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Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory disease 
that affects the joints and is driven by an autoimmune response. 
Left untreated, RA leads to progressive deterioration of the 
synovial lining, resulting in joint erosion, debilitating pain, 
and, ultimately, permanent disability. The presence of autoan-
tibodies in the serum is characteristic for the majority of 
patients with RA. The most prominent among these are rheu-
matoid factor and IgG anticitrullinated protein antibodies 
(ACPA), which are used as diagnostic biomarkers and for strat-
ification (Rantapaa-Dahlqvist et al. 2003), and are associated 
with poor outcomes (Kapetanovic et al. 2006). Accumulation 
of hypercitrullinated proteins in RA joints has been observed 
(Romero et al. 2013). ACPA, which target a range of citrulli-
nated autoantigens (Sakkas et al. 2017), can be detected during 
the very early stages of RA (Kudo-Tanaka et al. 2007), sug-
gesting a role in the initiation phase of the disease. The cause 
of RA, however, remains undefined (Maeda and Takeda 2017).

Increasing evidence is emerging for a strong association 
between RA and periodontal disease (Maeda and Takeda 
2017). Porphyromonas gingivalis, based on its detection at 
periodontitis-affected sites in humans (Condorelli et al. 1998) 
and observed pathogenicity in animal models of periodontitis 
(Hajishengallis et al. 2011), is sometimes referred to as a key-
stone pathogen in the etiopathogenesis of periodontitis. To 
date, however, this keystone role has been established only in 

preclinical models of disease where it is able to induce oral 
dysbiosis, manipulate host immune responses, and drive local 
inflammation (Hajishengallis et al. 2011).

Another proposed etiopathogenic mechanism in RA, cor-
roborated by the associations between RA and periodontal dis-
ease, is the mounting of a host immune response against 
pathogenic microbes, including P. gingivalis. Interestingly,  
P. gingivalis possesses a unique prokaryotic citrullinating 
enzyme, P. gingivalis peptidylarginine deiminase (PPAD; 
McGraw et al. 1999). Unlike human peptidylarginine deimi-
nases, which preferentially citrullinate internal arginine resi-
dues on target proteins, citrullination by PPAD occurs 
exclusively on carboxy-terminal arginine residues, which are 
generated through protein cleavage by the microbe’s arginine 
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Abstract
Rheumatoid arthritis (RA), a chronic inflammatory disease affecting primarily the joints, is frequently characterized by the presence 
of autoimmune anticitrullinated protein antibodies (ACPA) during preclinical stages of disease and accumulation of hypercitrullinated 
proteins in arthritic joints. A strong association has been reported between RA and periodontal disease, and Porphyromonas gingivalis, 
a known driver of periodontitis, has been proposed as the microbial link underlying this association. We recently demonstrated  
P. gingivalis–mediated gut barrier breakdown and exacerbation of joint inflammation during inflammatory arthritis. In the present study, 
we investigated another potential role for P. gingivalis in RA etiopathogenesis, based on the generation of ACPA through the activity of a 
unique P. gingivalis peptidylarginine deiminase (PPAD) produced by this bacterium, which is capable of protein citrullination. Using a novel 
P. gingivalis W50 PPAD mutant strain, incapable of protein citrullination, and serum from disease-modifying antirheumatic drug–naïve 
early arthritis patients, we assessed whether autocitrullinated proteins in the P. gingivalis proteome serve as cross-activation targets in 
the initiation of ACPA production. We found no evidence for patient antibody activity specific to autocitrullinated P. gingivalis proteins. 
Moreover, deletion of PPAD did not prevent P. gingivalis–mediated intestinal barrier breakdown and exacerbation of disease during 
inflammatory arthritis in a murine model. Together, these findings suggest that the enzymatic activity of PPAD is not a major virulence 
mechanism during early stages of inflammatory arthritis.
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gingipains (Goulas et al. 2015; Montgomery et al. 2016). 
PPAD activity has not yet been formally demonstrated at sites 
of periodontitis. However, as P. gingivalis has been isolated 
from such sites (Condorelli et al. 1998) and because PPAD is 
expressed mainly on the surface of this bacterium (McGraw  
et al. 1999; Quirke et al. 2014), PPAD activity at sites of peri-
odontal inflammation can be inferred. Thus, assuming PPAD 
activity in gingiva, the discrepancy in citrullination target sites 
between human peptidylarginine deiminase and PPAD may 
enhance the antigenicity of microbial autocitrullinated proteins  
(Sakkas et al. 2017). In the susceptible host, as originally 
hypothesized by Rosenstein and colleagues (2004), this ini-
tially antimicrobial response could give rise to cross-reactive 
antibodies able to target citrullinated host proteins (Masson-
Bessiere et al. 2001).

