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We reported that high-molecular weight kininogen is
proangiogenic by releasing bradykinin and that a
monoclonal antibody to high-molecular weight
kininogen, C11C1, blocked its binding to endothelial
cells. We now test if this antibody can prevent arthri-
tis and systemic inflammation in a Lewis rat model.
We studied 32 animals for 16 days. Group I (negative
control) received saline intraperitoneally. Group II
(disease-treated) received peptidoglycan-polysaccha-
ride simultaneously with C11C1. Group III (disease-
untreated) received peptidoglycan-polysaccharide si-
multaneously with isotype-matched mouse IgG.
Group IV (disease-free-treated) and group V (disease-
free isotype-treated) received saline and C11C1 or
mouse IgG. Analysis of joint diameter changes
showed a decrease in the C11C1 disease-treated group
compared to the disease-untreated group. The hind
paw inflammatory score showed a decrease in the
intensity and extent of inflammation between the dis-
ease-untreated and the C11C1 disease-treated group.
Prekallikrein, high-molecular weight kininogen, fac-
tor XI, and factor XII were decreased in the disease-
untreated group compared to the C11C1 disease-
treated group. T-kininogen was increased in the
disease-untreated group when compared with the
C11C1 disease-treated group. Disease-free groups IV
and V did not show any sign of inflammation at any
time. This study shows that monoclonal antibody
C11C1 attenuates plasma kallikrein-kinin system acti-
vation, local and systemic inflammation, indicating
therapeutic potential in reactive arthritis. (Am J
Pathol 2004, 165:969–976)

Systemic inflammatory response syndrome is accompa-
nied by activation of the plasma kallikrein-kinin system
(KKS) and decrease of its component plasma pro-
teins.1–3 Similar changes have been documented in clin-
ical sepsis and hereditary angioedema.4–6

The KKS plays an important role in the pathophysiol-
ogy of inflammatory events involved in cellular injury,
including fibrinolysis, kinin formation, complement activa-
tion, cytokine secretion, and release of proteases. The
KKS in humans and rats consist of four major proteins:
factor XII (FXII), factor XI (FXI), prekallikrein (PK), and
high-molecular weight kininogen (HK). HK complexed
with PK binds to the endothelial surface where prolylcar-
boxypeptidase and/or activated FXII converts PK to kal-
likrein.7 The process is further amplified by kallikrein
cleavage of FXII to form FXIIa.8

Kallikrein, in the presence of HK, stimulates neutrophil
chemotaxis,9 aggregation, and oxygen consumption,10

and induces neutrophil elastase release.11 Kallikrein also
primes neutrophils for superoxide production.12 Acti-
vated FXII stimulates neutrophil aggregation13 and inter-
leukin-1 expression in monocytes.14 HK is a precursor of
bradykinin (BK) and functions as a co-factor in KKS activa-
tion. Plasma kallikrein cleaves human and rat HK in a two-
step pattern. The first and second cleavage yields a heavy
chain (64 kd) joined by a single disulfide bond to a light
chain (56 kd) and release of BK. The third cleavage occurs
later and proteolyzes the 56-kd light chain to a 45-kd light
chain and this two-chain molecule has been termed HKa.
BK stimulates intestinal inflammation,15 mediates intestinal
secretion,16 releases prostaglandins17,18 and nitric oxide,
enhances microvascular flow and permeability,18 and thus
is proinflammatory. After the cleavage of BK from HK, the
resulting active co-factor, HKa, undergoes dramatic confor-
mational changes as detected by electron microscopy.19

