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ABSTRACT

Inhibitory proteins, such as programmed cell death protein 1 (PD-1), have been studied extensively in peripheral T cell responses to
foreign Ags, self-Ags, and neoantigens. Notably, these proteins are first expressed during T cell development in the thymus. Reports
suggest that PD-1 limits regulatory T cell (Treg) development, but the mechanism by which PD-1 exerts this function remains
unknown. The present study expands the evaluation of murine PD-1 and its ligands in the thymus, demonstrating that some of the
highest expressers of PD-1 and programmed death-ligand 1 are agonist selected cells. Surprisingly, we reveal a selective role for PD-1
in regulating the developmental niche only for Tregs because other agonist selected cell populations, such as NK T cells, remain
unchanged. We also ruled out PD-1 as a regulator of proliferation or cell death of agonist selected Tregs and further demonstrated
that PD-1-deficient Tregs have reduced TCR signaling. Unexpectedly, the data suggest that PD-1-deficient thymocytes produce
elevated levels of IL-2, a Treg niche—-limiting cytokine. Collectively, these data suggest a novel role for PD-1 in regulating IL-2
production and the concurrent agonist selection of murine thymic Tregs. This observation has implications for the use of checkpoint
blockade in the context of cancer and infection. ImmunoHorizons, 2024, 8: 281-294.

INTRODUCTION

The thymus is critical in establishing and maintaining a diverse
peripheral T cell pool capable of mounting an effective response
against a variety of immunologic insults. This diversity is largely
due to rearrangement of germline TCR genes, which generate
T cells that have a broad range of specificities. Thymocytes
interact with ligands presented on self-MHC molecules in
the cortex, and those with productive TCRs will receive

survival signals necessary for continued maturation in the
process of positive selection. Developing thymocytes are then
queried for self-reactivity in the medulla, and those that re-
ceive strong TCR signals in response to self-ligands are de-
leted in the process of negative selection. A portion of cells
that demonstrate some reactivity to self-ligands are diverted
into alternative lineages in the process of agonist selection
to produce NK T cells (NKT), v8 T cells, CD8aa T cells, or
regulatory T cells (Tregs) (D).
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Costimulatory and coinhibitory molecules affect cell fate de-
cisions in the thymus by enhancing or dampening signaling
through the TCR. The most well-characterized pathway in-
volves CD80/CD86 (B7-1/B7-2) ligands that bind to and acti-
vate CD28 and CTLA-4. Signaling through CD28 serves to
enhance TCR signaling, whereas CTLA-4 dampens TCR signal-
ing (2). The B7 family has expanded to include programmed
cell death protein 1 (PD-1) (3), which is a CD28 homolog con-
taining inhibitory motifs in its cytoplasmic tail that recruit Src
homology region 2 domain-containing phosphatase (SHP)-1 and
SHP-2 upon engagement with its ligands (4), programmed
death-ligand 1 (PD-L1) (5), and PD-L2 (6). This leads to de-
phosphorylation of signaling molecules downstream of TCR (7)
and CD28 (8). The importance of the PD-1-inhibitory signal is
demonstrated by the phenotype of PD-1-deficient (PD-1"/")
mice: C57BL/6 PD-1"/~ mice display features of lupus (9), and
BALB/c PD-1"/~ mice develop a cardiomyopathy (10). Together,
these observations establish a role for PD-1 in regulating toler-
ance; however, it is notable that loss of this inhibitory protein
does not result in more widespread autoimmunity.

Because costimulation and coinhibition are known to modify
TCR signaling, it stands to reason that these pathways may also
regulate thymocyte selection. Studies have shown that PD-1 is
expressed by developing thymocytes (11). Furthermore, PD-L1 is
expressed throughout the thymus, whereas PD-L2 is limited to
medullary stromal cells (12). Notably, the expression of both
PD-L1 and PD-L2 by medullary stromal cells overlaps with
Aire™ medullary thymic epithelial cells (TECs) that mediate
negative and/or agonist selection (13, 14). Some of the first
studies to implicate PD-1 in T cell development were derived
from PD-1"/~ TCR transgenic mice, which revealed a role for
PD-1 in facilitating TCR@ selection and inhibiting positive
selection (15, 16). Further studies have suggested that PD-1"/~
cells are more likely to become Tregs in the thymus (17, 18),
pointing to a role in the regulation of agonist selection. Despite
these observations, the mechanism(s) by which PD-1 contrib-
utes to agonist selection remains unclear.

In this study, we define the expression of PD-1 and its
ligands, PD-L1 and PD-L2, during thymocyte development.
We demonstrate that PD-1 specifically restrains thymically
derived Tregs because other populations of alternative line-
ages that undergo agonist selection, such as NKT cells, remain
unchanged. Interestingly, PD-1"/~ thymocytes produce more
IL-2, a Treg niche-limiting cytokine, which could be responsible
for the increase selection of Tregs in PD-1-deficient animals. Our
findings highlight the importance of understanding the role of
PD-1 in regulating T cell development with implications for the
blockade of this pathway in the context of cancer and infections.

