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T-cell Receptor Therapy Targeting Mutant Capicua
Transcriptional Repressor in Experimental Gliomas
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Purpose: Gliomas are intrinsic brain tumors with a high degree of
constitutive and acquired resistance to standard therapeutic modal-
ities such as radiotherapy and alkylating chemotherapy. Glioma
subtypes are recognized by characteristic mutations. Some of these
characteristic mutations have shown to generate immunogenic
neoepitopes suitable for targeted immunotherapy.

Experimental Design: Using peptide-based ELISpot assays,
we screened for potential recurrent glioma neoepitopes in
MHC-humanized mice. Following vaccination, droplet-based
single-cell T-cell receptor (TCR) sequencing from established
T-cell lines was applied for neoepitope-specific TCR discovery.
Efficacy of intraventricular TCR-transgenic T-cell therapy was
assessed in a newly developed glioma model in MHC-humanized
mice induced by CRISPR-based delivery of tumor suppressor—
targeting guide RNAs.

Introduction

Cellular therapies are a rapidly developing field in cancer immu-
notherapy (1). For the development of chimeric antigen receptor
(CAR)-expressing T and natural killer (NK) cells, bispecific T-cell
engagers (BiTes), and T-cell receptor (TCR)-transgenic T cells, the
identification of tumor-specific targets is crucial. In immune-
privileged primary brain tumors such as gliomas, identification
of suitable targets, however, remains a major challenge due to a paucity
of tumor-specific neoepitopes and a lymphodepleted tumor
microenvironment (2-4). Hence, there is a need to carefully assess
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Results: We identify recurrent capicua transcriptional repres-
sor (CIC) inactivating hotspot mutations at position 215
CICR215W/Q as immunogenic MHC class II (MHCII)-restricted
neoepitopes. Vaccination of MHC-humanized mice resulted
in the generation of robust MHCII-restricted mutation-specific
T-cell responses against CICR215W/Q. Adoptive intraventricu-
lar transfer of CICR215W-specific TCR-transgenic T cells exert
antitumor responses against CICR215W-expressing syngeneic
gliomas.

Conclusions: The integration of immunocompetent MHC-
humanized orthotopic glioma models in the discovery of shared
immunogenic glioma neoepitopes facilitates the identification and
preclinical testing of human leukocyte antigen (HLA)-restricted
neoepitope-specific TCRs for locoregional TCR-transgenic T-cell
adoptive therapy.

the therapeutic potential of neoepitopic shared driver mutations in
gliomas. Glioma subtypes are molecularly defined by characteristic
driver mutations, such as mutations in isocitrate dehydrogenase (IDH)
and Histone H3 (5). In a hypothesis-driven approach, oncogenic
mutated proteins such as IDHIR132H and H3.3K27M have been
shown to harbor immunogenic neoepitopes that can be targeted by
therapeutic vaccines in preclinical models and phase I clinical
trials (6-11). In principle, immunogenic shared driver mutations may
not only be utilized for targeted off-the-shelf immunotherapies but also
serve as a role model to establish preclinical workflows for adoptive
therapy using neoepitope-specific TCR-transgenic T cells, which also
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Translational Relevance

Oligodendrogliomas are intrinsic brain tumors that are incur-
able. In a screen for potential immunogenic glioma neoepitopes we
identify recurrent capicua transcriptional repressor (CIC) inacti-
vating hotspot mutations at position 215 CICR215W/Q expressed
in a subset of oligodendrogliomas as an immunogenic MHC class I
(MHCII)-restricted neoepitope. Using a newly developed glioma
model in MHC-humanized mice induced by CRISPR-based deliv-
ery of tumor suppressor—targeting guide RNAs, we show that
adoptive intraventricular transfer of CICR215W-specific T-cell
receptor (TCR)-transgenic T cells exerts antitumor responses
against CICR215W-expressing syngeneic gliomas. In combinato-
rial immunotherapeutic regimes including immune checkpoint
inhibition and irradiation, an increased rate of long-term surviving
mice was observed, providing new evidence that MHCII-restricted
TCR-transgenic locoregional T-cell therapy shows preclinical
therapeutic efficacy in difficult-to-treat primary central nervous
system (CNS) tumors.

incorporate private neoepitopes representing the majority of neoepi-
topes in gliomas (12, 13).

Seventy percent of 1pl9q-codeleted oligodendrogliomas, tu-
mors with low mutation burden, carry capicua transcriptional
repressor (CIC)-inactivating mutations (14-16). Importantly,
5% to 10% of these oligodendrogliomas harbor a recurrent mono-
morphic CIC hotspot mutation at position 215 where arginine (R)
is substituted to tyrosine (W) or glutamine (Q). It is thought that
CIC acts as tumor suppressor in gliomas in which decreased CIC
expression levels are correlated with poor outcome. In 1p19q-
codeleted oligodendrogliomas, missense, in-frame deletions, non-
sense, and frame-shift mutations cooccur to LOH of chromosomes
1p and 19q (17, 18). Conversely, in glioblastomas, continuous
proteasome-mediated degradation by the E3 ligase PJA1 results
in negligible levels of the tumor suppressor CIC (17). In this
study we set out to develop a workflow for the detection of
potential novel shared neoantigens and neoepitope-specific TCRs
for adoptive therapy of TCR-transgenic T cells in astrocytomas
and oligodendrogliomas.

Materials and Methods

Mice and cell lines

HLA-A*0201 HLA-DRA*0101
mice devoid of mouse MHC [A2.DR1 mice, B6-Tg(HLA-
DRA*0101,HLA-DRB1*0101)'°™  Tg(HLA-A/H2-D/B2M)'PP®
H2-Ab'™!Pl Bom™IUnc and  B6-Tg(HLA-DRA*0101, HLA-
DRB170101)'°™  Tg(HLA-A/H2-D/B2M)'PP¢  H2-Ab1"™!Pe
B2m"™'V" H2-D1"'PP] were provided by M. Berard (Institute
Pasteur; ref. 19) and bred at the DKFZ animal facility. NOD.Cg-
Pridc I2rg" mIWiliSz] (NSG; ref. 20) mice came from the Jackson
Laboratory and were bred at the DKFZ animal facility. Eight- to 16-
week-old mice were assigned to age-matched and sex-matched
experimental ~ groups.  C57BL/6-Tg(HLA-IEd  alpha/HLA-
DRB1*0401-I-Ed beta) were obtained from Taconic. Mice were
housed under Specific and Opportunistic Pathogen Free (SOPF)
conditions and 12-hour day/night cycle.

