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Editorial on the Research Topic

Translation of genetically engineered T cells in cancer immunotherapy
Genetically engineered T cells have made tremendous contributions to cancer

immunotherapy. Chimeric antigen receptor (CAR)-modified T cells have demonstrated

remarkable efficacy in hematological malignancies (1–5), however, clinical responses have not

been convincing in solid tumors. T cell receptor (TCR)-engineered T cells showed promising

results in some solid cancers (6–8), yet many hurdles remain to translate current genetically

engineered T cells intomore effective therapeutics, to achieve higher and durable clinical responses.

In this Research Topic, we compile recent advances in T cell immunotherapy, including the

identification of new promising antigens, the optimisation of genetically modified TCR- and CAR-

T cells to improve their persistence and reduce their toxicity.We also discuss strategies to overcome

the suppressive tumor microenvironment (TME) and perspectives in T cell manufacturing.
1 Identification and validation of novel antigens for
cancer immunotherapy

In recent years, tumor-specific mutated antigens, also called neoantigens (neoAgs) have

emerged as a promising class of immunogenic antigens for immunotherapy (9). These

antigens are exclusively expressed and presented on tumor cells, and represent an attractive

therapeutic tool for solid tumors, in particular for TCR-engineered T cells (10).

In this Research Topic, Immisch et al. identified a neoepitope comprising Rac1P29S amino

acid mutation, which is the third most common hotspot mutation in melanoma. They have not

only isolated and characterised TCRs that can recognise this HLA-A*02:01-binding neoepitope,

but also demonstrated TCR-T induced cytotoxicity against Rac1P29S expressing cancer cells in

vitro and in vivo after adoptive T cell therapy.
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Although neoAgs are considered as truly tumor-specific antigens

(11), Amerongen et al. pursue the concept of identifying highly

expressed tumor-associated antigens in ovarian cancer from pooled

mRNAseq data bases, and a reverse immunology approach for the

most prevalent HLA restriction elements. The candidate antigens

comprising PRAME, CTCFL and CLDN6 exhibited a 20-fold higher

expression in tumors compared to normal cells. High-avidity TCRs

were isolated, cloned and characterised in vitro to exclude potential on/

off-target-reactivities, and demonstrated potent antitumor activities,

making these TCRs especially useful for adoptive therapy in ovarian

cancers, generally considered as ‘cold tumors’with less T-cell infiltrates.
2 Strategies to enhance
expression, specificity, affinity,
and (signaling) functions of the
engineered molecules

Barden et al. addressed the issue of cross-activation of a CAR with

the endogenous TCR in CAR-T cells. They found out that the antigen-

dependent activation of T-cells by the triggered immunoreceptor (IR)

exclusively results in phosphorylation of the CAR/CD3z or TCR/

CD3z, respectively, thus excluding reciprocal cross-activation. This is

in line with elaborate microscopy analyses elucidating their mutual

spatial exclusion upon either IR activation. However, TCRs and CARs

can co-operate by means of antigen recognition by the endogenous

TCR and costimulation by CD28 incorporated in CD28/z CARs.

Collectively, the authors claim that TCR/CD28 CAR-signaling may

be exploited for Boolean logic “AND” gating (12), stressing the

importance of endogenous TCRs for providing a non-TME tonic

signaling for CAR-T persistence in patients.

TCR-based bispecific T cell engagers (TCE) are emerging

therapeutics as recently reported by positive phase III clinical

results of a gp100/HLA-A2-TCR/anti-CD3 bifunctional in

melanoma patients (13). Unlike antibody-based TCE (14), which

have been widely studied, little is known about how the formats of

TCR-based TCE affect their potencies. In this context, Van Diest

et al. recently developed a novel TCE format based on the soluble

g9d2TCR-antiCD3 bispecific molecule (GAB) (15), and described

an alternative design based on the multimerisation of GABs to

improve their potency. Here, van Diest et al. could further enhance

the fraction of GAB-dimers by shortening the linker length within

the anti-CD3 scFv, and showed that GAB-dimers were superior in

function, without apparent on-target/off-tumor reactivity.
3 Novel strategies for genetic
engineering of T cells, including
CAR-T and TCR-T cells

Hiltensperger and Krackhardt have reviewed in depth the TCR-T

and CAR-T field, comprising several aspects, from the design of

different generations of CARs for providing signal 1 to 3 in T-cell

activation, prevention of TCR mispairing by TCR protein

engineering and genome editing, the set up of allogeneic T-cell
Frontiers in Immunology 026
transfer to boost T-cell fitness and T-cell graft manufacturing,

adverse events to reckon with and counteracting tumor escape,

persistence of T-cells, to treatment modalities for solid cancers. The

review also covers gene transfer shuttle systems, persistence of T-cells,

gene delivery approaches in vivo, potentially arising adverse events

such as on/off-target toxicities, and cellular and molecular strategies

to force back tumor escape mechanisms and resistance of solid

tumors in TME, and provides an overview of ongoing clinical trials.

Degirmencay et al. have explored how modifications of

framework residues in the TCR variable domains affect TCR

expression and function. They used bioinformatic and protein

structural analyses to identify candidate amino acid residues in the

framework of the variable b domain predicted to drive high TCR

surface expression. Replacing these residues in poorly expressed

TCRs resulted in improved surface expression and enhanced target

specific killing by these engineered TCR-T. Their results corroborated

improved expression and functionality, while at the same time

reducing the risk of toxicity associated with TCR mispairing.

Autologous T cell engineering is not only costly but also time-

consuming, limiting the number of patients who can benefit from this

new therapy. Yu et al. developed an allogeneic approach by generating

CD19-CAR T cells from cord blood of allogeneic donor, and

demonstrated their anti-tumor activity in vitro and in vivo using a

diffuse large B-cell lymphomamodel (DLBCL). The rationale behind this

idea is the higher proportion of naïve T-cells from cord blood that can be

redirected into potent effector T cells, thus having a better anti-tumor

activity. This strategy may provide a broader option for immunotherapy,

offering readily accessible “off-the-shelf” cellular products.
4 Strategies for overcoming
the immunosuppressive
tumor microenvironment

In a previous study, TCR-T cells were engineered to disrupt PD-1

upregulation upon antigen encounter by CRISPR/Cas9 genome editing

to minimise immunosuppression through PD-L1-positive tumor cells

(16). Here, Kim et al. went on one step further and took advantage of

the tightly regulated PDCD1 locus for replacing PD-1 by a pleiotropic

cytokine such as IL-12 to positively affect the persistence of T-cells in

TME. By this means, an inhibitory signal of PD-1 would be reversibly

inverted into a stimulatory signal of IL-12 only in the presence of the

tumor antigen recognised by the introduced TCR, and hence in a local

(TME) and timely (as long as antigen is present) restricted manner so

as to avert cytokine-induced toxicities.
5 Manufacturing platforms for vector
production and cellular engineering

Niu et al. analysed the phenotype of lentivirally (LV) transduced

versus PiggyBac transposon (PB)-transfected CAR-T cells in vitro and in

vivo. They scrutinised biomarker expression rates and phenotype

(effector versus central memory subsets), cytokine/chemokine

secretions and cytolyses, including a transcriptomic approach, and
frontiersin.org
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validation of an in vivo tumor model. In PB- compared to LV-CAR-T,

they reported on higher expression of IL-9, a cytokine that enhances anti-

tumor responses, and on lower expression of IL-6, the hub cytokine

triggering cytokine release syndrome, suggesting a favourable profile of

the former manufacturing platform. Importantly, both systems control

tumor cells comparably in vivo, in line with recently published work (17).
6 Strategies for reducing toxicity and
improving safety

Although, CAR-T cell therapy approximates a consolidated

mainstay in the treatment of several hematologic malignancies,
Frontiers in Immunology 037
adverse side effects may occur. In this Research Topic, Wang

et al. reviewed CAR-T treatments in the context of multiple

myeloma and potential toxicities, while Hiltensperger &

Krackhardt covered CAR-T and TCR-T approaches in

general, highlighting recent innovations capable of enhancing

efficacy and reducing toxicity. Zundler et al. also reported a

case of a rare complication in a patient treated with CD19 CAR-

T for DLBCL, who developed chronic diarrhea with

characteristics of inflammatory bowel disease-like colitis.

Resolution of colitis occurred by using an antibiotic therapy

that might have changed the intestinal microbiota, which most

likely limited the stimulation of these intestinal infiltrating

CAR-T cells.
FIGURE 1

Apple pie chart attributing 11 articles (2 reviews, 8 original research articles, 1 case report) to the 6 topics 1.-6. listed in the Editorial summary in a clockwise
manner. The 11 articles are indicated by their first author names. The 6 apple pie pieces are colour-coded according to their assigned articles covering either
the subject TCR (red), CAR (blue), or both (purple). The review articles are shown in the center of the chart indicating to which topics they refer to. TCRs,
CARs, MHCs, PD-1, IL-12, and GABs are depicted in a stylised fashion. The outline of the circle represents the T-cell membrane where all immunoreceptors
(TCRs, CARs) are embedded. IL-12, GABs and MHCs are either soluble molecules or membrane proteins from target cells, respectively, and hence located
outside the circle. Tumor antigens presented by MHC are indicated as coloured spheres, depending on the particular peptide. Antigen specificities of TCRs,
CARs and GABs are denoted besides the stylised molecule. Helical DNA, lentivirus, recombinant transposon DNA, and colon are adumbrated as cell or body
internal components and hence, located inside the circle. Red double/single arrows represent mutually interacting/inflammatory, a ‘┴’ inhibitory reactions, a
blue arrow an activating reaction in transcription/translation, green lines in a TCR denotes point mutations in TCR Vb domain. Abbreviations: TSA tumor
specific antigen, TAA tumor associated antigen, TCR T-cell receptor, CAR chimeric antigen receptor, GAB gamma delta TCR anti-CD3 bispecific molecule,
CMV cytomegalovirus, allo alloreactive, IL-12 interleukin 12, KO knock out, KI knock in, CRISPR clustered regularly interspaced short palindromic repeats, PD-
1 programmed cell death protein 1, LV lentivirus, PB PiggyBac, IR inverted repeats, GOI gene of interest, Rac1P29S, PRAME, CTCFL, Her2, CEA, CMV, HA1,
NY-ESO-1, CD19 represent processed or full length tumor/viral antigens, respectively.
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Multiplemyeloma (MM) is amalignant plasma cell disorder that remains incurable

for most patients, as persistent clonal evolution drives new mutations which

confer MM high-risk signatures and resistance to standard care. The past two

decades have significantly refashioned the therapeutic options for MM, especially

adoptive T cell therapy contributing to impressive response rate and clinical

efficacy. Despite great promises achieved from chimeric antigen receptor T-cell

(CAR-T) therapy, the poor durability and severe toxicity (cytokine release

syndrome and neurotoxicity) are still huge challenges. Therefore, relapsed/

refractory multiple myeloma (RRMM), characterized by the nature of

clinicopathologic and molecular heterogeneity, is frequently associated with

poor prognosis. B Cell Maturation Antigen (BCMA) is the most successful target

for CAR-T therapy, and other potential targets either for single-target or dual-

target CAR-T are actively being studied in numerous clinical trials. Moreover,

mechanisms driving resistance or relapse after CAR-T therapy remain

uncharacterized, which might refer to T-cell clearance, antigen escape, and

immunosuppressive tumor microenvironment. Engineering CAR T-cell to

improve both efficacy and safety continues to be a promising area for

investigation. In this review, we aim to describe novel tumor-associated

neoantigens for MM, summarize the data from current MM CAR-T clinical

trials, introduce the mechanism of disease resistance/relapse after CAR-T

infusion, highlight innovations capable of enhanced efficacy and reduced

toxicity, and provide potential directions to optimize manufacturing processes.
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1 Introduction

Multiple myeloma (MM) is a malignant plasma cell disorder

that displays a myriad of manifestations including

hypercalcemia, renal insufficiency, anemia, and bone

destruction (CRAB) (1, 2). MM is the second most common

hematological malignancy with an estimated 32270 new cases

and 12830 deaths in the United States in 2020 (3). Genetic

abnormities, mostly translocation and hyper-diploidy, result in

dysregulated cancer-immunity cycle that allows MM to escape

immune surveillance with an uncontrolled cell proliferation (4,

5). The past two decades have significantly refashioned the

therapeutic options of MM, such as the availability of

proteasome inhibitors (PI), immunomodulatory drugs

(IMiDs), histone deacetylase inhibitors (HDACi), anti-CD38

monoclonal antibodies (mABs), antibody-drug conjugates

(ADC), and selective inhibitors nuclear export (SINE) (6).

However, MM remains incurable for most patients, as

persistent clonal evolution drives new mutations which confer

MM high-risk signatures and resistance to standard care (7, 8).

Therefore, relapsed/refractory multiple myeloma (RRMM),

characterized by the nature of clinicopathologic and molecular

heterogeneity (9, 10), is frequently associated with poor

prognosis (11).

