice after UUO (Fig. 7B). Consistent with these
observations is that reduced fibrosis was observed in UUO
kidneys of C3�/� mice (Fig. 7B, bottom). Western blotting for

C3 fragments showed increased C3 protein in WT UUO
kidneys, which was absent in C3�/� mice (Fig. 7C). Fibro-
genic gene expression after UUO in C3�/� mice was reduced
compared with wild-type mice (Fig. 7D). We also examined
the effect of C3 deficiency on kidney fibrosis in the folic acid
injury model, and again we observed significant protection
against fibrosis by C3�/� mice. There was reduced synthesis of
the complement genes C1q, C1r, and C1s in C3-deficient mice
(Fig. 8A) and reduced expression of fibrogenic genes, including
�-SMA, fibronectin, and collagen1A1 (Fig. 8B), as well as
collagen staining by picrosirius red (Fig. 8C). Our study is the
first one to demonstrate increased complement activation in

Fig. 5. Flow cytometry analysis of kidney tissue from sham and UUO mice. A: flow analysis of kidney cell suspension from sham mice. B: flow analysis of kidney
cell suspension from day 10 UUO mice showing PDGFR�-positive and PDGFR�-negative cells based on C1q staining. C: quantitation of cells as a fraction of
live singlet cells (n � 3). *P 	 0.05. C1q gating is based on an isotype control and a fluorescence minus one control to exclude any nonspecific signal. After
dead cells were excluded using a live dead stain, followed by a forward scatter (FSC) vs. forward scatter width (FSCW) gating to include only single cells, the
total %C1q-positive cells was quantified in the sham and UUO mice. The same gates were applied to UUO and sham samples. D: immunofluorescence staining
showing increased C1q (green) expression in UUO kidneys in the interstitium on day 10 and colocalization with F4/80 (red; �20 magnification). Inset is
enlargement of dual-stained interstitial cells marked with white arrows. Arrowhead shows cells positive for C1q alone.

Fig. 6. C1qA-deficient mice are not protected from fibrosis. A: real time PCR analysis for expression of complement genes in wild-type (WT; gray bars) and
C1qA�/� (black bars) mouse kidneys (sham and day 7 UUO; n � 3). B: native gel electrophoresis for C3b expression in kidney lysates from sham and day 7
UUO mice (n � 3). C: comparison of picrosirius red staining for collagen deposition between WT and C1qA�/� day 7 UUO mice and quantitation of fibrotic
areas (original magnification �200). D: quantification of mRNA levels for fibrotic genes �-SMA, fibronectin, and collagen 1A1 in WT (gray bars) and C1qA�/�

(black bars) mice subjected to UUO. (n � 3) E: quantification of endothelial cell adhesion marker expression (n � 4). *P 	 0.05; **P 	 0.001. NS, not
significant.
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kidney tissue after obstructive injury using antibodies that
recognize complement C3 fragments generated upon comple-
ment activation and significant protection from fibrosis in two
different animal models of fibrosis when using C3-deficient
mice.

Flow cytometry shows C3 complement activation in inflam-
matory cells during UUO. Our immunohistochemistry studies
showed increased staining for C3 fragments in the interstitium
of UUO kidneys. To understand which cell surfaces in the
kidney predominantly bind active forms of C3 protein (C3b,
iC3b, and C3c) we performed flow analysis of kidney cell
suspension using markers for PDGFR�, collectrin, CD45, and
CD31 to identify pericytes/myofibroblasts, proximal tubular
cells, immune cells, and endothelial cells, respectively. Figure
9A, top and middle, shows the plot of the positive population
gated out from the live singlet population. The histograms
depicting increased staining of C3 fragments in kidney cell

suspension from UUO mice with clone 2–11 when compared
with sham are presented in Figure 9A, bottom. We observed
increased C3 fragment staining from 2.6 � 1.3 to 53.3 � 4.3%,
which was detected predominantly in the CD45-positive cells
during UUO (expressed as %live single cells). There were no
significant differences in the staining of collectrin- or CD31-
expressing cells (mainly endothelial cells) between sham and
UUO when expressed as a fraction of live singlet cells (Fig.
9B). Given the observation by flow studies that infiltrating
inflammatory CD45-positive cells contributes to complement
activation by having increased staining of C3 fragments, we
reasoned that this increased C3 fragment expression could
represent either increased deposition of C3 fragments vs.
increased synthesis. To address this question, we selectively
enriched CD45-positive population from single-cell suspen-
sions obtained from sham or UUO mice by using an anti-CD45
antibody column and then performed PCR analysis. CD45-

