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Abstract

Glioblastoma multiforme (GBM) is among the most aggressive, treatment-resistant cancers, and despite standard of care
surgery, radiation and chemotherapy, is invariably fatal. GBM is marked by local and systemic immunosuppression, con-
tributing to resistance to existing immunotherapies that have had success in other tumor types. Memory T cells specific for
previous infections reside in tissues throughout the host and are capable of rapid and potent immune activation. Here, we show
that virus-specific memory CD8 +T cells expressing tissue-resident markers populate the mouse and human glioblastoma
microenvironment. Reactivating virus-specific memory T cells through intratumoral delivery of adjuvant-free virus-derived
peptide triggered local immune activation. This delivery translated to antineoplastic effects, which improved survival in a
murine glioblastoma model. Our results indicate that virus-specific memory T cells are a significant part of the glioblastoma
immune microenvironment and may be leveraged to promote anti-tumoral immunity.
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Introduction

Glioblastoma multiforme (GBM) is a lethal form of malig-
nant brain tumor and remains refractory to immunothera-
pies that have transformed the treatment of several can-
cers. With current standard of care, surgery followed by
radiation, chemotherapy, and electric field therapy, median
patient survival is less than 18 months. Glioblastoma
intra-tumorigenicity and associated immunosuppression
within the tumor microenvironment present unique chal-
lenges for therapeutic development [1, 2]. The presence
of the blood-brain and blood—tumor barrier that restrict
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penetration of large macromolecules further limits antibody-
based immunotherapies.

We recently described a novel form of immunotherapy
that builds on the activation of virus-specific memory T cells
abundant in tumors with no known viral etiology [3—8]. This
therapy stems from the potent capacity of tissue-resident
memory T cells (T, to execute a ‘sensing and alarm’
function upon antigen re-exposure [9]. Tgy are a subset of
memory T cells that reside within tissues, locally patrolling
for reinfection and rarely reentering circulation [10, 11].
Once reactivated, Ty, produce pro-inflammatory cytokines
that trigger local immune stimulation, and chemokines that
recruit innate and adaptive immunity to the site of reactiva-
tion [9, 12, 13]. This Ty, sensing and alarm function can be
triggered in mouse models of melanoma through delivery of
viral-derived peptides alone. This form of immunotherapy
is termed peptide alarm therapy (PAT) and leads to a sig-
nificant reduction of tumor growth. When PAT is combined
with PD-L1 checkpoint blockade, melanoma tumor burden
can be entirely eliminated [3]. It remains unclear if this strat-
egy can translate to tumors where the immunosuppressive
environment dominates, such as GBM.

T cells with a Ty, phenotype have been identified in
gliomas [14, 15], and we sought to assess the abundance
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«Fig. 1 Virus-specific memory CD8+T cells populate GBM and have
a Try phenotype. a Patient glioblastoma tumors and paired blood
stained for HLA-A*02+tetramers specific for EBV (EBVg; - and
EBV( ), CMV (CMVy,y), and Influenza A virus (IAVg; ). Gated
on CD8+CD3+cells. b The frequency (%) of tetramer-positive
populations out of CD8+/CD3+T cells in paired blood and glio-
blastoma tumors across multiple patients. Dots indicate not enough
total CD8+T cells were acquired to get an accurate measurement;
X indicates data was not collected; Blank indicates tetramer + cells
were not detected. ¢ Phenotype of tetramer+cells gated on in (a).
d Quantification of CD69/CD103 phenotype of tetramer+cells in
all patient populations in blood and paired tumors. e Representa-
tive in situ tetramer immunofluorescence staining of glioblastoma
tumor. Magenta, EBV/Flu tetramer; Teal, CD8; Blue, 4°,6-diamidino-
2-phenylindole (DAPI)-stained nuclei; Green, CD31. White scale
bar=100 pm

and phenotype of virus-specific T cells in mouse and human
GBM with the goal of harnessing their functions as a tumor
immunotherapy. Memory T cells specific for influenza A
virus (IAV), Epstein—Barr virus (EBV), and/or cytomeg-
alovirus (CMV) were present in all clinical glioblastoma
samples studied. These T cells expressed phenotypic mark-
ers of tissue residency (CD69 and CD103) and were able
to respond to viral peptide, triggering immune activation
in explanted patient tumors. Virus-specific T cells were
also present in the microenvironment of murine glioblas-
toma models. Reactivation of these T cells via PAT induced
immune activation, with associated improved survival.
These findings establish virus-specific memory T cells
as a part of the glioblastoma tumor immune environment
and provide a foundation for harnessing them as a tumor
immunotherapy.

