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Despite the potential to cure metastatic disease, immunotherapy on its own often

fails outright or early on due to tumor immune evasion. To address this obstacle, we

investigated combinations of anti-GITR, anti-PD1 and radiation therapy (XRT) in our

previously developed anti-PD1 resistant 344SQ non-small cell lung adenocarcinoma

preclinical tumor model. We hypothesized that targeting multiple mechanisms of immune

evasion with this triple therapy would lead to an enhanced tumor-specific immune

response and improve survival more so than any mono- or dual therapy. In a two tumor

344SQR murine model, treatment with anti-GITR, anti-PD1, and XRT led to significantly

improved survival and an abscopal response, with half of the mice becoming tumor free.

These mice showed durable response and increased CD4+ and CD8+ effector memory

on tumor rechallenge. Regulatory T cells (Tregs) expressed the highest level of GITR at the

tumor site and anti-GITR therapy drastically diminished Tregs at the tumor site. Anti-tumor

effects were largely dependent on CD4+ T cells and partially dependent on CD8+ T cells.

Anti-GITR IgG2a demonstrated superior efficacy to anti-GITR IgG1 in driving antitumor

effects. Collectively, these results suggest that combinatorial strategies targeting multiple

points of tumor immune evasion may lead to a robust and lasting antitumor response.
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INTRODUCTION

Lung cancer is the most common cancer worldwide, accounting for 1.69 million deaths annually
(1). For patients presenting with unresectable locally advanced disease, concurrent chemoradiation
is the standard treatment for those who can tolerate it. However, this treatment regimen is relatively
ineffective in terms of controlling metastasis, the cause of death for most patients with lung cancer.
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The benefit of radiation was previously thought to derive
entirely from the reduction in tumor burden through improved
local control. However, improved understanding of the role of the
immune system in regulating cancer has led to the recognition
that radiation therapy is a potent cause of immunogenic cell
death, serving to prime the immune system with the potential
to attack cancer cells outside the irradiated area. Combining
immunotherapies with radiation seems to enhance systemic
control, occasionally giving rise to the so-called abscopal effect
(2). However, not all patients respond to immunotherapeutic
agents, and even those who do often develop treatment
resistance, particularly when immunotherapeutics are given as
monotherapy (3, 4).

To explore the mechanisms underlying treatment resistance,
our lab recently developed an anti-PD1-resistant 344SQ non-
small cell lung adenocarcinoma (NSCLC) cell line that is
refractory to anti-PD1 treatment (5), and with this model we
found that radiotherapy helps to overcome PD1 resistance by
upregulating major histocompatibility complex (MHC) class I
molecules. However, even though radiation therapy can abrogate
certain mechanisms of treatment resistance, it also contributes
to the undesirable immunosuppressive phenotype of cancer
through upregulating Tregs, both systemically and within the
tumor microenvironment (6).

One of numerous target molecules currently under
investigation in cancer-related immunotherapy is glucocorticoid-
induced tumor necrosis factor (TNF)–related protein (GITR)
(7). A member of the TNF receptor family of proteins (8), GITR
was first discovered to have immunosuppressive effects when
experimental elimination of GITR led to the rapid onset of
autoimmune reactions (9). GITR is constitutively expressed on
CD4+CD25+ regulatory T cells (Tregs) (9, 10); its low basal
expression on NK cells, macrophages, dendritic cells, CD4+
and CD8+ cells increases substantially upon T-cell activation
(9, 11, 12). An anti-GITR monoclonal antibody (mAb) has
shown anti-tumor effects in several murine models (12, 13). In
one such murine central nervous system tumor model, giving
radiation therapy with anti-GITR mAb improved survival
rates, although only to 24% (14). With this knowledge, we
hypothesized that anti-GITR mAb therapy would synergize with
radiation and anti-PD1 therapy to overcome anti-PD1 treatment
resistance and improve outcomes. Hence for this study we used
our anti-PD1-resistant abscopal 344SQ cancer model (5) to
characterize GITR expression and determine whether combining
radiation therapy with anti-GITR and anti-PD1 antibodies could
elicit an abscopal response.

MATERIALS AND METHODS

Cell Lines and Drugs
All experiments involved using a previously derived 344SQ anti-
PD1 resistant (344SQR) cell line (5). For the current study,
344SQR cells were cultured in RPMI-1640 media supplemented
with 10% fetal bovine serum and penicillin/streptomycin.
Agonist mouse anti-GITR IgG1 and IgG2a (clone 2D5) and anti-
PD1 IgG1 mAbs (all from Bristol-Myers Squibb) were diluted
in phosphate-buffered saline (PBS; pH 7.4). Other antibodies

used were mouse IgG2a isotype (BE00985; BioXCell) in addition
to anti-CD4 (GK1.5, 100442) and anti-CD8a (53-6.7, 100746)
depleting antibodies (BioLegend).

