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Neutrophil-mediated carbamylation promotes articular

damage in rheumatoid arthritis
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Formation of autoantibodies to carbamylated proteins (anti-CarP) is considered detrimental in the prognosis of
erosive rheumatoid arthritis (RA). The source of carbamylated antigens and the mechanisms by which anti-CarP
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antibodies promote bone erosion in RA remain unknown. Here, we find that neutrophil extracellular traps (NETs)
externalize carbamylated proteins and that RA subjects develop autoantibodies against carbamylated NET (cNET)
antigens that, in turn, correlate with levels of anti-CarP. Transgenic mice expressing the human RA shared epitope
(HLADRB1* 04:01) immunized with cNETs develop antibodies to citrullinated and carbamylated proteins. Further-
more, anti-carbamylated histone antibodies correlate with radiographic bone erosion in RA subjects. Moreover,
anti-carbamylated histone-immunoglobulin G immune complexes promote osteoclast differentiation and
potentiate osteoclast-mediated matrix resorption. These results demonstrate that carbamylated proteins present
in NETs enhance pathogenicimmune responses and bone destruction, which may explain the association between

anti-CarP and erosive arthritis in RA.

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune condition that affects
around 1% of the population worldwide. RA is characterized by in-
flammation of the synovial joints, cartilage damage, and periarticular
bone erosions. Most RA patients develop autoantibodies against
citrullinated proteins called ACPAs (I). Citrullination is a post-
translational modification where arginine is enzymatically converted
to citrulline by peptidyl arginine deiminases (PADs) (2). ACPAs are
highly specific to RA, and they can be detected years before the onset
of clinical arthritis (3, 4).

Recently, antibodies to another posttranslational modification
called carbamylation have been described in RA subjects (5). Carba-
mylation is a nonenzymatic posttranslational modification that occurs
primarily in lysine residues. Around 50% of RA subjects develop
autoantibodies to carbamylated proteins (anti-CarP); the presence
of these autoantibodies is associated with the development of a higher
degree of bone erosions and with increased morbidity and mortality
in RA patients (5-7). The exact source of carbamylated proteins
that leads to the development of anti-CarP has yet to be determined.
As previously described, carbamylation requires the presence of cy-
anate (CN™), which may be generated enzymatically from thiocyanate
(SCN7) by myeloperoxidase (MPO) in sites of inflammation (8).
Sources of thiocyanate may be derived from diet, but its presence is
most commonly linked with cigarette smoking, a known risk factor
for the development of RA. Smoking has been associated with anti-
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CarP production through its ability to increase carbamylation of
vimentin in mice (9). Currently, anti-CarP antibodies are quanti-
fied using an enzyme-linked immunosorbent assay (ELISA) coated
with fetal calf serum that has been exposed to high levels of CN™ (5).
Despite its clear potential as a useful biomarker of poor prognosis
in RA subjects, the source of individual carbamylated autoantigens
remains elusive. Furthermore, whether carbamylation and the im-
mune responses directed at carbamylated antigens play a pathogenic
role in RA is unknown.

Neutrophils are highly abundant in the synovium of RA patients.
We have shown that RA neutrophils display an enhanced capacity
to form neutrophil extracellular traps (NETs) (10). NET formation
leads to the externalization of citrullinated autoantigens that pro-
mote an adaptive immune response in which fibroblast-like synov-
iocytes (FLS) function as antigen-presenting cells (11). Here, we
have investigated whether NETs represent a source of carbamylated
autoantigens, whether RA subjects develop autoantibodies against
carbamylated neoantigens present in NETSs, and whether there is an
association between autoantibodies and erosive joint disease. We
also sought to establish the contribution of anti-carbamylated NET
(cNET) protein antibodies in the differentiation and functional activity
of osteoclasts (OCs), the cells responsible for bone erosion, as a mecha-
nistic link between cNET autoantibody responses and bone damage.

