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Abstract. Tissue expression of C3 is an unexpected regulator of
the alloimmune response in mouse kidney transplantation. It is
unclear, however, whether a direct or an indirect action of
complement on the host immune response is involved. Also
unknown is which of the complement effector products,
cleaved C3, cleaved C5, or C5b-9, is responsible. Proximal
tubular epithelial cells (PTEC) not only constitute a major
target of the alloimmune response but also produce substantial
amounts of C3. This study investigated the property of mouse
PTEC to stimulate alloreactive T cells in a complement-depen-
dent manner. The proliferative and cytokine responses of
primed alloreactive T cells were measured after exposure to
donor-specific PTEC that had been pretreated with normal
mouse serum, heat-inactivated mouse serum, or complement-

deficient (C3, C5, or C6) mouse sera to differentially deposit
complement components. PTEC were able to stimulate allo-
reactive T cells in an antigen-specific manner. Complement
activation leading to the deposition of cleaved C3 on PTEC
enhanced the alloreactive T cell response. This complement-
mediated stimulation of the T cell response was dependent on
C3 but not on C5 or C6. The primary influence of tissue-bound
complement was on CD4� T cells. Moreover, the effect of
complement on alloreactive T cells was B7 dependent, shown
by inhibition studies with CTLA4-Ig. These results suggest
that donor epithelium-bound C3 can upregulate the alloim-
mune response. It is postulated that surface-bound C3 interacts
with complement receptors on alloreactive T cells or on anti-
gen presenting cells to increase allo-immune stimulation.

Evidence has emerged that the innate immune system regulates
the development of the adaptive immune response. Comple-
ment is one of the major components of the innate immune
system and not only plays an important role in host defense
against initial infection but also modulates both B cell and T
cell function. Much of the evidence linking the immunoregu-
latory properties of complement with receptor activation on
immune cells is in the context of infection and autoimmunity.
The regulation of the alloimmune response by complement is
much less clear.

Complement protein C3 is the point of convergence for the
three recognized pathways of complement activation and thus
plays a critical role in biologic processes mediated by the
complement cascade, which includes anaphylatoxic activity,
opsonization of pathogens and foreign particles, and lysis of
cells. In addition to these effector functions, it has become
increasingly evident that C3 participates in the regulation of the

antigen-specific immune response. The C3 split product C3b or
its metabolite C3d, either conjugated to antigen or bound on
antigen-presenting cells (APC), can regulate the specific im-
mune response against exogenous antigens (1–4). Further-
more, studies in C3-deficient (C3-def) mice have demonstrated
that C3 has an ability to augment the specific T cell response
against viral antigens and autoantibodies (5,6). Recently, two
studies in our laboratory provided evidence that complement
also has an important role in the regulation of the alloresponse.
In a skin graft model, C3- and C4-def recipient mice but not
C5-def mice had a profound defect in the primary alloantibody
response, suggesting that complement participates in modulat-
ing alloantibody production (7). In another study, most alloge-
neic C3-def mouse kidneys transplanted into complement-
sufficient mice survived for at least 100 d, whereas control
grafts from C3-sufficient (C3-suf) donors were rejected within
14 d (8). Both studies strongly suggest that tissue C3 is essen-
tial for the regulation of transplant rejection and that local
production of C3 has a significant effect on the T cell
alloresponse.

Alloreactive T cells are critical for mediating acute allograft
rejection. Activation of allospecific T cells after transplantation
requires two signals: stimulation by donor antigen (alloantigen)
and co-stimulation through antigen-independent pathways (9).
Alloantigen is a unique antigen, which could be allo-MHC
molecules or peptide:MHC complexes; the latter could be any
peptide:allo-MHC or allo-peptide:self MHC (10–12). Allo-
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reactive T cells recognize all of them by either the direct or
indirect antigen presentation pathway. In the kidney, apart
from passenger leukocytes, parenchymal cells are also thought
to be able to present antigen to T cells (13,14). However, the
extent, regulation, and significance of antigen presentation by
kidney parenchymal cells are at present unclear. Renal proxi-
mal tubular epithelial cells (PTEC), besides expressing MHC
class II molecules, are able to produce a number of inflamma-
tory mediators, including C3, and co-stimulatory molecules
(13,15,16), whose expression is increased by many inflamma-
tory stimuli. In addition, PTEC reside at the interface between
the urinary space, interstitium, and peritubular capillaries.
These features allow PTEC to have a potential role in coordi-
nating proinflammatory and immunoregulatory functions in
the renal interstitium. PTEC functioning as nonprofessional
APC therefore could participate in the alloimmune response
during transplant rejection.

