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Abstract

Background: Checkpoint inhibitor immunotherapy has not proven clinically effective in
glioblastoma. This lack of effectiveness may be partially attributable to the frequent administration of
dexamethasone in glioblastoma patients. In this systematic review, we assess whether dexamethasone
(1) affects the glioblastoma microenvironment and (2) interferes with checkpoint inhibitor
immunotherapy efficacy in the treatment of glioblastoma.

Methods: PubMed and Embase were systematically searched for eligible articles published up to
September 15, 2021. Both in vitro and in vivo preclinical studies, as well-as clinical studies were
selected. The following information was extracted from each study: tumor model, corticosteroid
treatment and effects on individual immune components or checkpoint inhibitor immunotherapy.
Results: Twenty-one preclinical studies in cellular glioma models (n=10), animal glioma models
(n=6) and glioblastoma patient samples (n=7), and three clinical studies were included. Preclinical
studies show that dexamethasone decreases the presence of microglia and other macrophages as well
as the number of T lymphocytes in both tumor tissue and periphery. Dexamethasone abrogates the
anti-tumor effects of checkpoint inhibitors on T lymphocytes in preclinical studies. Although
randomized studies directly addressing our research question are lacking, clinical studies suggest a
negative association between corticosteroids and survival outcomes in glioblastoma patients receiving
checkpoint inhibitors after adjustment for relevant prognostic factors.

Conclusions: Preclinical research shows that dexamethasone inhibits the anti-tumor immune response
in glioma, thereby promoting a protumorigenic microenvironment. The efficacy of checkpoint
inhibitor immunotherapy in glioblastoma patients may therefore be negatively affected by the use of
dexamethasone. Future research could investigate the potential of edema-reducing alternatives to
dexamethasone.
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Key Points
— Dexamethasone decreases number of macrophages and T cells in GBM microenvironment
— Dexamethasone abolishes checkpoint inhibitor-induced anti-tumor effects in GBM
— Dexamethasone is negatively associated with survival in GBM patients on checkpoint

inhibitors

Importance of the Study

The lack of efficacy of checkpoint inhibitors in glioblastoma trials is often suggested to be partially
attributable to the common use of dexamethasone, but systematic evidence is lacking. This systematic
review addresses the effects of dexamethasone on checkpoint inhibitor immunotherapy in
glioblastoma in preclinical models and clinical studies. We show that in preclinical studies,
dexamethasone decreases the presence of myeloid and lymphoid-immune cell populations in the
glioblastoma microenvironment. This results in an inhibition of the checkpoint inhibitor-induced anti-
tumor immune response in preclinical models of glioblastoma. In clinical studies, baseline
corticosteroid use is associated with shorter survival in glioblastoma patients on checkpoint inhibitors,
even after adjustment for other prognostic factors, but data are limited. This is important, as it
indicates that future studies assessing survival benefit of checkpoint inhibitors in glioblastoma should
consider excluding patients. on higher dose dexamethasone treatment. Future research should

investigate the potential of edema-reducing alternatives to dexamethasone.
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Introduction

Glioblastomas are malignant brain tumors associated with a very poor life expectancy of patients’.
Standard treatment consists of a combination of maximal safe surgical resection, radiotherapy and
alkylating agent chemotherapy®. However, there is an evident need for novel therapeutic approaches.

Antibody-mediated checkpoint inhibitor immunotherapy is a groundbreaking therapeutic
approach in the field of oncology. The checkpoint inhibitors currently used in clinical practice target
the inhibitory checkpoint molecules cytotoxic T lymphocyte antigen 4 (CTLA-4), programmed cell
death protein 1 (PD-1) and programmed death-ligand 1 (PD-L1). All of these molecules are
implicated in regulating T lymphocyte activation. T cell activation is inhibited by the expression of
CTLA-4, which binds to CD80 or CD86, or PD-1, which binds to its inhibitory ligand PD-L1 (Fig.
1A, 1C)**. Antibodies directed against CTLA-4, PD-1 and PD-L1 thus prevent these molecules from
suppressing the immune response, thereby enabling cytotoxic T lymphocytes to destroy tumor cells
(Fig. 1B, 1D).

These checkpoint inhibitors have shown tremendous clinical benefit in various tumor types
including melanoma, non-small cell lung cancer and urothelial carcinoma®. Preclinical glioblastoma
research has yielded promising results as well. Treatment of GL261 glioblastoma-bearing mice with
antibodies targeting CTLA-4, PD-1, PD-L1 or a combination of those was shown to increase the
number of CD8" T cells and activated natural killer (NK) cells, while decreasing the presence of
regulatory T cells (Tregs) in the tumor tissue and tumor-draining lymph nodes®. Most importantly, all
of these checkpoint inhibitors significantly improved the survival of these mice.

In addition to the promising results in preclinical glioblastoma models, early phase clinical
trials observed that neoadjuvant treatment with the PD-1 inhibitor nivolumab increased immune cell
infiltration in the glioblastoma microenvironment® and neoadjuvant treatment with pembrolizumab,
another PD-1 inhibitor, significantly extended overall survival of recurrent glioblastoma patients’.
Unfortunately, checkpoint inhibitors have failed to prove effective in the three phase 111 clinical trials

conducted in patients with either newly diagnosed or recurrent glioblastoma®®. In the CheckMate 143
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trial (NCT02017717), recurrent glioblastoma patients were randomized to the PD-1 inhibitor
nivolumab or the VEGF inhibitor bevacizumab'®. In the CheckMate 498 trial (NCT02617589), newly
diagnosed glioblastoma patients with an unmethylated O°-methylguanine-DNA methyltransferase
(MGMT) gene promoter received standard care in combination with a placebo or nivolumab™. The
CheckMate 548 trial (NCT02667587) investigated the addition of a placebo or nivolumab to standard
care in newly diagnosed glioblastoma patients with a methylated MGMT gene promotor*. None of
these trials detected a survival benefit of checkpoint inhibitor immunotherapy'®*2.

