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Abstract

CDA40/CD40L interactions play a critical role in immunity and autoimmunity. In this study, we
sought to understand the requirement for CD40 signaling in the programmed cell death-1 (PD-1)
checkpoint and CD28 costimulatory pathways important for maintenance of peripheral tolerance.
Blocking either pathway can result in loss of self-tolerance and development of autoimmunity. We
found that primary Sjégren’s syndrome (pSS) and autoimmune thyroid diseases (ATDs) that
develop spontaneously in CD28-deficient IFN-y~/~ NOD.H-2h4 (CD28~/") mice required CD40
signaling. Specifically, blockade of CD40L with the anti-CD40L mAb, MR1, inhibited
autoantibody production and inflammation in thyroid and salivary gland target tissues.
Unexpectedly, however, ATD and pSS in PD-1-deficient IFN-y~/~ NOD.H-2h4 (PD-17-) mice
developed independently of CD40/CD40L interactions. Treatment with MR1 had no effect and
even exacerbated disease development in pSS and ATD, respectively. Most interesting, anti-
thyroglobulin and pSS-associated autoantibodies were increased following anti-CD40L treatment,
even though MR1 effectively inhibited the spontaneous splenic germinal centers that form in
PD-1-deficient mice. Importantly, blockade of the PD-1 pathway by administration of anti-PD-1
mAb in CD28~/~ mice recapitulated the PD-17/~ phenotype, significantly impacting the ability of
MR1 to suppress ATD and pSS in these mice. These results indicate that there can be different
pathways and requirements to autoimmune pathogenesis depending on the availability of specific
checkpoint and costimulatory receptors, and an intact PD-1 pathway is apparently required for
inhibition of autoimmunity by anti-CD40L.
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INTRODUCTION

NOD.H-2h4 mice provide an excellent model for studying mechanisms involved in the
development and treatment of autoimmune diseases, such as autoimmune thyroid diseases
(ATD) and primary Sjogren’s syndrome (pSS). Wild-type (WT) NOD.H-2h4 mice (both
sexes) given Nal in the drinking water develop a relatively mild form of ATD, with
infiltration of T and B cells into the thyroid, production of anti-mouse thyroglobulin (MTg)
autoantibodies, and spontaneous development of germinal centers (GCs) in the spleen,
thyroids, and salivary glands (1). Most female WT NOD.H-2h4 mice also develop pSS (1-
4). ATD in WT NOD.H-2h4 mice does not result in hypothyroidism, the major indicator of
ATD in humans. We (5, 6) generated IFN-y~~ NOD. H-2h4 mutants that develop a more
severe ATD that is characterized by extensive proliferation and hyperplasia of thyroid
epithelial cells (thyrocytes) when given Nal in the drinking water. ATD in IFN—y"‘ mice is
a T cell-dependent autoimmune disease in which activated autoreactive CD4* and CD8* T
cells migrate to the thyroid where they produce TNF-a and other cytokines that act on
thyrocytes to promote their proliferation (7). Because severe ATD develops slowly and in
only 60-70% of IFN-y~~ NOD.H-2h4 mice, we generated CD28-deficient IFN-y~/~
NOD.H-2h4 mutants that develop severe ATD and hypothyroid-ism, with a nearly 100%
incidence at 4 mo of age (1, 8). Female CD287~/~ mice also develop more severe pSS than
WT NOD.H-2h4 mice (1, 8). As shown by us (4) and other investigators (2, 9, 10), pSS is
also a T cell-dependent autoimmune disease with activated CD4* and CD8* T cells and B
cells in the salivary gland infiltrates and, like ATD, proinflammatory cytokine production by
T cells likely mediates the damage to the organ. In humans, ATD and pSS frequently occur
in the same individuals (11), and this is also true for the NOD.H-2h4 model of autoimmune
disease (24, 12-14). The greater severity and earlier onset of ATD and pSS in CD287/~
NOD.H-2h4 mice compared with WT NOD.H-2h4 mice provide an excellent model for
examining mechanisms and devising treatment protocols for autoimmune diseases.

Interaction of CD40 with its ligand, CD40L (CD154), is important for generation of optimal
immune responses to most Ags and for development of most experimentally induced and
spontaneous autoimmune diseases (15-17). CD40, expressed on B cells and other APCs,
interacts with CD40L, expressed on activated T cells, to facilitate T cell activation, plasma
cell differentiation, and Ab production (15, 18). CD40 is also expressed on thyrocytes of
NOD and NOD.H-2h4 mice (19) and humans (20). Blocking the CD40L/CD40 pathway in
vivo by administration of a monoclonal anti-CD40L Ab, MR1, inhibits development of most
experimentally induced autoimmune diseases (15), including experimental autoimmune
thyroiditis in mice (21, 22). We previously showed that an engineered triple mutation anti-
CD40L mAb that removes Fc effector function (MR1-TM) inhibits development of iodine-
facilitated spontaneous autoimmune thyroiditis (I-SAT) and pSS in WT NOD.H-2h4 mice
and suppresses autoimmune diabetes in NOD mice (23). MR1-TM inhibits spontaneous GC
formation in the spleen and the development of tertiary lymphoid structures (TLSs) in target
tissues of NOD and NOD.H-2h4 mice (23), as well as depletes GC B cells (24).

