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In genetically prone individuals, chronic immune activation may lead to expansion of
autoreactive lymphocyte clones that can induce organ damage developing autoimmune
disorders. Sjögren’s Syndrome (SjS) is a systemic chronic autoimmune disease that
primarily affects exocrine glands. Despite the accumulated evidences of profound B-cell
alterations of humoral immunity, the repertoire and development of B-cell autoreactivity in
SjS remains to be determined. We hypothesize that SjS mice will have an increased
frequency of self-reactive B cells with a progressive evolution to antigen-driven
oligoclonality. Here, we study the B cell repertoire of NOD.H-2h4 mice, a mouse model
of spontaneous autoimmunity mimicking SjS without developing diabetes. A library of 168
hybridomas from NOD.H-2h4 mice and 186 C57BL/6J splenocytes at different ages was
created. The presence of mono or polyreactive autoantibodies to several antigens was
evaluated by ELISA, and their staining patterns and cellular reactivity were tested by IFA
and FACS. We observed a higher frequency of autoreactivity among B-cell clones from
NOD.H-2h4 mice as compared to wild-type mice. The presence of polyreactive and
autoreactive IgG clones increased with mice age. Strikingly, all anti-Ro52 autoantibodies
were polyreactive. No loss of polyreactivity was observed upon antibody class switching
to IgG. There was a progression to oligoclonality in IgG B cells with mice aging. Our results
indicate that in the NOD.H-2h4 mouse model of SjS, IgG+ B cells are mainly polyreactive
and might expand following an unknown antigen-driven positive selection process.

Keywords: B cell repertoire, autoantibodies, polyreactive antibodies, Sjögren’s syndrome, monoclonal antibodies
INTRODUCTION

Sjögren’s syndrome (SjS) is a chronic autoimmune disease, of unknown etiology, that primarily
affects the salivary and lacrimal glands with progressive dryness of mouth and eyes (1, 2). SjS is one
of the most common systemic autoimmune diseases (3). One of the hallmarks of SjS is inflammation
of the exocrine tissue, termed focal lymphocytic sialadenitis, and the presence of anti-nuclear
antibodies such as anti-dsDNA and anti-Ro52 that are useful diagnostic markers (4–6).
Importantly, these autoantibodies have been shown to play a pathogenic role (4, 7). Besides the
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occurrence of these autoantibodies, SjS patients are characterized
by deep alterations in the frequency of several B lymphocyte
populations, both in the blood and in the infiltrated exocrine
glands (8–10). Another hallmark of the disease is the B cell
hyperreactivity due to chronic antigenic stimulation, which is
initially polyclonal but can progress to monoclonal B cell
lymphoproliferation. Ultimately, leading to B cell lymphoma
development, being the most common marginal zone B-cell
lymphoma (11, 12).

SjS patients have increased susceptibility to suffer other
autoimmune diseases such as rheumatoid arthritis or systemic
lupus erythematosus (13). There is accumulated evidence that in
susceptible individuals, chronic B-cell activation may lead to the
expansion of autoreactive lymphocytes that can lead to organ
damage developing autoimmune disorders (14, 15). This is due to
defective B cell tolerance checkpoints that are characteristic of
systemic autoimmune diseases. This deficient negative selection
leads to the increase in the generation of polyreactive antibodies that
are characterized by their ability to bind to multiple structurally
unrelated antigens including autoantigens (16). These antibodies are
also present in non-autoimmune prone individuals, representing an
important part of immune repertoires under physiological
conditions and may play essential roles in immune defense and in
the maintenance of immune homeostasis (17, 18). B cells producing
these antibodies have been postulated to provide the immune
system with primordial specificities that upon antigen recognition
can be induced to generate highly antigen-specific antibodies (19).
Importantly, the presence of polyreactive antibodies has been
associated with different autoimmune and inflammatory processes
(20–22). A high prevalence of naïve B cells expressing polyreactive
antibodies has been reported in patients with systemic lupus
erythematosus and rheumatoid arthritis (23). Thus, a
physiological balance between useful protective and detrimental
polyreactive antibodies has to be established in order to avoid
detrimental effects.

Despite the evidence of profound B cell disturbances, there is
poor understanding of the underlying mechanisms involved in
development and evolution of B cell autoreactivity in SjS. We
hypothesized that the B cells of aged SjS mice will have an
increased frequency of self-reactive B cells reflecting impaired
tolerance checkpoints. Besides, under chronic antigen exposure, B
cell clones expressing polyreactive or autoreactive IgM antibodies
might switch to IgG and tune their specificity, becoming high
affinity monospecific. Moreover, we predicted that B cells of the
SjS mice may evolve to oligoclonality, translated as the use of
progressively more restricted V gene segments (24). In order to
test these hypotheses, we analyzed the B cell repertoire of NOD.H-
2h4, which spontaneously develops SjS, presenting exocrine glands
infiltrations (25). Similar to SjS patients, these mice present
exocrine gland disease, but in contrast to NOD mice, they do
not develop diabetes (26). In addition, these mice develop
autoantibodies to antinuclear antigens preceding the
development of lymphocytic infiltration in the salivary glands
(26). We generated a large library of hybridomas and tested the
reactivity of the secreted monoclonal antibodies and determined
the gene usage of heavy and light chains variable genes segments.
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Our results showed elevated frequency of polyreactive B cell
clones in SjS mice that increased with age. Strikingly, all anti-
Ro52 autoantibodies were polyreactive. There was a progression
to oligoclonality of IgG B cells without loss of polyreactivity. Our
results indicate that IgG+ autoreactive B cells are mainly
polyreactive and might expand following an unknown antigen-
driven positive selection process.
MATERIAL AND METHODS

Mice
NOD.H-2h4 (NOD.Cg-H2h4/DilTacUmm), NSG (NOD Scid
Gamma) and C57BL/6J mice were purchased from Jackson
Laboratory and breed under specific pathogen free conditions at
the animal house facility from Faculty of Medicine, University of
Barcelona. Mice experiments were performed according to the
European Community Directive 2010/63/EU and Spanish
legislation (Real Decreto 53/2013, BOE-A-2013-101337) regulating
the protection and usage of laboratory animals. Experimental
procedures were approved by the Ethics Committee for Animal
Experiments (CEEA) of the University of Barcelona.