Previous work has shown that C3 is markedly upregulated in
the tubules of inflamed kidney (i.e., ischemia/reperfusion in-
jured or rejected) and is deposited on the tubule surface adja-
cent to the T cell infiltrate (17–19). These data suggest that
complement, in addition to regulating the specific immune
response in infection and autoimmunity, participates in the
regulation of the alloimmune response in kidney transplanta-
tion. In the present study, we examined the effect of comple-
ment on the capacity of PTEC to stimulate primed alloreactive
T cells and investigated the precise level of the complement
cascade (C3/C5/C6) involved.

Marerials and Methods
Mice

BALB/c (H-2d), C57BL/6 (H-2b), C3H/He (C6-suf), DBA/1 (C5-
suf) and DBA/2 (C5-def) were purchased from Harlan UK Ltd (Bic-
ester, UK). Homozygous C3-def mice were derived by homologous
recombination in embryonic stem cells (20) and backcrossed onto the
C57BL/6 parental strain for 11 generations. C6-def mice, which were
derived from a Peruvian strain and backcrossed with C3H/He mice for
10 generations, were provided by Professor P. Lachmann (Cambridge,

UK) (21). C3-, C5-, and C6-def mice had no plasma activity of their
respective deficient complement components. Only male mice were
used in the study to avoid gender-related variations in complement
activity that occur in some strains. All procedures were conducted in
accordance with the Home Office Animals (Scientific Procedures)
Act of 1986.

PTEC Cultures
Primary PTEC cultures were prepared from kidneys of male

C57BL/6 (H-2b) or BALB/c (H-2d) mice as described previously (15).
Minced cortex was digested with 0.1% collagenase II and passed
through a 40-�m nylon sieve. The cells and tubules were collected
and cultured in a DMEM-12 medium that contained 2% FCS, insulin
(5 �g/ml), transferrin (5 �g/ml), selenium (5 ng/ml), hydrocortisone
(40 ng/ml), and tri-iodothyronine (10�2 M). All cells used in this
study were nonpassaged 5- to 6-d cultures. They displayed epithelial
morphology, expressed the brush border enzyme alkaline phospha-
tase, and stained positively for cytokeratin. Examination by electron
microscopy demonstrated the presence of numerous apical microvilli
of a rudimentary brush border, with reassembly of tight junctions.

Reverse Transcription of RNA and Subsequent PCR
Total RNA was extracted from PTEC and followed by cDNA

synthesis as we described previously (16). PCR was carried out with
2 �l of diluted cDNA (reflecting 0.2 �g of total RNA), 12.5 pmol of
each 3' and 5' primer pair for MHC class II A� chain, CD40,
intracellular adhesion molecule-1 (ICAM-1), and B7.2 (CD86) (Table
1) in 25 �l of reaction buffer (Promega, Southampton, UK). The PCR
cycle consisted of 1 min at 94°C, 1 min at 62°C, and 1 min at 72°C.
Amplified PCR products were visualized after electrophoresis on
1.2% agarose gel that contained ethidium bromide. Glyceraldehyde-
3-phosphate dehydrogenase primers, 12.5 pmol each, were also added
in every reaction as an internal control.

Serum Preparation
Mouse sera were freshly prepared on the day of use. Normal serum

(NS) was obtained from C57BL/6 mice; heat-inactivated serum (HIS)
was prepared by incubating this serum at 56°C for 30 min. Comple-
ment component-sufficient sera (C3, C5, and C6) were obtained from
C57BL/6, DBA/1, and C3H/He mice, respectively. Sera deficient in a

Table 1. PCR primer sequences and product sizesa

Primerb Oligonucleotide Sequence Product Size
(bp) Gene Bank Code

Class II-1 5�-CTCAACCACCACAACACTCTGG-3� 344 V01527
Class II-2 5�-GCCTTTTCATCCGTCACAGGAG-3�
CD40-1 5�-TGTGATTTGTGCCAGCCAGG-3� 620 M83312
CD40-2 5�-CCCAGGAGATGGAAGATTATCC-3�
ICAM-1-1 5�-TCTGTTCTTGCTGCTGTTGAGC-3� 728 AH001921
ICAM-1-2 5�-CTCTACGCAGCACAGAACATC-3�
B7.2-1 5�-CGGACTTGAACAACCAGACTCC-3� 563 L25606
B7.2-2 5�-GGTCACCCGAAACCTAAGAAGA-3�
GAPDH-1 5�-ACCACAGTCCATGCCATCAC-3� 453 XM_033260
GAPDH-2 5�-TCCACCACCCTGTTGCTGTA-3�

a ICAM, intracellular adhesion molecule; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
b Primer 1 is identical to the coding strand; primer 2 is complementary to the coding strand. All primers were designed such that there

are intronic sequences between primer 1 and primer 2.
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specific complement component were obtained from C3-, C5-, and
C6-def mice.

