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Summary

The role of complement in inflammatory bowel disease (IBD) has been
studied primarily using acute models, and it is unclear how complement
affects processes in more relevant chronic models of IBD in which modula-
tion of adaptive immunity and development of fibrosis have pathogenic
roles. Using mice deficient in C1q/mannose-binding lectin (MBL) or C3, we
demonstrated an important role for these opsonins and/or the classical
pathway C3 convertase in providing protection against mucosal injury and
infection in a model of chronic dextran sulphate sodium (DSS)-induced
colitis. In contrast, deficiency of the alternative pathway (fB–/– mice) had sig-
nificantly less impact on injury profiles. Consequently, the effect of a targeted
inhibitor of the alternative pathway was investigated in a therapeutic proto-
col. Following the establishment of colitis, mice were treated with CR2-fH
during subsequent periods of DSS treatment and acute injury (modelling
relapse). CR2-fH significantly reduced complement activation, inflammation
and injury in the colon, and additionally reduced fibrosis. Alternative
pathway inhibition also altered the immune response in the chronic state in
terms of reducing numbers of B cells, macrophages and mature dendritic
cells in the lamina propria. This study indicates an important role for the
alternative pathway of complement in the pathogenesis and the shaping of
an immune response in chronic DSS-induced colitis, and supports further
investigation into the use of targeted alternative pathway inhibition for the
treatment of IBD.
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Introduction

Inflammatory bowel disease (IBD) is a chronic inflamma-
tory condition that comprises both ulcerative colitis and
Crohn’s disease in humans, and is characterized by periods
of relapse and remission. The exact etiology of IBD is
unclear, but inflammation and injury is generally believed
to be the result of a dysregulated mucosal immune response
to mucosal antigens.

The complement system is involved in the pathology of
several inflammatory diseases and disease states, and there
is mounting clinical and evidence that complement plays
an important role in IBD [1–9]. The vast majority of the
experimental evidence comes from work done in rodent
models of acute dextran sodium sulfate (DSS)-induced
colitis [10–15], and only a single study has investigated the
role of complement in a chronic model [16]. Thus, while it

seems clear that complement activation in the gut leads to
acute mucosal injury, it is less clear how complement
may impact disease as it progresses to chronicity when
other factors known to be modulated by complement
may come into play. These other factors include host
defense (important if mucosal barrier is compromised),
wound healing and tissue repair, and the potential modu-
lation of an adaptive immune response. Indeed, even in an
acute model of DSS-induced colitis, we have shown
that complement can play a dual role in pathogenesis, with
the classical and/or lectin pathway of complement provid-
ing an important protective role in terms of host defense
[12].

Complement can be activated by the classical, lectin or
alternative pathways, all of which culminate in the cleavage
of C3 and the subsequent generation of C3 opsonins and
the complement activation products C3a, C5a and the
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membrane attack complex (MAC). Under certain condi-
tions, C5a and the MAC can also be generated by proteases
independent of C3 activation [17,18]. Complement is
implicated in the pathogenesis of IBD by studies showing
that C3 deficient mice are protected from acute DSS-
induced colitis [15,19], and that complement inhibitor
(decay accelerating factor) deficient mice have increased
susceptibility to acute DSS-induced colitis [13]. Several
studies using either C5/C5aR deficient mice, anti-C5 mAb
or C5a receptor antagonists have reported a pathogenic role
for C5a in the pathogenesis of IBD [3,20,21], although one
study reported that C5 deficiency increased susceptibility to
DSS-induced colitis [14]. The C3aR has also been shown to
play a role in the pathogenesis of acute DSS-induced colitis
in BALB/c mice, although not C57BL/6 mice [10]. In a
single study that investigated the role of complement in a
chronic model of IBD, C5aR deficiency was not protective,
although C5aR deficiency provided protection against acute
DSS-induced colitis [16].

Thus, there is not a clearly delineated role for comple-
ment in murine IBD, and considering data indicates there
exists a balance between pathogenic and protective roles for
complement, it is not clear if complement inhibition would
be therapeutic option in a clinical setting of chronic disease
with periods of relapse and remission. In this study we
investigated the effect of complement deficiency and com-
plement inhibition in a 68 day chronic model of DSS-
induced colitis. The complement inhibitor used in these
studies was complement receptor 2 (CR2)-fH, a previously
described inhibitor of the alternative pathway that specifi-
cally targets to sites of complement activation [22]. We have
shown previously that CR2-mediated targeting of comple-
ment inhibitors obviates the need for systemic complement
inhibition and does not increase host susceptibility to infec-
tion [22,23], a potentially important characteristic in a
disease model where the integrity of the intestinal mucosal
barrier is compromised.

