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Abstract

Objective

To analyse the relationship between rheumatoid factor (RF) titre, smoking and HLA-DRB1

alleles coding a “shared epitope” (SE) in relation to anti-citrullinated protein antibody

(ACPA) positivity in rheumatoid arthritis (RA).

Methods

RA patients (n = 658) attending rheumatology clinics in Cornwall, UK (cohort 1) were strati-

fied according to RF and ACPA titre, and smoking pack years at diagnosis. A further 409 RA

patients from North Staffordshire, UK (cohort 2) were studied to confirm the relationship

between RF levels, smoking and ACPA positivity in relation to SE status.

Results

In cohort 1 there was a trend (p<0.01) of increasing ACPA positivity rates with increasing lev-

els of RF without statistically significant differences between patients who had never smoked

and smokers (never smoked: 15/71 (21%) RF -ve, vs. 43/64 (67%) RF weak +ve, vs 88/100

(88%) RF strong +ve, ever smoked: 18/70 (26%) RF -ve vs. 66/83 (80%) RF weak +ve vs.

196/210 (93%) RF strong +ve). No significant gender difference was observed. No significant

difference between smoking and ACPA positivity was seen in RF negative patients. Smoking

>20 pack years conferred an increased risk of anti-CCP positive RA (158/200 (79%)), com-

pared to having never smoked (146/235 (62%), p = <0.01), but this increased risk correlated

with smokers’ RF positivity as the principal determinant on subsequent regression analysis of

cohort 2. In cohort 2, ACPA positivity rates significantly increased with RF positivity and car-

riage of 1 or 2 SE alleles (p<0.01). Little or no relationship was observed in patients lacking

SE.
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Conclusions

ACPA positivity in RA strongly associates with increasing RF titre independent of smoking.

This relationship is dependent on carriage of SE alleles. There is no relationship between

ACPA and smoking in RF negative patients.

Introduction

Over the last 2 decades, smoking, HLA-DRB1 alleles that code a “shared epitope” (SE), and

anti-citrullinated protein antibodies (ACPA) have emerged as the trinity of RA pathogenesis

[1]. However, in routine clinical practice the use of both RF and ACPA remains, and for good

reason: the presence of RF and ACPA in healthy individuals increases the risk of RA develop-

ment over and above ACPA alone [2], and a positive RF and ACPA confers a far poorer radio-

logical prognosis in established RA compared to either of these autoantibodies alone [3]. The

2010 ACR/EULAR RA classification criteria [4] includes a criterion that scores highly for those

individuals with a strongly positive RF or ACPA (scoring 3 points), acknowledging that a

strongly positive RF is of equal weighting in RA diagnosis to strongly positive ACPA. RF and

ACPA co-exist in RA more than would be expected by chance alone: a study of established RA

(n = 784) in Sheffield, UK, observed that 93% of RF patients were also ACPA positive [3]. The

clustering of RF and ACPA is more pronounced with high titre RF as a study of 102 RA patients

observed that 61% of RA patients with a RF>50 U/ml were ACPA positive (the expected fre-

quency is 18.5% if RF>50 U/ml and ACPA occurred independently of each other) as opposed

to only 25% of RA patients with a RF<50 U/ml [5]. This raises the possibility that a common

process generates high titre RF and ACPA and determines a poorer prognosis in RA.

An important recent pooled analysis of 2234 RA patients casts significant doubt on the con-

cept that smoking specifically associates with ACPA alone as RA ever smokers (n = 1318) were

found to have no significant association with single ACPA positivity, (OR 0.83, 95% CI 0.56–

1.24), compared to ACPA and RF double seropositivity (OR 1.4, 95% CI 1.06–1.84) [6]. More-

over, this paper included a large cohort (n = 9575) of non-RA cases. We suggest that in this

non-RA cohort a much higher frequency of double autoantibody seropositivity for RF and

ACPA exists than would be expected if RF and ACPA developed independently. Clustering of

RF and ACPA was more pronounced in ever smokers (7 fold higher than expected) than never

smokers (3 fold higher than expected), but was evident in the never smokers nonetheless.

