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Abstract

Signaling lymphocytic activation molecule-associated protein (SAP), a critical intracellular
signaling molecule for T-B lymphocyte interactions, drives T follicular helper (Tth) cell
development in germinal centers (GCs). High-affinity islet autoantibodies predict type 1 diabetes
(T1D) but do not cause beta cell destruction. This paradox intimates Tfh cells as key pathologic
effectors, consistent with an observed Tfh signature in T1D. To understand how fully developed
Tth (GC Tth) contribute to different autoimmune processes, we investigated the role of SAP in
T1D and autoantibody-mediated arthritis. Whereas spontaneous arthritis depended on SAP in the
autoantibody-mediated K/BxN model, organized insulitis and diabetes onset were unabated,
despite a blocked anti-insulin vaccine response in SAP-deficient non-obese diabetic (NOD) mice.
GC Tfh and GC B cell development was blocked by loss of SAPin K/BxN mice. In contrast,
although GC B cell formation was markedly reduced in SAP-deficient NOD mice, T cells with a
GC Tfh phenotype were found at disease sites. CXCR3* CCR6~ (Tfh1) subset bias was observed
among GC Tth cells infiltrating the pancreas of NOD mice, which was enhanced by loss of SAP.
NOD T cells override SAPrequirement to undergo activation and proliferation in response to
antigen presentation, demonstrating the potential for productive cognate T-B lymphocyte
interactions in T1D-prone mice. We find that SAP is essential when autoantibody-driven immune
complexes promote inflammation but is not required for effective organ-specific autoimmune
attack. Thus, Tfh induced in classic GC reactions are dispensable for T1D but the autoimmune
process in NOD retains pathogenic Tfh without SAP.
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Introduction

Autoimmune diseases previously attributed solely to T cells are effectively treated by B
lymphocyte elimination, highlighting the critical role of T-B cell interactions in
autoimmunity (1). Vaccine studies demonstrate that productive interactions between antigen-
specific T and B lymphocytes are central to the development of protective immunity; similar
interactions are assumed to mediate autoimmunity. T follicular helper (Tfh) cells drive B cell
class switching and antibody responses following infection or T-dependent immunization
(2). Signaling lymphocytic activation molecule (SLAM)-associated protein (SAP) is
essential in facilitating long-lasting cognate T-B cell interactions necessary for protective
immune responses to develop in these settings (3-9). The bulk of work describing the
requirements for GC Tfh formation stems from studying infection and vaccine responses,
whereas less is known about the molecular governance of Tfh in autoimmunity. In contrast
to immune complex-dependent diseases, B lymphocyte-dependent organ-specific
autoimmunity can arise independently of autoantibody (10-12). It is unclear whether SAP-
supported T-B interactions are necessary to drive such organ-specific autoimmune processes.

T1D is a classic organ-specific autoimmune disease that arises through T cell-mediated
attack of insulin-producing beta cells in islets. T cell-mediated attack on islets drives T1D
and is dependent on islet autoantigen presentation by B lymphocytes (11-16). Islet
autoantibodies predict T1D development but are not thought to act as pathogenic effector
molecules (12, 16, 17); rather, they are a biomarker of autoimmune GCs during the disease
prodrome. As such, NOD serum transfer does not cause T1D (12). This contrasts with the
K/BxN model of autoimmune arthritis, in which serum transfer is sufficient to drive joint
pathology in recipients (18). This spontaneous arthritis model is produced through
combination of the disease-permissive NOD IA37 MHC class 11 allele that results in
glucose-6-phosphate isomerase (GPI) recognition by the KRN TCR transgene (19).
Autoreactive T-B interactions drive GC formation, immune complex deposition, and
ultimately joint destruction in K/BxN mice (18, 20). Rituximab (B cell depletion) efficacy in
both T1D and RA is attributed to disruption of cognate T-B interactions (1, 21). T1D shares
the development of tertiary lymphoid structures and GC formation at the site of autoimmune
attack with rheumatoid arthritis (22, 23). High-affinity autoantibodies, a molecular Tth
signature, and increased peripheral blood Tth in T1D patients point to a role for Tth in the
disease process (17, 24, 25). Furthermore, baseline Tfh subsets predict clinical response to
abatacept among individuals with T1D (26). Tth-like cells are also recognized in the
rheumatoid synovium (27). Contributions of Tfh to autoimmune pathology are observed in
murine models of both RA and T1D in which the sanallele of Roguin, a RING-type
ubiquitin ligase, drives dysregulated Tth and accelerates both diseases (28, 29). The RA and
T1D models therefore exemplify distinct types of autoimmune responses predicted to
possess a common Tfh cell dependency.

SAP s required for autoimmune arthritis initiated by an acute event such as when a bolus of
antigen is delivered for initiation of collagen-induced arthritis or when GPI-reactive KRN T
cells are transferred into 1A97+ recipients (30, 31). Loss of SAPalso ameliorates features of
the autoantibody-mediated disease, systemic lupus erythematosus (SLE) and prevents the
overexuberant germinal center responses and GC Tfh that otherwise drive SLE
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manifestations in sanroque mice (6, 28, 32). It is unclear whether SAP-supported T-B
interactions are necessary to drive organ-specific autoimmune diseases such as T1D which
are B lymphocyte-dependent but not autoantibody-mediated in mice (10-12). The impact of
SAPon disrupting Tfth development and GC responses was therefore investigated in
spontaneous models of T1D and RA. SAP-deficient NOD T cells proliferated to cognate
antigen stimulation by B cells and acquired the GC Tth phenotype. The requirement for SAP
is therefore overridden in the development of the organ-specific autoimmune disease, T1D,
but not the systemic immune complex-mediated disease, autoimmune arthritis. These
findings suggest that T-B interactions are governed differently based on the context of the
immune response. Tfh cells may serve pathologic roles in autoimmune settings even in the
absence of classical germinal center reactions. This is an important consideration for the
development of immune-targeted therapy in cell-mediated autoimmunity.

Materials and Methods

Animals

SAP-deficient mice on the C57BL/6 background (5, 9) were provided by Dr. Pamela
Schwartzberg (National Institutes of Health), bred in our colony, and subsequently
backcrossed to the NOD strain. Anti-insulin 125Tg/NOD and VH125SP/NOD BCR Tg mice
were described previously (33, 34). 8F10/NOD mice (35) were provided by Emil Unanue
(Washington University School of Medicine). NOD.Cg-Tg(TcraBDC2.5,TcrbBDC2.5)1Doi/
DoiJ (BDC2.5/NOD) and B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-11/C57BL/6) mice were
purchased from the Jackson Laboratory. All NOD strains were backcrossed =11 generations.
KRN*/-/C57BL/6 mice (a gift from Dr. Christophe Benoist and Diane Mathis, Harvard
Medical School, Boston, MA) were crossed with NOD mice to generate K/BxN mice. All
mice were housed under specific pathogen-free conditions. All animal studies were
approved by the fully AAALAC-accredited Vanderbilt University IACUC.