Results

Virus-specific CD8 + T cells populate human GBM
tumors

To determine the extent to which virus-specific CD§+ T
cells occupy human glioblastomas, we constructed HLA-
A*02:01-specific tetramers loaded with immunodominant
peptides derived from the common viral infections influenza
A virus (IAV), cytomegalovirus (CMV), and Epstein—Barr
virus (EBV). We stained T cells isolated from patient tumors
following standard of care surgical resection. This included
12 individuals ranging from 29 to 68 years of age, and an
equal number of males and females (Supplemental Table 1).
Memory CD8 +T cells specific for common viral infections
consistently populated glioblastoma tumors, and often, T
cells specific for a single viral epitope made up over 1%
of the total CD8 + T cell population in the tumor (Fig. 1a,
1b). Of note, in all patients where a population of virus-
specific T cells was identified in blood (when available),

a corresponding population was identified in tumor sam-
ples when sufficient tissue was provided for analysis. When
stratified by sex, there was no difference in the proportion
of patients with detectable tetramer-positive cells, regard-
less of viral specificity. However, when stratified by age,
we observed a higher proportion of patients > 50 years with
detectable CMV-specific T cells in the blood and tumor
compared to patients < 50, consistent with previous studies
in peripheral blood (Supplemental Fig. 1) [16]. We found
that most antiviral T cells, regardless of viral specificity,
expressed CD69 and a subset also expressed CD103 (Fig. Ic,
1d). CD69 and CD103 are canonical Ty, markers and were
not expressed by T cells in venous blood, suggesting that
these cells were within tumors and not blood contaminants
[17]. Using in situ tetramer staining, we visually confirmed
that virus-specific T cells were indeed in the tissue, as illus-
trated by localization outside of CD31 + vascular endothelial
cells (Fig. le). These data demonstrate the presence of virus-
specific CD8+T cells in human GBM tumors which express
markers of tissue residency.

Virus-specific memory T cells perform sensing
and alarm functions in human GBM

Try have been described as having a ‘sensing and alarm’
function; upon antigen recognition in tissues, they trigger
a broad local antimicrobial response [9, 12, 13]. The GBM
tumor environment is notoriously immunosuppressive and,
given the Tyy-phenotype of virus-specific T cells in GBM
tumors, we tested if these cells could reactivate and perform
sensing and alarm functions to reverse this suppression. We
first established ex vivo organotypic slice cultures with five
HLA-A2 + GBM tumors. This method preserves the tumor
environment while promoting tissue survival through cul-
turing on transwell inserts, allowing for sufficient oxygena-
tion [18]. Each patient was screened for tetramer-positive
cells in blood and based on these results, we added relevant
viral peptides or vehicle control to autologous slice cultures
(Fig. 2a). By adding free peptide comprised only of CD8 +T
cell epitopes, we obviated the need for antigen presenting
cell processing and were able to attribute any transcriptional
changes observed specifically to antiviral CD8 + T cell acti-
vation within the tumor. Nine hours following peptide addi-
tion, we harvested tumor slices and performed RNAseq on
the whole tissue. We found significant differences in gene
expression between control and viral peptide treatment in 4
of the 5 tumors (Fig. 2b). Several upregulated genes were the
same as previously published in healthy tissue upon T cell
reactivation including IFNy, and the chemokines, CXCL9,
CXCL10, and CXCLI11 (Fig. 2b) [12, 13]. We performed
ingenuity pathway analysis on the gene set with the most
differentially expressed genes (T18_0969) and identified
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STAT1 regulated interferon signaling and antiviral path-
ways (Fig. 2¢). Further analysis revealed an upregulation
of functions and pathways important for antiviral responses
and lymphocyte migration (Fig. 2d and e). We also observed
signatures such as ‘Axonal Guidance Signaling’ and ‘Synap-
togenesis Signaling Pathway,” reflective of the tissue of ori-
gin. In all, these data indicate that virus-specific memory T
cells in human GBM tumors can perform sensing and alarm
functions and thus may be a tractable therapeutic target for
transforming the suppressive tumor environment.

