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Abstract

Citrullination, the post-translational conversion of arginines to citrullines, may contribute to
rheumatoid arthritis development given the generation of anti-citrullinated protein antibodies
(ACPAS). However, it is not known which peptidylarginine deiminase (PAD) catalyzes the
citrullination seen in inflammation. PAD4 exacerbates inflammatory arthritis and is critical for
neutrophil extracellular traps (NETSs). NETs display citrullinated antigens targeted by ACPAs and
thus may be a source of citrullinated protein. However, PADA4 is not required for citrullination in
inflamed lungs. PAD2 is important for citrullination in healthy tissues and is present in NETSs, but
its role in citrullination in the inflamed joint, NETosis and inflammatory arthritis is unknown. Here
we use mice with TNFa-induced inflammatory arthritis, a model of rheumatoid arthritis, to
identify the roles of PAD2 and PAD4 in citrullination, NETosis, and arthritis. In mice with TNFa.-
induced arthritis, citrullination in the inflamed ankle was increased as determined by western blot.
This increase was unchanged in the ankles of mice that lack PAD4. In contrast, citrullination was
nearly absent in the ankles of PAD2-deficient mice. Interestingly, PAD2 was not required for NET
formation as assessed by immunofluorescence or for killing of Candida albicans as determined by
viability assay. Finally, plasma cell numbers as assessed by flow cytometry, 1gG levels quantified
by ELISA, and inflammatory arthritis as determined by clinical and pathological scoring were all
reduced in the absence of PAD2. Thus, PAD2 contributes to TNFa.-induced citrullination and
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arthritis, but is not required for NETosis. In contrast, PAD4, which is critical for NETosis, is
dispensable for generalized citrullination supporting the possibility that NETs may not be a major
source of citrullinated protein in arthritis.

Keywords

Citrullination; Peptidylarginine deiminase; TNFa; Neutrophil extracellular trap; Rheumatoid
arthritis; Murine model

1. Introduction

Citrullination, the post-translational conversion of arginines in a protein to citrullines, has
gained attention related to the observation that anti-citrullinated protein antibodies (ACPAS)
can be detected in about 75% of people with rheumatoid arthritis [1]. Thus, protein
citrullination (and similar post-translational modifications) may be a trigger in genetically
susceptible individuals for the initial loss of tolerance seen in rheumatoid arthritis. Once
tolerance is lost, inflammation increases, inflammatory cytokines like TNFa rise, and
clinical rheumatoid arthritis develops.

Although ACPAs are a hallmark of rheumatoid arthritis, citrullination increases in a variety
of inflamed tissues [2] including the rheumatoid joint [3]. Peptidylarginine deiminases
(PADs) catalyze citrullination, but which PAD catalyzes inflammation-induced citrullination
in rheumatoid arthritis and other diseases is unclear. Single nucleotide polymorphisms
(SNPs) in PAD/Z2and PADI4, the genes that encode PAD2 and PAD4, have been associated
with rheumatoid arthritis [4-12], suggesting that they may both be involved in disease
pathogenesis. Further, both PAD2 and PAD4 are found in immune cells [13-15] as well as in
the rheumatoid joint [16, 17] and a pan-PAD inhibitor reduces collagen induced arthritis
[18]. Also, both PAD2 and PAD4 can hypercitrullinate proteins during immune-mediated
membranolysis, which has been implicated in ACPA formation [19]. Adding complexity,
both PAD4 and PAD?2 can autocitrullinate [20-22], which may regulate their activity in
disease. Thus, PAD2, PAD4, or both could citrullinate proteins in inflamed areas.
Understanding the individual contributions of the PADs is important since inhibiting specific
PAD enzymes might prove useful in treating rheumatoid arthritis. Indeed, this is an active
area of investigation by both academic and commercial research labs with several isoform-
specific inhibitors generated to date [23, 24].