The putative role of autocitrullinated P. gingivalis proteins 
in the etiopathogenesis of RA remains of interest. Herein we 
report that deleting PPAD from the P. gingivalis W50 genome 
ablated its ability to citrullinate protein-bound arginine resi-
dues. Using sera from disease-modifying antirheumatic drug 
(DMARD)–naïve early RA patients, we found that the autoc-
itrullinated proteome of P. gingivalis W50 was not specifically 
targeted by ACPA in RA patients. Deletion of PPAD did not 
reverse the ability of P. gingivalis to promote intestinal barrier 
disruption and exacerbation of joint disease in a model of 
inflammatory arthritis.

Our findings indicate that although PPAD is capable of 
citrullinating the endogenous P. gingivalis proteome, these 
citrullinated proteins do not represent major targets for autoim-
mune responses in early RA patients and suggest that the role 
for PPAD activity in driving pathology in inflammatory arthri-
tis is limited.

Materials and Methods
The Appendix Materials and Methods describe the methods, 
materials, reagents, and sources for the following: RA patient 
and healthy control sera; bacterial strains used and growth con-
ditions; generation of P. gingivalis mutant strain PG1424; 
PPAD activity measurement by colorimetric assay and thin 
layer chromatography (TLC); SDS-PAGE and immunoblotting, 
including antimodified citrulline method; preabsorbed serum 
ACPA titration ELISA; induction of inflammatory arthritis by 
K/BxN serum transfer and inoculation with bacteria; 16S rRNA 
gene quantitative polymerase chain reaction (16S qPCR); and 
statistical analysis. Animal experiments conform to the 
ARRIVE guidelines (see the Appendix and ARRIVE checklist).

Results

Deletion of PPAD from P. gingivalis W50 Ablates  
Its Ability to Citrullinate Protein-Bound Arginine

As conflicting results have been reported pertaining to the role 
of autocitrullinated P. gingivalis proteins in RA, we addressed 
this question by generating a PPAD-mutant P. gingivalis strain 
lacking citrullination activity (PG1424) by homologous 

replacement of the ppad-encoding region PG1424 with an 
ermF-ermAM cassette encoding a clindamycin resistance gene 
(see Appendix Methods and Appendix Fig. 1 for details).

To assess the effect of PPAD deletion from P. gingivalis 
W50, we first compared the citrullination activity of P. gingi-
valis wild type (W50), a gingipain protease (rgpA, rgpB)–deficient 
mutant (E8; Aduse-Opoku 2006), and the PPAD-deficient 
mutant (PG1424). Bacterial cells (1 × 108 CFU [colony-form-
ing units]) were incubated with 5mM N-α-benzoyl-L-arginine 
methyl ester (BAME), N-α-benzoyl-L-arginine (BA), or free 
L-arginine under anaerobic conditions at 37 ºC overnight, fol-
lowed by removal of the bacterial cells. Using a colorimetric 
assay to measure L-citrulline levels in the supernatants, we 
observed complete ablation of BAME and BA citrullination 
when the substrate was incubated with PG1424 as compared 
with incubations with W50 (Fig. 1A). We also measured a 18% 
reduction in BAME citrullination by E8 but no significant 
reduction in BA citrullination, suggesting a limited role for 
arg-gingipain-mediated cleavage of L-arginine methyl ester 
substrates in facilitating citrullination.

