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Objective—To better understand the role of B cells, potential mechanisms for their aberrant
activation, and the production of autoantibodies in the pathogenesis of Sjdgren’s Syndrome (SS),
we explored selection pressures and N-glycosylation acquired by somatic mutation (acN-glyc) in
the immunoglobulin (lg) variable regions (V-regions) of antibody secreting cells (ASCs) isolated
from the minor salivary glands of SS patients and non-SS controls with sicca symptoms.

Methods—We report a novel method to produce and characterize recombinant monoclonal
antibodies (mAbs) from SS patient and control labial salivary gland single-cell sorted ASC
infiltrates that can be utilized to concurrently probe any other expressed genes. V-regions were
amplified by RT-PCR, sequenced, and analyzed for incidence of N-glycosylation and selection
pressure, then expressed as the native mAbs, or mutant mAbs lacking the acN-glyc for specificity
testing. Protein modeling was used to demonstrate how even acN-glycs outside of the
complementarity-determining region (CDR) could participate in, or inhibit, antigen binding.

Results—V-region sequence analyses revealed clonal expansions and evidence for secondary
light chain editing and allelic inclusion not previously reported in SS. We found increased acN-
glycs in the sequences from SS patients and that acN-glycs were associated with increased
replacement mutations and lowered selection pressure. We also identified a clonal set of
polyreactive mAbs with differential FWR1 acN-glycs and demonstrated that removal of the acN-
glyc could nearly abolish binding to the autoantigens.

Conclusion—Our findings support an alternative mechanism involving V-region N-
glycosylation for the selection and proliferation of some autoreactive B cells in SS patients.

Sjogren’s syndrome (SS) is a systemic, chronic autoimmune disease that is characterized by
lymphocytic infiltration of the exocrine glands, inflammation, tissue damage, and secretory
dysfunction. The lacrimal and salivary glands are typically affected, resulting in dry eyes
(keratoconjuntivitis sicca) and dry mouth (xerosomia), but patients can also present with
extraglandular complications, or overlapping autoimmune diseases. (1-5). In addition, SS
patients have an increased risk of progression to various non-Hodgkin lymphomas (NHL)
resulting in significant morbidity (6).

There is evidence for chronic immune cell stimulation by bacteria in the development of
NHLs not associated with SS (7-9). This mechanism was demonstrated, where
Pseudomonas aeruginosa and Burkholderia cenocepacia lectins bound to and activated B
cells via B cell receptor variable region (V-region) glycans (10). In SS NHL there is also
evidence for a bacterial etiology with the regression of a parotid mucosa-associated
lymphoid tissue (MALT) lymphoma after the clearing of an H. py/oriinfection (11).

It is known that dysregulation of both innate and adaptive immunity contributes to the
etiology of SS and its complications; however, the pathophysiology of SS as well as
Sjogren’s-associated lymphoma is largely unknown. B cells play a role in the pathogenesis
of SS as evidenced by the presence of autoantigen-specific memory B cells (12, 13) and the
incidence of autoantibodies to Ro/SSA (Ro52 and Ro60) and La/SSB (14). Much evidence
supports antigen-driven production of autoantibodies within the salivary glands (13, 15, 16).
Ig V-region sequence analysis enables the identification of clonally expanded cells, which is
strong evidence for antigen-driven B cell activation and proliferation. Antigen-driven
activation can also be determined empirically by selection pressure analyses of V-region
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sequences where the observed frequency of non-synonymous (replacement) mutations is
compared to their expected frequency in a state of no selection. When the frequency of
replacement mutations is greater than expected, the 1g is considered to have undergone
positive selection, and when the frequency is less than expected, negative selection is
indicated. Typical antigen-driven activation results in positive selection in the CDR regions,
which directly interact with the antigen, and negative selection in the framework regions
(FWRs), which are important for structural integrity. Selective pressure patterns contrary to
this model indicate non-specific activation.

Somatic hypermutations (SHMs) leading to amino acid replacements can also give rise to
post-translational modifications by the introduction of N-linked glycosylation (N-glyc)
motifs. This results in SHM-acquired N-glycs (acN-glyc) of the antibody at these sites, and
may have implications in immune responses or disease states. Ig V-region acN-glycs have
been reported in SS parotid B cells (17) and are strongly correlated to follicular lymphoma
(18, 19), a disease increased 4-fold in SS patients (20). Single Ig V-region acN-glycs
introduced by SHM have been demonstrated to strengthen (21), weaken, or abolish binding
for self or foreign antigens (22). Conversely, bacterial or innate immune system lectins can
bind V-region acN-glycs, causing activation of B cells in an antigen-independent fashion
(10, 23). Therefore, analyses of acN-glyc motifs may give clues to antibody-antigen
interactions, tolerance mechanisms, and non-specific modes of B-cell activation that may
drive proliferation of B cells in SS.

