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Renal Expression of the C3a Receptor and Functional
Responses of Primary Human Proximal Tubular
Epithelial Cells1

Michael C. Braun,2*‡ Rose Y. Reins,* Tong-bin Li,† Travis J. Hollmann,* Ranjan Dutta, †

Wetsel A. Rick,* Ba-Bie Teng,† and Baozhen Ke*

Although complement activation and deposition have been associated with a variety of glomerulopathies, the pathogenic mech-
anisms by which complement directly mediates renal injury remain to be fully elucidated. Renal parenchymal tissues express a
limited repertoire of receptors that directly bind activated complement proteins. We report the renal expression of the receptor
for the C3 cleavage product C3a, a member of the anaphylatoxin family. C3aR is highly expressed in normal human and murine
kidney, as demonstrated by immunohistochemistry and in situ hybridization. Its distribution is limited to epithelial cells only, as
glomerular endothelial and mesangial cells showed no evidence of C3aR expression. The C3aR is also expressed by primary renal
proximal tubular epithelial cells in vitro as demonstrated by FACS, Western blot, and RT-PCR. In vitro C3aR is functional in
terms of its capacity to bind 125I-labeled C3a and generate inositol triphosphate. Finally, using microarray analysis, four novel
genes were identified and confirmed as transcriptionally regulated by C3aR activation in proximal tubular cells. These studies
define a new pathway by which complement activation may directly modulate the renal response to immunologic injury.The
Journal of Immunology, 2004, 173: 4190–4196.

T he human receptor for the complement activation product
C3a (C3aR) is a 55-kDa protein of the rhodoposin family
of G protein-coupled seven-transmembrane receptors (1).

A wide range of bone marrow-derived cells including mast cells,
basophils, neutrophils, eosinophils, monocytes/macrophages, den-
dritic cells, T cells, and B cells expresses this receptor (1–5). The
C3aR is also expressed in nonlymphoid tissue, including brain,
lung, heart, intestine, and liver (6–13). Although it is known that
C3aR mRNA is present in whole kidney, as assessed by Northern
blot, and that the human proximal tubular epithelial cell line HK-2
expresses functional C3aR, the distribution and function of the
receptor in primary renal tissue are unknown (11–14).

Investigation into the functional activity of the C3aR has been
focused primarily on leukocyte responses. C3a is chemotaxic for
leukocytes, and activation of the receptor induces a variety of in-
flammatory mediators such as IL-1, IL-6, IL-8, and TNF-� (1, 7).
C3a promotes the degranulation of granulocytes, mediates hista-
mine release, and induces vasodilatation and smooth muscle con-
traction (15). In vitro characterization of receptor-mediated re-
sponses suggests that this receptor plays a major role in
modulating complement-mediated immune responses in a proin-
flammatory manner. Little is known, however, regarding epithelial
cell responses to C3a stimulation save for the induction of IL-8 in
pulmonary epithelium and the induction in HK-2 cells of TGF-�,

a cytokine with many anti-inflammatory activities (7, 14). Recent
in vivo studies of C3aR-deficient animals suggest that C3aR may
have a dual role in modulating the inflammatory response. Al-
though mice lacking C3aR are protected from the development of
Ag-induced airway hyperresponsiveness, C3aR-deficient animals
have an increased mortality compared with control mice in an LPS
model of septic shock (16, 17). The later study suggests that the
C3aR may play a role in attenuating inflammatory responses. Cur-
rently, it is unknown what contribution, if any, nonlymphoid C3aR
activation plays in modulating host responses to immunologic
challenge.

The relationship of complement activation and renal injury is a
complex one. Complement activation and/or deposition are asso-
ciated with both primary immune and nonimmune mediated forms
of renal disease (18). Direct complement-mediated injury can be
induced via the terminal component cell surface deposition of the
membrane attack complex (C5b-C9) or through the direct activa-
tion of complement receptors. Renal parenchymal tissue is known
to express complement receptors, including CR1, CR3, and CD88,
although the functional consequences of activation of these recep-
tors remain ill defined (19–23). To expand our current understand-
ing of how complement activation modulates renal injury, we re-
port the expression of the C3aR in normal human and murine
kidney. In addition, microarray analysis was used to identify novel
transcriptional responses to C3aR activation in cultured primary
renal tubular epithelial cells.