Next, P. gingivalis strains W50, E8, or PG1424 were incu-
bated with both substrates as before; bacterial cells were 
removed by centrifugation; and supernatants were run on a 
TLC plate. Incubation of both substrates with P. gingivalis 
W50 or E8 yielded spots corresponding to N-α-benzoyl-L-
citrulline (BC), and no BA or BAME was detected in these 
lanes (Fig. 1B), indicating complete conversion of the sub-
strates. Conversely, lanes containing incubations of BA or 
BAME with PG1424 showed strong spots corresponding to the 
input substrate, but no citrullinated products were detected. Of 
note, incubation of E8 with BAME also produced detectable 
levels of N-α-benzoyl-L-citrulline methyl ester (BCME), sug-
gesting that the absence of arginine gingipain activity may 
result in the further conversion of BAME to BCME.

Citrullination of free L-arginine, as assessed by colorimet-
ric assay and TLC, was not affected by deletion of PPAD (Fig. 
1A, C). Arginine deiminases (ADIs), guanidino group–modi-
fying enzymes able to citrullinate free arginine, have been 
described in other bacterial taxa (Casiano-Colon and Marquis 
1988; Díez et al. 2017; Cai et al. 2018). Genomic sequence 
comparisons with ADI proteins found in other bacterial species 
with the RAST database (http://rast.nmpdr.org/rast.cgi) identi-
fied orthologous areas in the P. gingivalis genome (see black 
box in Fig. 1D), suggesting the presence of an ADI gene in the 
P. gingivalis W50 genome, which could be responsible for the 
observed free L-arginine citrullination.

Next, using the P. gingivalis wild-type W50 and mutant 
PG1424, we investigated the role of PPAD in the autocitrulli-
nation of the P. gingivalis W50 proteome. Autocitrullinated  
P. gingivalis proteins have been proposed as triggers of auto-
immune responses in RA (Wegner et al. 2010; Quirke et al. 
2014). To compare citrullination of proteins in P. gingivalis 
W50 and PG1424, whole cell lysates were prepared in the 
presence of protease inhibitor leupeptin (2 mM, +Leu; Curtis  
et al. 2002), or leupeptin was added after 10 min of lysis (–Leu; 
see Appendix Methods). Citrullinated proteins were measured 
by immunoblot with an antimodified citrulline antibody (Shi  

http://rast.nmpdr.org/rast.cgi
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et al. 2013). Citrullination was detected in lanes from P. gingi-
valis W50 colonies prepared in the presence of leupeptin, indi-
cating the presence of citrullinated proteins in the original 
bacterial sample (Fig. 1E). However, we detected higher levels 
of citrullinated proteins if leupeptin was added to the lysis 
reactions after a 10-min delay, indicative of autocitrullination 
of C-terminal arginine residues generated by the action of arg-
gingipains during the lysis period. No citrullinated proteins 
were detected in lanes containing any of the PG1424 lysates.

Taken together, these findings indicate that PPAD enzy-
matic activity is nonredundant for autocitrullination of the  
P. gingivalis W50 proteome as well as other substrates that 

have a C-terminal arginine. Moreover, P. gingivalis W50 PPAD 
retains its enzymatic activity after lysis of bacterial cells.

Autocitrullinated Proteins in the P. gingivalis  
W50 Proteome Are Not Targeted by ACPA  
in Serum from Early RA Patients

To assess potential systemic antibody responses in ACPA+ RA 
patients to autocitrullinated P. gingivalis proteins, we devised a 
preabsorbed serum ACPA titration ELISA to compare serum 
ACPA binding activity against the autocitrullinated and 