Chimeric antigen receptor T-cell therapy (CAR-T) has

shown exceptional success in the treatment of relapsed/

refractory B-cell acute lymphoblastic leukaemia (B-ALL), B-

cell chronic lymphoblastic leukaemia (B-CLL), and diffuse

large B-cell Lymphoma (DLBCL) (12, 13), thereby motivating

its application in RRMM (14). T cells are firstly isolated from the

patients’ or donors’ blood and genetically modified in the

laboratory to encode an artificial receptor, enabling CAR T

cells to identify targets better and precisely destroy cancer

cells. CAR T-cell functions with two major roles: 1) tumor-

associated antigen (TAA) binding; 2) MHC-independent T-cell

activation. Emerging as a novel immunotherapy, CAR T-cell

therapy consists of an extracellular antigen recognition domain

(scFv, Fab, Nb, and NKG2D ligand), a transmembrane domain,

and an intracellular domain incorporating co-stimulation

(CD28 or a 4-1BB) and signaling components (CD3zeta)

(Figure 1) (15, 16). The interplay between tumor cell and CAR

gives rise to an immunological synapse. This process could

attack target cells through various pathways, such as the

release of cytotoxic molecules, and the induction of apoptosis

signal pathway, eventually leading to the activation of effector T

cells and elimination of tumor cells (17).

Despite great promises achieved by CAR-T therapy, the poor

durability and severe toxicity are still huge challenges. The

mechanisms driving resistance and relapse after MM CAR T-

cell therapy remain uncharacterized. Consequently, this review

aims to describe candidate tumor-associated neoantigens for

MM, provide a summary of efficacy and safety data from clinical
Frontiers in Immunology 02
10
trials, introduce mechanisms of disease resistance/relapse to

CAR-T, and explore future innovations capable of enhanced

efficacy and reduced toxicity, and provide potential directions to

optimize manufacturing processes.
2 Candidate targets for multiple
myeloma CAR-T

The key to design a successful CAR is to select a surface

antigen that presents at high concentration on MM cells, but

absent in non-malignant hematopoietic lineages or other tissues

(18–21). The most important avenue is to discover novel TAAs

to improve CAR-T therapy. Several targetable antigens are

currently being evaluated regarding their safety and efficacy in

clinical trials (Tables 1, 2). Potential targetable antigens for MM

are summarized in Figure 2, including BCMA, CD19, SLAMF7,

GPRC5D, CD138, CD38, CD70, NKG2DL, Kappa light chain.
2.1 BCMA

B cell maturation antigen (BCMA), a transmembrane

glycoprotein belonging to tumor necrosis factor (TNF)

receptor superfamily, is the most commonly used surface

antigen target for multiple myeloma CAR-T. BCMA plays a

critical role in differentiating B-cell to plasma cell and

maintaining the survival of plasma cell (34, 35). BCMA is

preferentially expressed on plasma cells, though limited

BCMA-positive cells can be identified in normal tissues, such

as the spleen, lymph nodes, and the stomach (36, 37). A

European study involving 70 MM patients identified that

surface BCMA expression on plasma cells (normal or

malignant) was significantly higher (P<0.001) than non-

plasma cells (38). The high expression of surface BCMA is

associated with MM in several preclinical models and humans,

making it an attractive target for MM (39–41). However, BCMA

could be expressed at high or low concentrations in MM cells

(36, 42, 43). In a United Kingdom study, 28 evaluable MM

patients all expressed BCMA, and levels differed from low to

moderate (42). Similarly, a UK study reported that all 64 patients

with MM expressed surface BCMA at varying levels by

immunohistochemistry (43). Since there is a considerable

variation in BCMA expression on MM cells, patients may

respond differently to BCMA-targeted CAR-T therapy. As

surface BCMA level may serve as an independent prognostic

factor, cytogenetic assessments are of great importance (43). It is

anticipated that patients with high levels of BCMA may gain

more benefits from BCMA-targeted CAR-T therapy. Thereby,

all findings support that BCMA may be a promising target for

MM CAR-T therapy.
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The first BCMA-targeted MM CAR-T clinical trial was

conducted by National Cancer Institute (NCT02215967) (44).

A total of 24 patients with RRMM were enrolled. The notable

findings of this study were the dose-dependence of efficacy and

toxicity. The ORR was 20% among 10 patients receiving the

lowest dose of 0.3-3.0 × 106 CAR-T cells/kg. However, of 16

patients treated with high-dose level, the ORR was 81% with

62.5% having very good partial response (VEGF) or better.

Notably, the toxicity of low-dose CAR-T was generally modest

and no patient with grade 3 or 4 cytokine release syndrome

(CRS). By contrast, grade 3-4 CRS and neurotoxicity (NTX)

were 25% and 4% among patients treated with highest dose (9 ×

106 CAR-T cells/kg). Further, a statistically significant

relationship (P = 0.04) between plasma cell burden and severe

CRS had been reported from patients with high-dose level of

CAR-T cells. Many BCMA-targeted CAR-T clinical trials are

ongoing or completed (Table 1). Additionally, combination

therapies are evaluated as well, such as associating BCMA

CARs with tyrosine kinase inhibitor (NCT04603827),

immunomodulators (NCT03070327, NCT04287660),
Frontiers in Immunology 03
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nonspecific immune inhibitors (NCT03943472), and gamma-

secrete inhibitor (NCT03502577).
2.2 Non-BCMA targets

Though a majority of MM CAR-T clinical trials target

BCMA, but there are several studies focused on non-BCMA

MM-associated neoantigens (Table 2).
2.2.1 CD19
Human CD19 antigen belongs to type-I transmembrane

glycoprotein of the IgG immunoglobulin superfamily. In normal

tissues, CD19 is specifically expressed throughout the development

of B-cell lineage except for hematopoietic stem cells and terminal

plasma cells, whereas it is absent on other hematopoietic lineages.

In B-cell malignancies, its expression is widely distributed in

relapsed/refractory B-cell acute lymphoblastic leukemia (R/R B-

ALL) and relapsed/refractory B-cell non-Hodgkin lymphoma (R/R

B-NHL) (45). Despite low expression of CD19 on MM cells, CD19

is expressed on the minor multiple myeloma stem cell (MMSC)

subset that has been reported (46). MMSC is capable of self-

renewal and drug-resistance. Thus, CD19 might be a potential

target for MM. One clinical trial (NCT02135406) indicated that

autologous stem cell transplantation (ASCT) followed by CD19-

targeted CAR-T therapy (CTL019) infusion was safe and available

in RRMM, leading to a longer PFS compared to patients with

ASCT alone (47, 48).
2.2.2 SLAMF7
SLAMF7 belongs to the signaling lymphocyte activation

molecule family (SLAMF). SLAMF7 is firstly documented in

natural killer cells (49). It is also expressed on T cells, B cells,

monocytes, macrophages, and dendritic cells. Over 95% of

normal or malignant plasma cells of MM expressed SLAMF7

(50). Since SLAMF7 is also expressed in normal plasma cells,

specific attacks on this target inevitably cause normal cell death.

Thereby, SLAMF7 is an alternative but suboptimal choice for

CAR-T cell therapy.

The function of SLAMF7 is poorly understood, but previous

evidence indicates its similar role as growth factor contributing

to myeloma cell proliferation (51, 52). It has been reported that

SLAMF7-CAR T cells attack myeloma and confer selective

fratricide of SLAMF7-positive normal lymphocytes (53). A

conceivable side effect is the depletion of SLAMF7+

lymphocytes, including a substantial proportion of T cells, B

cells, and NK cells. It would be reasonable to engineer SLAMF7-

CAR T cells with a safety switch to terminate fratricide of normal

lymphocytes. Inducible caspase 9 or herpes simplex virus

thymidine kinase might be preferable choices for safety switch

(54, 55).
FIGURE 1

The structure of CAR-T cells. The antigen-binding domain is
usually a single-chain variable fragment (scFv) but also has other
structures; intracellular signaling domain include both co-
stimulatory domain (CD28, 4-1BB) and activation domain
(CD3zeta). TAA, tumor-associated antigen; MM cell, multiple
myeloma cell.
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TABLE 1 Selected BCMA-targeted CAR-T clinical trials for MM.

Identifier Target Status Phase Enrollment Study
Population

Efficacy Safety Reference

ORR
(%)

Median
PFS

(month)

Grade >
3 CRS
(%)

Grade >
3 NTX
(%)

NCT02215967 BCMA Completed I 24 RRMM 81 7.75 25 4 (22)

NCT02546167 BCMA Completed I 25 HRMM 48 2.7 32 12 (23)

NCT02658929 BCMA Active I 67 RRMM 76 8.8 6 3 (24)

NCT03274219 BCMA Active I 72 RRMM 55 11.9 4 6 (25)

NCT03975907 BCMA Recruiting I 62 RRMM 87.5 18.8 6 3 (26)

NCT03302403 BCMA Active I 18 RRMM 87.5 unknown 0 4 (27)

NCT03093168 BCMA Unknown I 10 RRMM 86 unknown 0 0 (28)

NCT04322292 BCMA Recruiting I 10 RRMM 95.2 unknown 5 0 (29)

NCT03661554 BCMA Unknown I 15 RRMM 88.2 12.1 2.9 0 (30)

NCT03090659 BCMA Active I-II 74 RRMM 87.8 18.04 9.5 0 (31)

NCT03548207 BCMA Active I-II 97 RRMM 96.9 unknown 4.1 9.3 (32)

NCT03716856 BCMA Active I 24 RRMM 87.5 unknown 0 4.2 (26, 33)

Abbreviations: RRMM, relapsed or refractory multiple myeloma; HRMM, high risk multiple myeloma; CRS, cytokine release syndrome; NTX, neurotoxicity; ORR, overall response
rate; PFS, progression-free survival.
F
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TABLE 2 Selected non-BCMA-targeted CAR-T clinical trials for MM.

Neoantigen
Expression
on MM
cells

Expression on
hematopoietic

cells

Expression
on other
cells

Identifier Status Phase Enrollment Efficacy Safety

CD19
weak
expression

B-cell lineage cells absent NCT02135406 completed I 10
ORR:
80%

AE: 0%

SLAMF7
increased
expression

NK cells, T cells, B
cells, dendritic cells,
monocytes,
macrophages

absent NCT03958656 completed I 13 NA NA

GPRC5D
high
expression

B cells and plasma
cells

epithelial cells NCT04555551 active I 17
ORR:
83%

G3+
CRS:
8%

CD138
high
expression

Plasma cells epithelial cells NCT01886976 recruiting I-II 10
ORR:
80%

AE: 0%

CD38
increased
expression

NK cells, T cells,
dendritic cells,
neutrophils, and
progenitor cells

epithelial cells NCT03464916 active I 72 NA NA

CD70
increased
expression

germinal center B
cells, T cells

stromal cells
of the thymic
medulla

NCT04662294 recruiting I 108 NA NA

NKG2D
increased
expression

NK cells, T cells absent NCT02203825 completed I 12 NA AE: 0%

MM, multiple myeloma; ORR, overall response rate; AE, adverse event; CRS, cytokine release syndrome; G3+, Grade 3-4; NA, not available.
ront
iersin.org

https://doi.org/10.3389/fimmu.2022.1050522
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.1050522
Several anti-SLAMF7 CAR constricts are evaluated in

clinical trials, mostly as monotherapy (NCT03710421,

NCT04142619, NCT04541368, NCT03958656, NCT04499339),

or as dual CARs targeting both BCMA and SLAMF7

(NCT04795882, NCT04156269).

2.2.3 GPRC5D
The G protein-coupled receptor, class C group 5 member D

(GPRC5D), is expressed on 98% of the CD138+ cells by

quantitative immunofluorescence (56). Also, this surface

receptor is primarily expressed on hair follicles, but also in

multiple myeloma cells. Therefore, GPRC5D-targeted CAR-T

was constructed by Smith et al., which displayed potent anti-

MM effects on MM cell lines and xenografted models (56). Anti-

GPRC5D was deemed safe and effective as no alopecia or any

skin-related disorders were detected in a preclinical study (57). A

series of GPRC5D-CAR T trials are ongoing, such as

NCT05219721, NCT04555551, NCT05016778. MCARH109, as

the first-in-class GPRC5D-targeted CAR T-cell therapy for MM,

has a manageable safety profile and high rates of clinical

response (ORR: 83%). More importantly, all 6 patients who

re l apsed a f t e r BCMA-targe ted CAR-T responded

to MCARH109.

2.2.4 CD138
As a major extracellular matrix (ECM) receptor, CD138

(syndecan-1) plays an important role in cell-cell and cell-matrix

adhesion, and cell proliferation (58, 59). CD138 is widely

expressed on normal and malignant plasma cells (60), but also

expressed on the surface of mature epithelial cells that might
Frontiers in Immunology 05
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cause skin toxicity. A prior study found that a high

concentration of CD138 might be poor prognostic factor for

MM (61). A CD138-directed CAR-T (CART-138) has been built

incorporating with a 4-1BB domain (62). Relevant CD138-

targeted CAR trials include single-target (NCT01886976,

NCT03672318, NCT03196414, NCT03778346) and multi-

target CAR-T products (NCT03271632). Based on current

data (NCT01886976), the ORR achieved 80% and no toxicity

has been reported, manifesting a good efficacy and tolerability.

