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Summary

The aim of this study is to investigate the effect of the native, citrullinated

or carbamylated type II human collagen T cell- and B cell-epitopes on the

adaptive immune response in rheumatoid arthritis (RA). Peripheral blood T

and B cells obtained from a human leucocyte D4-related (antigen DR42

HLA-DR4)1 woman with early RA, her healthy monozygotic twin and an

unrelated HLA-DR31 woman with early RA were analysed for activation

(CD154/CD69), apoptosis (annexin/7-aminoactinomycin), cytokine

production [interferon (IFN)g/interleukin (IL)217/IL-4/IL-10/IL-6] and

functional phenotype (CD45Ra/CCR7) after stimulation with the collagen

native T cell epitope (T261-273), the K264 carbamylated T cell epitope

(carT261–273), the native B cell epitope (B359–369) or the R360

citrullinated B cell epitope (citB359–369), and the combinations of these.

The T cell memory compartment was activated by T cell epitopes in both

discordant DR41 twins, but not in the DR31 RA. The collagen-specific

activation of CD41 T cells was induced with both the native and

carbamylated T cell epitopes only in the RA twin. Both T cell epitopes also

induced IL-17 production in the RA twin, but a greater IL-4 and IL-10

response in the healthy twin. The citrullinated B cell epitope, particularly

when combined with the carbamylated T cell epitope, induced B cell

activation and an increased IL-6/IL-10 ratio in the RA twin compared to a

greater IL-10 production in the healthy twin. Our data suggest that

circulating collagen-specific T and B cells are found in HLA-DR41 subjects,

but only RA activated cells express co-stimulatory molecules and produce

proinflammatory cytokines. Carbamylation and citrullination further

modulate the activation and cytokine polarization of T and B cells.

Keywords: carbamylation, citrullination, rheumatoid arthritis, type II

human collagen

Introduction

Rheumatoid arthritis (RA) is a multi-factorial chronic

inflammatory disease with an autoimmune pathogenesis

leading to preponderant joint damage and severe disability

[1]. The importance of genetic and environmental factors

in RA is well represented by the incomplete concordance in

monozygotic (MZ) twins [2,3] and by the disease familiar

occurrence [4,5]. RA is associated with class II human leu-

cocyte antigen (HLA) alleles DR4 and DR1 [2], and the

binding of self-antigens to HLA molecules is pivotal to RA

pathogenesis [6]. Type II human collagen is an established

self-antigen involved in RA pathogenesis [7,8], based on its

representation in the joint cartilage, the murine model

induced by collagen in the Aq or human DR1/DR4 trans-

genic mouse [9,10] and the presence of serum and synovial

autoantibodies to type II collagen in patients with RA [11].

Furthermore, anti-collagen antibodies can induce arthritis

in mice lacking both B and T cells [12].

B and T cells recognize different epitopes on human

type II collagen with B cells targeting the 359–369 peptide

(B359–369, ARGLTGRPGDA) [13] and T cells the DR4/

DR1-restricted 261–273 peptide (T261–273, AGFK-

GEQGKGEP) [14]. In the joint inflammatory milieu, colla-

gen is cleaved with the release of peptides T261–273 and

B359–369 [15] which undergo post-translational
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modifications in vivo, mainly glycosylation, but also citrul-

lination and carbamylation [11]. Post-translational modifi-

cations have a complex impact on antigen presentation and

immune cell activation, potentially explaining the break-

down of self-tolerance. Both citrullination and carbamyla-

tion have an important role in the diagnosis of RA [16],

but their complex role in RA pathogenesis remains to be

elucidated [17–20].

Changes of immunodominant epitope sequences may

affect the interaction between antigen-presenting cells and

T cells inducing apoptosis, activation-induced death or

anergy [21,22]. Of note, single amino acid substitutions in

the collagen T261–273 epitope induces different T cell acti-

vation states or anergy, as well as a change in cell cytokine

polarization towards a protective T helper type 2 (Th2)

phenotype [23]. Furthermore, epitope affinity changes in T

cell receptors with a different expression of co-stimulatory

molecules may influence B cell receptor engagement induc-

ing B and T cell regulatory phenotypes, instead of B and T

cell activation [24].

