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Summary

 

During inflammation, activated neutrophils, monocytes and macrophages
produce and release myeloperoxidase (MPO). MPO converts hydrogen per-
oxide to hypochlorous acid, a highly reactive and oxidizing agent. Proteins
subjected to hypochlorous acid become chlorinated. We analysed how chlo-
rination of the cartilage antigen collagen type II (CII) affects its immunogenic
and arthritogenic properties by studying immune responses to chlorinated
CII in comparison to immune responses to CII and by studying the develop-
ment of arthritis in rats immunized with CII–Cl. CII–Cl immunization of
LEW.1AV1 rats caused a 100% incidence of arthritis with a mean maximum
score of 9·2 (maximal score possible 16). The same dose of non-chlorinated
CII did not induce arthritis at all.  Rats immunized with CII–Cl developed
high anti-CII–Cl IgG titres and also developed IgG antibodies recognizing the
non-chlorinated form of CII. Analysis of cytokine mRNA expression in lymph
nodes 10 days after immunzation revealed an increased expression of inter-
feron (IFN)-

  

γγγγ

 

 mRNA and interleukin (IL)-1

  

ββββ

 

 mRNA in CII–Cl-immunized
rats compared to CII-immunized rats. Thus, chlorination of CII increased its
immunogenicity as well as its arthritogenicity. As neutrophils, monocytes and
macrophages are abundant cells in arthritic joints of patients with rheuma-
toid arthritis, chlorination might be a mechanism by which immunoreactivity
to CII is induced and by which chronic joint inflammation is supported.
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Introduction

 

When an organism is attacked by pathogens or is injured in
any other way, so that body trauma occurs, the organism
defends itself by mounting an inflammatory reaction. Con-
tributing to the inflammatory reaction are both cells and
molecules of the immune system. In the early inflammatory
response the innate arm of the immune system is activated,
whereas if the trauma persists the adaptive immune system
becomes activated. Neutrophils and monocytes are among
the first cells to enter the trauma site, where they engage in
phagocytosis, production of proinflammatory mediators
and release of bactericidal substances.

Activated neutrophils are highly reactive cells with the
propensity to release matrix-degrading enzymes as well as
free radicals. Neutrophils also produce myeloperoxidase
(MPO), an enzyme which converts hydrogen peroxide to
hypochlorous  acid  (HOCl).  HOCl  is  a  strong  oxidant
that rapidly chlorinates surrounding proteins. Such MPO-

catalysed chlorination of proteins is a part of our innate,
anti-bacterial defence but can also occur with endogenous
proteins. MPO is synthesized by and released from activated
neutrophils, and to a lesser extent from monocytes. In addi-
tion, MPO-uptake by macrophages has been demonstrated
to occur [1]. The formation of HOCl and subsequent chlo-
rination of proteins can thus occur both intracellularly and
extracellularly. HOCl reacts with sulphydryl groups on pro-
teins; tryptophane and methionine can be chlorinated by
HOCl in concentrations as low as 10 

 

µ

 

M. Chlorination of
proteins increases their susceptibility to proteolytic cleavage
and enhanced immunogenicity for chlorinated antigens have
been demonstrated in 

 

in vitro

 

 T cell assays [2].
Rheumatoid arthritis (RA) is a chronic, destructive,

inflammatory joint disease with unknown aetiology. An
autoimmune component in the disease pathogenesis is
implicated by the presence of a diverse set of autoantibodies.
Some of these are detected frequently in RA patients, includ-
ing antibodies directed to the Fc-part of Ig molecules
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(rheumatoid factor) and those reactive with citrullinated
proteins [3]. Others can be recorded in subgroups of
patients, such as anti-collagen II (CII) antibodies [4,5], anti-
human cartilage glycoprotein-39 (gp-39) [6] antibodies and
antibodies against stress protein endoplasmatic reticulum
chaperone BiP [7]. Joint inflammation in RA, as well as in
experimental arthritis models, is characterized by prolifera-
tion of synoviocytes and infiltration of the synovial tissue
with macrophages, neutrophils, T cells and B cells. In
arthritic synovial fluid the dominant cell type is neutrophil,
with more than 90% of all cells belonging to this cell type.
Neutrophils have been reported previously to contribute to
cartilage degradation in RA by their production of col-
lagenolytic enzymes [8–10].