However, CD138 shedding and skin toxicity are major barriers

for wide application of CD138-targeted CAR-T.

2.2.5 CD38
CD38, a transmembrane glycoprotein, is known to mediate

cell adhesion, signal transduction, and Ca2+ regulation (63).

CD38 is highly expressed on the surface of MM cells, though its

expression in normal hematopoietic cells also have been

detected, such as T cells, precursors of B cells, NK cells, and

myeloid precursors (63). Some monoclonal antibodies against

CD38 have been approved by FDA to treat multiple myeloma,

such as Daratumumab. The success of mAb targeting CD38 in

the treatment of MM has encouraged the development of CD38-

targeted CAR T cells. Light-chain exchange technology brings

potential to avoid accident damage to CD38+ normal cells (64).

A clinical trial (NCT0346491) investigated CD38-targeted CAR-

T as a monotherapy for RRMM. In addition, dual CAR products

are also tested in clinical trials, combing CD38 and BCMA

(NCT03767751), CD38 and CD19 (NCT03125577).

2.2.6 CD70
Aberrant expression of CD70 has been found in

hematological malignancies and solid tumors (65). Because of

its limited expression on normal cells, CD70 holds great

promises for monoclonal antibody-based therapy. A preclinical

study supported that CD70-targeted CAR T-cell therapy was

safe and effective (66). Further, related publications manifested

that CD70 targeting CAR-T cells caused robust anti-tumor

activity in both human cancer cells and animal models (67,

68). It is worth noting that a clinical trial (NCT04662294) on

CD70 is recruiting RRMM patients, although no data has been

reported yet. Importantly, an obvious advantage is a low risk of

fratricidal killing caused by CD70 antibody, mainly because of

the transient expression of CD70 on immune cells (8).
2.2.7 NKG2DL
NKG2D, a cell surface receptor binding to several ligands, is

predominantly expressed on immune cytotoxic cells, such as NK

cell and CD8+ cytotoxic T cells. NKG2D ligands, such as MIC-A,

MIC-B, and UL-16, are upregulated in many solid tumors or

hematologic malignancies but absent on healthy tissue. NKG2D

binds to corresponding ligands to prompt the secretion of

proinflammatory cytokines and the activation of cytotoxic cells,
FIGURE 2

Candidate surface antigens found on MM cells and studied in
clinical trials.
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leading to immune elimination of MM cells (69). Due to the

presence of a natural costimulatory domain, DAP10, there is no

need to add this specific domain to NKG2D CARs. But a potential

challenge is the poor persistency of T cells. To resolve this

problem, patients should be treated with high doses or multiple

infusions without compromising the toxicity (70). Satisfactorily,

higher doses have the same safety profile with low doses, with no

reports of CRS or NTX so far. We have identified one NKG2D

CAR study (NCT03018405) in MM with an enrollment of 12

patients, but efficacy profile has not been published.

2.2.8 Kappa light chain
Although cell surface immunoglobulins are not expressed on

all plasma cells, it is recognized that MM stem cells express

surface immunoglobulins (71). Thereby, kappa light chain might

be an ideal target for MM (71). Several monoclonal antibodies

targeting kappa light chain have been developed and tested in

clinical trials, such as MDX-1097 (72). But CAR-targeting kapa

light chain is still a less explored field. In one trial conducted by

Ramos et al., 4 of 7 RRMM patients responded to kappa-targeted

CAR-T cell therapy, keeping disease stable for 2-17 months. In a

phase-I trial of k-CAR-T cells (NCT00881920), 16 patients with

non-Hodgkin lymphoma/chronic lymphocytic leukemia or MM

were enrolled. Notably, 4 of 7 patients with relapsed or refractory

MM kept disease stable for 2-17 months (71).
3 Mechanisms of disease resistance/
relapse after MM CAR-T

Despite the impressive ORR, over 50% of patients after

BCMA-directed CAR-T would relapse or progress within 1-

year (73). Another study showed a consistent preliminary trend

that most MM patients who achieved MRD-negative to bb2121

have progressed in follow-up period (74). Thus, though CAR-T

cells have the robust cytoreductive capacity to treat multiple

myeloma, they cannot produce lasting immune surveillance.

Currently, exact mechanism of disease resistance/relapse after

MM CAR-T remains elusive, but there are several deductive

mechanisms stated as following: 1) T cell-dependent resistance;

2) antigen-driven resistance (antigen escape, antigen shedding);

3) TME-related resistance. Some mechanisms are presented

in Figure 3.
3.1 Poor persistence of CAR T cells

One study suggested that CAR-T cells were detectable up to

3 months after CAR-T injection and were gradually eliminated

(73). At 12 months after infusion, only approximately 20% of

patients had detectable engineered T cells (73). A lot of efforts
Frontiers in Immunology 06
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have been made to figure out potential mechanisms leading to

short persistence of CAR-T cells (73).

3.1.1 T cell clearance
CAR-T cells are immunogenicity, thereby they might be

eliminated by adaptive immune response over time. Single-chain

fragment variable (ScFv) is the most common antigen-binding

counterpart in CAR-T constructs. Most of ScFvs in BCMA-

directed CAR-T are derived from non-human species (73),

which induce immunogenicity and thereby potentially limit

the T-cell persistence. In legend-2 study (75), anti-ScFv

antibodies were detected in 7 of 17 MM patients after

receiving bi-epitope BCMA-targeting CAR-T (LCAR-B38M),

and 6 of them had decreased CAR-T cells and experienced

tumor recurrence. More specifically, camelid-derived ScFvs were

used to assemble LCAR-B38M, specifically targeting two

different epitopes of BCMA on MM cell surface. There are

agreements that non-human ScFv can induce immunological

reaction to produce anti-CAR antibodies, which eventually lead

to T-cell clearance and constitute a higher risk of relapse after

CAR-T. This observation also highlights the importance of

manufacturing humanized ScFV.

3.1.2 Lack of memory characteristics
The differentiation stage of CAR-T cells affects their

proliferation and survival, strongly correlating with their anti-

tumor activity (76–78). The immunophenotype of T-cell used to

manufacture CAR-T is considerably pivotal for T-cell

persistence. Each subset of T cells possessed heterogeneity of

proliferation and longevity (79). For example, naïve T-cells, stem

memory T-cells, and central memory T-cells present the best

proliferation capacity and delayed exhaustion or senescence

(80). The enrichment of CD27+/CD45RO-/CD8+ T cells with

memory-like features is correlated with long-term remission (81,

82). Also, a high percentage of cytotoxic CD8+ T cells with a

naïve or stem memory characteristic are found to persist much

longer and expand better in vivo, achieving superior outcomes

after BCMA-targeted CAR-T treatment (23).

This view keeps in line with a previous finding that longer

persistence of CAR-T cells in vivo expansion has been associated

with better clinical remission and survival for recipient patients

(83–86). One study also indicated that persistent CAR-T cells

detected in peripheral blood tend to generate superior clinical

response even among patients with high-grade diseases (87).

Therefore, naïve cells and memory cells are important for CAR-

T cell manufacture, mainly because they display sustained

proliferation and longer persistence in vivo.

3.1.3 Impaired T cell fitness
The quality of T cells also profoundly affects their life span in

vivo. Notably, malignancy itself and chemotherapy-related

myelosuppression could hamper T-cell fitness (88). When
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patients receive many lines of myeloma treatments, the

composition of T cells would change over time. Furthermore,

patients who underwent more lines of chemotherapies tended to

have less early memory T cells in vivo (89).

3.1.4 T cell exhaustion
T-cell exhaustion is another potential culprit, mainly

because of constitutive antigen-independent tonic signaling by

CAR-T. A variety of factors are able to induce tonic signaling to

form activating clusters, leading to off-target activation and T-

cell exhaustion (90, 91). Optimizing the CAR to limit antigen-

independent tonic signaling and increase antigen-dependent

recognition could be beneficial for T-cell persistence. In an

anti-GPRC5D model of CAR-T, an IgG4/IgG2-derived spacer

with modifications has been raised by Smith and colleagues,

which might delay T-cell exhaustion (57).
3.2 Antigen escape and shedding

Antigen escape and shedding are the most common causes

of the failure of CAR-T cell strategy. First, downregulation of

tumor antigen reduces the CAR-T cell targeting ability,

weakening the tumor-killing effects. Second, increased antigen

shedding into a soluble form could negatively affect the efficacy

of CAR-T therapy.

BCMA represents an important target. Theoretically, nearly

all MM patients express BCMA irrespective of newly diagnosed

or relapsed (38). It remains controversial about whether BCMA

expression level is associated with the response rate to BCMA-

directed CAR-T cells. However, loss of BCMA expression was

suspected in post-treatment residual MM cells. Based on existing

findings, there is a transient phenomenon that BCMA

disappeared after initial response and subsequently remerged
Frontiers in Immunology 07
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over MM progression (92). Though MM relapse is mainly

caused by BCMA-positive clones, cases of recurrence led by

BCMA-negative target cells have been noticed (22, 93). For

example, a recent study pointed out that BCMA-negative was

suspected in 3 of 71 patients at disease progression (94).

BCMA shedding from plasma cells is mediated by g-
secretase, producing the soluble-BCMA (sBCMA) that serves

as a circulatory biomarker. Previous literatures have

demonstrated that sBCMA is associated with the tumor

burden and the prognosis (41, 95). High levels of soluble-

BCMA might competitively bind to ScFv and consequently

interfere the precise recognition of MM cells by CAR-T cells

(96). Inhibitors of g-secretase avoid BCMA shedding from MM

cells and reduce the interference of soluble BCMA. Intriguingly,

based on preclinical data, soluble BCMA does not affect the

function of novel BCMA-CAR T in vitro and in vivo (37). Up to

date, there is no clear clinical evidence that the level of sBCMA

could negatively affect the efficacy of BCMA-targeted CAR-

T therapy.

Likewise, high levels of soluble SLAMF7 are associated with

a worse response to elotuzumab, along with a shorter survival

(97). In addition, soluble CD38 could reduce the anti-MM

response of daratumumab (98). However, as a seven-

transmembrane protein, the likelihood of GPRC5D shedding

into serum is low (57, 99). It is interesting to find that GPRC5D

expression is independent from BCMA, therefore it might be an

alternative target for relapsed MM patients after BCMA-directed

therapy due to BCMA loss or shedding (57).
3.3 TME suppression

The tumor microenvironment (TME) plays a critical role in

drug-resistance mechanism. CAR T cells need to overcome
B CA

FIGURE 3

Mechanism of resistance/relapse to BCMA-targeted CAR-T cell therapy. (A) BCMA escape and BCMA shedding are blocking the antigen
recognition by CAR-T cells. Membrane BCMA can be cleaved by g–secretase and released to the plasma as soluble BCMA (sBCMA). (B) Poor
persistence of CAR-T cells is mainly caused by T cell exhaustion and T cell clearance. (C) The tumor immunosuppressive microenvironment is
mainly led by inhibitory ligands (PD-1 and CTLA-4) and suppressive immune cells (MDSC and Treg cells). MM, multiple myeloma; MDCS,
myeloid-derived suppressor cells; Treg cell, T regulatory cells.
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inhibitory signals and immunosuppressive cells existing in the

TME. Immunosuppressive cells consist of T regulatory cells

(Treg), B regulatory cells, myeloid-derived suppressor cells

(MDSC), and plasmacytoid dendritic cells. These subsets may

negatively affect the function of CAR-T cells (100–102). Besides,

inaccessibility of MM cells by CAR-T cells forms another barrier.

It is true MM cells generally reside in bone marrow

microenvironment involving various cell types and

extracellular matrix (ECM), which make CAR-T cells difficult

to access MM (103). A recent study (104) about B-cell

lymphoma reported a similar observation that many CD19-

targted CAR-T cells did not successfully reach their target

destination. Although mature CAR-T tracing method are still

unmet needs, it is widely accepted that MM exploits

immunosuppressive TME to block the efficacy of CAR-T cells

and consequently lead to high risks of recurrence. PD1-PDL1

axis is another major cause of CAR T-cell dysfunction (105,

106). PD-1 expressed on activated T cells, is capable of binding

with PD-L1 expressed by MM cells, eventually leading to

exhausted state of T cells (107).
4 Strategies to improve the efficacy

For RRMM patients, poor persistence of T cells, antigen

escape, and TME suppression restrict the durability of immune

response and consequently limit the efficacy of CAR-T therapy

in clinical settings. However, recently initiated studies have

incorporated innovations to address above barriers

(Figure 4, Table 3).
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4.1 Enhancing CAR-T cell persistence

Optimizing CAR-T design is a potential strategy to enhance

CAR-T cell persistence. The utility of fully human recognition

domains, rather than those derived from mouse antibodies, is an

attempt to reduce immunogenicity which usually leads to

clearance of CAR-T cells by patients’ immune system (22, 44,

75, 108, 109). Importantly, this strategy not only improves CAR-

T cell persistence, but also simultaneously reduces cytokine

storm. Besides, several studies demonstrated that the

transmembrane region and co-stimulatory domain confer

different properties of CAR-T cells that may influence efficacy

and toxicity as well (110–125).