To understand more clearly the impact of naive and

post-translationally modified collagen in RA we investi-

gated the effects of the B and T cell epitopes in their native

(B359–369, T261–273), citrullinated (citB359–369) and

carbamylated (carT261–273) forms on the adaptive

immune response in the unique model of HLA-DR4-

carrying MZ twin sisters discordant for RA.

Materials and methods

Peripheral blood mononuclear cells (PBMCs) were

obtained from a treatment-naive HLA-DR41 27-year-old

woman with early RA [with positive serum rheumatoid

factor, negative serum anti-cyclic citrullinated peptides

(anti-CCP) antibody, elevated C reactive protein (CRP)],

bilateral wrist arthritis for 3 months, disease activity score

(DAS)28-CRP 3�1, her healthy MZ twin sister (negative for

both rheumatoid factor and anti-CCP, normal CRP, with

no history or signs of arthritis) and a treatment-naive unre-

lated HLA-DR31 woman with early active RA (DAS28–

CRP 5�11) and positive rheumatoid factor and anti-CCP.

The study was approved by the local Institutional Review

Board (IRB) and all patients and controls signed an

informed consent to participate.

The choice to include one HLA-DR31, anti-CCP1

woman with RA as control was based on the need to com-

pare findings in the absence of HLA-DR4, but with

immune response against citrullinated self-epitopes. Fur-

ther, we speculate that the more active disease observed in

the unrelated RA case may illustrate the possible role of

active inflammation on T and B cell activation. Collagen

peptides were synthesized in native, T261–273 and B359–

369, and modified post-translationally, carT261–273 (car-

bamylated in K264) and citB359–369 (citrullinated in

R360) forms (Biosynthesis Inc., Lewisville, TX, USA).

From each subject, 106 fresh PBMCs were cultured in

duplicate in 24-well plates with 1 ml RPMI [10% of fetal

bovine serum, 1% penicillin and streptomycin, 1% gluta-

mine and 1% of HEPES [4-(2-hydroxyethyl)21-piperazine

ethanesulphonic acid] for 3 days with 20 lg/ml [7] of

T261–273 or carT261–273, B359–369 or citB359–369,

T261–273 1 B359–369 or carT261–273 1 citB359-369 or

without peptides (referred thereafter as unstimulated cells).

As reported previously, this peptide concentration was cho-

sen based on its capability to stimulate memory T cells in

RA [7].

