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The Journal of Immunology

N-a-Benzoyl-N5-(2-Chloro-1-Iminoethyl)-L-Ornithine Amide,
a Protein Arginine Deiminase Inhibitor, Reduces the Severity
of Murine Collagen-Induced Arthritis

Van C. Willis,*,1 Alison M. Gizinski,†,1 Nirmal K. Banda,* Corey P. Causey,‡

Bryan Knuckley,‡ Kristen N. Cordova,* Yuan Luo,‡ Brandt Levitt,* Magdalena Glogowska,*

Piyanka Chandra,x Liudmila Kulik,* William H. Robinson,x William P. Arend,*

Paul R. Thompson,{ and V. Michael Holers*

Rheumatoid arthritis is associated with the development of autoantibodies to citrullinated self-proteins. Citrullinated synovial pro-

teins, which are generated via the actions of the protein arginine deiminases (PADs), are known to develop in the murine collagen-

induced arthritis (CIA) model of inflammatory arthritis. Given these findings, we evaluated whether N-a-benzoyl-N5-(2-chloro-1-

iminoethyl)-L-ornithine amide (Cl-amidine), a recently described pan-PAD inhibitor, could affect the development of arthritis and

autoimmunity by treating mice in the CIA model with Cl-amidine on days 0–35. Cl-amidine treatment reduced total synovial and

serum citrullination, decreased clinical disease activity by ∼50%, and significantly decreased IgG2a anti-mouse type II collagen

Abs. Additionally, histopathology scores and total complement C3 deposition were significantly lower in Cl-amidine–treated mice

compared with vehicle controls. Synovial microarray analyses demonstrated decreased IgG reactivity to several native and

citrullinated epitopes compared with vehicle controls. Cl-amidine treatment had no ameliorative effect on collagen Ab-induced

arthritis, suggesting its primary protective mechanism was not mediated through effector pathways. Reduced levels of citrulli-

nated synovial proteins observed in mice treated with Cl-amidine are consistent with the notion that Cl-amidine derives its efficacy

from its ability to inhibit the deiminating activity of PADs. In total, these results suggested that PADs are necessary participants in

the autoimmune and subsequent inflammatory processes in CIA. Cl-amidine may represent a novel class of disease-modifying

agents that modulate aberrant citrullination, and perhaps other immune processes, necessary for the development of inflamma-

tory arthritis. The Journal of Immunology, 2011, 186: 4396–4404.

R
heumatoid arthritis (RA) is an autoimmune disorder that
is estimated to affect nearly 1% of the population. RA is

characterized by chronic inflammation of the synovium,

resulting in pannus formation and joint destruction. The presence of

autoantibodies designated rheumatoid factors, which recognize Ig

Fc domains, have been well-characterized in RA. However, a new

class of autoantibodies, designated Abs to citrullinated protein Ags

(ACPA), have proven to be more specific than rheumatoid factors

for the presence of RA (1–3). Indeed, several studies showed that

ACPA are present in the sera of individuals who ultimately de-

velop seropositive RA for an average of 4–5 y prior to the onset of

clinically apparent disease (4–6), suggesting that the development

of these autoantibodies may be an early event in the onset and
progression of RA.
ACPA preferentially recognize citrullinated proteins. These

epitopes are generated via the posttranslational modification of
peptidyl-arginine residues to peptidyl-citrulline. This hydrolytic
reaction, which is variably termed deimination or citrullination, is
catalyzed by protein arginine deiminases (PADs), a small family of
five calcium-dependent enzymes (PAD1, 2, 3, 4, and 6; there is no
PAD5) (7–9). Consistent with a role for aberrant PAD activity in
RA is the fact that genetic studies have identified single nucleo-
tide polymorphisms within the PAD4 gene that are associated with
an increased risk for developing RA, although this linkage has
only been definitively established in Asian populations (10–12).
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In general, the functional roles of PAD enzymes and of cit-
rullinated peptides and proteins in normal human physiology are
poorly understood. However, recent studies suggested that PADs
play key roles in apoptosis, differentiation, and murine oogenesis
(13–15). PAD4 is also known to play a role in regulating eu-
karyotic gene transcription; for example, citrullination of histones
H3 and H4 was shown to downregulate the expression of genes
under the control of the estrogen receptor, thyroid hormone re-
ceptor (16–19) and p53 (20, 21). Citrullination is also essential for
the formation of neutrophil extracellular traps (22), and site-
specific citrullination was reported to alter chemokine function
(23–25). Interestingly, one report also demonstrated that when
incubated with unmodified hen egg lysozyme, dendritic cells and
peritoneal macrophages presented citrullinated peptides and stim-
ulated citrulline-specific T cell responses (26).
There are five PAD isozymes expressed in humans and mice;