Another promising approach is to use less-differentiated T

cells subsets that have a good proliferative capacity, such as naïve

T cells, stem cell memory T cells (TSCM), central memory T

cells (TCM). According to preclinical studies, CAR-T cells with

memory phenotype presented superior engraftment,

proliferation, and longevity compared to general CAR-T

components (126, 127). Further, those who are treated with a

defined ratio (1:1) of CD4+/CD8+ CAR-T cells, were monitored

with more potent T cell expansion and fewer toxicities in vivo

(128, 129).

In addition, lymphodepleting regimen may enhance the

expansion of adoptively transferred T cells leading to superior

persistence (130). First, lymphocytes depletion therapy before

CAR-T could greatly reduce the risk of anti-CAR immune

response. Second, a lymphodepleting environment is suitable

for CAR-T cell expansion and persistence (80). It is known that

IL-7 could assist CD8+ cytotoxic T-cell to preserve a stem
B CA

FIGURE 4

Strategies to improve the efficacy of MM CAR-T cell therapy. (A) CAR-T cell products are designed to target multiple TAAs to overcome antigen
escape. The monospecific CAR has a single scFv; the dual-target CAR construct includes two separate monospecific CARs on the surface of T
cells; the tandem CAR has two antigen-binding domains that are linked tandemly on one CAR protein; the mixture of CAR-T cells describes the
simultaneous transduction of different types of CAR-T cells in vivo. (B) The persistence of CAR-T cells can be enhanced by using less-
differentiated T cell subsets. (C) CAR-T cells can be engineered to overcome the immunosuppressive microenvironment by using immune
checkpoint inhibitors or direct gene knockout.
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memory phenotype in vivo (131), which is critical for T-cell

expansion. All these data support the conclusion that more

intense lymphodepletion may induce better CAR-T persistence

and expansion.
4.2 Countering antigen escape

Increasing the density of BCMA expression is a critical area to

counter antigen escape. The use of g-secretase inhibitor (GSI) is
able to increase BCMA expression on MM cells and reduce

sBCMA levels by inhibiting the cleavage of surface BCMA

(132). Preclinical models (133) have demonstrated that the

presence of GSI could lead to a threefold to fivefold increase of

BCMA expression level in MM cell lines. Particularly, when the

density of BCMA is relatively low on the target cells, the

administration of GSI may enhance the capacity of identifying

MM cells. Great advancements in the efficacy of BCMA-targeted

CAR T cells in combination with GSI have been observed in

mouse models (133). Currently, several GSIs are being tested in

clinical trials, even including patients with solid tumors (134).

Future studies might discover other approaches to upregulate

BCMA expression.

To address BCMA-negative clones, targeting two or more

distinct antigens is underway. Due to the heterogeneity nature,

targeting only one antigen at a time may not produce a long-

lasting immunosurveillance in a large number of MM patients

(135–137). More specifically, single target CAR-T only displays

one single-chain variable fragment (ScFv) for antigen

recognition, whereas dual-target CAR-T simultaneously

contains co-stimulatory domain or tandem CAR molecules to

overcome antigen escape and guarantee better identification.

There are several strategies to achieve dual-target CAR-T

products: 1) sequentially infusion of two CAR-T cells that

respectively target different MM-associated antigen; 2) the

same T cell displays two different CAR products; 3) One

tandem CAR construct containing two antigen recognition

moieties incorporated with one activation region (138).

Available dual CAR products involved a combination of

BCMA and CD19 (NCT04236011, NCT04162353), BCMA

and SLAMF7 (NCT04662099, NCT04156269), BCMA and

CD38 (NCT03767751). More details could be seen in Table 4.
4.3 Overcoming immunosuppression in
the TME

CAR-T cells should preliminarily overcome direct T cell

inhibitory signals presented in the TME. PD1-PDL1 is the best

characterized pathway. Inhibition of the PD-1 signals could

produce dramatic clinical benefits in a variety types of tumors

(139). Recent studies have demonstrated that coadministration

of immune checkpoint inhibitors (ICI) with CAR-T therapy
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brought increased efficacy in preclinical models (105). In

addition to ICI, knockout of the PD-1 coding gene could be

engineered by gene silencing techniques, such as short hairpin

RNAs (140) and CRISPR-Cas9 (141). Also, armoured CAR T

cells secreting cytokines or chemokines are able to alter the

inflammatory microenvironment and support the functionality

of CAR T cells (142). Further, the metabolic competition

between tumor and immune cells in the TME may restrict

nutrient availability and cause microenvironment acidosis,

which could trigger T cell inhibitory pathways or otherwise

hinder immune cell function (143). Intriguingly, the expression

of the antioxidant enzyme catalase in CAR-T cells may

overcome granulocyte-mediated oxidative stress in vitro (144).

Modifying T cell metabolism is a promising area to boost

efficacy, but further validation is needed in clinical application.
5 Strategies to reduce the toxicity

Overall, treatment-related toxicity of MM CAR-T therapy

involves two major categories: 1) general toxicity caused by T cell

activation and following systemic cytokine storm; 2) specific

toxicity caused by the interaction between CARs and TAAs

expressed on non-tumor cells, which is also termed as ‘on-target,

off-tumor’ toxicity.
5.1 Systemic cytokine storm

The rapid immune activation responsible for the success of

CAR-T strategy also stimulates treatment-related toxicity. The

clinical complications caused by different CAR-T in MM are

similar to those led by CD19-targeted CAR-T in ALL and

DLBCL (84, 145, 146), including cytokine release syndrome

(CRS) and neurotoxicity (NTX), and hematologic cytopenia,

which might limit the wide application of CAR-T cell therapy

in MM.

The most frequent toxicity is cytokine release syndrome

(CRS), a constellation of symptoms involving fever, myalgia,

hypoxia and hypertension, resulting from increased

inflammatory cytokines like IL-6. IL-6 receptor antagonism via

Tocilizumab and short-course steroids could be used for CRS

management (147). Besides, CAR-T cell-associated HLH/MAS

is a more severe systemic hyperinflammatory syndrome. CAR-T

cell-induced HLH/MAS may be resistant to IL-6 receptor

inhibitors, of which condition chemotherapy would be

required (145).

Neurotoxicity (NTX), is the second major adverse effect,

mainly because of the disruption of the blood-brain barrier and

increased cerebrospinal fluid cytokine levels (148). NTX

frequently occurs with or following CRS, presenting

encephalopathy, delirium, aphasia, seizures, and life-

threatening cerebral oedema (149). The consensus grading
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scheme proposed by ASBMT was applied extensively (149).

Notably, the grade 3-4 CRS and NTX could be effectively

managed by tocilizumab and supportive care. Also,

management of NTX comprises of corticosteroids and IL-6

pathway antagonisms (145). A special form of NTX is referred

to immune effector cell-associated neurotoxicity syndrome

(ICANS), as transient encephalopathy, which is attributed to

off-target cytokine production, as well as immune response of

central nervous system (CNS). A mounting evidence suggests

that ICANS could be characterized by atypical features and

prolonged timeframes (150). And its management coincides

with CRS interventions, such as cytokine inhibitors and

corticosteroids. However, current understanding of ICANS is

still limited. The mechanisms for ICANS after BCMA-targeted

therapy need further elucidation (151).
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Hematologic cytopenia is commonly reported following

BCMA CAR-T cell therapy, manifesting as leukopenia,

lymphopenia, anemia, neutropenia, and thrombocytopenia,

which could increase the risks of infection, bleeding, fever, and

bruising (146, 152–154). After infusion, CAR-T cells not only

activate tumor-specific T-cell, but also induce non-specific T or

B clones that target hematopoietic stem cell (HSC), neutrophils,

platelets, and erythroid cells (155). Besides, the release of

cytokines could drive differentiation but arrest maturation of

HSC (156). Therefore, the IL-6 blockade may control

hematologic cytopenia as well. The management of cytopenia

also includes transfusion of blood cells and growth factors of

hematopoietic stem cell transplantation (HSCT) (157, 158).

To counter systemic cytokine toxicity, CAR-T cells must

reach a threshold level for activation but not exceed the level that
TABLE 4 Dual-target or multi-target strategy tested in early clinical trials.

Antigen Identifier Status Enrollment Population

BCMA × CD19 NCT04935580 recruiting 20 NDMM, HRMM

BCMA × CD19 NCT04714827 recruiting 24 RRMM

BCMA × CD19 NCT04236011 recruiting 15 RRMM

BCMA × CD38 NCT03767751 recruiting 80 RRMM

BCMA × SLAMF7 NCT04156269 unknown 12 RRMM

BCMA × CD38 × CD138 × CD56 NCT03271632 recruiting 20 RRMM

BCMA × CD19 × CD38 × NYESO-1 NCT03638206 recruiting 73 RRMM

RRMM, relapsed or refractory multiple myeloma; HRMM, high risk multiple myeloma; NDMM, newly diagnosed multiple myeloma.
TABLE 3 Mechanisms of resistance to MM CAR-T and strategies to overcome the resistance.

Resistance Mechanism Strategies Clinical
Trial

T-cell
intrinsic

Poor persistence

T cell clearance due to
Immunogenicity

Manufacturing humanized ScFv with decreased
immunogenicity

NCT03602612

Lack of memory
characteristics

Memory T cell-enriched product
• Culture with PI3K inhibitors
• Transduction with stem-cell memory T cell
• CAR constructs with specific CD4:CD8 ratio

NCT03274219
NCT03288493
NCT03338972

Impaired T cell fitness
• Allogeneic CAR-T cells
• Receiving treatment at earlier MM stage

NCT04093596
NCT04196491

T cell exhaustion
Limit antigen-independent tonic signaling and increase
antigen-dependent recognition

NA

MM
intrinsic

Antigen Escape
BCMA escape
BCMA shedding

• Dual-/Multi-target design
• Increased BCMA expression with gamma-secretase
inhibitors

NCT04935580
NCT03502577

TME
Inhibitory signals and
immunosuppressive cells

PD1-PDL1-mediated T cell
dysregulation
Immunosuppressive cells:
Treg, MDSC

• Combined with immune checkpoint inhibitors
• Combined with immunomodulatory drugs

NA

MM, multiple myeloma; TME, tumor microenvironment; Treg, T regulatory cells; MDSC, myeloid-derived suppressor cells; NA, not available.
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would result in a series of cytokine secretion. Thus, therapeutic

window for each CAR should be carefully considered.

Researchers are currently engineering several innovations to

control CAR expression or activity (Figure 5).

Firstly, 4-1BB co-stimulatory domain is associated with a

much slower onset of T cell activation, increased T cell

durability, and a lower risk of cytokine-related toxicity

compared to CD28 domain. Therefore, inclusion of 4-1BB co-

stimulatory domains might be less toxic in patients with heavy

tumor burden. But CD28 is necessary to achieve the required

threshold for T cell activation, especially for MM with a

relatively low density of antigen or a low-affinity antigen-

binding domain. Overall, the choice of co-stimulatory domain

is critical to balance the efficacy and safety in CAR-T

cell therapy.

Secondly, engineering ‘suicide genes’ into the CAR construct

could induce apoptosis to eliminate CAR-T cells when

treatment-related toxicity occurs. Co-expression of suicide
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receptors on MM CAR-T cells, such as CD20 and EGFR,

could be attacked by rituximab (159–161) and cetuximab

(162), respectively. Therefore, these FDA-approved antibodies

provide a mean to deactivate CAR-T cells. Another strategy is to

incorporate apoptosis-triggering fusion protein into CAR-T

cells. iCasp9 is a well-characterized example, which can be

triggered by dimerizing agents and subsequently drive rapid T

cell depletion (163).

Thirdly, administration of small-molecular agents could

control ‘on or off switch’ on CAR-T cells. Dasatinib, a tyrosine

kinase inhibitor for CML and ALL. This agent enables the

inhibition of LCK or intracellular signaling cascade, followed

by destroying the downstream signal of activated CD3zeta. It has

been demonstrated that dasatinib rapidly and reversibly hinder

CAR-T cell activation, which provides a well-tolerated

pharmacological toxicity switch without eradication of T cells

(164). Alternatively, switch-off CARs (SMASh-CARs) provide

another strategy to dynamically regulate T cell functionality via
B

A

FIGURE 5

Strategies to overcome systemic cytokine toxicity. To counter systemic cytokine storm, several approaches are engineered to adjust CAR
expression or activity. (A) Suicide gene system enables the elimination of CAR-T cells by following strategies: a) the activation of antibody-
dependent cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC); b) the induction of apoptosis pathway. (B) The ‘ON/OFF
switches’ of CAR-T cells could be regulated by small molecular agents. scFv, single chain fragment variable; MAC, membrane attack complex;
iCasp9, inducible caspase 9.
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embedding a protease target, a protease, and a degron moiety

(165). In the ‘OFF’ state, the degron moiety promotes the

degradation of CAR-protease-degron complex. Protease

inhibitors may function as the similar role to retain the degron

structure. In the ‘On’ state, the protease target site is cleavage by

protease leading to the removal of the degron from CAR protein,

and consequently the CAR is expressed on the surface of T cells.