RESULTS

Carbamylated protein-DNA complexes are elevated

in RA plasma

Citrullinated histone H3-DNA complexes are putative markers of
circulating NET remnants in circulation (12). Given that RA neu-
trophils display enhanced NET formation (10), we measured citrul-
linated histone H3-DNA complexes in plasma samples from healthy
controls and two independent RA cohorts (table S1). Both RA co-
horts displayed significant increases of citrullinated histone H3-DNA
complexes when compared to healthy volunteers (Fig. 1A), support-
ing the previous observations of enhanced NET formation in RA.
Because carbamylation is a posttranslational modification that has
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Fig. 1. Carbamylated proteins are increased in ionophore-generated NETs and in serum from RA subjects. (A) Citrullinated histone H3-dsDNA complexes were
measured in plasma from healthy controls (n=25), RA cohort 1 (blue, n=35), and RA cohort 2 (red, n = 34). Results are the mean + SEM. Kruskal-Wallis test was used.
*P <0.05 and ****P < 0.0001. (B) Carbamylated lysine-dsDNA complexes were measured in plasma from healthy control (n=25), RA cohort 1 (blue, n=35), and RA cohort 2
(red, n=34) (C) Citrullinated histone H3 and DNA complexes correlate with carbamylated lysine-dsDNA complexes. (D) Citrullinated histone H3-dsDNA complexes
were measured in SF from OA (n=10) and RA (n=17). Results are the mean + SEM. Mann-Whitney U test was used. (E) Carbamylated lysine-dsDNA complexes were
measured in SF from OA (n=10) and RA (n = 17) patients. Results are the mean + SEM. Mann-Whitney U test was used. (F) Western blot analysis of carbamylated proteins
in PMA, ionophore (lo)-generated NETs, and spontaneously generated NETs from RA patients. Representative picture of three independent experiments. (G) Immuno-
fluorescence detection of carbamylated proteins in ionophore-generated NETs. Representative picture of three independent experiments. Carbamylated proteins are in
red; DNA is blue. Original magnification, x400. lonophore-generated NETs were immunoprecipitated (IP) using anti-carbamylated lysine antibody. Imnmunoblot (IB) analysis
was performed against (H) histone H3 or (I) histone H4. IgG was used as negative control. L, light chain.
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been implicated in RA pathogenesis, we investigated whether carba-
mylated protein-DNA complexes were also elevated in RA patients.
We first tested and confirmed the specificity of the commercially
available antibodies against citrullinated histone H3 and carbamy-
lated lysine to discriminate between these two posttranslational
modifications (fig. S1). Then, we developed an in-house sandwich
ELISA to quantify plasma levels of carbamylated protein-DNA com-
plexes in the same two RA cohorts as compared to healthy volun-
teers. Levels of these complexes were significantly increased in both
RA cohorts (Fig. 1B). A positive correlation between levels of citrul-
linated histone H3-DNA complexes and carbamylated protein-
DNA complexes suggested that the carbamylated complexes generate
from NET structures (Fig. 1C). As RA synovial fluid (SF) neutro-
phils display an enhanced capacity to form NETs (10), we investi-
gated whether carbamylated protein-DNA complexes were elevated
in RA SF. Significantly increased levels of both citrullinated histone
H3-DNA complexes (Fig. 1D) and carbamylated protein-DNA
complexes (Fig. 1E) were detected in RA SF when compared to SF
obtained from subjects with osteoarthritis (OA). To further corrob-
orate that carbamylated proteins can be found in NETs, healthy
control neutrophils were stimulated with phorbol 12-myristate
13-acetate (PMA) or calcium ionophore A23187 for 4 hours to in-
duce NET formation, per methods previously described (13, 14). NET's
were purified and probed against carbamylated lysine by Western
blot. Multiple carbamylated proteins were detected in spontaneously
generated NET's from RA neutrophils or NETs induced by calcium
ionophore in healthy control neutrophils, but not in NET's induced
with PMA in healthy control neutrophils (Fig. 1F). Immunofluores-
cence analysis corroborated the presence of carbamylated proteins
in ionophore-generated NETs from healthy control neutrophils and
in spontaneously generated NET's from RA neutrophils (Fig. 1G).
Immunoprecipitation studies demonstrated that histones H3 and
H4 are carbamylated in ionophore-generated NETs (Fig. 1, H and
I). To further corroborate that histones H3 and H4 were carbamy-
lated in ionophore-generated NETs, mass spectrometry analysis was
performed. We found that eight lysine residues were carbamylated
in histone H3, while five sites were carbamylated in histone H4
(Table 1). These findings support the notion that NET' are a source
of carbamylated autoantigens in RA.

Table 1. Identified sites of carbamylation. Proteomic analysis was
performed on ionophore-generated NETs according to Materials and
Methods. Underlined k’s (red) are carbamylated lysines.

Protein Peptide sequence Moc:li;i:':‘aetion Pozi:z)"t:g:) =
Histone H3 kQLATKAAR Carbamyl 19,24
"""""""""""""""" KSAPATGGVKKPHR  Carbamyl 28,37,38
© YQSTELLR Cabamyl 57
 EAQDFKTDIR Cabamyl 80
.................................. VT|MPKD|Q|_AR Carbamy| 123 P
HistoneH4  KVLRDNIQGITKPAR  Carbamyl a3
DN|Q TKPAIR ,,,,, E;r‘bamyl ,,,,,,, 3 2 ..............
© DAVIVTEHAKR - Cabamyl 78
© KIVTAMDWYALKR  Carbamyl 80,92
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RA patients develop autoantibodies against cNET proteins
To further study the role of carbamylation in RA, we generated both
NETs with low to absent carbamylation and NET's containing high
amounts of carbamylated proteins. PMA-generated NET's displayed
the lowest amount of carbamylation when compared to calcium
ionophore-induced NETs (Fig. 1F). To increase the degree of car-
bamylation, we incubated control neutrophils in the presence of both
PMA and cyanate (CN). Western blot analysis of purified NETSs
generated in the presence of CN demonstrated increased carbamy-
lation when compared to PMA alone (Fig. 2A). Immunofluorescence
analysis showed that purified RA IgGs (immunoglobulin Gs) and
ACPA-depleted RA-IgG bind to these highly carbamylated NETs,
whereas isolated IgGs from control sera did not (Fig. 2B). To fur-
ther corroborate this observation, the ability of RA serum to bind to
highly carbamylated NET's was tested by ELISA. Serum samples from
two RA cohorts displayed significantly enhanced reactivity to cNETs
when compared to serum from healthy volunteers (Fig. 2C). These
results suggest that autoantibodies against cNET proteins are gen-
erated in RA patients.

Given that histones are carbamylated in NET's (Fig. 1, H and I)
and that vimentin and a-enolase have been reported to be import-
ant autoantigens in RA as well as to be present in NETs (10), we
tested whether RA patients develop autoantibodies against carbam-
ylated versions of these proteins. Recombinant proteins were carba-
mylated in vitro in the presence of 100 uM CN overnight. Western
blot analysis confirmed that carbamylation of each antigen was gen-
erated. Plates were coated with each carbamylated antigen, and the
presence of antibodies against the carbamylated forms of these pro-
teins was assessed in healthy control, RA, and systemic lupus ery-
thematosus (SLE) serum samples. RA patients displayed significantly
higher titers of antibodies directed against carbamylated forms of
histones H2A (Fig. 2D), H3 (Fig. 2E), H4 (Fig. 2F), and H2B (Fig. 2G)
and of vimentin (Fig. 2H) when compared to healthy volunteers.
The specificity of the carbamylated antibodies present in RA patients
was tested in ACPA-depleted sera (fig. S2, A to E). Moreover, puri-
fied ACPAs from RA patients displayed minimal to no cross-reactivity
to the carbamylated version of histone H3, histone H4, and vimen-
tin, as shown by Western blot analysis (fig. S3, A to C). Antibodies
against carbamylated elastase and o-enolase [both proteins present
in NETs (15)] were also elevated in RA samples (fig. S4, A and B).
Moreover, most of these antibodies were specifically elevated in RA
subjects but not in samples from SLE subjects, with the exception of
anti-carbamylated histone H2A (Fig. 2D). Longitudinal analysis
confirmed that anti-carbamylated histone antibodies were signifi-
cantly elevated in RA patients at various time points of the follow-up
(fig. S5, A to C).

