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ABSTRACT
Glioblastoma (GBM) promotes immunosuppression through upregulation of PD-L1 and regulatory T cell
(Treg) expansion, but the association of these suppressive factors has not been well elucidated. Here, we
investigate a role of PD-L1 in expanding Tregs and the value of targeting the PD-1 receptor to inhibit Treg
expansion. Quantitative RNA sequencing data from The Cancer Genome Atlas were evaluated for an
association between CD274 and FOXP3 transcript expressions and impact of FOXP3 on clinical outcomes.
Peripheral leukocytes from patients with newly diagnosed GBM were profiled for PD-L1C myeloid
expressions and Treg abundance. Healthy lymphocytes were assessed for impact of recombinant PD-L1
on expansion of the inducible Treg (iTreg) population. iTreg function was evaluated by the capacity to
suppress effector T cell proliferation. Specificity of responses were confirmed by pharmacologic inhibition
of the PD-1 receptor. Increased PD-L1 mRNA expression in GBM corresponded to increased FOXP3 mRNA
(p D 0.028). FOXP3 elevation had a negative impact on overall survival (HR D 2.0; p < 0.001). Peripheral
PD-L1 positivity was associated with an increased Treg fraction (p D 0.008). Lymphocyte activation with
PD-L1 co-stimulation resulted in greater iTreg expansion compared to activation alone (18.3% vs. 6.5%;
p < 0.001) and improved preservation of the Treg phenotype. Suppressive capacity on na€ıve T cell
proliferation was sustained. Nivolumab inhibited PD-L1-induced Treg expansion (p < 0.001). These results
suggest that PD-L1 may expand and maintain immunosuppressive Tregs, which are associated with
decreased survival in glioma patients. Blockade of the PD-L1/PD-1 axis may reduce Treg expansion and
further improve T cell function beyond the direct impact on effector cells.
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Introduction

Glioblastoma (GBM), the most common primary brain malig-
nancy, is associated with a uniformly poor prognosis. Despite
standard treatment with maximal surgical resection followed
by radiotherapy and temozolomide chemotherapy, tumor pro-
gression is all but guaranteed, and the median overall survival
for patients is approximately 16 months.1-3 Alternative treat-
ment strategies for this aggressive disease are in high demand.
Immunotherapy, which relies on the generation of a specific
anti-tumor immune response, has garnered particular interest,
but clinical efficacy has been impeded by systemic and intratu-
moral immunosuppression.4,5

Tumor-directed cytotoxic T lymphocytes (CTLs) have been
shown to infiltrate the glioma microenvironment and are the
primary effectors of the host response;6 however, the ability of
these CTLs to generate a sufficient anti-tumor effect is limited
by several glioma-derived mechanisms of immunoresistance.7

One shared mechanism of immunosuppression across multiple
malignancies is the expansion of inducible regulatory T cells
(iTregs). Tregs are known to accumulate in the GBM tumor
microenvironment,8” and they are able to inhibit proliferation

and degranulation of CTLs.9 The expansion of Tregs is associ-
ated with decreased efficacy of other immunotherapeutic strate-
gies for GBM,10 and therapeutic targeting of Tregs has been
shown to improve survival in animal models.11,12 The abun-
dance of Tregs in circulation has been shown to be propor-
tional to tumor burden in patients with GBM, suggesting that
Treg expansion is driven by tumor-derived factors.13

CTL function is also regulated by immune checkpoints,
which can be aberrantly overexpressed in the tumor microenvi-
ronment. The inhibitory checkpoint programmed death-ligand
1 (PD-L1) is highly expressed by multiple malignancies, includ-
ing gliomas.14,15 Its aberrant expression in GBM has been
linked to activation of the Akt pathway through the disruption
of the tumor suppressor protein, PTEN, resulting in an upregu-
lation of the ligand on the tumor cell surface.16 Studies have
also demonstrated upregulated expression of PD-L1 on tumor-
associated macrophages (TAMs) within the microenvironment
and on myeloid cells in the circulation of GBM patients,
induced by glioma-derived soluble factors.17-20 PD-L1 interacts
with activated T cells through its receptor, programmed death
1 (PD-1), to serve an inhibitory function, with downstream
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signaling leading to attenuation of the T cell immune
response.21 Increased expression of PD-L1 on myeloid cells in
GBM patients has been correlated with worse survival in
patients receiving vaccine immunotherapy.22

While the upregulation of PD-L1 expression and the expansion
of Tregs in GBM have independently been shown to inhibit anti-
tumor immune responses, the interaction of these two factors has
not been fully investigated. Expansion of iTregs during activation
of CD4C T cells results in increased PD-1 expression.23,24 Although
binding of PD-1 to PD-L1 typically induces suppression of T cell
function and proliferation, published data from murine models
suggests that PD-L1/PD-1 interaction may have a proliferative
effect on Tregs.25 Other reports, however, have suggested that PD-
1C Tregs in glioma patients are dysfunctional.26 The true impact of
PD-1 expression in human Tregs and the effect of interaction with
PD-L1 remains incompletely evaluated. In this study, we report the
association of PD-L1 expression with Treg accumulation in GBM
tumors and the impact on patient outcome. Furthermore, we dem-
onstrate a functional role for PD-L1/PD-1 binding in the expansion
andmaintenance of the Treg phenotype.