Tumor Inoculation and Treatment
For tumor inoculation, 5 × 105 344SQR cells in 50 µL PBS
were injected subcutaneously (s.c.) into the right leg of 129Sv/Ev
mice (male, 12–16 weeks old). Four days later, 1 × 105 344SQR
cells were injected s.c. into the left leg. For tumor rechallenge
experiments, 1 × 105 344SQR cells in 50 µL PBS were injected
in the left leg of the tumor free mice 90 days after they became
tumor free. Agonist GITR treatment or control IgG (100 µg)
was given via intraperitoneal injections beginning on day 7 and
continuing every 3–4 days for 4 total doses. Anti-PD1 (200 µg)
was given, also by intraperitoneal injection, beginning on day 8
and continuing for 4 total doses. Radiation therapy involved three
12-Gy single fractions, given 1 day apart beginning on day 8. The
timing of these treatments is shown graphically in Figure 1A. For
the comparison of anti-GITR mouse IgG1 vs. mouse IgG2a, all
treatments were begun 3 days later than in Figure 1A.

For depletion studies, 500µg of anti-CD4 and anti-CD8a were
given on day 6, 2 days before the radiation. Blood samples were
drawn and analyzed 3 days after antibody injection to confirm
immune cell depletion. After the initial bolus dose, depletion
antibodies were given in 200–µg doses once a week.

Tumor lengths and widths were measured with calipers, and
tumor volumes were calculated as (volume= length× width2/2)
(5). Radiation treatments involved restraining the mice in a jig
and irradiating them with a Cs-137 Suitatron IR-64 irradiator.
All animal treatments and procedures were approved by The
University of Texas MD Anderson Cancer Center Institutional
Animal Care and Use Committee.

Tumor Immune Cell Isolation
Mice were killed by anesthesia and cervical dislocation at 2
days, 6 days, or 12 days after the last dose of radiation.
Tumors and spleens were collected and processed as described
elsewhere (1). Briefly, tumors were cut into small pieces, digested
in Liberase and DNAse I for 30min at 37◦C, filtered, and
separated from tumor cells by using Histopaque 1077. Spleens
were homogenized and filtered and the red blood cells were
lysed with ACK lysis buffer for 3–5min. All reagents were from
Sigma-Aldrich.

Cell Staining and Flow Cytometry
Immune cells were treated with anti-CD16/32 for 10–15min
before being stained to block Fc receptors. Cells were then
stained with anti-CD45 pacific blue, anti-CD4 APC-Fire/BV510,
anti-CD8 PerCP-Cy5.5, anti-GITR-APC, anti-CD39-PE, anti-
OX40-PE-Cy7, anti-CD11c BV510, anti-CD11b APC-Fire, anti-
CD206 PerCP-Cy5.5, anti-GITRL-PE, or anti-Gr1 PE-Cy7 (all
from BioLegend) at room temperature for 20–30min. Staining
for intracellular Foxp3 (Treg cell marker) involved fixing,
permeabilizing, and staining cells with an anti-Foxp3 AlexaFluor
488 for 30min at room temperature (eBioscience). Samples were
collected and analyzed on an LSRII or a Gallios (BD Biosciences)
flow cytometer and analyzed with FlowJo software.
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FIGURE 1 | Anti-GITR combination therapy with anti-PD1 and XRT in 344SQ resistant tumors increases overall survival and promotes abscopal effects. Mice were

inoculated on both right (primary) and left (secondary) legs with the second inoculation occurring 4 days after the first. (A) Anti-GITR therapy began on day 7 post

inoculation and XRT began on day 8 post primary tumor inoculation with anti-PD1. (B) Plots of individual tumor growth values for primary tumors of various treatment

arms (n = 8 per group), and (C) plots of survival by treatment group. *P ≤ 0.05 in Log-rank test.

Statistical Analysis
GraphPad Prism 7.0 software was used to evaluate changes in
flow cytometric and tumor growth findings. Student’s t-tests were
used to compare treatment conditions, and differences between
conditions were deemed significant at P < 0.05.

RESULTS

Anti-GITR With Anti-PD1 and Radiation
Drives Abscopal Effects and Durable
Response
Anti-GITR mouse IgG2a, much like anti-CTLA4, can deplete
Tregs (14), but anti-GITR is also co-stimulatory and drives T-
cell proliferation and activation (15). We therefore hypothesized
that combining GITR with anti-PD1 and radiation would
drive strong T-cell–mediated responses in our 344SQR model
through a combination of these two mechanisms. We previously
showed that radiation can restore response to anti-PD1 (5) via
upregulating MHC I, but we did not test this in an abscopal
setting (i.e., two tumors, one in each leg).We found no significant
difference in survival times among the monotherapy groups
(Figure 1B). Combining anti-PD1 with radiation led to partial
responses in the primary tumor, but like radiation alone, did
not evoke an abscopal response in the secondary tumor, and
those mice died before day 30 (Figure 1C). The combination of
anti-GITR therapy with radiation (55 days), or the combination
of anti-GITR with anti-PD1 (70 days), delayed primary and
secondary tumor growth to a greater extent than did anti-
PD1 alone (24 days), but ultimately did not produce complete
responses. Only the triple combination (anti-GITR and anti-PD1

and radiation) produced complete responses, with 4 of 11 mice
remaining tumor-free at 70 days post-tumor challenge.