Materials and Methods
Immunohistochemistry

Normal human kidney tissue (n� 4) was obtained from the National
Diabetes Research Interchange (Philadelphia, PA). The tissue was dehy-
drated and paraffin embedded using standard techniques. Five-micrometer
sections were used in all histologic studies. No evidence of renal pathology
was noted in multiple sections stained with both H&E and periodic acid-
Schiff (data not shown). Immunohistochemistry was performed using the
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TSA biotin system (PerkinElmer, Boston, MA), according to the manu-
facturer’s instructions. Nonspecific Ig binding was blocked with 5% nor-
mal goat serum in PBS with 5% BSA. Sections were then incubated over-
night at 4°C with either: a mouse anti-human C3aR (anti-hC3aR)3 mAb
(0.5 �g/ml, clone 8H1; BD Biosciences, San Diego, CA) or an isotype-
matched control Ab (0.5 �g/ml; BD Biosciences). Slides were washed and
incubated for 1 h at room temperature (RT) with 1/500 dilution of biotin
goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA) in PBS. The slides were again washed, incubated with the TSA biotin
amplification reagents, developed with diaminobenzidine substrate, and
counterstained with hematoxylin.

In situ hybridization

Normal human kidney was obtained, as described above (n � 4). Murine
C3aR (mC3aR)-deficient and control wild-type age- and sex-matched kid-
neys were fixed with formalin and embedded (n � 3). The C3aR-deficient
mice as well as pSP72 plasmids (Promega, Madison, WI) containing
hC3aR and mC3aR cDNA inserts have previously been reported (8, 24).
Riboprobes correspond to nt 553–885 of the hC3aR cDNA (GenBank NM
004054) and 817-1005 of the mC3aR cDNA (GenBank NM 009779). To
generate sense and antisense probes, the hC3aR plasmid was linearized
with BamHI and HindIII, while the mC3aR plasmid was linearized with
XhoI and BglIII (Roche Molecular Biochemicals, Indianapolis, IN). In vitro
transcription was performed using digoxigenin (DIG) RNA labeling kit
(SP6/T7; Roche Molecular Biochemicals), according to manufacturer’s in-
structions. Paraffin-embedded sections were dried at 55°C overnight, de-
hydrated with xylene over 24 h. Sections were then hybridized overnight
with DIG-labeled probes diluted 1/50 in hybridization buffer (2� SSC,
10% dextran sulfate, 0.02% SDS, 50% formamide) at 42°C, and washed
once at RT with 2� SSC, three times at 42°C with 1� SSC/50% form-
amide, and twice at room RT with 1� SSC. The sections were blocked in
TBS (pH 7.4) containing 10% goat serum for 15 min, incubated with an
alkaline phosphatase-conjugated anti-DIG Ab (Roche Molecular Bio-
chemicals) diluted in 5% goat serum/TBS for 1 h, and developed with
NBT/5-bromo-4-chloro-3-indolyl phosphate (Roche Molecular Biochemi-
cals). Sections were counterstained with Nuclear Fast Red (Vector Labo-
ratories, Burlingame, CA), dehydrated, mounted, and examined by light
microscopy.

Proximal tubular epithelial cell (PTEC) studies

Human PTEC from four separate donor sources were purchased from Cam-
brex (East Rutherford, NJ) and cultured at 37°C, 5% CO2 in renal epithelial
cell growth medium (BioWhittaker, Walkersville, MD) supplemented with
hydrocortisone (500 ng/ml), epithelial growth factor (10 ng/ml), FBS
(0.5%), epinephrine (500 ng/ml), triiodothyronine (6.5 ng/ml), penicillin-
streptomycin (100 �g/ml), and gentamicin (100 �g/ml). PETC were studied
between passages 3 and 12. At final passage, the cells were recharacterized
as von Willebrand factor negative, and positive for cytokeratin, actin,
alkaline phosphatase, and �-glutamyl transferase. U937 cells were obtained
from American Type Culture Collection (Bethesda, MD) and cultured
in RMPI 1640 supplemented with 10% FBS (BioWhittaker), penicillin-
streptomycin (100 �g/ml), and gentamicin (100 �g/ml). To induce C3aR
expression, U937 cells were cultured with cAMP (Amersham, Piscataway,
NJ) for 72 h before harvesting.

FACS analysis

PTEC (n � 3) were grown to confluence and harvested with 0.5 M EDTA
in PBS with gentle scraping. Cells were passed through a 70-�M mesh and
washed twice with ice-cold PBS, 0.5% BSA, and sodium azide. Following
a 30-min incubation with Fc block (E-biosciences, San Diego, CA), the
cells were incubated with either anti-hC3aR mAb (0.5 �g/ml) or isotype
control Ab (0.5 �g/ml) for 1 h, washed twice, and incubated with PE-
conjugated goat anti-mouse F(ab�)2 Ab (1/1000; Jackson ImmunoResearch
Laboratories). The cells were again washed, resuspended, and then ana-
lyzed using CellQuest software with BD FACSCalibur (BD Biosciences)
instrumentation.

