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Summary

Citrullination of joint proteins by the protein arginine deiminase (PAD)

family of enzymes is recognized increasingly as a key process in the

pathogenesis of rheumatoid arthritis. This present study was undertaken to

explore the efficacy of a novel PAD4-selective inhibitor, GSK199, in the

murine collagen-induced arthritis model of rheumatoid arthritis. Mice were

dosed daily from the time of collagen immunization with GSK199. Efficacy

was assessed against a wide range of end-points, including clinical disease

scores, joint histology and immunohistochemistry, serum and joint

citrulline levels and quantification of synovial autoantibodies using a

proteomic array containing joint peptides. Administration of GSK199 at

30 mg/kg led to significant effects on arthritis, assessed both by global

clinical disease activity and by histological analyses of synovial

inflammation, pannus formation and damage to cartilage and bone. In

addition, significant decreases in complement C3 deposition in both

synovium and cartilage were observed robustly with GSK199 at 10 mg/kg.

Neither the total levels of citrulline measurable in joint and serum, nor

levels of circulating collagen antibodies, were affected significantly by

treatment with GSK199 at any dose level. In contrast, a subset of serum

antibodies reactive against citrullinated and non-citrullinated joint peptides

were reduced with GSK199 treatment. These data extend our previous

demonstration of efficacy with the pan-PAD inhibitor Cl-amidine and

demonstrate robustly that PAD4 inhibition alone is sufficient to block

murine arthritis clinical and histopathological end-points.
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Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune dis-

ease that affects synovial tissue in multiple joints. Symp-

toms include pain and swelling of the small peripheral

joints, and debilitating joint destruction resulting from

bone erosion and pannus formation is characteristic of the

disease. Approximately 60% of patients with RA test posi-

tive for antibodies to citrullinated protein antigens (ACPA)

[1], which can manifest for years before onset of clinical

disease [2–5]. Such autoantibodies could therefore contrib-

ute to the early development and progression of disease.

The enzymes responsible for generating citrullinated

protein antigens are protein arginine deiminases (PADs),

of which there are five in mammals [6–8]. The different

PADs demonstrate variable tissue expression and localiza-

tion, with PAD2 and PAD4 being particularly relevant to

RA because of their expression in macrophages and neutro-

phils in the RA synovium, respectively [9]. In addition,

variable evidence for and against an underlying genetic

association for PAD4 with RA exists across multiple studies

[10–12], and may be suggestive of interactions with con-

comitant environmental factors such as smoking in distinct

(Caucasian versus Asian) patient populations. PADs cata-

lyze the post-translational modification of arginine residues

to citrulline, a phenomenon termed deimination, which

has been implicated in cell differentiation [13], stem cell

pluripotency [14], apoptosis [15], neutrophil extracellular

trap (NET) formation [16], transcriptional regulation

[17,18], antigen processing in autophagy [19,20],
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inflammation [21], the cornification of skin [22], demye-

lination in multiple sclerosis [23], chemokine regulation

[24–26], spinal cord injury repair [27] and various normal

cellular processes. The proposed role in neutrophil extrac-

ellular trap (NET)osis is also pertinent for RA, as NETs are

deficient in the absence of PAD4 [28] and PAD4 is released

extracellularly in RA joints, due probably to the pathologi-

cal status of RA neutrophils [29]. In addition, a known sin-

gle nucleotide polymorphism (SNP) associated with RA

(C1858T in PTPN22) has been shown recently to

reduce direct interaction between PTPN22 and PAD4, lead-

ing to de -repression of both hypercitrullination and NETo-

sis [30].

While citrullination is a normal, if ill-understood, physi-

ological process and citrullinated proteins are found in

many organs associated with tissue injury [31], the

immune response to citrullinated proteins is commonly

reported to be specific for RA.

In order to assess the role of citrullination on the patho-

genesis of inflammatory arthritis, we previously tested the

effects of Cl-amidine (an irreversible, peptidomimetic,

pan-PAD inhibitor [32–34]) in the murine collagen-

induced arthritis (CIA) model of RA [35]. In these studies,

pan-PAD inhibition decreased inflammation and joint

destruction, as well as having a modest effect on epitope

spreading to both citrullinated and non-citrullinated auto-

antigens. However, as Cl-amidine is not selective for PAD4

over other PAD family members, the precise role of PAD4

inhibition in treating CIA is difficult to infer. GSK199 was

described recently as a selective, reversible, small-molecule

inhibitor of PAD4 and also of NET production [36]. It

operates via a novel mechanism of action (binding prefer-

entially to an inactive conformation of the enzyme), and

crystallographic studies have identified key conformational

changes at the enzyme’s active site, accounting for both its

potency and selectivity. Herein we demonstrate that treat-

ment with GSK199 is sufficient to prevent CIA and results

in decreased paw inflammation, joint destruction and a

substantially reduced deposition of complement C3 in the

joints as evaluated by histological assessments, with more

modest effects on antibody responses against a subset of

citrullinated proteins and other autoantigens. These results

demonstrate that PAD4 inhibition is sufficient for control

of murine arthritis and strengthen PAD4 as a promising

therapeutic target to address unmet clinical need in inflam-

matory arthritis.