Experimental arthritis can be induced in rodents either
by provoking an inflammatory response, as is performed
when using Freund’s complete or incomplete adjuvants
(adjuvant arthritis and oil-induced arthritis, respectively) or
by inducing an autoimmune response to cartilage antigens
in conjuction with an inflammatory response (collagen-
induced arthritis, gp-39-induced arthritis and COMP-
induced arthritis) [6,11,12]. Which mode of induction
results in arthritis is dependent on the genetic background
of the animal. Hence, one can hypothesize that in certain
individuals inflammatory triggering is sufficient to cause
arthritis development, whereas in other individuals an
autoimmune reaction must develop for arthritis to occur.
We therefore considered it interesting to investigate whether
chlorination of autoantigens mediated by activated neutro-
phils, as part of an inflammatory reaction, can induce
breakage of self-tolerance and thereby induction of auto-
immunity. In a previous study we demonstrated that
immunization with chlorinated rat serum albumin (RSA)
breaks the immunological tolerance to this systemic
autoantigen in rats. Rats immunized with native, unmodi-
fied RSA mounted a weak proliferative T cell response to
RSA but no detectable antibody response. In contrast, rats
immunized with chlorinated rat serum albumin (RSA–Cl)
developed a proliferative T cell response as well as a
humoral response to RSA–Cl. The humoral response
cross-reacted with unmodified RSA, thus indicating that
chlorination of an autoantigen by HOCl can induce an
autoimmune response [13].

The presence of neutrophils in the arthritic joints of RA
patients, together with the report that RA patients have ele-
vated serum levels of MPO, suggests that protein chlorina-
tion might occur during RA [14] and could be a link between
arthritic inflammatory reactions and the initiation of
autoimmune antibody responses. Hence, in order to explore
the potential role of chlorination in arthritis we set out to
investigate the immune responses to chlorinated CII 

 

versus

 

CII and their arthritogenicity. We induced arthritis in the rat
strain LEW1.AV1. These rats were selected based on their
intermediate sensitivity to arthritis induction. This allowed
us to study the increased arthritogenicity caused by the

modification  of  CII,  which  would  not  have  been  possible
to investigate if we had chosen a more sensitive rat strain to
arthritis, i.e. DA rats.

Our results demonstrate that chlorination of CII increases
the immunogenic and arthritogenic properties of this pro-
tein and that this increase was mediated in part by a stronger
interleukin (IL)-1

 

β

 

 and interferon (IFN)-

 

γ

 

 induction in
lymph nodes upon immunization.

 

Materials and methods

 

Rats

 

LEW.1AV.1 rats were bred and kept at the animal depart-
ment, Karolinska Institutet, Stockholm, Sweden. They were
free from pathogens as determined by a health-monitoring
programme by the National Veterinary Institute, Uppsala,
Sweden. Animals were kept in a 12-h light/dark cycle, housed
in polystyrene cages containing wood shavings with free
access to food and water. Female rats, 8–14 weeks old at the
start of the experiment, were used throughout the study. All
procedures involving the animals were performed according
to the guidelines provided by the central board for animal
experiments at the Swedish Department of Agriculture. The
Ethical Board for Animal Experiments in Stockholm North
approved the experiments.

 

Antigens

 

Rat collagen type II (RCII) extracted from a rat chondrosa-
rcoma [15,16] was dissolved in 0·01 

 

m

 

 acetic acid, at a
concentration of 1·5 mg/ml. Chlorination of RCII was
performed through the direct addition of HOCl (cat. no.
23,930-5; Sigma Aldrich, St Louis, MO, USA) 1·5 

 

µ

 

mol
HOCl/mg protein at room temperature. The concentration
of active HOCl in stock solutions of NaOCl was calculated by
measuring absorbance at 290 nm and by using the extension
coefficient 

 

ε

 

 

 

=

 

 350 nm/M

 

−

 

1

 

 cm

 

−

 

1

 

. The chlorination reaction
was terminated after 1 h by the addition of Na

 

2

 

S

 

2

 

O

 

3

 

: (cat. no.
S-6672, Sigma Aldrich) in molar ratio 2 : 1 (Na

 

2

 

S

 

2

 

O

 

3

 

: HOCl).
RCII used for control experiments was treated in a similar
manner, except for the addition of HOCl. Successful
chlorination was verified by sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS-PAGE) electro-
phoresis (7·5%) (Fig. 1).