Histological assessment and monitoring of disease activity

Insulitis assessment was performed using non-diabetic, female NOD mice. Pancreata were
dissected and immediately fixed with neutral buffered formalin for 4-6 h and then incubated
overnight in 70% ethanol at room temperature. 5um sections were cut from paraffin-
embedded tissues and stained with H&E. Slide images were acquired using a bright field
Aperio ScanScope CS and visualized using ImageScope software (Leica Biosystems). All
islets in a section were blind scored (average = 26, min = 9, max = 51). Blood glucose was
measured in NOD or SAP77/NOD mice to confirm symptomatic diabetes onset as described
previously (36). Hind paws were isolated from K/BxN mice post-mortem, fixed in 4%
paraformaldehyde, decalcified in EDTA, and paraffin embedded. Two blinded observers
scored lymphocytic inflammation, cartilage loss, and bone erosion in H&E stained 5 pm
sections of the tibiotalar joint. K/BxN and SAP7Y/K/BxN mice were monitored weekly for
autoimmune arthritis development as previously described (37).

Pancreas sections were acquired as above, deparafinnized, and a Leica Bond-Max IHC
stainer was used for all steps besides dehydration, clearing and applying cover slips. Bond
Epitope Retrieval Solution 2 (Leica Biosystems) was used for heat-induced antigen retrieval.
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Anti-CD3 (M-20, Santa Cruz Biotechnology) and anti-B220 (RA3-6B2, BD Biosciences)
antibodies were detected with biotinylated rabbit anti-goat IgG (Vector Laboratories,
BA-5000) or biotinylated rabbit anti-rat 1gG (Vector Laboratories, BA-4001), respectively, in
combination with the Bond Polymer Refine Detection system. Slides were dehydrated,
cleared and cover slips were applied and images were acquired and analyzed as above.

Cell isolation, flow cytometry, and antibodies

Cells were isolated from spleens and pancreata as previously described (36). Lymph nodes
were macerated in HBSS (Invitrogen Life Technologies) + 10% FBS (HyClone). Cells were
subsequently stained for flow cytometry analysis using the following reagents and reactive
antibodies: 7-aminoactinomycin D (7-AAD), B220 (6B2), BCL-6 (K112-91), CCR6
(140706), CD11b (M1/70), CD11c (HL3), CD4 (RM4-5), CD44 (IM7), CD69 (H1.2F3),
CD95/FAS (JO2), CD278/ICOS (C398.4A), CXCR3 (CXCR3-173), CXCR5 (2G8), eFluor
Fixable Viability Dye, GL7, IgD (11-26c), lgM2 (DS-1), IgMP (AF6-78), IgM (i chain
specific), NKG2D (cx5), or PD-1 (J43) (BD Biosciences, eBioscience, ThermoFisher
Scientific, or Tonbo Biosciences). Biotinylated human insulin (Sigma-Aldrich) (33) was
used to detect insulin-binding specificity. Avidin-fluorochrome conjugates were used to
detect biotinylated reagents. Samples were acquired using a BD Biosciences LSR 11 flow
cytometer and data were analyzed using FlowJo software (Tree Star, Inc).

Immunization and ELISA

Preimmune sera were collected and 9-12 week-old NOD or SAP/NOD mice were
immunized s.c. at the base of the tail with 25 pug insulin B10-23 peptide (Schafer-N)
emulsified in CFA. Sera were harvested at 3 weeks following immunization, after which
mice were boosted with 10 ug B10-23 insulin emulsified in IFA i.p. Insulin-specific IgM or
IgG were measured by ELISA as described (33) with the following modifications. Plates
were coated with 1 pg/mL human insulin and incubated with sera diluted 1:100 in 1X PBS
overnight at 4°C. Insulin autoantibodies were detected with goat anti-mouse 1gG or IgM
conjugated to alkaline phosphatase (Southern Biotech, 1030-04 and 1020-04). Standard
curves were generated using anti-insulin mAb123 (HB-123, ATCC) or mAb301/1F11 (38)
antibodies purified from hybridoma supernatants to quantify anti-insulin IgG or IgM
antibodies, respectively. Anti-GPI antibody ELISAs were performed as above, but with the
following modifications. Plates were coated with 5 ug/mL mouse GPI (Cloud-Clone Corp.)
in 1X PBS overnight at 4°C and blocked and washed with 1X PBS/1% BSA. Sera diluted
1:1000 were incubated overnight at 4°C. Bound antibody was detected as above.

ELISpot assay

ELISpot assays to detect IFN-y were performed as previously described (39). In brief, 96-
well filter plates (Millipore) were coated with anti-mouse IFN-y Ab overnight at 4°C
(eBioscience, clone AN-18). Wells were washed and blocked with complete media.
Splenocytes were freshly isolated as above and plated at 1 x 10° cells per well with or
without 10uM human insulin (Sigma-Aldrich) in complete RPMI 1640 [10% FBS
(HyClone), non-essential amino acids, HEPES, sodium pyruvate, penicillin/streptomycin, L-
Glutamine, 2 x 10° M 2-ME (Invitrogen)]. Cells were cultured for 72 hours at 37°C in 5%
CO». After incubation, plates were washed and incubated with biotinylated anti-mouse 1FN-
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v Ab (eBioscience, clone R4-6A2). Wells were washed and incubated with horseradish
peroxidase (HRP)-conjugated streptavidin (BD Biosciences). After washing, 3-Amino-9-
ethylcarbazole (AEC) substrate solution (BD Biosciences) was added and wells were
monitored for spot development for 4-10 min. Cold, deionized water was used to stop
substrate reaction, and plates were dried overnight. Spots were counted using an
ImmunoSpot plate reader (Cellular Technology Limited).