There is additional evidence that PAD4 may be important for citrullination in rheumatoid
arthritis. PAD4 contributes to inflammation and arthritis in three different murine models of
rheumatoid arthritis [25-27]. Also, PAD4 is required for LPS-induced histone citrullination
and neutrophil extracellular trap (NET) formation [28, 29] and NETS display some of the
same citrullinated antigens that are targeted by ACPAs [30]. Together, these findings suggest
that PAD4 may contribute to the increased citrullination seen in arthritic joints. However, no
reduction in serum [25] or lung [31] protein citrullination is seen in TNFa-induced arthritis
when PAD4 is absent.
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Thus, PAD2 may be the major contributor to joint citrullination in inflammatory arthritis. In
support of this idea, synovial fluid PAD2 levels correlate with overall PAD activity as well
as disease activity in rheumatoid arthritis [32]. Moreover, PAD2-deficient mice have a
reduction in PAD activity in healthy tissues as well as reduced citrullination in the central
nervous system in experimental autoimmune encephalomyelitis [33, 34]. Also, PAD2
displays less restrictive substrate specificity than PAD4 [35], which could lead to
citrullination of more arginines. Finally, PAD2 is present on NETSs [36] and is required to
citrullinate histones in breast cancer [37], but it is not known if PAD2 is required for
citrullination in inflamed joints, NETosis or arthritis.

Here we use mice with TNFa-induced arthritis to determine if PAD2 or PAD4 is required
for citrullination in inflamed joints and if PAD2 is required for NETosis and inflammatory
arthritis.

2. Material and Methods

2.1. Animals

Tg3647 mice, which overexpress systemically one copy of the TNFa transgene (TNF+
mice) [38], were crossed with PAD4-deficient mice [28] to generate TNF*PAD4** and
TNF*PAD4~/~ mice. TNF* mice were also crossed with PAD2-deficient mice [34] to
generate TNF*PAD2*/* and TNF*PAD2~/~ mice. Littermates were used for all experiments
and sex matched whenever possible. Approximately equal numbers of male and female mice
were used for experiments. PAD2 and PAD4 were confirmed to be deleted. Mice were
maintained in pathogen-free conditions and all murine experiments were approved by the
University of Wisconsin Animal Care and Use Committee.

2.2. Protein lysates

One ankle joint per mouse was harvested, flash frozen and homogenized using a Bullet
Blender (Next Advance, Averill Park, USA) in RIPA buffer (Sigma Aldrich, St. Louis, USA)
supplemented with protease inhibitor cocktail (Sigma Aldrich). Lysates were sonicated
briefly and total protein in the supernatants was quantified.

2.3. Western blots to detect citrullination

Equal amounts of protein were subjected to gel electrophoresis using two polyacrylamide
gels. One gel was stained with brilliant blue G colloidal solution (Sigma Aldrich) and the
other was transferred to a polyvinylidene difluoride (P\VDF) membrane (Bio-Rad, Hercules,
USA) using a semi-dry blotting system (Bio-Rad). The membrane was then subjected to the
Anti-Citrulline (Modified) Detection Kit (AMC kit) (Millipore Sigma) to visualize
citrullinated proteins. Imaging was performed using ImageQuant LAS 4000 (GE Healthcare,
Madison, USA), followed by densitometry using Quantity One 1-D Analysis Software (Bio-
Rad). Brilliant blue G stained gels were imaged using an Odyssey infrared scanner (LI-COR
Biosciences, Lincoln, USA), followed by densitometry. AMC signal was normalized to total
protein as detected by brilliant blue and blots were normalized to each other for overall
signal intensity. Blots treated with the AMC kit without primary antibody showed no signal
(data not shown).
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2.4. Western blots to detect PAD2

Equal amounts of protein were subjected to polyacrylamide gel electrophoresis followed by
transfer to PVDF membrane as above. The membrane was blocked with 5% milk, incubated
at 4°C overnight with rabbit anti-actin a ntibody (Sigma Aldrich) and anti-PAD2 mouse
monoclonal 1gG (clone DN2) [39] diluted 1:100 and 1:200 respectively in 2.5% milk,
washed, incubated with anti-mouse 1gG conjugated to IRDye 680LT and anti-rabbit 1gG
conjugated to IRDye 800LT (LI-COR Biosciences, Lincoln, NE, USA), and washed. Blots
were imaged using the Odyssey infrared scanner followed by densitometry.