MATERIALS AND METHODS

Animals
C57BL/6 (stock no. 000664), C57BL/6;CD90.1 (also referred to
as Thyl.], stock no. 000406), and C57BL/6;CD45.1 (also referred
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to as B6.SJL, stock no. 002014) mice were purchased from The
Jackson Laboratory. PD-L1~/~ mice and PD-1"/~ mice were a
gift from A.H. Sharpe (Harvard Medical School, Boston, MA).
Nur77-GFP mice were previously described (19) and purchased
from The Jackson Laboratory. All animals were maintained un-
der specific pathogen-free conditions in the Oregon Health &
Science University (Portland, OR) animal facility.

Thymic epithelial cell, thymocyte, and lymphocyte
isolation

TECs were isolated and enriched as previously described (20).
For thymocyte isolation, thymi were harvested and disrupted
with a 1-ml syringe plunger through a 70-um nylon cell strainer
(BD Biosciences) and filtered to obtain a single-cell suspension
using PBS containing 2% FBS and 0.01% sodium azide. Spleens
were harvested and processed to obtain single-cell suspensions
using the frosted ends of microscope slides in PBS containing
2% FBS and 0.01% sodium azide. Spleens were incubated with
ammonium chloride potassium lysing buffer (Lonza) for 3 min
at room temperature to lyse RBCs. Cells were rinsed with PBS
containing 2% FBS and 0.01% sodium azide.

Flow cytometry

For flow cytometric analysis, thymocytes and splenocytes were
incubated for 20 min at 4°C with LIVE/DEAD Fixable Aqua
(Thermo Fisher) and mouse BD Fc block (BD Pharmingen) in
PBS. When indicated, cells were incubated for 20 min at room
temperature with PBS-57-loaded CD1d tetramer (NIH tetra-
mer core). Cells were then incubated for 20 min at 4°C with
the following extracellular Abs: CD5 (53-7.3), CD44 (IM?7),
TCRB (H57-597), CD8b (H35-17.2), PD1 (J43), CD8a (53-6.7),
CD4 (RM4-5 or GKL1.5), CD24 (M1/69), CD25 (PC61.5), CD28
(37.51), CD45.1 (A20), CD69 (H1.2F3), CD73 (TY/11.8), PD-L1
(10F.9G2), PD-L2 (TY25), Thyl.2 (53-2.1), Thyl.l (HIS51), and
Qa2 (695H1-9-9). TECs were incubated for 20 min at 4°C with
LIVE/DEAD Fixable Aqua (Thermo Fisher) and the following
extracellular Abs: UEA1 (biotin), Ly-51 (6C3), CD45 (30-F11),
MHCII (M5/114.15.2), Epcam (G8.8), PD-L1 (10F.9G2), and PD-L2
(TY25). Intracellular protein Foxp3 (FJK-16 s) and Ki67 (SolA15)
were detected using the Foxp3 Transcription Factor Concentrate
and Diluent (eBioscience). Intracellular protein IL-2 (JES6-5H4)
was detected with the BD Fixation/Permeabilization kit (BD
Biosciences). All Abs and viability dyes were purchased from
BioLegend, BD Biosciences, eBioscience, or Invitrogen. Data
were collected with a Fortessa flow cytometer (BD Biosciences)
and analyzed using FlowJo software (FlowJo LLC).

BrdU labeling

Animals were injected with 200 pug BrdU (Sigma-Aldrich) i.p.
After 24 h, thymi were harvested and processed to a single-cell
suspension as described. For detection of BrdU incorporation,
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thymocytes were fixed with BD Fixation/Permeabilization
buffer (BD Biosciences) for 20 min at room temperature fol-
lowed by incubation with BD Cytoperm Permeabilization
Buffer Plus (BD Biosciences) for 10 min on ice. Cells were
then refixed with BD Fixation/Permeabilization buffer (BD
Biosciences) for 5 min at room temperature. Thymocytes were
treated with 30 pug DNase I for 1.5 h at 37°C to expose BrdU
epitopes. Flow cytometric staining was then performed with
BrdU (Bu20a).

Bone marrow chimera generation

Femur and tibia bones were harvested from animals, and a
27-gauge needle was used to flush out the bone marrow. The
bone marrow was filtered through a 70-um nylon cell strainer
(BD Biosciences) using a 1-ml syringe plunger and rinsed with
PBS containing 2% FBS. Mature CD8" T cells were depleted
using CD8a-PE (53-6.7) and the EasySep PE-positive selection
kit (STEMCELL Technologies). Animals received a 500-rad
X-ray followed by a 450-rad X-ray 4 h later to lethally irradi-
ate the animals in an CIX2 X-Ray Cabinet (Xstrahl). Mice
were then anesthetized using isoflurane and reconstituted
with 1x10°-5x10° cells injected retroorbitally. Animals were
maintained on antibiotic drinking water with 2 mg/ml of neo-
mycin sulfate (Life Technologies) for 2 wk.

In vitro activation and intracellular cytokine staining

Thymocytes were plated at 1x10° cells/well in 96-well plates and
stimulated for 8 h with PMA (80 nM) and ionomycin (1.3 puM)
in the presence of brefeldin A. Cells were then stained for surface
markers, fixed and permeabilized using the BD Fixation/Permeabi-
lization kit (BD Biosciences), and stained for intracellular cytokines.