Hek Phoenix Eco cells were cultured in DMEM supplemented
with 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin

HLA-DRB170101 transgenic
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(P/S, Sigma-Aldrich) and selected for transgene expression with
hygromycin (Sigma-Aldrich). A2.DR1 glioma cell lines were gen-
erated as described below and cultured in DMEM supplemented
with 10% FBS, P/S. Transfected cell lines were selected with 9 ug/mL
blasticidine (Gibco; see below). Cells were tested for Mycoplasma
contamination before inoculation.

MHC binding prediction

MHC binding prediction was performed using NetMHC
4.0 (21, 22) and NetMHClIIpan 4.0 (23). Input files were 27-mers
listed in Supplementary Table S1. For NetMHC 4.0 we screened for 8-
to 12-mers. For NetMHClIIpan 4.0 we screened for 15-mers (Supple-
mentary Table S1).

Peptides

P53, CICR215Q, and CICR215W 27-mers were synthesized in
house. CICR215W 15-mer peptides and mouse myelin oligodendro-
cyte glycoprotein (MOG) were synthesized by Genscript. All peptides
are listed in Supplementary Table S1. Lyophilized peptides were
reconstituted in DMSO (10%), subsequently diluted with PBS, and
stored at —80°C.

Vaccination of mice

A2.DR1 or C57B/6] mice were vaccinated with 100 pg respective
peptide emulsified in 100 uL 1:1 PBS:Montanide-ISA51 (Seppic). Mice
received 50 UL each in the lateral pectoral regions. Three hundred
nanograms rmGM-CSF (Immunotools) in PBS was subcutaneously
injected between injection sites, and Aldara cream containing 5%
imiquimod (Meda Pharma) was applied at shaved injection site. Mice
were boosted at day 10 with peptide and Aldara cream. Mice were
terminated at day 21.

Generation of A2.DR1 gliomas

A2.DRI gliomas were generated using the CRISPR-Cas9-based
triple gene knockout approach described previously (24). Briefly,
A2.DRI1 PO pups were electroporated with p53, NF1, and Pten guide
RNAs cloned into pX330 plasmids (Addgene). To control for
successful electroporation the plasmid pT2K IRES-luciferase was
coelectroporated. PO A2.DR1 mice were anesthetized with 2%
isoflurane and medially injected at lambda: —3.6 and dorsal/ventral
(D/V): —0.7 with 1 ug DNA in 1 pL. After injection, electric square
pulses were delivered laterally using forceps-like electrodes [35 mV
(VZ), 50 ms-on, 950 ms-off, 5 pulses]. Mice were subjected to
bioluminescence imaging of luciferase activity (IVIS, Perkin Elmer)
7 days after electroporation to ensure delivery of the constructs.
Mice were imaged by magnetic resonance (MR) two times (6 weeks
and 12) after electroporation. Tumors were excised when mice
showed signs of neurologic deficit (between 90 and 120 days).
Tumors were mashed through a 100-pum cell strainer and reinjected
subcutaneously into the flank of NSG mice. When tumors reached
1 cm in diameter, tumors were excised, and a single-cell suspension
was obtained as described above. Cells were cultured in DMEM
supplemented with 10% FBS and P/S for at least three passages to
ensure removal of contaminating stromal cells. Gioma cell line M7
was selected for further experiments due to growth characteristics.

Intracranial tumor cell inoculation

A total of 2 x 10* A2.DR1 glioma cells were diluted in 2 uL sterile
PBS (Sigma-Aldrich) and stereotactically implanted into the right
hemisphere of 7- to 14-week-old male A2.DR1 mice (coordinates:
2 mm right lateral of the bregma and 1 mm anterior to the coronal
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suture with an injection depth of 3 mm below the dural surface),
using a 10-puL Hamilton microsyringe driven by a fine step stereo-
tactic device (Stoelting). Tumor cell inoculation was performed
under anesthesia and mice received analgesics for 2 days after
operation. Mice were checked daily for tumor-related symptoms
and sacrificed when tumor burden and stop criteria were met or
mice showed signs of neurologic deficit.

MRI

MRI was carried out by the small animal imaging core facility
at DKFZ using a Bruker BioSpec 3 Tesla (Ettlingen, Germany)
with ParaVision software 360 V1.1 or at the department of
neuroradiology, University Hospital Heidelberg (9.4 T Bruker
Biospec 9/20).

For imaging, mice were anesthetized with 3.5% sevoflurane or
1% to 2% isoflurane in air. For lesion detection T2-weighted
imaging was performed using a T2-TurboRARE sequence: TE =
48 ms, TR = 3,350 ms, FOV 20 x 20 mm, slice thickness 1.0 mm,
averages = 3, Scan Time 3 minutes 21 seconds, echo spacing 12 ms,
rare factor 8, slices 20, image size 192 x 192. Tumor volume was
determined by manual segmentation using Bruker ParaVision
software 6.0.1 or OsiriX.

Irradiation

The head of tumor-bearing mice was irradiated under fully antag-
onizable anesthesia using a MultiRad225 (Precision X-Ray). Mice were
irradiated with 4 Gy at day 11, 12, and 13 after tumor inoculation (total
dose 12 Gy).