In vitro and in vivo T cell proliferation assays

Statistics

Results

Magnetic separation was used as above to purify B cells (>86% purity, < 0.4%
contamination by A3+ CD11b* or CD11c* antigen presenting cells) from 125Tg/NOD
spleens and CD4* T cells (> 84% purity) as above from BDC2.5/ SAP-sufficient or BDC2.5/
SAP-deficient NOD mice. Purified B cells and T cells were labeled with CellTrace Violet
(ThermoFisher Scientific) per the manufacturer’s instructions. BDC mimotope peptide was
conjugated to pork insulin (Eli Lilly) as previously described (15). 0.25 x 106 SAP-sufficient
or SAP-deficient BDC2.5/NOD T cells and 0.016-0.25 x 10% 125Tg/NOD B cells were co-
cultured in complete RPMI with 100 ng/mL Insulin-BDC mimotope conjugate at 37°C in a
CO3, incubator for 3d. Expression of B220, CD4, CD69, viability, and dilution of the
CellTrace Violet dye was assessed in harvested cells by flow cytometry. The cell
proliferation tool in Flowjo (version 9.6.4, Tree Star, Inc.) was used to identify the Division
Index (average number of divisions per cell, including the undivided population) in CD4*
live lymphocytes.

CD4* T cells were magnetically purified (>90% purity) from 8F10/SAP*Y or 8F10/SAP™
NOD mice as above and populations were separately labeled with CellTrace Violet or
CellTrace Yellow dye. Cells were washed and resuspended in 1X PBS. Equal numbers of
labeled 8F10/SAP*YINOD and 8F10/SAPYINOD CD4* T cells were combined, and 17-20
x 108 cells of each genotype were injected i.p. per gender-matched VH125SP/NOD
recipient. After 7 days, cells were isolated from spleen, pancreatic lymph nodes, and
pancreas and T cell proliferation and activation were assessed as above.

Standard statistical tests utilized for each experiment are indicated in the corresponding
figure legends and significance values were calculated using Prism (GraphPad).

SAP is required for the autoantibody-mediated arthritis to develop in K/BxN mice

K/BxN mice express transgenic T cells that recognize GPI in the context of the NOD MHC
class 11 allele, IA97, develop spontaneous arthritis due to autoantibody production and
immune complex deposition in joints (18-20). Expanded GC Tfth and GC B cell populations
are present in draining popliteal lymph nodes in arthritic K/BxN mice (37), consistent with a
role for B cells in promoting full GC Tfh differentiation (40). BCL-6 is a lineage-defining
transcription factor expressed by GC B cells and GC Tth cells (41-43), therefore it was
included in our GC Tth identification scheme. Flow cytometry phenotyping showed
profound defects in GC Tfh cells (PD1M9" BCL6ENIN CXCR5M9M) and GC B cells (GL7MIN
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FASN9N) in arthritis-prone K/BxN mice that lacked SAP (Fig. 1A—F). The loss of PD1high
BCL6MIN CXCR5MIN GC Tth cells is consistent with a loss of SAP-dependent T cell
functions (2, 8, 9). We next tested how loss of SAP impacted the disease process in the
spontaneous K/BxN model of acute autoimmunity. Autoantibody production is a necessary
and sufficient driver of immune complex-mediated arthritis (18, 44). As such, we measured
serum anti-GP| autoantibody, which was reduced nearly 30-fold in SAP/K/BxN mice
(Fig. 1G). SAPYIK/BxN mice were strongly protected from autoimmune arthritis
development, as shown by reductions in clinical scores, paw thickness, tibiotalor joint
inflammation, cartilage loss, and bone erosion (Fig. 1H-K). These data show that
spontaneous immune complex-mediated arthritis is critically dependent on SAPand uphold
a role for SAPin supporting productive germinal center reactions, Tfh development, and
autoantibody production in autoimmune arthritis.

SAP-deficient mice fail to produce GC B cells or insulin autoantibody following T-
dependent immunization

Immune responses to autoantigens differ from foreign antigens in that they require breaches
in immune tolerance to develop. To test whether SAPis required for acute responses to the
autoantigen, insulin, we T-dependently immunized NOD and SAP~7/NOD mice with the
insulin B chain epitope, B10-23 in CFA and boosted with B10-23/IFA (45, 46). T1D
incidence is lower in male vs. female NOD mice, thus autoantibody-negative male NOD
mice were used to maximize detection of insulin antibody that arose from immunization,
rather than spontaneously via T1D autoimmunity. A significantly increased proportion of
GC B cells and insulin antibody production was observed 3 weeks following T-dependent
immunization of WT/NOD mice, whereas SAP7Y/NOD mice failed to elicit GC B cell or
insulin antibody formation (Fig. 2A-C). These data show that acute, vaccination with a
critical insulin autoepitope requires SAP for the generation of insulin autoantibodies.

Loss of SAP reduces spontaneous insulin autoantibody production in NOD mice, but
insulitis and T1D are preserved

Given the expected role of SAPin antibody production (3-6), we measured insulin-specific
IgG in female NOD or SAP77/NOD mice. Insulin-specific 1gG antibodies were detected in
NOD mice but were reduced 6-fold in S4P~/NOD mice (Fig. 3A). Autoantibodies are
dispensable for T1D; rather, it is B lymphocyte role as antigen-presenting cells that supports
beta cell destruction (10-13, 16). Productive, cognate T-B lymphocyte interactions require
SAPIn classic immune responses (4—7, 9) and spontaneous autoimmune arthritis was
disrupted by loss of SAP (Fig. 1), thus we predicted that SAP might also control
autoreactive T-B interactions that lead to lymphocytic infiltration in the pancreas. To
investigate the contribution of SAPto this cell-mediated autoimmune disease, we assessed
progression to diabetes and the severity of islet infiltrates in WT/NOD and SAP7/NOD
mice. Contrary to the near absence of autoimmune arthritis observed in SAPY/K/BxN mice
(Fig. 1), roughly 50% of SAP77/NOD mice developed diabetes and showed a trend towards
lower penetrance, but no significant difference in diabetes incidence compared to WT/NOD
(Fig. 3B). Lymphocytic infiltration of islets in the pancreas precedes diabetes onset,
therefore we investigated whether differences were observed in this inflammatory process at
very early (4 and 6 wks of age), early (8-12 wks), intermediate (13-16 wks), and late (17—
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20 wks) pre-diabetic intervals. Insulitis was present in both WT/NOD and SAP”-/NOD
mice. Detection of insulitis was limited in 4 wk old mice but was readily identified in 6 wk
old NOD and SAP~"/NOD mice (Fig. 3D-E). As expected, insulitis severity increased with
age, but no change in insulitis severity was observed at any of the time points examined (Fig.
3D-E). Fig. 3E shows the typically broad distribution of insulitis severity at each time point
across individual mice, in line with the wide range of diabetes onset (Fig. 3B).

