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Recent evidence has implicated complement in renal
transplant injury and identified the kidney as a source
of complement components. We therefore investi-
gated the local gene expression of complement com-
ponent C3, pivotal to complement activation path-
ways and a mediator of inflammatory injury, in a rat
renal transplant model. By reverse transcriptase-
polymerase chain reaction, the expression of C3
mRNA increased in two phases. The first phase coin-
cided with post-ischemic injury over 2 days post-
transplantation and was localized by in situ hybrid-
ization to vessels and glomerular mesangial cells in
allogeneic and syngeneic (control) kidney trans-
plants. In allografts only, a second phase was found
in tubular epithelial cells, glomerular parietal cells,
vessel walls and some infiltrating cells, which peaked
on day 4 together with rapid influx of leukocytes,
tubule cell damage, the induction of interleukin-2 and
interferon-g mRNA, and the up-regulation of tumor
necrosis factor-a and interleukin-1b mRNA in the
graft. In vitro studies showed that interleukin-2 and
interferon-g up-regulate C3 production in renal tu-
bule cells. We conclude that post-ischemic injury led
to transient up-regulation of glomerular expression
of C3 mRNA. Subsequent cellular rejection was asso-
ciated with tubulointerstitial/glomerular parietal cell
expression of C3 mRNA. This differential expression
of local C3, immediately post-transplant or associated
with acute rejection, may have implications for puta-
tive therapeutic complement inhibition in clinical
transplantation. (Am J Pathol 2000, 157:825–831)

Complement components, especially complement com-
ponent C3, are important pro-inflammatory and immuno-
regulatory molecules1 that are activated and deposited
during episodes of acute renal transplant rejection.2–4

Although C3 is produced mainly in the liver, smaller
quantities are also produced in other tissues, including
the kidney.5 Primary cell culture studies and in situ mRNA

analysis have identified a number of renal cell types
capable of C3 synthesis, including glomerular and tubu-
lar cells.6–8

Local production of C3 by renal cells can be up-regu-
lated by cytokines; increased renal synthesis of C3
occurring in inflammatory diseases, such as immune
complex nephritis,9 interstitial nephritis,9 and cellular
transplant rejection.10 Infiltrating macrophages and
monocytes potentially also contribute to local C3 produc-
tion. C3 of both donor and recipient origin is expressed in
renal transplants,11 and is found deposited on tubules
and blood vessel walls in renal allografts biopsied during
rejection episodes.12

In vitro analysis has shown that the lymphocyte-derived
proinflammatory cytokines interleukin (IL)-2 and inter-
feron (IFN)-g stimulate human renal tubular epithelial
cells to produce C3.13 Because both these proinflamma-
tory cytokines are expressed in clinical and experimental
renal allografts, it is possible that enhanced production of
C3 under the influence of these cytokines could contrib-
ute to the inflammatory response against the graft. Addi-
tionally, C3 mRNA has been detected by reverse tran-
scriptase-polymerase chain reaction (RT-PCR) in rat
renal allografts within 3 hours after transplantation.14 Al-
though that study did not identify the cellular source of C3
mRNA, C3 expression occurred before overt infiltration
by lymphocytes, implying donor origin, and before the
expression of inflammatory cytokines such as IL-1, IL-2,
and IFN-g. The regulatory signals underlying C3 mRNA
expression in vivo, and the identity of the cells producing
C3 locally, whether infiltrating or resident, remained ob-
scure.

Our hypothesis was that local production of C3 in
acute renal allograft rejection occurs mainly in renal tu-
bules and is up-regulated by pro-inflammatory cytokines
produced within the graft. To test this we examined the
site of C3 mRNA expression and the relationships be-
tween C3, IL-2, IFN-g, tumor necrosis factor (TNF)-a, and
IL-1b mRNA expression throughout the time course of
acute allograft rejection in a rat model of MHC class I and
II mismatched renal transplantation. We show that C3
production occurs in a site and time-dependent fashion,
which could be partly explained by a coincident increase
in mRNA expression for proinflammatory cytokines IL-2,
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IFN-g, TNF-a, and IL-1b as transplanted tissues became
infiltrated with leukocytes.