Therapeutic adoptive T-cell transfer

T cells were transduced with the CIC clonotype 2 (CT2) TCR or
Flu control TCR as described below. After 40 hours, T cells were
stained and sorted for CD3", GFP™ T cells using a FACSArialI cell
sorter (BD Biosciences). Sorted T cells were expanded for 3 days
using CD3/CD28 antibodies as described below and 20 U hIL2.
Directly before injection, T cells were mixed with 20 ig/mL of PD-1 and
CTLA-4 blocking antibodies each (PD-1: clone RMP1-14, CTLA-4:
clone 9D9, both BioXCell). A total of 4 x 10° T cells were stereotactically
injected in 4 UL PBS into the left ventricle of A2.DR1 glioma-bearing
miceataspeed of 1 UL per second (coordinates: 0.5 mm left lateral of the
bregma with an injection depth of 1.8 mm below the dural surface). The
syringe was kept in the injection side for 3 minutes. T-cell inoculation
was performed under anesthesia and mice received analgesics for 3 days
after operation. Mice were randomized according to tumor size at first
MRI. Experimentators were blinded to treatment allocation. Sample size
was calculated with the help of a biostatistician using R version 3.4.0.
Assumptions for power analysis were as follows: alpha error: 5%; beta
error: 20%. Values for SD and differences between experimental groups
were based on previous experiments.

Where applicable, mice were treated with 250 ug «PD-1and 100 pg
o.CTLA-4 orisotype controls (all BioXCell) 12,15, 19, and 22 days after
tumor inoculation.

In vivo proliferation assay

Transduced A2.DRI1 T cells were expanded as above for 5 days and
labeled with 1 umol/L Cell Trace Far Red (Thermo Fisher Scientific)
and intravenously injected into A2.DR1 mice. Twenty-four hours after
transfer, mice were injected with 50 ug aCD40 antibody (clone:
FGK4.5, BioXCell) and 50 pug CICR215W or MOG peptide. Four
days after T-cell transfer, spleens were extracted and analyzed by flow

cytometry.
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Isolation of immune cells from spleen, lymph nodes, and tumor

Tumor-free mice were sacrificed by cervical dislocation and spleen
and lymph nodes were extracted and mashed through a 70-um
strainer. Contaminating erythrocytes were lysed using ACK lysis
buffer (Gibco).

For tumor-infiltrating lymphocytes (TIL) from brain tumors, mice
were anesthetized and perfused with 20 mL PBS. The right hemisphere
was extracted and digested with 50 ug/mL Liberase (Sigma) for
30 minutes and subsequently mashed through 100-pm and 70-pum
cell strainers to obtain a single-cell suspension. Myelin was removed
using a 30% continuous percoll gradient.

ELISpot was performed as previously described (6). Briefly,
wetted ELISpot plates (MAIPSWU10, Millipore) were incubated
with 100 puL 15 pug/mL IENY coating antibody (AN-18, Mabtech)
and incubated overnight at 4°C. Cells from spleen and lymph
nodes from vaccinated mice were extracted at day 21 after vacci-
nation and resuspended in RPMI-1640 supplemented with 10%
FBS, P/S as above, 50 umol/L beta-mercaptoethanol (Sigma),
2 mmol/L L-glutamine, 25 mmol/L Hepes, 1 mmol/L sodium
pyruvate (all Invitrogen), and 0.1 mmol/L nonessential amino acids
(NEAA, Lonza; called T-cell medium, TCM). IFNY coating anti-
body was removed and ELISpot plates were blocked with TCM.
Three hundred thousand to 600,000 cells were plated, and peptides
were added at 10 pug/mL. For positive control, 20 ng/mL phorbol
12-myristate 13-acetate (PMA) and 1 pg/mL ionomycin were used.
Plates were incubated for 40 hours. Cells were removed and the
plate was incubated with 1 pg/mL biotinylated IFNYy detection
antibody (R4-6A2, Mabtech) in PBS with 0.5% FBS for 2 hours
at room temperature. The detection antibody was removed and
wells were incubated with 1 pg/mL streptavadin-alkaline phospha-
tase (ALP; Mabtech) in PBS with 0.5% FBS for 1 hour. Streptavidin-
ALP was removed and plate was incubated with ALP development
buffer (Bio-Rad) until distinct spots emerged. Spots were quantified
with an ImmunoSpot Analyzer (Cellular Technology Ltd).

Generation of CicR215W-expressing cell lines

c¢DNA of murine Cic was provided by S. Pusch. The R215W
mutation was introduced using the Q5 Site-Directed Mutagenesis Kit
(New England Biolabs) by changing the codon 215 from nucleotide
sequence CGG to TGG. The mutated gene was introduced into a
modified pMXs-IRES-BsdR [Cell Biolabs, Inc.; Gateway Cassette was
introduced in multiple cloning site (MCS) prior to Gateway cloning]
using the Gateway cloning system (Thermo Fisher Scientific). A2.
DRI glioma cells were transfected using FuGene HD transfection
reagent (Promega) according to manufacturer’s protocol. Cells were
selected with 9ug/mL blasticidin (Sigma-Aldrich) 72 hours after
transfection.

Generation of T-cell lines and TCR sequencing

CICR215W reactive T-cell lines were obtained as described previ-
ously (6). Briefly, splenocytes from A2.DR1 vaccinated mice were
isolated and cultured for 7 days in TCM containing 10 ug/mL
CICR215W peptide. Medium was exchanged weekly after 7 days
and supplemented with 3% ConA supplement (kindly provided by
W. Osen) and 15 mmol/L o-methylmonnopyranoside (c.-MM, Sig-
ma-Aldrich). T cells were restimulated with irradiated (30 Gy) autol-
ogous splenocytes from naive A2.DRI1 mice loaded with 2 ug/mL
peptide every 4 weeks.

For deep TCR sequencing, T-cell lines after the second restimula-
tion were used. DNA was isolated (QIAmp DNA Mini Kit, Qiagen)
and submitted for murine ImmunoSEQ (Adaptive). For single-cell
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VDJ sequencing, T-cell lines were pooled after the second restimula-
tion and subjected to an IFNY secretion assay (Miltenyi) according to
manufacturers’ protocol and sorted for IFNy" CD4" T cells (for
staining, see below) on a FACSAriall cell sorter (BD Biosciences).
Single-cell VDJ analysis was performed using the 10x technology and
customized primers (Supplementary Table S3). The generated library
was sequenced on a NextSeq 550 system and subsequently analyzed
through the cell ranger pipeline 1.1 (10x Genomics). One thousand, six
hundred and seventy cells with productive V-J spanning pair were
retrieved.