This lack of efficacy may be attributable to several factors. First of all, the immunogenicity of
glioblastomas is relatively low. Second, the number of T cells infiltrating the glioblastoma
microenvironment is small compared to other tumor types. Third, glioblastoma cells actively create an
immunosuppressive tumor microenvironment by interacting with various immune components®®.
Myeloid cells, predominantly resident microglia and peripheral macrophages, form the primary
immune component of the glioblastoma microenvironment****. The relatively small lymphoid

component mainly comprises T and NK cells**,

Inflammatory molecules, which include
inflammatory cytokines, colony-stimulating factors (CSFs), chemokines and immune-related
enzymes, can be produced by both glioblastoma and immune cells and are able to modulate the anti-
tumor immune response.

Dexamethasone is-a synthetic glucocorticoid that is widely used in order to alleviate cerebral
edema and the associated symptoms in glioblastoma patients. Tumor cells induce vasogenic edema
via the release of vascular endothelial growth factor (VEGF), which promotes increased vascular
permeability in-the tumor microenvironment. Dexamethasone counteracts this process by acting on
glucocorticoid receptors, thereby reducing both VEGF expression by the tumor cells and VEGF
sensitivity of the endothelial target cells'.

However, dexamethasone is also reported to suppress the immune system*"*8. Glucocorticoids
are known to downregulate the expression of proinflammatory cytokines and inhibit the activity of
dendritic cells (DCs) and T cells*’. As such, there are reports suggesting that dexamethasone reduces
the efficacy of various immunotherapeutic interventions'® %, but systematic evidence on the effect on
checkpoint inhibitor immunotherapy is lacking. In this systematic review, we therefore assess whether

6
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dexamethasone (1) affects the glioblastoma microenvironment and (2) interferes with checkpoint

inhibitor immunotherapy efficacy in the treatment of glioblastoma.

Methods

This review was conducted according to the Preferred Reporting Items for Systematic Reviews and

Meta-Analysis (PRISMA) statement?*.

Literature Search

A systematic literature search was conducted in PubMed and Embase to retrieve all eligible articles
published up to September 15, 2021. The search terms corticosteroid, immune, immunotherapy and
glioblastoma as well as synonyms of these terms were used. The complete search strings for PubMed
and Embase are reported in the Supplementary Information. Additional studies were identified by

consulting our own literature database and searching reference lists of relevant review articles.

Eligibility Criteria

Original research articles regarding the effect of dexamethasone or other corticosteroids on (1)
individual immune components or (2) checkpoint inhibitor immunotherapy efficacy in glioma were
selected. Both invitro and in vivo preclinical studies in mice, rat and human, as well as clinical studies
were considered eligible. Publications in languages other than English, with no full text available or

lacking a control condition were excluded.
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Study Selection and Data Extraction

Eligibility assessment was performed by one reviewer (K.X.S.) in a standardized manner by
subsequently screening the titles, abstracts and full-text articles. The following information was
extracted from each included study by one reviewer (K.X.S.): tumor model, type of corticosteroid,
corticosteroid dosage, method of administration, treatment duration, group size and outcome(s). In
case of doubt, regarding inclusion or exclusion of studies as well as data extraction, a second reviewer

(M.G.) was consulted.

Risk of Bias Assessment

The risk of bias in individual studies was assessed by one reviewer (K.X.S.) according to the

Cochrane Risk of Bias Tool®.

Results

The primary literature search resulted in 1036 unique articles. After screening the titles and abstracts
of these articles, 83 articles were subjected to full-text assessment. Subsequent exclusion of 61 articles
led to 22 remaining eligible studies (Fig. 2). Moreover, 1 article fulfilling the selection criteria was
identified by consulting our own literature database. This article was not retrieved by the literature
search because the search term corticosteroid or synonyms of this term were not mentioned in its title
or abstract, but only in the main text. Ultimately, 23 studies, comprising 21 preclinical and 3 clinical

studies, were selected for inclusion in this systematic review (Fig. 2).
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Risk of Bias

The risk of bias assessment in individual studies is provided in the Supplementary Information (Table
S1). Since randomization was lacking in most human preclinical and clinical studies, there is a high
risk of selection bias. The 40 conference abstracts without a peer-reviewed publication counterpart
suggest that there is a considerable risk of publication and selective reporting bias. Since only 3

clinical studies were included, the risk of bias across studies could not be quantified.

Preclinical Research

Twenty-one preclinical studies investigated corticosteroid effects on the immunological component of
the glioma microenvironment and checkpoint inhibitor immunotherapy in the treatment of glioma.
These studies were conducted in cellular glioma models (n=10), animal glioma models (n=6) and
glioblastoma patient samples (n=7). Human preclinical studies comprise the examination of patient
samples as opposed to clinical parameters such as survival. The main findings of the preclinical
studies are listed in Table 1.