Materials and methods

Collagen-induced arthritis

CIA was induced in 6–8-week-old dark brown Agouti

(DBA)/1J mice (from The Jackson Laboratory, Bar Harbor,

ME, USA) by intradermal injection on day 0 with 100 ml of

Incomplete Freund’s adjuvant (IFA) containing 200 mg of

bovine CII (Collagen Type II; Elastin Products, Owensville,

MO, USA) along with 200 mg of inactivated Mycobacterium

tuberculosis (H37Ra; Difco, Detroit, MI, USA) [37]. A

boost injection with the same reagents was also performed

on day 21. All animal experiments were conducted in

accordance with the GSK policy on the Care, Welfare and

Treatment of Laboratory Animals and approved by the

Institutional Animal Care and Use Committee of the Uni-

versity of Colorado School of Medicine.

Treatment groups

All groups of mice (n 5 7) were dosed daily throughout the

study, i.e. from the first injection on day 0 to termination

on day 35. Mice were divided into six groups to receive six

distinct interventions: no injection, 0�9% NaCl (vehicle

control), 10 mg/kg GSK199, 30 mg/kg q.d. (once a day)

GSK199, 30 mg/kg b.i.d. (twice a day) GSK199 (with a 6-h

interval between doses) or 0�25 mg/kg dexamethasone. All

injections were subcutaneous (s.c.) apart from dexametha-

sone, which was administered intraperitonally (i.p.). After

a booster injection on day 21, two trained laboratory per-

sonnel blinded to treatment status evaluated clinical disease

activity independently. The maximum score of 12 per ani-

mal reflected the sum of a three-point scale per paw. The

scoring guidelines were: 0 5 normal joint; 1 5 modest

inflammation with redness; 2 5 severe swelling and ery-

thema over the entire paw; and 3 5 deformed paw/joint

with ankylosis, joint rigidity and functional impairment.

GSK199 pharmacokinetic measurements

Mice were bled prior to receiving treatments on days 2 and

15, and 2 h post-treatment on days 1, 7, 14, 21, 28 and 35.

Blood samples were analysed for the free base of GSK199

using protein precipitation and high performance liquid

chromatography-mass spectrometry (HPLC-MS/MS) anal-

ysis. Acetonitrile (350 ml) containing an internal standard

was added to blood samples (20 ml blood diluted previously

with 20 ml water). Samples were mixed by mechanical shak-

ing for 20 min, and then centrifuged (2988 g for 20 min at

room temperature). A 150 ml volume of supernatant was

transferred to another 96-well plate and evaporated to dry-

ness under a steady stream of nitrogen at 408C. The plate

was reconstituted in a suitable volume of 0�1% formic acid

in acetonitrile: water, 5 : 95 (v/v) and analysed for GSK199

by reverse-phase HPLC-MS/MS using a heat-assisted elec-

trospray interface in positive ion mode (Sciex API 4000)

and a Kinetix C18 column (50 3 2�1 mm ID, 2.7 lm; Phe-

nomenex, Torrance, CA, USA). The mobile phase was

delivered as a linear gradient of 5–95% acetonitrile (con-

taining 0�1% v/v formic acid) : water (containing 0�1% for-

mic acid) for 1�1 min, held for 0�05 min and returned to

starting conditions. The overall run-time was 1�4 min.

Nominal MRM (multiple reaction monitoring) transition

for GSK199 was 433–333. Concentration range for the
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assay was: 0�005–10 mg/ml (0�012–23 mM) with a lower

limit of quantification (LLQ) of 0�005 mg/ml (0�012 mM).

Histological examination

At the end of the dosing period, the forepaws and right hind

limb (including the paw, ankle and knee) were removed

from each mouse and fixed immediately in 10% buffered

formalin (Fisher Scientific (Kalamazoo, MI)). After embed-

ding in paraffin, the tissue was sectioned and stained for fur-

ther analysis. Haematoxylin and eosin stains were used for

global assessment of histopathology and toluidine blue stain-

ing enabled evaluation of cartilage changes [38]. An assessor

(blinded to treatment status) then scored the joint sections

(on a scale of 0–5) for presence and magnitude of synovial

inflammation, pannus development and damage to bone

and cartilage. Composite data from five joints per animal

were then expressed as mean 6 standard error of the mean

(s.e.m.). Mouse C3 deposition in synovium and cartilage

was also scored quantitatively on a scale of 0–3 following

immunohistological processing [39].