As a result of domain rearrangement, HKa acquires the
ability to bind to anionic-charged surfaces20,21 and cell
receptors.22,23
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Direct involvement of the KKS in the pathogenesis of
experimental acute arthritis24 and acute and chronic en-
terocolitis25,26 has been documented by previous studies
from our laboratory. Our laboratory recently discovered a
genetic difference in kininogen structure between resis-
tant Buffalo and Fischer F344 inbred rats and the sus-
ceptible Lewis rat, that results in accelerated cleavage of
HK in the latter.27 Genetically susceptible Lewis rats de-
velop an acute arthropathy followed by chronic, progres-
sive, destructive arthritis, anemia, and granulomatous
hepatitis after a single intraperitoneal injection of the
streptococcal cell wall components, peptidoglycan-po-
lysaccharide (PG-PS) polymers.28–30 The KKS is an im-
portant contributor to the pathogenesis of this experimen-
tal model.24–26 Plasma PK levels declined in both the
acute and chronic phases.25,31 HK, whose decline par-
allels BK release, also decreased throughout time in par-
allel with the inflammation. In fact, HK concentrations
were inversely related to the degree of joint inflamma-
tion.31 Plasma T-kininogen is an acute-phase protein
unique to rats and is another indicator of the inflammatory
response in these animals.32,33

Seronegative inflammatory arthropathies are a group of
chronic systemic inflammatory autoimmune disorders that
affect 1% of the adult population.34 These diseases are
thought to occur as an abnormal immunological response
to an unidentified antigen(s) that may be bacterial in origin.
The characteristic features include a persistent inflamma-
tory synovitis involving peripheral joints.35 A symmetric dis-
tribution is the hallmark of the disease. Although the precise
relationship to human disease is not known, the clinical,
pathological, radiological, and immunological features of
streptococcal cell wall-induced arthritis36,37 resemble that
seen in human reactive arthritis. Furthermore, the disease
severity remits and relapses in rats30 similar to the course of
disease progression in patients.

The objective of this study is to examine the effects of
a monoclonal antibody (mAb) targeted to HK on KKS and
the local and systemic inflammation in a rodent model of
reactive arthritis in the Lewis rat. We found that mAb
C11C1 prevented the arthritis (joint swelling) throughout
the entire course of the disease, decreased the intensity
and extension of inflammation, attenuated KKS activa-
tion, and decreased systemic inflammation.

Materials and Methods

PG-PS Preparation

Purified, sterile PG-PS polymers from the cell walls of
group A, type 3, strain D58 streptococcus pyogenes
were purchased from Lee Laboratories (Grayson, GA)
and prepared as previously described.38 The cell wall
fragments were sonicated immediately before injection to
disperse aggregates.

Purification of mAb C11C1

C11C1 is a murine mAb directed to an epitope on the
unique 46-kd light chain of human HK previously identi-

fied in our laboratory.39 The epitope was mapped to
human domain 5 of HK (H441-K502) by proteolytic di-
gestion, immunoaffinity chromatography, and N-terminal
sequencing.20 C11C1 inhibits the in vitro coagulation ac-
tivity of human HK.39 This mAb reacts poorly with kinino-
gens in plasma using the Western blot technique but
binds using surface plasmon resonance.40 mAb C11C1
(IgG1�) was produced in tissue culture supernatant. The
IgG fraction was isolated by protein A affinity chromatog-
raphy (Pro-Chem Inc., Acton, MA) according to the man-
ufacturer’s recommendations. The antibody was a single
band of 160 kd on nonreduced sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and two bands of 55
and 25 kd in the presence of reducing conditions. The
IgG fraction was dialyzed against 0.01 mol/L HEPES and
0.15 mol/L NaCl, pH 7.4, for 20 hours at 4°C. The levels
of endotoxin present in purified C11C1 were determined
using a chromogenic Limulus amebocyte lysate test
(QCL-100; Bio-Whittaker, Walkersville, MD). The amount
of endotoxin present was below the lowest detection
levels (0.02 ng/ml). 1 EU/ml equals 0.1 ng/ml of lipopoly-
saccharide.

Mouse IgG

Purified murine IgG, (MOPC-21, isotyped-matched to
mAb C11C1, IgG1) was purchased from Sigma Chemical
Co. (St. Louis, MO). MOPC-21 was used as a control for
C11C1 and given in the same concentration and at the
same intervals as the mAb. MOPC-21 was diluted in the
same buffer as C11C1 (0.01 mol/L HEPES, 0.15 mol/L
NaCl, pH 7.4).