2.5. Neutrophil purification

Femurs and tibias were flushed using RPMI11640 (Thermo Fisher Scientific, Waltham, USA)
with 2% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 2 mM EDTA (Sigma
Aldrich). Neutrophils were purified using EasySep Mouse Neutrophil Enrichment Kit
(Stemcell Technologies, Vancouver, Canada) according to the manufacturer’s instructions.
Purity of neutrophils was confirmed by flow cytometry to be 92%.

2.6. Quantitative polymerase chain reaction (QPCR)

RNA was isolated using Trizol reagent according to the manufacturer’s instructions (Thermo
Fisher Scientific) followed by treatment with DNase I (Sigma Aldrich). cDNA was
synthesized using iScript cDNA synthesis kit according to the manufacturer’s instructions
(Bio-Rad). gPCR was performed on equal amounts of cDNA using iTag Universal SYBR
Green Supermix (Bio-Rad) on a StepOnePlus Real-Time PCR system (Thermo Fisher
Scientific). Primers for PAD2 (forward: 5 -AGCAGCGGAGGGCTTAC-3’, reverse: 5'-
CACGCGGCTCCCATACT-3") and 18s (forward: 5’-
GAATAATGGAATAGGACCGCGG-3’, reverse: 5'-
GGAACTACGACGGTATCTGATC-3") were designed using IDT PrimerQuest Tool. All
genes were normalized to 18S rRNA and relative gene expression (fold change) was
calculated by 272ACt method.

2.7. Immunofluorescence staining and NET quantification

All chemicals, unless otherwise indicated, are from Sigma Aldrich. Purified neutrophils
were treated with 100 ng/ml TNFa in RPMI for 30 minutes on poly-L-lysine coated glass
coverslips, followed by the addition of 10 pug/ml lipopolysaccharide (LPS) and then
incubation for 4 hours at 37°C with 5% CO,. Coverslips were fixed and permeabilized with
a solution of 4% paraformaldehyde, 1% NP-40, and 0.5% Triton X-100 in phosphate
buffered saline (PBS) for 30 minutes, washed, and blocked for 1.5 hours at room
temperature with 2.5% bovine serum albumin (BSA), 5% goat serum, and 0.5% Tween-20 in
PBS. The coverslips were then incubated for 1 hour with rabbit anti-histone H4 (citrulline 3)
antibody (MilliporeSigma) diluted 1:200 in block solution, washed, incubated with a 1:200
dilution of donkey anti-rabbit TRITC and a 1:1000 dilution of 4”,6-diamidino-2-
phenylindole (DAPI) in blocking solution for 30 minutes at room temperature, washed, and
mounted using Aquamount (Thermo Fisher Scientific). Five predetermined locations on the
coverslip were imaged using a Leica Fluorescence Microscope at 400x. The total number of
neutrophils and NETSs (defined as large, cloud-like masses with protrusions staining positive
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for DAPI and citrullinated histone H4) were counted manually in a blinded manner for each
of the 5 images.

2.8. Candida killing assay

All chemicals, unless otherwise indicated, are from Sigma Aldrich. A modified XTT (2,3-
bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay was
performed [40, 41]. Candida albicans strain SC5314 [42] was stored in 15% glycerol stock
at —80°C and maintained on yeast extract-peptone-dextrose (YPD) medium supplemented
with uridine (1% yeast extract, 2% peptone, 2% dextrose medium, 0.08% uridine) prior to
experiments. A single colony was used to propagate a culture in YPD with uridine at 30°C
with orbital shaking at 220 RP M overnight. To obtain exponentially growing cells, cultures
were diluted 20-fold and incubated for an additional 2 hours. Candida were collected by
centrifugation, washed twice with PBS and adjusted to a concentration of 4x107 cells/ml in
RPMI 1640 (without phenol red) supplemented with 2% FBS. Neutrophils were suspended
at 4x10°% cells/mL in identical culture media and pre-incubated with TNFa (100 ng/ml) for
30 minutes on ice. Next, 40uL of neutrophils or culture media and 4pl of Candida were
added to each well of a 384 well clear plate (Corning, USA) with 100nM phorbol myristate
acetate (PMA). To some wells, 10 pug/ml of cytochalasin D was added [43]. Plates were
incubated at 37°C with 5% CO », for 4 hours. Neutrophils were then lysed for 15 minutes at
37°C in afinal concentration of 0.03% TritonX-100. Background absorption at 492 nm was
pre-read in a Synergy H1 microplate reader (BioTek, Winooski, USA) followed by the
addition of 30 uL of 9:1 XTT working solution (0.75 mg/ml XTT in PBS with 2% glucose:
phenazine methosulfate 0.32 mg/ml in ddH,0). Following a 25 minute incubation at 37°C in
5% CO,, absorption was read at 492 nm and the baseline absorbance was subtracted.
Experiments were performed in triplicate. To determine percent killing values, neutrophils
without Candida were subtracted from neutrophils with Candida and all were normalized to
Candidaalone.

