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ABSTRACT
Tubulointerstitial inflammation and progressive fibrosis are common pathways that lead to kidney failure
in proteinuric nephropathies. Activation of the complement system has been implicated in the development of tubulointerstitial injury in clinical and animal studies, but the mechanism by which complement
induces kidney injury is not fully understood. Here, we studied the effect of complement on the
phenotype of tubular epithelial cells. Tubular epithelial cells exposed to serum proteins adopted
phenotypic and functional characteristics of mesenchymal cells. Expression of E-cadherin protein decreased and expression of both ␣-smooth muscle actin protein and collagen I mRNA increased. Exposure
of the cells to the complement anaphylotoxin C3a induced similar features. Treating with a C3a receptor
(C3aR) antagonist prevented both C3a- and serum-induced epithelial-to-mesenchymal transition. In the
adriamycin-induced proteinuria model, C3aR-deficient mice demonstrated less injury, preserved renal
function, and improved survival compared with wild-type mice. Furthermore, the kidneys of C3aRdeficient mice had significantly less interstitial collagen I and ␣-smooth muscle actin. In summary, the
complement anaphylotoxin C3a is an important mediator of glomerular and tubulointerstitial injury and
can induce tubular epithelial-to-mesenchymal transition.
J Am Soc Nephrol 20: 593–603, 2009. doi: 10.1681/ASN.2008040434

In patients with glomerular disease, the presence of
tubulointerstitial fibrosis1–3 on renal biopsy and
heavy proteinuria4 both are strong predictors of a
poor renal prognosis. With the exception of minimal-change nephrotic syndrome, in which the duration of proteinuria is usually short, there is evidence from experimental studies and clinical
observation that proteinuria is responsible, at least
in part, for injury to the tubulointerstitial compartment.5,6 Interventions that reduce the level of
proteinuria, for example inhibition of the reninangiotensin system, reduce the degree of tubulointerstitial disease7; however, it is not known how
proteinuria damages the tubulointerstitial compartment. Tubular epithelial cells are exposed to
filtered serum proteins. Absorption of excess
protein may be toxic to epithelial cells, increase
J Am Soc Nephrol 20: 593–603, 2009

cell metabolism, and worsen tubular ischemia.
Alternatively, specific components of the glomerular filtrate, for example transferrin, lipidconjugated albumin, and lipoproteins, may be
toxic to the tubular epithelium.8 Proteins of the
complement system are also filtered,9 –11 and there
is evidence that they contribute to renal tubulointerstitial injury.
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Figure 1. Induction of EMT in PTECs by serum proteins. (A) The potential of the human PTEC cell line HKC8 to undergo EMT was
demonstrated by downregulation of E-cadherin and upregulation of ␣-SMA proteins by Western blotting in response to TGF-␤1.
Control cells were grown in medium without TGF-␤1 (No Rx). Representative blot from two experiments. (B) FACS analysis detected
C3d deposited on the surface of PTECs after exposure to NHS but not HIS. (C) Incubation with NHS (5 d) reduced E-cadherin expression
and increased ␣-SMA expression by Western blot. (D and E) ␤-Actin was used to control for protein loading. The ratio of E-cadherin
and ␣-SMA to ␤-actin was measured on triplicate cultures. (F) Loss of E-cadherin expression was seen by immunochemistry after
exposure of cells to both TGF-␤1 and NHS but not exposure to HIS. The reciprocal change in ␣-SMA expression was seen
(representative of two experiments). (G) By real-time PCR (RT-PCR) analysis, incubation for 5 d with TGF-␤ or NHS increased the level
of collagen I mRNA in PTECs (n ⫽ 3 per experiment ⫾ SEM). This did not occur with HIS.