Hybridoma Generation
Generation of hybridomas was done using all splenocytes derived
fromunimmunizedNOD.H-2h4 (28, 47 and 66w.o.) andC57BL/6J
(26, 47 and 69 w.o.) mice. One animal and two animals of each age
were used for the generation of hybridomas from the NOD.H-2h4

and C57BL/6J mice respectively. The fusions of splenocytes of
C57BL/6J mice correspond to pools of two animals in order to
increase the number of hybridomas. In contrast, in NOD.H-2h4

mice no splenocytes pools were done, due to the high number of
hybridomas obtained in each fusion. Splenocytes were fused to
mouse myeloma NS1 cells following standard fusion protocols as
described before (27). Briefly, splenocytes were isolated by manual
disaggregation under sterile conditions and fused with NS1 cells
using polyethylene glycol (Sigma). The fused cells were plated into
96-well plates in selective medium containing RPMI-1640 (Sigma)
with 0’5% Hybridoma Fusion and Cloning Supplement (Roche),
Hypoxanthine-Aminopterin-Thymidine (HAT) (Sigma), 20% of
FBS-GoodAustralianOrigin (DDBiolab), L-glutamine (Gibco) and
Penicillin-Streptomycin (Gibco). Hybridomas were incubated at
37°C in 5%CO2 conditions for 7-10 days. Hybridoma supernatants
were tested by ELISA to confirm antibody production; IgM clones
were saved when high antibody concentration and only one clone
was observed on the 96 well plate, all IgG clones were saved except
those which were co-expressing IgM in the same well, and IgGs
were subcloned.

Immunoglobulin Quantification
and Isotyping
Quantification of immunoglobulin and isotyping were done by
ELISA; coating 96-well microtiter plates (Costar) with 3 µg/mL
of F(ab’)₂ Fragment Goat Anti-Mouse IgM, µ chain specific
(Jackson ImmunoResearch) or Goat anti-mouse IgG (Sigma)
polyclonal antibodies. Hybridoma supernatants were diluted 1/2
April 2021 | Volume 12 | Article 666545
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for the determination of antibody production; and 1/20 for IgG
subclass determination. Production and isotype determination
were tested with Biotin Rat anti-mouse IgM (R6-60.2, BD
Biosciences) and Horseradish Peroxidase (HRP)-conjugated
goat anti-mouse IgG (Sigma). IgG subclasses determination
was done using Biotin anti-mouse IgG1, IgG2b, IgG2c and
IgG3 polyclonal antibodies (Jackson ImmunoResearch). HRP-
conjugated streptavidin (Roche) was used for biotinylated
antibodies detection. Finally, microplates were developed with
TMB (BD Bioscience) and reaction was stopped with 2M H2SO4.
Microplates were read with an EPOCH Microplate
Spectrophotometer (BioTek) at 450-570 nm.

Flow Cytometry
Supernatants of highly confluent hybridoma cultures were
diluted 1/2 and tested by flow cytometry against mouse L cells
which were previously fixed (4% PBS-formaldehyde) and
permeabilized (0’05% PBS-Triton X-100). FITC Goat anti-mouse
IgM (Southern Biotech) or PE F(ab’)₂ Fragment Goat Anti-Mouse
IgG, Fcg fragment specific (Jackson ImmunoResearch)were used as
polyclonal detection antibodies. Data was acquired with
FACSCalibur flow cytometer (BD Biosciences) and FlowJo vX.0.7
(Tree Star, Inc) software was used to analyze the results. Flow
cytometry experiments were performed as described before (28).

Antibody Reactivity by ELISA
Reactivity determination was done using high binding plates
(Costar) coated with the following antigens at 3 mg/mL: calf
thymus double-stranded DNA (Sigma); Histone (H1; Sigma);
Ro52 (SSA-TRIM21; Sigma); LPS from Escherichia coli O55:B5
(Sigma); human Insulin (Lilly) and Ovalbumin (InvivoGen).
Supernatants of highly confluent hybridoma cultures were
diluted 1/2; HRP-conjugated goat anti-mouse IgG (Sigma)
polyclonal antibody and Biotin rat anti-mouse IgM (R6-60.2,
BD Biosciences) were used as detection antibodies and HRP-
conjugated streptavidin (Roche) for the biotinylated antibody
detection. Finally, microplates were developed with TMB (BD
Bioscience) and reaction was stopped with 2M H2SO4. Microplates
were read with an EPOCHMicroplate Spectrophotometer (BioTek)
at 450-570 nm. Antibodies which were positive for three or more
antigens of our panel were considered polyreactive.

