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ABSTRACT
Background Adoptive transfer of patient’s T cells, 
engineered to express a T cell receptor (TCR) with defined 
novel antigen specificity, is a convenient form of cancer 
therapy. In most cases, major histocompatibility complex 
(MHC) I- restricted TCRs are expressed in CD8+ T cells and 
the development of CD4+ T cells engineered to express an 
MHC II- restricted TCR lacks behind. Critical is the choice 
of the target antigen, whether the epitope is efficiently 
processed and binds with high affinity to MHC molecules. 
A mutation in the transforming growth factor β receptor 
2 (TGFβR2(- 1)) gene creates a frameshift peptide caused 
by the deletion of one adenine (- 1) within a microsatellite 
sequence. This somatic mutation is recurrent in 
microsatellite instable colorectal and gastric cancers and, 
therefore, is a truly tumor- specific antigen detected in 
many patients.
Methods ABabDR4 mice, which express a diverse human 
TCR repertoire restricted to human MHC II molecule HLA- 
DRA/DRB1*0401 (HLA- DR4), were immunized with the 
TGFβR2(- 1) peptide and TGFβR2(- 1)- specific TCRs were 
isolated from responding CD4+ T cells. The TGFβR2(- 1)- 
specific TCRs were expressed in human CD4+ T cells and 
their potency and safety profile were assessed by co- 
cultures and other functional assays.
Results We demonstrated that TGFβR2(- 1) neoantigen 
is immunogenic and elicited CD4+ T cell responses in 
ABabDR4 mice. When expressed in human CD4+ T cells, 
the HLA- DR4 restricted TGFβR2(- 1)- specific TCRs induced 
IFNy expression at low TGFβR2(- 1) peptide amounts. 
The TGFβR2(- 1)- specific TCRs recognized HLA- DR4+ 
lymphoblastoid cells, which endogenously processed and 
presented the neoantigen, and colorectal cancer cell lines 
SW48 and HCT116 naturally expressing the TGFβR2(- 1) 
mutation. No MHC II alloreactivity or cross- reactivity 
to peptides with a similar TCR- recognition motif were 
observed, indicating the safety of the TCRs.
Conclusions The data suggest that HLA- DR4- restricted 
TCRs specific for the TGFβR2(- 1) recurrent neoantigen 
can be valuable candidates for adoptive T cell therapy of a 
sizeable number of patients with cancer.

BACKGROUND
Adoptive T cell therapy (ATT) with T cell 
receptor (TCR)- engineered T cells has 
become a promising option for cancer treat-
ment. Clinical trials with TCR- engineered 
T cells showed objective responses1 but also 

led to fatal toxicity when T cells were not 
truly tumor- specific.2–4 Most human tumor- 
specific neoantigens without a viral etiology 
are peptides encoded by nonsynonymous 
somatic cancer- specific mutations (substi-
tutions, insertions, deletions, gene fusions, 
and frameshifts) absent in normal cells of 
the host.5–8 Targeting neoantigens by ATT 
is advantageous over other targets allowing 
specific elimination of cancer cells without 
on- target off- tumor toxicity in normal, non- 
tumor tissues. The occurrence of neoanti-
gens depends on mutational load (number of 
somatic mutations per Mb of coding DNA).9 
Mutational load is particularly high in micro-
satellite instable (MSI) colorectal cancers 
(CRC).10 MSI in CRC is a condition of genetic 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Recurrent somatic mutations leading to targetable 
neoantigens are rare. The few described are pre-
sented by major histocompatibility complex (MHC) 
I molecules to CD8+ T cells. Case studies showed 
tumor regression with tumor- infiltrating lympho-
cytes containing neoantigen- specific CD4+ T cells. 
The TGFβR2(- 1) mutation is recurrent in colorectal 
cancer (CRC) with microsatellite instability. CD8+ T 
cell responses specific for the TGFβR2(- 1) neoan-
tigen have been shown. No MHC II- restricted T cell 
receptor (TCRs) specific for TGFβR2(- 1) have been 
described.

WHAT THIS STUDY ADDS
 ⇒ We demonstrated that TGFβR2(- 1) neoantigen is 
immunogenic and processed and presented in HLA- 
DR4- restricted manner. Two TCRs, were generated, 
which recognized naturally expressed TGFβR2(- 1) 
neoantigen in CRC lines.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our finding and safety assays suggest the poten-
tial clinical translation for the treatment of patients 
with tumors bearing the TGFβR2(- 1) mutation. 
TGFβR2(- 1) is prevalent in different individuals and 
may enable application of the therapy to a broad 
number of patients with cancer.
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hypermutability in repetitive DNA motifs (microsatel-
lites) that results from an impaired DNA mismatch repair 
system (MMR).11 12 This MMR deficiency in MSI- CRC is 
caused by an epigenetic silencing (hypermethylation) 
of the MLH1 gene promoter or by germline mutation 
of DNA mismatch repair genes MLH1, MSH2, MSH6, 
PMS2 (disease known as Lynch syndrome), followed by 
somatic inactivation of the second allele.13 14 MSI occurs 
in 15% of all CRC cases. The genetic alterations lead 
to accumulation of point mutations (insertions or dele-
tions) in DNA microsatellites and, if occurring in coding 
regions, they give rise to frameshift variants encoding 
novel, often truncated peptides. Those frameshift 
peptides are potential sources of immunogenic neoan-
tigens.15 One such frameshift mutation was described 
within the transforming growth factor β receptor 2 
(TGFβR2) that is present in 77% of MSI- CRC patients 
and almost 72% of Lynch syndrome patients.16 17 The 
presence of a truly tumor- specific neoantigen shared 
by many patients is rare and, therefore, targeting such 
a shared neoantigen allows potentially more patient to 
benefit from ATT. The TGFβR2(- 1) frameshift results 
from a deletion of one nucleotide in a microsatellite 
consisting of 10 adenines, a poly(A)10 tract of the gene 
at nucleotide bases 709–718.18 Within the TGFβR2(- 1) 
frameshift region an HLA- A2- restricted epitope has been 
described19 and TCRs against it have been generated as 
potential candidates for ATT.20 21 We describe herein a 
HLA- DRA/DRB1*04:01 (HLA- DR4)- restricted epitope, 
which we used to generate neoantigen- specific TCRs 
functional on CD4+ T cells as potential therapeutics. Early 
studies already emphasized the CD4+ T cell importance 
in antitumor immunity.22 23 Appreciated for their role in 
helping antigen- specific CD8+ T cells, they proved to be 
capable of tumor elimination also on their own. It has 
been demonstrated that tumor- specific CD4+ T cells can 
effectively mediate tumor regression being directly cyto-
toxic or eliminating tumors indirectly by bystander killing 
through stroma cell targeting.24–27 CD4+ and CD8+ T cells 
synergized in tumor eradication. Therefore, both CD4+ 
T cells and CD8+ T cells needed to be tumor- specific.28 29 
Taken together, studies underline that CD4+ T cells are 
capable to induce tumor regression.