Results

Glioblastoma tumors with elevated CD274 mRNA have
increased FOXP3 expression

To evaluate the relationship between PD-L1 (CD274) transcript
expression and Tregs, identified by FOXP3 expression, relative
transcriptional expression across patient tumor samples in the
TCGA was analyzed. From the TCGA provisional dataset, 166
GBM tumor samples had available mRNA expression levels for
CD274 and FOXP3.27,28 Patient samples were divided into
CD274high and CD274low groups based onmRNA expression levels
relative to the median and in quartiles. FOXP3 mRNA expression
trended greater in the CD274high group than the CD274low group
(Figure 1A, p D 0.068). When evaluating FOXP3 mRNA expres-
sion in the top and bottom quartiles of CD274 expression, the dif-
ference reached statistical significance (Figure 1A, pD 0.028).

FOXP3 expression impacts progression-free and overall
survival in GBM

Tumor samples in the TCGA from patients with available FOXP3
mRNA expression data and clinical outcomes were analyzed to
evaluate the impact on survival (Figure 1B-C). Patients were
divided into FOXP3high and FOXP3low groups based on mRNA
expression relative to the median. Median PFS for patients (n D
114) with FOXP3high tumors was 6.0 months vs. 7.9 months for
FOXP3low tumors (HR D 1.76; 95% CI, 1.17 to 2.67; p D 0.004).
Median OS for patients (nD 160) with FOXP3high tumors was 11.2
months vs. 15.8 months for FOXP3low tumors (HR D 1.96; 95%
CI, 1.36 to 2.81; p< 0.001).

Peripheral Tregs are expanded in newly diagnosed GBM
with PD-L1 upregulation

PBMCs from patients with newly diagnosed GBM (n D 69) were
profiled for immune phenotype. Myeloid (CD45CCD11bC)
expressions of PD-L1 ranged from 3.09-81.33% (Figure 2 A). PD-

L1low (n D 34) and PD-L1high (n D 35) cohorts had mean PD-L1
expressions of 9.68 and 31.59%, respectively. Peripheral Treg abun-
dance was increased in the PD-L1high cohort compared to the PD-
L1low (Figure 2B; pD 0.008).

PBMCs from patients with the greatest Treg expansion (n D
8), regardless of PD-L1 status, were further profiled. Of CD4C

T cells, the CD25CFOXP3C subset ranged from 7.4-23.5%
(Figure 2D). Helios expression within CD25CFOXP3C cells
ranged from 2.5-24.4%. Helios positivity was inversely related
to the Treg fraction (R D -0.61), while overall Treg abundance
was positively associated with PD-L1 (R D 0.62) (Figure 2 C).
Correlations trended towards but did not reach statistical
significance.

PD-L1 induces Treg expansion through PD-1 ligation

To directly study the effect of PD-L1 on Treg expansion, pan-T
cells isolated from PBMCs were stimulated with a 1:4 dilution
of anti-CD3/CD28 tetrameric complexes and cultured for
3 days, with and without exposure to plate-immobilized rhPD-

Figure 1. Regulatory T cell infiltration is associated with CD274 mRNA expression
in GBM tumors, and predicts worse survival. (A) GBM tumor samples (n D 166)
from the provisional TCGA dataset were divided into CD274low and CD274high by
the median expression. FOXP3 mRNA expression was greater in the CD274high pop-
ulation with a trend towards significance. The top quartile of CD274 expressing
tumors (n D 42) was compared to the bottom quartile CD274 expressing tumors
(nD 42) for FOXP3 mRNA expression. CD274highest tumors had significantly greater
FOXP3 mRNA (p D 0.028). (B) Patients were divided into FOXP3low and FOXP3high

