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ABSTRACT

Background The incorporation of co-stimulatory
signaling domains into second-generation chimeric
antigen receptors (CARs) significantly enhances the
proliferation and persistence of CAR-T cells in vivo, leading
to successful clinical outcomes.

Methods To achieve such functional enhancement in
transgenic T-cell receptor-engineered T-cell (TCR-T)
therapy, we designed a second-generation TCR-T cell in
which CD3( genes modified to contain the intracellular
domain (ICD) of the 4-1BB receptor were selectively
inserted into the CD247 locus.

Results This modification enabled the simultaneous
recruitment of key adaptor molecules for signals 1 and 2
on TCR engagement. However, the addition of full-length
4-1BB ICD unexpectedly impaired the expression and
signaling of TCRs, leading to suboptimal antitumor activity
of the resulting TCR-T cells in vivo. We found that the
basic-rich motif (BRM) in the 4-1BB ICD was responsible
for the undesirable outcomes, and that fusion of minimal
tumor necrosis factor receptor-associated factor (TRAF)-
binding motifs at the C-terminus of CD3( (zBB“®"™™) was
sufficient to recruit TRAF2, the key adaptor molecule in 4-
1BB signaling, while retaining the expression and proximal
signaling of the transgenic TCR. Consequently, TCR-T
cells expressing zBB“®"™ exhibited improved persistence
and expansion in vitro and in vivo, resulting in superior
antitumor activity in a mouse xenograft model.
Conclusions Our findings offer a promising strategy for
improving the intracellular signaling of TCR-T cells and
their application in treating solid tumors.

BACKGROUND

Adoptive T-cell therapy (ACT) has the poten-
tial to revolutionize drug development for
cancer therapy.' The effectiveness of ACT,
which is closely linked to the number of
tumor-reactive T cells, can be enhanced
by uniformly redirecting the antigen spec-
ificity of polyclonal T cells, through the
expression of either chimeric antigen recep-
tors (CARs) or transgenic T-cell receptors
(TCRs).?? The former traditionally combines

2 Young-Ho Lee,? Hyeon-Ki Jang,®

WHAT IS ALREADY KNOWN ON THIS TOPIC

= T cell receptor (TCR) signaling along with co-
stimulatory signaling is crucial for proliferation
and persistence of T cells. The clinical success
of second-generation chimeric antigen receptor
(CAR)-T therapy demonstrated the importance of
including a co-stimulatory domain in their cytoplas-
mic domain. Unlike CAR T cells, however, few stud-
ies have modulated the signaling domains of the
TCR complex to improve the efficacy of TCR-T cells.
Therefore, there is an essential need to develop new
strategies for enhancing the efficacy of TCR-T cells.

WHAT THIS STUDY ADDS

= We designed a second-generation TCR-T cell that
simultaneously delivers TCR and co-stimulatory sig-
nals on TCR stimulation by using a newly designed
modified-CD3( that is fused with a truncated 4-1BB
signaling domain containing the tumor receptor-
associated factor-binding motif. Second-generation
TCR-T cells exhibited enhanced persistence with
a highly upregulated expression of anti-apoptotic
molecules, leading to superior antitumor efficacy in
a mouse xenograft model.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This finding offers a promising strategy for improv-
ing the intracellular signaling of TCR-T cells and
provides a rationale to improve TCR-T therapies in

patients with solid tumor.

an antigen-specific single-chain variable frag-
ment with a hinge region, a transmembrane
domain, and an intracellular domain (ICD).*?
In first-generation CAR constructs, the ICD
contained the signaling domain of either
CD3( or FcRy, which are crucial signaling
components of the TCR and Fc receptor,
respectively.”™ Despite promising in vitro
activity, first-generation CAR-T cells failed
to exhibit long-term persistence, ultimately
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leading to treatment failure in vivo.” '’ In the second-
generation CAR constructs, the addition of ICDs from
the co-stimulatory molecules CD28 or 4-1BB resulted in
robust in vivo proliferation and persistence.“_lg Indeed,
US Food and Drug Administration-approved second-
generation CAR-T cells have proven to be effective against
various relapsed and refractory hematological malignan-
cies."*

Another promising ACT involves the use of transgenic
TCR-T cells, in which the genes encoding antigen-specific
TCR o and B chains are introduced into T cells. Unlike
CARs, which is typically a single polypeptide chain, the
TCR complex is composed of eight subunits that serve
distinct roles in antigen recognition (TCRa,/) or signal
transduction (CD3 &/9, €/, and C/C).16 Most studies on
TCR-T cells have sought to identify TCRo./ B sequences
specific to tumor-specific antigens or tumor-associated
antigens or to increase their affinity.'”?' Further, several
groups have recently modified the extracellular domain
of TCR complex subunits by incorporating or replacing
them with variable domains of an antibody.***> However,
few studies have explored modification of signaling
domains of the TCR complex as a strategy for function-
ally improving TCR-T cells.”® Interaction of the TCR
with the peptide-presenting major histocompatibility
complex (MHC) of an antigen-presenting cell triggers
TCR signaling (signal 1), which promotes the activa-
tion of T cells.?” % However, binding of co-stimulatory
ligands, which leads to co-stimulatory signaling (signal
2), is also essential for enhancing T-cell proliferation
and survival.* * In the absence of co-stimulatory ligand
binding, T cells become hyporesponsive and are inef-
fective in resolving diseases.” % Indeed, the progres-
sion from first-generation to second-generation CARs
provided researchers the critical lesson that co-stimula-
tory signaling is required for the robust functionality of
engineered T cells.

In the present study, we sought to generate second-
generation TCR-T cells capable of simultaneously
delivering signals 1 and 2 upon engagement of target
cells via TCRa/B. To this end, we used the CRISPR/
Cas9 system to selectively knock-in (KI) CD3{ variants
modified to contain the 4-1BB signaling domain within
the CD247 (CD3L) locus. We found that the position of
4-1BB relative to CD3{ ICD (N-terminus or C-terminus)
and the presence of a positively charged basic-rich motif
(BRM) of 4-1BB significantly affected surface expres-
sion of the TCR complex and the membrane-proximal
signaling. Consequently, integration of the minimal
tumor necrosis factor (TNF) receptor-associated factor
(TRAF)-binding motifs of 4-1BB at the C-terminus
of CD3C preserved the expression of the transgenic
NY-ESO-1-specific TCR and its proximal signaling, while
enhancing the in vitro and in vivo expansion of TCR-T
cells, leading to superior antitumor efficacy in a mouse
xenograft model.

MATERIALS AND METHODS

Animals

Female 6-8weeks old NOD.Cg-Prkdc™ I112rg™"""/Sz]
(NSG) mice were purchased from the Jackson Labora-
tory (Bar Harbor, Maine, USA). All mice were housed in
a specific pathogen-free facility. Animal care and experi-
mental procedures were performed as per the protocols
approved by the Animal Care Committee of the Korea
Advanced Institute of Science and Technology (KAIST).

Cell lines and isolation of human primary T cells

Jurkat, K562, and A375 cells were purchased from the
American Type Culture Collection (ATCC, USA) and
cultured according to ATCC recommendations. A375
cells were transduced to express Zsgreen to generated
A375-Zsgreen cells. The A375 cells with herpes simplex
virus 1-thymidine kinase, green fluorescent protein
(GFP), and firefly luciferase, referred to herein as
A375-TGL, were kindly provided by Professor Mi-Young
Kim (KAIST). Whole peripheral blood from healthy
donors were isolated and provided by Asan Medical
Hospital (Seoul, Korea), using an Institutional Review
Board-approved protocol. Primary human peripheral
blood mononuclear cells (PBMCs) were isolated from
the blood of an anonymous healthy donors using Ficoll
centrifugation with SepMate tubes (STEMCELL Tech-
nologies, cat# 86460). Pan T cells were isolated from
PBMCs by means of magnetic negative selection using a
Pan T Cell Isolation Kit (Miltenyi Biotec, cat# 130-096-
535) according to the manufacturer’s instructions. T
cells were cultured in human T-cell medium consisting
of RPMI-1640 (Gibco, cat# 21 870-092), 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, cat# 26140079),
55 pM 2-mercaptoethanol (Thermo Fisher Scientific, cat#
31350010), and 1% GlutaMAX (Gibco, cat# 35050-061),
supplemented with 300 units/mL interleukin (IL)-2
(BMI, Korea). T cells were cryopreserved in a mixed solu-
tion of 80% heat-inactivated FBS, 10% dimethyl sulfoxide
(Sigma, cat# 2650), and 10% T-cell media.