enzymatic activity has been detected for all enzymes, with the
exception of PAD6. PADs show varied tissue-expression patterns
in humans and in mice: PAD1 is highly expressed in the skin and
uterus, PAD2 is widely expressed, PAD3 is found in the skin and
hair follicles, and PAD6 is expressed in human leukocytes and in
mouse oocytes and embryos (9, 27). PAD4 is primarily expressed
in WBCs (macrophages, neutrophils, and eosinophils); this lo-
calization is consistent with a role for PAD4 in modulating the
immune response. With regard to RA pathogenesis, the subcellular
localization of PADs is noteworthy because at sites of inflam-
mation, intracellular and extracellular proteins show elevated
levels of citrullination. In addition, PAD2 and PAD4 are present in
RA synovial fluid (28). These observations suggest that the normal
intracellular localization of PADs is somehow perturbed in the RA
synovium (29).
The pathophysiologic significance of protein citrullination in

RA is unclear, because it is unknown whether citrullination reflects
ongoing inflammation or plays a causal role in the pathogenesis of
disease. We examined whether a recently described pan-PAD in-
hibitor, N-a-benzoyl-N5-(2-chloro-1-iminoethyl)-L-ornithine am-
ide (Cl-amidine), could ameliorate the signs and symptoms of
murine collagen-induced arthritis (CIA) by blocking the de-
velopment of citrullinated epitopes and ACPA generation and/or
affecting other PAD-dependent cellular processes. Cl-amidine is a
mechanism-based PAD inactivator that irreversibly inhibits all of
the known active PAD isozymes (i.e., PADs 1–4) with low mi-
cromolar potency; the ability of Cl-amidine to inhibit PAD6 has
not been assessed because in vitro activity has not been detected
for this isozyme. The structure of Cl-amidine is similar to benzoyl
arginine amide, a small molecule PAD substrate, except that it
incorporates a reactive haloacetamidine warhead in place of the
substrate guanidinium. This warhead reacts with the active site
cysteine, which is critical for catalysis, to form a thioether adduct;
the existence of this adduct has been verified by crystallography
(30, 31). In addition to Cl-amidine’s ability to inhibit PADs in
vitro, it has been evaluated in a cell-based assay of PAD4 activity.
This is a mammalian two-hybrid assay that monitors the enhanced
interaction between the glucocorticoid receptor-interacting pro-
tein 1 binding domain of p300 and glucocorticoid receptor-inter-
acting protein 1 on intracellular PAD4. This assay demonstrated
that Cl-amidine is cell permeable, can transit membranes, and
inhibit PAD4 activity in the nucleus (31).
The CIA model of inflammatory arthritis was used for these

studies because these mice are known to develop serum Ab reac-
tivity to citrullinated epitopes, as determined by synovial proteome-
array analysis (32, 33). Additionally, citrullinated peptide tolerance
and passive anti-citrulline–specific mAb-transfer methods were
shown to modulate arthritis severity in the CIA model (32). In this

study, we showed that PAD inhibition resulted in decreased gener-
ation of synovial citrulline; a decreased Ab response to citrullinated
proteins and other autoantigens; and a substantially reduced arthritis
severity, as measured by clinical and histological assessments. De-
termination that the levels of citrullinated synovial proteins are re-
duced with Cl-amidine treatment is consistent with the notion that
Cl-amidine derives its efficacy from its ability to inhibit the dei-
minating activity of PADs. In total, these results demonstrated a
key role for PAD activity in CIA and suggested that PADs may
be a therapeutic target for the treatment of inflammatory arthritis.

Materials and Methods
Collagen-induced arthritis

For induction of CIA, 6–8-wk-old DBA/1J mice (The Jackson Laboratory)
were injected intradermally with 100 ml IFA containing 200 mg bovine
type II collagen (CII) (Elastin Products) and 200 mg inactivated Myco-
bacterium tuberculosis (H37Ra; Difco) on days 0 and 21 (34). All animal
experiments were approved by the University of Colorado School of
Medicine Institutional Animal Care and Use Committee.

Treatment groups

Each experimental group consisted of eight mice that were treated daily
throughout the entire experiment (i.e., day 0 of the first injection through
sacrifice on day 35) with one of five interventions: no injection, PBS
(vehicle control), 1 mg/kg Cl-amidine, 10 mg/kg Cl-amidine, or 50 mg/kg
Cl-amidine. All injections were given i.p. in a standard volume of 200 ml
containing the appropriate concentration of Cl-amidine. Doses were cal-
culated for the average weight of the group (20 g). After the day-21 booster
injection, clinical disease activity was independently evaluated by two
trained laboratory personnel blinded to treatment status. A 3-point scale
was used for each paw: 0 = normal joint; 1 = slight inflammation and
redness; 2 = severe erythema and swelling affecting the entire paw; and 3 =
deformed paw or joint with ankylosis, joint rigidity, and loss of function.
The maximum score of 12 for each animal was based on the total score for
all four paws. At day 35, all animals were sacrificed by anesthesia with
2,2,2-tribromoethanol and cervical dislocation. One mouse in the 1-mg/kg
treatment group died on day 8 of the experiment of causes unrelated to
treatment.

