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ABSTRACT
Immune checkpoint blockade targeting programmed cell death protein 1 (PD-1) is emerging as an
important treatment strategy in a growing list of cancers, yet its clinical benefits are limited to a subset
of patients. Further investigation of tumor-intrinsic predictors of response and how extrinsic factors,
such as iatrogenic immunosuppression caused by conventional therapies, impact the efficacy of anti-PD-
1 therapy are paramount. Given the widespread use of corticosteroids in cancer management and their
immunosuppressive nature, this study sought to determine how corticosteroids influence anti-PD-1
responses and whether their effects were dependent on tumor location within the periphery versus
central nervous system (CNS), which may have a more limiting immune environment. In well-established
anti-PD-1-responsive murine tumor models, corticosteroid therapy resulted in systemic immune effects,
including severe and persistent reductions in peripheral CD4+ and CD8 + T cells. Corticosteroid
treatment was found to diminish the efficacy of anti-PD-1 therapy in mice bearing peripheral tumors
with responses correlating with peripheral CD8/Treg ratio changes. In contrast, in mice bearing intra-
cranial tumors, corticosteroids did not abrogate the benefits conferred by anti-PD-1 therapy. Despite
systemic immune changes, anti-PD-1-mediated antitumor immune responses remained intact during
corticosteroid treatment in mice bearing intracranial tumors. These findings suggest that anti-PD-1
responses may be differentially impacted by concomitant corticosteroid use depending on tumor
location within or outside the CNS. As an immune-specialized site, the CNS may potentially play a
protective role against the immunosuppressive effects of corticosteroids, thus sustaining antitumor
immune responses mediated by PD-1 blockade.
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Introduction

Blockade of the key inhibitory immune checkpoint, pro-
grammed cell death protein 1 (PD-1), aims to reinvigorate
antitumor immune responses and has yielded significantly
improved outcomes in a variety of advanced hematologic
and solid malignancies.1–10 As the list of approvals and clin-
ical trials investigating its efficacy in other tumor types con-
tinues to grow, it is paramount to determine factors, both
tumor-intrinsic and extrinsic, that influence responses to anti-
PD-1 therapy.11 An important concern to address is how
iatrogenic immunosuppression caused by conventional thera-
pies such as chemotherapy, fractionated radiotherapy, and
corticosteroids may potentially impact the efficacy of anti-
PD-1 as well as other immunotherapy strategies.

Corticosteroids are immunomodulatory agents that exert
their actions by binding to intracellular receptors, which go
on to regulate gene expression and signaling pathways
through both genomic and non-genomic mechanisms.12,13

Clinically, corticosteroids are routinely used in the manage-
ment of cancer for fatigue, night sweats, appetite stimulation,
antiemesis, and the reduction of side effects associated with
certain chemotherapies (platinum-based agents and taxanes)
and immune checkpoint inhibitors.14,15 Corticosteroids are
especially important in the management of tumors residing
in the central nervous system (CNS), since they can effectively
palliate neurological deficits and reduce complications caused
by cerebral edema through restoring the integrity of the
blood-brain barrier (BBB).16 Moreover, cerebral edema is
often potentiated by the additive pro-inflammatory effects of
brain radiation plus immunotherapy, even when not given
concurrently, thus necessitating the use of corticosteroids
post-treatment. Despite these clinical uses, corticosteroids
are potent immunosuppressive agents that act on both innate
and adaptive immunity. Well-established effects include the
induction of T cell apoptosis and the maturation impairment
of dendritic cells (DCs).12 For these reasons, concomitant
corticosteroid use is thought to be counterproductive in the
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setting of cancer immunotherapy. Although the issue has not
been well investigated, concern about the immunosuppressive
effects of corticosteroids has precluded patients from receiv-
ing anti-PD-1 therapy, even when otherwise clinically indi-
cated, and has limited eligibility for clinical trials.17

The purpose of this study was to determine whether anti-
PD-1 responses were influenced by co-therapy with dexa-
methasone, which is the most potent synthetic corticosteroid.
Recognizing that the immune environment within the CNS is
unique and that patients with CNS tumors frequently benefit
from corticosteroid medications, the efficacy of anti-PD-1
therapy in the setting of corticosteroids was examined for
tumor histologies located within or outside the CNS.
Whereas dexamethasone treatment disrupted the benefits of
PD-1 blockade in mice bearing peripheral colon adenocarci-
noma tumors, antitumor immunity and responses mediated
by anti-PD-1 therapy remained intact for those bearing intra-
cranial glioma tumors.

Materials and Methods

Mice, cell lines, therapeutic antibodies, and other
reagents

Female wild-type C57BL/6J mice (The Jackson Laboratory),
6–8 weeks old, were used for all described experiments and
maintained under pathogen-free conditions at the Sidney
Kimmel Comprehensive Cancer Center Animal Facilities. All
animal handling and procedures were conducted in accor-
dance with approved protocols by the Institutional Animal
Care and Use Committee (IACUC) at Johns Hopkins
University. MC38 (kindly provided by Dr. Charles Drake)
and luciferase-expressing GL261 (GL261-Luc, purchased
from Caliper Life Sciences) cells are syngeneic murine-derived
colon adenocarcinoma and glioma cell lines, respectively, that
are sensitive to PD-1 blockade in vivo.18–21 Both cell lines
were grown in Dulbecco’s Modified Eagle Medium (DMEM,
Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (FBS, Gemini Bio-Products) and 1% penicillin-strepto-
mycin (Quality Biological) at 37°C in a humidified incubator
maintained at 5% CO2 and 5% O2. Additionally, GL261-Luc
cells were kept under selection conditions with culture media
containing 100 ug/mL G418 sulfate antibiotic (Corning). Both
cell lines underwent routine mycoplasma infectivity testing
using MycoAlert Mycoplasma Detection Kit (Lonza).