The complement system is an important component of the
innate immune system, comprising more than 30 soluble and
membrane-bound proteins.12,13 It is activated through three
distinct pathways: The classical, alternative, and mannosebinding lectin pathways. Once activated, complement has cytolytic effects through C5b-9, opsonises pathogens, and augments adaptive immune responses. Activation also generates
the anaphylatoxins C3a and C5a, which have potent proinflammatory effects.
There is evidence that complement is activated in tubules
during proteinuria14 as a result of intrinsic convertase activity
in the apical membranes of the proximal tubules.15 There is a
spatial association between complement deposition and tissue
injury in the kidneys of patients with proteinuric nephropathies.16 In experimental proteinuria, genetic deficiency,17–19 or
depletion or inhibition20,21 of complement reduces the level of
tubulointerstitial injury and preserves renal function.22 These
data support a role for both C5b-919 and the anaphylotoxin
C5a.23
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During the development of tubulointerstitial injury cells,
myofibroblasts and matrix accumulate in the interstitium.
Myofibroblasts have both smooth muscle cell– and fibroblastlike properties and express ␣-smooth muscle actin (␣-SMA).
Their presence within the renal tubulointerstitium is associated with a worse renal prognosis.24,25 Myofibroblasts may be
derived from activation of resident renal fibroblasts, the bone
marrow, or epithelial cells that change their phenotype and
undergo epithelial-to-mesenchymal transition (EMT).26,27
There is increasing evidence that EMT is important in the development of interstitial fibrosis not only in the kidney27,28 but
also in the liver29 and lung.30,31 EMT can be induced in proximal tubular epithelial cells (PTECs) by growth factors, in particular TGF-␤1, whereas other proteins, for example bone
morphogenic protein 7, prevent EMT.26 The key events in
EMT have been defined: Downregulation of epithelial proteins, particularly the junctional protein E-cadherin, increased
cell motility, breakdown of the basement membrane, invasion
of the interstitium, and increased matrix production.32
J Am Soc Nephrol 20: 593–603, 2009
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Figure 2. Induction of EMT in PTECs by C3a. (A) Expression of C3aR on PTECs by FACS using monoclonal mouse anti-human C3aR
clone 8H1. (B and C) Incubation of PTECs with C3a induced a time-dependent (50 nmol/L; B) and concentration-dependent (C) actin
reorganization with the development of stress fibers. Filamentous actin was detected by Texas Red phalloidin staining. (D) C3a also
caused a reduction in E-cadherin expression by Western blot analysis (representative of two experiments). (E) This was also evident by
immunocytochemistry with loss of the typical circumferential staining for E-cadherin after incubation of cells in 50 nmol/L C3a for 24 h.
In addition, ␣-SMA expression was increased under these conditions (representative of two experiments). (F) RT-PCR analysis of
collagen I mRNA levels in PTEC showed an increase after 6 h of incubation with 50 nmol/L C3a (P ⬍ 0.05), which declined after longer
incubation (n ⫽ 3 per experiment ⫾ SEM). Data are representative of three experiments.

Although EMT can be induced by TGF-␤1 alone, it is likely
that in vivo the induction of EMT is more complex. In vitro
factors such as exposure to myeloma light chains33 or hypoxia34 can induce EMT, whereas immunosuppressive drugs35 can
prevent EMT. In studies of proteinuria in C3-deficient mice or
C6-deficient rats, there was a reduction in the number of interstitial myofibroblasts, suggesting that complement activation may have a role in EMT.36
In this study, we define the effect of complement activation on PTEC phenotype, in particular the role of the anaphylotoxin C3a, which can effectively induce EMT in vitro.
This observation is extended to an animal model of proteinuria. Mice with a targeted deletion in the C3a Receptor
(C3aR) show a marked reduction in the number of interstitial
␣-SMA– expressing myofibroblasts compared with wild-type
mice and are protected from the development of tubulointerstitial injury.
J Am Soc Nephrol 20: 593–603, 2009

RESULTS
Complement Activation Induces EMT

Consistent with existing literature, treatment of the human PTEC
cell line HKC837 with TGF-␤1 induced EMT, with a change in cell
shape to a spindle, fibroblast-like form, and actin stress fiber formation (data not shown). In addition, there was a time-dependent decrease in E-cadherin expression and increase in ␣-SMA
expression (Figure 1A). When exposed to serum proteins (20%
normal human serum [NHS]), PTECs activated complement as
demonstrated by the detection of C3d on the cell surface by FACS
staining (Figure 1B). This treatment was not toxic to cells (data
not shown). PTECs incubated in 20% NHS did not show morphologic changes; however, suppression of E-cadherin and increase in ␣-SMA expression occurred (Figure 1C). This was not
due to growth factors, because heat-inactivated serum (HIS),
which lacks complement activity but would contain heat-stable
C3a-Mediated Renal Injury
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Figure 3. C5b-9 induces actin reorganization but not EMT. (A)
Treatment of PTECs with sublytic concentrations of C5b-9 induces the formation of actin stress fibers in a time-dependent
manner. (B) No reduction in E-cadherin or increase in ␣-SMA
expression was seen with C5b-9 treatment. Representative data
from two experiments.