Approximately 35 to 50% of RA subjects develop antibodies against
carbamylated fetal bovine serum (FBS) (anti-CarP antibodies) (5, 16, 17),
but the specific carbamylated antigens and their source remain un-
clear. We found that anti-CarP antibodies were significantly elevated
in the two RA cohorts tested in this study, when compared to healthy
volunteers (Fig. 3A). To gain insight concerning the relevance of
antibodies toward cNET proteins found in RA subjects, correlation
analyses were performed, demonstrating that anti-CarP antibodies
significantly correlate with the levels of anti-carbamylated histone
H3 (Fig. 3B), anti-carbamylated H2B (Fig. 3C), anti-carbamylated
histone H4 (Fig. 3D), anti-carbamylated vimentin (Fig. 3E), and
anti-carbamylated a-enolase (Fig. 3F). Furthermore, anti-CarP an-
tibodies significantly correlated with the levels of anti-carbamylated
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Fig. 2. Autoantibodies against cNET proteins are present in serum from RA patients. (A) Western blot analysis shows increased cNET proteins after incubation with
CN. RA IgGs recognize highly carbamylated (CN + PMA) NETs by (B) immunofluorescence and (C) ELISA analysis. Red, RA 1gG; blue, DNA. Results are the mean + SEM.
Kruskal-Wallis test was used. Sera from healthy control (n=25), RA cohort 1 (blue, n=35), RA cohort 2 (red, n=34), and SLE (n=12) were analyzed for the presence of
antibodies against carbamylated histones (D) H2A, (E) H3, (F) H4, and (G) H2B and against (H) vimentin. Results are the mean + SEM. Kruskal-Wallis test was used.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Western blot analysis was used to confirm carbamylation of each antigen [top panels of (D) to (H)]. Original mag-
nification, x400.
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Fig. 3. Autoantibodies against cNET antigens correlate with anti-CarP antibodies. (A) Serum anti-CarP levels were measured in healthy control (n = 25), RA cohort 1
(blue, n=35), and RA cohort 2 (red, n = 34). Results are the mean + SEM. Kruskal-Wallis test was used. ***P < 0.001 and ****P < 0.0001. Correlation of anti-CarP antibodies

with antibodies against carbamylated (B) histone H3, (C) histone H2B, (D) histone H4, (E) vimentin, and (F) a-enolase in two RA cohorts (red and blue).
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neutrophil elastase (fig. S6A) and anti—carbamylated histone H2A
(fig. S6B) in RA cohort 2 (shown in red) but not in RA cohort 1 (shown
in blue) (fig. S6, A and B). These results suggest that RA patients
positive for anti-CarP develop autoantibodies against cNET proteins
and that NETs are a source of carbamylated neoantigens.

HLA-DRB1*04:01 transgenic mice develop anti-CarP

and ACPAs in response to immunization with cNETs

To confirm that NETSs are a source of carbamylated proteins and
that they can induce adaptive immune responses toward carbamy-
lated proteins in vivo, we used the humanized HLA-DRB1*04:01
transgenic mouse model. These animals lack the endogenous class
II molecule and instead express the DR1 allele that confers susceptibil-
ity to inflammatory arthritis by immunization with various stimuli

(18-20). PMA-generated NET's were isolated from peripheral blood
(PB) control neutrophils in the presence or absence of CN. The
presence of carbamylated proteins in these NET's was confirmed by
Western blot (Fig. 4A), while the presence of citrullination was as-
sessed using a rhodamine phenylglyoxal (Rh-PG)-based probe (Fig. 4B).
Differences in citrullination and carbamylation patterns were evi-
dent in these NETs. PMA-generated NET's have been reported to
have low amounts of citrullination (13). In contrast, we found that
PMA-generated NETSs in the presence of CN displayed increased
citrullination when compared to PMA-generated NETs in the ab-
sence of CN (Fig. 4B). The levels of citrullinated histone H3 were
significantly elevated in NET's generated in the presence of PMA and
CN when compared to those generated with just PMA (Fig. 4,
B and C). Mice underwent 12 weekly injections of ctNETs, at which
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Fig. 4. DRB1*04:01 (DR4) transgenic mice that receive intra-articular injections of cNETs develop ACPAs and anti-CarP. (A) Rh-PG probe against citrulline was used
to detect specific citrullinated proteins in NETs (PMA) and cNETs (PMA + CN). (B) Western blot analysis against carbamylated proteins was performed in NET and cNETs.
(C) Densitometry analysis of citrullinated histone H3in NETs generated with PMA or PMA + CN (n =4 per group). Results are the mean + SEM. Mann-Whitney U test was
used. *P < 0.05. (D) Serum ACPAs and (E and F) anti-CarP antibody levels were measured at various points in animals immunized with NETs, cNETs, or spontaneously
generated RA-NETSs (n =4 to 8 per group). Results are the mean + SEM. Kruskal-Wallis test was used. **P < 0.01 and ***P < 0.001.
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point serum ACPAs and anti-CarP levels were quantified. Signifi-
cantly higher titers of ACPAs were detected in sera of mice that re-
ceived intra-articular injections of cNETs, at weeks 6 and 12, when
compared with animals that received PMA-generated NETs (Fig. 4D).
This may be explained by the observation that cNET's contain higher
amounts of citrullinated proteins, when compared to PMA-generated
NETs (Fig. 4, B and C). Of note, the kinetics of autoantibody devel-
opment in vivo, in response to cNETs, differed for anti-CarP and
ACPAs. Anti-CarP antibodies were detected by week 12 of immu-
nization, but not at week 6, while ACPAs were already detected by
week 6 and continued to be detected at week 12 (Fig. 4E). In addi-
tion, animals that received spontaneously generated RA NETs de-
veloped significantly increased titers of anti-CarP antibodies when
compared to controls, supporting the hypothesis that NET's are a
source of carbamylated antigens that can stimulate anti-CarP responses
(Fig. 4F). These results indicate a sequential generation of antibodies,
where response to citrullinated peptides precedes the responses to
carbamylated peptides. Overall, these results demonstrate that highly
carbamylated NETs can induce an adaptive immune response toward
cNETs in vivo.