For mouse therapy, hamster anti-murine PD-1 monoclonal
antibodies were purified from the G4 hybridoma cell line, and
three doses were administered every other day at 10 mg/kg
(approximately 200 ug/dose) via intraperitoneal injection.22

Dexamethasone 21-phosphate (Sigma-Aldrich) reconstituted
in PBS was also administered at a high dose of 10 mg/kg
(approximately 200 ug/dose) via intraperitoneal injection. For
experiments, three dexamethasone regimens were investigated
– (1) short-course (5 days), concurrent with anti-PD-1 ther-
apy (Dex-1); (2) short-course (5 days), following anti-PD-1
therapy (Dex-2); and (3) long-course (4 weeks), continuous
therapy with taper starting on date of randomization (Dex-
Cont). Untreated (Control) mice were used as a reference
group for single and combination treatment groups.

In vivo flank tumor model

Flank tumors were established by subcutaneously injecting
500,000 MC38 cells in a volume of 200 uL PBS in the shaved
right flanks of C57BL/6J mice (day 0). Once all tumors were
palpable and measurable, mice were randomized to ensure
tumor volumes were equal amongst the groups (day 8).
Perpendicular tumor diameters, length (mm, longer dimen-
sion) and width (mm, shorter dimension), were then mea-
sured every other day using calibrated calipers. Tumor
volumes were calculated using the following formula: 0.5 x
length x width2. Mice were euthanized when their tumor
volumes exceeded 2000 mm3 or when they displayed signs
of functional decline (hunched posture, poor grooming,
lethargy, extreme weight loss, feeding difficulties, or inability
to ambulate).

In vivo intracranial tumor model

To establish orthotopic gliomas, 130,000 GL261-Luc cells in
a 1-uL volume of PBS were stereotactically injected into the
left striatum of C57BL/6J mice (day 0), as previously
described.19 Briefly, mice were properly anesthetized prior
to procedure with a ketamine (5 mg/mL, Henry Schein)/
xylazine (0.5 mg/mL, Akorn) solution in 0.9% saline. A
small midline incision was made, and a burr hole was then
placed on the left-side 1 mm anterolateral to bregma. Mice
were positioned in a stereotactic frame, and the GL261-Luc
cell suspension was injected approximately 3 mm below the
cortical surface using a Hamilton micro-syringe (Sigma-
Aldrich). Incisions were closed using staples. On day 7,
mice underwent bioluminescence imaging using an In
Vivo Imaging System (IVIS, Caliper Life Sciences) to con-
firm tumor establishment. Mice were also randomly
assigned that day to ensure tumor burden (average radi-
ance) was equal amongst the groups. Glioma-bearing mice
were followed for survival for 90 days or euthanized for flow
cytometry experiments for immunophenotyping. For survi-
val experiments, mice were euthanized if they displayed
neurological deficits or signs of functional decline (described
above). For tumor rechallenge experiments, long-term
responders (survival > 90 days) and naïve control mice
were implanted in a similar fashion with 260,000 GL261-
Luc cells within the contralateral cerebral hemisphere.

Blood and organ collection and processing

Blood (approximately 175 uL) was collected from the retro-
orbital venous plexus of each mouse using a heparinized
capillary tube (Thermo Fisher Scientific). Red blood cells
were removed using 200 uL of ammonium-chloride-potas-
sium (ACK) lysing buffer (Quality Biological) followed by
thorough washes with PBS. Cervical tumor-draining lymph
nodes (TDLN) were carefully dissected from the surrounding
tissue on post-tumor implantation day 19. TDLN were
mechanically dissociated in Roswell Park Memorial Institute
(RPMI) 1640 Medium (Thermo Fisher Scientific) supplemen-
ted with 10% FBS and 1% penicillin-streptomycin followed by
PBS washes.
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Flow cytometry

For flow cytometric analyzes, recovered immune cells from pro-
cessed blood and organs were first stained for surface markers
using the following anti-mouse antibodies: CD3 BV421 (clone
17A2, BioLegend), CD4 FITC (clone RM4-4, eBioscience), CD8a
BV605 (clone 53–6.7, BioLegend), and/or CD44 AF700 (clone
IM7, BioLegend). Live/dead cell discrimination was done using
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher
Scientific). Cells were then fixed followed by staining with anti-
mouse FOXP3 AF700 or APC (clone FJK-16s, eBioscience). For
blood samples, 25 uL of AccuCheck Counting Beads (Thermo
Fisher Scientific) were added to determine absolute cell counts.
Samples were acquired on an LSR II Flow Cytometer (Becton
Dickinson). Flow cytometry data were analyzed using FlowJo
software (FlowJo, LLC). Lymphocytes were gated on using side
vs. forward scatter plots followed by doublet and live/dead
discrimination. CD8+ and CD4+ T cells were then gated on live
CD3+ T cells. Regulatory T cells (Treg) and effector CD8+ T cells
(CD8eff) were defined as CD4+ FOXP3+ and CD8+ CD44hi cells,
respectively. Fluorescence Minus One (FMO) controls were used
to guide FOXP3 and CD44 gating strategies. Absolute cell counts
were calculated using the counting beads according to the man-
ufacturer’s protocol.