growth factors,38 did not have this effect. Densitometric analysis
of the Western blots demonstrated that the effect of NHS was
reproducible and significant (Figure 1, D and E).
Immunochemical staining of NHS-treated PTECs confirmed
a reduction in E-cadherin expression and increase in ␣-SMA expression. This occurred with TGF-␤1 treatment but not with HIS
treatment (Figure 1F). Collagen I gene expression, assessed by
real-time PCR, was increased four-fold in PTECs after treatment
with TGF-␤1 (Figure 1G). An equivalent significant increase was
seen after incubation of PTECs in NHS but not HIS.
Anaphylotoxin C3a but not C5b-9 Induces EMT

We next considered which effector limb of complement caused
EMT. It has been reported that PTECs express the anaphylotoxin
receptor C3aR. This was confirmed on HKC8 cells by FACS (Figure 2A). PTECs treated with C3a showed a time- and dosagedependent formation of actin stress fibers (Figure 2B). This
change was evident after 5 min and maximal after 20 min. This
occurred at C3a concentrations ⬎10 nM (Figure 2C). Treatment
of PTECs with C3a reduced E-cadherin expression, evident by
Western blotting (Figure 2D) and immunocytochemistry (Figure
2E). In addition, C3a induced expression of ␣-SMA (Figure 2E)
and a time-dependent increase in collagen I mRNA (Figure 2F).
The changes induced by serum could therefore be replicated by
C3a alone. In contrast, C5b-9 induced only actin reorganization
but did not induce other features of EMT (Figure 3).
Inhibition of C3a Signaling Blocks Serum-Induced EMT

The effect of C3a on PTEC phenotype could be prevented by
the C3aR antagonist SB290157. Treatment of PTECs with
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α-SMA

TGF
3days

Journal of the American Society of Nephrology

β-actin

C3a

C3a+RA

C3aRA

Control

C
Collagen I/β-actin cDNA ratio
relative to control

Control

3.5
3.0

PC3a v.s. C3a+RA<0.01

2.5
2.0
1.5
1.0
0.5
0.0

Control

C3a

C3aRA

C3a+RA

Figure 4. The C3aR antagonist SB 290157 blocked the effect
of C3a on PTEC phenotype. (A) In control conditions, no actin
stress fibers were evident; strong E-cadherin staining but absent ␣-SMA staining was evident. On exposure to 50 nmol/L
C3a, stress fibers formed, E-cadherin expression was reduced,
and ␣-SMA expression occurred. These changes were prevented by preincubation with 1 m C3aR antagonist
SB290157. (B) The same changes were evident on Western
blotting of whole-cell lysates from C3a-treated cells (50
nmol/L, 24 h). C3aR antagonist treatment alone did not alter
expression of either E-cadherin or ␣-SMA. Representative blot
from two experiments. (C) Collagen I mRNA levels were increased by C3a (50 nmol/L for 6 h). This was prevented by
pretreatment with antagonist (n ⫽ 3 per condition ⫾ SEM).

C3a induced actin reorganization, loss of E-cadherin, and
an increase in ␣-SMA expression, all of which were prevented by pretreatment with SB290157 (Figure 4, A and B).
This inhibitor also blocked the increase in collagen I mRNA
(Figure 4C).
To confirm the importance of C3a in serum-mediated
EMT, we pretreated cells with SB290157 before exposure to
NHS. The changes induced by serum, reduced E-cadherin,
increased ␣-SMA (Figure 5A), and increased collagen I
mRNA (Figure 5B) were prevented by SB290157, confirming the importance of the C3a–C3aR interaction.
J Am Soc Nephrol 20: 593–603, 2009
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Figure 5. C3aR antagonist prevents serum protein-induced
EMT. (A) Incubation of PTECs in 20% NHS for 5 d as a source of
complement proteins induced changes typical of EMT (loss of
E-cadherin and increased ␣-SMA). These changes were prevented by the presence of a C3aR antagonist (C3aRA; SB290157).
Representative blot from two experiments. (B) Incubation in 20%
NHS for 5 d also increased collagen I mRNA levels, demonstrated
by RT-PCR. This increase was prevented by the presence of
C3aRA (n ⫽ 3 per group ⫾ SEM).