Measurement of total citrulline content

At day 35 left hind knees were excised and flash-frozen in

liquid nitrogen. After enrichment of synovial tissue by fur-

ther dissection, homogenates were prepared as described by

Moscarello [40,41]. In brief, individual samples were resus-

pended at a final concentration of 20 mg tissue per 0�1 ml

buffer in 50 mM HEPES pH 7�6, 1�0 mM ethylenediamine

tetraacetic acid (EDTA), 0�5 mM DTT (dithiothreitol) and

0�43 mM PMSF (phenylmethylsulphonyl fluoride). Cell

extracts were homogenized and debris was pelleted by cen-

trifugation. Synovial lysate (60 ll) or serum lysate (20 ll)

was added to a reaction buffer containing 50 mM NaCl,

10 mM CaCl2, 2 mM DTT and 100 mM Tris pH 7�6 for

analysis of total citrulline content. This involved the addition

of 200 ml of a colour development solution specific for cit-

rullinated proteins (COLDER) [42]. After vortexing, the

sample was incubated for 20 min at 958C. The absorbance at

540 nm was then interpolated off a standard curve of known

citrulline concentrations. Duplicate measurements were

employed, and the citrulline levels were normalized for the

total protein concentration of each sample.

Anti-collagen antibody determination

Specific enzyme-linked immunosorbent assays (ELISAs) for

murine and bovine CII antibodies [both immunoglobulin

(Ig)G2a and IgG1] were employed, with triplicate measure-

ments, as described previously [37]. After coating overnight

at 48C with 5 mg/ml of CII (Chondrex, Seattle, WA, USA),

96-well plates were washed three times with phosphate-

buffered saline (PBS) containing 0�05% Tween and 1%

bovine serum albumin (BSA), and blocked with PBS and

1% BSA for 4 h at 48C. After removal of the blocking solu-

tion, 50 ml of each serum sample (diluted 1 : 2000 in PBS)

were added (in triplicate) and incubated overnight at 48C.

The plates were washed in PBS with 0�05% Tween and incu-

bated with horseradish peroxidase (HRP)-conjugated anti-

mouse IgG1 or IgG2a antibodies (1 : 1000 dilution in PBS;

Southern Biotechnology Associates, Birmingham, AL, USA)

for 4 h at 48C to detect bound IgG1 and IgG2a antibodies.

After washing a further three times with PBS/0�05% Tween,

reactivity was visualized by adding 100 mL of 1-step TMB

reagent (3,3’,5,5’-tetramethylbenzidine; ThermoFisher Scien-

tific, Waltham, MA, USA). Absorbance was read at 450 nm.

A standard curve for each IgG isotype was generated using

mixed and serially diluted serum from mice with severe dis-

ease. These data were expressed as mean optical density

(OD) values 6 s.e.m.

Synovial proteome microarray

Sera from mice treated with GSK199 or vehicle were analysed

for autoantibody responses in multiplex format against syno-

vial proteome arrays. These contained proteins and peptides

(191 in total) representing candidate autoantigens in RA

[43,44] and have been validated extensively with both mono-

clonal antibody panels and reference sera specific for many of

the target proteins. Significant differences in autoantibody

reactivities between GSK199 and vehicle treatments were

identified by SAM analysis (significance analysis of microar-

rays; version 3.08). Data were arranged using hierarchical

cluster analysis (Cluster version 3.0 software) and displayed

as heatmaps [Java TreeView software version 1.1.3 created by

Alok (alokito@users.sourceforge.net)] [45,46]. An Accession

number (GSE69680) for the complete microarray data is

approved and available in the GEO public database at: http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc 5 GSE69680.

Statistical analysis

Analysis of variance (ANOVA) with one-sided comparisons

to saline treatment was used to examine the CIA data (clin-

ical disease activity scores, histology, anti-collagen antibody

levels and synovial/serum citrulline content). Pearson’s cor-

relation coefficient was employed to compare histology and

clinical disease scoring. Data were expressed as arithmetic

or geometric means (for pharmacokinetic data) and

P< 0�05 was considered statistically significant.

Results

CIA clinical disease activity is reduced by treatment
with GSK199

To test if inhibition of PAD4 activity was sufficient for effi-

cacy against CIA, arthritis was induced in DBA1/J mice by

immunization with bovine CII on days 0 and 21, and clini-

cal disease activity was monitored during days 21–35 (Fig.

1a). From day 0 mice began receiving either 10 or 30 mg/

kg (q.d. or b.i.d.) GSK199 s.c., 0�25 mg/kg dexamethasone

Selective PAD4 inhibition blocks murine experimental arthritis
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(a)

(b)