To discriminate the influence of collagen epitopes on

CD41 T cell cytokine phenotype, experiments were per-

formed in the absence of phorbol myristate acetate (PMA)/

ionomycin or anti-CD3/anti-CD28, thus observing a weak

cytokine production in all conditions, as expected. After

stimulation, cells were analysed by flow cytometry [CD3-

allophycocyanin (APC)-H7, CD4-phycoerythrin (PE)-Cy7,

CD8-Alexa700, CD19-hydrazone (HZN) V500] for func-

tional phenotype [CD45RO-PE-cyanin 5 (Cy5), CCR7-PE-

Cy7, CD45RA-HZN V500, CD24- PE-Cy7, CD1d-PE and

CD5-Alexa700], activation [CD154-APC, CD69-peridinin

chlorophyll (PerCP)-Cy5�5], apoptosis [annexin-fluores-

cein isothiocyanate (FITC), 7- 7-amino-actinomycin D

(AAD)] and cytokine polarization [interferon (IFN)-g-

FITC, IL-17-HZN V450, IL-4-PE, IL-10-PE-CF594, IL-6-

APC] (all from BioLegend, San Diego, CA, USA) using LS

Fortessa (BD Biosciences, San Jose, CA, USA). Briefly, cells

were transferred from wells to fluorescence activated cell

sorter (FACS) tubes and diluted with 1 ml of FACS buffer

(BioLegend); FACS tubes were then centrifuged for 5 min

at 400 g. Cells were first stained with extracellular markers

at 48C in dark conditions for 30 min with 5 ll of CD3,

CD4, CD8, CD45RO, CD45RA, CCR7 (for effector mem-

ory and central memory phenotyphe reff) and CD154 (sur-

rogate for antigen-specific activation) [25] in T cell analysis

or of CD19 and CD69 in B cell analysis. After adding 2 ml

of FACS buffer, FACS tubes were centrifuged for 5 min at

400 g. Cells were resuspended in 1 ml of citofix fixation

buffer (BioLegend) and then incubated for 20 min at room

temperature in dark conditions.

To analyse intracellular cytokines, 10 lg of brefeldin was

added in the last 12 h of culture. For intracellular staining,

cells were resuspended in 1 ml of perm/wash buffer (BioLe-

gend) and incubated at room temperature for 30 min in

dark conditions with 5 ll of IFN-g, IL-17, IL-4 and IL-10

for T cell analysis or of IL-6 and IL-10 for B cell analysis.

Cells were resuspended in 2 ml of perm/wash buffer and

centrifuged for 5 min at 400 g.

To analyse apoptosis, cells were washed twice with cold

cell staining buffer and then resuspended in annexin V

binding buffer (1 3 106 cells/ml) (BioLegend). Cells were

then stained with 5 ll of annexin V and 10 ll of 7-AAD

and incubated for 15 min at room temperature in the dark.

Cells were analysed by flow cytometry within 1 h.
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Data were expressed as number, percentages or mean

fluorescence intensity (MFI).

Results

T cell activation and cytokine polarization

Following a 3-day culture without peptide stimulation, effec-

tor memory T cells (CD31CD41CD45RO1CCR7–) were

represented more in the DR41 RA twin compared to the

DR41 healthy twin (Table 1). CCR7 MFI increased signifi-

cantly with both native and carbamylated T cell epitopes

(T261–273 and carT261–273) in the DR41 RA twin and in

her healthy twin (Table 1 and Fig. 1a,b). The increased

CCR7 MFI was observed both in the central memory pool

and in the effector memory pools of both twins without

changes in the relative number of the populations (Fig.

1c,d). Only a weak CCR7 increased expression was found in

2 DR41 patients with long-standing RA in remission with

therapy (see Supporting information). Effector memory T

cells were also more numerous in the DR31 RA case, but

did not increase after epitope stimulation (Table 1). This

result has been replicated in a DR31 healthy subject (see

Supporting information). The expression of CCR7 did not

increase after stimulation with B cell epitopes alone (data

not shown). These results suggest that both T cell epitopes

can be presented in the HLA-DR4 complex to T cells, thus

alerting the entire T helper compartment in DR41 subjects

regardless of the clinical phenotype.

Collagen-specific T cells were identified by CD154

expression as CD1541CD41 T cells upon epitope stimula-

tion, i.e. activated and able to co-stimulate B cells. A rele-

vant expression of CD154 on CD41 T cells was observed

only in the DR41 RA twin in response to the stimulation

with both T cell epitopes (T261–273 and carT261–273)

(Fig. 2). A higher expression of CD154 on unstimulated T

cells was observed in the DR31 RA patient compared to

the DR41 RA twin, due possibly to the more active disease,

but no further increase in CD154 expression was induced

by collagen epitope stimulations (Fig. 2). The stimulation

with both native and citrullinated B cell epitopes (B359–

369 or citB359–369) did not alter CCR7 or CD154 expres-

sion (Fig. 2).

