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ABSTRACT
Objectives Herein, we investigate the presence and
prognostic value of autoantibodies against carbamylated
proteins (anti-CarP) in the serum of patients with
primary Sjögren’s syndrome (pSS).
Patients and methods Serum levels of anti-CarP
antibodies were measured in Norwegian patients with
pSS (n=78) and corresponding controls (n=74) using
ELISA and analysed in relation with exocrine gland
function, degree of salivary gland inflammation, signs of
ectopic germinal centre (GC) formation and
immunological markers. For univariate comparisons, the
Mann–Whitney U test and χ2 or Fisher’s exact tests
were used. Correlations were assessed with Spearman’s
rank testing. Multivariate regression analyses were used
to assess the effect of anti-CarP positivity on clinical
manifestations.
Results Of the patients with pSS, 27% were positive
for anti-CarP IgG antibodies. Levels of anti-CarP
correlated positively with total IgG, IgM, rheumatoid
factor and β2-microglobulin. Importantly, after adjusting
for confounding factors, patients positive for anti-CarP
had significantly higher focus score. Furthermore,
positive anti-CarP status coincided with 9.2-fold higher
odds of having developed GC-like structures in the minor
salivary glands. As a patient group considered having
worse disease outcome, individuals with ectopic GC-like
structures also presented with significantly higher levels
of anti-CarP antibodies.
Conclusions Presence of anti-CarP in patients with
pSS is strongly associated with increased focal
lymphocytic infiltration, formation of ectopic GC-like
structures in minor salivary glands, and diminished
salivary gland function. Even taking into consideration
our relatively small cohort we believe that anti-CarP
antibodies offer new possibilities for identifying patients
with more active disease and at risk of developing
additional comorbidity.

INTRODUCTION
Subsequent to translation, nearly all proteins
undergo post-translational modifications that affects
their function.1 Protein carbamylation is a cyanate-
dependent, non-enzymatic conversion of lysine
residues and N-terminal amino groups to
ε-carbamyl-lysine (homocitrulline) and α-carbamyl
amino acids, respectively. Introduction of neutral
residues affects the charge distribution within the
polypeptide chain. This can result in impairment or

loss of a protein’s function.2–5 Since urea, a
by-product of protein metabolism, and cyanate
comprise an equilibrium pair, the level of protein
carbamylation is markedly increased in renal insuf-
ficiency, leading to chronic uraemia.6 7

Interestingly, recent studies demonstrated a novel
pathway connecting carbamylation with inflamma-
tion via the activation of myeloperoxidase (MPO).
MPO is a haem peroxidase released by activated
neutrophils. It catalyses the formation of cyanate
from thiocyanate in the presence of hydrogen per-
oxide, leading to homocitrulline formation.8 9 This
discovery attracted attention to carbamylation in
the context of chronic inflammatory and auto-
immune diseases.
It is important to remember that antibodies can

be a double-edged sword for the host. In addition
to their protective effect against pathogens, some
individuals produce self-reactive antibodies that
contribute to tissue damage in a variety of auto-
immune diseases. In the recent years, autoanti-
bodies against post-translationally modified
proteins have gained considerable interest in the
field of rheumatoid arthritis (RA). The antibodies
directed against citrullinated proteins (ACPAs) have
become a specific early serological marker of the
disease and crucial for patient stratification.10 In
addition to citrulline, carbamyl adducts have also
been shown to act as neoepitopes in RA11 and
juvenile idiopathic arthritis12 resulting in the pro-
duction of antibodies specifically targeting carba-
mylated residues (anti-CarP). In an RA cohort and
an arthralgia cohort, the presence of anti-CarP cor-
related with joint destruction and was reported to
be predictive of RA development, independent of
the presence of anticyclic citrullinated peptide
antibodies.13 14

Primary Sjögrens’s syndrome (pSS) is an auto-
immune, chronic inflammatory disease of unknown
aetiology. Like most autoimmune diseases, pSS is
multifactorial, and genetic predispositions and
environmental factors are assumed to be pivotal in
disease development. The prevalence of pSS is esti-
mated at approximately 0.09–0.72% of the general
population.15 As pSS in characterised by progres-
sive infiltration of mononuclear cells into lacrimal
and salivary glands, most patients with pSS suffer
from severe symptoms of ocular and oral dryness
(keratoconjunctivitis sicca and xerostomia,
respectively) and functional impairment of the
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respective glands.16–19 Severe disease outcomes also include dis-
abling fatigue and development of non-Hodgkin’s lymphoma.
The prevalence of the latter condition is approximately 16 times
more common in patients with pSS as compared with the
general population. To date, all therapies thus far tested have
been ineffective in reversing the course of pSS.20 21

Patients with pSS may present with a variety of autoanti-
bodies. Circulating antinuclear antibodies are present in up to
90% of the patients with pSS, of which antibodies reactive
against the ribonucleoprotein antigens Ro/Sjögren’s syndrome A
antigen (SSA) and La/Sjögren’s syndrome B antigen (SSB) are of
diagnostic value22 23 and may be detectable in the serum several
years prior to the diagnosis of pSS.24 In addition, several other
autoantibodies have been associated with the disease, including
antibodies against the Fc portion of IgG (rheumatoid factor;
RF), muscarinic acetylcholine type 3 receptor, carbonic anhy-
drase, alpha-fodrin, and, to a lesser extent, cyclic citrullinated
peptide.25–27 Over the last decade, multiple studies have deli-
neated the importance of autoantibodies as a clinical utility; it
remains unknown, however, whether any of the autoantibodies
have a direct pathogenic potential or if they merely participate
in a secondary response to salivary glands that are already
damaged by another process.