Fig. 1. Protein arginine deiminase (PAD4) inhibition decreases clinical disease severity in collagen-induced arthritis (CIA). Arthritis was induced

by two injections, at days 0 and 21, of bovine collagen type II (CII) in Complete Freund’s adjuvant (CFA). Mice were treated as described in

materials and methods and assessed for clinical disease activity three times each week. (a) Clinical disease activity (CDA) [as cumulative area

under the curve (AUC) of CDA] plotted as a function of time. Individual mice are shown as black lines, with the additional blue line

representing the mean cumulative activity for each group (estimated from a longitudinal mixed-model fit). All treatment groups (including the

saline vehicle control) showed reduced CDA scores compared to mice receiving no treatment. The plots represent assessments from a single

experiment. (b) Plot depicting the AUC of clinical disease activity at day 35 for each mouse per treatment group. AUC was decreased by 36% in

the saline group compared to no treatment, while 25, 54 and 36% AUC reductions were observed in 10, 30 and 30 mg/kg b.i.d. groups,

respectively, when compared to saline-treated control mice. Statistically significant changes in AUC compared to saline-treated mice were

observed in 0�25 mg/kg/day dexamethasone-treated mice and mice receiving GSK199 at 30 mg/kg q.d. (P< 0�05, n 5 7 except for the no-

treatment group, where n 5 8).
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i.p., 0�9% saline s.c. or no treatment. Mice continued to

receive these treatments daily throughout the course of the

experiment. As predicted, mice receiving 0�25 mg/kg dexa-

methasone developed very little clinical disease. Of note,

mice receiving the vehicle control (0�9% saline) showed a

36% decrease in disease severity [measured by area under

the curve (AUC), Fig. 1b] compared to control mice receiv-

ing no treatment, due possibly to placebo effects from reg-

ular handling. However, mice receiving daily s.c. injections

of GSK199 in vehicle showed clinical disease activity reduc-

tions of 25% (10 mg/kg) and 54% (30 mg/kg q.d.,

P< 0�05) relative to saline-treated control, and reductions

of 52% (10 mg/kg, P< 0�05) and 71% (30 mg/kg q.d.,

P< 0�05) compared to mice receiving no treatment. There-

fore, treatment with GSK199 significantly reduces clinical

disease activity globally in CIA.

Treatment with GSK199 reduces joint
destruction in CIA

To evaluate the effects of treatment with GSK199 on joint

destruction in CIA, joints were analysed histologically at the

end of the experiment (day 35). As anticipated, histopathol-

ogy scores for synovial inflammation, pannus invasion and

damage to cartilage and bone were reduced markedly

(P< 0�05) for the 0�25 mg/kg dexamethasone treatment

group compared to vehicle controls (Fig. 2a–d, with repre-

sentative images in Supporting information, Fig. S1). Scores

for all GSK199 treatment groups trended downwards in

each category, with the 30 mg/kg and 30 mg/kg b.i.d. treat-

ment groups demonstrating significantly reduced inflamma-

tion, pannus and damage scores (P< 0�05) compared to

vehicle controls. In addition, GSK199 at 10 mg/kg also

affected two of these four histopathology end-points signifi-

cantly (synovial inflammation and bone damage). The clini-

cal disease activity and histology scores were correlated

significantly with each other (r 5 0�80, P< 0�001; Support-

ing information, Fig. S2). C3 deposition was reduced in the

synovium (Fig. 2e) and cartilage (Fig. 2f) of mice treated

with GSK199, an effect that is demonstrated clearly in the

supporting images (Supporting information, Fig. S3).

Remarkably, treatment with 30 mg/kg b.i.d. GSK199 resulted

in the elimination of C3 deposition in both compartments

(P< 0�05), while treatment with 10 or 30 mg/kg q.d.

GSK199 also reduced C3 deposition significantly (P< 0�05).

Similar to clinical disease activity, treatment with saline

alone resulted in decreased C3 deposition in the synovium

and cartilage relative to untreated mice. These results indi-

cate that GSK199 treatment blocks joint destruction and

reduces C3 deposition in the joints of mice with CIA.

Treatment with GSK199 does not alter joint total
citrulline levels significantly

To explore whether the effects of GSK199 are reflected by

its ability to inhibit PAD4 activity, we assessed synovial

(a) (b) (c)

(d) (e) (f)

Fig. 2. GSK199 treatment reduces histological disease severity. Histological sections were scored on a scale of 0–5 for changes in (a) synovial

inflammation, (b) pannus formation, (c) cartilage damage and (d) bone damage. Sections were also scored for complement C3 deposition in

both (e) the synovium and (f) cartilage on a scale of 0–3. Data are expressed as the means of seven joints per animal. Treatment with 30 mg/kg

(q.d. or b.i.d.) GSK199 resulted in statistically significant, decreased histopathology scores for inflammation, cartilage/bone damage and

complement deposition compared to the saline vehicle group (P< 0�05, n 5 7 except for no treatment, where n 5 8). Treatment with 10 mg/kg

GSK199 resulted in statistically significant improvements in synovial inflammation, bone damage and both locations of complement deposition.

Selective PAD4 inhibition blocks murine experimental arthritis
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citrulline content as a surrogate of PAD activity. Synovial

citrulline content (from the knee) showed variability within

groups but the total citrulline content of joints from saline-

treated animals was similar to that of arthritic mice not

administered with any compound, and both showed mark-

edly higher levels over control mice in which CIA was not

induced (labelled as ‘WT’). Citrullination trended down-

wards in response to all GSK199 doses (Fig. 3a) towards

the basal levels seen in the non-immunized mice, but was

less marked than the decrease observed previously with Cl-

amidine [35]. It is unlikely, given the attractive profile and

pharmacokinetic distribution of GSK199, that inability to

access the knee joints would account for this lack of robust

effect seen on local citrulline levels, which is probably

related to the variability observed. We also measured the

citrulline content in serum at day 35. Similar to joint total

citrulline levels, serum citrulline content trended down-

wards with GSK199 treatment (Fig. 3b), but only untreated

mice (WT) and mice administered dexamethasone demon-

strated a statistically significant decrease in total citrulline

levels in the serum (P< 0�05).