 

Immunizations

 

RCII and chlorinated RCII (RCII–Cl), dissolved in 0·01 M
HAc at a concentration of 1·5 mg/ml were emulsified with
Freund’s incomplete adjuvant (Difco Laboratories, Detroit,
MI, USA) at a volume ratio of 1 : 1. Rats were immunized
intradermally at the base of the tail with 300 

 

µ

 

l emulsion;
hence each rat received 225 

 

µ

 

g antigen. All immunization
procedures were performed under anaesthesia.
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Arthritis evaluation

 

Arthritis development was followed by visual inspection of
paws from day 10 post-immunization (p.i.) until the end of
the experiment (i.e. day 34 p.i.). Arthritis severity was eval-
uated using a scoring system presented previously [17]. In
brief, each paw is graded individually from 0 to 4 and a
cumulative score calculated with a maximum of 16 points for
each rat. One point corresponds to one group of swollen
joints, two points equals two groups of swollen joints, three
points equals three swollen types of joints and four points
are given when the entire paw is swollen.

 

Collection of sera

 

Blood samples were collected by tail bleeding at two time-
points during the study, day 10 p.i. and day 34 p.i. Sera were
prepared by centrifugation for 20 min at 500 

 

g

 

 in 4

 

°

 

C and
aliquots were stored frozen in 

 

−

 

18

 

°

 

C until analysed.

 

Detection of anti-RCII/RCII–Cl IgG by enzyme-linked 
immunosorbent assay (ELISA)

 

ELISA plates (Maxisorp plates, Nunc, Roskilde, Denmark)
were coated with 100 

 

µ

 

l/well of 10 

 

µ

 

g/ml RCII or RCII–Cl
diluted in phosphate-buffered saline (PBS) at 4

 

°

 

C overnight.

Excess protein was removed by repeated washing in PBS/
0·05% Tween (cat. no. 8·22184·0500 Merck, Schuchardt,
Hohenbrunn, Germany). Sera samples were diluted in PBS/
0·05% Tween and the following dilutions were added to the
plates in duplicate: 1 : 100, 1 : 500, 1 : 1000 and 1 : 5000.
Subsequently the plates were incubated at room temperature
for 2 h, washed three times with PBS/0·05% Tween and a sec-
ondary antibody, alkaline phosphatase-conjugated affinity
pure goat anti-rat IgG (H 

 

+

 

 l) (Jackson Immunoresearch
Laboratories Inc., West Grove, PA, USA) was added to each
well. The plates were incubated at room temperature for 2 h
and washed as above. A colour reaction was developed by
addition of phosphatase substrate (cat. no. 104–105, Sigma,
Stockholm, Sweden) and absorbance measured at 405 nm in
a microplate reader (Molecular Devices Emax precision). All
volumes were 50 

 

µ

 

l/well.
Absorbance values of all samples were recalculated with

respect to a reference sample added to all plates and back-
ground values subtracted. As reference sample, a serum sam-
ple from a rat immunized with RCII–Cl obtained at day 17
p.i. was used. The reference sample was from a previous study.

 

Determination of cytokine mRNA in lymph node cells

 

Draining lymph nodes from immunized rats were dissected
at day 7 p.i. and lymph node cells were washed, counted and
kept at 

 

−

 

70

 

°

 

C until RNA preparation. RNA was extracted
from 5 

 

×

 

 10

 

6

 

 cells using a total RNA extraction kit (Qiagen,
Hilden, Germany) and synthesis of cDNA was performed as
described previously [18]. The Taqman

 

TM

 

 method was used
for quantitative polymerase chain reaction (PCR) analysis
of  cDNA  (Perkin  Elmer,  Norwalk,  CT,  USA)  according
to  the  manufacturer’s  instructions.  Primers  and  probes
for IL-1

 

β

 

 and IFN-

 

γ

 

 were designed using the software
PrimerExpress

 

TM

 

 (Perkin Elmer) [19].