2.9. Enzyme-linked immunosorbent assay (ELISA)

Sera were collected by cardiac puncture and subjected to a mouse IgG ELISA quantification
kit according to manufacturer’s protocol (Bethyl Laboratories Inc., Montgomery, USA).

2.10. Flow cytometry

Red blood cells were lysed using a hypotonic NaCl solution. Remaining cells were
suspended in MACS buffer (1% BSA, 2% FBS, 0.03% sodium azide and 2 mM EDTA) and
stained using anti-mouse B220 conjugated to allophycocyanin (clone RA3-6B2,
eBioscience, San Diego, USA) and anti-mouse CD138 conjugated to phycoerythrin (clone
281-2, BD Biosciences, San Jose, CA, USA). Samples were acquired using a BD
FACSCalibur machine and data was analyzed using FlowJo software.

2.11. Clinical arthritis scoring

Scoring was performed in a blinded manner on a scale of 0-3 as previously described [25].
Scale: 0, no arthritis; 0.5, mild joint deformity and swelling; 1.0, moderate joint deformity
and swelling; 1.5, moderate/severe joint deformity, moderate swelling, and reduced grip
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strength; 2.0, severe joint deformity, moderate swelling, and no grip strength; 2.5, severe
joint deformity, moderate/severe swelling, and no grip strength; 3.0, severe joint deformity
and swelling and no grip strength.

2.12. Pathology

Rear hind legs were fixed in 10% neutral buffered formalin, decalcified for 30 hours with
Surgipath Decalcifier 1 (Leica Biosystems, Lincolnshire, USA), processed with a VIP
processor, embedded in paraffin (Sakura Tissue Tek, Torrance, CA, USA), sectioned at 5
microns on a Leica microtome, and stained with hematoxylin and eosin (H&E). A board
certified pathologist scored the severity of synovitis at the tibio-talar joint on a scale of 0-4
(0, none; 1, mild; 2, mild to moderate; 3, moderate; 4, severe) and determined the percentage
of the surface of the tibio-talar joint that was eroded in a blinded manner.

2.12. Statistics

3. Results

All data was analyzed using a paired t-test with the p value reported as significant if less
than or equal to 0.05.

3.1. Joint citrullination is increased in TNFa-induced arthritis without a significant
requirement for PAD4

3.2. PAD2 is

TNF* mice develop an inflammatory, destructive arthritis very similar to rheumatoid arthritis
[38]. Protein lysates from the ankles of wild type and TNF* mice were assessed for total
protein citrullination by western blot using an anti-modified citrulline detection kit. As
shown in Figure 1A and 1B, generalized protein citrullination was increased in TNF*
compared to wild type joints. To determine if PAD4 is required for joint protein
citrullination in TNFa-induced arthritis, we prepared ankle lysates from TNF*PAD4*/* and
TNF*PAD4~"~ mice for western blot as above. There was no loss of citrullination in
TNF*PAD4~/~ compared to TNF*PAD4*/* ankles (Figure 1C and 1D). Therefore, PAD4 is
not required for gross protein citrullination in the arthritic joints of TNFa.-overexpressing
mice as detected by the anti-modified citrulline detection Kit.