Immunofluorescence Assay
Supernatants of highly confluent hybridoma cultures were analyzed
by IFA using HEp-2 cells which were fixed (4% PBS-formaldehyde)
and permeabilized (0’05% PBS-Triton X-100); and cryosections
from kidney, liver, external lacrimal and submandibular salivary
glands obtained fromNSGmice, fixed and permeabilized (Acetone);
both blocked (PBS with 6% FBS). Then, cells and cryosections were
incubated with 1/2 diluted supernatants. Anti-mouse IgG Fc
Alexa488 (Life Technologies) and anti-mouse IgM Fc FITC
(Southern Biotech) were used as polyclonal detection antibodies.
Finally, both immunocytochemistry and immunohistochemistry
slides were prepared using coverslips and aqueous mounting
medium with anti-fading: 90 mL Glycerol (VWR), 10 mL PBS 1X,
500 mg Propyl-gallate (Sigma). Sections were visualized at 20X and
40x magnifications using NIKON e600 microscope.
Frontiers in Immunology | www.frontiersin.org 3
Immunoglobulin VH and VL Sequencing
Hybridoma cells were harvested by centrifugation and stored at
-80 °C as dry pellets until use. Total RNA was purified from those
dry pellets using the RNeasy Mini Kit (Qiagen). Total RNA was
reverse transcribed in a final volume of 20 µL/sample and using
the SuperScript III Reverse Transcriptase (Invitrogen). Mouse IgH
and IgK V gene transcripts were amplified independently with a
battery of selected sense and antisense primers (Supplementary
Tables 1, 2) (29). All PCR reactions were performed in a final
volume of 25 µL/sample and using the Platinum Taq DNA
Polymerase High Fidelity (ThermoFisher). PCR products were
analyzed on 2% agarose gels and the correct amplifications were
purified using the Zymoclean Gel DNA Recovery (ZymoResearch)
and send to sequencing (Macrogen Europe, Madrid, Spain).

IGHV and IGKV Rearranged
Sequences Analysis
IGHV and IGKV sequences were analyzed first aligning all
obtained sequences with the Sequencher v5.4.6 (GeneCodes,
Corp.) software and all aligned sequences then were analyzed
with the mouse immunoglobulin repertoire set of the IMGT/V-
QUEST reference directory (30, 31). Only productive sequences
were used for the study, and V(D)J genes including CDR1, CDR2
and CDR3 were deeply analyzed for the IGHV and IGKV.
Hybridomas sharing the same IGHV and IGKV genes and
nucleotide/amino acid mutations were considered as B-cell
clones, and those who shared IGHV and IGKV but had
additional mutations were considered clonally related.

Antibody Purification
Hybridoma antibodies that were selected for assessing their
avidity were purified using the Affi-Gel Protein A MAPS II Kit
(BioRad) and following the manufacturer’s protocol.

Antigen Reactivity Strength Assay
Selected antibodies were analyzed for their antigen reactivity
strength by ELISA. High binding plates (Costar) were coated with
the previously mentioned panel of antigens at 3 mg/mL. Serial
dilutions (range 100 mg/mL - 0’01 mg/mL) of purified antibodies
were tested in duplicate. HRP-conjugated goat anti-mouse IgG
(Sigma) was used as detection polyclonal antibody. Finally,
microplates were developed with TMB (BD Bioscience) and
reaction was stopped with 2M H2SO4. Microplates were read with
an EPOCHMicroplate Spectrophotometer (BioTek) at 450-570 nm.

Statistical Analysis
P-values for antibody autoreactivity, analysis of antibody
reactivity against Ro52 and antibody reactivity were calculated
by c2 test, P-values for VH amino acid changes were calculated
by unpaired t test.
RESULTS

To determine the B cell repertoire of SjS-like mice, we generated
a library of 168 hybridomas from 28, 47 and 66 weeks old female
NOD.H-2h4 mice. It has been described that all 28-week old
April 2021 | Volume 12 | Article 666545

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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female NOD.H-2h4 mice shows evidence of salivary gland
lymphocyte infiltration and the presence of anti-Ro52 and
anti-dsDNA autoantibodies (26). Additionally, we also
generated a collection of 186 hybridomas from female C57BL/
6J (B6) mice (ages 26, 47 and 69 weeks).

Elevated Frequency of Autoreactive B Cell
Antibodies in Aged NOD.H-2h4 Mice
In order to evaluate the frequency of antibodies against ubiquitous
self-antigens, we tested the reactivity of the supernatants of our
hybridoma collection with permeabilized cells of the mouse
fibroblast cell line L. The frequency of IgM and IgG autoreactive
antibodies was significantly increased in autoantibodies from SjS
mice as compared to B6 wild-type mice, especially in mice with an
age over 60 weeks (Figures 1A, B). A significant increase in the
frequency of autoreactive IgG with age was observed in SjS mice,
reaching a 61% of the IgG antibodies tested in 66 old mice,
revealing defects in B cell tolerance in these mice. In contrast, the
frequency of IgM autoreactive antibodies did not increase with age
(Figure 1A). These data show that autoreactive clones dominate
the B cell repertoire of NOD.H-2h4 mice.