Construction of modified-CD3(-expressing genes

Modified-CD3{ constructs were generated by inserting
the cytoplasmic domain of 4-1BB between the transmem-
brane and cytoplasmic domains of CD3{ (BBz) or next
to the C-terminus of CD3{ (zBB). To block the ubiquiti-
nation of the modified-CD3(, the zBBX°® construct was
designed by substituting all lysines with arginine within
the 4-1BB ICD of the zBB construct. To remove the BRM
of the 4-1BB ICD from the modified-CD3{ construct, the
ZBB*/R construct was generated by mutating four lysines
and two arginines, located at the N-terminus of 4-1BB
ICD from the zBB construct, to charge-neutral serine. For
the same purpose, the zBB**™ construct was prepared in
which the BRM moiety (amino acid sequence, KRGRK-
KLLYIFK) of the 4-1BB ICD was truncated from the
zBB construct. All modified-CD3{-encoding genes were
linked to the sequence encoding truncated delta low-
affinity nerve growth factor receptor (dLNGFR) using a
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self-cleaving porcine teshovirus-1 2A (P2A) sequence and
subcloned into a lentiviral pELPS vector,'* downstream of
an EFlo promoter and upstream of a woodchuck hepatitis
virus post-transcriptional regulatory element (WPRE).

For immunoprecipitation of modified-CD3{, the
modified-CD3{ constructs were fused to a 3xFLAG, linked
to the sequence encoding RQR8™ using an internal
ribosome entry site (IRES), and cloned into the lenti-
viral pELPS vector. pAAV-modified-CD3{ (CD3z, zBB,
ZBB"P™) vector variants were constructed by substituting
the modified-CD3( sequence into a pAAV-EFla double-
floxed-EYFP-WPRE-human growth hormone polyA
signal (hGHpA) construct (Addgene, cat# 20296). The
modified-CD3{ construct was integrated at the CD247
locus by cloning the modified-CD3{ sequence with 1.2kb
of genomic CD247 exon 1 elements (each ~0.6kb in
length) flanking the single-guide RNA (sgRNA) targeting
sequences, resulting in expression of modified-CD3{
variants under the control of the CD3{ promoter. The
modified-CD3{ construct was followed by a WPRE and an
hGHpaA.

Recombinant lentivirus and AAV production

1G4 TCR lentiviral particles were created by subcloning
the transgene of 1G4 TCR into a lentiviral pELPS vector.
For lentivirus production, HEK293T cells (ATCC) were
subcultured in Dulbecco’s Modified Eagle Medium supple-
mented with 10% heat-inactivated FBS, 1% GlutaMAX,
1mM MEM sodium pyruvate, and 1% penicillin/strepto-
mycin (all from Gibco). HEK293FT cells (3.6x10% were
transferred to a poly-D-lysine-coated 100 mm cell culture
plate in antibiotic-free medium. The cells were transfected
with pMDLg/p.RRE (6pg), pRSV.REV (6pg), pMDG.1
(2 pg), and the modified-CD3{-containing lentiviral
vector (7.5pg) using the Lipofectamine 2000 transfec-
tion reagent (Thermo Fisher Scientific, invitrogen, cat#
11668019), according to the manufacturer’s instructions.
After incubation of the cells with the DNA-Lipofectamine
complex for 6 hours, the medium was replaced with fresh
medium. Forty-two hours after transfection, the lentiviral
supernatants were collected, filtered using a 0.45 pm poly-
ethersulfone membrane filter to remove cell debris, and
stored at —-80°C.

For production of recombinant AAVG6 viruses, cloned
AAV donor plasmid and packaging plasmids (Takara,
cat# 6665) were transfected into HEK293T cells using the
polyethylenimine transfection method. Seventy-two hours
after transfection, the resulting AAV viruses were puri-
fied, and the titer of the virus was determined as previ-
ously described.**

Lentiviral transduction

Pan T cells were activated by means of incubation with
Human T-Activator CD3/CD28 Dynabeads (from Life
Technologies; bead-to-PBMC ratio of 1:1) and IL-2
(300TU/mL; BMI Korea) for 24hours. Activated T cells
were then transduced with the lentivirus, in a medium
containing serum mixed with protamine sulfate (Sigma;

10pg/mL) by means of spinfection (1000xg for 90 min).
Cells were incubated with the lentivirus for 24 hours, after
which the medium was replaced with T-cell medium. The
percentage of transduced T cells was evaluated based on
the dLNGFR-positive population on day 5 after transduc-
tion. dLNGFR-positive transduced T cells were isolated
using the human CD271 MicroBead kit (Miltenyi Biotec,
cat 130-099-023), according to the manufacturer’s
instructions. Modified-CD3{" dLNGFR" T cells were main-
tained at a concentration range of 0.5x10°%-2.0x10° cells/
mL at all times during expansion.

Generation of modified-CD3(-KI NY-ESO-1-specific TCR-T
cells

Twenty-fourhours after initiating T-cell activation, lenti-
viruses containing the 1G4 TCR were transduced into
activated T cells. Forty-eighthours later, CD3/CD28
Microbeads (Gibco) were magnetically removed from the
transduced T cells, and electroporated, for use in genome
editing. CD247 sgRNA, targeting exon 1 (5- GTGGAAG-
GCGCTTTTCACCG -3") was synthesized by means of in
vitro transcription using T7 RNA polymerase according
to a previously described method.” Ribonucleoprotein
(RNP) was prepared immediately before electroporation
by mixing Cas9 protein (Enzynomics, catf# M058U) and
CD247 sgRNA at a molar ratio of 1:5 and incubated at
37°C for 10min. T cells (1x10% were mixed with RNP
(sgRNA-Cas9) and electroporated using the Neon Trans-
fection System (Invitrogen, Carlsbad, California, USA).
For the Cas9-only treatment group, activated T cells were
electroporated as above, without sgRNA. Following elec-
troporation, the cells were diluted in culture medium and
incubated at 37°C in a humidified 5% CO,-containing
environment. Recombinant AAV6 viruses were added to
the culture 15min after electroporation, at an indicated
multiplicity of infection (2-5x10%). Edited T cells were
subsequently cultured at 37°C under standard condi-
tions, and expanded in T-cell growth medium, which
was replenished as needed (~2-3days) to maintain a
density of ~1x10°cells/mL. KI T cells were obtained by
isolating dLNGFR-positive T cells using allophycocyanin
(APC)-tagged anti-CD271 antibodies (Miltenyi Biotec,
cat# 130-113-980), anti-APC Microbeads (Miltenyi Biotec,
cat# 130-090-855), and LS columns (Miltenyi Biotec, cat#
130-042-401).

Flow cytometry

All fluorescence-activated cell sorting (FACS) analyses
were performed on an LSRFortessa X-20 cytometer (BD
Biosciences, USA) and evaluated using Flow]Jo software
(Tree Star, USA). For cell surface staining, 2x10° cells
were stained with antibodies and resuspended in 100 pL
FACS buffer (2% FBS and 2mM EDTA in phosphate-
buffered saline (PBS)) for 20min at 4°C in the dark.
Cells were washed with 2mL FACS buffer, resuspended in
the same buffer, and analyzed. For intracellular staining,
T cells were fixed and permeabilized by incubating in
250 pL. of Cytofix/Cytoperm Fixation/Permeabilization
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solution (BD Biosciences, cat# 554714) at 4°C for
20min. T cells were washed with 2mL of intracellular
staining buffer and stained with antibodies. Viable cells
were determined using Fixable Viability Dye eFluor 780
(Thermo Fisher Scientific, Invitrogen, cat# 65-0865-
14). dLNGFR was labeled with an APC-conjugated anti-
human CD271 antibody (clone ME20.4-1.H4; Miltenyi
Biotec, cat# 130-113-980). FACS analyses were performed
using the following antibodies against: BV42l-anti-
human CD3e (clone OKT3; BioLegend, cat# 317344),
PE-anti-human CD3{ (clone 6B10.2; BioLegend, cat#
644106), PerCP/Cyanineb.5-anti human CD4 (clone
Al161A1; BioLegend, catf 357414), BV605-anti-human
CD8 (clone SKI; BioLegend, cat# 344742), AF488-anti-
human TCRo/B (clone IP26; BioLegend, cat# 306718),
PE-MHC Dextramer (Immudex, cat# VB3247-PE), APC-
anti-human TCRVB13.1 (clone H131; BioLegend, cat#
362408), AF488-anti-human pCD3{ (BD Phosflow, cat#
558486), AF647-anti-human pZAP-70 (BD Phosflow, cat#
557817), Fluorescein isothiocyanate (FITC)-anti-human
human leukocyte antigen (HLA)-A2 (BD Pharmingen,
cat# 561107), BV650-anti-human CD45 (clone HIS3O0;
BioLegend, cat# 304044), FITC-anti-human CD69 (clone
FN50; BioLegend, cat# 310904), APC-anti-human 4-1BBL
(clone 5F4; BioLegend, cat# 311506), PE-anti-human
CD80 (clone 2D10; BioLegend, cat# 305208), BV421-anti
human CD86 (clone IT2.2, BioLegend, cat# 305426),
PE-anti-human CD34 (R&D systems, cat# FAB7227P),
and AF647-anti-mouse IgG, F(ab'), (Jackson ImmunoRe-
search, cat# 109-606-097).