In this study, we generated TGFβR2(- 1)- specific TCRs 
using ABabDR4 mice that express a diverse human 
TCRαβ repertoire restricted to HLA- DR4.30–33 In these 
mice, the TGFβR2(- 1) neoantigen is foreign, so the mice 
are not tolerant to it and may serve as a convenient source 
for TCR isolation. We showed that the TGFβR2(- 1) 
neoantigen is endogenously processed and presented by 
HLA- DR4 molecules and that the HLA- DR4- restricted 
TGFβR2(- 1)- specific TCRs are functional and recognize 
naturally expressed mutant TGFβR2(- 1) in CRC cell lines 
with no detectable off- target reactivity. The TCRs specific 
for a frequent recurrent mutation may be worthwhile to 
be tested in the clinic.

MATERIALS AND METHODS
Cell lines and culture
The human CRC cell lines HCT11634 and SW4835 were 
obtained from Prof G. Willimsky and SW48 from Prof. 
U. Stein, Berlin, respectively. Cell lines SW48- DR4, 
HCT116- DR4 and K562- DR4 were generated by retro-
viral transduction with HLA- DRA and HLA- DRB1*0401 
(HLA- DR4) cDNAs fused by the self- cleaving element 
P2A. The HLA- DR4 DNA construct was introduced into 
MP71_IRES_GFP vector using restriction sites NotI and 
SalI. For generation of BSM- TGFβR2(- 1) cell line (natu-
rally expressing HLA- DR4+), the TGFβR2(- 1) minigene 
was first synthetized (GeneArt). Next, using restriction 
sites PmlI introduced via PCR, the TGFβR2(- 1) mini-
gene was cloned into the MP71_mCh vector.36 The BSM- 
TGFβR2(- 1) cell line (HLA- DR4+) was generated by 
retroviral transduction of the TGFβR2(- 1)_MP71_mCh 
vector.36 The human melanoma cell line FM3 (HLA- DR4+) 
was provided by the European Searchable Tumor Cell 
Bank and Database. All cell lines, including the lympho-
blastoid cell line (LCL) panel (EBV- transformed lympho-
blastoid B cell lines), were maintained in RPMI- 1640 
medium supplemented with 10% heat- inactivated fetal 
calf serum (FCS; PAN Biotech), 1× antibiotic- antimycotic, 
1 mM sodium pyruvate and 100 µM non- essential amino 
acids (all reagents were purchased from Life Technol-
ogies). The CRC cell lines’ medium was additionally 
supplemented with gentamicin (Life Technologies). The 
packaging cell line 293GP- GLV (GALV cells)37 producing 
retroviral particles was cultured in Dulbecco’s modified 
Eagles medium supplemented with 10% FCS and 1× 
antibiotic- antimycotic. The primary human peripheral 
blood leukcocyte (PBL)- derived T cells were kept in 
RPMI- 1640 medium supplemented with 1 mM HEPES, 
10% heat- inactivated FCS, 1× antibiotic- antimycotic, 
1 mM sodium pyruvate and optionally with 300 U/mL or 
30 U/mL IL- 2. The murine T cells medium was addition-
ally supplemented with 50 µM 2- mercaptoethanol.

Immunization of mice
TCRs were generated in transgenic ABabDR4 mice 
expressing a diverse human TCRαβ repertoire restricted 
to human major histocompatibility complex (MHC) class 
II molecule HLA- DR4.31 33 All animal experiments were 
approved and conducted according to national guide-
lines (Landesamt für Gesundheit und Soziales, Berlin, 
Germany). All mice were kept at the animal facility of the 
Max- Delbrück Center for Molecular Medicine under SPF 
(specific- pathogen- free) conditions. ABabDR4 mice were 
immunized at an age of 8–12 weeks using the TGFβR2(- 1) 
peptide (VALMSAMTTSSSQKN, GenScript). The 80 µg 
of peptide dissolved in 100 µL PBS were added to 50 µg of 
oligonucleotide CpG (CpG 1826, MOLBIOL) and 100 µL 
of incomplete Freund’s adjuvant (IFA, Sigma- Aldrich). 
A volume of 200 µL emulsion was injected subcutane-
ously into mice. Immunizations were repeated at 4- week 
intervals.
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Intracellular cytokine staining
One week after the last immunization, the peripheral 
blood of immunized ABabDR4 mice was analyzed for 
the presence of responding CD4+ T cells. The cell frac-
tion after lysing red blood cells with ACK buffer (150 mM 
NH4Cl, 1 mM KHCO3, 100 nM Na2EDTA) was stimulated 
with TGFβR2(- 1)- specific HLA- DR4- restricted peptide 
(VALMSAMTTSSSQKN, GenScript) at 1 µM, no peptide 
as negative control or 20 µL containing 8×105 CD3/CD28 
Dynabeads T activator (Invitrogen) as positive control. 
After 2 hours, protein transport inhibitor Brefeldin A (BD 
Golgie Plug) was added and intracellular IFNy staining 
was performed after 13 hours of incubation at 37°C. After 
Fc blocking (anti- mouse CD16/32, BioLegend), cells 
were fixed using BD Cytofix/Cytoperm KIT (BD Biosci-
ence) and stained with 50 µg/mL of anti- CD3, -CD4 and 
-IFNy antibodies (BioLegend) for 30 min at 4°C, then 
analyzed by flow cytometry.