We hypothesized that acN-glyc motifs in the V-regions of IgG ASCs isolated from the labial
salivary glands of SS patients and non-SS patients with dry mouth/eye symptoms (sicca)
controls may provide opportunities for antigen-independent proliferation of autoreactive B
cells and antibody production in the salivary glands of SS patients. Our findings support this
hypothesis, suggesting an alternative means for B cell selection and proliferation of some
autoreactive B cells seen in SS patients.

Patients and Methods

Human Subject Sample Collection and Evaluation

Studies were approved by the Oklahoma Medical Research Foundation (OMRF) and
University of Oklahoma Health Sciences Center Institutional Review Boards. Samples and
data were obtained from subjects following written, informed consent. Participants were
evaluated in the OMRF Sjogren’s Research Clinic (OSRC) as reported (24). Labial salivary
glands were collected for single-cell sorting and mAb production as described (16). All 14
participants had symptomatic dry eyes and mouth without a current or historic diagnosis of
NHL; 8 met American/European Consensus Group (AECG) primary SS classification
criteria (2) and 1 also met the American College of Rheumatology criteria for SLE (25, 26).
Six subjects that did not meet the SS classification criteria (DNMC) served as sicca controls.
Hematoxylin and eosin (H&E)-stained salivary gland sections were obtained from the OSRC
repository, and two independent evaluations were made for the presence of ectopic germinal
center structures by both an oral pathologist and a hematopathologist. Participant
demographics, classification criteria, clinical/extraglandular manifestations, and EULAR
Sjogren’s syndrome disease activity index (ESSDAI) scores are summarized in Table 1. SS
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patients were evaluated for the predictive risk of developing NHL as described in (27) (Table
S1).

Production of Recombinant mAbs

Single cell suspensions were stained for fluorescent activated cell sorting (FACS) as
previously described (16). The mAbs were produced for subjects SLE/SS, pSS-1 and pSS-2
using 1gG and kappa gene primers, as previously described (28). For the remaining subjects
the protocol was modified as described herein (supplementary materials). Variable (V),
diversity (D) and joining (J) domains, FWRs and CDRs along with the germline sequences
were identified using the International Immunogenetics Information System database
(IMGT/V-Quest).

To make the mutant mAbs clones used in this study, VV-genes cloned into expression vectors
were subjected to site directed mutagenesis using the Q5 site-directed mutagenesis kit (New
England Biolabs, Ipswich, MA, USA) using non-overlapping primers designed using the
NEBaseChanger online tool (v1.2.6). The mutated V-genes were sequenced, amplified, and
expressed as above.

Ig Analyses for Antigen-Driven Selection

BASELINe (Bayesian estimation of Ag-driven selection) can be used to detect and quantify
selection in individual or multiple sequences based on mutational patterns normalized to
germline sequences and provides a visual representation of differences in selective pressure
(29). Clonally related sequences were identified by manual examination of the genes called
by IMGT/V-Quest and confirmed using the ClonalRelate program (30). To eliminate
potential bias, we retained only the first randomly listed antibody in each of the clonal
groups identified by ClonalRelate for the BASELINe analysis. The remaining productive
heavy and light chain V-region sequences were then grouped (i.e. by subject classification
(SS or DNMC), then by IgG allele (i.e. IGHV1-18*01, etc.)), and analyzed using
BASELINe Version 1.3.

Ig Heavy and Light Chain N-Glycosylation Motif Analysis

Potential acN-glyc sites in the heavy and light chain V-region amino acid sequences were
identified using the NetNGlyc web interface. N-glycosylation motifs were defined as
previously described (31). To confirm that all identified acN-glyc sites were introduced by
SHM, sequences were compared to their germline counterparts. The translated sequences of
clonally related V-regions were analyzed using the online Clustal Omega multiple sequence
alignment program (32). Clonal sequences were not removed because we found each could
yield unique glycosylation patterns. We excluded any possible N-glyc sites with a potential
of 0.5, or jury agreement of < 5 of 9 (33).

Glycoprotein and Specificity Analyses of mAbs

1.5 ug of mAbs and bovine IgG control (Equitech-Bio, Inc., Kerrville, TX, USA) were
incubated at 37°C overnight with or without PNGase F (New England Biolabs), then
electrophoresed in a 4-12% SDS-PAGE gel (GenScript, Piscataway, NJ, USA). For the
Coomassie blue staining, the gel was fixed in a destaining solution of 50% methanol and

Arthritis Rheumatol. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koelsch et al.

Page 5

10% acetic acid for one hour at RT, incubated for one hour with Coomassie Brilliant Blue
(BioRad, Hercules, CA, USA), then washed and destained with the destaining solution.