GITR has been shown to expand tumor-specific CD8+ T
cells and to increase effector memory, resulting in durable
response and tumor elimination upon reinoculation of tumor
cells (16, 17). To further investigate the mechanism of action
of the triple-combination therapy (radiation + anti-PD1 +

anti-GITR), these mice were rechallenged via reinoculation of
344SQ_R tumor cells 90 days after becoming tumor free. We
found that the rechallenge group remained tumor free and
survived (Figure 2A). Also, at 90 days post tumor rechallenge,
we found that long-term effector memory (CD4+ CD44hi

CD62Llo and CD8+ CD44hi CD62Llo) was established in mice
treated with radiation + anti-PD1 + anti-GITR and then
rechallenged with 344SQ_R tumor cells. Specifically, in the spleen
and secondary draining lymph nodes, the proportions of both
CD4+ and CD8+ cells increased in the triple-combination-
treated mice relative to the control group (Figures 2B,C);
in the blood compartment, only the proportion of CD8+
cells increased in the triple-combination-treated relative to
controls (Figure 2D). Gating strategy is displayed graphically in
Figures 2E,F.

Regulatory T Cells Express the Highest
Levels of GITR
Immune cells at the tumor site were further analyzed for
their expression of GITR. Consistent with studies from others
(10, 18), we found that GITR mean fluorescence intensity
(MFI) at the tumor site was highest in Tregs, followed by
CD4+ and then CD8+ T cells (Figures 3A,B) (Gating strategy
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FIGURE 2 | Long term effector memory is established in 129Sv/Ev mice challenged with 344SQ_R tumors and treated with XRT + anti-PD1 + anti-GITR. Mice

previously treated with triple therapy who had total resolution of tumors (n = 4) were rechallenged with 1 × 106 344SQR cells at the abscopal site and compared with

control mice (n = 3), prevously treated with Ctrl IgG. (A) Survival of rechallenged mice vs. controls. CD4 and CD8 T-cells from (B) spleen (C) secondary tumor draining

lymph node and (D) peripheral blood are analyzed 90 days after the secondary abscopal tumor clearance. (E, F) Cells are gated on CD3+ then on CD44hi and

CD62Llow population. *P ≤ 0.05; **P ≤ 0.01 in Student t-tests.

Supplementary Figure 1). We also detected GITR on myeloid
cells, although at a lower MFI (Figure 3B). Although this trend
was similar in the spleen, levels of GITR were much lower,
suggesting that immune cells were in an activated state at the
tumor site. Radiation did not seem to increase the expression
of GITR within these subsets (data not shown). XRT led to a
significant increase in the amount of Foxp3+ CD4+ T cells at
6 days compared to controls (Figure 3C).

Anti-GITR Therapy Can Abrogate the
Increase of Tregs at the Tumor Site After
Radiation
We proceeded to test if anti-GITR therapy was capable of
depleting Tregs in 344SQR tumors. Since we had previously
tested anti-PD1 in 344SQR and noted no significant effects, we
decided to use PD1 as the control. In addition, we decided
to test these effects at 12 days after radiation because tumor
growth in the triple-combination group began to decline at
that point. Interestingly, we found no significant changes
in CD4 populations between the groups, but we found a
decrease in CD8T cells after the triple combination at the
primary tumor site(Figure 4A). In addition, we noted that
anti-GITR treatment was able to deplete Tregs at the tumor
site, even in the face of increased Treg expression in the
arm with RT. This in turn increased the CD4/Treg ratio.
There were no significant immunological changes in the spleen
(Figure 4B).

Anti-tumor Effects Are Largely Dependent
on CD4T Cells
Because we noted a decrease in CD8T cells, we tested antibody-
mediated cell depletion using either anti-CD4 or anti-CD8 in
the setting of the triple combination (anti-PD1, anti-GITR, and
XRT). Blood was drawn 3 days after depletion and showed
almost complete depletion of the respective cell populations
(S3.1). We noted that the anti-tumor effects both at the primary
and secondary tumors were largely dependent on CD4T cells
(Figures 5A,B). Survival was significantly shortened by anti-
CD4-depletion, whereas little difference was seen between CD8-
depleted and non-depleted mice after 30 days (Figure 5A).
However, separation in the curves began at later time points,
suggesting the requirement of CD8+ T cells in long term
immune responses. This is similar to what has previously been
shown with the combination of anti-GITR and XRT(14).

Anti-GITR IgG2a Is Superior to Anti-GITR
IgG1 Driving Antitumor Effects
We also tested a non-depleting, anti-GITR mouse IgG1 isotype,
known to be an agonist, to see if Treg depletionwas a requirement
for anti-tumor effects. When extracting tumors 6 days after the
last dose of XRT, we found that GITR IgG1, rather than depleting
Tregs, expanded them from a baseline of 15–20% in the CD4T
cells to around 40–45% (Figure 6A). This resulted in a drastic
drop of the CD4/Treg ratio, whereas the IgG2a isotype resulted
in a slight drop of Tregs as well as an increase in the CD4/Treg
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FIGURE 3 | Regulatory T cells express the highest levels of GITR, especially at the tumor site, and are increased by radiation. 2 and 6 days post XRT, immune cells

were isolated and phenotyped through flow cytometric analysis from either unirradiated or irradiated mice. CD45+ cells were further gated into either CD4+, CD8+ or

Foxp3+ within CD4+ (n = 4 per group). (A) These values are represented graphically. (B) Representative MFI (mean fluorescence intensity) of GITR expression in

control mice, 48 h and 6 days post XRT in CD8+, CD4+ Foxp3–, CD4+ Foxp3+, and myeloid (Supplementary Figure 1) cells with unstained and FMO controls (n