Statistical analysis

Throughout this manuscript, group statistics are represented as
mean ± standard error of mean (SEM). Unless stated otherwise,
Student’s t-test, which assumes equal variances, was used to
compare means between two groups. In some circumstances,
Welch’s t-test was utilized if the assumption of equal variances
was invalid. Means across multiple groups were compared using
one-way analysis of variance (ANOVA) with Tukey’s or
Dunnett’s multiple comparisons test (usually untreated control
mice as reference group). When appropriate, individual tumor
growth curves were fitted with exponential growth equations, and
tumor doubling times were calculated by dividing the natural
logarithm of 2 by the exponential growth constant. If a mouse’s
tumor growth could not be properly fitted (R2 < 0.95) with an
exponential growth equation, its tumor growth patterns were
followed for a total of 50 days. If the mouse’s tumor failed to
double in size within that period, the doubling time was set to
50 days. For survival experiments, Kaplan-Meier curves were
constructed and analyzed using the log-rank test. Linear and
Cox regression analyzes were used to determine predictors of
tumor growth and survival, respectively. Two-tailed P-values less
than a type I error rate of 0.05 were considered statistically
significant. All statistical analyzes were carried out using either
Prism 7 (GraphPad) or SAS version 9.2 (SAS Institute) software.

Results

Anti-PD-1 therapy inhibits tumor growth and mediates
tumor regressions in mice bearing colon adenocarcinoma
MC38 flank tumors while dexamethasone treatment
abrogates these effects

First, this study aimed to determine whether the timing
and duration of dexamethasone would impact anti-PD-1

therapy in an anti-PD-1-responsive peripheral flank tumor
model (N = 64) (Figure 1A). Untreated mice and those
receiving only dexamethasone treatment (Dex-1, Dex-2,
and Dex-Cont) had uninhibited, exponential tumor growth
patterns (Figure 1B). Consequently, no mice (0/8, 0.0%)
were found to be tumor-free on day 50 within these
groups. As expected, anti-PD-1 monotherapy inhibited
tumor growth and mediated tumor regressions in this
flank tumor model. Four of the 8 mice (50.0%) given
anti-PD-1 therapy alone had complete responses and were
without tumors long-term. However, this level of complete
response rate was not observed in the combination anti-
PD-1 plus dexamethasone therapy groups. In mice that
received short-course dexamethasone either before or
after anti-PD-1 therapy (anti-PD-1 + Dex-1 and anti-PD-
1 + Dex-2, respectively), only 1 of the 8 mice (12.5%) were
tumor-free on day 50. Long-term responses were comple-
tely abrogated in the anti-PD-1 + Dex-Cont group (0/8,
0.0% tumor-free on day 50). Interestingly, 2 of the 8
(25.0%) mice within the anti-PD-1 + Dex-2 group initially
experienced a partial response (≥ 50% decrease in tumor
volume from baseline but still with measurable tumor) with
therapy but ultimately had progressive disease. These
observed differences in tumor growth kinetics between
the groups were confirmed by comparing tumor doubling
times (Figure 1C). Compared to untreated controls, mice
that received anti-PD-1 therapy alone experienced signifi-
cantly longer tumor doubling times thus delaying tumor
growth (P = 0.0023). On the contrary, doubling times for
the dexamethasone alone and anti-PD-1 combination treat-
ment groups were not significantly different compared to
control mice.

At day 28 (approximately 2 weeks following completion
of anti-PD-1 therapy), anti-PD-1 therapy, regardless of dex-
amethasone treatment, inhibited tumor growth compared to
untreated mice (all P < 0.0001, Figure 1D and 1E).
However, this effect was short-lived as the anti-PD-1
+ Dex-1 (P < 0.0001), anti-PD-1 + Dex-2 (P = 0.0017),
and anti-PD-1 + Dex-Cont (P = 0.0003) groups were all
found to have significantly larger tumor volumes compared
to mice receiving anti-PD-1 therapy alone on day 38.
Ultimately, dexamethasone impaired the long-term benefits
conferred by anti-PD-1 therapy in this flank tumor model,
as shown by comparing individual tumor growth curves and
doubling times. Nonetheless, mice that received combina-
tion anti-PD-1 and dexamethasone therapy did experience
some temporary benefits from anti-PD-1 therapy suggesting
that PD-1 blockade in the setting of dexamethasone could
produce clinical, albeit non-durable, benefits in peripheral
tumors.

Dexamethasone therapy significantly alters T cell
compartments in peripheral blood

Corticosteroids dramatically affect peripheral T cell survival
and homeostasis in vivo.23–25 These potential dexametha-
sone-induced effects were investigated within the MC38
flank tumor model by measuring absolute cell counts of
various T cell subsets in peripheral blood. To accomplish
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this, peripheral blood from the mice (N = 64) of the pre-
viously discussed tumor growth experiment were analyzed
at multiple time points including days 8 (pre-treatment), 15
(shortly after anti-PD-1 therapy completion), and 27 (long
time after anti-PD-1 therapy) (Figure 2A). In addition to
determining dexamethasone’s systemic immune effects,
potential peripheral T cell changes associated with anti-
PD-1 responses in the flank tumor model were also
evaluated.

All dexamethasone regimens, whether given alone or in
combination with anti-PD-1 therapy, resulted in significant
reductions of circulating CD4+ T cells (Figure 2B). These
levels were persistently low as witnessed on day 27. Absolute
numbers of circulating CD8+ T cells also displayed similar
significant trends with dexamethasone treatment (Figure 2C).
In untreated control mice, there were significant decreases in
both peripheral CD4+ and CD8+ T cell compartments from
day 15 to 27. Anti-PD-1 monotherapy had no apparent effects
on the number of circulating CD4+ T cells, but it did result in
significantly higher levels of CD8+ T cells on day 27.