 

Statistical analysis

 

All data were evaluated using the Mann–Whitney 

 

U

 

-test for
independent groups. 

 

P

 

-values lower than 0·05 were consid-
ered statistically significant.

 

Results

 

Chlorination of rat collagen II

 

RCII was chlorinated by HOCl addition and modification
was verified by reducing SDS-PAGE electrophoresis (Fig. 1).
Chlorination of CII was detected as an increase in high
molecular weight bands, which are due probably to chlori-
nation of tyrosine and lysine residues in the collagen mole-
cule. It has been reported previously that chlorination of
lysine residues in low density lipoproteins (LDL) resulted in
increased aggregation of this protein [20] and has similarly
increased aggregation of ovalbumin (OVA), reported as a

 

Fig. 1.

 

Verification of chlorination by denaturing sodium dodecyl 

sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) electrophore-

sis. Samples of non-chlorinated CII and chlorinated CII were run on a 

denaturing SDS-PAGE together with a molecular weight marker. Chlo-

rinated collagen type II (CII) (lane 3) were detected as an increase 

in high molecular weight bands, compared to non-chlorinated CII 

(lane 2).
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consequence of chlorination [21]. Thus, our results indicate
a similar chlorination of RCII as reported previously for LDL
and OVA.

 

Arthritis development

 

LEW1.AV.1 rats were immunized with RCII or with RCII–Cl.
In order to facilitate detection of increased arthritogenicity
of CII–Cl, a suboptimal dose of antigen was utilized so that
immunization with unmodified CII did not result in arthri-
tis development. The same suboptimal dose of chlorinated
CII resulted in arthritis development with an incidence
reaching 100% by day 15 p.i., thus indicating that chlorina-
tion increased the arthritogenicity of CII. By day 15 p.i. an
average score of 5·2 was reached, which subsequently
increased to a maximum of 9·2 by day 34 p.i. (i.e. the end of
the experiment). Standard deviations in arthritic animals
varied between 1·3 (day 11 p.i.) and 3·6 (day 31 p.i.).
(Fig. 2a,b).

 

Antibodies induced by RCII–Cl immunization 
cross-reacts with RCII

 

Rats immunized with RCII–Cl developed high titres of IgG
antibodies directed against RCII–Cl. The antibody response
was detectable at day 10 p.i. (data not shown), as well as day
34 p.i. We could detect antibodies to the chlorinated form of
CII, cross-reacting with the non-chlorinated form, at both of
these time-points in animals immunized with chlorinated
CII. Interestingly, two of five animals that were immunized
with RCII also developed antibodies that cross-reacted with
the chlorinated form of RCII; however, we did not detect
similar cross-reactivity at day 34 p.i., when the B cell selec-
tion had proceeded further (Fig. 3).

 

Induction of IL-1

  

ββββ

 

 and IFN-

  

γγγγ

 

 in immunized animals

 

Real-time PCR was conducted to analyse the cytokine
response in the two experimental groups. mRNA levels of
type 1 cytokine IFN-

 

γ

 

 and proinflammatory cytokine IL-1

 

β

 

were investigated at day 7 p.i., an optimal time-point for this
type of analysis based on previous experiments. mRNA levels
of IFN-

 

γ

 

 and IL-1

 

β

 

 were found to be elevated in the arthritic
CII–Cl-immunized animals compared to the non-arthritic
CII–immunized animals. The major difference in cytokine
ratios was detected with IL-1

 

β

 

, which was increased almost
fourfold in CII–Cl-immunized rats compared to CII-
immunized rats. (Fig. 4a,b)

 

Discussion

 

In  a  previous  study  have  we  been  able  to  demonstrate
that chlorination of an autoantigen (RSA) can break
immunological tolerance to the autoantigen in question.
We then formulated a hypothesis that chlorination, as an

inflammation-mediated event, might be a mechanism by
which autoimmunity can be induced and thereby add to the
chronicity of an inflammatory reaction. With this study, we
thus set out to test our hypothesis further in an experimental
model, where we could study the effects of chlorination of a
disease-inducing antigen on specific immunity. As our work-
ing model, we chose collagen-induced arthritis, which is
induced in rats by immunization with CII. We were able to
demonstrate an increased arthritogenicity of CII which had
been chlorinated 

 

in vitro

 

 by means of incubation with
hypochlorous acid. When utilized for immunization of rats
CII–Cl induced arthritis, whereas non-chlorinated CII did

 

Fig. 2.