Experimental Protocol and Treatment

A total of 32 female-specific pathogen-free Lewis rats
(Charles Rivers Laboratories, Raleigh, NC), weighing 140
to 170 g, were used. All animals were housed in the
Temple University Health Science Center Animal Care
Facility and had free access to food and water. The
protocol was approved by the Institutional Animal Care
and Use Committee before implementation and con-
formed to National Institutes of Health guidelines. Ani-
mals were randomly separated into five different groups
and studied for a period of 16 days. Group I (negative
control, n � 6) received sterile 0.15 mol/L NaCl intraperi-
toneally. Group II (disease-treated, n � 8) received
PG-PS at a single dose of 15 �g of rhamnose/g mean
body weight, administered as an intraperitoneal injection
on day 0 of the study, followed by intraperitoneal injec-
tions of mAb C11C1 at a dose of 0.32 mg/rat (�2 mg/kg
body weight) every other day, starting on day 0. Group III
(disease-untreated group, n � 6) received a single dose
of PG-PS as the previous group and intraperitoneal injec-
tions of murine IgG MOPC-21 at a dose of 0.32 mg/rat,
every other day starting on day 0. Group IV (disease-free-
treated, n � 6) received sterile 0.15 mol/L NaCl intraperi-
toneally and injections of mAb C11C1 at a dose of 0.32
mg/rat, every other day, starting on day 0. Group V (dis-
ease-free isotype-treated, n � 6) received sterile 0.15
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mol/L NaCl intraperitoneally and injections of MOPC-21 at
a dose of 0.32 mg/rat, every other day, starting on day 0.

Evaluation of the Arthritis

After the injection of PG-PS, rats were weighed and ex-
amined every day during the first week, and then every
other day during the entire time course of the protocol.
The severity of arthritis was assessed using ankle joint
diameters with digital caliper (Ultra-Call Mark III, F.V.
Fowler Co., Inc., Newton, MA). Body weight and the
mean of triplicate measurements of each hind paw were
recorded every day during the first week and then every
other day during the entire course of the protocol. The
joint diameter is reported as change in joint diameter in
mm from the baseline at 0 days.

Rats were sacrificed with carbon dioxide narcosis on
day 16. Cardiac puncture was performed and blood was
collected in a final concentration of 0.38% sodium citrate.
Plasma was isolated from whole blood by double centrif-
ugation (at 3000 rpm for 10 minutes and then at 10,000
rpm for 10 minutes) in polypropylene tubes at 23°C and
aliquots of the supernatant were stored at �70°C until
assay. The internal organs and hind paws were removed
for gross and microscopic examination.

Plasma KKS Functional Assays

PK function levels were determined by a microtiter,
amidolytic assay by using a chromogenic substrate,
S-2302 (Pro-Phe-Arg-p-nitroanilide; Chromogenix, Moin-
dal, Sweden) as described in our laboratory.41 FXI was
measured as previously described by our published
method.42 HK coagulant activity was evaluated by our
modification43,44 of an activated partial thromboplastin
time test assay.45 FXII coagulant activity was performed
by a similar method using specifically FXII-deficient
plasma (George King Bio-Medical, Overland Park, KS).

Determination of T-Kininogen in Rat Plasma

Plasma T-kininogen was measured by sandwich enzyme-
linked immunoabsorbent assay, as described previously.32