Histological examination

On day 35, both forepaws and the right hind limb (including the paw, ankle,
and knee) were surgically removed and immediately fixed in 10% buffered
formalin (Biochemical Sciences). Tissue samples were embedded in par-
affin, sectioned, and stained with H&E for histopathology and with tolu-
idine blue for specific evaluation of cartilage changes (35). Joint sections
were scored by an individual blinded to treatment status for levels of sy-
novial inflammation, pannus, cartilage damage, and bone damage; each
was scored on a scale of 0–5. The compiled data are expressed as the
mean 6 SEM based upon a set of five joints per animal. Quantitative
immunohistological analysis for mouse C3 deposition in the synovium and
cartilage was scored on a scale of 0–3 (36).

Measurement of total citrulline content

Mice were administered one i.p. injection of CII and then were treated for
21 d with PBS or three different doses of Cl-amidine. On day 21, the entire
knee joint was surgically removed from control and Cl-amidine–treated
DBA/1J CIA mice (n = 5 per group) and flash-frozen in liquid nitrogen.
Synovial tissue was enriched from the joints by further dissection. Tissue
homogenates were prepared according to the method of Moscarello and
colleagues (37, 38). Briefly, individual tissue samples were resuspended in
50 mM HEPES (pH 7.6), 1.0 mM EDTA, 0.5 mM DTT, and 0.43 mM
PMSF at a final concentration of 20 mg tissue/0.1 ml buffer. Cell extracts
were prepared with a Dounce homogenizer and subsequently clarified by
centrifugation. Total citrulline content was analyzed by adding 60 ml sy-
novial lysate or 20 ml serum lysate to a reaction buffer containing 50 mM
NaCl, 10 mM CaCl2, 2 mM DTT, and 100 mM Tris (pH 7.6). A color-
development solution that detects citrullinated proteins (200 ml) was added
(COLDER) (39). The sample was vortexed and incubated at 95˚C for 30
min. The absorbance at 540 nm was measured and compared to a standard
curve of known citrulline concentrations. Measurements were made in
duplicate, and the data were normalized using the protein concentrations
for each sample.
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Flow cytometric analysis of immune cell populations

To determine how Cl-amidine treatment affects immune cells in vivo, flow
cytometry analysis was performed on splenocytes obtained from control and
treatment group mice. Mice were immunized with bovine CII on day 0 and
were treated daily with PBS (vehicle control) or 50mg/kg Cl-amidine i.p. At
day 21, mice were sacrificed, and spleens were surgically removed and
placed in media on ice. Splenocytes were isolated through a cell strainer and
stained for the cell surface markers listed in Table I and Table II. All Abs
used for flow cytometry were obtained from BD Pharmingen.

Induction of collagen Ab-induced arthritis

Six to eight-week-old male DBA/1J mice (The Jackson Laboratory) were
injected i.p. with PBS or 1, 10, or 50 mg/kg Cl-amidine daily for 7 d, after
which collagen Ab-induced arthritis (CAIA) was induced by injecting the
mice i.p. with Arthrogen (Chondrex; 4 mg/mouse). Three days later, mice
were injected i.p. with 50 mg LPS and scored daily for disease severity on
days 3–10, as described above. Daily treatment with PBS or Cl-amidine
was continued on days 0–10.

Anti-collagen Ab determination

Serum was collected from all mice by retro-orbital aspiration on days 0 and
21 before each injection of CII, as well as by cardiac puncture at the end of
the study on day 35. IgG2a and IgG1 Abs to murine and bovine CII were
measured in triplicate by specific ELISA by coating 96-well plates with 5
mg/ml murine or bovine CII (Chondrex). A standard pool of anti-CII Abs
was obtained by combining sera from several mice with severe CIA; the
levels of IgG1 and IgG2a Abs in this pool were considered 100 U/ml. A
standard curve was obtained using serum dilutions, and the Michaelis–
Menton equation was used to convert OD values into units (34).

Synovial proteome microarray

Synovial proteome arrays containing 191 proteins and peptides representing
candidate autoantigens in RA were used to perform multiplex character-
ization of autoantibody responses in sera derived from Cl-amidine–treated
mice and control mice (40, 41). The synovial proteome arrays were pre-
viously validated with a panel of mAbs and reference sera specific for
many of the spotted proteins (40). Significance analysis of microarrays
(SAM; version 3.08) was used to identify autoantibody reactivities that
exhibited significant differences between Cl-amidine– and PBS-treated
CIA mice. The mice and their Ag array reactivities were arranged using
hierarchical cluster analysis (Cluster 3.0 software) and displayed as
a heatmap (Java TreeView software version 1.1.3 created by Alok) (42,
43). An accession number (GSE23731) for complete microarray data has
been assigned and approved in the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23731).