Accordingly, we have investigated this clustering of RF and ACPA in both smokers and never

smokers for the first time. To date no studies have addressed if this co-existence is increased in

those strongly positive for RF irrespective of smoking. Surprisingly given the obvious clinical

importance ascribed to a strongly positive RF, a literature search revealed no studies investigat-

ing the relationship between the presence and levels of a positive RF, cigarette smoking, car-

riage of the SE alleles and the frequency of ACPA in RA. We therefore set out to answer the

following two important questions: Is there a relationship between RF levels at RA diagnosis

and the likelihood of testing positive for ACPA irrespective of the smoking history of the

patient? Is there a relationship between the presence of the shared epitope, RF and ACPA irre-

spective of the smoking history of the patient?

Methods

Two cohorts of RA patients were studied. Cohort 1 consisted of males and females attending

routine rheumatology clinics at the Royal Cornwall Hospital, Cornwall, UK from February

ACPA+ RA determined by RF and SE
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2015 to August 2016. The data was anonymised at source, collected as part of project IRAS ID

194833, approved by South West Regional Ethical Committee. This cohort was selected to

achieve an intended total cohort size of six hundred gender matched patients for analysis.

Patients reviewed in clinic with a new or existing diagnosis of RA during the study period

were included for analysis, with 60 patients subsequently excluded (see below). 298 male and

300 female RA patients were included to provide a suitable cohort size for serological subgroup

analysis, with approximately equal numbers of each gender selected to detect potential differ-

ences in smoking rates, age of onset, and serological status rather than to represent the overall

male to female prevalence ratio (Table 1). Recruitment ceased when the target cohort size was

reached. Data was recorded by clinicians in a standard questionnaire via face-to-face interview.

Missing data was obtained by follow up telephone conversation. Age, age of RA onset, disease

duration, smoking history prior to disease development, RF levels at disease onset and subse-

quent ACPA levels were recorded as part of routine clinical practice. Testing for SE status does

not form part of routine clinical practice and was therefore unavailable. All patients fulfilled

the 2010 ACR/EULAR RA criteria at diagnosis [4].

RF was measured with Tina-quant Rheumatoid Factors I1 Test System, by Roche Diagnos-

tics Corporation. A value of< 14 IU/ml was considered as negative as per manufacturer guide-

lines. ACPA was measured by Roche Modular Analytics Second Generation E170 Anti-CCP

analysis, with a negative value of<17 U/ml as per manufacturer guidelines.

As per guidelines, a negative RF or ACPA was defined as a level within the normal range, a

weakly positive RF or ACPA <3 times the upper limit of normal and a strongly positive RF or

ACPA >3 times the upper limit of normal [4]. Six percent (18/318) of females and 12% (40/

340) of males were excluded during the collection period due to>20 years between smoking

and RA diagnosis. A further 2/340 males were excluded due to incomplete data on subsequent

review. Social deprivation analysis was undertaken through the UK government validated

Index of Multiple Deprivation (IMD) [7], a deprivation rank score of 32,844 neighbourhoods

weighted by income, health/disability, education, housing/service access, crime and living

environment, converted to equal deciles.

A second cohort (n = 409) of RA patients consisted of 154 males and 255 females attending

rheumatology clinics at the Haywood Rheumatology Centre in North Staffordshire, UK, in

whom SE status had been determined (Table 2). Patients were recruited consecutively from a

clinic established to monitor the effects of disease modifying anti-rheumatic drugs including

hydroxychloroquine, sulfasalazine, D-penicillamine, gold and methotrexate. Sample collection

occurred from 1994 to 2002 as part of a study to investigate the relationship between genetic

factors and outcome in RA. Ethical approval was obtained from the North Staffordshire local

research ethics committee and written informed consent was provided by all patients. All

patients had established disease (median disease duration 9.2 years), fulfilling 1987 RA criteria

at time of diagnosis [8]. A full smoking history was obtained on 386/409 patients. Smokers

Table 1. Cohort 1 demographic data.

Males

n = 298

Females

n = 300

Median age (yrs, IQR) 64 (55–73) 64 (52–72)

Median age at disease onset (yrs, IQR) 54 (46–63) 54 (41–62)

Median disease duration (yrs, IQR) 7 (4–12) 7 (2–12)

RF + (%) 232/298 (78%) 225/300 (75%)

ACPA + (%) 217/298 (73%) 208/300 (69%)

Mean IMD (SD) 4.36 (1.69) 4.38 (1.79)

https://doi.org/10.1371/journal.pone.0180655.t001

ACPA+ RA determined by RF and SE
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were defined as smoking >1 cigarette (or equivalent)/day for >1year, and categorised accord-

ing to pack years smoked [9]. All patients had been genotyped for HLA-DRB1 as previously

described [10].