In summary, carbamylated proteins are present in inflamma-
tory foci, and there is mounting evidence that post-translational
modifications may be pivotal in breaching immune tolerance
against self-proteins and driving autoantibody production. This
is, to our knowledge, the first study investigating the prevalence
of antibodies against carbamylated proteins in patients with pSS.
In addition, we assessed whether anti-CarP antibodies may serve
as an early biomarker by systematically evaluating their associ-
ation with clinical characteristics, disease progression and
severity.

MATERIALS AND METHODS
Study sample
The Bergen cohort comprises of patients diagnosed with pSS
(n=84) who had been consecutively recruited and evaluated at
the Department of Rheumatology, Haukeland University
Hospital in Bergen, Norway between 2011 and 2015. Patients
diagnosed with additional autoimmune diseases or lymphoma
(n=6) were excluded; 78 patients were considered eligible for
the study. The patients fulfilled the American-European
Consensus Group criteria for classification of pSS22 and had
their medical history recorded. Sex-matched and approximately
age-matched healthy controls (n=74) were recruited from the
same geographical area through the Haukeland University
Hospital Blood Bank. All patients provided written informed
consent.

Detection of anti-CarP antibodies
To investigate the levels of anti-CarP antibodies in serum, a
modified ELISA protocol developed by Shi et al11 was used.
Fetal calf serum (FCS) was carbamylated by incubation with a
final concentration of 1 M potassium cyanate in distilled water
for 48 h at 37°C. Following incubation, the potassium cyanate-
containing buffer was exchanged with water using Float-a-lyzer
G2 (5 kDa) (Spectrum Labs, Breda, the Netherlands). Native
and carbamylated FCS (cFCS) was coated on Nunc Maxisorp
96-well plates (Thermo Scientific, Oslo, Norway) overnight at a
concentration of 10 μg/mL in 0.1 M carbonate-bicarbonate
buffer. Following washing (0.05% Tween in phosphate buffered
saline) and blocking (1% bovine serum albumin in phosphate
buffered saline), the wells were incubated with serum at a 1:50

dilution in duplicate overnight at 4°C on ice. Bound IgG was
detected after incubation with an horseradish peroxidase-
conjugated rabbit antihuman IgG antibody (P0214, Dako, Oslo,
Norway) for 3.5 h at 4°C on ice. After the last wash, horseradish
peroxidase enzyme activity was detected using orthophenylene-
diamine tablets (Dako). The optical density was measured at
450 nm using an Emax precision microplate reader (Molecular
Devices, Sunnyvale, California, USA) and analysed using Soft
Max Pro software. To ensure that all results would be compar-
able, all samples were analysed simultaneously. The background
signal of FCS was subtracted from the signal of cFCS in order
to analyse the specific anti-CarP reactivity. Samples yielding
optical density values more than two SDs above the mean of the
anti-CarP measurement of the healthy controls were considered
positive for anti-CarP antibodies.

Statistical analysis
The Mann–Whitney U test was used to compare the anti-CarP
levels between patients with pSS and the healthy controls.
Outliers, identified using the robust regression and outlier removal
method (Q=1%), were excluded from the analysis. For univariate
comparisons between anti-CarP-positive and anti-CarP-negative
patients, the Mann–Whitney U test was used for continuous data
and the χ2 or Fisher’s exact test, as appropriate, were used for cat-
egorical data. Correlations were assessed with Spearman’s rank
testing. Spearman’s partial correlations were modelled to adjust
for age, disease duration and total IgG. To evaluate the effect of
anti-CarP positivity on clinical manifestations, multivariate Poisson
regression analysis was used for analysis of the focus score, and
multivariate logistic regression was used for analysis of the pres-
ence of germinal centre (GC)-like structures in minor salivary
glands. All of the analyses were two-tailed and a p value <0.05
was considered statistically significant. Statistical analyses were per-
formed using Prism V.5 or 6 (GraphPad Software), SPSS statistics
V.22 and SAS statistical software V.9.4.

RESULTS
Demographic and clinical features
Serum from patients with pSS (n=78) and healthy controls
(n=74) was analysed. Both cohorts were predominantly com-
prised of women (93.6% of the patients with pSS and 93.2% of
controls). The median ages of the patients with pSS and controls
were 65 years (range, 31–84) and 56 years (range, 40–70),
respectively. At the time of serum collection 18 (23%) were
being treated with methotrexate or hydroxychloroquine. Sixteen
patients (20.5%) were being treated with corticosteroids. A
minor salivary glands biopsy was taken from 68 patients. The
focus score was available for 66 patients, and information on
the presence of ectopic GC-like structures in the salivary glands
was available for 68 patients. Additionally, 66 (84.6%) patients
reported extraglandular involvement. All information on the
pSS cohort has been summarised in the online supplementary
table S1.