Antibodies to carbamylated histones correlate with degree
of bone erosions in RA

To investigate the clinical relevance of anti-cNET protein antibodies in
RA patients, correlation analyses were performed. Smoking has been
associated with carbamylation and/or the presence of anti-CarP be-
cause it is a source of thiocyanate that can be transformed into CN

(7). However, we did not find a significant correlation between smoking
and the presence of carbamylated protein-DNA complexes or auto-
antibodies against ctNET proteins. Similarly, we did not observe a
correlation with radiologic evidence of bone erosion (Fig. 5). Signif-
icant correlations were found between carbamylated protein-DNA
complexes and levels of antibodies against carbamylated histone H3
(P =0.042), histone H4 (P = 0.038), histone H2A, (P = 0.043), vimen-
tin (P = 0.011), a-enolase (P = 0.036), anti-CarP (P = 0.032), and
rheumatoid factor (RF) (P = 0.024) (Fig. 5), suggesting that subjects
with elevated carbamylated protein-DNA complexes also develop auto-
antibodies against cNET components. Levels of citrullinated histone
H3-DNA complexes (characteristic of NET remnants in circulation)
significantly correlated with anti-carbamylated vimentin (P = 0.048)
and anti-CarP antibodies (P = 0.044) (Fig. 5). The presence of anti-
carbamylated H2A positively correlated with global health (P = 0.030)
and with the disease activity score in 28 joints—erythrocyte sedimen-
tation rate (DAS28-ESR) score, an assessment of joint inflammation
in RA (P = 0.042) (Fig. 5). Anti-carbamylated vimentin antibodies
also correlated with DAS28 (P = 0.042). The presence of periarticular
bone erosions in the hands significantly correlated with the presence
of anti-carbamylated histone H3 (P = 0.025), anti-carbamylated
histone H4 (P = 0.020), anti-carbamylated H2A (P = 0.012), anti-
carbamylated H2B (P = 0.011), anti—carbamylated vimentin (P = 0.008),
anti-carbamylated a-enolase (P = 0.008), and anti-CarP (P = 0.008)
antibodies (Fig. 5). Furthermore, anti-carbamylated histone H2B
(P=0.011), vimentin (P = 0.032), a-enolase (P = 0.001), and anti-CarP
(P = 0.028) antibodies correlated with periarticular foot erosions
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(Fig. 5). Moreover, the levels of anti-carbamylated histone H3 (B = 1.5;
P =10.03), histone H4 (§ = 1.39; P = 0.02), and histone H2A (B = 1.5;
P =0.03) antibodies and ACPAs (B = 0.02; P = 0.03) correlated with
radiologic hand erosion scores, while anti-carbamylated histone
H3 (B = 0.48; P = 0.010), histone H4 (B = 0.46; P = 0.006), histone
H2A (B = 0.53; P = 0.004), vimentin (B = 0.34; P = 0.012), enolase
(B=0.71; P=0.004), and anti-CarP (B = 0.14; P = 0.040) antibodies
correlated with foot erosion scores. These results suggest that anti-
carbamylated autoantibodies may affect bone health and may predict
intra-articular bone damage in RA.

cNETSs activate FLS and macrophages and lead

to OC differentiation

Macrophages and FLS play important roles in RA pathogenesis (21).
We previously showed that NETs from RA subjects activate FLS
(10, 11). To expand our understanding of the effect of cNET's in the
joint, we incubated macrophages and FLS in the presence or absence
of PMA-generated NETs or cNETs for 24 hours. cNETs induced
macrophages to significantly up-regulate proinflammatory cytokine
genes, such as tumor necrosis factor (TNF), interleukin-8 (IL-8), and
IL-6 when compared to untreated conditions or to PMA-generated
NETs (fig. S7, A to C). By confocal microscopy, we found that NET's
and cNETs are internalized by RA FLS (Fig. 6A). In addition, signif-
icant up-regulation of matrix metalloproteinase 1 (MMP1) and MMP3
mRNAs was evident after incubation with ctNETs or spontaneously
generated RA-NETs when compared to untreated RA FLS (Fig. 6,
B and C, and fig. S8). In contrast, non-cNETs induced higher levels
of IL-8 by RA FLS than ¢NETs (Fig. 6, D and E). ctNETs also signifi-
cantly up-regulated RANKL mRNA expression in RA FLS when
compared to untreated cells (Fig. 6F). This was confirmed by flow
cytometry, as the RANKL geometric mean of RA FLS cells treated
with cNETs was significantly higher than untreated RA FLS (Fig. 6G).
Because RANKL has the ability to stimulate OC formation (22, 23),
we hypothesized that the supernatants of RA FLS stimulated with
cNETs would promote OC formation. To test this hypothesis, PB
CD14" monocytes isolated from healthy volunteers were incubated
in the presence or absence of supernatants of FLS stimulated with
either NET's or cNETs. After 7 days of incubation, cells were stained
for the presence of tartrate-resistant acid phosphatase (TRAP), a
specific OC marker. Multinucleated, TRAP-positive cells were
evident after incubation with supernatant from FLS stimulated
with ¢NETs when compared to those from FLS stimulated with
NETs (Fig. 6H). Of note, monocytes incubated with supernatants
from FLS without NETs did not survive. These results suggest that
cNETs up-regulate pathways in FLS that are involved in bone dam-
age and OC formation/activation, in particular RANKL. In addition,
interactions between FLS and cNET proteins promote the forma-
tion of OCs, a phenomenon conducive to joint erosions and bone
damage.