Histopathology

On necropsy day, liver, spleen, kidneys, and hind paws
were harvested and fixed in buffered formalin (Fisher
Lab., NJ). The organs were weighed after fixation and the
paws were decalcified in formic acid (Fisher Scientific,
Pittsburgh, PA). The tissue was embedded in paraffin
and the sections stained with hematoxylin and eosin
(Fisher Scientific) for microscopic examination. To deter-
mine the hind paw inflammatory score, grading was per-
formed in paraffin sections of 4 to 6 �m using a modifi-
cation of the scoring system used by Rooney and
colleagues46 and Koizumi and colleagues.47 Briefly,
eight histopathological features characteristic to rheuma-
toid arthritis were included: synovium hyperplasia, pres-

ence of inflammatory infiltrates within the synovium, neo-
vascularity within the synovium (more than three vessels
per high-power field), subsynovial fibrosis, intra-articular
exudates, percentage of intra-articular space occupied
by pannus, cartilage erosion, and presence of subchon-
dral inflammation. Each feature was rated 0 to 3 summing
to a maximum score of 24 points. Pictures taken are
shown at �200.

Immunohistochemistry

Sections from each rat were stained with goat polyclonal
anti-mouse IgG antibody to assess possible mAb C11C1
deposition in paws, liver, spleen, and kidney. The avidin-
biotin immunoperoxidase complex was used (Vector
Laboratories, Burlingame, CA). Mouse tissue was used
as positive control.

Statistical Analysis

The dependent joint diameter was analyzed as a contin-
uous variable for all analyses. Means, SE, and number of
observations were tabulated for each group and time
point. The experiment used a repeated measures design
with each animal evaluated at 12 time points. Statistical
analysis of any other data were performed by one-way
analysis of variance, Student’s t-test, and Mann-Whitney
rank sum test as indicated in the figure legends.

Results

Joint Diameter Changes (Figure 1)

Groups I (saline-saline; negative control), IV (C11C1-
treated, disease-free), and V (MOPC-21-treated, dis-
ease-free) did not develop any arthritis during the course
of the study. In group III (disease-untreated) there was a
biphasic increase in the joint diameter. The acute phase

Figure 1. Joint diameter changes. Comparison of the daily joint diameter
changes between the disease-untreated group (filled circle; group III,
PG-PS � MOPC-21), the disease-treated group (open diamond; group II,
PG-PS � C11C1), and the negative control group (filled square; group I,
saline � saline). Values are recorded as mean � SEM (n � 6 to 8).
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started on day 2 and peaked on day 4 (0.8 � 0.3 mm).
Joint swelling improved by day 6, with recurrence
(chronic phase) on day 8 and peaking on day 14 (2.0 �
0.6 mm). As expected, on necropsy (day 16) the changes
in joint diameter were also significantly increased (1.7 �
0.6 mm). Group II (C11C1, disease-treated) did not de-
velop any significant paw swelling during the acute
phase (days 2 to 4). Although there were mild changes
occurring during the chronic phase (days 12 to 16) com-
pared to group I (saline-saline; negative control), differ-
ences between group II (C11C1, disease-treated) and
group I (saline-saline, negative control) were not statisti-
cally significant at any time during the course of the
study. Comparing the differences between group II
(C11C1, disease-treated) and group III (disease-un-
treated), there was significant improvement in group II
(C11C1, disease-treated) in the acute phase (day 4, P �
0.001), in the chronic phase (day 14, P � 0.004), and on
termination (day 16, P � �0.02). These data indicate that
mAb C11C1 prevented the joint swelling (arthritis)
throughout the acute phase of the disease and greatly

ameliorated the chronic phase in this animal model of
arthritis.

Hind Paw Histology Assessment (Figure 2)

Groups I (saline-saline, negative control), IV (C11C1-
treated, disease-free), and V (MOPC-21-treated, dis-
ease-free) did not show any inflammatory changes. A
representative section from group I (negative control) is
shown in Figure 2A. Group II (C11C1, disease-treated)
(Figure 2B) showed sparse chronic inflammatory infil-
trates with minimal thickening of the synovial lining.
Group III (disease-untreated) (Figure 2C) showed diffuse
inflammatory infiltrates with severe synovial thickening,
pannus formation, cartilage destruction, and bone ero-
sion. When comparing group II (C11C1, disease-treated)
with group III (disease-untreated), there is marked atten-
uation of the joint inflammatory process in the animals
treated with mAb C11C1.

