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Abstract
Introduction: PD-1 inhibitors have shown limited e cacy in glioblastoma due to microenvironment
immunosuppression and low tumor mutational burden. In GBM, PD-L1 expression is not a predictive
marker for response to PD-1 or PD-L1 inhibitors. Multiplex immunostaining panel technology allows for
detailed analyses of tumor microenvironment cells and their interaction.
Methods: Pre-treatment tumor tissue was collected retrospectively from 27 patients at Columbia
University Irving Medical Center with primary glioblastoma who were diagnosed within the past three
years, had surgery here, and were either treated with SOC therapy (n= 8) or PD-1 inhibitors at recurrence
(n= 19). Multiplex immuno uorescence panels included 1) CD11b/IDO1/HLADR/GFAP, 2) PD1/PDL1/GFAP, and 3) CD4/CD8/CD25/FoxP3/Ki67/GFAP.
Results: Multiplex immuno uorescence panels did not show any correlation with outcomes in patients
treated with SOC therapy. Among the 19 patients treated with PD-1 inhibitors, those with more HLA-DR
positive cells had worse outcomes (p= 0.02). PD-L1 expression on tumor cells was not predictive of
outcomes. There was a correlation trend between PD-1/PD-L1 interaction score (p= 0.08) and outcomes.
PTEN loss was correlated with higher Ki67 expression in both tumor cells (p= 0.05) and non-tumors cells
(p= 0.03); however, this was not found in Ki67 in CD4+ cells, CD8+ cells, or CD4+CD8+ cells combined.
Tumor-associated macrophages, myeloid-derived suppressor cells, CD8+ cells, and CD4+ cells were not
signi cant predictive markers for outcome.
Conclusion: Quantitative spatial pro ling by multiplex immuno uorescence is feasible in FFPE
glioblastoma tissue. More re ned and extensive quantitative and spatial microenvironment analyses may
allow for the development of biomarkers for immunotherapy in GBM.

Introduction
Glioblastoma multiforme (GBM) is the most aggressive primary brain tumor (glioma) in adults (WHO
Grade IV) and accounts for more than half of all brain tumors [1]. Even after surgery, chemotherapy, and
radiation therapy, tumors often recur and survival remains poor at fewer than 15 months after diagnosis
[2]. Common pathological biomarkers include methylation (MGMT) status, isocitrate dehydrogenase
(IDH) mutation, epidermal growth factor receptor (EGFR) ampli cation, and phosphatase and tensing
homolog (PTEN), all of which have prognostic relevance or may be predictors of response to speci c
therapy. PTEN is a tumor suppressor gene that plays an integral role in cell proliferation regulation,
adhesion and invasion, apoptosis, and DNA damage repair. PTEN loss in melanoma tumor cells
increases expression of immunosuppressive cytokines, which leads to decreased T cell in ltration in
tumors, and inhibition of autophagy, which regulates T cell-mediated cell death [3]. Loss of PTEN
expression begins early in glioma development with mutations occurring in between 5% and 40% of
cases [4]. Zhao et al. demonstrate in their cohort of GBM patients treated with immunotherapy that nonresponders had tumors enriched in PTEN mutations. RNA-sequencing has also indicated that the PTEN
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mutation may induce an immunosuppressive microenvironment and lead to shorter overall survival. As a
result, PTEN status has become a valuable biomarker in the investigation of the tumor microenvironment
in GBM.
Standard of care (SOC) therapy typically includes maximal surgical resection followed by radiation
therapy and concomitant and adjuvant temozolomide. Better treatment strategies are urgently needed
and immunotherapies such as programmed cell death protein-1 (PD-1) inhibitors are in clinical trials for
the treatment of GBM. Immune checkpoint inhibitors of PD-1 have revolutionized the treatment of other
cancer types, such as lung cancer and melanoma, by blocking PD-1 (on effector T cells) which interacts
with PD-L1 on the surface of cancer cells to suppress immune function. Programmed death-ligand 1 (PDL1) testing helps identify patients who may bene t from anti-PD-1 therapy in many tumor types. In GBM
speci cally, PD-L1 is not a predictive marker for response to PD-1 or PDL-1 checkpoint inhibitors, due
primarily to the variance in expression and subcellular distribution of PD-L1 in glioma cells [5]. A large
phase 3 study using the PD-1 inhibitor nivolumab in recurrent glioblastoma (Checkpoint 148 from BMS)
showed an 8% overall response rate in GBM but no predictive biomarker of response [6]. Finding a
biomarker that can predict response to PD-1 inhibitors would be extremely helpful in GBM as this would
allow for the selection of patients most likely to bene t from such therapy.