Cellular Research

Inflammatory Molecules

Seven studies examined the effect of dexamethasone on inflammatory molecules in glioma cell
cultures. Overall, dexamethasone generally inhibits the expression and secretion of various
inflammatory molecules. Dexamethasone was shown to dose-dependently inhibit interleukin (IL)-1B-
induced secretion of the proinflammatory cytokine 1L-6 by human U87MG glioblastoma cells®.
Similarly, although baseline granulocyte-macrophage (GM)-CSF levels were unaffected in the human
Al172 and U87MG glioblastoma cell lines, tumor necrosis factor (TNF)-a-induced GM-CSF secretion,
which promotes the proliferation and maturation of eosinophils and macrophages, was reduced by

dexamethasone in a dose-dependent fashion?’. Furthermore, in human GBM8401 and T98G
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glioblastoma cells stimulated by co-culture with macrophages or IL-la administration,
dexamethasone was demonstrated to dose-dependently decrease the expression and secretion of the
chemokine CXCLS8, which acts as a chemoattractant for neutrophils®®%.

Dexamethasone was also shown to downregulate immune-related enzymes. Two studies
established that dexamethasone dose-dependently inhibits LPS- or cytokine-induced nitrite release
into the culture supernatant of rat C6 glioma cells**®. This is indicative for the enzyme activity of
inducible nitric oxide synthase (iNOS), which is typically increased in inflammatory conditions.
Moreover, the iNOS mRNA level was temporarily reduced after incubation with dexamethasone™.
Treatment of U87MG cells with dexamethasone also significantly suppressed the expression of
tryptophan 2,3-dioxygenase (TDO), an enzyme involved in the degradation of the essential amino

acid tryptophan that thereby exerts an immunosuppressive effect®* 4,

Immune Cells

Three co-culture studies showed that dexamethasone decreases the expression of proinflammatory
cytokines by myeloid cells, while promoting the production of anti-inflammatory cytokines. In co-
cultures of microglia or bone marrow-derived macrophages with murine platelet-derived growth
factor subunit B (PDGFB)-overexpressing glioblastoma slices, dexamethasone-treated immune cells
expressed the proinflammatory cytokines IL-1o and IL-1P to a lesser extent than vehicle-treated
microglia or macrophages®.  Correspondingly, another study co-culturing microglia and murine
GL261 glioma cells demonstrated that dexamethasone administration reduced IL-1f production in
microglia, whereas the anti-inflammatory cytokine I1L-10 was upregulated®. The same research group
recently showed that dexamethasone also lowered the production of IL-1p, IL-6, IL-8, IL-12 and
TNF-a by both microglia and monocytes in co-cultures of microglia or monocytes with human A172
or US7MG glioblastoma cells. Furthermore, dexamethasone enhanced the microglial production of

IL-10, but did not affect IL-10 production by monocytes®’.
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Animal Research

Inflammatory Molecules

Two studies in animal models for glioma confirmed some of the effects of dexamethasone that were
observed in glioma cell cultures: tumor tissue of either immunocompromised U87MG or
immunocompetent PDGFB-overexpressing glioblastoma-bearing mice that had received
dexamethasone treatment contained lower mRNA levels of both IL-1a and IL-1B as well as TDO in

comparison with control-treated mice®*,

Immune Cells
Five studies in animal models established how dexamethasone affects the presence of different
immune cell populations in the glioma microenvironment as well as in different body compartments.

In PDGFB-overexpressing glioblastoma-bearing mice, dexamethasone was shown to exert a
negative effect on the total myeloid cell content in the tumor tissue®*. However, a study in
immunocompetent GL261 glioma mice revealed that the total number of myeloid cells was unaffected
by dexamethasone in the intracranial tumor but reduced in tumor-draining lymph nodes and the
spleen®.

In the PDGFB-overexpressing glioblastoma-bearing mice, dexamethasone administration was
shown to reduce the number of peripheral macrophages in the tumor tissue without altering the
microglial number®. In immunogenic C6 glioma-bearing rats on the other hand, dexamethasone
decreased microglial presence in the tumor tissue, whereas the number of peripheral macrophages
invading the tumor was unaffected®. Finally, a study in GL261 glioma mice found no differences in
either ‘microglial or macrophage number in the tumor after dexamethasone treatment but found
considerably fewer macrophages in tumor-draining lymph nodes and the spleen of dexamethasone-
treated animals®. In general, the total number of macrophages thus appears to be reduced in animal
models for glioma following dexamethasone treatment, although there are conflicting results on

whether microglia or peripheral macrophages are responsible.

11
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Two of these studies also investigated the influence of dexamethasone on other myeloid cell
populations in glioma mouse models. One group found that dexamethasone increased the number of
circulating monocytes in PDGFB-overexpressing glioblastoma-bearing mice®*. The second study
reported that the number of monocytes and DCs was unaltered in the tumor or tumor-draining lymph
nodes and even reduced in the spleen of GL261 glioma mice®. Finally, it was reported that
dexamethasone did not influence the presence of neutrophils in peripheral blood of PDGFB-
overexpressing glioblastoma-bearing mice®.

In C6 glioma-bearing rats, dexamethasone was shown to dose-dependently ‘decrease the total
number of tumor-infiltrating lymphocytes®. This effect on total lymphocyte counts was also observed
in both tumor tissue and blood samples of PDGFB-overexpressing glioblastoma mice®.