Phospho-STATS identification by flow cytometry
Thymocytes were stained with LIVE/DEAD Fixable Aqua
(Thermo Fisher) at 4°C for 20 min. Cells were then rested in
prewarmed serum-free RPMI for 30 min at 37°C to allow de-
phosphorylation of STAT5 from in vivo signaling. Cells were
stimulated with prewarmed IL-2 in RPMI (1 ng/ml, 0.25 ng/ml,
0.05 ng/ml, 0 ng/ml) for 30 min in a 37°C water bath. At the
end of the incubation, cells were immediately placed on ice, and
ice-cold fixative from the Foxp3 Transcription Factor Concen-
trate and Diluent kit (eBioscience) was added. Cells were al-
lowed to fix and permeabilize for 20 min on ice. Cells were
then stained for Foxp3 and refixed with 4% paraformaldehyde
on ice for 30 min followed by repermeabilization with pre-
chilled 90% methanol. Then, the samples were stained with
pSTAT5 (pY694) (BD Biosciences) or isotype control at room
temperature for 40 min followed by cell surface markers at
room temperature for 20 min.

Phospho-AKT identification by flow cytometry

Thymocytes were rested at 37°C for 20 min to allow for
dephosphorylation of AKT. Cells were then stained with
LIVE/DEAD Fixable Aqua (Thermo Fisher) at 4°C for 20 min.
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Cells were washed and incubated with 5 pg/ml anti-CD3-biotin
(Invitrogen) and 5 pg/ml anti-CD28-biotin (BD Biosciences)
along with extracellular markers on ice for 15 min. To stimu-
late the cells, the cells were incubated with 20 pg/ml of strep-
tavidin (Thermo Fisher) for the indicated time points (0, 2, 5,
or 10 min) at 37°C before being fixed with Phosflow Lyse/
Fix Buffer (BD Biosciences) for 10 min at 37°C. Cells were
washed and resuspended with prechilled Phosflow Perm
Buffer III (BD Biosciences) dropwise and incubated on ice
for 1 h. Cells were washed twice before being stained with
either isotype control (Cell Signaling Technology) or pAKT
(pS473) (Cell Signaling Technology) overnight at 4°C.

Cell sorting for single-cell RNA sequencing (scRNAseq)
Thymi from four wild-type (WT) or PD-1"/~ mice were pooled.
Thymocytes were obtained as previously described. CD8a™ cells
were depleted using CD8a-biotin (53-6.7) and rapid spheres
(STEMCELL Technologies). This was followed by another
depletion of CD8b™ cells using CD8b-biotin (H35-17.2) to
adequately enrich for CD4" thymocytes. Cells were stained
with LIVE/DEAD Fixable Aqua (Thermo Fisher) followed
by extracellular staining for CD24 (M1/69), CD25 (PC61.5),
CD73 (TY/11.8), CD4 (RM4-5), and CD8a (53-6.7). CD25~
and CD25"% populations were then sorted (Supplemental
Fig. 3A). Cell sorts were performed on an Aria (BD Biosciences)
with an 85-pm nozzle.

Sample sequencing and alignment

Sorted cells underwent scRNAseq library preparation using the
10X Genomics Chromium platform. Single-cell capturing and
cDNA library generation were performed using the Next GEM
Single Cell 5 Reagent Kit version 2 (10X Genomics) according
to the manufacturer’s instructions. Sequencing was performed
following 10X Genomics instructions using the NovaSeq 6000
(Mllumina) at the Massively Parallel Sequencing Shared Resource
at Oregon Health & Science University. Raw sequencing reads
were aligned to the mouse reference genome GRCm38 and
quantified using CellRanger (10X Genomics, version 6.2.1).
The sequencing data generated in this study are available in
the Gene Expression Omnibus database under accession num-
ber GSE255727 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgizacc=GSE255727).

Single-cell processing and normalization

Unless otherwise specified, all single-cell analysis was per-
formed using R version 4.2.2 and Seurat version 4.3.0 (21). All
Seurat objects were merged, and cells were filtered to include
only those with greater than 500 features and less than 25%
of reads aligning to mitochondrial genes. Cell cycle scoring
was performed for each cell by taking mouse analogs of the
provided S and G,M gene lists from Seurat as input into the
CellCycleScoring function. Read counts were normalized using
the NormalizeData and ScaleData wrappers from Seurat with
S and G,M scores regressed. The FindVariableFeatures
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function was used to identify the 2000 most variable genes for
downstream analysis.

Single-cell clustering

Principal component analysis was performed using the 2000
most variable features, and the first 10 components were
determined to capture the most dataset variance, based on
the elbow plot. Clustering was then performed after calcu-
lating nearest neighbors using the 10 selected principal
components as input to the FindNeighbors function. Clus-
tering was performed using the Louvain algorithm with a
clustering resolution of 0.5. This resolution was selected by
minimizing the average silhouette width per cluster across
all clusters identified using the FindClusters function with
resolutions ranging from 0.2 to 0.7. Cluster stability across
neighboring resolutions was visually assessed using the
clustree package (22) (Supplemental Fig. 3B). Positive dif-
ferentially expressed markers for each of the 14 identified
clusters were determined using Seurat’s FindAllMarkers
function, and manual cell type annotation was performed
on the basis of the top markers for each cluster as well as
canonical markers defined in literature (Fig. 5B, 5C).

Gene set enrichment

Gene set enrichment analysis (GSEA) was performed to
broadly compare WT versus PD-1"/~ enrichment, as well as
to independently compare enrichment in WT versus PD-1"/~
semimature Tregs specifically (cluster O versus cluster 1). In
each instance, differentially expressed genes (DEGs) between
the two groups were identified using the Seurat FindMarkers
function with a minimum log, fold threshold of 0.2. DEG
lists were ordered by log, fold change, and GSEA was per-
formed using the msigdb R package from the Molecular Signa-
tures Database (23). When identifying enriched gene sets, all
Hallmark gene sets were considered, as well as 16 immune
specific gene sets from the Reactome database.

