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ABSTRACT

Background Adoptive cellular therapies with chimeric
antigen receptor T cells have revolutionized the treatment
of some malignancies but have shown limited efficacy in
solid tumors such as glioblastoma and face a scarcity of
safe therapeutic targets. As an alternative, T cell receptor
(TCR)—engineered cellular therapy against tumor-specific
neoantigens has generated significant excitement, but
there exist no preclinical systems to rigorously model this
approach in glioblastoma.

Methods We employed single-cell PCR to isolate a TCR
specific for the Imp3,;,, neoantigen (mimp3) previously
identified within the murine glioblastoma model GL261.
This TCR was used to generate the Mutant Imp3-Specific
TCR TransgenlIC (MISTIC) mouse in which all CD8 T

cells are specific for mimp3. The therapeutic efficacy of
neoantigen-specific T cells was assessed through a model
of cellular therapy consisting of the transfer of activated
MISTIC T cells and interleukin 2 into lymphodepleted
tumor-bearing mice. We employed flow cytometry,
single-cell RNA sequencing, and whole-exome and RNA
sequencing to examine the factors underlying treatment
response.

Results We isolated and characterized the 3x1.1C TCR
that displayed a high affinity for mimp3 but no wild-type
cross-reactivity. To provide a source of mimp3-specific

T cells, we generated the MISTIC mouse. In a model of
adoptive cellular therapy, the infusion of activated MISTIC T
cells resulted in rapid intratumoral infiltration and profound
antitumor effects with long-term cures in a majority of
GL261-bearing mice. The subset of mice that did not
respond to the adoptive cell therapy showed evidence of
retained neoantigen expression but intratumoral MISTIC T
cell dysfunction. The efficacy of MISTIC T cell therapy was
lost in mice bearing a tumor with heterogeneous mimp3
expression, showcasing the barriers to targeted therapy in
polyclonal human tumors.

Conclusions We generated and characterized the first
TCR transgenic against an endogenous neoantigen

within a preclinical glioma model and demonstrated the
therapeutic potential of adoptively transferred neoantigen-
specific T cells. The MISTIC mouse provides a powerful
novel platform for basic and translational studies of
antitumor T-cell responses in glioblastoma.

5

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The targeting of tumor-specific neoantigens through
T cell adoptive transfer represents an exciting ave-
nue for further study owing to the exquisite tumor
specificity of neoantigens. However, there exist very
few platforms for adequate preclinical investigations
of these approaches and none within glioblastoma.

WHAT THIS STUDY ADDS

= In this work, we generated a novel T cell receptor
transgenic against a tumor neoantigen within the
murine glioma model GL261 and established the
therapeutic potential of neoantigen-specific cellular
therapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our results suggest that neoantigen-directed cel-
lular therapy can be effective in the treatment of
murine glioblastoma but will require further inves-
tigation to overcome immune escape through T-cell
dysfunction and tumor heterogeneity.

INTRODUCTION
Glioblastoma (GBM) is the most common and
lethal primary tumor of the central nervous
system in adults with approximately 12 000
new cases peryear.' Significantadvances in our
understanding of the molecular and genetic
features of GBM have not led to effective new
therapies with a conventional standard-of-care
treatment for primary GBM still consisting of
surgery followed by concurrent chemoradia-
tion.”* Despite this multimodality treatment,
patients have a poor prognosis with a median
progression-free survival of 6.9 months and
overall survival between 14 and 20 months.*”
Thus, there exists a clear need for the devel-
opment of novel therapies for patients with
this diagnosis.

The striking successes of immunotherapy
in other cancers have stimulated a search
for immune-based therapies in GBM as
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well. Specifically, there is significant interest in adop-
tive T cell therapies for tumors such as GBM which lack
significant intratumoral T cell infiltration at baseline.
These tumors are therefore considered “cold” or “non-
inflamed.” The antigenic targets for adoptive human
leukocyte antigen (HLA)-restricted T cell therapies can
be broadly grouped into either non-mutated shared
antigens or neoantigens produced as a result of somatic
mutations in cancer development. Therapies leveraging
T cell receptor (TCR)—-engineered T cells against shared
antigens also expressed on normal tissues have shown
strong preclinical and early-phase clinical results but
also generated severe toxicities.”™ As a result, neoanti-
gens represent ideal therapeutic targets due to their (1)
tumor-specific expression and (2) the lack of pre-existing
immune tolerance. Preclinical mouse studies have shown
that the recognition of neoantigens forms the basis for
both immunoediting and checkpoint blockade—medi-
ated tumor rejection.'’ ! Furthermore, the adoptive
transfer of expanded tumor-infiltrating lymphocyte (TIL)
cultures containing neoantigen-specific T cells has gener-
ated responses across a diverse range of cancer types.'*™*
Within GBM, adoptive T cell therapy has been limited to
trials of chimeric antigen receptor (CAR) T cells gener-
ated against targets including the epidermal growth
factor receptor variant III (EGFRVIII) variant, interleu-
kin-13 receptor subunit alpha 2 (IL13R0:2) cancer/testis
antigen, receptor tyrosine-protein kinase erbB-2 (Her2),
and recently disialoganglioside (GDZ2) in pediatric brain
tumors.””® Together, these approaches have shown
modest responses but ultimate treatment failure owing to
factors such as antigen downregulation and T cell exhaus-
tion.'” ' However, because the potential targets for CAR T
therapy are likely limited and carry possible safety issues,
there is a compelling rationale to identify HLA-restricted
targets to enable the development of complementary cell
therapy programs.'*'

Despite significant interest in adoptive T cell therapy
for solid tumors and the potential benefits of targeting
tumor-specific neoantigens, few preclinical systems exist
to accurately model this therapy. This shortcoming is due
in large part to both the limited number of endogenous
tumor neoantigens that have been identified in murine
models and the even smaller number of known TCRs that
exist to target them. Indeed, most preclinical systems for
studying adoptive T cell immunotherapy target signifi-
cantly overexpressed and highly immunogenic foreign
proteins ectopically introduced into the tumors or shared
antigens also expressed by normal tissues.”” * However,
neither overexpressed foreign proteins nor shared anti-
gens accurately recapitulate the tumor-specific expression
profile and degree of immunogenicity of an endogenous
tumor neoantigen. Thus, there exists a need for a plat-
form to investigate neoantigen-directed cellular therapy
and the role of neoantigen-specific T cells in GBM.

To that end, we have generated and characterized
a TCR transgenic mouse against a tumor neoantigen
within the murine GBM model GL261. Previous work

from our laboratory identified the Imp3 point muta-
tion (mImp3) as an H2-Drestricted class I neoantigen
recognized by intracranial TIL and T cells within tumor-
draining lymph nodes of GL.261-bearing mice.** Herein,
we cloned a highly reactive and specific mImp3-specific
TCR to generate the Mutant Imp3-Specific TCR Trans-
genlC (MISTIC) mouse, a TCR transgenic for use in
adoptive transfer studies. Treatment of mice bearing
intracranial GL261 with adoptive cell therapy of MISTIC
T cells resulted in significant intratumoral T cell infiltra-
tion and a profound increase in survival with long-term
cures in a subset of mice. To our knowledge, this is the
first TCR transgenic generated against a tumor-specific
neoantigen in a mouse GBM model. This system displays
the potential for neoantigen-targeted cellular therapy
in the treatment of GBM and serves as a platform for
both translational and basic investigation on the role of
neoantigen-specific T cells in GBM.

RESULTS

Identification and validation of neoantigen-specific TCR
Having previously identified the Imp3  mutation
(mImp3) as a class I neoantigen within the C57BL/6-
derived murine glioma model GL261, we first sought to
isolate a mImp3-specific TCR against this neoantigen.**
To generate this TCR pool, three separate populations
of mImp3-specific T cells were employed. Splenocytes
were isolated from C57BL/6 wild-type mice that had
(1) rejected GL261 tumor cells once following anti-
programmed death-ligand 1 aPD-L1 therapy (1x), (2)
rejected GL261 tumor cells once following aPD-L1
therapy and an additional two times following rechal-
lenge (3x), or (3) had been vaccinated in a prime-boost
manner with mImp3 synthetic long peptide and Poly(I:C)
adjuvant (Vax). Each of these populations was stimulated
separately in vitro with low-dose mImp3 peptide and
interleukin 2 (IL-2) for a period of 6-8 weeks prior to
tetramer sorting of single mImp3-specific CD8 T cells
into PCR plates (figure 1A).