Autoantigen ELISA

The levels of murine IgG reactive with putative autoantigens [HCgp39
(130–145), HCgp39 (160–175), DEAE pool 1 and biglycan (227–246)]
from the peptide array were measured in duplicate by coating 96-well
plates with 10 mg/ml Ag in PBS overnight at 4˚C. After washing with PBS,
0.05% Tween 20, plates were blocked in PBS, 1% BSA for 4 h at 4˚C.
Following blocking, 50 ml/well a 1:150 dilution of day 0 or 35 serum in
PBS was added to plates and incubated overnight at 4˚C. Plates were
washed in PBS, 0.05% Tween 20, and Ab binding was detected using HRP-
conjugated anti-mouse IgG visualized with tetramethylbenzidine sub-
strate.

Statistical analysis

ANOVA, with tests for multiple comparisons, was used to examine the data
for CIA and CAIA clinical disease activity scores, histology, anti-CII Ab
levels, and synovial and serum citrulline content. Flow cytometry, grouped
synovial citrulline, and autoantigen ELISA data were analyzed by the
Student t test. The Pearson correlation coefficient was calculated for se-
lected comparisons between potentially related datasets. The Shapiro–
Wilks “W” test was used to test all histological and disease activity data
for normal distribution before applying subsequent parametric tests. Data
are expressed as the mean 6 SEM, with p , 0.05 considered significant.

Results
Cl-amidine treatment reduces clinical disease activity in CIA

We hypothesized that if citrullination is an important mechanism
in the pathogenesis of inflammatory arthritis, inhibition of PAD
activity would lead to decreased disease severity because of re-

duced evolution of ACPA epitopes and autoantibody production. To
test this hypothesis, we used Cl-amidine, a recently described first-
generation cell-permeable inhibitor of all known active PAD iso-
zymes, in the CIA mouse model of inflammatory arthritis. Mice
were immunized on days 0 and 21 with bovine CII, and clinical
disease activity was monitored on days 21–35. Although all of the
mice developed disease, mice receiving daily i.p. injections of Cl-

FIGURE 1. Cl-amidine treatment reduces clinical disease activity and

joint destruction in CIA. Arthritis was induced by two injections of bovine

CII in CFA at days 0 and 21. Mice were treated as described in Materials

and Methods and assessed three times weekly for clinical disease activity.

A, All treatment groups showed significantly reduced clinical disease ac-

tivity scores compared with the PBS vehicle control beginning on day 27

and continuing through day 35. *p, 0.05 at day 24 and p, 0.03 at day 27

for 10-mg group, #p , 0.01 for 50-mg group, ***p , 0.03 for 10- and 50-

mg groups, and p, 0.05 for 1-mg group. (n = 8 for all groups, except n = 7

for 1-mg group.) B, Histologic sections were scored for changes in sy-

novial inflammation, pannus, cartilage damage, and bone damage, all on

a scale of 0–5. C, Sections were scored for C3 deposition in the synovium

and cartilage. Data are expressed as the mean 6 SEM based upon a set of

five joints per animal. Treatment with Cl-amidine resulted in decreased

histopathology scores for all parameters in the 10- and 50-mg/kg/d treat-

ment groups compared with the PBS vehicle group. (n = 8 for all groups,

except n = 7 for 1-mg group.) *p # 0.03, **p , 0.02, ***p , 0.01.
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amidine in PBS, beginning on day 0, exhibited reduced clinical
disease activity ∼50% on days 24–36 (p , 0.05 for all three doses
of Cl-amidine at day 35) (Fig. 1A). These results indicated that
Cl-amidine treatment reduces clinical disease activity in CIA.

Treatment with Cl-amidine reduces joint damage in CIA

Histological analyses of joints were performed at the end point of
the experiment (day 35) to examine the effects of treatment with
Cl-amidine on joint destruction. Histopathology scores for syno-
vial inflammation, pannus, cartilage damage, and bone damage
were significantly lower in the 10 and 50 mg/kg/d treatment groups
compared with the PBS vehicle group (p , 0.03) (Fig. 1B). The
clinical disease activity and histology scores showed a significant
correlation with each other (R2 = 0.8; p , 0.001). Cl-amidine
treatment at 50 and 10 mg/kg also reduced C3 deposition in the
synovium and the cartilage, respectively (Fig. 1C). No differences
in neutrophil or macrophage infiltration of CIA joints was ob-
served in mice treated with Cl-amidine (data not shown), sug-
gesting that recruitment of these cells was not blocked by Cl-
amidine. These results suggested that Cl-amidine treatment pre-
vents joint destruction and reduces C3 deposition in CIA.