Similar to lymphocytes in general, dexamethasone reduces the number of T lymphocytes in
glioma animal models. The study in C6 glioma rats detected that dexamethasone dose-dependently
inhibited T cell infiltration in tumor tissue®. Other research groups investigated the effects of
dexamethasone on specific T cell subsets in GL261 murine glioma models. Examination of tumor
tissue yielded varying results. One study reported that the numbers of all T cell subsets, comprising
the effector CD4" and CD8" T lymphocytes as well as the immunosuppressive Tregs, were unaltered
by dexamethasone®. Another study detected no effect on the number of CD8* T cells, but reported
that dexamethasone administration resulted in fewer total and CD4" tumor-infiltrating T cells*. More
conclusive findings were generated when investigating effects of dexamethasone in other body
compartments. In tumor-draining lymph nodes of dexamethasone-treated mice, cell counts of total T
cells, CD4" T cells, CD8" T cells and Tregs were significantly decreased®*“***, Dexamethasone also
reduced the number of CD4" T cells, CD8" T cells and Tregs in peripheral blood* as well as the
number of total, CD4* and CD8" T cells in both the spleen and thymus®. Administration of
dexamethasone also resulted in fewer NK cells in the tumor tissue, tumor-draining lymph nodes and
spleen®. In conclusion, several studies demonstrate that dexamethasone negatively affects T cell
numbers in glioma models, with several of them showing a downregulation within the tumor. Overall,
dexamethasone seems to downregulate the presence of the most important myeloid and lymphoid
immune cell populations.

12
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Checkpoint Inhibitor Immunotherapy

Three of the previously described studies also examined the influence of dexamethasone on survival
and immune cell populations in glioma mice receiving checkpoint inhibitor immunotherapy®#“. A
study by Giles et al. investigated the effect of dexamethasone on CTLA-4 immunotherapy in GL261
glioma-bearing mice®. First, it was demonstrated that dexamethasone dose-dependently increased the
percentage of circulating CD4" and CD8" T cells expressing CTLA-4. Despite this increase, the
survival of mice that had received dexamethasone concurrent with the CTLA-4 inhibitor ipilimumab
was increased (median survival of 49 vs 39 days; p = 0.013) in comparison to mice treated with anti-
CTLA-4 monotherapy. Of note, a subsequent experiment in which dexamethasone treatment was
already initiated prior to tumor implantation found no significant effect of dexamethasone on the
survival of these mice®. Follow-up experiments revealed that dexamethasone did not alter the number
of tumor-infiltrating CD4" T cells, CD8" T cells or Tregs, but decreased the numbers of these cell
populations in tumor-draining lymph nodes of ipilimumab-treated mice*’. CTLA-4 immunotherapy on
its own had no effect on any of these T cell subsets in either compartment.

The influence of dexamethasone on the efficacy of PD-1 immunotherapy was investigated by
two research groups®®*!. In a study by Maxwell et al., GL261 glioma mice received PD-1 inhibitors
alone or in combination with one of three dexamethasone treatment regimens that differed in onset
and duration. Anti-PD-1 monotherapy increased survival of the mice and this was unaffected by any
of the three dexamethasone treatment regimens®. Furthermore, dexamethasone did not clearly affect
the presence of CD4" and CD8" T lymphocytes in tumor-draining lymph nodes of mice treated with
anti-PD-1 antibodies. On the other hand, all three dexamethasone treatment regimens decreased the
number of circulating CD4" T cells, CD8" T cells and Tregs*.

In another study by lorgulescu et al., GL261 glioma-bearing mice were treated with PD-1
inhibitors alone or in combination with dexamethasone. Administration of dexamethasone solely prior
to checkpoint inhibitor immunotherapy did not significantly alter the survival of the mice. However,
administration during checkpoint inhibitor immunotherapy was shown to dose-dependently increase
tumor growth and decrease survival, thereby abrogating the positive effects of the checkpoint

13
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inhibitor immunotherapy®. Additionally, the combination of anti-PD-1 therapy and dexamethasone
clearly reduced the presence of both myeloid and lymphoid cell populations in different tissues in
comparison to anti-PD-1 monotherapy. The numbers of total myeloid cells, macrophages, monocytes
and DCs were all downregulated in tumor tissue, tumor-draining lymph nodes and spleen of
dexamethasone-treated mice. Only microglial counts in the tumor were unaffected by dexamethasone.
Dexamethasone also did not influence the number of T lymphocytes and CD8" T cells in the tumor
tissue. However, CD4" T cells in the tumor as well as the number of T lymphocytes, CD4" T cells and
CD8" T cells in the tumor-draining lymph nodes, spleen and thymus were reduced by dexamethasone.
Finally, dexamethasone lowered the number of NK cells in tumor tissue, lymph nodes and spleen®.

In summary, two out of three independent preclinical studies did not observe a negative effect
of dexamethasone on the survival of glioma-bearing mice receiving checkpoint inhibitor
immunotherapy. In the third study, dexamethasone seemed to exert a negative effect when given
during checkpoint inhibitor immunotherapy, but this effect was not observed when administered prior
to checkpoint inhibitor immunotherapy. It is difficult to-unify the results of the three studies, since
each study used different dexamethasone treatment regimens. Nonetheless, while it differed per body
compartment, all studies reported dexamethasone to reduce immune cell numbers, especially T cell

subsets.

Human Research

Inflammatory Molecules

One study investigated the effect of dexamethasone on various chemokines in glioblastoma patients.
Members of the CC chemokine subfamily are mainly involved in the recruitment of monocytes,
whereas CXC chemokines generally induce migration of neutrophils or lymphocytes. In
dexamethasone-treated patients, the chemokines CCL21, CCL22 and CXCL10 were downregulated in

peripheral blood, while the chemokine CCL23 was upregulated in comparison to steroid-naive

14
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patients. The serum levels of CCL2, CCL27 and CXCL12 were not significantly altered in

dexamethasone-treated subjects*.

Immune Cells

The effects of dexamethasone on immune cell populations have not been studied as extensively in
glioma patients as in animal models. Data on immune cell populations in the glioma
microenvironment itself is lacking.