Transduction of murine T cells

A retroviral construct was used for TCR transduction of primary
murine T cells. First, the variable chain of respective TCRs was
synthesized by Eurofins and subsequently cloned into a vector contain-
ing the murine constant alpha and beta chains. Subsequently, the full-
length TCR was cloned into pMXS-TCR-IRES-GFP using the Gateway
cloning system (Thermo Fisher Scientific).

Plates for T-cell activation were coated with 8 pg/mL anti-hamster
IgG for 3 hours at 37°C and subsequently incubated with 0.1 pg/mL
aCD3e (clone 145-2Cl11, eBioscience) at 4°C for 45 minutes. A2.DR1
splenocytes were harvested as described above. T cells were isolated
using MagniSort Mouse T cell Enrichment Kit according to manu-
facturer’s protocol and incubated in TCM with 1 x 10° IU/mL IL2 and
1 ug/mL oCD28 (clone 37.51, BioLegend) on aCD3e-coated cell
culture plates overnight. HEK Phoenix Eco cells were seeded at a
density of 3.5 x 10 cells/mL and transfected the next day with 12 ug
DNA per 10 mL using FuGene (Promega) at a ratio of 1:4 DN A:Fugene
according to manufacturer’s protocol. Medium was changed after
24 hours and virus was harvested after 48 hours. The supernatant
containing the virus was filtered through a 0.45 pm strainer and added
to Retronectin (Takara)-coated cell culture plates (16 pg/mL Retro-
nectin in PBS, 2 hours, 37°C). The virus was centrifuged at 4,000 rpm
for 1 hour at room temperature. A total of 6 x 10%/mL T cells were
added to fresh virus and centrifuged at 2,300 rpm for 1 hour at room
temperature. T cells were incubated for 5 hours at 37°C and resus-
pended in TCM supplemented with 20 TU/mL IL2. T cells were used
for subsequent assays after 36 to 40 hours.

Coculture assays

T cells were transduced as described above. Splenocytes from A2.
DR1 mice were isolated, irradiated (30 Gy), and loaded with 10 ug/mL
peptide. Transduced T cells were added in a 1:1 ratio, incubated
overnight, and subsequently stained for IFNY expression. Tumor
lysate was generated by three repeated thaw/freeze cycles. Bone
marrow—derived dendritic cells (DC) were generated by extracting
fresh bone marrow cells from hip and femur of A2.DR1 mice. Cells
were incubated for 7 days with 20 ng/mL GM-CSF and 20 ng/mL IL4.
DCs were loaded for 16 hours with tumor lysate from equal amounts of
A2.DR1 CICR215W or wild-type (WT) cells and subsequently cocul-
tured with transduced T cells at a 1:1 ratio.

NFAT activation assay

TCR-transgenic T cells were obtained as described above and
cotransduced with an nuclear factor of activated T-cells (NFAT)
reporter cloned into GatewayTM donor vector pDONR, seeded as
described above with irradiated splenocytes and incubated for 8 hours.
Nano-Glo (Promega) reagents were used according to manufacturer’s
instructions. Luciferase activity was measured using a Pherastar plate
reader (BMG Labtech).
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Flow cytometry

Murine cells were blocked with rat anti-mouse CD16/32 (0.5 ug per
well, eBioscience) and stained with respective antibodies at diluations
according to manufacturers’ protocols: CD45-BV510 (30-F11, BioLe-
gend), CD4-antigen-presenting cell (APC), CD4-BV510 (both RM4-
5, BioLegend), CD8-Percp-Cy5.5 (53-7.7, eBioscience), CD3-FITC,
CD3-BV421 (both 17A2, BioLegend), IFNY-PE, IFNy-APC (XMGL1.2,
BioLegend), HLA-A2-APC (BB7.2, BioLegend), HLA-DR-Percp
eF1710 (L243, BioLegend), Ly6C-APC (KK1.4, BioLegend), CD11B-
PE-Dazzle 594 (M1/70, BioLegend), Cxcl9-PE (MIG-2F5.5, BioLe-
gend), I-A/I-E-AF700 (M5/114.15.2, BioLegend), CD11C-BV785
(N418, BioLegend). eFluor 780 fixable viability dye (eBioscience) was
used according to manufacturer’s protocol to exclude dead cells. For
intracellular staining, cells were incubated at 37°C with 5 ug/mL
Brefeldin A (Sigma) and respective stimulus (10 ug/mL for peptides,
see also Elispot section) for 4 to 6 hours. Intracellular staining was
performed using eBioscience Intracellular Fixation & Permeabiliza-
tion Buffer Set for cytokines according to manufacturer’s protocol.
Nonfixed samples were acquired immediately, and fixed samples
were acquired within 48 hours on a FACS Canto II (BD Biosciences)
or a BD Ariall.

Histology

Brains from perfused A2.DR1 glioma-bearing mice were stored in
Tissue-Tek OCT compound (Sakura) at —80 °C and cut into 6- to
8-pum slices using a cryotome (Leika). For immunofluorescence stain-
ing, slides were air dried, fixed with ice-cold methanol, and blocked
for 2 hours with normal goat serum (Sigma). Slides were incubated
overnight with the respective primary antibody (polyclonal Cic AB,
1:1000, Abcam; DRB1.01, L243, BioLegend) in blocking buffer. The
slides were then incubated with the respective primary or secondary
antibody for 1 hour (F4/80-APC, BM8, BioLegend, 1:200; goat-anti-
rabbit, 1:300, AF488, Thermo Fisher Scientific; goat-anti-mouse
AF488, 1:300, Thermo Fisher Scientific) and mounted using DAPI-
containing mounting medium (Invitrogen). Images were acquired
within 6 hours on a Cellobserver (Zeiss) or LSM700 confocal micro-
scope (Zeiss).