= 16). (C) Averages of mean fluorescence intensity (MFI) of CD4+ Foxp3+, CD4+ Foxp3–, CD8+, and myeloid cells from all treatment groups (n = 18). *P ≤ 0.05;

**P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 in Student t-tests; N.S., not statistically significant.

FIGURE 4 | Anti-GITR therapy reduces regulatory T cells and increases the CD4 / Treg ratio at the tumor site but not in the spleen. Immune cells isolated from murine

tumors were phenotyped 22 days after tumor inocluation. (A) Tumor-infiltrating leukocytes (TIL) and (B) splenocytes were isolated and evaluated for CD4, CD8, and

Foxp3 expression. Foxp3+ values are shown after gating from within CD4+ cells. The CD4+ Foxp3– values were divided by the CD4+ Foxp3+ values to display the

ratio. *P ≤ 0.05 in Student t-tests.

ratio (data not shown). The increase was not as drastic as seen
previously, perhaps due to removing tumors at 6 days after
radiation instead of 12 days. Again, no changes were noted in
the spleen, suggesting a tumor-specific effect of both isotypes
(Figure 6A).

The differences in tumor growth delay between the two
isotypes were notable. We began anti-GITR treatment on day
10 and followed tumor growth once tumors were palpable. We

noted that anti-GITR IgG1 did have antitumor effects at the
primary site, albeit inferior to anti-GITR IgG2a (Figure 6B).
However, the IgG1 isotype was incapable of driving abscopal
effects at the secondary tumor site (Figure 6C). Only the anti-
GITR IgG2a group, which was associated with Treg depletion,
conveyed a statistically significant survival advantage when
combined with XRT and anti-PD1 therapy, compared to XRT,
and anti-PD1 treatment alone(Figure 6D). It is important to note
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FIGURE 5 | The combination of PD1, GITR, and radiation requires CD4+ T cells and partially CD8+ T cells. Mice were inoculated with primary and secondary tumors

and were treated with XRT, anti-PD1, and anti-GITR, similar to previous experiments. Starting on day 6 post inoculation, depleting antibodies were administered,

initially with a bolus of 500 ug and then once weekly with 200 ug. Anti-GITR therapy started on day 7 followed by XRT and PD1 on day 8. (A) Primary and

(B) secondary tumors are shown from the groups (n = 7). Gating strategy seen in Supplementary Figure 2.

that the IgG2a isotype did not drive abscopal effects in all the
mice treated; this suggests that larger tumor bulk away from the
primary site may impede antitumor responses.

DISCUSSION

Lung cancer remains the third leading cause of death worldwide
(1). The majority of patients are diagnosed with progressive
disease that requires more than local radiation or surgical
resection. Although radiation treatment can elicit an abscopal
response, it is a rare occurrence when radiation is used as a
monotherapy (19). Even with combinatorial chemoradiation, the
standard of care for progressive lung cancers, systemic responses
are rare and long-term survival remains low. Immunotherapeutic
targets such as PD1 and CTLA4 have been proven as efficacious
in clinical trials (4, 20). Despite their significant potential,
the majority of patients are resistant to immunotherapy.
As a result, there is a rapidly growing body of research
looking at combinatorial therapies to enhance the effects of
immunotherapy, particularly in patients who prove resistant to
monotherapy. Preclinical and clinical evidence suggests radiation
and immunotherapies are synergistic in the treatment of non-
small cell lung cancer and other solid tumors (4, 5, 21, 22). We
have only just begun to identify mechanisms which attribute to
the synergistic effects.

Our previous study elucidated one way in which radiation
therapy compliments immunotherapy and may help overcome
treatment resistance. First, we developed an anti-PD1 resistant
murine model. Then, we demonstrated that XRT mediated type I
IFN-dependent upregulation of MHC I on tumor cells, resulting
in resensitization of tumors to anti-PD1 treatment (5). Although

the combination of XRT and anti-PD1 therapy ameliorated
response rates, abscopal responses were still low overall, perhaps
due to the inability of radiation to upregulate MHC I at distant
sites. In this study, we sought to improve abscopal response rates.
The addition of the Treg depleting anti-GITR IgG2a resulted in
enhanced abscopal effects and even complete tumor regression
at both primary and secondary tumor sites. Furthermore, XRT,
anti-PD1 and anti-GITR IgG2a agonists were all required to drive
durable responses. We believe the triple combination therapy is
necessary to elicit lasting systemic reduction or elimination of
tumors for the reasons we discuss below.

XRT alone has long been noted to affect changes in immune
profiles, specifically with regards to the radioresistance of
Tregs (6). While Tregs are relatively more radioresistant than
other lymphocytes, they still decrease after radiation doses. We
demonstrated that at high doses of 12Gy x 3, Tregs are decreased
proportionally after 2 days with the other immune cells profiled.
This suggests that there may be a threshold level of radiation
dose where this relative radioresistance diminishes. Cao and
colleagues noted similar effects with increasing radiation doses
with human Tregs in vitro (23). Even though we noted Tregs were
decreased shortly after XRT, they returned at significantly higher
percentages by 6 days post XRT compared to non-irradiated
mice. TGF-β (24, 25) and the CCL17,22/CCR4 (26) axis may be
playing a role in this upregulation of Tregs after XRT, although it
is unclear if this is due to Tregs that survived the initial doses of
XRT or their recruitment to the tumor site after XRT.

