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Abstract

Tn is a carbohydrate antigen uniquely exposed on tumor mucins and thus, an ideal target for
immunotherapy. However, it has been difficult to elicit protective antibody responses against Tn
antigen and other tumor associated carbohydrate antigens. Our study demonstrates this can be
attributed to PD-1 immuno-inhibition. Our data show a major role for PD-1 in suppressing mucin-
and Tn-specific B-cell activation, expansion, and antibody production important for protection
against Tn-bearing tumor cells. These Tn/mucin-specific B cells belong to the innate-like B-1b
cell subset typically responsible for T cell-independent antibody responses. Interestingly, PD-1-
mediated regulation is B cell-intrinsic and CD4" cells play a key role in supporting Tn/mucin-
specific B cell antibody production in the context of PD-1 deficiency. Mucin-reactive antibodies
produced in the absence of PD-1 inhibition largely belong to the IgM subclass and elicit potent
antitumor effects via a complement-dependent mechanism. The identification of this role for PD-1
in regulating B cell-dependent antitumor immunity to Tn antigen highlights an opportunity to
develop new therapeutic strategies targeting tumor associated carbohydrate antigens.

Introduction

Tumor-associated carbohydrate antigens (TACAS), including Tn (Thomsen-nouvelle/
CD175) antigen, represent ideal targets for the antitumor response, as these antigens are
masked on glycoproteins and glycolipids of normal cells (1). Tn antigen, composed of an A-
acetylgalactosamine (GalNAc) sugar linked to a serine or threonine on the peptide backbone
of mucins, and its sialylated derivate (sTn), are abnormally exposed on tumor mucins due to
hypoglycosylation. Tn antigen has been reported on up to 70-90% of adenocarcinomas
(1,2), although discrepancies in overall frequencies among certain malignancies exist due to
differences in Tn Ab specificities (3). Tn and sTn expression by several types of tumors is
associated with metastatic potential and poor prognosis (1). Patients who produce Ab against
TACAs and mucins, either naturally or in response to vaccination, may have improved
survival outcomes (4-9). However, eliciting protective antibody responses against these
carbohydrate antigens has proven challenging.
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The regulation of B-cell antibody responses to carbohydrate antigens, especially TACAS, is
not completely understood. The PD-1 immunoinhibitory receptor plays a critical role in
suppressing 1gG responses to classical T cell-independent type 2 (T1-2) carbohydrate
antigens, including pneumococcal polysaccharides, but nonetheless promotes IgG responses
to T cell-dependent (TD) antigens (10-15). PD-1 is a B7/CD28 superfamily receptor
expressed on activated lymphoid and myeloid cells (16). Upon engagement of its ligands,
PD-L1 and PD-L2, PD-1 negatively regulates critical signaling events and thereby often
dampens immune responses. Intense interest in exploiting the PD-1:PD-L regulatory axis for
treatment of cancer stems from several preclinical and clinical studies demonstrating the
potent effects this pathway has on suppressing T cell antitumor responses (17-24). However,
a role for effects on other immune cell types has not been fully explored.

In this study, we examined a role for PD-1 in regulating the humoral immune response to
mucin and Tn and its potential impact on protection against Tn* mucin-bearing tumors. Our
results show PD-1 is a major suppressor of the humoral immune response to mucin bearing
high amounts of Tn (25) and to the production of cross-reactive Abs against tumor cells
expressing Tn* mucin. Furthermore, we demonstrate Tn-specific B cells largely belong to
the B-1b lymphocyte subset, are nonresponsive to mucin immunization in wild-type mice,
but become responsive under conditions of PD-1 deficiency. This regulation is of great
physiologic relevance as B cell-intrinsic PD-1 expression suppresses the protective B cell-
dependent antitumor response elicited by immunization. Remarkably, generation of high
concentrations of mucin- and Tn-specific antibody in the context of PD-1 deficiency requires
CD4" cells and thereby reveals an unexpected role for PD-1 in regulating immunity to these
unique antigens. In summary, our results demonstrate a critical role for B cell-intrinsic PD-1
expression in regulating protective B-cell responses to Tn-bearing tumors.

Materials and Methods

Mice

Wild-type C57BL/6 and uMT mice were from Jackson Laboratories. PD-17/~ (10) mice
were on a C57BL/6 background (permission obtained from Dr. Tasuku Honjo). Studies were
approved by Wake Forest’s Animal Care and Use Committee.