groups based on mRNA expression relative to the median. The FOXP3low subset
had a median PFS of 7.9 months, compared to 6.0 months for the FOXP3high subset
(p D 0.004). (C) Patients in the FOXP3low subset had a median OS of 15.8 months,
compared to 11.2 months for the FOXP3high subset (p < 0.001).
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L1 at 100 ng/mL (Figure 3 A). iTregs, defined as the
CD4CCD25CFOXP3C subset, and total CD4C PD-1 positivity
were quantified. A control condition of inactivated T cells with-
out rhPD-L1 exposure determined the baseline Treg fraction
(1.1% of CD4C cells) and total CD4C PD-1 positivity (6.6%).
With anti-CD3/CD28 activation of T cells alone, the iTreg sub-
set increased to 6.5%, compared to 18.3% for activated T cells
co-stimulated with rhPD-L1 (Figure 3B-C, p < 0.001; 95% CI,
8.6 to 15.2). Exposure to rhPD-L1 also led to a significant
increase in CD4C PD-1 positivity compared to activation alone
(Figure 3D-E, p D 0.018; 95% CI, 7.2 to 43.1). In a separate
experiment, T cells were activated in a rhPD-L1C culture with
and without the simultaneous addition nivolumab at 100 ng/
mL. PD-1 blockade by nivolumab led to complete abrogation

of Treg induction by the rhPD-L1 stimulation (Figure 4 A-B,
p < 0.001; 95% CI, 12.5 to 20.4).

PD-L1-dependent iTreg expansion is proliferative and of
the PD-1C subset

To distinguish whether expansion of iTregs stimulated through
the PD-L1/PD-1 axis is by proliferation or non-proliferative
phenotypic shifting, pan-T cells were stimulated with a 1:4 dilu-
tion of anti-CD3/CD28 tetrameric complexes for 3 days in the
presence and absence of rhPD-L1. The proliferative effect on T
cells was quantified by Ki-67 staining (Figure 5 A-B). Com-
pared to activation alone, activated T cells in a rhPD-L1C cul-
ture had more than a four-fold increase in CD4C Ki-67

Figure 2. Peripheral PD-L1 upregulation in newly diagnosed GBM is associated with Helios-independent peripheral Treg expansion. (A) PBMCs from patients with newly
diagnosed GBM (nD 69) were assessed for PD-L1 expression on myeloid cells (CD11bC) and divided at the median into PD-L1Low (nD 34) and PD-L1High (nD 35) cohorts.
(B) Patients in the PD-L1High cohort had greater peripheral Treg (CD25CFOXP3C) abundance than those in the PD-L1Low cohort (��p D 0.008). (C) In patients with elevated
Treg fractions (nD 8), PD-L1C and CD25CFOXP3C peripheral expressions correlated positively (RD 0.62, pD 0.10); CD25CFOXP3C and CD25CFOXP3CHeliosC expressions
correlated negatively (RD -0.61, p D 0.10). (D) PBMCs with elevated CD25CFOXP3C subsets (n D 8, range: 7.4-23.5%) were not predominantly HeliosC.
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expression (p D 0.003; 95% CI, 42.8 to 91.0). Simultaneous
addition of nivolumab prevented this proliferative effect
(p < 0.001; 95% CI, 44.22 to 73.78). Characterization of the
dataset by a tSNE algorithm demonstrated that the proliferating
Ki-67C cells were predominantely of a Treg phenotype and
were co-positive for PD-1. (Figure 5 C).

PD-L1 maintains the Treg phenotype with and without
re-activation

To evaluate the impact of PD-L1 to PD-1 binding on the mainte-
nance of Tregs after initial T cell activation and expansion, pan-T
cells were cultured with a 1:1 dilution of anti-CD3/CD28 for a
duration of 4 days to maximally expand the iTreg subset
(»77%), followed by separation of this population to a purity of
>95%. The isolated Treg fraction was cultured for 3 more days
with and without re-stimulation by anti-CD3/CD28 at a 1:2 dilu-
tion in rhPD-L1C and rhPD-L1¡ conditions (Figure 6 A-B).

After 3 days without re-stimulation of anti-CD3/CD28, the
iTreg population declined from 77% to 18%. In the presence of
rhPD-L1, the iTreg phenotype was significantly better maintained,

and the effect was diminished by PD-1 blockade with nivolumab at
300 ng/mL (Figure 6 C-D; 32.7% vs. 27.3%; pD 0.002).

After 3 days with re-stimulation of anti-CD3/CD28, a
greater preservation of the iTreg phenotype was observed
(26.4%) compared to the condition without re-stimulation.
With the addition of a rhPD-L1C culture, re-stimulated iTregs
had a dramatic preservation of the phenotype, which was
completely abrogated in the presence of nivolumab (Figure 6E-
F; 77.4% vs. 29.4%; p < 0.001).