Fig. 7. C3 deficiency reduces complement expression, macrophage infiltration, and fibrosis during UUO. A: real-time PCR analysis for expression of complement
genes in WT (gray bars) and C3�/� (black bars; sham and day 7 UUO) mice (n � 3). B: images showing increased staining for C3 fragments in the interstitium
(white arrows) on day 7 UUO by immunohistochemistry; increased staining for �-SMA on day 7 UUO on frozen sections and increased infiltration of F4/80
cells in WT day 7 UUO mice (white arrows) when compared with WT sham and C3�/� UUO mice (histogram shows quantitation of F4/80-positive areas).
Bottom: picrosirius red staining for collagen deposition in WT day 7 UUO mice (histogram shows quantitation of fibrotic areas; original magnification �400).
C: native gel electrophoresis for C3b expression in kidney lysates from sham and day 7 UUO mice (n � 3). D: real-time PCR analysis for expression of fibrotic
genes in WT (gray bars) and C3�/� (black bars) mice (n � 4). *P 	 0.05; **P 	 0.001.
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positive cells isolated from UUO kidneys show increased
expression of C1r, C1s, C3, and C5 as well as increased
expression of the C3a and C5a receptors (Fig. 9C). Interest-
ingly we did not find increased expression of �-SMA in these
UUO-derived CD45-positive cells (Fig. 8C). These observa-
tions suggest that immune cells, in addition to pericytes, are a
major source for complement synthesis in kidney tissue, but
unlike PDGFR�-positive pericytes, CD45-positive cells do not
express significant amounts of �-SMA after UUO.

Macrophage depletion reduces complement expression and
fibrosis. Our above results suggest that during UUO, in addi-
tion to pericytes, infiltrating immune cells and more specifi-
cally macrophages contribute significantly to complement ac-
tivation. To assess the functional role of infiltrating macro-
phages in kidney fibrosis, we depleted F480hi macrophages
using clodronate. Using the strategy depicted in Fig. 10A, we
show that the levels of F4/80hi population were reduced in
UUO mice receiving clodronate to levels comparable with
sham (Fig. 10B). Macrophage depletion by clodronate was
accompanied by significant reduction in C1r and C1s expres-

sion as well as C3, C4, and C5 (Fig. 10C). The reduction in
complement gene expression was associated with reduced
fibrotic gene expression (Fig. 10D) and reduction in tubuloin-
terstitial fibrosis measured by picrosirius red staining (Fig.
10E). Our results further support the pathogenic role of mac-
rophage infiltration, with increased complement activation
leading to kidney fibrosis.

DISCUSSION

Increased synthesis of complement C1 components by kidney
interstitial cells. In the current study, we examine the patho-
genic role of increased complement expression and activation
in kidney interstitial cells during kidney fibrosis. Our studies
are the first to report local synthesis and secretion of C1q by
mouse kidney PDGFR�-positive pericytes isolated from two
different animal models of fibrosis. Complement component
C1q (460 kDa) is the first subcomponent of the classical
pathway with three polypeptide chains (A, B, and C). We find
that all three C1q subunits are synthesized during kidney

SMA

Fig. 8. C3-deficient mice are protected from fibrosis in folic acid injury model. A: real-time PCR analysis for expression of complement genes in WT (gray bars)
and C3�/� (black bars; control and folic acid-injected) mice 2 wk postinjection (n � 3). B: real-time PCR analysis for expression of fibrotic genes in WT (gray
bars) and C3�/� (black bars) mice. (n � 4). C: images showing picrosirius red staining for collagen deposition in folic acid-treated mice, comparing WT control
and C3�/� folic acid-treated mice (histogram shows quantitation of fibrotic areas; original magnification, �200). *P 	 0.05; **P 	 0.001.
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fibrosis by whole kidney tissue and by individual interstitial
cells, including PDGFR�-positive pericytes and CD45-posi-
tive inflammatory cells. C1q is involved in innate immunity
and several modulatory processes, including pathogen clear-
ance, apoptosis, angiogenesis, chemotaxis, autoimmunity, iso-
type switching, and tolerance (20, 21, 24). Based on the
observation that C1q expression was increased both in kidney
tissue as well as in interstitial cells during fibrosis, we were
expecting that by reducing the levels of C1q alone using the
C1q-null mice we would have protection from fibrosis. This
was not the case, suggesting that the activation of C1 complex
during fibrosis was more complex. Recent studies suggest the
existence of noncomplement functions of C1q (22). For exam-
ple, elevated levels of serum C1q have been observed during
aging, leading to impaired regeneration of skeletal muscle and
activation of the Wnt signaling pathway (33). C1q has been
shown to promote permeability, proliferation, and migration of
endothelial cells. C1q-deficient mice show impaired angiogen-
esis in a wound-healing model (3). In Alzheimer’s disease, C1q