Statistical analysis

Statistical analysis was performed using either an unpaired
two-tailed Student t test or multiple unpaired ¢ tests using the
Holm-Siddk method of correction for multiple comparisons in
GraphPad Prism 9 (GraphPad Software). Data are presented as
mean values with error bars representing SEM. Statistical tests
and p values are specified for each panel in the respective fig-
ure legends, and p values <0.05 were considered significant. Bi-
ological replicates (individual animals) for each experiment are
indicated in the figure legends. All experiments were repeated
as indicated in the figure legends.

Study approval

All animal experiments were approved by the institutional
animal care and use committee of Oregon Health & Science
University (Portland, OR).
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RESULTS

PD-1 and its ligands, PD-L1 and PD-L2, are expressed in
the thymus

It has previously been established that PD-1 and its ligands are
expressed in the thymus (11, 12), but the kinetics of PD-1 ex-
pression throughout thymocyte development remain undefined.
To determine thymic expression of PD-L1 and PD-L2, thymi
from 6-wk-old mice were harvested and enriched for TECs to
examine the expression of PD-L1 and PD-L2 in cortical (UEA1"
Ly51™) and medullary (UEA1™, Ly51'°) TECs using flow cytom-
etry. PD-L1 was expressed equally on both cortical TECs (¢cTEC)
and medullary TECs (mTECs), whereas PD-L2 was expressed
only in a subset of mTECs (Fig. 1A, 1B). Next, we examined PD-1
expression across thymocyte development (Supplemental Fig.
1A) and found that a subset of DN1 and DN4 highly ex-
pressed PD-1 (Fig. 1C, 1D, Supplemental Fig. 1A). In postpositive
selection thymocyte subsets, we observed NK T (NKT) cells
were the highest expressers of PD-1 (Fig. 1C, 1D, Supplemental
Fig. 1A). Interestingly, we found that thymocytes also expressed
PD-L1, with agonist selected cell populations such as Tregs and
NKT cells (Fig. 1E, 1F) having some of the highest expression.
Notably, thymocytes did not express much PD-L2, especially
compared with PD-L1 (Supplemental Fig. 1B, 1C). These data
demonstrate that PD-1 and its ligands are expressed through-
out thymocyte development and could play a role in regulating
the development of T cells.

PD-1 restrains thymic Treg development
Given that PD-1 and its ligands are expressed in the thymus,
PD-1 signaling could regulate thymocyte maturation. Indeed,
previous studies have suggested that PD-1 inhibits B selection
@5, 16), but PD-1I’s role in regulating other stages of thymocyte
development has not been well characterized. To elucidate the
role of PD-1 in thymocyte development, we examined the thymus
of 3-wk-old PD-1"/~ animals. We found that there were no dif-
ferences in the early double-negative (DN1-4) stages of thymo-
cyte development (Fig. 2A-C) in PD-1-deficient animals. In
contrast, PD-1"/~ animals had a significant increase in Tregs
(CD4"CD25"Foxp3™), along with CD25" TregP (CD4*CD25"%)
and Foxp3™ TregP (CD4*Foxp3™) Treg progenitors (Fig. 2D-F).
However, not all agonist selected T cell populations were
expanded because NKT cell frequencies remained unchanged
(Fig. 2E). To ensure that these Tregs were not recirculating,
we used the marker CD73, which has been reported to distin-
guish newly developing cells in the thymus (CD73") from recircu-
lating cells from the periphery (CD73") (24, 25). We therefore
examined CD73~ cells and quantified Tregs and their progenitors.
We found that the significant increase in Tregs remained when
CD73" cells were examined (Supplemental Fig. 1D, 1E).

We next explored whether PD-1 limits Treg development in
a cell-intrinsic manner. To answer this question, mixed bone
marrow chimeras were generated at a ratio of 1:1 (WT:PD-1"/~
or WI:WT) (Supplemental Fig. 1G). Consistent with our
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FIGURE 1. PD-1 and its ligands, PD-L1 and PD-L2, are expressed in the thymus.

(A) Thymi were harvested from 6-wk-old WT mice (n = 3) and depleted of CD45" thymocytes by panning to enrich for TECs. Staining for PD-L1
and PD-L2 in mTECs and cTECs and (B) gMFI of PD-L1 and PD-L2 in mTECs and cTECs. Data are representative of three independent experiments.
(C) Thymi were harvested from 3-wk-old WT mice. Frequency of PD-1" cells and (D) gMFI of PD-1 from two combined experiments (n = 7).
(E) Frequency of PD-L1 and (F) gMFI of PD-L1 across thymocyte development (n = 3). Data are representative of three independent experiments.

observations in PD-1"/~ mice, there was a significant in-
crease in Tregs in the PD-1/~ donor T cells compared with
WT cells. Notably, we also observed an increase in Tregs in
WT donor T cells in the WT:PD-1"/~ mixed bone marrow
chimeras compared with controls (Fig. 2G).