PD-L1-induced Tregs have a sustained suppressive
capacity on na€ıve T cell proliferation

Having demonstrated that iTregs expanded with PD-L1 stimula-
tion were largely PD-1C, the ability of these Tregs to suppress T
cell proliferation was functionally investigated. iTregs generated
from rhPD-L1C culture (PC iTregs) and rhPD-L1¡ culture
(P¡ iTregs) were separately isolated by magnetic particle separa-
tion. The effector T cell (Teff) subset was additionally collected.
Na€ıve pan-T cells stained with CellTraceTM Far Red were placed
in 1:1 co-cultures with either PC iTregs, P¡ iTregs, or Teffs, in

Figure 3. PD-L1 induces Treg expansion and upregulates PD-1 expression. (A) Schematic of T cell activation protocol (Produced using Servier Medical Art). Cells were cul-
tured for 72 hours after anti-CD3/CD28 stimulation with and without the presence of immobilized rhPD-L1 at 100 ng/mL. (B) Representative dot plots of CD25C and
FOXP3C gating in cultured CD4C T cells after activation and rhPD-L1 stimulation. iTregs are defined by the Q2 percentile (CD25CFOXP3C). (C) Activated CD4C T cells in
the presence of rhPD-L1 100 ng/mL had greater Treg induction compared to activated T cells alone (CD25CFOXP3C D 18.3% vs. 6.5%; ���p < 0.001). All experiments
were performed in triplicate. Error bars represent standard error. (D) Representative dot plots of PD-1C gating in cultured CD4C T cells. Activated and activated C rhPD-
L1 subsets are compared. (E) Activated CD4C T cells in the presence of rhPD-L1 100 ng/mL had increased PD-1C expression compared to activated T cells alone (CD4CPD-
1C D 50.9% vs. 25.7%; �p D 0.018). All experiments were performed in triplicate. Error bars represent standard error.
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the presence of anti-CD3/CD28 stimulation (Figure 7 A-B). In a
Teff co-culture, na€ıve T cells demonstrated the expected capacity
to proliferate with stimulation. In comparison, co-culture with
P¡ iTregs led to suppressed proliferation (14.5% vs. 74.7% divid-
ing; p < 0.0001), as expected for functional Tregs. In a co-culture
with PC iTregs, proliferation was similarly suppressed (20.0% vs.
74.7% dividing; p < 0.0001).

PD-1 blockade decreases peripheral Treg expansion
in a murine glioma model

Injections of mouse glioma 261 (GL261) cells into C57 BL/6
mice induced intracranial tumor formation (n D 6). Models
were pharmacologically treated with either an anti-PD-1 agent
(n D 3) or isotype control (n D 3), and splenocytes were har-
vested at time of death for immune profiling. (Figure 8 A). The
Treg fraction, defined as the CD3CCD4CFOXP3C subset, was
diminished following PD-1 blockade, compared to isotype
(Figure 8B; 5.28% vs 8.45%, respectively; p D 0.038).

Discussion

Tumor-associated immunosuppression remains a significant
barrier for effective immunotherapy in the treatment of GBM,
as in numerous other malignancies. Although a large number

of immune modulating factors have been identified in patients
with cancer, the impact of Treg expansion and expression of
suppressive immune checkpoints such as PD-L1 have been the
most widely studied and effectively targeted. PD-L1 can be
highly expressed on GBM cells, similar to other solid tumors,
but has also been shown to be elevated on tumor-infiltrating
myeloid cells and myeloid-lineage cells in circulation.16,20

Through multiple sources of PD-L1 exposure, driven by
tumor-derived factors, effector T cell function may be sup-
pressed in the tumor microenvironment and systemically. Sim-
ilarly, Treg expansion in circulation and within the tumor
microenvironment can suppress effector T cell proliferation
and cytotoxic function.29 Treg expansion in gliomas has also
been linked to tumor-associated factors, with Treg abundance
being proportional to tumor burden.12,13 Despite the individual
importance of these two factors in modulating cellular immu-
nity to tumors, a mechanistic link between them has not been
clearly demonstrated in human cancer. An association between
PD-L1 expression and FOXP3C Treg infiltration has been
reported in the microenvironment of human breast cancers
and soft tissue sarcomas, but the causal interaction was not
explored.30,31 Published data from murine experiments has sug-
gested that binding of PD-L1 to PD-1 on Tregs can promote
differentiation and expansion.25,32 However, similar findings
have not been previously confirmed in human subjects.

Figure 4. PD-1 blockade prevents PD-L1-induced Treg expansion. (A) Representative dot plots of CD25C and FOXP3C gating in cultured CD4C T cells. iTregs are defined
by the Q2 percentile (CD25CFOXP3C). (B) Activated CD4C T cells in the presence of rhPD-L1 100 ng/mL had iTreg expansion to 21.4%. With the addition of nivolumab
100 ng/mL, this expansion was prevented (5.0%; ���p< 0.001). In rhPD-L1¡ cultures, the addition of nivolumab had no difference in iTreg formation from activation alone
(P D 0.63). All experiments were performed in triplicate. Error bars represent standard error. NS: No significance; Nivo: Nivolumab.
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In the current study, we demonstrate the first association of
PD-L1 expression with elevated FOXP3C Treg infiltration in
GBM patient tumors. Using quantitative transcript analysis
from the TCGA, we found that in the highest and lowest quar-
tiles of PD-L1 expression, there was a statistically significant
correlation with FOXP3 expression. In addition, as has been
previously shown in GBM and other cancers, FOXP3 expres-
sion was negatively correlated with survival. These findings
were further supported by the peripheral immune profiling of
patients with newly diagnosed GBM from our institution,
where PD-L1high peripheral compartments were associated
with greater Treg abundance than in PD-L1low compartments.