Western blot analysis

PTEC (n � 4) were grown to confluence in T-75 flasks (Corning-Costar,
Corning, NY). For the induction of type I collagen, cells were stimulated
for 6, 12, or 18 h with 10 nM rC3a before harvesting. The cells were
harvested and lysed with PBS, 1% Nonidet P-40, 0.5% sodium deoxy-

cholate, 0.1% SDS, and Complete Tab protease inhibitor mixture (Roche
Molecular Biochemicals). U937 cells, both cAMP treated and untreated,
were harvested in a similar manner and served as a positive and negative
control, respectively. Protein concentrations were determined using the
bicinchoninic acid assay method (Bio-Rad, Hercules, CA). A total of 10 �g
of protein was separated on a 6% SDS-PAGE gel by electrophoresis under
reducing conditions, and transferred to a nitrocellulose membrane. For
C3aR expression, the membrane was blocked for 2 h at RT with 5% nonfat
dry milk in PBS with 0.1% Tween 20, and incubated overnight at 4°C with
anti-hC3aR mAb (1.0 �g/ml). The membrane was washed and incubated
for 1 h at RT with a 1/1000 dilution of goat anti-mouse HRP-labeled IgG
(Jackson ImmunoResearch Laboratories) in PBS. For pro-1� type 1 col-
lagen induction, the membrane was incubated with rabbit anti-pro-1� type
1 collagen (RDI, Flanders, NJ), washed, and incubated for 1 h at RT with
a 1/1000 dilution of goat anti-rabbit HRP-labeled IgG (Jackson Immu-
noResearch Laboratories) in PBS. The membrane was then stripped and
reprobed as above for C3aR expression. The membranes were developed
with Lumi-Glo (Kirkegaard & Perry Laboratories, Gaithersburg, MD) and
visualized by autoradiography.

RT-PCR

Total RNA was obtained using RNAwiz (Ambion, Austin, TX) from
PTEC, whole human kidney, cAMP-treated U937 cells, and untreated
U937 cells (n � 3). Reverse transcription was performed with Superscript
First-Strand Synthesis System for RT-PCR (Invitrogen Life Technologies,
Carlsbad, CA) using 5 �g of total RNA as template and random hexamer
priming. hC3aR-specific primers (NM_004054, sense, ACATCCAGGT
GCTGAAGCCTT; antisense, GCTCATTCCATGGCTGTGAGA) and the
endogenous control 18S ribosomal RNA were generated using Primer-
Express software (Applied Biosystems, Foster City, CA). SYBR Green I
dye system (Applied Biosystems) was then used for quantitative real-time
PCR, according to the manufacturer’s instructions. PCR was performed
using an ABI Prism 7700 Sequence Detection System (Applied Biosys-
tems) at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. PCR was performed with triplicate
samples. Dissociation curves for each primer pair were obtained and ana-
lyzed to confirm a single peak profile for each primer pair studied. At the
end of the reaction, data were analyzed using Sequence Detection System
Software (version 1.7; ABS Global). Ct data for each sample were then
normalized with the threshold cycle (Ct) data of the endogenous control,
and mRNA expression was calculated relative to PTEC C3aR mRNA
expression. Student’s t test was used to calculate statistical significance.

C3a-binding studies

Purified hC3a (Advanced Research Technologies, San Diego, CA) was
labeled with 125I using IODO-GEN-precoated iodination tubes (Pierce,
Rockford, IL). Briefly, 5 �l of 0.2 M NaPO4, followed by 5 �l of Na125I
(0.5 mC; Amersham), was added to an IODO-GEN tube, followed by 25
�g of hC3a, mixed and incubated at RT for 10 min. The reaction mixture
was transferred to a microfuge tube containing 20 �l of saturated tyrosine
solution. Following a 1-min incubation, 380 �l of 10% BSA (borate saline
containing 10 mM KI, pH 8.0) was added. Solution was then dialyzed for
2 h at RT and then overnight at 4°C. The determined sp. act. of the iodin-
ated hC3a was 1.76 � 107 cpm/�g. PTEC cells were grown to confluence
in 24-well plates (Corning-Costar). Medium was removed from cells, and
10 nM iodinated hC3a in 500 �l of binding/wash buffer (DMEM/1% BSA/
0.05% Tween 20) was added to each well. Cold C3a or fMLP (Sigma-
Aldrich, St. Louis, MO) was added to compete with binding at concentra-
tions of 0, 1, 10, 100, 500, and 750 nM, and incubated with cells for 30 min
at RT. Cells were washed four times with buffer and lysed with 1 M NaOH.
Binding of 125I-C3a was quantitated using a Cobra II auto gamma counter
(Packard Instrument, Meriden, CT).