To isolate mImp3-specific TCRs, we adapted a previ-
ously published single-cell PCR protocol.” Briefly, a two-
step nested PCR reaction was performed in which the first
reverse-transcription-PCR (RT-PCR) reaction included a
pool of 41 Vo and 39 V[ primers specific to the leader
sequences of all possible TCR-0. or TCR-} chains; each
primer included a common adapter sequence located
5" to the leader sequences. The second step of the PCR
amplification then generated the full TCR chain using 3’
primers specific for the constant regions and 5" primers
for the flanking adapter sequence (figure 1A). The
second-step PCR products were gel-purified and then
underwent Sanger sequencing for TCR sequence iden-
tification. In total, we obtained TCR-0./ pairs from 42
tetramer-sorted single cells across the three distinct popu-
lations (1x, 3x, Vax). All three groups showed a significant
degree of clonal expansion among mImp3-specific CD8
T cells, with the dominant clone comprising 67%, 23%,
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Figure 1

Concentration (nM)

Identification and validation of a mutant Imp3-specific T cell receptor (TCR). (A) Overall schema for TCR identification

consisting of tetramer sorting of mutant Imp3-specific T cells followed by single-cell PCR. (B) Representative flow cytometry
plots demonstrating tetramer binding of candidate TCRs following cloning into 587 hybridoma cells. Samples gated on

TCR-expressing 587 cells. (C) Interleukin 2 (IL-2) secretion from 587 hybridoma cells transduced with candidate TCRs when
stimulated with either mutant Imp3 or an irrelevant peptide (mOdc1). Results from three independent experiments for mimp3

(Imp3

D81N

neoantigen) and mimp2 independent experiments for mOdc1 performed in duplicate. Significance by one-sided t-

test. (D) IL-2 secretion from 587 hybridoma cells expressing the 3x1.1C TCR stimulated with varying concentrations of either
the mutant or wild-type Imp3 epitope. Results from two independent experiments performed in duplicate. Significance by one-

sided t-test.

and 45% of the cells within 1x, 3%, and Vax populations,
respectively (online supplemental figure 1). From these
isolated TCRs, a total of nine candidates were selected
for further analysis based on their identified frequencies
(online supplemental figure 2).

We used two assays to characterize the nine selected
TCR candidates. Full-length TCR chains were generated
by combining our PCR Sanger sequencing results with
IMGT constant region reference sequences (https://
www.imgt.org). To generate equal stoichiometries of
o~ and PB-chains, cassettes were assembled in which
the o- and B-chains were joined by a P2A sequence. To
ectopically express each TCR cassette, we employed

the previously described 587 hybridoma cell line that
lacks an endogenous TCR but generates robust antigen-
specific responses following the introduction of a specific
TCR.* 7 Each TCR was retrovirally introduced into
CD8+58”" cells, generating a library of TCR-expressing
hybridoma cell lines. First, TCRs were screened for
their ability to bind the H-2D"-mImp3 tetramer we have
described previously.24 In total, seven of the nine candi-
dates displayed variable levels of tetramer affinity, with
the 3x1.1C TCR demonstrating the strongest binding
(figure 1B and online supplemental figure 3). Notably,
the 3x1.1C TCR was the only candidate to bind to the
H-2D"-mImp3 tetramer in a CD8-independent manner
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(data not shown). Interestingly, despite being isolated
from tetramer-sorted CD8 T cells, the V1.3E and 3x1.4A
TCRs did not bind to the D"-mImp3 tetramer.

The seven candidate TCRs with detectable levels of
tetramer binding were then assessed for their ability to
stimulate cytokine production in an antigen-specific
manner in TCR-expressing 58" cells. All candidates
induced IL-2 production when cocultured with naive
splenocytes loaded with the mImp3 epitope but not an
irrelevant H-2D"-restricted antigen (mOdcl) we have
previously described.** However, cells transduced with
the 3x1.1C TCR produced higher levels of IL-2 compared
with cells transduced with other candidates (figure 1C).
To further profile this TCR, we assessed its potential cross-
reactivity to the wild-type Imp3 epitope. In a similar cocul-
ture experiment, 587 cells transduced with the 3x1.1C
TCR displayed a clear dose-dependent response to the
mImp3 antigen but no wild-type reactivity across a wide
range of concentrations (figure 1D). Thus, based on the
strong tetramer binding, the induction of robust cytokine
secretion, and highly selective discrimination between
wild-type and mutant Imp3, we selected the 3x1.1C TCR
for use in developing the MISTIC preclinical model.

Generation and characterization of neoantigen-specific TCR
transgenic

Using the 3x1.1C o- and B-chains, we generated the
MISTIC TCR transgenic mouse to enable studies of
neoantigen-directed adoptive T cell therapy (see Methods
section). We first characterized MISTIC T cells to deter-
mine their specificity and reactivity to mImp3. Using flow
cytometry with the H-2D"-mImp$ tetramer, we showed
that a majority (>90%) of the T cells within the periph-
eral blood of MISTIC mice were CD8+ T cells (figure 2A,
left) and that nearly all recognized the mImp3 neoan-
tigen by tetramer staining (figure 2A, right). MISTIC
T cells isolated from transgenic spleens displayed low
levels of activation markers such as CD69 and CD44
with correspondingly high expression of CD62L, indi-
cating that these cells were predominantly in the naive
state (figure 2B and online supplemental figure 4).
However, on stimulation with 1 pM mImp3 peptide and
low-dose IL-2 (30 IU/mL), MISTIC T cells proliferated
and adopted an activated phenotype characterized by the
upregulation of CD69 and CD44 (figure 2B and online
supplemental figure 4). This activation was neoantigen-
specific, as proliferation was only observed when naive
MISTIC T cells were stimulated with the mutant but not
wild-type Imp3 peptide (figure 2C).

We next sought to assess the functional capacity of
these MISTIC T cells in response to peptide-loaded and
tumor targets. After differentiation with 1 pM mImp3
peptide and low-dose IL-2, the MISTIC T cells produced
IFN-y in a dose-dependent manner in response to
mImp3 peptide but not to wild-type or an irrelevant D
restricted peptide (mOdcl) (figure 2D). Similarly, acti-
vated MISTIC T cells secreted significant levels of IFN-y
when cocultured overnight with mlImp3-expressing

GL261 but not an irrelevant glioma cell line (CT2A)
lacking the Imp3 mutation (figure 2E). When a
fragment of the mImp3 minigene cassette encoding the
D8IN point mutation was retrovirally introduced into
CT2A, MISTIC T cell reactivity was restored, displaying
the sufficiency of the Imp3,  mutation in mediating
MISTIC T cell cytokine production (figure 2E). Thus,
activated MISTIC T cells displayed neoantigen-specific
effector functions in response to peptide-loaded or
antigen-expressing targets and demonstrated that
MISTIC mice could be employed as a source of naive T
cells specific for the mImp3 neoantigen within GL261
for adoptive cell therapy.

MISTIC T cell adoptive cell therapy

Having characterized the phenotypic and functional
states of MISTIC T cells, we aimed to assess their ther-
apeutic capacity against established GL261 tumors. To
do so, we adopted an established cell therapy protocol
using in vitro T cell activation and expansion prior to
transfer into lymphodepleted irradiated tumor-bearing
mice in combination with IL-2 treatment®* (figure 3A).
GL261-bearing mice receiving only irradiation and
IL-2 (control) but no MISTIC T cells all succumbed
to their disease with a median survival of 23 days, in
line with the survival of completely untreated GL261-
bearing mice™ (figure 3B). However, when MISTIC T
cells were infused in conjunction with lymphodepletion
and IL-2 (MISTIC adoptive cell therapy (ACT)) on day
7 following GL261 implantation, a significant survival
benefit was observed (p<0.0001) (figure 3B). Following
MISTIC ACT, a majority of mice were asymptomatic
more than 75 days after tumor implantation. Interest-
ingly, this survival benefit observed with treatment on
day 7 was lost when the MISTIC ACT was delayed until
day 14 after GL261 implantation (online supplemental
figure 5).

