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Abstract

The PD-1 coinhibitory receptor regulates the balance between T cell activation and tolerance.
Although the PD-1 ligands, PD-L1 and PD-L2 are expressed on a variety of cell types, the cell
type-specific functions of PD-1 ligands in inducing signals through PD-1 are unknown. Here we
use PD-L1 conditional knockout mice to investigate cell type specific functions of PD-L1. We
demonstrate that PD-L1 expressed on dendritic cells and to a lesser extent, B cells, attenuates the
progression of experimental autoimmune encephalomyelitis (EAE) and inhibits both naive and
effector T cells. PD-1 is highly expressed on effector populations including TFH and TFR cells,
which reside in germinal centers. We also show that dendritic cell PD-L1 is essential for limiting
TFH and TFR cell differentiation. In addition we find that PD-1 suppresses TFH cell
differentiation and help for Ig class switching even in the presence of WT TFR cells. Our work
points to critical roles for PD-L1 expressed on dendritic cells in mediating PD-1 functions.

Introduction

Programmed death (PD) 1 (CD279) is a coinhibitory receptor expressed mainly on T cells,
but also on some B cells (1). Signaling through PD-1 attenuates TCR signals and suppresses
T cell expansion, cytokine production and cytolytic function. PD-1 has two ligands, PD-L1
(B7-H1) and PD-L2 (B7-DC)(1), which are highly expressed on B cells and dendritic cells
as well as on other types of hematopoietic and hon-hematopoietic cells. In addition to PD-1,
PD-L1 can also bind to B7-1 (CD80)(2), and PD-L2 can bind to Rgmb(3). Inhibitory signals
through the PD-1 pathway regulate T cell activation, T cell tolerance and T cell exhaustion.
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PD-1 inhibitory signals control peripheral tolerance in several ways. PD-1:PD-L1
interactions regulate both the induction and maintenance of peripheral T cell tolerance.
PD-1:PD-L1 interactions inhibit the initial activation of self-reactive CD4* and CD8* T
cells, and the responses of self-reactive effector CD4" and CD8" T cells. The PD-1 pathway
restrains self-reactive T cells in target organs, maintaining tolerance in tissues and protecting
them from immunopathology. The important role of the PD-1 pathway in limiting immune-
mediated damage caused by potentially pathogenic self reactive T cells is illustrated by the
exacerbated disease that develops in mouse models of autoimmunity when PD-1 pathway
signals are abrogated. For example, blockade or genetic deletion of PD-L1 or PD-1 can
exacerbate experimental autoimmune encephalomyelitis (EAE)(4-7). Anti-PD-1
administration during myelin oligodendrocyte glycoprotein (MOG) 35-55 peptide-induced
EAE accelerated EAE onset and severity, greatly increased CD4* cell infiltration into the
CNS and the frequency of IFN-y producing MOG-reactive T cells, and led to more MOG-
specific antibodies in the serum. Our studies with PD-L17~~ mice identified critical
inhibitory functions for PD-L1 in tissue tolerance. PD-L1 prevents activation of naive self-
reactive T cells, and inhibits destructive inflammation mediated by pathogenic effector T
cells in tissues that are the target of autoimmune attack. Our studies point to critical roles for
PD-L1 on hematopoietic and non-hematopoietic cells in regulating immunopathology, but
how PD-L1 on specific cell types controls the initiation and progression of EAE is not clear.

PD-1 inhibitory signals also regulate humoral immune responses, which require a delicate
balance of positive and negative signals that control antibody production. In the CD4* T cell
compartment, T follicular helper (TFH) cells stimulate, whereas T follicular regulatory
(TFR) cells inhibit, B cells to produce antibodies(8). TFH cells provide costimulation to B
cells through ICOS and CD40L as well as cytokines such as 1L-21(9). TFR cells potently
inhibit TFH and/or B cells through poorly understood mechanisms(8, 10). CTLA-4
expressed by TFR cells is essential for their suppressive capacity(11, 12). Moreover, recent
data suggest that TFR cells alter B cell responses by inhibiting metabolic pathways in B and
TFH cells(13). Despite the opposing functions of these cells, both TFH and TFR cells have
similar expression of CXCR5, ICOS and PD-1 and depend on the transcription factor Bcl6
for development. Since PD-1 is more highly expressed on germinal center TFH cells (which
have the highest CXCRS5 expression) compared to TFH cells outside the GC, it is commonly
used as a surrogate marker for this population(14, 15). Despite the use of PD-1 to identify
both TFH and TFR cells, the role of PD-1 signaling in these cells is only beginning to be
understood. Some studies have found that humoral responses are suppressed(16-18), while
others have reported that humoral responses are augmented(19-21) when PD-1 signaling is
prevented. Since PD-1 is expressed on B cells as well as T cells, PD-1 may exert its
immunoregulatory effects on antibody responses by regulating B cells directly as well as
through TFH and TFR cells. We previously demonstrated that PD-1 and/or PD-L1 inhibit
both the differentiation and suppressive function of TFR cells(22). Some studies have
demonstrated that PD-L2 expressed on B cells can bind to and signal into PD-1 on TFH
cells resulting in reduced long-lived plasma cell numbers(16). However, further work is
needed to understand how PD-1 on T cells and PD-1 ligands on antigen presenting cells
control TFH/TFR cell differentiation and function.

J Immunol. Author manuscript; available in PMC 2019 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sage et al.

Page 3

To study the role of PD-L1 on different cell types in regulating T cell responses, we
generated PD-L1 conditional knockout mice. Our studies reveal that PD-L1 expressed on
dendritic cells is a key mediator of tolerance and regulator of effector cells in germinal
centers. PD-L1 on dendritic cells limits self-reactive T cells during the initiation and
progression of EAE, and inhibits the differentiation of both TFH and TFR cells. In addition,
we examined the role of PD-1 on TFH cells in the absence of effects on TFR cells using cell
sorting and adoptive transfer approaches, and demonstrate that PD-1 inhibits TFH cell
differentiation and effector function.