To understand the contribution of PD-L1 in supporting
the phenotype we observed, we examined PD-L1™~/~ animals
and also observed an increase in Tregs but not NKT cells

https://doi.org/10.4049/immunohorizons.2300079

(Supplemental Fig. 1F), further suggesting that PD-1 signaling is
specifically regulating Treg development. Because some thymocyte
populations expressed high levels of PD-L1, we speculated that
PD-L1 on the stromal cells could be contributing to Treg develop-
ment. Thus, we generated bone marrow chimeras of WT bone
marrow into either WT or PD-L1™/~ mice. We observed an increase
in Tregs specifically in the PD-L1~/~ animals (Fig. 2H), suggesting
that PD-L1 on the stromal cells contributes to Treg development.
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FIGURE 2. PD-1 signaling restrains thymic Treg development.

Thymi were harvested from 3-wk-old WT or PD-1""" mice (n = 6). (A) Identification of DN thymocyte populations and quantification of DN popu-
lations as (B) percentage live and (C) cell number. (D) Identification of Tregs and their progenitor populations using expression of CD25 and Foxp3
to delineate CD4 SP (CD25~ Foxp3~), CD25" TregP (CD25" Foxp3~), Foxp3™ TregP (CD25~ Foxp3™), and Treg (CD25* Foxp3*) and quantification
of thymocyte populations as (E) percentage live and (F) cell number. Data are combined from two experiments. (G) Schematic demonstrating the
generation of mixed bone marrow chimeras. Thymi were harvested 6 wk after reconstitution (n = 5). The frequency of thymocyte populations is
presented as percentage congenic marker (Thy). Data are representative of two independent experiments. (H) Schematic demonstrating the gener-
ation of bone marrow chimeras. Thymi were harvested 6 wk after reconstitution (n = 3). The frequency of thymocyte populations is presented as
percentage congenic marker (CD45). Data are representative of three independent experiments. Multiple unpaired t tests using the Holm-Sidak
correction for multiple comparisons. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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PD-1-deficient thymocytes are more mature

Given the increase in Tregs in PD-17/~ thymi, we postulated
that perhaps in the absence of this coinhibitory signal, thymo-
cytes are pushed through maturation at an accelerated rate.
To explore this, thymi from 5-wk-old WT and PD-1"/" ani-
mals were profiled with markers that distinguish immature
from mature thymocytes, HSA (also known as CD24), and
Qa2 (26, 27). Developing thymocytes downregulate HSA and
upregulate Qa2 as they mature, allowing for identification of
immature and mature thymocyte using these markers. Interest-
ingly, there were fewer immature thymocytes (HSAMQa2'°) and
more mature (HSA'°Qa2"™) CD4 SP and CD25" TregP thymo-
cytes in PD-1"/~ animals (Fig. 3A, 3B).
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Because these thymocytes appear to be more mature, we
hypothesized that the PD-1-deficient cells may be more prolif-
erative, leading to an increase in Tregs. Importantly, we saw no
difference in cell proliferation as measured by Ki67 (Fig. 3C,
Supplemental Fig. 2A). We also evaluated proliferation by in-
jecting 3-wk-old WT and PD-1"/~ animals with 200 pg BrdU
i.p. and harvested thymi 24 h later. We saw no difference in
the frequency of BrdU" cells between WT and PD-1"/~ ani-
mals (Fig. 3D, Supplemental Fig. 2A). Taken together, these
data suggest that the increased abundance of Tregs is not
due to a proliferative advantage.

An alternative hypothesis for the increase in Tregs is that
the death of these cells is compromised in PD-1"/~ animals.
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FIGURE 3. PD-1 deficiency leads to an increase in thymocyte maturation with no difference in cell proliferation or cell death.

Thymi were harvested from 5-wk-old WT or PD-1""~ mice (n = 3). (A) Flow plots for the expression of HSA and Qa2. (B) Quantification of imma-
ture cells (%HSAMQa2'°) and mature cells (%HSA°Qa2"). (C) 3-wk-old WT or PD-17/~ mice (n = 3) were injected with 200 ug BrdU i.p. Thymi were
harvested 24 h later and stained for proliferation markers and cleaved caspase-3 to mark dying cells. Quantification of Ki67* cells (%). (D) Quantifi-
cation of BrdU™ cells (%). (E) Quantification of cleaved caspase-3" cells (%). Data are representative of three independent experiments. Multiple un-
paired t tests using the Holm-Sidak correction for multiple comparisons. *p < 0.05.
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FIGURE 4. PD-1 deficiency alters TCR signal strength.

(A) Schematic of bone marrow chimera generation. Thymi were harvested after 6 wk of reconstitution (n = 5). Histograms depicting Nur77-GFP
expression and (B) gMFI of Nur77-GFP. Data are representative of two independent experiments. (C) Thymi were harvested from 3-wk-old WT
or PD-17/~ mice (n = 6). Histograms depicting CD5 expression. CD4 SP thymocytes were gated so that the top 50% of cells were CD5" and the
bottom 50% of cells were CD5'°, and then gates were applied to all populations of interest. Representative of three independent experiments.
(D) CD5 gMFI and (E) frequency of CD5™ and (F) CD5'° cells. Data are combined from two independent experiments. Multiple unpaired t tests
using the Holm-Sidék correction for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001.