Figure 1. Porphyromonas gingivalis peptidylarginine deiminase (PPAD) activity can be detected in the wild-type but not the PPAD-mutant P. gingivalis 
strain. (A) Percentage of PPAD activity in P. gingivalis E8 (rgpA-rgpB mutant) and PG1424 (ppad mutant) in comparison with P. gingivalis W50 (wild-
type strain) measured by colorimetric assay. Results are expressed as mean ± SEM. *P < 0.05. ****P < 0.0001. One-way analysis of variance, followed 
by Tukey’s multiple- comparisons test on the raw data. BA, N-α-benzoyl-L-arginine; BAME, N-α-benzoyl-L-arginine methyl ester; BC, N-α-benzoyl 
L-citrulline; BCME, N-α-benzoyl L-citrulline methyl ester. (B) BC and BCME produced by P. gingivalis strains W50, E8, and PG1424 after incubation 
with BA or BAME were measured by thin layer chromatography. (C) L-citrulline production from L-arginine by P. gingivalis strains W50, E8, and 
PG1424 was assessed by thin layer chromatography. (D) Sequence comparisons of the P. gingivalis genome with arginine deiminases (in box) of other 
bacterial species to identify orthologous protein sequences. (E) Comparison of autocitrullination in P. gingivalis W50 and PG1424. Immunoblotting 
of whole cell lysates from P. gingivalis W50 and PG1424 prepared with immediate addition of leupeptin (+Lp) or delayed addition (–Lp; after 10 min 
of lysis) was carried out via the antimodified citrulline method, including native histone H2A (nH2A; negative control) and citrullinated histone H2A 
(cH2A; positive control).
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noncitrullinated P. gingivalis cellular pro-
teome. Serum from DMARD-naïve 
ACPA+ and ACPA– early RA patients and 
from healthy controls was incubated in 
microtiter plate wells coated with total cell 
lysates collected from P. gingivalis W50 or 
PG1424 or bovine serum albumin (BSA)–
coated control wells. Next, unbound ACPA 
in the preabsorbed sera were measured by 
anti-CCP ELISA. As expected, high levels 
of ACPA were detected for sera from 
ACPA+ RA patients that had been preab-
sorbed in BSA-coated control wells, while 
low amounts of ACPA were measured in 
BSA-preabsorbed sera from ACPA– RA 
patients and healthy controls (Fig. 2A). Of 
note, no differences in ACPA levels were 
detected between ACPA+ sera preabsorbed 
against lysates from W50 and PG1424 P. 
gingivalis strains, and levels were compa-
rable to the BSA control, suggesting that 
no significant amounts of ACPA had bound 
to either W50 or PG1424 lysates.

We next assessed whether differences 
in human serum IgG antibody reactivity 
were discernable when immunoreactivity 
was compared against proteins within the 
entire microbial proteome. P. gingivalis 
W50 and PG1424 was grown for 48 h in 
liquid culture, and whole cell lysates and 
supernatants were collected, followed by 
immunoblotting with the sera of ACPA+ 
and ACPA– RA patients and healthy con-
trols. Visual comparison of individual 
bands in entire lanes detected some differ-
ences in the banding patterns among dif-
ferent serum donors for whole cell lysates 
and supernatants (Fig. 2B, D; 2 represen-
tative donors per group are shown); how-
ever, we did not observe differences in 
band patterns between P. gingivalis W50 
and PG1424 whole cell lysates or superna-
tants when serum from the same donor 
was used (Fig. 2B, D). Of note, no associ-
ations were detected between banding pat-
terns of P. gingivalis W50 and PG1424 
with sera from ACPA+ or ACPA– RA 
patients or healthy control groups. Densitometric quantifica-
tion of total band intensities in each lane indicated that there 
were no differences in the immunoreactivity of patient or 
healthy control sera against total autocitrullinated versus non-
citrullinated proteomes in whole cell lysates or supernatants 
(Fig. 2C, E), in line with the results from the serum preabsorp-
tion assay (Fig. 2A). Given our observation that P. gingivalis 
proteins preferentially citrullinated by PPAD are approxi-
mately 11 kDa (Fig. 1E), we queried whether citrullinated 

proteins within this band, specifically, could be targets for 
ACPA from early ACPA+ RA patients. Densitometric analysis 
indicated that binding of patient serum antibodies to proteins 
within the 11-kDa band did not significantly differ between 
citrullinated P. gingivalis W50 and noncitrullinated PG1424 
lysates (Fig. 2F).

Together, these data suggest that ACPA+ or ACPA– RA 
patients’ serum IgG antibodies do not specifically target autoc-
itrullinated over noncitrullinated P. gingivalis proteins.