In addition, a more direct antagonism way is knockout of

cytokine genes or expression of cytokine antagonists, both of

which might provide opportunities to avert systemic toxicities.

For example, the macrophage-activating and monocyte-

activating cytokine GM-CSF can be antagonized by mutational

inactivation and antibody lenzilumab, both of which can

increase CAR T cell persistence while decreasing the risk of CRS.
5.2 On-target, off-tumor toxicity

Typically, CAR T cells are designed to target tumor-

associated antigens (TAA). However, some TAAs are also

expressed on the normal cells, leading to mistaken recognition

and attack by CAR T cells. BCMA is a prominent TAA for CAR-

T cell therapy in MM. However, the public transcriptomic

datasets confirmed BCMA RNA expression in the caudate of

normal human brains (166), indicating an on-target effect of

anti-BCMA CAR-T therapy. Given the reports of phase-II cilta-

cel study, 12 of 97 patients were reported with non-ICANS

neurotoxicity. 5 of 97 (5.2%) patients suffered from a cluster of

movement and neurocognitive symptoms (3 with ≥ Grade 3

parkinsonism) (167). Among them, one patient developed a

progressive movement disorder with symptoms of parkinsonism

around three months after BCMA-targeted CAR-T cell infusion.

By analyzing this case, one study demonstrated that BCMA

expression on neurons and astrocytes in the basal ganglia (166).

Therefore, BCMA-targeted CAR-T cells may hold the potential

to cross the blood-brain barrier and induce a progressive

neurocognitive or movement disorder by targeting the basal

ganglia. Close monitoring of neurotoxicity is necessary in

patients with BCMA-targeted CAR-T cell therapies.

Engineering strategies aims to overcome on-target, off-

tumor toxicity mediated by CAR-T cell therapy (Figure 6).

The first strategy is to enhance the specificity of antigen

recognition. Targeting multiple TAA is a promising approach.

Specifically, CAR protein could be disassembled into two

separate receptors, one with CD3zeta domain and another

with a co-stimulatory domain. Both receptors need to

recognize different TAAs for CAR T cells activation.

Preclinical models have observed the promises in such a

strategy (168–170). Alternatively, the inhibitory CAR (iCAR)

contains a special inhibitory region that is generally derived from

immune checkpoint proteins, such as PD-1 and CTLA-4. The

inhibitory signal could recognize an antigen expressed on

healthy tissues but absent on tumor cells (171). Moreover,
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engineering chimeric co-stimulatory receptor enables T cells to

recognize antigens that are enriched on tumor cells. The second

strategy is to utilize logic gating or conditional system to control

CAR-T cell activation, such as the phospho-antigens that could

be identified by T cell receptor. For example, HIF-1a
degradation pathway is exploited to restrict CAR expression to

CAR-T cells located in hypoxia TME, thereby avoiding adverse

effects on healthy tissues which are normally non-hypoxic (172).
6 Innovations of MM
CAR-T manufacture

Novel agents and CAR-T manufacture platforms are

especially noteworthy. Table 5 specifically focused on data of

novel therapeutic agents for RRMM presented at major

oncology meeting between 2020 and 2022, including Annual

Society of Hematology (ASH) and American Society of Clinical

Oncology (ASCO).
6.1 Role of allogeneic CAR-T

Currently, all FDA-approved CAR-T constructs are

manufactured within autologous T cells isolated from the

patients’ blood. However, this individualized production

process is somewhat costly and time-consuming, limiting the

number of MM patients who can benefit from CAR-T therapy.

First, the manufacture time of autological CAR-T cells is lengthy.

Many patients with advanced stage of MM may be unable to

benefit from this therapy (84, 186). Second, the production

failure may be attributable to the insufficient T cells obtained

from MM patients, as patients who previously received

chemotherapy tend to undergo bone marrow suppression and

lymphodepletion (88, 187). Third, the heterogeneity of apheresis

CAR product is another underlying cause of preparation failure.

There is a phenomenon that dysfunctional T subsets could result

in inferior CAR-T products, consequently leading to poor

efficacy and response rates (81, 188–191).

Allogeneic donor T cells provides an alternative to

autological CAR-T cell therapy, which might potentially solve

the manufacturing issues of inadequate T-cell number and

suboptimal T-cell fitness for CAR-T production. CAR-T cells

could be derived from HLA-matched allogeneic hemopoietic

stem cell donors. Nevertheless, allogeneic CAR-T cell therapy

has been associated with graft-versus-host (GVHD) and graft

rejection. The engrafted allogeneic donor cells could launch an

attack on recipient cells (192), whereas the host immune cells are

able to eliminate allogeneic CAR-T cells. Recently, genetic

modifications are explored to cope with T cell alloreactivity,

such as TCR disruption and safety switch insertions (176).

Genome-editing technologies include ZFN, TALEN, and

CRISPR-Cas 9, all of which are used to generate universal
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CAR-T cells (193). Ongoing clinical trials provide novel

armamentarium for MM immunotherapy.

At ASH 2021, updated results of an open-label, phase-I

clinical study (UNIVERSAL, NCT04093596) were reported to

validate the feasibility of allogeneic anti-BCMA ALLO-715 for

RRMM (176). ALLO-715 is a genetically modified anti-BCMA

CAR-T product which employed TALEN technology to disrupt

the TCR constant gene and CD52 gene to prevent GVHD and

allow the use of anti-CD52 based lymphodepletion (194). At the

time of data cut-off, 47 patients were enrolled; 42 patients

received ALLO-715 infusion. Efficacy outcomes presented

61.5% ORR among patients with high doses. Safety prolife

showed CRS occurred in 52.4% and there was no grade 4-5

CRS. Overall, the UNIVERSAL trial demonstrates the proof for

allogeneic CAR-T therapy for MM, which might bring

meaningful efficacy and tolerable toxicity. But this trial

continues to enroll more patients and follow-up data will be

updated in the future (176).
6.2 Rapid CAR-T manufacture platform

In the process of commercial manufacture, patients need to

wait for around 3-4 weeks until CAR-T infusion, in whom

disease might progress while waiting for CAR production. The

first-in-human dual BCMA and CD19 targeted CAR was

manufactured by a novel platform (FAST CAR platform) that

significantly reduced the production time to only 24-36 hours

(195). Latest results of this trial (NCT04236011) showed a high

response with 100% (DL-1: 1×105/kg), 80% (DL-1: 2×105/kg),
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and 93.8% (DL-1: 3×105/kg) ORR, respectively. Also, 23 out of

28 patients (82.1%) suffered from grade 1-2 CRS and 2 patients

(7.1%) with grade 3. The data presented promising efficacy and

favorable safety of the BCMA-CD19 dual fast CAR-T for RRMM

patients (182). This clinical trial is still ongoing and recruiting

more patients.

At ASH 2021, a rapid manufacturing process that could both

preserve the stemness of T cells to ensure longer durability and

provide timely access for patients with aggressive disease, has

been presented (28). Researchers developed a superior anti-

BCMA CAR-T construct (PHE885) carrying a fully human

anti-BCMA ScFv fused to 4-1BB/CD3zeta signaling domains

and an innovative T-Charge manufacturing platform, which

enables rapid and reliable patient access. More specifically, this

novel manufacturing platform allows PHE885 to preserve a

higher percentage of naïve/TSCM cells, leading to effectively

engraft, expand, and reject tumors. Based on this principle, a

phase-I trial (NCT04318327) has been initiated and early data of

this study will be presented in the future.
6.3 Modified manufacturing process to
harvest early memory T-cell

CAR-T cells start to disappear at first 3-6 months after

infusion, subsequently leading to the loss of disease control. An

innovation is to enrich early memory T cells by modification of

manufacturing process. JCARH125 is a well elaborated example.

Its production is optimized to harvest early memory T-cell and

increase T-cell fitness. Relevant clinical trial (EVOLVE) data
BA

FIGURE 6

Strategies to overcome on-target, off-tumor toxicity. The expression of tumor-associated antigens on healthy tissues can lead to ‘on-target, off-
tumor’ toxicity. (A) The specificity of CAR T cells is enhanced by targeting multiple TAAs. The activation domain and co-stimulatory domain
should respectively bind to different antigens on MM cells for CAR T cell activation. (B) Alternative strategy is to use the inhibitory CAR against a
specific non-tumor antigen, requiring the absence of this antigen on MM cells.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1050522
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.1050522
have been previously presented in ASH 2018. According to the

latest reporting at ASCO 2020 (174), a total of 44 patients who

received higher doses (300 × 106, 450 × 106, 600 × 106)

respectively achieved the ORR of 95%, 94%, and 71%. A

promising finding is that functional CAR-T cells could be

detected in 69% of cases at 6 months. P-BCMA-101 is an

autologous BCMA-targeted CAR construct that consisted of a

large number of stem cell memory cells. P-BCMA-101 was
Frontiers in Immunology 14
22
manufactured by a novel virus-free transposon “piggy-Bac”

technology that preferentially transfect early memory T cells

(196), thereby increasing efficacy while minimizing toxicity

(173). A phase I-II study of P-BCMA-101 (NCT03288493) is

being tested in RRMM patients and early data were reported in

ASH 2018 (197). Current clinical data keep consistent with

preclinical findings that the modifications of CAR production

appear to have notably improved efficacy.
TABLE 5 Clinical trials of novel therapeutic agents for MM at recent oncology meetings, 2020-2022.

Product
Name Identifier Target Phase Enrollment Study

Population Country Innovation Clinical
Update

P-BCMA-
101

NCT03288493 BCMA I-II 43 RRMM
United
States

Using transposon-based system to
enrich early memory T cells

ASH 2020
(173)

Orva-cel
NCT03430011
(EVOLVE)

BCMA I-II 62 RRMM
United
States

Fully human binder
ASCO
2020
(174)

JNJ-4528
NCT03548207
(CARTITUDE-1)

BCMA I-II 17 RRMM
United
States,
Japan

A CAR-T therapy containing two
BCMA-targeting single-domain
antibodies

ASCO
2020
(175)

ALLO-715
NCT04093596
(UNIVERSAL)

BCMA I 47 RRMM
United
States

Allogeneic CAR-T product; Using
TALEN technology to disrupt TCR
constant gene

ASH 2021
(176)

CT053
NCT03975907
(LUMMICAR)

BCMA I-II 14 RRMM China
A fully human autologous CAR-T
product

ASH 2021
(177)

ARI0002H NCT04309981 BCMA I-II 35 RRMM Spanish
A lentiviral autologous second-
generation CAR-T product

ASH 2021
(178)

PHE885 NCT04318327 BCMA I 56 RRMM
United
States

A novel CAR construct with an
innovative T-charge manufacturing
platform

ASH 2021
(179)

CT103A ChiCTR1800018137 BCMA I-II 71 RRMM China
A fully human BCMA-specific
CAR-T product

ASH 2021
(180)

bb2121
NCT03361748
(KarMMa)

BCMA II 140 RRMM Multicenter Updated data of KarMMa trial
ASCO
2021
(181)

bb2121
NCT04196491
(KarMMa-4)

BCMA I 13 NDMM
United
States

Aiming at high-risk newly
diagnosed MM patients

ASCO
2021 (24)

GC012F NCT04236011
BCMA ×
CD19

I 28 RRMM China Rapid manufacture platform
ASCO
2022
(182)

CART-
ddBCMA

NCT04155749 BCMA I 25 RRMM
United
States

An autologous CAR-T product that
utilizes a novel, synthetic binding
domain

ASCO
2022
(183)

OriCAR-
017

NCT05016778 GPRC5D I 11 RRMM China
A novel CAR-T product with
improvement in expansion and
durability

ASCO
2022
(184)

Cilta-cel
NCT04133636
(CARTITUDE-2)

BCMA II 19 RRMM Multicenter
Update and supplement of
CARTITUDE-1

ASCO
2022
(185)

RRMM, relapsed or refractory multiple myeloma; NDMM, newly diagnosed multiple myeloma; MM, multiple, myeloma; ASCO, American society of clinical oncology; ASH, American
society of hematology.
fro
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7 Conclusion

In this review, we summarized the current status and future

innovations in CAR-T therapy for multiple myeloma. Clinical

benefits of using CAR-T therapy to treat MM has been confirmed,

but it does not lead to favorable durability and safety with current

technologies. Numerous promising engineering approaches are

underway to improve the efficacy and safety of CAR-T cell

therapy, expanding this technology for a wider range of

application and bring more benefits for MM patients.
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The making of multivalent
gamma delta TCR anti-CD3
bispecific T cell engagers
Eline van Diest1†, Mara J. T. Nicolasen1†, Lovro Kramer1,
Jiali Zheng1, Patricia Hernández-López1,
Dennis X. Beringer1‡ and Jürgen Kuball1,2*‡

1Center for Translational Immunology, University Medical Center Utrecht, Utrecht University,
Utrecht, Netherlands, 2Department of Hematology, University Medical Center Utrecht, Utrecht
University, Utrecht, Netherlands
Introduction: We have recently developed a novel T cell engager concept by

utilizing g9d2TCR as tumor targeting domain, named gamma delta TCR anti-

CD3 bispecific molecule (GAB), targeting the phosphoantigen-dependent

orchestration of BTN2A1 and BTN3A1 at the surface of cancer cells. GABs

are made by the fusion of the ectodomains of a gdTCR to an anti-CD3 single

chain variable fragment (scFv) (gdECTO-aCD3), here we explore alternative

designs with the aim to enhance GAB effectivity.

