
















Supplementary Figures 

 

 

Fig. S1. Protein citrullination is only detected in neutrophils co-incubated with Aa strains. 

(A) Dot blot analysis of neutrophils incubated alone (PMN alone, 0 h/ 1.5 h), of neutrophils 

incubated with increasing amounts of bacteria (10-100 bacterial cells per neutrophil), and of 

bacteria incubated alone to detect protein citrullination (AMC). Citrullination was only observed 

in Aa-exposed neutrophils (PMN), but not in neutrophils incubated with other bacterial species or 

in bacteria alone. (B) Amido black staining is shown to visualize protein loading. The experiments 

were performed on two separate occasions, with similar results. 
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Fig. S2. LtxA induces neutrophil hypercitrullination in human saliva and across a range of 

calcium concentrations. (A) Neutrophils were incubated in human saliva (cleared by 

centrifugation) in the presence or absence of 0.3 µg/mL purified LtxA ± 5 mM EGTA. Total 

citrullinated protein (AMC) and histone H3 (H3) (loading control) were detected by 

immunoblotting. (B) Human neutrophils were incubated with purified LtxA at increasing 

concentrations of calcium (0.0-1.5 mM) or 5 mM EGTA (last lane). As control, neutrophils were 

incubated with 1.5 mM calcium in the absence of LtxA. Total citrullinated protein (AMC), 

citrullinated H3 (citH3), and histone H3 (H3) (loading control) were detected by immunoblotting. 

The experiments were performed on three (A) and two (B) separate occasions, with similar results. 
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Fig. S3. Antibodies against LtxA and Aa serotype b identify patients with active periodontitis 

associated with leukotoxic strains of Aa. (A) Serum antibodies to LtxA and Aa (serotype b) were 

assessed by ELISA, and subgingival plaque Aa DNA was amplified by PCR in 6 patients with 

periodontitis (PD) and 8 controls without periodontitis (No PD). Antibodies to Aa and LtxA were 

only positive in a subgroup of periodontitis patients who were also positive for Aa DNA in 

subgingival plaque (Aa+ve PD group, n = 4). Mean values ±SEM are shown (Kruskal–Wallis test; 

*p=0.02, **p=0.006). The pink and green dotted lines mark the cut-offs for positivity as 

determined by ELISA for antibodies against LtxA and Aa, respectively. (B) Antibodies against 
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PFA-fixed Aa serotype b in patients with RA (n = 196) and healthy controls without periodontitis 

(No PD; n = 37) as detected by ELISA. Red line indicates mean IgG concentration. The dotted 

line marks the 95th percentile of controls (cut-off for positivity) (Mann-Whitney test). (C) 

Reactivity of No PD control sera against purified LtxA by ELISA. Twelve No PD controls (pink 

box) demonstrated antibody reactivity. These sera were further interrogated in D by IVTT-

immunoprecipitation (IP) to confirm antibody binding. (D) Reactivity against LtxA in No PD 

control sera positive for anti-LtxA antibodies by ELISA (n = 12) was determined by IP using 

radiolabelled IVTT-LtxA. Anti-LtxA antibody negative individuals without periodontitis (No PD; 

n = 11) were used as negative controls. 11/12 of No PD controls reactive by ELISA were also 

positive for anti-LtxA antibodies by IP, confirming that these healthy individuals were indeed 

exposed to leukotoxic strains of Aa. One sample with low-titer anti-LtxA antibodies by ELISA 

(15.1 U/mL) was negative by immunoprecipitation. (E) Venn diagram of anti-Aa serotype b and 

anti-LtxA antibody positive RA as determined by ELISA. 

