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Abstract: Background: tumor-infiltrating lymphocytes are prognostic in many human cancers.
However, the prognostic value of lymphocytes infiltrating glioblastoma (GBM), and roles in tumor
control or progression are unclear. We hypothesized that B and T cell density, and markers of their
activity, proliferation, differentiation, or function, would have favorable prognostic significance for
patients with GBM. Methods: initial resection specimens from 77 patients with IDH1/2 wild type
GBM who received standard-of-care treatment were evaluated with multiplex immunofluorescence
histology (mIFH), for the distribution, density, differentiation, and proliferation of T cells and B cells,
as well as for the presence of tertiary lymphoid structures (TLS), and IFNy expression. Immune
infiltrates were evaluated for associations with overall survival (OS) by univariate and multivariate
Cox proportional hazards modeling. Results: in univariate analyses, improved OS was associated
with high densities of proliferating (Ki67+) CD8" cells (HR 0.36, p = 0.001) and CD20* cells (HR 0.51,
p = 0.008), as well as CD8*Tbet" cells (HR 0.46, p = 0.004), and RORyt* cells (HR 0.56, p = 0.04).
Conversely, IFNY intensity was associated with diminished OS (HR 0.59, p = 0.036). In multivariable
analyses, adjusting for clinical variables, including age, resection extent, Karnofsky Performance
Status (KPS), and MGMT methylation status, improved OS was associated with high densities of
proliferating (Ki67*) CD8" cells (HR 0.15, p < 0.001), and higher ratios of CD8" cells to CD4" cells
(HR 0.31, p = 0.005). Diminished OS was associated with increases in patient age (HR 1.21, p = 0.005)
and higher mean intensities of IFNy (HR 2.13, p = 0.027). Conclusions: intratumoral densities of
proliferating CD8 T cells and higher CD8/CD4 ratios are independent predictors of OS in patients
with GBM. Paradoxically, higher mean intensities of IFNYy in the tumors were associated with shorter
OS. These findings suggest that survival may be enhanced by increasing proliferation of tumor-
reactive CD8" T cells and that approaches may be needed to promote CD8" T cell dominance in
GBM, and to interfere with the immunoregulatory effects of IFNy in the tumor microenvironment.

Keywords: immunology; tumor infiltrating lymphocytes; multiplex immunofluorescence histology;
glioblastoma; human
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1. Introduction

In spite of aggressive treatment with surgery, radiation, and chemotherapy, patients
diagnosed with glioblastoma (GBM) have a median survival of about 15 months, and
less than 10% are alive 5 years after diagnosis [1]. Relevant prognostic variables for
GBM include age, Karnofsky Performance Status (KPS), and methylation status of the
O6-methylguanine-DNA-methyltransferase (IMGMT) gene promoter [2]. The presence and
composition of immune cell infiltrates are prognostic in many cancers [3-5]. Tumor in-
filtrating lymphocytes (TIL) have prognostic value in a variety of cancers [3-7]; with a
survival advantage associated with the presence of tumor infiltrating CD3* T cells and
cytotoxic CD8" T cells [5]. However, studies examining the association of lymphocyte
infiltration and prognosis in GBM have rendered contradictory findings; with some studies
supporting an association between T cell density and survival and others not [8-14]. The
differing results may be explained in part by the use of different methods of isolation and
measurement of the immune cells, the inclusion of lower grade gliomas in the analyses,
and the lack of studies evaluating markers of function of TIL [15].

Activated TIL are known to be critical in controlling tumor progression [16-19]. Mark-
ers of T cell activation [7,20], proliferation [21], differentiation, and immune function
provide more information about the activity of TIL infiltrating cancer tissue than enumera-
tion alone. The proliferative activity of CD8* T cells, assessed by Ki67 expression, has been
reported as a favorable prognostic factor for human renal cell carcinoma [21]. The Th1 T cell
differentiation phenotype, mediated by the expression of transcription factor T-bet (TBX21),
is associated with favorable outcomes in patients with other cancers [7,20]. Activation can
lead to the production of effector cytokines, including IFNy from Th1 lineage T cells and
cytotoxic T cells [22]. Th17 cells expressing the transcription factor retinoic acid receptor-
related orphan receptor gamma t (RORyt*) have been associated with cancer progression
and eradication [23-26]. Th17 cells expressing IFNy can be tumor-cytolytic, while those
expressing immune suppressive cytokine IL-10, promote tumor growth. Additionally, the
cytokine IL-17(A/F), which is produced by Th17 cells, may also promote tumor growth,
via acting on tumor cells or other immune cells [26]. In GBM, however, studies of these
markers have been limited and data on the prognostic significance of TIL distribution
within the tumors have been inconsistent [11,27].

Additionally, B cell infiltrates and their function in GBM have been largely unstudied.
B cells have both positive and negative roles in tumor immunity, highlighting the hetero-
geneity of B cell responses [16,28]. B cells can produce anti-tumor antibodies, suppress
antitumor immune responses, as Bregs, or can act as antigen presenting cells (APC) for T
cells, thus helping to prime immune responses at the tumor site [28-30]. Tertiary lymphoid
structures (TLS), which harbor dense B cell infiltrates, are ectopic lymphoid organs that
develop in non-lymphoid tissues, and have been associated with improved survival in
several cancers [31-39].

To advance the understanding of the prognostic value of TIL in GBM, we evaluated
the distribution and density, of T cell and B cells in GBM, and their expression of markers
associated with immune activity, by multiplex immunofluorescence histology (mIFH).
We hypothesized that GBM specimens containing increased densities of proliferating T
or B cells or Th1 lineage cells, increased IFNy expression, or TLS, would have favorable
prognostic significance for patients with GBM.

2. Materials and Methods
2.1. Patients and Database

The University of Virginia Neuro-Oncology tumor bank (IRB Protocol# 13163), which
currently houses GBM specimens from 197 unique cases, was the source of tissue for these
studies. Available specimens and their clinical data were reviewed for eligibility. Selection
criteria included only cases with formalin-fixed paraffin-embedded (FFPE) tissue, cases
that were diagnosed at least 2 years prior to the study start, and patients who received
standard of care treatment for GBM, defined as maximum feasible surgical resection
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followed by concomitant radiation therapy and temozolomide (TMZ). Of 197 unique cases,
108 specimens had evaluable tissue available, of which 77 patients/specimens met selection
criteria and were included in this study. Reasons for exclusion included: specimens were
from a second operation (1 = 6), review of pathology revealed anaplastic oligodendroglioma
and not GBM (n = 1), patients received radiation therapy only, or treatment status unknown
(n = 4), patients received only supportive treatment after surgery (n = 8), patients did not
complete RT and TMZ (n = 7), or GBM had IDH1/2 mutation (n = 5). The data for survival
and recognized prognostic factors were obtained from the Neuro-Oncology database (IRB
protocol #11740). The extent of resection was determined by brain MRI performed within
72 h after surgery, except for patients undergoing only biopsy. Intraoperative post-resection
MRI was also acceptable. KPS score was obtained from the electronic medical record. When
not documented, a KPS score was calculated from the physician notes [26]. Use of human
tissues was approved by the UVA Institutional Review Board (IRB protocol no. 20210).
A neuropathologist (MBL) verified the surgical pathology material according to the 2016
WHO classification guidelines, and helped in identifying representative tumor areas on
hematoxylin and eosin (H&E) stained slides from each block.

2.2. Immunohistochemistry and Image Analysis

In total, four micrometre thick sections were cut from formalin fixed paraffin embed-
ded (FFPE) tissue specimens, and human lymph node and bowel were used as positive
control tissues. Multispectral staining was performed according to the manufacturer’s
protocol using the OPAL Multiplex Manual IHC kit, and antigen retrieval buffers (AR) 6
and 9 (Akoya Biosciences, Marlborough, MA, USA). Staining sequence, antibodies, and
antigen retrieval buffers were performed on three serial sections as follows:

TIL Panel 1: AR9, CD4 (1:100, clone SP35) (Cell Marque, Rocklin, CA, USA) Opal520;
AR9, CD8 (1:500, clone C8/144B) (Agilent, Santa Clara, CA, USA) Opal540; AR6, CD20
(1:4k, clone L26) (Agilent, Santa Clara, CA, USA) Opal570; DIVA, CD34 (1:200, clone
QBEnd 10) (Agilent, Santa Clara, CA, USA) Opal620; DIVA, T-bet (1:50, clone 4B10) (Santa
Cruz Biotechnology, Dallas, TX, USA) Opal650; and spectral DAPI (Akoya Biosciences,
Marlborough, MA, USA).