required for joint citrullination in TNFa-induced arthritis

To determine the requirement for PAD?2 in joint citrullination, we assessed total protein
citrullination by western blot as above in arthritic ankles from TNF*PAD2*/* and
TNF*PAD2~/~ mice. As shown in Figure 2A and 2B, there was a dramatic loss of protein
citrullination in TNF*PAD2~/~ compared to TNF*PAD2*/* arthritic ankles. Since PAD
activity in multiple tissues is lost in PAD2-deficient mice [33], we hypothesized that PAD2
also would be responsible for citrullination in the non-inflamed joint. Thus, we assessed
protein citrullination by western blot as above in the ankles of PAD2*/* and PAD27/~ mice
that do not overexpress TNFa.. As shown in Figure 2C and 2D, citrullination was
significantly reduced in non-inflamed PAD2~/~ ankles. Taken together, these data suggest
that PAD?2 is required for baseline and TNFa-induced citrullination in the joint.
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3.3 PAD2 is notincreased in inflamed joints in the absence of PAD4

3.4. PAD2 is

3.5.PAD2is

PAD?2 expression has been shown to be increased in the absence of PAD4 in neutrophils
[26]. Therefore, we hypothesized that the unaltered citrullination in PAD4-deficient arthritic
joints might be due to upregulation of PAD2. To test this hypothesis, first we purified
neutrophils from PAD4*"* and PAD4~/~ mice and assessed PAD2 expression by qPCR. As
shown in Figure 3A, PAD2 was only mildly upregulated in PAD4-deficient neutrophils.
Although modest, these levels are significantly different. We then used a monoclonal
antibody against PAD2 [39] to determine if PAD2 is increased in arthritic joints in the
absence of PAD4. As a control, we subjected ankle lysates from TNF*PAD2*/* and
TNF*PAD2~/~ mice to western blot to detect PAD2 (Figure 3B). We then assessed PAD2
protein levels in TNF*PAD4** and TNF*PAD4 /" arthritic ankles and found no significant
increase in PAD2 in TNF*PAD4~/~ compared to TNF*PAD4*/* ankles (Figure 3C). Thus,
upregulation of PAD2 does not appear to explain the unaltered levels of citrullination in
TNF*PAD4~~ ankles.

not required for NETosis

Given the loss of citrullination in the inflamed joints of PAD2-deficient mice, we
hypothesized that PAD2 might be required for NETosis. To test this hypothesis, we purified
neutrophils from PAD2*/* and PAD2~/~ mice, stimulated with TNFa. and LPS, performed
immunofluorescent staining, and quantified NETosis. As a control, PAD4** and PAD4~/~
neutrophils were treated identically. As shown in Figure 4A and 4B, PAD4~/~ neutrophils
were unable to make NETSs as expected [28]. In contrast, PAD2~/~ neutrophils were able to
make NETSs (Figure 4C and 4D). NETSs can Kill a variety of pathogens including Candida
albicans [41, 44]. To test if PAD2~/~ neutrophils could kill Candlida, we subjected PAD2*/*
and PAD2~/~ neutrophils to a modified XTT assay. As shown in Figure 4E, PAD27/~
neutrophils could effectively kill Candidaregardless of whether phagocytosis was blocked
with cytochalasin D or not. Taken together, these data suggest that PAD?2 is not required for
neutrophils to form NETSs or kill Candlida.

required for plasma cells and IgG in TNFa-induced arthritis

NETosis occurs in the absence of PAD2, but other immune functions could be impaired in
PAD2-deficient mice. TNF*PAD4™~ mice have reduced IgG [25]. Therefore, we tested if
PAD2 was also required for 1gG levels in TNFa-induced arthritis. 1gG was quantified for
TNF*PAD2** and TNF*PAD2~/~ sera by ELISA. As shown in Figure 5A, TNF*PAD2/~
mice had reduced serum IgG compared to TNF*PAD2*/* mice. Of note, female TNFa.-
overexpressing mice tend to have higher levels of 1gG, but the reduction in IgG in the
absence of PAD2 was independent of the sex of the mice.

We have previously shown that PAD4-deficient mice that do not overexpress TNFa have
normal levels of 1gG [25]. Thus, we determined if serum 1gG levels in PAD2-deficient mice
in the absence of TNFa overexpression were normal. As shown in Figure 5B, despite an
overall lower level of 1gG in mice that do not overexpress TNFa, PAD2~/~ mice have
reduced total IgG compared to PAD2*/* mice. Therefore, PAD2 appears to be required to
achieve the 1gG levels seen in arthritic and non-arthritic mice.
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Since IgG is primarily made by B220-0CD138H! plasma cells in the bone marrow [45], we
determined if bone marrow plasma cells were reduced in TNF*PAD2~/~ mice by flow
cytometry. As shown in Figure 5C and 5D, bone marrow plasma cells were, indeed, reduced
in TNF*PAD2~/~ compared to TNF*PAD2*/* mice. These data suggest that PAD2 is
required for normal plasma cell numbers and IgG levels in TNFa-induced arthritis.