Inositol incorporation

PTEC (n � 3) were grown to confluence in 24-well plates (Corning-
Costar), and washed once with PBS. Fresh epithelial cell growth medium
supplemented with 0.5% FBS and 10 mCi/ml myo-(2-[3H])inositol (Am-
ersham) was added. Twenty-four hours later, the cells were washed with
PBS, and the cells were incubated for 30 min at 37°C with fresh medium
containing 0.5% FCS and 10 mM LiCl. The medium was then removed,
and fresh medium containing 0.5% FCS, 10 mM LiCl, and 10 nM purified
hC3a was added. After 30 min of stimulation, the medium was removed,
and the reaction was stopped by adding 0.25 ml of ice-cold 10 mM formic
acid. Sample pH was adjusted with 15 mM NH4OH, and then transferred
to an AG1X8 anion exchange resin (Bio-Rad) column equilibrated with 5
mM borax and 60 mM sodium formate. Incorporated inositol was then
eluted from the columns with 1 M ammonium formate and 0.1 M formic

3 Abbreviations used in this paper: hC3a, human C3a; Ct, threshold cycle; DIG,
digoxigenin; mC3a, murine C3a; PTEC, proximal tubular epithelial cell; RT, room
temperature; EST, expressed sequence tag.
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acid and quantitated using a LS 6500 scintillation counter (Beckman
Coulter, Fullerton, CA). Studies were performed in triplicate.

Microarray experiments and analysis

PTEC were grown to confluence in T-75 flasks. The cells were washed
twice with HBSS, and fresh medium was supplemented with 0.5% FBS
added. After 30 min, the medium was again changed and 10 nM hC3a was
added. The cells were harvested after 6 h of stimulation, and total RNA was
extracted, as described above, followed by purification using RNeasy spin
columns (Qiagen, Valencia, CA). Total RNA was obtained from three in-
dependent experiments and consisted of cells stimulated with hC3a and
untreated controls. A total of 5 �g of RNA from each sample was used to
synthesize cDNA, according to the manufacturer’s instructions (Af-
fymetrix, Santa Clara, CA). Biotin-labeled cRNA was then generated using
1 �g of cDNA with BioArray high yield RNA transcript labeling kit (Enzo
Biochem, Farmingdale, NY). The labeled RNA transcripts were purified,
fragmented, and hybridized to a Test 3 array (Affymetrix) to verify the
quality and quantity of the sample. The fragmented cRNA was then used
to hybridize human genome U133A GeneChips (Affymetrix). After hy-
bridization, each array was washed, stained with goat IgG (10 mg/ml) and
streptavidin-PE (1 mg/ml) containing 50 mg/ml acetylated BSA, and then
scanned using an Affymetrix GeneArray scanner. The fluorescence results
were analyzed using Affymetrix microarray suite version 5.0 software. A
global scaling algorithm was applied to each array, which allows compar-
ison of all samples. Arrays were analyzed both independently (absolute
analysis) and in pairwise comparison between stimulated and unstimulated
samples (comparison analysis). In absolute analysis, the signal intensity
value that represents the level of expression of a transcript from each array
was obtained. In comparison analysis, the mean intensity from three ex-
periments of stimulated and unstimulated samples was calculated. Fold
changes were obtained as the ratio of stimulated to unstimulated samples,
and p values using t test were calculated. A transcript was considered
differentially expressed if it met the following criteria: 1) a p value �0.025

by t testing, 2) an absolute difference in signal intensity greater than 100,
and 3) a greater than 3-fold change in expression between samples.