TIL Panel 2: AR9, CD4 (1:100, clone SP35) (Cell Marque, Rocklin, CA, USA) Opal520;
AR9, CD8 (1:500, clone C8/144B) (Agilent, Santa Clara, CA, USA) Opal540; AR6, CD20
(1:4k, clone L26) (Agilent, Santa Clara, CA, USA) Opal570; DIVA, IFNy (1:1k, clone
IFNG/466) (NeoBiotechnologies, Union City, CA, USA) Opal620; and Ki67 (1:20, clone
SP6) (Abcam, Waltham, MA, USA) and spectral DAPI (Akoya Biosciences, Marlborough,
MA, USA).

TLS Panel 3: DIVA, MAdCAM (1:200, clone355G8) (Invitrogen, Carlsbad, CA, USA)
Opal620; AR9, CD8 (1:500, clone C8/144B) (Agilent, Santa Clara, CA, USA) Opal540;
AR6, CD20 (1:1k, clone L26) (Agilent, Santa Clara, CA, USA) Opal570; AR6, PNAJ (1:100,
clone MECA-79) (BD Pharmingen, Franklin Lakes, NJ, USA) Opal650; DIVA, RORyt (1:1k,
clone 6F3.1) (EMD Millipore, Burlington, MA, USA) Opal570; and spectral DAPI (Akoya
Biosciences, Marlborough, MA, USA). Images of slides stained with these 3 mIFH panels
are shown in Supplemental Figures S1-53, as well as staining controls.

OPAL Polymer HRP Ms + Rb (cat# ARH1001EA) (Akoya Biosciences, Marlborough,
MA, USA) was utilized for all stains except for the PNAd stain which utilized Super
Picture HRP Polymer Conjugate Broad Spectrum antibody (cat# 87-8963, Life Technologies,
Carlsbad, CA, USA).

Stained slides were mounted using prolong diamond antifade (Life Technologies,
Carlsbad, CA, USA) and scanned at 10 x magnification using the PerkinElmer Vectra 3.0
system and Vectra software (Akoya Biosciences). Regions of interest were selected in
Phenochart software, and 20x magnification images were acquired with the Vectra 3.0
system. Multiplex stain samples were compared to H&E-stained serial sections to guide
viable tissue selection (Supplemental Figure S4). These images were spectrally unmixed
using single stain positive control images in the InForm software (Akoya Biosciences,
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Marlborough, MA, USA). Cell infiltrates were enumerated using HALO software (Indica
Labs, Albuquerque, NM, USA). Cell counts were normalized to per mm? of tissue. The
ratio of CD8 to CD4 cells was calculated by dividing the number of CD8" cells per mm?
tissue by CD4* cells per mm? tissue. Immunotype A, B, and C patterns of immune cell
infiltration, previously used in melanoma, were used to define immune infiltrate patterns in
GBM tumors [27]. GBM that contained low (<50 cells/mm?) B and T cell infiltrates (CD4*
and CD8" cells) were defined as immunotype A, immunotype B tumors contained B and T
cell infiltrates (>50 cells/mm?) localized near blood vessels, and immunotype C tumors
contained B and T cell infiltrates (>50 cells/mm?) localized diffusely throughout tumor.

2.3. Statistical Analysis

We followed REMARK guidelines in the design and reporting of the study (Supple-
mental Table S1) [40]. For each tissue section, cell counts were enumerated per mm?. CD8*
and CD20* cells were stained in all 3 mIFH panels, which provided 3 serial FFPE sections
to enumerate those cells; CD4* cells were stained and enumerated from 2 mIFH panels,
those values were averaged. Mean analyzed tissue areas are shown in Supplemental
Figure S5A, and count variances among the analyzed slides are shown in Supplemental
Figure S5B. Spearman’s rank correlation coefficient was used to assess associations among
continuous variables between the mIFH panels. We observed significant (p < 0.0001 for
all) and positive correlations between CD4, CD8, and CD20 markers across the panels and
serial sections (Supplemental Figure S5B). Other immune markers were assessed from a
single FFPE section. The main endpoint for analysis was overall survival, defined as the
time from initial surgery to death. Patients who were alive at last follow-up were censored.
The Kaplan-Meier product limit estimator [41] was used to estimate survival distributions.
Univariate and multivariate Cox proportional hazards modeling was performed using R
software version 3.5.3. Cox proportional hazards assumptions were tested using Schoenfeld
residual analysis for univariate and multivariate analysis using a level of significance of
0.01. For all analyzed immune markers, densities were dichotomized into “high” and “low”
classifications, using the method of Contal and O’Quigley [42] to determine the optimal
cutoff for continuous covariates with time-to-event outcomes. A stepwise elimination
procedure was used for determining the final Cox multiple regression model. Multivariate
Cox proportional hazards models assessed the relationship between survival and immune
cell densities (dichotomized into “high” and “low” classifications) in conjunction with a
set of clinical covariates that included age, KPS score (high > 70 vs. low < 70), extent of
initial resection (gross tumor resection (GTR) vs. subtotal resection [STR] vs. Biopsy only),
and MGMT promoter methylation. Associations were considered significant for two-sided
p values < 0.05.

3. Results
3.1. Patient Demographics

Of 197 cases, 82 GBM specimens from 82 patients that met selection criteria were
evaluated for immune infiltrates. We excluded five patients with mutations in isocitrate
dehydrogenase 1/2 (IDH) because these patients have improved prognosis compared to
patients with wild type IDH [43-45]. The median OS in patients with IDH1/2 mutated GBM
was 48.3 months, and 17.1 months in patients containing wild type GBM (Supplemental
Table S2). Additional details on clinical variables evaluated in patients containing IDH
wild type and mutant GBM are shown in Supplemental Table S2. Thus, our final cohort
was comprised of 77 patients (45 males, 32 females) with IDH wild type GBM. The mean
age at surgery was 61 years: 35 cases (45.5%) had subtotal resections (STR), 35 (45.5%) had
gross total resections (GTR), and 7 (9%) had biopsies. Among the 77 samples, 29 (37.7%)
contained MGMT gene promoter methylation, 32 (41.6%) were unmethylated, and the
methylation status of 16 (20.7%) samples was unknown. KPS score was <70 in 41 (53%)
patients. The mean duration of perioperative steroid use was 4.8 days; the number of
cycles of adjuvant TMZ was 3.8, and the number of cycles of bevacizumab (Bev) was 5.0.
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Additional details on these clinical variables in patients containing IDH wild type GBM are

provided in Table 1.

Table 1. Summary of Clinical Date.

Clinical Factors

Number (%)

Patients 77
Females (%) 32 (41.6)
Males (%) 45 (58.4)
Age (mean (SD)) 61.48 (14.68)
Karnofsky Performance Status
50 1(1.3)
60 7(9.1)
70 33 (42.9)
80 20 (26.0)
90 16 (20.8)
Extent of resection
Biopsy 7(9.0)
Subtotal Resection 35 (45.5)
Gross Total Resection 35 (45.5)
Preoperative Dexamethasone Dose (mg/daily)
0 8(10.5)
2 1(1.3)
4 7(9.2)
6 3(3.9)
8 5(6.6)
9 1(1.3)
12 2(2.6)
16 13 (17.1)
18 1(1.3)
24 33 (43.4)
32 1(1.3)
40 1(1.3)
Mean (SD)
Preoperative Dexamethasone Dose duration (days) 4.76 (5.34)
Adjuvant Temozolomide cycles 3.80 (3.57)
Bevacizumab cycles 4.96 (9.55)

Abbreviations: SD = Standard Deviation.