To provide additional evidence of day 7 treatment
response, cohorts of control and MISTIC ACT treated
tumor-bearing mice also underwent 7 weeks of serial MRI
scans beginning on day 14 after GL261 implantation.
Control mice consistently showed the evidence of gross
disease at day 21 with subsequent tumor growth until
their death (figure 3C). However, most MISTIC ACT
treated mice showed no radiographic evidence of disease
throughout the course of imaging, suggesting clearance
of gross disease and possible cure (online supplemental
figure 6).

We next sought to examine the impact of host-derived
immune cells on the MISTIC ACT effect. Considerable
prior work has explored the role of the conventional
type 1 dendritic cell (¢cDCI) in mediating antitumor
immunity and the generation of antitumor CD4 and
CD8 T cell responses.” ™ To assess the importance of
the ¢cDC1 subset in MISTIC ACT, we used the IRF§+32
” mouse previously shown to be a model of selective
¢DC1 deficiency.”® GL261-bearing IRFS8+32”" mice
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Figure 2 Generation and characterization of Mutant Imp3-Specific TCR TransgenIC (MISTIC) transgenic. (A) Representative
flow cytometry from the peripheral blood of MISTIC transgenic cells. (B) Representative flow cytometry plots of naive (left)

or peptide-stimulated (right) CD8 T cells from the spleens of MISTIC transgenic mice. (C) Representative results from CFSE-
labeled MISTIC T cells following 48 hours of Incubation with 100 nM of indicated peptide. Representative of two independent
experiments. (D) Interferon vy (IFN-y) secretion by activated MISTIC T cells following stimulation with indicated peptide. Results
from three independent experiments performed in duplicate. Significance by ANOVA (analysis of variance). (E) IFN-y secretion
(fold change above T cells alone) from MISTIC T cells following coculture with the indicated tumor lines. Results from four
independent experiments. Significance by t-test. CFSE. carboxyfluorescein succinimidyl ester.

treated with MISTIC ACT on day 7 showed significantly ~ survival relative to control mice treated with MISTIC
enhanced survival (p<0.005) relative to IRF8+32" mice ACT (p<0.05) (figure 3D). Finally, to assess the role of
that did not receive MISTIC ACT but diminished  host lymphocytes in MISTIC ACT treatment, we used
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n=8 per group from two independent experiments. (E) Survival of GL261-bearing RAG1”" mice treated on day 7 with either IL-2
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experiments.

RAGI” mice lacking endogenous B or T cells. Prior
studies have confirmed the ability of T cells adoptively
transferred into RAGI”" tumor-bearing hosts to infil-
trate solid tumors, migrate into the central nervous
system (CNS), and mediate antitumor effects.®3®
Tumor-bearing RAG1 knockout (KO) mice treated with
MISTIC ACT on day 7 showed no increase in survival on
GL261 challenge (p=0.10) (figure 3E).

Having defined the therapeutic benefit of MISTIC
ACT, we then aimed to characterize the distribution
and differentiation state of the MISTIC T cells following

transfer. Within 3 days of treatment, we found that the
transferred MISTIC T cells made up a considerable
fraction (>20%) of total CD8 T cells within the bone
marrow, peripheral blood, spleen, and tumor with lower
levels within the cervical and inguinal lymph nodes
(figure 4A and online supplemental figure 7). These
transferred cells were skewed to an effector (CD62L-
CD44+) phenotype, most strikingly among the intra-
tumoral T cells (online supplemental figure 8A). The
infiltration of these MISTIC T cells resulted in substan-
tial alterations to the tumor immune microenvironment
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Figure 4 Characterization of Mutant Imp3-Specific TCR TransgenlC (MISTIC) adoptive cell therapy. (A) Frequency of
adoptively transferred MISTIC T cells among all CD8 T cells in each indicated tissue on day 10 (3 days after adoptive transfer)
following tumor implantation in either control or MISTIC-treated mice. Significance by t-test with n=6 from two independent
experiments. (B) Ratio of CD8 to CD4 T cells within GL261 on day 10 (3 days after adoptive transfer) following tumor
implantation in either control or MISTIC-treated mice. Significance by t-test with n=8 for control and n=10 for treated from three
independent experiments. (C) Representative flow cytometry plots gated on CD8 T cells (left) or MISTIC CD8 T cells (right) in the
indicated tissues on day 10 (3 days after adoptive transfer) following tumor implantation. cLN, cervical lymph node; iLN, inguinal

lymph node; TIL, tumor-infiltrating lymphocyte.

within GL261 with the TIL switching from CD4 to CD8
predominant (p<0.005) (figure 4B). Furthermore, a
significant fraction of the MISTIC T cells within both
the tumor and bone marrow expressed programmed
cell death protein 1 (PD-1), indicative of distinct tissue-
specific expression patterns (figure 4C and online
supplemental figure 8B).

Escape from MISTIC T cell therapy

Despite a significant survival benefit from MISTIC ACT,
a fraction of treated mice did ultimately succumb to
GL261 in a substantially delayed fashion (figure 3B). We
sought to characterize these treated “escape tumors” to
identify both tumor-intrinsic and tumor-extrinsic factors

mediating treatment resistance. To do so, a cohort of
MISTIC ACT treated escape tumors (days 40, 54, and
69 following tumor implantation) from moribund mice
were analyzed via whole-exome and RNA sequencing
and compared with GL261 tumors from control (irra-
diation and IL-2) moribund mice (days 20 and 29
following tumor implantation). All of the treated escape
by Mutation at a compa-
rable variant allele frequency to the untreated control

tumors maintained the Imp3

tumors, indicating that genomic variant loss had not
driven tumor escape in these mice (figure 5A). Further-
more, the expression of the mutant JMP3 transcript was
not different between control or treated escape tumors,
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Figure 5 Profiling of Mutant Imp3-Specific TCR TransgenIC (MISTIC) ACT-treated escape tumors. (A) Variant allele frequency
(VAF) of the Imp3 mutation obtained through whole-exome sequencing of GL261 tumors from control or MISTIC ACT—treated
moribund mice. Significance by t-test with n=2 for control and n=3 for treated mice. (B) Gene expression for a subset of target
genes from GL261 tumors isolated from control or MISTIC ACT-treated moribund mice with expression given in fragments-per-
kilobase-million (FPKM). Significance by t-test with n=2 for control and n=3 for treated mice. (C) Representative flow cytometry
plots gated on bulk CD8 T cells (left), MISTIC CD8 T cells (middle), or non-MISTIC CD8 T cells (right) in the indicated tumor

samples on the day of harvesting from moribund mice.

suggesting that the treatment had not driven transcrip-
tional neoantigen silencing (figure 5B). While the
treated escape tumors did show the evidence of enhanced
T cell infiltration with elevation of Cd3d, Cd8a, and the
Trbvl2-1 gene encoding the MISTIC TCR, they retained
the expression of antigen presentation machinery such as
H2-DI1, H2-K1, B2m, TAP1, TAP2, and ERAPI (figure 5B).

Having validated neoantigen presence at the genomic
and transcriptional level, we next focused on the mainte-
nance and functionality of MISTIC T cells in these escape
tumors. Flow cytometry profiling on the immune infiltrate
from these escape tumors displayed a significant MISTIC
T cell infiltrate comprising a majority of all intratumoral
CD8 T cells (figure 5C). Virtually all of these infiltrating

MISTIC T cells expressed high levels of PD-1, potentially
indicating an exhausted phenotype (figure 5C).

these
MISTICT cells, we performed single-cell RNA sequencing
(scRNA-seq) on T cells isolated from MISTIC ACT-
treated escape tumors (Escape TIL), untreated control
tumors (Control TIL), or MISTIC T cells expanded in
vitro according to the pretreatment expansion protocol
(Infusion Product). These T cells segregated into 16
distinct clusters indicating unique transcriptional states

To more deeply characterize intratumoral

among cells isolated from three different conditions
(figure 6A). The Infusion Product and Escape TIL were
composed predominantly of MISTIC T cells, while the
Control TIL contained a mixture of CD4+ and CD8+ T
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cells (online supplemental figure 9). Within the Infusion
Product, both CD4+ and CD8+ T cells displayed signif-
icant skewing of TCR gene usage with a vast majority
(>95%) of each population expressing the TRAV3D gene
associated with the 3x1.1C TCR (online supplemental
figure 10).