There are six studies that investigated circulating myeloid cells in glioblastoma patients. In all
of these studies, blood samples were compared between patients that did and did not receive
corticosteroids. One study detected higher monocyte numbers in the blood of dexamethasone-treated
patients®, while two other studies observed no effect on the number of circulating monocytes**®.
Another study demonstrated that IL-1p release by circulating monogcytes, which is indicative for their
activation state, was unaltered by dexamethasone®. Dexamethasone was shown to negatively affect
various DC subsets in peripheral blood, as dexamethasone dose-dependently decreased the number of
the myeloid CDc1", CD141" and 6-sulfo LacNAc (Slan)" DC subsets as well as the plasmacytoid
CD303" DC count*’. Finally, three studies demonstrated that both corticosteroids in general as well as
dexamethasone specifically increased neutrophil cell counts in peripheral blood samples***4“.

Three studies alsoinvestigated lymphocyte numbers in glioblastoma patients. One study
demonstrated that dexamethasone reduced the presence of circulating lymphocytes in general®.
Another research groupalso measured significantly lower blood counts of total lymphocytes as well
as of CD4" T cells, CD8" T cells and Tregs in dexamethasone-treated patients®. A final study
confirmed that dexamethasone resulted in fewer total lymphocytes, total T cells, CD4" T cells and
Tregs in peripheral blood samples, but detected no difference in the CD8" T cell subset*.
Furthermore, two of these research groups showed that the numbers of circulating B and NK cells

were unaffected by dexamethasone administration®**.

15
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Clinical Research

Three clinical studies investigated corticosteroid effects on the efficacy of checkpoint inhibitor
immunotherapy in the treatment of glioblastoma. The main findings of these studies, as well as their
effect sizes, are listed in Table 2. A retrospective study assessed the overall survival (OS) in 181
patients with both newly diagnosed and recurrent isocitrate dehydrogenase (IDH) wild-type
glioblastoma that were treated with PD-1 or PD-L1 inhibitors®. In this study, dexamethasone usage at
treatment initiation was shown to be negatively correlated with OS, which was 8.1 and 6.3 months in
patients on < 2 mg/day and > 2 mg/day dexamethasone, respectively, compared to 13.1 months in
patients not on baseline dexamethasone (p < 0.001 and p = 0.001, respectively). Multivariable
analysis revealed that this negative effect of dexamethasone persisted after adjustment for relevant
prognostic factors, including disease setting, patient age, MGMT promoter methylation status,
Karnofsky performance scale, tumor volume at anti-PD(L)1 initiation and extent of resection (< 2
mg/day HR: 2.16; 95% CI: 1.30-3.60 and > 2 mg/day HR: 1.97; 95% CI: 1.23-3.16)*. In a phase II
randomized clinical trial (RCT), 80 recurrent glioblastoma patients received either pembrolizumab
monotherapy (200 mg V) every 3 weeks or pembrolizumab in combination with bevacizumab (10
mg/kg 1V) every two weeks. In the small cohort of 30 subjects receiving pembrolizumab
monotherapy, there was no significant association between baseline dexamethasone and OS. In the
other 50 patients that received pembrolizumab and bevacizumab combined, univariate analysis
showed that baseline dexamethasone use was significantly associated with a worsened OS (HR: 3.27;
95% Cl: 1.61-6.65)*. However, it was not investigated whether this association persisted in
multivariable analysis adjusted for prognostic factors, but sample size may have been a limiting factor
for multivariable analysis. Finally, in the CheckMate 143 phase Il RCT, 369 recurrent glioblastoma
patients were randomized to nivolumab (3 mg/kg) or bevacizumab (10 mg/kg) every 2 weeks. The OS
of patients did not significantly differ between the two treatment groups. Post-hoc multivariate
analysis adjusted for age, sex, MGMT promotor methylation status, Karnofsky performance scale,

tumor load and time from glioblastoma diagnosis to recurrence, revealed that among the 184
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nivolumab-treated subjects, baseline corticosteroid use was significantly associated with shorter OS
(HR: 1.69; 95% CI: 1.05-2.69). This association was absent in the control group receiving
bevacizumab™. In summary, one retrospective and one randomized clinical study demonstrated a
negative association between baseline corticosteroid use and OS of glioblastoma patients receiving
checkpoint inhibitors after correction for relevant prognostic factors. In the third study, this
association was absent in a fairly small patient group treated with pembrolizumab monotherapy but

present in patients receiving both pembrolizumab and bevacizumab.

Discussion

Main findings

The effect of dexamethasone on the immunological component of the glioblastoma microenvironment
has been investigated in various preclinical studies. However, only a few clinical studies have
examined corticosteroid effects on checkpoint. inhibitor immunotherapy efficacy in glioblastoma
patients.

In general, preclinical glioma research demonstrated that dexamethasone decreases the
presence of microglia and other macrophages as well as the number of T lymphocytes in the tumor,
tumor-draining lymph nodes, blood, spleen and/or thymus. Nevertheless, it remains difficult to assess
the overall effect of dexamethasone on the anti-tumor immune response. Since the majority of
macrophages. in_the glioblastoma microenvironment induces immunosuppression, a decrease in
macrophage numbers might actually be beneficial®®*!. Furthermore, several studies observe a decrease
in all T lymphocyte subsets, but if dexamethasone affects both effector and regulatory T cells, it is
difficult to state how this will influence the overall T cell-mediated immune response. Remarkably,
dexamethasone seems to decrease the presence of CD4" T cells more consistently than CD8" T cell
numbers, but we could not find an explanation for this phenomenon. Additionally, while

dexamethasone seems to downregulate various inflammatory molecules, decreasing the release of
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proinflammatory cytokines acts immunosuppressive, whereas downregulating TDO is suggested to
stimulate the immune response®*.