Anti-CarP antibody prevalence
Anti-CarP antibodies were significantly higher in the pSS cohort
as compared with the control cohort (26.9% vs 6.8%, respect-
ively; p<0.0001; figure 1). The levels of anti-CarP in the
healthy controls are in line with previous reports.13 14

Associations between clinical manifestations and anti-CarP
seropositivity in patients with pSS
Univariate analyses comparing patients with pSS according to
their anti-CarP status established that anti-CarP seropositivity
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was significantly associated with the following measures of pSS
disease severity: higher focus scores (p=0.005), presence of
GC-like structures (p=0.04) and reduced tear flow (p=0.042).
Whereas 71.4% of the anti-CarP-positive patients were positive
for RF, the same was true for only 12.3% of the
anti-CarP-negative patients. In line with this finding, anti-CarP
antibody-positive patients had significantly higher titres of RF as
compared with anti-CarP-negative patients (p<0.0001).
Furthermore, anti-CarP antibody-positive patients had increased
levels of β2-microglobulin (p=0.002), IgG (p=0.011), IgM
(p=0.005). By contrast, neither extraglandular involvement
(p=1) nor levels of C reactive protein (p=0.4) were signifi-
cantly associated with presence of anti-CarP antibodies (table 1).

We considered also the possibility that the use of therapeutic
drugs might have affected the levels of serum markers in our
patient cohort.28 However, the use of corticosteroids was very
limited and should not have influenced the results. Among the
disease-modifying antirheumatic drugs, most of the patients
used hydroxychloroquine. We considered the possibility the use
of hydroxychloroquines might have influenced the levels of RF,
IgM and IgG29–32 and therefore anti-CarP antibody levels.
Indeed, our results indicate that hydroxychloroquine may have
an effect on the levels of anti-CarP (p=0.016). However, due to
the limited number of patients using this drug we believe that a
larger study is needed to evaluate if the use of hydroxychloro-
quine will affect the concentration of circulating anti-CarP IgG.

The variables that were found to be significantly associated with
the prevalence of anti-CarP at the univariate level were examined
in pairwise correlation analyses. The correlation analyses con-
firmed that high levels of anti-CarP antibodies are conceding
with focus score (r=0.287, p=0.020), low stimulated saliv-
ary flow (r=−0.240, p=0.039) and high serum levels of
β2-microglobulin (r=0.348, p=0.002), high RF (r=0.443,
p<0.0001), total IgM (r=0.318, p=0.005) and total IgG
(r=0.320, p=0.004). Importantly, after adjusting for total IgG,
age and disease duration, significance was retained for all vari-
ables except stimulated salivary flow (table 2). In the context
of exocrine gland function, anti-CarP levels did not correlate
with reduced tear flow (data not shown).

Multivariable analysis of focus score
To assess the effect of anti-CarP levels on focus score a multi-
variate Poisson regression model was used. The model adjusted
for the potential covariates age and disease duration. In add-
ition, RF, antinuclear antibodies, anti-Ro/SSA and anti-La/SSB
were included as confounders since these variables are asso-
ciated with high focus score.33 34 As shown in table 3, anti-CarP
positivity predicted increase in the average focus score with
69.4% regardless of the confounders included in the model
(p=0.026). It is, however, important to mention that each year
of increased disease duration (p=0.001) and anti-La/SSB posi-
tivity (p=0.005) also predicted an increase in the average focus
score (3.1% and 99.1%, respectively).

Association between anti-CarP levels and GC-like structures
Formation of GC-like structures within the salivary gland is
emerging as a marker of disease progression and possibly worse
clinical outcome. As shown in table 1, frequency of ectopic
GC-like structures was 38.9% in anti-CarP seropositive patients
with pSS compared with 14.0% in anti-CarP seronegative
patients. To further calculate the association between the pres-
ence of anti-CarP and GC-like structures we compared the abso-
lute levels of anti-CarP antibodies in patients positive and
negative for ectopic GCs. In line with the previous findings,
patients presenting GC-like structures in the minor salivary
gland had significantly higher levels of circulating anti-CarP
antibodies (p=0.027; figure 2). This result led us to investigate
a possible effect of anti-CarP positivity on the presence of
GC-like structures. After adjusting for age and disease duration,
RF, anti-Ro/SSA and anti-La/SSB multivariate logistic regression
modelling revealed that patients positive for anti-CarP had 9.2
times higher odds of having developed GC-like structures in the
minor salivary glands as compared with anti-CarP negative
patients (p=0.019; table 4).

DISCUSSION
Understanding the role of autoantibodies and exploiting their
value as biomarkers is of utmost importance for advancing the
field of autoimmune diseases and improving patient care. As an
example, the identification of ACPA as a specific marker and
diagnostic tool for RA has enabled significant understanding of
the pathogenesis of this disease due to its strong association
with a more severe disease course.35–37 In SS, autoantibodies of
different specificities have been associated with various clinical
manifestations. The antibodies that are most well studied and
integral to diagnosis of patients with SS, anti-Ro/SSA and
anti-La/SSB, have been associated with earlier disease onset,
rapid disease progression and increased prevalence for develop-
ing extraglandular manifestations. Furthermore, the presence of
cryoglobulins is strongly correlated with development of lymph-
oma among patients with pSS.38

In this context, we generally detected anti-CarP antibodies in
patients that presented with a more severe disease phenotype.
Importantly, this apparent increase in disease activity included
several key aspects of SS pathogenesis, ranging from the degree
of chronic mononuclear cell inflammation and lymphoid organ-
isation within the salivary glands, to the functional impairment
indicated by decreased salivary secretion. Although one may
only speculate about the exact mechanism underlying the forma-
tion of anti-CarP antibodies, it is now well documented that
presence of MPO leads to increased protein carbamylation,39

possibly facilitating a breach in immune tolerance.
Concordantly, the activity of circulating MPO is significantly