The CD8+ T cell clusters 7, 8, and 12 within the Escape
TIL were characterized by a high proliferative rate with
relatively low expression of cytotoxic markers such as
Prfl and Ifng (figure 6B). In contrast, cluster 15 displayed
the lowest proliferative rate among the Escape TIL but
was characterized by higher expression of Prfl, Ifng,
and the activation marker Tnfrsf9 (figure 6B). We then
performed differential expression analysis on the MISTIC
T cells within Escape TIL compared with bulk CD8+ T
cells from the Control TIL. MISTIC T cells showed the
evidence of significantly diminished function with lower
expression of effector molecules such as Ifng, Prfl, Gzmb,
Gzmk, and Nkg7 (figure 6C). In contrast, MISTIC T cells
were enriched for markers of proliferation and memory
phenotypes such as 1d3, T¢f7, and Birc5. Of note, MISTIC
T cells and control TIL CD8+ T cells displayed compa-
rable levels of some exhaustion markers such as Ctla4
and Slamf7. The two populations of T cells also displayed
distinct chemokine expression patterns with Control TIL
CD8+ T cells expressing significantly higher levels of Ccl3,
Ccld, Ccl5, and Csf1, while MISTIC T cells were enriched
for the expression of XclI (figure 6C). Thus, the MISTIC
T cells within treated escape tumors display a transcrip-
tional program distinct from CD8+ T cells within control
tumors characterized by diminished effector molecule
expression and a unique chemokine expression profile.

MISTIC T cell therapy and tumor heterogeneity

Finally, given the role of tumor-cell heterogeneity and
tumor antigen loss in mediating treatment resistance,
we sought to assess the response to MISTIC ACT in this
setting. To do so, we generated a clone of GL261, here-
after referred to as GL261:E8, in which the ImpSDmN
point mutation was Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)-corrected to the
wild-type sequence (online supplemental figure 11A).
GL261 and GL261:E8 followed similar in vivo kinetics,
but the wild-type correction resulted in complete loss of
mImp3 tetramer-positive CD8+ T cells within intracranial
TIL (figure 7A and online supplemental figure 11B).

We next assessed whether MISTIC ACT generated long-
lasting immunity in mice cured of initial GL261 chal-
lenge and whether this immunity was dependent on the
mImp3 neoantigen. To do so, survivor mice, defined by
being symptom-free on day 60 following tumor implan-
tation, and naive control mice were rechallenged in the
contralateral hemisphere with either GL261 or GL261:E8
(figure 7B). More than 90% of survivor mice retained
detectable levels of MISTIC T cells within peripheral
blood prior to tumor rechallenge, and these cells were
predominantly of the central memory (CD62L+CD44+)
phenotype (online supplemental figure 12). These mice

experienced significantly enhanced survival on rechal-
lenge with either GL261 (p<0.001) or GL261:E8 (p<0.05)
as compared with naive controls (figure 7B).

Having confirmed the efficacy of MISTIC ACT against
rechallenge with an antigen-deficient subclone, we next
sought to determine its effectiveness against antigen-
deficient subclones in the primary setting. When mice
were implanted with GL261, GL261:E8, or a 50:50 mixture
of the two clones and treated on day 7 with MISTIC
ACT, the response to treatment was only maintained in
mice challenged with pure GL261 (p<0.01) (figure 7C).
Targeted sequencing on the tumors recovered from
moribund mice that were implanted with a 50:50 mixture
displayed significant MITSIC ACT-mediated immunoed-
iting with all treated tumors composed entirely of the
mImp3-deficient GL261:E8 (figure 7D). Thus, MISTIC
ACT provided limited treatment benefit in the primary
setting against a heterogeneous tumor owing to the selec-
tion for antigen-deficient subclones.

DISCUSSION

Despite immense recent growth in our understanding of
the molecular and genetic underpinnings of GBM, the
prognosis for most patients remains poor. While cellular
immunotherapies have been revolutionary in the treat-
ment of certain cancer types, these approaches have not
yet provided substantial benefit to patients with GBM.
Trials of CAR T cells against EGFRVIII or IL13Ra2 have
generated immense interest but few durable responses
owing to antigen downregulation and T cell exhaus-
tion."”” ' Furthermore, CAR T cell immunotherapy
necessitates the identification of suitable targets with cell
surface expression profiles that provide both tumor spec-
ificity and acceptable off-target effects. TCR-engineered T
cells recognizing shared tumor antigens in the context of
peptide:major histocompatibility complex (MHC) restric-
tion are an intriguing alternative strategy of engineered T
cell therapy with numerous studies demonstrating robust
responses across a range of solid tumors.®” * ** Broad-
ening this approach to the targeting of tumor-specific
neoantigens has become increasingly feasible with
advances in immunogenomics and the tractable identi-
fication of neoantigen-specific TCRs within human TIL
cultures.”” '* *#! Thus, we envision that some patients
with GBM may be highly suitable candidates for CAR T
cell approaches while others may be more appropriately
treated with TCR-engineered T cell products. However,
while tumor-specific neoantigens serve as attractive targets
for cellular immunotherapy, no preclinical systems in
which endogenous neoantigens could be targeted have
been readily available to rigorously model this approach
in malignant brain tumors.

To develop a model in which we could interrogate TCR-
engineered therapy in GBM, we generated and character-
ized the MISTIC TCR transgenic mouse specific for the
H-2D"-restricted mImp3 neoantigen previously identi-
fied.** In contrast to the usage of model antigens, mImp3

10 Schaettler MO, et al. J Immunother Cancer 2023;11:¢006121. doi:10.1136/jitc-2022-006121

yBuAdoo Aq paroalold 1senb Aq +20z ‘€2 [udy uo jwod g onl:dny woly papeojumoq £20Z Arenigad 0zZ Uo TZT900-2202-oM/9STT 0T Se paysiignd 1s.iy :18oued Jaylounwiw| ¢


https://dx.doi.org/10.1136/jitc-2022-006121
https://dx.doi.org/10.1136/jitc-2022-006121
https://dx.doi.org/10.1136/jitc-2022-006121
https://dx.doi.org/10.1136/jitc-2022-006121
https://dx.doi.org/10.1136/jitc-2022-006121
https://dx.doi.org/10.1136/jitc-2022-006121
http://jitc.bmj.com/

Open access

GL261 GL261:E8
A
A 0° mimp3 Tets 10° mimp3 Tet+
462 0.18
(30} 104 ] 104
[oN
Ed . }"f
€ é 0% - 1.' B ooy
- = s
ge N
i o 102
] R 4
PE mimp3
Tetramer
B
GL261 osores g 100+
Tumor MISTIC Contralateral 'E
Injection T cell Tumor Injection
Therapy =
| | @
A\ ) u=
e 3
Rechallenge J { Assess survival J Assess survival o)
Mice L1 Il ] g
Do o7 " D60+ [o}
S
6L261 o
GL261:E8
L 0 T T y
{ 0 20 40 60
@ Days after Tumor Implantation
Naive { Assess survival
Control Mice = Naive -- GL261 = Rechallenge -- GL261
e
L — Naive - GL261:E8 = Rechallenge -- GL261:E8
C D
— 100+
©
2 0.8, *
< — GL261 Treated .
(7)) — GL261 Control
L r [T 06‘
o) — GL261:E8 Control <
> 50- — GL261:E8 Treated >
= — 50:50 Control 2 04
g 50:50 Treated %
[<]
S g
o 0.2
G % T ] 1 ¥ 1
0 20 40 60 0.0 .
Control Treated

Days after Tumor Implantation
Figure 7

Impact of tumor heterogeneity on Mutant Imp3-Specific TCR TransgenlC (MISTIC) cell therapy. (A) Representative

flow cytometry plots gated on intratumoral CD8 T cells within intracranial GL261 or GL261:E8 on day 16 following tumor
implantation. (B) Schematic depicting tumor rechallenge experimental design (left) with associated survival curve (right).
Significance by log-rank test with n=7 for naive and n=6 for rechallenge mice from two independent experiments. (C) Survival

of tumor-bearing mice receiving either GL261, GL261:E8, or a 50:50 GL261-GL261:E8 mixture treated on day 7 with either
irradiation and interleukin 2 (IL-2) (control) or irradiation, IL-2, and MISTIC T cells (treated). Significance by log-rank test with n=8
from two independent experiments. (D) Variant allele frequency (VAF) of the Imp3 D81N mutation in tumors isolated from control
or treated moribund mice initially implanted with 50:50 GL261-GL261:E8 tumors. Significance by t-test.

more accurately recapitulates the immunogenicity and
expression level of endogenous tumor targets. While the
mImp3 neoantigen is endogenously recognized by intra-
tumoral CD8+ T cells, our prior studies also displayed
a protective effect from augmenting this response with
therapeutic vaccination in tumor-bearing mice.” In the
present work, we employed the MISTIC TCR transgenic
system to demonstrate the efficacy of neoantigen-directed
cellular therapy in a murine glioma model and to define
associated changes in the tumor microenvironment.