To investigate the origin of systemic Treg expansion in
newly diagnosed GBM with PD-L1 upregulation, we analyzed
those peripheral compartments of these patients for Helios
expression within the CD25CFOXP3C subset. Helios, a tran-
scription factor of thymus-derived natural regulatory T cells
(nTregs), has been previously reported as the predominant
marker within Tregs that infiltrate the GBM tumor microenvi-
ronment.33 However, we have found here that the peripheral
expansion of Tregs in the setting of PD-L1 upregulation is
independent of, if not inversely related to, the intracellular
expression of Helios. This suggests then a role for PD-L1 in the
expansion of the iTreg, rather than nTreg, subset. With
additional evidence for the impact of systemic Tregs on GBM-
associated outcomes, particularly in those receiving immuno-
therapeutic intervention,34 our study supports the possibility
that while nTregs are predominant within the tumor microen-
vironment, iTregs may be the more relevant immunosuppres-
sive subset within the peripheral compartment.

Based on the published mechanistic data from murine
experiments, we hypothesized that the PD-L1/iTreg correla-
tion was related to PD-L1-stimulated expansion driven by
its binding to PD-1 during activation. Through in vitro
experiments in human T cells, we have demonstrated a
greater than two-fold increase in Treg expansion with con-
current PD-L1/PD-1 stimulation, compared to PD-L1¡ cul-
ture conditions. We have also found a profound capacity
for PD-L1 to preserve the existing phenotype of iTregs after
routine stimulation and expansion. These findings corrobo-
rate previous reports in mice.25

To investigate whether PD-L1 stimulation increases Treg
abundance through a phenotypic shift in the CD4C population
or specific induction of proliferation in Tregs, we analyzed
stimulated cells for Ki-67 expression as a marker for cell prolif-
eration. We found a profound increase in Ki-67 positivity sug-
gestive of significant proliferative expansion with PD-L1
stimulation. When evaluating the phenotype of the proliferat-
ing subpopulation, as demonstrated by tSNE analysis, cells pos-
itive for Ki-67 were nearly entirely of a Treg phenotype
(CD4CCD25CFOXP3C). One would expect that stimulation of
na€ıve pan-T cells with anti-CD3/CD28 activation would result
in proliferative expansion of CD8C and conventional CD4C T
cells as well. However, in the presence of high levels of PD-L1,
as in our culture conditions, only the Treg population experien-
ces a paradoxical expansion in response to PD-1 ligation—
CD8C and CD4C effector T cell proliferation is inhibited by the
known suppressive effect of PD-L1 binding to PD-1.

Although PD-1 expression can increase in all T cell subsets
with chronic activation and exhaustion, our data suggests that

Figure 5. PD-L1 stimulates on Treg expansion through proliferation. (A) Representative histograms of Ki-67 positive staining in cultured CD4C T cells. (B) Activated CD4C T
cells had a Ki-67C population of 21.3%. In the presence of rhPD-L1, the Ki-67C population increased to 88.1% (��p D 0.003). With the addition of nivolumab, the prolifer-
ative effects of rhPD-L1 were abrogated (Ki-67C D 29.1%; ���p < 0.001). All experiments were performed in triplicate. Error bars represent standard error. (C) Activated T
cells in a rhPD-L1C culture with and without the addition of nivolumab at 100 ng/mL are displayed by a tSNE algorithm. CD25CFOXP3C subsets are found within the
CD4C population, and are substantially decreased in the presence of nivolumab. Ki-67C populations are contained within the CD25CFOXP3C subset and are additionally
PD-1C. Ki-67 positivity is notably decreased in the presence of nivolumab. Inact: Inactivated.
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expression in Tregs further enhances the suppressive capability
of these cells when interacting with immune checkpoints, spe-
cifically PD-L1. It has previously been shown that PD-1 expres-
sion on Tregs is increased in the setting of cancer, including
glioma.26,35,36 However, PD-1C Tregs have been historically
considered dysfunctional, due to an associated increase in other
exhaustive co-inhibitory molecules and increased phosphoryla-
tion of FoxO-1, indicative of PI3 K/Akt signaling hyperactivity
that is antagonistic to FOXP3.26,37-39 We sought to establish
the functional capacity of PD-1C iTregs expanded in the pres-
ence of PD-L1 to suppress effector T cell function. In co-cul-
ture, we demonstrated that PD-L1 stimulated iTregs and
naturally expanded iTregs cultured without PD-L1 maintain
the same suppressive effect on T cell proliferation.