The lower e cacy of PD-1 inhibitors in GBM may be due to microenvironment immunosuppression and
low tumor mutational burden (TMB). The higher the number of mutations per coding area of a tumor
genome yields a more stimulated immune response and more favorable tumor response to
immunotherapy. Hodges et al. discovered that high TMB was found in only 3.5% of GBM patients and
that both high and moderate TMB GBMs did not have an enriched in ux of CD8+ T cells, PD-1+ T-cells, or
tumor-expressed PD-L1 cells [7]. They also demonstrated that the subset of GBMs that should have a
better response to immune checkpoint inhibitors based on TMB still lacked the typical biomarkers of
response, further suggesting the limited signi cance of PD-1 and PD-L1 testing in GBM. Nevertheless,
nding a more speci c and accurate testing of these biomarkers could be bene cial in treating certain
GBMs due to the severe lack of proven treatment options.
Multiplex immunostaining panel technology has explored novel biomarkers in melanoma and identi ed
two which have prognostic signi cance in overall survival, namely PD-1/PD-L1 interaction score, which
measures density PD-1-positive cells in proximity to PD-L1-positive cells in contrast to measuring PD-L1
alone, and colocalization of human leukocyte antigen-DR (HLA-DR, D= aspartic acid, R= arginine) and
indoleamine-2,3-dioxygenase-1 (IDO-1), which are upregulated by interferon gamma (IFNy) in tumors rich
with immune cells [8]. Our primary hypothesis was that although response to PD-1 immunotherapy in
GBM is low, multiplex immunostaining panel technology is feasible on GBM tumor tissue and will allow
for detailed analysis of tumor microenvironment cells and their interaction with one another. Our
secondary hypothesis was that PD-1 immunotherapy based on PD-1/PD-L1 interaction score and
IDO/HLA-DR expression can predict overall survival (OS) and survival from initiation of PD-1 therapy.
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HLA-DR is an MHC class II cell surface receptor that presents peptide antigens to the immune system to
mediate T cell response [9]. IDO-1 is a tryptophan-metabolizing enzyme that regulates immunologic
tolerance and whose expression varies across tumor types [10]. IFNy is a cytokine essential to innate and
adaptive immunity, particularly in the activation of macrophages and inducer of class II MHC molecule
expression [11]; it acts to limit tumor growth and induces IDO and HLA-DR expression on tumor cells.
Johnson et al. demonstrated that high PD-1/PD-L1 interaction and high IDO-1/HLA-DR were statistically
signi cant different between responders and non-responders; however, coexpression of both biomarkers
had the best response to anti-PD-1 therapy and was correlated with the best survival outcome [8].
Unfortunately, tumor cells and T cells in the microenvironment of GBM produce low levels of IFNy, thereby
decreasing tumor immunogenicity and disrupting regulatory mechanisms to curtail proliferation and
angiogenesis [12]. Like PD-L1, IDO-1/HLA-DR levels could also provide insight into potential response to
checkpoint inhibitor immunotherapy in GBM.
More generally, this technology provided us a comprehensive snapshot of the microenvironment of GBM.
Myeloid-derived suppressor cells (MDSCs) represent a heterogeneous population of myeloid cells that are
present in cancer, in ammation, and infection [13]. The inhibitory effects of MDSCs on innate and
adaptive immunity lead to blocking immune surveillance and preventing the immune system from
eliminating newly transformed cells. MDSCs can also differentiate into tumor-associated macrophages
(TAMs) within the tumor environment. TAMs promote tumor growth, regulate metastasis, mediate
response to therapy, and often lead to worse survival outcome. The expression of speci c cell surface
markers such as CD11b (a marker of macrophages and microglia which regulates leukocyte adhesion
and migration to mediate in ammatory response), HLA-DR, and MDSC-speci c enzymes such as IDO-1
makes it possible to identify MDSCs [14].
T cells also play a critical role in the immune response and are affected by MDSCs. They can be
separated into three major groups based on function: cytotoxic T cells (CD8+), helper T cells (CD4+), and
regulatory T cells (T regs). Differential expression of markers on the cell surface, as well as their distinct
cytokine secretion pro les, provide valuable clues to the diverse nature and function of T cells.
Immunohistochemistry can help to classify a subset of T cells and their activation status by the presence
of Ki67, a marker for proliferation, and FoxP3, a marker for immunosuppression through T cell regulation.