We observed a predominant IL-17 production in the

DR41 RA twin compared to IL-10 and IL-4 in all condi-

tions; conversely, in the DR41 healthy twin, a greater IL-10

and IL-4 production was found (Fig. 3a). In the DR31 RA

case, the more active disease was associated with a signifi-

cant expression of IL-17 in unstimulated CD41 T cells and

IL-17 production increased further after the addition of

modified T and B cell epitopes (carT261–273, citB359–369)

along with IL-4, possibly suggesting a regulatory Th2

Table 1. Central memory (CM) and effector memory (EM) CD41 T cells, CCR7 mean fluorescence intensity (MFI) on CD41 T cells and acti-

vated (CD691) B cells after collagen epitope stimulations in two human leucocyte antigen DR4-related (HLA-DR4)1 monozygotic twins discord-

ant for rheumatoid arthritis (RA) and in an unrelated HLA-DR31 case of rheumatoid arthritis (RA)

DR41 RA twin DR41 healthy twin DR31 RA patient

CM CD4 T cells (%): unstimulated 82�9 87�8 74�2
T261–273 81�9 84�2 81�2
carT261–273 85�4 83�5 77�0
T261–2731B359–369 85�0 81�3 63�1
carT261–2731citB359–369 83�2 83�0 81�3

EM CD4 T cells (%): unstimulated 15�3 10�8 23�8
T261–273 16�5 14�6 16�5
carT261–273 13�4 14�4 18�3
T261–2731B359–369 14�2 17�2 34�2
carT261–2731citB359–369 15�7 15�0 14�3

CCR7 CD4 T cells (MFI): unstimulated 1099 1822 1835

T261–273 6370 6781 1828

carT261–273 6845 5688 1854

T261–2731B359–369 6828 5796 1946

carT261–2731citB359–369 6388 6582 1847

CD69 B cells (%): unstimulated 17�3 16�0 47�2
B359–369 24�3 21�4 38�6
citB359–369 24�9 36�3 28�6
T261–2731B359–369 22�9 46�9 28�0
carT261–2731citB359–369 29�9 46�1 34�0

CD69 B cells (MFI): unstimulated 583 570 812

B359–369 653 354 786

citB359–369 659 803 606

T261–2731B359–369 639 809 600

carT261–2731citB359–369 709 801 780

collagen epitopes in rheumatoid arthritis
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expression. Of note, modified T and B cell epitopes also

induced an increased IL-17 production in the CD81 T cells

of the DR31 RA patient, thus suggesting their recognition

as non-self-peptides via type I HLA (Fig. 3c). The data sug-

gest cumulatively that in the DR41 RA twin collagen-

specific CD41 T cells are committed to produce pathogenic

cytokines and that carbamylation and citrullination of T

and B cell epitopes, respectively, can induce a pathogenic

response in a HLA-DR31 RA patient.

B cell activation and cytokine polarization

Unstimulated B cells from the DR41 RA twin were not

more activated (estimated by CD69 expression) compared

to the DR41 healthy twin (Table 1, Fig. 4). In the DR41

RA twin, the citB359–369 epitope induced the activation of

a small population of B cells, while the combined use of

modified T and B cell epitopes was associated with a weakly

enhanced B cell activation, particularly in the HLA-DR41

healthy twin (Fig. 4). CD69 expression did not change sig-

nificantly after stimulation with T cell epitopes alone (data

not shown). These results suggest that citrullination of the

B cell epitope may be sufficient to activate B cells regardless

of the disease state, albeit the use of PBMCs remains a het-

erogeneous cell system and activated B cells are almost

dead after 3-day culture. As such activation is amplified in

presence of the T cell epitopes, we hypothesize a role for

Fig. 1. Increased CCR7 expression on CD41 T cells of the DR41 rheumatoid arthritis (RA) twin (a) and of the DR41 healthy twin (b) after

collagen T cell epitope stimulations compared to unstimulated cells (white peaks versus grey peak, respectively). Increased CCR7 expression (right

shift) on the central memory (CM, right cell cloud) and on the effector memory (EM, left cell cloud) CD41 T cells of the DR41 RA twin (c)

and of the DR41 healthy twin (d) after collagen epitope stimulations. Stimulating peptides include native (T261-273) and carbamylated

(carT261-273) T cell epitopes and the combinations with native (B359-369) or citrullinated (citB359-369) B cell epitopes, respectively.
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antigen-activated T cells as B cell-helper in DR41 subjects.