For lectin- and immune-blots, samples were loaded into a 4-12% SDS-PAGE gel
(GenScript) and electrophoresed prior to transfer onto a cellulose membrane. For
Concanavalin A (ConA) staining the membrane was blocked with a Tris buffered saline
solution containing 0.05% Tween 20 (TBS-T) and 5% (w/v) BSA for 1h at RT, then
incubated with ConA-biotin (0.2 pg/ml) (Vector Labs, Burlingame, CA, USA) in TBS-T
with 1% BSA for 1 h at RT, followed by incubation with Streptavidin-HRP (0.2 pg/ml)
(Vector) in TBS-T containing 1% BSA for 1h at RT. For hlgG staining, the membrane was
incubated with peroxidase-labeled Goat anti-human 1gG (Fc) antibody (KPL) at 0.2 pg/ml in
TBS-T with 5% BSA for 1h at RT, then washed with TBS-T. Signals were detected using
chemiluminescence horseradish peroxidase (HRP) substrate (SuperSignal® West Pico
Chemiluminescent Substrate, Thermo Scientific, Waltham, MA, USA).

Nuclear Antigen Screening ELISAs were performed on all mAbs as previously described
(16).

Immunoglobulin Protein Modeling

To visualize the location of the acN-glycs in the clonal set of mAbs (in Figure 3, A), we
utilized the crystal structure of human 1gG1 molecule (PDB Accession number 3EYQ, 2.4 A
resolution) as a template for the HHPRED modeling server (34). The individual somatic
mutations from mAb clone 2-E04k were inserted where appropriate and a representative Fab
framework 3 complex-type biantennary N-glycan identified in another published study (35)
was modeled at the acN-glyc site using MAIN software (36). The model graphics were
created using PyMOL (The PyMOL Molecular Graphics System, Version 1.8.2,
Schrddinger, LLC).

Statistical Analyses

Results

Fisher’s exact tests were performed using GraphPad QuickCalcs website. Prism v7.0b
software was used for the F test to compare variances as well as all parametric t-tests and
non-parametric Mann-Whitney tests, which were each preceded by D’Agostino & Pearson
omnibus normality tests.

Participant demographics and clinical characteristics

Evaluation of the H&E-stained sections from the salivary gland biopsies revealed that all SS
patients and DNMC controls had varying levels of chronic inflammation with lymphocytic
infiltration (Table 1). In addition, four of the SS patients (SS/SLE, pSS-1, pSS-2, and pSS-5)
had probable ectopic germinal center structures, including various associating cells such as
plasma cells, follicular dendritic cells and antigen-processing/presenting tingible body
macrophages. We found no significant difference between the mean ages (44 + 10.48 vs. 50
+ 11.97 years, respectively; p=0.35), or variances of ages (p=0.72) of the SS patient and
DNMC control groups. We found that 5 of the 8 SS patients had an increased probability
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(39.9%) for future development of NHL based on the independent risk variables defined by
a previously validated clinical tool (27) (Table S1).

Immunoglobulin heavy and light chain sequence analyses revealed clonal expansions,
secondary light chain editing and allelic inclusion

We cloned and sequenced a total of 122 productive IgG heavy and kappa or lambda light
chain pairs from ASCs from both groups. Of these, 100 pairs were from the SS patients (SS/
SLE, n=4; pSS-1, n=18; pSS-2, n=23; pSS-3, n=11, pSS-4, n=36; pSS-5, n=1; pSS-6, n=5;
pSS-7, n=2), and 22 pairs from the DNMC controls (DNMC-1, n=8; DNMC-2, n=6;
DNMC-3, n=2; DNMC-4, n=1; DNMC-5, n=4; DNMC-6, n=1). We identified several
clonally related mAbs (Table 2). Of the SS patients, pSS-1 had a single 5-member
expansion; pSS-2 had a total of 5, 2-member expansions; and pSS-4 had a total of 5
expansions. There was one clonal pair identified in the DNMC-2 sequences.

We found evidence of secondary light chain editing in the sequences from subjects, pSS-2,
pSS-4 and DNMC-2, indicated by clonally related heavy chains with differential light chain
usage (clonal w/LC replacement; Table 2). In addition, allelic inclusion, or one heavy chain
with two distinct light chains within the same cell, was identified in two instances from the
ASCs from pSS-4 (6-E01, 6-E04; Table 2). In each case, both a kappa and a lambda light
chain sequence were amplified from the same cell.

Whether analyzed with or without clonal sequences, the length of the heavy chain CDR3
was greater in the SS patients than in the DNMC sequences (with clones: 17 vs. 15.5 amino
acids, p=0.047, and without clones: 17 vs. 15 amino acids, p=0.048). There were no
differences between patients and controls in the lengths of the light chain CDR3s (11.00 vs.
11.00, with or without clones) or in the number of amino acid replacements in the heavy or
light chains.