Hematoxylin and eosin (H&E) staining was performed as previ-
ously described (6). Briefly, 8-um slides were fixed with Roti-Histofix
4.5%. H&E staining was performed using hematoxylin and bluing
reagent for 4 minutes.

Western blot

Protein was isolated by cell lysis using RIPA buffer (Thermo Fisher
Scientific) for 20 minutes and centrifugation to remove debris. Protein
concentration was determined via bicinchoninic acid (BCA) assay
(Thermo Fisher Scientific). Fifteen micrograms whole protein were
diluted in Laemmli sample buffer containing 2-mercaptoethanol,
denatured for 5 minutes at 95°C, and electrophoretically separated
on acrylamide-polyacrylamide SDS-containing gels. Proteins were
blotted onto nitrocellulose by Western blot analysis at 1.5 mA cm ™2
for 1 hour. After blocking with 5% milk powder in 0.5 M TBS, pH 7.4,
1.5M NaCl, 0.05% Tween 20 (TBS-T), membranes were incubated
with the primary antibody (polyclonal Cic AB, 1:1000, Abcam) in TBS-
T with 5% milk powder overnight. As loading control, goat tGAPDH
(1:5,000, Linaris) was used. Secondary horseradish peroxidase-
conjugated antibodies were anti-rabbit (1:2,000, GE Healthcare) and
anti-goat (1:2,000, Santa Cruz Biotechnology). Chemiluminescent
development was done using enhanced chemiluminescence (ECL) or
ECL prime (both Amersham).
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dRT-PCR

Primers used for qRT-PCR are shown in Supplementary Table S2.
RNA from cells or tissue was extracted using RNeasy Mini kit (Qiagen)
and cDNA was obtained from 1 pug RNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). qRT-PCR was
performed using primaQuant qPCR CYBR-Green-Master Mix with
ROX (Steinbrenner) and samples were run on a QuantStudio 3 Real-
Time PCR System (Applied Biosystems via Thermo Fisher Scientific).
All samples were analyzed in quadruplicates and melting curves were
considered to evaluate PCR reactions. C; values were normalized to
GAPDH.

Mutation detection and copy-number alteration

RNA or DNA was isolated from freshly isolated tumors from in vivo
passage or from cells grown as monolayer using the RNeasy Mini Kit or
DNeasy Blood & Tissue Kit (Qiagen), respectively, according to
manufacturers’ instructions. As germline control, DNA extracted from
spleen of healthy mice was used. Libraries were sequenced on an
Mlumina NovaSeq (2 x 50 nt). DNA- and RNA-derived sequence reads
were aligned to the mm9 genome as described previously (25).

Detection of mutations and copy-number calling was performed as
described previously (25). Genes exhibiting copy-number alterations
were annotated with their respective chromosomal location and
transcript length by accessing the Biomart database in R (www.
biomart.org) and using the Ensembl mouse genome (GRCm38.p6)
as reference. The corresponding circos plot was plotted using the
circlize package in R (26).

Statistics

Data are represented as individual values or as mean 4 SEM.
Group sizes (n) and applied statistical tests are indicated in each
figure legend. Significance was assessed by either unpaired ¢ test
analysis or one-way ANOVA with Tukey test for multiple com-
parison indicated in figure legends. Log-rank Mantel-Cox test was
used to examine survival differences. Statistics were calculated using
GraphPad Prism 9.0.

Study approval

All animal procedures followed the institutional laboratory animal
research guidelines and were approved by the governmental author-
ities (Regional Administrative Authority Karlsruhe, Germany).

Data availability

RNA sequencing (RNA-seq) and exome sequencing (ExomeSeq)
data that support the findings of this study are deposited
here: https://www.ncbi.nlm.nih.gov/sra/PRJNA773808. Cell lines
will be provided by the corresponding author upon reasonable
request. All additional datasets generated or analyzed during this
study are included in this published article (and its Supplementary
Data files).

Results

We screened potential immunogenic targets frequently mutated in
oligodendrogliomas and astrocytomas [World Health Organization
(WHO) grade 2-4; refs. 27, 28] by predicting HLA-A2- and HLA-
DRI1-binding affinities (NetMHC4.0 and NetMHCIIpan4.0). We
identified five neoantigens predicted to strongly bind HLA-A2, includ-
ing two point mutations in CIC and three in tumor protein 53 (TP53);
all with considerable binding affinity difference compared with their
wildtype counterparts (Supplementary Fig. S1A; Supplementary
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Table S1). To cover all potential epitopes, we vaccinated MHC-
humanized transgenic A2.DR1 (HLA-A*0201/DRB1*0101) mice with
the mutated 27-mer peptide of each potential target (Fig. 1A). While
the peptides encompassing TP53 point mutations did not elicit a
mutation-specific IFNy response, peptides carrying the amino-acid
exchange R to W or Q at position 215 in the CIC 27-mer peptide
(CIC215W/Q) induced a mutation-specific IFNy response (Fig. 1B
and GC; Supplementary Fig. S1B and S1C). Remarkably, restimulation
of splenocytes with the complete 15-mer CICR215W peptide library
did not result in IFNY release, indicating along MHC class II (MHCII)-
restricted minimal epitope rather than a short MHC class I (MHCI)-
restricted neoepitope (Supplementary Fig. S1D). Accordingly, IFNy
production in T cells from vaccinated A2.DR1 mice was limited to
CD4" T cells after restimulation with CICR215W peptide (Fig. 1D
and E). Of note, we did not observe IFNY-positive cells in HLA-DR4
transgenic mice (Supplementary Fig. S1E). In two independent oli-
godendroglioma cohorts, position 215 was found to be a mutational
hotspot in the CIC gene resulting either in CICR215W or CICR215Q,
with approximately 2% of all WHO grade 2 gliomas carrying this
mutation with an enrichment (3.5%-6.0%) in oligodendrogliomas
(Fig. 1F and G). Since the CICR215W peptide led to significantly
stronger immune responses than the CICR215Q mutation in A2.DR1
mice, we further focused on this target for subsequent experiments.