High Frequency of Autoreactive B Cell
Antibodies Recognized Ro52 in SjS Mice
We determined the frequency of anti-Ro52 autoantibodies, since
Ro52 is a characteristic target of anti-nuclear autoantibodies in
patients with SjS (4–6). B cells from old SjS mice (over 40 weeks)
presented a higher frequency of antibodies reactive with Ro52 as
compared with B6 mice of both IgM and IgG. The percentage of
anti-Ro52 IgG antibodies in the SjS mice increased dramatically
with age to the point that more than 50% of the B cell clones were
Frontiers in Immunology | www.frontiersin.org 4
reactive with this antigen in 66-week old animals (Figures 2A,
B). Surprisingly, we also detected a very high percentage of anti-
dsDNA antibodies in these animals (Supplementary Figure 1).
These data showed that most of the autoantibodies could be
reactive with both antigens at the same time, indicating a high
percentage of polyreactive antibodies.

Most of the Autoreactive B Cell Antibodies
Present Polyreactivity
In order to explore the levels of polyreactivity, the monoclonal
antibodies of our hybridoma collection were tested for their
reactivity with a panel of six structurally unrelated molecules that
included double strand DNA (dsDNA), histone 1 (H1), Ro52,
lipopolysaccharide (LPS), insulin (INS) and ovalbumin (OVA).
Antibodies reactive with three or more of these antigens were
considered as polyreactive. The results shown in Figure 3
demonstrate a higher frequency of polyreactivity in SjS mice as
compared with B6 mice. These differences were observed for
both IgM and IgG antibodies at all tested ages (Figures 3A, B).
Moreover, in the SjS mice the fraction of polyreactive antibodies
increased with age, reaching more than 50% in 66-week old mice.
These results demonstrate that most of the autoreactivity
corresponds to polyreactive antibodies in SjS old mice.

NOD.H-2h4 Polyreactive IgGs Increase
Their Antigen Binding Reactivity With
Aging
A semiquantitative reactivity analysis of the polyreactive
antibodies is presented in Figures 4A, B. Although most
antibodies presented distinct patterns of polyreactivity, an
increase in the antigen binding reactivity of the IgG antibodies
A B

FIGURE 1 | Frequency of autoreactive antibodies derived from NOD.H-2h4 and C57BL/6J mice. Pie charts showing the proportion of hybridomas that produce
autoreactive (orange) or non-autoreactive (white) antibodies determined by flow cytometry with murine L cells. Data from NOD.H-2h4 (age: 28, 47 and 66 w.o.)
(A), and C57BL/6J (age: 26, 47 and 69 w.o.) (B) and both IgM and IgG isotypes are shown. The number of tested antibodies is indicated in the pie chart center.
Data are pooled from independent experiments for each mouse age. P-values were calculated by c2 test.
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from aged SjS mice was detected. In contrast, this increase in
antibody strength was not observed within the IgM antibodies
from SjS mice and IgG antibodies from B6 mice. In addition, one
of our most relevant observations of this study was that all
antibodies reactive with Ro52 were actually polyreactive
(Figure 4A).
Analysis of V(D)J Sequences of the
Polyreactive Antibodies Indicates High
Level of Oligoclonality in SjS Mice
The genes encoding the variable regions of both the heavy and
the light chain of the polyreactive antibodies were sequenced. We
observed that polyreactive IgM and IgG antibodies both in
NOD.H-2h4 and B6 mice used a very heterogeneous repertoire
of variable gene segments (Tables 1, 2 and Supplementary Tables
3, 4). The heavy chain CDR3 presented a length of 7 to 15 amino
acids that has been reported to be a standard length for IgM
antibodies (32). Most of the IgM antibodies presented nearly
germ line encoded sequences (less than 5 mutations, data
not shown).

The vast majority of the polyreactive IgG antibodies were of the
IgG2b subclass, whereas most of the polyreactive antibodies from
the B6 mice corresponded to the IgG3 (Figure 5A). Polyreactive
IgG antibodies presented heavy chain CDR3 ranging from 8 to 21
amino acid, although the great majority had a size of 7 to 15 amino
acids. No significant difference was observed in the length of
CDR3 of the variable region of the heavy chain of the SjS mice
with age (Figure 5B). Interestingly, we observed an increase trend
in the number of non-synonymous mutations affecting amino
acids in the heavy chain variable region of antibodies with age in
Frontiers in Immunology | www.frontiersin.org 5
SjS mice (Figure 5C). This is a relevant observation suggesting
antigen driven positive selection.

In 66-week old SjS mice, we observed two sets of identical
sequences corresponding to IgG antibodies (Table 2). Antibodies
H2h4.7.21 and H2h4.7.25 presented the same variable gene
segment usage and sequence. These two antibodies presented
multiple R amino acids in their heavy chain CDR3 which are
highly correlated with polyreactivity. In addition, antibodies
H2h4.7.8, and H2h4.7.50 shared the same sequence, while
H2h4.7.94 uses the same variable gene segments both in the
heavy and light chain. However, it presented three and two extra
mutations within the heavy and light chain variable regions
respectively, as compared with the other two clones. Mutations
in the heavy chain variable region were located in the FR2 but
near the CDR2, in the center of the CDR2 and in the center of the
FR3. Whereas, mutations in the light chain were located in the
center of the FR1 and in the CDR1. The majority of mutations
within the heavy and light chain variable regions were dissimilar
amino acid changes so a positive selection may have been taking
part of (Supplementary Table 5). These data show that 66-week
old mice presented a high level of oligoclonality.