Preparation of Stimulators (PTEC)
PTEC used in this study were incubated with IFN-� for 24 h to

maximize expression of MHC and co-stimulatory molecules. Single-
cell suspensions were prepared by trypsin/EDTA treatment and then
incubated with 10% mouse serum for 30 min, unless otherwise stated.
PTEC were then washed three times with endotoxin-free PBS to
remove unbound complement proteins and resuspended in T cell
culture medium (RPMI-1640 containing 10% heat-inactivated FCS,
50 �M 2-mecaptoehtonal, 100 U/ml penicillin, and 100 �g/ml strep-
tomycin) and irradiated at 1000 RADS. Cell viability was assessed
before and after serum treatment, by trypan blue dye exclusion, which
showed no increase in the number of dead cells after treatment with
serum. Viable cells were �90% of the total. Allogeneic H-2b PTEC
monolayers were used in all experiments, except the syngeneic control
experiment in which H-2d PTEC were used.

Preparation of Responders (Alloreactive T Cells)
Primed alloreactive T cells were isolated from spleens of BALB/c

(H-2d) mice 14 d after they received a C57BL/6 skin graft. Minced
spleen was forced through a 40-�m nylon sieve using a 5-ml syringe
plunger. The filtrates were collected and washed once with endotoxin-
free PBS. Enriched T cells were prepared using anti-mouse IgG beads
(Dynal, Oslo, Norway) to remove IgG� cells. After enrichment, the T
cell preparation routinely consisted of �80% CD3� T cells. Purified
CD4� and CD8� T cells were prepared using Spin-Sep Enrichment
Cocktail Kit (StemCell Technologies, London, UK). After the puri-
fication, the purity of those T cell preparations is �90% as determined
by flow cytometry.

T Cell Proliferation Assay
After cytokine � serum treatment, 2 � 105 washed, irradiated

PTEC (H-2b) were added into cultures of 2 � 105 enriched T cells or
purified CD4� and CD8� T cells (H-2d) in 96-well plates and cul-
tured for 96 h. 3H-thymidine (1 �Ci/well) was added during the last
24 h. The amount of [3H] TdR incorporation was counted. Control
cultures included wells of irradiated PTEC with irradiated T cells.
Data were expressed as the difference in cpm of experimental and
control cultures and referred to as “� cpm.” T cells alone and PTEC
alone controls were also included in each experiment and gave con-
sistently low backgrounds.

T Cell Function Assay
The amount of IFN-� and IL-2 secreted into cell culture superna-

tants was measured by ELISA. Sandwich ELISA was performed using
ELISA Kit for mouse IFN-� or IL-2 (R&D Systems, Oxford, UK)
according to the manufacturer’s instructions.

Flow Cytometry
Single-cell suspensions of PTEC were stained with either FITC- or

phycoerythrin (PE)-conjugated antibody or the appropriate isotype
control antibody. The stained cells were analyzed by flow cytometry
(FACScan; Becton Dickinson, Oxford, UK). Ab reagents used were
FITC-conjugated cross-reactive rabbit anti-human C3d antibody
(Dako, High Wycombe, UK), PE-conjugated rat anti-mouse MHC
class II (I-A/I-E), PE-conjugated rat anti-mouse CD40, PE-conjugated
Armenian hamster anti-mouse ICAM-1 (CD54), and PE-conjugated
rat anti-mouse B7.2 (CD86; BD Biosciences, Cowley, UK).

Statistical Analyses
All T cell proliferation data shown are representative of at least

three independent experiments. ELISA data shown are representative
of three independent experiments. Statistical analysis was performed
on a complete data set of one experiment, with T cell proliferation and
ELISA assessed in triplicate. Data are expressed as mean � SEM and
subjected to t test.

Results
MHC Class II and Co-stimulatory Molecule Expression

To examine whether primary cultured murine PTEC are able to
express MHC class II and a number of co-stimulatory molecules
and thereby can potentially function as APC, we performed re-
verse transcription–PCR (RT-PCR) and flow cytometry on PTEC
treated with IFN-� (1000 U/ml) for 24 h. Gene expression of
MHC class II, CD40, ICAM-1, and B7.2 was clearly detected by
RT-PCR. Protein expression of MHC class II, CD40, and
ICAM-1 was correspondingly detected by flow cytometry, with
the exception of B7.2, which is only weakly detected (Figure 1).
In addition, gene expression of MHC class II, CD40, and ICAM-1
was detected in unstimulated PTEC by RT-PCR (data not shown).

C3 Deposition on PTEC
To test whether complement can be activated and deposited

on murine PTEC, the suspension cells were incubated with
10% mouse sera (NS, HIS, C3-def, C5-def, or C6-def sera). C3
deposition was examined by flow cytometry. The result of C3d
staining shows that membrane-bound C3 was clearly detected
in NS or C5-def serum-treated cells but barely detected in HIS
or C3-def serum-treated cells (Figure 2). These results indicate
that after complement activation, C3 split product was depos-
ited on PTEC. The very weak staining of C3d observed in HIS-
or C3-def serum-treated cells could be explained by the C3
produced by PTEC themselves (15,16). The detection of C3d
in C5-def (or C6-def; data not shown) serum-treated cells
indicates that without C5 or C6, complement activation of C3
occurs despite C5b-9 being unable to form. Our data suggests
that mouse PTEC can spontaneously activate complement,
confirming observations with human PTEC (22,23).

