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Abstract

Sjogren's Syndrome (SS) is a debilitating autoimmune disease. Patients with SS may develop
xerostomia. This process is progressive, and there are no therapeutics that target disease etiology.
We hypothesized BAFF receptor (BAFFR) blockade would mitigate SS disease development, and
neutralization of CXCL13 and BAFF signaling would be more efficacious than BAFFR blockade
alone. We treated NOD/ShiLtJ SS mice with soluble BAFF receptor (BAFFR-Fc) or anti-
CXCL13/BAFFR-Fc in combination, prior to the development of clinical disease. Our results
show treatment with BAFFR-Fc reduced peripheral B cells numbers and decreased sialadenitis. In
addition, this treatment reduced total serum immunoglobulin as well as 1gG and IgM specific anti-
nuclear autoantibodies. NOD/ShiLtJ mice treated with BAFFR-Fc and anti-CXCL13 antibody
were protected from salivary deficits. Results from this study suggest blockade of CXCL13 and
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BAFFR together may be an effective therapeutic strategy in preventing salivary hypofunction and
reducing autoantibody titers and sialadenitis in patients with SS.
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1. Introduction

Sjogren's Syndrome (SS) is an autoimmune disease in which the immune system targets
exocrine gland tissue [1]. Both the adaptive and innate immune systems are crucial to the
progression of SS [2]. Inflammatory cells are observed in salivary and lacrimal tissue, and
this lymphocytic infiltration may contribute to loss of glandular function [3]. B cell
dysfunction is well documented in SS, both locally and systemically. SS is characterized by
the presence of numerous autoantibodies, including those directed against Ro (SSA), La
(SSB), nuclear autoantigens, and rheumatoid factor (RF) [4, 5]. Since the etiology of SS is
unknown, there are no therapeutics that target disease pathogenesis. Currently, treatment is
palliative, and SS patients may experience significant morbidity related to xerostomia and
xerophthalmia. These include loss of teeth due to dental caries, difficulty speaking and
chewing, and deficits in vision. Thus, it is important to identify therapies that mitigate
inflammation and loss of exocrine secretions in SS patients.

SS is characterized by lymphocytic infiltration of salivary tissue, termed focal lymphocytic
sialadentitis (FLS) [3]. In SS, the percentage of the infiltrating salivary gland lymphocytes
that are B cells increases with the degree of glandular inflammation [6]. B cells within
salivary tissue likely contribute to SS pathogenesis, as they produce autoantibodies [7, 8],
and differences in immunoglobulin (1g) repertoires are observed between salivary and
peripheral blood B cells [9]. Moreover, memory B cells are increased in the salivary tissue
of SS patients [10]. Systemic B cell abnormalities are also observed in SS. For example,
there is a decrease in unswitched memory B cells, altered chemokine receptor expression,
and evidence for dysregulated B cell development and selection [9, 11-13].

B cells are regulated by complex cell-cell interactions and signals transduced by soluble
mediators. B-cell activating factor of the TNF family (BAFF, also called BLyS, TALL-1,
THANK, and zTNF4) is implicated in several autoimmune disorders, including SS [14].
BAFF is secreted mainly by macrophages, monocytes, and dendritic cells, and is also
produced by nonmyeloid cells such as salivary gland epithelial cells (SGECs) [15, 16].
BAFF directs B cell maturation, development, and survival. BAFF also mediates Ig
production and class switching [15]. BAFF is upregulated by interferon (IFN)-vy, interleukin
(IL)-10 and CD40 ligand (CD40L) produced during inflammation and infection [17]. BAFF
is the only cytokine known to activate the BAFF receptor (BAFFR), which is expressed by
circulating B and T cells [18, 19]. Studies in mice demonstrate a crucial role for BAFF in B
cell survival. Accordingly, mice genetically deficient in BAFF or BAFFR show reduced
peripheral B cell numbers [20, 21]. Since BAFF plays a central role in maintenance of these
B cells, dysregulation of this cytokine contributes to the persistence of autoreactive B cells
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[22]. It is important to note that BAFF transgenic mice develop SS- and lupus-like diseases.
Moreover, patients with SS have elevated BAFF levels in salivary tissue, sera, and saliva
[14, 23-27]. Thus, BAFF is clearly important in SS pathogenesis in both murine models and
SS patients.

The chemokine CXCL13 also plays an important role in B cell physiology and is increased
in SS. CXCL13 is secreted by follicular stromal cells such as follicular dendritic cells and
marginal reticular cells [28]. CXCL13 binds the G protein coupled receptor CXCRS5 that is
expressed predominantly by peripheral B cells and T follicular helper cells [29]. CXCL13
directs B cell chemotaxis, and is increased in both murine and human SS [30-36]. Of note,
blockade of CXCL13 signaling results in a modest reduction in lymphocytic infiltration of
salivary tissue in SS mice [30, 37]. Thus, these data suggest CXCL13 may be integral to SS
pathogenesis.