Differential acquisition of V-region N-glycoslyation motifs in SS and DNMC

All of the N-glyc motifs identified in the heavy and light chain V-regions of patients and
controls were not germline encoded and therefore, had been acquired via SHM (acN-glyc).
We identified acN-glycs in sequences from 6 of 8 SS patients (pSS/SLE, pSS-1, pSS-2,
pSS-3, pSS-5, and pSS-6) and 2 of 6 DNMC controls (DNMC-3 and DNMC-5). The
acquisition of Fab N-glycosylation by SHM is a process that occurs in germinal centers.
Therefore, we looked for correlations between incidence of acN-glycs and the presence of
germinal centers in the glands. We found that in each of the 4 subjects identified with
germinal center-like structures all had V-region acN-glycs, but not all subjects with V-region
acN-glycs had germinal center-like structures in the glands examined. The incidence of acN-
glyc in a heavy/light chain pair was more than doubled in SS sequences (29%, or 28/97) as
compared to controls (9%, or 2/22); however, these differences only trended towards
statistical significance (p=0.061).

We found a trend for increased acN-glycs in the SS FWRs compared to those from DNMC
controls (22%, or 21/97 and 5%, or 1/22, respectively, p = 0.072). In the SS patients, half
(n=11) of the FWR acN-glycs were located in the FWR1 of the heavy and light chains.
There were no FWR1 acN-glycs in the DNMC sequences. We found no instances of acN-
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glycs in the CDR3 regions of heavy or light chains and no differences in CDR1/CDR2 acN-
glycs between SS patients or DNMCs (11/97 and 3/22, respectively; p = 0.722).

acN-glycs are associated with increased SHM and amino acid replacements

We compared the heavy and light chain sequences that had acN-glycs (n = 31) to those
without acN-glycs, (n = 91) without regard to disease classification (Figure 1, A-C). Heavy
chains with acN-glycs had significantly more SHMs than those without acN-glycs (22.45
+1.047 vs 17.27 £ 0.8383; p = 0.001). The SHMs in heavy chains with acN-glycs also
resulted in replacement mutations more often than in those without acN-glycs (16.65 + 0.86
vs 12.88 + 0.62, p = 0.002). For light chains there were trends for more SHMs and
replacement mutations in those with acN-glycs than those without (SHM; 13 vs 10, p =
0.096 and replacement mutations; 9 vs 7, p = 0.146). Both heavy and light chains with acN-
glycs had significantly more amino acid replacements than did those without acN-glycs
(heavy chains, 13.26 + 0.599, vs 10.46 + 0.462, p = 0.002; light chains 8.910 + 0.843 vs
6.980 + 0.416, p = 0.028).

Selection pressure analyses in SS and DNMC V-regions

We performed a BASELINe Focused binomial test (29, 37, 38) on all of the unique
sequences from SS and DNMCs and found overall positive selection in the CDRs and
negative selection in the FWRs of the heavy chains from each group (CDRs: SS p=0.009,
DNMC p=0.05 and FWRs: SS p=2.99x10~/, DNMC p=0.02). We found no significant
selection pressure in the light chain CDRs of either SS or DNMC sequences (p=0.19 and
p=0.39, respectively). However, both SS and DNMC light chain sequences had negative
selection in the FWRs (p=2.85x10714 and 4.46x1078, respectively). When we compared all
of SS sequences with all of the DNMC sequences, we found no significant differences in
selection pressures in either the heavy or light chain CDRs or FWRs between the two groups
(Figure 2-, A, heavy chains and B, light chains).

Fab sequences with acN-glyc motifs have differential selection pressure patterns

Since we had found an increased frequency of acN-glycs in SS sequences and bacterial
lectins have been reported to bind acN-glycs and facilitate non-specific B cell activation
(10), we analyzed the effects of acN-glycs on selection pressure. We compared heavy chain
sequences with acN-glycs to those without acN-glycs, without regard to disease
classification. A BASELINe focused binomial test indicated differential CDR selection
between the two groups - no selection in the CDRs from heavy chains with acN-glycs
(p=0.41) vs. strong selection in the CDRs from heavy chains without acN-glycs (p=0.0007).
All sequences, with or without acN-glycs had negative selection in the FWRSs (p=3.91x107°
and 5.6x1078, respectively). When we compared the selection strengths of heavy chains with
acN-glycs to those without acN-glycs, we found that heavy chains with acN-glycs have
trends for less positive selection in their CDRs (p=0.0679) relative to the sequences without
acN-glycs (Figure 2, C).
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Clonally related mAbs with differential FW1 acN-glyc motifs

Our acN-glyc analysis also revealed a clonal set of differentially glycosylated Ig sequences
(Table 2; pSS-1, clone 1). A multiple alignment of the heavy and light chain (Figure 3, A)
amino acid sequences revealed that three of the clones’ heavy chain translated sequences
were identical (2-E04k, 3-C06k, and 4-A01k). Clone 2-C06k and 4-A01k also shared an
identical light chain sequence. Clone 4-B03k was the only one of the 5 clonal Igs that did
not have the acN-glyc at position 21 of the heavy chain (D21) in FWR1. To confirm that the
FWR1 (N21) N-glyc motifs in this clonal group could indeed be glycosylated at the protein
level, the heavy and light chain V-regions of the 5 pairs were cloned into expression vectors
and expressed as mADbs. Glycosylation studies were performed on mAbs 4-A01k, 2-E04k, 4-
G03k and 4-B03k. Clone C06k was not analyzed, as it was identical in amino acid sequence
to clone 4-A01k (Figure 3, A). After enzymatic removal of N-glycans with PNGase F and
separation on SDS-PAGE gel, staining (CBB) showed there was a motility shift in the heavy
chain of the Ig molecules indicating the loss of N-glycans (Figure 3, B). The shift for clone
4-B03k, lacking the FWR1 N-glycan motif, was moderate compared to the 3 others and
comparable to that observed for bovine 1gG (blgG) known to only carry 1 N-glycan per
heavy chain. The ConA staining, which binds mannose-containing N-glycans, confirmed the
presence of N-glycans in the untreated sample and that they were quantitatively removed
after treatment with PNGase F.