3.2. Distribution and Enumeration of Tumor Infiltrating Lymphocytes

Initial resection specimens were evaluated for infiltrating lymphocytes (CD20* B cells
and CD4* or CD8" T cells by mIFH (Figure 1A). The mean area of tumor assayed for
infiltrates per FFPE section was 45 mm?. T cells expressing CD4 or CD8, CD20* B cells,
and subsets of these cells expressing markers of immune activity were enumerated and
reported per mm? of tissue (Figure 1B). Median numbers of CD8, CD4, and CD20 infiltrates
were 26.9, 6.0, and 10.6 cells/mm? of tissue, respectively (Figure 1B). CD4*, CD8", and
CD20* TIL densities were also evaluated in five patients with IDH1/2 mutated GBM
and were comparable to IDH wild type GBM specimens (Supplemental Table S2). GBM
were also evaluated for immunotype. Immunotype A, B, and C patterns of immune cell
infiltration, previously used in melanoma, define tumors that have low immune infiltrates
(<50 cells/mm?), perivascular infiltrates, or diffuse infiltrates, respectively [46]. Of the
77 IDH wild type tumors, 41 (53%) were immunotype A harboring low T and B cell
infiltrates (<50 cells/mm?) and 36 (47%) were immunotype B containing T and B cell
infiltrates localized near blood vessels: no immunotype C specimens were evident with
diffuse cell infiltrates. Associations between CD4*, CD8*, and CD20* TIL densities and
dexamethasone dose pretreatment, duration, and total dose (dichotomized into high and
low) were assessed using a two-sample t-test. We did not observe significant associations
between dexamethasone treatment and CD4*, CD8*, or CD20* TIL densities (Supplemental

Table S3).
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Figure 1. Images of TIL in GBM and immune cell densities. (A) Representative 5 color mIFH image of T (CD4* and CD8*)
and B cells (CD20%) localized near CD34* endothelial cells in GBM. Colored arrows denote one example of each cell type in
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image. (B) Box plots of the densities of immune cell subsets per mm? tissue within GBM. The central box represents values

from the lower to upper quartile, 25th to 75th percentile. Middle bar identifies median, and whiskers show minimum and

maximum, outliers are displayed as separate points. (C-E) Images of proliferating CD8* T cells in GBM. Image C is a

3 color mIFH image showing CD8* T cells and proliferating Ki67* cells, Image D depicts CD8* cells, and image E is of

Ki67* cells, white arrows in each image point to proliferating CD8"Ki67* cells. (F,G) Image of T-bet* T cells in GBM. Image

F is a 4 color mIFH image depicting CD8" or CD4* T cells and T-bet nuclear staining, image G shows T-bet expression

alone, green arrows denote CD8* T-bet* cells and cyan arrows denote CD4* T-bet* cells. (H) Image of RORyt" cells in GBM,

nuclear staining of RORyt* is shown in red, and is denoted by red arrows. (I) Representative Image of IFNyt* cells in GBM.

Image I is a 4 color mIFH image depicting CD4" or CD8" T cells and IFNYy expression in GBM. For all images colors are

indicated, scale bars are 100 um and DAPI nuclear staining is shown in Blue. (J) Box plot of the average cell intensities of

IFNyin GBM.

3.3. TIL Subsets Express Markers of Cell Proliferation and Differentiation in GBM

We hypothesized that markers of B and T cell proliferation, differentiation, or activity
would be associated with prognosis. To evaluate the proliferative status of T and B cells in
GBM, we probed for Ki67. Ki67 identified proliferating CD8* T cells (median 4.3/mm?,
14.7% of CD8* cells, Figure 1B-E), CD4* T cells (median 1.3/ mm?, 31.1% of CD4" cells), and
B cells (median 0.3/mm?, 8.1% of CD20* cells) (Figure 1B) as well as proliferating tumor
cells. To evaluate the differentiation status of lymphocytes infiltrating GBM, we probed
for transcription factors T-bet (Figure 1FEG) and RORyt (Figure 1H) to enumerate Th1 and
Th17 lineage cells, respectively. GBM contained CD4*T-bet* cells (median 0.3 cells/mm?,
representing 4.2% of total CD4, Figure 1B,F,G) and CD8* Tbet* cells (median 0.9 cells/mm?,
representing 3.9% of total CD8 cells, Figure 1B,FG), as well as RORyt" cells (median of
1.9 cells/mm?, Figure 1B,H). IFNy was probed to investigate effector activities of infiltrating
CD4" or CD8* T cells; however, IFNy was not primarily localized adjacent to the T cell
membrane (Figure 11). GBM contained a median of 1.6 IFNyt* cells/mm?. The mean cell
intensity of IFNy in GBM tissues was also evaluated, which ranged in optical density from
0-3.1 with a median of 1.3 (Figure 1J).

3.4. Some B and T Cell Agqregates Resemble Immature TLS in GBM

TLS structures have been found in a number of human solid tumors, where they are as-
sociated with improved OS. Since GBM contain B cell infiltrates, we hypothesized that some
of these focal B cell infiltrates would be TLS. TLS structures typically contain B and T cells
localized near high endothelial venules (HEV), which expresses peripheral lymph node ad-
dressin (PNAd) or mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1). We
evaluated focal B and T cell aggregates in GBM for associations with vasculature expressing
PNAd or MAdCAM-1. We found that 6 out of 77 (8%) tumors contained aggregates of B
and T cells localized near PNAd™ vasculature, (Figure 2A,B and Supplemental Figure S3)
MAdCAM-1 expression was not observed. As no clear germinal center is evident, these
structures resemble immature TLS in appearance and composition [47-49].

3.5. Subsets of TIL and Markers of Immune Activity Are Associated with Survival in
GBM Patients

We hypothesized that specimens containing increased densities of B and T cells
expressing markers of proliferation, differentiation, or function, would associate with
favorable prognosis in GBM patients. To assess whether TIL densities and subsets, or
markers of immune activity were prognostic for OS, univariate and multivariate Cox
proportional hazards analyses were performed. Evaluated immune infiltrates and mark-
ers were dichotomized into high and low categories. In univariate analyses, there was
no correlation between total densities of infiltrating CD4, CD8, and CD20 and survival
(Table 2). However, improved OS was associated with higher densities of proliferating
CD8" T cells (CD8*Ki67") (HR 0.36, p = 0.001) and proliferating B cells (CD20*Ki67*)
(HR 0.51, p =0.008), as well as CD8"T-bet* cells (HR 0.46, p = 0.004), and total RORYyt
cells (HR 0.56, p = 0.04; Table 2). Conversely, higher mean intensities of IFNy (HR 2.23,
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p = 0.002), and advanced patient age (HR 1.13, p = 0.003) were associated with diminished
survival (Table 2). Kaplan—Meier curves for a subset of the analyzed variables are shown
in Figure 3A-E.

Figure 2. GBM contain focal B and T cell aggregates resembling immature TLS. (A,B) Representative images of dense
clusters of CD20* B cells, CD8" T cells, and PNAd* vasculature from two GBM specimens. The circles denote RORyt" cells,
scale bars are 100 um and colors are indicated.
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Table 2. Univariate analysis of evaluated clinical and immunological factors and overall survival.

Factors Univariate HR 95% CI p-Value
Sex 0.78 0.49 1.25 0.3
KPS high 0.85 0.53 1.36 0.5
Age 1.13 1.04 1.22 0.003
MGMT Methylation 0.66 0.39 1.13 0.13
Resection extent (vs. biopsy)
Subtotal Resection 0.95 0.42 2.15 0.9
Gross Total Resection 0.9 0.4 2.03 0.79
DEX dose preoperative 0.99 0.97 1.023 0.84
DEX duration 1 0.96 1.04 0.99
High CD4" cells 143 0.85 2.41 0.18
High CD8" cells 12 0.75 19 0.44
High CD20" cells 0.68 0.41 1.13 0.13
High RORyt* cells 0.56 0.32 0.98 0.040
High CD4*T-bet™ cells 0.8 0.5 1.28 0.35
High CD8*T-bet™ cells 0.46 0.26 0.79 0.004
High CD4*Ki67* cells 0.67 0.37 12 0.18
High CD8*Ki67* cells 0.36 0.2 0.66 0.001
High CD20*Ki67* cells 0.51 0.31 0.84 0.008
High IFNy* cells 1.51 0.91 2.49 0.11
High ratio of CD8" to CD4" cells 0.66 0.41 1.05 0.08
High mean intensity of IFNy 2.23 1.33 3.74 0.002

The Cox model was used for univariate analysis of immune infiltrates and clinical prognostic factors and associated
with OS. Immune infiltrates were enumerated per mm2/tumor and dichotomized into high or low. Clinical
factors included KPS (high > 70 vs. low < 70), age (per 5-year increase), MGMT methylation status (yes/no),
extent of resection (STR vs. GTR vs. Biopsy), and dexamethasone dose and duration. Hazard ratios (HR) less
than 1 reflect longer survival. A p value less than 0.05 was considered statistically significant (bold). Definition of
abbreviations: DEX = dexamethasone; MGMT = O6-Methylguanine-DNA Methyltransferase; KPS = Karnofsky
Performance Status Score.

A multivariable Cox proportional hazards model assessed the relationship between
OS and immune cell densities in the context of a set of clinical covariates known to be
prognostic that included age, KPS, extent of resection, and MGMT promoter methylation
status [2,50-52]. In this multivariable analysis, improved OS was associated with high
densities of proliferating CD8" T cells (CD8"Ki67*) (HR 0.15, p < 0.001) (Supplemental
Figure S6), and a high ratio of CD8" cells to CD4* cells (HR 0.31, p = 0.005) (Table 3, and
Supplemental Figure S7A,B). Conversely, decreased OS was associated with advanced age
(HR 1.21, p = 0.005), and higher mean intensities of IFNy (HR 2.13, p = 0.027) (Table 3 and
Supplemental Figure S7C,D).