Immune complexes of carbamylated histones enhance OC
formation and activity

Anti-CarP has been associated with increased bone erosions in RA
patients (5, 24). Because we found that anti-carbamylated histone
antibodies correlate with bone erosion scores (Fig. 5), we sought to
determine if anti-carbamylated histone antibodies directly affect
OC formation and resorption. Healthy volunteer PB CD14" mono-
cytes were incubated with monocyte colony-stimulating factor
(M-CSF)/RANKL in the presence or absence of carbamylated histone
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3 and carbamylated histone 4 immune complexes. OC differentiation
was significantly enhanced in the presence of anti-carbamylated
histone H3/H4-RA-IgG immune complexes, when compared to
carbamylated histone H3/H4 and carbamylated histone H3/H4 with
control IgGs and OCs in the absence of immune complexes (Fig. 7,
A and B). These results indicate that anti-carbamylated histone H3/
H4 immune complexes accelerate OC formation. Equal numbers of
OCs generated with M-CSF/RANKL were seeded on a calcium
phosphate plate in the presence or absence of carbamylated histone
H3/H4, carbamylated histone H3/H4 with control IgGs, or carbam-
ylated histone H3/H4-RA-IgG immune complexes. RANKL was
added to all conditions to activate OCs. Eroded surfaces were im-
aged using Celigo and quantified with Image]. Carbamylated histone
H3/H4-RA-IgG immune complexes significantly enhanced OC re-
sorptive activity when compared to OC without immune complexes
(Fig. 7, C and D). These results suggest that anti-carbamylated histone
H3/H4-RA-IgG immune complexes potentiate OC formation and
activity, which may affect bone destruction.

DISCUSSION

Emerging evidence implicates neutrophils, particularly through NET
formation, as important players in the generation of modified auto-
antigens in the RA synovium (10, 11). Previous observations focused
on the generation of citrullinated autoantigens and the induction of
pathogenic anti-citrulline responses. Here, we show that NETs con-
tain carbamylated autoantigens that can also promote pathogenic
adaptive immunity, leading to generation of anti-CarP and anti-cNET
protein antibodies. Furthermore, these cNETs can activate macro-
phages to synthesize proinflammatory cytokines and FLS to release
RANKL that, in turn, promotes OC formation and activation. In
addition, anti—carbamylated histone antibodies can form immune
complexes that further potentiate OC formation and bone resorp-
tion, a phenomenon crucial in joint destruction in RA (Fig. 8).

In this study, we uncovered multiple NET-specific carbamylated
autoantigens potentially important in RA. These carbamylated au-
toantibodies likely contribute to the autoreactivity measured by
anti-CarP ELISAs in the early descriptions of this type of autoantibody.
We provide a compelling mechanism that links anti-CarP and enhanced
bone erosion in RA through the identification of the source of carbamylated
antigens and their influence on pathogenic bone degradation.

RA synovial joints are characterized by hyperplasia of the syno-
vial lining, which is composed of invasive FLS and an infiltration of
immune cells such as neutrophils, T cells, macrophages, B cells, and
plasma cells (25, 26). Neutrophils are the most abundant cell type
found in the SF of RA patients, and we have shown that the RA sy-
novial microenvironment is highly conducive to the formation of
NETs (10). During NET formation, citrullinated and carbamylated
autoantigens are externalized to the extracellular space. FLS have
the ability to acquire nonprofessional antigen-presenting cell capa-
bilities in the RA synovial environment by internalizing NETs
containing citrullinated autoantigens, up-regulating major histo-
compatibility complex (MHC) class II, and presenting the modified
autoantigens to CD4" T cells in the context of the shared epitope (SE)
(11). We now show that cNETs are also internalized by FLS, suggest-
ing that a similar mechanism may mediate the breach in immune
tolerance to carbamylated proteins.

Anti-CarP antibodies are emerging as a biomarker in RA because
they associate significantly with destructive joint disease and poor
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Fig. 6. cNETs up-regulate RANKL in FLS and promote OC formation. NETs and cNETs were incubated with RA FLS for 24 hours. (A) NETs and cNETs were internalized
by RA FLS. Red, MPO; blue, DNA. Results are representative of three independent experiments. Original magnification, x400. Quantitative polymerase chain reaction
(gPCR) analysis shows (B) MMP3, (C) MMP1, (D) IL8, and (F) RANKL mRNA expression and ELISA analysis of (E) IL8 in RA FLS in the presence of NET and cNETs. Results are
the mean + SEM of four to eight independent experiments. Kruskal-Wallis test was used. *P < 0.05, **P < 0.01, and ***P < 0.001. (G) Plasma membrane RANKL was quanti-
fied by flow cytometry in RA FLS treated with NETs or cNETs for 24 hours. MFI, median fluorescent intensity. (H) CD14" monocytes were incubated with supernatants of
RA FLS treated with NETs or cNETs for 7 days. The presence of OCs was defined as multinucleated, TRAP (magenta, black for lower panel)-positive cells; nuclei are in blue
(lower panel). Results are representative of three independent experiments. Original magnification, X400 and x200 (lower panels).
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pictures of resorption pit assay of equal number of M-CSF/RANKL-generated OCs in the presence or absence of anti-carbamylated histone H3/H4-IgG immune complexes
in a calcium phosphate plate. (D) Percentage of eroded surface using ImageJ. Results are the mean + SEM of four to five independent experiments. Mann-Whitney U test

was used. *P < 0.05.

patient outcomes (5, 6, 24). Little is known regarding the specific
carbamylated autoantigens that drive anti-CarP formation in RA
patients. We provide evidence that anti-carbamylated histones sig-
nificantly associate with anti-CarP antibodies and, further, that they
provide stronger association with bone erosion than anti-CarP or
ACPAs. Consistent with other studies, ACPAs appear to cross-react
with carbamylated proteins. Despite this, we provide evidence of
persistent autoantibody reactivity to carbamylated antigens follow-
ing ACPA depletion, supporting specific anti-CarP responses. Anti-
carbamylated histones directly promote enhanced OC differentiation.
Furthermore, mature OCs appear to be influenced by carbamylated
histone immune complexes by augmenting bone resorption. Al-
though the direct evidence that we provide between autoantibodies
and bone loss may not be the only mechanism to explain the more
severe phenotype for anti-CarP-positive patients, it represents an
attractive link between anti-carbamylated antibodies and destructive
joint disease. The principle that autoantibodies modify bone has
been shown in cases of autoantibodies against citrullinated vimentin
(27) and decoy receptor of RANKL (28) causing bone loss in RA
and celiac disease, respectively. Furthermore, our data may also con-
tribute to explaining the link between osteoporosis and anti-CarP in
RA (29). Before our study, the role of carbamylation or autoanti-

O’'Neil et al., Sci. Adv. 2020; 6 : eabd2688 28 October 2020

bodies against carbamylated proteins in bone homeostasis had been
largely unexplored. Our findings reinforce a body of work implicating
the adaptive immune system in promoting the induction of delete-
rious pathways leading to bone destruction. These results support
the use of anti-carbamylated histones as an attractive biomarker for
erosive and more aggressive disease (30, 31).