FWR1 N-glycoslyation affects mAb antigen binding

To determine if these clones were autoreactive, the mAbs were tested for binding Ro, La,
Sm and nRNP by ELISA (Figure 3, C). All 5 clones had some degree of binding to all
antigens with 3-C06k, 4-A01k, and 4-G03k having the highest levels of reactivity. We next
determined the effects of N-glycosylation in the FWR1 on antigen binding. We removed the
acN-glyc motif from the FWR1 of 3-C06k by replacing the asparagine (N) at position 21
with an aspartic acid (D) (N21D-3C06k). Conversely, we introduced an N-glyc motif to 4-
BO3k at the same position, converting the aspartic acid to an asparagine (D21N-4B03k). We
expressed these mutant mAbs and retested them for binding to Ro, La, Sm, and nRNP. We
found that N21D-3C06k had almost completely lost all binding to all 4 antigens after
removal of the FWR1 N-glyc (Figure 3, D). However, D21N-4B03k did not gain binding
any of the antigens after the addition of an N-glyc in FWR1, but instead lost binding to La,
Sm, and nRNP.

Protein modeling reveals a potential mechanism for FW1 acN-glyc participation in antigen
binding by expansion of antigen binding site

We used protein modeling of clone 2-E04k to visualize the location of the FWR1 N-glyc in
relation to the CDR antigen-binding pocket (Figure 4, A - B). The heavy chain FWR1 acN-
glyc oriented on the molecule exterior very near the CDR binding site. We replaced the light
chain in the model with the other light chains in the clonal group and found no appreciable
difference in the orientation of the acN-glyc (data not shown). To visualize how an N-glyc
might affect or participate in antigen binding, we added and remodeled an FWR3 complex,
biantennary N-glycan structure (4FQC) identified in another study (35) to our model (Figure
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4, C) and found that the binding surface could effectively be expanded by the close
proximity of the branched carbohydrate structure (Figure 4, D).

Discussion

The DNMC controls used in this study were not healthy subjects, but unlike healthy
controls, they had sufficient ASC’s for isolation by single cell sorting and therefore, served
as excellent sicca controls. Since the controls each had some degree of glandular
inflammation (see Table 1), the differences we reported between SS and DNMCs in this
study cannot be attributed to an inflammatory milieu or the lack thereof. It will be interesting
to follow the DNMC controls longitudinally to determine if some progress to SS with time,
or if they represent a distinct disease or subset not yet defined.

The ASCs from the first 3 subjects enrolled into this study were interrogated using a
previously published RT-PCR protocol (28) that limited the probing of each single-sorted
cell with multiplexed primers for only one heavy and one light chain isotype. The
modification of our protocol for the remaining subjects to a two-step RT-PCR method
enabled probing for multiple heavy and light chain isotypes. The utility of this method could
also extend to any other expressed gene of interest in single-sorted cells from any B cell
population. Our efforts revealed what appear to be rare cases of allelic inclusion in pSS-4,
which would not have been identified with the previous method. We are uncertain if both
light chains are translated and expressed with heavy chains in these cells, or if they remain
as remnant mRNA from earlier selection events. B cells that express dual light chains on
their surface have been described in healthy humans (39) and in various B cell lymphomas
(40-42). Lymphoma is increased in SS, and it is possible that the dual-light chain ASC’s we
have identified are precursors to neoplastic lymphoblasts. Interestingly, pSS-4 was one of the
patients that we also identified as having an increased probability of lymphoma development
(27)

Secondary light chain replacement, or receptor revision as it is called in the periphery, has
been demonstrated in both mice and man (43, 44). Receptor revision has also been reported
in patients with SLE (45) and in the cerebral spinal fluid infiltrating B cells from multiple
sclerosis patients (46, 47), but to our knowledge has not been previously reported in SS.
These findings are not likely a result of PCR contamination, as each light chain replacement
was a unique sequence, not found paired with any other heavy chain in the study. Whether
the light chain replacements we have identified represent a novel peripheral tolerance
mechanism is unknown.