Preclinical assessment of brain tumor-specific immunotherapies
in A2.DR1 mice has been hampered by the lack of appropriate
tumor models. We thus generated experimental gliomas in A2.DR1
mice by applying a previously described CRISPR-Cas9-based genetic
approach enabling somatic deletion of tumor suppressors Neurofi-
bromin 1 (Nf1), Phosphatase and tensin homolog (Pten), and Trp53 (24)
to newborn pups. This triple-knockout in the forebrain caused the
formation of brain tumors after 3 months and lethal tumor growth
after 4 to 5 months. After passaging the tumor cells in NSG mice and
in vitro, generated tumors maintained their histologic integrity
(Fig. 2A). The histopathologic morphology resembled an oligosar-
coma phenotype. Mutational profiling of the cell line and the second-
ary tumors grown in NSG mice revealed a low mutational load with
37 mutations of which only seven were acquired during six in vitro
passages (Fig. 2B). Of note, from an immunologic perspective, the
mutational load was similar to human oligodendrogliomas, albeit
usage of different oncogenic driver mutations (29). ExomeSeq of the
cell line verified the CRISPR-Cas9-mediated knockout of all three
genes (Fig. 2C; Supplementary Fig. S2A). About 10% of the total genes
showed copy-number alterations (Supplementary Fig. S2B and S2C).

We next assessed the spontaneous immune cell infiltration of
orthotopically injected experimental A2.DR1 gliomas in an untreated
state. High T-cell infiltration of CD8" as well as CD4" T cells was
observed, making this model suitable for targeted immunotherapeutic
interventions (Fig. 2D). Of note, flow cytometric analysis and IHC
staining revealed that the tumor cell line was negative for MHCII
expression (Fig. 2E; Supplementary Fig. S2D). For in vivo targeting, we
stably overexpressed CicR215W in the A2.DR1 glioma cell line
(Fig. 2F; Supplementary Fig. S2E and S2F). Of note, the human and
murine CIC proteins are highly conserved around position 215, with
an identical peptide sequence of the selected CicR215W/CICR215W
27-mer peptide. Therefore, we overexpressed murine point-mutated
Cic in the A2.DRI glioma cell line.

Therapeutic peptide vaccinations in brain tumors rely on the
induction of a meaningful peripheral T-cell response and sufficient
T-cell trafficking into the immune-privileged CNS. In contrast, loco-
regional delivery of CAR-transgenic T cells has demonstrated
strong preclinical efficacy in human brain tumor patient-derived
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Figure 1.

Identification of CICR215W/Q point mutations as potential target for targeted immunotherapy. A, Experimental overview. Peptides harboring potential
glioma-related neoepitopes were used for vaccination of A2.DR1 MHC-transgenic mice. B, Representative ELISpot assay of splenocytes isolated from
CICR215W vaccinated mice restimulated for 48 hours with the indicated peptide. C, Quantification of data shown in B, n = 6 mice. D, Representative flow
cytometric analysis of splenocytes from CICR215W vaccinated mice restimulated for 24 hours with the indicated 27-mer peptide and intracellularly stained
for IFNy production. E, Quantification of data shown in D, n = 6 mice. NS, not significant. F, The Cancer Genome Atlas (TCGA) analysis of the LGG dataset
(n = 516); frequent mutations in the peptide position 215 are shown. G, Proportion of patients with CIC215-mutated tumors in the TCGA oligodendroglioma
(n = 208) and Heidelberg oligodendroglioma (n = 181) cohorts. C and E, Data are represented as individual values and mean 4 SEM. Statistical significance

was determined by paired two-tailed Student ¢ test.

xenografts (PDX; refs. 30-32). To translate this concept to MHCII-
restricted TCRs, we generated CICR215W-reactive T-cell lines from
splenocytes of vaccinated A2.DR1 mice via peptide-specific clonal
expansion. T-cell lines from 5 mice were subjected to an IFNYy capture
assay and cytokine-producing T cells were sorted and used for droplet-
based single-cell TCR sequencing (scTCR-seq; Fig. 3A). ScTCR-seq
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showed an oligoclonal TCR repertoire in the T-cell pool (Fig. 3B).
TCRP sequencing of individual mice revealed high heterogeneity
between different mice with one to two clones being highly prevalent
(13%-78%) in each mouse (Fig. 3B). Strikingly, the TCR sequence of
CT2 was shared between 4 out of 5 mice (with a frequency of 0.002% to
48.781%; Supplementary Fig. S3A). To assess if CT2 is CICR215W-
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Establishment of an A2.DR1MHC-humanized glioma model. A, Experimental overview. PO A2.DR1pups were electroporated with plasmids encoding for CRISPR-Cas9
and 3 guide RNAs (gRNA) targeting p53, Nfl, and Pten. Growing tumors were excised, passaged in NSG mice, and used to generate a cell line that was reimplanted
into adult A2.DR1 mice. MRI and H&E histology are shown for respective tumor stages. B, Pie chart depicting the proportions of mutations that are shared by the
parental tumor and ex vivo passaged cell line or that are newly acquired after in vitro passage. C, Verification of the CRISPR-mediated functional knockout of p53in
the A2.DR1 glioma cell line. D, Representative immunofluorescence images of A2.DR1 glioma orthotopically injected into the brain of adult A2.DR1 mice,
20 days after injection. E, MHC expression of the A2.DR1 glioma cell line, incubated for 24 hours with recombinant murine IFNy. FMO, fluorescence minus one
control. F, Immunofluorescence image of CicR215W overexpressing A2.DR1 glioma cells.

reactive, we retrovirally transduced primary murine A2.DR1 T cells.
Coexpression of GFP via an internal ribosomal entry site (IRES)
allowed for the detection of transduced T cells (Fig. 3C). In fact, all
top 3 TCR clones (CT1-3) identified by scTCR-seq showed stable
IFNY release upon restimulation with the mutated peptide in CD4* T
cells that was comparable with an influenza virus (Flu)-specific TCR