Materials and Methods

Renal Transplantation

Orthotopic renal allografts from Lewis (RT11) to DA
(RT1a) rats, and isografts from DA (RT1a) to DA (RT1a)
rats (purchased from Harlan Olac, Bicester, UK) were
transplanted using the technique of Fabre et al.15 Recip-
ients were sacrificed at days 1 to 5 post-transplantation
(n 5 4 in each group/day). The transplanted kidney was
removed and processed for histopathology, frozen sec-
tion immunohistochemistry, and in situ hybridization as
described previously.16

Histology

Kidney tissue was processed and embedded in paraffin.
Sections 2 mm thick were stained for hematoxylin and
eosin. The histological grading of acute transplant rejec-
tion was performed using the Banff schema.17

Immunohistochemistry for C3

Cryostat sections (4 mm) of transplanted and normal rat
kidneys were fixed in cold acetone and stained using
horseradish peroxidase (HRP)-conjugated anti-rat C3
mAb (The Binding Site, Birmingham, UK) with the method
previously described.16

In Situ Hybridization

Rat C3 mRNA was detected by in situ hybridization on
frozen sections according to the method of Furusu et al.8

Briefly, 4-mm frozen sections of rat kidney tissues were
cut and mounted on glass slides coated with 3-aminopro-
pyltriothoxysylane (Sigma, St Louis, MO). Sections were
fixed with 4% paraformaldehyde in phosphate buffered
saline and then protein digested using hydrochloric acid
and proteinase K (Sigma) to increase permeability of
reactants. After this prehybridization treatment, sections
were hybridized with DIG-labeled sense and anti-sense

oligonucleotide probes corresponding to bases 46–70 of
rat C3 cDNA, as previously described,18 in the prehybrid-
ization buffer. After washing with 0.75% BRIJ (Sigma) in
23 and 0.53 standard saline citrate, DIG-labeled probe
was visualized by immunohistochemical staining using a
HRP-conjugated anti-DIG mAb (see below).

Immunohistochemistry for in Situ Probe
Visualization

After the sections were pre-incubated with a blocking
solution of 20% normal swine serum (DAKO, High Wy-
combe, UK), 5% fetal bovine serum (JRH, Lenexa, KS),
and 5% bovine serum albumin (Wako, Osaka, Japan) in
PBS, sections were incubated with murine anti-DIG mAb
(Boehringer Mannhein Biochemica, Mannheim, Ger-
many) to associate with any bound DIG-labeled probe
and then reacted with HRP-conjugated goat anti-mouse
Ig mAb (DAKO) and HRP-conjugated rabbit anti-goat Ig
mAb (DAKO). Color was developed using 3,3-diamino-
benzidine/tetrahydrochloride and hydrogen peroxide. Fi-
nally, sections were counterstained with methyl green
and mounted. Cells with a clearly stained cytoplasm or
stained with a perinuclear pattern were identified as C3
mRNA-positive. Conversely, C3 mRNA-negative cells
were stained with methyl green only. To evaluate the
specificity of the assay, control experiments using a pre-
treatment with RNase or a competitive study using a
sense probe were undertaken as previously described.8

The scoring used to evaluate the sections was as follows:
negative, 2; very weak, 6; weak, 1; moderate, 11;
strong, 111.

RT-PCR

Using the method of Chomczynski and Sacchi,19 RNA
was extracted from portions of frozen renal cortex and
cDNA was synthesized. Oligonucleotide primers for rat
b-actin, IFN-g, TNF-a, and IL-1b and C3 were produced
using published sequences (Table 1), and primers for rat
IL-2 were designed using Oligo-4 software. All primer
pairs were synthesized by Life Sciences (Paisley, UK). All
amplifications were performed using 30 cycles and a
primer annealing temperature of 65°C, in duplicate. Us-

Table 1. Oligonucleotide Primers Used in RT-PCR

Transcript Oligonucleotide sequence
Size
(bp)

[MgCl2]
mmol/L

Primer
(pmol) Ref.