  



 

Fig. S4. Anti-LtxA antibody concentrations correlate with periodontitis severity. (A) Serum 

antibodies to LtxA in patients with mild versus severe periodontitis (PD). Box and whiskers plot 

(box indicates the median, 25th and 75th percentiles; whiskers mark the minimum to maximum 

values); P value calculated using Wilcoxon Rank-Sum test. (B) Scatter plot of log anti-LtxA 

antibodies versus mean pocket depth in patients with periodontitis (β = 1.12; P <0.0001). 
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Fig. S5. Antibodies to P. ginvivalis (Pg) are enriched in a subset of RA that largely differs from 

patients exposed to LtxA. (A) Antibodies against PFA-fixed Pg in patients with RA (n = 196) and 

healthy controls without periodontitis (No PD; n = 37) as detected by ELISA. Red line indicates 

mean IgG concentration. The dotted line marks the 95th percentile of controls (cut-off for 

positivity) (Mann-Whitney test). (B) Venn diagram of anti-LtxA and anti-Pg antibody positive RA 

as determined by ELISA. Anti-Pg and anti-LtxA antibodies overlapped in 39 patients with RA 

(39/196; 20%). 
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Table S1. Specific bacterial peptides identified in GCF.  

 

S1A - Aggregatibacter actinomycetemcomitans 

  



S1B - Porphyromonas gingivalis 

  



S1C - Tannerella forsythia 

















 

  



S1D - Treponema denticola 







  



S1E - Parvimonas micra 

  



S1F - Prevotella intermedia 

  



S1G - Fusobacterium nucleatum ssp.†/ Fusobacterium periodonticum 















 

 

 



S1G - Streptococcus intermedius 

  



S1H - Streptococcus oralis 

 



S1I - Abiotrophia defectiva 

 



Table S2. Citrullinated peptides identified in untreated PMNs (provided as an Excel file). 

 

Table S3. Citrullinated peptides identified in LtxA-treated PMNs (provided as an Excel file). 

 

Table S4. Characteristics of healthy controls without periodontitis and patients with 

chronic periodontitis.  

 No PD PD  

 (n = 100)† (n = 109)† P 

    

Age, years (± SD)‡ 35 ± 13 49 ± 11 <0.001 

Male gender, n (%)‡ 35 (35) 64 (59) <0.001 

Caucasian, n (%)‡ 74 (73) 52 (52)  

African American, n (%)‡ 13 (13) 41 (41)  

Other, n (%)‡ 12 (12) 7 (7) <0.001 

    

Bleeding on probing, % of sites (± SD)§ 16 ± 19 38 ± 22 <0.001 

Pocket depth in mm, mean (± SD)§ 2.0 ± 0.3 2.7 ± 0.5 <0.001 

Clinical attachment level, mean (± SD)§ 1.5 ± 0.7 2.5 ± 0.7 <0.001 

    

Anti-LtxA positivity, n (%) 11 (11) 68 (62)  

Anti-LtxA units, median (IQR) 2.3 (0.0-2.8) 24 (2.5-201) <0.001 

    

†Smoking and diabetes mellitus were exclusion criteria in this study cohort. 

‡Demographic information was available for 100/109 periodontitis patients (PD) and 99/100 controls (No 

PD). 

§Clinical indices were available for 98/100 controls without periodontitis. 

 

Multiple regression model for log anti-LtxA 

 Beta (StdErr) Linear Rank 

  P value P value 

PD Case* 1.12 (0.12) <0.0001 <0.0001 

*Adjusted for race (3 options), age, gender, study 



Table S5. Characteristics of RA patients by anti-LtxA antibody status. 

 No anti-LtxA Anti-LtxA +ve  

 (n = 112) (n = 84) P 

    

Age, years 59 ± 8 60 ± 9 0.13 

Male gender, n (%) 44 (39) 35 (42) 0.74 

Caucasian, n (%) 103 (92) 65 (77) 0.004 

African-American, n (%) 5 (5) 13 (15)  

Asian 3 (3) 4 (5)  

Hispanic 1 (1) 2 (2)  

RA duration, years 10 (4-17) 8 (5-20) 0.90 

    

RF seropositivity, n (%) 64 (57) 65 (77) 0.003 

Anti-CCP seropositivity, n (%) 82 (73) 69 (82) 0.14 

Anti-CCP units among pos., median 

(IQR) 