Figure 2. Human serum immunoreactivity against lysates from citrullination-competent and 
citrullination-incompetent Porphyromonas gingivalis does not differ. (A) Preabsorbed serum 
anticitrullinated protein antibodies (ACPA) titration was performed by preabsorbing sera from 
ACPA+, ACPA– rheumatoid arthritis (RA) patients, and healthy control (HC) sera on microtiter 
plates coated with whole cell lysates from P. gingivalis W50, PG1424, or 10% bovine serum 
albumin (BSA; negative control), followed by detection of remaining serum ACPA with anti-CCP 
ELISA. Results are expressed as mean ± SEM. **P ≤ 0.01. ***P ≤ 0.001. One-way analysis of 
variance, followed by Sidak’s post hoc test. (B–E) Assessment of human serum immunoreactivity 
against specific components in lysates from citrullinated-competent and citrullinated-deficient P. 
gingivalis. Representative immunoblots are shown of (B) whole cell lysates and (D) supernatants 
from P. gingivalis W50 (W) and PG1424 (P) probed with serum from ACPA+ and ACPA– RA 
patients and healthy controls and horseradish peroxidase–conjugated anti-human IgG antibody. 
Arrow in panel B indicates band used for analysis in panel F. (C, E) Corresponding densitometry 
analysis of band intensity on immunoblots. Results in scatter-dot plots are expressed as mean 
± SEM and unpaired student’s t test comparing W50 and PG1424 in each serum group. (F) 
Densitometry analysis of 11-kDa band (arrow in B) intensity on immunoblots of W50 or 
PG1424 whole cell lysates incubated with ACPA+ RA patient serum. Results are presented as 
mean ± SEM and unpaired Student’s t test.
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PPAD Deletion Does Not Prevent P. gingivalis–
Induced Gut Barrier Breakdown and Exacerbation  
of Joint Inflammation during Inflammatory Arthritis

We recently reported on the pathogenic actions of P. gingivalis in 
exacerbating arthritic inflammation by breaking down the intesti-
nal barrier and promoting the breach of gut microbes into host 
tissues (Flak et al. 2019). These effects were not observed if ani-
mals were inoculated with a commensal microbe, suggesting that 
this mechanism is specific to pathobionts such as P. gingivalis.

Hence, we next sought to evaluate whether PPAD contrib-
utes to the observed pathogenic actions, using our model of 
induced inflammatory arthritis. For this purpose, C57BL/6 
mice were orally inoculated with 109 CFU of P. gingivalis W50 
or PG1424 or gavaged with vehicle alone on days 0, 2, and 4. 
Twenty-four and 48 h after the first inoculation, mice were 
injected with arthritogenic K/BxN serum (50 µL, intraperito-
neally) to initiate inflammatory arthritis. To assess the effects 
inflammatory arthritis via gut barrier function, inoculation was 
performed straight into the stomach of the animals. While pre-
vious studies demonstrated that inflammatory arthritis leads to 
periodontal inflammation (Montero-Melendez et al. 2014), we 
did not observe differences in the macroscopic signs of peri-
odontal inflammation among the groups (data not shown). 16S 
qPCR to measure bacterial DNA in gut-draining mesenteric 
lymph nodes, as a readout for microbial breach of the gut bar-
rier (Flak et al. 2019), demonstrated that PG1424 inoculation 
increased levels of bacterial DNA in mesenteric lymph nodes, 
albeit to a marginally lesser extent than the wild-type strain 
(Fig. 3A). Next, we assessed clinical markers of joint inflam-
mation in terms of redness and edema formation in ankles, 

paws, and small joints. Here, inoculation 
with both P. gingivalis strains exacerbated 
edema formation, as determined by the 
swelling index representing cumulative 
paw and ankle width (Fig. 3B), and 
increased joint inflammation by day 8 after 
the initial inoculation when compared with 
vehicle-gavaged arthritic mice (Fig. 3C, 
D). Together, these results suggest that 
PPAD activity is not the virulence factor/
mechanism underlying P. gingivalis–medi-
ated gut barrier breakdown and disease 
exacerbation in inflammatory arthritis.

Discussion
In the present study, we demonstrate that 
autocitrullination of the P. gingivalis pro-
teome is strictly dependent on the pathobi-
ont’s PPAD enzymatic activity. Contrary to 
the frequently proposed hypothesis, our 
findings suggest that this autocitrullination 
does not generate epitopes that represent 
antigenic targets for ACPA autoantibodies 
in the serum of DMARD-naïve early RA 
patients.