C3 Deposition Enhances the Ability of PTEC to
Stimulate Alloreactive T Cell Proliferation

To determine whether PTEC are able to stimulate alloreac-
tive T cells, nonstimulated or IFN-�–stimulated PTEC were
subsequently co-cultured with alloreactive T cells. As shown in
Figure 3A, T cell proliferation was clearly detected and was
increased by pretreating the stimulator cells with IFN-� com-
pared with untreated cells. To determine the effect of comple-
ment deposition on the activity of PTEC to stimulate T cells,
we treated IFN-�–stimulated PTEC with NS or HIS before
their co-culture with responder T cells. The results showed that
treatment of PTEC with NS significantly increased T cell
proliferation compared with HIS treatment. Syngeneic control
experiments with H-2d stimulator PTEC elicited a low level of
T cell proliferation (Figure 3B). These data demonstrate that
PTEC are able to stimulate alloreactive T cells and that com-
plement activation on PTEC enhances their APC function.
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Enhancement of the Alloreactive T Cell Response Is
Dependent on PTEC-Bound C3 but not C5 or C6

Complement activation produces a number of biologically
active products, including C3b, C5a, and C5b-9, whose pres-
ence on the PTEC may participate in the regulation of the
immune response. To investigate further which components
might contribute to PTEC stimulation of the alloreactive T cell
response, we treated PTEC with different pairs of sera, includ-
ing C3-suf/C3-def, C5-suf/C5-def, and C6-suft/C6-def sera.
The treated PTEC were then used to stimulate alloreactive T

Figure 2. Detection of complement C3 deposition on PTEC. Single-
cell suspension PTEC were treated with 10% various mouse sera
(normal serum [NS], heat-inactivated serum [HIS], C3-deficient [C3-
def], and C5-def) for 30 min. Washed serum-treated cells were sub-
sequently stained for C3d by FACS. PTEC that were treated with
serum are represented by the dotted line, and control cells (no serum
added) are represented by the heavy line.

Figure 1. Detection of MHC class II and co-stimulatory molecules.
Monolayers of proximal tubular epithelial cells (PTEC) were stimu-
lated with IFN-� (1000 U/ml), followed by reverse transcription–PCR
(RT-PCR) and flow cytometry analysis. (A) RT-PCR. An agarose gel
showing the size of the detected fragments and the 453-bp glyceral-
dehyde-3-phosphate dehydrogenase (internal control) band. The 1-kb
DNA markers are shown along side the gel. (B) Flow cytometry. In all
histogram plots, the control peak (heavy line) corresponds to staining
cells with the appropriate isotype control antibody. The detection peak
(dotted line) shows surface binding of specific antibody.
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cells. Treatment of PTEC with C3-def serum induced a weaker
T cell response compared with treatment with C3-suf serum.
However, the effect of treatment of PTEC with either C5-def or
C6-def serum on T cell proliferation was not significantly
different from that with their normal wild-type counterparts
(Figure 4). These data suggest that the property of complement
to enhance the alloreactive T cell response is dependent on C3
but not on C5 or C6.

Complement C3 Dose-Effect on the Alloreactive T Cell
Response

The dose-effect of C3 bound to the stimulator PTEC on the
magnitude of the T cell alloresponse was examined next. These
experiments were performed with C5-def serum to avoid C5a and
C5b-9 formation but to allow deposition of C3. After incubation
of PTEC with various concentrations of C5-def serum or C5-def
HIS, cell-bound C3 was analyzed by FACS and the serum-treated

PTEC used in T cell proliferation assays. The absence of PTEC
damage after treatment with all serum concentrations was con-
firmed by their trypan blue dye exclusion. FACS analysis showed
that the deposition of C3 on the cell surface increased as the
concentration of C5-def serum used (between 2.5 and 50%). This
increase was not observed in cells that were treated with C5-def
HIS (Figure 5A). The extent of T cell proliferation was signifi-
cantly elevated by treatment of PTEC with freshly prepared C5-
def serum but not the C5-def HIS. There was a significant differ-
ence in T cell proliferation at serum concentrations of 2.5 and
10%, suggesting a dose-dependent effect. However, at higher
serum concentrations (25 and 50%, the latter not shown), a pla-
teau was reached, suggesting saturation of the effect on T cell
proliferation (Figure 5B).