required for maximal severity of TNFa-induced arthritis

We have previously shown that PAD4 exacerbates TNFa-induced arthritis [25]. To
determine if PAD2 contributes to TNFa-induced arthritis, we clinically scored arthritis
severity in TNF*PAD2*/* and TNF*PAD2~/~ mice based on joint swelling, joint deformity
and grip strength monthly [25]. We saw no difference in arthritis severity at 2 and 3 months
of age (Figure 6A). However, at 4 months of age, there was a significant, although modest,
reduction in arthritis in TNF*PAD2~/~ compared to TNF*PAD2*/* mice (Figure 6A). Since
PAD2 is expressed in muscle [46], we were concerned that TNF*PAD2~~ mice might have
reduced grip strength due to a role for PAD2 in muscle making arthritis scores higher for
PAD2-deficient mice unrelated to inflammatory arthritis severity. Therefore, we also
calculated clinical arthritis scores using only joint swelling and deformity. As shown in
Figure 6A, arthritis scores were reduced at both 3 and 4 months of age in TNF*PAD27/~
compared to TNF*PAD2*"* mice when grip strength was not included in the score. Finally,
we scored the joints histologically for the percent erosion of the tibio-talar joint surface as
well as the extent of synovitis. As shown in Figure 6B-D, there was reduced erosion and
synovitis of the tibio-talar joint in TNF*PAD2~/~ compared to TNF*PAD2*/* mice.
Together, our data suggest that PAD?2 is required for maximal severity of TNFa-induced
arthritis.

4. Discussion

As expected, we found that TNFa. overexpression leads to increased citrullination in
inflamed joints consistent with the finding that TNFa drives citrullination in the serum [25]
and lung [31]. TNFa may also drive citrullination in the human rheumatoid joint providing
fodder for continued inflammation particularly in ACPA* individuals. If true, this would
provide further support for a circular model of rheumatoid arthritis pathogenesis in which
citrullination contributes to the formation of ACPAs, which deposit in the joint and activate
immune cells to produce TNFa and other cytokines, which then induce citrullination to fuel
the fire.

However, despite the known requirement for PAD4 in histone citrullination [28, 29], PAD4
does not appear to be required for generalized TNFa-induced joint citrullination as detected
by the anti-modified citrulline antibody. This method likely does not detect every
citrullinated protein, but use of the citrulline probe rhodamine-phenylglyoxal (Rh-PG) [47]
is limited by extensive background and use of the mouse monoclonal anti-peptidylcitrulline
antibody F95 [48] is limited by binding of the anti-mouse IgM secondary antibody in murine
joint tissue (data not shown). Nonetheless, our finding is consistent with the observation that
PAD4 is not required for TNFa-induced lung [31] or serum [25] protein citrullination, as
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determined by other methods. Thus, we conclude that PAD4 is not required for at least a
significant portion of the increased citrullination seen in TNFa-induced arthritis.

A role for PAD4 in TNFa-induced arthritis [25] without a clear requirement for generalized
protein citrullination suggests that PAD4 may contribute to rheumatoid arthritis apart from
antigen citrullination. This idea is consistent with the finding that genetic variants in PAD/4
associate with both ACPA™ and ACPA™ rheumatoid arthritis [49] as well as ulcerative colitis
[50], an inflammatory disorder that does not involve ACPAs. Further, PAD4 contributes to
IgG levels and T cell activation [25, 27]. Thus, even though PAD4 is a citrullinating enzyme
and protein citrullination is increased in inflammation, PAD4 may contribute to rheumatoid
arthritis apart from the generation of citrullinated antigens.