384 Clin Cancer Res; 28(2) January 15, 2022

used as positive control (Fig. 3D; Supplementary Fig. S3B). Interest-
ingly, T cells modified to express the shared TCR CT2 showed the most
potent IFNY response as well as NFAT activation in an NFAT-reporter
assay (Fig. 3D and E; Supplementary Fig. S3B). Stimulation of CT2-
transduced T cells with DCs loaded with CICR215W A2.DR1 glioma
lysate lead to a mutation-specific IFNYy response (Fig. 3F), indicating
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Discovery and validation of CICR215W-reactive TCRs. A, T cells pooled from 5 individual T-cell lines generated from CICR215W vaccinated mice were subjected to an
IFNy-secretion assay, sorted for IFNy-producing CD4™" T cells and subsequently used for single-cell VDJ sequencing using the 10x Genomics platform. IFNy staining
by flow cytometry is shown. B, Left, clonotype distribution of A; right, color-coded abundance of clones in individual mice determined by TCRB deep sequencing.
C, Validation of o-CICR215W-TCR-transduced (CT2) CD4™ T cells. Left, coexpression of GFP as reporter for TCR expression in o-CICR215W-TCR-transduced T cells as
determined by flow cytometry. Mock, transduction control. Right, IFNy production of GFP* a-CICR215W-TCR-transduced T cells after restimulation with irradiated
splenocytes pulsed with the indicated peptides. D, IFNy production of TCR-transduced T cells restimulated with irradiated splenocytes pulsed with the indicated
peptide. n = 3 biological replicates. E, NFAT-reporter assay of CT-2 TCR- and NFAT-reporter transduced T cells, restimulated for 4 hours with irradiated splenocytes
pulsed with the respective peptide, measured by luciferase signal. n = 3 technical replicates. F, IFNy secretion of CT2 transduced T cells cocultured with DCs loaded
with lysate from CicR215W or CicWT A2.DR1glioma cells. n = 4 biological replicates. MFI, mean fluorescence intensity. D-F, Data are represented as individual values
(D, F) and mean + SEM. Statistical significance was determined by one-way ANOVA with Tukey test. RLU, relative light unit.
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an endogenous processing of the neoepitope by professional APCs in
an MHCII-dependent manner.

Common efficacy readouts for MHCI-restricted TCR-transgenic T
cells are in vitro killing assays using MHCI-proficient target-
expressing tumor cell lines. Even though some tumor cells do express
MHCII themselves, thus far, it remains elusive if Th cells are able to
directly recognize tumor cells and exert effector functions that are
measurable in vitro (33). Moreover, evidence of de novo MHCI-
restricted T-cell responses upon MHCII-restricted peptide vaccination
exist, (34), suggesting stromal MHCII expression as prerequisite for
MHCII-restricted T-cell therapy to be effective. Therefore, we aimed to
assess the CICR215W-specific reactivity of TCR-transgenic T cells in
experimental A2.DR1 glioma in vivo. CT2 as the most reactive clone
was chosen for subsequent experiments. Strong IL2-dependent acti-
vation and expansion of T cells is a prerequisite for retroviral TCR
transduction of murine T cells but at the same time drives PD-1 and
CTLA-4 upregulation. To attenuate intratumoral exhaustion, immune
checkpoint blocking (ICB) antibodies o--mPD-1, o-mCTLA-4 were
applied (Fig. 4A). Pretreatment of T cells with ICB resulted in
increased in vitro IFNYy response to the mutated peptide even after
5 days of expansion whereas untreated T cells were not able to induce
an antigen-specific IFNYy response anymore (Supplementary Fig. S3C).
Intravenously injected T cells expressing CT2 demonstrated prolonged
in vivo proliferation in response to the peptide, insuring stable
functionality of the TCR-transduced T cells (Fig. 4B; Supplementary
Fig. S3B and S3D). As intraventricular injection of tumor-reactive
transgenic T cells has been shown to be superior to systemic injec-
tion (31, 32, 35), we used stereotactic injection of TCR-transduced and
ICB pretreated T cells into the contralateral ventricle of CicR215W+
A2.DR1 glioma-bearing mice. Two subsequent injections of CT2-
TCR-transgenic T cells led to an increased median survival of 33 days
compared with 29 days in the control group with no neurologic
symptoms observed (Fig. 4C). Endpoint flow cytometric analysis
revealed the prevalence of CICR215W-reactive transgenic T cells
15 days after the last injection in the tumor and control hemisphere.
Only negligible numbers of transferred T cells could be detected in the
cervical and deep cervical lymph nodes, leading to the assumption
that the adoptively transferred CT2-TCR-transgenic T cells predom-
inantly remain restricted to the CNS (Supplementary Fig. S3E). The
adoptive transfer of CICR215W-reactive T cells led to an overall
increase of T-cell infiltration into the tumor (Fig. 4D) and an
increase of the Ly6C™8" monocyte-derived myeloid cells expressing
the T cell attracting chemokine CXC-ligand 9 (Cxcl9) and MHCII
(Fig. 4E and F). In order to improve efficacy, we combined the
adoptive transfer of CICR215W-reactive T cells with additional
immunotherapeutic interventions. ICB has previously been shown
to lead to durable antitumor responses in experimental glioma
models (36, 37). However, in the here applied genetically driven
A2.DRI1 glioma model, the combination of aPD-1/aCTLA-4 with
an adoptive transfer of TCR-transgenic T cells with irrelevant
specificity did not improve survival of glioma-bearing mice (Sup-
plementary Fig. S3F). The combination of ICB with CICR215W-
reactive T cells led to 12.5% (1/8) long-term survivors (Supple-
mentary Fig. S3F). Irradiation therapy is part of the standard-of-
care treatment and frequently applied in treatment of recurrent
gliomas. Synergisms with immunotherapeutic interventions and the
respective underlying mechanisms have been extensively stud-
ied (38). Applying a fractionated irradiation with up to 12 Gy
moderately prolonged survival in our humanized glioma model (4
to 5 days). Additive adoptive transfer of CICR215W-reactive trans-
genic T cells led to prolonged survival compared with noninjected
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or control-TCR injected mice with 16.7% long-term survivors
(Fig. 4G).