The Tregs at the tumor site expressed the highest levels
of GITR. Likely the major contributor to the benefits of the
addition of anti-GITR therapy to XRT and anti-PD1 in our
experiments, other research has highlighted the ability of anti-
GITR antibodies to deplete Treg cells and also perhaps cause
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FIGURE 6 | Anti-GITR IgG2a depletes Tregs at the tumor site and promotes abscopal effects when combined with radiation and anti-PD1, while anti-GITR IgG1

expands Tregs and does not promote abscopal effects. (A) Flow cytometry percentages of CD4+ Foxp3+ T cells in gated lymphocytes isolated from tumors and

spleens, 6 days post XRT. (n = 6) (B) Primary and (C) secondary tumors were inoculated and XRT was delivered 10 days post tumor inoculation (n = 6). (D) Survival

was monitored out to day 63 (n = 6). *P ≤ 0.05 in Student t-tests.

T effector cells to be less suppressed by active Treg cells (27).
Further confirming the role of GITR in the regulation of Tregs,
it has been shown that GITR-/- mice have demonstrated similar
percentage of T cell subtypes with the exception of significantly
decreased CD4+CD25+ Tregs (11).

Aside from decreased Tregs, anti-GITR therapy improved
survival via promotion of durable, tumor-specific memory in
our study. Previous studies have demonstrated the ability of
anti-GITR agonist mAb to expand tumor-specific CD8+ effector
memory. Our study similarly demonstrates that GITR plays a role
in the expansion of both CD4+ and CD8+ effector memory. In
line with our findings, researchers reported, in a phase 1/2 clinical
trial combining anti-PD1 and anti-GITR mAbs for patients with
advanced solid tumors, the dual immunotherapy was associated
with an increased proliferation and activation of CD4+ and
CD8+ effector and central memory cells (7). It is unclear whether
the CD4+ effector memory was directly expanded by GITR
therapy, or if it was the indirect result of GITR-induced CD8+
T cell expansion. Considering we saw significantly greater tumor
growth in our CD4+ vs. CD8+ depletion studies, we suspect the
mechanism is likely the former.

Interestingly, administration of the anti-GITR IgG2a
antibody only in combination with XRT and anti-PD1
displayed reduced CD8+ T cells. This led us to hypothesize

that our effects were CD4+ Foxp3– T cell-mediated. Upon
administering CD4+ depleting antibodies, mice displayed
minimal responses, similar to control groups. Neither IgG2a
nor IgG1 expanded CD4+ or CD8+ T cells within TILs or
the spleen (Supplementary Figure 3). Other groups have had
similar findings with regards to Treg depletion and radiation.
Bos and colleagues utilized Foxp3–DTR mice given mammary
tumors (28). Administration of diptheria toxin in these mice
results in depletion of Tregs, and when combined with radiation,
resulted in enhanced tumor growth delay. While they did not
specifically deplete CD4+ T cells in combination with XRT
and diptheria toxin, they did deplete the CD4+ T cells after
diptheria toxin alone. This depletion resulted in similar tumor
growth to the untreated group. Similar CD4+ T cell-driven
effects were noted by Patel et al. in their study with GITR
agonism in combination with XRT for brain tumors (14). In
contrast to their findings, we saw superior effects with the
IgG2a isotype rather than the IgG1 isotype. As noted in their
study, this may be due to the differences in Treg depletion with
IgG2a isotypes when passing the blood-brain barrier. We also
observed that administration of anti-GITR IgG1 agonist resulted
in expansion, rather than depletion, of Tregs. This may be due
to differences in Treg recruitment through the blood brain
barrier.

Frontiers in Immunology | www.frontiersin.org 7 September 2018 | Volume 9 | Article 2170

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Schoenhals et al. Anti-GITR Abrogates RT-Induced of Treg Suppression

While our results demonstrate significant potential to
minimize or even eliminate systemic disease, likely through
enhanced abscopal responses, it is important to recognize the
differences in GITR expression in mice compared to humans.
In murine models, there is low basal GITR expression in CD4+
and CD8+ T cells (11, 29). Recent work has also highlighted
expression of GITR in murine NK cells, NKT cells, B cells, and
some monocytes and granulocytes (22). Critical to our study,
GITR is constitutively expressed on T regulatory cells. Further
studies by Ronchetti et al. also suggest that mouse GITR may be
a co-stimulatory signal in the activation of CD8T effector cells
(30), which is in line with our results demonstrating a negative
effect of CD8+ T cell depletion, although the depletion did not
fully abrogate the decreased tumor growth seen in mice treated
with anti-GITR, anti-PD1, and radiation therapy.