IL-2 and IFN-� Production by Alloreactive T Cells
Because the T cell proliferation assay detects dividing cells

rather than measures T cell effector function and the majority of
activated T cells produce IL-2 and/or IFN-�, we examined IFN-�
and IL-2 production by ELISA. The co-culture, as before, con-
sisted of PTEC incubated with T cells for up to 96 h. Alloreactive
T cells produced both IL-2 and IFN-�, but with different kinetics.
The production of IL-2 peaked at 48 h, whereas IFN-� peaked at
72 h. The effect of NS-treated PTEC was significant at 24 and
48 h for IL-2 and at 48, 72, and 96 h for IFN-� compared with
HIS-treated PTEC (Figure 6). These data correspond with the T
cell proliferation results and confirm that T cell responders are func-
tionally activated as well as being stimulated to divide in a comple-
ment-dependent manner, after exposure to allogeneic PTEC.

CD4� T Cells Are Responsive to Complement-
Mediated PTEC Stimulation of Alloreactive T Cell
Response

To evaluate the relative involvement of CD4� and CD8� T
cells in the complement-enhanced alloreactive T cell response,
we prepared purified alloreactive CD4� and CD8� T cells and

Figure 3. Complement deposition enhances the activity of PTEC to
stimulate alloreactive T cell proliferation. (A) PTEC were incubated
with IFN-� (1000 U/ml) or medium alone for 24 h and then irradiated
and assessed as stimulators in a 4-d T cell proliferation assay. (B)
PTEC (derived from either H-2b or H-2d mice) were treated with 10%
NS or HIS for 30 min, followed by T cell proliferation assay. The
incorporation of 3H-thymidine was measured in the last 24 h. P values
are for comparisons between IFN-� and medium alone in A and for
comparisons between NS and HIS treatment in B. ***P � 0.0001;
**P � 0.005; ns, no significant difference.

Figure 4. Enhancement of the alloreactive T cell response is dependent
on PTEC-bound C3 but not C5 and C6. IFN-�–stimulated PTEC were
treated with different mouse sera, including C3-suffficient (C3-suf) and
C3-def, C5-suf and C5-def, and C6-suf and C6-def sera, and subse-
quently co-cultured with alloreactive T cells for 96 h. The incorporation
of 3H-thymidine was measured in the last 24 h. P value is for compari-
sons between C3-suf and C3-def serum. **P � 0.005.
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co-cultured these cells with NS- or HIS-treated PTEC. Super-
natants were collected at 72 h for ELISA analysis of IFN-�
(Figure 7). The production of IFN-� was much higher in CD4�

T cell preparation compared with CD8� T cell preparation,
regardless of the serum treatment of PTEC. For CD4� T cell
preparation, the production of IFN-� was significantly higher
in NS-treated PTEC compared with either untreated or HIS-
treated PTEC. However, for CD8� T cell preparation, we did
not observe a difference of IFN-� production between NS-
treated PTEC and HIS-treated PTEC. These data indicate that
the primary influence of tissue-bound complement was on
CD4� T cells.

Complement-Mediated PTEC Stimulation of
Alloreactive T Cell Response Can Be Inhibited with
CTLA4-Ig

To investigate further how complement activation and dep-
osition on PTEC influence T cell co-stimulation, we performed

a CD80 and CD86 blockade experiment. We co-cultured pu-
rified alloreactive CD4� T cells with NS- or HIS-treated PTEC
in the presence of CTLA4-Ig (5 �g/ml) or control Ig (human
IgG1, 5 �g/ml) in the culture medium. Supernatants were
collected at 72 h for ELISA analysis of IFN-� (Figure 8). The
production of IFN-� was significantly decreased in the pres-
ence of CTLA4-Ig compared with either medium alone or
control Ig (human IgG1), where 70% reduction in NS-treated
PTEC and 57% reduction in HIS-treated PTEC were observed.
These data indicate that the co-stimulation of B7 plays an
important role in PTEC stimulation of alloreactive T cell
response and that the effect of complement on this response is
dependent on the B7 co-stimulation.

Discussion
The present investigation is a sequel to mouse kidney trans-

plantation studies, in which local tissue expression of C3 was
found to increase the antidonor T cell response and lead to
more rapid allograft rejection (8). There are several possible
explanations for the effect of immunoregulatory C3 in this
animal model, which include the nonspecific effects of com-
plement-mediated inflammation on antigen presentation and a
direct effect of complement on T cell stimulation. The present

Figure 5. Complement dose-effect on the alloreactive T cell response.
Single-cell suspensions of IFN-�–stimulated PTEC were treated with
C5-def or HIS C5-def at various concentrations for 30 min. Washed
serum-treated cells were subsequently stained for C3d by FACS or
co-cultured with alloreactive T cells. (A) FACS analysis. PTEC that
were treated with C5-def serum or C5-def HIS are represented by the
heavy line, and control cells (no serum added) are represented by the
dotted line. (B) T cell proliferation. Serum-treated PTEC were co-
cultured with alloreactive T cells for 96 h. The incorporation of
3H-thymidine was measured in the last 24 h. P values are for com-
parisons between C5-def serum treatment and control (no serum
added). *P � 0.05; **P � 0.005; ***P � 0.0003.