Quantitative PCR

Verification of observational data from the microarray experiments was
obtained by RT-PCR. Three independent RNA samples were obtained
from three separate PTEC donors stimulated for 6 h with 10 nM C3a or
unstimulated control samples. Semiquantitative PCR was performed, as
described above. Sequence-specific primers for the differentially expressed
transcripts identified by microarray analysis were generated using Primer-
Express software (Applied Biosystems). The GenBank database was screened
to confirm the uniqueness of each primer sequence. The primer sequences were
as follows: Gulp (AK023668), sense, CCTCCAGCAGGCAGTATGACA,
and antisense, TTGCGAGTAGGCATCGAAGAC; pyrin (NM_000243.1),
sense, CGCTCAGGCACATGCTGTTA, and antisense, GGGTAAGCGGTT
TCTGCATC; DYKR2 (NM_006482.1), sense, ACAGTGCTCACGACAA
CCA, and antisense, CCCTGCCGTCTATGAATGCT; Pro-1� type 1 colla-
gen (NM_000088.1), sense, CCACCAATCACCTGCCTACA, and antisense
CACGTCTCGGTCATGGTACCT. Ct data for each sample were then nor-
malized with the Ct data of the endogenous control, and changes in C3a-
stimulated mRNA expression were calculated relative to unstimulated mRNA
expression. Student’s t test was used to calculate statistical significance.

Results
C3aR expression in normal human renal tissue

Immunohistochemical analysis using a hC3aR-specific mAb re-
vealed prominent expression in the tubular segments of normal
human kidney with high levels of expression in the renal medulla
(Fig. 1, A and C). Glomerular expression was limited. Staining was
noted in occasional glomerular epithelial cells and epithelial cells
lining Bowman’s capsule (Fig. 1A). No staining was detected on
either mesangial cells or glomerular endothelial cells. Cortical
staining was also demonstrated in proximal tubule epithelium. The
C3aR was expressed on both the luminal brush border and the
basolateral aspects of the proximal tubule (Fig. 1E). No staining
was detected in the thick ascending limb of the loop of Henle (Fig.
1E). Ab specificity was confirmed by the lack of staining with
isotype control Ab (Fig. 1, B and D). In situ hybridization studies
demonstrated a similar expression pattern. The highest intensity of
staining for the C3aR mRNA was noted in the medulla and tubular
segment within the renal cortex (Fig. 2, C and D). The glomerular
C3aR mRNA expression mirrored the Ab staining with mRNA
detected only in glomerular epithelium and in visceral epithelium

FIGURE 1. C3aR expression and distribution in normal human kidney
as determined by immunohistochemistry using a C3aR mAb (clone 8H1).
Expression in the renal cortex is limited to tubular epithelial, glomerular
visceral, and parietal epithelial cells (A). The C3aR is highly expressed in
the renal medulla (C). C3aR is expressed by both the brush border (solid
arrow) and the basolateral membrane (hatched arrow) of proximal tubular
epithelium within the renal cortex (E), but not in the thick ascending limb
of the loop of Henle (�). Minimal background staining is detected with
isotype control Ab: renal cortex (B) and renal medulla (D). Magnification
for all photomicrographs is �400.

FIGURE 2. C3aR mRNA expression in normal human kidney as deter-
mined by in situ hybridization using a digoxin-labeled riboprobe: �100
magnification using antisense probe (A) and sense probe (B). Cortical ex-
pression of C3aR mRNA using antisense is limited to epithelial cells (C,
�400 magnification); C3aR mRNA is highly expressed within the renal
medulla (D, antisense probe magnification �400).
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of Bowman’s capsule (Fig. 2C). Glomerular mesangial and endo-
thelial cells were uniformly negative for C3aR mRNA. Confirma-
tion of the receptor distribution was obtained using in situ hybrid-

ization studies in wild-type mice and mice with targeted deletions
of the mC3aR (Fig. 3). The highest intensity of mRNA staining
was again seen in the medulla (Fig. 3, A and D), with staining in
the cortex limited to tubular and glomerular epithelia (Fig. 3C).

Expression and functional analysis of the C3aR in primary renal
proximal tubular epithelial cells

FACS analysis of cultured PTEC demonstrated expression of the
C3aR (Fig. 4A). C3aR protein expression was confirmed by West-
ern blot (Fig. 4B). C3aR mRNA was detected in PTEC in lower
amounts than that seen in either whole kidney RNA or RNA ob-
tained from cAMP-treated U937 cells: 8- and 4-fold less, respec-
tively (Fig. 4C). Binding studies using 125I-labeled purified hC3a
confirmed cell surface expression of the C3aR (Fig. 5A). The ab-
solute amount of labeled C3a biding was low (absolute count
1200 � 300 cpm), suggesting that the density of receptor expres-
sion on these cells is lower than that reported in human monocytes
(1). The specificity of binding was demonstrated by inability of
unlabeled fMLP to displace bound C3a. Similar to the data re-
ported by Peake et al. (14), primary PTEC are able to functionally
respond to C3a stimulation as measured by inositol incorporation
(Fig. 5B). The relatively modest increase in inositol incorporation
compared with unstimulated PTEC may reflect the basal activity of
growth factors required to maintain these cells in culture.