We examined cell death through staining thymocytes from
3-wk-old WT and PD-17/~ animals for cleaved caspase-3.
We observed no differences in cleaved caspase-3 staining in
WT and PD-1"/~ animals (Fig. 3E, Supplemental Fig. 2B),
suggesting that the increase in Tregs in PD-1-deficient thy-
mocytes was not due to diminished cell death.

PD-1 deficiency alters TCR signal strength

Given that PD-1 can temper TCR signaling (7), we sought to
determine whether PD-1 was restraining Treg development
through modulation of TCR signaling. It has been demonstrated
that Nur77 expression correlates with TCR signal strength such
that higher levels of Nur77 indicate stronger signaling through
the TCR (19). To assess Nur77 expression when PD-1 signaling
is disrupted, we reconstituted WT or PD-L1~/~ mice with bone
marrow from Nur77-GFP reporter animals. We evaluated thymi
6-8 wk after reconstitution and noted a decrease in Nur77-GFP

expression in Foxp3® TregP and Tregs in PD-L1/~ recipient
mice (Fig. 4A, 4B) compared with WT. When we specifically
looked at Nur77-GFP™ cells and examined the geometric mean
fluorescence intensity (gMFI) of the GFP* cells, we found a
significant decrease in overall Nur77-GFP expression in CD4
SP, CD25" TregP, Foxp3" TregP, and Treg in the PD-L1 7/~
compared with WT mice (Supplemental Fig. 2C).

Because Nur77 expression was decreased when PD-1 sig-
naling was disrupted, we hypothesized that thymocytes with
lower-affinity TCRs were being selected into the Treg lineage
in the absence of PD-1. To test this hypothesis, we examined
expression of CD5, which is known to correlate with TCR sig-
nal strength (28-30). We determined that overall CD5 expres-
sion was reduced on Foxp3™ TregP (Fig. 4C, 4D). Because
changes in CD5 expression are often subtle, we gated the top
50% of CD5-expressing cells as CD5™ and the bottom 50% as
CD5" based on the CD4 SP population and applied these
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FIGURE 5. PD-1-deficient cells are more mature despite lower TCR signaling.

Thymi were harvested from 3-wk-old WT or PD-17/~ mice (n = 3) and pooled for FACS. CD47CD25~ (CD4) and CD4"CD25™ (Treg+P) popula-
tions were sorted, and scRNAseq was performed using the 10X Genomics platform. (A) Uniform Manifold Approximation and Projection (UMAP) of
all cells that passed quality control (24,655 cells). (B) Heatmap showing scaled expression of top markers ranked by fold change in each cluster. (C)
Heatmap showing top markers used to call clusters. (D) Activated and suppressed hallmark pathways in PD-17/~ compared with WT in pseudo-
bulk analysis. (E) Volcano plot of DEGs in cluster O (semimature PD-1"'~ TregP) versus cluster 1 (semimature WT TregP).

gates to all populations of interest (Fig. 4C). Using this gating
strategy, we found that there was a decrease in the CD5M
Treg population in PD-1"/~ cells compared with WT (Fig. 4E)
with a concomitant increase in the CD5'° Treg population
(Fig. 4F). CD5 levels are thought to be set in the thymus
and then persist in the periphery, so we examined CD5 ex-
pression in splenocytes and found a decrease in Treg CD5
gMFI (Supplemental Fig. 2D). These data suggested that
PD-1 may limit Treg development by regulating TCR signal
strength.

https://doi.org/10.4049/immunohorizons.2300079

scRNAseq confirms a decrease in TCR signal strength and
an increase in maturity markers in PD-1"/~ thymocytes

To understand how PD-1 is regulating Treg development, we
sorted CD4"CD25~ thymocytes, which contain conventionally
selected CD4s (termed CD4), and CD4"CD25", which contain
Tregs and the CD25" TregP (termed Treg+P), from 3-wk-old
WT and PD-1"/" thymi (Supplemental Fig. 3A). Because there
are relatively limited numbers of Tregs and their progeni-
tors in the thymus, we performed scRNAseq using the 10X
Genomics platform. We captured 28,302 cells in total, and
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24,655 cells passed quality control and were taken on for
further analysis. Fourteen unique clusters were identified
(Fig. 5A-5C, Supplemental Fig. 3B), with one large cluster
comprising mostly TregP and a second comprising CD4 and
Treg (Supplemental Fig. 3C). To begin understanding differ-
ences between cells sorted from WT or PD-1"/~ animals,
we performed a pseudo-bulk analysis comparing WT with
PD-1"/ cells followed by GSEA. This analysis suggested that
TCR signaling was significantly downregulated in PD-1"/~
cells compared with WT cells, whereas MYC targets and E2F
targets were significantly upregulated in PD-1"/~ (Fig. 5D). In-
deed, we found that Cd5 gene expression was down in PD-17/~
cells from our scRNAseq analysis (Supplemental Fig. 3D, p <
1 x 1079, corroborating the findings of our protein analysis.