Table 3. Multivariate analysis of evaluated clinical and immunological factors and overall survival.

Factors Multivariate HR 95% CI p-Value

Age (per 5-year increase) 121 1.06 1.38 0.005
Resection extent (vs. biopsy)

Subtotal resection 0.76 0.27 2.13 0.598

Gross total resection 0.33 0.10 1.05 0.059

KPS high 1.02 0.52 1.98 0.960

MGMT Methylation (yes) 0.74 0.42 1.31 0.310

High CD8*Ki67* infiltrates 0.15 0.06 0.38 <0.001

High ratio of CD8" to CD4" cells 0.31 0.14 0.71 0.005

High mean intensity of IFNy 213 1.09 415 0.027

The Cox model was used for the multivariate analysis. Inmune infiltrates were enumerated per mm2/tumor
and dichotomized into high or low. A p value less than 0.05 was considered statistically significant (bold).
KPS = Karnofsky Performance Status.
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Figure 3. Markers of immune activity are associated with OS in GBM. Kaplan-Meier curves for the indicated immune
markers, dichotomized into high (blue) and low (yellow), are shown in (A-E). Prolonged OS is associated with tumors
containing high densities of: CD8*Ki67* cell infiltrates high (22.8 months) vs. low (7.7 months) (A); CD20*Ki67" cell
infiltrates high (22.8 months) vs. low (12.4 months) (B); CD8" Tbet" cell infiltrates high (20.5 months) vs. low (10.6 months)
(C); and RORyt+ cell infiltrates high (18.7 months) vs. low (10.5 months) (D). Diminished OS was associated with tumors
expressing higher mean intensities of IFNy (30.9 months) vs. low (14.2 months) (E).

4. Discussion

In this study, we found that high densities of proliferating CD8* cells (CD8"Ki67")
and higher ratios of CD8" TIL relative to CD4* TIL were associated with improved survival
by multivariate analysis, in which patient age also had prognostic associations. Our
finding that higher ratios of CD8* TIL relative to CD4* TIL were associated with improved
overall survival is consistent with prior studies showing enhanced survival associated with
high densities of CD8* TIL [53], low densities of CD4* TIL [11], and increased ratios of
CD8" TIL to FoxP3* TIL [54]. The balance between CD8 and CD4 TIL populations has
prognostic implications in GBM that may be associated with the quality of the antitumor
immune response. Interestingly, we also found that high densities of proliferating CD8*
cells (CD8*Ki67") were associated with improved OS in multivariable analyses, and by
univariate analyses that high density of CD8*T-bet* cells were prognostic for improved OS.
Collectively, these results suggest that a subset of CD8" TIL express markers of T cell activity,
which include proliferation and expression of (T-bet), a master transcriptional regulator of
effector T-cell activation, and their correlation with improved OS suggests an antineoplastic
effect. By univariate analysis, we found that RORyt* cells were associated with improved
OS in GBM. While one study has evaluated IL-17A expression in glioblastoma, and found
an association between increased IL-17A* infiltrates and diminished OS [55], RORyt
expression has not been evaluated in GBM. Thus, studies are needed to delineate whether
RORyt* cells can lend a tumor-cytolytic benefit [23-26].
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In the interest of studying a homogenous sample population, in our patient cohort of
77 patients with GBM, we excluded patients that did not receive standard of care therapy,
and excluded patients whose tumors had a mutation in IDH1/2, which is associated with
prolonged OS [56,57]. A limitation of studies examining the GBM immune environment
is that most patients receive pre-operative steroids to control cerebral edema [58,59], and
their use has been associated with immune suppression [60]. Although most of the patients
included in our study received pre-operative dexamethasone, they were given in short
duration (mean of 4.76 days). Consistent with a previous study that suggested that pre-
operative corticosteroids might not reduce TIL density in brain metastases [61], we found
no significant associations between dexamethasone treatment and CD4*, CD8*, or CD20*
TIL densities. Immunotypes in GBM have not be previously evaluated. We found that
infiltrate patterns in GBM were comprised of immunotype A (53%) or B (47%) patterns and
no immunotype C tumors were observed. The lack of immunotype C infiltration patterns
in GBM highlights the limited infiltrates in GBM and suggest that therapies may be needed
that promote diffuse infiltration of T cells.

Although B cells are known to infiltrate GBM, their role remains uncertain. We
observed that the density of infiltrating B cells had no prognostic implications, in accor-
dance with a prior study [43]. However, we found that proliferating B cell (CD20*Ki67*)
infiltrates were associated with improved prognosis by univariate analyses, but not by
multivariate analysis. TLS are associated with improved survival in several cancers [32],
but their prevalence and function in GBM are unknown. One recent study found that
TLS were present in 8 of 16 (50%) evaluated GBM, and their presence correlated with an
increase in tumor infiltrating T cells [62]. We found evidence of structures resembling
immature TLS [47-49] in 8% of evaluated tumors. The high frequency of TLS in GBM is
in contrast to our study, however. A potential reason for this discrepancy is that the prior
study only evaluated GBM that contained meningeal tissue, as TLS were located close to
the meninges [62]. Thus, our patient cohort may be more representative of the general
population of GBMs. Collectively, these data raise questions about the prevalence of TLS
in GBM and function. Additionally, futures studies are warranted to better define TLS in
GBM. TLS in other cancers have been identified and defined by expression of a number of
chemokines that are involved in TLS neogenesis: CCL19, CCL21, CXCL12, CXCL13, CCL17,
and CCL22 [63]. Germinal center identification and maturation in TLS has been defined by
markers including: CD21 and CD23 to identify follicular dendritic cells (DCs) and different
maturation states of the B cell follicle and activation-induced deaminase (AID), a critical
enzyme for somatic hypermutation and class switch recombination of immunoglobulin
genes [37,63]. Additionally, TLS often contain mature dendritic cells localized nearby that
may aid in antigen presentation [51]. These markers have yet to be assessed in GBM TLS.

IFNY is an effector cytokine, associated with antitumor mechanisms, which include
increased tumor immune surveillance, and antiproliferative, pro-apoptotic tumor mecha-
nisms. Conversely, IFNy may also play a pro-tumorigenic role, through upregulation of
immune suppressing mechanisms including indoleamine 2,3-dioxygenase (IDO), recruit-
ment of Tregs, and upregulation of checkpoint inhibitors, such as programmed cell-death
ligand (PD-L1) [22,64,65]. In our study, we paradoxically found that IFNYy intensity in
GBM tissue was associated with diminished OS in patients by univariate and multivariable
analyses. Additionally, we found that IFNy was not tightly localized adjacent to CD4" or
CD8* T cell infiltrates in GBM, which could indicate that other cells subsets such as NK
cells, macrophages, or dendritic cells are producing IFNy in GBM. Thus, IFNy may be
inducing immune suppressing mechanisms, or it may be associated with other undeter-
mined effects, which may be detrimental, such as inflammatory effects. In line with this,
PD-L1 expression has been correlated with IFNy [66] and worse prognosis in GBM [67].
Thus, blocking immune regulating effects of IFNy may help to improve prognosis in GBM.

A strength of this study is that we evaluated a large and homogenous cohort of
patients, and larger biopsy areas, for T and B cell infiltrates with mIFH, which enables
analysis of multiple immune markers together as well as cell distribution and location.
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However, a limitation of this work is that we visualized fewer immune markers, which
were repeated across panels and multiple sections, so that we could comprehensively study
B and T cell infiltrates in conjunction with markers of immune activity, differentiation and
function. Additionally, we did not include analyses of other cell subsets in GBM with
prognostic associations, such as glioma-associated microglia/macrophages (GAMs) [68].
GAMs have been recently identified as the dominate infiltrating immune cell in GBM,
and may constitute another immune suppressive mechanism in GBM that needs to be
overcome [69]. Thus, studies are need to elucidate the location of GAMs in GBM relative to
infiltrating CD8" T cells, and their impact on T cell function.

We have found that the composition and functionality of GBM-infiltrating lympho-
cytes have prognostic relevance and the potential to inform immunotherapy strategies.
A limitation of our study is that further work is needed to elucidate the mechanisms
underlying these associations. Additional studies are needed to address whether CD8* T
cell proliferation is correlated with later T cell effector functions, such as effector cytokine
production in the form of perforin, granzyme-b, or TNF-«, and if not, whether these can be
enhanced with immune therapies targeting those functions. Additionally, the dominance
of CD8* T cells over CD4" cells in GBM holds prognostic relevance, which needs to be
further elucidated, and may be due the presence of CD4* Tregs. Potentially, therapies
may be needed to promote diffuse infiltration of proliferating CD8" T cells in GBM. These
may include therapies that directly supply T cell chemotactic chemokines, such as CXCL-9,
-10, and -11, into tumor or promote their production from tumor cells [70-72], or deplete
Tregs [73], or therapies that block IFNYy or its induced immunoregulatory effects through
blockade of IDO or PD-1.