We had anticipated that, as GSK199 was not a pan-PAD

inhibitor, total citrulline levels might not be affected dra-

matically. To verify that serum GSK199 levels were suffi-

cient to inhibit PAD4 during our study, blood

concentrations of GSK199 were determined at regular

intervals at expected peak (2 h) and trough concentrations

(prior to the next dose) for each group. Sample analysis

showed that blood concentrations of GSK199 were con-

sistent between animals and throughout the treatment

period, confirming reproducible exposure to GSK199 dur-

ing the experiment (Supporting information, Fig. S4).

Blood concentrations of GSK199 increased in proportion

to dose level between the 10 and 30 mg/kg groups dosed

q.d. Geometric mean concentrations at 2 h were 4�0 and

11�4 mM for the 10 and 30 mg/kg groups, respectively, and

corresponding trough concentrations were 0�02 and 0�10

mM. For the 30 mg/kg b.i.d. group, the geometric mean

trough concentration was 0�60 mM, confirming greater

exposure and higher trough concentrations compared

with the equivalent time-point in animals dosed q.d. The

second dose at 6 h also drives a second peak concentration

approximately 1–2 h later. This was confirmed in a satel-

lite pharmacokinetic (PK) study (data not shown), but

further blood sampling to generate these data could not

be incorporated into the protocol design. As serum levels

of GSK199 remained sufficient for PAD inhibition (well

above the measured inhibitory concentration 50 (IC50)

potencies for binding to and inhibition of the recombi-

nant enzyme [36]), these data suggested that systemic lev-

els of GSK199 were sufficiently high throughout the study

to inhibit PAD4 and that the lack of significant decrease

in total citrulline levels might be attributed to citrullina-

tion by uninhibited PAD family members and/or to limi-

tations of the COLDER assay for in-vivo measurement of

citrulline.

(a) (b)

Fig. 3. GSK199 treatment does not alter joint and serum total citrulline levels significantly. (a) Synovial citrulline content from the knee.

Arthritis was induced in mice by injections of bovine collagen in Complete Freund’s adjuvant (CFA) at days 0 and 21. Mice were treated daily,

beginning on day 0, with GSK199 (10, 30 or 30 mg/kg b.i.d.) in saline, saline alone, 0�25 mg/kg dexamethasone or were untreated. Mice which

received no collagen type II (CII) immunizations (WT) were used as a baseline reference. (b) Serum citrulline content was also measured in the

same mice at day 35. GSK199-treated mice showed slightly decreased levels of total citrulline in the knee and serum, but only wild-type (WT)

mice and dexamethasone-treated animals had statistically significant decreases in citrulline content compared to saline-treated controls.
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Treatment with GSK199 does not alter autoantibody
production significantly in CIA

As CIA develops, evolution of both bovine (xeno) and

mouse (self) anti-CII antibodies increases, with the latter

reflecting a growing loss of tolerance to self-epitopes. To

determine whether GSK199 treatment recapitulated the

effects of Cl-amidine treatment on autoimmune anti-

body production, sera from mice from each dosing

group were incubated on separate 96-well plates coated

with either bovine or mouse CII and analysed using ELI-

SAs specific for mouse IgG1 and IgG2a antibodies to

each CII species.

Unlike Cl-amidine treatment, none of the GSK199 treat-

ments affected anti-bovine or anti-mouse CII IgG1 or

IgG2a antibody levels (Supporting information, Fig. S5).

These results demonstrated that GSK199 efficacy is not

mediated via decreased humoral responses to native or for-

eign CII.

Treatment with GSK199 reduces epitope
spreading in CIA

Synovial antigen array analysis of day 35 sera was per-

formed to assess the effects of GSK199 on auto-antibody

responses. These synovial arrays have been described pre-

viously [35,43,44]. Briefly, these arrays contained 191

peptides or proteins, both with and without citrullina-

tion, representative of candidate antigens in RA [47].

Following SAM analysis, seven and 14 autoantibody

reactivities, respectively, were decreased statistically in

CIA mice treated with 30 or 30 mg/kg b.i.d. GSK199

compared to vehicle treatment (Fig. 4). In contrast, more

than 150 other epitopes (native and citrullinated) on the

arrays did not exhibit significantly different reactivity.

Sera from mice treated with 30 mg/kg GSK199 exhibited

decreased antibody reactivity to native epitopes from

human fibrinogen alpha and beta chains and keratin.