H2h4.7.94 Antibody Increases Its Antigen
Reactivity Strength Without Losing Its
Polyreactivity Due to Somatic Mutation
Antigen reactivity strength of the five polyreactive antibodies that
correspond to the two expanded clones was tested at several
concentrations with the set of antigens. As expected, the
antibodies with the same sequence presented identical reactivity
patterns (Figure 6A). In contrast, antibody H2h4.7.94 presented
an important increase of antigen reactivity strength to all the
A B

FIGURE 2 | Frequency of Ro52 specific antibodies. Pie charts showing the proportion of Ro52 reactive (magenta) and non-reactive (white) antibodies, from NOD.H-
2h4 (A) and C57BL/6J (B), determined by ELISA. Data for each age NOD.H-2h4: 28, 47 and 66 w.o., C57BL/6J: 26, 47 and 69 w.o.; and both IgM and IgG isotypes
are shown. The number of tested antibodies is indicated in the pie chart center. Data are pooled from independent experiments for each mouse age. P-values were
calculated by c2 test.
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A B

FIGURE 3 | Frequency of polyreactive antibodies derived from NOD.H-2h4 and C57BL/6J mice. Antibody reactivity against dsDNA, H1, Ro52, LPS, Insulin and OVA
was evaluated by ELISA. Pie charts showing the proportion of polyreactive (reactivity ≥ 3 antigens) (dark blue), reactive (one or two antigen) (light blue) and non-
reactive (white) antibodies determined by ELISA. Data for each age NOD.H-2h4: 28, 47 and 66 w.o. (A); C57BL/6J: 26, 47 and 69 w.o. (B)] and both IgM and IgG
isotypes are shown. The number of tested antibodies is indicated in the pie chart center. Data are pooled from independent experiments for each mouse age.
P-values were calculated by c2 test.
A B

FIGURE 4 | Polyreactivity profile of antibodies derived from NOD.H-2h4 and C57BL/6J mice. Heat maps showing the antibody binding to a panel of selected
antigens (dsDNA, H1, Ro52, LPS, Insulin and OVA). Data of hybridomas derived from NOD.H-2h4 (A) and C57BL/6J (B) are shown. Color intensity is proportional to
the reactivity level measured by ELISA, with darker green indicating high binding and light green showing moderate and low binding (white: no binding).
Frontiers in Immunology | www.frontiersin.org April 2021 | Volume 12 | Article 6665456
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antigens recognized as compared with the two clonally related
antibodies (H2h4.7.8 and H2h4.7.50) as shown by its high binding
at low antibody concentrations. These antibodies were also tested
using HEp-2 cells and they presented identical staining patterns
within antibodies that were clonally related (Figure 6B). Although
the staining pattern was the same between clonally related
hybridomas, H2h4.7.94 presented a stronger cytoplasmic
staining. These data show that antigen driven somatic mutation
is able to increase the affinity of autoreactive clones maintaining
the levels of polyreactivity.
DISCUSSION

Autoantibodies, especially against nuclear antigens, are the
hallmark of several systemic autoimmune diseases, such as SjS.
These antibodies arise due to the dysregulation of central and
peripheral tolerance checkpoints (33, 34). Our analysis of the B cell
repertoire of NOD.H-2h4 mice, which spontaneously develops a
SjS-like disease, show that these mice presented higher frequencies
of autoreactive B cell clones, against ubiquitous antigens, as
compared to B6 mice that are relatively resistant to develop
autoimmunity. Autoreactive IgM levels in SjS mice were
modestly higher than in B6 mice. However, this difference
Frontiers in Immunology | www.frontiersin.org 7
became significantly higher in older mice, particularly for
autoreactive IgGs in SjS mice, compared to B6 autoreactive IgG
levels. The surprising frequency of autoreactive clones is identical
to that reported by others (35, 36). In fact, more than 60% of the
antibodies analyzed in SjS 66-week old mice were autoreactive.
These data are consistent with the profound alteration of the B cell
repertoire observed in SjS patients (16).

In this study, we have found increased levels of polyreactive
IgG antibodies in the NOD.H-2h4 mice that significantly
increased with mice aging. Surprisingly, this IgG producing B
cells did not lose their polyreactive capacity even when their
isotype switched from IgM to IgG. These findings are in line with
previous studies of polyreactivity levels in patients with SjS, SLE
and other mouse models of autoimmune diseases such as MRL/
lpr (37–39). These studies showed that not only total IgG
antibody, but also polyreactive IgG antibodies, levels in serum
were higher in patients with SjS and SLE compared to
healthy individuals.

A very striking observation was that all polyreactive IgG
antibodies in the SjS mice corresponded to IgG2b and IgG2c
isotypes as compared to the B6 mice where IgG3 isotype was the
most abundant. IgG2b and IgG2c are known to be isotypes more
pathogenic than the IgG3 antibodies in SLE mouse models (40, 41).
Interestingly, this has also been observed in BAFF transgenic (Tg)
TABLE 1 | IGHV and IGKV of IgM antibodies derived from aging NOD.H-2h4 mice (28, 47 and 66 w.o).