In summary, the immune profile analysis of a refined cohort of IDH wild type GBM
cases revealed that high densities of proliferating CD8* T-cells and high ratio of CD8* to
CD4" cells correlated with improved survival. These findings suggest that the that survival
may be enhanced by increasing proliferation of tumor-infiltrating CD8" T cells, and that
approaches should be designed to promote CD8* T cell dominance in GBM, and potentially
mitigate or modify the immunoregulatory effects of IFNYy in the tumor microenvironment.
Additionally, strategies that promote infiltration of T cells diffusely into GBM may be
necessary, and further characterization of TLS prevalence and function in GBM is needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/ cells10123378/s1, Figure S1: Single-plex images of TIL in GBM, Figure S2: Single-plex images of
colon and TIL in GBMSI, Figure S3: Single-plex images of colon and GBM stained with TLS panel,
Figure S4: Images of regions of interest selection in GBM, Figure S5: Bar Graphs of average tissues
sizes analyzed and variance in counts across the mIFH panels, Figure S6: GBM containing high
densities of CD8*Ki67* cell infiltrates are associated with improved OS, Figure S7: Representative
Images of GBM specimens containg low (A) and high (B) ratios of infiltrating CD8" cells relative
to CD4* cells, and of GBM specimens containing high (C) and low (D) expression of IFNy, which
correlate with survival, Table S1: Remark Profile of analyzed samples and variables, Table S2: Table of
clinical features and TIL infiltrates in patients containing IDH wild-type GBM or GBM with IDH1/2
mutations, Table S3: Dexamethasone treatment and association with CD4*, CD8" and CD20* TIL.

Author Contributions: Conception and design: 1.5S.M., C.E.F. and L.D.E.; development of method-
ology: 1.5.M.; acquisition of data (acquired, and managed patients’ information and samples): J.].,
C.EFE, L.V.Y. and M.B.L.; analysis and interpretation of data (e.g., statistical analysis, computational
analysis): N.A.W., LS. M., M.B.L. and C.L.S.J.; writing, review, and/or revision of the manuscript:
ILSM.,, CLS]J., CEE,LDE., N.AW. and M.B.L.; administrative, technical, or material support (i.e.,
reporting or organizing data, assisting in experiments): A.M. and S.J.Y.; study supervision: I.5.M.,
C.E.F, M.B.L. and L.D.E. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by a University of Virginia Cancer Center Schiff Founda-
tion grant, the University of Virginia Cancer Center Support Grant (NIH P30 CA044579: Molecular
and Immunologic Translational Studies Core, Biorepository, and Tissue Research Facility, Biostatistics
Core), a grant from the Willowcroft Foundation, and NIH/NCI K25CA181638.


https://www.mdpi.com/article/10.3390/cells10123378/s1
https://www.mdpi.com/article/10.3390/cells10123378/s1

Cells 2021, 10, 3378 13 of 16

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board for Health Sciences Reserch
at the University of Virginia (protocol# 20210; 10.13.2017).

Informed Consent Statement: Not applicable.
Data Availability Statement: All data are available from the authors on reasonable request.

Acknowledgments: This work was supported in part by a University of Virginia Cancer Center
Schiff Foundation grant, the University of Virginia Cancer Center Support Grant (NIH P30 CA044579:
Molecular and Immunologic Translational Studies Core, Biorepository, and Tissue Research Facility,
Biostatistics Core), a grant from the Willowcroft Foundation, and NIH/NCI K25CA181638. We thank
David Schiff for manuscript preparation.

Conflicts of Interest: Craig L. Slingluff, Jr. has the following disclosures, none of which conflict with
the present manuscript: research support to the University of Virginia from Celldex (funding, drug),
GlaxoSmithKline (funding), Merck (funding, drug), 3M (drug), Theraclion (device staff support);
Funding to the University of Virginia from Polynoma for PI role on the MAVIS Clinical Trial; funding
to the University of Virginia for roles on Scientific Advisory Boards for Immatics and CureVac.
Moreover, Craig L. Slingluff, Jr. receives licensing fee payments through the UVA Licensing and
Ventures Group for patents for peptides used in cancer vaccines. The other authors do not have any
financial conflicts to disclose that are relevant to this manuscript.

References

1.

10.

11.

12.

13.

14.

Stupp, R.; Hegi, M.E.; Mason, W.P,; van den Bent, M.].; Taphoorn, M.].; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.; Fisher, B.;
Belanger, K.; et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival
in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459-466.
[CrossRef]

Gorlia, T.; van den Bent, M.].; Hegi, M.E.; Mirimanoff, R.O.; Weller, M.; Cairncross, ].G.; Eisenhauer, E.; Belanger, K.; Brandes, A.A;
Allgeier, A.; et al. Nomograms for predicting survival of patients with newly diagnosed glioblastoma: Prognostic factor analysis
of EORTC and NCIC trial 26981-22981/CE.3. Lancet Oncol. 2008, 9, 29-38. [CrossRef]

Pages, F.; Galon, J.; Dieu-Nosjean, M.C.; Tartour, E.; Sautés-Fridman, C.; Fridman, W.H. Immune infiltration in human tumors: A
prognostic factor that should not be ignored. Oncogene 2010, 29, 1093-1102. [CrossRef] [PubMed]

Barnes, T.A.; Amir, E. HYPE or HOPE: The prognostic value of infiltrating immune cells in cancer. Br. ]. Cancer 2017, 117, 451-460.
[CrossRef] [PubMed]

Gooden, M.].; de Bock, G.H.; Leffers, N.; Daemen, T.; Nijman, H.W. The prognostic influence of tumour-infiltrating lymphocytes
in cancer: A systematic review with meta-analysis. Br. J. Cancer 2011, 105, 93-103. [CrossRef] [PubMed]

Zhang, L.; Conejo-Garcia, J.R; Katsaros, D.; Gimotty, P.A.; Massobrio, M.; Regnani, G.; Makrigiannakis, A.; Gray, H.; Schlienger, K;
Liebman, M.N; et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N. Engl. ]. Med. 2003, 348, 203-213.
[CrossRef]

Galon, J.; Costes, A.; Sanchez-Cabo, E; Kirilovsky, A.; Mlecnik, B.; Lagorce-Pages, C.; Tosolini, M.; Camus, M.; Berger, A.; Wind, P;
et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science 2006, 313,
1960-1964. [CrossRef] [PubMed]

Han, S.; Zhang, C.; Li, Q.; Dong, J.; Liu, Y.; Huang, Y.; Jiang, T.; Wu, A. Tumour-infiltrating CD4* and CD8* lymphocytes as
predictors of clinical outcome in glioma. Br. |. Cancer 2014, 110, 2560-2568. [CrossRef] [PubMed]

Feng, L.; Qian, H.; Yu, X,; Liu, K,; Xiao, T.; Zhang, C.; Kuang, M.; Cheng, S.; Li, X.; Wan, J.; et al. Heterogeneity of tumor-
infiltrating lymphocytes ascribed to local immune status rather than neoantigens by multi-omics analysis of glioblastoma
multiforme. Sci. Rep. 2017, 7, 6968. [CrossRef]

Kmiecik, J.; Poli, A.; Brons, N.H.; Waha, A.; Eide, G.E.; Enger, PQ.; Zimmer, J.; Chekenya, M. Elevated CD3* and CD8* tumor-
infiltrating immune cells correlate with prolonged survival in glioblastoma patients despite integrated immunosuppressive
mechanisms in the tumor microenvironment and at the systemic level. J. Neuroimmunol. 2013, 264, 71-83. [CrossRef] [PubMed]
Orrego, E.; Castaneda, C.A.; Castillo, M.; Bernabe, L.A; Casavilca, S.; Chakravarti, A.; Meng, W.; Garcia-Corrochano, P; Villa-
Robles, M.R.; Zevallos, R.; et al. Distribution of tumor-infiltrating immune cells in glioblastoma. CNS Oncol. 2018, 7, CNS21.
[CrossRef]

Yang, I; Tihan, T.; Han, S.J.; Wrensch, M.R.; Wiencke, J.; Sughrue, M.E.; Parsa, A.T. CD8* T-cell infiltrate in newly diagnosed
glioblastoma is associated with long-term survival. ]. Clin. Neurosci. 2010, 17, 1381-1385. [CrossRef]