IgM RF was measured by nephelometry at disease onset while ACPA was measured subse-

quently using a commercially available anti-CCP2 ELISA (Axis-Shield, Dundee, Scotland). RF

levels were reported in International Units (IU). A level> 60–180 IU/ml was considered

weakly positive and a level>180 IU/ml was strongly positive. ACPA measurements above 5

units/ml were considered positive.

Statistical analyses

Chi square tests and multivariate logistic regression analysis were used to examine the relation-

ships between ACPA, IgM RF, HLA-DRB1 shared epitope and cigarette smoking. Analyses

were adjusted for age, sex and disease duration where appropriate. Mann-Whitney U testing

was performed to analyse differences in RF titre. Given the heterogeneity between different

cohorts, no pooled analysis was made.

All analyses were carried out using the Number Cruncher Statistical System for Windows

(NCSS60).

Results

Cohort 1

Twenty four percent (141/598) of patients were RF negative. The proportion of RF negative patients

did not differ significantly with gender, with 75/300 (25%) females and 66/298 (22%) males testing

negative. A weakly positive RF was observed in 77/300 (26%) females and 70/298 (23%) males,

while a strongly positive RF was observed in 148/300 (49%) females and 162/298 (54%) males.

Seventy one percent (425/598) of patients were ACPA positive, with 393/425 (93%) demon-

strating strong positivity as per ACR/EULAR criteria [4]. There was no significant difference

in ACPA positivity between males and females (217/298 (73%) vs. 208/300 (70%), p = 0.32).

There was a significant trend of increasing ACPA positivity rates with increasing levels of RF

without significant differences between patients who had never or ever smoked (never

smoked: 15/71 (21%) RF-ve, vs. 43/64 (67%) RF weak +ve, vs 88/100 (88%) RF strong +ve.

Ever smoked: 18/70 (26%) RF-ve vs. 66/83 (80%) RF weak +ve vs.196/210 (93%) RF strong

+ve) (Table 1). There was no relationship between ACPA positivity and smoking in patients

who were RF negative (OR (95% CI), 1.3 (0.4–5.1)).

Sixty one percent (363/598) of patients had ever smoked, and males were more likely to

have ever smoked than females: 214/298 (72%) vs. 149/300 (50%), OR (95% CI) 2.6 (1.8–3.7),

p< 0.0001. Smoking >20 pack years was observed in 200/598 (33%), and was significantly dif-

ferent between males and females: 130/298 (44%) vs. 70/300 (23%), OR (95% CI) 2.5 (1.8–3.7),

p< 0.0001. Patients with>20 pack years demonstrated significantly increased risk of ACPA

Table 2. Cohort 2 demographic data.

Males

n = 154

Females

n = 255

Median age (yrs, IQR) 59 (49–65) 58 (50–68)

Median age at disease onset (yrs, IQR) 49 (40–56) 48 (38–56)

Median disease duration (yrs, IQR) 9.0 (5–12) 9.3 (5–13)

RF + (%) 107/154 (69.4%) 140/255 (54.9%)

ACPA + (%) 124/154 (80.5%) 183/255 (71.8%)

https://doi.org/10.1371/journal.pone.0180655.t002

ACPA+ RA determined by RF and SE
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positive RA compared to patients who had never smoked (158/200 (79%) vs. 146/235 (62%),

OR (95% CI) 2.3(1.5–3.6), p< 0.0001).

There was a significant difference in the proportion of strongly RF positive patients between

those who had never smoked (100/235, 43%) and those who had smoked >20 pack years 121/

200 (61%), (OR (95% CI), 2.1 (1.4–3.1), p = 0.0002.

No significant differences were seen in ACPA positivity amongst weakly positive RF

patients who had never smoked (43/64) and weakly positive RF ever smokers (66/83), irrespec-

tive of smoking status or pack years smoked (OR (95% CI), 1.9 (0.8–4.3)).

Strongly RF seropositive never smokers demonstrated ACPA seropositivity predominance

(88/100, 88%), as did strongly RF seropositive smokers of>20 pack years (116/121, 96%,

Table 3). However, this numerically higher rate of ACPA positivity in strongly RF seropositive

>20 pack year smokers is likely to be explained by significantly higher median RF titres of 166

(IQR 92–283), compared to a median RF in never smokers with a strongly positive RF of 115

(IQR 71–226), p = 0.008.

