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Abstract

Despite the emergence of the PD-1:PD-1 ligand (PD-L) regulatory axis as a promising target for
treating multiple human diseases, remarkably little is known about how this pathway regulates
responses to extracellular bacterial infections. We found that PD-17/~ mice, as well as wild type
mice treated with a PD-1 blocking antibody, exhibited significantly increased survival against
lethal Streptococcus pneumoniae infection following either priming with low-dose pneumococcal
respiratory infection or S. pneumoniae-capsular polysaccharide immunization. Enhanced survival
in mice with disrupted PD-1:PD-L interactions was explained by significantly increased
proliferation, isotype switching, and IgG production by pneumococcal capsule-specific B cells.
Both PD-1 ligands, B7-H1 and B7-DC, contributed to PD-1-mediated suppression of protective
capsule-specific 1gG. Importantly, PD-1 was induced on capsule-specific B cells and suppressed
IgG production and protection against pneumococcal infection in a B cell-intrinsic manner. These
results provide the first demonstration of a physiologic role for B cell-intrinsic PD-1 expression in
vivo. In summary, our study reveals that B cell-expressed PD-1 plays a central role in regulating
protection against S. pneumoniae, and thereby represents a promising target for bolstering
immunity to encapsulated bacteria.

Introduction

Sreptococcus pneumoniae is a leading source of morbidity and mortality globally, causing
life-threatening diseases including pneumonia, meningitis, and sepsis (1). Antibodies (Ab)
directed against the capsular polysaccharide of the pneumococcus play a major role in
promoting clearance (2, 3). The Pneumovax 23 (PPV23) vaccine consisting of 23 native
pneumococcal polysaccharides (PPS) from the most common disease-causing serotypes
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elicits rapid, persistent PPS-specific Ab production but induces sub-optimal levels of 1gG in
humans, even when PPS are conjugated to a carrier protein (4). Antibodies of the 1gG
isotype confer superior protection over IgM and IgA isotypes against pneumococcal
infection in mouse studies (5, 6) and thus, eliciting increased PPS-specific IgG levels is a
major goal of pneumococcal vaccination in humans (7).

PD-1 is a B7/CD28 superfamily receptor expressed on activated lymphoid and myeloid cells
(8, 9). Upon engagement of its ligands (PD-L), B7-H1 (PD-L1) and B7-DC (PD-L2), PD-1
negatively regulates critical signaling events. Recent interest in exploiting the PD-1:PD-L
regulatory axis for treatment of chronic viral infections, cancer, and autoimmunity is
supported by numerous mouse, non-human primate and human studies (8-11). Nonetheless,
remarkably little is known about how this immunoregulatory pathway influences the
immune response to bacterial infections. Studies with two distinct intracellular bacteria
yielded divergent results, with PD-1 suppressing protective responses to Listeria
monocytogenes via dendritic cell regulation (12) but promoting survival in response to
Mycobacterium tuberculosis infection via suppression of excessive inflammation (13, 14).
To date, the sole investigation of PD-1 effects on acute extracellular bacterial infection
employed a cecal ligation puncture model, wherein PD-1 expression on macrophages was
found to promote macrophage dysfunction and lethality due to sepsis (15). The potential for
PD-1 to regulate immune responses against common respiratory infections caused by
extracellular bacteria has not been explored.

In this study, we examined the role of PD-1 and its ligands in the host response to S.
pneumoniae. Susceptibility to acute respiratory and systemic S pneumoniae infections was
normal in naive mice lacking PD-1. However, a primary subclinical respiratory infection in
PD-17/~ mice, but not wild type mice, elicited significant protection against subsequent
lethal systemic pneumococcal challenge, suggesting a role for PD-1 in regulating the
protective adaptive immune response to S. pneumoniae. Consistent with this, PD-1 was
found to suppress protective anti-capsular 1gG levels produced in response to a respiratory
pneumococcal infection and native PPS immunization. Immunized PD-17/~ mice, as well as
wild type mice treated with a PD-1 blocking Ab at the time of immunization, therefore had a
significant survival advantage during S. pneumoniae infection. Our results support a crucial
role for B cell-intrinsic PD-1 expression in suppressing protective humoral immune
responses to S. pneumoniae via inhibiting clonal expansion and 1gG production by capsule-
specific B cells, thereby providing the first evidence for B cell-expressed PD-1 in regulating
immunity to infectious disease.

Materials and Methods

Mice

C57BL/6 and pMT mice were obtained from Jackson Laboratories. PD-17~ (16), B7-DC™/~
(17) and B7-H1~/~ (18) mice were on a C57BL/6 background. Permission to use PD-17/~
mice was kindly obtained from Tasuku Honjo (Kyoto University, Kyoto, Japan). B6.129P2-
Ptrpc@lghtmMnz/J (v/,,B1-8Ni transgenic) mice were from Jackson Laboratories. Mice were
housed under specific pathogen free conditions, except during infection experiments. Mice
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were used at 2-4 months of age and were age-matched for experiments. All studies and
procedures were approved by the Wake Forest Animal Care and Use Committee.

Infections, Immunizations, and in vivo mAb blockade

Mice were infected with serotype 3 WU2 strain S. pneumoniae and monitored every 12 hrs
for signs of distress as previously described (19, 20). Strain WU2 was obtained in 2002 from
Dr. David Briles (University of Alabama-Birmingham) with stocks prepared as originally
described (19). In serum transfer experiments, UMT mice challenged with 200 CFU WU?2
i.p. received 10 pL of pooled serum (i.p.) from either wild type or PD-17/~ mice harvested
14d post i.n. infection with 106 CFU WU2. Lung (1 mL PBS homogenate) and blood CFU
were determined by plating serial dilutions on 5% TSA-II sheep red blood agar plates (BBL)
coated with 4 ug/mL gentamicin and incubated overnight at 37°C.

Mice were immunized i.p. or s.c. with diluted, purified serotype 3 pneumococcal
polysaccharide (PPS3) (ATCC; Merck) or vaccine-grade Pneumovax23 (PPV23; Merck,
Whitehouse Station, NJ) containing either 0.1 ug (referred to as “0.1 pg dose™) or 1 g
(referred to as “1 pg dose”) of each of 23 serotypes of PPS or Prevnar-13 (Pfizer, formerly
Wyeth Pharmaceuticals, New York, NY) containing ~0.1 pg of each of 13 serotypes of PPS,
as previously described (20). TNPgs-Ficoll (Biosearch) was administered i.p. (25 pg). PD-1
mADb blockade was performed by administering RMP1-14 or rat IgG2a (eBioscience) i.p. on
d1 (200 pg), d3 (100 pg), and d5 (100 pg) post immunization as previously described (21).
For ligand blockade experiments, 200 pg B7-H1 (10F.9G2; BioLegend and BioXcell), B7-
DC (TY25; BioLegend and BioXcell), or rat IgG control mAbs (BioXcell or eBioscience)
was given i.p. on d0, 2, and 4 post immunization.