Effect of C3a on the Development of Renal Injury In
Vivo

We next explored whether C3a affected the development of
proteinuria-mediated renal injury. Proteinuria was induced
with adriamycin in wild-type (wild-type ADR; n ⫽ 14) and
C3aR⫺/⫺ mice (C3aR⫺/⫺ ADR; n ⫽ 8). Albuminuria was
evident in both groups of mice 1 wk after disease induction and
was maximal after 2 wk (saline-injected control mice 0.013 ⫾
0.009 mg/24 h; wild-type ADR mice 57.200 ⫾ 11.500 mg/24 h;
C3aR⫺/⫺ ADR mice 27.900 ⫾ 6.900 mg/24 h). The level of
albuminuria was significantly greater in the wild-type mice
(Figure 6A). There was also greater mortality in the wild-type
mice with 50% dying during the 6-wk protocol (Figure 6B).
Mice died at 2 to 3 wk, when albuminuria was greatest. Blood
urea nitrogen (BUN) concentration was high in mice immediately before death, confirming that death was due to renal failure. BUN concentration in the surviving mice was greater in
the wild-type mice, consistent with more severe renal disease in
that group (Figure 6C).
Periodic acid-Schiff (PAS) staining was performed to assess
histologic renal injury (Figure 7, A–C). In the kidneys from
wild-type ADR mice, the glomeruli were abnormal, with eviJ Am Soc Nephrol 20: 593–603, 2009
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Figure 6. Functional analysis of adriamycin nephropathy in
C3aR⫺/⫺ mice. (A) Twenty-four-hour urinary albumin excretion
was measured immediately before and at weekly intervals after
the induction of adriamycin nephropathy in wild-type (dashed
line) and C3aR⫺/⫺ (solid line) mice. Points represent mean ⫾
SEM. (B) Kaplan Meyer survival analysis of wild-type and
C3aR⫺/⫺ mice after the induction of adriamycin nephropathy. (C)
BUN concentration (mmol/L) was measured in serum samples
taken immediately before and 3 and 6 wk after the induction of
adriamycin nephropathy in wild-type and C3aR⫺/⫺ mice. BUN
concentration in saline-injected control mice (dotted line) is
shown for comparison. P values shown in figure are for comparison of wild-type with C3aR⫺/⫺ mice.

dence of glomerular sclerosis. The ratio of PAS-positive area to
total glomerular tuft area was used as a measure of glomerular
injury (Figure 7D). There was a significant increase in this ratio
in wild-type ADR mice compared with saline-injected controls
(P ⬍ 0.01). This change was significantly less in the C3aR⫺/⫺
ADR mice compared with wild-type ADR mice (P ⬍ 0.01) and
was not greater than saline-injected control mice. The greater
histologic injury to the glomerulus of wild-type ADR mice
compared with C3aR⫺/⫺ mice is consistent with the higher
level of albuminuria.
Wild-type ADR mice had more severe tubulointerstitial disease. The ratio of tubular diameter to tubular epithelial cell height
C3a-Mediated Renal Injury
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Figure 7. Histologic analysis of injury in wild-type and C3aR⫺/⫺ mice. (A through C) Representative histologic sections from
saline-injected control mice (A), wild-type ADR mice (B), and C3aR⫺/⫺ ADR mice (C) 6 wk after injection. (D) The ratio of sclerotic,
PAS-positive area to total glomerular tuft area was calculated in 20 equatorial glomeruli per mouse, and the mean is shown. This was
used as a measure of glomerular injury. (E) The ratio of tubular cell height to tubular diameter was calculated for 50 tubules in 10
nonoverlapping cortical fields, and the mean is shown. The ratio was used as a measure of tubular epithelial cell injury. (F) The ratio of
interstitial area to cortical area was calculated for five nonoverlapping fields for each mouse, and the mean is presented. Significant
differences are shown. Magnification, ⫻400.