Immunizations and ELISAs

Bovine submaxillary mucin (Sigma, Millipore) was desialyated (dBSM) as described (26)
and treated with endotoxin-removal resin. Bacteriophage Qp virus-like particles bearing Tn
(QPB-Tn) were generated as described (27). Mice were immunized intraperitoneally (i.p.)
with 5 pg QB-Tn, 100 pg dBSM (Sigma), or 250 pg dBSM plus 10ug LPS (Escherichia coli
0111:B4, Sigma) in 200 pl PBS. CD4 depleting (GK1.5) and control (LTF-2) antibodies
were from BioXcell (inVivoMAD).

ELISAs were as described (28) using Nunc Maxisorp plates coated with 10 ug/ml dBSM in
0.1M borate buffered saline and pre-blocked with TBS-BSA prior to incubation with sera.
To detect dBSM-specific Abs, alkaline phosphatase-conjugated polyclonal goat anti-mouse
IgM and IgG Abs (Southern Biotechnology) diluted in TBS-BSA and pNPP (Sigma) were
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used. ELISA values are reported as relative absorbance units (AU; OD4gsnm reading for
serum samples minus ODygsnm reading from wells with serum omitted).

Tumor challenge

TA3-Ha cells were obtained from Dr. Richard Lo-Man (Pasteur Institute, Paris, France) in
2010. This stock was tested for rodent pathogens (IMPACT IV testing, IDEXX-RADIL).
One pooled ascites frozen stock was used for all subsequent challenge experiments. Cells
were expanded for several days prior to injection. Mice developing ascites with signs of
distress (lethargy, dehydration, reduced/impaired movement, reduced grooming, labored
breathing, etc.) were humanely euthanized.

Cell transfers and cobra venom factor administration

Naive spleen and peritoneal B cells were purified using negative depletion as described
(11,13). B cells from immune mice were purified using EasySep untouched mouse B-cell
purification (Stem Cell Technologies) with biotinylated F4/80 antibody included. Cobra
venom factor (Millipore) was administered i.p. (20 pg/mouse) one day prior to tumor
challenge and on days 1, 3, 5, 7, 9, and 11.

Flow cytometry

TA3-Ha cells, E0771 cells, and Jurkat cells (1 x 10%/ml) were stained with diluted sera
(1:10-1:50) in PBS containing 2% calf serum for 30 minutes at RT and washed. Goat anti-
IgM-FITC and anti-1gG-PE (Southern Biotechnology Associates, Inc.) were used to detect
bound Ab. For antigen-specific analysis, cells were pre-incubated with 0.5 pg/ml Fc block
and stained with 18 pg/ml dBSM-AlexaFluor488 or 2.5 pg/ml Tn-BSA-AlexaFluor647, and
mADbs conjugated to fluorochromes or biotin: CD5 (53-7.3), CD80(16-10A1), CD86(GL-1),
CD11b(M1/70), CD138(281-2) all from Biolegend, CD21/35 (7E9) from eBioscience, and
CD19(1D3), PD-1(J43) from BD Biosciences, and corresponding isotype controls. Biotin-
conjugated mAbs were detected using streptavidin-fluorochrome conjugates. Cells were
analyzed using a FACSCanto Il cytometer (Becton Dickinson).

Statistical analysis

Data are shown as means + SEM with differences assessed using unpaired Student’s ftest.
Differences in Kaplan-Meier survival curves were assessed using the Log Rank or Gehan-
Wilcoxon tests.

Results

PD-17~ mice produce Abs that cross-react with Tn* mucin-expressing tumors

Desialylated ovine and bovine submaxillary gland mucins (dBSM) have been used to study
Ab responses to T, Tn, and sTn in both mice and humans due to their display of natural
glycan clusters mimicking TACAs found on tumor-derived mucins (8,25,26,29,30). In
contrast to weak IgM and 1gG responses to dBSM in WT mice, PD-17/~ mice produced
robust dBSM-specific IgM and 1gG responses following boosting (Fig. 1A). Moreover, sera
from dBSM-immunized PD-1~/~ mice exhibited significant IgM, and to a lesser extent IgG,
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reactivity with TA3-Ha cells—a mucinous Tn-expressing mammary tumor line ((26,31); Fig.
1B-C). Free GalNAc, but not glucose, inhibited IgM binding, indicating a portion of dBSM-
elicited IgM in PD-17/~ mice was Tn-reactive (Fig. 1D). Free GalNAc had no measurable
effect on WT sera binding (percent reduction in MFI: WT, 2.6%; PD-1"-, 31%). We did not
detect differences between WT and PD-17/~ d35 immune sera reactivity with a Tn-negative
mammary carcinoma line, E0771 (Fig. 1E). Sera from dBSM-immune PD-17/~, but not WT,
mice also showed significant reactivity with Jurkat cells, a human T-cell leukemia line with
high Tn expression (Fig. 1F-G; (1)). GalNAc inhibited binding, suggesting reactivity was
due to Tn Ab (Fig. 1H). Consistent with dBSM results, PD-17/~ mice immunized with QB-
Tn, a bacteriophage displaying Tn (27), had significantly more IgM and IgG reactive with
TA3-Ha cells (Fig. 11). Thus, PD-17"~ mice produce significantly more Abs that are cross-
reactive with Tn/mucin-bearing tumor cells following immunization with QB-Tn and dBSM,
which could be attributed in part to increased Tn-specific Ab production.