IFNy secretion assay
Ten days after the last immunization, mice were sacri-
ficed and splenocytes were isolated. Next, after 4 hours 
of restimulation with TGFβR2(- 1)- specific HLA- DR4- 
restricted peptide at 1 µM, cells producing IFNy were 
stained using IFN- y Secretion Assay KIT (Miltenyi Biotec). 
Positive CD4+ T cells producing IFNy were collected by 
FACS into lysate buffer RTL Plus (RNeasy Micro Kit, 
QIAGEN) for TCRs isolation.

TCR isolation
From sorted CD4+ T cells, RNA was isolated (RNeasy Micro 
Kit, QIAGEN). This was followed by synthesis of cDNA and 
5’ RACE PCR (SMARTer RACE cDNA Amplification Kit, 
Clontech) with 0.5 µM primers specific for the constant 
region of either TCRα (5′- CGGC CACT TTCA GGAG 
GAGG ATTC GGAAC- 3′) or TCRβ (5′- CCGT AGAA CTGG 
ACTT GACA GCGG AAGTGG- 3′) chain. Each reaction was 
performed in volumes of 50 µL with 0.5 µL Phusion High- 
Fidelity DNA polymerase (New England Biolabs), 10 mM 
dNTPs, 1× Universal Primer Mix (10×, UPM, Clontech). 
Thermocycler conditions were as follows: 2 min at 98°C, 5 
cycles of 98°C for 30 s and 72°C for 45 s, 5 cycles of 98°C 
for 30 s, 68°C for 30 s and 72°C for 45 s, 25 cycles of 98°C 
for 20 s, 68°C for 20 s and 72°C for 45 s, final elongation 
at 72°C for 5 min. The RACE PCR products were puri-
fied from an electrophoresis gel and cloned into TOPO 
vectors (Zero Blunt TOPO PCR cloning Kit, Invitrogen) 
to transform TOP10 OneShot competent Escherichia coli 
(Invitrogen). Depending on clonality, around 50 clones 
per TCR chain were sequenced and further analyzed.

Generation of TCR transgene cassettes in MP71 vector
Isolated TCRα and TCRβ chains contained human 
constant regions. To reduce potential cross pairing with 
endogenous TCRs, we exchanged the human constant 
regions for the mouse counterparts.38 To this purpose, 
overlapping extension PCR (OE- PCR) was performed 
from two PCR products. The first PCR murine constant 

region was amplified from an already murinized TCR- 
3600 vector.29 Primers alpha_ms_fwd and huTCR3600_
rvs were used to amplify murine alpha constant region. 
Primers beta_ms_fwd and TCR3600_beta_EcoR1_rvs were 
used to amplify murine constant beta region. The second 
PCR included TCRα/β variable gene amplification using 
primers specific for each TRAV/TRBV with V(D)J_alpha_
rvs and VDJ_beta_rvs, respectively (all primers listed 
below). The third OE- PCR was the final one to combine 
variable regions of each TCRα/β with a constant murine 
region. Such full length single TCRα and TCRβ trans-
genes were cloned using NotI and EcoRI restriction 
sites into MP71 vector for combinatorial expression of 
different TCRα + TCRβ and to identify functional TCRαβ 
pairs.36 Functional TCRα + TCRβ pairs were synthesized 
with Homo Sapiens codon optimization (GeneArt) for 
better expression in human PBLs. Chains TCRβ with 
TCRα were linked with the porcine teschovirus- 1- derived 
self- cleaving peptide P2A.39 The synthesized expression 
cassettes encoded two TCRs: TCR1414_1 or TCR1414_2.

alpha_ms_fwd 5′- ATAT CCAG AACC CCGA GCCT GCCG 
TGTACC- 3′

huTCR3600_rvs 5′- CAGG AATT CTCA TCAG CTGG 
ACCAC- 3′

beta_ms_fwd 5′- GGAT CTGA GAAA CGTG ACCC CCCC 
CAAGGT- 3′

TCR3600_beta_EcoR1_rvs 5′- ACTG AATT CTCA GCTG 
TTCT TCTT CTTG ACCATGG- 3′

V(D)J_alpha_rvs 5′- AGCT GGTA CACG GCAG GCTC 
GGGG TTCTG- 3′

TRAV21_Not1 5′- ATTG CGGC CGCC ATGG AGAC 
CCTC TTGGGCC- 3′

TRAV22 Not1 5′- ATTG CGGC CGCC ATGA AGAG GATA 
TTGGGAGC- 3′

TRAV12- 3_Not1 5′- GCAT TGCG GCCG CCAT GATG 
AAAT CCTT GAGA GTTTTAC- 3′

VDJ_beta_rvs 5′- ACCT TGGG GGGG GTCA CGTT TCTC 
AGATCC- 3′

TRBV28_Not1 5′- ATTG CGGC CGCC ATGG GAAT 
CAGG CTCCTCTG- 3′

TRBV12- 4_Not1 5′- ATTG CGGC CGCC ATGG GCTC 
CTGGACCC- 3′

TRBV18_Not1 5′- TATG CGGC CGCC ATGG ACAC 
CAGA GTAC TCTGC- 3′

Transfection of GALV packaging cells
To produce amphotropic TCR- bearing retroviral parti-
cles, 293GP- GLV (GALV) cells were used.37 Virus super-
natant was produced by transfecting GALV cells with 
the retroviral vector MP7136 containing TCR expression 
cassettes. For transduction of HCT116 and SW48 cell 
lines, GALV supernatants were prepared with vector MP71 
containing HLA- DR4_GFP, GFP, TGFβR2(- 1)_mCh or 
mCh. GALV cells seeded at 7×105 per well in 6- well plates 
were transfected with 3 µg of plasmid DNA using either 
lipofectamine 2000 reagent (Thermo Fisher Scientific) 
or 18 µg of DNA when calcium chloride (Sigma Aldrich) 
method was used.40 Forty- eight hours and 72 hours after 
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transfection, 3 mL of virus supernatant were harvested, 
filtrated (0.45 µm pore size) and used directly for trans-
duction or stored at −80°C.