Given the above, and the dominant ACPA positive prevalence (88%) in RF strongly positive

never smokers compared to just 32% of RF negative smokers of>20 pack years, odds ratio

(OR) risk increases were calculated for both ever smokers (as a combined cohort) and never

smokers, with RF negative, weakly positive and strongly positive titres (RF negative never

smokers as referent). Amongst ever smokers (n = 365), a stepwise increase in OR is seen, rising

from 1.3 (95% CI 0.6–3.1) for RF negative, to 14.5 (95% CI 6.2–34.2) for RF weakly positive, to

52.3 (95% CI 22.4–124.2) for RF strongly positive cases. Whilst not as dramatic, the OR rise for

never smokers (n = 235) shows a similar trend; OR 7.6 (95% CI 3.3–17.9) for RF weakly posi-

tive, rising to 27.4 (95% CI 11.2–68.7) for strongly positive cases (Fig 1).

From the strength of relationship seen for OR increases with RF titre irrespective of smok-

ing, a further cohort (cohort 2, North Staffordshire) was analysed to determine whether ACPA

was determined by increasing titres of RF with reference to SE status.

Cohort 2

Nearly 40% (162/409) of patients were RF negative in a second cohort of patients in which the

SE status had been determined. Seventy five percent (307/409) of patients were ACPA positive

(Table 4). There was no significant difference between males and females in the proportion of

RF positive or ACPA positive patients. Sixty one percent (235/386) of patients had ever

smoked, with a significant difference between males and females (males, 123/150 (82%) vs

females, 120/236 (51%), OR 4.3 (95% CI 2.6–7.4), p< 0.0001). As in cohort 1 there was no

relationship between ACPA positivity and smoking in RF negative patients (37/74 (50%) never

smoked v 45/73 (61.6%) ever smoked; OR 1.6 (95% CI 0.8–3.3).

We found that the proportion of ACPA positive patients increased with RF positivity in

patients carrying 1 or 2 SE alleles but there was only a weak or no relationship in patients lack-

ing a SE allele (Table 4). In RF positive patients the number of copies of the SE (either 1 or 2)

was not significant in determining ACPA positivity. However, in RF negative patients, the rate

of ACPA positivity appeared to have a greater dependence on number of SE copies, although

it did not achieve significance (57% vs 73%, p = 0.06).

Multivariate logistic regression analysis confirmed that RF positivity was strongly associ-

ated with anti-CCP positivity (Table 5). Ever having smoked was only weakly associated with

ACPA positivity, (Model 1) whereby RF positivity and the presence of the SE were significantly

associated. Similar associations were seen in models in which having smoked for >20 years

(Model 2) or accumulating >20 pack years (Model 3) were compared with never having

smoked, though the association with ACPA was not significant in Model 3.

ACPA+ RA determined by RF and SE
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Discussion

We have noted several interesting observations on the determination of ACPA positive RA.

Smoking was associated with ACPA positivity only in RF positive patients, and especially in

patients who were strongly RF positive. Furthermore, there was a strong relationship between

Table 3. Cohort 1 relationship between smoking, RF and ACPA.

Median RF ACPA neg (%) ACPA pos (%) Odds ratio (95% CI)

Never smoker, RF neg neg 56 (79) 15 (21) 1.0 (reference) *

1–10 PY, RF neg neg 13 (87) 2 (13) 0.57

(0.06–3.0) †

11–20 PY, RF neg neg 13 (76) 4 (24) 1.2(0.2–4.5) ‡

>20 PY, RF neg neg 26 (68) 12 (32) 1.7(0.6–4.6) #

Never smoker, RF weak pos 22 (17–31) 21 (33) 43 (67) 7.6(3.3–17.9) *

1–10 PY, RF weak pos 25 (19–29) 2 (12) 14 (88) 26.1(4.9–249.4) †

11–20 PY, RF weak pos 25 (21–31) 4 (15) 22 (85) 20.5(5.6–90.8) ‡

>20 PY, RF weak pos 27 (17–30) 11 (27) 30 (73) 10.2(3.8–27.6) #

Never smoker, RF strong pos 115 (71–227) 12 (12) 88 (88) 27.4(12.6–59.3) *

1–10 PY, RF strong pos 139 (76–277) 5 (13) 34 (87) 25.4(7.8–94.1) †

11–20 PY, RF strong pos 153 (67–495) 4 (8) 46 (92) 42.9(12.3–182.0) ‡

>20 PY, RF strong pos 166 (92–283) 5 (4) 116 (96) 86.6(27.9–307.6) #

Cochrane- Armitage test for OR trend:

* P < 0.0001

† P < 0.0001

‡ P < 0.0001

# P < 0.0001.

https://doi.org/10.1371/journal.pone.0180655.t003

Fig 1. Odds ratio risk of ACPA positivity in RA.

https://doi.org/10.1371/journal.pone.0180655.g001

ACPA+ RA determined by RF and SE
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increasing RF levels and ACPA positivity in RA, irrespective of smoking (Table 2). Underpin-

ning this relationship is carriage of the SE. In RA patients who did not carry the SE, we found

only weak, or no relationship between RF levels and the frequency of ACPA positivity. This

suggests that the co-existence of 2 RA-associated autoantibodies cannot be explained by a pro-

pensity for antibody production per se as the frequency of ACPA positivity in patients without

the SE who were RF negative was not significantly different to those who were RF strongly

positive.

There appeared to be a difference in the importance of the number of SE alleles between RF

negative and RF positive patients. In those patients who were weakly or strongly RF positive,

the number of copies of the SE (either 1 or 2) was not significant in determining ACPA posi-

tivity. However, in RF negative patients, the rate of ACPA positivity appeared to have a greater

dependence on number of SE copies. If larger studies confirm a significant difference this may

pave the way for investigating distinct SE-associated mechanisms giving rise to a positive

ACPA in patients positive or negative for RF.

The modest relationship between smoking and ACPA positivity appeared to be due to an

increased propensity for smokers to be RF positive. In logistic regression analysis, one model

suggested that smoking may be an independent risk factor for ACPA positivity in RA. How-

ever, this relationship was far less apparent than the dominant relationship between RF posi-

tivity and ACPA positivity. Smoking appeared to demonstrate a significant relationship

between the development of both RF and ACPA in the patients studied. There was a clear rela-

tionship between smoking in terms of pack years and RF, and ACPA positivity in RA. There

did not appear to be a relationship between smoking in terms of pack years smoked and posi-

tivity for ACPA alone. Significantly fewer patients with >20 pack years and weakly positive RF

were ACPA positive compared to never smokers with positive RF of any titre, further strength-

ening the argument that the principal determinants of ACPA positivity are RF and SE carriage

rather than smoking per se. However, these sub-groups were relatively small and larger studies

are required to investigate these sub-groups further.

Table 4. Cohort 2 relationship between RF levels, ACPA and shared epitope status (n = 409).

SE = 0 SE = 1 SE = 2

ACPA neg ACPA pos OR (95% CI) ACPA neg ACPA pos OR (95% CI) ACPA neg ACPA pos OR (95% CI)

RF n (%) n (%) n (%) n (%) n (%) n (%)

Negative 23 (59.0) 16 (41.0) Referent 29 (43.3) 38 (56.7) 2.3(1.1–5.6) 15 (26.8) 41 (73.2) 4.8(2.0–12.8)

Weak +ve 7(30.4) 16(69.6) 3.1(1.0–11.4) 7(11.9) 52(81.1) 10.0(3.5–33.8) 5(10.9) 41(89.1) 10.7(3.4–43.1)

Strong +ve 6(37.5) 10(62.5) 2.3(0.6–9.4) 8(13.1) 53(86.9) 9.0(3.3–28.8) 2(4.8) 40(95.2) 23.1(5.5–200)

https://doi.org/10.1371/journal.pone.0180655.t004

Table 5. Cohort 2 multivariate logistic regression analysis of variables associated with anti-CCP positivity in RA (n = 386).