T and B lymphocyte infiltration and organization in pancreatic islets is not lost in SAP
~/~INOD mice

The pre-diabetic interval in NOD mice is marked by progressive islet infiltration and
organization of T and B lymphocytes. Peri-insulitis (lymphocytes surrounding, but not
infiltrating the islet) can progress to disorganized lymphocyte infiltration into the islet,
which can evolve to organized tertiary lymphoid structures that contain discrete T and B cell
zones form (22). The SAP-dependence of these structural outcomes of cognate autoreactive
T-B interactions was therefore investigated. We did not find quantifiable insulitis present at 4
weeks of age, but at 6 weeks, both T and B lymphocytes were observed to surround and
infiltrate islets (Fig. 4A-B). Blind scoring of islets revealed no significant difference in
insulitis severity between 6 wk old NOD and SAP77/NOD mice (Fig. 4B). We also assessed
late insulitis by comparing the organization of T and B lymphocytes in 17-20 wk old mice.
Islets were robustly infiltrated by B and T cells that formed a similar percentage of
organized vs. disorganized structures in both groups (Fig. 4C-D). These data show that
insulitis, tertiary lymphoid structure formation, and diabetes onset occur in the absence of
SAPIn NOD mice, yet insulin autoantibody production is limited. Thus, cellular interactions
necessary for a chronically evolving autoimmune attack can arise despite disruption of a
protein that is critical for maintaining T-B interactions in vaccine and infection responses.

T cell activation and IFN-y production is preserved in SAP-deficient NOD mice

T and B lymphocytes form tertiary lymphoid structures in the pancreas of SA4P~7/NOD
mice (Fig. 4C-D). These data raise the question of whether SAPis required for functional
responses of autoreactive T cells /n7 vivo. Endogenous activation, as indicated by CD69
expression levels, was not different between SAP~~and SAP* CD4 or CD8 T cells in the
pancreas or draining lymph nodes of NOD mice (Fig. 5A-B). IFN-vy is a key inflammatory
cytokine in type 1 diabetes and is elicited following insulin stimulation in NOD mice (39,
47, 48). IFN-vy responses are intact in non-autoimmune SAP-deficient mice (49), therefore
we investigated whether baseline and insulin-driven IFN-y production was intact in SAP
~~INOD mice. IFN-y production was preserved at baseline and following insulin
stimulation in SAP77/NOD splenocytes in vitro (Fig. 5C).

Loss of SAP reduces GC B cells but not GC Tfh cell formation in T1D

GC B cells possess enhanced antigen presenting capacity and present unique islet epitopes to
T cells to drive immune tolerance breach and differentiation of these cells into GC Tfh in
NOD mice (34, 50). GCs form within tertiary lymphoid structures in the pancreas of pre-
diabetic NOD mice (22). We therefore investigated the requirement for SAPin GC B cell
and Tth cell formation in T1D-prone NOD and SAP~77/NOD mice. The frequencies and
numbers of GC B cells in the pancreas and draining lymph nodes were reduced in SAP
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~7INOD mice in the 8-12 and 13-16 wk-old cohorts that exhibited lower or higher amounts
of insulitis, respectively (Fig. 6A-C and Fig. 3). A ten-fold lower frequency of GC B cells
formed in the pancreatic draining lymph nodes of SAP77/NOD vs. WT/NOD mice, however
a small population of GC B cells formed SA~77/NOD mice which increased during the pre-
diabetic interval (Fig. 6B—C). The more modest 10-fold decrease contrasts with the more
striking 200-fold decrease in GC B cells cause by SAP-deficiency in K/BxN mice (Fig. 1).
Thus, autoimmune germinal center reactions are reduced, but not fully eliminated by loss of
SAPiIn T1D.

CXCR5-enriched T cells from diabetic mice transfer disease into recipients (24). The
exacerbation of Tfh formation by the sanrogue mutation accelerates diabetes in a hen egg
lysozyme TCR transgenic model of T1D (51), further pointing to a pathogenic role of Tfh in
T1D. Using the same gating strategy to identify GC Tfh cells as in the K/BxN arthritis
model (Fig. 1), we found a population of GC Tth cells in the pancreatic draining lymph
nodes that was expanded in the pancreas (Fig. 7). GC Tfh numbers were unchanged in the
pancreas and draining lymph nodes of SAP7/NOD vs. WT/NOD mice sacrificed at
intermediate and late time points (Fig. 7). This preservation of GC Tfh cells contrasts the 90-
fold robust reduction of GC Tfh cells in SAP-deficient K/BxN mice (Fig. 1). These data
suggest that classic Tfh formation through germinal centers is not required in T1D, and that
Tth are programmed differently in the chronic autoimmune context of T1D.

GC Tfh cells are biased towards CXCR3* CCR6™ (Tfh1) cells in the pancreas of NOD mice,
which is enhanced by loss of SAP

Tfhl (CXCR3" CCR67) and Tfh17 (CXCR3* CCR6") cell subsets have been identified that
express IFN-y and/or 1L-17 (52-56). NKG2D expression identifies an ex-T-bet population
of IFN-y-producing Ttfh cells in humans (57). CD4* CD28™ T cells express NKG2D and are
elevated in SLE (58). These NKG2D* CD4 T cells, reported to have cytotoxic activity, Kill
Tregs in mouse models of SLE (59). Given the Th1/IFN-vy signature in NOD mice and the
proposed importance of the Th1/Th17 axis in humans (60, 61), we sought to determine
whether GC Tfh bias towards any of these functional subsets was present in the pancreas and
draining lymph nodes of pre-diabetic mice, and whether it was changed by loss of SAP.
Tfh1 and Tfh17 subsets were gated as in Fig. 8A and NKG2D* GC Tfh cell populations
were identified as in Fig. 8B. CXCR3* CCR6™ (Tfh1) phenotype bias was observed among
GC Tfh cells in the pancreas and draining lymph nodes relative to CXCR3* CCR6" (Tfh17)
or CXCR3~ CCR6* (Tth2) phenotypes (Fig. 8C), consistent with the IFN-y signature in
NOD mice (60). The proportion of CXCR3* CCR6™ (Tfh1) GC Tfh cells was significantly
elevated in the pancreas of SAP7/NOD mice relative to WT/NOD, whereas no change was
observed in the PLN of the same mice. No significant difference was observed in the
frequency or number of CXCR3~ CCR6* (Tfh2) or CXCR3* CCR6* (Tfh17) cells, but
Th17 frequency trended higher in SAP77/NOD relative to NOD mice (Fig. 8C-D,
pancreatic lymph nodes, 0.73 £ 0.41 vs. 0.31 + 0.36, p = 0.15; pancreas, 1.57 £ 1.14 vs. 0.69
+0.48, p = 0.18, respectively). A subset of GC Tfh cells in the pancreas and draining lymph
nodes were NKG2D*, but SAP-deficiency did not alter the frequency or number of this
subset (Fig. 8C-D).