Hybridoma ID Heavy Chain Light Chain

IGHV IGHD IGHJ CDR3 Length IGkV IGkJ CDR3 Length

28 w.o. H2h4.1.2 1-22 2-4 3 ARDDYDEAWFAY 12 3-10 2 QQNNEDPYT 9
H2h4.1.3 3-1 3-3 1 ARGDRWYFDV 10 10-94 2 QQYSKLYT 8
H2h4.1.4 14-2 1-1 4 ARDYGSSGYYYAMDY 15 13-85 2 QQYWGTPPT 9
H2h4.1.7 5-4 1-1 1 ARVLRYFDV 9 12-44 2 QHHYGTPYT 9
H2h4.1.14 14-3 2-10 2 ARSGYGNNDYFDY 13 4-74 5 QQYHSDPVT 9
H2h4.1.20 1-39 2-12 3 ARGPYYSESGGFAY 14 6-20 2 GQSYSYPYT 9
H2h4.1.22 1-43 3-1 2 ARYPRPV 7 3-4 2 QQSKEFPYT 9
H2h4.1.32 5-6 4-1 2 ARVFEANFYFDY 12 12-46 1 QHFYGTPWT 9
H2h4.1.44 5-2 4-1 2 AANWERLT 8 1-133 1 LQATHFPRT 9
H2h4.1.51 10-3 4-1 3 VGLSGTAY 8 5-45 4 QQSNSWPFT 9
H2h4.1.184 9-1 3-3 3 VKRGFAY 7 1-133 2 VQGTHFPYT 9
H2h4.1.185 5-6 1-1 2 ARHNYGSALFDY 12 3-10 1 QQNNEDPWT 9

47 w.o. H2h4.2.7 1-80 4-1 3 APNWAWFAY 9 1-122 2 LQVTHVPYT 9
H2h4.2.8 1-39 – 4 ARSSMDY 7 6-15 5 EQYSSYPLT 9
H2h4.2.22 1-5 1-1 2 ARVGEGY 7 2-109 5 AQMLERPLT 9
H2h4.2.40 1-64 2-13 2 AKGGSTRGDY 10 4-78 5 QQYSGYLT 8
H2h4.2.59 8-8 1-1 2 ARIGGSKNFDY 11 12-40 2 QHYYSTPYT 9
H2h4.2.62 2-2 4-1 2 ARKGPTGYYFDY 12 4-81 2 QQWSGYPYT 9
H2h4.2.63 2-2 4-1 2 ARKGPTGYYFDY 12 6-b 1 QQHYSSPWT 9
H2h4.2.100 1-43 2-1 2 ARSTMVTTYYFDY 13 1-110 1 FQGTHVPWT 9
H2h4.2.138 NS 10-96 1 QQDSKHPPT 9
H2h4.2.144 1-15 2-2 3 TRDYGFAYW 9 12-46 5 QHYYSTPLT 9
H2h4.2.162 1-69 2-5 4 ARRSNYDAMDY 11 1-133 2 VQGTHFPHT 9
H2h4.2.184 1-63 1-1 2 ARDGYYGSSYDY 12 2-109 1 AQMLERPRT 9

66 w.o. H2H4.7.3 1-26 3-3 2 ARSLYYFDY 9 NS
H2H4.7.31 1-12 1-3 2 ARSRWNWYYFDY 12 19-93 5 LQYDNLPLT 9
H2H4.7.57 1-78 2-12 2 ARLRRRGS 8 4-57-1 1 QQGWDYPPT 9
H2H4.7.115 1-7 1-1 1 ARPSTVVDWYFDV 13 1-133 4 VQGTHFPFT 9
H2H4.7.118 1-55 3-2 2 AREAGDFDY 9 4-53 2 QQWSSYPYT 9
H2H4.7.123 NS 5-39 5 QNGHSFPLT 9
H2H4.7.126 1-19 4-1 1 AKTGTWYFDV 10 2-137 5 MQSLEYPLT 9
A
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mice that develop an autoimmune phenotype associated with the
production of IgG2c and IgG2b autoantibodies (42). Although
BAFF-Tg mice develop germinal centers they can produce class-
switched antibodies even in the absence of T cells, suggesting that
the activation of autoreactive B cells in these mice may occur in
extrafollicular localizations. BAFF-Tg mice develop autoantibodies,
leading to salivary gland destruction, features that are reminiscent of
SjS. Moreover, in thesemice, sialadenitis correlates with the aberrant
accumulation of MZ-like B cells in the salivary glands a
phenomenon also observed in the NOD.H-2h4 mice (43).
Frontiers in Immunology | www.frontiersin.org 8
Remarkably, MZ B cells are known to produce autoantibodies
and to be a large source of polyreactive antibodies (44). It has
been described that the number of splenic MZ B cells are increased
in NOD (parental strain of NOD.H-2h4) autoimmunemice (45–48).
We have also observed a dramatic increase in the number of MZ B
cells with age in NOD.H-2h4 mice (data not shown). Unfortunately,
a limitation of our study is that we have used whole spleen to
produce monoclonal antibodies, thus we do not know the specific
cellular origin of the hybridomas. There is further evidence that
immature B T1 cells can produce isotype class-switch to IgG2b and
TABLE 2 | IGHV and IGKV of IgG antibodies derived from aging NOD.H-2h4 mice (28, 47 and 66 w.o).

Hybridoma ID IgG Subclass Heavy Chain Light Chain

IGHV IGHD IGHJ CDR3 Length IGkV IGkJ CDR3 Length

28 w.o. H2h4.1.6 IgG2b 3-3 1-1 4 ARGIFSYYYGSSYEGGYAMDY 21 5-45 5 QQSNSWPLT 9
H2h4.1.33 IgG2b NS 4-59 2 YQWSSYPYT 9
H2h4.1.64 IgG2b 1-7 1-1 4 ARGGGNYVIRDYAMDY 16 12-44 5 QHHYGTPLT 9
H2h4.1.100 IgG2b 9-1 1-1 2 VDYYVSSYGY 10 5-45 5 QQSNSWPLT 9
H2h4.1.105 IgG2b 1-82 1-1 3 ARGGSSFFAY 10 6-15 4 QQFSTSPFT 9
H2h4.1.246 IgG2b 1-26 1-1 4 ARRGVTKGYYAMDY 14 6-15 1 QQYSSSPRT 9