In addition to demonstrating the impact of PD-L1 stimula-
tion on Treg expansion and maintenance, we confirmed the
effect was mediated by activation of the PD-1 receptor through
pharmacologic inhibition of PD-1 by nivolumab. This is further

supported by our assessment of the in vivo effects of PD-1 inhi-
bition in a murine glioma model, where the Treg fractions were
diminished compared to isotype control. Nivolumab, a clinical-
grade human IgG4 monoclonal antibody against PD-1, has
been shown to have high specificity and affinity for the PD-1
receptor. Its clinical efficacy in enhancing immune responses
and survival has been proven for various systemic malignan-
cies, and nivolumab is now approved as a first or second line
treatment for melanoma, lung, and renal cell carcinoma.40-44 In
GBM, the use of nivolumab as an immunotherapeutic treat-
ment for newly diagnosed disease remains under investigation
in two phase III clinical trials (Checkmate 548, NCT02667587;
Checkmate 498, NCT02617589) and in combination with ipili-
mumab in a phase I trial (NRG-BN002, NCT02311920). If
these studies prove positive, the question will arise whether
nivolumab’s inhibition of PD-1 on effector T cells is the pri-
mary reason for improved survival, or if an associated reduc-
tion in Treg expansion contributes to its effects. Based on the

Figure 6. PD-L1 maintains the CD25 and FOXP3 expression on Tregs. (A) Schematic of T cell activation for 72 hours followed by isolation of CD4CCD25CCD127lo iTreg and
CD4CCD25¡ Teff subsets (Produced using Servier Medical Art). Isolated iTreg fractions were cultured for an additional 96 hours with and without the presence of immobi-
lized rhPD-L1 at 100 ng/mL, re-stimulation with anti-CD3/CD28, and/or nivolumab at 300 ng/mL. (B) Following 72 hours of stimulation with anti-CD3/CD28, the
CD25CFOXP3C Treg subset was 76.9% of activated CD4C T cells. (left panel) The CD4CCD25CCD127lo group was isolated by magnetic particle separation with a purity of
95%. (right panel). (C) Representative dot plots for CD25C and FOXP3C gates of cultured iTregs. CD4CCD25CCD127lo activated T cells were cultured for 72 hours after iso-
lation, without re-stimulation of anti-CD3/CD28, and in rhPD-L1¡, rhPD-L1C, and rhPD-L1CNivoC conditions. (D) Without re-stimulation of anti-CD3/CD28, isolated iTregs
had a loss in CD25 and FOXP3 expression (17.9%, compared to 95% prior to culture). In an rhPD-L1C culture, the CD25CFOXP3C phenotype was increased (32.7%;
���p < 0.001). In an rhPD-L1CNivoC culture, this effect was diminished (27.3%; �p D 0.002). All experiments were performed in duplicate. Error bars represent standard
error. (E) Representative dot plots for CD25C and FOXP3C gating of cultured iTregs. CD4CCD25CCD127lo activated T cells were cultured for 72 hours after isolation, with
re-stimulation of anti-CD3/CD28, and in rhPD-L1¡, rhPD-L1C, and rhPD-L1CNivoC conditions. (F) With re-stimulation of anti-CD3/CD28, isolated iTregs had a loss in CD25
and FOXP3 expression (30.7%). In an rhPD-L1C culture, the CD25CFOXP3C expression was markedly sustained (77.4%; ��p D 0.002). In an rhPD-L1CNivoC culture, this
effect was abrogated (29.4%; ���p < 0.001). All experiments were performed in triplicate. Error bars represent standard error.
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results presented in the current study, we propose that Treg
abundance in circulation and in the tumor microenvironment
should be evaluated as a possible biomarker for the likelihood
of response to anti-PD-L1/anti-PD-1 therapies.

Beyond the traditional suppressive role of PD-L1 on tumor
cells and tumor-associated immune cells in GBM, a stimulatory
expansion of regulatory T cells indirectly enhances the immu-
noresistance of high PD-L1 tumors. Disruption of the PD-L1/
PD-1 axis may therefore target two mechanisms of immuno-
suppression, making it more appealing than monotherapies
directed at Tregs (anti-CD25 antibodies) or other checkpoints
(anti-CTLA-4 antibodies). In addition, Treg abundance may

serve as a prognostic biomarker for patients likely to respond
to anti-PD-1/anti-PD-L1 therapies, or as a way to track
response to treatment. Evaluation of Tregs should be incorpo-
rated into clinical trials of PD-L1/PD-1 targeting therapies in
GBM.