Figure 1 Antibodies against carbamylated fetal calf serum (cFCS) in
healthy controls and patients with primary Sjögren’s syndrome (pSS).
The horizontal line in the box-and-whiskers plot indicates the median
and the whiskers represent the minimum and maximum values in each
group. The dashed line represents the cut-off value for patients
considered positive for antibodies against carbamylated proteins, which
was calculated as the mean plus two times the SD of the healthy
controls. The statistical significance was evaluated by the
Mann–Whitney U test. Anti-CarP, autoantibodies against carbamylated
proteins.
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increased in patients with SS.40 Despite this obvious indication
and the fact that MPO-dependent carbamylation and antiCarP
antibodies has raised considerable interest in the context of
inflammatory diseases including atherosclerosis and in particular
RA,8 13 39 41 42 this is, to our knowledge, the first study

investigating the prevalence of antibodies against carbamylated
proteins in patients with pSS.

Interestingly, the rate of patients in the pSS cohort that were
seropositive for anti-CarP antibodies in this study (27%) corre-
sponds well with the proportion of ACPA-negative patients with

Table 1 Associations with laboratory parameters in anti-CarP IgG-positive and IgG-negative patients with primary Sjögren’s syndrome

Anti-CarP IgG positive (n=21) Anti-CarP IgG negative (n=57) p Value

Women (%) 20 (95.2) 53 (93.0) 1

Age, median (range) years 66 (35–84) 64 (31–83) 0.318

Disease duration, median (range) years 20 (1–40) 21 (1–50) 0.394

Methotrexate, number (%) 1 (4.7) 3 (5.3) 1

Hydroxychloroquine, number (%) 0 (0.0) 14 (24.6) 0.016

Corticosteroids, number (%) 3 (14.3) 13 (22.8) 0.537

Rituximab, number (%) 0 (0) 1 (1.8) 1

Extraglandular involvement, number (%) 19 (90.5) 50 (87.7) 1

Focus score‡, median (range) 3 (0–7)* 1 (0–6)¶ 0.005

Focus score ≥1, number (%) 16 (94.1)* 39 (79.6)¶ 0.246

GC-like structures present, number (%) 7 (38.9)† 7 (14.0)** 0.040

Tear flow Shirmer’s I test, median (range) mm/5 min 2.0 (0–31.5) 4.0 (0–31.5)†† 0.042

Ocular dryness, <5 mm/5 min 17 (81.0) 37 (67.3)†† 0.130

Unstimulated salivary flow, median (range) g/15 min 0.4 (0 –2.4) 1 (0–4.3)‡‡ 0.213

Stimulated salivary flow, median (range) g/5 min 2.6 (0–1.4) 4.1 (0–12.5)‡‡ 0.061