Although we observed similar results between our two RA cohorts,
the magnitude of association between anti-CarP and anti-cNET an-
tigens was stronger in cohort 2. Some differences in a variety of
baseline demographic characteristics were apparent between these
cohorts (table S1); in particular, smoking prevalence was higher in
cohort 2 compared to cohort 1. It remains possible that cigarette
smoke exposure is one of the reasons for these observed differences,
although testing this hypothesis will require analysis of larger sample
sizes. Smoking is considered to be an important risk factor for the
development of RA (32). One of the proposed mechanisms is that
tobacco smoke increases citrullination of proteins present in the lungs
(33). Another proposed mechanism is that cigarette smoke increases
carbamylation of vimentin, as was shown in a mouse model (9).
Cigarette smoke is a source of SCN™, the precursor to CN~, which
mediates carbamylation in a variety of clinically relevant settings
(7). Despite these reports, we did not find any correlation between
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Fig. 8. Schematic representation of the role of carbamylation and anti-carbamylated immune responses in joint destruction in RA. Infiltrating neutrophils release
NETSs containing carbamylated proteins. cNETs activate tissue macrophages to release proinflammatory cytokines. cNETs are internalized by FLS and up-regulate FLS
production of RANKL that promotes osteoclastogenesis in CD14" monocytes. Internalized cNETs by FLS can promote an adaptive immune response leading to generation
of anti-carbamylated histone antibodies. In turn, these antibodies can form carbamylated immune complexes that promote OC formation and increase bone resorption.

autoantibodies against cNET proteins with current or past smoking.
This lack of correlation may suggest that mechanisms other than tobac-
co smoke can also promote citrullination and carbamylation in RA
subjects. We showed that calcium jonophore and spontaneous RA
NET formation triggers carbamylation of relevant autoantigens,
without the need for exogenous thiocyanate or CN. A previous report
highlights a mechanism by which interaction between mitochondrial
carbamoyl phosphate synthase-1 (CPS1) and aryl hydrocarbon receptor
(AhR) results in translocation of the CPS1-AhR complex into the
nucleus, leading to carbamylation of histone H1 and upregulation of
PAD2, which, in turn, increases citrullination, suggesting a mechanism
that could independently enhance both carbamylation and citrulli-
nation of intracellular proteins (34). This opens the door to consider
other endogenous sources of the molecules that promote carbamyla-
tion in the RA joint. We also found that exogenous CN increases NET
citrullination, suggesting that CN could have a role in activating PAD
enzymes. This possibility should be explored in future studies.
Together, these data implicate neutrophils as a source of both
citrullinated and carbamylated autoantigens in RA. We do not ex-
clude other additional cell death mechanisms (such as necrosis,
apoptosis, or pyroptosis) that could also promote externalization of
carbamylated autoantigens. Common to many RA patients, the so-
called SE predisposes carriers to the development of ACPA by effi-
ciently presenting these antigens on MHC class II (35). Our study
shows that HLA-DRB1*04:01 transgenic mice immunized with NET's
containing citrullinated and carbamylated proteins displayed dif-
ferential kinetics in the development of ACPAs and anti-CarP. These
findings also support the notion that genetic susceptibility and environ-
mental factors lead to generation of antibodies against posttranslational
modified neoantigens. Although the role of the HLA-DRB1*04:01/04-
positive allele has not been well established for anti-CarP antibodies,
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anti-CarP has been described in patients with the SE in the context
of preclinical RA (17). Whether ACPA precedes the development of
anti-CarP in RA patients remains to be determined. Despite this, we
present evidence supporting the role of NETs for generation of both
ACPA and anti-CarP in patients with the SE. Further investigation
will be needed to corroborate these findings and support these
hypotheses.

In summary, our observations highlight a previously unknown
mechanism that connects neutrophil-mediated carbamylation, immune
dysregulation, and bone erosion in RA. Our data extend the current
understanding of the role of anti-CarP in bone erosion and provide
evidence of previously unreported carbamylated autoantibodies that
may serve as better predictor of bone and joint damage in RA patients. Thus,
these findings provide a link between the generation of cNETs in the synovi-
um and bone loss, and further support the use of these novel carbam-
ylated autoantibodies as biomarkers for bone erosion in RA patients.

MATERIALS AND METHODS

Human specimens and cells

Subjects recruited in this study fulfilled the ACR (American College
of Rheumatology) criteria for RA (36) or were diagnosed with OA
based on characteristic clinical and radiographic features, and con-
firmed by pathological findings at joint surgery. Healthy controls
were recruited by advertisement. SLE patients fulfilled the ACR re-
vised diagnostic criteria (37). All individuals gave written informed
consent and enrolled in a protocol approved by the National Institute
of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) Institu-
tional Review Board (IRB protocol 01-AR-0227, NIH-94-AR-0066),
the University of Michigan IRB (IRB protocol HUM00043667 or
HUMO00045058), and the Instituto Nacional de Ciencias Medicas y
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de la Nutricion Salvador Zubiran (INCMNSZ, Ref 1243). A complete
clinical examination was performed, Disease Activity Score (DAS-28)
was determined (38), and hand and foot radiographs scores were
obtained using the Simple Erosion Narrowing Score (SENS) (39, 40)
for the RA samples provided by the Instituto Nacional de Ciencias
Medicas y Nutricion Salvador Zubiran (cohort 2). The rheumatologist
who scored the radiographs was blinded to the patients’ clinical data.
PB was obtained by venipuncture and collected in EDTA-containing
tubes. PB was fractionated via Ficoll-Paque Plus (GE Healthcare)
gradient. Neutrophils were isolated by dextran sedimentation and
hypotonic salt solution as previously described (10).

RA FLS were obtained as previously described (41). Cells were
maintained in CMRL medium (Invitrogen Life Technologies) and
used after passage 4 from primary cultures. Macrophages were
maintained in RPMI (Invitrogen Life Technologies), and OCs were
cultured in a-MEM (Invitrogen Life Technologies). Cell cultures were
supplemented with 10% FBS (Invitrogen), 2 mM glutamine, peni-
cillin (100 U/ml), and streptomycin (100 pg/ml) and grown in a
humidified incubator with 5% CO, at 37°C.