Methods: The first alternative design was made by linking the variable domains

of the g and d chain to an anti-CD3 scFv (gdVAR-aCD3). The second alternative

design was multimerizing gdVAR-aCD3 proteins to increase the tumor binding

valency. Both designs were expressed and purified and the potency to target

tumor cells by T cells of the alternative designs was compared to gdECTO-

aCD3, in T cell activation and cytotoxicity assays.

Results and discussion: The gdVAR-aCD3 proteins were poorly expressed, and

while the addition of stabilizing mutations based on finding for ab single chain

formats increased expression, generation of meaningful amounts of gdVAR-aCD3
protein was not possible. As an alternative strategy, we explored the natural

properties of the original GAB design (gdECTO-aCD3), and observed the

spontaneous formation of gdECTO-aCD3-monomers and -dimers during

expression. We successfully enhanced the fraction of gdECTO-aCD3-dimers by

shortening the linker length between the heavy and light chain in the anti-CD3

scFv, though this also decreased protein yield by 50%. Finally, we formally

demonstrated with purified gdECTO-aCD3-dimers and -monomers, that

gdECTO-aCD3-dimers are superior in function when compared to similar

concentrations of monomers, and do not induce T cell activation without

simultaneous tumor engagement. In conclusion, a gdECTO-aCD3-dimer based

GAB design has great potential, though protein production needs to be further

optimized before preclinical and clinical testing.

KEYWORDS

tumor immunology, bispecific T cell engager, gamma delta TCR, protein engineering,
Gamma Delta T cells
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Introduction

During the last decade, the introduction of immunotherapy

has led to a significant improvement in treatment options for

cancer patients. Many of these therapies aim to improve T

lymphocyte mediated tumor recognition, for example by

relieving the breaks on these cells by checkpoint inhibition, or

by arming T cells with chimeric antigen receptors that induce

cancer cell recognition (1). Another opportunity to use T cells

for cancer therapy arose from the discovery that T cells can be

redirected to tumor cells by a bispecific hybrid antibody (2), and

since this initial discovery, many different bispecific antibodies

to redirect T cells towards tumor cells have been developed (3).

In general, bispecific antibodies combine a tumor binding

domain, directed to a tumor associated antigen, with a T cell

recruitment domain, most often binding to CD3ϵ. These

bispecific antibodies, also called T cell engagers (TCE), can

induce T cell mediated cytotoxicity towards tumor cells by

simultaneously binding to the target antigen and CD3, without

specific T cell receptor (TCR) - MHC engagement (4).

Blinatumomab, a TCE directed against CD19 and CD3 is the

first TCE construct that is FDA approved for the treatment of

patients with refractory or relapsed pre-B-acute lymphoid

leukemia (5). Recently a second TCE, Tebentafusp, targeting a

gp100 peptide in HLA-A*02:01 and CD3, was FDA approved for

the treatment of unresectable or metastatic uveal melanoma (6).

Next to these two TCEs, a plethora of novel TCEs with different

designs and tumor targets is currently in various stages of clinical

development (7, 8).

The majority of TCEs utilize antibody-derived tumor binding

domains, in the form of single chain variable fragments, antigen

binding fragments, or full length antibodies (9). These antibody-

derived binding domains can be engineered to bind to tumor

associated antigens with very high affinity, which has been

reported as beneficial for the development of highly potent TCEs

(10, 11). A challenge that remains, however, is the selection of novel

suitable target antigens for TCEs. On-target off- tumor toxicity

remains a concern for high affinity TCEs when low levels of the

target antigen are expressed on healthy tissue (12).

Most recently, we have developed a novel TCE concept, so

called gamma delta TCR anti-CD3 bispecific molecules (GABs)

by fusing ectodomains of a gd T cell receptor (TCR) to an anti-

CD3 single chain variable fragment (gdECTO-aCD3) (13). This
concept is based on the anti-tumor activity of g9d2 T cells, which

are important players in the recognition of foreign pathogens,

virally infected cells, and also cancer cells (14). Vg9d2 T cells, a

specific gdT cell subset mainly found in the blood, recognize

members of the butyrophilin (BTN) family, namely BTN2A1,

through the gamma chain of their Vg9d2TCR, and additionally

require BTN3A1 expression on the tumor cells for full activation

(15–17). Recognition of the BTN2A1-BTN3A1 complex is

induced by an intra-cellular accumulation of phosphoantigens
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(pAg) that can bind to the intracellular B30.2 domain of

BTN3A1, which is modulated by RhoB (18, 19). pAg

accumulation can be caused by microbial infection, but is also

associated with cancerous transformation of cells (20). In vitro

Vg9d2T cells recognize and lyse a broad spectrum of solid and

hematological tumor cells (21, 22) and therefore provide an

interesting tool box for the development of anti-cancer therapies

(23). However, the activity of Vg9d2T cells is diverse when

analyzed in a clonal population (17), and can be hampered by

many inhibitory receptors, like NKG2A (24).

GABs are a means to utilize the favorable clonal properties of

natural Vg9d2T cells, and, by engaging mainly ab T

lymphocytes, make it possible to overcome the general poor

functionally of Vg9d2T cells in advanced stage cancer patients.

Furthermore, GAB mediated tumor recognition is independent

of the mutational load or tumor associated antigen expression of

the tumor cells, thus introduces a novel tumor targeting concept

to the TCE field. This concept would also overcome extensive

and expensive T cell engineering concepts with defined

Vg9d2TCRs (23, 25).
Critical for the GAB concept remains the rather low affinity

of the Vg9d2 TCR for its ligands, which has been reported in the

µM range (15, 16), a couple of magnitudes lower than the high

affinity antibody derived domains generally used for tumor

binding in TCEs. For abTCR based TCEs, like Tebentafusp,

the consensus is that affinity maturation of the abTCR from µM

to pM is required to create a functional TCE (26). While we have

shown that for the GAB, affinity maturation of the gdTCR is not

essential when naturally selected high affinity CDR3 sequences

of the d chain are used (13), we hypothesized that increasing the

tumor binding avidity of the Vg9d2 TCR would further improve

the effectivity of a GAB.

Most TCEs combine only one tumor- and one T cell

engaging domain, similar to our original GAB design, however

there are also higher valency constructs currently being

developed (9, 27, 28). Often the rationale behind the use of

these higher valency constructs is to increase the potency of the

TCE by increasing the tumor binding avidity rather than the

direct affinity maturation of the tumor binding domain (29). In

this light,

we report here on the failures and success of different

strategies to create multivalent GABs, and show that while

attempts to express the g and d variable domains as a single

chain linked to an anti-CD3 single chain variable fragment

(gdVARaCD3) were not successful, we observed gdECTO-aCD3-
dimers as a side product during the production process with the

original gdECTO-aCD3 GAB design, incorporating the full length

gdTCR ectodomains. Although it is a technical challenge to

achieve meaningful yields of gdECTO-aCD3-dimers, gdECTO-
aCD3-dimers have improved in vitro potency compared to

the monomeric form, while there is no evidence for non-

specific T cell activation by bivalent CD3 engagement.
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Material and methods

Generation of bispecific constructs

Design of the original gdECTO-aCD3 construct was reported

previously (13). To force dimerization, the 3(G4S) linker between

the OKT3 variable heavy and light chain was replaced by a G4S

linker. To create the gdVAR-aCD3, the variable domains of the g and
d chain linked to an anti-CD3 single chain variable fragment were

cloned into a modified pcDNA3 vector (kind gift from protein

facility LTI; UMCU) using BswI and SalI restriction sites,

containing a 3’ biotin acceptor peptide and His-tag after the SalI

restriction site. From the N- to C-terminus the gdVAR –aCD3 had
the following design, Vd-3(G4S)-Vg-3(G4S)-VH-3(G4S)-VL. For
constructing the single chain gdVAR the C-terminus of the Vd chain
was linked to the N-terminus Vg chain by a flexible linker with the

sequence GSADDAKKDAAKKDGKS. Unless indicated otherwise,

the TCR sequences used for the GAB constructs are derived from

CL5 TCR (30) (gdVAR and gdVAR-aCD3) or AJ8 TCR (gdECTO-
aCD3) (13). CDR3 sequences of all the TCRs used are indicated in

Table 1. The anti CD3 single chain variable fragment (aCD3) was
derived from the mAb OKT3 (32).
Cells and cell lines

PBMCS were isolated by Ficoll-Paque (GE Healthcare, cat

no. Cytvia 17-1440-03)

from buffy coats obtained from Sanquin Blood Bank). abT cells

were expanded fromPBMCs using CD3/CD28 dynabeads (Thermo

Fisher scientific, cat no. 40203D) and (1.7 × 103 IU/ml of MACS

GMP Recombinant Human interleukin (IL)-7 (Miltenyi Biotec, cat

no. 130-095-361), and 1.5 × 102 IU/ml MACS GMP Recombinant

Human IL-15 (Milteny Biotec, cat no. 130-095-762). HL60, RPMI

8226, and SSC9 stably expressing GFP-luciferase was generated by a
Frontiers in Immunology 03
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previously described retroviral transduction protocol (30). The

plasmid containing the GFP and luciferase transgenes was kindly

provided by Jeanette Leusen (UMCUtrecht, Utrecht, Netherlands).

The following cell lines were obtained from ATCC between 2010

and 2018, HL60 (CCL-240), RPMI 8226 (CCL-155), SCC9 (CRL-

1629) and Daudi (CCL-213). Freestyle 293-F cells (R790-07) were

obtained from Invitrogen. ML-1, HL60, RPMI 8226 and Daudi

were cultured in RPMI (Gibco, cat no. 12017599), 10% FCS

(Bodinco), 1% Pen/Strep (Invitrogen, cat no. 11548876). Freestyle

293-F in Freestyle expression medium (Gibco, cat no. 10319322).

SCC9 in DMEM (Gibco, cat no. 31966047) 10% FCS, 1% Pen/Strep.
Expression and purification of bispecifics

Bap and His-tagged gdVAR –aCD3, gdVAR, or gdECTO-aCD3
were expressed in 293 F cells. 293 F cells were cultured in Gibco

Freestyle Expression medium, as transfection reagent

Polyethylenimine (PEI) (25 kDa linear PEI, Polysciences, cat

no. 23966-1) was used. Transfection was performed using 293 F

cells at a density of 1.10^6 cells/ml mixed with 1.25 µg DNA,

3.75 µg PEI and per million cells. DNA and PEI were pre-mixed

in freestyle medium (1/30 of transfection volume), incubated for

20 minutes, and added dropwise to the cell cultures. The cultures

were maintained shaking at 37°C 5% CO2. To biotinylate the

protein during expression, a vector containing the bacterial

biotin ligase BirA was added to the transfection mix (10% of

total DNA), and six hours after transfection, the medium was

supplemented with 100 µM Biotin. Cell culture supernatant was

harvested after 5 days and filtered through a 0.22 µm filter top

(Milipore, Cat no. S2GPT02RE). Supernatant was adjusted to 25

mM Tris (Sigma Aldrich, cat no. 1185-53-1), 150 mM NaCl

(Sigma Aldrich, 7647-14-5)

and 15 mM Imidazole (Merck, 288-32-4) (pH 8) and loaded

on a 1 ml HisTrap HP column (GE healthcare, cat no. 17-5247-
TABLE 1 GAB sequences. Depicted are sequences used for generation of ydecto-aCD3.

GAB REF CDR3d CDR3g

AJ8 (13) CACDTAGGSWDTRQMFF CALWEAQQELGKKIKVF

LM1 (30) CACDTLLATDKLIF CALWEAQQELGKKIKVF

A3 (17) CACDAWGHTDKLIF CALWEAQQELGKKIKVF

C4 (17) CACDTLALGDTDKLIF CALWEAQQELGKKIKVF

C5 (17) CACDLLAPGDTSFTDKLIF CALWEAQQELGKKIKVF

C7 (17) CACDMGDASSWDTRQMFF CALWEAQQELGKKIKVF

A3 (17) CACDAWGHTDKLIF CALWEAQQELGKKIKVF

CL5 (30) CACDALKRTDTDKLIF CALWEIQELGKKIKVF

6_2 (13) CACDTLPGAGGADKLIF CALWEVQELGKKIKVF

EPCR reactive y4d5 TCR (31) CAASSPIRGYTGSDKLIF CATWDGFYYKKLFGSG
frontiersin.org

https://www.miltenyibiotec.com/NL-en/products/human-il-7.html?--&gclid=EAIaIQobChMIw4Kuppbo9AIVyZ7tCh0v6A5YEAAYAiAAEgLqbfD_BwE&amp;countryRedirected=1
https://www.miltenyibiotec.com/NL-en/products/human-il-15.html?gclid=EAIaIQobChMIiuXdu5fo9AIVU-R3Ch0bbwz9EAAYAyAAEgIROPD_BwE
https://doi.org/10.3389/fimmu.2022.1052090
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


van Diest et al. 10.3389/fimmu.2022.1052090
01) using the ÄKTA start purification system (GE healthcare).