Transduction of primary T cells
Human primary T cells were transduced with TCRs 
after CD8+ cell depletion from PBLs using MACS anti- 
CD8 MicroBeads human and LD separation column 
(Miltenyi Biotec, cat. nr 130- 045- 201). One million CD8+ 
cell- depleted PBLs per well were seeded in 24- well plates 
(non- tissue culture, Thermo), previously coated with 
5 µg/mL anti- CD3 (OKT3, BD Pharmingen) and 1 µg/
mL anti- CD28 antibodies (CD28.2, BD Pharmingen) in 
1 ml T cell medium supplemented with 300 U/mL IL- 2. 
After 2 days, activated T cells were transduced with 1 mL 
retroviral supernatant supplemented with 4 µg/mL prota-
mine sulfate (Sigma- Aldrich) and spinoculated for 90 min 
at 32°C and 800 g. A second transduction was performed 
the next day on RetroNectin- coated 6- well plates (25 µg/
mL in PBS), precoated with virus particles for 2 hour at 
32°C and 2000g. PBLs were transferred into virus- coated 
6- well- plates and spinoculated for 30 min at 800 g. Trans-
duced PBLs were expanded for 7 days in T cell medium 
supplemented with 300 U/mL IL- 2. For the next 3–5 days, 
the cells were transferred into low IL- 2 medium (30 U/
mL). After this resting phase, transduced PBLs were used 
for co- culture assays or were frozen and stored in liquid 
nitrogen. For transduction of single TCR α or β chain 
combinations, virus supernatants were mixed 1:1 in 1 ml 
volume.

Co-culture experiments
Co- culture of human T cells transduced with different 
non- codon optimized TCRα + TCRβ combinations were 
incubated with BM14 cells (HLA- DR4+) as target cells 
at ratio 1:5, where 1×104 transduced CD4+ T cells were 
seeded with 5×104 BM14 target cells in round bottom 
96- well plates for 16–18 hours. Transduction efficiencies 
were in the range of ~30%. Co- culture of human T cells 
transduced with codon optimized TCRs were incubated 
with target cells (BSM, BM14, SW48, HCT116 or panel of 
LCLs) at a ratio 1:1. Therefore, 1×104 transduced CD4+ T 
cells were seeded with 1×104 target cells in round bottom 
96- well plates for 20–24 hours. Transduction efficiencies 
were in the range of ~60%. As positive control, 50 ng/
mL of Phorbol 12- myristate 13- acetate and 5 µg/mL Iono-
mycin were added to T cells alone. Negative controls were 
transduced T cells alone seeded in medium. TGFβR2(- 1) 
peptide (VALMSAMTTSSSQKN, GenScript) was added 
at 10−6 M unless indicated differently. After incubation, 
supernatant was collected and IL- 2 or IFNy concentra-
tions were measured by enzyme- linked immunosorbent 
assay (ELISA; BD OptEIA). For alanine scan experiments, 
each individual amino acid of the TGFβR1(- 1) peptide was 
replaced by alanine (GeneScript, purity >85%). Peptides 
were loaded onto BSM cells at 10−7 or 10−9 M concen-
trations and co- cultured with TCR- transduced CD4+ T 
cells. For peptide cross- reactivity experiments, each of 15 

ordered peptides (GeneScript, purity 75%–98%) were 
loaded onto K562- DR4 cells at 10−6 M concentration and 
co- cultured with TCR- transduced CD4+ T cells.

ELISA
ELISA microwells were coated with 50 µL/well of capture 
antibody appropriately diluted in coating buffer and incu-
bated overnight at 4°C. Next day, wells were washed three 
times with wash buffer. After that, plates were blocked 
with 100 µL/well assay diluent (10% FCS in PBS) and 
incubated at room temperature (RT) for 1 hour. Next, 
wells were washed three times with wash buffer. A 50 µL of 
prepared standards, controls and samples was distributed 
into appropriate wells. If needed, samples were diluted 
in assay diluent. Plates were sealed and incubated for at 
least 2 hours at RT. Then, wells were washed as before, 
but with five total washes. A volume of 50 µL of working 
detector (detection antibody+streptavidin- horseradish 
peroxidase (SAv- HRP) reagent) was added to each well 
and plates were incubated for 1 hour at RT. After the last 
wash (8 times), a 50 µL of substrate solution was added 
to each well and incubated for about 5 min at RT in the 
dark. Next, a 25 µL stop solution was added to each well. 
Absorbance at 450 nm and 570 nm was then determined.

Expression profile of CRC cell lines
Cancer cell lines were lysed and RNA was isolated using 
RNeasy Plus Micro Kit (QIAGEN). Next, reverse tran-
scription RT- PCR was performed using SuperScript IV 
First- Strand Synthesis System (Thermo Fisher Scientific). 
Obtained cDNA product was then used for amplification 
of 159–1240 bp and 60–1066 bp fragments (transcript 
variants 1 and 2) of the TGFβR2 gene using gene specific 
primers TGFβR2 1k product_fwd 5’- ACTC CTGT GCAG 
CTTC CCTCGGC- 3’ and TGFBR2 1k product_rvs 5’- 
GGCC TTAT AGAC CTCA GCAA AGCGACC- 3’. Amplified 
PCR products were visualized on 1% agarose gel, bands 
were cut out and DNA was purified using Zymoclean Gel 
DNA Recovery Kit (Zymo Research). Finally, the DNA was 
sequenced using Sanger sequencing (Eurofins).