Preclinical studies on checkpoint inhibitor immunotherapy demonstrated that dexamethasone
abolishes the positive effects of checkpoint inhibitors on the presence of immune cells, especially T
lymphocytes. The effect of dexamethasone on survival, on the other hand, remains elusive, as studies
have yielded conflicting results. Moreover, it is important to note that this has only been investigated
by three different research groups.

Clinical studies in glioblastoma patients have revealed a negative “association between
baseline corticosteroid use and survival outcomes in glioblastoma patients on checkpoint inhibitors.
However, corticosteroid use has also been shown to be a poor prognaostic indicator in glioblastoma
patients that do not receive checkpoint inhibitors®*®. In the previously described clinical studies, the
use of corticosteroids was not a randomization factor. Not all studies accounted for the fact that as a
rule glioblastoma patients receive corticosteroids for symptom control, resulting in the need for
corticosteroid treatment to be an important confounder in itself. Additionally, research on this specific
topic in glioblastoma patients is very scarce.

In conclusion, corticosteroids negatively affect the most important cellular and molecular
immune mediators and may thereby affect the efficacy of checkpoint inhibitor immunotherapy in
glioblastoma models and patients. Since other types of immunotherapy are designed to generate the
same results as checkpoint inhibitors, a similar effect would be expected on their efficacy. However,
although preclinical and early clinical studies have suggested that checkpoint inhibitors are effective
in improving survival outcomes, this finding has not been replicated in phase Il clinical trials. If this
indicates a lack of efficacy of checkpoint inhibitors, no clear effect of dexamethasone would be
expected.

An important consideration with regards to the preclinical studies is the relevance of the
investigated model systems, especially with regards to the tumor microenvironment. It is important to
acknowledge that the various cell lines not only resemble the histological characteristics of human
glioblastoma to a different extent, but also lack the ability to resemble the interactions between the
tumor and its microenvironment. Similarly, mouse models bear little resemble with human
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glioblastomas. Tumor generation using xenograft transplantation, as in U87MG glioblastoma-bearing
mice, requires immunocompromised animals to prevent rejection of the tumor cells, which makes
these models unsuitable for studies focusing on the immune system. Transplantation of carcinogen-
induced tumor cells in syngeneic hosts or viral tumor induction, as in GL261 and PDGFB-
overexpressing glioblastoma-bearing mice, respectively, is performed in immunocompetent mice,
enabling more reliable study of the role of the immune system®®. The conflicting results of
preclinical studies in this review could very well be a reflection of the flaws of the models. Because of
the lack of high level evidence from preclinical studies, the presented results have to be interpreted
with the greatest caution.

Future clinical trials on checkpoint inhibitors in glioblastoma patients should either only
include patients with no or very low dosage steroid therapy, use the administration of dexamethasone
as a stratification factor at randomization or properly adjust for prognostic factors. Possible non-
corticosteroid alternatives for patients requiring edema control include VEGF inhibitors and
cyclooxygenase-2 inhibitors®"*®., Bevacizumab, a monoclonal antibody targeting VEGF does not
improve survival outcomes®, but has been demonstrated to alleviate vasogenic edema and diminish

8061 |n addition, it has been assumed that

the need for corticosteroids in glioblastoma patients
bevacizumab acts synergistically with checkpoint inhibitors®?. Therefore, bevacizumab might be an
alternative to dexamethasone in future trials assessing checkpoint inhibitor immunotherapy in

glioblastoma patients.

Strengths and Limitations

This is the first systematic review regarding corticosteroid effects on checkpoint inhibitor
immunotherapy that specifically focuses on glioblastoma. The major strength of this review is its
translational approach. However, this study also has its limitations. The most important limitations are
the small number of relevant articles and the fact that some of them report conflicting data. The

results that are reported in this review may have also been skewed by publication bias. Moreover,
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randomization was lacking in the great majority of the studies, resulting in a high risk of selection
bias. In addition, various articles failed to provide specific information about the type of
corticosteroid, dosage and treatment duration, which could be of great importance for the observed
effects on the immune response. Finally, preclinical studies in glioma tumor models did often not
report the specific glioma subtype or WHO grade, although this has a substantial impact on the

prognosis and possibly on the effect of corticosteroids.

Future Perspectives

The most important challenge is to establish whether checkpoint -inhibitor immunotherapy may
contribute to improving clinical outcomes in glioblastoma patients.” Current strategies combine
checkpoint inhibitors with, for instance, radiotherapy, chemotherapy and other types of
immunotherapy such as vaccination or oncolytic virus immunotherapy, which are thought to sensitize
the tumor to checkpoint inhibitor immunotherapy®:*®. Several studies have already examined
corticosteroid effects in glioma models receiving vaccination, oncolytic virus, T cell, IL-2 or IL-12
immunotherapy, but further research 'is required to make well-founded recommendations regarding
the combination of dexamethasone and different immunotherapies®?*%#-2%8 |5 addition, the
precise molecular mechanisms by which glucocorticoids impair the immune response remain to be
elucidated. Finally, alternatives to dexamethasone in the treatment of edema in glioblastoma patients

should be investigated.
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Figure Captions

Figure 1. Checkpoint inhibitor immunotherapy. A) Suppression of T cell activation by CTLA-4. B)
Working mechanism of anti-CTLA-4 antibody. C) Suppression of T cell by PD-1 and PD-L1. D)
Working mechanism of anti-PD-1 and anti-PD-L1 antibodies. APC: antigen-presenting cell; TCR: T
cell receptor; MHC: major histocompatibility complex; CTLA-4: cytotoxic T lymphocyte antigen 4;
CD: cluster of differentiation; PD-1: programmed cell death protein 1; PD-L1: programmed death-
ligand 1. Adapted from “Cancer Lymphocyte Interaction”, by BioRender.com (2022). Retrieved from

https://app.biorender.com/biorender-templates.