Figure 6. Detection of IL-2 and IFN-� by ELISA. IFN-�–stimulated
PTEC were treated with NS or HIS for 30 min and subsequently
co-cultured with T cells. (A and B) Supernatants were collected from
co-culture of 2 � 105 PTEC with 2 � 105 T cells at various time
points and assayed for IL-2 and IFN-� by sandwich ELISA. P values
are for comparisons between NS and HIS treatment. *P � 0.05; **P
� 0.005; ***P � 0.0003.
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results provide a strong case for a direct action of complement
on the antigen-presenting property of PTEC in vitro. Moreover,
the results suggest that because the effect of complement on the
tubular cells is independent of C5 and C6, this effect is unre-
lated to C5b-9 but rather is due to C3 fragment covalently
attached to the epithelial cell surface. Our results suggest that
direct interaction between tissue-bound C3 fragment and re-
cipient immune cells provides at least one mechanism by
which local complement augments the allospecific immune
response.

T lymphocytes express receptors that detect a variety of
complement activation products, resulting in T cell activation.
For example, CR1/2 expression on primed CD4� T cells

potentially allows T cells to detect bound C3b or its proteolytic
cleavage products iC3b and C3d, which remain attached to the
activating surface (24). Mouse lymphocytes also express com-
plement control proteins such as CD46, CD55, and Crry that
bind C3 and participate in signal transduction, as well as act as
co-factors for the proteolytic cleavage of C3 (25–27). Thus, C3
receptor ligand engagement leading to improved contact with
tissue APC, with or without ensuing signal transduction, might
explain the effect of complement in our T cell stimulation
assays. The close physical relationship between the tubular
deposition of C3 and infiltrating leukocytes with complement
receptor expression, seen in stained histologic sections of re-
jecting mouse grafts, provides important circumstantial evi-
dence for the interaction suggested by our experiments (8).
Moreover, the same tubule cells are a prominent site of C3
synthesis in rejecting grafts (28). Taken together, these data
provide evidence for a cooperative effect of C3 on the inter-
action between donor PTEC and recipient T cells, which may
in part explain the effect of complement on the immune
response.

Complement receptors that are capable of interacting with
attached C3 fragments have also been reported to occur on
professional APC, such as macrophages and dendritic cells
(29). Previous studies have shown that the immunostimulatory
capacity of APC primed by tetanus toxoid antigen is increased
with C3-opsonized antigen, thought to be due to more efficient
antigen uptake and processing in the presence of C3 “chaper-
one” activity (30). Possibly, therefore, an alternative or addi-
tional explanation for the effect of C3 observed in our T cell
stimulation studies is that C3b-opsonized alloantigen, either
stripped from or maintained on the cell surface, is taken up or
processed more effectively by APC, increasing their capacity
as stimulators of T cells.

Indeed, in our B7-CD28 co-stimulation pathway blockade
study, CTLA4-Ig was effective at inhibiting the stimulatory
effect of complement. Thus, allogeneic T cell stimulation was
dependent on B7 pathway signaling as well as complement
activation. Because the expression of B7 on PTEC is weak, this
suggests that the main effect of complement is mediated via
another cell type. We suggest that this cell type could be a
professional APC in the co-culture, because such cells nor-
mally express higher levels of B7 and stimulate T cells in a
B7-dependent manner. Possibilities include contaminating do-
nor passenger cells in the PTEC preparation or recipient APC
(e.g., B cells or macrophages) in the T cell preparation. Given
that our purified T cell preparation responds to mitogen stim-
ulation (data not shown), it seems likely that the T cell prep-
aration contained recipient APC. Therefore, the mechanism of
action of complement on T cell stimulation could involve
indirect antigen presentation in a manner already described for
exogenous antigen (30).

In addition to the ability to detect surface bound C3, leuko-
cytes express receptors that are capable of interacting with the
soluble fragments C3a and C5a, leading to cell activation
(31,32). Our experimental protocol to activate complement on
PTEC included the removal of unbound soluble complement
fragments in the wash, making it unlikely for T cells to en-

Figure 7. Relative involvement of CD4� and CD8� T cells in
complement-enhanced alloreactive T cell response. IFN-�–stimulated
and NS- or HIS-treated PTEC were co-cultured with purified allo-
reactive CD4� or CD8� T cells. Supernatants were collected from
co-culture of PTEC with T cells after 72 h of co-culturing and assayed
for IFN-� by sandwich ELISA. P values are for comparisons between
NS and HIS treatment. **P � 0.005.