ESSDAI score, median (range) 2 (0–17)§§ 2 (0–17)* 0.824

ESR, median (range) mm/h 26 (4–62) 20 (4–58) 0.058

ESR, high levels¶¶, number (%) 10 (47.6) 16 (28.1) 0.104

CRP, median (range) mg/L 2 (1–7) 2 (1–17) 0.400

CRP high levels (≥5 mg/L) (%) 3 (14.3) 11 (19.3) 0.748

C3, median (range) g/L 1.12 (0.75–10.4) 1.11 (0.7–8.5) 0.731

C3, low levels (<0.83 g/L) number (%) 3 (14.3) 3 (5.3) 0.335

C4, median (range) g/L 0.19 (0.06–0.33) 0.18 (0.06–1.24) 0.271

C4, low levels (<0.13 g/L) number (%) 6 (28.6) 6 (10.5) 0.092

RF, median (range) IU/mL 92 (11–1040) 11 (11–239) <0.0001

RF positive (>25 IU/mL) 15 (71.4) 7 (12.3) <0.0001

Anti-Ro/SSA, number (%) 17 (80.9) 37 (64.9) 0.173

Anti-La/SSB, number (%) 10 (47.6) 18 (31.6) 0.190

ANA, number (%) 17 (80.9) 42 (73.7) 0.500

Anti-CCP, number (%) 2 (9.5) 1 (1.8) 0.193

IgA, median (range) g/L 2.6 (0.9–4.2) 2.48 (0.3–16.4) 0.513

Elevated levels (>4.1 g/L), number (%) 2 (9.5) 4 (7) 0.658

IgG, median (range), g/L 14.1 (9.1–29.5) 12.4 (6.2–23.5) 0.011

Elevated levels (>15.3 g/L), number (%) 8 (38.1) 12 (21.1) 0.658

IgM, median (range) g/L 1.47 (0.4–10.4) 0.9 (0.3–3.5) 0.005

Elevated levels (>2.5 g/L) number (%) 1 (4.8) 2 (3.5) 1

β2-microglobulin, median (range) mg/L 3.6 (1.8–7.7) 2.5 (0–6.1) 0.002

Elevated levels (>2 mg/L), number (%) 20 (95.2) 45 (78.9) 0.167

Continuous data are expressed as the median (range). Categorical data are expressed as the absolute frequency (percentage).
The statistical significance was evaluated by the Mann–Whitney U test for continuous data and the χ2 or Fisher’s exact tests, as appropriate for categorical data. No adjustments have
been made for multiple testing.
*Data missing for four patients.
†Data missing for three patients.
‡Focus score indicates the number of inflammatory foci containing more than 50 mononuclear cells per 4 mm2 biopsy tissue.
¶Data missing for eight patients.
**Data missing for seven patents.
††Data missing for two patients.
‡‡Data missing for three patients.
§§Data missing for one patient.
¶¶Age and gender-dependent.
ANA, antinuclear antibodies; anti-CCP, anticyclic citrullinated peptides; anti-CarP, autoantibodies against carbamylated proteins; Anti-Ro/SSA, antibodies against Ro/Sjögren’s syndrome A
antigen; Anti-La/SSB, antibodies against La/Sjögren’s syndrome B antigen; C, complement component; CRP, C reactive protein; ESR, erythrocyte sedimentation rate; ESSDAI, the EULAR SS
disease activity index; GC, germinal centre; RF, rheumatoid factor.
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RA presenting these antibodies. In line with the previous reports
we have not seen any cross-reactivity of anti-CarP antibodies
towards citrullinated peptides and/or proteins.11 Only two
anti-CarP positive and one anti-CarP negative patients were at
the same time ACPA-positive. Recent studies showed presence of
circulating antibodies against cFCS years before the development
of RA, with a sensitivity ranging between 26% and
57%.11 13 14 43 44 We were unable to see any connection between
arthritis and the presence of anti-CarP antibodies in our cohort
of patients with pSS using Fisher‘s exact test, which indicates that
anti-CarP does not obviously associate with secondary arthritis.

Our results also show strong positive correlations between
levels of anti-CarP antibodies and total IgG, IgM, RF and
β2-microglobulin, indicating that upregulation of anti-CarP
occurs in the context of a generalised increase in B cell activity.
It is important to mention that 29 (37.2%) of the patients
recruited to this study were classified with hypergammaglobuli-
nemia, with elevated levels of at least one of the immunoglobu-
lin isotypes. However, the possibility that the increased levels of
anti-CarP antibodies were the sole result of increased IgG levels
could be ruled out after adjusting for IgG in a partial correlation
analysis. Seropositivity for anti-CarP and RF generally coin-
cided, and the positive pairwise correlation between these two
parameters was highly significant. However, this needs to be
interpreted with caution due to the high number of patients in
whom RF could not be detected (<11 IU/mL).

Indeed, increased mortality in patients with pSS seems strictly
related to the increased risk of lymphoproliferative malig-
nancy.45 In this context, it is important to remember that the
presence of GC-like structures in the minor salivary glands
appears to be a strong predictor for the development of lymph-
oma46 and is associated with a more severe disease profile.47 48

Thus, our finding on an admittedly limited group of patients,
that a positive anti-CarP status coincides with more than nine-
fold higher odds of presenting with GC-like structures suggests
need for further studies evaluating anti-CarP as a prognostic bio-
marker of poor clinical outcome.

To add more weight to our findings we evaluated the presence
of anti-CarP IgG antibodies in serum samples from two add-
itional patient cohorts. Cohort 2 (online supplementary figure
S1A) represents a patient group recruited in Bergen (consecutive
2004–2009) and cohort 3 comprises samples collected from a
Brazilian population (see online supplementary figure S1B).
Indeed, the proportion of patients being seropositive for
anti-CarP antibodies was relatively stable across these three
cohorts. In cohort 2, 13 (28.9%) out of 45 patients with pSS
and 18 (19.6%) out of 92 patients from cohort 3 were found
positive for anti-CarP IgG antibodies. Corresponding to our
findings for cohort 1, also the patients with SS comprised in
these additional cohorts had significantly higher levels of
anti-CarP antibody compared with healthy controls (p=0.0006
and p=0.016 for cohorts 2 and 3, respectively).

Table 4 Multivariate logistic regression analysis investigating the
effect of anti-CarP IgG positivity on the presence of germinal
centre-like structures

OR SE p Value 95% CI of OR

Anti-CarP IgG 9.245 0.946 0.019 1.448 to 59.044

Age 1.037 0.033 0.273 0.972 to 1.105

Disease duration 0.965 0.038 0.357 0.895 to 1.041

RF 0.264 0.989 0.178 0.038 to 1.836

Anti-Ro/SSA 1.204 1.035 0.857 0.158 to 9.155

Anti-La/SSB 7.141 0.881 0.026 1.270 to 40.144

Anti-CarP IgG, RF, anti-Ro/SSA, and anti-La/SSB are presented dichotomously.
Anti-CarP, autoantibodies against carbamylated proteins; Anti-Ro/SSA, antibodies
against Ro/Sjögren’s syndrome A antigen; Anti-La/SSB, antibodies against La/Sjögren’s
syndrome B antigen; RF, rheumatoid factor.

Figure 2 Levels of autoantibodies against carbamylated proteins
(anti-CarP) antibodies in patients positive or negative for germinal
centre (GC)-like structures in the minor salivary glands. The horizontal
line indicates the median. The statistical difference was evaluated by
the Mann–Whitney U test.

Table 2 Correlation between serum levels of anti-CarP IgG and
various laboratory parameters in patients with primary Sjögren’s
syndrome

Spearman’s rank test
Spearman partial
correlation*

r p Value R p Value

Stimulated salivary flow −0.240 0.039 −0.255 0.060

Focus score 0.287 0.020 0.28 0.022

β2-microglobulin 0.348 0.002 0.23 0.048

RF 0.443 <0.0001 0.34 0.003

IgM 0.318 0.005 0.28 0.014

IgG 0.320 0.004

All variables are presented as continuous data.
*Adjusted for IgG, age, and disease duration. Focus score indicates the number of
proinflammatory foci containing >50 mononuclear cells per 4 mm2 biopsy tissue.
Anti-CarP, autoantibodies against carbamylated proteins; RF, rheumatoid factor.