CD69 was over-expressed in B cells of the DR31 RA

patient, but its expression decreased after B cell stimulation

(Table 1).

As expected, and similar to CD69 expression, IL-6 pro-

duction by unstimulated B cells was higher in the DR41

RA twin. A further IL-6 production was induced by

citB359–369, especially in combination with carT261–273,

while a decreased IL-10 production was observed with both

B359–369 and citB359–369 stimulations in the DR41 RA

twin (Fig. 3b). Epitope challenge induced B cells from the

DR41 healthy twin to produce both IL-6 and IL-10 com-

pared to unstimulated cells. In the DR31 RA patient, B cell

epitope stimulations did not alter IL-6 production, already

higher in basal condition due to the more active RA, and

weakly reduces IL-10 expression (Fig. 3b). These observa-

tions suggest cumulatively that B cell activation by collagen

B cell epitopes is associated with an altered balance between

inflammatory and regulatory cytokines, favouring inflam-

mation in RA.

T and B cell survival

Unstimulated CD1541CD41 T cells from the HLA-DR41

RA twin manifested an increased survival (annexin– 7-

AAD–) compared to the healthy twin, in which the small

subpopulation of CD1541CD41 T cells was invariably in

late apoptosis (annexin1 7-AAD1) (Fig. 5).

CD1541CD41 T cells from the DR41 RA twin showed

increased survival after stimulation with carT261–273 (up

to 60%) or T261–273 (up to 100%) (Fig. 5). Despite the

low number of events, we observed an increased survival of

CD1541CD41 T cells in the DR41 healthy twin.

Unstimulated CD1541CD41 T cells from DR31 RA case

manifested a survival similar to the DR41 RA twin, and

this did not increase after epitope stimulation (Fig. 5).

These data suggest that antigen-activated CD41 T cells

may have a survival advantage in RA, possibly favouring

chronic inflammation, even if we cannot exclude prolifera-

tion of this selected subpopulation.

Independent of the stimulation, the majority of activated

B cells were in late apoptosis in all subjects (data not shown).

Discussion

The aetiology and pathogenesis of RA remain largely enig-

matic, despite numerous lines of evidence in support of the

role of autoimmune mechanisms and environmental fac-

tors [26], possibly through epigenetic changes of a suscep-

tible genetic background [27]. A recent large twin study

report a concordance for anti-CCP-positive RA of 8�3% for

Fig. 2. Increased CD154 (CD40L)

expression on the CD41 T cells of the

DR41 rheumatoid arthritis (RA) twin

(a) after collagen epitope stimulations

compared to the DR41 healthy (H) twin

(b) and the DR31 RA patient (pt).

Stimulating peptides include native

(T261-273) and carbamylated (carT261-

273) T cell epitopes and native (B359-

369) and the combinations with native

(B359-369) or citrullinated (citB359-369)

B cell epitopes, respectively.

collagen epitopes in rheumatoid arthritis
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MZ twins, with an overall heritable component of 39%,

and of 44% in the case of anti-CCP-positive RA, thus sug-

gesting a strong influence of environmental or stochastic

variables [28]. No data are available on twin concordance

for seronegative RA, while we submit that data from other

rheumatic diseases fall short of 50% concordance rates

overall. A common complexity across seronegative or

anti-CCP-positive cases of RA is also based on similar co-

segregation in families [29]. The data presented herein sug-

gest the hypothesis that an altered recognition of type II

collagen epitopes by T and B cells could be involved in the

pathogenesis of RA and that epitope post-translational

modifications, more specifically carbamylation and citrulli-

nation of T and B cell epitopes, respectively, may also con-

tribute to tolerance breakdown and perpetuate

inflammation. The inclusion of a MZ twin set carrying the

HLA-DR4 allele represents a unique case and control series

which allows that the T-dependent collagen epitope is pre-

sented to T cells in both subjects while minimizing the bias

due to genetic diversity. Also using an HLA-DR3-positive

Fig. 3. (a) Increased interleukin (IL)217 production in the CD41 T cells of the DR41 rheumatoid arthritis (RA) twin after collagen epitope