The parallel 30 mg/kg b.i.d. sera exhibited decreased

antibody responses to native epitopes such as collagen

IV, heat shock protein 65, peptides from alpha and beta

chains of human fibrinogen (two of which were

decreased in the 30 mg/kg q.d. group) and vimentin

compared to saline controls; q< 0�1%. Decreased auto-

antibody responses to citrullinated vimentin and fibro-

modulin were also observed compared to controls after

b.i.d. dosing of GSK199 (q< 0�1%); these epitopes were

not affected by GSK199 30 mg/kg q.d. Importantly, there

were no differences between treatment with GSK199 or

saline alone in the reactivity to 38 other citrullinated epi-

topes in the array. These data demonstrated that GSK199

treatment decreases autoantibody production in CIA and

impairs epitope spreading, to an extent (partial) similar

to that observed previously with pan-PAD inhibition.

Discussion

Our data indicate that prophylactic treatment with

GSK199, a selective small molecule inhibitor of PAD4, with

dosing initiated from the same day as the induction of

arthritis, resulted in the prevention of clinical and histolog-

ical disease severity in CIA with effects comparable to those

achieved with pan-PAD inhibition. Epitope spreading, as

measured by peptide array analysis, was reduced in a simi-

lar fashion to that seen with Cl-amidine treatment, in that

a small subset (< 10%) of humoral responses to some of

the peptides were inhibited, but no overlap with the epi-

tope spreading reduction by Cl-amidine was observed.

Notably, PAD4 inhibition did not alter significantly either

joint or serum total citrulline levels or autoantibody titres

to mouse CII in this study. Finally, we observed significant

decreases in C3 deposition in the joints of mice treated

with GSK199. These findings suggest that: (1) PAD inhibi-

tion, rather than off-target drug effects, is responsible for

blocking disease progression in CIA, (2) PAD4 inhibition is

sufficient for this efficacy and (3) PAD inhibition does not

appear to affect CIA primarily by blocking either develop-

ment of citrullinated epitopes or ACPA.

Interestingly, we observed a significant efficacious effect

of vehicle (0�9% saline, s.c.) treatment on inflammation

severity and C3 deposition in the joints that was not

observed consistently in this model with previous Cl-

amidine treatment [35] (PBS, i.p.). Further experiments

will be necessary to confirm this effect and elucidate its

cause, but it potentially reflects beneficial effects of regular,

intensive handling on these vehicle-dosed mice. However,

despite this unexpected beneficial capacity of the vehicle

control, GSK199 treatment reduced paw inflammation and

C3 deposition to a greater extent than vehicle treatment

alone, suggesting strongly that GSK199 treatment confers

significant additional benefit over 0�9% saline treatment.

Our observation that a distinct PAD inhibitor utilizing a

different mechanism of action, composition and route of

delivery to Cl-amidine affects CIA argues that PAD inhibi-

tion is fundamentally responsible for disease efficacy. It is

highly unlikely that two structurally and mechanistically

unrelated PAD inhibitors could bring about such similar

outcomes due to non-specific effects. That Cl-amidine, an

irreversible peptidomimetic pan-PAD inhibitor, and

GSK199, a reversible PAD4-selective inhibitor, affect CIA

progression similarly in the disease parameters evaluated

suggests further that PAD4 inhibition is sufficient for dis-

ease control in CIA. Notably, total citrulline levels in the

joints and serum of GSK199-treated mice were not changed

significantly compared to vehicle treatment, unlike mice

administered Cl-amidine previously [35]. This lack of

response may be reflective of the high variability and/or rel-

ative insensitivity of this assay (also consistent with signifi-

cance being reached for Cl-amidine against this end-point

only by pooling three dosing groups) and is also consistent
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with stable citrulline levels being observed in serum or lung

when PAD4 is depleted in tumour necrosis factor (TNF)-

a-overexpressing mice, despite marked reduction in

parallel arthritis and lung inflammation assessments

[48,49]. Additionally, the contribution of free citrulline to

the total levels measured is unknown and, as non-peptidyl

(a)

(b)

Fig. 4. GSK199 treatment reduces epitope spreading in collagen-induced arthritis (CIA). Sera were collected from (a) 30 mg/kg GSK199 q.d. or

(b) 30 mg/kg GSK199 b.i.d. and control-treated mice. Autoantibodies in these samples were assessed using synovial antigen arrays with a goat

anti-mouse anti-immunoglobulin (Ig)G/M secondary antibody. Significance analysis of microarrays (SAM) was used to analyse the antigen array

data sets and highlighted seven and 14 antigens, respectively, in each treatment group, with significant differences in autoantibody reactivity

[false discovery rate (q)< 0�1]. Relationships between the profiles were clarified by hierarchical clustering and the data displayed as heatmaps

(with blue representing negative associations, yellow intermediate and red strong positive). GSK199-treated mice co-clustered (on the left of the

heatmap) while exhibiting lower autoantibody titers against all the seven and 14 antigens (respectively) identified by SAM, including to native

epitopes derived from collagen IV and human fibrinogen alpha and beta chains, as well as citrulline-modified vimentin and fibromodulin

peptides (red boxes). Antigens affected by both treatments are also indicated by blue asterisks.
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citrulline would be detected but unresponsive to PAD4

inhibition, the available window for pharmacological inhi-

bition could be limited. However, PAD2 and PAD4 are

both expressed in the inflamed joint [9], so it is also possi-

ble that, in the presence of GSK199, uninhibited PAD2

continues to citrullinate joint proteins and could mask

some decrease in total citrulline levels by PAD4 inhibition.