There are several key differences in expression of GITR
in humans. Structurally, human GITR demonstrates trimeric
binding to GITR-L, while their murine counterparts demonstrate
dimeric binding (29). Human GITR is not expressed on CD4+
and CD8+ T cells peripherally, but expression does dramatically
increase similar to murine models upon activation (31, 32).
The major distinction in human vs. murine GITR is that
human GITR is not constitutively expressed on all Treg cells.
Instead, it is expressed at low basal levels in CD4+ CD25+
and CD25- cells, as well as CD8+CD25+ Tregs (32, 33).
A more recent study detected the highest levels of GITR
in human peripheral CD4+ Tregs, T effector memory cells,
and TH17 cells (22). Within the tumor microenvironment,
human GITR is expressed on approximately 31 and 11% of
CD4+ and CD8+ TILs, compared to nearly 100% of both
cell types in murine tumor models (22). However, comparing
murine vs. human Tregs within TILs revealed nearly identical
frequency and intensity of expression. Although the effects
of anti-GITR mAb therapy on each immune cell type have
yet to be fully elucidated, it is clear that such treatment
suppresses the inhibitory T regulatory cells within the tumor
microenvironment and is most likely the driver of synergism
between XRT and anti-GITR mAb therapy in both mouse tumor
models and potentially humans, as evidenced by the ongoing
clinical trial investigating anti-GITR and anti-PD1 therapies (7).
At the time this paper was written, to translate our work into

humans, we are in the process of amending an ongoing clinical
trial to combine anti-GITR with anti-PD1 and stereotactic
radiation.

In conclusion, these findings indicate the necessity for
targeting multiple mechanisms of the immune system to avoid
tumor immune escape. This study proposes that anti-GITR
therapy in combinationwith anti-PD1 andXRTmay be beneficial
to those who are no longer responsive to anti-PD1 therapy.
While Tregs may not be the main perpetrators in generating
resistance to anti-PD1, they do appear to play a prominent
role in the immune response following XRT. Through targeting
this population with anti-GITR and/or other drugs, immune
responses directed by CD4+ and CD8+ Foxp3– T cells may
be sufficient to drive long-term responses. Future studies should
seek to identify mechanisms of treatment resistance to allow for
more personalized and effective treatments.

AUTHOR CONTRIBUTIONS

All authors contributed to experimental data. TC and JS wrote the
first draft of the manuscript and all authors contributed to
revisions and edits.

FUNDING

This work was supported and funded by Bristol-Myers Squibb,
and further supported by the family of M. Adnan Hamed,
the Susan and Peter Goodwin Foundation, Mabuchi Research
fund, and the Orr Family Foundation (to MD Anderson
Cancer Center’s Thoracic Radiation Oncology program), and the
Wiegand Foundation. We also have support the from the MD
Anderson Knowledge Gap award, Doctors Cancer Foundation
Grant, The Lung Cancer Research Foundation, Cancer Center
Support (Core) GrantCA016672 from the NCI (to The University
of Texas MD Anderson Cancer Center).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02170/full#supplementary-material

REFERENCES

1. Society AC. Key Statistics for Lung Cancer [Online]. American Cancer

Society (2017). Available: https://www.cancer.org/cancer/non-small-cell-

lung-cancer/about/key-statistics.html [Accessed July 16, 2017].

2. Ludgate CM. Optimizing cancer treatments to induce an acute immune

response: radiation Abscopal effects, PAMPs, and DAMPs. Clin Cancer Res.

(2012) 18:4522–5. doi: 10.1158/1078-0432.CCR-12-1175

3. Gudat F, Keller B, Faes R. Electron microscopy, cytological, and serological

studies on the effect of endoxan on the primary and secondary response

of the mouse to sheep erythrocytes. Schweiz Med Wochenschr. (1974)

104:262–5.

4. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, Mcdermott

DF, et al. Safety, activity, and immune correlates of anti-PD-1 antibody

in cancer. N Engl J Med. (2012) 366:2443–54. doi: 10.1056/NEJMoa12

00690

5. Wang X, Schoenhals JE, Li A, Valdecanas DR, Ye H, Zang F, et al.

Suppression of type I IFN signaling in tumors mediates resistance to anti-

PD-1 treatment that can be overcome by radiotherapy. Cancer Res. (2017)

77:839–50. doi: 10.1158/0008-5472.CAN-15-3142

6. Persa E, Balogh A, Safrany G, Lumniczky K. The effect of ionizing radiation

on regulatory T cells in health and disease. Cancer Lett. (2015) 368:252–61.

doi: 10.1016/j.canlet.2015.03.003

7. Siu LL, Steeghs N, Meniawy T, Joerger M, Spratlin JL, Rottey S, et al.

Preliminary results of a phase I/IIa study of BMS-986156 (glucocorticoid-

induced tumor necrosis factor receptor–related gene [GITR] agonist), alone

and in combination with nivolumab in pts with advanced solid tumors. J Clin

Oncol. (2017) 35:104. doi: 10.1200/JCO.2017.35.15_suppl.104

Frontiers in Immunology | www.frontiersin.org 8 September 2018 | Volume 9 | Article 2170

https://www.frontiersin.org/articles/10.3389/fimmu.2018.02170/full#supplementary-material
https://www.cancer.org/cancer/non-small-cell-lung-cancer/about/key-statistics.html
https://www.cancer.org/cancer/non-small-cell-lung-cancer/about/key-statistics.html
https://doi.org/10.1158/1078-0432.CCR-12-1175
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1158/0008-5472.CAN-15-3142
https://doi.org/10.1016/j.canlet.2015.03.003
https://doi.org/10.1200/JCO.2017.35.15_suppl.104
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Schoenhals et al. Anti-GITR Abrogates RT-Induced of Treg Suppression

8. Nocentini G, Giunchi L, Ronchetti S, Krausz LT, Bartoli A, Moraca R, et al. A

newmember of the tumor necrosis factor/nerve growth factor receptor family

inhibits T cell receptor-induced apoptosis. Proc Natl Acad Sci USA. (1997)

94:6216–21. doi: 10.1073/pnas.94.12.6216

9. Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S. Stimulation of

CD25(+)CD4(+) regulatory T cells through GITR breaks immunological

self-tolerance. Nat Immunol. (2002) 3:135–42. doi: 10.1038/ni759

10. Mchugh RS, Whitters MJ, Piccirillo CA, Young DA, Shevach EM, Collins

M, et al. CD4(+)CD25(+) immunoregulatory T cells: gene expression

analysis reveals a functional role for the glucocorticoid-induced TNF receptor.