144 (93-182) 145 (104-182) 0.73 

ACPA seropositivity, n (%) 75 (67) 69 (83) 0.011 

    

DAS28, median 3.5 (2.9-4.3) 3.8 (2.9-4.3) 0.59 

Swollen joint count, median 7 (3-10) 7 (4-10) 0.71 

Tender joint count, median 6 (2-12) 6 (3-13) 0.70 

    

Total SvdH score, median† 7 (0-32) 12 (1-65) 0.12 

Total erosion score, median† 2 (0-8) 4 (0-22) 0.077 

Total JSN score, median† 4 (0-20) 6 (0-38) 0.15 

    

Pain (100mm VAS), median 18 (7-32) 24 (8-47) 0.042 

    

Non-biologic DMARDs, n (%) 97 (87) 68 (82) 0.37 

Biologic DMARDs, n (%) 57 (51) 32 (39) 0.087 

Glucocorticoids, n (%) 44 (39) 31 (37) 0.73 

†150 had interpretable radiographs at follow-up    

Anti-LtxA, anti-Leukotoxin A antibodies, cut-off level for positivity >95th percentile of controls; RF, rheumatoid 

factor, cut-off for positivity >40 units; anti-CCP, anti-cyclic citrullinated peptide antibody, cut-off for positivity 

>20 units; ACPA, anti-citrullinated protein antibodies, any positivity by multiplex assay (ACPA fine 

specificities); DAS28, Disease Activity Score 28; DMARDs, disease-modifying antirheumatic drugs; JSN score, 

joint space narrowing score; SvdH score, Sharp/van der Heijde score; VAS, Visual Analogue Scale.



Table S6. The association of shared epitope alleles with ACPAs and RF according to anti-P. gingivalis (Pg) antibody status. 

 

 Anti-Pg negative RA (n = 123)   Anti-Pg positive RA (n = 71)   

 SE negative SE positive OR P  SE negative SE positive OR P P- 

 (n = 36) (n = 87)    (n = 22) (n = 49)   interaction 

Anti-CCP positivity, %           

   Crude prevalence (95% CI) 56 (39, 71) 85 (76, 91) 4.55 0.001  64 (42, 81) 86 (73, 93) 3.43 0.041 0.71 

   Adjusted* prevalence (95% CI) 58 (40, 74) 89 (80, 94) 5.71 <0.001  65 (40, 84) 87 (73, 94) 3.45 0.071 0.55 

           

ACPA positivity, %†           

   Crude prevalence (95% CI) 61 (45, 75) 77 (67, 84) 2.10 0.082  68 (47, 84) 82 (68, 90) 2.07 0.22 0.99 

   Adjusted* prevalence (95% CI) 64 (46, 78) 79 (69, 87) 2.18 0.081  64 (41, 83) 81 (66, 90) 2.31 0.18 0.94 

           

RF positivity, %           

   Crude prevalence (95% CI) 64 (47, 78) 79 (70, 87) 2.17 0.076  73 (51, 87) 88 (75, 94) 2.69 0.13 0.78 

   Adjusted* prevalence (95% CI) 68 (51, 82) 83 (73, 90) 2.26 0.082  77 (52, 91) 88 (75, 95) 2.31 0.25 0.98 

†Any ACPA fine specificity (see Table 1)           

Anti-Pg, anti-P. gingivalis antibodies as determined by ELISA, cut-off for positivity >95th percentile of healthy controls without periodontitis; anti-CCP, anti-cyclic citrullinated peptide antibody, cut-off 

for positivity >20 units; ACPA, anti-citrullinated protein antibodies, any positivity by multiplex assay as previously defined (X); RF, rheumatoid factor, cut-off for positivity >40 units; SE, HLA-DRB1 

shared epitope allele  

*Adjusted for age, Caucasian race, current smoking, IL-6, pain severity, and biologic use 
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