Stimulation of cells by cross-linked anti-CD3 antibodies

1x10° Jurkat cells or T cells were either unstimulated
or incubated with 5pg/mL of anti-human CD3 (OKTS3;
eBioscience, cat# 14-0037-82) antibodies on ice for 15 min
and then washed by cold-Dulbecco's phosphate buffered
saline (dPBS). Surface bound antibodies were subse-
quently cross-linked with 10 pg/mL goat anti-mouse IgG
(Sigma, cat# M8642) for 15 min at 4°C and then washed
by cold-dPBS. Following washing, cells were resuspended
in pre-warmed RPMI1640 media and incubated at 37°C
for 5min.

For flow cytometric analysis of phosphorylated CD3(
and zeta-associated protein-70 (ZAP-70), stimulated
cells fixed and permeabilized by incubating in 250 pL. of
Cytofix/Cytoperm Fixation/Permeabilization solution
(BD Biosciences, cat# 554714) at 4°C for 20 min. Fixed
cells were washed with 2mL of intracellular staining
buffer, and was added PE-anti-human CD3{ (clone 6B10.2;
BioLegend, cat# 644106), AF488-anti-human pCD3{ (BD
Phosflow, cat# 558486), and AF647-anti-human pZAP-70
(BD Phosflow, cat# 557817) for 30 min on ice. Cells were
washed and suspended in FACS buffer and analyzed by
flow cytometry.

Immunoblot analysis
For immunoblot analyses, approximately 10 pL of whole-
cell lysates, prepared by incubating cells with 1% Nonidet

P (NP)-40 lysis buffer (ELPISBIO, cat# EBA-1049), was
loaded on 4%-12% acrylamide gradient gels (Thermo
Fisher Scientific, cat# NP0322BOX) and transferred to
polyvinylidene difluoride (PVDF) membranes (Merck,
cat# IPVF00010). Fusion proteins were detected using
an anti-CD3 (human) monoclonal antibody (mAb)
(clone 8D3; BD Biosciences, cat# 551034, 1:1000 dilu-
tion). Immunoreactive proteins were detected using
an enhanced chemiluminescence detection system.
Additional antibodies used for immunoblotting were as
follows: Anti-B-actin (clone AC-15; Sigma, cat# Ab441,
1:20,000 dilution), anti-Bcl-xL. (clone H-5; Santa Cruz
Biotechnology, cat# sc-8392, 1:1000 dilution), anti-mouse
IgG-horseradish peroxidase (HRP) (Thermo Fisher
Scientific, cat# 31437, 1:20,000 dilution), and anti-rabbit
IgG-HRP (Thermo Fisher Scientific, cat# 31460, 1:20,000
dilution).

Co-immunoprecipitation

Activated Jurkat cells (1x107) were lysed in $50pL
lysis buffer containing 1% NP-40, 50mM Tris-HCIl
(pH 7.5), 150mM NaCl, 1mM EDTA, protease inhib-
itors (cOmplete; Roche) and phosphatase inhibitor
(PhosSTOP; Roche), at 4°C for 30 min, after which the
cell lysates were pelleted by means of centrifugation at
13,000xg for 15min. For anti-3xFLAG immunoprecipita-
tion, 250 pL. of the cleared cell lysate was incubated with
5pL of a 50% protein G Sepharose slurry and 1pg anti-
3xFLAG tag antibody, for 2hours at 4°C. The immuno-
precipitated material was washed four times with 200 pL
wash buffer and then resolved by means of a reducing
SDS-PAGE, on 4%-12% gradient gels. Separated proteins
were transferred to PVDF membranes using a semi-dry
transfer procedure. Membranes were blocked in PBS
with 0.1% Tween-20 (PBST) containing 5% bovine serum
albumin, then incubated with primary antibodies against
TRAF2 (Abclonal, cat#A19129, 1:1000 dilution), ZAP-70
(Novus, cat# NB110-60490, 1:100 dilution), and 3xFLAG
(MBL International, cat# M185-3L, 1:1000 dilution)
in PBST, followed by incubation with HRP-conjugated
secondary antibodies (1:10,000 dilution). Immunoreac-
tive proteins were detected using a ChemiDoc XRS+Im-
aging System (Bio-Rad).

For ubiquitination assays, 1x10” activated Jurkat cells
per condition were harvested and washed with chilled
PBS. The cells were lysed with lysis buffer consisting of
1% NP-40, 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
EDTA, protease inhibitors (cOmplete; Roche) and phos-
phatase inhibitor (PhosSTOP; Roche). The lysates were
precleared by incubation for 4hours at 4°C with anti-
3xFLAG mAb-Magnetic Beads (clone FLA-1GS; MBL,
cat# M185-11R). Immunoprecipitates were washed first
with PBS and then with PBST containing 0.2% NP-40,
after which they were resuspended in PBS containing
0.2% NP-40 and 0.5 M LiCl and boiled in sample buffer
containing a reducing agent (Invitrogen, cat# NP0004).
Antibodies against the following proteins were used:
Ubiquitin (clone P4D1; BioLegend, cat# 646302), CD3{
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(clone 8D3; BD, cat# 550133), 3xFLAG (clone FLA;
MBL, cat# M185-3L), and P-actin (clone AC-15; Sigma,
cat# Ab441, 1:20,000 dilution). Immunoreactive proteins
were detected by means of chemiluminescence using a
ChemiDoc XRS+Imaging System (Bio-Rad). Protein was
quantified using Image] software and normalized the
levels of the loading control.

Cytokine production assay

Interferon (IFN)-y, IL-2, and TNF-y levels were simultane-
ously measured in supernatant samples using a Cytometry
Bead Array (BD Biosciences, cat# 551809) according to
the manufacturer’s protocol. Data were acquired with a
BD LSRFortessa X-20 and analyzed using FACSBD Diva
software.

Real-time quantitative reverse transcription-PCR
Modified-CD3C-KI 1G4 T cells were restimulated with
virradiated A375 cells for 8hours and then sorted using
dLNGFR microbeads. Total RNA from the sorted cells
was extracted using an RNeasy Mini Kit (Qiagen, cat#
74104) and reverse transcribed into complementary DNA
using the ReverTra Ace qPCR RT Master Mix with gDNA
remover (TOYOBO, cat# FSQ-301). Real-time quantita-
tive reverse transcription-PCR was performed using the
SYBR Green Real-time PCR Master Mix (TOYOBO, cat#
QPK-201), with three parallel replicates on a CFX96
Real-Time System (Bio-Rad). The expression level of
each indicated gene was normalized to that of the house-
keeping gene, ribosomal 18S. The following quantitative
PCR primer pairs were used: 18s rRNA, 5’-CAG CCA CCC
GAG ATT GAG CA-3’ (forward) and 5-TAG TAG CGA
CGG GCG GTG TG-% (reverse); CD3(, 5-GCC GAG
AAG GAA GAA CCC TC-3 (forward) and 5-GTG GCT
GTA CTG AGA CCC TG-3’ (reverse); BclxL, 5-GAG CTG
GTG GTT GAC TTT CTC-8’ (forward) and 5-TCC ATC
TCC GAT TCA GTC CCT-%’ (reverse); Bcl-2, 5-TCG CCC
TGT GGA TGAC TGA-3" (forward) and 5-CAG AGA
CAG CCA GGA GAA ATC A-3’ (reverse); and Bfll, 5-TAC
AGG CTG GCT CAG GAC TA-3" (forward) and 5"-CGC
AAC ATT TTG TAG CAC TG’ (reverse).