J Immunol. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bonami et al.

Page 9

Given the transient nature of BCL6 expression and GC Tfh phenotype, we also examined
CXCR3, CCR6, and NKG2D expression on total CD4* T cells. Total CD4 T cells in the
pancreas and draining lymph nodes were also biased towards the CXCR3* CCR6™ (Th1)
phenotype relative to CXCR3™ CCR6™ (Th17) or CXCR3~ CCR6* (Th2) phenotypes, but
skewing was less striking than what was observed among GC Tth cells (Sup. Fig. 1).
CXCR3* CCR6* (Th17) cells accounted for a low percentage of total CD4* T cells (< 0.2%)
but were significantly elevated in the pancreatic draining lymph nodes (but not pancreas) of
SAP77INOD (Sup. Fig. 1A). A subset of total CD4 T cells were NKG2D™, as observed in
GC Tfth cells. Overall, these data suggest Th1/Tfh1 bias, while more pronounced among
SAP77INOD GC Tth infiltrating the pancreas, is not restricted to this GC Tth cells; rather
this programming, along with Th17 bias, is also observed among total CD4 T cells in SAP
~7INOD mice.

SAP-deficiency does not impair T cell activation and proliferation in response to cognate
antigen presentation by B cells

The critical role that cognate T-B interactions play in T1D is highlighted by the requirement
for antigen presentation by islet-reactive B cells to cognate T cells (10-15). To address
whether the requirement for SAP may be relaxed for T-B cell interactions in the setting of
type 1 diabetes, the activation and proliferation potential of SAP-sufficient or SAP-deficient
autoreactive CD4 T cells was assessed in response to B cell antigen presentation. Anti-
chromogranin BDC2.5 T cells were co-cultured with anti-insulin NOD B cells (125Tg/
NOD) that present insulin-conjugated BDC mimotope and robust CD4* T cell activation and
proliferation was observed in the presence of cognate antigen (Fig. 9). SAP deficiency did
not alter the frequency of activated CD4* T cells, even with increased competition due to a
reduced number of B cells (Fig. 9B). Furthermore, no proliferative difference was observed
in SAP-sufficient vs. SAP-deficient T cells, even at suboptimal T:B cell ratios (Fig. 9C).
Consistent with maintained disease activity, these data show that SAPis not necessary for B
lymphocyte-induced activation and proliferation of diabetogenic T cells.

Anti-insulin T cells traffic to the pancreas and draining lymph nodes, undergo activation,
and proliferate in the absence of SAP

To directly study the responses of insulin-specific lymphocytes (36), we used anti-insulin
TCR (8F10) and BCR (VH1255P/NOD) models in which the majority of CD4 T cells or 1-
2% of B cells recognize insulin, respectively (34). We distinctly labeled and tracked SAP*Y
and SAP anti-insulin 8F10 CD4* cells in the same pre-diabetic VH1255P/NOD recipient
to eliminate differences in the inflammatory cytokine milieu or disease state. Transferred
cells were identified in the spleens, pancreatic draining lymph nodes, and pancreas of
VH1255P/NOD recipients (Fig. 10A and data not shown). Whereas all transferred cells
expressed CD4 in the spleen and pancreatic draining lymph nodes, a large proportion of
labeled cells expressed little if any CD4 on the cell surface in the pancreas (data not shown).
A similar phenomenon occurs in chronically stimulated CD4 T cells (62, 63). We therefore
identified labeled cells among live lymphocytes to detect this population of highly-activated
T cells. The number of SAP*Y versus SAP™ transferred T cells recovered was not
significantly different in any of the interrogated organs (Fig. 10B). The frequency of divided,
transferred T cells was increased in the pancreatic draining lymph nodes and pancreas
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relative to the spleen, but was equivalent among SAP ™ versus SAP™Y transferred T cells in
each of the harvested organs (Fig. 10C). CD69 expression was also similar among co-
transferred cells (Fig. 10D). These data indicate that autoreactive T lymphocytes can traffic
to the pancreatic draining lymph nodes and pancreas, become activated, and undergo
proliferation despite lack of SAP. Overall, these data point to a surprising SAP-
independence of autoimmune T cells that drive cell-mediated autoimmunity in T1D.

Discussion

SAP deficiency was employed in this study to investigate how altered T-B cell interactions
impact GC Tth cell, GC B cell, and T1D development. SAP function in T cells is necessary
to promote interactions with cognate B lymphocytes that support germinal centers and
protective immune responses (4, 8, 9). As B lymphocytes act as essential antigen-presenting
cells in T1D (11-16), we anticipated SAP ablation would disrupt the critical T-B cell
interactions that drive islet attack. Diabetes onset however persisted in SAP-deficient NOD
mice (Fig. 3), suggesting that the nature of how T-B cell interactions promote T1D is
different from those which drive classic, protective immune responses.

Autoimmune arthritis protection is observed in K/BxN mice (Fig. 1), confirming the
requirement for SAP in T-dependent autoantibody production. The limited breakthrough in
GC formation and autoantibody production in SAP-deficient NOD but not K/BxN models of
autoimmunity implies that certain settings of chronic autoimmunity alter immune response
dependence on SAP. The K/BxN RA model involves robust immune responses typical of
immunization or infection and diverges from the “smoldering fire” of low but persistent
autoantigen stimulation that drives T1D. Symptomatic disease is often observed as early as
3-4 weeks of age in K/BxN mice, whereas it typically arises after 12 weeks of age and may
arise beyond 30 wks of age in NOD mice. Furthermore, whereas ubiquitously-expressed GPI
is primarily targeted in K/BxN mice due to TCR repertoire restriction to this specificity,
multiple beta cell autoantigens that are more regionally restricted are targeted by a
polyclonal T cell repertoire in T1D.