Immunity (2002) 16:311–23. doi: 10.1016/S1074-7613(02)00280-7

11. Ronchetti S, Zollo O, Bruscoli S, Agostini M, Bianchini R, Nocentini G,

et al. GITR, a member of the TNF receptor superfamily, is costimulatory

to mouse T lymphocyte subpopulations. Eur J Immunol. (2004) 34:613–

22.doi: 10.1002/eji.200324804

12. Knee DA, Hewes B, Brogdon JL. Rationale for anti-GITR cancer

immunotherapy. Eur J Cancer (2016) 67:1–10. doi: 10.1016/j.ejca.2016.06.028

13. Ko K, Yamazaki S, Nakamura K, Nishioka T, Hirota K, Yamaguchi T, et al.

Treatment of advanced tumors with agonistic anti-GITR mAb and its effects

on tumor-infiltrating Foxp3+CD25+CD4+ regulatory T cells. J Exp Med.

(2005) 202:885–91. doi: 10.1084/jem.20050940

14. Patel MA, Kim JE, Theodros D, Tam A, Velarde E, Kochel CM, et al. Agonist

anti-GITR monoclonal antibody and stereotactic radiation induce immune-

mediated survival advantage in murine intracranial glioma. J Immunother

Cancer (2016) 4:28. doi: 10.1186/s40425-016-0132-2

15. Shevach EM, Stephens GL. The GITR-GITRL interaction: co-stimulation or

contrasuppression of regulatory activity? Nat Rev Immunol. (2006) 6:613–8.

doi: 10.1038/nri1867

16. Durham NM, Holoweckyj N, Macgill RS, Mcglinchey K, Leow CC, Robbins

SH. GITR ligand fusion protein agonist enhances the tumor antigen-specific

CD8 T-cell response and leads to long-lasting memory. J Immunother Cancer

(2017) 5:47. doi: 10.1186/s40425-017-0247-0

17. Villarreal DO, Chin D, Smith MA, Luistro LL, Snyder LA. Combination

GITR targeting/PD-1 blockade with vaccination drives robust

antigen-specific antitumor immunity. Oncotarget (2017) 8:39117–30.

doi: 10.18632/oncotarget.16605

18. Coe D, Begom S, Addey C, White M, Dyson J, Chai JG. Depletion

of regulatory T cells by anti-GITR mAb as a novel mechanism for

cancer immunotherapy. Cancer Immunol Immunother. (2010) 59:1367–77.

doi: 10.1007/s00262-010-0866-5

19. Demaria S, Ng B, Devitt ML, Babb JS, Kawashima N, Liebes L, et al.

Ionizing radiation inhibition of distant untreated tumors (abscopal effect)

is immune mediated. Int J Radiat Oncol Biol Phys. (2004) 58:862–70.

doi: 10.1016/j.ijrobp.2003.09.012

20. Hodi FS, O’day SJ, Mcdermott DF, Weber RW, Sosman JA, Haanen JB, et al.

Improved survival with ipilimumab in patients with metastatic melanoma. N

Engl J Med. (2010) 363:711–23. doi: 10.1056/NEJMoa1003466

21. Administration, U.S. F.a.D. FDA Expands Approved Use of Opdivo in

Advanced Lung Cancer. FDA (2015).

22. Sukumar S, Wilson DC, Yu Y, Wong J, Naravula S, Ermakov G, et al.

Characterization of MK-4166, a clinical agonistic antibody that targets human

gitr and inhibits the generation and suppressive effects of t regulatory cells.

Cancer Res. (2017) 77:4378–88. doi: 10.1158/0008-5472.CAN-16-1439

23. Cao M, Cabrera R, Xu Y, Liu C, Nelson D. Gamma irradiation alters the

phenotype and function of CD4+CD25+ regulatory T cells. Cell Biol Int.