Materials and methods

Mice

Wild type C57BL/6 mice were purchased from Jackson Labs
(Bar Harbor, ME). C3–/– and fB–/– mice on C57BL/6 back-
ground were obtained from an in house breeding colony. A
breeding pair of double deficient C1qα–/– MBL-A/C–/– mice
on C57BL/6 background [referred to as C1q/mannose-
binding lecton (MBL–/–)] were kindly provided by Dr. Kazue
Takahashi (Massachusetts General Hospital for Children,
Boston, MA) and bred in house. All animals used were
female between 8–10 weeks old. Animals were maintained
under standard laboratory conditions, and all animal proce-
dures were approved by the Medical University of South
Carolina (MUSC) Institutional Animal Care and Use Com-
mittee, in accordance with the guidelines of the National

Institutes of Health Guide for Care and Use of Laboratory
Animals.

DSS-induced colitis and CR2-fH treatment protocol

Chronic colitis was induced by 4 cycles of oral administra-
tion of 3% (w/v) dextran sodium sulfate (DSS, MP Bio-
medical, Solon, OH) for 7 days followed by normal
drinking water for 10 days. Sham control mice received
normal drinking water throughout. During cycles 2–4,
mice were treated with 0·25 mg of CR2-fH i.p. on day 1 of
3% DSS water administration and every 48 h thereafter for
the duration of DSS treatment. Mice were monitored every
other day for weight loss. At the end of cycle 4 DSS water
or cycle 4 rest, mice were sacrificed, colons removed and
colon length measured. Colitis was assessed by percent
weight loss, colon length and histological damage. The
fusion protein CR2-fH was prepared and purified as
described previously [22]. The dose of CR2-fH was deter-
mined by previously published dose response data in
intestinal ischemia reperfusion injury (IRI) [22] and acute
colitis [12].

Histology

Formalin fixed colon sections were stained with H&E. H&E
stained sections were scored according to a previously
described scoring system [12] by a blinded observer. A
cumulative scale with a maximum score of 10 was used.
Three parameters were assessed: (i) severity of inflamma-
tion (0, none; 1, slight; 2, moderate; and 3, severe); (ii)
depth of injury (0, none; 1, mucosal; 2, mucosal and
submucosal; and 3, transmural); and (iii) crypt damage (0,
none; 1, basal one-third damaged; 2, basal two-thirds
damaged; 3, only surface epithelium intact; and 4, complete
loss of crypt and epithelium).

Collagen

The collagen content in colons following induction of
colitis was assessed using a Picrosirius red stain kit
(Polysciences, Inc, Warrington, PA) on formalin fixed colon
sections. The percentage of positive red staining was
assessed by ImageJ software (NIH, Bethesda, MD) and cal-
culated by summation of 5 high power random fields per
section. Analyses were performed by an observer blinded to
experimental groups.

Complement activation and cytokine analysis

Complement activation in the colon was assessed by C5a
levels in colon homogenates using a mouse C5a ELISA
(R&D Systems, Minneapolis, MN, and BD biosciences).
Cytokine levels in colon homogenates were analyzed by
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IL-6, IL-10, IFNγ (BD biosciences) and IL-17 (R&D
systems) specific ELISAs according to the manufacturer’s
protocols.

Tissue isolation and single-cell preparations

The lamina propria was isolated from colons by using a
collagenase based digestion and separation protocol. Briefly,
the colon was removed, washed and cut into pieces. The
colon pieces were subsequently digested with collagenase
type VIII. The resulting digest was washed and filtered
through a 100 micron cell strainer followed by a 40 micron
cell strainer. Single cell preparations from lymph nodes and
splenocytes were prepared by mechanical disruption of the
respective tissue, followed by red cell lysis. Cell preparations
were washed and filtered through a 40 micron cell strainer.
Single cell populations were counted and resuspended at
1 × 107 cells/ml for flow cytometry analysis.