Protection against an aggressive Tn-bearing tumor in PD-17/~ mice by immunization

TA3-Ha cells are used as an aggressive model of peritoneal carcinomatosis (26,32-34). TA3-
Ha cells (10%) injected i.p. into naive WT C57BL/6 mice induced visible ascites between
days 8-10. Mice rapidly succumbed to tumor burden and overwhelming ascites development
by d14 (Fig. 2A). Naive WT, naive PD-17/~, and immune WT mice showed similar
susceptibility to TA3-Ha challenge, with all mice succumbing to tumors. However, dBSM
and QB-Tn immunization provided PD-1~/~ mice with significant protection as shown by
increased median time to death and ~35% overall survival (Fig. 2A-B).

Adjuvant further enhances mucin-elicited B cell-dependent tumor protection in PD-17/~

mice

We investigated whether LPS would enhance responses to dBSM, due to its potent activity
in promoting B-cell activation and Ab production. PD-1~/~ mice produced significantly
higher dBSM- and TA3-Ha-specific IgM concentrations relative to WT mice in response to
primary dBSM+LPS immunization (Fig. 3A-B). Despite negligible increases in 19G
reactivity with TA3-Ha cells (not shown), immune PD-1~/~ mice were nonetheless protected
during tumor challenge. Staining with tumor-reactive Helix pomatia agglutinin (HPA) (35)
indicated that > 70% of blood cells (> 107 cells/ml) in naive WT and PD-1~~ mice, as well
as immunized WT mice, consisted of HPATFSCN(TA3-Ha) cells 10d post-challenge (Fig.
3C). In contrast, HPA*FSCN cell numbers were at background in immunized PD-17/~ mice,
suggesting tumor cells had not disseminated to the blood. Significant differences in HPA™
(leukocyte) cell numbers among naive and immune groups were not detected (Fig. 3C).
Consistent with these findings, > 90% of naive WT, naive PD-17/~, and immune WT mice
succumbed to the tumor (Fig. 3D). In contrast, the majority of immune PD-17/~ mice
survived. Immunization with dBSM did not increase survival in B cell-deficient uMT mice
lacking PD-1 (uMT/PD-177) (Fig. 3E). Thus, primary dBSM+LPS immunization
significantly prevented tumor dissemination and promoted survival in PD-17/~, but not WT,
mice, and this effect depended on B cells.
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PD-1 suppressed dBSM- and Tn-specific B-1 B cell responses against dBSM

We assessed changes in dBSM-specific B cell populations in WT and PD-17/~ mice
following dBSM immunization. Representative gating strategies for dBSM-specific B cells
are shown in Fig. 4A for peritoneal cavity and Supplemental Fig. S1A for spleen. Peritoneal
and splenic dBSM-binding B-cell numbers were lower in naive PD-17/~ mice relative to WT
mice (Fig. 4B). However, peritoneal and splenic dBSM-specific B-cell numbers were
significantly increased 5 days following dBSM boosting in PD-17/~, but not WT mice (Fig.
4B). Overall, dBSM-specific FSCNCD86™ B-cell frequencies and numbers in peritoneal
cavity (Fig. 4C) and spleen (Fig. 4D) increased > 2.5-fold in immune PD-17~ mice relative
to naive PD-17/~, immune WT, and naive WT mice (Fig. 4C-D and Fig. S1B). Activated
dBSM-specific peritoneal B cells were CD19M, CD11b*(94+1%), and CD5"e9(74+7%),
indicating most belonged to the B-1b cell subset (Supplemental Fig. S1C). Thus, dBSM-
specific B cells were selectively expanded and activated following dBSM immunization in
PD-17/~, but not WT, mice.