In vitro cytotoxicity assay

A375-Zsgreen cells (1x10") were cultured with 1G4 TCR-T
cells at effector-to-target ratios of 0.1:1 to 1:1 in 200 pL
complete T-cell medium, in a 96-well flat-bottom plate, for
up to 72hours. Quintuplicate wells were plated for each
1G4 TCR-T group. The GFP fluorescence intensity of the
target cells was measured every 2hours, using the Incu-
Cyte S3 Live-Cell Analysis System (Sartorius, Germany).
Integrated total GFP intensity per well was used as a quan-
titative measure of the amount of viable target cells. The
integrated total GFP intensity was normalized to the GFP
intensity at the starting point.

T-cell long-term expansion assay
At the first stimulation, 1x10° modified-CD3C-KI 1G4
TCR-T cells were co-cultured with y-irradiated (80 Gy)

feeder cells at a 1:1 ratio together with IL-2 (100IU/mL)
in a 24-well plate. Single-chain trimer (SCT)-transduced
K562 cells were prepared as a feeder cell layer, as described
previously.”® T-cell number was counted every 5 days and
the cells were restimulated with irradiated target cells at
the same cell ratio. T-cell number counts and restimula-
tion were repeated three times, for a total of 15 days.

Apoptosis assay

An FITC Annexin V Apoptosis Detection Kit I (BD
Pharmingen, cat# 556547) was used to stain apoptotic
cells, according to the manufacturer’s instructions. After
acquiring 1G4 T cells in the long-term expansion assay
on days 5, 10, 15, the cells were labeled with APC-tagged
anti-human dLNGFR, annexin V, and propidium iodide
(PI), and detected using a BD LSRFortessa X-20 flow
cytometer.

Cell proliferation assay

1G4 TCR-T cells were stained with CellTrace Violet
(Thermo Fisher Scientific, cat# C34557) according to
the manufacturer’s protocol. The stained 1G4 TCR-T
cells (5x10° cells) were co-cultured with A375 cells (5x10°
cells) in a 24-well tissue culture plate for 4 days. Cells were
harvested, immunostained for T-cell surface markers,
co-stained with Fixable Viability Dye eFluor 780, and
analyzed using a flow cytometer.

Xenograft mouse models

All mouse experiments were performed in accordance
with the protocol of Institutional Animal Care and Use
Committee, KAIST. Xenograft models were prepared by
subcutaneously injecting 1x10°A375 human melanoma
cells (ATCC CRL-1619) into the shaved right flank of
8-12weeks old male NSG mice (Jackson Laboratory).
After implantation, the mice were randomly allocated
to different experimental groups and 2.5x10°T cells
that were purified based on dLNGFR expression (equiv-
alent to 1x10° 1G4" TCR-T cells) were intravenously
injected into each mouse on day 7. Tumor length and
width were measured using a digital caliper, and tumor
volume (V) was calculated as V=1/6 x nxlength x width x
(length+width) /2. Mice were euthanized when the major
axis of the tumor reached ~20mm. The tumor burden of
each mouse was measured at 7-day intervals using a biolu-
minescent in vivo imaging system (IVIS) and quantified
as the luminescence of the region of interest (generally
the whole area of one mouse).

Isolation and analysis of tumor-infiltrating lymphocytes

Mice were euthanized on the indicated days, following
which their tumors were resected and transferred into a
gentleMACS C tube (Miltenyi Biotec, cat# 130-094-237)
containing RPMI-1640. The resected A375 tumors were
then chopped into small pieces of 2-4mm with a pair of
surgical scissors and dissociated into a single cell suspen-
sion using the human Tumor Dissociation Kit (Miltenyi
Biotec, cat# 130-095-929) and gentleMACS Octo Dissoci-
ator with Heators (Miltenyi Biotec) following the standard
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protocol (program, 37C_h-TDK_1) for soft tumors. After
enzymatic/mechanical dissociation, the tumor suspen-
sion was filtered using a 70 pm cell strainer. Red blood
cells were lysed using ACK lysis buffer, followed by two
washes in PBS containing 1% FBS and 0.5 mM EDTA. The
cell mixture was stained with Fixable Viability Dye eFluor
780 (Thermo Fisher Scientific, Invitrogen, cat# 65-0865-
14) and fluorescence-conjugated antibodies as described
above. Live CD3+dLNGFR+tumor-infiltrating lympho-
cytes (TILs) were quantified.

Statistical analysis

Statistically significant differences between two groups
were assessed using a two-tailed unpaired student’s t-test.
Comparisons among more than two groups were carried
out using an one-way analysis of variance (ANOVA) with
Tukey’s multiple-comparisons post hoc test. In the mouse
experiments, comparisons of tumor burden were made
using a two-way ANOVA with Holm-Sidak’s multiple
comparisons post hoc test. The overall survival of mice
was estimated using the Kaplan-Meier method, and the
statistical significance of differences between groups was
calculated using a log-rank test. All statistical analyses
were performed using Prism V.8 (GraphPad Software),
and a p value<0.05 was considered statistically significant.

RESULT
CRISPR/Cas9- and AAV-mediated site-specific modifications
of CD3¢ in human primary T cells
We opted for a CRISPR/Cas9 Kl approach rather than the
commonly used lentiviral method for site-specific integra-
tion of modified-CD3{ genes into CD247locus, as it allows
to rule out the effects of endogenous-CD3{ proteins and
permits endogenous transcriptional control. In modified-
CD3{ genes, the ICD of the co-stimulatory receptor 4-1BB
was placed at the N-terminus (termed BBz) or C-terminus
(termed zBB) of the CD3{ ICD (figure 1A, online supple-
mental figure 1A). The unmodified-CD3{ construct
(termed CD3z) was also prepared as a control. AAV6
donor vectors were designed to deliver a modified-CD3{
cassette followed by self-cleaving P2A and the dLNGFR
tag (figure 1B). To disrupt the CD247 locus, we designed
four sgRNAs for electroporation of Cas9/sgRNA RNP
complexes into activated human primary T cells (online
supplemental table 1, online supplemental figure 1B).
We chose sgRNA#3 for its high knockout (KO) efficiency
(up to 80%). Subsequent AAV transduction used for
KI of the modified-CD3{ constructs showed robust effi-
ciency (~35%), measured by monitoring expression of
the dLNGFR tag (figure 1C).

dLNGFR-positive CD3zcellsshowed recovery of TCRo./ B
expression relative to cells treated only with the Cas9/
sgRNA RNP, reflecting the fact that CD3( is indispensable
for TCR complex formation and surface expression.37
Interestingly, despite successful KI of the BBz construct
in T cells, as measured by dLNGFR expression, TCRo./3
expression was markedly reduced compared with that

in dLNGFR-positive CD3z and zBB T cells (figure 1C).
In-out PCR analysis revealed seamless and precise
targeting of modified-CD3{ constructs into the CD247
locus (online supplemental figure 1C). There was also
no significant difference in the messenger RNA (mRNA)
expression between all the groups (online supplemental
figure 1D). Next, we isolated dLNGFR-positive cells using
magnetic separation (figure 1D). Consistent with our
previous observation, TCRo./ expression was signifi-
cantly reduced in BBz cells compared with CD3z or zBB
cells (figure 1E), despite comparable mean fluorescence
intensity (MFI) of dLNGFR (figure 1D). Western blot
analysis also showed that expression of BBz was the lowest
compared with other constructs (figure 1F). Since the
same BBz sequence was used in the ICD of the approved
second-generation CAR-T cells, we generated lentiviral
vectors for two CAR constructs targeting CD19, 19BBz,
and 19zBB (online supplemental figure 2A). Interest-
ingly, in contrast to the case for TCR expression, 19zBB
CAR was expressed poorly on human primary T cells
compared with 19BBz (online supplemental figure 2B).
These results indicate that the location of the 4-1BB ICD
within CD3( affects protein expression and TCR complex
formation, and that the preferred configuration for this
particular modification is distinct from that of the CAR
design. Given its inability to form TCR complexes, BBz
was excluded in the subsequent experiments.