Previous studies have shown that dexamethasone can
cause dose-dependent decreases in the number of immuno-
suppressive CD4+FOXP3+ Treg cells within peripheral blood
of mice.26 Consistent with these studies, the Dex-1, Dex-2,
and Dex-Cont groups had significant reductions in circulat-
ing Treg cell levels from baseline (Figure 2D). Absolute Treg
cell counts were also found to be lower in mice receiving
combination anti-PD-1 and dexamethasone therapy, but
these trends were not statistically significant. Lack of treat-
ment and anti-PD-1 monotherapy did not appear to alter
circulating Treg cell levels in any significant way.

As successful antitumor immunity requires an improved
balance between effector and suppressor immune cells, per-
ipheral CD8/Treg ratio changes in the MC38 flank tumor
model were analyzed. Untreated mice had significant
declines in CD8/Treg ratios on day 27 compared to either
day 8 or 15 (Figure 2E). Mice treated with dexamethasone
alone exhibited an initial elevation in their CD8/Treg ratios
from day 8 to 15, which were likely due to the dramatic
reductions within the Treg compartment relative to the
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CD8 + T cell compartment (Figure 2D). CD8/Treg ratios
failed to remain elevated on day 27 with short-course dex-
amethasone use (Dex-1 and Dex-2 groups); however, they
remained elevated in mice receiving the Dex-Cont regimen.
Conversely, anti-PD-1 therapy, regardless of dexamethasone
treatment, significantly increased peripheral CD8/Treg ratios
on day 27 compared to baseline.

Peripheral CD8/Treg ratio changes associate with anti-
PD-1 responses in mice bearing colon adenocarcinoma
MC38 flank tumors

Anti-PD-1 monotherapy inhibited tumor growth patterns
and mediated durable tumor regressions in the MC38 flank
tumor model, which were diminished by combination dex-
amethasone treatment. Using mouse-matched peripheral
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blood data, this study sought to determine peripheral T cell
changes associated with these anti-PD-1 responses.
Compared to untreated controls, mice receiving anti-PD-1
monotherapy had significantly higher changes in their CD8/
Treg ratios shortly following completion of anti-PD-1 ther-
apy on days 15 to 27 (+31.4% ± 4.8% vs. −13.4% ± 9.3%,
P < 0.0001, Supplementary Figure 1A). Similar to controls,
mice receiving only dexamethasone treatment had negative
CD8/Treg ratio changes (Dex-1: −22.8% ± 5.6%; Dex-2:
−10.1% ± 13.0%; Dex-Cont: −3.1% ± 4.7%, all P > 0.05).
Mice that received combination anti-PD-1 and dexametha-
sone therapy had positive CD8/Treg ratio changes, but these
were not as robust compared to anti-PD-1 monotherapy
(anti-PD-1 + Dex-1: +6.1% ± 6.5%, anti-PD-1 + Dex-2:
+9.2% ± 3.1%, and anti-PD-1 + Dex-Cont: +6.7% ± 5.6%).
These changes were not significantly different compared to
untreated controls. Furthermore, there was a negative corre-
lation between CD8/Treg ratio and tumor volume changes
amongst the groups (slope = −0.35, R2 = 0.82, P = 0.0019,
Supplementary Figure 1B).

Given these group findings, CD8/Treg ratio changes and
tumor growth patterns were evaluated on an individual basis to
determine if there was a correlation. On analysis, CD8/Treg ratio
changes were found to be inversely related to tumor volume

changes (slope = −1.20, R2 = 0.23, P < 0.0001, Figure 3A). Of
note, six mice were excluded from this analysis because they
reached euthanization endpoints and lacked data (Control:
n = 3, Dex-1: n = 1, Dex-2: n = 1, Dex-Cont: n = 1). Tumor
regressions (n = 8) were observed among mice receiving anti-PD-
1 therapy. Complete responses were seen in 6 of 8 mice (anti-PD-
1: n = 4, anti-PD-1 + Dex-1: n = 1, anti-PD-1 + Dex-2: n = 1),
which had corresponding positive CD8/Treg ratio changes (pur-
ple open circles). Two mice within the anti-PD-1 + Dex-2 group
had partial responses that were then followed by progressive
disease (gray open circles, mice labeled #1–2). One of these mice
had a positive CD8/Treg ratio change (mouse #2), but the other
had a negative change (mouse #1). As a reference, exponential
tumor growth in untreated mice coincided with decreasing, nega-
tive CD8/Treg ratio changes from baseline over time (−1.65%
± 5.14% to −14.78% ± 8.58%, Figure 3B, top left panel). In
complete responders, tumor growth at earlier time points of the
experiment coincided with an overall negative CD8/Treg ratio
change from baseline (−5.42% ± 3.52%, Figure 3B, bottom panel).
Interestingly, as the tumors began to shrink, peripheral CD8/Treg
ratio changes transitioned from net negative to positive and
became significantly elevated compared to baseline (+20.24%
± 3.02%, P = 0.0002). On the contrary, CD8/Treg ratio changes
remained unchanged in those with partial responses followed by