Fridman, W.H.; Zitvogel, L.; Sautes-Fridman, C.; Kroemer, G. The immune contexture in cancer prognosis and treatment. Nat.
Rev. Clin. Oncol. 2017, 14, 717-734. [CrossRef] [PubMed]

Lohr, J.; Ratliff, T.; Huppertz, A.; Ge, Y.; Dictus, C.; Ahmadi, R.; Grau, S.; Hiraoka, N.; Eckstein, V.; Ecker, R.C.; et al. Effector T-cell
infiltration positively impacts survival of glioblastoma patients and is impaired by tumor-derived TGF-beta. Clin. Cancer Res.
2011, 17, 4296-4308. [CrossRef] [PubMed]


http://doi.org/10.1016/S1470-2045(09)70025-7
http://doi.org/10.1016/S1470-2045(07)70384-4
http://doi.org/10.1038/onc.2009.416
http://www.ncbi.nlm.nih.gov/pubmed/19946335
http://doi.org/10.1038/bjc.2017.220
http://www.ncbi.nlm.nih.gov/pubmed/28704840
http://doi.org/10.1038/bjc.2011.189
http://www.ncbi.nlm.nih.gov/pubmed/21629244
http://doi.org/10.1056/NEJMoa020177
http://doi.org/10.1126/science.1129139
http://www.ncbi.nlm.nih.gov/pubmed/17008531
http://doi.org/10.1038/bjc.2014.162
http://www.ncbi.nlm.nih.gov/pubmed/24691423
http://doi.org/10.1038/s41598-017-05538-z
http://doi.org/10.1016/j.jneuroim.2013.08.013
http://www.ncbi.nlm.nih.gov/pubmed/24045166
http://doi.org/10.2217/cns-2017-0037
http://doi.org/10.1016/j.jocn.2010.03.031
http://doi.org/10.1038/nrclinonc.2017.101
http://www.ncbi.nlm.nih.gov/pubmed/28741618
http://doi.org/10.1158/1078-0432.CCR-10-2557
http://www.ncbi.nlm.nih.gov/pubmed/21478334

Cells 2021, 10, 3378 14 of 16

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.
42.

Domingues, P.; Gonzalez-Tablas, M.; Otero, A.; Pascual, D.; Miranda, D.; Ruiz, L.; Sousa, P; Ciudad, J.; Gongalves, ].M.;
Lopes, M.C,; et al. Tumor infiltrating immune cells in gliomas and meningiomas. Brain Behav. Immun. 2016, 53, 1-15. [CrossRef]
[PubMed]

Largeot, A.; Pagano, G.; Gonder, S.; Moussay, E.; Paggetti, ]. The B-side of Cancer Immunity: The Underrated Tune. Cells 2019,
8, 449. [CrossRef]

St Paul, M.; Ohashi, P.S. The Roles of CD8* T Cell Subsets in Antitumor Immunity. Trends Cell Biol. 2020, 30, 695-704. [CrossRef]
[PubMed]

Tay, R.E.; Richardson, E.K.; Toh, H.C. Revisiting the role of CD4* T cells in cancer immunotherapy-new insights into old
paradigms. Cancer Gene Ther. 2021, 28, 5-17. [CrossRef] [PubMed]

Gerloni, M.; Zanetti, M. CD4 T cells in tumor immunity. Springer Semin. Immunopathol. 2005, 27, 37-48. [CrossRef]

Zhu, Y,;Ju, S.; Chen, E.; Dai, S.; Li, C.; Morel, P; Liu, L.; Zhang, X.; Lu, B. T-bet and eomesodermin are required for T cell-mediated
antitumor immune responses. J. Immunol. 2010, 185, 3174-3183. [CrossRef] [PubMed]

Nakano, O.; Sato, M.; Naito, Y.; Suzuki, K,; Orikasa, S.; Aizawa, M.; Suzuki, Y.; Shintaku, I.; Nagura, H.; Ohtani, H. Prolif-
erative activity of intratumoral CD8* T-lymphocytes as a prognostic factor in human renal cell carcinoma: Clinicopathologic
demonstration of antitumor immunity. Cancer Res. 2001, 61, 5132-5136. [PubMed]

Castro, F.; Cardoso, A.P.; Goncalves, R.M.; Serre, K.; Oliveira, M.]. Interferon-Gamma at the Crossroads of Tumor Immune
Surveillance or Evasion. Front. Immunol. 2018, 9, 847. [CrossRef] [PubMed]

Wilke, C.M.; Kryczek, I.; Wei, S.; Zhao, E.; Wu, K.; Wang, G.; Zou, W. Th17 cells in cancer: Help or hindrance? Carcinogenesis 2011,
32, 643-649. [CrossRef]

Bailey, S.R.; Nelson, M.H.; Himes, R.A.; Li, Z.; Mehrotra, S.; Paulos, C.M. Th17 cellsin cancer: The ultimate identity crisis.
Front. Immunol. 2014, 5, 276. [CrossRef] [PubMed]

Ye, J.; Livergood, R.S.; Peng, G.Y. The Role and Regulation of Human Th17 Cells in Tumor Immunity. Am. J. Pathol. 2013, 182,
10-20. [CrossRef]

Parajuli, P.; Mittal, S. Role of IL-17 in Glioma Progression. J. Spine Neurosurg. 2013, 2013 (Suppl. 1), 51-004. [CrossRef]
Takashima, Y.; Kawaguchi, A.; Kanayama, T.; Hayano, A.; Yamanaka, R. Correlation between lower balance of Th2 helper
T-cells and expression of PD-L1/PD-1 axis genes enables prognostic prediction in patients with glioblastoma. Oncotarget 2018, 9,
19065-19078. [CrossRef]

Tsou, P.; Katayama, H.; Ostrin, E.J.; Hanash, S.M. The Emerging Role of B Cells in Tumor Immunity. Cancer Res. 2016, 76,
5597-5601. [CrossRef] [PubMed]

Engelhard, V.H.; Rodriguez, A.B.; Mauldin, I.S.; Woods, A.N.; Peske, ].D.; Slingluff, C.L., Jr. Inmune Cell Infiltration and Tertiary
Lymphoid Structures as Determinants of Antitumor Immunity. J. Immunol. 2018, 200, 432—442. [CrossRef] [PubMed]

Mauri, C.; Menon, M. Human regulatory B cells in health and disease: Therapeutic potential. J. Clin. Investig. 2017, 127, 772-779.
[CrossRef] [PubMed]

Dieu-Nosjean, M.C.; Antoine, M.; Danel, C.; Heudes, D.; Wislez, M.; Poulot, V.; Rabbe, N.; Laurans, L.; Tartour, E,;
de Chaisemartin, L.; et al. Long-term survival for patients with non-small-cell lung cancer with intratumoral lymphoid structures.
J. Clin. Oncol. 2008, 26, 4410—4417. [CrossRef] [PubMed]

Sautes-Fridman, C.; Lawand, M.; Giraldo, N.A.; Kaplon, H.; Germain, C.; Fridman, W.H.; Dieu-Nosjean, M.C. Tertiary Lymphoid
Structures in Cancers: Prognostic Value, Regulation, and Manipulation for Therapeutic Intervention. Front. Immunol. 2016, 7, 407.
[CrossRef] [PubMed]

Dieu-Nosjean, M.C.; Giraldo, N.A.; Kaplon, H.; Germain, C.; Fridman, W.H.; Sautés-Fridman, C. Tertiary lymphoid structures,
drivers of the anti-tumor responses in human cancers. Immunol. Rev. 2016, 271, 260-275. [CrossRef] [PubMed]

Hiraoka, N.; Ino, Y.; Yamazaki-Itoh, R. Tertiary Lymphoid Organs in Cancer Tissues. Front. Immunol. 2016, 7, 244. [CrossRef]
Helmink, B.A.; Reddy, S.M.; Gao, J.; Zhang, S.; Basar, R.; Thakur, R.; Yizhak, K.; Sade-Feldman, M.; Blando, J.; Han, G.; et al. B
cells and tertiary lymphoid structures promote immunotherapy response. Nature 2020, 577, 549-555. [CrossRef]

Cabrita, R.; Lauss, M.; Sanna, A.; Donia, M.; Skaarup Larsen, M.; Mitra, S.; Johansson, I.; Phung, B.; Harbst, K,
Vallon-Christersson, J.; et al. Tertiary lymphoid structures improve immunotherapy and survival in melanoma. Nature
2020, 577, 561-565. [CrossRef]

Lynch, K.T.; Young, S.J.; Meneveau, M.O.; Wages, N.A.; Engelhard, V.H.; Slingluff, C.L., Jr.; Mauldin, L.S. Heterogeneity in tertiary
lymphoid structure B-cells correlates with patient survival in metastatic melanoma. J. Immunother. Cancer 2021, 9, e002273.
[CrossRef] [PubMed]

Mauldin, I.S.; Mahmutovic, A.; Young, S.J.; Slingluff, C.L., Jr. Multiplex Inmunofluorescence Histology for Immune Cell Infiltrates
in Melanoma-Associated Tertiary Lymphoid Structures. Methods Mol. Biol. 2021, 2265, 573-587.