Materials and Methods

Mice

WT, CD11cCre, CD19Cre and 2D2 TCR transgenic mice were purchased from The Jackson
Laboratories. Pdcdl™" (22, 23), WT FoxP3 IRES-GFP mice(24) and Pdcal™~ FoxP3-IRES-
GFP mice have been published previously(22). All mice were used according to the Harvard
Medical School Standing Committee on Animals and National Institutes of Health
Guidelines.

To generate PD-L1 Floxed mice we designed a targeting construct with LoxP sites
surrounding exons 2 and 3 of murine Ca274. Linearized DNA was electroporated into Bruce
4 ES cells. After selection with G418, the resulting neo-resistant clones were picked, DNA
prepared and analyzed to identify clones that carry the appropriate homologous
recombination event. ES cells carrying the appropriate recombination event were
microinjected into blastocysts. The resultant chimeras were bred to albino C57BL/6 mice
and gave rise to germline transmission of the targeted allele, as demonstrated by progeny
carrying the neo allele. We bred these mice with Flpe expressing mice to delete the neo
cassette. Mice were then bred to Cre-expressing CD11cCre and CD19Cre mice.

Immunizations

For TFH and TFR cell studies mice were immunized with 100ug MOG 35-55 (UCLA
biopolymer facility), MOG 1-125 or NP1g-OVA (Biosearch Technologies) emulsified 1:1
with H37RA Mtb. CFA (Difco laboratories) in the flanks as previously described(25). 7 days
later draining lymph node or blood was harvested for analysis. For studies of TFH and TFR
cell differentiation in PD-L1 conditional knockout mice, all mice received 200ug anti-PD-L2
(clone 3.2) on d2 and d4. For EAE induction, similar emulsions were prepared as above but
contained an extra 2mg/ml H37RA Mtb. Mice were additionally given 200ng pertussis toxin
i.p. on days 0 and 2. Clinical disease was assessed using the following criteria: 1 = limp tail,
2 = weak gait, 3 = hind limb paralysis, 4 = hind+forelimb paralysis, 5 =moribund as
described previously(26).

Histopathology

Mice were perfused with PBS, and brains and spinal cords were fixed in 10% formalin as
described previously(27). Paraffin-embedded sections were stained with hematoxylin and
eosin (H&E) or Luxol fast blue/periodic acid-Schiff for light microscopic analysis by the
Dana Farber/Harvard Cancer Center Rodent Histopathology Core. As previously
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described(28), stained tissue specimens were blindly examined by a neuropathologist and
inflammatory foci (>10 clustered inflammatory cells) in meninges and parenchyma were
counted.

Antibodies

The following antibodies were used for surface staining: anti-CD4 (RM4-5), anti-ICOS
(15F9), anti-CD19 (6D5), anti-CXCRS5 biotin (2G8) and GL7 (GL-7). For intracellular
staining, samples were fixed with the FoxP3 Fix/Perm buffer set according to manufacturer’s
instructions (eBioscience). Samples were then intracellularly stained with IFN-y (XMGL1.2),
IL-17A (TC11-18H10.1), anti-IgG1 (A85-1), anti-FoxP3 (FIK-16S), and Ki-67 (B56).
Antibodies were from BioLegend, BD Biosciences, or eBioscience. Flow cytometry data
were acquired on a FACSCalibur (BD) or LSRII (BD) using FACSDiva software (BD), and
analyzed with FlowJo software (FlowJo LLC).

Analysis of mononuclear cells in the lymphoid organs and CNS of mice with EAE

Lymph nodes were mechanically dissociated through nylon cell strainers (70um) and RBC
lysed with ACK lysing buffer (Lonza). Mice were perfused with PBS before CNS tissue
collection; brains and spinal cords were mechanically dissociated through a nylon cell
strainer, and mononuclear cells isolated by centrifugation through a Percoll gradient (37%
and 70%). Cells were resuspended in culture medium (RPMI 1640 [Gibco] with 10% FBS,
10mM HEPES [Gibco], 100U/mL Penicillin/Streptomycin [Gibco], 50uM 2-ME [Sigma]).

2D2 Adoptive Transfer Studies for EAE

CD4* T cells from 2D2 TCR Tg mice were cultured using Th1-polarizing conditions at
2x108/mL with 1x107/mL irradiated feeder cells (CD4™ T cell-depleted WT splenocytes),
IL-12 (10ng/mL, PeproTech), anti-I1L-4 (20ug/mL, 11B11, BioXCell), and anti-CD3
(3ug/mL, 2C11, BioXCell), and supplemented with 100U/mL rhlL-2 (R&D Systems) every
2 days. On day 6 live cells were collected using Lymphocyte Separation Media (Mediatech,
Inc) and restimulated on anti-CD3/anti-CD28 (37.51, BioXCell)-coated plates (3ug/mL) for
24 hours. 5x10% CD4* T cells were injected i.p. into recipients that were monitored for
clinical EAE.

In vivo analyses of TFR cell differentiation

Mice were immunized with NP-OVA in CFA s.c. or MOG35-55 in CFA and given anti-PD-
L2 on dO and d2 (to eliminate potential compensatory effects of PD-L2 for PD-L1
deficiency). 7 days after immunization TFR cells were analyzed (gated as CD4+ICOS
+CXCR5+CD19-FoxP3+) in the blood and draining LN.