Figure 3. Peripheral CD8/Treg ratio changes correlate with tumor regressions and long-term responses in mice bearing colon adenocarcinoma MC38 flank tumors
given anti-PD-1 therapy with or without dexamethasone. (A) Waterfall plot (n = 58) of fold tumor volume changes from day 12 (immediately after last anti-PD-1
dose) to day 28 (approximately 2 weeks following anti-PD-1 treatment) overlaid with scatter plot of peripheral CD8/Treg ratio changes from day 15 to 27 (open
circles): As visualized, mice treated with anti-PD-1 therapy alone represented the majority of mice with tumor regressions (n = 8). Two mice within the anti-PD-1
+ Dex-2 group (gray open circles, labeled #1–2) were found to have partial responses, which were then followed by progressive disease. Six mice (purple open
circles, labeled #3–8, anti-PD-1: n = 4, anti-PD-1 + Dex-1: n = 1, anti-PD-1 + Dex-2: n = 1) had complete responses, which were durable. Additionally, tumor volume
changes were inversely related to CD8/Treg ratio changes (slope = −1.20, R2 = 0.23, P < 0.0001). (B) Dynamics between tumor volume and peripheral CD8/Treg ratio
changes from baseline in untreated controls (top left panel), partial responders followed by progressive disease (top right panel), and complete responders (bottom
panel): As visualized, tumor growth typically coincided with drops in CD8/Treg ratios in control mice. However, complete responders had a significant increase in
their CD8/Treg ratios, which correlated with tumor regressions. The partial responders who ultimately had PD failed to display this trend. (C) In all mice administered
anti-PD-1 therapy (n = 32), regardless of dexamethasone treatment, those with ≥ 20% change in peripheral CD8/Treg ratios had significantly slower tumor growths
compared to those with < 20% changes. (D) Moreover, in all mice treated with anti-PD-1 therapy (n = 32), long-term responders (LTR) had higher peripheral CD8/
Treg ratio changes compared to those with progressive disease (P = 0.0080). Means for (C) and (D) were compared using Welch’s t-test assuming unequal variances.
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. If no asterisks are shown, statistical analyzes yielded non-significant P-values.
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progressive disease (+2.66% ± 7.52% to +2.32% ± 3.65%,
Figure 3B, top right panel). Supplementary Figure 2 shows the
different patterns of peripheral CD8/Treg ratio changes and
tumor responses for the individual mice with regressions.

Lastly, all mice treated with anti-PD-1 therapy (n = 32) were
analyzed to determine whether peripheral CD8/Treg ratio
changes could predict responses, regardless of dexamethasone
treatment. In anti-PD-1-treated mice, those with ≥ 20%
increases in their CD8/Treg ratios had slower tumor growth
patterns compared to those with < 20% increases (tumor
volumes on day 28: 138 mm3 ± 60 mm3 vs. 413 mm3 ± 73 mm3,
P = 0.0070, comparison done using Welch’s t-test, Figure 3C).
Additionally, long-term responders had significantly higher
CD8/Treg ratio changes compared to non-responders with pro-
gressive disease (26.51% ± 3.95% vs. 10.31% ± 3.44%, P = 0.008,
comparison done using Welch’s t-test, Figure 3D). Taken
together, these results suggest that monitoring peripheral CD8/
Treg ratio changes could predict anti-PD-1 responses in mice
bearing colon adenocarcinoma flank tumors.

Dexamethasone does not abrogate the survival benefit
conferred by anti-PD-1 therapy in intracranial glioma-
bearing mice

Aforementioned findings reveal dexamethasone treatment
disrupts the benefits conferred by anti-PD-1 therapy in a
flank tumor model. The next analysis was to determine
whether dexamethasone’s influence on anti-PD-1 therapy var-
ied depending on tumor location within the CNS. To inves-
tigate this question, a well-established anti-PD-1-responsive,
intracranial GL261-Luc tumor model (N = 80) was utilized
(Figure 4A).19–21 Single therapy with Dex-1, Dex-2, or Dex-
Cont did not appear to improve survival compared to control
mice (Figure 4B through 4D). In accordance with previous
studies, anti-PD-1 monotherapy significantly prolonged

survival compared to untreated controls in the intracranial
tumor model (P = 0.020).19–21 Combination anti-PD-1 and
dexamethasone therapy prolonged survival compared to
untreated mice (anti-PD-1 + Dex-1: P = 0.0047, anti-PD-1
+ Dex-2: P = 0.020, anti-PD-1 + Dex-Cont: P = 0.0061). There
were no significant differences in survival between the anti-
PD-1 monotherapy and combination treatment groups.
Additionally, there were no significant differences in tumor
burdens as measured by bioluminescence intensities using an
IVIS between the anti-PD-1 monotherapy and combination
treatment groups at multiple time points (Supplementary
Figure 3).

Alterations in systemic T cell compartments displays
dexamethasone’s efficacy in intracranial glioma-bearing
mice

In comparison to the flank tumor model, the benefits con-
ferred by anti-PD-1 therapy were not significantly impaired
by combination dexamethasone treatment in mice bearing
intracranial tumors. Given these findings, peripheral blood
on experiment days 19 (shortly after anti-PD-1 therapy com-
pletion) and 27 (long time after anti-PD-1 therapy comple-
tion) were analyzed to determine whether dexamethasone
treatment produced its stereotypical systemic effects in the
intracranial tumor model (N = 80) (Figure 5A). Consistent
with the flank tumor model, all dexamethasone regimens,
whether given alone or in combination with anti-PD-1 ther-
apy, resulted in significant reductions in peripheral CD4+,
CD8+, and Treg cell compartments on day 19 compared to
untreated controls (Figure 5B through 5D). Peripheral CD4+,
CD8+, and Treg cell counts remained persistently low on day
27 but were not significantly different compared to untreated
mice, who exhibited decreased T cell counts at day 27. In mice
given anti-PD-1 therapy alone, circulating CD4+ and CD8+ T
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cell levels were maintained throughout the experiment and
were significantly higher compared to untreated mice on day
27 (Figure 5B and 5C). There were no significant differences
in circulating Treg cell counts on days 19 and 27 between
untreated controls and mice receiving anti-PD-1 monother-
apy (Figure 5D). Peripheral CD8/Treg ratios were signifi-
cantly elevated on days 15 and 27 in mice administered the
Dex-Cont regimen compared to control mice (Figure 5E).
Similar to the flank tumor model, these findings were likely
due to dramatic reductions within the Treg compartment
relative to CD8+ T cell compartment in mice that received
the Dex-Cont regimen.