Several immune checkpoint pathways are critical for maintaining self-tolerance and
preventing autoimmunity. For example, the B7/CD28 family of costimulatory molecules
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provides critical signals that regulate T cell activation and tolerance (25). Programmed cell
death-1 (PD-1; CD279) is an immune-inhibitory receptor belonging to the B7CD28 family
of costimulatory and coinhibitory molecules. PD-1 is expressed on activated T cells, B cells,
and myeloid cells (26) and delivers inhibitory signals that regulate the balance of T cell
activation, tolerance, and immune-mediated tissue damage (27). Blocking or elimination of
the B7: CD28 or PD-1/PDL pathway can result in development of autoimmunity (27, 28).
CD28~/~ mice develop autoimmunity as a result of the absence of most functional regulatory
T cells (Tregs) (8, 13, 29, 30), whereas autoimmunity in PD-17~ mice develops as a result of
the loss of an important inhibitory pathway (31).

The goal of this study was to examine the requirement for CD40/CD40L interactions in
autoimmune mice that lack the immune checkpoint receptors CD28 or PD-1. We
hypothesized that MR1 would have little or no effect on the development of ATD and pSS in
CD28~/~ mice, because they have been reported to lack GCs (32) that require CD40 for their
development. In contrast, we assumed that MR1 would inhibit ATD and pSS in PD-17/~
mice that can develop GCs (33). Unexpectedly, however, we found that early blockade of the
CD40/CD40L pathway inhibited pSS and ATD and reduced autoantibody responses in mice
lacking CD28, whereas inhibition of CD40 signaling did not block development of
autoimmunity in mice that lacked the PD-1 inhibitory pathway. These results indicate that
CDA40/CD40L interactions are essential for autoimmune disorders that develop in the
absence of CD28 but are not required for the development of autoimmunity in mice lacking
the PD-1 coinhibitory receptor.

MATERIALS AND METHODS

Mice

Abs

NOD.H-2h4 mice, generated as previously described, express background genes of the NOD
mouse but differ at the MHC locus, expressing the K haplotype at the K and I-A loci (1).
IFN-y~/~ CD28/~ NOD.H-2h4 mice (MMRRC 037141) were generated in the University of
Missouri animal facility, as previously described (6, 8). IFN-y~~ PD-17/~ NOD.H-2h4 mice
(MMRRC 037145) were generated in the University of Missouri animal facility by crossing
PD-17/~ NOD males (provided by Dr. A. Sharpe, Harvard Medical School) with IFN-y~~
NOD.H-2h4 females (MMRRC 037140). The F1 offspring were crossed, and the resulting
F2 mice were selected for expression of the NOD.H-2h4 MHC and absence of the NOD
MHC, as described previously (6, 34). Expression of the IFN-y and PD-1 mutations was
determined by PCR analysis of tail DNA using primers described on The Jackson
Laboratory Web site for IFN-y or provided by the Sharpe laboratory for PD-1. Mice were
further crossed until all offspring expressed the NOD.H-2h4 MHC and were homozygous
for expression of the IFN-y and PD-1 mutations. All animal protocols were approved by the
University of Missouri Animal Care and Use Committee. All mice used in this study were
IFN-v~/~ NOD.H-2h4 mutants lacking CD28 (CD287/~) or PD-1 (PD-177").

The anti-CD154 mAb, MR1, was a triple mutation (TM) mAb generated and provided by
MedImmune. It was engineered to contain the Fc region of human IgG1 with TM in the Ch2
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region to prevent interactions with the Fc receptor (24). Other Abs included anti-CD25
(PC61; Leinco Technologies, St. Louis, MO) and anti-PD-1 (RMP1-4; Bio X Cell, New
Lebanon, NH). Human IgG1 TM was used as isotype control for MR1-TM, and normal rat
IgG was used as isotype control for anti-CD25 and anti—PD-1.

Experimental design for induction of ATD and pSS

Serum T4

Mice were given 0.08% (w/v) Nal in their drinking water at 5-7 wk of age, and thyroids and
submandibular salivary glands were removed 7-12 wk later, as indicated for individual
experiments. In all experiments, mice in different treatment groups were cohoused.
Individual groups within an experiment were litter-mates, and most groups consisted of
more than one litter of comparable age (£2 wk). Nal supplementation of the drinking water
is essential for early development and a high incidence of severe ATD (1) and has no effect
on the incidence or severity of pSS (H. Braley-Mullen, unpublished observations). MR1-TM
(400 pg) was administered i.v. at 4-6 wk of age, and mice were given Nal-supplemented
water for 1-7 d, unless indicated otherwise. In some experiments, Tregs were transiently
depleted by i.p. administration of 0.5 mg of anti-CD25 (PC61) or rat IgG, as previously
described (12). Most peripheral Foxp3* CD4* T cells are depleted for 7-10 d, after which
they gradually repopulate and are present in relatively normal numbers 3 wk later (12). Anti-
CD25 or rat 1gG was administered to 5-7-wk-old mice, followed by anti-CD40L (MR1-TM)
or isotype control 5-7 d later. For experiments using anti—PD-1 to block the PD-1—-inhibitory
pathway, CD28~/~ mice were given anti—-PD-1 or rat IgG i.p. (300 pug per mouse), 5-7 d
before injection of MR1-TM or isotype control. Injections were repeated 1 d before and 4-5
d after MR1-TM or isotype control treatment.