Since BAFF and CXCL13 both direct B cell function, it is not surprising that these
cytokines act synergistically to regulate B cell activity. Studies in humans show BAFF
increases the chemotactic response of B cells to CXCL13, and this effect is more
pronounced in memory B cells than naive. Importantly, blockade of BAFFR abrogates this
migration [38]. To determine whether BAFFR neutralization alone or in combination with
CXCL13 blockade mitigates SS disease development, we inhibited CXCL13 and BAFFR
signaling in the NOD/ShiLtJ (NOD) model of SS. Animals were treated prior to disease
development continuously until the time that they would normally develop disease. We
found that salivary gland inflammation, total serum antibody and ANA specific I1gG and
IgM autoantibody titers were decreased in animals given BAFFR alone. Animals that
received concomitant CXCL13 and BAFFR blockade also exhibited reduced salivary gland
inflammation, total serum antibody and ANA specific IgG autoantibody titers. In addition,
these animals also had diminished IgM titers and did not lose salivary flow. Results from
this study suggest that neutralization of CXCL13 and BAFFR mediated signaling may be an
effective therapeutic strategy in SS.

2. Materials and Methods

2.1. Mice

Female NOD/ShiLtJ (NOD) mice (age 3 weeks) were purchased from Jackson Labs. All
animals were cared for and handled in accordance with NIH and IACUC guidelines.

2.2. Serum collection

For murine studies, sera were harvested immediately following euthanasia. Blood was
collected by retro-orbital eye bleed or cardiac puncture following euthanasia in accordance
with IACUC protocols.

2.3. Assessment of Saliva Production

Pilocarpine HCI (0.3 mg/100 pL) was injected intraperitoneally (Sigma-Aldrich), and saliva
was collected for 10 minutes. Saliva was immediately placed on ice, centrifuged briefly, and
quantified using a pipette. Saliva was stored at —80°C until use.
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2.4. CXCL13 and BAFFR Neutralization

2.4.1. Reagents—Anti-CXCL13 antibody (MAb 5378) and soluble BAFFR-Fc were
generously provided by Vaccinex. 1gG2a isotype control and anti-CXCL13 antibodies were
generated and validated as previously described [30]. To make the soluble BAFFR-Fc
reagent, the murine BAFFR gene was obtained from Open Biosystems (accession #
BC104127, clone ID: 40044559). PCR primers were designed to amplify the region
corresponding to amino acid residues 10-71. The resultant PCR product was cloned into an
expression vector encoding a signal peptide, and was placed in-frame with a 3* amino acid
linker sequence followed by the mouse 1gG2a Fc domain (hinge-CH2-CH3). CHO cells
were transfected with this construct using polyethylenimine max transfection reagent
(Polysciences, Inc.), and the culture supernatant harvested. BAFFR-Fc was purified by
affinity chromatography using POROS MabCapture protein A resin (Life Technologies).
The molecular weight of BAFFR-Fc is approximately 32 kDa, and the theoretical isoelectric
point is 5.76. The protein was eluted with 0.1 M glycine (pH 2.7). We performed buffer-
exchange on the BAFFR-Fc protein into 20 mM Tris (pH 8.0) using PD-10 desalting
columns (GE Healthcare Life Sciences). The protein was then loaded onto POROS HQ
anion exchange resin (Life Technologies) and eluted fractions with successive 95 mM, 140
mM, 165 mM, and 1M NaCl step gradients. The 140 mM elution fraction was used for
further processing. BAFFR-Fc was concentrated using Amicon Ultra-15 30K filters
(Millipore) and buffer-exchanged into PBS (pH 7.2) using PD-10 desalting columns. The
protein was passed through a Mustang E filter (Pall Corporation) to remove endotoxin.
Finally, the product was sterile-filtered through a 0.2 pm syringe filter (Pall Corporation). A
PyroGene Recombinant Factor C endotoxin assay (Lonza) was performed to verify
endotoxin removal. Size exclusion chromatography was carried out using a TSKgel
G3000SWXL column (TOSOH Bioscience) to confirm removal of aggregates and
contaminants as additional quality control steps.

2.4.2. Validation of BAFFR-Fc

2.4.2.1. BAFF ELISAs: Microtiter plates were coated with murine BAFF (0.5 pg/mL, R&D
systems). Serial dilutions of commercially available recombinant murine BAFFR-Fc (R&D
systems) or BAFFR-Fc (Vaccinex) were performed. Biotinylated goat anti-mouse BAFFR
(100 ng/ml, R&D systems) was added, followed by incubation with Streptavidin-HRP (10
pg/mL, Jackson ImmunoResearch). ELISAs were developed with TMB substrate and read at
450/570 nm.