activation by brain microglia triggers amyloid plaque deposi-
tion (34). Our data showing C1q synthesis by PDGFR�-
positive pericytes and simultaneous increased Wnt signaling
could represent a potential signal to trigger angiogenic re-
sponses in vivo in damaged endothelial cells in the interstitium.
In future studies, the development of cell type-specific condi-
tional deletions of C1q should help us understand better the
contributions of increased C1q expression in fibrosis. With
regard to the function of increased C1q expression in kidney
interstitial cells isolated from fibrotic kidneys, several impor-
tant conclusions can be drawn from our studies: 1) increased
C1q contributes to complement activation since we also found
expression of the proteases C1r and C1s as well as increased
expression of C3aR and C5aR (Fig. 9C); 2) increased C1q in
PDGFR�-positive pericytes contributes to increased inflam-
mation via increased cytokine production, and we found that
PDGFR�-positive pericytes isolated from UUO mice secrete
increased amounts of IL-6, MCP-1, and MIP1-� (a previous
study in endothelial cells in culture showed that exogenous
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Fig. 9. Flow cytometry analysis of C3 fragments in kidney cell suspensions of sham and day 7 UUO mice. A: gated population of live singlets positive for C3b
(based on isotype control). B: C3b� population gated for various markers, including CD45 (inflammatory cells), CD31 (endothelial cells), PDGFR� (pericytes),
and collectrin (proximal tubular cells). Bottom: histograms of the %live singlets positive for C3 and other markers (n � 3). C: real-time PCR analysis of kidney
cell suspension enriched for CD45-positive population from sham and day 7 UUO mice using an anti-CD45 antibody column. This analysis shows increased
mRNA levels for C1r, C1s, C3, C5, and receptors C3aR and C5aR in CD45-positive cells (n � 6). *P 	 0.05. NS, not significant.
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administration of recombinant C1q led to increased cytokine
production, including IL-6 and MCP-1 (59); this C1q-depen-
dent cytokine production was abolished when endothelial cells
were incubated with C1q in the presence of an inhibitory
antibody to C1q receptor, and recent studies have begun to
unravel the potential physiological role of the C1q receptor in
cancer, but its role in kidney injury is currently unknown) (Fig.
2C) (9); and 3) C1q-mediated increased synthesis of cytokines
by PDGFR�-positive pericytes could further contribute to
fibrosis by amplifying the interstitial inflammatory environ-
ment via recruitment of macrophages from increased MCP-1
expression.

In addition to C1q, our studies demonstrate that in wild-type
mice there was increased expression of C1r and C1s in whole
kidney tissue as well as in inflammatory CD45-positive cells
isolated from diseased kidneys (Fig. 9C), demonstrating an
important contribution to complement activation by immune
cells during fibrosis. Within the C1 complex, C1r and C1s are
serine proteases responsible for initiating the classical comple-
ment pathway. Flow studies of kidney cells confirmed that
C1q, C1r, and C1s expression was increased in inflammatory
cells isolated from UUO mice compared with sham mice (Figs.
5C and 9C). Interestingly, Ghebrehiwet et al. (8) and Hosszu et
al (16) have shown that monocytes/macrophages express C1q,
C1r, and C1s components on their surface and are able to