Model 1 Model 2 Model 3

OR (95% CI) P OR (95% CI) P OR (95% CI) P

Age 1.00 (0.98–1.02) NS Age 1.00 (0.98–1.02) NS Age 1.00 (0.98–1.02) NS

Male sex 1.32 (0.74–2.34) NS Male sex 1.72 (0.80–3.68) NS Male sex 2.32 (1.05–5.12) 0.04

Duration (per yr) 1.03 (0.98–1.07) NS Duration (per yr) 1.03 (0.98–1.07) NS Duration (per yr) 1.03 (0.98–1.07) NS

Shared epitope 3.00 (1.67–5.37) 0.0002 Shared epitope 2.26 (1.06–4.79) 0.03 Shared epitope 2.45 (1.16–5.17) 0.02

RF 4.23 (2.54–7.06) <0.0001 RF 6.09 (3.21–11.54) <0.0001 RF 4.41 (2.35–8.25) <0.0001

Ever smoked 1.73 (1.01–2.94) 0.04 Years smoked >20 2.31 (1.15–4.68) 0.02 Pack years > 20 1.83 (0.90–3.69) 0.09

https://doi.org/10.1371/journal.pone.0180655.t005

ACPA+ RA determined by RF and SE
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We excluded 58/658 patients who had ceased smoking >20 years prior to RA onset. Previ-

ous studies have demonstrated no increased risk of RA in individuals who have stopped smok-

ing before this time point [11,12]. This cohort demonstrated similar seropositivity trends to

RA patients who had never smoked (data not shown). We excluded these patients so that the

calculated association between smoking and ACPA positivity was not under represented.

It is noteworthy that the prevalence of RF negative RA was low in cohort 1 (24%). Cornwall

has been noted as the poorest region of England [13] and the low prevalence of RF negative

RA may reflect a high proportion of socially deprived individuals in this cohort; the majority

of the patients were in the most deprived 40% of UK society as 180/300 (60%) females and

173/298 (58%) males had an IMD decile score of 4 or lower. RF positivity associates with social

deprivation in other European RA populations [14,15].

This study does have limitations due to its cross-sectional nature. Different classification

criteria were used for each cohort. However, as both cohorts are of patients with established

RA (median disease duration for cohort 1 = 7yrs, cohort 2 = 9yrs), we do not feel that utilisa-

tion of the 1987 RA criteria for cohort 2 and the 2010 criteria for cohort 1 of importance as it is

well established that both classification criteria identify patients with established RA. The 2010

classification criteria identifies patients with RA at an earlier time point than the 1987 criteria,

however at 5 years of disease duration the number of patients identified by either criteria are

the same [16].

Patient notes were analysed to ascertain RF levels at the time of diagnosis in cohort 1. There

is the potential for RF titres to vary with disease duration and treatment. A study of 640 inflam-

matory polyarthritis patients from the Norfolk Arthritis Register demonstrated that over a

five-year period, RF status changed in 17% of patients [17]. Critically, this change in RF status

was strongly linked to baseline anti-CCP status in this study. The status of RF was 8 times

more likely to change in patients with a discordant baseline autoantibody status (RF+/ACPA-

or RF-/ACPA+) than in those who were either double negative or double positive (OR 8.2;

95% CI, 4.9 to 13.7; p<0.00001). Thus, RF-negative individuals who seroconverted to RF posi-

tive were more likely to be ACPA positive at baseline than were those who remained RF nega-

tive (OR, 7.6; 95% CI, 3.8 to 15.3); similarly, those who converted from RF positive to RF

negative were more likely to be ACPA negative at baseline than were those who remained RF

positive (OR, 7.4; 95% CI, 3.5 to 15.6). Ergo, we feel our data has the potential to have underes-

timated the relationship between RF and ACPA as the RF test was only undertaken once at the

time of diagnosis as per usual clinical practice. ACPA positivity in the same study remained

remarkably constant over 5 years of follow up, with only 2% of ACPA negative patients sero-

converting to positive, and 4.6% ACPA positive individuals becoming negative between base-

line and 5 years. We therefore believe that the cross-sectional nature of ACPA testing would

not significantly influence the findings reported here. The authors suggested that repeated test-

ing of ACPA or RF in inflammatory arthritis patients should not be undertaken in routine

clinical practice, which also reflects our clinical practice.