Furthermore, we employed the novel MISTIC TCR
transgenic system to examine tumor-intrinsic and tumor-
extrinsic factors contributing to cellular immunotherapy
resistance.

Although several groups have studied CAR or TCR-
engineered T cells targeting human antigens in patient
xenografts, it is not possible to examine the interplay
between administered therapeutic product and the
immunocompetent microenvironment in settings where
the host is immunocompromised.**™* A prior study using
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TCR-based adoptive T cell therapy against a mouse neoan-
tigen in the UV-induced 8101 cell line displayed potent
antitumor effects but required the use of an immunode-
ficient mouse model.*® In contrast, by studying MISTIC
therapy in immunocompetent hosts, our results suggest
vital roles for host cDC1s, host CD4+ and CD8+ T cells in
MISTIC ACT treatment responses. Whether this require-
ment for endogenous immune responses is based on
radiation-resistant tumor-resident T cells present at the
time of treatment or the recruitment of additional spec-
ificities at later time points deserves further study. This
model system also complements previous work in which
tumor lines have been engineered to ectopically express
model antigens or targeted tumor-associated self-antigens
as therapeutic antigen targets.”> * However, neither over-
expressed foreign proteins nor shared antigens can accu-
rately capture the expression and immunogenicity of
endogenous tumor neoantigens.

The generation of the MISTIC ACT system allows for
further investigation of the factors both promoting and
inhibiting response to cellular therapy. Despite the signif-
icant survival benefit provided by MISTIC ACT, a subset
of mice ultimately succumb to their disease in a substan-
tially delayed time course. Prior studies have identified
numerous potential mechanisms underlying neoantigen-
specific immune escape at a genomic, transcriptional,
translational, and post-translational levels.'* > 147 % While
our whole-exome and RNA-sequencing data support
intact transcription of Imp3_, -and antigen presentation
machinery, we cannot rule out the possibility of post-
transcriptional events contributing to tumor-immune
escape in our system. However, our scRNA-sequencing
data suggest that intratumoral MISTIC T cells in these
escape tumors displayed widely decreased effector mole-
cule expression and a unique chemokine profile not
observed in control mice. Intratumoral T cell exhaus-
tion in GBM is often attributed to an immunosuppres-
sive microenvironment, but the mechanisms underlying
MISTIC T cell dysfunction and the extent to which it
contributes to treatment failure in some mice requires
additional investigation.*"!

We anticipate that the MISTIC ACT system will serve
as a platform for further optimization of ACT for CNS
cancers. Within this study, we have characterized one
individual neoantigen-specific TCR, but the extent to
which the ACT treatment effect could be augmented by
further affinity maturation of the 3x1.1C TCR or usage of
a different TCR is a focus of our future work. Additionally,
the widespread usage of CRISPR technology has enabled
the identification of numerous targets for potential
future engineering in adoptively transferred T cells.”*™*
We anticipate that the efficacy of MISTIC ACT could be
enhanced to potentially overcome tumor escape through
further T cell engineering or combination therapy with
checkpoint blockade.

In addition to immunosuppression and T cell dysfunc-
tion, the remarkable cellular and molecular heteroge-
neity within GBM has also been frequently highlighted as

a cause of treatment failure.”™ Numerous studies have
implicated that the response to clonal neoantigens is
central to immunotherapy efficacy, but many therapeutic
targets within GBM such as EGFRVIII display a heteroge-
neous expression pattern.”” ® By generating and using
the GL261:E8 line deficient in the mImp3 neoantigen,
we modeled this intratumoral heterogeneity and demon-
strated a clear loss of MISTIC ACT treatment effect on
incorporation of antigen-deficientsubclones. Intriguingly,
mice cured of GL261 via MISTIC ACT showed protec-
tive immunity on rechallenge with an antigen-deficient
clone, implying that some degree of epitope spreading
is induced in the primary response. However, the lack of
a clinical response to the GL261:E8 line in the mixing
experiment suggests that the epitope spreading is insuffi-
cient to eradicate an established heterogeneous primary
tumor. Taking steps to broaden epitope spreading with
adjuvant therapy to improve responses to heterogeneous
tumors in the primary setting will be a major focus of our
future work. Overall, these results point to the clear need
for further development of targeted therapies such as
bispecific T cells or polyvalent vaccines that account for
tumor heterogeneity.”

Beyond the efforts of this work, we envision the
MISTIC transgenic system as a platform for numerous
basic and translational studies on T cell and brain tumor
biology. While the notion of CNS immunoprivilege has
largely fallen out of favor, many nuances of the immune
response to intracranial antigens remain unknown.* *
The MISTIC transgenic system could facilitate detailed
imaging studies to address the role of the meninges as
a neuroimmune interface and characterize the localiza-
tion of transferred neoantigen-specific T cells. Intrigu-
ingly, a significant proportion of transferred MISTIC
cells localize to the bone marrow, consistent with prior
work suggesting bone marrow sequestration as a potential
route of immunosuppression in GBM.* ® The MISTIC
transgenic system will facilitate further studies within
the context of an in vivo brain tumor model, identifying
possible glioma-specific therapeutic targets.

Overall, this study describes the generation and char-
acterization of the novel MISTIC TCR transgenic system
and showcases both the therapeutic potential and addi-
tional avenues of therapeutic optimization of neoantigen-
specific cellular therapy in GBM. We envision the MISTIC
TCR transgenic will yield novel insight on both transla-
tional and basic features of the T cell response to GBM,
contributing to the development of improved immuno-
therapies for patients with malignant brain tumors.

METHODS

Animals

Male or female mice between the ages of 6 and 16 weeks
of age were used for tumor injections. To minimize the
impact of animal sex on experimental results, male mice
were used for all survival curves, allowing for the usage
of either male or female MISTIC donor cells. Within
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a given experiment, all treated mice received either
male or female donor cells. A combination of male and
female mice was used for adoptive transfer localization
studies and validation of the GL261:E8 cell line. TCR
transgenic mice were used until 1 year of age. C57BL/6
and C57BL/6:129 hybrid mice were purchased from
Taconic Biosciences. CD45.1 congenic and RAG1 KO
mice were purchased from Jackson Laboratory. C57BL/6
IRF8+32kb”" mice were obtained from Kenneth Murphy.
All mice were housed according to IACUC standards
with five mice per cage. For animal experiments, cages of
genetically identical age-matched mice were mixed and
randomly assigned to groups that were housed adjacent
to one another. They were monitored by facility staff who
were blinded to their experimental condition, but no
laboratory members were blinded.

Cell lines and media

GL261 was obtained from the National Cancer Institute
Tumor Repository, and CT2A was obtained from Dr
Peter Fecci (Duke University). All mImp3 overexpression
lines were generated by cloning a 132-bp segment of the
mutated /MP3 gene into the pBabe backbone. Transduc-
tion of target cell lines was performed as described.”
The GL261:E8 clone was generated by the Genome Engi-
neering & iPSC Center (GEiC) at Washington University
in St. Louis. Briefly, guide RNAs were designed to target
near the mutation site. The parental GL261 cells were
nucleofected with CRISPR constructs and single-stranded
DNA donors carrying the correction. Single-cell GL261
clones were screened for the presence of the N8ID
correction. All tumor cell lines were maintained in D10
media consisting of Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco) supplemented with 10% fetal bovine
serum (FBS), 1% L-glutamine (Corning), 1% minimum
essential media (MEM) non-essential amino acids
(Corning), 1% sodium pyruvate (Lonza Bioscience), and
1% Pen/Strep (Gibco).