Despite this, it is of note that treatment with a highly selec-

tive PAD4 inhibitor demonstrated such striking efficacy in

reducing disease severity in CIA.

Although this efficacy contrasts with an early report that

PAD4 knock-out mice did not show alteration in disease

severity in the KBxN passive transfer model of arthritis

[50], two further studies [51,52] (in the GPI-induced and

CIA active induction models, respectively) have since dem-

onstrated clear effects of PAD4 deficiency on arthritis, with

increased compensatory expression of PAD2 reported in

the latter paper possibly accounting for the partial effects

of PAD4 deficiency. Therefore, on balance there is some

consistency between genetic and pharmacological effects

on PAD4, although future contextualization of variance

across different deficient mice/models would be desirable.

However, the negative KBxN model data are consistent

with observations of parallel pan-PAD inhibition with Cl-

amidine having no effect on CAIA [35], a similarly passive

transfer model of arthritis, and suggest that PAD inhibition

cannot alter the effector phase of disease.

In contrast to our experiments with Cl-amidine, we did

not observe significant differences in anti-mouse CII auto-

antibody titres in GSK199-treated mice. This suggests that

PAD4 activity does not regulate autoantibody production

to collagen epitopes directly. However, GSK199-treated

mice displayed lower autoantibody reactivity to RA peptide

arrays. Importantly, mice treated with GSK199 did not

show reduced reactivity to citrullinated peptides specifi-

cally, but demonstrated reduced reactivity to a subset of

both citrullinated and native peptides, as we observed with

pan-PAD inhibition. Of note, a similar modest effect or

potential disconnect with synovial peptide arrays is seen

when PAD4 is depleted in TNFa over-expressing mice,

despite profound differences in arthritis progression [48].

These observations are consistent with a hypothesis that

these effects on autoantibody production may be a second-

ary effect of efficacy, rather than a direct result of PAD

inhibition. This protective effect of GSK199 may occur

through inhibition of NET formation in arthritis [29].

Indeed, a recent paper [53] reproduces the efficacy of Cl-

amidine in CIA and demonstrates elegantly that it is associ-

ated with marked decreases in the numbers of neutrophils

undergoing NETosis (assessed robustly by quantification of

co-stained images). This report also offers additional evi-

dence for associated immune effects of Cl-amidine on T

helper type 1 (Th1) helper cells in the draining lymph

nodes in these mice and demonstrates that NET extracts

from diseased animals promote activation of murine and

dendritic cells upon co-incubation.

In such absence of profound effects on multiple mecha-

nistic end-points in our model, it is likely that additional

processes contribute to the striking clinical activity and his-

topathological efficacy. We propose two complementary

mechanisms. First, the reduction in C3 deposition in the

joints of animals treated all doses of GSK199 was the most

sensitive outcome of this study (i.e. also observed in the

10 mg/kg dosing group) and suggests that PAD4 inhibition

may alter the complement response, an important system

in both murine and human arthritis. Notably, complement

inhibition of the alternative pathway amplification loop, as

well as a decrease in the levels of C5a, C3a and membrane

attack complex generation, have all been shown previously

to result in decreases in joint damage in CIA and/or CAIA

[39,54–58]. Secondly, PAD4 is known to affect gene tran-

scription via epigenetic regulation of the histone arginine

methylation/citrullination balance (reviewed by [59]) and

it is likely that PAD4 may be regulating multiple genes

(including key complement pathway members) at the tran-

script level. Further experiments are needed to address this

and other hypotheses in order to understand any epigenetic

manifestations of PAD inhibition on multiple facets of

arthritis and complement biology.

During the preparation of this paper, a complementary

report has been published [60], demonstrating impressive

efficacy in a model of mouse CIA with the second-

generation peptidomimetic PAD family inhibitor BB-Cl-

amidine, when dosed therapeutically. Consistent with our

data, minimal effects on ACPA responses versus a subset of

citrullinated epitopes are reported. Efficacy was proposed

instead to be linked to profound effects on the modulation

of T helper subsets from Th1 and Th17 to Th2. Given the

increasing evidence for epigenetic effects driving immune

mechanisms, such changes are likely to involve transcrip-

tional mechanisms. In addition, as BB-Cl-amidine is biased

towards PAD2 over PAD4, maintaining the potency against

PAD4 from Cl-amidine while inhibiting PAD2 �10 times

more potently [61], the authors propose that PAD4 may be

the wrong family member to target. This possibility would

need detailed understanding of the in-vivo target engage-

ment for PAD2 over PAD4 at the dose used, but is not con-

sistent with the profound efficacy reported here with

GSK199. The potential for agents targeting either enzyme

(or both) in arthritis still seems highly justified.