Upon further analysis of our scRNAseq data, we noted that
cluster O and cluster 1 were the only clusters to separate primar-
ily on the basis of mouse genotype, representing TregP cells from
PD-1"/~ and WT, respectively (Fig. 5B, Supplemental Fig. 3C).
By performing differential gene expression analysis, we identi-
fied Thyl as one of the genes most differentially expressed be-
tween PD-1"/~ and WT TregP cells (Fig. 5E). PD-17/~ cells
were congenically marked with Thyl.l and lack WT Thyl.2
expression, reiterating the strong separation of PD-1"/~ and
WT cells between clusters 0 and 1, respectively. In addition,
genes downstream of TCR/CD28 signaling (Lat and Lck), as
well as heat shock genes (Hspa8, Hsp90aal, Dnajal), were sig-
nificantly downregulated in PD-17/~ thymocytes. Interest-
ingly, a recent study has demonstrated that signaling through
LAT specifically regulates T cell development through its
regulation of negative selection and promotion of Treg de-
velopment (31). Genes with greater expression in PD-17/~
thymocytes included those associated with IFN signaling
(Ifi27, Isgl5) and histocompatibility genes (H2-Q7, H2-Q4,
H2-K1, H2-D1). Importantly, H2-Q7 encodes the protein Qa2,
which we identified was upregulated in PD-1-deficient thymo-
cytes because these thymocytes were more mature (Fig. 3A, 3B).
We also performed GSEA on the DEGs identified and found that
IFN responses were activated, whereas TNF signaling was sup-
pressed, in PD-1"/~ cells (Supplemental Fig. 3E).

PD-1"/~ thymocytes have subtle increases in CD28 expression
PD-1 directly inhibits CD28 signaling, which is critical for Treg
development (8, 32). Therefore, we determined if there were any
changes in CD28 expression in PD-1-deficient cells and found
that there was a subtle increase in CD28 expression in Foxp3™
TregP and Treg in PD-1"/" animals (Fig. 6A, 6B). We also
examined CD28 expression in PD-L1/~ animals and saw an
increase in CD4 SP, CD25" TregP, Foxp3™ TregP, and Tregs
(Supplemental Fig. 4A, 4B).

PD-1-deficient T cells produce more IL-2

It has been reported that signaling through CD28 induces
IL-2 production (33, 34). In light of the observation that
WT thymocytes in the presence of PD-1-deficient thymocytes
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have an increased frequency of Tregs (Fig. 2G) and that IL-2
is a Treg niche limiting cytokine in the thymus (35-38), we
speculated that perhaps PD-1 was regulating thymic IL-2 lev-
els. We examined IL-2 production in bulk thymocytes stimu-
lated with PMA and ionomycin for 8 h and observed a 2-fold
increase in IL-2* PD-1"/~ thymocytes (Fig. 6C, 6D). Similar
results were obtained when bulk thymocytes were stimulated
with anti-CD3/CD28 (Supplemental Fig. 4C). It has previously
been reported that other CD4 SP thymocytes produce the ma-
jority of IL-2 in the thymus (39). To determine the dominant
source of IL-2 in PD-17/~ thymocytes, we examined all TL-2"*
cells for CD4 or CD8 expression. Surprisingly, we found that
the increase in IL-2" production was driven largely by CD8*
cells in PD-1"/~ animals (Fig. 6E). This observation is intrigu-
ing, given that CD8 SP thymocytes express about twice as much
PD-1 as CD4 SP (Fig. 1D). To confirm that the PD-1-deficient
cells were producing more IL-2, we harvested the cell superna-
tants and measured IL-2 concentration by ELISA and found
that there was significantly more IL-2 present in the superna-
tants of PD-1"/~ cell cultures (Fig. 6F).

The increase in IL-2 availability could drive an increase in
Treg selection. Thus, we sought to determine if PD-1"/" thy-
mocytes were more sensitive to IL-2 signaling. We measured
STATS5 phosphorylation in WT and PD-1-deficient thymocytes
stimulated with increasing concentrations of IL-2. We found
no difference in the frequency of pSTAT5" cells or pSTAT5
gMFI in WT compared with PD-1"/~ thymocytes (Supplemental
Fig. 4D, 4E), suggesting that there is no difference in sensitivity
to IL-2 in PD-1-deficient animals; rather, there is a global in-
crease in the availability of this cytokine in the thymus.

DISCUSSION

The emergence of PD-1 targeted therapies as standard of care
treatment for many patients with cancer has changed the clini-
cal landscape of oncology. Over the past 10 years, thousands of
studies have sought to understand the mechanisms of anti-PD-1
response and resistance. Several studies in the periphery have
highlighted the importance in PD-1 for restraining T cell prolif-
eration. However, very few studies have explored the impor-
tance of PD-1 during T cell development and differentiation.
We propose that by studying a developmental role of PD-1 in
the thymus, we might understand the biology of PD-1 blockade
in the periphery. In this study, we demonstrate that PD-1 is ex-
pressed early on the cell surface of developing thymocytes at
the DN stage. These data agree with previous reports that de-
scribe PD-1 expression in DN thymocytes (11, 15). We further
elucidate the expression of PD-L1 and PD-L2, finding that PD-
L1 is expressed in ¢TECs and mTECs, whereas PD-L2 expres-
sion is restricted to mTECs. Using immunohistochemistry,
others have reported PD-L1 expression distributed throughout
the thymus, whereas PD-L2 expression is restricted to the me-
dulla, in agreement with our findings (12, 40). In our study, we
did not examine other thymic APCs, such as dendritic cells,
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FIGURE 6. PD-1-deficient cells produce more IL-2 despite no change in response to CD28 signaling.
(A) Thymi were harvested from 3-wk-old WT or PD-1""~ mice (n = 3). Histograms depicting CD28 expression and (B) quantification of CD28 gMFI.
Data are representative of two independent experiments. (C) Bulk thymocytes were harvested from 3-wk-old WT or PD-1"/" mice (n = 3) and
stimulated with PMA/ionomycin for 8 h. Flow plots depicting gating of IL-2" cells in unstimulated and stimulated cells from WT or PD-1"/ animals.
(D) Frequency of IL-2" cells (percentage of CD3™"). (E) Frequency of CD4™ or CD8" cells that are IL-2". (F) Quantification of the amount of IL-2 in
the cell supernatants of the cultures by ELISA. Data are representative of three independent experiments. Unpaired Student t test or multiple un-
paired t tests using the Holm-Sidak correction for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001.