Establishment of Tpy-phenotype cells in mouse GBM
following diverse infections

We hypothesized that reactivating memory T cells with
viral peptides in vivo could trigger immune activating
alarm functions and promote anti-tumor responses. To test
this, we first sought to establish a mouse model of GBM
which harbors virus-specific memory T cells, mimicking
what we observed in humans. Because of the nature of
typical preclinical mouse models that are housed in spe-
cific pathogen free conditions, thus lacking physiologic
infectious experience, there are very few memory T cells
established in nonlymphoid tissues [19]. To establish a
trackable population of virus-specific memory T cells, we
took advantage of transgenic T cells specific for model
antigens. We transferred Thyl.1 or CD45.1 naive trans-
genic CD8 + T cells specific for the ovalbumin protein
(ova), termed OT-I T cells, or the gp33 epitope of lympho-
cytic choriomeningitis virus (LCMYV), termed P14 T cells,
into CD45.2 congenically distinct wild type C57BL/6 host
mice. One day after T cell transfer, we infected mice with
pathogens of interest expressing the antigens ova or gp33;
LCMYV, Influenza A virus strain PR8 expressing gp33
(PR8,33), or vesicular stomatitis virus (VSV,,,) intrana-
sally, or VSV, intravenously (Fig. 3). These infections
result in the durable establishment of broadly distributed
memory T cells, including in the brain [20-24]. Greater
than 30 days post-infection (referred to as immune mem-
ory mice), we then established GBM tumors using an
orthotopic model by intracranially implanting syngeneic
GBM cell lines. GL261 is a commonly used GBM cell line
which harbors a KRAS mutation, p53 mutations, and high
expression of c-myc [25]. GL261 cells were implanted
intracranially into immune memory mice, and we assessed
T cell infiltration by histology at 14-16 days post-GL261
implantation. Irrespective of the virus or route of infec-
tion, we found abundant virus-specific OT-I and P14 T
cells in GBM tumors (Fig. 3a-d). This observation was
also seen in a second tumor model using the 005 cell line,
which has HRAS and AKT mutations, and was recently
shown to more closely resemble the immune landscape of
human glioblastoma (Fig. 3d) [26, 27]. In both the GL261

and 005 models, we observed virus-specific memory T
cells expressing CD69 and a subset co-expressed CD69
and CD103 (Fig. 3e, f). This Tyy phenotype was most
prominent in IAV and VSV intranasal infections, but all
infection modalities produced this phenotype, modeling
what we observed in human GBM tumors (Fig. 3e, f). In
summary, memory CD8 + T cells established by diverse
viral infections populate mouse GBM models and can
express markers associated with tissue residency.

Virus-specific memory T cells can perform sensing
and alarm functions in mouse GBM

We next tested if virus-specific T cells can be reactivated
in response to cognate viral peptides in the highly immuno-
suppressive GBM tumor environment. We focused on the
intranasal VSV, , infection model as it generated antiviral
memory T cells in tumors that more closely resembled those
found in humans. We injected viral (SIINFEKL) or irrel-
evant control (gp33) peptides intracranially into GL261 or
005 tumors and assessed Ty activation nine hours later
(Fig. 4a). Consistent with Tyy, activation, we found that
OT-I T cells upregulated IFNy and CD25 (IL-2Ra) in
both tumor models, although a greater percentage of cells
appeared activated in GL261 than in 005 tumors (Fig. 4b, e).
We assessed OT-I activation at a later timepoint, 48 h post-
peptide injection, and found an upregulation of cytotoxic
granzyme B and the proliferation marker, Ki67, in GL261
tumors which was not seen in 005 tumors at this timepoint
(Fig. 4c, f). Despite the increase in Ki67, however, we did
not observe an increase in the number of virus-specific Tgy,
48 h later (Fig. 4d, g).