Materials and methods

Study approval

Investigations, including the authorized use of patient samples
and in vivo experimentation of murine models, were approved

Figure 7. PD-L1-induced Tregs maintain suppressive capacity. (A, B) iTregs and Teffs were isolated following a 96-hour T cell culture in the presence of anti-CD3/CD28.
iTregs were generated with and without the additional presence of rhPD-L1 (PC iTreg and P¡ iTreg, respectively). Na€ıve T cells were stained with 1 uM CellTraceTM Far
Red for assessment of proliferation. In a TeffC co-cultures, na€ıve T cells were allowed to proliferate (74.7%). P¡ and PC iTreg co-cultures both significantly reduced na€ıve t
cell proliferation (14.5% and 20.0%, respectively).

Figure 8. Anti-PD-1 treatment diminishes the peripheral expansion of Tregs in a murine glioma model. (A) Schematic of intracranial injection of GL261 into C57 BL/6 mice
followed by treatment with either an anti-PD-1 agent or isotype control and splenocyte harvest at time of death (Produced using Servier Medical Art). (B) Splenocyte
immune profiling demonstrates a decrease in CD3CCD4CFOXP3C expression peripherally for the treatment group (n D 3) compared to isotype (n D 3) (5.28% vs 8.45%,
respectively; �p D 0.038).
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by the authors’ institutional review board. All procedures were
conducted in accordance with the Helsinki Declaration of 1975.

Survey of the cancer genome atlas (TCGA)

Glioblastoma tumor samples with mRNA data provided by
TCGA (Provisional data set, National Cancer Institute) were
queried. FOXP3 and CD274 (PD-L1) mRNA expression deter-
mined by the RNA sequence method (RNASeq Version 2)
were downloaded from the cBioPortal for Cancer Genomics
(Memorial Sloan Kettering Cancer Center). Samples with
CD274 mRNA data were divided at the median into CD274low

and CD274high groups and compared for FOXP3 expression
levels. Samples with FOXP3 mRNA data were divided at the
median into FOXP3low and FOXP3high subsets and explored for
differences in progression free survival (PFS) and overall sur-
vival (OS).

Peripheral blood mononuclear cell (PBMC) isolation
and T cell purification

Whole peripheral blood was collected from healthy donors and
patients with newly diagnosed GBM for isolation of PBMCs by
density gradient centrifugation (Ficoll-Paque PLUS, GE
Healthcare) at 2000 revolutions per minute for 20 minutes.
Cells were frozen in 10% dimethyl sulfoxide (DMSO) and
stored in a liquid nitrogen. Cells were once-thawed in a water
bath at 37�C prior to use. When indicated, pan-T cells were iso-
lated from PBMCs by immuno-negative magnetic particle
selection following manufacturer instructions (EasySepTM

Human T Cell Enrichment Kit #19051, StemCell).
CD4CCD25CCD127lo Treg and CD4CCD25¡ effector T cell
(Teff) subsets were purified from T cell cultures by a two-stage
immuno-positive and immuno-negative magnetic particle
selection following manufacturer instructions (EasySepTM

Human Regulatory T Cell Isolation Kit #18063, StemCell).

Cell culture and flow cytometry reagents

T cell cultures were performed in treated, 96-well round bottom
plates (Costar). Cells were suspended in RPMI-1640 media
(Gibco) with 10% fetal bovine serum at 15,000 cells per well.
Cells were harvested at 3-, 4-, and 6-day intervals depending on
the assay.

The following anti-human antibodies were used for cell sur-
face and intracellular staining of T cells: CD4 PE (clone OKT4,
eBioscience), FOXP3 FITC (clone PCH101, eBioscience),
CD25 APC (clone BC96, eBioscience), PD-1 PerCP eFluor-710
(clone MIH4, eBioscience), Helios PerCP eFluor-710 (clone
22F6, eBioscience), and Ki-67 Alexa Fluor 700 (clone SolA15,
Invitrogen). The following anti-human antibodies were used
for cell surface of myeloid cells: CD45 FITC (clone HI30, eBio-
science), CD11b PerCP (clone DCIS1/18, Abcam), and PD-L1
PE (clone MIH1, eBioscience). Cells were washed, re-sus-
pended in a 2% bovine serum albumin solution, and incubated
with antibodies following manufacturer instructions. For assays
requiring intracellular stains, cells were first fixed in a 2% para-
formaldehyde solution (Thermo Scientific) and permeabilized
with a saponin-based Perm/Wash buffer (BD Biosciences).

Sample data were collected by flow cytometry on either a
FACSCanto II cytometer with the FACSDiva Software (BD
Biosciences) or an Attune NxT cytometer with the Attune NxT
Software (Thermo Scientific). OneComp eBeads were used for
compensation controls (Invitrogen). Fluorescence-minus-one
(FMO) controls were used for appropriate gating of subsets.
Post-hoc analyses and t-Distributed Stochastic Neighbor
Embedding (tSNE) algorithms were performed with the FlowJo
Software v10.3 (TreeStar).