Table 3 Multivariate Poisson regression analysis investigating the
effect of anti-CarP IgG positivity on focus score

IRR Std. Err p Value 95% CI of IRR

Anti-CarP IgG 1.694 0.402 0.026 1.064 to 2.696

Age 1.010 0.009 0.285 0.991 to 1.029

Disease duration 1.031 0.010 0.001 1.012 to 1.050

RF 1.301 0.328 0.297 0.793 to 2.133

Anti-Ro/SSA 0.593 0.173 0.074 0.334 to 1.051

Anti-La/SSB 1.991 0.492 0.005 1.227 to 3.232

ANA 1.423 0.445 0.445 0.771 to 2.627

Anti-CarP IgG, RF, anti-Ro/SSA, anti-La/SSB and ANA are presented dichotomously.
ANA, antinuclear antibodies; anti-CarP, autoantibodies against carbamylated proteins;
Anti-Ro/SSA, antibodies against Ro/Sjögren’s syndrome A antigen; Anti-La/SSB,
antibodies against La/Sjögren’s syndrome B antigen; IRR, incidence rate ratio; RF,
rheumatoid factor.
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Intriguingly, 40.8% of sera from patients with pSS analysed
were positive for IgA anti-CarP antibodies (see online
supplementary figure S2) as compared with 26.9% positive for
IgG anti-CarP antibodies. Their presence however, had a lower
impact on the outcome of pSS (see online supplementary table
S2). Although it is premature to draw definite conclusions, one
may speculate that anti-CarP IgGs contribute to pathogenesis
while IgAs characterise an ‘intermediate’ phase in disease
development.

In conclusion, this is the first study delineating the presence
and frequency of antibodies against carbamylated proteins in
association with relevant disease manifestations of pSS.
Anti-CarP antibodies were shown to predict the clinical
outcome of pSS. It is reasonable to suggest anti-CarP status as
an additional biomarker in the serological profile of patients
with pSS because of their close association with degree of focal
lymphocytic infiltration of the minor salivary glands, formation
of ectopic GC-like structures and diminished salivary flow. New
serological markers, allowing early detection, could lead to
closer patient follow-up and more timely application of
immunosuppressive agents. This would limit irreversible tissue
damage and reduce mortality related to the comorbidity.49 50

Once validated, quantification of anti-CarP antibodies in the
serum could be used to determine disease severity and identify-
ing patients at risk of developing additional comorbidity.
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SUPPLEMENTARY MATERIALS 
 
 

Supplementary Table 1. Demographic and clinical characteristics of the primary Sjögren's 

syndrome patient cohort  

 Number % 

Females/males 73/5 93.6/6.4

Age, median (range) years 65 (31–84)  

Disease duration, median (range) years 20 (1–50)  

Methotrexate 4 5.1 

Hydroxychloroquine 14 17.9 

Corticosteroids 16 20.5 

Rituximab 1 1.3 

Extraglandular involvement 66 84.6 

Focus score†, median (range) 1 (0–7)*  

Focus score ≥1 55* 83.3 

GC-like structures present 14** 20.6 

Tear flow Shirmer’s I test, median (range) mm/5min 3.5 (0–31.5)§  

Ocular dryness, <5mm/5min 54§ 71.1 

Unstimulated salivary flow, median (range) g/15min 0.81 (0–4.3)§§  

Stimulated salivary flow, median (range) g/5min 3.86 (0–12.5) §§  

ESSDAI score, median (range) 2 (0–17)‡  

ESR, median (range) mm/h 20.5 (4–62)  

ESR, high levels†† 26 33.3 

CRP, median (range) mg/L 2 (1–17)  

CRP high levels (≥5 mg/L) 14 17.9 

C3, median (range) g/L 1.12 (0.75–10.4)  

C3, low levels (<0.83 g/L) number (%) 6 7.7 

C4, median (range) g/L 0.19 (0.06–1.24)  

C4, low levels (<0.13 g/L) number (%) 12 15.4 

RF, median (range) IU/mL 11 (11–1040)  

RF positive (>25 IU/mL) 22 28.2 

SSA antibodies 51 65.4 

SSB antibodies 28 36.9 



ANA 59 75.6 

Anti-CCP 3 3.8 

IgA, median (range) g/L 2.5 (0.25–16.4)  

Elevated levels (>4.1 g/L) 6 7.7 

IgG, median (range) g/L 12.9 (6.2–29.5)  

Elevated levels (>15.3 g/L) 20 25.6 

IgM, median (range) g/L 1.0 (0.3–10.4)  

Elevated levels (>2.5 g/L) 3 3.8 

β2-microglobulin, median (range) mg/L 2.7 (0.0–7.7)  

Elevated levels (>2 mg/L) 65 83.3 
 

Continuous data are expressed as the median (range). Categorical data are expressed as the absolute 
frequency (percentage).*, data not available for 12 patients; **, data not available for 10 patients; §, data 
not available for 2 patients; §§, data not available for 3 patients, ‡ data not available for 5 patients. †, 
Focus score indicates the number of inflammatory foci containing more than 50 mononuclear cells per 4 
mm2 biopsy tissue; ††, age and gender dependent.  GC, germinal center-like structures; ESR, erythrocyte 
sedimentation rate; ESSDAI, the EULAR SS disease activity index; CRP, C-reactive protein; C, 
complement component; RF, rheumatoid factor; ANA, antinuclear antibodies; anti-CCP, anti-cyclic 
citrullinated peptide. The statistical significance was evaluated by the Mann–Whitney U test for 
continuous data and the χ 2 or Fisher’s exact test as appropriate for categorical data. 
 