ELISAs and ELISPOTs

ELISAs were as previously described (20, 21). Serum samples were diluted in TBS
containing 1% BSA (TBS-BSA) and incubated with 10 pg/mL cell wall polysaccharide
(CWPS, Statens Serum Institut, Denmark) to adsorb non-capsular polysaccharide Abs. PPS3
(ATCC, Manassas, VA) and PPV23-specific Ab levels were determined by adding diluted
serum samples to Maxisorp plates coated with 5 ug/mL native PPS3 or PPV23 in PBS and
blocked with TBS-BSA. AP-conjugated polyclonal goat anti-mouse IgM, 1gG, 1gG3, and
IgA Abs (Southern Biotechnology Associates) and pNPP (Sigma) were used to detect PPS-
specific Ab. For lung Ig levels, lungs were perfused by slowly injecting 5 mL of PBS into
the right ventricle of the heart prior to harvest and homogenization in 1 mL PBS. ELISAs
were performed using serum dilutions shown to yield OD4gs,m readings that fall within a
linear range. ELISA values are reported as relative absorbance units (AU; ODygsnm reading
for serum samples minus ODg5nm reading from wells with serum omitted). Endpoint titer
PPS3-specific ELISAs were performed using 3-fold serial serum dilutions, with titers
reported as the reciprocal dilution yielding OD values that were 2.5-fold over background
(serum-omitted) ODy4g5nm Values. ELISPOTSs were performed as previously described (20).

Flow cytometry

Single cell suspensions (2 x 107/mL) were washed with PBS containing 2% newborn calf
serum and then pre-blocked in PBS containing 10 ug/mL CWPS and 0.5 pg/mL Fc block
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(eBioscience), followed by staining with 25 pg/mL biotinylated PPS3 (PPS3y;,) at room
temperature as previously described (20). Cells were then washed with PBS containing 2%
newborn calf serum and stained with streptavidin-FITC, and a combination of the following
mAbs conjugated to different fluorochromes: CD5 (53-7.3), B220 (RA3-6B2), CD86
(GL-1), PD-1 (J43), CD11b (M1/70) (Biolegend); CD19 (1D3, eBioscience); CD138
(281-2, BD Biosciences); and 1gG3 (Southern Biotechnology Associates). For Ki-67
staining, extracellular marker and Ag staining was first performed, followed by intracellular
staining (Fix/Perm kit in conjunction with SolA15; eBioscience). Cells were fixed and
analyzed using a FACSCantoll cytometer (Becton Dickinson) with FSC-A/FSC-H doublet
exclusion. Dump channels for CD11b" myeloid cells and dump channels for
autofluorescence signals (minus fluorochrome) were used to eliminate non-specific signals.
Streptavidin-FITC-only staining by B cells served as a negative gating control. Dual Ag
staining experiments using PPS3y, plus streptavidin-FITC and Alexa488-labeled TNP-
Ficoll (a neutral sugar) showed PPS3* B cells selectively bound PPS3 and not TNP-Ficoll.
Two million events were collected for Ag-specific B cell analysis. Positive and negative cell
populations were determined using non-reactive isotype-matched Ab staining of PPS-
binding cells from immune mice. Data was analyzed using FlowJo analysis software
(Treestar).

BrdU staining and flow cytometry

Bromodeoxyuridine (BrdU, Sigma, 0.8 mg/mL) was delivered to mice in drinking water as
previously described (22). Single cell suspensions (2 x 107/mL) were fixed with 0.5%
paraformaldehyde in PBS (pH 7.4), permeabilized with 3 N HCI containing 0.5% Tween 20,
and neutralized with 0.1 M disodium tetraborate. The cells were pre-blocked with unlabeled
mlgG1 (20 pg/mL) and intracellular staining performed with mouse anti-BrdU-PE (Bu20A,
4 pg/mL). Cells were washed and blocked in PBS containing 10 pg/mL CWPS and 0.5
pg/mL Fc block, and then stained with 20 pg/mL PPS3y,,. Cells were washed and stained
with streptavidin-FITC and CD19 mAb and analyzed as described above.

Adoptive transfer experiments

Splenic B cells were purified using magnetic beads (Dynal) against Thy1.2, DX5, Grl,
F4/80, and 33D1 as previously described (21). Purified B cells (4 x 107/mouse) were
injected i.p. into UMT mice. Two days later, recipient mice were immunized i.p. with PPV23
containing ~0.1 pg of each PPS. Sera were diluted 1:100 for IgM and 1:10 for IgG PPV23-
specific detection. Total serum IgM and IgG levels were determined using mouse Ig
standards to generate standard curves with linear regression analysis applied to determine
Ab concentrations. Peritoneal B-1b cells were isolated from VyB1-8 Tg mice as previously
described (21).

Statistical analysis

Data are shown as means + SEM with differences assessed using Student’s t test.
Differences in overall survival or survival curves were assessed using the Fisher’s Exact
Test or Log Rank test, respectively.
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Results

PD-1"~ mice exhibit increased survival following secondary, but not primary, S.
pneumoniae infection

To examine the role of PD-1 during acute S. pneumoniae respiratory infection, we infected
PD-17/~ and wild type mice intranasally (i.n.) or intraperitoneally (i.p.) with WU2, a highly
virulent invasive serotype 3 strain. PD-17/~ and wild type mice displayed similar
susceptibility to S. pneumoniae, regardless of dose or route (10°, 106, or 107 CFU i.n., and
10! and 102 CFU i.p.; Fig. 1A, C). Consistent with this, lung bacterial burdens were
comparable between PD-1~/~ and wild type mice 3 days post high dose (107 CFU) i.n.
challenge (Fig. 1B) and 108 CFU i.n. challenge (data not shown). Thus, naive PD-17/~ and
wild type mice display similar susceptibility to primary S. pneumoniae respiratory and
systemic infections.

A complicating fatal infection that follows pneumococcal pneumonia is bacteremia. We
therefore tested whether PD-1 influences the outcome of a secondary systemic infection
following a primary respiratory infection. Survivors of the 108 WU2 i.n. challenge were
infected with a lethal systemic dose (10* CFU WU2 i.p.; >100 times the LDsq (23)) three
weeks following the primary respiratory infection. As shown in Fig. 1D, all wild type mice
succumbed to secondary (systemic) infection within 36 hours post challenge. Remarkably,
PD-17/~ mice exhibited significantly delayed morbidity (48-60 hrs) and significantly
reduced mortality relative to wild type mice (p=0.00005). In contrast, all naive PD-17~ mice
succumb to a primary systemic infection 36 hours post-challenge (Fig. 1C), similar to naive
wild type mice and wild type mice previously challenged with a sub-lethal respiratory
infection. Thus, PD-1 deficiency did not affect the outcome of primary pneumococcal
infection, but provided a significant survival advantage during secondary infection.