PB CD14" monocytes were isolated from healthy volunteers as
previously described (42). Briefly, PB mononuclear cells (PBMCs)
were incubated with CD14 beads (Miltenyi Biotec) in MACS buffer
according to the manufacturer’s instructions.

NET generation and carbamylation

Neutrophils from healthy volunteers were resuspended in RPMI and
seeded in 24-well plates in the presence of PMA (100 ng/ml) in the
presence or absence of 100 uM CN for 4 hours at 37°C. NETs were
harvested with micrococcal nuclease (10 U/ml) (Thermo Fisher Sci-
entific, Waltham, MD) for 15 min at 37°C. NET's were collected and
cleared of debris by centrifugation and stored at —20°C.

Immunization of DRB1*04:01 mice with NETs and cNETs
Animal studies were performed according to the guidance established
by the NIAMS Laboratory Animal Care and Use Section and follow-
ing approved protocol (A016-05-26). Breeding pairs of DRB1*04:01
transgenic mice were a gift from C. David (Mayo Clinic), and they
were housed and bred at the National Institutes of Health (NTH)
animal facility. Twelve-week-old DRB1%*04:01 male and female mice
were anesthetized using isoflurane vaporization. Hind left leg was
shaved and injected intra-articularly with 10 pl of total NETSs, cNETs,
or RA-NETs using a 27-gauge needle. This procedure was per-
formed weekly for a total of 14 weeks. Serum was collected at weeks
6 and 14 and analyzed for the presence of ACPAs and anti-CarP
antibodies.

Quantification of complexes of citrullinated histone H4-DNA
and carbamylated-DNA by ELISA

Serum citrullinated histone H3 or citrullinated histone H4 or carba-
mylated protein-dsDNA (double-stranded DNA) complexes were
quantified by ELISA. A 96-well plate was coated with rabbit poly-
clonal anti-citrullinated histone 3 (Abcam) or citrullinated histone
4 (EMD Millipore) or carbamylated lysine (Cell Biolabs) antibodies
at 1:400 in phosphate-buffered saline (PBS) overnight at 4°C. Wells
were washed and blocked with 1% bovine serum albumin (BSA) at
room temperature for 1 hour. Diluted plasma (1:10) was added to
the wells in (1% BSA) blocking buffer and incubated overnight at
4°C. The wells were washed three times and incubated with mouse
monoclonal anti-dsDNA antibody (EMD Millipore) at 1:100 in block-
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ing buffer. After washing three times, goat anti-mouse-conjugated
horseradish peroxidase (HRP) antibody (Bio-Rad) was added to the
wells in blocking buffer at 1:10,000. Wells were washed five times
followed by the addition of tetramethylbenzidine (TMB) substrate
(Sigma-Aldrich) and stop solution (Sigma-Aldrich). The absorbance
was measured at 450 nm, and values were calculated as an optical
density (OD) index. Assay was performed in duplicate.

cNET ELISA

A 96-well plate was coated with cNET's (4 ug/ml) in RPMI over-
night at 4°C. Wells were washed and blocked with 1% BSA at room
temperature for 1 hour. Diluted plasma (1:10) was added to the wells
in (1% BSA) blocking buffer and incubated overnight at 4°C. The
wells were washed three times, and donkey anti-human IgG-conjugated
HRP antibody (Bio-Rad) was added to the wells in blocking buffer
at 1:10,000. Wells were washed five times followed by the addition of
TMB substrate (Sigma-Aldrich) and stop solution (Sigma-Aldrich).
The absorbance was measured at 450 nm, and values were calculated
as an OD index. Assay was performed in duplicate.

Proteomic analysis

Immunoprecipitated proteins were run on a 4 to 12% bis-tris gradi-
ent gel. After staining with Coomassie blue, the excised bands were
destained, reduced, alkylated, and digested with trypsin as previously
described (43). Desalted tryptic peptides were analyzed using na-
noscale liquid chromatography tandem mass spectrometry (nLC-
MS/MS) and Ultimate 3000-nLC online coupled with an Orbitrap
Lumos Tribrid mass spectrometer (Thermo Fisher Scientific). Pep-
tides were separated on an EASY-Spray Cyg column (Thermo Fisher
Scientific; 75 um-by-50 cm inner diameter, 2-um particle size, and
100-A pore size). Separation was achieved by 4 to 28% linear gradient
of acetonitrile + 0.1% formic acid for 65 min. An electrospray volt-
age of 1.9 kV was applied to the eluent via the EASY-Spray column
electrode. The Orbitrap Lumos was operated in positive ion data-
dependent mode. Full-scan MS' was performed in the Orbitrap with
anormal precursor mass range of 375 to 1500 m/z (mass/charge ratio)
at a resolution of 120,000. The automatic gain control (AGC) target
and maximum accumulation time settings were set to 4 x 10° and
50 ms, respectively. MS was triggered by selecting the most intense
precursor ions above an intensity threshold of 2 x 10* for higher-
energy collisional dissociation (HCD)-MS? fragmentation with an
AGC target and maximum accumulation time settings of 2.5 x 10*
and 125 ms, respectively. Mass filtering was performed by the quad-
rupole with 0.7 m/z transmission window, followed by HCD frag-
mentation in the Orbitrap and collision energy of 32% at a resolution
of 30,000. To improve the spectral acquisition rate, parallelizable
time was activated. The number of MS? spectra acquired between
full scans was restricted to a duty cycle of 3 s. Raw data files were
processed with the Proteome Discoverer software (v2.4, Thermo
Fisher Scientific), using Byonic v3.3.3 (Protein Metrics) search node
for carbamylated peptide/protein identifications. The following search
parameters were set for MS1 tolerance of 10 parts per million (ppm):
orbitrap-detected MS/MS mass tolerance of 0.02 Da; enzyme speci-
ficity set as trypsin with maximum three missed cleavages; minimum
peptide length of 6 amino acids; fixed modification of Cys (carbam-
idomethylation); variable modification of methionine oxidation;
carbamylation of N terminus and Lys; and deamidation of Arg (citrul-
lination), Asn, and Gln. Target decoy was used to calculate the false
discovery rate of peptide spectrum matches, set at P < 0.02 (44).
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Furthermore, the b- and y-series ions of the carbamylated peptides
were investigated individually for neutral loss of isocyanic acid
(HNCO) —43.0058 Da.