Blood was collected from the retro-orbital plexus immediately before collecting tissue for
histology. Serum T4 was measured by ELISA using a kit from Leinco Technologies,
according to the manufacturer’s protocol. As previously determined, mice were considered
hypothyroid at T4 < 3 pg/dl of serum (35). Serum T4 levels are highly correlated with ATD
severity scores (35). Mice with few or no residual thyroid follicles (severity scores of 4-5+)
always have low serum T4 levels (8, 35).

Autoantibody determination

Anti-MTg autoantibodies were determined by ELISA, as described in detail previously (36).
Sera from individual mice were diluted 1/50 or 1/100 and plated in duplicate on MTg-coated
ELISA plates. Anti-Ro and anti-La Abs were quantified by ELISA. Briefly, plates were
coated overnight with 5 ug/ml anti-Ro Ab (Sigma-Aldrich, St. Louis, MO) or anti-La Ab
(Abcam, Cambridge, MA) diluted in PBS. After washing with PBS with 0.5% Tween and
blocking with 0.2% BSA in PBS, serum was diluted and incubated on plates overnight.
Bound Ig was detected with goat anti-mouse IgG-alkaline phosphatase (0.2 pg/ml;
Southern-Biotech, Birmingham, AL) diluted in blocking buffer. Plates were developed with
SIGMAFAST p-Nitrophenyl phosphate Tablets (Sigma-Aldrich), and specific absorbance
was measured at 405 nm using a Molecular Devices SpectraMax micro-plate reader.
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Scoring of ATD

Thyroid lobes were fixed in formalin, sectioned, and stained with H&E. Thyroids were
scored for the extent of thyroid follicular cell hyperplasia/proliferation and inflammatory
cell infiltration using a scale of 0-5+, as previously described (1, 5). Briefly, a score of 0
indicates no changes compared with thyroids from unmanipulated mice, and O+ indicates
mild follicular changes with very few inflammatory cells. Cellular infiltrates with 2125 cells
and hyperplastic changes sufficient to replace several follicles are scored 1+. 2+ indicates
10-20 areas of inflammatory cell infiltration and hyperplastic changes or destruction up to
one fourth of the gland, 3+ indicates that one fourth to one half of the gland has
inflammatory cells and hyperplastic changes, 4+ indicates that more than one half of the
gland is hyperplastic and infiltrated, and 5+ indicates that thyroids have few or no remaining
normal follicles. IFN-y~'~ mice with severe (4-5+) ATD have widespread clusters of
proliferating thyrocytes, with lymphocyte infiltration and areas of proliferating thyrocytes
surrounded by collagen (fibrosis). All scoring was done in a blinded manner.

Scoring of salivary gland infiltration

Submandibular salivary glands were removed when thyroids were collected, fixed in
formalin, sectioned, and stained using H&E. Salivary glands were scored in a blinded
manner by counting the number of foci containing >50 lymphocytes, referred to as focus
scores (14, 37), and results are expressed as the number of foci in both submandibular gland
lobes. Many salivary glands were also scored using a Zeiss Axiovert 200M microscope and
MetaMorph software, as previously described (8). The focus scores obtained in this manner
were defined as the number of foci with >50 lymphocytes per four square millimeters (8).

Immunohistochemical staining

Statistics

Salivary glands and spleens were removed at the indicated ages. Tissues were frozen in
OCT, and blocks were stored at —70°C until sectioning. Frozen tissues were sectioned (5 pm
thickness), fixed in acetone, and stained with the following primary Abs: anti-lgM-Texas
Red (SouthernBiotech), anti-B220, anti-CD4-FITC, anti-CD8-FITC, anti-GL7-FITC, anti—
peanut agglutinin (PNA)-FITC, and biotinylated PNA (Vector Laboratories, Burlingame,
CA). Anti-rat—Oregon Green and streptavidin—-Oregon Green were used as secondary Abs.
All Abs were purchased from Life Technologies, unless otherwise indicated. The number of
splenic GCs was determined by dividing the total number of GCs by the total number of B
cell follicles, to normalize for area in each cryosection. Two or three cryosections per mouse
were evaluated. Expression of CD3 and B220 in thyroids and salivary glands was examined
using formaldehyde-fixed paraffin sections, as previously described (8). All fixed tissue was
stained by IDEXX RADIL (Columbia, MO).

GraphPad Prism 4.0 was used with the nonparametric Mann-Whitney U'test for determining
the significance of differences in severity of ATD and pSS. The Student #test was used for
all other statistical analyses. A pvalue < 0.05 was considered statistically significant.
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RESULTS

CD40/CD40L interactions are required for development of ATD and pSS in CD287/~
NOD.H-2h4 mice

CD287/~ mice reportedly do not develop GCs (32), but CD28~/~ NOD.H-2h4 mice develop
accelerated ATD and pSS due to a lack of functional Tregs (8). We hypothesized that
autoimmune disorders that develop in the absence of CD28 might not require CD40L
signaling, because our previous study showed that MR1 suppressed autoimmune diseases in
WT NOD.H-2h4 mice by eliminating the spontaneous development of splenic GCs (23). To
test this hypothesis, CD28~~ NOD.H-2h4 female and male mice, 5-6 wk of age, were given
a single injection of MR1-TM. The next day, they were given Nal in their drinking water to
promote optimal development of severe ATD (8). Thyroids and submandibular salivary
glands were removed 7-8 wk later. Unexpectedly, a single injection of anti-CD40L
significantly prevented the development of severe ATD in male and female CD287/~
NOD.H-2h4 mice (Fig. 1A, 1B). All but one female mouse given isotype control had severe
ATD (4-5+ score), whereas most mice given anti-CD40L had minimal or no ATD (Fig. 1A).
Blocking CD40/CD40L interactions also resulted in normalization of thyroid function
(serum T4 >3 pg/dl) in all but one MR1-treated mouse, whereas most mice given isotype
control were hypothyroid, with low serum T4 levels (Fig. 1C). Anti-CD40L had no effect on
ATD if it was administered 2 wk after mice were given Nal-supplemented water, when
thyroid lesions were beginning to develop (Supplemental Fig. 1), indicating that CD40L
signaling is important at early time points for the initiation of ATD.