b-actin-1 59-TTG TAA CCA ACT GGG ACG ATA TGG-39 764 1.5 6.25 14
b-actin-2 59-GAT CTT GAT CTT CAT GGT GCT AGG
IL-2-1 59-CAT GTA CAG CAT GCA GCT CGC ATC C-39 410 1.0 12.5
IL-2-2 59-CCA CCA CAG TTG CTG GCT CAT CAT C-39
IFN-g-1 59-ATC TGG AGG AAC TGG CAA AAG GAC GC-39 288 1.5 12.5 14
IFN-g-2 59-CTT AGG CTA GAT TCT GGT GAC AGC-39
TNFa-1 59-GCC TCC GCA TCC CAC CTT TG-39 396 1.5 12.5 26
TNFa-2 59-GCG GGT GAC TTC TTT GGC GT-39
IL-1b-1 59-CCA GGA TGA TGA CCC AAG CA-39 519 1.5 12.5 26
IL-1b-2 59-TCC CGA CCA TTG CTG TTT CC-39
C3-1 59-GAC CTG CGA CTG CCC TAC TCT-39 272 1.5 12.5 27
C3-2 59-CTG ATG AAG TGG TTG AAG ACG G-39
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ing cDNA reflecting 1.5 mg total RNA in a 25-ml reaction
volume, and 3 U Taq Polymerase (Promega, Southamp-
ton, UK), reaction conditions with these primer pairs were
as detailed in Table 1, and chosen to ensure amplification
in the linear phase. By densitometric analysis, the amount
of IL-2, IFN-g, IL-1b, TNF-a, and C3 transcripts at each
day post-transplant was expressed as a percentage of
the amplified b-actin transcript, to provide semiquantita-
tive relative expression data. No PCR product was de-
tected using water or non-reverse-transcribed RNA as
template (not shown).

IL-2 and IFN-g Stimulation of Cultured Renal
Tubular Cells

Immortalized rat renal proximal tubular epithelial cells
(106) (PTEC; ECACC, Salisbury, UK) were stimulated with
300 U of recombinant human IL-2 (Promega) or 500 U
IFN-g (Promega) as previously described20 for 6, 12, 24,
and 48 hours. After incubation, RNA was extracted and
cDNA synthesized. The resulting product was used as a
template for semiquantitative PCR, as described above,
for rat C3 gene expression.

Results

Time Course for the Histopathological Injury

Acute tubular necrosis (ATN), characteristic of ischemia/
reperfusion injury, developed in all transplanted organs,
characterized principally by tubular cytoplasmic thinning.
In isografts and allografts at day 1 such ATN was mild,
but it was more prevalent by day 2 post-transplantation
(Figure 1). Isografts demonstrated structural recovery
from day 3 post-transplantation. In the allografts, pro-
gressive infiltration with leukocytes occurred from day 1,
initially around glomeruli and perivascular bundles, with a
marked increase at day 4. This was accompanied by
invasion of the interstitium and renal tubules. By day 5,
allografts exhibited gross infiltration and thrombosis, in-
terstitial hemorrhage, and patchy infarction, fulfilling
grade III acute rejection of the Banff schema (Figure 1).

Expression of C3 mRNA in Rejecting and
Non-Rejecting Grafts

RT-PCR studies on rat renal transplants showed an im-
mediate increase in C3 mRNA expression in both
isografts and allografts. In isografts, this was followed by
a gradual return to baseline (Figure 2). In allografts there
was a second rise in C3 mRNA expression. This biphasic
pattern of mRNA expression was confirmed in two inde-
pendent series of rat experiments. The second, allograft-
specific peak corresponded with the marked influx of
leukocytes between days 3 and 4 post-transplantation,
as previously characterized.21 In situ hybridization using
a probe for rat C3 mRNA was performed on renal
isografts and allografts harvested at days 1–5 post-trans-
plantation. In normal rat kidney, few cells expressing C3

mRNA were observed in glomeruli or in the tubulointer-
stitium, as illustrated in Figure 3 and summarized in Table
2. In both isografts and allografts on days 1 and 2 post-
transplantation, C3 mRNA staining increased in glomeruli
in a predominantly mesangial distribution (Figure 3 and
Table 2). There was patchy, weak tubular expression of
C3. These changes coincided with the first peak of C3
expression detected by RT-PCR. Controls using saturat-
ing concentrations of unlabeled homologous oligonucle-
otide probes competitively inhibited labeled probes, and
no staining was found using DIG-labeled C3 sense
probe.