 
 
 

 

Supplementary Table 2. Association of the laboratory parameters with anti-CarP IgA-positivity 
and negativity in patients with primary Sjögren’s syndrome 

 Anti-CarP IgA 
positive  
(n = 29)

Anti-CarP IgA 
negative  
(n = 42)

P-value 

Females, number (%) 27 (93.1) 40 (95.2) 1 

Age, median (range) years 67 (48–84) 65 (31–85) 0.774 

Disease duration, median (range) years 21 (1–38) 21.5 (1–50) 0.325 

Methotrexate, number (%) 2 (6.9) 2 (4.7) 1 

Hydroxychloroquine, number (%) 2 (6.9) 12 (28.6) 0.033 

Corticosteroids, number (%) 3 (10.3) 13 (30.9) 0.048 

Rituximab 0 (0) 1 (2.4) 1 

Extraglandular involvement, number (%) 25 (86.2) 39 (92.8) 0.433 

Focus score†, median (range) 1 (0–7)* 1 (0–7)** 0.398 

Focus score ≥1, number (%) 19 (82.6)* 31 (81.57)** 0.919 

GC-like structures present, number (%) 4 (16.0)** 7 (18.4)** 0.804 



Tear flow Shirmer’s I test, median (range) 
mm/5min 

3.5 (0–31.5) 3.8 (0–31.5)‡ 0.779 

Ocular dryness, <5mm/5min 22 (75.9) 25 (62.5)‡ 0.153 

Unstimulated salivary flow, median (range) 
g/15min 

0.56 (0–1.8) ‡ 0.84 (0– 4.3)‡‡ 0.940 

Stimulated salivary flow, median (range) 
g/5min 

3.4 (0–11.5)‡ 4.16 (0–12.5)‡‡ 0.290 

ESSDAI score, median (range) 2 (0–17)‡‡‡ 2 (0–15) ‡ 0.961 

ESR, median (range) mm/h 23 (4–58) 18 (4–47) 0.119 

ESR, high levels††, number (%) 12 (41.4) 10 (23.8) 0.116 

CRP, median (range) mg/L 2 (1 – 11) 2 (1–17) 0.552 

CRP high levels (≥5 mg/L) (%) 4 (13.7) 8 (19.0) 0.750 

C3, median (range) g/L 1.12 (0.79–10.4) 1.09 (0.7–8.5) 0.547 

C3, low levels (<0.83 g/L) number (%) 1 (3.4) 4 (9.5) 0.642 

C4, median (range) g/L 0.22 (0.06–0.33) 0.18 (0.06–1-24) 0.426 

C4, low levels (<0.13 g/L) number (%) 5 (17.2) 4 (9.5) 0.470 

RF, median (range) IU/mL 11 (11–246) 11 (1-1040) 0.008 

RF positive 13 (44.8) 3 (7.1) <0.0001 

Anti-CarP IgG 0.95 (0.2–2.8) 0.82 (0.1–3.3) 0.085 

Anti-CarP IgG positive 9 (31.0) 6 (14.3) 0.138 

SSA antibodies, number (%) 18 (62.1) 29 (69.0) 0.541 

SSB antibodies, number (%) 8 (27.6) 15 (35.7) 0.472 

ANA, number (%) 20 (69.0) 32 (76.2) 0.499 

Anti-CCP, number (%) 1 (3.4) 2 (4.8) 1 

IgA, median (range) g/L 2.48 (0.9–16.4) 2.47 (0.3–16.8) 0.555 

Elevated levels (>4.1 g/L), number (%) 1 (3.4) 2 (4.8) 1 

IgG, median (range), g/L 12.7 (7.0–18.6) 12.4 (6.2 – 25.6) 0.256 

Elevated levels (>15.3 g/L), number (%) 4 (13.8) 9 (21.4) 0.540 

IgM, median (range) g/L 1.12 (0.6–10.4) 0.94 (0.3–3.4) 0.654 

Elevated levels (>2.5 g/L) number (%) 2 (6.9) 1 (2.4) 0.563 

β2-microglobulin, median (range) mg/L 2.6 (0–6.8) 2.7 (0–6.1) 0.930 

Elevated levels (>2 mg/L), number (%) 27 (93.1) 34 (81.0) 0.183 

 
Continuous data are expressed as the median (range). Categorical data are expressed as the absolute 
frequency (percentage). *, data not available for 6 patients; **, data not available for 4 patients;; ‡, data 
not available for 2 patients; ‡‡, data not available for 1 patient; ‡‡‡, data not available for 3 patients;  
†, Focus score indicates the number of inflammatory foci containing more than 50 mononuclear cells 
per 4 mm2 biopsy tissue; ††, age and gender-dependent. GC, germinal center-like structures; ESR, 
erythrocyte sedimentation rate; CRP, C-reactive protein; C, complement component; RF, rheumatoid 
factor; ANA, antinuclear antibodies; anti-CCP, anti-cyclic citrullinated peptides. The statistical 



significance was evaluated by the Mann–Whitney U test for continuous data and the χ 2 or Fisher’s 
exact test as appropriate for categorical data.  
 