47 w.o. H2h4.2.4 IgG2b 2-5 3-1 2 ARTRRSGFFDY 11 12-40 2 QHYYSTPYT 9
H2h4.2.23 IgG2b 10-3 6-3 4 VREAGLYAMDY 11 3-1 1 QQSRKVPWT 9
H2h4.2.26 IgG1 2-5 3-1 2 ARTRRSGFFDY 11 12-44 1 QHYYSTPPT 9
H2h4.2.33 IgG2b 2-9-1 1-1 4 ARNRGNLPHYYDLDY 15 6-20 5 GQSYSYPLT 9
H2h4.2.41 IgG1 5-4 1-3 4 ALGGGCAMDY 10 4-50 5 QQFTSSPSIT 10
H2h4.2.78 IgG1 5-6 4-1 2 ARPKTGAFDY 10 1-132 2 LQGTYYPHT 9

66 w.o. H2h4.7.8 IgG2b 1-4 1-1 2 ARSGGGDYGSSLCY 14 4-91 2 QHGSSLLRT 9

H2h4.7.21 IgG2c 5-6 2-4 1 ARQRTRLRRGVRGYFDV 17 12-46 5 QHYYSVLFT 9
H2h4.7.25 IgG2c 5-6 2-4 1 ARQRTRLRRGVRGYFDV 17 12-46 5 QHYYSVLFT 9

H2h4.7.41 IgG2c 1-9 2-12 2 AITHHFDY 8 9-129 4 LQYASFT 7

H2h4.7.50 IgG2b 1-4 1-1 2 ARSGGGDYGSSLCY 14 4-91 2 QHGSSLLRT 9

H2h4.7.79 IgG2b 1-85 3-1 2 ARRGSYYFDY 10 12-46 2 QHFYGTPYT 9
H2h4.7.90 IgG2b 1-53 2-3 2 ARWLLGDY 8 11-125 1 LQHSYLPWT 9

H2h4.7.94 IgG2b 1-4 1-1 2 ARSGGGDYGSSLCY 14 4-91 2 QHGSSLLRT 9

H2h4.7.97 IgG2c 2-2 1-1 4 ARVDPYLYGSSYNYAMDY 18 10-94 1 QQYSKLPWT 9
H2h4.7.107 IgG1 1-81 2-3 2 ARYQGYGDY 9 15-103 1 LQGQSYPWT 9
H2h4.7.117 IgG2b 1-53 2-2 4 ARVNGYLYAMDY 12 12-46 1 QHFWGTWT 8
H2h4.7.130 IgG2b 1-59 2-9 2 ARSPLLWLRRRYYFDY 16 12-44 5 QHHYGTPLT 9
April 2
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A B C

FIGURE 5 | Mutational analysis and IgG subclass differences between polyreactive antibodies of NOD.H-2h4 and C57BL/6J. Frequency of polyreactive IgG
subclasses in NOD.H-2h4 and C57BL/6J mice (A). Data are pooled from independent experiments for NOD.H-2h4 and C57BL/6J mice. CDRH3 amino acid length
(B) and number of VH replacing mutations (C) are shown. Data are pooled from independent experiments for each NOD.H-2h4 and C57BL/6J mice age. P-values
were calculated by unpaired t test.
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IgG2c in a T-independent TLR7 dependent way (49, 50). Thus, it
has been suggested that a combination of increased levels of
immature cells and TLR7 dysregulation could thus predispose
immature B cells to produce autoantibodies (51). More recently, it
has been shown that TLR9 ligand CpG substantially boosted IgG2b
and IgG2c antibody responses to virus-like particles in TCR-KO
mice (52). All these observations indicate that the autoantibody
production that we observed in our mouse model may be related to
a dysfunction of the early T1 checkpoint.

In our study we have found higher frequencies of anti-Ro52
autoantibodies (IgM and IgG) in the NOD.H-2h4 mice, while in the
B6 mice these autoantibodies were relatively uncommon.
Antibodies directed against Ro52 are key biomarkers included in
the current diagnostic criteria and likely involved in disease
progression. These autoantibodies are present in the majority of
SjS patients (60-70%) and their presence has been postulated to be
linked with a bad prognostic of disease progression (53–55).
Moreover, we observed that anti-Ro52 IgG antibodies increased
significantly with mice aging in SjS mice as compared with B6 mice.

Strikingly, we found that all anti-Ro52 autoantibodies were
polyreactive. This surprising result is consistent with the
observation, described in a recent study that shows that anti-
Ro52 antibodies from SjS patients presented high levels of
polyreactivity (14). The role of polyreactive antibodies against
autoantigens directly linked to autoimmune diseases has already
been reported by other research groups for SLE. It has been
observed that anti-DNA antibodies in both mouse models and
Frontiers in Immunology | www.frontiersin.org 9
SLE patients, cross-react with other autoantigens such as the
phospholipid, cardiolipin or other ribonucleoproteins as Sm;
then, those antibodies are considered polyreactive. These anti-
DNA polyreactive antibodies have been associated with the
disease pathology (56). Whereas monospecific anti-DNA
antibodies did not generate lupus nephritis, polyreactive anti-
DNA antibodies did. These findings indicated that polyreactivity
is a pathologic characteristic for lupus nephritis (57–59).
Moreover, another study demonstrates that anti-DNA/anti-
NMDAR (N-methyl-D-aspartate receptor) cross-reactive
antibodies generate damage in the hippocampus and also
caused a flexible memory deficit, when penetrating the blood
brain barrier (60). These events found in SLE due to polyreactive
anti-DNA antibodies could also be relevant in other
autoimmune diseases such as SjS and directly affecting the
salivary and lacrimal glands.