2.4.2.2. Proliferation Assays: Splenocytes were isolated from 8-10 week old female
C57BL/6 mice and cultured in 96-well microtiter plates (1 x 10° cells per well) in
RPMI1640 with 10% FBS. The cells were treated with recombinant murine BAFF (0.01
pg/mL, R&D systems) and goat anti-mouse IgM (10 ug/ml Jackson ImmunoResearch) in the
presence or absence of commercially available recombinant murine BAFFR-Fc (10 pg/ml,
R&D systems) or BAFFR-Fc (10 pg/ml, Vaccinex) for 4 days. Cells were incubated with
Alamar Blue at 37°C for 4 hours, and fluorescence read at 530/590 nm.

2.4.3. Administration protocol—NOD females were injected with 100 pg each of
isotype control 1gG2a antibody, BAFFR-Fc, and anti-CXCL13 antibody/BAFFR-Fc in
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combination. Animals were injected three times weekly for 12 weeks beginning at 4 weeks
of age. Antibody was administered by intraperitoneal injection. All animals were euthanized
at 16 weeks of age. Sera and saliva were collected as described above. Spleen, cervical
lymph nodes (cLNs), and salivary tissue were harvested.

2.5. Histological Processing and Analysis

Salivary tissue was fixed in formalin, paraffin embedded, and processed using a Tissue Tek
VIP (Sakura). H&E staining was performed using a Symphony automated platform
(Ventana). Slides were scanned using Aperio software (Leica Biosystems) and lymphocytic
infiltration was quantified using ImagelJ. The presence of periductal FLS within
submandibular salivary tissue was considered indicative of SS disease. Periductal FLS was
quantified by measuring the percent of SMG tissue occupied by lymphocytes [30].
Immunohistochemical staining (IHC) was performed on salivary and splenic tissue with an
IntelliPATH autostainer (BioCare Medical) using antibodies directed against B220 (2
ug/mL, clone RA3-6B2, Abcam) and CD3 (1:100 dilution, clone SP7, Abcam). Spectral
phasor analysis was carried out using a custom ImageJ plugin (available from http://
www.spechron.com). The phasor approach has previously been implemented to analyse
lifetime [39, 40] and spectral images [41, 42]. A detailed description of this analysis is
provided in the appendix.

2.6. Cell Isolation and Flow Cytometry

Lymphocytes from spleens and cLNs were isolated using mechanical disruption.
Splenocytes and cLN cells were stained with B220, CD21/35 (BD Biosciences) and CD23
(BioLegend). Flow cytometry was performed using an Influx (BD) and FlowJo software was
used for analysis (TreeStar Inc.).

2.7. RNA Isolation and Quantitative PCR

2.8. ELISAs

RNeasy kits (Qiagen) were used to isolate mMRNA from salivary tissue. cDNA synthesis was
performed with an iScript kit (Bio-Rad). Quantitative (q) PCR was performed with SYBR
Green (Bio-Rad). Primers for Cd19 and Cd4 were published previously [30]. PCR settings
were as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1
min. Relative expression was calculated with the AC; method, where R =

2[Ct sample - Ctcontrol] ' o] samples were analyzed in duplicate, and expression was
normalized to actin.

Serum IgM, IgG1, and 1gG3 (Bethyl Labs) were quantified by ELISA. IgG and IgM specific
anti-nuclear autoantibody (ANA) levels were also determined by ELISA (Alpha
Diagnostics, catalog #5210). Horseradish peroxidase conjugated to anti-1gG or IgM
respectively was used to detect isotype-specific ANA (Southern Biotech). Sera were
harvested as described above and appropriate serial dilutions were determined
experimentally.
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2.9. Hep2 Staining

Sera were diluted 1:50 and incubated with Hep-2 slides according to manufacturer
instructions (MBL Bion). ANA were detected with alexa fluor 488 anti-mouse 1gG (H+L) or
IgM (u chain) (Life Technologies). Slides were imaged using an Olympus BX41
fluorescence microscope with a Lumenera Infinity 3 camera.

3.0. Statistics

3. Results

Statistical analyses were performed using GraphPad Prism software.

3.1. BAFFR-Fc is specific for murine BAFF and inhibits splenocyte proliferation

Initial studies were conducted in vitro to confirm the specificity and neutralizing capacity of
BAFFR-Fc. To verify the binding of BAFFR-Fc to BAFF, we performed BAFF ELISAs
where we compared the BAFFR-Fc we developed to a commercially available murine
BAFFRFc. We found that both reagents bound BAFF similarly in a dose-dependent manner
(Figure 1A). We calculated the half maximal effective concentration values (ECsg) for the
commercially available BAFFR-Fc reagent (ECsg = 0.04 pg/mL) and the reagent we
developed (ECgg = 0.009 pg/mL) (Figure 1B). We then sought to determine whether the
soluble BAFFR-Fc we developed could block BAFF and anti-IgM induced proliferation of
murine splenocytes. To this end, we treated splenocytes with BAFF and anti-IgM, and
analyzed proliferation in the presence or absence of the BAFFR-Fc reagent we generated.
We used the commercially available neutralizing murine BAFFR-Fc as a positive control.
We found our BAFFR-Fc reagent inhibited BAFF/anti-lgM induced proliferation with
similar efficacy as compared to the positive control (p = 0.003 and 0.004, respectively)
(Figure 1C). Therefore, the BAFFR-Fc we developed binds BAFF and inhibits its biological
activity.