TFH in vitro stimulation assays

Stimulation assays were performed as described(25, 29, 30). Briefly, mice were immunized
with NP-OVA as described above. 7 days later draining lymph nodes were harvested. CD4*
cells were enriched by magnetic positive selection (Miltenyi Biotec), and TFH cells were
sorted as CD4*ICOSTCXCR5*GITRCD19™ or CD4*ICOS*CXCR5*FoxP3~CD19™. 3x10°
TFH cells were incubated with 5x10° CD19* B cells from WT mice in the presence of
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2ug/ml anti-CD3 (BioXcell) and 5ug/ml anti-lgM (Jackson Immunoresearch) for 5-6 days.
In some cases 20ug/ml anti-PD-L1 blocking antibody (clone 10F.9G2) or isotype control

was added to the well.

Naive 2D2 Cell Transfers for TFH studies

Statistics

Results

Spleens of WT Foxp3RES-GFP or pPaicd1~/~ Foxp3RES-GFP yunimmunized mice were
harvested, CD4™ cells enriched by magnetic positive selection (Miltenyi Biotec), and naive
CD4*FoxP3-CD62L* cells were sorted by flow cytometry. 1x10° naive cells were
adoptively transferred to WT mice, which were immunized with 100ug of MOG 35-55 in a
1:1 emulsion in CFA subcutaneously in the flanks. 7 days later inguinal lymph nodes were
harvested and transferred cells were identified by Va3.2/VB11 staining.

Analyses were performed using Prism 6.0 (GraphPad). Statistical significance was
calculated utilizing Student’s two-tailed unpaired t test or 1-way ANOVA as specified. EAE
clinical scores were analyzed by a Mann-Whitney U'test. A pvalue <0.05 was considered
statistically significant.

PD-L1 Expressed on Dendritic Cells Controls EAE Progression

To analyze PD-L1 function on specific cell types in controlling T cell responses we
generated a PD-L1 conditional knockout mouse. In this mouse, referred to as PD-L1 F/F,
loxP sites were inserted around exons 2 and 3 of the Cd274 gene (Fig 1A) to eliminate the
IgV-like and IgC-like domains. We crossed the PD-L1 F/F mouse with CD11c Cre and
CD19 Cre mice to conditionally delete PD-L1 on dendritic cells and B cells, respectively.
PD-L1 is expressed on DC and B cells in unimmunized wild type mice. To validate the PD-
L1 F/F CD11c Cre mice, we first analyzed PD-L1 expression on DC in unimmunized mice.
PD-L1 expression was comparably reduced to background levels on DC in unimmunized
PD-L1 F/F CD11c Cre mice and PD-L1-/- mice. PD-L1 expression was decreased in
CD11c Cre- PD-L1 F/F mice compared to WT unimmunized mice (Supplemental Figure
1A,B). To further validate this strain, we immunized PD-L1 F/F CD11c Cre mice with MOG
35-55 in CFA subcutaneously and found that PD-L1 was selectively deleted on CD11c+IA+
DCs in the dLN (Fig. 1B). The levels of PD-L1 expression on DC and percentages of PD-L1
expressing DC in PD-L1 F/F CD11c Cre mice and PD-L1-/- mice were similarly reduced
to background levels. However, expression of PD-L1 was attenuated in CD11c Cre—- PD-L1
F/F mice compared to WT immunized mice.

Deletion of PD-L1 on DCs did not alter the frequency of CD11c+IA+ DCs in the dLN after
immunization with MOG 35-55 in CFA (Fig. 1C). To determine if deletion of PD-L1 on
DCs altered T cell activation, we assessed intracellular Ki67 staining in total CD4* T cells
on day 7 after immunization. Deletion of PD-L1 on DCs resulted in a small but significant
increase in the frequency of Ki67* CD4* T cells (Fig. 1D-E).
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To validate the CD19 Cre+ PD-L1 F/F strain, we first analyzed PD-L1 expression on B cells
in unimmunized mice. PD-L1 expression was comparably reduced in unimmunized PD-L1
F/F CD19Cre mice and PD-L1-/- mice. PD-L1 expression was modestly reduced in
CD19Cre- PD-L1 F/F mice compared to WT unimmunized mice (Supplemental Figure
1C,D). To further validate this strain, we immunized PD-L1 CD19 Cre+ PD-L1 F/F mice
with MOG35-55 and determined that PD-L1 expression on B cells was markedly reduced in
MOG 35-55 immunized CD19 Cre+ PD-L1 F/F mice compared to PD-L1 F/F CD19 Cre-
controls (Fig. 1F). PD-L1 expression on B cells was slightly attenuated on CD19Cre- PD-
L1 F/F mice compared to WT mice (Fig. 1F). The frequency of B cells in the dLN did not
differ in CD19Cre+PD-L1 F/F and control mice, demonstrating that B cell-specific deletion
of PD-L1 does not alter B cell development (Fig. 1G). There also were no differences in the
frequency of Ki67* CD4* T cells in CD19Cre+PD-L1 F/F and control mice at day 7 post
immunization (Fig. 1H-1).

We next investigated the relative roles of PD-L1 on DC and B cells during EAE because
DCs have key immunoregulatory roles in EAE(31-34), and data support roles for B cells in
EAE pathogenesis as APC, cytokine producers (particularly IL-6), antibody producers, and
regulatory cells(35-39). We first immunized PD-L1 F/F CD11c Cre+ mice and control mice
with MOG35-55 in CFA, and monitored the course of EAE. Mice lacking PD-L1
specifically on DCs had more severe clinical disease compared to control mice (Fig. 2A and
Table 1). PD-L1 F/F CD11c Cre+ mice had earlier onset of disease, higher peak clinical
disease scores and delayed resolution of EAE compared to controls. Histologic EAE was
also increased in the PD-L1 F/F CD11c Cre+ mice with an increase in inflammatory foci in
the meninges and parenchyma of the brain (Table 1).