Flow cytometry
The following antibodies (BioLegend) were used for 
staining at 1:100 dilutions unless stated otherwise: anti- 
mouse CD4- FITC (RM4- 5), anti- mouse CD4- BV421 
(L3T4, BD Pharmigen), anti- mouse CD3- PE (145–2 C11), 
anti- mouse CD3- APC (145–2 C11), anti- mouse IFNy- 
BV421 (XMG1.2), anti- mouse IFNy- PE (XMG1.2), anti- 
mTCRβ-chain- APC (H57- 597), anti- human CD3- APC 
(SK7) and anti- human CD4- BV421 (OKT4). Magnetic 
beads anti- human CD8 (Microbeads 130- 045- 201) were 
used for CD8 depletion at 1:250 dilution (Miltenyi 
Biotec). FACSAria II (BD Bioscience) was used for sorting 
responsive CD4+ T cells, FACSAria F (BD Bioscience) was 
used to sort transduced cell lines. For analysis of cells, 
LSR- Fortessa was used (BD Bioscience).
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RESULTS
Isolation of TGFβR2(-1)-reactive TCRs restricted to HLA-DR4
The TGFβR2(- 1) frameshift peptide is an ideal target, as 
it arises from a somatic cancer- specific mutation, repre-
senting a truly tumor- specific neoantigen absent in normal 
cells. In silico pMHC binding prediction (Immune Epitope 
Database (IEDB) recommended 2.22) suggested a high 
binding affinity of a VALMSAMTTSSSQKN region of the 
TGFβR2(- 1) frameshift peptide to HLA- DR4 (predicted 
IC50 of 49 nM) (figure 1). This epitope’s core is located 
in the center of the frameshift peptide. For this putative 
epitope, TCRs were generated in ABabDR4 mice, which 
express a diverse human TCRαβ repertoire restricted to 
HLA- DR4. The TGFβR2(- 1) frameshift peptide does not 
occur in the mouse genome based on nucleotide BLAST 
library search and, thus, it is a foreign antigen. Following 
immunization of ABabDR4 mice with the TGFβR2(- 1) 
peptide VALMSAMTTSSSQKN, specific CD4+ T cells 
were observed after short in vitro stimulation of periph-
eral blood- derived T cells with the TGFβR2(- 1) peptide, 
measured by intracellular IFNy staining (figure 2A). To 
isolate TGFβR2(- 1)- reactive TCRs, we collected sple-
nocytes from the most responsive mouse (nr. 1414) on 
day 10 after third immunization (figure 2B). Following 
splenocytes restimulation in vitro for 4 hours with 1 µM 
TGF²R2(- 1) peptide, we isolated 6000 responding CD4+ T 
cells, which reflected 1.2% of CD3+ lymphocytes, by use of 
the mouse IFNγ secretion assay (figure 2C).

Three dominant TCRα and five dominant TCRβ chains 
were identified in collected antigen- specific CD4+ T cells 
(figure 3A). Combinatorial expression of each out of the 
3 TCRα with each of the 5 TCRβ chains was performed, 
resulting in 15 different TCRαβ combinations that were 
transduced into human peripheral blood leucocytes (PBLs)- 
derived T cells (figure 3B). To reduce cross pairing of trans-
duced TCRαβ with endogenous TCRαβ chains, their constant 
regions were murinized.41 T cells with all 15 TCRαβ combi-
nations were used for co- culture with HLA- DR4 expressing 
BM14 cells, loaded with the TGFβR2(- 1) frameshift peptide. 
Specific TCR pairs 1A/1B and 2A/3B were identified as 
reflected by the high IFNy amount measured in the superna-
tant by ELISA (figure 3C). Functional TCRαβ chain combi-
nations were cloned as codon optimized versions into one 
expression vector, linked by P2A element for equal molarity 

expression 39, TGFβR2(- 1)- specific TCR pairs TCR 1A/1B 
and TCR 2A/3B were called TCR1414_1 and TCR1414_2, 
respectively.

Peptide sensitivity
One important feature of a TCR is its sensitivity to 
peptide amount at which the TCR still recognizes the 
pMHC complex. To analyze peptide sensitivity, human 
CD4+ T cells transduced with TCR1414_1 or TCR1414_2 
were co- cultured with BSM (HLA- DR4+) cells loaded with 
different concentrations of the TGFβR2(- 1) peptide. As 
a readout, IFNy concentration was measured by ELISA. 
Both investigated TCRs showed recognition up to 10−9 M 
TGFβR2(- 1) peptide with EC50 values ~2,65 nM and 6 nM 
for TCR1414_1 and TCR1414_2, respectively (figure 4).

TGFβR2(-1) neoantigen is naturally processed and presented
Immunization of ABabDR4 mice with TGFβR2(- 1) 
peptide VALMSAMTTSSSQKN shows its immunogenicity 
but does not reveal, if the whole frameshift peptide  SLVR 
LSSC VPVA LMSA MTTS SSQK NITP AILTCC is processed 
by endogenous endosomal–lysosomal antigen- processing 
compartments and presented on HLA- DR4 molecules. 
To address the question, TCR1414_1- and TCR1414_2- 
transduced CD4+ T cells (figure 5A) were co- cultured 
with antigen presenting BSM cells transduced with a 
TGFβR2(- 1) minigene encoding the 47 amino acids 
long TGFβR2(- 1) frameshift peptide along with mCherry 
(mCh) as a reporter gene (figure 5B). As a readout, IFNy 
and IL- 2 concentrations were measured in the super-
natant of the co- cultures by ELISA (figure 5C). Results 
from figure 5C show that both TCRs (TCR1414_1 and 
TCR1414_2) recognize the BSM- TGFβR2(- 1) cell line 
endogenously expressing the full length TGFβR2(- 1) 
frameshift region, as measured by IFNy and IL- 2 produc-
tion. This demonstrates that the TGFβR2(- 1) minigene 
has been processed and presented on the surface of 
BSM- TGFβR2(- 1) cells. Control BSM- mCh cells were not 
recognized, unless loaded with the TGFβR2(- 1) frame-
shift peptide.

Figure 1 Peptide:MHC class II binding affinities of TGFβR2(- 1) frameshift- derived epitopes for HLA- DRB1*04:01 allele 
predicted by NetMHCIIpan 3.2, NetMHCIIpan 4.0 and IEDB recommended 2.22. Sequence highlighted in bold letters is the 
one chosen for further experiments (called TGFβR2(- 1) peptide). Predictions are given as IC50 (nM) units or rank (the lower the 
number, the higher the affinity). Peptides predicted as <50 nM are considered as high, <500 nM as intermediate and <5000 nM 
as low affinity. MHC, major histocompatibility complex’ IEDB, Immune Epitope Database.
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Recognition of TGFβR2(-1) neoantigen naturally expressed in 
CRC cell lines
Because the mutation is most common in CRC, we focused 
on analysis of two CRC cell lines, SW48 and HCT116, 
reported to naturally express the TGFβR2(- 1) frameshift 
mutation.42 To confirm the deletion of one adenine in 
the TGFβR2 gene, which causes the frameshift peptide 
containing the TGFβR2(- 1) neoantigen, we performed 
RT- PCR with both CRC cell lines, amplifying ~1 Kb frag-
ment of the TGFβR2 gene. Electrophoresis revealed 
two bands since PCR primers were designed to cover 
both splicing variants of the TGFβR2 gene (figure 6A). 
Sequencing of the PCR fragments showed the presence 
of the mutation (lack of one adenine), reflected in only 
nine adenines being present in both CRC cell lines 
SW48 and HCT116 (figure 6A). TGFβR2 wild type (10 
adenines microsatellite) in FM3 melanoma cells was used 
as control. Next, we checked if the TGFβR2(- 1)- reactive 
TCR1414_1 and TCR1414_2 can recognize CRC cell lines 
SW48 and HCT116 that naturally express the TGFβR2(- 1) 

neoantigen. Therefore, TCR1414_1- and TCR1414_2- 
transduced human CD4+ T cells were co- cultured with 
SW48 and HCT116 cells transduced to express HLA- DR4, 
due to the absence of this MHC II gene in both CRC 
cell lines (figure 6B). SW48- DR4 and HCT116- DR4 cells 
with natural expression levels of the TGFβR2(- 1) frame-
shift peptide were recognized by both, TCR1414_1- and 
TCR1414_2- transduced human CD4+ T cells, as reflected 
by IFNy release (figure 6C).