Established literature suggests that therapies that target the adaptive immune response,

such as rituximab and abatacept, can significantly reduce anti-CCP2 IgG levels [18]. No such

reductions in anti-CCP2 IgG levels have been noted in patients treated with methotrexate,

tumour necrosis factor inhibitors or tocilizumab. In cohort 1, 18/598 (3%) had an ACPA of

below 140 U/ml, with a theoretical possibility of changing from a strongly positive to a weakly

positive or negative ACPA through treatment with rituximab or abatacept. However, only 5/

598 (0.8%) patients had an ACPA test after treatment with such agents. Whilst we acknowl-

edge that treatment in a cross-sectional cohort may lead to possible misclassification bias due

to the mechanism of action of specific disease modifying therapies, the numbers affected in

this study are insignificant.
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We feel these results can be reconciled with a landmark Swedish study identifying smoking

and carriage of the SE alleles as risk factors for ACPA positive RA [1]. In this study carriage of

the SE was significantly associated with ACPA positive/ RF negative RA rather than RF positive/

ACPA negative RA. Consequently, the authors suggested that the primary process in RA

involved anticitrulline immunity influenced by an interaction between smoking and carriage of

the SE. However, in this study only a very small proportion of the ACPA positive RA cases were

RF negative (13%) and the clear majority (87%) were double positive for both RA autoantibod-

ies (far more than would be expected by chance alone). Ergo, given the overall strong associa-

tion between the carriage of SE alleles and ACPA positivity it follows that the SE is principally

associated with ACPA positive / RF positive RA. Likewise, the observation that smoking inter-

acts with the SE to generate ACPA positivity overall in RA is factually correct; more precisely

this interaction is between smoking, the SE and both RA autoantibodies. This has recently been

proven to be the case as pooled analysis of 2234 RA patients has suggested that smoking inter-

acts with the SE to generate multiple RA associated antibodies rather than ACPA alone [6].

We have suggested that the citrullinated heavy chain of immunoglobulin G (IgG) is the

dominant antigen in RA and generated by B cells in the lungs of smokers; a process facilitated

by SE alleles with the B cell acting as both an antigen presenting cell and the source of the anti-

gen [19]. This process need not be exclusive to the lung as the rheumatoid joint could be the

host for B cell activation and therefore could theoretically occur in both smokers and never

smokers.

Citrullination of the Fc region of IgG may generate an antibody response specific to RA,

consequently generating both a strongly positive RF and ACPA response. This hypothesis is

supported by the recent finding of citrullinated IgG in the synovial tissues of RA patients, with

IgG as a target of peptidylarginine deiminase (PAD) 2 and PAD4 activity in RA synovial

biopsy tissues [20]. Another recent study observed over 80 different citrullinated peptides in

the RA synovial fluid including the heavy chain of IgG. [21]. Furthermore, the demonstration

of bispecific antibodies against cyclic citrullinated peptides and IgG in RA suggests that citrul-

linated IgG may generate both a RF and ACPA response [22].

We do not consider that ACPA positivity is likely to have given rise to a subsequent RF

response in the RA patients studied here as a study of the RF isotypes (IgM, IgG and IgA) in

individuals who subsequently developed RA were more likely to be present before the develop-

ment of various ACPAs (fibrinogen, α-enolase, triple helical collagen type II, filaggrin and

vimentin). Previous data suggests the frequency of ever being positive for IgM-RF in individu-

als who developed RA, but were negative for the above ACPA was 16–31% [23].

Recent analysis of specific immunoglobulin subtypes to ACPA, specifically IgG types 1–4 to

anti-CCP, has been demonstrated [24]. It has been recently suggested that IgG1 and IgG4 anti-

CCP antibodies associate with the shared epitope, and IgG2 associates with smoking. How-

ever, low patient numbers in analysis of individual subtype classes limit the applicability of this

data. Furthermore, other evidence suggests that the shared epitope has been associated with

elevated IgG3 and IgG2 ACPA titres. Selective support of the Th1 response among RA patients

homozygous for HLA-DRB1�04 has been suggested in IgG3 subtypes [25].

Our study does not aim to address specific IgG subclasses [24] and IgA responses [26] to

ACPA. This would be worthy of further study taking into account RF levels at diagnosis, and

the smoking history of patients.

Conclusions

These results raise important questions about the relationship between RF and ACPA in RA

and the potential mechanisms underlying this relationship. We feel that processes involving
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the simultaneous or sequential generation of both RF and ACPA need to be considered in fur-

ther studies investigating RA pathogenesis irrespective of smoking.
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rillo-Jiménez MA, et al. Potential protein targets of the peptidylarginine deiminase 2 and peptidylarginine

deiminase 4 enzymes in rheumatoid synovial tissue and its possible meaning. Eur J Rheumatol 2016;

3:44. https://doi.org/10.5152/eurjrheum.2015.0055 PMID: 27708970

21. Wang F, Chen FF, Gao WB, Wang HY, Zhao NW, Xu M et al. Identification of citrullinated peptides in

the synovial fluid of patients with rheumatoid arthritis using LC-MALDI-TOF/TOF. Clin Rheumatol 2016;

35:2185–94. https://doi.org/10.1007/s10067-016-3247-4 PMID: 27060082

22. Wang W, Li J. Identification of natural bispecific antibodies against cyclic citrullinated peptide and immu-

noglobulin G in rheumatoid arthritis. PLoS One. 2011; 6:e16527. https://doi.org/10.1371/journal.pone.