 

Incidence and severity of arthritis induced by collagen type II 

(CII)–Cl. (a) In rats immunized with CII–Cl (

 

n

 

 

 

=

 

 5), clinical arthritis 

started to develop by day 11 post-immunization (p.i.) and had reached 

a 100% incidence by day 15 p.i. In contrast, rats immunized with non-

chlorinated CII (

 

n

 

 

 

=

 

 5) did not develop arthritis during the time period 

of the experiment. (b) Arthritis severity in rats immunized with CII–Cl 

had reached an average of 5·2 by day 15 p.i. and continued to rise until 

the end of the experiment when the average score was 9·2. 

 

P

 

-values lower 

than 0·05 were obtained from day 11 p.i. to the end of the experiment 

by Mann–Whitney nonparametric test. The shown experiment is one of 

two experiments performed both giving similar results.
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not. Furthermore, the CII–Cl-immunized rats developed
antibodies recognizing both the chlorinated and non-
chlorinated form of CII, i.e. a true autoimmune response
had been provoked. Analysis of the arthritis-associated
cytokines IL-1

 

β

 

 and IFN-

 

γ

 

 as mRNA expression in lymph
nodes after immunization revealed up-regulated expression
in CII–Cl-immunized rats compared to CII-immunized rats.

Neutrophils, as the major producers of hypochlorous acid,
are the dominant cell type in the synovial fluid of RA
patients. Interestingly, neutrophils in the synovial fluid (SF)
of RA patients have lower levels of MPO compared to blood-
derived neutrophils from the same patients. This indicates
that neutrophils in SF have secreted their MPO excellulary in
the arthritic joint [14], which might lead to the production
of hypochlorous acid extracellulary and thereby chlorination

of joint antigens. Destruction of CII by hypochlorite and
by collagenases leading to cartilage breakdown has been
suggested as a principal mechanism for joint destruction in
RA [22].

Our results demonstrate clearly that chlorination of col-
lagen type II induced increased arthritogenicity. This might
be caused by at least two different mechanisms: first, by an
increased immunogenicity of CII–Cl, as mirrored by the
stronger antibody-inducing capacity. At day 10 p.i., four of
five rats immunized with CII–Cl had developed antibodies
against CII–Cl whereas only two of five rats immunized with
CII had detectable antibody levels. This could be caused by

 

Fig. 3.

 

Antibody responses in individual rats immunized with rat col-

lagen type II (RCII) and RCII–Cl. (a) Total IgG antibody response to 

RCII in rats immunized with RCII and RCII–Cl at 34 days post-

immunization (p.i.). Rats immunized with RCII–Cl had a stronger 

response to RCII compared to rats immunized with RCII. (b) Total IgG 

antibody response to RCII–Cl in rats immunized with RCII and RCII–

Cl, at day 34 p.i. No differences in IgG titres were observed in response 

to the two antigens in each individual animal.
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Fig. 4.

 

Analysis of interferon (IFN)-

 

γ

 

 and interkeukin (IL)-1

 

β

 

 mRNA 

expression in draining lymph nodes 7 days post-immunization (p.i.). 

Levels of mRNA are expressed as ratios of GADPH mRNA levels. (a) 

IFN-

 

γ

 

 mRNA was expressed to significantly higher levels in collagen type 

II (CII)–Cl-immunized rats compared to CII-immunized rats. 

 

P

 

-value 

0·047 calculated by Mann–Whitney test for nonparametric samples. 