Female CD28~/~ NOD.H-2h4 mice develop pSS at 4 mo of age (8). Evaluation of salivary
gland infiltration of the mice in Fig. 1A indicated that mice given MR1-TM had greatly
reduced inflammatory cell infiltrates compared with salivary glands of isotype control-
treated mice. Salivary gland focus scores of MR1-treated mice (both sexes) were
significantly reduced compared with isotype controls (Fig. 1D, 1E). As expected, female
mice had higher focus scores than males. These results indicate that development of pSS in
CD28-deficient mice is highly dependent on CD40/CD40L signaling.

GC formation is largely absent in CD28~/~ NOD.H-2h4 mice

As reported previously (23), anti-CD40L suppresses autoimmunity in WT NOD.H-2h4 mice
by eliminating splenic GCs and preventing TLS neogenesis. If CD28~/~ mice do not develop
GCs, as reported by other investigators (32, 38, 39), suppression of autoimmunity in
CD287/~ mice must develop by a GC-independent mechanism. To determine whether
CD28~~ NOD. H-2h4 mice spontaneously develop splenic GCs, spleens were obtained from
3-6-mo-old CD28~/~female mice. Consistent with earlier reports, splenic GCs do not
develop spontaneously in CD28~/~female NOD.H-2h4 mice up to 6 mo of age, whereas they
are present in female age-matched CD28-sufficient WT NOD.H-2h4 mice (Fig. 2).
Surprisingly, GC-like PNA* structures were present in salivary gland-associated lymph
nodes of 3 of 24 mice examined (data not shown). Because all female mice had pSS, the fact
that GC-like structures were detected in lymph nodes of only a few mice suggests that they
are not critical for the development of pSS in this strain. Salivary glands of all female
CD287/~ mice with pSS had clusters of CD4* T cells and B cells that were not GL-7*, and
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they were not detected in salivary glands of MR1-treated mice (Fig. 1E). These results
indicate that pSS in CD28~/~ mice develops independently of GCs but requires CD40/
CDA40L interactions.

CD40/CDA40L interaction blockade accelerates ATD and pSS in PD-1-deficient™ NOD.H-2h4

mice

The PD-1/PDL pathway is a negative regulatory pathway critical for terminating immune
responses. The blocking or absence of PD-1 results in breakdown of tolerance and
development of autoimmunity (31, 40). PD-17/~ NOD.H-2h4 mice (IFN-vy sufficient and
IFN-vy deficient) develop severe ATD and pSS earlier and with a higher frequency compared
with their PD-1-sufficient counterparts, although both diseases develop more slowly and
with a lower incidence than in CD287/~ IFN-y‘/‘ mice (H. Braley-Mullen, unpublished
observations). We hypothesized that blocking CD40/CD40L interactions would suppress the
development of pSS and ATD in IFN-y~/~ PD-17/~ NOD.H-2h4 mice that should develop
spontaneous GCs. To test this, PD-17/~ NOD.H-2h4 mice were given a single injection of
MR1-TM at 5-6 wk of age and were given Nal-supplemented water for 12 wk before tissues
were collected. Surprisingly, female and male mice given anti-CD40L had a significantly
higher incidence of severe ATD compared with the corresponding mice given isotype-
control mAb (Fig. 3A, 3B). We next examined the effect of CD40/CD40L blockade on the
development of pSS. Salivary gland infiltration was generally lower in PD-1~/~ mice than in
female CD287/~ mice and was greater in females than in males. In contrast to the results
with CD28~/~ mice given anti-CD40L, a single injection of anti-CD40L did not inhibit pSS
in PD-1-deficient mice (Fig. 3C). Representative images of thyroid and salivary gland
infiltration in isotype-control— versus MR1-treated PD-1~/~ mice are shown in Fig. 3B and
3D.

The above results indicate that CD40L blockade has opposing effects on the development of
autoimmunity depending on the presence of specific costimulatory or checkpoint-inhibitory
receptors. CD28~/~ mutants develop very severe ATD and pSS that are highly CD40/CD40L
dependent. In contrast, blocking CD40/CDA40L interactions promotes, rather than inhibits,
the development of severe ATD and has no effect on pSS in PD-17/~ mutants; PD-17/~
mutants have a lower incidence of severe ATD and pSS than CD28~/~ mutants (Figs. 1, 3),
perhaps because CD287~ mice have few functional Tregs (8), and PD-17~ mice should have
normal numbers of functional Tregs (41, 42). To determine whether the reduced incidence of
severe ATD and pSS in PD-17/~ mice compared with CD28™/~ mutants is due, at least in
part, to increased Treg activity, PD-17/~ mice were transiently depleted of Tregs, as
previously described (12). Treg depletion greatly increased the incidence of severe ATD and
pSS, such that most mice (both sexes) had severe disease at 4-5 mo of age (Supplemental
Fig. 2), comparable to CD28~/~ mice that permanently lack most functional Tregs (Fig. 1A).
The effects of blocking CD40L were not changed when Tregs were depleted; neither
autoimmune disease was suppressed by anti-CD40L in Treg-depleted PD-17/~ mice
(Supplemental Fig. 2).
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Anti-CD40L dissolves GCs in PD-17~ NOD.H-2h4 mice