ZAP-70 is a key adaptor protein for the signaling cascade
downstream of TCR stimulation through its association
with CD3(.” In addition, TRAF2 plays a key role in 4-1BB
signaling by binding to the TRAF-binding motif (TBM) in
the ICD of 4-1BB.™*’ To determine whether zBB simulta-
neously transmits TCR and 4-1BB signals, the association
of ZAP-70 with the modified-CD3{ and binding of TRAF2
to TBM were assessed using co-immunoprecipitation in
zBB-transduced Jurkat cells (online supplemental figure
3A,B). On activation, we found that zBB was simultane-
ously associated with ZAP-70 and TRAF2, whereas CD3z
was associated only with ZAP-70 (figure 1G). Collectively,
these observations confirm that, on TCR stimulation,
the zBB simultaneously recruits the adaptor molecules
required for both signal 1 and 2.

Establishment and functional evaluation of zBB-KI NY-ESO-1-
specific TCR-T cells

Next, to determine if our modified-CD3{ constructs
enhance the function of TCR-T cells, we transduced
human primary T cells with lentiviral vectors expressing
the 1G4-095:LY TCR, an affinity-enhanced TCR that
recognizes the NY-ESO-1-derived peptide, SLLMWITQC,
presented by the HLA genotype HLA-A*02:01 (online
supplemental figure 4A,B)." This previously described
TCR has been clinically tested in patients with metastatic
synovial cell sarcoma and melanoma.” ** We further
knocked in the CD3z and zBB constructs into these
1G4-095:LY TCR T cells (figure 2A), referred to here-
after as CD3z/1G4 and zBB/1G4 T cells, respectively.
A Cas9/1G4 group with endogenous-CD3{ was also
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Figure 1

Design and cellular characteristics of CRISPR-engineered T cells expressing modified-CD3(. (A) Schematic diagram

of the intact CD3¢ homodimer and two different modified-CD3( dimers containing the 4-1BB signaling domain. (B) CRISPR/

Cas9-targeted integration of the modified-CD3( gene into the CD247 locus. Top, rAAV6 containing a modified-CD3( cassette
flanked by homology arms; bottom, CD247 locus. (C) Representative flow cytometry plots of knock-in efficiency at 5 days after
CD247 targeting. (D) Representative histogram (left) and mean fluorescence intensity (MFI; right) of dALNGFR in CD3(-targeted
T cells, obtained using magnetic-activated cell sorting. (E) Surface expression (left) and MFI (right) of TCR complex (TCRa/B).
(F) Expression of modified-CD3( protein. (G) Co-immunoprecipitation of zBB. Jurkat cells were stimulated by cross-linked anti-
human CD3 antibody. CD3z and zBB were immunoprecipitated from the indicated Jurkat cell lysates, and then subsequently
analyzed using SDS-PAGE. Western blots were probed with anti-TRAF2, anti-ZAP-70, anti-CD3(, and anti-f-actin antibodies.

n.s., not significant, as assessed using one-way analysis of variance with Tukey’s multiple comparisons post hoc test (D and
E). dLNGFR, delta low-affinity nerve growth factor receptor; ECD, extracellular domain; ICD, intracellular domain; MFI, mean
fluorescence intensity; P2A, porcine teshovirus-1 2A; sg RNA, single-guide RNA; TCR, T cell receptor; TRAF2, tumor receptor-
associated factor; TM, transmembrane; WPRE, woodchuck hepatitis virus post-transcriptional regulatory element; ZAP-70,

zeta-associated protein-70.

generated as a control. In all groups, approximately 40%
of cells were 1G4 TCR-positive (figure 2B, left), although
the surface expression of the TCR complex was lower
in zBB/1G4 T cells than that in the other T-cell groups
(figure 2B, right).

The cytolytic potential of the modified T cells was
measured by co-culturing them with NY-ESO-1-expressing
A375 melanoma cells (online supplemental figure 4C-E).
All three modified T cells were specific for their target
cells and showed nearly identical cytolytic potential
(figure 2C), consistent with previous studies showing that
first-generation and second-generation CAR constructs
exhibit comparable in vitro cytotoxicity."" ** There was

also no significant difference in the composition of CD4-
positive and CD8-positive T cells (online supplemental
figure 4F). However, zBB/1G4 T cells produced signifi-
cantly lower levels of the pro-inflammatory cytokines, IL-2,
IFN-y, and TNF-0, on antigen stimulation (figure 2D).
Moreover, phosphorylation of both CD3{ and ZAP-70 was
significantly reduced in zBB/1G4 T cells (figure 2E,F).
To further compare the therapeutic potential of the
modified-CD3{KI 1G4 T cells, we used a xenograft
mouse model of A375 cells labeled with GFP-luciferase
(A375-TGL). Seven days after subcutaneous inocula-
tion of the A375 cells, NOD.Cg—Prkdc“MILZyg""lW/Sz]
(NSG) mice were intravenously injected with Cas9/1G4

Lah S, et al. J Immunother Cancer 2023;11:€005519. doi:10.1136/jitc-2022-005519

7

1ybuAdoo Ag
pa1al0id “Ausienun BuelueH g [edlpaN SINY ¥e €202 ‘€ ANl uo /wod*[wig onl//:dny woly papeojumoq "€20z Ay G U0 6TSS00-2202-OM/9ETT 0T St paysignd 1suy 11oue) Jayounwu| ¢


https://dx.doi.org/10.1136/jitc-2022-005519
https://dx.doi.org/10.1136/jitc-2022-005519
https://dx.doi.org/10.1136/jitc-2022-005519
http://jitc.bmj.com/

B :

Cas9/1G4

Cas9/1G4 T cells

/ eru

CD32/1G4 T cells

A

Wild-type T cells

= MZ

codin
o3z or 188

1G4 T cells

us €D
ctroporation

zBB/1G4 T cells

ﬂ —cose
5 :\; 250 & No Tcells
2o m = Cas9/1G4
°% - CD3z/1G4
S G 150
g -+ zBB/1G4
o5 1008
23
£ 8 s0
S o
e
£ 80
wrx
E g mom F
Cas9/1G4 CD3z/1G4 zBB/1G4 o Pl
- 2 15 [o
-
I =
X- E 1.0
-y 2,
o. E]
ES K]
B 2 0.0
pCD3¢ L3
& A;x &
& §
G 1 x 108 A375-TGL cells H
(s.c. injection)
- |G‘ Tcells
J (i.v. injection) A s
| %
] } Il L Il .
I 1 1 1 1
0 7 14 21 28 Day
NSG mice ? ; ; ; Day7
I 1070 N
i P=0.102 i
Q109 =0 | P=00%4 Day14
@ ; i P=o0224
@ 100 [ il -
3 L g
£ i
o 10 H Day21
@ o > oo
& P g @
A S P S P S P
R TV (T eV (e Day28
S S S g N
SIS SIS SRS
R ®

CD3z/1G4 zBB/1G4

MF1 of 1G4 TCR

8000 800

n.s. @ Cas9/1G4
**“: W CD3z/1G4

| zBB/1G4

3
8
S

4000

IL-2 (pg/ml)
Py

»
S
8
S

IFN-y (pg/ml)
»
S

TNF-a (pg/ml)
N
8
8

°

A375 -+ -+ -+ A375 -+ -+ -+

>
@
L
o
+
+
+

Cas9/1G4 CD3z/1G4 zBB/1G4

Relative MFI of pZAP-70
3 e 2 =
5 @ 5 o
E ] ;
@
*
*

\,\e“&e’ \,g?‘
N o°" ks

Number of infused 1G4* T cells per mouse

1.25 x 108 2.5 x 108 5x10°

u
u

Cas9/1G4 zBB/1G4  Cas9/1G4 zBB/1G4

i
Pt

4

1

o
Faad
y
R and
e
R cond

o
™
&£

-
P‘
E

: o
o

= b=~

" —

ﬁ-
o
7
L
o g ~
i &
=
o
-
=

Figure 2 Establishment and functional evaluation of zBB-KI NY-ESO-1-specific TCR-T cells. (A) Schematic diagram showing

the generation of modified-CD3{-KI NY-ESO-1-specific TCR-T ¢

ells. (B) Population (left) and MFI (right) of NY-ESO-1-specific

TCR complexes in modified-CD3¢-KI 1G4 T cells. (C) In vitro cytotoxicity of modified-CD3C-KI 1G4 T cells against NY-ESO-

1-expressing A375 melanoma cells. Modified-CD3C-KI 1G4 T ce

lls were incubated with Zsgreen-expressing A375 cells at

an effector:target ratio of 1:1. Green fluorescence intensity was measured using the IncuCyte S3 live-cell imaging system.
(D) Production of the cytokines, IL-2 (left), IFN-y (middle), and TNF-c. (right) by the indicated modified-CD3(-KI 1G4 T cells,

after stimulation with A375 cells for 24 hours (n=3). (E and F) Phosphorylation of CD3( (E

) and ZAP-70 (F) in modified-CD3Z-KI

1G4 T cells. P values (*p<0.05, **p<0.01, **p<0.001, and ****p<0.0001) were determined using one-way analysis of variance,

with Tukey’s multiple comparisons post hoc test (B, and D to F).