3.2. B cells are reduced in the periphery of animals treated with BAFFR-Fc

To verify the effectiveness of BAFFR-Fc and anti-CXCL13/BAFFR-Fc treatment, we
isolated spleens and cLN tissue from 16-week-old female NOD mice treated with isotype
control antibody (n = 10), BAFFR-Fc (n = 9), and anti-CXCL13/BAFFR-Fc (n = 9). We
pooled tissue from 2 separate animals in each group for flow cytometric analysis. We saw a
significant decrease in the percentage of splenic follicular and marginal zone B cells in
animals treated with BAFFR-Fc alone and anti-CXCL13/BAFFR-Fc as compared to those
receiving the isotype control (p = 0.008 and p = 0.008, respectively) (Figure 2A). We also
observed a significant decrease in the percentage of B cells in the cLNs in these two
treatment groups as compared to isotype control treated animals (p = 0.008 and p = 0.008,
respectively) (Figure 2B). Thus, BAFFR-Fc administration caused a significant decrease in
the percentage of B cells in secondary lymphoid organs. This decrease was also observed in
animals treated with anti-CXL13/BAFFRFc, and the addition of CXCL13 neutralization did
not have any additional suppressive effect on the percentage of B cells in either splenic or
cLN tissue as compared to the animals treated with BAFFR-Fc alone (Figure 2).
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3.3. Lymphocytic infiltration of submandibular gland (SMG) tissue is reduced following
administration of BAFFR-Fc

To determine whether blockade of BAFFR reduces salivary gland inflammation, we isolated
SMG tissue from animals in the three treatment groups, and quantified SMG gland focus
scores on H&E stained tissue. We analyzed the SMG because this gland reliably develops a
robust lymphocytic infiltration in female NOD animals [43]. Previous results from our
laboratory demonstrated a modest reduction in salivary gland focus scores in animals
receiving anti-CXCL13 treatment alone [30]. Strikingly, we observed a dramatic reduction
in SMG inflammation in animals treated with BAFFR-Fc or anti-CXCL13/BAFFR-Fc as
compared to those treated with isotype control antibody (p = 0.002 and 0.0006, respectively)
(Figure 3A-C). Of note, there was no difference in focus score between the BAFFR-Fc and
anti-CXCL13/BAFFR-Fc treated animals (Figure 3D).

To extend these findings, we performed IHC for B and T cell markers using representative
animals from each treatment group. We stained SMG tissue with antibodies directed against
B220 and CD3 (Figure 4A-C, left panel). To further clarify these findings, spectral
unmixing was performed (Figure 4A-C, right panel). We found both B and T cells were
present within the lymphocytic foci within SMG tissue of isotype control treated animals
(Figure 4A). In the SMG of the animals treated with BAFFR-Fc or anti-CXCL13/BAFFR-
Fc, the remaining infiltrates consisted largely of T cells, although scant B cells were noted in
some of the foci (Figure 4B and C). Using pixel density, we quantified the ratio of T to B
cells in the SMG tissue. The pixel densities of T to B cells were similar in animals treated
with isotype control. However, the ratio of T to B cells in the SMG was approximately 4:1
in both the BAFFR-Fc and anti-CXCL13/BAFFR-Fc treated animals (Figure 4D). To
confirm these findings, we performed qPCR for T (CD4) and B cell markers (CD19) using
SMG tissue. There was no difference in CD4 expression between BAFFR-Fc and anti-
CXCL13/BAFFR-Fc treated animals as compared to the isotype control (p = 0.74 and 0.27,
respectively) (Figure 4E). In contrast, relative CD19 transcripts were decreased significantly
in the BAFFR-Fc and anti-CXCL13/BAFFR-Fc groups as compared to isotype control
treated animals (p = 0.0016 and p = 0.0003, respectively) (Figure 4F). Thus, BAFFR-Fc and
anti-CXCL13/BAFFR-Fc administration reduces salivary inflammation and decreases B
cells specifically in the NOD model of SS.