Cl-amidine treatment reduces serum and synovial citrulline
content in CIA

To help confirm that Cl-amidine derives its effects from its ability
to inhibit PAD activity, we measured changes in synovial citrul-
line content (i.e., the product of PAD reaction) as a proxy of PAD
inhibition. As expected, synovial citrulline content trended

downward in response to increasing Cl-amidine dose (Fig. 2A, left
panel). We then compared the synovial citrulline content in all Cl-
amidine–treated mice (all doses combined) with all control mice
(mice receiving no treatment or PBS). Mice treated daily for
21 d with Cl-amidine, beginning with one CII immunization, ex-
hibited significantly lower synovial citrulline content compared
with PBS-treated or untreated control mice with CIA (p , 0.05),
and they showed similar synovial citrulline content compared with
unimmunized mice (Fig. 2A, right panel). These results indicated
that treatment with daily injections of Cl-amidine for 21 d de-
creased citrulline content in the joints.
Additionally, we measured the serum citrulline content in the

mice with CIA (Fig. 1) at day 35 to verify the activity of Cl-
amidine. As expected, serum citrulline content trended downward
in response to increasing Cl-amidine dose (Fig. 2B, left panel).
We then compared serum citrulline content in all Cl-amidine
treated mice (all doses combined) with all control mice (mice
receiving no treatment or PBS). Mice treated daily for 35 d with
Cl-amidine, beginning with their first CII immunization, exhibited
significantly lower serum citrulline content compared with PBS-
treated control mice with CIA (Fig. 2B, right panel) (p = 0.0018).
These data indicated that Cl-amidine treatment reduces PAD-
mediated citrullination.

Cl-amidine treatment does not alter immune cell populations

To examine whether Cl-amidine treatment has effects on the
number and distribution of immune cell populations, flow cyto-
metry was performed on splenocytes from mice with CIA treated

FIGURE 2. Cl-amidine treatment reduces serum

and synovial citrulline content in vivo. A, Synovial

citrulline content. Arthritis was induced in control

and Cl-amidine–treated mice by a single injection of

bovine CII in CFA at day 0. Mice were treated daily,

beginning on day 0, for 21 d with Cl-amidine (1, 10,

or 50 mg/kg) in PBS or PBS alone or were left

untreated. Results are displayed by dose (left panel)

and grouped (right panel) as unimmunized (WT),

control (PBS and untreated), and Cl-amidine (1, 10,

or 50 mg/kg)-treated mice. B, Serum citrulline

content was measured in mice at day 35. Results are

displayed by dose (left panel) and grouped (right

panel) as control (untreated and PBS) and Cl-ami-

dine (1, 10, or 50 mg/kg)-treated mice.

Table I. Frequency of immune cells in Cl-amidine–treated and control mice with CIA

Treatment CD4 (%) CD8 (%) CD19+B220+ (%) DX5 (%) CD11b (%) CD11c (%)

PBS (n = 5) 10.1 6 0.9 4.0 6 0.4 59.8 6 1.6 2.7 6 0.3 1.6 6 0.2 1.6 6 0.2
CL50 (n = 4) 10.4 6 0.8 3.8 6 0.3 56.3 6 1.7 2.8 6 0.1 1.6 6 0.2 1.9 6 0.1

Splenocytes from CIA mice treated with Cl-amidine or PBS for 21 d were stained with the listed cell surface markers, and
the frequency of each population was determined. Data are mean 6 SEM.

CL50, 50 mg/kg/d Cl-amidine.
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with Cl-amidine daily for 21 d, beginning with CII immuni-
zation (Table I and Table II). No differences were seen in the
frequency or absolute number of T, B, or NK cells or monocytes
compared with cells from control mice treated with PBS. Therefore,
we concluded that the beneficial effects of Cl-amidine on CIA are
not accompanied by a depletion of major subsets of immune cells.

Cl-amidine treatment does not ameliorate the effector phase of
experimental inflammatory arthritis

We studied the CAIA mouse model of inflammatory arthritis to
examine the possibility that the beneficial effects of Cl-amidine in
CIA are mediated at the Ab-mediated effector phase. Unlike CIA,
the CAIA mouse model bypasses the initial Ag-recognition phases
of the immune response through i.p. administration of a mixture of
mAb to CII. This is followed by an i.p. injection of LPS on day 3,
leading to the rapid and consistent development of inflammatory
arthritis.
DBA/1J mice were administered 1, 10, or 50 mg/kg Cl-amidine

in PBS or PBS daily i.p. for 7 d prior to receiving Arthrogen (4 mg/
mouse; i.p.) to induce disease. Mice continued receiving daily
treatment with PBS or Cl-amidine until sacrifice 10 d after disease
induction. Cl-amidine pretreatment in mice with CAIA had no
effect on disease activity (Fig. 3A) or histologically evaluated joint
damage (Fig. 3B). Clinical disease activity and histology scores
showed a significant correlation with each other (R2 = 0.68;
p = 0.0063). These results in CAIA contrast with the decrease in
disease activity and joint destruction in CIA resulting from treat-
ment with Cl-amidine (Fig. 1). We concluded that Cl-amidine treat-
ment does not ameliorate inflammation and joint tissue destruc-
tion in CIA by altering the effector phase of disease.