TGFβR2(-1)-specific TCRs show no HLA alloreactivity
ABabDR4 mice used for generation of TGFβR2(- 1)- 
specific TCRs lack other human MHC molecules except 
for HLA- DR4 and, therefore, there is a potential risk 
of alloreactivity of the TCRs to other human HLAs. To 
address this question, we transduced human CD4+ T 
cells with TCR1414_1 or TCR1414_2 and co- cultured 
them with a panel of 16 Epstein- Barr virus- transformed 
B- LCL expressing different MHC I and MHC II molecules 
(online supplemental table 1). This LCL panel covers 

Figure 2 Generation of TGFβR2(- 1)- reactive TCRs in ABabDR4 mice. (A, B) Intracellular cytokine staining (ICS) of PBLs from 
AbabDR4 mice 7 days after second (A) or third (B) TGFβR2(- 1) peptide (VALMSAMTTSSSQKN) immunization. Isolated PBLs 
were stimulated with 10−6 M TGFβR2(- 1) peptide, CD3/CD28 beads were used as positive control and no peptide as negative 
control. After 2 hours, brefeldin A was added to the cultures and ICS was carried out after o/n incubation. Cells are gated 
on single CD3+ lymphocytes. Numbers in gates are population size given in percentage. (C) Sorting of TGFβR2(- 1)- reactive 
IFNy- producing CD4+ T cells from spleen of ABabDR4 mouse nr 1414 at day 10 after third TGFβR2(- 1) peptide immunization. 
Restimulated splenocytes in vitro for 4 hours with TGFβR2(- 1) peptide, CD3/CD28 beads or irrelevant peptide as controls were 
labeled using mouse IFN-γ Secretion Assay KIT. Labeled cells were sorted by flow cytometry. In total, 6000 IFNy- producing 
CD4+ TGFβR2(- 1)- reactive T cells (1.22%) were collected. Cells are gated on single CD3+ lymphocytes. Numbers in gates refer 
to population size given in percentage.

https://dx.doi.org/10.1136/jitc-2022-006001
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Figure 3 Identification of TGFβR2(- 1)- specific TCR-α and TCR-β chain combinations. (A) Frequencies of CDR3 regions and 
V/J gene segments of TCR α-chains and β-chains. After RACE- PCR from responding CD4+ T cells, the amplified PCR product 
of each chain was separately cloned and around 50 clones for each TCRα and TCRβ were sequenced and their frequencies 
are presented in percentages. (B) Combinatorial expression of TCRα and TCRβ genes in human CD4+ T cells with given 
transduction efficiency in percentages, stained with antibodies specific for mouse TCRβ constant region (mTCRβ) and human 
CD4. Cells are gated on CD3+ lymphocytes. (C) Identification of functional pairs TCR 1A/1B and TCR 2A/3B. Human CD4+ T 
cells transduced with 15 ABabDR4- derived TCR combinations were co- cultured with HLA- DR4+ BM14 cells loaded with 10-6 M 
TGFβR2(- 1) peptide (+pep). After 16 hours, IFNy was measured in the supernatant. As negative control, T cells alone were used 
and as positive control, T cells stimulated with PMA/Ionomycin (P/I). Intra- assay duplicates with SD are displayed. Similar data 
were obtained with HLA- DR4+ BSM and K562- DR4 cells (data not shown). PMA, phorbol 12- myristate 13- acetate; TCR, T cell 
receptor.
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34% of the Caucasian population regarding the HLA- 
DRB1 locus. No alloreactivity was detected (figure 7A). 
BSM and BM14 LCLs naturally expressing HLA- DR4 were 
additionally loaded with TGFβR2(- 1) peptide and used as 
positive control.

TGFβR2(-1)-specific TCRs show no self-peptide cross-
reactivity
Peptide cross- reactivity is characterized by shared amino 
acid (AA) motifs recognized by the TCR.43 To iden-
tify which AA of the TGFβR2(- 1) peptide take part in 
the interaction with the TGFβR2(- 1)- reactive TCRs, 
we sequentially exchanged each AA position in the 
TGFβR2(- 1) peptide to alanine. Peptides were added at 
concentration 10−7 M or 10−9 M to the co- culture of K562- 
DR4 cells with TCR1414_1 or TCR1414_2- transduced 
CD4+ T cells. At peptide concentration 10−9 M, the recog-
nition motif for TCR1414_1 was x- x- L- M- x- x- M- T- T- S- x- 
x- x- x- x and for TCR1414_2 x- x- L- M- x- x- M- T- T- x- x- x- x- x- x 
(figure 7B). Within the human proteome no identical 
recognition motif was found for TCR1414_1, while the 
recognition motif of TCR1414_2 showed one peptide 
(llLMfgMTTtaiypw) derived from taste receptor type 
2 member 10 but with low affinity at IC50 460 nM and, 
therefore, was not taken into further investigation. At 
a concentration 10−7 M peptide, the recognition motifs 
were x- x- L- M- x- x- M- x- T- x- x- x- x- x- x and x- x- L- M- x- x- M- T- x- 
x- x- x- x- x- x for TCR1414_1 and TCR1414_2, respectively. 
Both TCRs required leucine at position 3, methionine 
at position 4 and 7 as well as threonine at position 9 for 
TCR1414_1 and threonine at position 8 for TCR1414_2. 
Within the human proteome, we detected nine peptides 
that shared the recognition motif of TCR1414_1 and 6 
for TCR1414_2 with predicted binding affinity <300 nM 
(online supplemental table 2). Next, we investigated if 

any of those peptides are cross- reactive, meaning if TCRs 
can bind them and activate the T cell to response. No 
cross- reactivity was observed for any of 15 tested peptides 
(figure 7C).