3.4. Concomitant anti-CXCL13 and BAFFR-Fc treatment prevents loss of salivary flow

We then sought to determine whether blockade of CXCL13 and BAFFR could prevent the
development of xerostomia. To this end, we measured stimulated salivary flow before
treatment at 3 weeks of age, and immediately prior to euthanasia at 16 weeks of age in all
treatment groups. We found that mice treated with isotype control or BAFFR-Fc had
reduced salivary production as the disease progressed (p = 0.0002 and p = 0.04,
respectively). However, animals that received anti-CXCL13 and BAFFR-Fc together
maintained saliva production (p = 0.9) (Figure 5). These results suggest that blockade of
CXCL13 and BAFFR, but not BAFFR alone, may help to prevent development of
xerostomia in SS disease.
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3.5. Serum antibodies are reduced in animals receiving BAFFR-Fc alone or anti-CXCL13
and BAFFR-Fc in combination

Patients and mice with SS have elevated antibody levels [44, 45]. We examined serum
antibody isotypes associated with autoimmune disease in the three treatment groups. IgM
levels were equivalent in the isotype control and BAFFR-Fc treatment groups. However,
animals that received anti-CXCL13/BAFFR-Fc therapy had reduced serum IgM as
compared to the isotype control group (p = 0.003) and those receiving BAFFR-Fc treatment
(p =0.008) (Figure 6A). IgG1 levels were decreased in mice treated with BAFFR-Fc (p <
0.0001) and anti-CXCL13/BAFFR-Fc in combination as compared to the isotype control
group (p < 0.0001), although addition of anti-CXCL 13 antibody did not result in any further
decrease in IgG1 seen in the BAFFR-Fc treated animals. (Figure 6B). Finally, there were no
differences in 1IgG3 levels among the three treatment groups (Figure 6C).

3.6. IgG autoantibodies are diminished in animals treated with BAFFR-Fc

Similar to SS patients, NOD animals develop anti-nuclear autoantibodies (ANA) with
disease progression [5, 43]. We used two approaches to determine whether ANA levels were
decreased in animals treated with BAFFR-Fc alone or anti-CXCL13 and BAFFR-Fc in
combination. First, we performed indirect immunofluorescence on Hep-2 cells with sera
from the three treatment groups. We found ANA titers were reduced in animals receiving
either BAFFR-Fc or anti-CXCL13/BAFFR-Fc (Figure 7B and C) as compared to isotype
control treated animals (Figure 7A). To verify these findings, we performed anti-ANA
ELISAs. Mice given BAFFR-Fc or anti-CXCL13/BAFFR-Fc treatment had reduced serum
IgG ANA titers as compared to those receiving the isotype control (p = 0.0006 and 0.005,
respectively). Of note, there was no difference in ANA levels between animals treated with
BAFFR-Fc and those given anti-CXCL13/BAFFR-Fc. (Figure 7D). Therefore, blockade of
BAFFR-Fc reduces 1gG autoantibodies that are associated with SS pathology.

3.7 IgM autoantibody levels are similar in animals treated with isotype control and anti-
CXCL13/BAFFR-Fc, but decreased in BAFFR-Fc treated mice

To determine whether IgM ANA titers differ between the three treatment groups, we first
performed Hep-2 immunofluorescent staining on sera from isotype control, BAFFR-Fc, and
anti-CXCL13/BAFFR-Fc treated animals. We found that BAFFF-Fc treated mice had less
IgM ANA titers as compared to the isotype control and anti-CXCL13/BAFF-Fc treatment
groups (Figure 8A-C). We confirmed these results with an ANA ELISA. We found animals
given BAFFR-Fc had significantly lower IgM ANA levels as compared to the isotype
control group (p = 0.01). However, there was no difference between isotype control treated
animals and those that received anti-CXCL13/BAFFR-Fc treatment (p = 0.76) (Figure 8D).
All together, these data show IgM ANA titers are reduced in BAFFR-Fc treated animals, but
not in those treated with concomitant CXCL13/BAFFR blockade.

4. Discussion

Previous work in our laboratory demonstrated CXCL13 increases with disease both locally
and systemically in the NOD model, and CXCL13 is also increased in serum and saliva
from SS patients. In NOD mice, neutralization of CXCL13 reduces glandular inflammation,
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but only to a modest extent [30]. Therefore, we sought to identify a therapeutic approach
that would improve the efficacy of anti-CXCL13 treatment alone. Studies of human B cells
demonstrate chemotactic synergy between CXCL13 and BAFF, particularly in the memory
B cell compartment [38]. Since both CXCL13 and BAFF are elevated in SS disease, we
hypothesized that blockade of these together would reduce SS disease manifestations. We
found that treatment of SS mice with BAFFR-Fc diminished FLS, reduced serum IgG1 titers
and ANA specific IgG and IgM titers. Concomitant treatment with anti-CXCL13 and
BAFFR-Fc also reduced IgM levels and prevented loss of salivary flow. Thus, neutralization
of CXCL13 and BAFFR may mitigate disease manifestations in SS patients more effectively
than either treatment alone.