stimulations; greater IL-10 and IL-4 production in the DR41 healthy (H) twin; significant expression of IL-17 after post-translationally modified

collagen epitope stimulations in the DR31 RA patient (pt). (b) Increased IL-6 production after citB359-369 stimulation and decreased IL-10

production after B359-369 or citB359-369 stimulations in the B cells of the DR41 RA twin. Increased B cell production of IL-6 and, greatly, of IL-

10 compared to unstimulated B cells in the DR41 H twin after collagen epitope stimulations. In the DR31 RA pt the collagen epitope stimulations

did not alter IL-6 production, but slightly decreased IL-10 expression. (c) Increased IL-17 production in the CD81 T cells of the DR31 RA patient

after collagen epitope stimulations compared to the DR41 twins. Stimulating peptides include native (T261-273) and carbamylated (carT261-273) T

cell epitopes and the combinations with native (B359-369) or citrullinated (citB359-369) B cell epitopes, respectively.
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unrelated RA case allows exploration of collagen immunity

beyond the DR4-CD4-restricted pathway.

Human type II collagen contains a large number of lysine

residues that are often hydroxylated post-translationally and,

subsequently, glycosylated with a b-D-galactopyranosyl- or

an a-D-glucopyranosyl-b-D-galactopyranosyl unit [30].

The T cell epitope T263-271 contains two glycosylation sites,

K264 and K270. T cells recognize the peptide glycosylated in

Fig. 4. Activated B cells in the DR41 rheumatoid arthritis twin (a) after the stimulation with the modified collagen epitopes (citB359-369 and

carT261-273 1 citB359-369) and in the DR41 healthy twin (panel b) (citB359-369, T261-273 1 B359-369 and carT261-273 1 citB359-369).

Stimulating peptides include native (B359-369) and citrullinated (citB359-369) B cell epitopes and the combinations with native (T261-273) and

carbamylated (carT261-273) T cell epitopes, respectively.

collagen epitopes in rheumatoid arthritis
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K264 or in K270 bound to HLA-DR4, but the b-D-

galactopyranose unit located in the hydroxylysine 264 seems

to be immunodominant [31]. This provided the main

rationale for testing the K264 carbamylated T261–273. Both

K264 and K270 are flanked by non-polar amino acids and so

they are equally prone to carbamylation [32]; in addition, in

our previous work we generated a computational model

showing that F263 of the T cell epitope is bound in the large

non-polar P1 pocket of HLA-DR4, and this link may be fav-

oured by the neutral homocitrulline in the close position

264 compared to the basic lysine, while K270 extend promi-

nently into solvent where they can be contacted by T cell

receptor [8].

The effects of collagen glycosylation on immune recogni-

tion remain to be determined, but this modification is

believed to enhance the peptide immunogenic potential by

slowing down its processing rate [33], thus suggesting that

other post-translational modifications of these sites could

alter the epitope immune recognition. Carbamylation

involves the non-enzymatic reaction of urea-derived cya-

nate with free NH2 groups on lysine residues to yield

homocitrulline leading to an impaired protein function

due to the altered charge distribution [22]. This process

can be mediated in vivo by myeloperoxidase (MPO), the

enzyme responsible for the inflammation-driven carbamyl-

ation of proteins [34]. Notably, it was shown that collagen

is easily carbamylated in vivo and that such modification

may be linked directly to granulocyte activation and prote-

ase release [31], as observed in the inflamed RA joint, but

no reports have investigated the effect of carbamylation of

the immunodominant collagen T cell epitope.