Increased immunoreactivity of RA patient sera against  
P. gingivalis–derived proteins has been reported (Mikuls et al. 
2009; Bender et al. 2017) and correlations with ACPA levels 
observed, albeit not unanimously (Okada et al. 2011; Bae and 
Lee 2018). Yet, the mechanistic relevance of autocitrullinated 
P. gingivalis proteins in autoimmune responses in RA and their 
contribution to the onset of the disease remain unclear (Konig, 
Bingham, and Andrade 2015; Olsen et al. 2018).

Autocitrullinated PPAD has recently been investigated for 
its potential role in triggering loss of self-tolerance and induc-
tion of cross-reactive ACPA in RA (Quirke et al. 2014). 
Interestingly, studies by several groups have reported conflicting 
results with respect to the ability of PPAD to autocitrullinate 
and the antigenicity of such autocitrullinated PPAD in RA 
(Quirke et al. 2014; Konig, Bingham, and Andrade 2015). Using 
a colorimetric assay for citrullination, TLC, and immunoblotting, 
we found that autocitrullination of the P. gingivalis proteome 
occurs only in the presence of a functioning PPAD and was  
not detected on the proteome of a PPAD-deleted mutant P. gin-
givalis PG1424.

Our findings also indicate clear antibody reactivity against 
P. gingivalis W50 in serum from DMARD-naïve early RA 
patients and healthy individuals. Yet, despite the inability of 
mutant strain PG1424 to autocitrullinate its proteins, no differ-
ences were found in the pattern of reactivity of DMARD-naïve 
RA patient serum against lysates from wild-type P. gingivalis 
W50 or the PPAD-deleted mutant PG1424, regardless of 
patients’ ACPA status. This suggests that while patient serum 
antibodies are likely to target proteins of the pathobiont that are 
autocitrullinated, the autocitrullinated residues themselves do 

1 2 3 4 5 6 7 8
0

2

4

6

8

10

Time (Days)

C
lin

ic
al

 S
co

re

K/BxNK/BxN + K/BxN + PG1424

-20

0

20

40

R
el

at
iv

e 
U

ni
ts

*
P=0.057

A

*

18

19

20

Sw
el

lin
g 

in
de

x

B C

K/BxN
+ P. gingivalis
K/BxN + PG1424

0
2
4
6
8

10
12

C
lin

ic
al

 S
co

re

K/BxN
+ P.gingivalis
+ PG1424

D

*
*

K/BxN
+ P. gingivalis
K/BxN + PG1424

+ PBS
K/BxN + W50 K/BxN + W50

+ PBS
+ PBS   W50      

K/BxN + PBS      
K/BxN + W50      
K/BxN + PG1424      

Figure 3. Gut barrier breakdown and exacerbation of joint inflammation during inflammatory 
arthritis are not prevented by peptidylarginine deiminase deletion. Mice were orally inoculated 
with Porphyromonas gingivalis W50 or PG1424 (109 colony-forming units per mouse) or given 
vehicle (phosphate-buffered saline [PBS]) on days –1, 1, and 3 and injected with K/BxN serum 
(50 μL/mouse, intraperitoneal, days 0 and 2). Mesenteric lymph nodes were collected on day 
8. (A) 16S rRNA gene levels were measured in mesenteric lymph nodes by 16S quantitative 
polymerase chain reaction to assess bacterial translocation across the intestinal barrier. Results 
are presented as mean ± SEM and representative of 3 or 4 mice per group. *P ≤ 0.05. Mann-
Whitney test. (B) Swelling indices of edema formation on day 7 in paws and ankles of 4 mice 
per group. *P ≤ 0.05. Results are presented as median, interquartile range, and 95% CI. One-way 
analysis of variance, followed by Sidak’s post hoc test. (C) Daily clinical arthritis scores were 
recorded over time. Results are presented as mean ± SEM for 4 mice per time point per group. 
(D) Clinical arthritis score on day 8. Results are presented as mean ± SEM for 4 mice per group. 
*P ≤ 0.05. One-way analysis of variance, followed by Sidak’s post hoc test.
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not serve as epitopes that are specifically targeted by ACPA. 
Although severity of arthritic disease is reportedly linked to the 
presence of periodontitis in susceptible individuals and, subse-
quently, RA symptoms may decrease following successful 
treatment of periodontal disease (Bingham and Moni 2013; 
Chou et al. 2015), our findings indicate that the effect of peri-
odontitis on joint disease is not dependent on generation of 
epitopes within the autocitrullinated P. gingivalis proteome. 
However, while our data support the notion that this autocitrul-
linome does not act as a trigger of initial ACPA production as 
occurs during early stages of RA, we cannot rule out that 
autocitrullinated P. gingivalis proteins may contribute to auto-
immune responses during later stages of disease (Kudo-Tanaka 
et al. 2007). Moreover, host-derived inflammatory cues, as 
may arise during periodontitis that is driven by P. gingivalis or 
other oral pathobionts but also nonmicrobial factors (Curtis  
et al. 2011), may induce posttranslational protein modifications, 
including citrullination and carbamylation (Bright et al. 2018), 
and thus could be a mechanism linking periodontitis and RA.