Flow cytometry analysis of cell populations

Immune cell populations within the lamina propria,
mesenteric lymph nodes and spleen were analyzed by flow
cytometry. Staining for specific cell types were performed
using the following antibodies; for B cells, anti-CD19; for
mature DC, anti-CD11c, anti-CD80 and anti-CD86; for
M1/M2 macrophages, anti-F4/80 (total), anti-CD86 (M1)
and anti-CD206 (M2); for CD8+ T cells, anti-CD3e and
anti-CD8 and CD4+ T cells, anti-CD3e and anti-CD4. Anti-
bodies were purchased from BD biosciences, except CD206
(Biolegend, San Diego, CA). Samples were analyzed on a BD
LSRFortessa flow cytometer (BD biosciences) and analyzed
with FlowJo 9·3.3 software (TreeStar, Inc.).

Statistical analysis

All data were subjected to statistical analysis using Prism
Software version 5 (GraphPad, San Diego, CA). Compari-
son between multiple groups was done using one-way
ANOVA with Bonferroni’s multiple comparison test
(parametrical) or Dunn’s multiple comparison test (non-
parametrical). Comparisons between two groups were per-
formed by Students t test (parametric) or Mann-Whitney U
test (non-parametric). A P value of <0·05 was considered
significant.

Results

The effect of complement deficiencies on chronic
DSS-induced colitis

We demonstrated previously that C3 or fB deficiency is pro-
tective in a 5 day model of acute DSS-induced colitis [12].
However, injury and immune profiles change with progres-
sion to chronic disease in this model, and we investigated

the effect of various complement deficiencies on chronic
DSS-induced colitis. To induce chronic colitis, mice were
given 4 × 7 day cycles of DSS (3%) with a 10 day rest period
between DSS treatments. Mice deficient in C1q/MBL
(blocked in classical and lectin pathways of activation) all
died at the beginning of the second DSS cycle, and by the
end of the fourth and last rest period, survival of C3 defi-
cient mice (blocked in all pathways at C3 activation step)
was approximately 45%. Survival of fB–/– mice (blocked in
alternative pathway activation) was approximately 85% and
was not statistically different to that of wt mice (Fig. 1).
Analysis of surviving DSS treated mice at the end of the last
cycle revealed that C3–/– mice had a significantly worse
outcome compared to wt and fB–/– mice in terms of weight
change, colon length and stool consistency (Table 1). In
addition, histopathological damage (characterized by crypt
loss, epithelial ulceration and infiltration of inflammatory
cells into the bowel wall) was significantly worse in C3–/–

mice with chronic DSS-induced colitis compared with
either wt or fB–/– mice. C3–/– mice also had increased
neutrophil infiltration as measured by MPO content in
bowel samples compared to wt and fB–/– mice (Fig. 1).

We further assessed colon inflammation by measuring
the levels of 3 inflammatory cytokines associated with DSS-
induced colitis. Levels of IFNγ in surviving DSS treated
mice were not significantly different between any group, but
compared to wt mice, levels of TNFα and IL-12 were sig-
nificantly increased in C3–/– mice (markedly so for TNFα).
In fB–/– mice, TNFα levels were similar to wt mice, and
IL-12 levels were significantly lower compared to C3–/– mice
(Fig. 2).

Our previous data demonstrated that in a high dose and
extended 12 day model of acute (5%) DSS-induced colitis,
there was 100% mortality of C3–/– and fB–/– mice during
the recovery period [12]. The cause of mortality was
linked to impaired intestinal epithelial barrier function in
the complement deficient mice, since antibiotic treatment
prevented the lethal effects of DSS treatment and reduced
serum endotoxin levels. We therefore investigated whether
this may also be the cause of mortality of C3–/– mice
during progression to a chronic condition. In support
of this contention, at the end of the fourth cycle, endo-
toxin levels were significantly increased in surviving DSS
treated C3–/– mice, but not in fB–/– mice, compared to wt
(Fig. 2).