was used as a measure of tubular injury (Figure 7E). This ratio was
significantly reduced in both wild-type ADR and C3aR⫺/⫺ mice,
consistent with proteinuria-induced tubular epithelial cell injury
(P ⬍ 0.01, for both comparisons by t test); however, the degree of
reduction was significantly greater in the wild-type ADR mice
than in the C3aR⫺/⫺ ADR mice (P ⬍ 0.01), suggesting that the
C3aR was involved in the tubular injury that occurred. The degree
of interstitial expansion was also greater in the wild-type ADR
mice than both saline-injected controls and C3aR⫺/⫺ mice (Figure 7F). The interstitial volume in the C3aR⫺/⫺ ADR mice was
not significantly different from that of saline control mice.

mice is dependent at least in part on C3aR activation (Figure 8, G
and H).
In the kidneys of saline-injected mice, few macrophages were
seen (Figure 8I). In the wild-type ADR mice, a significant infiltration was seen, in keeping with previous reports in this model (Figure 8J). The number of macrophages was significantly less in the
C3aR⫺/⫺ ADR mice (Figure 8, K and L), suggesting that C3a is
involved in macrophage accumulation either directly, through
macrophage C3aR, or indirectly, by stimulating chemokine production.
C3aR Staining and C3a Generation in Proteinuria

C3aR-Dependent Accumulation of Interstitial Collagen
I, Myofibroblasts, and Macrophages

In the kidneys of saline-injected control mice, there was little
collagen I staining (Figure 8A); however, in the wild-type ADR
mice, this was significantly increased (Figure 8, B and D) with
staining around damaged tubules. Although the collagen I
staining was increased in C3aR⫺/⫺ ADR mice (Figure 8C)
compared with the saline-injected controls (P ⬍ 0.05), this was
significantly less than in the wild-type ADR mice (P ⬍ 0.005).
In the kidney of saline-injected control mice, ␣-SMA staining
was evident only in blood vessel walls (Figure 8E). In the wild-type
ADR mice, there was staining for ␣-SMA around damaged tubules, consistent with accumulation of myofibroblasts (Figure
8F). More ␣-SMA staining was present in the C3aR⫺/⫺ mice
than in saline-injected control mice (P ⬍ 0.05), but this was significantly less than in wild-type ADR mice (P ⬍ 0.001); therefore,
myofibroblast accumulation in the interstitium of proteinuric
598
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Immunohistochemical staining for C3aR in saline-injected control mice demonstrated presence of receptor on interstitial cells
and weak staining on the apical borders of tubules (Figure 9A);
however, in the ADR group, strong staining was evident both in
the glomerular mesangium and in damaged tubules (Figure 9B).
No staining was seen in C3aR⫺/⫺ mice. C3a was detected in the
urine by ELISA and increased in parallel with the level of albuminuria (Figure 9C). The urinary C3a concentration was similar in
the wild-type ADR mice and the C3aR⫺/⫺ ADR mice; therefore,
in the proteinuric wild-type mice, both receptor and ligand are
present.

DISCUSSION

It is established that complement is activated in the kidney and
present in the urine of patients with proteinuria.10,14,39 In many
J Am Soc Nephrol 20: 593–603, 2009
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Figure 8. Collagen I and ␣-SMA staining. (A) Collagen I staining in the kidney of saline-injected control mice. No staining is seen.
(B) After the induction of adriamycin nephropathy in wild-type mice, extensive collagen staining is seen around damaged tubules.
(C) Less collagen I staining is present in the C3aR⫺/⫺ mice with adriamycin nephropathy. (D) The mean number of tubules
surrounded by collagen I staining per ⫻400 field was calculated on 10 nonoverlapping cortical fields for each mouse. (E) ␣-SMA
staining is limited to blood vessel walls in saline-injected control sections (arrow). (F) Increased staining for ␣-SMA is seen in
wild-type ADR mice, particularly around damaged tubules. ␣-SMA–positive tubular cells can be seen (inset, arrow). (G) Less
staining is present in C3aR⫺/⫺ ADR mice. (H) The mean number of tubules surrounded by ␣-SMA staining per ⫻400 field was
calculated on 10 nonoverlapping cortical fields for each mouse. Significance values are shown in D and H. (I) Very few
macrophages are seen in saline-injected control sections. (J) Infiltration of macrophages into the interstitium was seen in wild-type
ADR mice. (K) Fewer macrophages are seen in the kidney of C3aR⫺/⫺ mice. (L) The number of macrophages per high power
(⫻1000) field was counted in 20 nonoverlapping cortical fields. The mean is shown in all graphs. Magnifications: ⫻400 in A through
C; ⫻250 in E through G; ⫻1000 in I through K.