IFN-vy is a key inflammatory cytokine that is elevated in T1D, but it is not upregulated in
synovial tissue or fluid in RA (47, 48, 64). SAP-deficient CD4 T cells of LCMV-infected
mice show Th1 skewing (5, 49). Consistent with preserved Th1l responses, SAP-deficiency
does not disrupt IFN-vy elicited through T cell stimulation or chronic viral infection (5, 65).
We have shown previously that splenocytes harvested from anti-insulin BCR transgenic
NOD mice that develop accelerated diabetes produce IFN-y at baseline and following
insulin stimulation, and that T cells are a source of this cytokine (39, 66). IFN-y responses
are preserved in SAP-/NOD mice (Fig. 5) and may thus be facilitating productive T-B
interactions in organ-specific autoimmune disease independently of SAP. IFN-y supports
spontaneous GC formation in autoimmunity (67). GCs form within tertiary lymphoid
structures in the pancreas of NOD mice (22), thus retention of IFN-y responses may help to
explain the preservation of the small numbers of GC B cells observed in NOD mice. We find
that T1D occurs despite markedly reduced autoimmune GC responses and insulin
autoantibody production in SAP-deficient NOD mice (Fig. 3 and 6). This suggests that fully-
developed germinal center reactions are not essential for T1D to develop. Unlike
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conventional B lymphocytes, GC B cells present distinct pathogenic insulin epitopes
required to drive proliferation of cognate T cells (34). As the rate of diabetes onset levels off
with age in SAP77/NOD mice, we speculate that SAP may facilitate epitope spread through
support of GCs. Thus, GC formation in the pancreas may represent a more terminal stage in
the disease process that occurs after substantial beta cell destruction is already underway.

Subsets of GC Tth cells contribute differently to protective immune responses in humans;
Tfh2 (CXCR3™ CCR67) and Tfh17 (CXCR3* CCR6") subsets stimulate naive B cells to
differentiate into antibody-secreting cells whereas Tfh1 cells (CXCR3* CCR67) do not (52—
55). Several autoimmune diseases show bias towards Tfh2 and Tfh17 over Tfh1 cells,
including SLE, Sjogren’s syndrome, autoimmune thyroid disease, and multiple sclerosis,
which may reflect the pathologic contributions of autoantibodies in these diseases (68). In
contrast, no bias was observed in the peripheral blood of T1D patients relative to healthy
donors (24). Autoantibodies are not considered to be pathogenic effector molecules in T1D;
rather, B cells present autoantigen to drive T cell-mediated islet attack (12, 13, 15), thus
Tfh2 or Tfh17 bias may not be required. Investigation of GC Tfh subset bias in the NOD
mouse model of T1D revealed a Tfhl (CXCR3* CCR6") cell bias in both the pancreas and
draining lymph nodes relative to other Tfh subsets (Fig. 8). This bias was also observed
among total CD4* T cells in the pancreas (Sup. Fig. 1) and is thus not dependent on GC Tfh
programming. Whereas a trend towards increased Tfh17 cells (CXCR3* CCR6%) was
observed among GC Tth cells, a significant increase in Th17 cells among CD4* T cells was
observed in the pancreatic draining lymph nodes of SA7~/NOD mice.

CXCR3 is expressed following TCR stimulation (69). This is counteracted by PD-1, which
dampens CXCR3 expression to preserve GC Tfh positioning within GCs as opposed to
follicles (70). The increased frequency of CXCR3* GC Tth cells in the pancreas of SAP
~~INOD mice would thus be consistent with their reduced ability to localize to GCs.
Disrupted CXCL13 signaling scrambles T-B tertiary lymphoid structures and GCs in NOD
mice, yet does not block diabetes, further suggesting mature GC structures may not be
required for pathogenic T-B interactions necessary to drive T1D (71). T-bet is a transcription
factor that classically marks Th1 cells that secrete IFN-y. NKG2D* CD4+ T cells were
reported in humans to be ex-T-bet* cells that have cytotoxic activity (57, 59). Roughly 10%
of GC Tth cells were NKG2D™, further emphasizing the Th1 axis in NOD mice.

SAP-deficient NOD T cells proliferate /n vitro following co-culture with cognate B cells
(Fig. 9). The significance of this SAP-independent T cell/B cell interaction /n vitrois
confirmed /n vivo by demonstrating that transferred SAP-deficient anti-insulin T cells traffic
to the pancreas and draining lymph nodes and proliferate. We hypothesize molecular control
of cognate T and B cell adhesion is altered in NOD mice to increase the likelihood of
productive, pathogenic interactions by rare autoreactive T and B cell clones and explain their
SAP-independence. SAP binds to SLAM-family receptors (SLAMFR), which include
SLAM (SLAMF1), CD48 (SLAMF2), Ly9 (SLAMF3), 2B4 (SLAMF4), CD84 (SLAMF5),
Ly108 (SLAMF®6), and CRACC (SLAMFT). Analysis using the Wellcome Trust Sanger
Institute Mouse Genomes Project - Query SNPs, indels or SVs tool (https://
www.sanger.ac.uk/sanger/Mouse_SnpViewer/rel-1505) shows that all of these SLAMFR are
polymorphic between non-autoimmune and autoimmune mouse strains (not shown). Of
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note, many of the NOD SLAMFR polymorphisms are found in the genetic interval that
promotes autoimmunity in the B6.S/eZ6 model of SLE and are confirmed or proposed to
impart functional consequences, including CD48, Ly9, 2B4, CD84, Ly108, and CRACC (72,
73).

Several Ly108 isoforms identified in various strains of mice have different signaling
potential, including Ly108-1, Ly108-2, and Ly108-H1. Ly108-1 signals more strongly than
the Ly108-2 isoform in T cells (74), whereas Ly108-H1 signals little if at all in response to
TCR stimulation (75). Expression of Ly108-1 is increased in NOD vs. B6 T cells and is
proposed to act as a pathogenic isoform; in contrast, Ly108-H1 is present in B6 but not
autoimmune NOD or B6.S/eZb mice (76). Introduction of Ly108-H1 into B6.S/e1b mice
diminished T cell-dependent autoimmunity (76). The “protective” Ly108-H1 isoform is
proposed to act as a decoy and limit the positive signaling through Ly108-1 and Ly108-2
isoforms in T cells by competing for SLAMFR engagement provided by cognate cells, such
as B cells (75). We hypothesize that SAP-deficient NOD T cells retain potential to interact
productively with cognate, autoreactive B cells because they lack the protective Ly108-H1
isoform and thus the negative regulation that it provides. Examination of the contribution of
individual polymorphic SLAMFR to facilitate T-B interactions in the absence of SAPin the
context of autoimmunity may thus elucidate new targets to disrupt autoreactive T-B cognate
interactions that precede autoimmune disease. Overall, these data suggest the role for SAP in
promoting such interactions is context dependent and the requirement for SAP in facilitating
B cell stimulation of T cell proliferation is overridden in certain settings of autoimmunity.