 

	
Supplementary	figure	1.	IgG	antibodies	against	carbamylated	fetal	calf	serum	(cFSC)	in	healthy	controls	
and	patients	with	primary	Sjögren’s	syndrome	(pSS).	The	cohorts	were	recruited	from	Haukeland	
University	hospital	in	Bergen,	Norway	(consequtive,	2004‐2009)	(A)	and	Federal	University	Hospital	of	
Espírito	Santo	and	Federal	University	Hospital	of	Minas	Gerais,	Brazil	(B).		The	data	is	shown	as	the	mean	±	
SD.	The	dashed	line	represent	the	cutoff	value	for	patients	considered	positive	for	antibodies	against	
carbamylated	proteins,	which	was	calculated	as	the	man	plus	two	times	the	SD	of	the	healthy	controls.		No	
outliers	were	removed.	The	statistical	significance	was	evaluated	using	Mann‐Whitney	U	test. 

 
 
 
 

 
Supplementary figure 2. IgA antibodies against carbamylated fetal calf serum (cFCS) in healthy 
controls and patients with primary Sjögren’s syndrome (pSS). The cohort was recruited from 
Haukeland University hospital in Bergen, Norway (consecutive, 2011-2015). The data is shown as the 
mean ± SD. The dashed line represent the cut-off value for patients considered positive for antibodies 
against carbamylated proteins, which was calculated as the mean plus two times the SD of the healthy 
controls. The statistical significance was evaluated by the Mann-Whitney U test. 

 
Material and Methods 
 
Study sample. The Bergen Cohort 2 comprises of patients diagnosed with pSS (n = 

45) who had been consecutively recruited and evaluated at the Department of 



Rheumatology, Haukeland University Hospital in Bergen, Norway between 2004 and 

2009. The patients fulfilled the American-European Consensus Group criteria for 

classification of pSS and had their medical history recorded. Existing control cohort 

with sex- and approximately age-matched healthy controls (n = 77) recruited from the 

same geographical area through the Haukeland University Hospital Blood Bank was 

used. The study was approved by the Regional Committee of Medical and Health 

Research Ethics (REK 3.2006.3085). All patients provided written informed consent. 

Cohort 3 comprises of pSS patients (n=92) and controls (n=63) recruited from 2 

Brazilian University hospitals (Federal University of Espírito Santo and Federal 

University of Minas Gerais. Exclusion criteria were any other autoimmune 

inflammatory disease, chronic infection, cardiovascular disease, and heart, kidney, 

respiratory and/or liver insufficiency. Project was approved by the Ethic Committee 

of UFES (407.199/2013). 

 

Detection of anti-CarP IgA antibodies. Using BD Vacutainer SST II Advanced plus 

blood collection tubes (BD), serum samples were obtained from peripheral blood. To 

allow clotting, the tubes were incubated at room temperature for 30 min. Following 

centrifugation at 1800 × g for 10 min, the serum layer was collected, aliquoted and 

stored at ˗70°C until analysis. To investigate the levels of anti-CarP antibodies in 

serum, a modified ELISA protocol developed by Shi et al.11 was used. Fetal calf 

serum (FCS) was carbamylated by incubation with a final concentration of 1 M 

KCNO in distilled water for 48 h at 37°C. Following incubation, the KCNO-

containing buffer was exchanged with water using Float-a-lyzer G2 (5kDa) (Spectrum 

Labs, Breda, the Netherlands). Native and carbamylated FCS (cFCS) was coated on 

Nunc Maxisorp 96-well plates (Thermo Scientific, Oslo, Norway) overnight at a 

concentration of 10 μg/mL in 0.1M carbonate-bicarbonate buffer. Following washing 

(0.05% Tween in PBS) and blocking (1% BSA in PBS), the wells were incubated 

with serum at a 1:50 dilution in duplicate overnight at 4°C on ice. Bound IgA was 

detected after incubation with an HRP-conjugated rabbit anti-human IgA antibody 

(ab8510, Abcam, Cambridge, UK) for 3.5 h at 4°C on ice. After the last wash, HRP 

enzyme activity was detected using ortho-phenylenediamine (OPD) tablets (Sigma, 

St.Louis, USA). The optical density (OD) was measured at 450 nm using an Emax 

precision microplate reader (Molecular Devices, Sunnyvale, California, USA) and 

analysed using Soft Max Pro software. To ensure that all results would be 



comparable, all samples were analysed simultaneously. The background signal of 

FCS was subtracted from the signal of cFCS in order to analyse the specific anti-CarP 

reactivity. Samples yielding OD values more than two standard deviations (SD) above 

the mean of the anti-CarP measurement of the healthy controls were considered 

positive for anti-CarP antibodies. 

	

Laboratory analyses. Laboratory tests were carried out by the Haukeland University 

Hospital’s routine laboratory. Anti-Ro/SSA, anti-La/SSB, ANA and anti-CCP 

antibodies were reported as either present or absent per individual, whereas all other 

serum and blood parameters were reported as continuous values. These included 

erythrocyte sedimentation rate (ESR) and serum levels of C-reactive protein (CRP), 

complement component 3 and 4 (C3 and C4), non-specific RF, IgA, IgG, IgM, and 

β2-microblobulin. The salivary gland focus score, information on the formation of 

germinal center (GC)-like structures in the minor salivary glands, and information 

regarding extraglandular involvement were obtained from medical records.  
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