We next assessed if T cell reactivation triggered activa-
tion of surrounding immune cells, as previously observed
in healthy murine skin and female reproductive tract, and in
autochthonous and orthotopic mouse models of melanoma
[3, 12, 13]. We observed that in both GL261 and 005 tumor
models, as a consequence of antigen recognition by mem-
ory CD8+T cells, NK cells became activated, upregulating
granzyme B within 48 h (Fig. 5a). This correlated with a
modest increase in Ki67, but paradoxically, a decrease in
NK cell numbers in GL261 tumors with no difference in
005 tumors (Fig. 5a). We assessed activation of non-OT-I
‘bystander’ memory CD8 + T cells and found an increase
in granzyme B expression in T cells isolated from GL261
tumors, but not 005, and no changes in Ki67 or total num-
bers of cells (Fig. 5b). Like NK cells, we observed a small
but significant decrease in non-OT-1 CD8 + T cell numbers
in GL261 tumors (Fig. 5b). These data demonstrate that
virus-specific T cells can be reactivated in GBM tumors,
and this can lead to immune activation of other cell types,
albeit more so in the GL261 model than 005.
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a Schematic of experimental setup. b, e Proportion of IFNy+, and
CD25+OT-I in GL261 (b) or 005 (e) tumors 9 h following intratu-
moral injection of irrelevant (gray) or viral SIINFEKL peptide (red).
Representative flow plots below graphs. ¢, f Proportion of OT-I T
cells expressing granzyme B and Ki67 48 h post-peptide injection of

Therapeutic efficacy of peptide alarm therapy

Given the observed immune activation following peptide
alarm therapy, we hypothesized that antiviral memory T
cell reactivation could be leveraged as a GBM therapy to
counteract the suppressive tumor environment and pro-
mote an anti-tumor response. To test this, we intracranially

0 10° 10* 10°

Granzyme B-PE Ki67-PECy7

GL261 (c) or 005 (f) tumors, with representative flow plots below. d
Quantification by flow cytometry of OT-I T cells in GL261 (d) or 005
(g) tumors 48 h post-challenge with control, or viral SIINFEKL pep-
tide. Statistical significance was determined by unpaired two-tailed
t-test (b, CD25 and c¢) and unpaired two-tailed Mann—Whitney test (b,
IFNYy) where **p <0.01, ***p <0.001, ****p <(0.0001

inoculated OT-I immune memory mice with GL261 or 005
tumors. We then performed peptide alarm therapy by intra-
tumorally injecting viral-derived SIINFEKL peptide or irrel-
evant control peptide twice, 48 h apart. We then assessed
survival following therapy. We saw a significant increase
in survival following treatment of mice with 005 tumors,
but not GL261 (Fig. 6). While all mice still succumbed to

@ Springer



Cancer Immunology, Immunotherapy (2022) 71:1863-1875

1870
A NKcells
Granzyme B Ki67 # NK cells
%100 m:p w75 15 N
o 754 g _* S o o
4 ~— O oo
GL261 =2 8 ¥ 50 8 X E10
+ 50- f o o 2
& 2
g 251 |o EZS § §5
(‘5 X % o O
R 0 f o **
3 L 0
L1007 & @75 = 15
8 751 8 =N
005 X X 504 ® XE] o
+ 50 < 22 | 8 o9p
5 251 X S G o ol |e
X 0 . . & ﬁ o * 0 o)
ide- \SEUPAN \SAN \SPAN
peptide: \8@0 R\ \e\\a‘\ NG \e\(&\ R\
.\‘(G A\“G .\“0

Fig.5 Virus-specific memory T cells can perform sensing and
alarm functions in mouse GBM. Mice with T cell memory and
GBM tumors were established as in Fig. 4. a Proportion of NK cells
expressing granzyme B and Ki67, and quantification of NK cells by
flow cytometry in GL261 (top) or 005 (bottom) tumors 48 h post-
challenge with control or viral SIINFEKL peptide. b Proportion of

A GL261
Survival
100+ —t -o- |rrelevant peptide

© -¥- Viral peptide
>
S 751 p=0.11
=]
7}
= 50+
(0]
o
o 251
o

0 ——————o——

5 10 15 20 25 30

0
peptide + +
Days post-tumor implantation
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cell memory and GBM tumors were established as in Fig. 4. Survival
of mice with GL261 (a) or 005 (b) GBM tumors receiving two intra-
tumoral injections of irrelevant (black) or viral SIINFEKL (red) pep-

tumor, the median survival of mice bearing 005 tumors was
extended by 5 days (32 to 37 days). These data contrast with
the observed increase in immune activation in GL261 than
in 005 tumors (Figs. 4 and 5), indicating that, at least at the
timepoints examined, the magnitude of CD8 + T or NK cell
activation or accumulation in tumors is not necessarily pre-
dictive of therapeutic efficacy with PAT in GBM models. In
all, these data show that peptide alarm therapy is effective at
increasing survival of mice with GBM, but this may depend
on the tumor model.
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tides twice, 2 days apart. Statistical significance was determined by
log-rank Mantel-Cox test where ***p <0.001. a n=15 mice pooled
from three independent experiments. b n=38 mice, pooled from two
independent experiments