The worse outcome in C3–/– mice compared to wt mice
demonstrate that C3 activation is important for protection
against chronic DSS-induced colitis. Factor B–/– mice fared
similarly to wt mice, whereas C1q/MBL–/– mice rapidly
succumb to the disease with 100% mortality. Together, these
data indicate that the classical pathway C3 convertase, gen-
erated via the classical and/or lectin pathway, directly or
indirectly provides an important protective mechanism
against infection and mucosal injury in chronic DSS-
induced colitis. Deficiency of the alternative pathway of
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complement activation, which generates the alternative
pathway C3 convertase and simultaneously acts as an
amplification loop and drives injury in many models of
inflammation, had minimal impact on injury profiles in
this model.

Targeted pharmacological inhibition of the
alternative pathway is protective against chronic
DSS-induced colitis

Based on the above data, we investigated whether targeted
and temporary inhibition of the alternative pathway would
be protective in a therapeutic protocol. Mice were treated
with CR2-fH during DSS treatment cycles 2–4, i.e. after
the first full cycle of DSS treatment and rest and the estab-
lishment of colitis. These DSS treatment periods model
acute inflammatory episodes. We evaluated the effect of
CR2-fH treatment at two different time points; at the end
of cycle 4 DSS treatment and at the end of cycle 4 rest to

determine therapeutic effect on both the relapse and
remission phases of the disease model. CR2-fH treatment
significantly improved outcome in terms of both colon
length and histological score at both time points of analy-
sis (Fig. 3). Note that at sacrifice, colon length from all
mice was recorded and colons were then either fixed for
histological analysis or digested to analyze cell infiltrates,
resulting in lower sample numbers for histological score
compared to colon length.

Fibrosis is a hallmark of injury in chronic colitis, and is
a major cause of the need for surgical intervention. Colla-
gen, as a marker of fibrosis, is increased in colons of
patients and experimental animals with chronic colitis. We
therefore also assessed the effect of CR2-fH on develop-
ment of fibrosis by staining colon sections for collagen.
Collagen content in colons from CR2-fH treated mice was
significantly reduced compared to DSS treated mice, and
was not significantly different to that in sham controls
(Fig. 4).
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Fig. 1. Survival of and histological assessment

of injury and neutrophil infiltration in

complement deficient mice during induction

of chronic dextran sulphate sodium

(DSS)-induced colitis. (a) Wild-type (WT) or

complement-deficient mice were subjected to

the DSS protocol [without complement

receptor 2 (CR2)-fH treatment], and survival

was monitored; n = 13, *P < 0·05 versus WT.

(b) Sections of colons isolated from mice after

fourth cycle of DSS and the rest were stained

with haematoxylin and eosin (H&E) and injury

and inflammation quantified (see Materials and

methods). Horizontal bar indicates mean, n = 5,

*P < 0·05. (c) Myeloperoxidase (MPO) content

in colon samples isolated from mice after fourth

cycle and normalized for protein content.

Mean ± standard error of the mean (s.e.m.);

n = 5, *P < 0·05. (d) Representative

H&E-stained sections.

Table 1. Clinical effects and colon length at end of last cycle in complement-deficient mice with chronic dextran sulphate sodium (DSS)-induced

colitis.

Group Weight change Stool Colon length (cm)

WT 22·73% gain Normal 6·8

WT+ DSS 11·8% gain Soft 5·46

FB–/– 18% gain Normal 6·5

FB–/– + DSS 13% gain Soft 5·6

C3–/– 21% gain Normal 6·6

C3–/– + DSS 6% gain* Bloody diarrhoea 2·25#

*P < 0·01 versus wild-type (WT) + DSS; #P < 0·01 versus WT + DSS and fB–/– + DSS. Results expressed as mean, n = 8–12.
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CR2-fH decreases complement activation in the colon
during treatment

We have previously shown that the complement activation
product C3d is deposited on the colon mucosa of DSS
treated mice, and we have demonstrated that systemically
administered CR2-fH targets to the acutely inflamed intes-
tine and reduces C3 activation [12,22]. To further relate the
protective effect of CR2-fH to complement inhibition, we
determined the effect of CR2-fH on the generation of C5a,
a complement activation product directly associated with
the pathogenesis of DSS-induced colitis, and which can also
be generated by proteases independent of C3/C5 convertase
under certain conditions [17]. At the end of the last DSS
treatment cycle (active disease), C5a levels in colon
homogenates were significantly increased in DSS vs. sham
treated mice, but CR2-fH treatment significantly reduced
levels of C5a. At the end of the last rest period, however, 10
days after DSS and CR2-fH treatment (remission), C5a
levels were similar in DSS compared to DSS + CR2-fH
treated mice, and were reduced compared to C5a levels
immediately following the DSS treatment cycle (Fig. 4).
These data demonstrate that CR2-fH is only inhibiting
complement activation during treatment in the acute phase
of injury, but not during remission.