We analyzed Tn-specific B cells in WT and PD-17~ mice 5 days after dBSM boosting in a
similar manner. The frequencies of peritoneal B cell specific for Tn were significantly
increased in PD-17/~ (~2-fold) 5 days after dBSM boosting, but remained unchanged in WT
mice (Fig. 4E-F). Consistent with this, the overall frequencies of Tn-specific peritoneal B
cells among total leukocytes were significantly increased in immune PD-17~ mice relative
to naive PD-17/~ and immune WT mice (Fig. 4F, right). FSC was increased for Tn-specific
peritoneal B cells from both immune WT and PD-1~/~ mice relative to naive mice (Fig. 4G-
H). However, CD86 expression was only increased on Tn-specific peritoneal B cells from
immune PD-17/~ mice (Fig. 4G). Moreover, in immune PD-17/=, but not WT, mice, an
increased frequency of Tn-specific peritoneal B cells expressed the plasmablast marker,
CD138 (Supplementary Fig. S1D). Tn-specific peritoneal B cells were CD11b* and CD5™,
suggesting they also belonged to the B-1b cell subset (Fig. 4H). CD11b*CD5™ Tn-specific B
cells were also present in the spleens of some immune PD-17/~ mice (data not shown). Thus,
dBSM immunization resulted in significant activation and expansion of Tn-specific B-1b
cells and increased Tn-specific plasmablast numbers in peritoneal cavities of PD-17~, but
not WT, mice.

An expanded pool of Tn-specific memory B cells in PD-17~ mice transfers tumor

protection

Twelve weeks post-tumor challenge, Tn-specific peritoneal B-1b cells remained
CD19"CD11b*CD5"9ICD21/35'9/Med and were significantly increased over naive mice (Fig.
41-J). Tn-specific spleen B-cell frequencies in survivor mice were also significantly
increased over naive mice and nonspecific BSA-binding B-cell frequencies (Supplemental
Fig. 1E). In particular, the frequency of Tn-specific spleen CD21/35'°M9 B cells in PD-17/~
tumor survivors was significantly increased (2.5-fold; Supplemental Fig. S1F), suggesting
Tn-specific B-1 cells had expanded and/or trafficked to the spleen. Thus, the expanded pool
of Tn-specific B cells resulting from immunization and/or tumor challenge persists and is
predominantly composed of B-1b cells. This expanded “memory-like” population along
with other tumor-reactive cells may contribute to long-term protection. Consistent with this
notion, immune PD-17/~ survivors survived a secondary TA3-Ha challenge (Supplemental
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Fig. S2). Moreover, transfers of spleen and peritoneal B cells from PD-17/~ survivors into
WT naive mice prolonged survival following TA3-Ha challenge, whereas all mice receiving
naive PD-17/~ cells were deceased on day 10 (Fig. 4K).

Secondary mucin- and Tn-specific antibody responses in PD-17/~ mice required CD4* cells

Mucins have characteristics of Tl antigens—given their high carbohydrate content, repeating
antigenic epitopes, and predominant elicitation of IgM—but have the potential to elicit T-
cell help, given their peptide content. We therefore examined whether CD4™ cells played a
role in the augmented dBSM-specific and TA3-Ha cross-reactive antibody response in
PD-17/~ mice. CD4" cell-depletion during the primary response had no measurable effect on
IgM or 1gG responses to dBSM or TA3-Ha cells (Fig. 5A-B). However, CD4* cell-
depletion significantly blunted secondary dBSM and cross-reactive TA3-Ha antibody
responses in PD-17/~ mice (Fig. 5A-B). Free GaINAc moderately reduced primary immune
(d20) sera binding (by 10-20%) to TA3-Ha cells (Fig. 5C). Blocking was similar between
primary sera from control and CD4* cell-depleted mice. By contrast, free GalNAc reduced
binding of sera from control dBSM-boosted mice (d37) to TA3-Ha cells by 60%, whereas
sera from dBSM-boosted mice that had received CD4-depleting antibody was only
moderately blocked, as observed for primary sera (Fig. 5C). Similar results were obtained
using Tn-expressing Jurkat cells (Fig. 5D). Not unexpectedly, mice depleted of CD4" cells
during primary and secondary dBSM immunization all succumbed to TA3-Ha challenge
despite a return of CD4™ cells by the time of tumor challenge, whereas mice that had
received control Ab exhibited significantly increased survival (Fig. 5E). Thus, in PD-17~
mice, CD4™* cells are required for optimal secondary antibody responses to dBSM, including
the production of Abs that cross-react with TA3-Ha cells and Tn antigen.