Discussion

This study demonstrates an abundance of virus-specific
memory T cells in both mouse and human glioblastoma
tumors, establishing these cells as a previously unappreci-
ated but significant part of the GBM tumor immune envi-
ronment. We further showed that these cells are functional
in both human and mouse glioblastomas and that activat-
ing antiviral memory T cells is a potential therapeutic
approach. Consistently, a majority of these virus-specific
memory T cells expressed CD69 and CD103, suggesting
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they may be resident within the tumor. The tumor environ-
ment is unlike that of healthy tissue, however, and may
harbor soluble mediators that promote a Tyy,-like pheno-
type, such as TGFp, which can upregulate CD103 [28],
and interferons, which can induce CD69 expression [29].
Future studies will focus on understanding the source and
migratory nature of these cells within tumors.

Peptide alarm therapy (PAT) taps into the immune acti-
vating functions of Ty, by mimicking a local reinfection
through delivery of viral-derived peptides in situ. Other
groups have employed this strategy as a systemic therapy
by conjugating viral-derived peptides to tumor-targeting
antibodies, which has demonstrated efficacy against patient
derived breast, liver and lung xenograft mouse tumor models
[30, 31]. While this may be an attractive delivery approach
in some cancers, systemic therapies are often restricted by
the blood brain barrier and fail to effectively reach GBM. In
a clinical setting, surgery is the standard of care for GBM
patients, and it will be important to understand the translat-
ability of PAT delivered to the resected tumor site at the
time of surgery. Indeed, it has been shown that CD8 + T cell
responses change following surgical resection of glioblas-
toma tumors in mouse models [27].

While the role of CMV in GBM is controversial, several
studies have found CMV antigens in human glioblastoma
tumors [32]. These findings have sparked clinical trials
using dendritic cell vaccines to promote anti-CMV T cell
responses [33], and CMV-specific T cell adoptive therapies
[34, 35]. It is worth noting that we found no clear enrichment
of CMV-specific T cells in GBM tumors, and moreover,
identified EBV and IAV-specific T cells, suggesting broad
localization of virus-specific T cells to GBM tumors.

It is interesting that despite an abundance of highly
responsive antiviral T cells, we did not observe therapeutic
efficacy in the GL261 model but did in 005 (Fig. 6). Our
GL261 results contrast with other tumor models we have
tested, including a subcutaneous MC38 colon carcinoma,
intradermal B16 melanoma, and an autochthonous dermal
melanoma model [3]. This suggests that the magnitude of T
cell activation is not predicative of therapeutic efficacy and
that there may be glioblastoma or central nervous system
(CNS) microenvironment influences that mitigate the down-
stream consequences of Ty, reactivation. A deeper under-
standing of these mechanisms will lend insights into poorly
understood Tgy, biology in the CNS as well as glioblastoma
immuno-biology.

In healthy tissue and other murine tumor models, Ty
reactivation results in a significant increase in the number of
virus-specific T cells, bystander CD8 + T cell and NK cells
[3, 12, 36]. Interestingly, this is also supported in humans
by a recent study in hepatocellular carcinoma, which dem-
onstrated a link between activated HBV-specific Tgy, and
infiltration of bystander CD8 + T cells into the tumor [37].

In contrast to these studies, we did not find an increase in T
cells or NK cells in GBM tumors following virus-specific
T cell activation, and even saw a decrease in some of these
cell populations. It should be noted that while CD8+T cells
in the tissue versus vasculature were differentially labeled,
our analysis represents total NK cells in both compartments.
Overall, this indicates that in GBM, canonical Ty, functions
may not operate as they do in other tissues, and it may be
that the restrictions imposed by the blood—brain barrier on
immune cell recruitment are not overcome in these mouse
models. Understanding how immune cell homing to tumors
following PAT occurs in other models (like melanoma)
but not in brain tumors will be important for moving this
therapy forward and will have implications for our funda-
mental understanding of T cell surveillance of the brain. It
is also likely that systemic immune suppression caused by
brain tumors, or interestingly, even the physical injection of
peptides, may be restricting therapeutic efficacy [38, 39].
Indeed, it was recently shown that intracranial PBS injection
can induce immune suppression, including thymic involution
[39]. It will thus be important to explore alternative routes of
therapeutic delivery such as intranasal or intravenous.