DISCUSSION
We isolated and characterized TGFβR2(- 1)- specific 
TCRs including a comprehensive analysis of their func-
tional activity and safety profile. We confirmed that 
the TGFβR2(- 1) frameshift peptide is immunogenic 
in ABabDR4 mice with a humanized T cell recogni-
tion system and is processed and presented by HLA- 
DR4 molecules. Importantly, TGFβR2(- 1)- specific 
TCRs transduced onto human CD4+ T cell recognized 
HLA- DR4- transduced CRC cell lines HCT116 and 
SW48 with natural TGFβR2(- 1) expression levels. SW48 
cells were better recognized, correlated with higher 
TGFβR2(- 1) expression when compared with HCT116. 
TCR1414_1 appeared to better recognize the CRC cell 
lines HCT116- DR4 and SW48- DR4 as lower amount of 
peptide compared with TCR1414_2 was needed to trigger 
response (TCR1414_1: EC50~2,65 nM and TCR1414_1: 
EC50~6 nM). TCR1414_1 was the most abundant clone 
in line with our assumption that on repeated immuniza-
tion in sufficient (4 weeks) interval, the most effective T 
cell clone is reactivated from the memory pool, thus the 
ABabDR4 mice serve as an optimal selection system. TCRs 
against human neoantigens can similarly be isolated from 
humans and mice, since both should not be tolerant to 
them. There is no reason to assume that one of the two 
species delivers higher- quality TCRs. In humans, TCRs 
can be isolated from patients with cancer, which in most 
cases are directed against patient- individual neoantigens.1 

Figure 4 TCR1414_1 and TCR1414_2 sensitivity to TGFβR2(- 1) peptide. (A) ELISA results reflecting responsiveness of 
CD4+ T cells transduced with TCR1414_1 (blue line) or TCR1414_2 (yellow line) to varying doses of the TGFβR2(- 1) peptide 
(VALMSAMTTSSSQKN). TCR- transduced CD4+ T cells were co- cultured with BSM cells pulsed with decreasing peptide 
amounts. IFNy was measured in the supernatant after 16 hours. (B) Normalized data to the maximum IFNy release. Both 
investigated TCRs show recognition up to 10−9 M TGFβR2(- 1) peptide with EC50 values around 2,65 nM and 6 nM for 
TCR1414_1 and TCR1414_2 as indicated by the red dotted line. The results are representative of two independent experiments 
with two different human PBLs donors.

https://dx.doi.org/10.1136/jitc-2022-006001
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Figure 5 Recognition of naturally processed TGFβR2(- 1) neoantigen by TCR1414_1 and TCR1414_2. (A) Expression of 
codon optimized TGFβR2(- 1)- reactive TCR1414_1 and TCR1414_2 in human CD4+ T cells with given transduction efficiency 
in percentages. After CD8+ T cells depletion, TCRs were retrovirally transduced into human PBL- derived CD4+ T cells and 
stained with antibody for mouse TCRβ constant region (mTCRβ) and human CD4. Cells were gated on CD3+ lymphocytes. 
The results are representative of three different human PBLs donors. (B) Target cells transduction profile with TGFβR2(- 1) 
minigene. BSM- TGFβR2(- 1) cells were made by retroviral transduction of BSM cells with TGFβR2(- 1) minigene encoding 47 
amino acids containing the HLA- DRB1*04:01- resctricted epitope and coupled to mCherry as reporter (top). BSM- mCh cells 
were used as negative control and transduced with same vector without the minigene. Numbers in gates show transduction 
frequencies in percentages. (C) Recognition of naturally processed TGFβR2(- 1)- specific HLA- DR4- restricted epitope by 
TCR1414_1 and TCR1414_2. TCR- transduced CD4+ T cells were co- cultured with BSM- TGFβR2(- 1) cell line (HLA- DR4+) for 
16 hours. Data reflect IFNy and IL- 2 production measured by ELISA in the supernatant. TGFβR2(- 1) peptide at 10−6 M (+peptide) 
or PMA/Ionomycin (P/I) were added as indicated. Results are representative of three (for IFNy ELISA) and two (for IL- 2 ELISA) 
independent experiments with different PBLs donors. PBLs, peripheral blood leukcocytes.
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Figure 6 Recognition of naturally expressed TGFβR2(- 1) neoantigen in colorectal cancer (CRC) cell lines by TCR1414_1 
and TCR14141_2. (A) TGFβR2(- 1) mutation detection in CRC cell lines SW48 and HCT116. Electrophoresis of amplified PCR 
products from cDNA shows the TGFβR2 region of interest containing the frameshift mutation. Primers for PCR were designed 
to cover the two splicing variants of the TGFβR2 gene. Sanger sequencing results show one adenine deletion (9A) in the 
10- adenine microsatellite of TGFβR2 gene in both CRC cell lines. As control, the melanoma cell line FM3 containing the wild 
type (WT) TGFβR2 DNA sequence was used. (B) CRC cell lines SW48 and HCT116 (both HLA- DR*04:01-) were transduced with 
HLA- DRA/HLA- DRB1*0401 construct (top), as indicated, or mock controls (mCh or GFP). Dark gray represents transduced 
cells and light gray, untransduced, parental cell lines (bottom). Expression of reporter genes GFP or mCh was measured by 
flow cytometry. (C) Recognition of naturally expressed TGFβR2(- 1) neoantigen in SW48- DR4 and HCT116- DR4 cell lines by 
TCR1414_1 and TCR1414_2. TCR- transduced human CD4+ T cells were co- cultured with CRC cell lines SW48- DR4 and 
HCT116- DR4 that endogenously express TGFβR2(- 1) frameshift mutation. As positive controls, PMA and Ionomycin (P/I) were 
used, whereas for negative control, T cells alone were used. After 24 hours of incubation, IFNy was measured in the supernatant 
by ELISA. The results are representative of four independent experiments performed with three different PBLs donors. PBLs, 
peripheral blood leuccocytes.
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Figure 7 HLA alloreactivity and peptide cross- reactivity test of ABabDR4- derived TCRs. (A) TCR1414_1- transduced and 
TCR1414_2- transduced human CD4+ T cells were co- cultured with a panel of B- LCLs expressing different HLA allotypes, 
including both MHC I and II molecules (full HLAs profile of each LCL in online supplemental table 1). As positive control, PMA/
Ionomycin (P/I) and BSM, BM14 (both HLA- DR*04:01+) loaded with 10−6 M TGFβR2(- 1) peptide were used, whereas for negative 
control T cells alone were used. After 24 hours of incubation, IL- 2 was measured in the supernatant by ELISA. The results are 
representative of three independent experiments performed with T cells from three different PBLs donors. For all experiments, 
all cell lines were used simultaneously except for *KLO cell line. (B) TGFβR2(- 1) recognition motifs identification. Each amino 
acid of TGFβR2(- 1) peptide was exchanged for alanine and such peptides were added to co- culture of K562- DR4 cells with 
TCR1414_1/2- transduced CD4+ T cells at 10−7 M or 10−9 M concentration. After 20 hours incubation, IFNy in the supernatant 
was measured by ELISA. Data reflect percentage of IFNy concentration relative to the response of unmodified TGFβR2(- 1) 
peptide. Amino acids identified as recognition motifs are those which showed recognition of less than 40% when compared 
with unmodified TGFβR2(- 1) peptide given by the dotted line. Amino acids mandatory for T cell recognition in TCR1414_1 are 
in position 3, 4, 7 and 9 (x–x–L–M–x–x–M–x–T–x–x–x–x–x–x) and for TCR1414_2 (x–x–L–M–x–x–M–T–x–x–x–x–x–x–x) position 
3, 4, 7, 8, respectively. The results are representative of three independent experiments. (C) Cross- reactivity test of TCR1414_1 
and TCR1414_2 with peptides containing similar recognition motifs (list of peptides in online supplemental table 2). TCR1414_1- 
and TCR1414_2- transduced human CD4+ T cells were co- cultured with peptides loaded onto K562- DR4 cells at 10−6 M 
concentration. As positive control, PMA/Ionomycin (P/I) and TGFβR2(- 1) peptide were used, whereas for negative control T 
cells alone in medium were used. After 20 hours of incubation, IFNy was measured in the supernatant by ELISA. The results are 
representative of two independent experiments using two different T cell donors. PMA, peripheral blood leuccocytes.