B cell-intrinsic PD-1 suppresses dBSM-specific Ab responses and weakens tumor

protection

DBSM-specific B-1b cells upregulated PD-1 following dBSM immunization (Fig. 6A).
PD-1 expression was not increased on nonspecific B-1 cells. We therefore assessed the role
of B cell-intrinsic and nonintrinsic PD-1 expression in regulating dBSM antibody responses.
Transfers of splenic and peritoneal B cells from naive PD-17/~ mice into uMT mice yielded
significantly higher primary and secondary IgM responses to dBSM relative to mice
reconstituted with WT B cells (Fig. 6B). In contrast, (M T mice and pMT/PD-1~/~ mice that
had received WT B cells showed no significant differences in dBSM-specific Ab responses
(Fig. 6C), suggesting a limited role for B cell-extrinsic PD-1 expression in regulating the Ab
response. Transfers of splenic PD17~ B cells alone into uMT mice also yielded increased
dBSM-specific IgM responses relative to WT B cells (Fig. 6D) and significantly prolonged
survival in response to TA3-Ha challenge relative to mice reconstituted with WT B cells
(Fig. 6E). Not unexpectedly, all mice eventually succumbed to the tumor likely due to the
limited amount of TA3-Ha-reactive antibody produced in reconstituted mice. Total serum
IgM concentrations in UMT mice reconstituted with PD-17/~ B cells were not increased over
that in mice reconstituted with WT B cells (WT: 164 + 14 pg/ml; PD-17/=: 75 + 17 pg/ml,
d10). Thus, B cell-intrinsic PD-1 expression regulates the protective mucin-specific Ab
response.

Cancer Immunol Res. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haro et al. Page 7

Antibody from dBSM-immunized PD-17/~ mice elicits protection in the absence of T cells

To determine whether dBSM-elicited Abs in PD-17~ mice contributed to increased survival
following TA3-Ha challenge, we performed passive serum transfers. Relative to immune
WT sera, immune sera from PD-1~/~ mice provided significantly increased protection during
TA3-Ha challenge (Fig. 7A). The total tumor burden was significantly reduced in moribund
mice that had received PD-17/~ sera, suggesting enhanced antitumor immunity in these mice
(Fig. 7B). T cells were not essential for therapeutic dBSM-elicited antibody-mediated
protection, as T cell-deficient nude mice administered sera from dBSM-immunized PD-17/~
mice had significantly reduced TA3-Ha cell frequencies and numbers in the circulation 10d
post-challenge (Fig. 7C) and had significantly prolonged and improved survival (Fig. 7D).
Thus, passive transfer of dBSM-elicited antibody from PD-17/~ mice significantly limited
tumor dissemination and improved survival in the absence of T cells.

Complement is required for dBSM-elicited Ab-mediated killing of tumor cells

To investigate whether complement was involved in Ab-mediated protection, we performed
CDC assays. Incubation of naive or dBSM-immunized mouse sera with TA3-Ha or Jurkat
cells had no effect on cell viability relative to no sera control (Fig. 7E-F). However, when
complement was present, sera from dBSM-immunized PD-1~/~ mice elicited significant
killing of TA3-Ha and Jurkat cells relative to immune WT, naive PD-17/~, and naive WT
sera (Fig. 7TE-F). We therefore assessed the effect of depleting complement in vivo using the
complement activator, cobra venom factor (CVF). DBSM immunization-induced protection
in PD-17/~ mice was completely lost with CVF treatment, as survival in immune CVF-
treated mice (in contrast to PBS control mice), no longer differed from that of naive mice
(Fig. 7G). Thus, dBSM-elicited Ab-mediated protection in PD-17~ mice is complement
dependent.