Fifty-eight hybridoma cells were obtained from David
Kranz (University of Illinois Urbana-Champaign) and
cultured in media consisting of RPMI (Gibco) supple-
mented with 10% FBS, 0.5% 4-(2-hydroxyethyl)-1-pipera
zineethanesulfonic acid (HEPES) (Corning), 1% sodium
bicarbonate (Corning), 1% L-glutamine (Corning),
1% Pen/Strep (Gibco), and 50 pM B-mercaptoethanol
(Sigma-Aldrich).

Primary splenocytes were cultured in R10-BME media
consisting of RPMI (Gibco) supplemented with 10% FBS,
1% L-glutamine (Corning), 1% sodium pyruvate (Lonza
Bioscience), 1% Pen/Strep, 0.5% sodium bicarbonate
(Corning), and 50 pM B-mercaptoethanol (Sigma-
Aldrich). When indicated, this media was supplemented
with specific concentrations of peptide and/or cytokines.

Single-cell PCR and TCR isolation

To provide cells for TCR isolation, three separate popu-
lations of mImp3-specific T cells were generated. Spleno-
cytes were taken from mice that had rejected GL.261 once

following aPD-L1 therapy (1x), once following aPD-L1
therapy and an additional two times from memory rechal-
lenge (3x), or had been vaccinated in a prime-boost
manner with 50 pg mImp3 peptide and 100 pg Poly(I:C)
adjuvant (Vax). Each of these populations was stimulated
with 1 nM mImp3 peptide and 50 IU/mL recombinant
human interleukin-2 (rhIL-2) with a weekly replacement
with fresh naive splenocytes as antigen-presenting cells.
Single mImp3-specific CD8 T cells were tetramer sorted
into PCR plates in a buffer of phosphate-buffered saline
(PBS) with 0.1% bovine serum albumin (BSA) Fraction
V (Sigma-Aldrich) and 200 U/mL RNase inhibitor (New
England BioLabs) following 6-8 weeks of stimulation to
enrich tetramer-positive cells.

To isolate mImp3-specific TCRs, we adopted a previ-
ously published single-cell PCR protocol.”” In brief, a
two-step nested PCR reaction was performed in which the
first RT-PCR reaction included a pool of 41 Vo and 39 VB
primers specific to the leader sequences of all possible
TCR o- or B-chains. Triton X-100 detergent (Sigma-
Aldrich) was added to a concentration of 0.1% for this
first step to facilitate cell lysis. PCR product from this first
reaction was diluted 1:100 prior to separate second-step
reactions for - or B-chains. The specific reagents used
and PCR reaction conditions can be found in previously
published work.*

The second-step PCR products were run on a gel and
isolated via QIAquick Gel Extraction Kit (Qiagen) before
undergoing Sanger sequencing. Full-length TCR chains
were generated by combining sequencing results with
IMGT (https://www.imgt.org) reference sequences for
o- or B-chain constant regions. Gene blocks for each TCR
were ordered (Integrated DNA Technologies) consisting
of B-chain-P2A-o-chain and cloned into the pMSCV-
IRES-GFP (pMIG) (AddGene) backbone through Gibson
Assembly (New England BioLabs).

Hybridoma transduction and functional assays

Fifty-eight hybridoma cells were transduced with
PMIG-TCR constructs through retroviruses generated as
previously described.’® Target cells were mixed with 1 mL
of 58 cell media and 1 mL of 293T retroviral supernatant
and spinfected at 2000 rpm for 90 min. After overnight
incubation, cells were resuspended in 58 cell media and
transduction efficiency was evaluated via green fluorescent
protein (GFP) expression 2-3 days after transduction.

To assess functional capacity, 250 000 transduced 58
cells were cocultured with 200 000 splenocytes loaded
with varying concentrations of mImp3, wild-type Imp3, or
an irrelevant peptide (mOdcl). After 18 hours of incu-
bation, plates were spun down and the supernatant was
harvested and frozen prior to cytokine quantification.

Tetramer staining

Peptidespecific ~ H-2D” monomers with human
B2-microglobulin ~ were generated as previously
described.”” ®® MHC class I tetramers were generated by
conjugation with streptavidin-conjugated R-phycoerythrin
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(PE), allophycocyanin (APC) (Invitrogen), or BV421
(BioLegend). For staining, 58 hybridoma cells or trans-
genic T cells were treated with dasatinib for 30 min prior
to dual staining with PE- and either APC- or BV421-
peptide:MHC class I tetramers for 30 min and 15 min of
surface antibody staining. Fifty-eight hybridoma cells were
stained with PerCP-Cy5.5-CD8, PE-Cy7-CD4, PE-Tetramer,
APC-Tetramer, and Live/Dead Zombie Viability Dye. GFP
expression was measured in the FITC channel, and Live/
Dead Zombie Viability Dye was measured in the APC/
Cy7 channel. Transgenic T cells were stained with PerCP-
Cy5.5-CD45.1, FITC-CD3, PE-Cy7-CD8, PE-Tetramer,
Alexa Fluor 700-CD45.2, APC-CD4, BV421-Tetramer, and
Live/Dead Zombie Viability Dye (measured in APC/Cy7).
All samples were stained in FACS buffer (PBS+2% FBS)
with appropriate Fc block. All antibodies were purchased
from BioLegend unless otherwise specified. Samples were
analyzed on a BD X20 Fortessa flow cytometer.

Transgenic generation

Complete o~ and B-chains from the 3x1.1C TCR were
cloned into the pCD2 and p428 transgene vectors prior
to pronuclear injection as previously described."!
Following the digestion of pCD2 with Clal/Xbal and
p428 with Notl, purified DNA transgene fragments of the
o- and B-chains were separately diluted to 2 ng/pL. Equal
volumes of each chain were combined to provide the
o/B-chain microinjection mixture which was coinjected
into pronuclei of the single-cell d0.5 C57BL/6,/129S6 F1
x C57BL/6 zygotes using standard procedures.” Injected
zygotes were then transferred into d0.5 pseudo-pregnant
female recipient mice.

To assess for transgene integration, offspring mice were
screened via PCR on tail DNA using a 5" primer specific
for the given transgene plasmid and a 3’ primer specific
for the CDR3 of the a- or B-chain, respectively. Mice
with a positive PCR on tail DNA were then screened for
TCR expression via tetramer stains on peripheral blood
obtained via cheek bleed. The MISTIC Tg founder was
then bred with CD45.1 C57BL/6 to produce congenically
labeled MISTIC Tg mice.

MISTIC T cell stimulation and differentiation

Naive splenocytes from transgenic mice were isolated
by mechanical dissociation and filtration through a 100-
micron cell strainer. Mononuclear cells were isolated
through Ficoll-Paque PLUS density gradient (Cytiva)
centrifugation and stimulated in R10-BME media with 1
PM mImp3 peptide and 30 IU/mL rhIL-2. Cells were split
1:1 after 3 days of stimulation. After 5 days of stimulation,
CD8 T cells were isolated through negative selection via
EasySep Mouse CD8+ T Cell Isolation Kit (StemCell Tech-
nologies). The resulting cells were then used for select in
vitro functional assays or in vivo adoptive transfer studies.

MISTIC T cell functional assays
To assess the proliferative potential of MISTIC T cells, bulk
MISTIC splenocytes were carboxyfluorescein succinimidyl

ester (CFSE)-labeled and cocultured for 72 hours prior to
staining with PerCP-Cy5.5-CD3, PE-Cy7-CD45.2, PE-CDS,
APC-CD4, BV421-CD45.1, BV605-CD62L, and Live/Dead
Zombie Viability Dye (measured in APC/Cy7) before
being run on a BD X20 Fortessa flow cytometer. All
samples were stained in FACS buffer (PBS+2% FBS) with
appropriate Fc block. All antibodies were purchased from
BioLegend unless otherwise specified. CFSE fluorescence
was measured in the FITC channel.