Figure 2. Flow chart of the systematic literature search.
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Table 1. Overview of included preclinical studies.

Author Tumor type Model Treatment (dosage) Duration Group Outcome(s)
size
Cellular studies
Curran et al., 20117 Glioblastoma  Cells Dexamethasone 24 hours N/A = basal GM-CSF secretion
(0.01-0.1 uM) | TNF-a-induced GM-CSF secretion
Gottschall et al., 1992  Glioblastoma = Cells Dexamethasone 6 or 15 hours  N/A | IL-1B-induced IL-6 secretion
(0.01-0.1 uM)
Herting et al., 2019% Glioblastoma  Co-cultured Dexamethasone 26 hours N/A | IL-1a and IL-1p expression by macrophages and
macrophages (5 uM) microglia
and tumor slices
Hong et al., 2009%® Glioblastoma Co-cultured Dexamethasone 24 hours N/A | CXCLS8 expression by tumor cells
macrophages (1-10 uM)
and tumor cells
Mukaida et al., 1994%° Glioblastoma  Cells Dexamethasone 3or24 hours N/A | IL-1a-induced CXCL8 expression and secretion
(0.00001-1 pM)
Ott et al., 2015% Glioblastoma  Cells Dexamethasone 120 hours N/A | TDO expression
(0.1 pM)
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Rieger et al., 1998 Glioma Cells Dexamethasone 24 hours N/A | LPS-and cytokine-induced nitrite secretion
(0.1 uM)
Shinoda et al., 2003% Glioma Cells Dexamethasone 6-72 hours N/A | LPS-induced nitrite secretion
(0.002-2 uM) | LPS-induced iNOS expression
Wielgat et al., 2019* Glioma Co-cultured Dexamethasone 24 hours N/A | IL-1B production by microglia
microglia and (10 uM) 1 1L-10 production by microglia
tumor cells
Wielgat et al., 2021 Glioblastoma  Co-cultured Dexamethasone 24 hours N/A | IL-1B, IL-6, IL-8, IL-12 and TNF-a production by
microglia or (10 pm) microglia and monocytes
monocytes and 1 1L-10 production by microglia
tumor cells = IL-10 production by monocytes
Animal studies
Badie et al., 2000*° Glioma Rats Dexamethasone 7 days 7-10 | microglia in tumor
(0.1 or 1 mg/kg/day i.p.) = macrophages in tumor
| total lymphocytes and T cells in tumor
Giles et al., 2018% Glioma Mice Dexamethasone 1 hour & 8-10 =CD4" T cells, CD8" T cells and Tregs in tumor
(0.5-2.5 mg/kg/day p.0.) > 17 days | CD4" T cells, CD8" T cells and Tregs in tumor-

draining lymph nodes

1 CTLA-4 expression by CD4" and CD8" T cells in
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Herting et al., 2019%

lorgulescu et al., 2021

Glioblastoma

Glioma

Mice

Mice

Dexamethasone

(10 mg/kg/day i.p.)

Dexamethasone

(1-10 mg/kg/day i.p.)

5 days

11-22 days

9-15

4-42

blood

= or 1 survival after anti-CTLA-4

= CD4" T cells, CD8" T cells and Tregs in tumor
after anti-CTLA-4

| CD4" T cells, CD8" T cells and Tregs in tumor-
draining lymph nodes after anti-CTLA-4

| IL-1a and IL-1 expression in tumor

| total myeloid cells and macrophages in tumor

= microglia in tumor

1 monocytes in blood

= neutrophils in blood

| total lymphocytes in tumor and blood

= total myeloid cells, microglia, macrophages,
monocytes, DCs and CD8" T cells in tumor

1 T cells, CD4" T cells and NK cells in tumor

| total myeloid cells, macrophages, T cells, CD4" T
cells, CD8" T cells and NK cells in tumor-draining
lymph nodes

= monocytes and DCs in tumor-draining lymph
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nodes

| total myeloid cells, macrophages, monocytes,
DCs, T cells, CD4" T cells, CD8" T cells and NK
cells in spleen

| T cells, CD4" T cells and CD8" T cells in thymus
1 tumor growth after anti-PD-1

| or = survival after anti-PD-1

| total myeloid cells, macrophages, monocytes,
DCs, CD4" T cells and NK cells in tumor after anti-
PD-1

= microglia, T cells and CD8" T cells in tumor after
anti-PD-1

| total myeloid cells, macrophages, monocytes,
DCs, T cells, CD4" T cells, CD8" T cells and NK
cells in tumor-draining lymph nodes after anti-PD-1
| total myeloid cells, macrophages, monocytes,
DCs, T cells, CD4" T cells, CD8" T cells and NK
cells in spleen after anti-PD-1

| T cells, CD4" T cells and CD8" T cells in thymus
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after anti-PD-1