Discussion

Tn- and sialyl Tn-based vaccines have shown efficacy in mice and a fraction of patients in
clinical trials(8,36—38). Despite the promise of these vaccines, inducing optimal
concentrations of protective Abs against these glycan antigens displayed on natural mucins
remains a challenge. Our data demonstrating PD-1 plays a major role in limiting protective
Ab responses to these and other TACAS thereby reveals a tangible opportunity for improving
protective responses in patients. Specifically, we report several clinically relevant findings,
the most important of which include: 1) PD-1 suppresses mucin- and Tn-specific Ab
responses that provide complement-dependent protection in a peritoneal carcinomatosis
model of tumor growth and dissemination, 2) PD-1 suppresses activation, expansion, and
plasmablast differentiation of mucin/Tn-reactive peritoneal B-1b cells, and suppresses anti-
mucin responses via B cell-intrinsic expression, and 3) CD4* cells play a key role in
promoting mucin/Tn-reactive Ab responses in the context of PD-1 deficiency, but are not
required for these Abs to elicit protection against tumor growth and dissemination. Thus, our
novel study reveals a critical role for PD-1 in suppressing B cell-dependent anti-Tn/mucin
Ab responses that provide protection against tumors.
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The TA3-Ha model of peritoneal cavity tumor growth and ascites development (peritoneal
carcinomatosis) with dissemination into the circulation is an ideal model system to study
effects of Tn-specific B cell responses (26,32—34). In this tumor model, mucin-reactive Abs
produced by PD-17/~ mice contributed to tumor killing through complement activation, as
evidenced by their efficacy in eliciting CDC against both TA3-Ha cells and Tn* Jurkat cells
in vitro, and the requirement for complement in immune-mediated protection in vivo. These
effects may be attributed to the high levels of mucin-reactive IgM produced in PD-17/~ mice.
Mucin-elicited 1gG may also contribute via antibody-dependent cellular cytotoxicity and
antibodies may function by altering mucin signaling and/or adhesion properties important
for limiting metastases. Indeed, the decreased dissemination observed in immune PD-17/~
mice and in serum transfer experiments supports the latter (39). Finally, although mucin/Tn-
specific Ab contributed to protection, it is possible B cells may regulate additional aspects of
antitumor immunity, such as antigen presentation (40-42) and/or cytokine production.
Future studies will address these possibilities.

The identification of B-1 cells as a major B-cell subset harboring mucin- and Tn-specific B
cells has important implications for therapeutic strategies activating immune responses to
TACA-bearing tumors. We have identified a B-1b counterpart responsive to TI-2 antigens in
nonhuman primates(12,43) and a recirculating B-1-like population has also been described
in humans (44). In both WT and PD-17/~ mice, dBSM- and Tn-specific peritoneal B cells
were predominantly B-1b cells. Interestingly, the frequency of Tn-reactive B cells was
enriched in the peritoneal cavity relative to spleen. This has been noted for B-1 cells with
other self-antigen specificities (45). Evidence of selective activation, expansion, and
differentiation of these antigen-binding cells in immunized PD-17~ mice, but not WT mice,
clearly supports the notion that the PD-1 regulatory axis controls B-1 responses to mucins.
PD-1 suppresses humoral responses to classical TI-2 antigens (10,11,13). PD-1 is transiently
upregulated by antigen-specific B-1b cells (11,13,43) and thereby contributes to suppression
of antigen-specific B cell division, isotype switching, and Ab production during TI-2
responses (11,13). However, dBSM shares functional characteristics of both TI-2
(multivalent carbohydrate display) and TD (protein backbone) antigens. Thus, it is possible
that conjugating Tn to an immunogenic protein carrier could recruit B-2 cells into the
response. Future work will address this possibility.

Our identification of B cell-intrinsic PD-1-mediated suppression of humoral responses to
dBSM and Tn involving CD4* cells represents a unique finding, as previous studies have
suggested a positive regulatory role for PD-1 in TD Ab responses based on evidence for
PD-1-mediated support of T follicular helper cell function (14,15). The poor
immunogenicity of dBSM in WT mice suggests there may be limited T cell help available,
and this along with PD-1 suppression likely contributes to poor activation of mucin/Tn-
specific B cells. Mucins also bind receptors on professional antigen presenting cells and
elicit generalized suppression, which can contribute to tumor immune evasion (46-48).
Inefficient processing and presentation of heavily glycosylated mucins to T cells by
dendritic cells may also contribute to poor immunogenicity (49). Thus, T-cell activation by
mucin-derived peptide, and hence, provision of T-cell help, may rely more heavily on
antigen presentation by activated mucin-specific B cells expressing appropriate T-cell
costimulatory signals—the upregulation of which are suppressed by PD-1. Nonetheless, it
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remains entirely possible that the CD4* help involved in supporting Tn-specific antibody
responses in our study represents a unconventional (non-cognate) type of T/NKT cell help.
Support for this is based on a previous study showing a TCR-nonspecific CD86/CD80-
dependent form of T-cell help promotes polysaccharide (phosphorylcholine)-specific
antibody responses against bacteria (50)—a response attributed to innate-like B1 cells and
marginal zone B cells. Future work is necessary to identify the precise mechanisms by
which CD4* cells support mucin/Tn-specific antibody responses and the extent to which
PDL1 and PDL2 expressed by these and other cells contribute to PD-1-mediated regulation.