It is also possible that the absence of detectable RA patient 
antibody binding specifically to citrullinated epitopes within 
the autocitrullinome of P. gingivalis may be due to the levels of 
ACPA targeting these bacterial epitopes being extremely low 
and below the detection levels of our assays. This would imply 
that PPAD autocitrullination is not a trigger of strong (auto)
immune responses, at least not during the early stages of RA. 
Moreover, epitopes generated by PPAD citrullination of P. gin-
givalis proteins may be structurally different to other types of 
citrullinated residues that are bound by ACPA or that the modi-
fied epitope may not be accessible to the antibody.

It is also possible that, rather than constituting an epitope 
for (auto)antibodies, citrullination and thus PPAD activity may 
instead contribute to the triggering of RA through other mecha-
nisms, for example, by uncovering cryptic noncitrullinated 
epitopes by altering the secondary or tertiary structures of pro-
teins (Koziel et al. 2014)—thus not through molecular mimicry 
but through what perhaps might be considered biofunctional 
mimicry. Alternatively, it has recently been reported that  
P. gingivalis PPAD may influence biofilm formation (Vermilyea 
et al. 2019) and gene expression in keratinocytes, although it is 
unclear whether citrullination is required for the latter (Aliko  
et al. 2018). Our recent discovery that impaired gut barrier 
function in the arthritic host facilitates pathogenic behavior of 
P. gingivalis, including intestinal barrier breakdown, promo-
tion of gut microbial invasion, and exacerbation of joint 
inflammation, provides insights into the mechanisms underly-
ing the connection between RA and periodontitis/P. gingivalis. 
Two previous studies with another model of inflammatory 
arthritis reported reduced exacerbation of joint inflammation 
after inoculation with PPAD-deleted P. gingivalis (Maresz  
et al. 2013; Gully et al. 2014). However, the first study, due to 
colonization resistance of the mouse strain used, required 
exposure of the immune system to P. gingivalis inside a subcu-
taneously implanted chamber, not via mucosal surfaces 
(Maresz et al. 2013). The second study involved antibiotic pre-
treatment prior to P. gingivalis inoculation, and induction of 
inflammatory arthritis took place after completion of a long 

inoculation period over 4 wk (Gully et al. 2014). Results from 
the present study, where inoculation occurred in the gastroin-
testinal tract without antibiotic pretreatment and disease was 
initiated shortly after, suggest that the pathogenic actions of  
P. gingivalis on the gut barrier and joint inflammation are 
essentially independent of PPAD activity. This is in line with 
our previous studies demonstrating that P. gingivalis disrupts 
the gut barrier via downregulating epithelial barrier junc-
tional proteins and those by Katz et al. (2002) demonstrating 
that in the oral mucosa this pathobiont can directly break-
down epithelial barrier proteins. Although there may be an 
initial delay, by day 8 after arthritis initiation, the PPAD 
mutant, like the wild-type strain, promotes microbial gut bar-
rier breach and significantly exacerbates clinical symptoms 
of joint inflammation

To conclude, our findings support the hypothesis (Konig, 
Paracha, et al. 2015) that the autoctrullinated P. gingivalis pro-
teome does not contain strongly immunogenic epitopes tar-
geted by serum ACPA during the early stages of RA and that 
PPAD activity is not required for the gut barrier breakdown 
underlying P. gingivalis–driven inflammatory arthritis.
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