In conclusion, GSK199 treatment decreases epitope

spreading in a largely ACPA-independent manner and sub-

stantially affects the clinical and histological disease severity

of CIA. However, GSK199 treatment does not appear to

reduce total citrulline levels or anti-mouse CII autoanti-

body titres. Considered with our results using the pan-PAD

inhibitor Cl-amidine, these findings suggest that PAD inhi-

bition controls disease by exerting broader effects on the

immune system than simply by altering the generation of
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citrullinated epitopes. In concert with the growing litera-

ture in this field, these potential mechanisms are varied,

but may include the regulation of complement protein

activation and/or deposition in the joint (described

herein), T helper cell activity [60], dendritic cell matura-

tion [53] or other proinflammatory pathways known to

participate in this disease process [62]. Crucially, however,

the findings reported in this manuscript confirm defini-

tively that specific inhibition of PAD4 is sufficient to pre-

vent arthritis progression in this CIA model.
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Fig. S1. Representative histopathology (toluidine-blue)

images (a–f) from the knee joints of mice with collagen-

induced arthritis (CIA) with and without treatments. All

joints were fixed with 10% neutral buffered formalin,

paraffin-embedded, and sectioned at a thickness of 5 mm.

The top three panels show staining with T-blue (blue col-

our) from the knee joints of CIA mice: (a) no treatment

(no Tx), (b) with saline (0.9%) or (c) 10 mg/kg GSK199.

The bottom three panels show staining with T-blue from

the knee joints of CIA mice: (d) 30 mg/kg GSK199 b.i.d.,

(e) 30 mg/kg GSK199 q.d. or (f) dexamethasone (Dex).

Areas of synovium (S-black arrow), area of cartilage (C-

black arrow), bone (B-black arrow) and meniscus (M)

have been identified. The sections were also counter-

stained with haematoxylin and eosin ((H&E) and photo-

graphed under the 310 objective using the Zeiss

Observer D1 (AXIO) microscope. The red scale bar

shown at the lower right-hand corner in all panels from

(a–f) is 0�1 mm (100 mm).

Fig. S2. Correlation between total clinical disease activity

(expressed as area under the curve) and histology scores

(expressed as average of four scores), plotted both by

individual treatments and as a composite of all dosing

groups.

Fig. S3. Representative immunohistochemistry (C3 depo-

sition) images (a–f) from the knee joints of mice with

collagen-induced arthritis (CIA) with and without treat-

ments. All joints were fixed with 10% neutral buffered

formalin, paraffin-embedded, and sectioned at a thickness

of 5 mm. All sections have been stained with anti-C3 anti-

body (brown colour) and also counterstained with hae-

matoxylin and eosin (H&E, blue colour). No brown

colour indicated the absence of complement protein C3

deposition or below detection limits. The top three panels

show staining with C3 (brown colour) from the knee

joints of CIA mice: (a) no treatment (no Tx), (b) with

saline (0�9%) or (c) 10 mg/kg GSK199. The bottom three

panels show staining with C3 antibody (brown color)

from the knee joints of CIA mice: (d) 30 mg/kg GSK199

b.i.d., (e) 30 mg/kg GSK199 q.d. or (f) dexamethasone

(Dex). Areas of synovium (S-black arrow), area of carti-

lage (C-black arrow), bone (B-black arrow) and meniscus

(M) have been identified. The sections were photo-

graphed under the 310 objective using the Zeiss

Observer D1 (AXIO) microscope. The red scale bar

shown at the lower right-hand corner in all panels from

(a-f) is 0�1 mm (100 mm).

Fig. S4. Pharmacokinetic measurement of GSK199 com-

pound levels in blood of mice in the study. Geometric

means of peak and trough blood concentrations following

subcutaneous (s.c.) administration of GSK199 at 10 and

30 mg/kg q.d. and 30 mg/kg b.i.d. to the dark brown

Agouti (DBA)/1J mice; sampled on days 1, 7, 14, 21, 28

and 35 during the study at expected peak (2 h: circles)

and trough concentrations (prior to the next dose: trian-

gles) for each group.

Fig. S5. GSK199 treatment does not reduce autoantibody

titres in collagen-induced arthritis (CIA). Sera from indi-

vidual dosed mice were incubated with bovine (a, b) or

mouse (c, d) collagen type II (CII). The presence of either

anti-mouse immunoglobulin IgG1 (a, c) or IgG2a anti-

body (b, d) was detected by enzyme-linked immunosor-

bent assay (ELISA). The 0�25 mg/kg dexamethasone

group had significantly reduced titres for bovine CII/

IgG1, but no other titres from any group showed statisti-

cally significant decreases compared to saline (n 5 7

except for the untreated group, where n 5 8).
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