Data have been presented as mean+SEM. n.s., not significant.

(G) Experimental design showing subcutaneous inoculation of NSG mice with A375-TGL cells in the right flank, followed by
random distribution to experimental groups and intravenous injection of the indicated modified-CD3(-KI 1G4 T cells on day

7 (n=4-5 mice/group). Tumor burden was monitored based on bi
vivo imaging system (IVIS). (H) Bioluminescence image of A375 t

oluminescence intensity, which was determined using an in
umor burden in NSG mice treated with the indicated doses of

modified-CD3{-KI 1G4 T cells. (I) Quantification of total photon counts on day 28 after A375 tumor cell injection. The indicated p
values, as determined using student’s t-test, correspond to comparisons of the Cas9/1G4 T-cell group with the zBB/1G4 T cell

group. IFN, interferon; IL, interleukin; MFI, mean fluorescence int
70, zeta-associated protein-70.

or zBB/1G4, at doses of 1.25x10°, 2.5x10°, or 5x10°T
cells (figure 2G). Tumor burden diminished in a dose-
dependent manner (figure 2H). Contrary to expecta-
tions, we found no significant difference in the antitumor
effect of zBB/1G4 T cells compared with Cas9/1G4
T cells at all doses, although zBB/1G4 cells showed a
tendency towards decreased efficacy (figure 2I). Collec-
tively, these results suggest that our zBB/1G4 T cells lack

ensity; TCR, T-cell receptor; TNF, tumor necrosis factor; ZAP-

superior functional and antitumor effects compared with
Cas9/1G4 and CD3z/1G4 T cells.

The BRM in 4-1BB affects TCR complex formation and
membrane-proximal TCR signaling

The insufficient antitumor effects observed in zBB/1G4
T cells, despite TRAF2 association with zBB, is possibly
attributable to the low expression level of zBB (figure 1F,
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figure 2B), an observation confirmed by lentiviral trans-
duction of modified-CD3{ into CD3{-KO Jurkat cells
(online supplemental figure 5C-G). Expression level of
modified-CD3{ mRNA (online supplemental figure 1D)
and dLNGFR (figure 1D) among all the constructs were
similar to each other, indicating that the low expression
of zBB might be caused by degradation during a post-
translational modification step. Therefore, we attempted

A B

zBB

to increase the expression of zBB by introducing muta-
tions into the 4-1BB ICD that would prevent ubiquitina-
tion of zBB.** To this end, we designed ZBBKtOR, in which
all lysines within the 4-1BB ICD were mutated to arginine
(figure 3A). To study ubiquitination and degradation, we
used lentiviruses to transduce zBB*“® into CD3¢-KO Jurkat
cells (online supplemental figure 6A-C). As expected,
ubiquitination of zBB*°® was reduced compared with that
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Figure 3 The BRM in the 4-1BB ICD affects membrane-proximal TCR signaling. (A) Schematic and amino acid sequences
showing lysine-to-arginine mutations in zBB. (B) Immunoblot analysis of zBB*°F ubiquitination. Jurkat cells were stimulated
with SCT-K562 for 10 min. Modified-CD3( protein was immunoprecipitated with anti-3xFLAG beads, separated using SDS-
PAGE, and probed using western blot, with anti-ubiquitin and anti-CD3( antibodies (left). Quantification of the relative
abundances of ubiquitin, normalized to CD3{ protein (right). (C) Expression of modified-CD3{ protein in zBB*°F-transduced
CD3C-KO Jurkat cells (left). Quantification of the relative abundances of modified-CD3(, normalized to -actin protein (right).
(D) Phosphorylation of CD3( (left) and ZAP-70 (right) in zBB"*°F-transduced CD3¢-KO Jurkat cells. (E) Amino acid sequences of
zBB and zBB“®™. (F) Expression of modified-CD3( protein in zBB“*"-transduced CD3¢-KO Jurkat cells (left). Quantification
of the relative abundances of modified-CD3(, normalized to B-actin protein (right). (G) Phosphorylation of CD3{ (left) and ZAP-
70 (right) in zBB*®™_transduced CD3({-KO Jurkat cells. (H) Co-immunoprecipitation of zBB*®"™™, CD3z, zBB, and zBB"2™M
were immunoprecipitated from the indicated Jurkat cell lysates and separated by means of SDS-PAGE. Western blots were
probed with anti-TRAF2, anti-ZAP-70, anti-CD3(, and anti-p-actin antibodies. P values (*p<0.05, **p<0.01, **p<0.001, and
****n<0.0001) were determined using multiple unpaired student’s t-test (B) and one-way analysis of variance, with Tukey’s
multiple comparisons post hoc test (C, D, F, and G). Data have been presented as mean+SEM. BRM, basic-rich motif; dLNGFR,
delta low-affinity nerve growth factor receptor; ICD, intracellular domain; KO, knockout; MFI, mean fluorescence intensity; n.s.,
not significant; P2A, porcine teshovirus-1 2A; TCR, T cell receptor; TM, transmembrane, TRAF2, tumor receptor-associated

factor; ZAP-70, zeta-associated protein-70.
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of zBB (figure 3B). We also confirmed that expression
of ZBBX® protein was significantly increased compared
with zBB (figure 3C), and that surface TCR expression
of zBBM°® was slightly higher as compared with that of
zBB (online supplemental figure 6D). Despite this, TCR
surface expression was not fully restored, and phosphor-
ylation levels of CD3( and ZAP-70 were not substantially
different from those of zBB (figure 3D). These results
suggest that ubiquitination and post-translational degra-
dation of zBB is not the main factor responsible for the
failure of TCR complex formation and signaling.

The BRMs within the cytoplasmic domains of CD3¢ and
CD3{ are important for the association of the respective
proteins with the plasma membrane and thus modulation
of TCR signaling.” ** We hypothesized that the BRM of
4-1BB within our zBB construct enhances the association
of the modified CD3{ with the plasma membrane, further
attenuating TCR signaling. The BRM of 4-1BB is located
at the N-terminal region of the ICD (online supplemental
figure 7A). To test our hypothesis, we designed zBB*
RS "in which the positively charged lysine and arginine
residues within the BRM were mutated to serine (online
supplemental figure 7A), while preserving the TBM at the
C-terminus of CD?)C.47 The zBB*®S construct was trans-
duced into CD3C-KO Jurkat cells, and then dLNGFR-
positive cells were isolated by magnetic separation (online
supplemental figure 7B). There was also no significant
difference in the mRNA expression (online supplemental
figure 7C) and dLNGFR MFI (online supplemental figure
7D) between all groups. However, there was increased
expression of zBB®® protein compared with zBB, as
measured by western blot (online supplemental figure
7E). In addition, zBB®®°% induced greater TCR complex
formation (online supplemental figure 7F) as well as
CD3{ and ZAP-70 phosphorylation (online supplemental
figure 7G,H) compared with zBB and zBB°%, although
to a lesser extent compared with unmodified CD3z.