PD-1 deficiency significantly increases anti-capsular IgG levels produced in response to S.
pneumoniae infection

Protection against acute systemic pneumococcal infection is largely conferred by
pneumococcal-specific Abs, with 1gG providing the highest level of protection in mouse
studies (5). To assess whether adaptive humoral responses to primary infection were altered
by PD-1 deficiency, we assessed Ab levels specific PPS3, the major component of the thick
WU?2 pneumococcal capsule, 14 days post i.n. infection with 106 CFU. PPS3-specific serum
IgM, 1gG, and IgA levels were increased in wild type and PD-1~/~ mice following infection
(Fig. 1E). However, PD-1~/~ mice produced significantly higher PPS3-specific serum 1gG
levels (3.4-fold higher IgG titers; p=0.01) relative to wild type mice in response to infection
(Fig. 1E-F). Analysis of perfused lung homogenate Ig levels derived from serum
transudation or local synthesis revealed similar findings, with PD-1~/~ mice exhibiting
significantly higher PPS3-specific lung 1gG, but not IgM or IgA, levels compared to wild
type mice (Fig. 1G, p=0.02).

To examine whether increased capsule-specific IgG in PD-17/~ mice following sublethal
respiratory infection could explain increased protection against subsequent systemic
infection (Fig. 1D), the protective capacity of serum harvested from PD-17/~ and wild type
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mice 14d post infection was assessed in UIMT mice challenged with a lethal systemic
infection. UM T mice that had received sera from PD-1~/~ mice had significantly lower
bacteremia at 48 hrs (Fig. 1H; p=0.04) and delayed time to death relative to wild type serum
recipient mice (Fig. 11, p=0.026). Thus, PD-1 deficiency significantly increased the level of
protective capsule-specific 1gG elicited in response to S. pneumoniae respiratory infection.

PD-1 deficiency and PD-1 mAb blockade significantly increase IgG responses to native
PPS, but not protein-conjugated PPS

PD-17"~ mice also generated significantly increased PPS3-specific 1gG responses following
i.p. immunization with purified PPS3 or the PPV23 vaccine (Fig. 2A-B). Subcutaneous
immunization, one of the approved routes of administration for the PPV23 vaccine in
humans, elicited 9-fold higher PPS3-specific 1gG titers in PD-17~ mice relative to wild type
mice (Fig. 2C; p=0.008). PD-17/~ mice generated significantly higher PP\/23-specific IgG
levels following both 0.1 pg and 1 pg PPS- equivalent PPV23 doses, with the mean d14 titer
increased 2.6-fold (Fig. 2D, p=0.03). Notably, PPS doses outside this range are often
tolerizing (24). Differences in 1gG were largely due to significantly increased PPS-specific
IgG3 levels in PD-17~ mice (Fig. 2A-B), as we did not detect significant increases in PPS3-
specific 1gG1, 1gG2b, and 1gG2c levels in immune wild type or PD-17/~ mice relative to day
0 values (data not shown). IlgM responses were normal to moderately increased in PD-17/~
mice. Thus, PD-1-deficiency yields significantly higher PPS3-specific 1gG responses to both
purified PPS3 and PPS3 associated with live S. pneumoniae.

We next assessed Ab responses against structurally unrelated PPS. As shown in Fig. 2F,
PD-17/~ and wild type mice generated similar IgM responses against PPS1, -6A, and -23F.
Wild type mice produced increased IgG over d0 values in response to the zwitterionic PPS1,
which behaves as both a TI-2 and TD Ag (25), but did not produce appreciable IgG
responses against PPS-6A and -23F relative to pre-immune levels. In comparison, PD-17/~
mice generated significantly higher IgG levels in response to each of these PPSs, with the
exception of the high (1 pg) PPS1 dose (Fig. 2F). The lack of increased PPS1-specific 1gG
levels in PD-17/~ mice could be due to the opposing role PD-1 plays in promoting TD Ab
responses (26). We therefore examined the extent to which PD-1 regulates Ab responses to
PPS3 conjugated to the CRM g7 protein (Prevnar-13 vaccine). As shown in Fig. 2E, PPS3-
specific IgM responses to Prevnar-13 were similar, while 1gG responses were slightly
reduced in PD-17/~ mice relative to wild type mice. Thus, PD-1 plays a significant role in
suppressing 1gG responses to multiple clinically relevant native PPS. However, conversion
of native PPS to a TD Ag abolishes PD-1-mediated suppression of PPS-specific 1gG
responses.

Because PD-17/~ mice may have pre-existing phenotypic alterations that could contribute to
increased PPS-specific 1gG responses, we assessed the effects of blocking PD-1 from
interacting with its ligands in normal mice. PD-1 mAb blockade between d1 and d5 post-
immunization significantly increased PPS3-specific 1gG responses in wild type mice (Fig.
2G-H). This effect was observed with both 0.1 pg (Fig. 2G) and 1 pg (Fig. 2H) PPS3 doses
(the optimal dose range for inducing PPS3-specific Ab responses). PD-1 blockade increased
mean 1gG titers over control mice by ~3.5-fold (Fig. 2H; p=0.008). PPS3-specific ASCs
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were significantly increased in both spleen (p=0.02) and bone marrow (p=0.03) of PPS3-
immune mice that had received PD-1 mAb blockade (Fig. 21). Thus, PD-1 inhibits PPS-
specific Ab responses by suppressing the generation and/or maintenance of splenic and bone
marrow ASC.

PD-1 suppresses PPS3-specific B cell proliferation, isotype switching, and plasmablast
differentiation

We did not find alterations in the numbers or frequencies of total B cells or B-1b cells in the
spleens or peritoneal cavities of PD-1~/~ mice compared to wild type mice, although
peritoneal B-2 cells were elevated (Fig. S1A). Moreover, PD-17/~ B cells proliferated
normally in response to BCR stimulation in vitro (Fig. S1B). We therefore examined the
effects PD-1-deficiency had on PPS3-specific B cell responses using flow cytometry, as we
have previously described (20). PPS3-specific B cell frequencies and numbers were similar
between naive wild type and PD-17/~ mice (Fig. 3A-B). Thus, increased Ab levels in
PD-17"~ mice were not explained by increased PPS3-specific B cell precursor frequencies.
Three days post immunization, a small (1.5-fold) increase in PPS3-specific B cell
frequencies occurred in wild type mice (Fig. 3A) as we have previously reported (20).
However, PPS3-specific B cell frequencies and numbers were increased ~2 to 2.5-fold in
PD-17~ mice (Fig. 3A-B; p=0.038 and p=0.017, respectively). PPS3-specific Ki-67* B cell
frequencies and numbers in PD-17/~ mice were also significantly higher (~2-fold) than in
wild type mice at this time point (Fig. 3C; p=0.02 and p=0.02, respectively). In contrast, we
did not detect differences in the frequencies of nonAg-specific B cells that were Ki-67*
(wild type, 6.7 + 0.5% vs. PD-17/", 6.4 + 0.1%). Consistent with these findings, the
frequencies and number of PPS3-specific BrdU* B cells following a 5-day pulse beginning
at the time of PPS3 immunization were significantly higher (>2-fold) in PD-17~ mice than
wild type mice (Fig. 3D; p=0.02 and p=0.01, respectively). These differences were selective
for Ag-specific cells, as non-Ag-specific BrdU* B cell frequencies were similar between
wild type and PD-17/~ mice (wild type: 18.4 + 2.3 % vs. PD-17": 20.2 + 2.4%). Thus, in the
absence of PD-1, PPS3-specific B cell clonal expansion was increased following
immunization.