Discussion

Immunotherapeutic interventions have now been established in
many cancer entities with an emerging and promising focus on
genetically manipulated cellular therapies (1, 39). Preclinical and
casuistic clinical studies using CAR T cells showed efficacy in murine
and human brain tumors, respectively (31, 32, 40). However, as CAR
T-cell therapy is limited to surface antigens, epitopes are often tumor-
associated but not -specific. When targeting tumor-associated antigens
that are not exclusive to the tumor, on-target adverse events such as
neurotoxicity have been reported (41, 42). Conversely, TCR-
transgenic T-cell therapy allows for targeting intracellular, tumor
exclusive neoepitopes (43, 44). First trials with TCR-engineered
T cells targeting cancer-testis antigens have shown clinical responses
against solid tumors like melanoma (45, 46). Nonetheless, identifica-
tion of suitable targets remains challenging, specifically for tumors
with low mutational burden. Two recent studies demonstrated the
successful induction of T-cell responses by personalized peptide
vaccines against MHCII-restricted neoantigens (12, 13). In these trials,
neoepitopes were exclusively private. Therefore, transgenic-TCR ther-
apy targeting neoepitopic shared driver mutations presented on
common human leukocyte antigens, harbors the potential of potent
off-the-shelf cellular immunotherapy.

Using an MHC-humanized mouse model, we demonstrated immu-
nogenicity of the common amino acid exchange CICR215W/Q in the
CIC protein, identifying it as a targetable neoantigen in oligodendro-
gliomas. Whereas previous reports targeting shared glioma antigens
have made use of neoantigen-specific vaccination (6, 7, 9, 47), we
further exploited an MHC-humanized mouse model for next-
generation retrieval and preclinical assessment of brain-tumor-
reactive TCRs, easily transferable into clinical application for
TCRs specifically binding HLA-A2- and HLA-DRI-restricted tumor
antigens. Using droplet-based scTCR-seq, we were able to retrieve
functional TCRs from independent mice specifically reactive against
the mutated peptide. Our novel glioma model resembles the low
mutational load and aggressive growth of human gliomas in an
MHC-humanized, but fully immunocompetent background, making
it advantageous to chemically-induced hypermutated syngeneic
mouse models (36, 37) or PDX-derived cell lines in immunodeficient
mice (48).

CD4" T-cell-restricted immune responses have already been
shown to lead to durable tumor regression in preclinical models (6, 34);
however, durable clinical efficacy in brain tumors still needs to be
proven. Here we show that locoregional delivery of preactivated
neoepitope-specific CD4" T cells alone leads to prolonged survival
in an orthotopic brain tumor model. As previously reported, MHCII
expression on the tumor cell surface was dispensable for eliciting a
CD4" T cell-specific antitumor response (6, 49-51). Mechanistically,
previous studies have reported a crucial role of CD4" T cells for the
optimal induction of cytotoxic CD8 T-cell responses or the acti-
vation of IFNY-releasing macrophages (52-54). Flow cytometric—
based profiling of the tumor microenvironment (TME) revealed
that the adoptive transfer of CICR215W-specific T cells led to an
increased abundance of T cells in the tumor. This was likely due to
an increased T-cell recruitment by Cxcl9-producing monocyte-
derived myeloid cells and IFNy-dependent MHCII upregulation
in the TME. Combining the locoregional T-cell transfer with
radiation or ICB, improved survival was observed (Fig. 4;
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Figure 4.

Days after inoculation

Adoptive transfer of oa-CICR215W-TCR T cells targeting CicR215W mutated A2.DR1gliomas. A, Experimental overview: Activated A2.DR1T cells were transduced with
the a-CICR215W-TCR TCR coexpressing GFP and subsequently enriched and expanded for intraventricular injection in A2.DR1 glioma-bearing mice. B, /n vivo T-cell
proliferation of a-CICR21SW-TCR T cells in A2.DR1 mice vaccinated with the CICR215W peptide or MOG measured by Cell Trace Far Red dilution. C, Kaplan-Meier
curve of A2.DR1glioma-bearing mice after 2 intraventricular adoptive transfers (AT) of a-CICR215W-TCRT cells and a-Flu-TCR T cells. n =10 for Fluand n =11for CIC.
D, Abundance of CD45", CD3™" T cells in the tumor of CICR215W-reactive T cells or Flu-reactive T cell-treated mice. E, FACS gating for Ly6CM9" monocyte-derived
myeloid cells. F, Abundance of Cxcl9 and MHCII expressing Ly6C"'9" monocyte-derived macrophages. D and E, n = 5 for CIC and n = 6 for Flu. G, Kaplan-Meier curve
of irradiated (total dose 12 Gy) A2.DR1glioma-bearing mice after 2 intraventricular ATs of o-CICR215W-TCR T cells and a-Flu-TCR T cells. n =13 for Rad, n =12 for Flu
(irrelevant control), and n =12 for CIC. B, D, and F, Data are represented as mean + SEM, statistical significance was determined by unpaired two-tailed Student ¢ test.

C and G, Statistical significance was determined by log-rank Mantel-Cox test. NS, not significant.

Supplementary Fig. S3F). The relevance of myeloid cell-derived T
cell attracting chemokines for immunotherapy has been reported
previously (55). Also, other reports have already shown profound
preclinical responses targeting surface markers on intracranial
tumor cells in immune-deficient mice (31, 32). However, a CD4"
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T cell-driven immune response is likely to be reliant on a fully
competent immune system, as used in our model, to elicit sustained
antitumor immunity ultimately via cytotoxic T cells. The micro-
environmental fine-tuning capacity of CD4" T cells could poten-
tially be further amplified by stimulating an increased inflammatory
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TME using combinatorial (immuno)therapy approaches including
immunoadjuvants, combination with cytotoxic TCR-transgenic T-
cell therapy, or depletion of immunosuppressive stromal cells. On a
broader level our data suggest that genetic alterations of driver
genes—beyond tumor-intrinsic prognostic implications—result in
the formation of clonal neoepitopes that can be therapeutically
exploited in the context of low-mutational load entities such as
oligodendroglioma.
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