CR2-fH alters the immune response

Since there are reported differences in innate and adaptive
immune cell populations and cytokine profiles in acute vs.
chronic DSS-induced colitis [24–27], we investigated the
effect of targeted inhibition of the alternative pathway on
the shaping of an immune response. At the end of the final
rest period, we analyzed immune cell populations and
cytokines. Cell populations from the spleen, mesenteric
lymph nodes (MLNs) and lamina propria (LP) were
analyzed to investigate systemic and local mucosal immune
responses, but differences were seen only in the LP, and only
these data are shown. We found significantly lower numbers
of B cells, M1 macrophages and M2 macrophages in the LP
of mice treated with DSS + CR2-fH compared to DSS alone
(Fig. 5). Compared to sham, we also found a significant
increase in the number of mature dendritic cells in DSS
treated mice, but not DSS + CR2-fH treated mice. We
detected no differences in the numbers of CD4+ or CD8+ T
cells between DSS and DSS + CR2-fH and treated groups.
At the end of the final rest period, modeling remission after
progression of disease to chronicity, only mature DC’s and
CD4+ T cells were present in higher numbers in colons
from DSS treated vs. sham animals. Overall, these data indi-
cate a decreased inflammatory/immunostimulatory envi-
ronment in CR2-fH treated mice.

We also analyzed an array of cytokines in colon
homogenates at the end of the 4th rest period. We found
strong trends towards a decrease in IL-6 and IL-17 in colons
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from CR2-fH treated vs. untreated mice, but the differences
did not reach statistical significance (P = 0·14 and 0·11,
respectively). There was no difference between IFNγ or
TNFα levels in colons from CR2-fH treated vs. untreated
mice (data not shown).

Discussion

Most experimental studies investigating the role of comple-
ment in IBD have used a model of DSS-induced colitis, and
previous studies have shown that complement inhibition is
protective in acute models (see introduction). However,
these models provide limited information on the effects of
complement or complement inhibition on wound healing,
the development of fibrosis, or the modulation of adaptive
immunity. Here, we investigated the effect of different com-
plement deficiencies on outcomes in a chronic model of
DSS-induced colitis, and further investigated the effect of a
site-targeted inhibitor of the alternative pathway in a more
clinically relevant paradigm. We demonstrated that specific
inhibition of the alternative pathway with CR2-fH during
DSS treatment periods (corresponding to clinical relapse)
improved clinical outcome, reduced tissue inflammation
and injury, reduced the level of fibrosis, and altered the local
immune response relative to basal levels and DSS treated
mice.

Unlike complement deficiency, CR2-fH did not increase
animal mortality, and neither fB deficiency nor CR2-fH
treatment increased serum endotoxin levels, unlike C3 defi-
ciency that impacts all complement pathways. In this

regard, we have previously shown that CR2-mediated tar-
geting of complement inhibition to sites of complement
activation obviates the need for systemic inhibition and
doses not increase host susceptibility to infection [23]. On
the other hand, many current treatments for human IBD
involve suppression of inflammation and the host immune
response; for example, anti-TNFα therapy increases the risk
of opportunistic infections in IBD patients [28], and addi-
tionally does not appear to reduce the overall need for
surgery for Crohn’s disease patients due to fibrosis [29].
These considerations, together with our current and pub-
lished findings, suggest that human CR2-fH may be an
effective and safer alternative to current biological treat-
ments for colitis. The reason we see protection from DSS-
induced colitis when the alternative pathway is temporarily
inhibited, but not when it is permanently absent, is likely
due to a dual role of complement in the pathogenesis of this
disease. Mice received CR2-fH only during periods of DSS
treatment, which models acute disease flare-ups, and the
absence of complement inhibition during remission will
allow alternative pathway complement activity that may
function in tissue repair/regeneration and host defense.