animal models, complement deficiency,17–19,23,36 depletion,21
or inhibition21,22 reduces the level of renal injury. This is the
first report that the anaphylotoxin C3a is an important mediator of proteinuria-associated renal injury.
Expansion of the interstitium, with collagen deposition and
cellular infiltration, is the hallmark of many progressive renal
diseases. Myofibroblasts are found in the expanded interstitium and seem to be important in the loss of renal function,
their presence predicting a poor renal prognosis.24,25 The origin of myofibroblasts is still controversial, but there is good
evidence that some are derived from the tubular epithelium
through EMT.27,40
In proteinuria, tubular epithelial cells activate complement
through the alternative pathway generating anaphylatoxins
and C5b-9. We used NHS to model this in vitro. This may not
J Am Soc Nephrol 20: 593–603, 2009

accurately reflect protein concentration or the duration of exposure that would occur in vivo. Nevertheless, PTECs activated
complement, and this induced EMT. The failure of HIS to
change PTEC phenotype is evidence that EMT was mediated
by complement. This was confirmed by demonstrating that the
same changes in PTEC phenotype occurred on exposure to
purified C3a. In addition, the effects of serum could be inhibited by blocking the C3aR, providing direct evidence that complement C3a is important in this process.
It was shown previously by immunochemistry, in situ hybridization, and functional studies that C3aR is present on
PTECs. Although some recent studies questioned the specificity of the antibodies used for immunolocalization,41 it is clear
that PTECs do have the capacity to respond to C3a. Previous
studies showed that C3a can induce TGF-␤1,42 collagen I,43
C3a-Mediated Renal Injury
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Figure 9. Localization of C3aR and C3a generation in adriamycin
nephropathy. (A) No staining for C3aR was seen in C3aR⫺/⫺ ADR
mice, confirming the specificity of the antibody used. (B) In wildtype ADR mice, both glomerular, predominantly mesangial (arrow), and tubular epithelial cell staining for C3aR was seen. (C)
Urinary C3a concentration was measured by ELISA. A significant
increase in urinary C3a concentration was seen in both wild-type
ADR and C3aR⫺/⫺ ADR mice. Magnification, ⫻1000.