Our finding of somatically mutated, clonally related ASCs in three SS patients and one
DNMC control, is evidence for antigen-driven proliferation within the labial salivary gland
and agrees with our previous observations (16). The BASELINe analyses also support this.
A recent study by Hamza, et al, found no evidence for positive selection in SS parotid B cell
heavy chains using the BASELINe method (17), but this may be easily explained by
differences in study designs. Theirs involved bulk RNA from parotid tissue B cells, instead
of single-cell sorted labial salivary gland ASCs as in our study. They also probed only the
IgG VH3-family genes, while we included primers for all VH-family genes. Alternatively,

Arthritis Rheumatol. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koelsch et al.

Page 10

there may be micro-environmental differences between the parotid and labial salivary gland
tissues, or differences in B cell subsets, since memory B cells accumulate in Sjogren’s
parotid tissue (48).

The increased incidence of acN-glycs, particularly, those occurring in the FWRs, was
interesting. Hamza’s group also reported increased FWR acN-glycs in SS patients. The
increased SHM rates in Igs with acN-glycs suggest that acN-glycs may drive SHM by
facilitating increased activation signals via bacterial lectins, independent of antigen. This is
supported by our finding that heavy chains with acN-glycs do not indicate selection of the
CDR antigen binding regions, suggesting an antigen-independent mechanism for their
genesis. Alternatively, the likelihood of acquiring novel N-glycosylation motifs may increase
as the rate of SHM increases. It was interesting that we found evidence of salivary gland
germinal center structures in only 4 of the subjects with acN-glycs. This may be explained
by the fact that these analyses were not performed in the same glands. Since the glands
processed for single cell sorting and monoclonal antibody production/sequencing must be
used in their entirety for the production of mAbs, the germinal center analyses were
performed on other glands biopsied at the same clinic visit.

Sequences with acN-glycs have at least one replacement mutation leading to the acquisition
of the N-glyc, so it is possible that we have introduced bias to this analysis by parsing them
into acN-glyc(+) vs acN-glyc(-) groups. However, BASELINe predicts selection pressures
by identifying replacement mutations that occur at higher rates than would be expected in a
scenario of “no selection,” so we would expect any bias of this nature to have resulted in
increased positive selection, but we observed the opposite, which supports our data and
reinforces the idea of a non-specific activation of these cells. Since bacterial lectins have
been demonstrated to bind IgG acN-glycs and trigger non-specific activation of the B cell
(10), this is a possible mechanism for a break in tolerance leading to immunoglobulin
autoreactivity, as well as the increased risk for lymphoma seen in SS patients.

After removing the FWR1 acN-glyc from clone, 3-C06k, binding to 4 common autoantigens
was almost completely abolished indicating that the acquisition of an N-glyc via SHM can
actually increase binding to the self-antigens that are commonly bound by mAbs produced
from the labial salivary glands of SS patients (16). Similar findings have been reported for a
polyreactive mAb after removal of a FWR3 N-glyc (49). The heavy chain is only partially
responsible for antigen affinity and between the 5 clones there were 4 light chains with
unique mutations, which could explain the lowered binding by both D21N-4B03k and 2-
E04k. Oligosacharides are inherently flexible and individual sugar linkages can exist in
various conformations (50). The N-glyc conformation in our model is one possible, but
hypothetical conformation. In reality, the glycan at N21 probably freely explores the solvent
space within its cone of rotation, and for it to add surface area to the CDR3, must be trapped
in this conformation by stabilizing influences of the incoming antigen, or by antigen binding
in those moments when the glycan stochastically occupies that space. Therefore our model
provides visual evidence of how glycan structures originating outside of the CDRs could
affect antigen binding, depending on their placement, structure and rotational conformations
by extending the surface of, or interfering with the antigen-binding plane. This supports the
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possibility for antigen-independent, or co-dependent stimulation via lectin-glycan
interactions, leading to B cell activation.

In summary, we have developed an improved method for the isolation, characterization and
mAb production for rare B cells populations, which has provided data suggesting the
possibility of peripheral tolerance mechanisms in SS labial ASCs not previously reported.
Overall, we found evidence for antigen-driven positive selection in these cells. However, our
finding of reduced positive selection in ASCs harboring Ig acN-glycs suggests potential
alternative mechanisms for B cell selection, hyperactivation and the proliferation of some of
the autoreactive cells frequently seen in SS.
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Figure 1.

Somatic hypermutations, replacement mutations and amino acid changes in sequences with
and without acN-glycs. A — C) Sequence analyses of V-regions from SS patient and DNMC
control minor salivary gland ASCs with (black columns, n = 31) and without (white
columns, n = 91) acN-glycs. A) Number of heavy and light chain V-region somatic
hypermutations. B) Number of heavy and light chain replacement mutations. C) Number of

heavy and light chain V-region amino acid changes.
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BASELINe comparison of selection pressure differences between groups. The histograms
provide a visualization of selection pressures for the CDRs (top half of plots, red lines) and
the FWRs (bottom half of plots, blue lines) and an overlay (lower left quadrant) showing the
differences between the compared groups, where the solid lines represent the column
variable (ie. DNMC in panel A) and the dashed lines represent the row variable (ie. SS in
panel A). Statistically derived relative differences (binomial statistical test used by
BASELINe) are shown (upper right quadrant) for each comparison, where red color and
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positive numbers are representative of positive selection, and green color and negative
numbers are representative of negative selection. A) Comparison of selection pressures in
heavy chains between SS and DNMC controls. B) Comparison of selection pressures in light
chains between SS and DNMC controls. C) Comparison of selection pressures in heavy
chains with acN-glycs vs those without acN-glycs.
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Figure 3.