https://dx.doi.org/10.1136/jitc-2022-006001
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Alternatively, TCRs against defined neoantigens can be 
isolated from autologous T cell- APC in vitro priming. 
Here, one cannot exclude that culture conditions skew 
the repertoire toward lower- avidity clones. In mice, T 
cells are activated through immunization in their natural 
environment. More importantly, by prime- boost immuni-
zation in sufficient long intervals, memory T cells are reac-
tivated, which we believe are selected for optimal avidity 
and fitness. We note, however, that mouse- derived TCRs 
may have an increased risk of alloreactivity, since the mice 
expressed a single human MHC II gene and part of the 
selecting peptides in the thymus differ between humans 
and mice. To minimize the risk of off- target reactivity or 
HLA- alloreactivity, we performed robust assay systems, in 
which the TGFβR2(- 1)- specific TCRs were negative.

While the majority of current immunotherapies focus 
on MHC I- restricted TCRs or non- MHC- dependent 
chimeric antigen receptor (CAR) technologies to engi-
neer therapeutic CD8+ T cells, several studies have shown 
the importance of CD4+ T cells for tumor rejection. Early 
experiments showed that adoptively transferred CD4+ 
T cells eliminated MHC II- negative leukemia, likely by 
activating tumoricidal macrophages.22 23 Other models 
showed that CD4+ T cell- mediated antitumor immunity 
depends on IFNy acting on stroma cells and that IFNy 
and TNF, both often produced by effector CD4+ T cells, 
acted on and destroyed the tumor vasculature.44 45 CD4+ 
T cells can also directly lyse MHC II- positive melanoma 
cells.26 Importantly, CD4+ T cells synergize with CD8+ T 
cells in eradication of large established tumors.27 28 Thus, 
varying mechanisms have been proposed, how CD4+ T 
cells contribute to tumor rejection.46 The relevance of 
antitumor CD4+ T cells from experimental models is 
supported by several clinical case studies that demon-
strated tumor regression following transfer of in vitro 
expanded tumor- infiltrating lymphocytes (TILs), which 
contained neoantigen- specific CD4+ T cells.24 47 48

It is relevant to target MHC class II- restricted antigens, 
since MSI- CRC are instable and can downregulate or 
lose MHC I expression.49–51 Carcinomas rarely express 
MHC II and, therefore, cannot be recognized by CD4+ 
T cells. Efficacy by CD4+ T cells likely requires antigen 
uptake from dying cancer cells or vesicles released by 
the cancer cells, which are presented by MHC II mole-
cules of tumor stroma cells like macrophages that are 
typically abundant in solid tumors. Mechanistically, the 
CD4+ T cells are expected to release IFNy and TNF on 
recognition of the cross- presented antigen on MHC II, 
which leads to destruction of the tumor vasculature and 
leading to bystander killing and cancer regression.27 28 52 
In this regard, it is important to note that TGFβR2(- 1)- 
reactive CD4+ T cells were detected within the TIL of CRC 
tumors, indicating that TGFβR2(- 1) is a targetable recur-
rent neoantigen. These CD4+ TIL were not restricted to 
HLA- DR4.15 Furthermore, TGFβR2(- 1)- specific CD8+ T 
cells have been detected within the TIL of MSI- CRC.53

The TGFβR2(- 1) neoantigen occurs in 77% of MSI- 
CRC,16 17 71% gastric and 17% endometrial cancers,54 

which makes it an attractive target for TCR gene therapy. 
On the other hand, MSI- CRC patients respond particu-
larly well to immune checkpoint inhibitors (ICI), likely 
because of their high mutational burden.55 Despite 
pronounced responses to ICI, half of the patients 
relapsed.56 In such patients, especially if MHC I loss vari-
ants had been selected, MHC II- restricted TCRs could still 
be a treatment option. In conclusion, the DRB1*04:01- 
restricted TGFβR2(- 1)- specific TCRs isolated from 
ABabDR4 mice are promising candidates for TCR gene 
therapy.
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