and chemokine synthesis44 in PTECs, and we have now shown
that C3a can also induce EMT. The capacity of C3a to induce a
change in the phenotype of other renal cells has also been reported. Wan et al.45 demonstrated that C3a can change the
phenotype of mesangial cells, which may have implications for
understanding the effect of C3a in this mouse model of proteinuria.
We then investigated, using the adriamycin model of proteinuric nephropathy, whether these effects of C3a on PTEC
phenotype had relevance in vivo. There are two distinct components to renal injury in adriamycin nephropathy. First is the
glomerular injury that is thought to be due to toxic effects of
adriamycin on the glomerular epithelial cell; however, it is
600
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clear from this and other studies that immune factors, including complement activation17 and T lymphocytes,46 are important in the development of glomerular injury. In this study,
both the level of albuminuria, an indicator of disruption of the
glomerular filtration barrier, and the degree of glomerular
sclerosis were reduced by the absence of C3aR. Complement is
activated in the glomerulus in adriamycin nephropathy by the
alternative pathway.47 C3aR expression in the glomerulus has
been described in several studies43,48 and is clearly present in
the glomeruli of mice with adriamycin nephropathy, primarily
in a mesangial distribution. It is likely that an interaction between glomerular C3aR and locally generated C3a is responsible for the greater glomerular damage observed.
Similar to previous studies of adriamycin nephropathy C3deficient mice,17,49 the degree of tubulointerstitial injury was
less in the C3aR-deficient mice. In addition, the deposition of
interstitial collagen I and accumulation of myofibroblasts were
significantly reduced in the absence of C3aR. This is consistent
with the in vitro finding that C3a can induce EMT; however,
C3a has many other possible actions, illustrated by the attenuated macrophage infiltrate in the absence of C3aR. C3aR deficiency therefore may influence myofibroblast accumulation by
other mechanisms, for example infiltration of bone marrow–
derived fibrocytes. A previous study of proteinuric C6-deficient rats demonstrated a reduction in interstitial myofibroblasts, implicating C5b-9 in this process. In our in vitro system,
C5b-9 could induce some phenotypic changes in cells (actin
reorganization) but did not downregulate E-cadherin or upregulate ␣-SMA, in contrast to C3a, which could induce all of
these changes.
There is clearly a role for C3a in the development of renal
tubulointerstitial injury, either directly or indirectly. It is possible that the reduced tubulointerstitial injury seen in the
C3aR-deficient mice is a consequence of the less severe glomerular injury and reduced proteinuria; however, significant proteinuria still develops in the absence of C3aR, but the changes
in the tubulointerstitial compartment are dramatically reduced. In addition, the reduction in tubulointerstitial injury
seen in this study in the absence of C3aR is similar to that seen
in studies in which complement is inhibited or depleted and in
which the level of proteinuria is not affected.18 –22 Overall, this
suggests that C3a is contributing directly to tubulointerstitial
injury. A role for C3a in renal injury is supported by the presence of C3a in the urine of proteinuric mice, the concentration
increasing in parallel with albuminuria. In addition, C3aR
expression increases on the tubular epithelium during disease development. This is consistent with localization of
C3aR message by in situ hybridization during the development of murine lupus nephritis.50 The factors regulating
C3aR expression are being defined and are critical to understanding function.51
The result of the interaction between C3a and its receptor in
this model of proteinuria is greater injury, reduced renal function, and consequently a higher mortality. This study provides
important mechanistic information, enhancing our underJ Am Soc Nephrol 20: 593–603, 2009
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standing of how complement causes injury. This may allow
targeting of therapy at this effector limb of complement, which
may prove both safer and more achievable than complete complement inhibition. In addition, it may provide insight into the
mechanism of progressive, fibrotic diseases in other organs in
which EMT has been implicated.

CONCISE METHODS
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line) via the tail vein.39,49 Mice were housed in metabolic cages for 24 h
before disease induction and at weekly intervals thereafter to collect
urine. Blood samples were taken before and at 3 and 6 wk after disease
induction. Six weeks after disease induction, mice were killed and the
kidneys were harvested for analysis. Urine albumin concentration was
measured by radial immunodiffusion as described previously.53 BUN
was measured using a commercial kit (Sigma Aldrich) according to
the manufacturer’s instructions. Urinary C3a concentration was measured by ELISA using paired antibodies and purified mouse C3a (all
from BD Biosciences).

Reagents
The following antibodies were used in this study: Mouse anti-human
E-cadherin (BD Biosciences, Oxford, UK), mouse anti–␣-SMA (SigmaAldrich, Dorset, UK), mouse anti-human C3aR (BD Biosciences),
monoclonal rat anti-mouse C3a (two clones; BD Biosciences), rat
anti-mouse F4/80 (AbD Serotec, Oxfordshire, UK), rabbit ant-C3d
(Dako UK Ltd., Cambridgeshire, UK), mouse anti-human ␤-actin
(Sigma Aldrich), chicken anti-mouse C3aR (BMA Biomedicals,
Augst, Switzerland), rabbit anti-mouse collagen I (Chemicon, Temecula, CA), AlexaFluor 488 – conjugated goat anti-mouse IgG
(Invitrogen, Paisley, UK), biotinylated goat anti-chicken Ig (Vector Laboratories, Burlingame, CA), and horseradish peroxidase
(HRP)-conjugated rabbit anti-mouse IgG (Dako). Isotype control
antibodies were purchased from Sigma. Human C3a was purchased from Cortex Biochem (Concord, Massachusetts) and C5b6,
C7, C8, and C9 from Merck (Nottingham, UK). TGF-␤1 was from
R&D Systems (Abingdon, UK). The C3aR-deficient mice were
generated by homologous recombination and were provided by
Dr. Bao Lu (Children’s Hospital, Harvard Medical School, Boston,
MA).52 Mice were backcrossed for 10 generations onto a Balb/c
background. Age- and gender-matched control Balb/c mice were
purchased from Harlan (Bicester, UK). Pooled normal human serum was collected from four volunteers and stored at ⫺80°C until
use. Serum was heat inactivated at 56°C for 30 min.