Figure 2. Hind paw histology. A: Negative control (group I, saline � saline). B: Disease-treated (group II, PG-PS � C11C1). C: Disease-untreated (group III, PG-PS
� MOPC-21). a, joint space; b, bone; c, pannus within joint space. Original magnifications, �200.
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Hind Paw Inflammatory Score (Figure 3)

Groups I (saline-saline, negative control), IV (C11C1-
treated, disease-free), and V (MOPC-21-treated, dis-
ease-free) had an inflammatory score of zero (no inflam-
mation present). Group II (C11C1, disease-treated) had a
skewed inflammatory score with a mean value of 5.0 �
3.3 whereas group III (disease-untreated) had a skewed
inflammatory score with a mean value of 14.7 � 3.9
(Mann-Whitney rank sum test, P � 0.020). In summary,
treatment with mAb C11C1 significantly decreased the
intensity and extension of the joint inflammation.

Histopathology of Liver, Spleen, and Kidneys
(Results Not Shown)

Microscopic examinations of sections from liver, spleen,
and kidneys failed to demonstrate any changes in the
disease-treated (group II, C11C1) or disease-free-treated

groups (groups I, IV, and V). The disease-untreated
(group III, MOPC-21) showed multiple granulomata in
liver and spleen sections. Kidney sections showed mod-
erate diffuse lymphocytic infiltrates. These results indi-
cate that C11C1 treatment decreased the intensity and
extension of systemic inflammation induced by PG-PS
injection.

Immunohistochemistry (Results Not Shown)

There was no detectable mouse IgG deposition in any of
the tissues studied (hind paws, liver, spleen, and kidney)
in all groups, indicating that the changes were not be-
cause of antibody-antigen complexes.

KKS Functional Assays (Figure 4)

Evaluation of PK, HK, FXI, and FXII showed that the four
proteins were not significantly different among the nega-
tive control (group I, saline), the disease-treated group
(group II, C11C1), and disease-free groups (groups IV
and V). PK, HK, FXI, and FXII were significantly decreased
(P � 0.02) in the disease-untreated group (group III,
MOPC-21) when compared with the disease-treated group
(group II, C11C1) (Figure 4). This finding demonstrates that
mAb C11C1 attenuates KKS activation.

Plasma T-Kininogen Antigenic Levels (Figure 5)

The T-kininogen (rat acute phase reactant) was not sig-
nificantly different among the negative control group
(group I, saline), the disease-free groups (groups IV and
V) and the disease-treated group (group II, C11C1) (P �
0.90). T-kininogen was significantly increased in the dis-
ease-untreated group (group III, MOPC-21) when com-
pared with the disease-treated group (group II, C11C1)
or the normal control (group I, saline) (P � 0.002). Sys-
temic inflammation as measured by T-kininogen was sub-
stantially reversed in the disease-treated group.

Discussion

The results of the current study of experimental inflam-
matory arthritis in Lewis rats provide evidence that a mAb
to HK modulates the inflammatory changes observed in
this experimental model of reactive arthritis as evidenced
by the significant decrease in joint diameter changes in
the disease-treated group (group II, PG-PS � mAb
C11C1) compared with the disease-untreated group us-
ing a sham antibody (group III, PG-PS � MOPC-21).
Histological examination of the joints of the disease-un-
treated group demonstrated synovial thickening with dif-
fuse inflammatory infiltrates within the synovial lining and
pannus formation occupying the joint space in contrast to
the disease-treated group that showed only minimal
thickening of the synovial lining. The hind paw inflamma-
tory score in the disease-untreated group was markedly
elevated whereas the disease-treated group had minimal
inflammation. Assays of PK, HK, FXI, and FXII showed

Figure 3. Hind paw inflammatory score. Comparison of the disease-un-
treated group (group III, PG-PS � MOPC-21), the disease-treated group
(group II, PG-PS � C11C1), and the negative control group (group I, saline
� saline). Results are plotted as mean � SEM (n � 6 to 8). Because of the
skewed results, we applied the Mann-Whitney rank sum test for statistical
analysis.
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that the four proteins were significantly decreased in the
disease-untreated group, indicating KKS activation when
compared with the disease-treated group. This finding
demonstrates that mAb C11C1 attenuates KKS activa-
tion. Plasma T-kininogen concentrations were signifi-
cantly increased in the disease-untreated group, indicat-
ing that systemic inflammation was substantially
attenuated in the group treated with mAb C11C1.