0016527 PMID: 21304585

23. Brink M, Hansson M, Mathsson-Alm L, Wijayatunga P, Verheul MK, Trouw LA, et al. Rheumatoid factor

isotypes in relation to antibodies against citrullinated peptides and carbamylated proteins before the

onset of rheumatoid arthritis. Arthritis Res Ther 2016; 18:43. https://doi.org/10.1186/s13075-016-0940-

2 PMID: 26860413

24. Martinsson K, Johansson A, Kastbom A, Skogh T. Immunoglobulin (Ig) G1 and IgG4 anti-cyclic citrulli-

nated peptide (CCP) associate with shared epitope, whereas IgG2 anti-CCP associates with smoking

in patients with recent-onset rheumatoid arthritis (the Swedish TIRA project). Clin Exp Immunol. 2017;

188:53. https://doi.org/10.1111/cei.12901 PMID: 27859022

25. Engelmann R, Eggert M, Neeck G, Mueller-Hilke B. The impact of HLA-DRB alleles on the subclass

titres of antibodies against citrullinated peptides. Rheumatology. 2010; 49:1862–6. https://doi.org/10.

1093/rheumatology/keq179 PMID: 20584722

26. Svärd A, Skogh T, Alfredsson L, Ilar A, Klareskog L, Bengtsson C et al. Associations With Smoking and

Shared Epitope Differ Between IgA-and IgG-Class Antibodies to Cyclic Citrullinated Peptides in Early

Rheumatoid Arthritis. Arthritis Rheumatol. 2015; 67:2032–7. https://doi.org/10.1002/art.39170 PMID:

25916813

ACPA+ RA determined by RF and SE

PLOS ONE | https://doi.org/10.1371/journal.pone.0180655 July 14, 2017 11 / 11

http://www.ncbi.nlm.nih.gov/pubmed/3545884
https://doi.org/10.1002/art.10514
http://www.ncbi.nlm.nih.gov/pubmed/12209487
https://doi.org/10.1186/ar4218
https://doi.org/10.1186/ar4218
http://www.ncbi.nlm.nih.gov/pubmed/23607815
https://doi.org/10.1136/ard.2004.031666
http://www.ncbi.nlm.nih.gov/pubmed/15843455
http://www.ncbi.nlm.nih.gov/pubmed/16622905
https://doi.org/10.1136/annrheumdis-2012-201960
http://www.ncbi.nlm.nih.gov/pubmed/22945499
https://doi.org/10.1186/ar3834
http://www.ncbi.nlm.nih.gov/pubmed/22571727
https://doi.org/10.1016/j.semarthrit.2016.09.011
http://www.ncbi.nlm.nih.gov/pubmed/28109618
https://doi.org/10.1002/art.39832
http://www.ncbi.nlm.nih.gov/pubmed/27483211
https://doi.org/10.5152/eurjrheum.2015.0055
http://www.ncbi.nlm.nih.gov/pubmed/27708970
https://doi.org/10.1007/s10067-016-3247-4
http://www.ncbi.nlm.nih.gov/pubmed/27060082
https://doi.org/10.1371/journal.pone.0016527
https://doi.org/10.1371/journal.pone.0016527
http://www.ncbi.nlm.nih.gov/pubmed/21304585
https://doi.org/10.1186/s13075-016-0940-2
https://doi.org/10.1186/s13075-016-0940-2
http://www.ncbi.nlm.nih.gov/pubmed/26860413
https://doi.org/10.1111/cei.12901
http://www.ncbi.nlm.nih.gov/pubmed/27859022
https://doi.org/10.1093/rheumatology/keq179
https://doi.org/10.1093/rheumatology/keq179
http://www.ncbi.nlm.nih.gov/pubmed/20584722
https://doi.org/10.1002/art.39170
http://www.ncbi.nlm.nih.gov/pubmed/25916813
https://doi.org/10.1371/journal.pone.0180655