initiate the classical complement cascade and regulate dendritic
cell maturation. Because of the lack of reliable antibodies to
localize the source of increased C1r and C1s protein expression
during fibrosis in whole kidney tissue, we performed in situ
hybridization studies (data not shown) and found increased
expression of C1r and C1s in distal tubular epithelium in UUO
mice but could not rule out increased expression in inflamma-
tory cells. The potential mechanisms(s) involved in transcrip-
tional activation of C1r and C1s during kidney fibrosis is not
known; however, two previous studies, one in fish, docu-
mented increased transcription of C1r and C1s in kidney in
response to pathogenic infections (11). A second study in
mouse keratinocytes shows increased C1r expression by IFN-�
(5). Of relevance to human studies is that increased plasma
levels of C1r and C1s were recently described in the plasma
proteome of patients with stage 2–3 CKD and stage 5 CKD on
hemodialysis. Molecular analysis done in serum samples of
these patients further confirmed changes consistent with in-
creased inflammation in CKD patients (10), lending support to
our current findings showing increased expression of C1r and
C1s in fibrotic kidney tissue.

Importance of detecting C3 fragments as markers of com-
plement activation in kidney interstitial cells. Previous studies
demonstrating activation of complement have used hemolytic
assays (50); however, the accumulation of C3 fragments in

Fig. 10. Macrophage depletion protects against fibrosis. A: scheme of clodronate-mediated macrophage depletion. B: kidney cell suspension of vehicle and
clodronate-treated mice gated by CD11b. CD11b-positive cells were then gated for F480 and CD11c. Histogram shows F480hi population in kidneys as %live
singlet cells (n � 4). C: real-time PCR analysis for expression of complement genes in vehicle (gray bars) and clodronate-treated (black bars) mice (n � 3). D:
quantification of fibrotic gene expression in vehicle (gray bars) and clodronate-treated (black bars) mice (n � 4). E: images showing picrosirius red staining for
collagen deposition in vehicle and clodronate-treated mice (original magnification, �200). Histogram shows quantitation of fibrotic areas. *P 	 0.05; NS, not
significant.
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kidney tissue as markers of complement activation in kidney
tissue during fibrosis has not been documented previously. In
the present studies, we used a rat monoclonal antibody, clone
2/11, which specifically recognizes cleaved C3 fragments as a
result of complement activation and breakdown of complement
C3. These antibodies have been well characterized (31) and
were used for our flow cytometry analysis, immunohistochem-
ical studies, and Western blot analysis using native gels. We
demonstrate clearly the accumulation of C3 fragments in whole
kidney tissue homogenates in UUO model of fibrosis as well as
accumulation of C3 fragments in CD45-positive inflammatory
cells derived from UUO mice. Furthermore, our results using
C3-deficient mice support a previous report of reduced fibrosis
in these mice (67) but also extend this observation by showing
that the lack of C3 expression in kidney tissue was accompa-
nied by reduced deposition of active C3 fragments in the
interstitial space as well as reduced infiltration of inflammatory
cells, including macrophages. Reduction in macrophage and
neutrophilic leukocyte infiltration in C3-deficient mice has
been observed previously during development of arthritis in
mice (15). Moreover, skin infiltration by eosinophils was also
shown to be impaired in C3�/� mice in a model of skin
inflammation (62). These observations support our findings
that reduced macrophage infiltration plays an important role in
the pathogenesis of kidney fibrosis and highlight a potential
role of kidney tissue C3 in recruiting inflammatory cells at the
site of injury. Although our studies did not examine the
potential role of complement regulatory proteins in fibrosis,
recent studies also suggest that lack of expression of either
factor H or Crry can lead to widespread complement C3
activation in kidney tissue (25). Our studies showing that
depletion of macrophages by clodronate reduces not only
complement expression and inflammation but also fibrosis in
wild-type mice further support the results of the experiments
done using C3�/� mice. Bao et al. (1) used kidneys from
Crry�/�/C3�/� mice and transplanted them into hosts lacking
the C3aR and/or C5aR. Whereas unrestricted complement
activation in the tubules was not affected by receptor status in
the transplant recipient, C3aR deficiency in the recipients led to
significantly reduced renal leukocyte infiltration as manifested

in reduced tubulointerstitial inflammation and fibrosis. These
authors concluded that manipulating C3a receptor signaling is
a possible treatment to reduce inflammation and to preserve
renal function.