Our data demonstrate that both native and carbamy-

lated collagen T cell epitopes induces the enhanced expres-

sion of CCR7, a chemokine receptor involved in

lymphocyte migration [35], in the T cell memory pool of

the DR41 twins, but not of the DR31 RA patient. This

transient phenomenon was described after T cell receptor

engagement by Lanzavecchia and colleagues in both central

memory and effector memory T cells [36], and suggests

that both epitopes could be presented in the DR4 complex

to T cells, thus alerting T helper compartment to migrate

into lymph nodes or inflamed tissue. In physiological con-

ditions, joint cartilage lacks vascularization and collagen is

thus hidden from the immune system, but during the

course of RA not only is T261–273 exposed to the immune

system, but it is also presented in a class II HLA complex

manner as a non-self-peptide. These conditions seem to be

sufficient to activate T cells in HLA-DR41 subjects. How-

ever, only the RA twin T cells had an increased expression

of CD154 or CD40L, the co-stimulatory molecule neces-

sary for an effective T–B cell co-operation in the adaptive

immune response [37]. Moreover, while we observed an

increased IL-17 production in T cells of the DR41 RA twin,

a greater Th2 and Treg response was demonstrated in her

healthy twin sister after T cell epitope stimulation. In the

healthy twin, the native T cell epitope exposure to the

immune system or its carbamylation with the creation of a

neoepitope may not be sufficient to activate self-reactive T

clones co-stimulating B cells and producing pathogenic

cytokines. Of note, in the DR41 healthy twin the collagen-

mediated T cell alerting led to regulatory cytokine produc-

tion, more suggestive of peripheral self-tolerant antigen-

experienced T cells, rather than of anergic cells, as in the

case of antigen engagement without adequate co-

stimulation [38].

Carbamylation of the collagen T cell epitope did not

alter the T cell response in DR41 subjects compared to the

native epitope, suggesting that homocitrulline in K264

does not influence the DR4-T cell receptor complex. Fur-

ther, the carbamylated T cell epitope induced IL-17 expres-

sion in the DR31 RA patient, thus suggesting that this

post-translational modification of the immunodominant

type II collagen T cell epitope can induce a pathogenic

response independently of the class II HLA haplotype, pos-

sibly through the activation of CD81 T cells, similarly to

what happens in CD8 cross-presentation [39]. We are

aware that these results could be influenced by the high dis-

ease activity of the HLA-DR31 woman with RA and by the

presence of anti-CCP, a mark of lost tolerance against cit-

rullinated self-epitopes without supporting cross-reactivity.

Citrullination is a post-translational modification occur-

ring predominantly during apoptosis and opening intracel-

lular protein conformation to favour protein cleavage.

Citrullination changes the protein charge distribution and

the ability to form H-bonds, and in-vitro evidence demon-

strated that the modification of more than 10% of arginine

Fig. 5. Increased survival of unstimulated CD154 1 CD41 T cells in

the rheumatoid arthritis (RA) patient(pt)s compared to the healthy

(H) twin. Increased survival of antigen-activated T cells in the DR41

RA twin after the stimulation with the T cell epitopes, especially

with the native T cell epitope (T261-273). Stimulating peptides

include native (T261-273) and carbamylated (carT261-273) T cell

epitopes and the combinations with native (B359-369) or

citrullinated (citB359-369) B cell epitopes, respectively.

M. De Santis et al.
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residues leads to the denaturation of a protein [35]. Of