We then used microarray gene expression analysis to identify
genes induced by C3a stimulation. We used Affymetrix U133A
human microarray chips to analyze 16,000 genes simultaneously.
Cells were stimulated for 6 h to identify early transcriptional re-
sponses to C3a stimulation; furthermore, the short stimulation time
would avoid confounding paracrine effects. Using the criteria de-
scribed in Materials and Methods, we identified 4 known genes
and 2 expressed sequence tag (EST) sequences that were up-reg-
ulated and 6 known genes and 1 EST sequence that were down-
regulated by C3a stimulation (Table I). Using 3 independent sets of
RNA, we conducted quantitative RT-PCR on all 10 known genes.

FIGURE 3. In situ hybridization using antisense riboprobes demon-
strates renal expression of mC3aR mRNA in wild-type mice (A, �200) and
mice with targeted deletion of mC3aR (B, �200). The distribution of
mC3aR mRNA in wild-type mice is similar to that seen in normal human
kidney; mC3aR mRNA is expressed in cortical and glomerular epithelial
only (C, �400) and highly expressed in the renal medulla of wild-type
mice (D, �400).

FIGURE 4. Cultured human primary proximal tubular epithelial cells
express the C3aR: FACS histogram using either an hC3aR-specific mAb
(clone 8H1) or an isotype control mAb (A). Western blot of whole cell
lysates probed with mAb (clone 8H1) to hC3aR (B): semiquantitative RT-
PCR of total mRNA isolated from U937 cells, whole human kidney, and
PTEC (C). Figures are representative data from three separate experiments
using PTEC from separate donor sources.

FIGURE 5. The C3aR expressed on PTEC is functional. 125I-labeled
C3aR binding to cultured PTEC in the presence of increasing concentra-
tions of either unlabeled C3a or nonspecific unlabeled peptide fMLP (A).
Data are mean values � 1 SD of triplicate samples from one of three
independent experiments (��, p � 0.01). C3a stimulation of PTEC in-
creases radiolabeled inositol incorporation (B). Data are mean values � 1
SD of triplicate samples from one of three independent experiments (�, p �
0.05).
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Results of these experiments are shown in Table II. Using this
method, 4 genes, pro-1� type 1 collagen, DYKR2, pyrin, and
Gulp, were independently confirmed as significantly differentially
regulated by C3a stimulation. The remaining 6 genes also appeared
to be differentially regulated, although they failed to meet criteria for
statistical significance (data not shown). None of these genes have
been previously associated with C3aR activation. The induction of
pro-1� type 1 collagen was confirmed by Western blot (Fig. 6).

Discussion
These studies demonstrate for the first time in humans and in mice
that the C3aR is expressed by normal kidney epithelium. The re-
ceptor distribution in human kidney appears to be similar to that
seen in the mouse. Renal parenchymal expression in normal tissue
appears to be restricted to glomerular and tubular epithelial cells
only. Neither immunohistochemistry nor in situ hybridization sug-
gested C3aR expression in normal glomerular mesangial or glo-
merular endothelial cells. Although the C3aR is expressed within
the renal cortex, the highest level of mRNA expression appears to
be found in tubules of the renal medulla. Staining for both C3aR
protein and mRNA suggests that expression of the receptor is lim-
ited to epithelial cells. In distinction to other complement recep-
tors, the C3aR is expressed on both the luminal and antiluminal
surfaces of the proximal tubule. This suggests that the C3aR may
mediate cellular responses to both luminal complement activation
as well as tubular response to interstitial injury. Although these
studies demonstrate that the C3aR is expressed in multiple tubular
segments, further work will be required to define the precise tu-
bular expression of the C3aR. The renal distribution of the C3aR
is similar to that reported for C5aR (22, 23, 25). In regard to C5aR,
published reports indicate that the pattern of expression of this
receptor is altered in disease states with up-regulation in glomer-
ular mesangial cells (26). This finding suggests that further inves-
tigation into the distribution of the C3aR in pathologic conditions
is warranted.