Many primary tumors have massive in ltration of macrophages, which can make up 30-50% of tumor
mass including central nervous system (CNS) tumors like GBM and brain metastases [15]. In general,
counts of low CD8+ cells, high CD4+ cells, high T regulatory cells, low IFNy, and high TAMs correlate with
a more immunosuppressed microenvironment. The brain uses two types of cells in the immune response:
microglia as the rst line of defense and macrophages recruited from the tumor periphery or outside the
brain. Chen et al. demonstrate that the macrophage marker CD45Hi accounts for 1.5 (+/-3)% of total
brain myeloid cell population in naïve mice and 87.5 (+/- 6.2)% in mice with brain tumors [16]; however,
CD45Hi levels can only differentiate macrophages and microglia under steady-state conditions and not
under in ammatory conditions. This suggests the integral role of macrophage recruitment in the
localized tumor immunosuppression in gliomas and provide a framework for investigating other
biomarkers that may respond to targeted immunotherapy intervention.
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Materials And Methods
We evaluated the density of PD-1/PD-L1 and IDO-1/HLA-DR and counts of CD8+ cells, CD4+ cells, T
regulatory cells, TAMs, and myeloid derived suppressor cells in patients with recurrent glioblastoma who
have been treated with PD-1 checkpoint inhibitors (nivolumab or pembrolizumab) for predictive
signi cance. We used tumor samples from patients with recurrent GBM (n = 27) treated with either SOC
therapy (RT/TMZ/etc.) (n = 8) or single-agent anti-PD-1 therapy (pembrolizumab or nivolumab) (n = 19)
at Columbia University Irving Medical Center after 2017. We obtained all retrospective specimens from
formalin- xed, para n-embedded (FFPE) biopsy or resection tissue from our neurooncology database at
new diagnosis of GBM prior to initiation of SOC or PD-1 therapy at recurrence. Participation in the
neurooncology database allowed us to collect age, gender, ethnicity, risk factors for brain or spinal
tumors, seizures, surgery date, clinical test results such as MRI ndings, pathological diagnosis, radiation
therapy, chemotherapy, use of medications, participation in clinical trials, patient-derived data, time to
progression and survival time, and tumor tissue for use in our study. We submitted these samples to
Navigate Biopharma for quantitative immuno uorescence (QIF) and evaluation using automated
quantitative analysis (AQUA) technology. We then performed statistical analysis on the cell counts to
correlate individual biomarker variables with one another and survival outcomes. These tests have more
biological relevance for the PD-1 treated patients than those on SOC therapy.
Immuno uorescence staining, sample imaging, and imaging analyses by AQUA technology (8)
See Johnson et al. for laboratory protocol. Methods adapted for GBM speci c testing.
Statistical analysis
The primary analytic framework utilized the Kaplan–Meier method, Cox proportional hazards models of
time to events, and logistic regressions using baseline characteristic data as well as the multiplex
immuno uorescence data (Table 2). Overall survival (OS) from initial diagnosis in PD-1 and SOC groups
and survival from PD-1 dosing start were assessed using Kaplan–Meier curves. The p-values, hazard
ratios, and con dence intervals for correlation between each variable and OS were determined using Cox
proportional hazard regression models. Similarly, p-values, odds ratios, and con dence intervals were
generated using logistic regression to evaluate the potential correlation between PTEN status as an
indicator of tumor immunosuppression and biomarkers under study. Baseline characteristics such as
median age, MGMT status, IDH status, PTEN status, Karnofsky Performance Status (KPS) at recurrence
(which measures functional impairment), median lines of therapy before PD-1, median time from
diagnosis to PD-1 (months), median time on PD-1 (months) were also measured and compared (Table 1).
Because we focused solely on recurrent GBM, PD-1 markers were more signi cant than either IDH or
MGMT status. All analyses were performed using Excel and Stata.