note, peptidyl arginine deiminase (PAD) can be released in

the inflamed joint and citrullinate extracellular proteins,

including collagen, contributing to neoantigen formation

[16,17]. Albeit similar, carbamylation and citrullination

target different amino acid residues, lysine and arginine,

respectively. Therefore, homocitrulline and citrulline resi-

dues map at different positions along the protein sequence,

as in the case of collagen, with the T cell epitope T261–273

possibly carbamylated and B cell epitope B359–369 citrulli-

nated. The B359–369 epitope contains two citrullination

sites, i.e. R360 and R365, with the former being more prob-

ably modified, as R365 is adjacent to a proline [39]; this led

to the choice of studying R360 citrullination. Our data sug-

gest that the citrullinated B cell epitope can activate B cells,

while the native form can induce a pathogenic response

only in combination with the T cell epitope, as in the case

of a linked recognition of T and B cell epitopes. Despite the

anti-CCP high specificity for RA, the humoral response

does not appear to be sufficient to cause the disease; in

fact, RA murine model requires the entire or the majority

of the collagen molecule to induce arthritis [40], thus

suggesting that the presence of both T and B cell-specific

epitopes are important in disease pathogenesis. In fact,

anti-CCP in RA are linked to the shared epitope QKRAA

or QRRAA in the majority of patients [41], a conserved

sequence of the P4 pocket, the main determinant of the

antigen-binding site of the b chain of some alleles of HLA-

DR4 e DR1 associated specifically to RA [16], of which

T261–273 is the immunodominant T cell epitope [7,8]. A

potential pathogenic mechanism, explaining both humoral

and cellular response in RA, is the linked recognition of

B359–369 and T261–273. T cells can recognize peptides

derived from the core regions of proteins presented in class

II HLA, while B cells can recognize surface epitopes on the

same proteins. According to this, B cells are expected to

recognize a surface epitope as the B359–369 epitope

through the B cell receptor, internalize the whole protein or

a large part of it, cleave it and present an internal epitope

as the T261–273 epitope on class II HLA, recognized ulti-

mately by pathogenic T cells. T cells, besides producing

proinflammatory cytokines could, in turn, help B cells in

autoantibody production. The clinical efficacy of abatacept

targeting B and T cell co-stimulation via cytotoxic T lym-

phocyte (CTLA)24 in RA appears to support this fascinat-

ing hypothesis [42,43]. Besides a mechanistic view of the

benefits of abatacept, additional therapeutic potential

implications stem from this study and may include the

development of oral vaccines [44] or chimeric antigen

receptor T cells expressing collagen-specific T cell receptors,

but also redirected to a regulatory cytokine profile [45],

expanding the horizon of RA treatments from monoclonal

antibodies towards cell-based therapy.

It should also be determined whether post-translational

modifications of extracellular peptides in RA could take

place on neutrophil extracellular traps (NETs), considering

that both PAD and MPO, the enzymes catalyzing citrullina-

tion and carbamylation, respectively, are found on NETs

[46] and the major role of neutrophils in producing IL-17

[47]. Our data need to be confirmed in a larger cohort of

patients carrying HLA-DR4 or the shared epitope and

compared either to a large group of non-DR4 RA patients

with similar disease activity or healthy subjects carrying or

not DR4. Indeed, the RA twin had an early disease with

mild activity and was seronegative for anti-CCP, while the

DR3 RA case had an active long-standing disease and was

seropositive for anti-CCP, and we cannot exclude the influ-

ence of the disease status on the results. We are convinced

that results should be confirmed using other DR4-

restricted peptides as well as irrelevant sequences.

In conclusion, data obtained from the natural model of

MZ twins may be summarized in two major issues. First, T

cells recognizing the type II collagen 261-273 epitope are

present in the memory pool of DR41 subjects, but are self-

reactive and committed to produce IL-17 only in RA, while

being tolerant and committed to produce IL-4 and IL-10 in

physiological conditions. Of note, the carbamylation of the

collagen T cell epitope may induce a pathogenic response

even in non-DR41 RA. Secondly, the linked recognition of

native T and B cell epitopes seems necessary, while the cit-

rullination of the B cell epitope is sufficient to activate B

cells in DR41 subjects. A higher pathogenic versus protec-

tive cytokine ratio was observed in B cells of patients with

RA after collagen B cell epitope stimulations. Taken alto-

gether, our data suggest the post-translational modifica-

tions of collagen epitopes may be pivotal to RA

pathogenesis, while providing new targets for new treat-

ments acting upstream of proinflammatory cytokines and

signalling pathways.
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