Next, we addressed whether PD-17/~ NOD.H-2h4 mice develop spontaneous GCs and
whether their GCs are dissolved by anti-CD40L. PD-17"~ mice of both sexes spontaneously
developed splenic GCs (Fig. 4A) that were not detected in MR1-treated mice (Fig. 4B).
Therefore, MR1 dissolves splenic GCs in PD-17~ mice as it does in WT NOD.H-2h4 mice
(23), but this does not result in suppression of their autoimmune disease. Treg depletion
promoted splenic GC development in PD-17/~ mice, and this was also independent of CD40/
CDA40L interactions (data not shown). These results suggest that, in contrast to WT
NOD.H-2h4 mice, autoimmunity in PD-17/~ and CD28~/~ mutants develops independently
of GCs.

MR1-TM has opposing effects on autoantibody responses in CD287~ and PD-17/~ mutants

NOD.H-2h4 mice with ATD produce anti-MTg autoantibodies, the levels of which generally
correlate with ATD severity scores (1, 5). To begin to address the mechanisms underlying
the opposing effects of blocking CD40/CD40L signaling on ATD and pSS development in
CD287/~ and PD-17/~ mice, anti-MTg autoantibody levels were determined. As previously
reported (8), CD28~/~ mice produce anti-MTg autoantibodies, and autoantibody levels
correlate with ATD severity scores (data not shown). Anti-MTg autoantibody responses in
PD-17/~ mice also correlated with ATD severity scores (Fig. 5B, top). Anti-MTg
autoantibody responses in CD287~ mice were reduced when mice were given anti-CD40L
(Fig. 5A), whereas anti-MTg autoantibody responses in anti-CD40L-treated PD-1~/~ mice
with 3-5+ ATD severity scores were significantly higher than those in mice with comparable
severity scores that were given isotype control (Fig. 5B). Therefore, in contrast to CD287~/~
mice, blocking CD40/CD40L interactions in PD-1~/~ mice increased, rather than inhibited,
anti-MTg autoantibody responses, indicating that the opposing requirements for CD40/
CDA40L interactions in the two mutants are comparable for the development of autoimmune
inflammation and the production of anti-MTg autoantibodies.

Anti-SSA (anti-Ro) and anti-SSB (anti-La) are anti-nuclear autoantibodies associated with
some autoimmune diseases, such as systemic lupus erythematosus and pSS (2, 43, 44).
Consistent with our previous results (8), these autoantibodies were very low and often
undetectable in serum of CD28~/~ NOD.H-2h4 females with severe salivary gland
inflammation (data not shown), perhaps because the mice used for these experiments were
12-14 wk old, and our earlier studies indicated that Ro and La autoantibody levels in WT
NOD.H-2h4 mice were also very low at this age (23). PD-17/~ mice (16-18 wk old)
produced Ro and La autoantibodies at levels comparable to those in age-matched WT
NOD.H-2h4 mice (Fig. 5C). Surprisingly however, PD-17/~ females treated with anti-
CDA40L had significantly higher levels of both autoantibodies (Fig. 5C), whereas production
of anti-Ro and anti-La was reduced by treatment of WT NOD.H-2h4 mice with MR1 (23).
These results indicate that autoantibody responses are differentially regulated by CD40/
CDA40L interactions in CD28™/~ and PD-17/~ NOD.H-2h4 mice.
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Blocking PD-1 in CD287/~ mice partially reverses MR1-induced suppression of
autoimmunity

The results presented above show different requirements for CD40/CD40L interactions for
the development of autoimmunity that are dependent on which costimulatory or checkpoint
inhibitors are present. Previously, two studies (44, 45) reported that an intact PD-1/PD-L1
pathway was required for anti-CD40L to prolong graft survival and induce transplantation
tolerance. Therefore, we asked whether blocking the PD-1 inhibitory pathway in CD287/~
mice using anti—-PD-1 would influence the ability of anti-CD40L to suppress their
autoimmune diseases. CD287/~ mice were given anti-PD-1, as indicated in Materials and
Methods, and thyroids or salivary glands were removed 7 wk later (Fig. 6). Anti—PD-1
significantly reduced the ability of anti-CD40L to suppress ATD and pSS in CD28~/~ mice.
These results suggest that the requirement for CD40/CD40L interactions for the
development of autoimmunity is greatly reduced when the PD-1 checkpoint-inhibitory
pathway is absent (PD-17~ mice) or blocked (by anti—PD-1).