ACPA depletion and purification

ACPAs were isolated by affinity purification, modified from proto-
cols previously published. In brief, 13 ug of biotinylated-CCP2 (gift
from Leiden University) was incubated with 50 ul of streptavidin-
agarose slurry (Thermo Fisher Scientific) for 60 min at room tem-
perature. CCP2-bound agarose beads were washed three times with
cold PBS. Serum from patients with established RA from a long-
standing prospective cohort (45) was diluted (1:500) with 1% BSA
and incubated with CCP2-bound agarose beads overnight at 4C.
ACPA-depleted sera were stored at —80°C until further use. Beads
were washed twice with cold PBS, and ACPAs were eluted with low-
pH elution buffer (Thermo Fisher Scientific). Solution was neutral-
ized according to the manufacturer’s instructions.

Autoantibody quantification by ELISA

A 96-well plate was coated with recombinant carbamylated histone
H2A, histone H2B, histone H3, histone H4, o-enolase, or vimentin
(100 ng/ml) in PBS overnight at 4°C. The plate was washed and blocked
with 1% BSA for 1 hour at room temperature. Diluted (1:500) sera
from SLE patients, RA patients, and healthy donors were incubated
overnight at 4°C. The plate was washed three to five times with 0.05%
PBS-Tween (PBS-T). HRP-conjugated anti-human IgG secondary
antibody was incubated for 1 hour at room temperature, followed
by five to seven washes with PBS-T. The plate was developed in the pres-
ence of TMB and read at 450 nm using a microplate reader (Synergy
HT, BioTek). Results are presented as OD index (ratio of the OD
in the patient serum to the mean OD in healthy control serum).

Cocultures of cells with NETs

A 12-well plate was seeded with 20,000 RA FLS or 20,000 M1 macro-
phages and treated with 100 ug of PMA-generated NETs or PMA +
CN-generated NET's (cNETs) for 24 hours. RNA was isolated using
a Direct-zol RNA Miniprep kit (Zymo Research) according to the
manufacturer’s instructions. Complementary DNA (cDNA) was
synthesized using an iScript RT single-strand cDNA master mix
(Bio-Rad). Fold difference was calculated using AAC; equation.

Effect ofimmune complexes on OC formation

A 96-well plate was coated with 200 ng of carbamylated histone H3/
H4 in PBS overnight. Immune complexes were generated by adding
100 pg of total IgG isolated from RA serum using a Melon kit (Thermo
Fisher Scientific). After 2 hours of incubation, wells were washed
with PBS. CD14" cells were isolated from healthy control PBMCs
using MACS columns with positive selection. Cells were incubated
in the presence of M-CSF (50 ng/ml) for 3 days. These pre-OCs
were seeded in the previously coated plates with carbamylated his-
tone H3/H4 in the presence or absence of control or RA IgGs. Cells
were maintained with M-CSF and RANKL. After 3 days, the plate
was washed and a TRAP staining kit (company) was used to detect
TRAP-positive cells.

OC resorption assay

CD14" cells were isolated from PBMCs from healthy control using
MACS columns. Cells were incubated in the presence of M-CSF
(50 ng/ml) for 3 days, followed by incubation with RANKL (100 ng/ml)
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for 7 days. OCs were detached using nonenzymatic dissociation
solution (Sigma-Aldrich). Equal numbers of OCs were seeded in a
calcium phosphate-coated plate in the presence or absence of car-
bamylated histone H3/H4, carbamylated histone H3/H4-control
IgG, or carbamylated histone H3/H4-RA IgG. OCs were cultured
in the presence of RANKL (100 ng/ml) for 3 days. Cells were removed,
and the plate was washed and scanned in a Celigo instrument. Im-
ages were analyzed using Image].

Immunofluorescence

Neutrophils were fixed in 4% paraformaldehyde (PFA) in PBS over-
night at 4°C, washed, and blocked with 0.2% porcine gelatin (Sigma-
Aldrich, St. Louis, MO) for 30 min and then incubated with primary
antibody for 1 hour in a humid chamber at 37°C. Coverslips were
then washed three times and incubated for 30 min with secondary
antibody at 37°C. Nuclei were counterstained with 1:1000 Hoechst
at room temperature. After washing three more times, coverslips were
mounted on glass slides using ProLong Gold solution (Invitrogen).
Images were acquired on a Zeiss LSM 780 confocal microscope.

Detection of citrullination using Rh-PG probe

Citrulline probe was used as previously described (11). Briefly, 10 ug
of total NETs from carbamylated and non-carbamylated samples was
incubated with 100 pM citrulline-Rh-PG probe (Cayman) in 20%
trichloroacetic acid for 30 min at 37°C. Samples were washed with
cold acetone twice and separated in a 4 to 12% gradient bis-tris gel
(Invitrogen). Citrullinated proteins were visualized in an Azure c600
Imaging system (Azure Biosystems).

Western blotting

Equal amounts of NET's were resolved in a 4 to 12% gradient bis-tris
gel (Invitrogen), transferred onto a nitrocellulose membrane, and
blocked with 10% BSA for 30 min at room temperature. After over-
night incubation with primary antibodies, membranes were washed
three times with PBS-T and incubated with secondary antibody cou-
pled to IRDye 800CW. Membranes were developed using Li-COR
Odyssey Clx scanner (Li-COR).

Statistical analysis

All analyses were performed using GraphPad Prism version 8.1.1
(La Jolla, CA). Mann-Whitney U test was used as applicable. One-
way analysis of variance (ANOVA) Kruskal-Wallis test (Dunn’s multiple
comparison test) was used to compare parameters among groups.
All analyses were considered statistically significant at P < 0.05.
A correlation matrix was generated in R using base R and plotted
using the package ggcorplot (v0.1.3). Code is available upon request.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/44/eabd2688/DC1

View/request a protocol for this paper from Bio-protocol.
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