While the observed therapeutic efficacy was modest,
this provides a foundation from which to further optimize
PAT and investigate synergizing combination therapies. For
example, immune checkpoint inhibitors have poor demon-
strated efficacy in GBM clinical trials [40], but we have
previously shown that PAT sensitizes normally resistant
murine B16 melanoma tumors resulting in tumor clearance
[3]. Oncolytic viruses (OV) also present an opportunity for
possible therapeutic synergy; there are several active clinical
trials testing OVs in glioblastoma, and many of these thera-
peutics are engineered from viruses to which the popula-
tion has preexisting immunity, such as herpes simplex virus
(HSV), poliovirus, and measles virus [41]. This presents an
intriguing possibility that these therapies are reactivating
preexisting OV-specific T cells that were generated during
prior infections. This also poses an opportunity to engineer
OVs to express immunodominant epitopes from common
viral infections to reactivate additional preexisting memory
T cells in tumors.

In summary, Tgy-phenotype cells specific for common
viral infections can reactivate in response to in situ delivered
viral-derived peptides in murine glioblastoma models and
human glioblastoma explants. This reactivation occurred
despite the immunosuppressive environment and was able
to trigger NK cell immune activation and ultimately prolong
survival of mice harboring 005 GBM tumors. This study
supports the potential for leveraging virus-specific Ty for
GBM therapy.
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Materials and methods
Mice

C57BL/6 J (B6) female mice were purchased from The
Jackson Laboratory (Bar Harbor, ME) and were main-
tained in specific-pathogen-free conditions at the Univer-
sity of Minnesota or Dartmouth College. CD90.1* OT-I,
CD45.1* OT-1, and Thy1.1+P14 mice were fully back-
crossed to C57BL/6 J mice and maintained in our animal
colony. Sample size was chosen on the basis of previous
experience. No sample exclusion criteria were applied. No
method of randomization was used during group alloca-
tion, and investigators were not blinded. All mice used in
experiments were 5—14 weeks of age. All mice were used
in accordance with the Institutional Animal Care and Use
Committees guidelines at the University of Minnesota and
Dartmouth College.

Adoptive transfers and infections

Immune memory mice were generated by transferring
5% 10* CD90.1 or CD45.1 OT-I1 or CD90.1 P14 CD8* T
cells from female mice into naive 6—8-week-old C57BL/6J
female mice. One day following transfer, mice were infected
with 1x 10° PFU of vesicular stomatitis virus expressing
chicken ovalbumin (VSV,,,) i.v., 5x 10* VSV intrana-
sally, 5x 103 PFU LCMV Armstrong intranasally, or 500
PFU of Influenza A strain PR8 expressing the gp33 epitope
of LCMV (PR8,,;3) intranasally.

Lymphocyte isolation and phenotyping of mouse
cells

We used an intravascular staining method to discriminate
cells present in the vasculature from cells in the tissue paren-
chyma, as described, for 12 h timepoints [42]. In brief, we
injected mice i.v. with biotin/fluorochrome-conjugated anti-
CD8a i.v. Three minutes after the injection, we euthanized
the animals and harvested tissues as described [12, 43]. In
brief, GBM tumors were removed, digested in Collagenase
IV (Sigma) with DNAse for 30 min, then dissociated via
gentleMACS Dissociator (Miltenyi Biotec) and lymphocytes
purified on a 44/67% Percoll (GE Healthcare) gradient. Iso-
lated mouse cells were stained with antibodies to CD103
(clone 2E7, eBioscience, 17-1031-80), NK1.1 (clone
PK136, BioLegend, 108728), CD8a (clone 53-6.7, Bio-
Legend, 100743), IFNy (clone XMG1.2, BD Biosciences,
54411), CD25 (clone PC61, BD Biosciences, 557192),
CD44 (clone IM7, BioLegend, 103059), granzyme B (clone
GB11, Invitrogen, GRB04), CD69 (clone H1.2F3, BD Bio-
sciences, 562455), and Ki67 (clone SolA15, Invitrogen,
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25-5698-82). All cells were stained at antibody dilutions of
1:100 except for granzyme B (1:30). Cells stained intracellu-
larly (for IFNy, granzyme B, and Ki67) were permeabilized
using Tonbo or ebioscience Fixation/permeabilization kits.
Cell viability was determined with Ghost Dye 780 (Tonbo
Biosciences). Enumeration of cells was done using PKH26
reference microbeads (Sigma). The stained samples were
acquired with LSRII or LSR Fortessa flow cytometers (BD)
and analyzed with FlowJo software (Treestar).