which have been reported to express PD-L1 and PD-L2 (40, 41).
Interestingly, PD-L1 is known to be expressed by DN and CD8
SP thymocytes, whereas PD-L2 is not expressed on thymocytes
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at all (42). Our data expand these findings to demonstrate that
some of the highest expressers of PD-L1 in the thymus are ago-
nist selected thymocyte populations, including CD25" TregP,
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Foxp3' TregP, Treg, and NKT cells. This led us to ask how
PD-1 signaling might impact thymocyte development, especially
of agonist selected cell populations.

Several reports have shown that PD-1 regulates peripheral
induction of Tregs through its interaction with PD-L1 via the
Akt-mTOR pathway (18, 43, 44); however, the role of PD-1 in
regulating Treg development in the thymus has not been well
studied. There is some evidence that PD-1 limits Treg devel-
opment: A previous report by Ellestad and colleagues found
PD-1"/~ hematopoietic stem cells transplanted into Rag2-
knockout mice were more likely than WT cells to become
Tregs (17). Likewise, Chen and colleagues found an increase
in the thymic development of Tregs using both PD-1"/~ ani-
mals and mixed bone marrow chimeras (18). Interestingly, the
authors of both studies determined that PD-1 is not necessary
for promoting Treg selection in the thymus but did not follow
up on the mechanism by which PD-1 restrains thymic Treg
development. Interestingly, our scRNAseq data demonstrate
that PD-1~/~ and WT Tregs clustered together, indicating that
these populations are similar. Additionally, we observed that
WT cells in the presence of PD-1-deficient thymocytes were
more likely to become Tregs. These data highlight that the
impact we observe in PD-1-deficient cells is not cell-intrinsic,
but rather a change in the microenvironment. In this study,
we demonstrate that PD-1 limits the production of IL-2 within
the thymus, thereby restraining the development of Tregs.
Despite many indications that IL-2 is critical for Treg de-
velopment (35-38), at least one recent study indicates that
IL-2 is not the obligate cytokine leading to Foxp3 upregulation
(45). This study concludes that Foxp3 upregulation requires
disruption of agonist signaling by TGF-$ under normal physio-
logical conditions, but, in conditions with excessive in vivo
IL-2, Foxp3 is upregulated in response to IL-2 signaling. In our
model of PD-1-deficient animals, excessive IL-2 may be the
driving factor for increased Treg development. One limitation
of this study is that PD-1 is absent at all stages of T cell devel-
opment. More nuanced studies limiting PD-1 deficiency to Treg
progenitor populations could further elucidate the mechanism
by which PD-1 is restraining Treg development.

Interestingly, we observed that the dominant increase in
IL-2 production was from CD8" thymocytes rather than CD4™"
thymocytes. This contrasts with reports which have suggested
that CD4" thymocytes, specifically CD25" TregP, are the main
source of IL-2 in the thymus (24, 38, 39). Other studies have re-
ported that PD-1 limits IL-2 in peripheral CD8™ T cells (46, 47);
however, the exact mechanism remains unclear. One attractive
hypothesis is that PD-1’s inhibition of CD28 signaling leads to a
decrease in IL-2 because CD28 signaling is known to facilitate
IL-2 production (33, 34). In our study, we see a subtle increase
in CD28 present on the cell surface of PD-17/~ Tregs and their
Foxp3" progenitors, as well as in PD-L17/~ Tregs and both
progenitor populations. This increase in CD28 expression could
translate into the increase in IL-2 production observed. Future
studies should seek to elucidate the mechanism by which PD-1
limits IL-2 production in T cells.
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We observed a decrease in markers of TCR signal strength,
specifically CD5 (28-30) and Nur77 (19), when PD-1 signaling
was disrupted in thymocytes, which was corroborated by our
sequencing data. These data suggest that the repertoire of Tregs
may be different in PD-1"/~ animals. One hypothesis that aligns
with our findings is that less self-reactive clones are being
selected into the Treg repertoire in the absence of PD-1. It
would be interesting to explore this hypothesis using PD-1"/~
animals on a fixed TCRB chain background that allow for deep
sequencing of the TCRa chains to examine the repertoire.

Most studies of the biology of PD-1 have focused on the
role of this pathway in restraining peripheral effector T cell
function. Blockade of this inhibitory protein is hypothesized to
drive an increase in effector T cells, shifting the effector T cell/
Treg ratio to enhance the immune response in tumor and infec-
tion models. However, the current findings suggest that block-
ade of this pathway might yield an increase in thymic Treg
populations, which would be undesirable in the context of
tumors or infections. By using therapies that systemically
target PD-1, we may unknowingly alter the frequency, rep-
ertoire, and function of Tregs selected for in the thymus. These
alterations could impact response to therapy or the development
of adverse events in patients.
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