Overall, there were similar trends in peripheral T cell
compartments between the flank and intracranial tumor mod-
els. However, unlike the flank tumor model where peripheral
CD8/Treg ratio changes correlated with anti-PD-1 responses,
peripheral T cell changes were not found to associate with
survival in mice bearing intracranial glioma tumors
(Supplementary Figure 4A). Notably, in mice given anti-PD-
1 therapy, peripheral CD4+ (HR = 0.95, 95% CI = 0.59–1.52,
P > 0.05), CD8+ (HR = 0.98, 95% CI = 0.58–1.68, P > 0.05),

Treg (HR = 1.24, 95% CI = 0.95–1.62, P > 0.05), and CD8/
Treg ratio (HR = 1.09, 95% CI = 0.54–2.20, P > 0.05) changes
were not significantly associated with survival (Supplementary
Figure 4B). These findings suggest that survival in the intra-
cranial tumor model may be independent of the systemic CD4+,
CD8+, Treg, or CD8/Treg ratio alterations caused by dexa-
methasone therapy.

Dexamethasone does not disrupt anti-PD-1-mediated
nodal antitumor immune responses in intracranial
glioma-bearing mice despite systemic effects

For a comparison to the peripheral blood data, cervical tumor-
draining lymph nodes (TDLN) of glioma-bearing mice (5
mice/group) were next analyzed to determine whether anti-
PD-1-mediated antitumor immune responses remained intact
during combination dexamethasone therapy. TDLN were care-
fully dissected and processed for flow cytometry analysis fol-
lowing completion of the Dex-2 regimen on day 19. As an
observation, TDLN were atrophic in mice receiving dexa-
methasone alone but remained bulky in those receiving
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Figure 5. Dexamethasone alone or combined with anti-PD-1 therapy significantly alters peripheral T cell compartments in mice bearing intracranial glioma tumors.
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combination anti-PD-1 and dexamethasone therapy. These
observations are illustrated when examining flow cytometry
scatter plots of CD4+ vs. CD8 + T cells (Figure 6). Unlike the
peripheral blood results on day 19, CD4+ and CD8+ T cell
levels in TDLN of mice receiving combination anti-PD-1 and
dexamethasone therapy remained relatively unchanged com-
pared to untreated mice. Relative numbers of activated CD8eff
T cells were significantly higher in mice treated with anti-PD-1
therapy despite dexamethasone treatment (anti-PD-1 vs.
Control: P = 0.026, anti-PD-1 + Dex-1 vs. Dex-1: P = 0.014,
anti-PD-1 + Dex-2 vs. Dex-2: P < 0.0001, anti-PD-1 + Dex-
Cont vs. Dex-Cont: P = 0.0056), whereas Treg cell levels
remained unchanged (Supplementary Figure 5). This resulted
in improved CD8eff/Treg ratios with anti-PD-1 therapy despite
dexamethasone treatment (anti-PD-1 vs. Control: P = 0.014,
anti-PD-1 + Dex-1 vs. Dex-1: trending towards significance
P = 0.067, anti-PD-1 + Dex-2 vs. Dex-2: P = 0.0016, anti-PD-
1 + Dex-Cont vs. Dex-Cont: P = 0.017). Taken together, these
data suggest antitumor immune responses mediated by anti-

PD-1 therapy may remain intact during dexamethasone treat-
ment in the intracranial tumor model.

Combination anti-PD-1 and dexamethasone therapy
results in long-term tumor-specific immunologic memory

Lastly, long-term responders to anti-PD-1 therapy were tumor
rechallenged to determine whether tumor-specific immuno-
logic memory was compromised in the setting of combination
dexamethasone therapy. On day 7 post-tumor rechallenge, all
naïve control mice had tumor formation as confirmed by
bioluminescence imaging (Figure 7A). Consequently, these
mice died due to their large tumor burdens (Figure 7B). On
the contrary, long-term responders treated with anti-PD-1
monotherapy were protected against tumor formation and
had prolonged survival, suggesting intact immunologic mem-
ory. These effects were preserved in long-term responders
treated with combination anti-PD-1 and dexamethasone
therapy. Interestingly, 1 of the 6 mice (17%) in the anti-PD-
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Figure 6. Anti-PD-1-mediated antitumor immune responses are maintained during combination dexamethasone therapy, as witnessed in tumor-draining lymph
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1 + Dex-Cont group established tumor on day 21 and died on
day 37.

Discussion

Monoclonal antibodies targeting PD-1 have produced dur-
able tumor regressions and survival benefits in an expand-
ing list of solid and hematologic malignancies.1–10 Given
the ubiquitous use of corticosteroids in the medical man-
agement of cancer patients and their immunosuppressive
effects, this study primarily sought to determine whether
responses mediated by anti-PD-1 therapy are influenced by
corticosteroids in a preclinical setting. Utilizing well-estab-
lished in vivo tumor models that are sensitive to PD-1
blockade, this study examined whether dexamethasone’s
impact was dependent on its timing, duration, and tumor
location within or outside the CNS. Overall, short- or long-
course dexamethasone treatment resulted in persistent sys-
temic lymphodepletion and ultimately impaired anti-PD-1
responses in mice bearing flank tumors. Contrary to these
findings, the survival benefit conferred by anti-PD-1 ther-
apy was not significantly impacted by dexamethasone in the
intracranial tumor model. Taken together, these findings
suggest that the anatomical location of tumors may influ-
ence anti-PD-1 responses in the setting of corticosteroid
administration.