(b) IL-1

 

β

 

 mRNA levels were fourfold higher in rats immunized with 

CII–Cl compared with rats immunized with CII. A 

 

P

 

- value of 0·009 

was obtained as calculated by Mann–Whitney test for nonparametric 

samples. The analysis was performed on five rats in each group and 

repeated twice.

(a)

(b)

0

0·002

0·004

0·006

0·008

0·01

0·012

0·014

0·016

ClI-CICII

ClI-CICII

IF
N

-γ
/G

A
P

D
H

0

0·05

0·1

0·15

0·2

0·25

0·3

0·35

0·4

IL
1-

β/
G

A
P

D
H



 

E. Westman 

 

et al.

 

344

 

© 2006 British Society for Immunology, 

 

Clinical and Experimental Immunology

 

, 

 

145:

 

 339–345

 

an increased presentation of CII by antigen-presenting cells
due to chlorination. It has been demonstrated previously
that chlorinated antigens can bypass the need of proteolysis
and can be presented by MHC II without previous endocytic
processing of the antigen [23]. By this mechanism they can
be recognized directly by antigen-specific T cells without
intracellular processing. Chlorination might also create T
cell neoepitopes not subjected to tolerance control, thus
inducing a T cell response which can provide help to autore-
active B cells.

Secondly, our analysis of IFN-

 

γ

 

 and IL-1

 

β

 

 mRNA expres-
sion in LN after immunization with CII or CII–Cl demon-
strate a higher production of mRNA for these cytokines in
the CII–Cl immunized rats. As we focused on dissecting the
disease-inducing mechanisms, we opted to study the cytok-
ine mRNA expression in lymph nodes only 7 days p.i. and
chose not to study cytokine expression in paws of rats with
established disease. Thus, it is possible that chlorinated pro-
teins are experienced as danger signals by the innate immune
system and thereby give rise to a stronger inflammatory
response that will affect the development of CII-specific
arthritogenic T and B cells.

In a recent study by Marcinkiewicz 

 

et al

 

., in which they
studied the effects of CII-chlorination in murine collagen-
induced arthritis, results directly opposite to ours were pre-
sented. In their study, chlorinated CII was less immunogenic
and arthritogenic than non-chlorinated CII. In addition,
both forms of CII could be used to vaccinate animals against
subsequent arthritis induction, which was interpreted as
modification of arthritogenic B and T cell epitopes, while the
regulatory B and T cell epitopes remained intact. A possible
explanation for these different results could be the extent to
which CII was chlorinated. We have chlorinated CII by incu-
bating the protein with 2·2 mM HOCl, whereas Marcink-
iewicz 

 

et al

 

. [24] used 3 mM. It has been demonstrated
previously that chlorination of CII leads ultimately to frag-
mentation of the protein, with the formation of low molec-
ular fragments correlating to the concentration of HOCl
used. Different degrees of chlorination also affect the sec-
ondary structure of the CII molecule to different degrees.
The latter effect might explain the intact tolerogenic capacity
of CII–Cl despite the loss of arthritogenicity. It has long been
known that heat-denatured CII is not arthritogenic, while it
can still have tolerogenic properties [25]. We calibrated our
model so that native collagen type II did not induce arthritis,
thus facilitating the detection of increased arthritogenic
effects of chlorination. This was not performed in the mouse
model of arthritis used by Marcinkiewicz.

However, in areas where neutrophils are attached to the
cartilage surface, so-called frustrated phagocytosis [26], it is
possible that the HOCl concentrations are much higher,
reaching the concentration we utilized 

 

in vitro

 

.
In conclusion, this study demonstrates that chlorination, a

modification occurring during inflammation, is of impor-
tance for both immunogenicity and arthritogenicity of

collagen II. As a subgroup of RA patients have T and B cell
responses to CII and as CII reactivity can either induce or
worsen experimental arthritis, we suggest that chlorination
of CII might be a mechanism contributing to the develop-
ment of chronic joint inflammation. In future studies, it
would be of interest both investigate the presence of B and T
cell reactivity to CII–Cl in RA patients as well as the presence
of CII–Cl in joints. Furthermore, evaluation of whether
blocking of chlorination in experimental models could ame-
liorate arthritis would also be of interest.
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