We next immunized PD-L1 F/F CD19 Cre+ and control mice with MOG35-55 in CFA to
induce EAE. In contrast to PD-L1 F/F CD11c Cre+ mice, mice lacking PD-L1 specifically
on B cells showed similar onset and severity of clinical EAE as control mice (Fig. 2B).
These data indicate that PD-L1 expression on DCs, but not B cells, is essential for
controlling MOG 35-55-induced EAE. Since B cells have been implicated in modulating
EAE disease progression when whole MOG protein is used as the immunizing agent(40,
41), we also compared the effects of immunization with MOG 35-55 peptide and MOG
1-125 protein as the immunogen. When immunized with MOG 1-125, mice lacking PD-L1
specifically on B cells showed earlier onset and slightly higher severity of EAE compared to
control mice (Fig. 2C). There was an increase in inflammatory foci, particularly in the spinal
cord of MOG 1-125 immunized PD-L1 F/F CD19 Cre+ mice compared to controls (Table
1).

To determine if the increased severity of disease in mice lacking PD-L1 from dendritic cells
may be due to increased infiltration of cytokine producing cells, we analyzed CD4* T cells
from the CNS. CD4*FoxP3— T cells in the CNS of the PD-L1 F/F CD11c Cre+ produced
more IFN+y as well as IL-17A (Fig. 2D-E). These studies indicate an important role for PD-
L1 on DC in EAE. Thus, PD-L1 expressed on dendritic cells and/or B cells can reduce the
severity of the immune response in EAE.
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Because we and others have published that the PD-1:PD-L1 pathway can inhibit effector T
cell responses, we also investigated the role of PD-L1 on DCs (or B cells) in regulating the
function of MOG-specific effector T cells using an adoptive transfer approach. We cultured
naive 2D2 CD4* T cells (which recognize MOG35-55) /7 vitro under Thl-polarizing
conditions to generate effector T cells and transferred the activated 2D2 CD4+ T cells to
mice lacking PD-L1 on DCs or B cells. Transfer of 2D2 effector cells to PD-L1F/F CD11c
Cre+ mice resulted in earlier onset of EAE and but similar EAE severity compared to
transfer to control mice (Fig. 2F). Transfer of 2D2 effector cells into CD19Cre+PD-L1 F/F
did not alter the course of EAE compared to control mice (Fig. 2G). The modest changes in
EAE after adoptive transfer into recipients lacking PD-L1 on DCs or B cells suggest that
PD-L1 on DC or B cell alone has a minor role in inhibiting effector T cell responses, and
that PD-L1 on DC has a predominant role in controlling the initial activation of naive CD4*
T cells.

PD-L1 Expressed on Dendritic Cells Inhibits TFR Cell Differentiation

Because we have previously shown that PD-L1-deficient mice have increased percentages of
TFR cells, we next assessed the role of PD-L1 on the DC during TFR cell differentiation/
expansion. We immunized CD11cCre+PD-L1F/F mice or PD-L1F/F controls with NP-OVA
in CFA s.c. and administered anti-PD-L2 on dO and d2 (to eliminate potential compensatory
effects of PD-L2 for PD-L1 deficiency) and harvested the draining lymph nodes 7 days after
immunization. We found a small but significant increase in the frequency of CD4*FoxP3*
Treg cells in dLN of mice that had PD-L1 deleted on DCs (Fig. 3A). There was a significant
increase in the percentage of TFR cells (gated as CD4+ICOS+CXCR5+CD19-FoxP3+) in
the dLN and blood of PD-L1F/F CD11c Cre+ mice (Fig. 3B-C). TFR cells in the dLN of
DC specific PD-L1 deleted mice had a minor increase in intracellular Ki67 compared to
controls (Fig. 3D). Similarly, when we immunized WT, PD-L1-/-, CD11cCre+PD-L1F/F
and PD-L1F/F mice with MOG 35-55 in CFA and analyzed TFR cell percentages 7 days
later, we found that PD-L1 deficiency on DCs resulted in increased TFR cell percentages in
the dLN and blood compared to control mice (Fig. 3E).

Next we determined whether deletion of PD-L1 only in B cells affected TFR cell
differentiation. We immunized CD19Cre+PD-L1F/F or PD-L1F/F mice with NP-OVA
subcutaneously (and administered anti-PD-L2 blocking antibody) and assessed the draining
lymph nodes for TFR cells 7 days later. There were no differences in the percentages of TFR
cells in mice that lacked PD-L1 specifically on B cells and controls (Fig. 3F). Similarly,
when we immunized CD19Cre+PD-L1F/F and PD-L1F/F mice with MOG 35-55 and
analyzed TFR cell percentages 7 days later, there was not any statistically significant
difference in TFR cell percentages (Fig. 3G). Taken together, these data demonstrate that
PD-L1 expressed on DCs, but not B cells, is important for inhibiting TFR cell generation/
maintenance.