Stowman, A.M.; Hickman, AW.; Mauldin, L.S.; Mahmutovic, A.; Gru, A.A.; Slingluff, C.L., Jr. Lymphoid aggregates in
desmoplastic melanoma have features of tertiary lymphoid structures. Melanoma Res. 2018, 28, 237-245. [CrossRef] [PubMed]
McShane, L.M.; Altman, D.G.; Sauerbrei, W.; Taube, S.E.; Gion, M.; Clark, G.M. REporting recommendations for tumor MARKer
prognostic studies (REMARK). Nat. Clin. Pract. Urol. 2005, 2, 416-422. [CrossRef]

Kaplan, E.L.; Meier, P. Nonparametric-Estimation from Incomplete Observations. J. Am. Stat. Assoc. 1958, 53, 457-481. [CrossRef]
Contal, C.; O’Quigley, ]. An application of changepoint methods in studying the effect of age on survival in breast cancer. Comput.
Stat. Data Anal. 1999, 30, 253-270. [CrossRef]


http://doi.org/10.1016/j.bbi.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26216710
http://doi.org/10.3390/cells8050449
http://doi.org/10.1016/j.tcb.2020.06.003
http://www.ncbi.nlm.nih.gov/pubmed/32624246
http://doi.org/10.1038/s41417-020-0183-x
http://www.ncbi.nlm.nih.gov/pubmed/32457487
http://doi.org/10.1007/s00281-004-0193-z
http://doi.org/10.4049/jimmunol.1000749
http://www.ncbi.nlm.nih.gov/pubmed/20713880
http://www.ncbi.nlm.nih.gov/pubmed/11431351
http://doi.org/10.3389/fimmu.2018.00847
http://www.ncbi.nlm.nih.gov/pubmed/29780381
http://doi.org/10.1093/carcin/bgr019
http://doi.org/10.3389/fimmu.2014.00276
http://www.ncbi.nlm.nih.gov/pubmed/24987392
http://doi.org/10.1016/j.ajpath.2012.08.041
http://doi.org/10.4172/2325-9701.S1-004
http://doi.org/10.18632/oncotarget.24897
http://doi.org/10.1158/0008-5472.CAN-16-0431
http://www.ncbi.nlm.nih.gov/pubmed/27634765
http://doi.org/10.4049/jimmunol.1701269
http://www.ncbi.nlm.nih.gov/pubmed/29311385
http://doi.org/10.1172/JCI85113
http://www.ncbi.nlm.nih.gov/pubmed/28248202
http://doi.org/10.1200/JCO.2007.15.0284
http://www.ncbi.nlm.nih.gov/pubmed/18802153
http://doi.org/10.3389/fimmu.2016.00407
http://www.ncbi.nlm.nih.gov/pubmed/27752258
http://doi.org/10.1111/imr.12405
http://www.ncbi.nlm.nih.gov/pubmed/27088920
http://doi.org/10.3389/fimmu.2016.00244
http://doi.org/10.1038/s41586-019-1922-8
http://doi.org/10.1038/s41586-019-1914-8
http://doi.org/10.1136/jitc-2020-002273
http://www.ncbi.nlm.nih.gov/pubmed/34103353
http://doi.org/10.1097/CMR.0000000000000439
http://www.ncbi.nlm.nih.gov/pubmed/29538091
http://doi.org/10.1093/jnci/dji237
http://doi.org/10.1080/01621459.1958.10501452
http://doi.org/10.1016/S0167-9473(98)00096-6

Cells 2021, 10, 3378 15 of 16

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Cohen, A.L.; Holmen, S.L.; Colman, H. IDH1 and IDH2 mutations in gliomas. Curr. Neurol. Neurosci. Rep. 2013, 13, 345.
[CrossRef] [PubMed]

Onizuka, H.; Masui, K.; Komori, T. Diffuse gliomas to date and beyond 2016 WHO Classification of Tumours of the Central
Nervous System. Int. J. Clin. Oncol. 2020, 25, 997-1003. [CrossRef] [PubMed]

Komori, T.; Sasaki, H.; Yoshida, K. Revised WHO Classification of Tumours of the Central Nervous System:Summary of the
Revision and Perspective. No Shinkei Geka 2016, 44, 625-635.

Erdag, G.; Schaefer, ].T.; Smolkin, M.E.; Deacon, D.H.; Shea, S.M.; Dengel, L.T.; Patterson, ].W.; Slingluff, C.L., Jr. Immunotype
and Immunohistologic Characteristics of Tumor-Infiltrating Immune Cells Are Associated with Clinical Outcome in Metastatic
Melanoma. Cancer Res. 2012, 72, 1070-1080. [CrossRef]

Bruno, T.C. B cells to the forefront of immunotherapy. Nature 2020, 577, 474. [CrossRef]

Filderman, ].N.; Appleman, M.; Chelvanambi, M.; Taylor, J.L.; Storkus, W.J. STINGing the Tumor Microenvironment to Promote
Therapeutic Tertiary Lymphoid Structure Development. Front. Immunol. 2021, 12, 1826. [CrossRef]

Li, Q.X,; Liu, X.Q.; Wang, D.K; Wang, Y.; Lu, H.; Wen, S.; Fang, J.; Cheng, B.; Wang, Z. Prognostic value of tertiary lymphoid
structure and tumour infiltrating lymphocytes in oral squamous cell carcinoma. Int. J. Oral Sci. 2020, 12, 24. [CrossRef]

Stark, A.M.; van de Bergh, J.; Hedderich, J.; Mehdorn, H.M.; Nabavi, A. Glioblastoma: Clinical characteristics, prognostic factors
and survival in 492 patients. Clin. Neurol. Neurosurg. 2012, 114, 840-845. [CrossRef]

Aquilanti, E.; Miller, ].; Santagata, S.; Cahill, D.P.; Brastianos, PX. Updates in prognostic markers for gliomas. Neuro-Oncol. 2018,
20, 17-26. [CrossRef] [PubMed]

Lamborn, K.R.; Chang, S.M.; Prados, M.D. Prognostic factors for survival of patients with glioblastoma: Recursive partitioning
analysis. Neuro-Oncol. 2004, 6, 227-235. [CrossRef] [PubMed]

Kim, Y.H.; Jung, T.Y,; Jung, S.; Jang, W.Y.; Moon, K.S.; Kim, L.Y.; Lee, M.C,; Lee, ].]. Tumour-infiltrating T-cell subpopulations in
glioblastomas. Br. |. Neurosurg. 2012, 26, 21-27. [CrossRef] [PubMed]

Sayour, E.J.; McLendon, P; McLendon, R.; De Leon, G.; Reynolds, R.; Kresak, J.; Sampson, ].H.; Mitchell, D.A. Increased
proportion of FoxP3* regulatory T cells in tumor infiltrating lymphocytes is associated with tumor recurrence and reduced
survival in patients with glioblastoma. Cancer Immunol. Immunother. 2015, 64, 419-427. [CrossRef] [PubMed]

Madkouri, R.; Kaderbhai, C.G.; Bertaut, A.; Truntzer, C.; Vincent, J.; Aubriot-Lorton, M.H.; Farah, W.; Limagne, E.; Ladoire, S.;
Boidot, R.; et al. Immune classifications with cytotoxic CD8* and Th17 infiltrates are predictors of clinical prognosis in
glioblastoma. Oncoimmunology 2017, 6, €1321186. [CrossRef]

Kaminska, B.; Czapski, B.; Guzik, R.; Krdl, S.K.; Gielniewski, B. Consequences of IDH1/2 Mutations in Gliomas and an
Assessment of Inhibitors Targeting Mutated IDH Proteins. Molecules 2019, 24, 968. [CrossRef] [PubMed]

Khan, I.; Waqas, M.; Shamim, M.S. Prognostic significance of IDH 1 mutation in patients with glioblastoma multiforme. J. Pak.
Med. Assoc. 2017, 67, 816-817. [PubMed]