To assess the cytokine production of MISTIC T cells,
they first underwent 5 days of activation as described
above. After this stimulation period, all media was
washed off, the cells were rested for 6 hours in low-dose
IL-2, and they were cocultured overnight with peptide-
loaded or tumor targets. Peptide targets were 100 000
naive splenocytes loaded with varying concentrations of
the indicated peptide. Tumor targets were stimulated
with 250 IU/mL IFN-y for 1 day prior to coculture and
incubated with activated MISTIC T cells at a 3:1 E:T
ratio. After 18 hours of incubation, plates were spun
down and supernatant was harvested and frozen prior to
cytokine quantification.

Cytokine quantification

Samples were thawed on ice, centrifuged at 15 000 rcf
for 5 min at 4°C to remove particulates, then 50 pL of
supernatant or standard or control was added per well
(in duplicate) with premixed beads and assay buffer in
a 96-well plate according to manufacturer instructions
(ThermoFisher High Sensitivity Procartaplex Mouse IL-2
and Interferon gamma Simplex Kits EPXS010-20601-901
and EPXS010-20606-901). The plate was incubated over-
night on a shaker at 4°C, and the final detection steps and
machine analyses were performed the next morning. The
beads were read for mean fluorescence intensity (MFI)
using a FLEXMAP3D Luminex (Luminex, Austin, Texas,
USA) machine. Analysis software MilliporeSigma Belysa
v.1 was used to calculate the picogram per milliliter for
each analyte using a five-parameter logistical curve fit
algorithm.

Flow cytometry for MISTIC Tg profiling

For profiling activated MISTIC splenocytes after 5
days of stimulation, they were stained with FITC-CD3,
PE-Cy7-CD45.2, PE-CD8, PE-CF594-CD44, PE-CDS,
APC-CD4, BV421-CD45.1, BV605-CD62L, and Live/
Dead Zombie Viability Dye (measured in APC/Cy7).
For the profiling of adoptively transferred MISTIC cells
across tissues, cells were stained with PerCP-Cy5.5-CDS,
FITC-CD3, PE-Cy7-CD45.2, PE-CF594-CD44, PE-PD-1,
APC-CD4, BV421-CD45.1, BV605-CD62L, and Live/
Dead Zombie Viability Dye (measured in APC/Cy7). All
samples were stained for 30 min in FACS buffer (PBS+2%
FBS) with appropriate Fc block prior to resuspension and
analysis on a BD X20 Fortessa flow cytometer. All anti-
bodies were purchased from BioLegend unless otherwise
specified.
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Intracranial injections

For intracranial tumor injections, cells were harvested
following at least one passage and having reached
60%-90% confluency. About 50 000 tumor cells in 5 pL.
PBS were injected into the right hemisphere 2 mm poste-
rior to bregma at a depth of 3.5 mm using a Stoelting
stereotactic headframe. Mice were anesthetized for the
procedures with ketamine/xylazine and received a long-
lasting buprenorphine injection for postoperative pain.
The number of mice injected in a given session was
limited to 20 to limit the time each cell line was stored on
ice prior to implantation. The sample size for each exper-
iment was adjusted accordingly (usually n=5 per group)
to facilitate reliable tumor implantation and growth.
Following tumor injection, mice were tracked daily and
euthanized when moribund as evidenced by neurological
dysfunction. Mice who did not recover following tumor
implantation or became sick or died during the first 2-3
days following tumor implantation were excluded from
analysis due to postoperative complications. No other
animals were excluded from later analyses.

Adoptive cell therapy

One day prior to receiving cell therapy, tumor-bearing
mice received 5 Gy of total-body irradiation. Stimulation
of naive splenocytes from transgenic mice was performed
as described. After 5 days of stimulation and cell isolation,
CD8 T cells were resuspended in PBS at 2.5x107 cells/mL
and 200 pL was given intravenously via the tail vein with
a 27-gauge needle. In addition, mice received daily injec-
tions of 180 000 IU of rhIL-2 intraperitoneally on the day
of cell transfer and for 2 days thereafter.

MR imaging

MR imaging was performed with a 4.7-T small-animal
MR scanner (Agilent/Varian, Santa Clara, California,
USA) employing an actively decoupled coil pair: a
9-cm-inner-diameter volume coil (transmit) and a
1.5-cm-outer-diameter surface coil (receive). Before all
imaging experiments, mice were anesthetized with isoflu-
rane/O, (2% (vol/vol)) and maintained on isoflurane/
O, (1% (vol/vol)) throughout the experiment. Mice were
restrained in a laboratory-built, three-point, Teflon head
holder and were placed on a water pad with circulating
warm water to maintain body temperature at approxi-
mately 37+1°C. Before being placed into the magnet,
each mouse was injected intraperitoneally with 0.25 mL
of MultiHance (gadobenate dimeglumine; Bracco Diag-
nostics, Princeton, New Jersey, USA) contrast agent,
diluted 2:10 in sterile saline. Postcontrast T1-weighted
(TIW) images were acquired with the following param-
eters: time-to-repetition (TR)=650 ms, time-to-echo
(TE)=11 ms, number of transient=4, field of view=15x15
mm?, matrix size=128x128, slice thickness=0.5 mm, and
21 slices to cover the whole brain. T2-weighted images
were collected with TR=1200 ms and TE=50 ms, with all
other parameters the same as for the TIW images.

Tissue processing

Peripheral blood was centrifuged at 1500 rpm for 10
min and resuspended in ACK Lysis Buffer (Lonza Biosci-
ences) for 5 min. The resultant pellet was resuspended
and stained for flow cytometry.

Spleens, inguinal lymph nodes, and cervical lymph
nodes were all manually dissociated using frosted micro-
scope slides and gentle trituration. Splenocytes were
filtered through a 100-micron cell strainer, and mononu-
clear cells were isolated using Ficoll-Paque PLUS density
gradient (Cytiva) centrifugation. Lymph nodes were
filtered through serial 100-micron and 70-micron cell
strainers. The resultant pellets were resuspended and
stained for flow cytometry or other experiments.

To extract bone marrow, the femur and tibia were
dissected with scissors and forceps with surrounding
tissue manually removed. The bones were kept on ice and
hydrated in Hanks' Balanced Salt Solution (HBSS)+5%
FBS. The ends of each bone were removed with the scis-
sors, and a 25 G needle attached to a syringe with 10 mL
of HBSS+5% FBS was used to flush the marrow out of
each bone and through a 70-micron cell strainer. The
resultant pellet was resuspended in ACK Lysis Buffer for
5 min prior to flow cytometry analysis.

Tumors were manually dissociated using frosted
microscope slides and gentle trituration. The resulting
single-cell suspension was passed through 100-micron
and 70-micron cell strainers before undergoing Percoll
(GE Healthcare Life Sciences) density gradient centrif-
ugation to remove myelin contamination. Following this
separation, the resulting cell pellet underwent RBC lysis
with ACK Lysis Buffer (Lonza Biosciences) before being
either frozen down for later analysis or stained for flow
cytometry.

Tumor DNA and RNA sequencing

Total RNA and genomic DNA was extracted from frozen
tumor tissue using the Qiagen AllPrep DNA/RNA Kit
(catalog no 80204) according to the manufacturer’s
instructions (Qiagen, Valencia, California, USA). Library
preparation and whole-exome sequencing was performed
at a depth of 100x through Novogene on the Illumina
NovaSeq 6000. Read alignment, somatic variant calling,
variant annotation, and variant allele frequencies were
performed through Novogene’s whole-exome sequencing
bioinformatics pipeline. Variant calling was performed
relative to C57BL/6 tail DNA. Library preparation and
RNA-sequencing was also performed through Novogene
using the NovaSeq 6000 with 50M PE reads. Gene and
transcript quantification was performed through Novo-
gene’s RNA-sequencing bioinformatics pipeline using the
GRCm38/mm10 reference genome.

Single-cell sample and library preparation

Tumor samples were harvested as previously described.
The resultant cell pellets were frozen until further anal-
ysis. On the day of sample submission, tumor and control
samples were thawed and stained with FITC-CD45 and
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Zombie Live/Dead Viability Dye (measured in APC/Cy7)
prior to FACS sorting on live CD45+ cells. Samples were
sorted into a buffer of PBS+0.04% BSA prior to sample
submission for library preparation.