Figure 8. Complement-mediated PTEC stimulation of alloreactive T
cell response can be inhibited with CTLA4-Ig. IFN-�–stimulated and
NS- or HIS-treated PTEC were co-cultured with purified alloreactive
CD4� T cells in medium alone or in the presence of CTLA4-Ig (5
�g/ml) or control Ig (human IgG1, 5 �g/ml). Supernatants were
collected from co-culture of PTEC with T cells after 72 h of co-
culturing and assayed for IFN-� by sandwich ELISA. P values are for
comparisons between CTLA4-Ig treatment and medium alone or
control Ig treatment. **P � 0.005.
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counter C3a and C5a. Therefore, C3aR- and C5aR-mediated
stimulation of the T cell response is unlikely to have played a
significant role in our study. It should be noted, however, that
the absence of an effect of C3a- or C5a-mediated T cell
activation in our co-culture studies does not preclude an effect
in vivo.

Complement activation through C3 leads to cleavage of C5
and subsequently to the insertion of C5b-9 in the cell mem-
brane. C5b-9–induced cell activation can lead to upregulation
of molecules concerned with immunologic function and there-
fore potentially enhance the immune response (22,23). In our
study, however, we found no evidence of increased expression
of MHC, co-stimulatory, or adhesion molecules on PTEC after
serum treatment. Moreover, in the absence of C5 or C6, com-
plement had an equal effect on the T cell stimulatory function
of PTEC, indicating that the action of complement in vitro was
independent of C5b-9–mediated membrane injury.

Overall, our data provide evidence for complement-medi-
ated regulation of the alloresponse at the level of graft tissue-
bound C3 interacting recipient immune cells. Although the
precise details of this putative mechanism remain to be worked
out, our experiments show an effect independent of C5a and
C5b-9 that is likely to involve direct interaction of tissue-bound
C3 with complement receptor–bearing alloreactive T cells that
lead to CD4� T cell stimulation.

Acknowledgments
This work was supported by the Wellcome Trust and the Medical

Research Council of the United Kingdom.
We thank Dr. Stipo Jurvevic for scientific discussions.

References
1. Dempsey PW, Allison ME, Akkaraju S, Goodnow CC, Fearon

DT: C3d of complement as a molecular adjuvant: Bridging
innate and acquired immunity. Science 271: 348–350, 1996

2. Arvieux J, Yssel H, Colomb MG: Antigen-bound C3b and C4b
enhance antigen-presenting cell function in activation of human
T-cell clones. Immunology 65: 229–235, 1988

3. Kerekes K, Prechl J, Bajtay Z, Jozsi M, Erdei A: A further link
between innate and adaptive immunity: C3 deposition on anti-
gen-presenting cells enhances the proliferation of antigen-spe-
cific T cells. Int Immunol 10: 1923–1930, 1998

4. Prechl J, Baiu DC, Horvath A, Erdei A: Modeling the presenta-
tion of C3d-coated antigen by B lymphocytes: Enhancement by
CR1/2-BCR co-ligation is selective for the co-ligating antigen.
Int Immunol 14: 241–247, 2002

5. Kopf M, Abel B, Gallimore A, Carroll M, Bachmann MF:
Complement component C3 promotes T-cell priming and lung
migration to control acute influenza virus infection. Nat Med 8:
373–378, 2002

6. Kaya Z, Afanasyeva M, Wang Y, Dohmen KM, Schlichting J,
Tretter T, Fairweather D, Holers VM, Rose NR: Contribution of
the innate immune system to autoimmune myocarditis: A role for
complement. Nat Immunol 2: 739–745, 2001

7. Marsh JE, Farmer CK, Jurcevic S, Wang Y, Carroll MC, Sacks
SH: The allogeneic T and B cell response is strongly dependent
on complement components C3 and C4. Transplantation 72:
1310–1318, 2001

8. Pratt JR, Basheer SA, Sacks SH: Local synthesis of complement
component C3 regulates acute renal transplant rejection. Nat Med
8: 582–587, 2002

9. Schwartz RH: A cell culture model for T lymphocyte clonal
anergy. Science 248: 1349–1356, 1990

10. Bevan MJ: High determinant density may explain the phenom-
enon of alloreactivity. Immunol Today 5: 128–130, 1984

11. Matzinger P, Bevan MJ: Hypothesis: Why do so many lympho-
cytes respond to major histocompatibility antigens? Cell Immu-
nol 29: 1–5, 1977

12. Lechler RI, Batchelor JR: Restoration of immunogenicity to
passenger cell-depleted kidney allografts by the addition of do-
nor strain dendritic cells. J Exp Med 155: 31–41, 1982

13. Banu N, Meyers CM: IFN-gamma and LPS differentially mod-
ulate class II MHC and B7-1 expression on murine renal tubular
epithelial cells. Kidney Int 55: 2250–2263, 1999