Immunofluorescence microscopy

GL261 or 005 tumors were harvested, then fixed in 2% para-
formaldehyde for 2 h before being treated with 30% sucrose
overnight for cryoprotection. The sucrose-treated tissue
was embedded in OCT tissue-freezing medium and frozen
in an isopentane liquid bath. Frozen blocks were processed,
stained, and imaged including staining with antibodies to
CD8-B (YTS156.7.7; BD Biosciences), CD90.1 (OX-7; BD
Biosciences), and CD45.1 (A20; Biolegend). Sections were
counterstained with 4',6-diamidino-2-phenylindole dihydro-
chloride (DAPI) to detect nuclei.

In situ tetramer staining

Human GBM tumors were sliced into thin sections manually
with a sharp surgical blade. Sections were incubated over-
night at 4 degrees C with 2 pg/mL PE-conjugated HLA-A2
tetramer in PBS supplemented with 2% FBS and DNAse.
Sections were then fixed in 2% paraformaldehyde for 2 h
before being treated with 30% sucrose overnight for cryopro-
tection. Tissues were then frozen and sectioned as described
above. PE-tetramer was amplified with a polyclonal rab-
bit-anti-PE antibody at a 1:600 dilution (Novus Biologicals,
NB120-7011) followed by goat anti-rabbit Cy3 at a 1:800
dilution (Jackson ImmunoResearch, 111-165-003). Sections
were also co-stained with antibodies to human CD8a (clone
RPA-TS, eBiosciences) and CD31 (clone WMS59, Biolegend)
and counterstained with DAPI to detect nuclei.

Tumor models and treatment

50,000 (Fig. 3) or 100,000 (Figs. 4, 5, 6) GL261, or 20,000
005 cells were injected intracranially into mice. Briefly, a
burr hole, 1-1.5 mm in diameter was made using a hand
drill without damaging the underlying dura mater. Cells
were then injected using a Hamilton syringe guided by a
stereotaxic frame into the cerebral hemisphere (3 mm deep,
1.8 mm to the right of bregma). Once the target was reached,
3ul of cells was slowly injected into the brain over a 5 min
period followed by 5 min rest, after which the syringe was
slowly removed to avoid backflow and the burr hole filled
with bone wax. For survival studies, mice were monitored
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for clinical symptoms, and mice were euthanized when
becoming moribund, and the presence of tumor was con-
firmed postmortem. GL261 cells were maintained in DMEM
(Life Technologies) supplemented with 10% Fetal Bovine
Serum and penicillin/streptomycin (Cellgro), and 005 cells
in DMEM/F12 medium (Life Technologies) with L-glu-
tamine (2 mM; Corning), 1% N2 supplement (ThermoFisher
Gibco), heparin (2 pg/mL; Sigma), penicillin/streptomycin
(Cellgro), recombinant EGF (20 ng/mL; R&D Systems), and
recombinant FGF2 (20 ng/mL;Peprotech).

For local tumor T cell reactivation experiments involv-
ing peptides, 0.5 ug of the indicated peptides (New England
Peptides) were delivered by direct intratumor injection (as
described above) in a volume of 3 ul phosphate buffered
saline. Peptides used in mouse studies: KAVYNFATM
(gp33) from LCMV (used as control/irrelevant) and SIIN-
FEKL from ovalbumin.