Pitter, K.L.; Tamagno, I.; Alikhanyan, K.; Hosni-Ahmed, A.; Pattwell, S.S.; Donnola, S.; Dai, C.; Ozawa, T.; Chang, M.; Chan, T A,;
et al. Corticosteroids compromise survival in glioblastoma. Brain 2016, 139, 1458-1471. [CrossRef] [PubMed]

Cenciarini, M.; Valentino, M.; Belia, S.; Sforna, L.; Rosa, P.; Ronchetti, S.; D’Adamo, M.C.; Pessia, M. Dexamethasone in
Glioblastoma Multiforme Therapy: Mechanisms and Controversies. Front. Mol. Neurosci. 2019, 12, 65. [CrossRef]

Giles, AJ.; Hutchinson, M.K.N.D.; Sonnemann, H.M.; Jung, J.; Fecci, P.E.; Ratnam, N.M.; Zhang, W.; Song, H.; Bailey, R.; Davis, D.;
et al. Dexamethasone-induced immunosuppression: Mechanisms and implications for immunotherapy. J. Immunother. Cancer
2018, 6, 51. [CrossRef] [PubMed]

Berghoff, A.S.; Fuchs, E.; Ricken, G.; Mlecnik, B.; Bindea, G.; Spanberger, T.; Hackl, M.; Widhalm, G.; Dieckmann, K.; Prayer, D.;
et al. Density of tumor-infiltrating lymphocytes correlates with extent of brain edema and overall survival time in patients with
brain metastases. Oncoimmunology 2016, 5, €1057388. [CrossRef]

van Hooren, L.; Vaccaro, A.; Ramachandran, M.; Vazaios, K.; Libard, S.; van de Walle, T.; Georganaki, M.; Huang, H.; Pietil4, I;
Lau, J.; et al. Agonistic CD40 therapy induces tertiary lymphoid structures but impairs responses to checkpoint blockade in
glioma. Nat. Commun. 2021, 12, 4127. [CrossRef]

Sautes-Fridman, C.; Petitprez, F.; Calderaro, J.; Fridman, W.H. Tertiary lymphoid structures in the era of cancer immunotherapy.
Nat. Rev. Cancer 2019, 19, 307-325. [CrossRef] [PubMed]

Jorgovanovic, D.; Song, M.].; Wang, L.P.; Zhang, Y. Roles of IFN-gamma in tumor progression and regression: A review.
Biomark. Res. 2020, 8, 49. [CrossRef]

Mandai, M.; Hamanishi, J.; Abiko, K.; Matsumura, N.; Baba, T.; Konishi, I. Dual Faces of IFN gamma in Cancer Progression: A
Role of PD-L1 Induction in the Determination of Pro- and Antitumor Immunity. Clin. Cancer Res. 2016, 22, 2329-2334. [CrossRef]
[PubMed]

Qian, J.W.; Wang, C.; Wang, B.; Yang, J.; Wang, Y.; Luo, F,; Xu, J.; Zhao, C.; Liu, R.; Chu, Y. The IFN-gamma/PD-L1 axis between T
cells and tumor microenvironment: Hints for glioma anti-PD-1/PD-L1 therapy. J. Neuroinflamm. 2018, 15, 290. [CrossRef]
Nduom, E.K.; Wei, J.; Yaghi, N.K.; Huang, N.; Kong, L.Y.; Gabrusiewicz, K,; Ling, X.; Zhou, S.; Ivan, C.; Chen, ].Q.; et al. PD-L1
expression and prognostic impact in glioblastoma. Neuro-Oncol. 2016, 18, 195-205. [CrossRef] [PubMed]

Sorensen, M.D.; Dahlrot, R.H.; Boldt, H.B.; Hansen, S.; Kristensen, B.W. Tumour-associated microglia/macrophages predict poor
prognosis in high-grade gliomas and correlate with an aggressive tumour subtype. Neuropathol. Appl. Neurobiol. 2018, 44, 185-206.
[CrossRef] [PubMed]


http://doi.org/10.1007/s11910-013-0345-4
http://www.ncbi.nlm.nih.gov/pubmed/23532369
http://doi.org/10.1007/s10147-020-01695-w
http://www.ncbi.nlm.nih.gov/pubmed/32468200
http://doi.org/10.1158/0008-5472.CAN-11-3218
http://doi.org/10.1038/d41586-019-03943-0
http://doi.org/10.3389/fimmu.2021.690105
http://doi.org/10.1038/s41368-020-00092-3
http://doi.org/10.1016/j.clineuro.2012.01.026
http://doi.org/10.1093/neuonc/noy158
http://www.ncbi.nlm.nih.gov/pubmed/30412261
http://doi.org/10.1215/S1152851703000620
http://www.ncbi.nlm.nih.gov/pubmed/15279715
http://doi.org/10.3109/02688697.2011.584986
http://www.ncbi.nlm.nih.gov/pubmed/21707245
http://doi.org/10.1007/s00262-014-1651-7
http://www.ncbi.nlm.nih.gov/pubmed/25555571
http://doi.org/10.1080/2162402X.2017.1321186
http://doi.org/10.3390/molecules24050968
http://www.ncbi.nlm.nih.gov/pubmed/30857299
http://www.ncbi.nlm.nih.gov/pubmed/28507382
http://doi.org/10.1093/brain/aww046
http://www.ncbi.nlm.nih.gov/pubmed/27020328
http://doi.org/10.3389/fnmol.2019.00065
http://doi.org/10.1186/s40425-018-0371-5
http://www.ncbi.nlm.nih.gov/pubmed/29891009
http://doi.org/10.1080/2162402X.2015.1057388
http://doi.org/10.1038/s41467-021-24347-7
http://doi.org/10.1038/s41568-019-0144-6
http://www.ncbi.nlm.nih.gov/pubmed/31092904
http://doi.org/10.1186/s40364-020-00228-x
http://doi.org/10.1158/1078-0432.CCR-16-0224
http://www.ncbi.nlm.nih.gov/pubmed/27016309
http://doi.org/10.1186/s12974-018-1330-2
http://doi.org/10.1093/neuonc/nov172
http://www.ncbi.nlm.nih.gov/pubmed/26323609
http://doi.org/10.1111/nan.12428
http://www.ncbi.nlm.nih.gov/pubmed/28767130

Cells 2021, 10, 3378 16 of 16

69.

70.

71.

72.

73.

Fu, W,; Wang, W.; Li, H,; Jiao, Y.; Huo, R;; Yan, Z.; Wang, J.; Wang, S.; Wang, J.; Chen, D.; et al. Single-Cell Atlas Reveals
Complexity of the Inmunosuppressive Microenvironment of Initial and Recurrent Glioblastoma. Front. Immunol. 2020, 11, 835.
[CrossRef] [PubMed]

Mauldin, I.S.; Wang, E.; Deacon, D.H.; Olson, W.C.; Bao, Y.; Slingluff, C.L., Jr. TLR2/6 agonists and interferon-gamma induce
human melanoma cells to produce CXCL10. Int. ]. Cancer 2015, 137, 1386-1396. [CrossRef]

Zhang, Y.; Guan, X.Y,; Jiang, P. Cytokine and Chemokine Signals of T-Cell Exclusion in Tumors. Front. Immunol. 2020, 11, 594609.
[CrossRef] [PubMed]

Kohli, K,; Pillarisetty, V.G.; Kim, T.S. Key chemokines direct migration of immune cells in solid tumors. Cancer Gene Ther. 2021,
1-12. [CrossRef] [PubMed]

Bullock, T.N. Stimulating CD27 to quantitatively and qualitatively shape adaptive immunity to cancer. Curr. Opin. Immunol. 2017,
45, 82-88. [CrossRef] [PubMed]


http://doi.org/10.3389/fimmu.2020.00835
http://www.ncbi.nlm.nih.gov/pubmed/32457755
http://doi.org/10.1002/ijc.29515
http://doi.org/10.3389/fimmu.2020.594609
http://www.ncbi.nlm.nih.gov/pubmed/33381115
http://doi.org/10.1038/s41417-021-00303-x
http://www.ncbi.nlm.nih.gov/pubmed/33603130
http://doi.org/10.1016/j.coi.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28319731

	Introduction 
	Materials and Methods 
	Patients and Database 
	Immunohistochemistry and Image Analysis 
	Statistical Analysis 

	Results 
	Patient Demographics 
	Distribution and Enumeration of Tumor Infiltrating Lymphocytes 
	TIL Subsets Express Markers of Cell Proliferation and Differentiation in GBM 
	Some B and T Cell Aggregates Resemble Immature TLS in GBM 
	Subsets of TIL and Markers of Immune Activity Are Associated with Survival in GBM Patients 

	Discussion 
	References