Between days 3 and 5 post-transplantation, staining
for C3 mRNA diminished in syngeneic grafts. By contrast,
staining persisted in the vascular smooth muscle cells of
arterial walls in allogeneic kidneys at day 4 and 5, with an
increased staining of C3 mRNA in renal tubule epithelial

Figure 1. The histopathology of renal allograft rejection. Lewis to DA renal
allograft pathology by H&E staining (3250). By day 1 post-transplant (A),
thinning of tubules indicative of acute tubular necrosis (ATN) was the
predominant pathological lesion. These changes peaked in severity at day 2
(B) and were present in syngeneic grafts (not shown) and therefore indic-
ative of ischemia/reperfusion injury. By day 3 (C) allografted organs were
recovering from ATN but showed increasing perivascular and periglomerular
infiltration by leukocytes. On day 4 (D) a marked increase in leukocyte
infiltration was seen accompanied by tubulitis (T) and vascular inflammation
(I). At day 5 (E), grafts showed severe tubulitis, hemorrhage, thrombosis, and
infarction. At this point tissues were judged to have reached Banff Grade III
severe acute rejection.
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cells, infiltrating cells, and the Bowman’s capsule. These
changes in C3 mRNA expression in day 4 and 5 rejecting
kidneys were associated with the second, allograft-spe-
cific peak of C3 mRNA detected by RT-PCR.

Regulation of C3 mRNA Expression by
Cytokines

To determine the kinetics of mRNA expression for IL-2,
IFN-g, TNF-a, and IL-1b in relation to C3, we performed
analysis by RT-PCR on the same transplanted tissues
(Figure 4). In the allogeneic grafts, there was induction of
IL-2 mRNA expression from as early as day 1 post-
transplant, with a marked increase by day 3. IFN-g mRNA
expression was evident from day 3 post-transplant, peak-
ing on day 4 and corresponding to the gross expansion
of the infiltrating cell population. No expression of IL-2 or
IFN-g was detected in isografts or in normal rat kidney
tissue. In contrast, a basal level of mRNA expression for
IL-1b and TNF-a was detected in normal rat kidney and
was significantly up-regulated in allografts only after day
3 post-transplant. Expression for mRNA of these cyto-
kines in isograft tissues varied around baseline but was

Figure 2. C3 mRNA expression in allografts and isografts by RT-PCR. Rep-
resentative bands of b-actin and C3 RT-PCR from rat renal allografts and
isografts are shown. The graph shows the basal expression of C3 in normal
kidney (day 0) up-regulated in allografts ( ) and isografts (- - Œ- - ) by
day 1 post-transplant. This initial peak declined by day 3 in both groups. In
allografts alone a second phase of C3 mRNA expression was detected which
peaked at day 4 (n 5 4/day 6 SEM, performed in duplicate).

Figure 3. Detection of C3 mRNA by in situ hybridization (original magnification, 31000). Day 2 syngeneic grafts showed dense staining of C3 mRNA in glomeruli
(A) with a glomerular mesangial cell distribution (GM), and in smooth muscle cells of arterial vessel walls (B). A similar staining pattern was found in allogeneic
organs at day 2 (not shown). In allografted kidneys at day 4, dense staining for C3 mRNA was found in glomerular parietal cells (C) of the Bowman’s capsule
(GP), as well as tubule cells (T) and in some infiltrating cells (I), (D). In syngeneic kidneys at day 4 however (E), staining was very weak in glomeruli (G), tubules
(T), and vessels (V), compared to allogeneic tissue and similar to that found in normal kidney (F). Negative controls were performed using sense probe on
transplanted tissues. Representative negative control photomicrographs are shown for day 4 in allografts (G) and isografts (H) and showed low background
staining.
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not significantly increased compared to normal tissue
controls.