Murine and human studies implicate CXCL13 and BAFF in SS. Importantly, studies in
humans show both BAFF and CXCL13 are increased in human salivary glands in SS [23,
26, 30-35, 46, 47]. BAFF transgenic mice develop sialadenitis and lose salivary flow [14,
25]. CXCL13 is also implicated in exocrine gland inflammation in SS. Specifically, NOD
mice treated with anti-lymphotoxin beta receptor antibodies have reduced salivary and
lacrimal gland inflammation [36, 37]. CXCL13 is regulated by lymphotoxin, and was
reduced in both salivary and lacrimal glands in these models. Thus, both BAFF and
CXCL13 are implicated in exocrine gland inflammation in SS models.

The relationship between salivary gland inflammation and hypofunction is poorly
understood. Several studies in mice and humans with SS demonstrate salivary gland
inflammation does not necessarily indicate loss of function. One of most comprehensive
studies in SS patients to date shows that glandular inflammation only correlates weakly with
salivary production [3]. Accordingly, a study examining blockade of TACI (a receptor for
BAFF and the related cytokine APRIL) in NOD mice shows these animals are protected
from sialadenitis but not loss of salivary function [48]. We saw similar results in the current
study, as animals treated with BAFFR-Fc had reduced salivary gland inflammation but were
not protected from salivary dysfunction (Figures 3 and 5). Importantly, NOD mice that
received both anti-CXCL13 and BAFFR-Fc were protected from both salivary gland
inflammation and loss of salivation. Therefore, addition of CXCL13 neutralization provided
a protective effect beyond that afforded by treatment with BAFFR-Fc alone.

B cells are the primary cell type affected by CXCL13 and BAFFR blockade. B cells are
emerging as important therapeutic targets in several types of autoimmunity, as they promote
disease through interactions with T cells, secrete pro-inflammatory cytokines and
autoantibodies, and migrate to diseased tissue where they may drive or exacerbate
inflammation. Currently, the cause of SS is poorly understood. An intriguing etiologic agent
is the role of the altered microbiome and mucosal breach. Several studies demonstrated that
alterations in bacterial genera can skew Th subset development [49-52], and this likely has
important consequences for B cell activation as well. A recent study showed that peptides
from commensal organisms mimic the amino acid sequence and structure of an SS
autoantigen (Ro60), and some of these peptides activate Ro60 specific T cells [39].
Therefore, it is possible that microbial dysbiosis could contribute to SS initiation and
progression, and further studies are necessary to define the role of the microbiome in SS
more precisely.
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Regardless of the disease etiology, B cells are clearly dysregulated in SS disease. Both
CXCR5 and BAFFR are expressed by mature B cells [29, 53, 54]. B cells expressing
CXCRS5 and BAFFR are detected separately in salivary tissue [12, 23]. Mature B cells rely
on signals transduced by BAFFR for survival, and CXCL13 is key for organization of
lymphoid follicles [55]. The added efficacy of CXCL13 and BAFFR blockade as compared
to BAFFR blockade alone may result from the fact that the remaining B cells exhibit
disrupted organization that mitigates their pathogenic capacity. In addition, the effects could
be due to decreased migration of memory B cells [38]. However, since peripheral and
salivary B cells are significantly reduced in both the BAFFR-Fc and anti-CXCL13/BAFFR-
Fc treatment groups (Figures 2 - 4), the differences observed could also be attributed to T
cell effects, although further work is necessary to determine this conclusively.

Since B cells are affected by blockade of CXCL13 and BAFFR, this treatment may mediate
its protective effect against salivary gland dysfunction by reduction of pathogenic
autoantibodies. Both IgG1 and 1gG3 are elevated in SS and SLE patients, and reactivity for
the SS autoantigen La is enriched in both subclasses [56]. In a separate study, anti-Ro
autoantibodies derived from SS patients are largely restricted to 1gG1 [57]. Studies in mice
also support the importance of 1gG1 antibodies in SS disease, as IgG1 antibodies are
detected in salivary gland lysates of SS models [58]. Moreover, IgG1 secreting B cells from
the cLNs of SS mice have higher reactivity against salivary gland antigens as compared to
control cLN cells [58].

While the significance of most autoantibodies in SS is limited [9], several studies show SS
patients have autoantibodies directed against the muscarinic 3 acetylcholine receptor (M3R),
which are thought to reduce salivary flow by inhibiting parasympathetic innervation of the
salivary tissue [59-62]. 1gG anti-M3R autoantibodies are documented in SS patient sera and
saliva, and serum 1gG derived from SS patients inhibits salivary flow in Igu™!! mice [59, 63,
64]. Finally, recent work in a SS-susceptible murine model (NZM2758) shows serum anti-
Ro52 antibody levels correlate with salivary gland dysfunction, suggesting autoantibodies
against Ro52 could also mediate salivary hypofunction in SS [65]. In the current study,
treatment with BAFFR-Fc or anti-CXCL13/BAFFR-Fc resulted in lower titers of 1gG1.
However, only animals treated with anti-CXCL13/BAFFR-Fc maintained salivary function,
so total 1gG1 levels alone do not account for the differences observed between BAFFR-Fc
and anti-CXCL13/BAFFR-Fc treated animals. Although both groups had low IgG1 titers, it
is possible that 1gG1 antibody specificities differ between the BAFFR-Fc and anti-CXCL13/
BAFFR-Fc treatment groups.