To generate the library for single-cell sequencing,
approximately 17 500 cells were partitioned into nano-
liter droplets to achieve single-cell resolution for ~10
000 individual cells per sample using the 10X Genomics
Chromium Single Cell 5' v2 Library Kit and Chromium
instrument. Complementary DNA (cDNA) was prepared
after the gel bead-in-emulsion (GEM) generation and
barcoding, followed by the GEM reverse transcription
(GEM-RT) reaction and bead cleanup steps. Purified
cDNA was amplified for 13 cycles before being cleaned
up using SPRIselect beads. Samples were then run on an
Agilent Bioanalyzer to determine the cDNA concentra-
tion. GEX and TCR libraries were prepared as recom-
mended by the 10x Genomics Chromium Single Cell 5
Reagent Kits User Guide (v2 Chemistry Dual Index) with
appropriate modifications to the PCR cycles based on
the calculated cDNA concentration. For sample prepara-
tion on the 10x Genomics platform, the Chromium Next
GEM Single Cell 5" Kit v2, 16 rxns (PN-1000263), Chro-
mium Single Cell TCR Amplification Kits, Mouse 16 rxns
(PN-1000254), Chromium Next GEM Chip K Single Cell
Kit, 48 rxns (PN-1000286), and Dual Index Kit TT Set A,
96 rxns (PN-1000215) were used. The concentration of
each GEX and TCR library was accurately determined
through quantitative PCR using the KAPA Library Quan-
tification Kit according to the manufacturer’s protocol
(KAPA Biosystems/Roche) to produce cluster counts
appropriate for the Illumina NovaSeq6000 instrument.
Normalized libraries were sequenced on a NovaSeq6000
S4 Flow Cell using the XP workflow and a 50x10x16x150
sequencing recipe according to manufacturer protocol.
A median sequencing depth of 50 000 reads/cell was
targeted for each Gene Expression Library and 5000
reads/cell for each TCR Library.

Single-cell sequencing analysis

Raw sequencing data were processed with the CellRanger
pipeline (10x Genomics, default settings, version 5.0.1)
mapped onto a mouse genome mm10-2020-A. All mouse
samples were processed initially with the Cellbender R
package and subsequently with the Seurat R package.”™ "
Cells that contained fewer than 500 features, more than
3.5% mitochondrial transcripts, and a nCount value
greater than the 93rd percentile of each individual sample
were removed. Samples were merged and subsequently
log normalized after which variable features were selected
according to default settings. Principal component anal-
ysis was then performed, and the optimal number of prin-
cipal components (PCs) was determined based on results
from the elbow plots, jackstraw resampling, and PC
expression heatmaps (n=35). Dimensionality reduction
and visualization were performed with the uniform mani-
fold approximation and projection (UMAP) algorithm
Seurat implementation, and unsupervised graph-based

clustering was performed at a resolution of 1.0.” Cell
cycle phase was assessed based on the expression of
phase-specific genes following the methodology provided
by Seurat.”

T cells were classified based on CD3E expression,
subsetted, and all TCR segment genes were removed
from the data set. Variable features were again selected
according to default settings and PCA was performed
after which the optimal number of principal components
were selected (n=20). Dimensionality reduction and visu-
alization were performed with UMAP and unsupervised
graph-based clustering was performed at a resolution of
1.0. Differentially expressed genes of each cluster resolved
by unsupervised graph-based clustering were determined
using a Wilcoxon rank-sum test-based function. These
genes, along with commonly defined markers, were used
to identify cell identity.

Raw TCR sequencing data were processed with the
CellRanger V(D)] pipeline (10x genomics, default
settings, version 5.0.1) mapped onto a mouse VD] refer-
ence GRCm38_alts_ensmbl-5.0.0. Clonotype analysis was
performed using the scRepertoire R package.”” MISTIC T
cells were identified and labeled according to the expres-
sion of the 3x1.1C TCR.

Statistical analysis

Statistical significance for comparisons between groups
was calculated using unpaired t-tests. Survival curve signif-
icance was assessed using log-rank tests. A p-value <0.05
was considered statistically significant, and statistical
analysis was performed with GraphPad Prism 9 unless
otherwise noted. The specific statistical test used for each
experiment is outlined in the associated figure legend.
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Supplemental Figure S1: Clonotype distributions of expanded populations. Pie charts depicting the
frequency of each clonotype identified via single-cell PCR in either 1x stimulated splenocytes (top), 3x
stimulated splenocytes (middle), or vaccine stimulated splenocytes (bottom). TCRs later screened for
functional status are labeled with their specific name.
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Supplemental Figure S2: Candidate neoantigen-specific TCRs. List of 9 candidate TCRs identified
from single-cell PCR that were selected for further analysis with their indicated TCR characteristics.
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Supplemental Figure S3: Gating schema for 58 hybridoma cells. Example gating schema for 58
hybridoma cells transduced with candidate TCR (3x1.1C) and stained with cell-surface antibodies and
fluorescently conjugated mimp3 tetramer.
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Supplemental Figure S4: MISTIC splenocyte peptide-specific activation. Representative flow
cytometry plots of naive (left) or peptide-stimulated (right) CD8 T cells from the spleens of MISTIC
transgenic mice after 5 days of in-vitro stimulation with mimp3 peptide and IL-2.
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Supplemental Figure S5: Efficacy of delayed MISTIC adoptive cell therapy. Survival of GL261-bear-
ing mice treated on day 14 with either irradiation and IL-2 (Control) or irradiation, IL-2, and MISTIC T cells
(MISTIC Treated). N=10 for each group from 2 independent experiments. Significance assessed by
log-rank test.
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Supplemental Figure S6: Serial MRI of tumor-bearing mice. Representative T1-weighted MRI scans
of either control or day 7 MISTIC treated mice 14, 21, or 35 days following tumor implantation.
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Supplemental Figure S7: Gating schema for adoptively transferred MISTIC T cells. Example gating
schema for the identification of congenically labeled adoptively transferred MISTIC T cells. The provided
example is from tumor tissue.
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Supplemental Figure S8: Phenotypic characteristics of adoptively transferred MISTIC T cells.

a, Stacked bar plots displaying the proportion of MISTIC T cells of a given phenotypic state in each
anatomical compartment on day 10 (3 days post-transfer). Phenotypic states defined as follows: effector
(CD44+ CD62L-), central memory (CD44+ CD62L+), or naive (CD44- CD62L+). N=6 from 2 independent
experiments. b, Proportion of PD-1+ MISTIC T cells in each anatomical compartment on day 10 (3 days
post-transfer). N=6 from 2 independent experiments.
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Supplemental Figure S9: Characterization of single-cell populations. a, UMAP representation
dimensionality reduction of the scRNA-seq data with cell types labeled according to canonical marker
genes. b, UMAP representation dimensionality reduction of the scRNA-seq data derived from the three
populations with cells bearing the 3x1.1C TCR labeled as “MISTIC".
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Supplemental Figure S10: Clonal architecture of MISTIC infusion product. TCR a chain usage from
1,543 CD8+ and 324 CD4+ T cells within the MISTIC infusion product as assessed via single-cell RNA-se-
quencing. TCR a chains not represented among either the CD8 or CD4 populations were omitted for clarity.
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Supplemental Figure S11: Generation and characterization of GL261:E8 cell line. a, Sequenc-
ing results from the Imp3 locus in GL261:E8 confirming the N81D conversion to the wild-type Imp3

sequence. b, Survival of tumor-bearing mice following intracranial implantation with either GL261 or
GL261:E8. N=10 mice in each group from 2 independent experiments. Significance by log-rank test.
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Supplemental Figure S12: Persistence of MISTIC T cells following transfer. a, Frequency of MISTIC
T cells among CD8 T cells in peripheral blood of treated mice on day 50 following tumor implantation.
N=13 mice from 3 separate experimental replicates. b, Representative flow cytometry plot displaying
expression of CD44 and CD62L in MISTIC T cells in the peripheral blood of treated mice on day 50
following tumor implantation. N=13 mice from 3 separate experimental replicates.
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