To demonstrate that rat renal epithelial cells respond to
IL-2 and IFN-g by up-regulating transcription of C3, we
carried out in vitro stimulation studies using these cyto-
kines, since the mRNA expression data described above
implied a temporal relationship with C3 mRNA expression
in allografted tissues. The analysis focused on these two
cytokines because they were not detected in isografts
and presumably in allografted tissues were derived from
the population of infiltrating leukocytes. The results of
these studies (Figure 5) showed that IL-2 and IFN-g up-
regulated C3 mRNA expression in rat renal PTEC. IFN-g
stimulation of PTEC increased C3 mRNA expression as
early as 6 hours, whereas IL-2 increased C3 mRNA at 24
hours post-stimulation.

Discussion

This study defines the pattern of C3 mRNA expression in
experimental renal transplants throughout the period
from immediate engraftment to severe (Banff Grade III)
allograft rejection, and its relationship with other immu-
nological and nonimmunological factors. We observed
increased cortical C3 mRNA expression consistently in
two distinct phases: an initial post-ischemic phase and a
second, allograft-specific phase occurring at the height
of graft infiltration and tubule invasion, and the synthesis
of cytokines IFN-g and IL-2.

The first phase was immediate and corresponded with
the period of post-ischemic injury, resulting in mild acute
tubular necrosis. The induction of C3, mainly in glomer-
ular and vascular structures during this phase, was prob-
ably a manifestation of ischemia/reperfusion injury, since
these changes were present in both iso- and allografts.
Nagano et al14 reported the rapid induction of C3 mRNA
in a non-transplant model of renal ischemia/reperfusion
injury, peaking within the first 24 hours of reperfusion,
although that study did not localize C3 mRNA expression.
It seems likely, therefore, that glomerular and vascular

Table 2. Results of in Situ Hybridization for C3 mRNA in Transplanted Kidneys

Syngeneic grafts Allogeneic grafts

Mes GPEC Tub Inf Ves Mes GPEC Tub Inf Ves

Day 0 2/1 2 2 2 2/1 2/1 2 2 2 2/1
Day 2 11 1 2/1 2 11 11 1 2/1 2/1 11
Day 4 1 2/1 2 2 1 11 111 111 11 11

Localization of C3 mRNA was examined from day 1 to day 5 post-transplant. The table shows expression in normal rat kidney (day 0) and at day 2
and day 4 post-transplantation, corresponding to the peaks of expression detected by RT-PCR.

Mes, mesangial cell; GPEC, glomerular parietal epithelial cell; Tub, tubular epithelial cell; Inf, infiltrating cell; Ves, vessel.

Figure 4. The expression of pro-inflammatory cytokines by RT-PCR in trans-
planted kidneys. By RT-PCR, no IL-2 (A) or IFN-g (B) gene expression was
detected in normal (day 0) renal tissue or in syngeneic kidney transplants. In
allogeneic grafts IL-2 gene expression peaked at day 3 post-transplant,
whereas IFN-g gene transcription was detected from day 3, peaking at day 4
post-transplant. Expression of TNF-a (C) and IL-1b (D) was detected in
normal tissues and, although varied, did not increase significantly in
isografted tissues by Student’s t-test at any day post-transplant. Expression for
TNF-a and IL-1b did increase coincidentally with the peak of cell-mediated
rejection at days 4 and 5 post-transplantation. The data are expressed as a
percentage of b-actin gene expression by RT-PCR (n 5 4/day 6 SEM,
performed in duplicate). mRNA expression in normal and isografted organs,
- -Œ- - ; mRNA expression in allografted tissu1s, - - f - -.

Figure 5. The stimulation of C3 gene expression by PTEC using IL-2 and
IFN-g. Representative PCR bands of b-actin and C3 in cultured rat renal PTEC
are shown after stimulation with IL-2 ( ) or IFN-g (- - f - -) that in
transplanted tissues are derived from the infiltrating population of leuko-
cytes. The graph shows the rapid up-regulation of C3 mRNA after IFN-g
stimulation, and the later effect of IL-2 on C3 mRNA expression. The data are
expressed as a percentage of b-actin expression (experiments performed in
triplicate, mean 6 SEM).
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induction of C3 was a response to ischemia/reperfusion
damage in the present experiments. The changes in C3
mRNA expression appeared to resolve over 48 hours in
the absence of any antigenic stimulus, ie, in isografted
kidneys.