PD-L1 Expressed on Dendritic Cells Inhibits Circulating TFH Cells

Next we determined if PD-L1 expression on B cells or DCs regulates TFH cell
differentiation. We have previously demonstrated that PD-L1-/- mice have increased
percentages of TFH cells in the blood, but not the lymph node of immunized mice. However
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the PD-L1 expressing cell type responsible for controlling TFH cells in the blood is not
known. To determine if PD-L1 expression on DCs reduces TFH cell numbers in the blood,
we immunized CD11cCre+PD-L1F/F mice and Cre— PD-L1 F/F control mice with NP-
OVA. We injected all groups of mice with a PD-L2 blocking antibody at dO and d2 to ensure
that PD-L2 does not have a compensatory effect, and analyzed the dLN and blood of
CD11cCre+ and Cre— PD-L1 F/F mice 7 days later. We identified TFH cells as CD4+1COS
+CXCR5+F0oxP3-CD19- cells. Consistent with the data in PD-L1—-/- mice, we did not
measure any significant increases in TFH cells in the draining lymph node of CD11cCre+
PD-L1F/F mice after immunization compared to controls. However, there were increased
TFH cell percentages in the blood of CD11cCre+ PD-L1F/F mice compared to controls (Fig.
4A). These data indicate that deletion of PD-L1 specifically on dendritic cells leads to
enhanced differentiation of TFH cells destined for the circulation. The TFH cells from PD-
L1F/F CD11cCre+ and Cre— mice had similar expression of Ki67 in both dLN and blood,
suggesting that the TFH cells in the circulation of CD11cCre+ mice and Cre— control mice
are comparably activated (Fig. 4B). Likewise, subcutaneous immunization with another
antigen, MOG 35-55, in CFA (with PD-L2 blockade) also resulted in heightened percentages
of TFH cells in the blood of CD11cCre+ mice compared to control mice (Fig. 4C). In
contrast, immunization of CD19Cre+ PD-L1F/F mice with MOG 35-55 did not alter TFH
cell percentages in the blood compared to control mice (Fig. 4D). These data suggest that
PD-L1 expressed on dendritic cells, but not B cells, suppresses TFH cell differentiation
and/or migration into the circulation.

Since we found increased numbers of TFR cells in both dLN and blood (Fig 3) but only
increased TFH cells in blood (Fig 4) with loss of PD-L1 on DCs, we next measured the
frequencies of TFR cells of the total CXCR5* CD4* T cell population in draining LN and
blood. Loss of PD-L1 on DCs resulted in a much higher relative frequency of TFR cells in
the CD4* CXCR5* population compared to controls in the draining LN, but not in the
circulation (Fig. 4E). Therefore, selective PD-L1 deficiency on DCs resulted in an increased
ratio of TFR to TFH cells in the draining LN but similar proportional increases in TFH and
TFR cells in the blood.

PD-1 suppresses TFH cell differentiation and function in the absence of PD-1 deficient TFR

cells

To further investigate the role of the PD-1 pathway in regulating TFH cells, we immunized
WT or Pdcd1™'~ mice with NP-OVA subcutaneously and 7 days later evaluated TFH cells in
the draining lymph node. The percentage of TFH cells of total CD4+FoxP3- cells was
significantly decreased (Fig. 5A). Therefore, in PD-1 deficient mice there are slightly less
TFH cells after immunization. These studies suggest that PD-1 deficiency has modest effects
on TFH cell differentiation when PD-1 is deficient in all cell types.

The increased numbers and potency(22) of TFR cells in PD-1 deficient mice may obscure
the effects of PD-1 deficiency on TFH cell generation and function. To circumvent this
potential problem and determine the role of PD-1 signaling on TFH cell development, we
used an adoptive transfer approach. We isolated CD4*CD62L*FoxP3GFP- naive cells from
WT or PD-1 deficient 2D2 TCR transgenic mice crossed to a FoxP3GFP reporter, adoptively
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transferred these naive 2D2 cells into WT mice, and immunized the recipient mice with
MOG 35-55 in CFA subcutaneously. Importantly, PD-1 deficient TFR cells will not be
generated by this approach because PD-1 deficient Treg cells are not being transferred. The
WT recipients of WT and PD-1 deficient 2D2 T cells will have wild type TFR cells,
enabling us to selectively investigate the effects of PD-1 deficiency on TFH cell generation.
We analyzed the adoptive transfer recipients on day 7 after immunization with MOG35-55
and found increased percentages of 2D2 PD-1 deficient CXCR5TICOS* TFH cells
compared to WT 2D2 TFH cells in the adoptive transfer recipients (Fig. 5B, C). To
determine if loss of PD-1 on TFH cells resulted in a change in cell death, we measured
active caspase by staining with fluorescent VAD-FMK reagent. PD-1 deficient TFH cells did
not show a change in cell death (Fig. 5D). However, there was a slight increase in active
caspase staining in total PD-17/~ compared to WT CD4+ 2D2 T cells. Therefore, PD-1
deficiency on naive CD4+ T cells results in increased TFH cell differentiation/expansion in
vivo.

Next we investigated whether blockade of PD-1 signals alters the effector function of TFH
cells. To do this, we sorted CD4*1ICOS*CXCR5*GITR™CD19~ TFH cells from dLN of WT
mice 7 days after immunization with MOG35-55 and cultured these cells with WT B cells
(from the same lymph nodes) and either isotype control or anti-PD-L1 for 6 days in the
presence of anti-CD3 and anti-lgM. Blockade of PD-L1 enhanced class switch
recombination of B cells significantly (Fig. 5E). We performed complementary experiments
with B cells isolated from dLN of MOG 35-55 immunized WT or PD-L1 deficient mice. In
these experiments, TFH cells were sorted from dLNs of FoxP3 reporter mice 7 days after
MOG 35-55 immunization. These cells were then cultured for 6 days with WT or PD-L1
deficient B cells from mice immunized with MOG 35-55 7 days previously along with anti-
CD3/IgM. WT TFH cells stimulated increased class switch recombination in PD-L1
deficient B cells compared to WT B cells, demonstrating that loss of PD-1 signaling into
TFH cells during the effector phase results in increased B cell help (Fig. 5F). Taken together,
these data indicate PD-1 signaling can limit both the differentiation and effector function of
TFH cells in the presence of WT TFR cells. Moreover, PD-L1 on B cells can inhibit the
capacity of TFH cells to promote class switch recombination in B cells.

Discussion

Here we used PD-L1 conditional knockout mice to determine the role of PD-L1 on specific
types of APCs in regulating T cell function and identified a key immunoregulatory role for
PD-L1 on dendritic cells in tolerance and humoral immunity. Loss of PD-L1 only in
dendritic cells resulted in exacerbated EAE, demonstrating the key role for PD-L1 on DC in
limiting self-reactive CD4+ T cell responses. In addition, PD-L1 expressed on dendritic
cells, but not B cells, inhibits the differentiation of TFH and TFR cells. These studies
provide mechanistic insights into the relative roles of PD-L1 on DC and B cells in tolerance
and humoral immunity.