Activation of the complement cascade by either the classical,
alternative, or lectin pathways results in the formation of the C3
convertase, a proteolytic enzyme that cleaves C3-producing C3b
and C3a. C3a is a small 9-kDa peptide that is freely filtered by the

glomerular basement membrane, and thus, systemic complement
activation may result in tubular responses to filtered intraluminal
C3a. In addition to the production of C3a via systemic complement
activation, it is clear that complement can be activated locally
within the kidney. Complement components including C3, C4, fac-
tor B, and C5 can by synthesized by PTEC (27). Prior studies have
demonstrated that alternative pathway complement activation can
occur in tubular epithelium, and that C3 can be cleaved intralu-
menally, and thus generate C3a (28, 29). This suggests that the
C3aR expressed in tubular epithelial cells has the capacity to re-
spond in both a paracrine and an autocrine manner to complement
activation. The relevance to human disease is clearly demonstrable
in numerous pathologic studies. C3 deposition is a consistent fea-
ture in a range of both primary immune and nonimmune mediated
renal disease, including lupus nephritis, membranoproliferative
glomerulonephritis, acute postinfectious glomerulonephritis, renal
allograft rejections, and chronic tubulointerstitial nephritis. Histor-
ically, it has been presumed that the generation of C3a concurrent
with the deposition of C3 promotes renal injury via the recruitment
of leukocytes and through the induction of proinflammatory me-
diators. The finding that renal tubular and glomerular epithelial
cells express functional C3aR supports the hypothesis that activa-
tion of complement and the production of C3a have direct effects
on renal parenchymal tissue.

Experimental data from cultured primary human proximal tu-
bular epithelial cells confirmed C3aR expression by FACS, West-
ern blot, and PCR. These findings are consistent with prior reports
by Peake et al. (14) regarding C3aR expression in the human prox-
imal tubular cell line HK-2. Functionality of the receptor was con-
firmed by radiolabeled C3a-binding studies as well as increased
inositol incorporation in response to C3a stimulation. These find-
ings combined with the immunohistochemistry and in situ hybrid-
ization data indicate that the C3aR is functionally expressed by
normal human tubular epithelial cells.

To further define renal responses to C3aR activation, primary
PTEC were stimulated in vitro with purified hC3a. Given the pau-
city of experimental data regarding epithelial cell responses to C3a
stimulation, a genomic approach to the identification of transcrip-
tion responses was taken. Ten known genes were identified by

Table I. C3aR mediated differentially regulated gene expression identified by Genechip analysisa

Gene Ascension No.
Fold Change

(mean) p Gene Ascension No.
Fold Change

(mean) p

Gulp AK023668 �7.27 0.001 PECAM-1 NM_000442.1 �4.96 0.023
Branched chain

acytltransferase
NM_001918.1 �6.25 0.023 Cytochrome P450-XIX NM_000103.1 �4.81 0.007

THRb coactivator AL136823.1 �5.08 0.001 Unknown EST AI192838 �4.31 0.009
Unknown EST AK022061.1 �5.02 0.023 DYKR2 NM_006482.1 �4.27 0.012
CHRM-4 NM_000741.1 �4.06 0.005 Pro-1� type 1 collagen NM_000088.1 �3.82 0.025
ARF-1 AL117549.1 �3.74 0.008 Unknown EST GB2531119 �3.71 0.002
Pyrin NM_000243.1 �3.4 0.001

a Data represents mean values obtained from three independent experiments.
b THR, thyroid hormone receptor; CHRM, cholinergic receptor, muscarinic; ARF, AD pribosylation factor.

Table II. PCR confirmed differentially regulated genes/ESTs from Table I a

Gene Average Ct ��Ct Fold Change Range p

Pro-1� type 1 collagen 17.03 � 0.82 �4.27 � 0.82 �19.29 34.1–10.9 0.02
DYKR2 25.01 � 0.16 �1.56 � 0.13 �2.95 3.24–2.86 0.04
Pyrin 11.87 � 0.02 �2.68 � 0.11 �6.43 6.58–6.32 0.006
Gulp 23.36 � 0.38 �1.35 � 0.13 �2.56 2.59–2.37 0.03

a Quantitative PCR data were obtained from triplicate samples generated in three independent experiments and normalized to 18S mRNA expression.
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GeneChip analysis as being differentially regulated; of these, four
were independently confirmed by quantitative PCR. Pro-1� type 1
collagen was strongly induced by C3aR activation, with a mean
19.29-fold increase in mRNA expression. The induction of type I
collagen was confirmed by Western blot. Prior in vitro studies have
demonstrated that type I collagen is produced by PTEC and alter-
ations in synthesis of both type I collagen and type IV collagen
occur in response to PTEC activation (30, 31) Although data
regarding the expression of type 1 collagen in renal pathology are
limited, the production of basement membrane components by
PTECs clearly contributes to the development of chronic tubular
injury and the development of interstitial fibrosis (32, 33). Data
reported in the early 1980s suggested that collagen in general and
type I collagen specifically may act as an autoantigen in some
forms of autoimmune renal disease (34). The finding that C3a
induces the production of type 1 collagen provides a potential
direct link between chronic complement activation and the devel-
opment of progressive interstitial fibrosis.