SAP is not necessary for development of primary immune responses in the setting of
infection (4). It is thus possible that T1D liability is supported by a primary immune
response, rather than requiring classic germinal selection of high-affinity T and B cell
clones. In line with this, we find that efficient GC responses are not required for T1D,
consistent with the long-held view that autoantibodies are not necessary pathogenic
mediators for this disease process. Rather, B cells primarily drive T1D autoimmunity
through antigen presentation (11-16). SAP-deficient CD8 T cells show impaired activation-
induced cell death (77), thus this key pathogenic effector population is presumably less
restrained in SAP7"/NOD mice. As our data show that cognate B cells drive CD4* T cell
proliferation despite loss of SAP, we assume B cell antigen presentation and downstream
activation of cytotoxic CD8" T cells persists to drive T1D in SAP-deficient NOD mice.

SAP is required for Tfh cell formation when antigen is limiting and presentation primarily
occurs by B cells, but not when antigen is plentiful and dendritic cell presentation of antigen
occurs (78). We find that GC Tfh-phenotype CD4 T cells develop in the NOD model of T1D
in the absence of SAP, yet their functional capability is presumed to be impaired considering
the decreased GC B cell development and reduced insulin autoantibody production. Tfh and
Thi cells initially induce //21 and Bcl6 (79). A lower percentage of non-Tfh (PD-1!oW
BCL6'°%) cells was observed in the pancreas (Fig. 7A and not shown), suggesting CD4* T
cells that are initiating the Tfh program are increased at the site of organ-specific attack
independently of SAP function. Given the multi-step developmental process by which Tfh
emerge, these findings suggest that pathological potential for T1D resides at a stage distinct
from functional induction of GCs. In contrast, the pathology mediated by antigen-antibody
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complexes in K/BxN autoimmune arthritis requires fully competent Tfh to induce robust GC
responses. A better understanding of Tth developmental stages in NOD may identify targets
that can discriminate different pathological processes. These data suggest the development
and function of Tfh in T1D do not follow the paradigm derived from vaccine studies.
Interventions that target development of Tfh in the setting of protective immunity may
therefore be insufficient to ameliorate pathological Tfh in cell-mediated autoimmune
diseases such as T1D.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points
. Unlike autoimmune arthritis, insulitis and type 1 diabetes (T1D) develop
without SAP
. B cell antigen presentation can drive SAP-deficient T cell proliferation

. SAP~~NOD mice show intact IFN-y responses and TFH1 cell pancreatic
infiltration
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Figure 1. SAP-deficient K/BxN mice fail to generate GC Tfh or GC B cells, produce anti-GPI
autoantibody, or develop arthritis.

(A-F) SAP*Y and SAP7Y KIBxN mice were sacrificed at 8-9 wks of age and popliteal
lymph nodes were harvested. (A) High levels of BCL-6, PD-1, and CXCRS5 (not shown)
were used to define GC Tfh cells (blue circle), in contrast to non-Tfh cells (red box).
Representative flow cytometry plots are shown. The frequency (B) and number (C) of GC
Tfh cells is shown for n = 5 mice per group. (D-F) The frequencies and numbers of GC B
cells were assessed as above in the popliteal lymph nodes of SAP™ and SAP™ K/BxN
mice. (D) Representative flow cytometry plots show GL7N9" FASNigh GC B cells. The
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frequency (E) and number (F) of GC B cells is shown for n = 5 mice per group. (G) Sera
were harvested from 8 wk-old n =5 SAP*Y/K/BxN (black) and n = 7 SAPY/K/BxN
(white) mice. Anti-GPI IgG was measured by ELISA as in Methods. (H) SAP*™Y (black) or
SAP™ (white) K/BxN mice were scored for arthritis after weaning. (1) Triplicate paw
thickness measurements were taken for hind paws and the average is reported. (J)
Representative images of H&E stained tibiotalar joint sections. (K) Lymphocytic
inflammation (04, left panel), cartilage loss (0-2, middle panel), and bone erosion (0-2,
right panel) were scored in joint sections from n = 3 mice per group. * p < 0.05, ** p < 0.01,
** p < 0.001, two-tailed t test (panel B-C, E-G, and K), two-way analysis of variance with
Sidak correction (panel (H-1).
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Figure 2. SAP is required for T-dependent anti-insulin immune responses in NOD mice.
NOD and SAP¥/NOD mice were immunized with insulin B10-23 peptide in CFA followed

by insulin B10-23 peptide/ IFA boost. Spleens were harvested 1 wk after the boost. (A)
Representative plots show GC B cells (GL7M3" FASNIaN). (B) GC B cell frequency was
assessed in n = 4-5 mice per group that were unimmunized (white) or immunized (black).
Bars depict averages. (C) Insulin-specific 1gG was assessed by ELISA as in Methods in sera
harvested 3 wks following immunization with insulin B10-23 peptide in CFA. One SAP™Y
mouse was removed from the cohort due to a high level of insulin autoantibody in pre-
immune serum. n = 5 mice per group, * p < 0.05, Mann-Whitney U test.
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Figure 3. SAP is dispensable for insulitis and T1D development but is required for insulin
autoantibody production in NOD mice.

NOD and SAP77/NOD sera and pancreata were freshly harvested from female, pre-diabetic
mice. (A) ELISA was used to quantify insulin-specific IgG in NOD and SAP77/NOD sera.
**p < 0.01, two-tailed t test. (B) Diabetes was monitored in female NOD (solid line) and
SAP77INOD (dashed line) mice starting at 10 wks of age. n = 13 mice per group, p = 0.15,
log-rank test. (C-E) NOD and SAP”7/NOD pancreata were freshly harvested from female,
pre-diabetic mice. (C) Representative H&E stained sections are shown for 17-20wk-old
mice. (D-E) All islets were blind scored for n = 4—7 mice per group. (D) Scoring distribution
was normalized per mouse to account for variation in the total number of islets scored. The
percent of islets with each score is shown. (E) The average insulitis score is plotted for NOD
(blue) or SAP77INOD (white) mice, no significant differences were observed in each age
group, two-tailed t test.
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Figure 4. Loss of SAP does not prevent early T cell and B cell infiltration or tertiary lymphoid

structure formation in NOD mice.