Alternatively, differences in IgM levels between these two treatment groups may account for
the differences in salivary function observed. While the contribution of IgM autoantibodies
is not well studied in SS, IgM™* B cells are clearly dysregulated in this disease. Two
lymphoma studies in SS patients identify clonal expansions of IgM marginal zone B cells
with specificity for rheumatoid factor [66, 67]. Moreover, CD27* memory B cells express
more mutated Cy transcripts than corresponding y and a chains in pSS patients [68]. Thus,
while previous studies have focused on the pathogenic role of IgG autoantibodies in SS [59],
it remains to be determined whether IgM autoantibodies also impair salivary flow in SS. In
the present study, we tested whether ANA-specific IgM was reduced in anti-CXCL13/
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BAFFR-Fc treated animals, since this treatment group maintained salivary flow. However,
while BAFFR-Fc treated animals had lower IgM ANA titers, levels were similar between
the isotype control and the anti-CXCL13/BAFFR-Fc treatment groups (Figure 8). These
results are not surprising, given that studies in pSS patients have failed to show an
association between ANA levels and salivary hypofunction, although high ANA titers are
associated with salivary gland inflammation [44]. Therefore, while IgM autoantibodies
could contribute to the loss of salivary flow observed in SS, ANA specific IgM titers do not
correlate with salivary production in our treatment groups.

Importantly, we show reduction of ANA specific IgG in mice treated with BAFFR-Fc or
anti-CXCL13/BAFFR-Fc, and IgM ANA is reduced in mice given BAFFR-Fc therapy. The
new diagnostic criteria for SS have 3 parameters: serum autoantibodies, focal lymphocytic
sialadenitis, and an ocular staining score of = 3 [5]. In order for the patient to receive a
diagnosis of SS, 2 of 3 of these must be positive. Patients with ANA titers of > 1:320 and RF
autoantibodies fulfill the serology component of the criteria. Approximately 64% (567/886)
of pSS patients have elevated ANA titers (= 1:320) [44]. While high ANA titers are
indicative of SS, the significance of these in disease progression is not well understood. Data
from the SICCA study show patients with symptoms for greater than 10 years are more
likely to have a positive ANA titer. In addition, higher salivary gland focus score values are
associated with ANA titers = 1:320 [44]. Of note, elevated ANA titers are detected in pSS
patients even prior to onset of symptoms [69]. Thus, high ANA titers are associated with
salivary disease manifestations, but it is unclear at present whether these autoantibodies
contribute to disease pathogenesis directly, or whether they serve as more general indicators
of B cell hyperactivity.

While this study showed treatment with BAFFR-Fc and CXCL13 is effective in reducing
disease manifestations in a well-established SS model, it is important to note that animals
were treated prior to disease development. Further studies are warranted in mice with early
and advanced clinical disease to determine whether this approach is efficacious following
the onset of SS. Such studies are needed to establish the therapeutic relevance of CXCL13
and BAFF blockade in SS patients.

5. Conclusion

In conclusion, neutralization of BAFFR reduces disease severity in NOD SS mice, and co-
administration of anti-CXCL13 conferred additional therapeutic benefit. This study provides
a rationale to perform therapeutic studies to reverse SS in the NOD mouse model, which
may then become relevant for patient studies.
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Refer to Web version on PubMed Central for supplementary material.
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« Blockade of BAFF receptor (BAFFR) signaling prevents murine Sjégren's

»  Treatment with anti-CXCL13 and BAFFR-Fc protects SS mice from salivary

e BAFFR-Fc alone and in combination with anti-CXCL13 may be effective in SS
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Figure 1. BAFFR-Fc binds BAFF specifically and inhibits splenocyte proliferation
(A) BAFF ELISAs were performed with BAFFR-Fc (Vaccinex). Commercially available

murine BAFFR-Fc was used as a positive control. Data represent an average of duplicate
measurements and SD is shown. (B) Splenocytes were incubated with murine BAFF (0.5
ug/mL) in the presence of increasing concentrations of R&D BAFFR-Fc or Vaccinex
BAFFR-Fc (0.02 - 1.0 pg/mL). The titration curve was fitted using four-parameter sigmoidal
curve fit (R% = 0.99). (C) Splenocytes were isolated from C57BL/6 females (8-10 wks).
Proliferation was quantified using alamar blue incorporation. Data represent an average of
triplicate measurements. Unstim = unstimulated. Significance was determined using
Student's t-test. Mean and SEM are shown (**p < 0.01).
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Figure 2. B lymphocytes are reduced in spleen and cLNs of BAFFR-Fc and BAFF-Fc/anti-
CXCL13 treated mice