(2009) 33:565–71. doi: 10.1016/j.cellbi.2009.02.007

24. Vanpouille-Box C, Diamond JM, Pilones KA, Zavadil J, Babb JS,

Formenti SC, et al. TGFbeta is a master regulator of radiation

therapy-induced antitumor immunity. Cancer Res. (2015) 75:2232–42.

doi: 10.1158/0008-5472.CAN-14-3511

25. Wu CT, Hsieh CC, Yen TC, Chen WC, Chen MF. TGF-beta1 mediates

the radiation response of prostate cancer. J Mol Med. (2015) 93:73–82.

doi: 10.1007/s00109-014-1206-6

26. Inoue T, Fujishima S, Ikeda E, Yoshie O, Tsukamoto N, Aiso S, et al. CCL22

and CCL17 in rat radiation pneumonitis and in human idiopathic pulmonary

fibrosis. Eur Respir J. (2004) 24:49–56. doi: 10.1183/09031936.04.001

10203

27. Schaer DA, Murphy JT, Wolchok JD. Modulation of GITR for

cancer immunotherapy. Curr Opin Immunol. (2012) 24:217–24.

doi: 10.1016/j.coi.2011.12.011

28. Bos PD, Plitas G, Rudra D, Lee SY, Rudensky AY. Transient regulatory T cell

ablation deters oncogene-driven breast cancer and enhances radiotherapy. J

Exp Med. (2013) 210:2435–66. doi: 10.1084/jem.20130762

29. Chattopadhyay K, Ramagopal UA, Brenowitz M, Nathenson SG, Almo

SC. Evolution of GITRL immune function: murine GITRL exhibits

unique structural and biochemical properties within the TNF superfamily.

Proc Natl Acad Sci USA. (2008) 105:635–40. doi: 10.1073/pnas.07105

29105

30. Ronchetti S, Nocentini G, Bianchini R, Krausz LT, Migliorati G, Riccardi

C. Glucocorticoid-induced TNFR-related protein lowers the threshold of

CD28 costimulation in CD8+ T cells. J Immunol. (2007) 179:5916–26.

doi: 10.4049/jimmunol.179.9.5916

31. Kober J, Leitner J, Klauser C, Woitek R, Majdic O, Stockl J, et al. The capacity

of the TNF family members 4-1BBL, OX40L, CD70, GITRL, CD30L and

LIGHT to costimulate human T cells. Eur J Immunol. (2008) 38:2678–88.

doi: 10.1002/eji.200838250

32. Bianchini R, Bistoni O, Alunno A, Petrillo MG, Ronchetti S, Sportoletti

P, et al. CD4(+) CD25(low) GITR(+) cells: a novel human CD4(+) T-

cell population with regulatory activity. Eur J Immunol. (2011) 41:2269–78.

doi: 10.1002/eji.201040943

33. Lau KM, Cheng SH, Lo KW, Lee SA, Woo JK, Van Hasselt CA, et al. Increase

in circulating Foxp3+CD4+CD25(high) regulatory T cells in nasopharyngeal

carcinoma patients. Br J Cancer (2007) 96:617–22. doi: 10.1038/sj.bjc.66

03580

Conflict of Interest Statement: JW reports support from University of Texas MD

Anderson, Healios, MolecularMatch, OncoResponse; non-financial support from

Reflexion Medical, Checkmate Pharmaceuticals, grants from BMS, Merck, Varian;

lab research support from Incyte, Merck, Calithera, Checkmate Pharmaceuticals,

Mavu, Nanobiotix and Aileron; and grants from OncoResponse.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2018 Schoenhals, Cushman, Barsoumian, Li, Cadena, Niknam, Younes,

Caetano, Cortez and Welsh. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 9 September 2018 | Volume 9 | Article 2170

https://doi.org/10.1073/pnas.94.12.6216
https://doi.org/10.1038/ni759
https://doi.org/10.1016/S1074-7613(02)00280-7
https://doi.org/10.1002/eji.200324804
https://doi.org/10.1016/j.ejca.2016.06.028
https://doi.org/10.1084/jem.20050940
https://doi.org/10.1186/s40425-016-0132-2
https://doi.org/10.1038/nri1867
https://doi.org/10.1186/s40425-017-0247-0
https://doi.org/10.18632/oncotarget.16605
https://doi.org/10.1007/s00262-010-0866-5
https://doi.org/10.1016/j.ijrobp.2003.09.012
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1158/0008-5472.CAN-16-1439
https://doi.org/10.1016/j.cellbi.2009.02.007
https://doi.org/10.1158/0008-5472.CAN-14-3511
https://doi.org/10.1007/s00109-014-1206-6
https://doi.org/10.1183/09031936.04.001\penalty -\@M {}10203
https://doi.org/10.1016/j.coi.2011.12.011
https://doi.org/10.1084/jem.20130762
https://doi.org/10.1073/pnas.07105\penalty -\@M {}29105
https://doi.org/10.4049/jimmunol.179.9.5916
https://doi.org/10.1002/eji.200838250
https://doi.org/10.1002/eji.201040943
https://doi.org/10.1038/sj.bjc.66\penalty -\@M {}03580
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Anti-glucocorticoid-induced Tumor Necrosis Factor–Related Protein (GITR) Therapy Overcomes Radiation-Induced Treg Immunosuppression and Drives Abscopal Effects
	Introduction
	Materials and Methods
	Cell Lines and Drugs
	Tumor Inoculation and Treatment
	Tumor Immune Cell Isolation
	Cell Staining and Flow Cytometry
	Statistical Analysis

	Results
	Anti-GITR With Anti-PD1 and Radiation Drives Abscopal Effects and Durable Response
	Regulatory T Cells Express the Highest Levels of GITR
	Anti-GITR Therapy Can Abrogate the Increase of Tregs at the Tumor Site After Radiation
	Anti-tumor Effects Are Largely Dependent on CD4T Cells
	Anti-GITR IgG2a Is Superior to Anti-GITR IgG1 Driving Antitumor Effects

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