In summary, our results demonstrate that PD-1 suppresses B-cell functions critical for
optimal antitumor immunity to TACA-bearing tumor mucins. Therapeutics targeting
PD-1:PD-1 ligand interactions have shown tremendous clinical results (17,18). Although T-
cell modulation represents a major mechanism by which these therapies elicit their effects,
this study raises the exciting possibility that PD-1-directed therapies may also support B-
cell responses to TACAs. Our preliminary results using PD-1 mAb blockade in our model
system support this possibility (unpublished observations, KMH and MAH). An
understanding of the impact this regulatory pathway has on human B cells may ultimately
lead to the development of additional strategies specifically aimed at eliciting effective
antitumor B-cell responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PD-17"" mice produce increased dBSM- and Tn* tumor mucin-specific Ab following
dBSM and QB-Tn immunization

A-H) WT and PD-17/~ mice were immunized with 100ug dBSM on d0 and 21. A) Mean(+
SEM) dBSM-specific serum IgM and 1gG concentrations. B-C) Serum IgM and IgG
reactivity with TA3-Ha cells. Representative staining (B) and average MFI (+SEM) values
(C). Results representative of 4 independent experiments. D) GalNAc but not glucose
inhibits IgM from dBSM-immunized PD-1~/~ mice (d28) from binding TA3-Ha cells. E)
Serum IgM (mean MFI £SEM) reactivity with EO771 cells. F—H) Immune (d35; n=7-8
mice/group) and naive serum IgM and IgG reactivity with Jurkat cells. Representative
staining (F) and mean MFI (+SEM) values (G). H) GaNAc(50 mM) inhibits PD-17/~ serum
(d35) from binding to Jurkat cells. I) Mice were immunized with 5 ug Qp-Tn on d0 and d21.
Serum IgM reactivity (d35) with TA3-Ha cells shown as mean MFI(xSEM; n=6/group).
Asterisks (*) indicate significant differences (p <0.05) between mean values.
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Figure 2. DBSM immunization elicits protection against a Tn-bearing tumor in PD-17"~ but not
WT mice

WT and PD-17/~ mice were immunized with dBSM (A) or QB-Tn (B) on d0 and d21. Mice
were given 104 TA3-Ha cells i.p. on d42 (A) or d49 (B). Significant differences in survival

were assessed by Log-rank analysis (A, n=6-7 naive mice/group and 11-12 immune mice/
group; B, n=6-8 mice/group).
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Figure 3. Primary dBSM + LPS immunization protects PD-17" mice against TA3-Ha challenge
and requires B cells

WT and PD-17/~ mice were immunized with 250 pg dBSM plus 10 pg LPS. A-B) Serum
IgM reactivity against dBSM (A) and TA3-Ha cells (B). C-D) Mice were challenged with
10% TA3-Ha cells on d21. Ten days post-challenge, tumor cells in blood were detected using
HPA staining and FSC (FSCNHPA*) (C). D) Differences in survival were assessed by Log-
rank analysis (n=4-9 naive and 10-14 immune mice/group). Results representative of 3
independent challenge experiments. E) Survival in uMT mice and pMT/PD-1""~ mice
immunized and challenged with TA3-Ha cells as above (n=5 mice/genotype). Asterisks(*)
indicate significant differences (p <0.05) between mean (+SEM) values for WT and PD-17/~
mice.
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Figure 4. PD-1 suppresses activation and expansion of dBSM- and Tn-specific B-1b cells and B
cells from immune PD-17/~ mice transfer antitumor protection

A-D) Analysis of dBSM-specific B cells in peritoneal cavities and spleens. A)
Representative gating for peritoneal dBSM*CD19* B cells with subgating on CD86FSChi
cells for naive and immune (d5 post dBSM boost) mice. B) Mean numbers (+SEM) of
dBSM-binding B cells. C-D) Mean frequencies and numbers (+SEM) of CD86*FSCN
dBSM-binding B cells in peritoneal cavities (C) and spleens (D). E-K) Analysis of Tn-
specific peritoneal B cells. E) Representative gating of Tn-BSA-binding and BSA control-

Cancer Immunol Res. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Haro et al.