In this manuscript, we have shown a role for PAD2 in TNFa-induced arthritis, providing the
first evidence that PAD2 contributes to inflammatory arthritis. The reduction in arthritis that
we detect in the absence of PAD2 is modest. Previously, we demonstrated that PAD4
contributes to TNFa-induced arthritis at 5 months of age, with little to no effect at younger
ages [25]. Unfortunately, TNF* mice, either with or without PAD2, die earlier for unclear
reasons in our current animal facility than in our previous facility. Thus, we were unable to
score arthritis consistently at 5 months of age. It is possible that if we had been able to score
arthritis regularly at 5 months, we would have detected an even larger reduction in arthritis
in PAD2-deficient mice. Also, mice with TNFa-induced arthritis do not produce classic
ACPAs [25, 51]. Given the requirement for PAD2 in generating citrullinated protein, one
might expect an even larger role for PAD2 in ACPA-dependent arthritis, which could be the
case in human rheumatoid arthritis.

The reduced arthritis in PAD2-deficient mice may be related to a reduction in plasma cells
and IgG levels, especially since PAD?2 is not required for NETosis. Interestingly,
TNF*PAD4~"~ mice have a reduction in serum IgG levels, but not plasma cells [25]. It is
possible that plasma cells or serum IgG are reduced at least in part secondary to overall
reduced inflammation in the PAD-deficient mice. Alternatively, the PADs may regulate
plasma cells and antibodies. PAD2 and PAD4 may be important within B lineage cells for
regulating 1gG production or other pathways, although expression data for the PADs in B
cells is conflicted [9, 14, 15, 52], or important in cells that regulate B cells. For example,
PAD?2 is upregulated in the bone marrow mesenchymal stem cells of patients with multiple
myeloma, a plasma cell malignancy, driving production of IL-6, a molecule that supports
plasma cells [53][54]. Perhaps in the absence of PAD2, IL-6 is reduced in the bone marrow
microenvironment leading to reduced plasma cells and 1gG levels. Further work is needed to
clarify the role of PAD2 and PAD4 in the regulation of plasma cells and antibodies.

Finally, we show that PAD?2 is required for joint citrullination in TNFa—-induced arthritis. If
the relative contributions of PAD2 and PADA to citrullination that we observed in mice apply
to humans, then PAD2 may be responsible for the bulk of citrullinated proteins targeted by
ACPAs in rheumatoid arthritis. Interestingly, despite the requirement for PAD2 in TNFa-
induced joint citrullination and the observation that NETS are source of citrullinated antigens
[30], PAD2 is not required for NETosis in our experiments. In contrast, PAD4, which is
critical for NETosis [28, 29], does not play a major role in gross citrullination in TNFa-
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induced arthritis. Together, these findings suggest that NETs may not be the main source of
citrullinated protein in arthritic mice. Perhaps the main source of citrullinated proteins in
TNFa-driven arthritis, and potentially rheumatoid arthritis given the high levels of TNFa, is
immune-mediated membranolysis-induced hypercitrullination, which can be catalyzed by
PAD2 [19]. It is impossible to directly extrapolate our findings to human disease.
Nonetheless, even if NETs do not provide the majority of citrullinated proteins in
rheumatoid arthritis, they may still be important for generating and/or displaying key
citrullinated antigens targeted by ACPAs.

5.0 Conclusion

Our data support an important role for PAD2 in citrullination and arthritis severity in TNFa-
induced inflammatory arthritis without a major role in NETosis suggesting that NETs may
not be the main source of citrullinated protein in rheumatoid arthritis.
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Highlights
PAD4 is dispensable for citrullination in TNFa-induced arthritis.
PAD?2 is required for citrullination in TNFa-induced arthritis.
PAD?2 is dispensable for NET formation.

PAD?2 is required for maximal TNFa-induced IgG and inflammatory arthritis.
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Figure 1. Joint citrullination is increased in TNFa overexpressing mice without a requirement
for PAD4