The column was washed with IMAC loading buffer (25 mM

Tris,150 mM Nacl 15 mM Imidazole (pH 8), and protein was

eluted using a linear imidazole gradient from 21 to 300 mM in 20

CV. Fractions containing the expressed protein were pooled,

concentrated and buffer exchanged to TBS (25 mM tris, 150 mM

NaCl, pH 8) using vivaspin 20 30kD spin columns (Sartorius, cat

no.VS2022). Protein was diluted 100 times in IEX loading buffer

(25 mM Tris pH 8), and loaded onto a HiTrap Q HP 1 ml

column (GE healthcare, cat no. 17-1153-01) using the ÄKTA

start purification system, for a second purification step. The

column was washed with 10 column volumes IEX loading buffer,

and protein was eluted using a linear NaCl gradient form 50 to

300 mM in 25 CV. Fractions containing the GAB were pooled,

concentrated using vivaspin 20 30kD spin columns and

examined by SDS-PAGE and staining with Instant blue

protein stain (Sigma Aldrich, cat no. ISB1L). Protein

concentration was measured by absorbance on Nanodrop and

corrected for the Extinction coefficients. The protein was snap

frozen and stored at -80°C and thawed before use.
Beads coated with variable domains
of the g and d chains (gdVAR) for target
cell staining

Biotinylated soluble gdVAR was mixed with 5-7µm

streptavidin-coated UV-beads (Spherotech) in excess to ensure

fully coated beads, 10 µg gdVAR/mg microspheres. 7.5*104 cells,

ML1 or K562, were incubated with 20 µl gdVAR -UV beads (0.33

mg beads/ml) for 30 minutes at RT. The mixtures were fixed by

adding 20 µl 2% formaldehyde for 15 minutes. The samples were

washed once with 1% formaldehyde and analyzed on a BD

FACSCanto II (BD).
Size exclusion chromatography and multi
angle light scattering

Size exclusion chromatography was performed on a Yarra 3

uM SEC 3000 column (Phenomenex) using the high

Performance Liquid Chromatography system (Shimadzu). The

column was washed with SEC running buffer (100 mM Sodium

Phosphate 150 mM NaCl pH 6.8) before loading of the samples.

Protein samples were 5x diluted in SEC running buffer and

filtered through a 0.22 uM centrifugal filter before loading on the

column. For molecular weight characterization SEC was

performed with online static light scattering (miniDAWN

TREOS, Wyatt Technology) and differential refractive index

(dRI, Shimadzu RID-10A) on a Shimadzu HPLC system. Data

were analysed using the ASTRA software suite v.6.1.5

(Wyatt Technology).
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IFNg ELISA/Elispot

15.000 (Elispot) or 50.000 (ELISA) effector cells and 50.000

target cells were incubated together with or without GAB

(different concentrations) for 16 hours at 37°C 5% CO2. 30 or

100 µM pamidronate (calbiochem, cat no. 109552-15-0) was

added to the target cells. For ELISA the supernatant was

harvested after 16 hours, and the level of IFNg was determined

using the IFN gamma Human Uncoated ELISA Kit (Invitrogen,

cat no. 15541107). For the Elispot assay the co-culture was done

in nitrocellulose-bottomed 96-well plates (Millipore, cat no.

MSIPN4550) precoated with a-IFNg antibody (Mabtech,

3420-3-1000, clone 1-D1K 1:200). After 16 hours, the plates

were washed with PBS and incubated with mAb7-B6-1 (II;

Mabtech, cat no. 3420-6-1000) followed by Streptavadin-HRP

(Mabtech, cat no. 3310-9) IFNg spots were visualized with TMB

substrate (Mabtech, cat no. 3651-10) and analyzed using

A.EL.VIS ELISPOT Scanner and analysis software (A.EL.VIS).
Luciferase based cytotoxicity

5000 or 10000 target cells stably expressing luciferase were

incubated with T cells at a 3:1 or 5:1 T cell to target cell ratio,

with different gdECTO-aCD3 concentrations (as indicated) in the

presence of 30 or 100 µM pamidronate (calbiochem, cat no.

109552-15-0). After 16 hours, beetle luciferin (Promega, E1602)

was added to the wells (125 µg/ml) and bioluminescence was

measured on SoftMax Pro plate reader. The signal in treatment

wells was normalized to the signal measured for targets and T

cells only, which was assumed to represent 100% living cells.
Results

Variable domains of the g and d chains
(gdVAR) are poorly expressed as a single
chain fragment

The GAB design published to date is a fusion of ectodomains

of a gd T cell receptor (TCR) to an anti-CD3 single chain variable

fragment (gdECTO-aCD3) (Figure 1A) (13). We next explored

strategies to increase the valency of GABs, in an effort to further

increase potency. Multivalent tumor binding could be achieved,

for example, by generating shorter single chain variable

fragments as tumor- and T cell binding domains, and linking

these in tandem with the desired stoichiometry (33). To test the

feasibility of this approach, we constructed variable domains of

the g and d chain (gdVAR) linked to an anti-CD3 single chain

variable (aCD3) fragment with 1:1 stoichiometry (gdVAR-aCD3)
(Figure 1B). gdVAR-aCD3 and the aCD3 alone (as a positive

control) were expressed in HEK293F cells, and protein
frontiersin.org
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production was evaluated on a SDS gel after His-tag purification.

While there was a visible band for the aCD3 alone around 30kD,
we did not observe expression of the gdVAR-aCD3, which is

expected at 62kD (Figure 1B left panel). We were able to

visualize a band for the gdVAR-aCD3 using Western blot,

indicating that this design does result in expressed protein, but

yields are not comparable to quantities produced for aCD3
alone (Figure 1B right panel).
Frontiers in Immunology 05
33
Stabilizing mutations reported from ab
variable T cell receptor single chains
increase expression of gdVAR-aCD3 by
three-fold

For abTCR-derived single chains, expression yields are often

very low compared to antibody-derived single chains, due to

aggregation and misfolding of the protein (33). Therefore,

introduction of stabilizing mutations is, in general, required to

achieve successful expression of abTCR-derived single chains

(34–36). These stabilizing mutations are often unique for each

TCR, and are usually identified by large randommutagenesis PCR

screens. In an attempt to identify a more broadly applicable

engineering strategy, Richman et al. compared stabilizing

mutations found for several different abTCR-derived single

chains, and identified amino acids that were mutated in more

than one stabilized abTCR-derived single chain (35). To

determine which of the regular occurring stabilizing mutation in

single chain abTCR would be suitable to include in our gdVAR, we
aligned the sequences of variable domains of abTCR 2C (PDB

1TCR) and gdTCR G115 (PDB 1HXM) (Supplementary

Figure 1A) and their corresponding protein structures in

PyMOL. Based on the location and chemical environment of

the residues in the gdTCR and the potential benefit of mutations

that are present in single chain abTCRs, we selected six mutations

to introduce in the gdTCR variable chains (gdVAR-MUT)

(Supplementary Figure 1B). Three out of five mutations in the

gamma chain were localized in the region of the variable domain

that interacts with the constant domain in the full length TCR.

These three mutations have the potential to either change polarity/

hydrophobicity (gK13V in orange and yI99S blue) or flexibility

(gV49E in green) of the variable gamma chain (Supplementary

Figure 1B) (35). Two other gamma chain mutations (gV49E in

blue and gI50L in red) plus the delta chain mutation (dM50P in

red) are located in in the variable g- variable d interface (in red,

Supplementary Figure 1B).

gdVAR-aCD3 and gdVAR-MUT-aCD3 were expressed in

HEK293F cells, and protein production was evaluated by

western blot (Figure 2A). Introduction of the six mutations

approximately tripled the expression yield of gdVAR-MUT-aCD3
when compared to gdVAR-aCD3 (Figure 2B). Despite the rather
modest increase in expression by only threefold, we next

performed a large-scale production and purification of the

gdVAR-MUT-aCD3 (Figure 2C). To assess activity, the purified

gdVAR-MUT-aCD3 and gdECTO-aCD3 (as a positive control) were
added to a co-culture of T lymphocytes, and the target cell line
A

B

FIGURE 1

Expression of a gdVar–aCD3 bispecific molecule (A) Schematic
representation of the gdecto- aCD3, showing the extracellular (ecto)
gdTCR (top), with the TCRg chain connected to an anti-CD3 single
chain variable fragment (aCD3) with the variable light (VL)and heavy
(VH) and light chain (bottom) via a flexible linker. Purified GAB was
run on SDS-page gel and stained with coomassie brilliant blue
protein stain: visualizing the ectog-CD3scFV (59kD) and ectod chain
(26 kD). (B) Schematic representation of the gdvar–aCD3 with the
Vd-Vg single chain TCR fragment (scTv) (top) linked to an anti-CD3
scFv (bottom) via a flexible linker. After HIS-tag purification the
CD3scFv and gdVar –aCD3 samples were run on SDS gel and
visualized with coomassie brilliant blue protein stain. (left) or His-Tag
western blot (right).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1052090
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


van Diest et al. 10.3389/fimmu.2022.1052090
Daudi, previously shown to be recognized by g9d2 T cells (37).

The unrecognized cell line ML-1 was used as a negative control,

and additionally the Daudi cells were treated with the

mevalonate pathway inhibitor pamidronate (PAM) to enhance

g9d2TCR mediated recognition (30). While the gdECTO-aCD3
only induced T cell activation against Daudi cells treated with

PAM (Figure 2D), the gdVAR-MUT-aCD3 did not induce

differential recognition of the target cell lines (Figure 2E). In

one experiment the gdVAR-MUT-aCD3 induced nonspecific T cell

activation, which could imply the presence of larger protein

aggregates that can trigger T cell activation without target cell
Frontiers in Immunology 06
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engagement. Size exclusion chromatography (SEC) of gdVAR-
MUT-aCD3 protein confirmed that in addition to the

monomeric gdVAR-MUT-aCD3 peak at 9 minutes, a large

proportion of the gdVAR-MUT-aCD3, ~25%, was eluted before

this monomeric peak, indicative of aggregated gdVAR-MUT-

aCD3 (Figure 2F).

To assess the expression and folding properties of the gdVAR-
MUT specifically, gdVAR-MUT was expressed in HEK293F cells and

purified using ion exchange chromatography. The gdVAR-MUT

was eluted in several peaks (Figure 3A), indicating that there is a

variation in the physical properties of the protein, which could
A

D

F

B

E

C

FIGURE 2

gdVAR-MUT–aCD3 does not redirect T cells to tumor cells (A) gdVar–aCD3 WT or with six stabilizing mutations, were expressed in HEK293F cells,
and protein expression was visualized using His-Tag western blot. (B) Expression of gdVar–aCD3 6mut relative to the WT gdVar–aCD3. N=6 error
bars represent SD, significance was calculated using an unpaired **p≤ 0.01. (C) SDS-PAGE analysis of purified gdVAR-MUT–aCD3. D\E) T
lymphocytes were co-incubated with (D) gdECTO-aCD3 or (E) gdVAR-MUT–aCD3 (5-10 µg/ml) and target cells ML-1 or Daudi, -/+ 100 µM
pamidronate (PAM). IFNg release was measured by ELISPOT. The different symbols represent three different experiments (two technical
replicates). N=3, error bars represent SEM, significance was calculated using one-way ANOVA, ns not significant p>0.05, ****p≤ 0.0001. (F) Size
exclusion chromatogram of the gdVAR-MUT–aCD3.
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A

B

C D

FIGURE 3

Expression and misfolding of single chain gdVAR-MUT. (A) gdvar with stabilizing mutations (gdVAR-MUT) were expressed in HEK29F cells and purified
using ion exchange chromatography (B) the different protein elution fractions after ion exchange chromatography (IEX) were run on SDS gel
and visualized by coomassie brilliant blue staining C/D) Fluorescent beads were coated with the indicated IEX protein elution peaks of gdVAR-MUT

or control gdECTO and incubated with ML1 (C) and K562 (D) cells. Graph shows % beads positive cells. The different symbols represent different
experiments. Closed symbols represent protein elution fractions from batch 1, open symbols represent protein elution fractions from batch 2.
N=3, error bars represent SEM, significance was calculated using a multiple comparison one-way ANOVA, comparing all means to the mean of
gdecto, *=p≤ 0.05 **= p≤ 0.01.
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have an influence on its functionality. When the different

fractions were evaluated on SDS gel, all contained the gdVAR-
MUT (Figure 3B). We have previously shown that it is possible to

assess g9d2 TCR binding to target cells by coating soluble gdECTO
on fluorescent streptavidin beads and evaluation of bead binding

by flow cytometry (17). To test the gdVAR-MUT in the different

elution peaks for binding activity, the protein fractions

corresponding to the separate peaks were coated on

fluorescent streptavidin beads and assessed for K562 target cell

binding by flow cytometry, ML-1 cells were used as a negative

control. No staining was observed for beads coated with any of

the gdVAR-MUT elution peaks of the two cell lines, while beads

coated with gdECTO specifically stained K562 cells and not the

negative control cell line ML-1 (Figures 3C, D). Based on these

results we can conclude that, similar to previous findings for

abTCR-derived single chains, in order for a gdVAR-aCD3 to be

expressed and functional, extensive work would have to be

performed to stabilize the gd variable domain single

chain format.
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gdECTO-aCD3 -dimer formation occurs
naturally and is impacted by the linker
length between the heavy and light
chain of aCD3