Results
PD-1/PD-L1 density score is correlated with overall survival in GBM, but HLA-DR is not
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Quantitative spatial pro ling of the tumor microenvironment by multiplex immuno uorescence allowed
us to evaluate tumor-associated macrophages, myeloid-derived suppressor cells, CD8+ lymphocytes, and
CD4+ T regulatory cells in recurrent GBM for prognostic signi cance; however, none of these were
signi cant predictive markers for survival. Because the biomarkers under study are only relevant to
immunotherapy treatment response, these panels did not show any correlation with outcomes in patients
treated with SOC therapy. Besides PD-1/PD-L1 interaction score and HLA-DR levels in all cells, no other
biomarker was correlated with overall survival. Johnson et al. previously demonstrated that PD-1 and PDL1 need to be expressed in close proximity and in su cient quantity to demonstrate response to PD-1
inhibitor therapy [8]. We tested this hypothesis and investigated the validity of these results in our patient
population. Although not statistically signi cant, the PD-1/PD-L1 interaction score had a correlation trend
with survival (p= 0.08, HR= 1.05, 95% CI= 0.99, 1.11) and may have reached signi cance if we had tested
more patients. After censoring 5 patients still alive as of January 6, 2020, we found that those treated
with immunotherapy had an OS of 39.1 months as compared to 19.1 months in the SOC therapy group
(p= 0.02). Although still routinely tested in pathology, PD-L1 expression on tumor cells is not predictive of
outcome; we con rmed this in our subset of patients as well and found no correlation with survival (p=
0.97, HR= 0.99, 95% CI= 0.97, 1.03). We used Cox proportional hazard models to evaluate correlation
between biomarkers and OS. Unlike Johnson et al., where in melanoma the combination of high PD-1/PDL1 interaction score and/or IDO-1/HLA-DR positivity demonstrated best response, we found that patients
with more positive HLA-DR cells had worse overall survival (p= 0.02, HR 1.05, 95% CI= 1.00, 1.09).
PTEN loss/Ki67+ coexpression as marker of GBM tumor microenvironment
Because PTEN mutation is a marker of the tumor microenvironment immunosuppression in GBM, we
performed logistical regression between PTEN status and the remaining biomarkers under study to
investigate any potential correlations. We identi ed in our subset of patients that PTEN loss was
correlated with higher Ki67 expression in both tumor cells (p= 0.05, OR= 1.61, 95% CI= 1.01, 2.57) and
non-tumors cells (p= 0.03, OR= 1.38, , 95% CI= 1.03, 1.84); however, this relationship was not found when
looking at Ki67 in CD4+ cells, CD8+ cells, or CD4+CD8+ cells combined. These ndings indicate how
PTEN loss/Ki67+ coexpression may have biological plausibility in GBM and offer predictive relevance,
like PD-1/PD-L1 density score and HLA-DR/IDO-1 coexpression in response to immunotherapy.

Discussion
In this study, we demonstrated the e cacy and feasibility of quantitative spatial pro ling by multiplex
immuno uorescence in investigating the tumor microenvironment cells of GBM and their interactions
with one another. We also con rmed that a) patients with recurrent GBM who received anti-PD-1 therapy
had better OS compared with those on SOC therapy, b) PD-1/PD-L1 interaction score is a predictor of OS
in recurrent GBM patients who received anti-PD-1 therapy, c) HLA-DR is associated with worse OS in
recurrent GBM patients who received anti-PD-1 therapy, and d) the coexpression of PTEN loss and Ki67+
tumor and non-tumor cells may provide a more speci c marker of immunosuppression in the GBM
microenvironment.
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HLA-DR is a generic, non-speci c biomarker in GBM; however, Fan et al. prove that an increased HLA-DR
score was correlated with a more aggressive glioma tumor grade [17]. Additionally, they investigated
whether HLA-DR scores predicted survival in GBM patients treated with immunotherapy but found no
signi cant difference in the prognosis of subgroups with high and low HLA-DR scores. Diao et al. found
that GBM patients with high content of HLA-DR had a survival rate of 16.7% (6/36) compared to patients
with low content of HLA-DR at 38.9% (7/18) [18]. Although only 41 patients treated with SOC therapy
were included, this study mirrored our ndings. As discussed, myeloid cells can present HLA-DR and
differentiate into TAMs, which correlate with an immunosuppressed tumor microenvironment, low tumor
mutational burden, and low response; this is in contrast to melanoma which had a higher response with
more HLA-DR+ cells. Therefore, GBM with higher levels of HLA-DR+ cells may not respond well to either
SOC or immunotherapy.
We compared our ndings of PTEN loss and Ki67+ coexpression against those from previous studies. Ji
et al. studied the relationship between PTEN and Ki67 expression in non-small cell lung cancer and found
that PTEN mutation was correlated with higher Ki67 expression in tumor cells as opposed to normal lung
tissue [19]. Additionally, they determined that low PTEN expression and high Ki67 expression are
associated with high proliferation activity, low differentiation of tumor tissues, and high potential for early
invasion and metastasis. Zhao et al. studied the transcriptomal pro les from three GBMs, including a
PTEN-mutated tumor [3]. They found that prior to immunotherapy, tumor cells clustered more strongly
with each other in PTEN-mutated cases compared to PTEN-wild-type (p = 2.4e-4). The upregulation of
these immune signatures in non-responsive tumors suggests the role of PTEN mutation and Ki67 in the
development of the tumor microenvironment, further validating our ndings. Zhao et al. also discuss how
FoxP3-expressing T regulatory cells suppress aberrant immune response against self-antigens and are
negatively associated with clinical response to adaptive immunotherapy in human cancers; they found
that PTEN mutations are signi cantly correlated with the FoxP3 (p= 0.028), although we did not see this
in our selected-study population. Because our sample size was small and we performed many logistical
regressions at p= 0.05, we must be skeptical of our results. These ndings will need to con rmed with a
larger number of patients in future studies using the same multiplex immuno uorescence technology.