Our EAE studies identified a dominant role for PD-L1 expressed on CD11c+ dendritic cells
in inhibiting the initial activation of naive MOG-specific CD4* T cells. These observations
are consistent with earlier studies showing that DCs play a key role in the propagation of
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CNS inflammation during EAE(42-44). We probed the role of PD-L1 on DC during the
induction and effector phases of EAE by immunizing our CD11cCre+ PD-L1F/F mice with
MOG 35-55 and using them as recipients of differentiated MOG35-55-specific 2D2 effector
T cells. MOG35-55 immunized PD-L1 F/F CD11c Cre+ mice exhibited earlier onset of
EAE, higher peak EAE scores and delayed resolution of disease compared to controls. PD-
L1F/F CD11c Cre+ recipients of 2D2 effector T cells had earlier onset of disease but similar
EAE severity compared to controls. Thus, somewhat surprisingly, PD-L1 on DC has a more
significant role in limiting the initial activation of naive MOG35-55 specific T cells than
controlling MOG35-55 effector T cells.

In contrast, selective deletion of PD-L1 on B cells did not alter the onset or course of MOG
35-55-induced EAE. These findings are consistent with studies showing that B cells do not
alter disease progression in MOG 35-55-induced EAE. Recent studies have shown that PD-
L1 expressing “Breg” cells can suppress EAE when adoptively transferred(45). It is possible
that Bregs do not have a strong role in our immunization settings or that Bregs need to be
adoptively transferred to confer suppressive capacity. Because B cells are critical to
induction of experimental allergic encephalomyelitis by MOG protein but not by a
encephalitogenic MOG peptide(40, 45), we also immunized our mice lacking PD-L1 on B
cells with MOG 1-125. We found a modest increase in disease severity. These data indicate
that PD-L1 on DCs and B cells can play a role in controlling myelin-reactive T cell
activation and differentiation.

Our studies further demonstrate that PD-1/PD-L1 interactions can inhibit TFH cell
differentiation and function. Loss of PD-L1 specifically on dendritic cells resulted in greater
percentages of TFH cells in the blood, similar to germline PD-L1 deficient mice(22). These
findings indicate that PD-1 expressed on TFH cells mainly suppresses TFH cell
differentiation/maintenance in the T cell zone since dendritic cells reside in this location and
are largely excluded from the B cell follicle. Loss of PD-L1 on B cells did not alter TFH cell
maintenance or Ki67 expression. Thus, DC PD-L1 has a key role in controlling TFH cell
differentiation and/or maintenance.

Similarly, PD-L1 on dendritic cells (but not B cells) inhibits TFR cell differentiation and/or
maintenance. It is still unclear which dendritic cell subset expressing PD-L1 is responsible
for inhibition of TFR cell responses. We hypothesize that many different dendritic cells can
utilize PD-L1 to suppress TFR cell responses, and the specific dendritic cell responsible
depends on the immunization. In support of this, it has recently been shown that optimal
TFH cell development depends on both migratory and lymph node resident dendritic cells
for differentiation(46), but TFR cells were not analyzed. Further experiments are needed to
determine which specific DC subset is responsible for enhanced TFR cell development.

We also found that PD-1 can inhibit TFH cell differentiation and function when we
examined the effects of PD-1 on TFH cell generation and function in the presence of WT
TFR cells. Therefore, during a humoral immune response PD-1/PD-L1 interactions can
inhibit both TFR and TFH cell differentiation. Since these two cell types have opposing
roles, the effects of PD-1 on humoral immune responses are likely context dependent, with
the effects on antibody production dependent on whether TFR or TFH cell predominate.
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This may help to explain conflicting data on the role of PD-1 /n vivo. Under some
circumstances such as subcutaneous immunization, PD-1 deficiency has a dominant effect in
TFR cells, which then suppress the stimulated TFH cells. In other circumstances, the nature
of the antigenic challenge may preferentially stimulate TFH cells resulting in a strong TFH
phenotype. In support of this concept, loss of PD-L1 results in heightened TFH cell
differentiation in helminth infection and arthritis(17, 19). Additionally, mixed bone marrow
chimeras in which PD-L1 is lost predominantly on B cells results in increased TFH cell
percentages(45). However, it is important to note that TFR cells were not gated in these
studies. We speculate that in settings of strong inflammation (such as viral infection) that
increase the TFH: TFR ratio(10), PD-1 pathway deficiency will result in a predominant
phenotype on TFH cells. Since PD-L1 blockade increased TFH cell function, there also may
be temporal effects of PD-1 pathway modulation on humoral immune responses.

In summary, these studies identify key immunoregulatory roles for PD-L1 expressed on
dendritic cells in tolerance and humoral immunity. DC PD-L1 has a predominant role in
limiting the initial activation of myelin-reactive CD4+ T cells during EAE. PD-L1 on DC
also inhibits the differentiation of TFH and TFR cells. In addition, we demonstrate that
during a humoral immune response PD-1 interactions can inhibit TFH cell differentiation
and function. Since PD-1 can inhibit both TFH and TFR cell differentiation and function,
and TFH and TFR cell have opposing roles in controlling humoral immunity, the PD-1
pathway likely exerts context-dependent effects on humoral immune responses.
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Figure 1.