Generation of iTregs

Following isolation, pan-T cells were activated using a tetra-
meric complex of anti-CD3 and anti-CD28 antibodies
(ImmunoCultTM Human T Cell Activator #19071, StemCell).
Activator concentrations varied from 1:1 to 1:4 dilutions from
the stock solution, and cells were cultured for 3 or 4 days,
dependent on the assay, to generate an inducible-Treg (iTreg)
population.

PD-L1 effect on iTreg expansion

PD-L1C cultures were prepared using a recombinant human
PD-L1 (rhPD-L1) Fc Chimera protein (R&D Systems). rhPD-
L1 was incubated at 100 ng/mL in 96-well plates at 37�C for
4 hours in the presence of a goat anti-human IgG Fc antibody
(R&D Systems) to allow for dimerization and plate immobiliza-
tion. Following immobilization, T cells were added for a 3-day
culture and exposed to activating tetrameric antibody com-
plexes at a 1:4 dilution. Control conditions included activated
(anti-CD3/CD28) rhPD-L1¡ cultures and inactivated rhPD-
L1¡ and rhPD-L1C cultures. To confirm specificity of PD-L1
binding to PD-1, a subset of rhPD-L1C cultures were also
treated with the human IgG4 monoclonal antibody, nivolumab
(Bristol-Myers-Squibb), at a concentration of 100 ng/mL.

PD-L1 effect on maintenance of iTregs

Pan-T cells were optimally activated with a 1:1 dilution of the
anti-CD3/CD28 tetramer for a duration of 4 days. Activated
cells were harvested and separated into CD4CCD25CCD127lo

iTreg and CD4CCD25¡ Teff subsets by magnetic particle isola-
tion. iTreg and Teff subsets were separately cultured with and
without re-stimulation with the anti-CD3/CD28 tetramer at a
1:2 dilution, in the presence or absence of plate immobilized
rhPD-L1 at 100 ng/mL. Stimulation with rhPD-L1 was also
performed with simultaneous addition of nivolumab at 100 ng/
mL for inhibition of the PD-1 receptor.

T cell suppression assay

iTregs were generated by stimulation of pan-T cells with anti-
CD3/CD28 tetramer at a 1:4 dilution for 3 days, with and with-
out the presence of immobilized rhPD-L1 at 100 ng/mL.
CD4CCD25CCD127lo iTreg and CD4CCD25¡ Teff subsets
were isolated from the rhPD-L1C and rhPD-L1¡ cultures.

Na€ıve pan-T cells were separately isolated from PBMCs and
stained with the CellTraceTM Far Red Cell Proliferation Kit
(Invitrogen) at 1 uM to trace proliferation. Cells were co-
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cultured 1:1 with the isolated iTreg and Teff subsets for a total
of 30,000 cells per well and a duration of 6 days, in the presence
of anti-CD3/CD28 tetramers at a 1:2 dilution. Proliferation of T
cells was evaluated by flow cytometry histograms gated on the
CellTraceTM.

Murine Anti-PD-1 assay

Immune competent C57 BL/6 J mice (Jackson Labs, 7-8 weeks old)
were intracranially implanted with 300,000 syngeneic GL261 cells
to model glioma burden in vivo. Briefly, 2 mL of GL261 cells sus-
pended in PBS were injected via Hamilton syringe 1 mm caudal to
the coronal suture and 2 mm lateral to the bregma at a depth of
3 mm. One week following tumor implantation, mice were intra-
peritoneally injected with an anti-PD-1 antibody (BioXCell,
RMP1-14) or isotype control (BioXCell, 2A3) at 250mg/dose, given
every 3 days for a maximum of 8 treatments. Mice were sacrificed
upon reaching a moribund state, and spleens were harvested for
peripheral immune cell analysis. Single cell suspensions were
achieved by passing spleens through a 70 mm filter and mononu-
clear cells were isolated through Ficoll-Paque density gradient cen-
trifugation (GE Healthcare). Splenocyte derived mononuclear cells
were stained for CD3 (eBioscience, 17A2 FITC), CD4 (eBioscience,
RM4-5 APC), and FOXP3 (eBioscience, FJK-16 s PerCP-Cy5.5)
prior to analysis by flow cytometry.

Statistical analysis

Statistical analyses were performed using SPSS v24 (IBM Corp).
Continuous variables were compared using two-sided Student’s
t tests. The Kaplan-Meier method was used to estimate survival
distributions for the TCGA dataset.45 Differences between
groups were assessed using the log-rank test, and hazard ratios
were calculated by a univariate analysis. P-values < 0.05 were
considered statistically significant.
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