PD-17"~ mice exhibited significantly increased frequencies and numbers of
CD138*CD19*PPS3* splenic plasmablasts 5 days post immunization relative to wild type
mice (Fig. 3E; p=0.048 and p=0.035, respectively). Moreover, the frequency and number of
IgG3* class-switched PPS3-specific B cells was significantly higher (~2.5-fold) in PD-17~
mice compared to wild type mice at this time point (Fig. 3F; p=0.048). Notably, a major
fraction of PPS3-specific 19G3* B cells in PD-17/~ mice expressed CD11b (Fig. 3G),
suggesting that PD-1-deficiency may affect IgG3 switching in the B-1b cell population
known to participate in PPS3-specific Ab responses (20, 23). Thus, in the absence of PD-1,
PPS3-specific B cell division and the frequency of class-switched IgG3™ cells were
increased.

B cell-specific PD-1 expression suppresses PPS-specific Ab responses

To assess the potential mechanism by which PD-1 suppresses PPS-specific B cell expansion
and 1gG production, we first examined whether PD-1 was expressed by PPS3-specific B
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cells. Naive PPS3-specific B cells lacked PD-1 expression. However, a fraction (~25%) of
PPS3-specific B cells expressed PD-1 following immunization (Fig. 4A). Frequencies of
PD-1* PPS3-non-binding cells were not altered by immunization (not shown). As expected,
B cells from immune PD-1~/~ mice remained negative. A fraction of PPS3-specific CD11b*
(B-1) B cells expressed PD-1 (Fig. 4B), although not all PD-1-expressing B cells were
CD11b*. Activated (FSCNCD86™) PPS3-specific B cells exhibited a ~3-fold increase in
PD-1 expression (MFI) levels relative to non-activated (FSC'°CD86~) PPS3-specific B cells
in both immune (p=0.02) and naive mice (p=0.02; Fig. 4C). Approximately 50% of
activated PPS3-specific B cells expressed PD-1 at levels over background staining (isotype
control and PD-17/~ activated B cell staining; Fig. 4D) whereas PD-1 expression by non-
activated PPS3-specific B cells was similar between immune and naive mice (Fig. 4D-E).
Consistent with this, PD-1*PPS3* B cells exhibited increased size (FSC) and CD86
expression (Fig. 4F), whereas PD-1"®9 PPS3* B cells from immune mice closely resembled
PPS3* B cells from naive mice. These data support that PD-1 expression is induced on
activated PPS3-specific B cells in immune mice.

Selective up-regulation of PD-1 on Ag-specific B cells suggests a potential mechanism
whereby B cell-intrinsic PD-1 expression could regulate PPS-specific B cell responses. To
assess this, 4 x 107 wild type or PD-17/~ spleen B cells were adoptively transferred into B
cell deficient (uMT) mice, since high numbers (1 x 107) of splenic B cells reconstitute B-1b
cells and PPS-specific Ab responses (23). Recipients were immunized with PPV23 two days
post transfer. Mice reconstituted with PD-17/~ B cells produced significantly higher PP\V/23-
specific IgG levels relative to recipients of wild type B cells (Fig. 4G). PPV23-specific IgM
responses were not significantly different (Fig. 4G). Notably, total (non-specific)
reconstituted serum IgM and IgG levels at this time point were not significantly different
between recipient groups (Fig. 4H), demonstrating that there was a selective increase in
PPV23-specific 1gG responses in PD-17~ B cell-recipient mice. Finally, splenic B cell and
peritoneal total B cell and B-1b cell recovery were similar between recipient groups (Fig.
41), indicating that differential B cell reconstitution was unlikely to have caused the
increased PPS-specific IgG responses observed in PD-17~ B cell recipient mice. Thus, B
cell-expressed PD-1 plays a key role in suppressing PPS-specific 1gG responses.

Unfortunately, detection of wild type PPS-specific B cells in reconstituted mice is not a
feasible strategy to assess the effects of B cell-intrinsic PD-1 expression on Ag-specific B
cell proliferation during in vivo responses. To assess this, we adoptively transferred CFSE-
labeled allotype-marked (CD45.1*) peritoneal B-1b cells from B1-8M9" |gH knock-in mice
into the peritoneal cavities of CD45.2* PD-1~/~ mice. The recipient mice were immunized
with NP4g-Ficoll and treated with either a PD-1 blocking mAb (RMP1-14) or an isotype
control mAb. Nearly all NP-specific (\*CD45.1*) CD19* B cells isolated from the
peritoneal cavities of both groups of mice had undergone extensive division by 3 days post-
immunization and expressed CD11b and PD-1 (Fig. S2A). In contrast, non-specific (A 7)
CD45.1* B cells were non-dividing, CD11b*/~, and lacked PD-1 expression. Interestingly,
NP-specific peritoneal B-1b cells in mice treated with the PD-1 blocking mAb showed
significantly increased (~2.5-fold) frequencies of 1gG3* cells (Fig. S2B) and these 1gG3*
cells had lost significantly more CFSE than those in mice receiving control mAb (Fig. S2C).
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Although differences in IgG3* frequencies were not observed in transgenic B cells
recovered from spleens, significantly increased division was observed in spleens from
PD-17/~ mice treated with the PD-1 mAb relative to control mAb (Fig. S2D). Thus, B cell-
intrinsic PD-1 expression suppresses NP-specific B cell proliferation and the generation
and/or proliferation of 1gG* class-switched B-1b cells during in vivo responses to NP-Ficoll.

PD-1 suppresses IgG responses to PPS and other TI-2 Ags through combined interactions
with B7-H1 and B7-DC

B7-H1 and B7-DC have been shown to have overlapping or distinct functions, depending on
the model system under study (9). We assessed the role of PD-1 ligands, B7-H1 and B7-DC,
in PD-1-mediated regulation of protective Ab responses to S. pneumoniae. As observed with
PD-17~ mice (Fig. 1A-B), B7-H1~/~ and B7-DC~/~ mice exhibited similar susceptibilities
and lung bacteria burdens following virulent S. pneumoniae respiratory infection compared
to wild type mice (Fig. 5A-B). However, in contrast to PD-17~ mice which showed
significantly increased PPS3-specific IgG relative to wild type mice following
pneumococcal respiratory infection (Fig. 1E-G), B7-H1 ™/~ and B7-DC~/~ mice produced
IgG levels that were similar to wild type mice (Fig. 5C-D). In addition, PPS3-specific 1gG
levels following PPV23 immunization were not significantly different between B7-H1~/~ or
B7-DC™~ mice and wild type mice (Fig. 6A-B). B7-H17~ and B7-DC~ mice also
produced normal Ab responses to the PPS3-conjugate vaccine (Fig. 6C-D). Thus, in contrast
to results with PD-17/~ mice, B7-H1~/~ and B7-DC~/~ mice do not exhibit altered PPS-
specific humoral responses to S. pneumoniae infection or PPS immunization.