Characterization of PD-L1 conditional knockout mice. (A) Conditional deletion strategy.
Cd274 gene exons 1 to 4 are shown as green boxes and loxP sites flanking exons 2 and 3
depicted as red triangles. (B-E) CD11cCre+ PD-L1 floxed (F/F) and indicated control mice
were immunized with NP-OVA in CFA s.c. and analyzed 7 days later. (B) PD-L1 expression
(MFI and frequency) on dLN DCs in CD11cCre+ PD-L1 floxed (F/F) mice compared to the
indicated controls. (C) Percentage of CD11c* cells in dLN after NP-OVA immunization. (D)
Intracellular Ki67 expression in total CD4* T cells from the dLN of NP-OVA immunized
mice. (E) Quantification of Ki67+ cells as in (D). (F-1) CD19Cre+ PD-L1 floxed (F/F) and
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indicated mice were immunized with NP-OVA in CFA s.c. and analyzed 7 days later. (F)
PD-L1 expression (MFI and frequency) on dLN B cells in CD19Cre+ PD-L1 floxed (F/F)
mice and indicated controls. (G) Percentage of CD19* B cells in dLN after NP-OVA/CFA
immunization. (H) Intracellular Ki67 expression in total CD4+ T cells from the dLN of NP-
OVA immunized mice. (1) Quantification of Ki67+ cells as in (H). Data indicate means +/—
standard error of at least 4 mice per group and are representative of 2 independent
experiments. *p < 0.05, ns = not significant, Student’s two-tailed unpaired t test.
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PD-L1 deficiency only on dendritic cells exacerbates experimental autoimmune
encephalomyelitis. (A) PD-L1 F/F or CD11cCre+ PD-L1 F/F mice were immunized with
MOG 35-55 and monitored for clinical EAE according to materials and methods. (B) PD-L1
F/F or CD19Cre+ PD-L1 F/F mice were immunized with MOG 35-55 and monitored for
clinical EAE. (C) PD-L1 F/F or CD19Cre+ PD-L1 F/F mice were immunized with MOG
1-125 and monitored for development of clinical EAE. (D) Expression of IFNy in CD4*
FoxP3~ dLN or CNS cells of CD11cCre+PD-L1F/F or PD-L1F/F mice immunized with
MOG 35-55 and harvested at the peak of EAE disease (~day 13). Representative flow
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cytometry plots (left) and quantification (right). (E) Expression of IL-17A in CD4* FoxP3~
dLN or CNS cells of CD11cCre+PD-L1F/F or PD-L1F/F mice immunized with MOG 35-55
and harvested at the peak of EAE disease (~day 13). Representative flow cytometry plots
(left) and quantification (right). (F) Effects of PD-L1 deficiency on DC during the effector
phase of EAE. Activated WT Th1 polarized 2D2 cells were adoptively transferred to
CD11cCre+PD-L1F/F or PD-L1F/F mice, and recipients monitored for development of
clinical EAE. (G) Effects of PD-L1 deficiency on CD19+ B cells during the effector phase
of EAE. Activated WT Th1 polarized 2D2 cells were adoptively transferred to CD19cCre
+PD-L1F/F or PD-L1F/F mice, and recipients monitored for clinical EAE. Data indicate
means +/— standard error of 5-10 mice per group and are representative of at least 2
independent experiments. EAE clinical scores were analyzed by a Mann—-Whitney U'test (A-
C, F+G). Significance of flow cytometry data (D+E) was calculated using Student’s two-
tailed unpaired t test. A pvalue <0.05 was considered statistically significant. *p < 0.05, **p
<0.01.
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Figure 3.

PD-L1 on dendritic cells regulates TFR cell differentiation. (A) Quantification of FoxP3+
Tregs in dLN of CD11cCre— PD-L1 F/F or CD11cCre+ PD-L1 F/F mice that were
immunized with NP-OVA s.c. and given anti-PDL2 according to Materials and Methods. (B)
TFR cell differentiation in conditional knockout mice from (A). Representative gating (plots
pregated on CD4+FoxP3+) are shown. (C) Quantification of TFR cells from conditional
mice as in (A) in dLN and blood after immunization. (D) Ki67 expression in TFR cells from
mice as in (A). (E) TFR cell differentiation in dLN of CD11cCre- PD-L1 F/F or CD11cCre
+ PD-L1 F/F mice that were immunized with MOG s.c. and given anti-PDL2 according to
Materials and Methods. PD-L1-/~ mice are included for comparison. (F) TFR cell
differentiation in dLN of CD19Cre- PD-L1 F/F or CD19Cre+ PD-L1 F/F mice that were
immunized with NP-OVA s.c. and given anti-PDL2 according to Materials and Methods. (G)
TFR cell differentiation in dLN of CD19Cre- PD-L1 F/F or CD19Cre+ PD-L1 F/F mice
that were immunized with MOG s.c. and given anti-PDL2 according to Materials and
Methods. Data indicate means +/— standard error of at least 4 mice per group and are
representative of 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ns = not
significant, Student’s two-tailed unpaired t test.
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Figure 4.
PD-L1 on dendritic cells regulates TFH cell differentiation. (A) CD11cCre— PD-L1 F/F or

CD11cCre+ PD-L1 F/F mice were immunized with NP-OVA s.c. and given anti-PDL2
according to Materials and Methods, and TFH cells analyzed 7 days later. Representative
gating of TFH cells in the dLN and blood (left; pregated on CD4+FoxP3- cells) and
guantification (right) are shown. (B) Intracellular Ki67 staining on TFH cells as in (A). (C)
CD11cCre- PD-L1 F/F or CD11cCre+ PD-L1 F/F mice were immunized with MOG s.c.
and given anti-PDL2. TFH cells were analyzed as in A (D) CD19Cre- PD-L1 F/F or
CD19Cre+ PD-L1 F/F mice were immunized with MOG s.c. and given anti-PDL2. TFH
cells were analyzed as in A. (E) Quantification of TFR cells expressed as a percentage of
total CD4+CXCR5+ cells. Data indicate means +/- standard error of at least 4 mice per
group and are representative of 3 independent experiments. **p < 0.01, ns = not significant,
Student’s two-tailed unpaired t test.
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Figure 5.