What activates complement in kidney interstitial cells? Our
studies do not allow us to draw any definite conclusions
regarding the mechanisms that led to increased expression of
C1q, C1r, and C1s resulting in complement activation in whole
kidney tissue; however, our results demonstrate that this in-
creased expression of C1 components on both pericytes and
immune cells is intimately linked to C3 complement activation,
which is defined by increased accumulation of C3 fragments in
kidney tissue during fibrosis. IgM or IgG immune complexes
are the best physiological C1 activators identified to date,
especially in the presence of the C1 inhibitor. Although it has
been known for a long time that C1q binds to the IgG Fc
domain and that activation requires multivalent binding, recent
studies in this area have begun to describe the details of how
the C1 complex is assembled when it is activated (7). To
address the issue of immunoglobulins being the potential
mechanism for increased complement activation during fibro-
sis, we performed experiments using the UUO model in
Rag1�/� mice that are deficient in immunoglobulins. We did
not observe any differences in complement expression or
activation during fibrosis, suggesting that the level of immu-
noglobulins does not affect complement activation during
fibrosis. In addition, we performed experiments in isolated
PDGFR�-positive pericytes isolated from sham mice, and we
did not see any effect on complement expression levels when
these cells were stimulated with TGF�, indicating that cellular
mechanisms other than TGF� could account for increased
complement expression in UUO mice. We postulate that the
increased generation of pathogen-associated or danger-associ-
ated molecular patters in the interstitium, as well as an in-
creased inflammatory environment, is likely to contribute to
complement activation during kidney fibrosis.

Many of the biological functions of anaphylatoxins C3a and
C5a generated during kidney fibrosis are mediated through
activation of their receptors C3aR and C5aR. Our studies also
demonstrate increased expression of anaphylatoxin receptors
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Fig. 11. Interstitial cell types that contribute
to complement expression and activation dur-
ing renal fibrosis.
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C3aR and C5aR in whole kidney tissue as well as in CD45-
positive cells (Figs. 7A and 9C). In contrast to our findings, a
previous study found C5aR expression to be upregulated in
tubular cells during UUO injury and when blocked with an
antagonist had minimal effects on reducing renal macrophage
influx (2) while affording significant protection against fibro-
sis. Most recently, in a hypertensive model, expression of
C5aR1 on infiltrating and resident renal immune cells was
demonstrated, and the loss of C5aR1 did not change the
numbers of infiltrating immune cells in the course of hyper-
tension while exhibiting less renal injury (60). Another study
by Peng et al. (41) also shows that deficiency of either or both
of the receptors protects mice from IRI injury accompanied
with the reduced infiltration of immune cells and suggests that
C3aR and C5aR on both renal and circulating leukocytes
contributes to the pathogenesis of renal ischemia-reperfusion
injury. At the moment, we do not know the cellular mecha-
nism(s) that leads to increased expression of C3aR or C5aR
expression in kidney interstitial cells but likely depends on the
inflammatory environment present during fibrosis. Previous
studies also suggest the presence of epigenetic mechanisms at
the level of C3 promoter that could contribute to increased
transcriptional response of C3 (17, 42). We propose a model by
which complement activation could contribute to interstitial
fibrosis (Fig. 11). C1q produced by myofibroblasts and im-
mune cells and C1r and C1s produced by immune and epithe-
lial cells allow the formation of the C1 complex in the inter-
stitium. This in turn contributes to complement activation with
the breakdown of C3 by a convertase and increased generation
of C3 fragments in interstitial cells, which further exacerbates
the process of extracellular matrix accumulation and fibrosis.
Tubular epithelium could potentially contribute with increased
expression of C3a and C5a and activation of C3aR and C5aR.

In summary, complement activation during fibrosis offers
ample opportunity for targeted therapeutic modulation. Al-
though only two complement-targeted drugs have been used in
clinical studies, the therapeutic anti-C5 antibody eculizumab
and various preparations of the C1 esterase inhibitor C1-INH,
several new candidate drugs targeting various components of
the cascade are currently being developed. Among them is a
peptide inhibitor, Compstatin, that selectively binds to native
C3 and its bioactive fragments C3b and iC3b/C3c, thus block-
ing C3 activation by all convertases. Future studies aimed at
examining the function of complement receptors in kidney
interstitial cells as well as the potential mechanisms by which
tubular epithelium contributes to inflammation and fibrosis
may allow for the identification of well-defined targets to
ameliorate progressive kidney disease.
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