Page 17

binding CD19™ peritoneal B cells. F) Mean frequencies of B cells binding Tn(left panel) and
frequencies of Tn-specific B cells among peritoneal leukocytes (right panel). G) Mean
(xSEM) FSC and CD86 MFI values for Tn-specific peritoneal B cells. H) Phenotype of Tn-
specific peritoneal B cells. Shaded histograms represent isotype controls. For panels A—H,
WT and PD-17/~ mice were immunized with dBSM on d0, 21, and 176. Ag-specific B cells
were analyzed on d181 (d5 post boost). In A-G, asterisks(*) indicate significant differences
in mean (+ SEM) values (p <0.05; n=4-8 mice/group). 1-J) PD-17/~ mice were immunized
with dBSM on d0 and 21 and challenged with TA3-Ha cells on d42. On d125, Tn-specific
peritoneal B cell phenotype (1) and numbers (J) were assessed (n=3-4 mice/group). K)
Spleen B (3 x 107 i.v.) and peritoneal B (8 x 10° i.p.) cells from dBSM-immune PD-17/~
mice that survived TA3-Ha challenge were transferred into naive WT mice. Two days later,
mice were challenged with 2 x 10* TA3-Ha cells (n= 5/group).
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Figure 5. Secondary mucin- and Tn-specific antibody responses in PD-17"" mice requires CD4*
cells

A-E) PD-17~ mice were immunized with 100ug dBSM on d0 and 21. Mice received GK1.5
(anti-CD4) or control rat IgG2b i.p. on days =3 (200 ug), 0 (200 pg), and +3 (100 pg) of
primary and secondary immunization. A-B) dBSM-reactive (A) and TA3-Ha-reactive (B)
serum IgM and IgG. C) GalNAc inhibition of dBSM-elicited IgM binding to TA3-Ha cells.
MFI values for GalNAc-incubated samples were compared to PBS-only samples (pooled
sera (d20 [1/10 dilution]; left panel and d37 [1/50 dilution]; right panel) to determine percent
blocking. (D) Inhibition of IgM (d37; 1:25 dilution) binding to Jurkat cells by GalNAc. (E)
Survival of dBSM-immunized PD-17/~ mice following TA3-Ha challenge on d42 (n=5 mice/
group). Asterisks indicate significant differences between GK1.5- and control Ab-treated
mice (p<0.05; n=5/group).
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Figure 6. PD-1 regulation of dBSM and Tn-specific antibody responses is B cell-intrinsic
A) PD-1 expression on peritoneal dBSM-specific B cells from naive and dBSM-immunized

(d3) WT mice (left and middle histograms) and all B-1 cells in immune mice (right
histogram). (B—C) Purified spleen B cells (1 x 107) and peritoneal B cells (1 x 10%) from
naive WT and PD-17/~ mice were transferred i.v. and i.p., respectively, into uMT or
PD-17"uMT mice. Ten days later, mice were immunized with 100ug dBSM (d0 and d21).
Mean dBSM-specific IgM concentrations (+ SEM) are indicated (n=7-8/group). (D-E)
Purified spleen B cells (2 x 107) from naive WT and PD-17"~ mice were transferred i.v. into
UMT mice. Mice were immunized as above. (D) Mean (= SEM) dBSM-specific IgM
concentrations at d37 (n=7-8/group). (E) UMT recipient mice were challenged with 2 x 104
TA3-Ha cells on d42. Differences in survival factoring for time-to-death were assessed by
Gehan-Breslow-Wilcoxon test (p=0.02; n=8-9/group). Significant differences between Ab
concentrations in reconstituted mice in B and D are indicated (*, p<0.05).
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Figure 7. Protection against TA3-Ha growth and dissemination in PD-17/" mice depends on
antibody and complement

A-B) Transfer of serum from dBSM-immunized WT or PD-17/~ mice into naive mice. Mice
were challenged with TA3-Ha cells and received 30pl sera on dO and 100 pl sera on d1, 3,
and 6 i.p. A) Pooled survival results (n=4/group) represent 2 independent challenge
experiments (n=8/group). B) Mean TA3-Ha cell numbers (xSEM) in ascites of moribund
mice. (C-D) Naive nude mice were challenged with 1,000 TA3-Ha cells on d0 and received
100 pl pooled sera from dBSM-immune or naive PD-17~ mice on d1, 3, 5, and 7 (i.p.).
Nude mice received 1mg cyclophosphamide on d1 i.p. (n=4/group). Mean frequencies and
numbers of TA3-Ha cells (HPA*CD138*CD19"CD11b"~) present in blood 10 days post-
challenge (C) and survival results (n=4/group; D). E-F) TA3-Ha (E) or Jurkat (F) cells were
incubated with naive (d0) or dBSM-immune (d35) serum (1/25 dilution) from individual
WT or PD-17~ mice (n=3-4/group) with or without complement (1-2%). 7AAD staining
was analyzed after 3 hours. Results representative of 2 independent experiments. G) Effect
of CVF administration on survival during TA3-Ha challenge in dBSM-immune PD-17/~
mice versus survival in naive PD-17/~ mice(n=5-9 mice/group; Log-rank analysis). In B, C,
E, and F, significant differences between groups are indicated (*, p<0.05).
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