The Ig gene sequencing of the polyreactive antibodies did not
show any difference on variable gene segments usage between
NOD.H-2h4 mice and B6 mice. These results differ from those
reported in SjS patients, where public clonotypes or genetic
polymorphisms are associated with the presence of autoreactive
B cell clones. Al kindi et al. characterized public clonotypes such as
the use of IGHV3-23 or IGHV3-7/IGK3-20 variable gene
segments associated to anti-Ro52 antibodies between non-
related SjS patients, other public clonotypes associated to other
autoantigens such as La/SSB or Sm were also characterized (61).
Although we did not find any evidence of this variable gene
A

B

FIGURE 6 | Antigen reactivity strength of polyreactive antibodies. The antigen reactivity strength of polyreactive antibodies (H2h4-7-8, H2h4-7-21A, H2h4-7-25A,
H2h4-7-50 and H2h4-7-94A) to dsDNA, H1, Ro52, LPS, Insulin and OVA was determined by ELISA (ranging from 100 mg/mL - 0’01mg/mL) (A). Antibodies sharing
the same IGHV and IGKV sequences are represented with the same color (blue or green); H2h4-7-94A represented in dark blue has additional mutations compared
to H2h4-7-8 and H2h4-7-50 represented in light blue. Representative images of immunocytochemistry with HEp-2 cells showing the cellular patterns of each
antibody (B).
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segment usage deviation or any differences in VH CDR3 length
and charge, other studies also found a great diversity between SjS
patient groups when analyzing variable gene segment usage and
mutational differences (62). Additionally, it has been shown that
even within the same patient when analyzing samples from
different tissues the B cell repertoire is very different as is the
case in multiple sclerosis (MS) when comparing B cells from
peripheral blood and cerebrospinal fluid (63).

Furthermore, we identified two sets of clonally related IgG
hybridomas (one set of 2 IgG2c and another one of 3 IgG2b),
using the same variable gene segments and presenting the same
nucleotide mutation pattern. Moreover, in the set of 3 clonally
related IgG hybridomas one of them showed more mutations
than the other two, indicating additional rounds of antigen
driven SHM. Surprisingly, the polyreactive antibody that
acquired amino acid changes increased its antigen reactivity
strength towards autoantigens without losing its polyreactivity
capacity. These 2 sets of clonally related B cells correspond to
more than 20% of the total IgG obtained and analyzed from the
66-week old NOD.H-2h4 mice, so this B cell clonal expansion
probably indicates a tendency to oligoclonality. In B6.Aec1/2,
another mouse model of SjS, a clonal expansion with a tendency
to oligoclonality in old mice was also observed (64). Thus, is
important to study the B cell repertoire of the SjS patients to
monitor whether or not a B cell clonal expansion is undergoing
in order to foresee any lymphoma complications. One of the
main striking characteristics of these clonally related IgG
hybridomas is that all of them were polyreactive. In a very
recent study of SjS patients it has also been shown a B cell
clonal expansion in salivary gland of these subjects which they
correlate to memory B cells. Although they observed a clonal
expansion, they did not find either public clonotypes when
analyzing the variable gene segment usage (65). In other
autoimmune diseases such RA evidences have been found that
indicate a B cell clonal expansion along with class-switching,
SHM and autoreactivity, so the polyreactive expansion in SjS
might be not that uncommon within autoimmune diseases (63).

The existence of clonally related B cells has already been found
in follow up biopsies of the same SjS patient over an extended
period of time (66). Moreover, we also identified that in the
polyreactive antibody repertoire of NOD.H-2h4 mice the
mutational degree in the VH region increases with mice aging,
even though it is only a tendency, this mutational increment was
not found in the B6 mice. In any case, the number of mutations
observed in the polyreactive IgGs is very low, presenting 0-7 amino
acid changes in the VH. This is in contrast with the polyreactive
broadly neutralizing antibodies against HIV viral proteins, present
in infected patients, which contained high levels of mutation
indicating that they are derived from GC reactions (67).
Moreover, almost no mutations were acquired in the CDR
regions of these polyreactive antibodies displaying a near
germline sequence. This is reminiscent of what has been observed
in human patients with SLE, during acute flares, where polyclonally
expanded autoantibody-secreting cells did not presented somatic
hypermutations, consistent with a GC independent differentiation
(68). In other autoimmune diseases autoantibodies develop due to
Frontiers in Immunology | www.frontiersin.org 10
failures of peripheral checkpoints after SHM in the GCs. For
example, autoantibodies carrying high levels of somatic mutations
in the CDR regions have been found in Pemphigus Vulgaris. These
autoantibodies lost their binding capacity to their autoantigen when
somatic mutations were reverted to the germline sequence,
indicating that autoreactivity relies on somatic mutations (69).

In conclusion, our results indicate that in the NOD.H-2h4

mouse model of SjS, IgG B cells are mainly polyreactive and near
germline. Moreover, these polyreactive IgG B cells might be
expanding following an unknown antigen-driven positive
selection process. Therefore, studying the possible pathogenicity
of these polyreactive IgG2 antibodies and the contribution of MZ
B cells to the generation of the autoimmune repertoire in the
NOD.H-2h4 mouse model could help to understand better the
pathological mechanism of SjS.
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