NOD and SAP77/NOD pancreata were freshly harvested from female, pre-diabetic mice to
assess early insulitis (A-B, 6 wk old mice) or late insulitis (C-D, 17-20 wk old mice). Serial
sections were stained for B220 or CD3 expression (brown) and counterstained with
hematoxylin (blue). (A) Dashed lines indicate islet boundaries, arrows show examples of
lymphocyte infiltration scores (0 = no insulitis, 1 = peri-insulitis, 2 = mild lymphocyte
infiltration, 3 = moderate/severe lymphocyte infiltration). These scores were assigned

separately based on either CD3 or B220* cells stained in brown. (B) The average
lymphocyte infiltration score is shown for B220* cells (top) or CD3™ cells (bottom), n =6
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individual mice are plotted and bars indicate the overall average score per group. No
significant differences were observed, two-tailed t test. (C) Representative images of anti-
B220 (left) or anti-CD3 (right) stained serial sections from NOD (top) and SAP~/NOD
(bottom) mice. (D) Infiltrated islets were blind scored as Organized (black bars) or
Disorganized (white bars) in 17-20 wk old NOD or SAP77/NOD mice. Islets scored as peri-
insulitis or no insulitis were excluded from analysis. n = 3 mice per group. p = 0.45, chi-
squared test.
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Figure 5. T cell activation and IFN-y production is not blocked by loss of SAP in NOD mice.
(A-B) Pancreatic lymph nodes and pancreata were harvested from NOD (black) and SAP

~“7INOD (white) pre-diabetic, female mice that were 8-12, 13—16, or 17-20 wks of age.
Cells were gated on CD4* (A) or CD8* (B) live lymphocytes and the percentage of CD69*
cells was assessed in n = 3 mice per group. No significant differences were observed
between any of the age cohort comparisons of NOD vs. SAP”/NOD mice using a two-
tailed t test. (C) Splenocytes from female, pre-diabetic NOD mice (n=13) and SAP~/NOD
mice (n=6) were cultured in the presence or absence of 10uM insulin and IFN-y production
was measured by ELISpot. (C) The average number of IFN-y secreting cells without
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antigenic stimulation (black) and after stimulation (white) with insulin is shown for each
mouse and the mean is indicated. Data are expressed as the average of technical triplicates of
the number of spots /10° splenocytes). Each datapoint represents the mean response of an
individual mouse. * p < 0.05, Mann-Whitney U'test.
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Figure 6. GC B cells are reduced in SAP™/7/NOD mice.
Pancreatic lymph nodes and pancreata were harvested from NOD (black) and SAP7/NOD

(white) pre-diabetic, female mice. (A) Representative flow cytometry plots identify GC B
cells (GL7M9h FAShigh) among B220* CD19™ live lymphocytes in lymph nodes. The
frequency (B) or number (C) of GC B cells is shown for n = 6 mice per group, h =3
experiments, * p < 0.05, ** p < 0.01, *** p < 0.001, two-tailed t test.
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Figure 7. GC Tth cells are present despite reduced GC B cells in SAP™/Z/NOD mice.

Pancreatic lymph nodes and pancreata were

harvested from NOD (blue) and SAP~/NOD

(white) pre-diabetic, female mice. Cells were gated on CD4" live lymphocytes. Non-Tfh
cells (BCL-6'"% PD-1!oW, red), GC Tth cells (BCL-6M9N PD-1Migh blue) were identified
using flow cytometry. (A) Representative plots are shown for pancreatic lymph nodes (left)
or pancreas (right) harvested from NOD or SAP77/NOD mice. (B) Histograms depict
CXCRS5, ICOS, and CD44 expression on Non-Tfth cells (red) and GC Tth cells (blue) in
pancreatic draining lymph nodes. (C) GC Tfh cell frequency (top) or number (bottom) is
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shown for individual mice. n = 6 mice per group, n = 3 experiments, * p < 0.05, ** p < 0.01,
*** pn < 0.001, two-tailed t test.
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Figure 8. Tfh1 bias is enhanced by loss of SAP in the pancreas of NOD mice.
Pancreatic lymph nodes and pancreata were harvested from 15-23 wk-old SAP*/*/NOD

(black) and SAP~7/NOD (white) pre-diabetic, female mice. Cells were gated on CD4*
BCL6* PD-1M9" [ive lymphocytes (as in Fig. 7) and (A) CXCR3* CCR6~ (Tfh1), CXCR3~
CCR6™ (Tfh2), CXCR3* CCR6* (Tfh17), and (B) NKG2D™ subsets were identified by flow
cytometry. Representative plots are shown for pancreatic lymph nodes harvested from SAP
**INOD (left) or SAP77INOD (right) mice. (C-D) The frequency (C) and number (D) of
Tfhi, Tfh2, Tfh17, and NKG2D* cells identified among GC Tth cells as in Panels A-B is
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shown for n = 6 mice per group, n = 3 experiments. Bars indicate the mean, *** p < 0.001,
two-tailed t test.
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Figure 9. Loss of SAP does not impair proliferation of diabetogenic T cells in response to antigen

presentation by B cells.

125Tg/NOD B cells and BDC2.5/NOD CD4* T cells (SAP-sufficient (black) or SAP-

deficient (white) were MACS purified as in Methods. CD4* T cells were CellTrace Violet-
labeled and co-cultured with the indicated ratio of 125Tg/NOD B cells +/- antigen (insulin-

BDC mimotope) for 3 d. Activation and proliferation was measured among CD4™ live

lymphocytes using flow cytometry. (A) Representative plots of SAP-sufficient (left) or SAP-
deficient (right) CD4 T cells co-cultured with B cells (1:1 ratio) with no antigen (top) or
antigen (bottom). CD69* cell frequency (B), or the Division Index (C) of CD4" T cells) is
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shown, n = 3 mice per group. All SAP-sufficient vs. SAP-deficient comparisons were not
significant, two-tailed t test.
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Figure 10. Loss of SAP does not limit proliferation of anti-insulin T cells in vivo.
MACS-purified 8F10/NOD (grey) or 8F10/SAPINOD (white) CD4* T cells were

CellTrace Yellow or Violet-labeled. Equal numbers of SAP-sufficient and SAP-deficient
cells (17-20x10%) were mixed and injected i.p. into male VH1255P/NOD recipients. After 1
wk, spleen, pancreatic lymph nodes, and pancreas were harvested. (A) Representative flow
cytometry plots depict transferred cells among CD4* live lymphocytes in lymph nodes. (B-
D) The number of transferred T cells recovered from various organs (B), the percentage that
underwent proliferation (C), and the frequency of CD69* cells (D) is shown within live
lymphocytes for individual mice. Averages are shown for n = 4 mice per group, all SAP-
sufficient vs. SAP-deficient comparisons were not significant, two-tailed t test.
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