PD-17/~ mice also generated significantly higher 1gG responses to the synthetic TI-2 Ag,
TNP-Ficoll (Fig. 6E), as reported for responses to DNP-Ficoll (16). PD-1~/~ mice produced
significantly higher levels of TNP-specific 1gG1, 1gG2b, IgG2c, 1gG3, and IgA (data not
shown). In contrast, TNP-specific IgM and 1gG responses to TNP-Ficoll were unaltered by
B7-H1 or B7-DC deficiency (Fig. 6E-F), with the exception of IgG2c, which was
selectively increased in B7-H1™~ mice (data not shown). Levels of TNP-specific 1gG3,
which is the predominant IgG isotype produced in response to this and other TI1-2 Ags, were
also normal in B7-H1~/~ or B7-DC~/~ mice. Thus, individual B7-H1 or B7-DC deficiency
had little effect on total IgM or IgG responses to PPS (Fig. 6A-F (PPS3); PPS-1, -6A, and
-23F; data not shown) or a synthetic TI-2 Ag, TNP-Ficoll.

Given the possibility that B7-H1~/~ and/or B7-DC~/~ mice have other defects that negatively
affect TI-2 Ab responses, we examined the effects of B7-H1 and B7-DC mAb blockade in
wild type mice. B7-H1 and B7-DC blockade each significantly increased IgG, but not IgM
responses, to TNP-Ficoll relative to rat 1gG control-treated mice (Fig. 6G). Consistent with
this, B7-H1 and B7-DC mAb blockade each significantly increased TNP-specific 1gG3 (Fig.
6G). However, PD-1 blockade produced the greatest increase in TNP-specific 1gG3 levels.
1gG2b, 19G2c, and 1gG1 (but not IgA) TNP-specific levels were also increased in mice
receiving B7-H1 and B7-DC mAb blockade (data not shown). Thus, B7-H1 and B7-DC
mADb blockade in wild type mice, in contrast to B7-H1 and B7-DC deficiency, significantly
increased 1gG responses to TNP-Ficoll. However, PD-1 mAb blockade produced greater
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increases than single blockade alone, suggesting potential overlapping functions for B7-H1
and B7-DC in carrying out PD-1-mediated suppression of IgG responses.

Single B7-H1 or B7-DC mAb blockade moderately increased PPS3-specific 1gG responses
relative control mice (Fig. 6H), although B7-H1, but not B7-DC, blockade significantly
increased PPS3-specific IgM levels, similar to what was observed in B7-H1™~ mice (Fig.
6A). To test the combined roles of B7-H1 and B7-DC in PD-1-mediated suppression of PPS
Ab responses, we co-administered B7-H1 and B7-DC blocking mAbs to wild type mice
following PPV23 immunization. As shown in Fig. 61, dual blockade significantly increased
PPS3-specific IgM and IgG levels (p=0.036) comparable to what was observed with PD-1
mADb blockade and PD-1 deficiency (Fig. 2). Collectively, these results demonstrate B7-H1
and B7-DC have overlapping functions in carrying out PD-1-mediated suppression of PPS
Ab responses.

PD-1 deficiency and mAb blockade in wild type mice suppresses protective humoral
immune responses to S. pneumoniae

Based on studies in mice, IgG Abs raised against the S. pneumoniae capsule and cell wall
constituents provide superior protection relative to IgM Abs (27). We therefore examined
the physiological relevance of PD-1-mediated suppression of capsule-specific 1gG responses
by challenging immune wild type and PD-17/~ mice with a lethal i.n. dose (1 x 107 CFU) of
WU2 28 days following immunization. PPVV23-immunized wild type mice were offered
moderate protection (~40% survival) whereas immune PD-17/~ mice had significantly
increased survival (~80%; Fig. 7A). Consistent with these results, PD-1~/~ mice had
significantly lower bacterial counts in the lung and blood (bacteremia) (Fig. 7B, p=0.01 and
p=0.04, respectively). In contrast, survival and bacterial counts in immune B7-H1~/~ and
B7-DC~/~ mice were similar to wild type mice (Fig. 7A, C). Thus, despite the similar
sensitivities of naive PD-17/~, B7-H17~, B7-DC™~, and wild type mice to this infection
(Figs. 1A-C, 5A-B), immunization provided a selective advantage to PD-17/~ mice, likely
owing to increased PPS3-specific 1gG in these mice. No differences in survival were
observed between wild type and PD-17/~ mice that had been immunized with Prevnar-13
(Fig. 7D), which elicits normal PPS Ab responses in these mice (Fig. 2E). Finally, wild type
mice receiving transient PD-1 mAb blockade following PPV23 immunization demonstrated
significantly increased survival relative to control mAb-treated mice following respiratory
challenge (Fig. 7E, p=0.03). Thus, PD-1-mediated suppression of PPS-specific humoral
immunity impairs vaccine-mediated protection against lethal pneumococcal respiratory
infections.

B cell-intrinsic PD-1 expression regulates protection against S. pneumoniae infection

To assess whether PD-1 expression on B cells directly regulates protection against S.
pneumoniae infection, we transferred wild type or PD-17/~ B cells into B cell-deficient
mice. We then immunized recipients and challenged them with a lethal S. pneumoniae
infection. As observed in earlier experiments (Fig. 4G), UMT mice reconstituted with
PD-17/~ B cells produced significantly higher 1gG (~2.5-fold higher titers on d7), but not
IgM levels in response to PPV23 (Fig. 7F; p=0.04). Importantly, PPV23-immunized pMT
mice reconstituted with PD-17/~ B cells were offered significant protection against systemic
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S. pneumoniae infection (50% survival) relative to non-reconstituted mice (0% survival; Fig.
7G). In contrast, overall survival in pMT mice reconstituted with wild type B cells did not
significantly differ from non-reconstituted uUMT mice (9% versus 0%; Fig. 7G). Thus, B
cells from PD-17/~, but not wild type, mice afforded B cell-deficient mice with significant
protection against systemic pneumococcal infection.

Discussion

Herein, we show that the PD-1:PD-L regulatory axis suppresses protection against
respiratory and invasive S. pneumoniae infections by regulating the protective adaptive
humoral immune response to one of the most potent virulence factors of S. pneumoniae -
the capsular polysaccharide (28). For the first time, our study provides definitive evidence
that PD-1 expression on B cells has profound physiological consequences for the regulation
of immunity to infection. Specifically, our data demonstrates that PD-1 suppresses B cell
clonal expansion and 1gG production in response to native and bacterial-associated PPS, but
not protein-conjugated PPS, revealing a unique role for the PD-1:PD-L axis in selectively
suppressing T responses to pathogens. Our data further indicate that B7-H1 and B7-DC
both contribute to PD-1-mediated suppression. Finally, our results showing that PD-1
blockade following PPS immunization significantly increases protection against lethal S
pneumoniae infection has important implications for future strategies aimed at enhancing
protection against life-threatening encapsulated bacterial infections.

Interestingly, PD-1 or PD-L deficiency had little effect on lung bacterial burdens or survival
following an acute respiratory or systemic infection with a highly invasive S pneumoniae
serotype 3 strain (20, 29) - a serotype associated with one of the highest fatality rates in
humans (30, 31). In contrast to our results, naive PD-17/~ mice are more resistant to
peritoneal polymicrobial sepsis (15) and Listeria monocytogenes challenge (12) due to the
role PD-1 plays in suppressing innate cells, yet are more susceptible to Mycobacteria
tuberculosis respiratory infection due its role in controlling excessive inflammatory
responses which may be largely promoted by CD4* T cells (13, 14). The lack of effect PD-1
and PD-L deficiency have on primary pneumococcal respiratory challenge in our study may
reflect dual roles for the PD-1:PD-L pathway in suppressing innate cell clearance
mechanisms while limiting inflammation or alternatively, a limited role for the PD-1:PD-L
pathway in regulating innate responses to a rapidly progressing lethal pneumococcal
infection.