Ankle protein lysates from 4-5 month old TNF* and littermate control (WT) mice were
subjected to western blot to detect citrullinated proteins and gel electrophoresis to detect
total protein. A. Representative blot (left) and gel (right). B. The density of the entire lanes
was determined and citrullinated protein signal was normalized to total protein signal.
Average and SEM are graphed (n=9, *p<0.05). Ankle lysates from 4-5 month old
TNF*PAD4*"* and TNF*PAD4 ™/~ littermates were similarly assessed. C. Representative blot
(left) and gel (right). D. Graph with average and SEM (n=8).
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Figure 2. PAD2 is required for joint citrullination
Protein lysates from the ankles of 4-5 month old TNF*PAD2*/* and TNF*PAD2~/~ mice

were subjected to western blot to detect citrullinated proteins and gel electrophoresis to
detect total protein. A. Representative blot (left) and gel (right). B. The density of the entire
lanes was determined and citrullinated protein signal was normalized to total protein signal.
Average and SEM are graphed for the entire lane (TNF*PAD2*/* n=9, TNF*PAD2~/~ n=8,
*p<0.05). Ankle lysates from PAD2*/* and PAD2~/~ littermates were similarly assessed. C.
Representative blot (left) and gel (right). D. Graph with average and SEM (PAD2*/* n=4,
PAD27/~ n=5, **p<0.01).
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Figure 3. PAD2 is not increased in inflamed joints in the absence of PAD4, but is upregulated in
PAD4-deficient neutrophils

A. RNA from PAD4*/* and PAD4~/~ neutrophils was subjected to gPCR to assess PAD2
gene expression levels with average and SEM graphed for the fold change (n=6). B. Protein
lysates from the ankles of TNF*PAD2*/* and TNF*PAD2~/~ mice were assessed for PAD2
protein by western blot. Representative blots (upper panel) and average with SEM for
quantification of PAD2 normalized to actin in the lower panel (TNF*PAD2*/* n=9,
TNF*PAD27/~ n=8). C. Protein lysates from the ankles of TNF*PAD4*/* and TNF*PAD4~/~
mice were assessed for PAD2 protein by western blot. Representative blots (upper panel)
and average with SEM for quantification of PAD2 normalized to actin in the lower panel
(n=7). For all panels, *p<0.05.
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Neutrophils from PAD4*/* and PAD4~/~ mice were untreated or treated with TNFa and LPS
followed by staining for citrullinated histone H4 (red) and DNA (blue). A. Representative
images at 400x. B. Graph with average and SEM for the percent of cells that formed NETs
(n=3, *p=0.05). C. Neutrophils from PAD2*/* and PAD2/~ mice were treated identically to
the PAD4** and PAD4 ™/~ neutrophils. C. Representative images at 400x. D. Graph with
average and SEM for the percent of cells that formed NETs (n=5). E. PAD2*/* and PAD2~/~
neutrophils were incubated with Candidain the presence or absence of Cytochalasin D. The
percent of Candidakilled was detected by XTT. Average and SEM are graphed (n = 3).
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Figure 5. PAD2 contributes to plasma cells and 1gG levels in TNFa-induced arthritis
A. Total serum 1gG was quantified for 4-5 month old TNF*PAD2*/* and TNF*PAD27/~

mice by ELISA with average and SEM graphed (n=8, **p<0.01). B. Total serum IgG was
quantified for 2 month old PAD2*/* and PAD2~/~ mice by ELISA with average and SEM
graphed (n=7, *p<0.05). Bone marrow from TNF*PAD2*/* and TNF*PAD2~/~ mice was
stained for B220 and CD138 and subjected to flow cytometry. C. Representative zebra plots
of live cells. D. Average and SEM for the percentage of B220-°CD138H! plasma cells is
graphed (n=9, *p<0.05).
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Figure 6. PAD2 is required for TNFa-induced inflammatory arthritis
A. Severity of clinical arthritis was scored on a scale of 0-3 in 2, 3, and 4 month old

TNF*PAD2*/* and TNF*PAD2~/~ mice including (left) or not including (right) grip strength
with average and SEM graphed (2 and 3 months: n=25 TNF*PAD2*/* and n=24
TNF*PAD2~/~ mice; 4 months: n=19 pairs; *p<0.05). The ankles of 4-5 month old
TNF*PAD2** and TNF*PAD2~/~ mice were fixed, sectioned, and stained with H&E. B.
Representative images with arrows indicating inflamed synovium/pannus invading the tibio-
talar joint (Magnification 100x, bar 500 um). The percentage of surface erosion (C) and
extent of synovitis on a scale of 0—4 (D) at the tibio-talar joint was determined in a blinded
manner with average and SEM graphed (TNF*PAD2*/* n=11, TNF*PAD2~/~ n=10,
*p<0.05).
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