Classically regarded as immunosuppressants, corticoster-
oids modulate both the innate and adaptive arms of the
immune system.12 Corticosteroids can prevent adequate T
cell responses by inhibiting the antigen presenting capabil-
ities of immature DCs through the downregulation of major
histocompatibility complex (MHC) class II and co-stimula-
tory molecules, including CD80 (B7.1) and CD86 (B7.2).27

Supra-physiologic doses of corticosteroids can induce T cell
apoptosis, preferentially in CD4+ compared to CD8+ T cells
due to differential Bcl-2 expression profiles.23–25

Additionally, corticosteroids enhance humoral T helper
(TH) 2 immune responses over cellular responses (TH1),
which are mainly thought to promote antitumor immunity.-
12,28 For these reasons, corticosteroids are considered anti-
thetical to the immune-stimulatory effects of cancer
immunotherapy. Alternatively, it is important to note that
the effects of corticosteroids on innate and adaptive immu-
nity are context-dependent. For instance, mature DCs are
resistant to the suppressive actions of corticosteroids.29

Corticosteroids are also known to inhibit T cell receptor
(TCR)-mediated activation-induced cell death (AICD),
which serves to attenuate T cell responses and promote
peripheral T cell deletion.30,31 In these contexts, corticoster-
oids may positively influence and help sustain T cell
responses to overcome foreign antigens, pathogens, and
tumors.

Consistent with previously mentioned effects, dexametha-
sone therapy resulted in significant reductions in peripheral
CD4+ and CD8+ T cells in both tumor models, thus confirm-
ing the expected in vivo effects of the dexamethasone regi-
mens. In mice receiving short-course dexamethasone (Dex-1
or Dex-2), these peripheral reductions were persistent as cell
counts failed to recover on day 27. Additionally, dexametha-
sone treatment also reduced the number of circulating Treg
cells. The sensitivity of Treg cells to dexamethasone is
controversial with multiple studies showing conflicting
results.26,32–36 Given this study’s findings, dexamethasone
treatment could potentially have a positive influence on shap-
ing antitumor immunity by reducing circulating Treg cell
numbers and their subsequent tumor infiltration.37

However, this potential positive influence must be
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e1500108-10 R. MAXWELL ET AL.



counterbalanced with dexamethasone’s negative effects on
conventional CD4+ and CD8+ T cells.

In cancer, PD-1 mainly exerts its immune-inhibitory
effects locally within the tumor microenvironment rather
than systemically.38 Hence, the mechanism of action of anti-
PD-1 therapy is to reverse the exhaustion of pre-existing
tumor-residing T cells, thus improving their effector functions
to carry out tumor regressions.39–41 Depending on the context
and their sensitivity, if tumor-infiltrating T cells undergo
adequate exposure to corticosteroids, then the benefits con-
ferred by anti-PD-1 therapy may be diminished or completely
lost. Endogenous and exogenous corticosteroids have been
demonstrated to reduce antitumor immunity and counteract
cancer immunotherapy in a murine autochthonous pancreatic
ductal carcinoma model.42 In agreement, dexamethasone
therapy disrupted the efficacy of PD-1 blockade in the flank
tumor model. Anti-PD-1 therapy initially inhibited tumor
growth, but this benefit was ultimately lost long-term in
mice receiving co-therapy with dexamethasone. Interestingly,
there were also trends in complete and non-durable partial
responses regarding the timing and duration of dexametha-
sone therapy. Whereas anti-PD-1 monotherapy achieved a
complete response rate of 50.0%, this down-trended to
12.5% with short-course dexamethasone (anti-PD-1 + Dex-1
and anti-PD-1 + Dex-2) and was completely lost (0.0%) with
continuous administration (anti-PD-1 + Dex-Cont). Partial
responses (25.0%) were only observed in mice receiving dex-
amethasone following the completion of anti-PD-1 therapy
(anti-PD-1 + Dex-2). These partial responses were not dur-
able though, suggesting the initial benefits of anti-PD-1 ther-
apy could be overturned with subsequent dexamethasone
treatment. Taken together, these findings suggest that co-
therapy with corticosteroids does not necessarily preclude
objective responses seen with anti-PD-1 therapy in peripheral
tumors. However, these objective responses may less likely
occur and may be short-lived.

Although historic views regarding the CNS as an
“immune-privileged” site are being challenged, the CNS is
nonetheless subject to interrogation by the immune system
in a manner unique to other anatomic sites.43,44 Unlike per-
ipheral tissues, the CNS is protected by the BBB,45,46 possesses
a unique non-classical lymphatic drainage system,47 and con-
tains distinct tissue-resident cells that T cells inevitably inter-
act with including neurons, astrocytes, and microglia.48 Since
the CNS has limited abilities to regenerate or accommodate
large volume changes in a skull-confined space (cellular infil-
trates and/or edema), these specialized cellular and anatomic
structures serve to protect the host from the fatal conse-
quences of excessive neuro-inflammation. These inherent dif-
ferences between peripheral tissues and CNS may provide a
possible explanation for the discrepancy seen in the flank and
intracranial tumor models. Whereas peripheral CD8/Treg
ratio changes associated with flank tumor responses, this
study failed to uncover peripheral T cell changes that pre-
dicted intracranial responses to anti-PD-1 therapy with or
without dexamethasone therapy. These findings suggest intra-
cranial responses may be independent of the systemic effects
caused by anti-PD-1 and dexamethasone therapy. Despite
systemic lymphodepletion, antitumor immune responses

were maintained regionally in glioma-bearing mice receiving
combination anti-PD-1 and dexamethasone therapy, and the
survival benefit conferred by anti-PD-1 therapy was not
diminished. Caution should be taken when interpreting
these results as tumor histology was not held constant
between the implantation sites. However, since anti-PD-1
therapy targets T cells rather than tumor cells, tumor histol-
ogy becomes a less concerning factor given both models
respond to PD-1 blockade alone within their intended
implantation sites.