PD-1 deficient mice show modest cell extrinsic alteration in TFH cells differentiation. (A)
WT or Pdcd1™~ mice were immunized with NP-OVA in CFA s.c. and 7 days later draining
lymph nodes were analyzed for TFH development. (left) Representative plots pregated on
CD4+CD19-FoxP3- and (right) quantification. (B-C) Enhanced TFH cell differentiation
from PD-1 deficient naive CD4* T cells. WT or Pdcdl-/- 2D2*FoxP3~CD62L" cells were
adoptively transferred to WT mice which were immunized with MOG/CFA s.c., 7 days later
dLN were analyzed for transferred cells and CXCR5+ICOS+ TFH cells were quantified.
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(left) Gating strategy (pregated on CD4+). (right) Quantification (pregated on
CD4+Va3.2*VB11%). (D) Cell death analysis of populations as in (A) using the fluorescent
caspase reagent VAD-FMK. Total transferred CD4™ T cells (CD4+Va3.2*VB11*) were
included as controls. End. = endogenous. (E) TFH stimulation of B cells in the presence of
anti-PD-L1 blocking antibody. WT mice were immunized with NP-OVA and 7 days later
TFH cells were sorted and plated with B cells along with anti-CD3/IgM, plus isotype control
or anti-PD-L1 antibody. Cultures were harvested 6 days later and B cells analyzed for IgG1
class switching. (left) Representative gates (pregated on CD19*1A*). (right) Quantification.
(F) TFH cells were cultured with WT or PD-L1 deficient B cells similar to (E). (Left)
Representative histograms. (Right) Quantification. Data indicate means +/- standard error of
5 replicate mice (A-B) or 3-4 replicate wells (C-D) and are representative of 3 experiments.
*p<0.05, **p<0.01, ***p<0.001, ns = not significant, Student’s two-tailed unpaired t
test.

J Immunol. Author manuscript; available in PMC 2019 April 15.



Page 23

Sage et al.

‘100>d

*¥

‘50'0>d
*

*|01U0D —81D YN patedwiod ae sanfeAd || 'SPOYIaW pue s[eralew o) BuipIodoe passsooid pue pajos)|0d a1am PIod [eulds pue ureiq pue ‘T Aep Uo paolyLioes

2Jam 221W ‘sisA[eue 2160]0ISIY 104 ‘PSIOHUOL SeM BSB3SIP [eIIUIND PUR ‘SPOYISW PUe S|BLITeW Ul pagLIasap se 3y 2anpul 0} uixo} sissniiad pue SZT-TOQIN 40 SS-SEDOIN UMM paziunwiwil 31am o1

16°LT—/+6'0vT | 6998 —/+95G9 | 2686 —/+2CV. | 6€89—/+8L¢C | 8STV—/+TT0T | €2LC—/+19CT (%00T) 6/6 GZT'T 90N wul1-dd +810-61AD
Y0'0T —/+T'ETT | 88y'v —/+€90S | 8TT9-/+S29 | €SvL—/+882L2 | SOL'€—/+€TTT | 8vTv—/+GL9T | (%00T)8/8 | S2¢T-T 9OW | uyT1-Qd —210-61AD
GEOT —/+9'8.T | 688°€—/+6898 | L26L—/+19T6 | 9CT—/+.966 | 6EL'6—/+€€TS | Sz L-/+€€vy | (%00T)6/6 | SG5-G€ OOW | yuT1-Ad +310-9TTAD
Y0'8T —/+ 2191 | 2921 —/+2Z8 L£6'9-/+G'G8 | ST'OT —/+G'69 €L9°9 —/+ OF 99.°€ -+ 562 | (%00T) 0T/OT | S5-G€ OOW | uuT1-Ad —810-9TTAD
(3s -/ueaN) (3s -/uean) (3s -+ ueaN) | (IS —/uesN) (3s -/uean) (3S —/+ uean)
120} |10 190§ BWAYoUaIed | 100} [eabulusiy 120} |10 190§ BWAYoUaIed | 100} [eabuluaiy souspIou PoUIBIN Sislsweed
pJ0D [eurds ureig 3v3 [edlbojolsiH
»C0-/+9Y L50-/+6L | (%00T)8/8 | SZI-TOOW | yuT1-Ad +210-61AD
¥'0-/+9¢ G0 -/+00T (%00T) 6/S | S2T-T 90N | uyuT1-Qd -810-6TAD
xS0/ LE 4w VO=/+T0T | (%00T) 8/8 | S5-G€ DON | yuT1-Ad +210-0TTAD
€0-/+€2 90-/+T172T (%00T) /L | S5-S€ DO | yuT1-Ad —813-0TTAD
(35 —/uesn) (3s —/+ uesn)
9J00S Jewlixew ues|n 13sU0 Jo Aeqg souspiou POUIBIN Sis1sweled
3v3 [eaud
"931W IN0XI0UX [euonIpuod T71-Ad Ul 3v3
T 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Immunol. Author manuscript; available in PMC 2019 April 15.



	Abstract
	Introduction
	Materials and Methods
	Mice
	Immunizations
	Histopathology
	Antibodies
	Analysis of mononuclear cells in the lymphoid organs and CNS of mice with EAE
	2D2 Adoptive Transfer Studies for EAE
	In vivo analyses of TFR cell differentiation
	TFH in vitro stimulation assays
	Naïve 2D2 Cell Transfers for TFH studies
	Statistics

	Results
	PD-L1 Expressed on Dendritic Cells Controls EAE Progression
	PD-L1 Expressed on Dendritic Cells Inhibits TFR Cell Differentiation
	PD-L1 Expressed on Dendritic Cells Inhibits Circulating TFH Cells
	PD-1 suppresses TFH cell differentiation and function in the absence of PD-1 deficient TFR cells

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