DISCUSSION

Blocking CD40/CD40L interactions inhibits the development of experimentally induced (21,
22, 46) and spontaneous autoimmune diseases, such as type | diabetes in NOD mice and
ATD and pSS in NOD.H-2h4 mice (16, 23). In our previous studies, a single injection of
anti-CD40L (CD154) prevented the development of diabetes, pSS, and thyroiditis in NOD
and NOD.H-2h4 mice by eliminating the spontaneous development of splenic GCs (23).
Blocking CD40/CD40L interactions interferes with T/B cell interactions, resulting in
reduced T cell activation and autoantibody production by self-reactive B cells (15). The goal
of this study was to examine the requirement for CD40/CD40L interactions for the
development of autoimmunity in NOD.H-2h4 mutants lacking particular checkpoint or
costimulatory receptors (PD-1 or CD28) important for maintenance of self-tolerance. A
single injection of anti-CD40L profoundly inhibited the development of ATD and pSS (Fig.
1) and resulted in reduced anti-MTg autoantibody responses in CD28~/~ NOD.H-2h4 mice
(Fig. 5). CD28~/~ mice did not develop splenic GCs (Fig. 2), suggesting that their
autoimmunity develops via a GC-independent pathway. Although salivary glands in
CD287/~ mice with pSS had many infiltrating B cells, the B cells did not express GC
markers. Salivary gland-associated lymph nodes with GC markers were detected in only a
few mice, whereas all mice developed autoimmune disease, indicating that suppression of
autoimmunity by MR1 in CD28™/~ mice likely indicates a requirement for CD40/CD40L
interactions for autoreactive T and B cell activation that is independent of its ability to
dissolve GCs. Because CD287/~ mice lack most functional Tregs (13), suppression of
autoimmunity by blocking CD40/CD40L interactions is apparently not due to effects on
Tregs.

More interesting and unexpected results were obtained using PD-17~ NOD.H-2h4 mice.
Although PD-17/~ mice have a higher incidence of severe ATD and pSS than PD-1* mice,
the incidence of severe autoimmunity at 4 mo of age is much lower than in CD28™/~ mice
(H. Braley-Mullen, unpublished observations). This is due, in part, to Treg activity in
PD-17/~ mice, because transient depletion of Tregs resulted in a higher incidence of ATD
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and pSS, comparable to that of CD28~/~ mice (Supplemental Fig. 2). The unexpectedly
strong Treg-mediated suppression of autoimmunity in PD-17/~ mice suggests that PD-1—
deficient Tregs or T follicular regulatory cells (Tfrs) may be more potent than WT Tregs and
Tfrs, as suggested by other investigators (47). Unlike CD28~/~ mice that lack splenic GCs,
PD-17"~ mice spontaneously develop splenic GCs (Fig. 4). Importantly, in WT NOD.H-2h4
mice, spontaneous GCs develop in young female, but not male, mice (23). In this case, loss
of PD-1 in male mice was associated with the development of spontaneous GCs and
increased salivary gland inflammation, suggesting a connection between early-life splenic
GCs and the development of glandular inflammation, as we previously described for female
WT mice (21). Unexpectedly, anti-CD40L effectively eliminated splenic GCs in PD-17/~
mice (Fig. 4), but the development of pSS was unaffected, and there was a higher incidence
of severe ATD (Fig. 3). In addition, WT (23) and CD28~/~ mice given anti-CD40L had
reduced anti-MTg autoantibody responses compared with mice given isotype control,
whereas autoantibody responses were higher in PD-17/~ mice given anti-CD40L compared
with their respective controls (Fig. 5). These results indicate that activation of autoreactive B
cells in PD-17/~ mice, in contrast to most other strains of mice, is CD40/CD40L and GC
independent. Autoantibody responses to some self-Ags and foreign Ags, as in autoimmune-
prone MRL/Ipr mice, develop extrafollicularly and independently of GCs (48-54). However,
those extrafollicular Ab responses require CD40/CD40L interactions (48, 50-52). PD-1
regulates GC B cell survival and development of follicular helper T cells (Tfhs) and Tfrs that
are important for GC responses (47), but GCs, Tfhs, and Tfrs develop in PD-17~ mice (33,
55-57), and PD-17/~ mice have normal Ab responses to most Ags (31). The inability of anti-
CDA40L to suppress autoantibody responses in PD-17/~ mice may be due, in part, to the fact
that PD-1 expression by B cells can be required for suppression of autoantibody production
(58). To our knowledge, others have not determined the effect of blocking CD40/CD40L
interactions on Ab responses or autoimmune diseases in PD-1~/~ mice.

As shown in this article, the requirements for CD40/CD40L interactions and splenic GCs for
development of autoimmunity differ in PD-17~ mice compared with WT and CD28~/~
NOD.H-2h4 mice, as summarized in Fig. 7. ATD and pSS in WT and mutant NOD.H-2h4
mice are mediated by activated T cells (CD4" and CD8™) that target the thyroid (1, 8) or
salivary gland (4, 9, 10). Interactions between CD4" T cells and B cells or other APCs are
required for activation of most CD4* T cells. Anti-CD40L blocks these interactions,
resulting in reduced activation of T and B cells (15, 17). In WT and CD287~/~ mice,
autoreactive T and B cell activation is effectively inhibited by anti-CD40L, as evidenced by
suppression of autoimmunity and autoantibody responses. However, in PD-17~ mice,
activation of autoreactive T and B cells is apparently not diminished, because autoimmunity
and autoantibody responses are increased after anti-CD40L, even though GCs are effectively
depleted. B cells function as important APCs for the development of ATD and pSS (59),
suggesting that anti-CD40L does not effectively inhibit T cell/APC and/or B cell activation
in PD-17/~ mice. Effective inhibition by anti-CD40L apparently requires an intact PD-1/PDL
pathway, as shown for CD287/~ mice given anti-PD-1 (Fig. 6). Experiments using cell-
specific deletion of PD-1 in B cells, CD4* T cells, and dendritic cells would be required to
determine which specific cells have to express PD-1 for anti-CD40L to suppress immune
responses. Because the effects of MR1 on ATD and pSS are similar when functional Tregs

Immunohorizons. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

\Voynova et al.