Clonal mAb N-glycosylation analysis and antigen-binding by ELISA. A) Alignment of
heavy and light chain amino acids from clonally related mAbs from pSS-1 revealing
differences that may affect antigen binding. Bold underlined amino acids are different from
consensus residues. Box indicates site of acquired N-glycosylation motif (N-C-T, position
21) in 4 of the 5 clones. Symbols: Cross in circle = identical translated heavy chain V-region
sequences; Star = identical translated light chain V-region sequences, “*” (asterisk) indicates
fully conserved residues; “:” (colon) indicates conservation between groups with strongly
similar properties; “.” (period) indicates conservation between groups with weakly similar
properties. B) Mobility shift analysis of mAb heavy chains. After PNGase F digest, followed
by Coomassie Blue staining a more modest shift is seen in 4-B03k and Bovine 1gG (known
to have 1 Fc region N-glyc) as compared to 4-A01k, 2-E04k and 4-G03k. Concanavalin A
staining indicates the complete removal of glycans by PNGase F. C) Clonal mAbs binding of
Ro, La, Sm, and nRNP by ELISA. D) Antigen ELISA shows loss of antigen binding by
mutant N21D-306k (acN-glyc -) as compared to its glycosylated counterpart, 3-CO6K (acN-

glyc+).
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c - N-acetyl glucosmine (NAG)
A Fucose (FUC)

. Mannose (MAN)

(O calactose (GAL)

@ sialic acid (SIA)

Figure 4.
Protein model of 2-E04k mAD variable regions with complex-type FWR1 N-glycan. A)

Mono image with heavy chain variable region (V) oriented on the left and light chain
variable region (V) on the right. Heavy chain CDR region residues are indicated by red
(CDR1), yellow (CDR2), and blue (CDR3). Light chain CDR region residues are indicated
by muted colors, pink (CDR1), light yellow (CDR2) and light blue (CDR3). B) The same
model rotated upward approximately 50° about the horizontal axis with the position of the
heavy chain acN-glyc motif (N21) shown in magenta. C) Schematic of the representative
complex-type N-glycan utilized in the model. D) Stereo image of model in panel A.
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Table 1

Participant demographics, classification criteria, and extraglandular manifestations.

SS (n=8) DNMC (n=6)

Demographics

Mean Age, S.D. (range) 44.23, + 10.48 (30-58) 50, + 11.97 (36-72)

Sex (Female/Male) 8/0 5/1

Race Black (1), White (5), Wh/N.A. (2)  Black (1), White (4), Wh/N.A. (1)
Classification Criteria

Lissamine Green (No. Pos/Total) 8/8 0/6

Schirmer’s Test (No. Pos/Total) 3/8 0/6

WUSF (No. Pos/Total) 3/8 2/6

Biopsy Interpretation (No.) FLS (8) NSCS (5), FLS (1)

Mean Focus Score, S.D. (Range) 4.41+3.39(1.8-12) 0.33+0.82(0-2)

Serum ANA (No. Pos/Total) 8/8 5/6

Serum anti-Ro/SSA (No. Pos/Total) 6/8 1/6

Serum anti-La/SSB (No. Pos/Total) 3/8 0/8

Mean ACR/EULAR Score, S.D. 7.0+2.07 1.33+1.37
Clinical/Extraglandular

Mean ESSDAI Score, S.D. 1.625 +0.92 N/A

Hyper 1gG (No. Pos/Total) 5/8 1/6

Hypo IgG (No. Pos/Total) 0/8 1/6

Hyper 1gM (No. Pos/Total) 1/8 0/6

Low C3 (No. Pos/Total) 0/8 0/6

Low C4 (No. Pos/Total) 1/8 0/6

Low CH50 (No. Pos/Total) 1/8 1/6

Salivary Gland Enlargement - Current or Hx (No. Pos/Total) 2/8 3/6

Arthritis/Arthralgias (No. Pos/Total) 2/8 2/6

Synovitis (No. Pos/Total) 1/8 1/6

Raynaud’s Syndrome (No. Pos/Total) 4/8 3/6

Abbreviations: ACR, American College of Rheumatology; ANA, anti-nuclear antibodies; DNMC, does not meet criteria (control); ESSDAI,
EULAR Sjégren’s syndrome disease activity index; EULAR, European League Against Rheumatism; FLS, focal lymphocytic sialadenitis; Hx,
history; Neg, negative; NSCS, non-specific chronic sialadenitis; Pos, positive; S.D., standard deviation; Wh/N.A., White/Native American; WUSF,
whole unstimulated salivary flow.