In parallel with the mutagenesis approach, we also
constructed zBB**™ in which the BRM residues within
4-1BB were truncated, leaving a minimal TBM for fusion
with CD3{ (figure 3E). On transduction of CD3{-KO
Jurkat cells with zBB*** lentiviral vectors (online supple-
mental figure 8A,B), we found that zBB**™ protein
expression (figure 3F, online supplemental figure 8C),
TCR complex formation (online supplemental figure 8D),
and CD3{ and ZAP-70 phosphorylation (figure 3G) were
significantly higher compared with those of zBB and were
comparable to those of CD3z cells. As shown in online
supplemental figure 8E, mRNA expression levels of all
constructs were similar. To determine whether the pres-
ence of BRM in BBz also contributes to the compromised
expression of BBz, we generated BB**z by removing
the BRM sequence from BBz (online supplemental figure
8F). We then transduced CD3{-deficient Jurkat cells with
lentivirus encoding BB**™z construct and measured
the TCRa/P expression levels. We found that BBABRM,
expressing cells had a significantly higher TCRo./3 MFI
than BBz expressing cells (online supplemental figure

8G). Therefore, BRM appears to have the same effect in
BBz as in zBB with respect to TCRa./P expression. Addi-
tionally, these results indicate that the location of the
4-1BB sequence relative to the plasma membrane also has
a profound effect on TCRo./B expression with or without
BRM, as determined by the higher MFI of TCRa/f in
zBB and zBB*™™ as compared with BBz and BB"**z,
Interestingly, there was higher TCR complex expression
in zBB**™ cells compared with zBB*® cells (online
supplemental figure 8H). Next, using co-immunopre-
cipitation to determine whether deletion of the BRM in
zBB2B™M jltered the association of ZAP-70 and TRAF2, we
found that zBB*** and CD3z showed comparable associa-
tion with ZAP-70 and that this association was greater than
that of zBB (figure 3H). Furthermore, zBB*P*M retained
the highest association with TRAF2 among the constructs
tested. Collectively, these results indicate that basic resi-
dues in the BRM of the 4-1BB ICD negatively affect TCR
complex formation and signaling, and that addition of
the minimal 4-1BB TBM is sufficient for TRAF2 binding
to the modified-CD3{, supporting further investigation of
the function of zBB***.

Primary human zBB“8*™/1G4 T cells exhibit more robust in
vitro expansion than conventional 1G4 T cells

To characterize the zBB*™ construct in primary human
T cells, we generated ZBBABRM/ 1G4 T cells with a KI effi-
ciency of approximately 30%-50% (figure 4A, online
supplemental figure 9A,B). Cells were subsequently
sorted with dLNGFR. Western blot analysis revealed that
CD3( protein expression in zBB**™ /1G4 T cells was
comparable to that in Cas9/1G4 and CD3z/1G4 T cells,
but higher than that in zBB/1G4 T cells. (figure 4B).
We further found that TCR complex MFI was highest in
BB /1G4 T cells, followed by CD3z/1G4, Cas9/1G4,
and zBB/1G4 T cells (online supplemental figure
9C). Finally, phosphorylation of CD3{ and ZAP-70 in
Cas9/1G4, CD3z/1G4, and zBB**™/1G4 T cells was
comparable to each other but was much higher than
that in zBB/1G4 T cells (online supplemental figure
9D,E), consistent with our analysis of zBB**® in Jurkat
cells (figure 3). Next, using in vitro cytotoxicity and
cytokine production assays performed on co-cultures
of T cells with A875 cells, we found that the Cas9/1G4,
CD32/1G4, zBB/1G4, and zBB**™ T cells were equally
cytotoxic (figure 4C) and that all exhibited comparable
CD4/CDS8 ratios (online supplemental figure 9F). Inter-
estingly, the production of IL-2, IFN-y, and TNF-a in
ZBBABRM/ 1G4 T cells was restored to the levels observed
in Cas9/1G4 T cells (figure 4D). A previous study found
that 4-1BB-expressing second-generation CAR-T cells
exhibited enhanced non-canonical nuclear factor kappa
B (NF-xB) signaling as compared with the first generation
or CD28-expressing CAR-T cells.*® To determine whether
4-1BB signaling can also activate non-canonical NF-kB
signaling in zBB**™ /1G4 T cells, p100 phosphorylation
status was measured by western blot after co-culturing
with A375 cells for 24hours. As shown in the figure 4E,
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Figure 4 zBB"®*"™M_K| 1G4 T cells exhibit more robust in vitro expansion than conventional 1G4 T cells. (A) Kl (top) and sorting

(bottom) efficiency of zBB*ERM

in primary human T cells. (B) Expression of modified-CD3{ protein in zBB**"M/1G4 T cells

(left). Quantification of the relative abundances of modified-CD3(, normalized to -actin protein (right). (C) In vitro cytotoxicity
of zBB"®"™™/1G4 T cells against Zsgreen-expressing A375 cells (effector-to-target ratio=1:1). (D) Production of the cytokines,
IL-2 (left), IFN-y (middle), and TNF-o (right) in the indicated zBB*®™™/1G4 T cells, following stimulation with A375 cells for

24 hours (n=3). (E) Expression levels of phosphorylated p-100 protein in indicated TCR-T cells after co-culturing with target
cells for 24 hours. (F) In vitro T-cell expansion assay of zBB**""/1G4 T cells. Cumulative cell counts of TCR-T cells during

serial stimulation by irradiated SCT-K562 cells. Arrows indicate time points of TCR-T cell stimulation with irradiated SCT-K562
cells. Results are representative of two donors. (G) Flow cytometric analysis of annexin V/PI-stained, apoptotic TCR-T cells
(n=4) after 4-day co-culture with target cells. (H) Expression levels of Bcl-xL protein in indicated TCR-T cells after co-culturing
with target cells for 24 hours (left). Quantification of the relative abundances of Bcl-xL, normalized to B-actin protein (right).

() mRNA expression levels of Bcl-xL, Bcl-2, and Bfl-1 in indicated TCR-T cells after co-culturing with target cells for 16 hours.
*p<0.05, *p<0.01, **p<0.001, and ***p<0.0001, as assessed using one-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons post hoc test (B, D, and G-I) and two-way ANOVA with Tukey’s multiple comparisons post hoc test (F). Data have
been presented as mean+SEM. BRM, basic-rich motif; dALNGFR, delta low-affinity nerve growth factor receptor; IFN, interferon;
IL, interleukin; Kl, knock-in; KO, knockout; mRNA, messenger RNA; n.s., not significant; PI, propidium iodide; TCR, T-cell

receptor; TNF, tumor necrosis factor.

we found that phosphorylated pl00 was significantly
increased only in zBB/1G4 and ZBBABRM/1G4 T cells,
providing further evidence of functional 4-1BB signaling
activation.

Multiple studies have shown that the addition of co-stim-
ulatory signaling domains improves the long-term expan-
sion of CAR-T cells both in vitro and in vivo, leading to
superior antitumor effects.'™ To evaluate whether

zBB ™M affects TCR-T cell expansion in vitro, we quantified
T cells on repeated antigen stimulation on days 0, 5, and
10 with irradiated K562 cells expressing an SCT of HLA-A2
linked to the NY-ESO-1 peptide (online supplemental
figure 10A—-C). There was no difference in cell number
between groups on days 5 or 10, but zBBABRM /1G4 T cells
were markedly more abundant as of day 15 (figure 4F).
To determine whether the increase in the ZBBABRM/ 1G4
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T-cell number was attributable to reduced T-cell apop-
tosis or increased cell division, we performed annexin
V and PI staining on days 5, 10, and 15. zBB***™/1G4 T
cells were more viable than CD3z/1G4 and zBB/1G4 T
cells, on repeated stimulation (figure 4G). Consistent
with this, ZBBABRM/ 1G4 T cells showed increased expres-
sion of BclxL, an anti-apoptotic protein, compared with
the other groups after a 24-hour stimulation (figure 4H).
In addition, mRNA expression levels of the anti-apoptotic
proteins, Bel-xL, Bel-2 and Bfl-1, were significantly upreg-
ulated in zBB*®™ /1G4 T cells (figure 41). However, cell
division, as measured by CellTrace Violet staining, did not
differ between groups (online supplemental figure 10D).
We further examined the expression patterns of CCR7 and
CD45RO markers on TCR-T cells to determine their differ-
entiation status. Flow cytometry analyses were performed
either on unstimulated cells or on cells stimulated with irra-
diated-K562 SCT for 7-day intervals. We found a significant
increase in the population of effector memory CD8 T cells
(CD8 TEM, CCR7 CD45RO") following the stimulation
(online supplemental figure 10E). However, there was no
significant difference among all groups in the frequency of
the central memory T cells (CCR7°CD45RO"), suggesting
that the incorporation of 4-1BB signaling domain in the
CD3C does not significantly affect the differentiation of
TCR-T cells. Collectively, these results suggest that the
superior in vitro expansion of zBB**™/1G4 T cells could
be attributable to the additional 4-1BB signaling, which
is likely related to upregulation of anti-apoptotic factors,
rather than increased cell division.