From a teleologic standpoint, corticosteroids are critical to
control neuro-inflammatory responses, where they must
counterbalance the selective destruction of peripheral immu-
nologically ignorant T cells that can propagate neuro-pathol-
ogy over CNS-resident, pathogen-specific T cells that are
needed to effectively clear neuro-pathogens.49,50 Thus, in
comparison to the flank tumor model, dexamethasone may
not be reaching adequate levels to negatively impact CNS
tumor-resident T cells that mediate the benefits of anti-PD-1
therapy. In support of these claims, dexamethasone is known
to restore the integrity of the BBB and has limited cerebrosp-
inal fluid penetration.51,52 Additionally, in studies of experi-
mental autoimmune encephalomyelitis (EAE), a well-
established rodent model of multiple sclerosis (MS), dexa-
methasone treatment induced apoptosis and inhibited the
CNS migration of peripheral, bystander T cells with limited
impact on CNS-resident, antigen-specific T cells.35,53 Taken
together, these data suggest there may be variability of corti-
costeroid’s influence on CNS-resident vs. peripheral T cells,
and the current study’s findings demonstrate that anti-PD-1-
mediated immune responses against intracranial tumors may
potentially go undeterred in the setting of corticosteroids.
Corticosteroid use did not correlate with the density of infil-
trating T cells in a large cohort of patients with brain
metastases.54 In a recent case report, a patient with dissemi-
nated non-small cell lung cancer was able to experience partial
responses with anti-PD-1 therapy in symptomatic brain
metastases, for which he was receiving concomitant high-
dose corticosteroids.55 As the current study’s findings may
be anti-PD-1-specific, caution must be taken when extrapolat-
ing these results to other forms of immunotherapy, especially
those whose mechanism of action rely on the circulation and
subsequent tumor infiltration by tumor-reactive T cells (e.g.,
adoptive T cell transfer, tumor vaccines, oncolytic virother-
apy, etc.). This study’s results indirectly support this claim as
dexamethasone treatment caused severe reductions in circu-
lating T cells.

Contrary to these findings, previous studies have shown
that dexamethasone abrogates the survival benefit conferred
by non-anti-PD-1 immunotherapy regimens in orthotopic
glioma models.56,57 Although different immune-stimulatory
agents were investigated, the discrepancies between these
results may be due to the timing of dexamethasone treatment
relative to tumor implantation. Whereas treatment was post-
poned until tumor establishment, other studies gave dexa-
methasone either before or immediately following tumor
implantation. Theoretically, early dexamethasone administra-
tion would reduce the peripheral pool and early CNS infiltra-
tion of tumor-reactive T cells, therefore not affording the
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opportunity for an early adaptive immune response that may
be enhanced by anti-PD-1 therapy. As a more clinically rele-
vant scenario, dexamethasone was given later in the disease
course as patients suffering from CNS malignancies are more
likely to be prescribed corticosteroids after tumor establish-
ment. In the intracranial tumor model, early dexamethasone
administration may be counterproductive to anti-PD-1 ther-
apy. In the early phases of tumor development, early dexa-
methasone treatment would potentially deprive peripheral
tumor-reactive T cells’ the opportunities to infiltrate and
become exhausted tumor-resident T cells, thus providing no
substrate for anti-PD-1 therapy.

It will be equally important to assess how other systemic
agents associated with lymphodepletion, such as chemotherapy,
unintentionally interact with anti-PD-1 therapy or other immu-
notherapy strategies. In another study utilizing the same intra-
cranial tumor model, systemic chemotherapy, despite causing
severe lymphodepletion, did not interfere with the survival
benefits when combined with anti-PD-1 therapy.20

Interestingly, local chemotherapy in the form of biodegradable
impregnated wafers was found to be synergistic with PD-1
blockade while avoiding the systemic toxicities associated with
chemotherapy. As a negative consequence, long-term respon-
ders that were previously treated with anti-PD-1 and systemic
chemotherapy (but not local) had impaired tumor-specific
immunologic memory and were unable to reject tumor forma-
tion upon rechallenge. In this study, immunologic memory
against CNS tumors was grossly preserved in mice treated
with combination anti-PD-1 and dexamethasone therapy.

In conclusion, these findings suggest that corticosteroids
may have differential impacts on the efficacy of anti-PD-1
therapy depending on the anatomical location of tumors
within or outside the CNS. Whereas corticosteroids attenu-
ated anti-PD-1-mediated antitumor immune responses
against tumors in the periphery, the benefits conferred by
PD-1 blockade remained intact when targeting CNS tumors.
This evidence suggests that strategies and selection criteria
may be developed to guide appropriate use of corticosteroid
therapy without limiting the effectiveness of anti-PD-1 ther-
apy, especially for patients with tumors residing within the
CNS. Clinical trials are warranted to further explore these
questions.
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