The signaling protein DYRK2 was also induced by C3aR acti-
vation, although to a lesser extent that type I collagen. This protein
is a dual-specific tyrosine (Y) phophorylation-regulated kinase.
Members of this family of kinases are characterized by their ability
to autophosphorylate tyrosine residues as well as phosphorylate
serin/threonine residues on exogenous substrate (35, 36). DYKR2
has a cytosolic pattern of expression, while other family members
are localized to the nucleus (36). DYRK2 has been shown to ac-
tivate the transcriptional initiator eIF2B and the microtubule-asso-
ciated protein � (37). As a class, DYKR family members appear to
be involved in the negative regulation of both cellular proliferation
and differentiation (35). Although the renal expression and func-
tion of the DYRK2 are unknown, the reduction in DYRK2 mRNA
mediated by C3a could potentially enhance the proliferation of
PTEC in response to tubular injury.

Pyrin, also known as marenostrin, was down-regulated by C3aR
activation. Pyrin, the gene responsible for familial Mediterranean
fever, is expressed primarily by granulocytes (38, 39). Initial char-
acterization of pyrin tissue expression indicated only low level of
mRNA expression in Northern blots of whole kidney tissue, which
was attributed to leukocyte contamination (40). However, the pres-
ence of mRNA for pyrin in proximal tubular cells in culture sug-
gests that it is in fact expressed in renal tissue. The function of this
newly characterized gene and its other family members is currently
an intense area of investigation. It appears that it functions to at-
tenuate inflammatory response through modulation of cytoskeletal
organization and the regulation of NF-�B and IL-1� induction (41,

42). There are also reports that pyrin regulates the expression of
C5a-inhibitor activity (43). Gulp, the remaining gene identified as
negatively regulated by the C3aR, is perhaps the most intriguing.
A human homologue for CED-6, Gulp is a member of a highly
conserved family of Caenorhabditis elegans genes that regulate
apoptosis. Although characterization of the function of this gene in
the human system is ongoing, early data suggest that Gulp encodes
an adapter protein that interacts with CED-1 and CD91, mediating
the engulfment of apoptotic bodies (44). Down-regulation of Gulp
would act to decrease the ability of PTEC to clear apoptotic bodies
present in the tubular lumen. Recently, the murine homologue of
CED-6 has been cloned from a murine kidney cDNA library; sup-
porting the finding that CED-6 may regulate the processing of
apoptotic bodies by renal epithelium (45). Although the ability of
nonprofessional phagocytic cells to clear apoptotic bodies has been
demonstrated in other systems, including intestinal epithelia, the
role of renal epithelia in this process is uncertain (46).

Previous reports have indicated IL-8 and TGF-� induction in
cell supernatants of C3a-stimulated epithelial cells; however, nei-
ther of these genes was identified in our microarray studies as
being transcriptionally regulated at 6 h (7, 14). RT-PCR was also
performed for TGF-� and IL-8, but failed to detect significant
induction (data not shown). The inability to induce TGF-� and the
limited number of genes identified as regulated by C3aR activation
is most likely due to either the short period of stimulation used in
our study compared with the previous report (6-h vs overnight
stimulations), the differences in growth factors required to main-
tain primary vs transformed cells in culture, or the stringency of
the statistical conditions of our microarray studies. However, our
data regarding the induction of type I collagen support the hypoth-
esis that C3a may play a role in the development of interstitial
fibrosis, which has been shown to be dependent on both TGF-�
and the production of extracellular matrix components such as type
I collagen.

In conclusion, the data presented in this work demonstrate the
receptor for the complement activation product C3a is highly ex-
pressed by normal murine and human kidney in an epithelial cell
distribution. In primary human proximal tubular epithelial cells,
the C3aR is both expressed and functional. Four genes not previ-
ously reported to be regulated by complement activation were
identified as being differentially regulated by C3aR activation and
provide insights into possible roles for C3a in novel signaling path-
ways, cytoskeletal organization, the induction of extracellular ma-
trix components, and the clearance of apoptotic bodies. These find-
ings provide clear evidence for a direct role for C3a in mediating
parenchymal responses to immunologic renal injury.
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