The strengths of this analysis include its objective and quantitative nature, minimal tissue requirements
(2 unstained slides), high predictive capacity, and potential for use in other combination assays. The
higher predictive value of these assays can be attributed to the unique operating principles of the
underlying digital pathology approach, which uses spatial information and signal enrichment of rare
cellular phenotypes within the tumor microenvironment. Due to the limited number of patients in our
study, more re ned and extensive quantitative and spatial microenvironment analyses may allow for the
development and con rmation of biomarkers for immunotherapy in GBM. Future mFIHC panels will
instead use CD8/GZMB/PD1/PDL1/TIM3/GFAP, CD3/CD11b/CD19/HLADR/IDO1/GFAP, and
CD3/CD4/CD8/FOXP3/KI67/GFAP panels. Advantages include more biomarker information, spatial
information across the entire tissue, and fully-automated staining using Leica Bond RX for improved
reproducibility. To validate our initial ndings and examine the value of this new assay, our next cohort
will have approximately 100 patients split between discovery and validation cohorts. The discovery
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cohort will be separated into 50% responder and 50% non-responder, and the evaluated signature from
discovery cohort will be used in validation cohort.
In conclusion, our study identi ed multiple biomarkers related to anti-PD-1 therapy in GBM and
investigated the potential associations between survival outcomes and the biomarkers themselves.
Though limited by sample size, we have shown through our statistical analysis both the signi cance and
promise of this assay in detailing the tumor microenvironment of GBM. Like Zhao et al., who also
reported that their patients might bene t from anti-PD-1 inhibitors based on extensive genomic and
spatial testing, we are con dent that a highly-speci c analysis utilizing quantitative spatial pro ling by
multiplex immuno uorescence can provide predictive value in selecting GBM patients for treatment with
PD-1 immunotherapy.

Declarations
Funding: Navigate BioPharma Services, Inc., a Novartis subsidiary
Con icts of Interest/competing interests: Not applicable
Availability of data and material: manuscript data included for public review
Code availability: Not applicable
Authors’ contributions: Not applicable
Ethics approval: Not applicable
Consent to participate: Subjects consented to participation
Consent for publication: Authors consented to publication
Acknowledgements:
Columbia University Irving Medical Center, Department of Neurooncology
Navigate Biopharma Services, Inc.

List Of Abbreviations
GBM: glioblastoma
WHO: World Health Organization
CNS: central nervous system
MGMT: O6-methylguanine-DNA-methyltransferase
Page 8/13

PTEN: phosphatase and tensin homolog
IDH: isocitrate dehydrogenase
WT: wild type
MUT: mutant
EGFR: endothelial growth factor receptor
SOC: standard of care
TMZ: temozolomide
FFPE: formalin- xed, para n-embedded
PD-1: programmed cell death protein-1
PD-L1: programmed death-ligand 1
IDO-1: indoleamine-2,3-dioxygenase-1
HLA-DR: human leukocyte antigen-DR
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R: arginine
IFNy: interferon gamma
TAMs: tumor-associated macrophages
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CD11b: tumor-in ltrating myeloid cells
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CD4: cluster of differentiation 4
CD8: cluster of differentiation 8
CD25: interleukin-2 receptor alpha chain
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KPS: Karnofsky Performance Status
OS: overall survival
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Tables
Due to technical limitations, table 1,2 is only available as a download in the Supplemental Files section.
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Figure 1
Individual PD-1/PD-L1 interactions in GBM tissue (A, B, C)

Figure 2
Myeloid-derived suppressor cell (MDSC) identi cation from biomarkers in GBM tissue. HLADR+IDO+ (A),
HLADR+GFAP+ (B), CD11b+HLADR+ (C), CD11b+ (D)
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Figure 3
Enumeration of T cells and their proliferation status from biomarkers in GBM tissue. CD4+ (A), CD8+ (B),
KI67+ (C), GFAP+ (D), CD4+KI67 (E), CD8+KI67+ (F), KI67+GFAP+ (G), CD4+CD25+FOXP3+ (H)
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