Nonetheless, PD-1 suppressed the generation of a protective humoral response during acute
respiratory pneumococcal infection. Although Ab responses were generated too slowly to
impact the outcome of primary infection with highly virulent pneumococci, this suppression
was physiologically relevant since 1) sera from S. pneumoniae-infected PD-17~ mice was
superior in reducing bacteremia and delaying time to death in S. pneumoniae-challenged
HMT mice compared to sera from wild type mice and 2) PD-17/~ mice that survived a low
lethal dose respiratory infection were offered significant protection against subsequent lethal
systemic pneumococcal infection, in contrast to wild type mice. These findings are likely
explained by the significantly increased levels of capsule-specific serum IgG in PD-17/~
mice, which enables optimal clearance of heavily-encapsulated bacteria by promoting FcyR-
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mediated uptake, complement activation, and phagocyte activation and survival (2, 3).
Indeed, multiple studies in mice have demonstrated the importance of 1gG in eliciting
protection against pneumococcus (2, 3, 5, 6, 19, 32). Importantly, PD-1 deficiency and
transient PD-1 mAb blockade in wild type mice following immunization both yielded
significantly increased PPS-specific IgG levels and protection against lethal S. pneumoniae
challenge. Adoptive transfer experiments revealed that these effects were dependent on B
cell-expressed PD-1. Thus, the PD-1:PD-L pathway plays a central role in suppressing
highly protective 1gG responses against the pneumococcal capsule, and may similarly
regulate immunity to other polysaccharide-bearing pathogens.

To our knowledge, our study provides the first definitive evidence of a physiological role for
PD-1 expression on B cells in vivo. Other studies have shown PD-1-mediated effects on B
cell responses invivo (21, 26, 33, 34). However, to date only T cell-intrinsic PD-1 signaling
has been shown to regulate B cell responses (26, 34). PPS3 induced PD-1 expression on
PPS3-specific B cells, some of which belonged to the B-1b cell subset, similar to that
observed for hapten-specific B-1b cells from mice and non-human primates following
immunization with NP- or TNP-Ficoll (35). Indeed, PD-1 may be a global suppressor of T
cell independent responses, as PD-1 also suppresses Ab responses to haptenated Ficoll (16,
21), a T cell independent antigen that differs from PPS3 in several key respects (in contrast
to PPS3 and many other types of PPS, it lacks co-associated bacterial contaminants that
influence humoral responses (36), lacks charge, lacks tolerogenic potential, can be
adjuvanted by TLR agonists (37), and localizes to different accessory cells (38, 39)).

Importantly, our results indicate that PD-1 functions to significantly limit PPS3-specific B
cell proliferation and the generation of IgG* cells. Since proliferation and isotype switching
are tightly linked processes (40, 41), it is not surprising that PD-1 had the most significant
effects on PPS-specific 1gG production. Notably, there was a trend for increased PPS3-
specific IgA (albeit not significant) in PD-17~ mice, and PD-1 deficiency and mAb
blockade significantly increased IgA levels in response to TNP-Ficoll. Therefore, we
propose PD-1 primarily regulates isotype switching by suppressing the ability of Ag-specific
B cells to divide, although it remains possible that PD-1 also influences the production of (or
responsiveness to) switch factors. We did not detect splenomegaly or increased splenic or
peritoneal total B cell or B-1b cell numbers in PD-17/~ mice, nor did we observe altered
BCR-induced in vitro proliferation in splenic B cells from PD-1~/~ mice as originally
reported by Nishimura et al. (16). These discrepancies could be due to differences in the
composition of gut flora between colonies, as Fagarasan and colleagues have elegantly
demonstrated that altered flora can alter B cell function in PD-17/~ mice and that antibiotic
therapy can normalize their activation phenotype (34, 42). Consistent with the above results,
PD-17/~ and wild type spleen B cells reconstituted similar numbers of B-1b cells in B cell-
deficient mice. Thus, our findings are not explained by altered B-1b cell numbers or B cell
hyperactivity in PD-17/~ mice. This is further supported by the similar effects PD-1 blocking
antibodies had on Ag-specific B-1b cell proliferation, 1gG3 switching, and 1gG production
by wild type and V4B1-8 Tg B cells. A large fraction of 1gG3-switched cells in PD-17/~
mice were CD11b*, consistent with the key role B-1b cells play in the 1gG3 response to
PPS3 (20, 23). This finding and the results of our VB1-8 Tg B-1b cell transfer experiments
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support the role PD-1 plays in suppressing the ability of B-1b cells to divide and undergo
isotype switching. However, it is important to note that our data do not discount a role for
PD-1 in regulating the ability of other B cell subsets to participate in PPS-specific Ab
responses. Indeed, PD-1, along with additional activation markers (FSCNCD86"), were
expressed by both CD11b* and CD11b~ PPS3-specific B cells, and in vitro division of both
conventional B cells and B-1b cells can be suppressed by PD-1 engagement (16, 21, 43).
The selective sensitivies distinct B cell subsets may have to PD-1-mediated regulation
remain to be established. Moreover, whether PD-1 signaling on B cells influences PPS-
specific Ab diversity, Ab affinity, or additional B cell functions that are independent of
proliferation remains to be determined.

Interestingly, use of a PPS-protein conjugate abolished the effect PD-1 deficiency had on
PPS-specific Ab responses and survival during pneumococcal infection. PD-1 has been
shown to promote TD antibody responses through interactions between PD-1* T cells and
B7-DC* germinal center B cells (26). Moreover, CD40 ligation overcomes PD-1-mediated
suppression of BCR-induced proliferation in vitro (21). Thus, it is conceivable that T cell
help via CD40L overcomes B cell-intrinsic, PD-1-mediated suppression during these
responses. Normal Ab responses to the PPS-conjugate vaccine in PD-17~ mice may reflect a
balance between PD-1 suppression of the TI-2 Ab response through B cell-intrinsic
expression and support of the TD response through Tgy cell-intrinsic expression.
Collectively, these studies highlight the complex nature of the PD-1:PD-L pathway in
regulating humoral immunity.

In contrast to many studies which support a dominant role for PD-1:B7-H1 interactions in
mediating T cell suppression, our study shows that both B7-H1 and B7-DC are important for
suppression of B cell responses to S. pneumoniae. Unlike single ligand blockade or genetic
deficiency, which had no effect (PPS) or modestly increased IgG responses (TNP-Ficoll),
simultaneous B7-H1 and B7-DC blockade in wild type mice yielded significant increases in
PPS-specific 1gG responses comparable to those observed with PD-1 mAb blockade and in
PD-17" mice. The interaction between PD-1-expressing Ag-specific B cells and B7-H1-
and/or B7-DC-expressing cells ultimately controls the extent of Ag-specific B cell
proliferation and switching. While B7-H1 expression is ubiquitous, B7-DC expression is
largely limited to dendritic cells, macrophages, B-1a cells, and activated and memory B cells
(8-11, 44, 45). An intriguing possibility is that homotypic B cell-B cell interactions among
Ag-activated B cells stimulate PD-1:PD-L interactions and thereby suppress PPS-specific B
cell proliferation. Identification of the PD-L-expressing cells controlling TI-2 Ag-specific B
cell activity may offer further insight into PD-1-mediated regulation of B cell function as
well as additional signals regulating T1-2 Ab responses.