Procurement and processing of human blood
and tissue samples

All tumor tissue and blood were obtained from male or
female patients age 16—80 undergoing routine surgical
resection of solid tumors or tumor metastases. Tumor tis-
sue not required for pathological diagnostic procedures was
obtained after surgical resection at the University of Min-
nesota and collected and de-identified by the Tissue Procure-
ment Facility (BioNet, University of Minnesota). Informed
consent was obtained from all subjects. The University of
Minnesota Institutional Review Board approved all proto-
cols used. Blood was collected in EDTA collection tubes
and tumors were collected in RPMI media containing 5%
FBS. All samples were stored at 4 degrees until processed
(within 24 h). Specimens reported on were obtained from
HLA*AOQ2 + patients that had sufficient tetramer + cells for
analysis by flow cytometry. Human blood was processed by
Ficoll gradient. Tumors were minced and digested in Col-
lagenase type IV with DNAse for 30 min then dissociated
via gentleMACS Dissociator, and lymphocytes purified on
a 44/67% Percoll (GE Healthcare) gradient. Lymphocytes
were stained for antihuman HLA-A2 (clone BB7.2, BioLe-
gend, 343324), CCR7 (clone G043H7, BioLegend, 353208),
CD45RO (clone UCHLI, BioLegend, 304232), CD8a (clone
SK1, BD Biosciences, 561945), CD3e (clone SP34-2, BD
Biosciences, 557917), CD4 (clone L200, BD Biosciences,
551980), CD69 (clone FN50, BioLegend, 310926), and
CD103 (clone HML-1, Beckman Coulter, IM1856U). Cells
were stained at antibody dilutions of 1:30. Samples were
also stained for PE conjugated HLA-A*02 tetramers (made
in house) for EBV; ¢, EBVg1, CMV v, and IAVy; . Via-
bility was assessed by live/dead staining with GhostDye510
(Tonbo biosciences).

Transwell cultures and RNA isolation

Tumors were sliced into thin sections manually with a sharp
surgical blade. Sections were then incubated in RPMI media
containing 10% FBS, L-glutamine, sodium pyruvate, peni-
cillin/streptomycin, HEPES, nonessential amino acids, and
beta-mercaptoethanol on 24-well polycarbonate Transwell
inserts with a 0.4 pm pore size (Corning) and maintained
in 5% CO, and atmospheric oxygen levels [18]. Tissues
were incubated with viral peptides at 10 pg/mL or in equal
volume of DMSO for 9 h. Tissues with poor viability after
culture were excluded. Tumor sections were stored in RNAI-
ater (ThermoFisher) at 4 degrees overnight, then stored at
-80 until further processing. For RNA isolation, tissue was
thawed on ice in 1 mL TRIZOL (Invitrogen), then homog-
enized with a Tissue Tearor homogenizer, BioSpec. RNA
was then isolated following the TRIZOL recommended pro-
tocol. Resulting RNA was then further purified using Qiagen
RNA Cleanup Kit. Peptides used in human studies: CLG-
GLLTMYV (EBV(; ), GLCTLVAML (EBV; ), NLVPM-
VATV (CMVy;y), GILGFVFTL (IAVgp).

RNA library preparation and sequencing

mRNA libraries were generated using the TruSeq Stranded
mRNA Library Prep kit (Illumina) and sequenced on an Illu-
mina HiSeq 2500 in 50-base paired-end reactions. Fastq files
were verified for quality control using the fastqc software
package. Low-quality segments and adapters were trimmed
using Trimmomatic. Quality-filtered reads were aligned to
the human genome GRCh38 using Hisat [44]. Differen-
tially expressed genes were determined using the DESeq2
R package [45] where false-discovery rate (FDR) < 0.05 was
considered significant. Upstream transcriptional regulators,
canonical pathways, and summary plots were generated
through the use of ingenuity pathway analysis (IPA, QIA-
GEN Inc., https://www.qiagenbioinformatics.com/products/
ingenuity-pathway-analysis) [46].

Statistics

Data were subjected to the Shapiro—Wilk normality test to
determine whether they were sampled from a Gaussian dis-
tribution. If a Gaussian model of sampling was satisfied,
parametric tests (unpaired two-tailed Student’s 7-test for
two groups and one-way ANOVA with Bonferroni multiple
comparison test for more than two groups) were used. If the
samples deviated from a Gaussian distribution, nonparamet-
ric tests were used (Mann—Whitney U test for two groups,
Kruskal-Wallis with Dunn’s multiple comparison test for
more than two groups). Survival data were analyzed by
Kaplan—Meier survival curves, and comparisons determined
by log-rank (Mantel-Cox) test. All statistical analysis was
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done in GraphPad Prism (GraphPad Software Inc.). P <0.05
was considered significant.

Cell definitions

Memory CD8+T cell: CD8+T cells that have encoun-
tered antigen (when known) more than 30 days ago and/
or are CD44-positive (mouse), or CCR7/CD45R A-negative
(human).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-021-03125-w.
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