zBB*®""/1G4 T cells exert superior antitumor effects in vivo
To determine whether the modified-CD3-KI TCR-T cells
enhance antitumor effects in vivo, we used a xenograft
model, prepared by subcutaneously injecting A375-TGL
cells into NSG mice. After allowing the A375-TGL cells
to grow for 7 days, mice were intravenously injected with
each of 1G4 TCR-T cells (figure 5A). Tumor regression
was assessed by monitoring the reduction in tumor burden
using an IVIS, and tumor size was measured using a digital
caliper. Treatment with ZBBABRM/ 1G4 T cells resulted in
a dramatic reduction in tumor growth, whereas treat-
ment with other 1G4 TCR-T cells mildly reduced tumor
development (figure 5B-D, online supplemental figure
11A). zBB**™ /1G4 T cells prolonged mouse survival
compared with controls and led to complete remission
in three of the seven mice (figure 5E). Lastly, to deter-
mine the extent of in vivo expansion of TCR-T cells, we
sacrificed mice on day 17 in the same xenograft setting as
above (figure 5F, top). Assessment of the proportion of
TILs showed enhanced longevity of zBB***™ /1G4 T cells
(figure 5F, bottom and online supplemental figure 11B),
potentially accounting for their superior antitumor effect
in vivo.

DISCUSSION
A major breakthrough in the history of CAR-T cell therapy
is the design of second-generation CAR-T incorporating

a co-stimulatory signaling domain into the signaling
domain of CAR, which has a dramatic impact on their in
vivo persistence and proliferation. We therefore sought
to recapitulate such functional improvements in TCR-T
therapy by engineering the CD3{ chain within the TCR
complex. A prerequisite for successful second-generation
TCR-T is that any modification should not impair the
expression or native signaling (signal 1) of the transgenic
TCR. However, we unexpectedly found that the modified
protein formed by fusion of the 4-1BB signaling domain to
the N-terminal CD3{ ICD failed to form a TCR complex.
While fusion of the same domain to the C-terminus led to
partial recovery of the TCR, proximal signaling remained
significantly compromised, as revealed by decreased phos-
phorylation of CD3{ and ZAP-70. Notably, the positional
preference of the modification was opposite in the case
of CAR expression, favoring BBz over zBB, reflecting the
marked structural differences between CAR (single poly-
peptide) and TCR (a complex of multiple polypeptides).

Through a series of mutational studies, we found
that the BRM within the 4-1BB signaling domain nega-
tively affected the formation and signaling of the TCR
complex. Thus, mutation of lysine and arginine to serine
or truncation of the entire BRM significantly improved
the TCR expression and signaling. BRMs are found in the
ICDs of many immune receptors, such as CD3{, CD3e,
and CD28, and have been shown to facilitate binding of
the ICD to the negatively charged inner leaflet of the
plasma membrane.* ** % In particular, lipid binding
of CD3{ through the BRM is thought to be responsible
for sequestering key tyrosine residues in the immunore-
ceptor tyrosine-based activation motif, thus functioning
as a safety control for resting T cells.” Although the
exact role of the BRM in 4-1BB has not yet been identi-
fied, it is conceivable that fusion of an intact 4-1BB ICD
containing the BRM with CD3{ may further reinforce
the lipid association of the modified CD3{, resulting in
impaired native TCR signaling. Consistent with this inter-
pretation, TCR signaling was restored by removal of the
BRM from 4-1BB. However, it should also be noted that
mutations in wild-type-CD3{ BRM have been reported to
impair TCR signaling,” possibly by disrupting the inter-
actions with Lck,*® suggesting that an appropriate charge
balance in the modified-CD3( is essential for optimal
T-cell activation.

Our immunoprecipitation analyses revealed that both
zBB and zBB“™ are able to recruit TRAF2, in addition
to ZAP-70, via the TBM motif in the 4-1BB ICD. Further-
more, the resulting ZBBABRM/ 1G4 T cells demonstrated
superior proliferative capacity after repeated antigen
stimulation in vitro. It is likely that the additional
signaling through 4-1BB/TRAF2 is responsible for the
enhanced T-cell survival, consistent with observations in
4-1BB-based second-generation CAR-T cells. However, a
more in-depth analysis of the signaling of zBB***™ /1G4 T
cells is required to further validate this hypothesis.

We showed that ZBBABRM/ 1G4 T cells demonstrate
superior in vivo proliferation as well as potent antitumor
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Figure 5 zBB“EFM_K| TCR-T cells exert superior antitumor effects in vivo. (A) Experimental design showing subcutaneous
infusion of NSG mice with A375 cells (day 0) and subsequent injection with 2.5x10° dLNGFR-positive T cells (1x10° 1G4

TCR* T cells; day 7), followed by monitoring of A375 tumor growth (ie, progression). (B) Representative in vivo bioluminescent
imaging of the luciferase activity (n=8-9 mice/group). (C) Quantification of bioluminescence imaging data (total photon counts).
Data have been presented as mean+SEM. The indicated p values, as determined using two-way analysis of variance (ANOVA)
with Holm-Sidak’s correction for multiple comparisons, correspond to comparisons of the Cas9/1G4 T cell group with the
zBB“®"M/1G4 T-cell group. (D) Tumor volume of the A375-bearing NSG mice. Data have been presented as mean+SEM. The
indicated p values, as determined using two-way ANOVA with Holm-Sidak’s correction for multiple comparisons, correspond
to comparisons of control (Cas9), CD3z, or zBB group with the zBB“®"™ group, as indicated. (E) Kaplan-Meier curves showing
overall survival of mice. Results are representative of one of two repeat experiments. Statistical significance was determined

using Mantel-Cox test. (F) Experiments were conducted in the same manner as in (A) above, but with sacrifice of mice on

day 17, followed by analysis of TILs. Top, experimental design; bottom, percentage of TILs (hCD3* T cells among total live
cells) in tumors. Data have been pooled from two independent experiments. *p<0.05, one-way ANOVA with Tukey’s multiple
comparisons post hoc test (F). BRM, basic-rich motif; CR, complete remission; dLNGFR, delta low-affinity nerve growth
factor receptor; i.v., intravenous; IVIS, in vivo imaging system; s.c., subcutaneous; TCR, T-cell receptor; TILs, tumor-infiltrating

lymphocytes.

activity compared with conventional 1G4 TCR-T cells in
A375 melanoma xenograft models. Our study demon-
strates that engineering of second-generation TCR-T can
be accomplished by modifying the signaling components
of the TCR, unlike previous studies on TCR-T which have
primarily focused on engineering target recognition by
the TCR. Several approaches have been employed previ-
ously to enhance the antitumor activity of TCR-T cells,
including the removal of inhibitory programmed cell
death protein-1 through CRISPR/Cas9 gene editing51
and the co-expression of transforming growth factor B
R2-41BB chimeric switch receptor.52 In the case of CAR-T
cells, the incorporation of cytokine signaling (signal 3)

has been shown to improve their effector function and
proliferation.53 54 Additionally, genetic ablation or overex-
pression of certain transcription factors,55 and epigenetic
regulators56 57 has been shown to promote T-cell stemness
and resistance to exhaustion, which could be crucial for
developing effective CAR-T therapies for solid tumors.
Considering that these approaches successfully enhanced
the therapeutic activity of second-generation CAR-T cells,
our TCR-T platform may also synergize with these genetic
modifications. It is also noteworthy that the application
of our modified-CD3( is not limited to TCR-T therapy
but could also be used in other ACT platforms, such as
TIL and virus-specific T-cell therapy. To demonstrate our
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concept, we optimized the ICD of 4-1BB in the current
study, but other co-stimulatory signaling domains, such as
CD28, OX40, and inducible T cell costimulator (ICOS),
could be employed in future studies. Overall, our strategy
for improving the intracellular signaling of TCR-T cells
may provide new insights into second-generation TCR-T
engineering that could help provide effective immuno-
therapy against solid tumors.
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