In conclusion, our results demonstrate B cell-intrinsic PD-1 expression suppresses the
protective humoral immune response to the capsule of S. pneumoniae. The selective
suppression of TI-2 Ab responses by PD-1 interactions with B7-H1 and B7-DC points to a
novel role for PD-1 in regulating Ag-specific B cell responses to carbohydrate Ags. As cell
surface self-Ag bearing repetitive epitopes may initiate Tl Ab responses, the PD-1:PD-L
pathway may represent a key regulatory checkpoint for limiting the initiation of
autoimmunity by innate-like B cells, such as B-1b and marginal zone B cells, known to
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produce Abs in the absence of cognate T cell interactions. Identifying strategies to
transiently overcome this regulatory checkpoint to augment protective B cell responses to
polysaccharide-bearing pathogens may be key to improving vaccine efficacy and therapeutic
interventions for infectious diseases.
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Figure 1. Naive PD-1""" mice generate increased capsule-specific 1gG following S. pneumoniae
respiratory infection and are protected against secondary lethal systemic infection

Wild type (WT) or PD-17/~ mice were infected i.n. (A-B) or i.p. (C) with WU2 and
monitored for signs of morbidity requiring euthanasia. A) Kaplan-Meier survival curves for
naive mice infected i.n. with 105, 108, or 107 CFU WU2. B) Lung bacterial burdens in WT
and PD-17/~ mice 3 days post i.n. infection with 107 CFU WU?2. C) Kaplan-Meier survival
curves for naiive mice infected i.p. with 10 or 102 CFU WU?2. D) Survival following
secondary systemic pneumococcal infection. Three weeks following primary i.n. infection
(108 CFU WU?2), survivors were infected with 104 CFU WU2 i.p., with differences in
survival curves assessed by Log-rank analysis (p=0.00005). The experiment was performed
3 times using 103 to 104 CFU WU2 (n=19 wild type mice and n=14 PD-17~ mice), with
differences in survival curves (Log-rank analysis, p= 0.002) similar to those shown in (D).
E-F) Mean (£SEM) PPS3-specific serum IgM, 1gG, and IgA levels (AU values in E and
reciprocal endpoint titers in F) 14 days post i.n. infection with 108 CFU WU2 (n=10 mice/
group). Results representative of those obtained in 3 separate experiments. (G) Mean
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(£SEM) PPS3-specific IgM, 1gG, and IgA levels in perfused lung homogenates 14 days post
i.n. infection with 106 CFU WU2 (n=11 mice/group). (H-1) Pooled sera from PD-17/~
(n=10) and WT (n=11) mice 14d post i.n. WU2 infection was administered to uMT mice i.p.
concurrently with 200 CFU WU?2 i.p. (H) Mean blood bacteria CFU/mL (£SEM) in
recipient UMT mice 48 hr post infection. (I) Mean time to death in naive and recipient uyMT
mice following i.p. infection (n=6-10 mice/group). Results representative of 2 independent
experiments. In E-H, asterisks (*) indicate significant differences in values (p<0.05, *;
p<0.01, **; p<0.001, ***; p<0.0001, ****; unpaired Student’s t test).
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Figure 2. PD-1 suppresses 1gG production against the native, but not protein-conjugated, PPS
vaccine

A-C) PPS3-specific serum IgM, 1gG, and 1gG3 levels in WT and PD-17/~ mice post
immunization with: 0.1 pg purified PPS3 (A), an equivalent dose of 1 pg PPS3 contained in
the PPV23 vaccine given i.p. (B) or s.c (C). D) PPV23-specific serum IgM (d7) and IgG
(d14) levels after immunization with PPV23 containing 0.1 pg or 1 pg of each PPS. In C and
D, d14 endpoint dilution titers are also shown. E) PPS3-specific serum IgM and 1gG levels
in WT and PD-1~"~ mice following immunization with an equivalent dose of 0.1 ug PPS3
(CRM1g7-conjugated) contained within Prevnar-13. F) PPS-1, -6A, and -23F-specific serum
IgM (d7) and 1gG (d14) levels in WT and PD-1~~ mice following immunization with
PPV23 containing 0.1 ug or 1 ug each PPS. G-I) PPS3-specific serum IgM and IgG levels
on d0-14 (G), d14 endpoint dilution titers (H), and spleen and bone marrow PPS3-specific
Ab-secreting cell frequencies (I; d40) in WT mice that received either PD-1 blocking mAb
(RMP1-14) or control rat IgG mAb on d1, 3, and 5 post immunization with purified PPS3.
In panels G and I, mice were immunized with 0.1 pg purified PPS3 and in panel H, with 1
ug purified PPS3. (A-1) Mean (£SEM) values are shown (n = 4 mice/group). Asterisks (*)
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indicate significant differences in values (p<0.05, *; p < 0.01, **; p < 0.001, ***; unpaired
Student’s t test) between PD-17/~ and WT mice (A—F) or between WT mice receiving PD-1
versus control mAb (G-1).
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Figure 3. PD-1 is induced on activated PPS3-specific B cells and PD-17" mice have significantly
increased PPS3-specific B cell proliferation, 1gG switching, and ASC generation

(A-G) Flow cytometric analysis and enumeration of PPS3-binding (Ag-specific) spleen
cells from naive and immune PD-17~ and WT mice immunized with 0.1 pg purified PPS3.
(A) Representative flow cytometric analysis of PPS3-specific splenic CD19* B cells in
naive (left plots) and immune (d3; right plots) mice. Frequencies of gated cells are indicated.
(B) Mean (+SEM) frequencies and cell numbers of splenic PPS3-specific splenic CD19* B
cells in naive and d3 immune mice. (C) Representative intracellular Ki-67 expression by
PPS3-specific splenic CD19" B cells in d3 immune mice (solid line, left panel). Mean
frequencies and numbers (+SEM) of PPS3-specific Ki-67* cells splenic B cells are graphed.
D) BrdU incorporation in PPS3-specific splenic CD19* B cells 5 days post-immunization
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following a 5-day BrdU pulse (solid line, left panel). Mean frequencies and numbers
(+SEM) of PPS3-specific BrdU™ splenic B cells are indicated. E) Representative PPS3-
specific splenic CD19*CD138* B cell staining in d5 immune mice (solid line, left panel).
Mean frequencies and numbers (+SEM) of PPS3-specific CD138* cells splenic B cells are
graphed. F) Representative 1gG3 staining of PPS3-specific splenic CD19" B cells in immune
mice (solid line, left panel). Graphs indicate total mean (+SEM) frequencies and cell
numbers of PPS3-specific splenic 1gG3*CD19* B cells. (G) CD11b expression by PPS3-
specific splenic 19G3*CD19* B cells in immune PD-1~/~ mice (solid line). In C, D, F, and
G, the dashed histogram indicates mAb isotype control staining (intracellular staining in C
and D or extracellular staining in F and G) for PPS3-specific B cells from immune mice.
Asterisks (*) in B-F indicate significant differences between WT and PD-17/~ values (p
<0.05, *; p<0.01, **; p < 0.001, ***; n = 3 mice/group). Student’s t test was used in B-E.
In F, Welch’s t-test was used due to unequal variance between groups as determined by F-
test.
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Figure 4. B-cell specific PD-1 expression suppresses PPS3-specific 1gG responses
A) PD-1 expression on naive (gray shading) and PPS3-immune (thick solid line) PPS3-