In the only previously published study investigating the
role of complement in a chronic DSS-induced colitis model,
C5aR–/– mice fared worse than wt mice [12]. Here, we found
that C5a is reduced in the colons of CR2-fH treated mice at
the end of the fourth cycle of DSS, and these mice fared
better than untreated controls. There are several potential
explanations for this apparent contradiction on the role of
C5a. First, colitis was induced with 3% DSS in our model
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compared with only 1·5% in the previously published data
with C5aR–/– mice. The amount of DSS affects the extent of
injury and may impact inflammatory mediators and the
induced immune response. Additionally, C5aR deficiency
was shown to affect other mediators that may alter disease
outcome such as expression of C3aR and C5L2. Finally, it is
likely that C5a has opposing roles during active disease and

repair/regeneration. C5aR–/– mice are protected from acute
disease, demonstrating that the absence of C5a signaling
during active disease protects from tissue damage. On the
other hand, C5a signaling has documented roles in tissue
repair and regeneration. In the current study, we blocked
complement activation only during DSS administration,
while allowing complement activation during the regenera-
tion phase. In line with this treatment protocol, we found
that C5a was reduced in CR2-fH treated animals at the end
the fourth cycle of DSS, but had returned to levels seen in
untreated mice at the end of rest.

Since human colitis is a disease characterized by acute
flare-ups followed by periods of remission, analysis of both
the mucosal immune response and the systemic response is
warranted when investigating potential therapeutics. We
therefore assessed whether CR2-fH altered immune cell
populations in the spleen, MLN and colon mucosa (LP) at
the end of rest cycle 4. Alteration of immune cell popula-
tions in the mucosa is important for understanding acute
disease, but modulation of cell populations in the spleen
and MLN are likely to be important in preventing relapse.
Colons from mice with chronic DSS-induced colitis have
been shown to contain increased B cells and CD11c+ cells
[24]. Similarly, colitis patients have increased accumulation
of B cells [30] and dendritic cells in the LP, and their DC’s
have increased activation markers [31]. Dendritic cells in
the LP are thought to be essential for maintaining tolerance
and inducing appropriate adaptive immune responses to
ingested antigens [31]. In the DSS-induced model of colitis,
depletion of CD11c+ cells resulted in less severe disease [32],
highlighting the importance of these cells in disease pro-
gression. In agreement with these results, we detected a sig-
nificant increase in mature CD11c+ cells following DSS-
induced colitis, and we demonstrated that this increase is
prevented by CR2-fH treatment. We also found that
CR2-fH treatment significantly reduced B cells in the colons
of mice with chronic DSS-induced colitis, although we did
not see any difference in B cell numbers between mice
treated with DSS alone compared to sham controls. The
finding that there was no difference between B cells in LP
from sham vs. DSS treated mice in chronic DSS-induced
colitis is consistent with a previous report that showed dif-
ferences only in the MLN and spleen [24]. B cells have also
been implicated in the pathogenesis of human IBD by a
study showing that B cells from patients have heightened
activation status that correlates with disease severity [33].
Thus, the protective effect of CR2-fH against chronic DSS-
induced colitis correlates with the local modulation of
immunity and immune cells associated with human disease.

M1 macrophages have a pro-inflammatory phenotype
that can cause tissue damage, while M2 macrophages are
generally anti-inflammatory and can play an important role
in wound healing. In a setting of chronic inflammation,
excessive wound healing can lead to the development of
fibrosis, which is the leading cause of surgery in human IBD
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patients [34]. In our model, we detect a decrease in both M1
and M2 type macrophages in the LP after treatment with
CR2-fH. We also detected a decrease in fibrosis in colons
from CR2-fH treated mice, consistent with less damage to
the colon, and therefore requiring less healing/wound
repair. This indicates that CR2-fH may not only decrease
inflammation in the colon, but also decrease the need for
surgery due to fibrosis, which is currently common even
after successful treatment with anti-inflammatory drugs.

In summary, we investigated the use of a targeted com-
plement inhibitor, CR2-fH, in a chronic DSS-induced
model of colitis. First and foremost, CR2-fH was shown to
be therapeutically beneficial, and this targeted inhibitor may
potentially have an improved safety profile over current
therapies for IBD. Additionally, we show that CR2-fH alters
the local immune environment in the chronic phase of
modeled IBD. This study supports the use of targeted com-
plement inhibition as a potential treatment for IBD.
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