In Vitro Study of EMT
The renal proximal tubular cell line HKC837 was grown to subconfluence and treated with serum, TGF-␤1, or isolated complement proteins as described for each experiment. For Western blotting, cells
were grown in six-well plates and lysed with 300 l of lysis buffer with
1% protease inhibitor mix (both from Perbio, Northumberland, UK).
Protein concentration was measured (BCA kit; Perbio), and 10 g of
cellular protein was separated on 10% polyacrylamide gels under reducing conditions. Proteins were transferred to a nitrocellulose membrane and blotted with anti–E-cadherin and anti–␣-SMA. Membranes were stripped and reprobed with anti–␤-actin. Cells were
grown on glass coverslips, fixed in acetone at ⫺20°C for 5 min, and
then stained with either E-cadherin or ␣-SMA followed by a fluorochrome-conjugated secondary antibody.

Induction and Analysis of Adriamycin Nephropathy
All animal procedures were performed in accordance with United
Kingdom Home Office regulations. Six- to 8-wk-old female
C3aR⫺/⫺ or wild-type Balb/c mice were administered an injection of
10 mg/kg body wt Adriamycin (or equivalent volume of normal saJ Am Soc Nephrol 20: 593–603, 2009

Histologic Analysis
Histologic injury was assessed on PAS-stained sections using Lucia
software (Jencons-PLS, East Sussex, UK). The glomerular capillary
tuft area and the area occupied by PAS-positive sclerotic segments
were calculated. The ratio of sclerotic area to tuft area was used as an
index of glomerular sclerosis.46,54 The ratio of tubular epithelial cell
height to tubule diameter was used as the index of tubular atrophy and
dilation. Line morphometric measurements were used to measure the
cross-sectional diameter and the tubular cell height of an individual
cortical tubule. The cortical interstitial volume was defined as the
peritubular space including peritubular capillaries. This area was
quantified in five nonoverlapping, random cortical fields on each section. The ratio of interstitial volume to the total area was used as an
index for interstitial expansion.54 Histologic analysis was performed
on ⫻400 magnification images.

Immunohistochemistry
Collagen I staining was performed on frozen sections with 1:200 rabbit anti-mouse collagen I followed by in 1:200 HRP-conjugated goat
anti-rabbit IgG. ␣-SMA was performed on formalin-fixed sections
with ␣-SMA antibody (1:50,000 in PBS for 60 min) then in goat antimouse polymer conjugated with HRP (Envision; Dako). Antibody
binding was visualized with DAB. C3aR was detected on frozen sections using chicken anti-mouse C3aR, biotinylated goat anti-chicken
Ig, and streptavidin-HRP. After immunochemical staining for
␣-SMA and collagen I, the degree of staining was assessed by counting
the number of tubules with surrounding collagen I or ␣-SMA staining
per ⫻400 field. Macrophages were detected using rat anti-mouse
F4/80 and an HRP-conjugated secondary antibody.

PCR Analysis
Total RNA was extracted from cortex and reverse-transcribed. Semiquantitative real-time PCR was used to quantify collagen I mRNA and
␤-actin mRNA using Taqman gene expression assays (Applied Biosystems, Warrington, UK). The ratio of collagen I to ␤-actin was
calculated for each sample and normalized to a saline-injected control.

Statistical Analysis

Results are expressed as arithmetic means ⫾ SEM. Statistical analysis
was performed using the statistical analysis option in the Prism 4
software. T test, one-way ANOVA (with Bonferroni post test for multiple comparisons) or two-way ANOVA was used. Log rank test was
C3a-Mediated Renal Injury
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used to compare survival. P ⬍ 0.05 was regarded as significantly different.
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