specific CD19* splenic B cells from WT and PD-17/~ mice. The dashed histogram indicates
mADb isotype control staining for PPS3-specific B cells from immune mice. B) CD11b
expression on PPS3-specific CD19" (PD-1* and PD-17) B cells from WT mice 5 days post
immunization (0.1 ug PPS3). C) PD-1 expression levels (mean MFI (xtSEM)) on PPS3-
specific resting (FSC'°CD867) and activated (FSCN'CD86*) splenic B cells in immune (d5)
and naive mice (n=3 mice/group). D) PD-1 staining on PPS3-specific CD19*FSChicD86*
splenic B cells from WT and PD-17~ mice 5d post immunization. The dashed histogram
indicates mAb isotype control staining of PPS3-specific CD19*FSCNCD86* splenic B cells
from WT mice. E) Mean frequency (+SEM) of PPS3-specific resting (FSC!°CD867) and
activated (FSCNICD86*) splenic B cells in immune (d5) and naive mice expressing PD-1
(n=3 mice/group). F) FSC and CD86 expression by naive PPS3-specific CD19* B cells
(gray shading), and PD-1"®9 (thin line) and PD-1* (thick line) PPS3-specific CD19" B cells
in immune (d5) mice. The dashed histogram indicates mAb isotype control staining. G)
Mean (£SEM) PPV23-specific serum IgM and IgG levels in uMT mice that were
reconstituted with 4 x 107 splenic B cells (i.p. transfer) from WT or PD-17/~ mice and
immunized with PPV23 containing 0.1 g each PPS two days post adoptive transfer (n=6
mice/group; pooled results from 2 experiments). Pre-immune (d2 post transfer) and d7
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immune (d9 post transfer) values are shown. H) Total serum IgM and 1gG concentrations in
UMT mice 9 days post reconstitution. 1) Mean (£SEM) spleen B cell and peritoneal cavity
total B cell and B-1b cell frequencies in uMT mice 2 weeks post reconstitution. Asterisks (*)
indicate significant differences between values (p <0.05, *; p < 0.01, **; unpaired Student’s
t test, n = 3 mice/group).
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Figure 5. Naive B7-H17/~ and B7-DC™/~ mice exhibit normal survival kinetics and similar PPS3-
specific Ig levels following S. pneumoniae respiratory infection
C57BL/6 WT, B7-H1™/~, and B7-DC/~ mice were challenged i.n. with 10°, 108, or 107

CFU WU2 and monitored for signs of morbidity requiring euthanasia. A) Kaplan-Meier
survival curves are shown. No significant differences were found based on Log-rank
analysis. B) Lung bacterial burdens 3 days post challenge with 107 CFU WU2. C-D) PPS3-
specific serum IgM, 1gG, and IgA levels in (C) B7-H1~/~ and (D) B7-DC™/~ mice 14 days
post infection with 106 CFU WU2 (n = 5 mice/group).
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Figure 6. B7-H1 and B7-DC are both required for suppression of PPS-specific 1gG responses
A-B) PPS3-specific serum IgM and 1gG levels in B7-H17~ (A) and B7-DC~/~ (B) mice 0,
7, and 14 days post PPV23 immunization (~0.1 pg PPS3) relative to WT mice. C-D) PPS3-
specific serum IgM and 1gG levels in B7-H1~/~ (C) and B7-DC~/~ (D) mice following
immunization with Prevnar-13 (~0.1 pg PPS3). E-F) TNP-specific serum IgM and 1gG
levels in WT, PD-17-, B7-H17~, and B7-DC~/~ mice following TNP-Ficoll immunization.
G) TNP-specific serum IgM, 1gG, and 1gG3 levels in WT mice administered blocking mAbs
against B7-H1, B7-DC, PD-1 or rat IgG control mAbs following TNP-Ficoll immunization.
H-1) PPS3-specific IgM and IgG levels in WT mice administered single blocking mAbs
against B7-H1 or B7-DC (H) or blocking mAbs against both B7-H1 and B7-DC (1)
following PPV23 immunization. A-1) Mean values (+ SEM; n =4 mice/group) are shown.
Asterisks (*) indicate significant differences in values between knockout mice and WT mice
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(A and E) or WT mice receiving control mAbs and functional PD-1/PDL blocking mAbs (G
and I) (p £0.05, *; p <0.01, **; p <0.001, ***; unpaired Student’s t test).
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Figure 7. PPS immunization in the context of PD-1 deficiency or blockade significantly increases
survival against lethal respiratory S. pneumoniae infection and is dependent on B cell-intrinsic

PD-1 expression

A-C) Purified PPS3-immunized WT, PD-17/-, B7-H17/~, and B7-DC~/~ mice were
challenged with a lethal i.n. dose (1 x 107 CFU) of WU2 28 days following immunization.
A-B) Survival analysis shows a significant difference between PD-17~ and WT mice
(p=0.05; Fisher’s Exact test). B-C) Total lung (B and C) and blood (per mL; B only) CFU 8
days post challenge. Asterisks (*) indicate significant differences in CFU between WT and
PD-17 mice (p 0.05, *; p < 0.01, **; Student’s t test). D) Survival in Prevnar-13-
immunized WT and PD-17/~ mice challenged i.n. with 10”7 CFU WU2 28 days following
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immunization. E) Survival in WT mice given PD-1 blocking or control mAbs at the time of
purified PPS3 immunization (as described in Fig. 6 legend) and challenged i.n. with 1 x 107
CFU WU2 28 days following immunization (n=8-9 mice/group). Survival curves were
significantly different as determined by Log-rank analysis (p=0.03). F-G) Reconstitution of
UMT mice with B cells from PD-17/~ mice yields significantly increased PPS-specific 1gG
responses and significantly increases protection against infection. Control uMT mice (n=10),
and uMT mice reconstituted with 2 x 107 wild type (n=11) or PD-17~ (n=6) spleen B cells,
were immunized on d1 as in Figure 4. F) PPV23-specific IgM and IgG reciprocal endpoint
dilution titers were determined for d7 sera and were defined as the dilution yielding an
OD4g5nm value 3-fold higher than values for non-reconstituted uMT mice. (*p=0.04,
unpaired Student’s t test). G) Mice were infected i.p. with 200 CFU WU2 on d8, with
differences in overall survival assessed by Fisher’s Exact test.
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