Treatment with Cl-amidine decreases IgG2a and IgG1 anti-
mouse CII Abs

Xeno (bovine) and self (mouse) anti-CII Ab evolve over time in
CIA, reflecting an expanding loss in tolerance to self-epitopes. To
gain a better understanding of how Cl-amidine treatment affects
self-tolerance, sera from each treatment group were incubated on
96-well plates coated with bovine or mouse CII. The sera were
analyzed by ELISA specific for mouse IgG1 and IgG2a Ab to
bovine and murine CII.
Cl-amidine treatment did not alter the anti-bovine CII IgG1 or

IgG2a Ab levels at any dose (Fig. 4A). However, there were sig-
nificantly lower (p # 0.05) IgG1 and IgG2a anti-mouse CII Ab
levels in the sera from mice treated with 50 and 10 mg/kg/d Cl-
amidine, respectively, compared with treatment with PBS alone at
day 35 (Fig. 4B). Notably, Cl-amidine treatment at 10 mg/kg re-
duced the titer of IgG2a autoantibodies, which are known to be
pathogenic in CIA (Fig. 4C) (44, 45). These results demonstrated
that Cl-amidine treatment decreases the humoral response to na-
tive, but not foreign, CII.

Treatment with Cl-amidine decreases Ab responses to native
and citrullinated synovial epitopes

To examine the effects of Cl-amidine treatment on Ab responses,
a synovial Ag-array analysis was performed using day-35 sera
derived from mice with CIA treated with 50 mg/kg/d Cl-amidine

or PBS. These synovial arrays contain 191 peptides and proteins
representing candidate Ags in RA, including overlapping peptides
spanning the full length of the a- and b-chains of fibrinogen in
citrullinated and unmodified forms, as well as peptides from other
candidate citrullinated autoantigens, notably vimentin (46). SAM
identified eight autoantibody reactivities that were statistically
decreased in CIA mice treated with Cl-amidine compared with
PBS treatment (Fig. 5A). More than 150 native and citrullinated
epitopes on the arrays did not exhibit significant differences in
reactivity. Sera from mice treated with 50 mg/kg/d Cl-amidine
demonstrated decreased IgG reactivity to native epitopes, in-
cluding human cartilage gp39, biglycan, and hnRNP-A, as well as
decreased autoantibody reactivity to citrullinated filaggrin pep-
tides cfc2 and cfc4, compared with sera from controls treated
with PBS. There were no differences between treatment with Cl-
amidine or PBS alone in the levels of autoantibodies to 38 other
citrullinated proteins in the array. Reactivity to a subset of Ags in
Fig. 5A was evaluated by ELISA (Fig. 5B). Mice treated with 50
mg/kg/d Cl-amidine showed a trend of lower reactivity to all Ags
tested [HCgp39 (130–145), HCgp39 (160–175), and DEAE pool 1]

Table II. Absolute number (3106) of immune cells in Cl-amidine–treated and control mice with CIA

Treatment Spl CD4 CD8 CD19+B220+ DX5 CD11b CD11c

PBS (n = 5) 74 6 14 6.8 6 0.78 2.7 6 0.34 44 6 7.9 2.0 6 0.42 1.2 6 0.29 1.2 6 0.29
CL50 (n = 4) 96 6 24 9.0 6 1.7 3.3 6 0.67 52 6 15 2.6 6 0.63 1.5 6 0.43 1.8 6 0.46

Splenocytes from CIA mice treated with Cl-amidine or PBS for 21 d were stained with the listed cell surface markers, and the absolute number was
determined for each population. Data are mean 6 SEM.

CL50, 50 mg/kg/d Cl-amidine; Spl, splenocyte.

FIGURE 3. Cl-amidine treatment does not affect passively transferred

arthritis. Mice were given daily i.p. injections of PBS or 1, 10, or 50 mg/kg

Cl-amidine for 7 d prior to receiving 4 mg Arthrogen i.p. Three days later,

mice were injected i.p. with 50 mg LPS. Mice continued to receive PBS or

Cl-amidine daily on days 0–10 and were scored for disease severity daily.