14. Muczynski KA, Ekle DM, Coder DM, Anderson SK: Normal
human kidney HLA-DR-expressing renal microvascular endo-
thelial cells: Characterization, isolation, and regulation of MHC
class II expression. J Am Soc Nephrol 14: 1336–1348, 2003

15. Springall T, Sheerin NS, Abe K, Holers VM, Wan H, Sacks SH:
Epithelial secretion of C3 promotes colonization of the upper
urinary tract by Escherichia coli. Nat Med 7: 801–806, 2001

16. Hong Y, Zhou W, Li K, Sacks SH: Triptolide is a potent
suppressant of C3, CD40 and B7h expression in activated human
proximal tubular epithelial cells. Kidney Int 62: 1291–1300, 2002

17. Takada M, Nadeau KC, Shaw GD, Marquette KA, Tilney NL:
The cytokine-adhesion molecule cascade in ischemia/reperfusion
injury of the rat kidney. Inhibition by a soluble P-selectin ligand.
J Clin Invest 99: 2682–2690, 1997

18. Andrews PA, Pani A, Zhou W, Sacks SH: Local transcription of
complement C3 in human allograft rejection. Evidence for a
pathogenic role and correlation to histology and outcome. Trans-
plantation 58: 637–640, 1994

19. Pratt JR, Abe K, Miyazaki M, Zhou W, Sacks SH: In situ
localization of C3 synthesis in experimental acute renal allograft
rejection. Am J Pathol 157: 825–831, 2000

20. Wessels MR, Butko P, Ma M, Warren HB, Lage AL, Carroll
MC: Studies of group B streptococcal infection in mice deficient
in complement component C3 or C4 demonstrate an essential
role for complement in both innate and acquired immunity. Proc
Natl Acad Sci U S A 92: 11490–11494, 1995

21. Zhou W, Farrar CA, Abe K, Pratt JR, Marsh JE, Wang Y, Stahl
GL, Sacks SH: Predominant role for C5b-9 in renal ischemia/
reperfusion injury. J Clin Invest 105: 1363–1371, 2000

22. Biancone L, David S, Della P, V, Montrucchio G, Cambi V, Camussi
G: Alternative pathway activation of complement by cultured human
proximal tubular epithelial cells. Kidney Int 45: 451–460, 1994

23. David S, Biancone L, Caserta C, Bussolati B, Cambi V, Camussi
G: Alternative pathway complement activation induces proin-
flammatory activity in human proximal tubular epithelial cells.
Nephrol Dial Transplant 12: 51–56, 1997

24. Walport MJ: Complement. First of two parts. N Engl J Med 344:
1058–1066, 2001

25. Kemper C, Chan AC, Green JM, Brett KA, Murphy KM, Atkinson
JP: Activation of human CD4� cells with CD3 and CD46 induces
a T-regulatory cell 1 phenotype. Nature 421: 388–392, 2003

26. Shenoy-Scaria AM, Kwong J, Fujita T, Olszowy MW, Shaw AS,
Lublin DM: Signal transduction through decay-accelerating fac-
tor. Interaction of glycosyl-phosphatidylinositol anchor and pro-
tein tyrosine kinases p56lck and p59fyn 1. J Immunol 149:
3535–3541, 1992

J Am Soc Nephrol 15: 2414–2422, 2004 Complement Regulates Alloreactive T Cell Response 2421



27. Fernandez-Centeno E, de Ojeda G, Rojo JM, Portoles P: Crry/
p65, a membrane complement regulatory protein, has costimu-
latory properties on mouse T cells. J Immunol 164: 4533–4542,
2000

28. Andrews PA, Finn JE, Lloyd CM, Zhou W, Mathieson PW,
Sacks SH: Expression and tissue localization of donor-specific
complement C3 synthesized in human renal allografts. Eur J Im-
munol 25: 1087–1093, 1995

29. Reis e Sousa C, Stahl PD, Austyn JM: Phagocytosis of antigens by
Langerhans cells in vitro. J Exp Med 178: 509–519, 1993

30. Serra VA, Cretin F, Pepin E, Gabert FM, Marche PN: Comple-
ment C3b fragment covalently linked to tetanus toxin increases
lysosomal sodium dodecyl sulfate-stable HLA-DR dimer pro-
duction. Eur J Immunol 27: 2673–2679, 1997

31. Schraufstatter IU, Trieu K, Sikora L, Sriramarao P, DiScipio R:
Complement c3a and c5a induce different signal transduction cas-
cades in endothelial cells. J Immunol 169: 2102–2110, 2002

32. Nataf S, Davoust N, Ames RS, Barnum SR: Human T cells
express the C5a receptor and are chemoattracted to C5a. J Im-
munol 162: 4018–4023, 1999

2422 Journal of the American Society of Nephrology J Am Soc Nephrol 15: 2414–2422, 2004