Spleens and cLNs were isolated from animals treated with either I.C., BAFFR-Fc, or
BAFFR-Fc/anti-CXCL13. B220* B cells from (A) spleen and (B) cLN were gated on and
examined for expression of CD23 and CD21/35. I.C. = isotype control. Significance was
determined using Mann-Whitney test. Mean and SEM and shown (**p < 0.01).
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Figure 3. FLS is decreased in salivary tissue as a result of BAFF receptor blockade
Histological analysis of H&E stained salivary tissue from NOD/Shilt) mice treated with (A)

I.C. (n = 10), (B) BAFFR-Fc (n = 9), and (C) Anti-CXCL13/BAFFR-Fc (n = 9). White
arrows indicate lymphocytic foci. (D) Quantification of histological data shown in graph.
Red shapes indicate animals selected for further analysis in Figure 4. I.C. = isotype control.
Significance was determined using the Mann-Whitney test. Mean and SEM are shown (**p
< 0.01, ***p < 0.001, N.S. non-significant). Original magnification is 40X.
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Figure 4. Salivary B cells are dramatically reduced in BAFFR-Fc and anti-CXCL13/BAFFR-Fc
treated animals

Immunohistochemical staining was performed for CD3 (brown) and B220 (red) (Left
panels). Spectral unmixing was performed to distinguish T (green) and B cells (red).
Hematoxylin stained cells are shown in blue (right panels). (A) I.C. treated animals (n = 3)
(B) BAFFR-Fc animals (n = 3), and (C) Anti-CXCL13/BAFFR-Fc treated animals (n = 3).
A representative photomicrograph from each treatment group is shown. Original
magnification is 40X. (D) The pixel ratio of T to B cells for each treatment group. (E) CD4
and (F) CD19 transcript levels were determined by gPCR using SMG tissue from I.C. (n =
8), BAFFR-Fc (n =5) and anti-CXCL13/BAFFR-Fc (n = 8). I.C. = isotype control. Each
sample was analyzed in duplicate and expression normalized to $-Actin. Significance was
determined using Mann-Whitney test. Mean and SEM are shown (**p < 0.01, ***p < 0.001,
N.S. non-significant).
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Figure 5. Blockade of CXCL13 and BAFFR-Fc protects SS mice from loss of saliva
Saliva was collected from NOD/Shilt mice treated with (A) Isotype control, (B) BAFFR-

Fc, or (C) anti-CXCL13/BAFFR-Fc before and after treatment. Saliva was collected for ten
minutes following intraperitoneal pilocarpine injection Pre-treatment (4 wks of age) and
post-treatment saliva volumes (16 wks of age) are shown. Significance was determined
using paired t-tests (* p < 0.05, *** p < 0.001, N.S. = non significant).
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Figure 6. Serum Ig levels are decreased in BAFFR-Fc and anti-CXCL13/BAFFR-Fc treated
animals

Sera were harvested and (A) IgM, (B) IgG1 and (C) 1gG3 levels were assessed by ELISA.
Significance was determined using Mann-Whitney test. Mean and SEM are shown (**, p <
0.01, ***, p <0.001, **** p < 0.0001).

Clin Immunol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharma et al. Page 24

-
D

25000+
j e
e RER s BAFFRF
= -Fe
é 15000+ ® N.S. ¥ Anti-CXCL13/BAFFR-Fc
gl [
g so00] © o g
e e

o~

Figure 7. Serum 1gG ANA levels are decreased following treatment with BAFFR-Fc and anti-
CXCL13/BAFFR-Fc
Hep2 staining was performed using serum from (A) I.C. (n = 4) (B) BAFFR-Fc (n = 4) and

(C) Anti-CXCL13/BAFFR-Fc (n = 4) treated mice. Representative staining from each
treatment group is shown. Original magnification is 200X. (D) ELISAs were performed to
quantify ANA titers in sera from I.C. (n = 10), BAFFR-Fc (n = 9), and anti-CXCL13/BAFF
(n = 9) treated animals. 1.C. = isotype control. Significance was determined using Mann-
Whitney test. Mean and SEM are shown (**, p < 0.01, ***, p < 0.001).
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Figure 8. Serum IgM ANA levels are decreased in BAFFR-Fc treated mice, but are similar in
animals treated with isotype control and anti-CXCL13/BAFFR-Fc

Hep2 staining was performed using serum from (A) I.C. (n = 4) (B) BAFFR-Fc (n = 4) and
(C) Anti-CXCL13/BAFFR-Fc (n = 4) treated mice. Representative staining from each
treatment group is shown. Original magnification is 200X. (D) ELISAs were performed to
quantify ANA titers in sera from I.C. (n = 10), BAFFR-Fc (n = 9), and anti-CXCL13/BAFF
(n =9) treated animals. 1.C. = isotype control. Significance was determined using Mann-
Whitney test. Mean and SEM are shown (*, p < 0.05, N.S = not significant).
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