A, Disease severity scores. B, Histologic sections were scored for changes

in synovial inflammation, pannus, cartilage damage, and bone damage, all

on a scale of 0–5. (n = 8, PBS; n = 4, Cl-amidine 1 or 10 mg; n = 9, Cl-

amidine 50 mg.)
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and a statistically significant decrease to biglycan (227–246)
compared with controls. These data demonstrated that Cl-amidine
treatment decreases the development of autoantibodies in CIA and
suggested that Cl-amidine treatment only modestly impairs epi-
tope spreading.

Discussion
Our data indicated that mice treated with Cl-amidine, a novel small
molecule PAD inhibitor, exhibit a decrease in severity of clinical
disease activity, as well as in joint inflammation and destruction in
CIA. In contrast, Cl-amidine treatment had no effect on CAIA,
suggesting that it does not alter the Ab-mediated effector phase
of disease. Furthermore, Cl-amidine treatment led to a decrease in
citrulline content in the joint and serum, as well as a decrease in Ab
levels to a subset of potential human citrullinated synovial Ags in
RA. We propose that treatment with Cl-amidine ameliorates dis-
ease, at least in part, by reducing development of a subset of
ACPA, possibly through limiting ACPA epitope availability. In
addition, treatment with Cl-amidine led to a decrease in Ab
responses tomurine CII and to a variety of synovial proteins that are
candidate Ags in RA. Notably, our data indicated that the ACPA

humoral response is not uniquely affected by Cl-amidine treat-
ment. These results suggested that Cl-amidine treatment may exert
broader effects on autoantibody responses than those resulting
from decreased citrullinated epitope generation.
We found that Cl-amidine treatment returned CIA synovial

citrulline content to unimmunized levels. This suggested that Cl-
amidine treatment, at the doses used in this study, does not inhibit
all citrullination. It is not likely that insufficient Cl-amidine was
bioavailable, because the 10- and 50-mg/kg/d doses showed
similar beneficial clinical effects. However, because Cl-amidine
preferentially binds activated PAD enzymes (31), it is possible that
it is only able to inhibit “active” PADs (i.e., PADs that are present
in a sufficiently calcium-rich environment [e.g., extracellularly]).
Because all PADs are normally intracellular, and increased levels
of citrullination are observed on extracellular proteins during
disease (28, 29), it is possible that despite its cell permeability, Cl-
amidine mainly inhibits extracellular or aberrant PAD activity.
It is of note that Cl-amidine treatment only partially affected CIA

development. If Cl-amidine treatment reduces the availability
of citrullinated epitopes then why isn’t disease prevented? One
possible explanation is that citrulline-reactive T and B cells

FIGURE 4. Cl-amidine treatment reduces

IgG autoantibody response to mouse but not

bovine CII. Sera from individual mice were

incubated on a 96-well plate coated with bovine

(A) or mouse (B) CII. The presence of anti-

mouse IgG1 or IgG2a Ab was detected by

ELISA. The 50-mg/kg/d group showed signifi-

cantly lower IgG1 anti-mouse CII Ab titers,

whereas the 10-mg/kg/d group had significantly

lower IgG2a anti-mouse CII Ab titers compared

with the PBS vehicle control group at day 35. C,

IgG1 and IgG2a Ab titers at day 35. *p # 0.05.

(n = 8 for all group, except n = 7 for 1-mg

group.)
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could be activated in a bystander manner as part of a nonself-
specific response, as was described previously (47). Autoreactive
citrulline-specific clones activated in the inflammatory environ-
ment following immunization with CFA-containing Ag would be
primed to react with intracellularly citrullinated molecules (e.g.,
histones) that are released during cell turnover. These clones could
then initiate a break in self-tolerance if Cl-amidine is unable to
inhibit intracellular citrullination. The observed decrease, but not
elimination, of disease activity in this model would represent the
balance between Cl-amidine dose and citrullinated epitope avail-
ability.
An alternate explanation for the inability of Cl-amidine treat-

ment to prevent CIA onset completely is that anticitrulline re-
activity is not responsible for the initial break in tolerance in CIA,
but it amplifies disease severity after disease onset. This is con-
sistent with our previously published data, whereby infusion of
ACPA did not initiate disease in mice, but it augmented the se-
verity of CAIA induced by a submaximal dose of anti-CII Abs (32).
This was also demonstrated in another citrulline-related autoim-
mune disease model (48), experimental autoimmune encephalo-
myelitis (EAE). In EAE, it was shown that citrullinated Ag-reactive
T cells were unable to induce disease, but they were able to
augment disease in the presence of disease-initiating noncitrulline
autoreactive clones. Likewise, it is possible that Cl-amidine pre-
vents activation of citrulline-reactive but not disease-initiating
cells, resulting in decreased disease activity but not prevention.
In our study, Cl-amidine treatment impaired the IgG1 and