Maxwell et al., 2018* Glioma Mice Dexamethasone 5-28 days 10 1 CD4" and CD8" T cells in tumor-draining lymph
(10 mg/kg/day i.p.) nodes
| CD4" T cells, CD8" T cells and Tregs in blood
= survival after anti-PD-1
= CD4" and CD8" T cells in tumor-draining lymph
nodes after anti-PD-1
1 CD4* T cells, CD8" T cells and Tregs in blood
after anti-PD-1
Ott et al., 2015 Glioblastoma Mice Dexamethasone 3 days 2 | TDO expression in tumor
(1 mg/kg/day i.p.)
Human studies
Adhikaree et al;, 2019*  Glioblastoma  Patients Dexamethasone N/A 5-11 | CDc1", CD141%, CD303" and Slan® DCs in blood
(0.5-5 mg/day N/A)
Chitadze et al., 2017 Glioblastoma  Patients Dexamethasone N/A 13-22 1 monocytes and neutrophils in blood
(N/A) | total lymphocytes, CD4" T cells, CD8" T cells and
Tregs in blood
= B cells and NK cells in blood
Fries et al., 1994 Glioblastoma  Patients Dexamethasone N/A 6-7 = IL-1 secretion by monocytes
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(3-12 mg/day p.o.)

Gustafson et al., 2010**  Glioblastoma Patients Dexamethasone
(N/A)

Moyes et al., 2018* Glioblastoma = Patients Dexamethasone
(N/A)

Otvos et al., 2021*° Glioblastoma  Patients Dexamethasone
(N/A)

Quillien et al., 2019* Glioblastoma  Patients Corticosteroids
(N/A)

N/A

N/A

N/A

N/A

5-14

8-17

34-61

18-43

= monocytes in blood

1 neutrophils in blood

| total lymphocytes, T cells, CD4" T cells and Tregs
in blood

= CD8" T cells, B cells and NK cells in blood

| CCL21, CCL22 and CXCL10 in blood

1 CCL23 in blood

=CCL2, CCL27 and CXCL12 in blood

| total lymphocytes in blood

= monocytes in blood

1 neutrophils in blood

N/A: not available or not applicable; DC: dendritic cell; Treg: regulatory T cell; NK cell: natural killer cell; CD: cluster of differentiation; Slan: 6-sulfo LacNAc; TNF: tumor

necrosis factor; IL: interleukin; GM-CSF: granulocyte-macrophage colony-stimulating factor; iNOS: inducible nitric oxide synthase; LPS: lipopolysaccharide; TDO:

tryptophan 2,3-dioxygenase; PD-1: programmed cell death protein 1; CTLA-4: cytotoxic T lymphocyte antigen 4.

34

220z Ainr go uo 1senb Aq 0£2£099/.802epA/|uleou/c601 0L /10p/3]01E-80UBAPE/EOU/WOD dNO"OlWBPEIE//:Sd)Y WOl papeojumoq



Table 2. Overview of included clinical studies.

Author Type of study  Tumor type Checkpoint Corticosteroid treatment N of patients Outcome(s)
inhibitor(s) (dosage) (N on steroids)
lorgulescu et al., 2021 Retrospective Newly PD-1orPD-L1  Baseline dexamethasone 181 (64) | OS (< 2 mg/day HR: 2.16; 95% CI:
cohort diagnosed and  inhibitors (N/A) 1.30-3.60 and > 2 mg/day HR: 1.97; 95%
recurrent Cl: 1.23-3.16)
glioblastoma
Nayak et al., 2021*° Phase I'RCT Recurrent Pembrolizumab  Baseline dexamethasone 30 (7) =0S
glioblastoma (< 4 mg/day)
Nayak et al., 2021 Phase Il RCT Recurrent Pembrolizumab  Baseline dexamethasone 50 (12) 1 OS (HR: 3.27; 95% CI: 1.61-6.65)
glioblastoma + bevacizumab (<4 mg/day)
Reardon etal., 2020* Phase I1l RCT  Recurrent Nivolumab Baseline corticosteroids 184 (73) 1 OS (HR: 1.69; 95% CI: 1.05-2.69)

glioblastoma

(prednisone-equivalent

dose < 10 mg/day)

RCT: randomized clinical trial; N/A: not available; PD-1: programmed cell death protein 1; PD-L1: programmed death-ligand 1; OS: overall survival; HR: hazard ratio; CI:

confidence interval.

35

220z Ainr go uo 1senb Aq 0£2£099/.802epA/|uleou/c601 0L /10p/3]01E-80UBAPE/EOU/WOD dNO"OlWBPEIE//:Sd)Y WOl papeojumoq



Tumor cell

Inactive T cell

APC

Antigen

T cell

Tumor cell

Antigen

Tumor cell
death

Activated T cell

Anti-CTLA-4

T cell

Tumor cell death

antienr @ o @, > ‘
4 ° o

36

zz0z AInr 80 uo 1s9nB Aq 0£2£099/28098PA/UfEOU/EG0 L 01/10P/2[OILIE-8OUBADE/EOU/WO0D dNO"DILISPEDE//:SANY WOJ) PAPEOIUMOQ



Figure 2

Own literature database
(n=1)

PubMed
(n=413)

Embase
17)

Articles after
duplicates removed
(n=1036)

Articles screened Articles excluded on title or abstract
(n=1036) (n =953}

Full-text articles Full-text articles excluded, with reasons
assessed for eligibility (n=61)
(n=83) - No full text (n = 2)

| ~ Conference abstract (n = 40)
— No control condition (n = 2)

i — No corticosteroids (n = 5)
— No immune component (n = 10)
— Other type of immunotherapy (n = 2)

Studies included in
systematic review

(n=23)

Preclinical studies

*1 article covers both
preclinical and clinical research

Clinical studies
(n=3)*

{n=21)*
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