Previous work in our laboratory has indicated that the
KKS is activated in the Lewis rat model of arthritis and
systemic inflammation after a single intraperitoneal injec-
tion of PG-APS.31 More recently, our work has led to the
discovery of a genetic difference in kininogen structure
between resistant Buffalo and Fischer F344 inbred rats
and the susceptible Lewis rat, resulting in accelerated
cleavage of HK in the latter.27 HKa then leads to in-
creased production of inflammatory cytokines by mono-
nuclear leukocytes.48 Many cytokines, including interleu-
kin-1, interleukin-6, tumor necrosis factor-�, interferon-�,
and interferon-� are involved in the initiation of synovitis in
rheumatoid arthritis. In addition, the acute phase re-
sponse involves activation of complement and subse-
quent neutrophil chemotaxis.49,50 These neutrophils, in
turn, are found in the rheumatoid synovium and in syno-
vial effusions.

Our laboratory has demonstrated that HK/HKa binds
specifically, saturably, and reversibly to neutrophils.51

Further studies indicated that both the heavy chain (do-
main 3) and the light chain (domain 5) of HK were in-

Figure 4. KKS functional assays. Determination of PK, HK, FXI, and FXII in
the negative control group (group I, saline � saline), in the disease-treated
group (group II, PG-PS � C11C1), and in the disease-untreated group (group
III, PG-PS � MOPC-21). Only the disease-untreated group (group III) was
significantly lower than the other two groups. Student’s t-test was applied for
statistical analysis.

Figure 5. Plasma T-kininogen antigenic levels. Comparison of negative con-
trol, disease-treated (group II, PG-PS � C11C1), and disease-untreated
(group III, PG-PS � MOPC-21) groups are shown. Only the disease-un-
treated group (group III) was significantly increased over the other two
groups. Student-Newman-Keuls test was applied for statistical analysis.
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volved in the binding to neutrophil Mac-1 (�m�2).52 Two
specific mAbs, 2B5 to HK heavy chain domains 2 and 3,
and C11C1 to HK light chain domain 5, inhibited by 99%
and 93%, respectively, the binding of 125I-HK (8.3
nmol/L) to neutrophils.52 More recently, we demonstrated
that two short sequences within domain 3 and a single
amino acid sequence within domain 5 form part of all of
the HK binding sites to neutrophils.53

We have previously demonstrated that a specific kal-
likrein inhibitor (P 8720) attenuated acute inflammatory
changes and prevented arthritis and systemic complica-
tions in this PG-PS model.33 Furthermore, we have shown
that B2R antagonists attenuate the inflammatory changes
in the same animal model.54

The epitope of mAb C11C1 is mapped to H441-K502
of the HKa light chain.20 We recently reported that HK is
proangiogenic by releasing BK and that mAb C11C1
blocks the binding of HK to endothelial cells.40,55 Be-
cause HK cleavage occurs by kallikrein on the endothe-
lial cell surface,8 the mode of action of mAb C11C1 is by
inhibiting the binding of HK to the surface. This action
would decrease the cleavage of HK, the formation of
HKa, and the proteolytic release of BK. Decreasing both
of these mediators would inhibit the local inflammatory
process in the joints and the systemic inflammation as
shown in this study.

In summary, our results indicate that C11C1, a mAb to
domain 5 of HK, attenuates KKS activation and local and
systemic inflammation in the Lewis rat model of PG-PS-
induced arthritis and systemic inflammation. HK may be
an appropriate target for further drug discovery in the
therapy of chronic inflammatory arthropathies.
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