Page 11

are or are not depleted (Supplemental Fig. 2), the effects of MR1 on autoimmunity are
presumably not focused on interactions between Tregs and other autoreactive T or B cells.
Because anti-CD40L effectively dissolved spontaneous splenic GCs and GCs induced by
immunization in PD-1~/~ mice (data not shown), the mechanism underlying the development
of ATD and pSS apparently differs among PD-17-, CD287/~, and WT NOD.H-2h4 mice,
because intact GCs are required for the development of autoimmunity in WT mice but not in
PD-17/~or CD28~/~ mice (Fig. 7). The development of autoimmunity in CD28~/~ and WT
NOD.H-2h4 mice is highly dependent on CD40/CD40L interactions, but autoimmunity can
develop independently of this pathway when the inhibitory PD-1 pathway is absent or
blocked.

All of our experiments used IFN-y—deficient CD28~/~ and PD-17/~ NOD.H-2h4 mutants.
IFN-y* PD-17/~ and CD28~/~ NOD.H-2h4 mutants, like their IFN-y™~ counterparts,
develop more severe ATD and pSS than WT NOD.H-2h4 mice (13) (H. Braley-Mullen,
unpublished observations). With the experimental design used in this study, MR1 suppressed
the development of ATD and pSS in IFN-y~/~ and IFN-y* CD28~/~ NOD.H-2h4 mice (H.
Braley-Mullen, unpublished observations). We have not used anti-CD40L in PD-1-deficient
IFN-y* mice, but we would predict that the effects on ATD and pSS in PD-1~~ mice should
be comparable, irrespective of whether they express IFN-y. Although the effects of IFN-y
signaling in immune responses are very complex (60), tumors that are resistant to
suppression by checkpoint blockade or other modes of suppression can be more responsive
to immunotherapy when type | or type Il IFNs are absent (61).

Why is an intact PD-1 pathway apparently required for CD40/CD40L interactions for the
development of autoimmune pathology and autoantibody production? In agreement with our
results, the ability of anti-CD40L to prolong graft survival was lost after PD-1 blockade
(45), and tolerance induction by allogeneic bone marrow transplantation requires an intact
PD-1 inhibitory pathway (44, 62). T cell exhaustion, mediated by the PD-1 inhibitory
pathway, is reversed after blocking PD-1 or PD-L1. An intact CD40/CD40L pathway is
required to rescue exhausted T cells (63, 64), suggesting that there could be potentially
important cross-talk between these pathways. Blocking or absence of the PD-1 pathway
results in increased immune responses and autoimmune pathology, but why should this
bypass the requirement for CD40/CD40L interactions? Absence of PD-1 creates a
proinflammatory environment, and immune responses developing in proinflammatory
environments can be CD40L independent (65). We hypothesize that increased production of
proinflammatory cytokines in PD-17~ mice creates an environment in which autoimmunity
can develop in the absence of CD40/CD40L interactions. Further studies are required to test
the validity of this hypothesis.

The results of this study have important implications for therapies that use checkpoint
inhibitors for treating patients with tumors or chronic viral infections if patients also have an
autoimmune disease or have had an organ transplant. Development of autoimmunity and
transplant rejection can be a consequence of such treatments, as has been reported in animal
models (66-68) and in humans (69, 70). Patients with an autoimmune disease or who have
had organ transplants can have adverse effects after checkpoint inhibitor therapy (71-73).
The adverse effects can be more serious after anti-PD-1 therapy compared with anti—

Immunohorizons. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Voynova et al.

Page 12

CTLA-4 therapy (74), treatments that inhibit tumors by distinct mechanisms (75). As shown
in this article, some therapies that are used to treat autoimmunity or promote allograft
tolerance might be ineffective or harmful when used in combination with checkpoint
inhibitors that block the PD-1 pathway, whereas blocking other pathways, such as CD28, do
not have these effects. In fact, diabetes in PD-1~/~ NOD mice was refractory to anti-CD3—
induced immunotherapy or induction of Ag-specific tolerance (67). As shown in this article,
autoimmunity in PD-17/~ mice is significantly reduced in the presence of endogenous Tregs
and Tfrs that have potent suppressive activity in PD-1-deficient mice (47) (Supplemental
Fig. 2). Treg activity was not reduced after PD-1/PD-L1 blockade (67), and PD-1 and Foxp3
function independently to maintain tolerance (76). Therefore, therapies that increase Treg
numbers and/or function might be useful for suppressing autoimmunity in patients treated
with checkpoint inhibitors. In any event, these results demonstrate unexpected effects that
can interfere with suppression of autoimmune diseases when certain therapies are combined
with checkpoint inhibitors that target the PD-1 pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. MR1-TM inhibits the development of severe ATD and pSS in CD287/~ NOD.H-2h4
mice