Arthritis Rheumatol. Author manuscript; available in PMC 2019 July 01.



Page 21

Koelsch et al.

Author Manuscript

AN VT-2YA 5 £1-9 £5-¢ uolsnpu ARy 03-9  b-ssd
™ G- TAA 5 €19 £5-¢ uolsnpUI OBy My03-9  b-ssd
AN TI-ZYA 9 61-9 12-€ uolsnpur OBy 1T03-9  b-ssd
™ 6E-THA 9 61-9 12-€ uolsnuI ARy MT03-9  b-ssd
gAL T-VANA 14 T¢-¢C €2 ucwEmom_Qm‘_ D71 -¢g9Uo|D M902-9 v.wmQ
e ST-E3A v 122 £2-6  ewaoeldal OT-€8U0ID  MEOD¥  p-ssd
™ S-TIA v 122 £2-¢  eweoeidal OT-€8U0ID  MEOST  p-ssd
™ 0Z-EXA 14 ee-e ve-v Juswage|dal D1 - ZAUOID  M90V-C y-ssd
AN SZ-EYA v zz-¢ ve-v  sweoeidaiO-zeuold  TZ0D-T  p-ssd
o 0Z-E3A 5 g€ 1-01-G T8UO[D Y9009  p-ssd
G 0Z-E3A 5 e€ 1-0T-§ Tauold  M109-T  p-ssd
™ T-PA 1 6-€ ge-¢  usweoeldal D7-GAUOD  M90d-e  2-Ssd
exr ST-EXA 1 6-€ ge-¢  Juswaoeldal D7-GAUOD  M90d-Zz  2-SSd
o ST-EXA v 6-€ ge-e  swaoeidal D7-peU0D  M90D-T  z-Ssd
v 0Z-E3A v 6-€ ge-¢  uswedeldai D7-peUOD  M209-T  2-Ssd
oA TT-E3A v 122 1€ gauold  MT03-€  ¢-ssd
g TT-E3A v 122 1€ gauold  MI04T  z-ssd
e 6E-THA 5 ze 69-T Zsuwold  Meoa-T  z-ssd
e 6E-THA 5 z-e 69-T zauold  M100-T  z-ssd
Zar 6E-THA v zee 52 Tauold  Myoa€  e¢-ssd
e 6E-THA v zz-¢ 52 Tauold  Meog-T  z-ssd
el ZT-TAA v £y 657 §TOU0ID  yego-y  T-sSd
el ZT-THA v £z-v 65-v Tauold  eogv  T-ssd
v ZT-TAA v £z-v 657 §TOU0ID  y1ow-y  T-ssd
ol ZT-TAA v €2y 657 §TOU0ID 3900 T-ssd
e TTTHA v ezy 657 §TOU010 o3z T-ssd
BUBD-C URYD IYBIT  BD-AURYD WBIT BUSD-HL 8WD-HA  SWD-HA sneis  @lsuod  1elans

"]0U02 DIANQ duo pue sjuailed SS € Ul uoISn|aul J1j3]Je pue Bunipa ureys ybi| ‘suoisuedxa [euo|d

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

Arthritis Rheumatol. Author manuscript; available in PMC 2019 July 01.



Page 22

Koelsch et al.

"G ainBi4 u1 paquasap (9A]6-Nae) uoreInw onewos Aq palinbae uonelAsodA|B-N ureyd Aneay sey auojd

Juswaoeldal O - T 8U0|D

Juswaoeydal O - T auUolD

dUeD-( UrYD YBIT  dUSD-A UreyD 14617 sneils  disuoio

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Arthritis Rheumatol. Author manuscript; available in PMC 2019 July 01.



	Abstract
	Patients and Methods
	Human Subject Sample Collection and Evaluation
	Production of Recombinant mAbs
	Ig Analyses for Antigen-Driven Selection
	Ig Heavy and Light Chain N-Glycosylation Motif Analysis
	Glycoprotein and Specificity Analyses of mAbs
	Immunoglobulin Protein Modeling
	Statistical Analyses

	Results
	Participant demographics and clinical characteristics
	Immunoglobulin heavy and light chain sequence analyses revealed clonal expansions, secondary light chain editing and allelic inclusion
	Differential acquisition of V-region N-glycoslyation motifs in SS and DNMC
	acN-glycs are associated with increased SHM and amino acid replacements
	Selection pressure analyses in SS and DNMC V-regions
	Fab sequences with acN-glyc motifs have differential selection pressure patterns
	Clonally related mAbs with differential FW1 acN-glyc motifs
	FWR1 N-glycoslyation affects mAb antigen binding
	Protein modeling reveals a potential mechanism for FW1 acN-glyc participation in antigen binding by expansion of antigen binding site

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2