IgG2a response to mouse CII without affecting normal humoral
responses to bovine CII (Fig. 3). The mechanism by which Cl-
amidine affects the humoral autoimmune response to uncitrulli-
nated epitopes remains to be determined. However, our results
may reflect the effects of Cl-amidine on the expression of co-
stimulatory or other molecules. Although Cl-amidine had no ap-
parent effect on immune cell frequency or numbers (Table I and

Table II), we cannot rule out the possibility that it alters a regu-
latory cell population (e.g., regulatory T or B cells) to specifically
affect the humoral autoimmune response. The balance of regula-
tory and pathogenic cells is clearly altered in autoimmune arthritis
in mice and in RA (49–51). This balance is controlled, in part, by
soluble cytokines and chemokines. For example, CXCL12 was
reported to alter the balance between regulatory T cells and Th17
cells in EAE (52). Interestingly, citrullination of inflammatory
chemokines, including CXCL12 (23–25), was shown to alter
immune responses in vitro. Thus, if Cl-amidine is affecting reg-
ulatory, effector, or other lymphocytes, it could do so directly or
indirectly. Additionally, Cl-amidine may have an effect on any
number of targets involved in maintaining tolerance, like IDO,
which results in enhanced autoreactive cell responses (53).
Although our data cannot exclude the possibility that Cl-amidine

affects any number of autoimmune regulators, it seems that it
impairs the humoral autoimmune response, at least in part, by de-
creasing autoepitope availability. For example, synovial proteome-
array analysis of sera from Cl-amidine–treated CIA mice revealed
decreased reactivity to several native peptides and a decreased
response to a subset of citrullinated peptides compared with con-
trols. These arrays have been particularly useful in studies of
CIA, because they demonstrated citrulline-specific reactivity with
peptides and epitope spreading during the evolution of disease
(32). Previously, we detected ACPA in CIA using anti-cyclic citrulli-
nated peptide (CCP)2 ELISA. However, further investigations by
us and other investigators revealed that DBA/1 mice immunized
with CII do not produce specific anti-CCP Abs (54, 55). These re-
sults are in agreement with our subsequent findings using newly
available arginine-containing control CCP2 peptide plates. These
findings indicated that anti-CCP2 ELISA kit plate reactivity is not
citrulline specific in DBA/1 mice (data not shown), and it is not
a useful tool in this strain. Thus, to evaluate ACPA reactivity, we
used array-based technologies, as noted above. Our array data also

FIGURE 5. Cl-amidine treatment reduces autoantibody responses in CIA. Sera were collected from Cl-amidine–treated and control mice, and auto-

antibodies in these samples were profiled using synovial Ag arrays and an anti-IgG/M goat anti-mouse secondary Ab (A) or specific ELISA (B). A, SAM

was used to analyze the Ag-array datasets and identified eight Ags with a significant difference in autoantibody reactivity (false discovery rate [q] , 5%).

Hierarchical clustering was performed to elucidate the relationships between the autoantibody profiles. The results are displayed as a heatmap (blue,

negative; yellow, intermediate; red, strong positive). The Cl-amidine–treated mice clustered together (on the left side of the heatmap) and exhibited lower

autoantibody titers against all eight of the Ags identified by SAM, including autoantibody reactivity to native epitopes derived from cartilage and gp39

(native Ags in black type), as well as citrulline-modified filaggrin peptides (red type). B, Serum IgG reactivity to the indicated putative autoantigens from

the array was measured by specific ELISA using serum from PBS- and Cl-amidine (10 or 50 mg/kg/d)-treated mice. Day-0 serum reactivity was treated as

baseline and subtracted from day-35 serum reactivity. Cl-amidine–treated mice showed a statistically significant decrease in reactivity to Biglycan (227–

246) (p = 0.019).
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agree with previous studies that suggested that citrulline-related
epitope spreading occurs in RA as a result of neoantigen forma-
tion as a consequence of inflammatory citrullination (33). This
limiting of the spread of autoreactivity may be another explanation
for how Cl-amidine treatment reduces disease severity in CIA.
Elevated levels of PAD2 and 4 are found in arthritic synovial

tissue and fluid (28, 56). The main source of these PADs in the joint
is thought to be inflammatory cells, primarily macrophages and
neutrophils. Therefore, it is notable that Cl-amidine did not ame-
liorate CAIA, a disease model dependent on the function of these
cells.
Although it is possible that Cl-amidine treatment affects auto-

immunity by inhibiting PAD activities unrelated to epitope gen-
eration or through effects on an unanticipated or unknown target(s),
addressing these questions was beyond the scope of the current
study. However, our data argue that PAD-mediated citrullinated-
epitope generation plays an important role in the pathogenesis
of inflammatory arthritis, suggesting PADs as a novel therapeutic
target for the treatment of RA, and identify Cl-amidine as a can-
didate therapy for this disease.
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