(A) Mice (both sexes) were given 400 ug of MR1-TM or isotype control at 5-6 wk of age.
The next day, they were given Nal-supplemented water, and thyroids were removed 7-8 wk
later. Each point represents an individual mouse given isotype control or MR1. Female: n=
16, male: n=10. ****p < 0.0001. (B) Representative H&E-stained sections of thyroids from
a mouse given isotype control or MR1 (original magnification x100). Scale bar, 10 uM. (C)
Serum T4 levels in some mice from (A). Values less than or equal to three indicate low
thyroid function (see Materials and Methods). ****p < 0.0001. (D) Salivary gland
infiltration of some mice in (A). Each point represents the focus score of an individual
mouse (/7= 11 for each group). **p < 0.001 Iso versus MR1, for females and males. Females
have significantly higher focus scores than males (*p < 0.05). (E) Representative H&E-
stained and immunohistochemistry-stained sections (B cells, red; T cells, green) of a salivary
gland from a female mouse given isotype control and a female mouse given MR1. Mice are
4 mo old. Original magnification x100 (immunohistochemistry). Scale bar (H&E), 1 mm.
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FIGURE 2. Splenic GCs are absent in CD28~/~ NOD.H-2h4 mice
WT or CD28~/~ NOD.H-2h4 females were left untreated (naive; 7= 8) or were given MR1

(n=4) or isotype-control (7= 4) mAb, as indicated, at 7 wk of age. Spleens were removed
at 14 wk of age, and frozen sections were stained for expression of B cells (IgM; red) and
GCs (PNA,; green). *p< 0.05, ***p < 0.001.
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FIGURE 3. MR1-TM does not inhibit the development of ATD and pSS in mice lacking the PD-1
inhibitory molecule
(A) The experimental design is identical to that in Fig. 1A. Mice were 17-20 wk old when

thyroids were removed. Isotype control (7= 18) versus MR1 (n7=19): **p < 0.001 for
females, isotype control (7= 18) versus MR1 (n=19). *p < 0.05 for males. (B)
Representative H&E-stained sections of thyroids from a mouse given isotype control or
MR1. ATD severity scores are 4+, isotype control; 5+, MR1. Original magnification x100.
(C) Salivary gland focus scores (foci per four square millimeters) of some mice from (A).
There are no significant differences between isotype controls and MR1-treated mice. Female
mice have more severe pSS than males. (D) Representative H&E-stained sections of salivary
glands of a female mouse given isotype control or MR1. Scale bars, 1 mm.
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FIGURE 4. PD-1 deficiency promotes the development of splenic GCs in male mice, and MR1
dissolves GCs in both genders

Frozen sections of spleens from 4-5-mo-old WT (/7= 4) and PD-17/~ NOD.H-2h4 mice (n=
4 females, n=8 males) were stained for expression of B cells (IgM, red; PNA, green).
Original magnification x100. Results are expressed as the number of GCs per follicle. (A)
Untreated versus WT NOD.H-2h4 mice. *p < 0.05. (B) PD-17/~ mice given MR1 or isotype
control (n= "5 females, 7= 4 males). (B) **p < 0.001, ***p < 0.0001.
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FIGURE 5. MR1 inhibits anti-MTg autoantibody responses in CD28~~ NOD.H-2h4 mice but
increases autoantibody responses in PD-1"/~ NOD. H-2h4 mice

(A) Anti-MTg autoantibodies were measured in individual CD28~/~ mice from Fig. 1A (n=
15). (B) Anti-MTg autoantibodies [isotype control (0-2) 7= 20, MR1 (0-2) n=7, isotype
control (3-5) 7= 18, MR1 (3-5) 1= 23] were measured in individual 16-20-wk-old PD-17/~
NOD.H-2h4 mice from Fig. 3A. Mice were separated into two groups based on their ATD
severity scores (0-2+ or 3-5+). (C) Anti-La autoantibodies (WT n =7, isotype control 7=
10, MR1 n = 12) and anti-Ro autoantibodies (WT n= 6, isotype control n=9, MR1 = 9)
were measured in some 18—20-wk-old PD-17/~ female mice from Fig. 3A. *p< 0.05, **p <

0.001, ***p < 0.001.
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FIGURE 6. Blocking the PD-1 pathway in CD28~~ NOD.H-2h4 mice recapitulates the PD-1
deficiency phenotype for development of CD40L-independent autoimmunity

(A) ATD severity score (isotype control 7= 10, MR1 n= 13, isotype control + anti-PD-1 n=
9, MR1 + anti-PD-1 n= 14). (B) pSS (isotype control 7= 8, MR1 nn= 11, isotype control +
anti-PD-1 n=7, MR1 + anti-PD-1 n = 11) focus scores (total foci per gland) were
measured in CD28/~ NOD.H-2h4 mice treated with isotype control, MR1, and anti—PD-1,
as indicated in (A). Anti—PD-1 or rat IgG was administered three times, as indicated in
Materials and Methods. *p = 0.015, MR1 versus MR1 + anti-PD-1. **p < 0.001, isotype
control versus MR1. ***p = 0.0008, isotype control versus MR1. ****p=0.00001, MR1
versus MR1 + anti-PD-1.
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FIGURE 7. (A) The requirement for CD40/CD40L interactions for the development of
autoimmune diseases differs depending on the presence of specific immune checkpoint pathways

Development of autoimmunity is dependent on CD40/CD40L interaction in CD28 deficient
mice, while this pathway is dispensable for development of ATD and pSS when the PD-1
pathway is absent or blocked. (B) Summary of the results described in the article.
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