The mechanism of C3 induction in ischemic kidney
remains obscure. It is known from several studies that
post-ischemic injury induces the expression of a number
of molecules with immunological activity, such as IL-2,
IFN-g, TNF-a, and IL-1b, measured here. Such cytokines
are capable of up-regulating C3 gene expression in renal
cells. However, the time course for the induced or up-
regulated expression of these genes in allografted tis-
sues occurred after the initial increase in C3 gene ex-
pression in the first 2 days of this study. It is, therefore,
likely that the post-ischemic induction of C3 mRNA was
independent of the induction of these pro-inflammatory
cytokines. The ability of mesangial and glomerular epi-
thelial cells to secrete C3 in culture is well recognized.22

It remains to be seen if hypoxia (plus or minus reperfu-
sion) itself is able to up-regulate mesangial C3 gene
expression.

The second peak of C3 mRNA was restricted to allo-
graft tissue and was partly explained by the influx of
leukocytes. Characteristically for this model of acute al-
lograft rejection, the leukocyte infiltrate is composed
mainly of macrophages and lymphocytes in approxi-
mately equal proportions.21 Macrophages have been
shown to secrete complement products in tissue culture
under resting conditions and when activated by a variety
of stimuli.23 The present findings demonstrate that C3
mRNA staining during rejection was partly associated
with the cellular infiltrate in allografted organs.

However, the striking finding in the allograft cortex was
the inducement of renal epithelial cells to express C3,
both in the lining of the Bowman’s capsule and in renal
tubule cells during the rapid phase of leukocyte invasion.
Brooimans and colleagues previously showed that cul-
tured human PTEC exposed to IL-2 and IFN-g secrete
C3.13 The present findings confirm these observations in
rat PTEC. The kinetic analysis of C3 synthesis in cytokine
stimulated PTEC, and of intragraft expression of IL-2 and
IFN-g mRNAs, are consistent with the paracrine induction
of C3 gene expression in renal epithelial cells by infiltrat-
ing lymphocytes. Presumably parietal epithelial synthesis
of C3 in Bowman’s capsule was induced in a similar
manner, noting that the cellular infiltrate first appears in a
periglomerular distribution, in this model16 and in human
allograft rejection.

The parallels with human allograft rejection are nota-
ble. In a cross-sectional analysis, Andrews et al10,24 re-
ported up-regulation of C3 mRNA in 13 of 15 clinical renal
transplant biopsies showing acute cellular rejection. In
subsequent analysis, with donors of a different C3 allo-
type to recipients, donor allotype-specific staining of C3
with monoclonal antibody HAV 4–1 demonstrated C3
protein expression predominantly in tubule epithelial
cells, in a basolateral cytoplasmic distribution, with minor
staining of glomerular mesangial and capillary cells. In-
filtrating cells were only stained with non-allotype-specific
anti-C3 sera. The dual origin of C3 (donor and recipient)

in both rodent and human renal allografts is thus appar-
ent, with donor epithelium as the predominant source in
rejecting grafts.

Together, these data depict a chronological and topo-
graphical sequence of intrinsic C3 synthesis in rat and
human renal allograft tissue. Immediately post-transplant,
mechanisms associated with ischemia/reperfusion injury
transiently up-regulate C3 gene expression in glomeruli
and vessels. During acute rejection, a more widespread
capability to produce C3 occurs, possibly in response to
cytokine release, and is associated with graft destruction.
It seems likely that local production of C3 in and around
the tubules would exacerbate such an inflammatory re-
sponse. A variety of mechanisms exist whereby the split
products C3a and C3b, or subsequently C5a, stimulate
inflammatory or immune functions of cells via specific cell
surface receptors, or lead to formation of the membrane
attack complex with consequent injury to tubule epithelial
cells.25 The relative importance and therapeutic implica-
tion of local complement secretion versus leakage of
circulating products into damaged tissue remain to be
established. We intend to address these questions in the
future using C3 gene-disrupted mice in our transplant
models.
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