As alternative strategy to increase valency of GABs, we next

considered possibilities to generate a multivalent GAB by using

the original gdECTO-aCD3 design (Figure 1A). It has been

reported previously that single chain fragments can cause

protein oligomerization due to inter-chain variable heavy and

light chain interactions, instead of the intended intra-chain

heavy and light chain association (Figure 4A) (38, 39). To test

whether the current gdECTO-aCD3 design harboring an anti-

CD3 single chain variable fragment with the heavy and light

chain linked with a 3(G4S) flexible linker (gdECTO-aCD3) results
in multimerization of the gdECTO-aCD3 molecules, gdECTO-
aCD3 were analyzed, using size exclusion chromatography

(SEC) (Figure 4B). The SEC chromatogram of gdECTO-aCD3
showed three peaks, with the peak at the highest retention time
A B

C

FIGURE 4

gdecto-aCD3-dimers are formed by aCD3 dimerization, which is influenced by linker length between the heavy and the light chain.
(A) Schematic representation of aCD3 either folded by with intra-chain interaction (left) or with inter-chain interaction of two aCD3s (right).
B+C) Size exclusion chromatography of gdecto-aCD3 comprising the linker 3(G4S) (B) or gdecto-aCD3G4S (C).
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(peak 3) containing the most protein, implying that there are

indeed more size variants in the protein product. Separate

analysis of the two major protein peaks (2 and 3) on SDS-

PAGE showed the presence of both protein chains in the peaks,

with no difference in relative signal intensity between the chains

(Supplementary Figure 2A). The SEC was repeated with different

protein batches, always resulting in a similar chromatogram,

with a comparable ratio between the percentage area under the

curve (AUC) of the 2 major peaks (Supplementary Figure 2B).

Furthermore, varying the TCR sequence either by changing the

CDR3 region of the Vd2 or the complete Vg9 or Vd2 chain

(Clone 5, 6_2, EPCR-reactive gdTCR) in the gdecto-aCD3, did
not influence the ratio of percentage AUC of the two size

variants (Table 1 and Supplementary Figure 2C).

To determine the size of the GAB variants in both peaks we

first used SEC-reference standards, containing 5 different

molecules with known molecular weight. Based on the

calibration curve the GAB variant peak 2 would have a

molecular weight of around 310 kDa and the GAB variant in

peak 3 would have a molecular mass of around 115 kDa

(Supplementary Figure 2D). Assuming that the peak 3 would

contain monomeric GAB, with a theoretical molecular mass of

85 kDa, this number deviates substantially. These large

deviations in molecular mass are not uncommon when using

SEC as the retention time is not only dictated by the size of the

protein, but also by the shape (40). To formally determine the

exact size of the gdECTO-aCD3 protein in the SEC peaks, we

performed size exclusion chromatography with multi angle light

scattering (SEC-MALS). The MALS analysis provided the molar

masses for the 2 major sized peaks, with peak 2 consisting of a

protein with a molar mass 176.7 kDa, and peak 3 of a protein

with a molar mass of 88.45 kDa, corresponding to dimeric and

monomeric gdECTO-aCD3 respectively (Supplementary

Figure 2E), the small deviation from the theoretical molar

mass, 171 kDa and 85.5 kDa, can be attributed to N-linked

glycosylation of gdECTO-aCD3 (Supplementary Figure 2F).

While not determined in the SEC-MALS analysis, due to the

small size, this means that peak 1 most likely contains trimerized

gdECTO-aCD3.
One of the factors influencing the single chain folding is the

length of the linker between the two variable chains, with shorter

linkers sterically hindering intra-chain interaction and thereby

promoting inter-chain interactions (Figure 4A). Therefore, the

flexible linker between the heavy and light chain of aCD3 was

shortened from 15 to 5 amino acids (3(G4S) to G4S, gdECTO-
aCD3G4S). After production and purification, a sample of the

gdECTO-aCD3G4S was analyzed by SEC (Figure 4C), showing an

increase in the relative amount of dimeric gdECTO-aCD3G4S to
over 50% of the total protein.

We conclude that it is possible to enhance the formation of

naturally dimerized gdECTO-aCD3 from approximately 20%, to

over 50% by decreasing the linker length. Of note, there was no

clear indication that larger aggregated oligomers, which could
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potentially cause non-specific T cell activation as seen for the

gdVAR-aCD3, are present in either gdECTO-aCD3 product.
gdECTO-aCD3G4S production is less
efficient than gdECTO-aCD3

Unfortunately, although the shorter G4S linker led to a

higher percentage of dimer formed during protein expression,

it also decreased total protein expression, as shown in a side by

side comparison of expression medium of gdECTO-aCD3 and

gdECTO-aCD3G4S by western blot (Figure 5A). On average, the

relative expression of the gdECTO-aCD3G4S compared to gdECTO-
aCD3 was decreased by two-fold, meaning that overall, while

the G4S linker approximately doubles the proportion of formed

dimer, it also causes a two-fold decrease in protein expression.
gdECTO-aCD3-dimers are functionally
superior to monomers

Despite the lower efficiency in the production of gdECTO-
aCD3G4S compared to gdECTO-aCD3, we tested whether,

without further purification of the monomer and dimer

fraction, differences in the activity between both constructs

could be observed. gdECTO-aCD3 and gdECTO-aCD3G4S were

therefore titrated in a co-culture of T lymphocytes and SCC9

target cell line, and IFNg release was determined by ELISPOT

(Figure 5B). The gdECTO-aCD3G4S showed a slight increase in

functional avidity, defined as IFNg release, compared to the

gdECTO-aCD3, probably due to the higher percentage of dimer

present in the gdECTO–aCD3G4S protein product. Next, we also

tested the gdECTO-aCD3 and gdECTO-aCD3G4S for direct target
cell killing, using a luciferase-based cytotoxicity assay. Luciferase

transduced target cell lines (RPMI8226 and SCC9) were co-

cultured with T cells and different concentrations of gdECTO-
aCD3 and gdECTO-aCD3G4S, and the amount of viable cells was

determined (Figure 5C). Again, we observed a slight, but not

significant, increase target cell killing of the gdECTO-aCD3G4S
compared to gdECTO-aCD3.

We hypothesized that the lack of significance in activity was

most likely a consequence of the still rather limited difference in

the amount of dimers (20% and 50% dimer; Figures 4B, C),

which made it difficult to formally asses the true value of dimers,

when compared to monomers. As the shortening of the G4S

linker also significantly decreased the expression efficiency of the

gdECTO-aCD3 protein, we decided to assess the impact of

purified dimer and monomer fractions derived from the

original design, namely gdECTO-aCD3.
Preparative size exclusion chromatography was used to

separate monomeric and dimeric gdECTO-aCD3. As dimeric

gdECTO-aCD3 are, in theory, not only bivalent for tumor

binding, but also for CD3 binding, the binding properties of
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monomeric and dimeric gdECTO-aCD3 to T lymphocytes were

first evaluated. Purified monomeric and dimeric gdECTO-aCD3
were titrated and incubated with T lymphocytes, followed by a

secondary staining using fluorochrome labeled pangd-TCR
antibody (Figure 6A). A comparison of the MFI between the

dimer and the monomer showed an increase in T cell binding at

lower gdECTO-aCD3 concentrations for the dimeric form,

compared to the monomer. This could be attributed to an

increase in the CD3 binding avidity of the dimer protein, but

might also be partially explained by the presence of two binding

epitopes for the pangd-TCR antibody in each dimeric

gdECTO-aCD3.
To test whether dimeric GABs are more potent than

monomeric GABs to specifically activate T lymphocytes, we

titrated monomeric or dimeric gdECTO-aCD3 in a co-culture
Frontiers in Immunology 10
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with T cells and target cells, either the non-recognized cell line

HL60 (37) or one of the previously used recognized cell line

RPMI8226 or SCC9. This titration showed that the dimeric

gdECTO-aCD3 was more potent compared to monomeric

gdECTO-aCD3, inducing more IFNg release compared to

monomer in a co-culture with recognized target cells,

RPMI8226 and SCC9, while no IFNg release was detected in

the presence of the non-recognized target cell line HL60 for

either dimeric or monomeric gdECTO-aCD3 (Figure 6B). IFNg
release by T cells was significantly increased for dimeric gdECTO-
aCD3 at concentrations ≥ 0.6 µg/ml when co-cultured with

RPMI8226 and SCC9 (Figure 6C).

A luciferase based killing assay was performed to directly

compare the dimers and monomers of gdECTO-aCD3 for the

ability to induce target cell lysis. Luciferase transduced HL60,
A

B

C

FIGURE 5

Functionality and expression of gdecto-aCD3 and gdecto-aCD3G4S. (A) Westernblot of unpurified expression medium with gdecto-aCD3 and gdecto-
aCD3G4S GAB. The ecto gecto-aCD3 chain is visualized by a-HIS western blot B) T lymphocytes were co-incubated with SCC9 target cells in the
presence of PAM (100 µM) and gdecto-aCD33(G4S)/G4S (0.5-15 µg/ml) overnight. IFNy was measured by ELISPOT C) Effector and luciferase
transduced RPMI 8226 were co-incubated for 16 hours in the presence and absence of gdecto-aCD33(G4S)/G4S at different concentrations and
PAM (30 mM). Percentage viable cells was determined by comparing luminescence signal to the no gdecto-aCD3 condition, representing 100%
viability. N=4 (A), N=2 (B), N=4 (C), error bars represent SD. Significance was calculated using an unpaired T-test ***P≤ 0.001.
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FIGURE 6 (Continued)
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gdecto-aCD3-dimers are functionally superior (A) Coating of T lymphocytes with gdecto-aCD3-monomers or dimers, followed by staining with
fluorochrome labeled anti pan-gd antibody. MFI was measured by flow cytometry, representative figure is shown N=3. (B) T cells were incubated with
target cells, PAM (30 mM) and gdecto-aCD3-monomers or dimers (0.02-15 µg/ml) for 20 hours. IFNg release was measured by ELISA. Plots present mean +
SD of duplicates of a representative assay, N=4 for all cell lines. (C) IFNg release at a gdecto-aCD3 concentration at 0.6 µg/ml (as in B) for RPMI8226-luc
and SCC9-luc. Unpaired t test was used to determine significance between the gdecto-aCD3 monomer and dimer conditions, ** P-value <0.01
(GraphPad Prism). Each dot represents the mean of biological replicate. (D) T lymphocytes and luciferase transduced HL60, RPMI8226, and SCC9 target
cells were co-incubated for 20 hours in the presence and absence of gdecto-aCD3-monomers or dimers at different concentrations and PAM (10 mM) at
an E:T ratio of 5:1. Percentage viable cells was determined by comparing luminescence signal to the no GAB condition, representing 100% viability. Plots
present mean + SD of triplicates of a representative assay, N=4 for all cell lines. (E) EC50 for each killing assay was determined in GraphPad Prism for
RPMI8226-luc and SCC9-luc. Unpaired t test was used to determine significance between the gdecto-aCD3 monomer and dimer conditions, * P-value
<0.05 (GraphPad Prism).
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RPMI8226, and SCC9 targets cells were co-cultured with T cells

and an increasing protein concentration. Neither monomeric

nor dimeric gdECTO-aCD3 did induce T cell mediated killing of

the non-recognized target cell line HL60, in line with the lack of

T cell activation in the cytokine release assay. Dimeric gdECTO-
aCD3 induced more target cell killing at lower protein

concentrations for both tested recognized target cell lines

RPMI8226 and SCC9, while monomeric gdECTO-aCD3

induced efficient target cell lysis only at higher concentrations

(Figure 6D), which is also reflected in the significant difference in

EC50 between gdECTO-aCD3 monomer and dimer (Figure 6E).

In conclusion, our data shows that increasing the avidity of the

gdTCR binding in the GAB format enhanced the potency in

vitro, with the dimeric form of gdECTO-aCD3 being superior to

the monomeric form. Furthermore, bivalent CD3 engagement

alone does not cause T cell activation, but requires target

cell engagement.
Discussion

In this report we have explored different possibilities to increase

the binding valency of previously described GABs (13). We show

that dimers are a natural by-product of the recently reported

gdECTO-aCD3 design, and that gdECTO-aCD3-dimers have higher

activity when compared to gdECTO-aCD3-monomers. However, all

efforts to generate meaningful amounts of gdECTO-aCD3-dimers,

and strategies to increase valency by generating single chain formats

derived from the variable domains the of the gdTCR (gdVAR-aCD3)
were jeopardized by the lack of efficiency, and misfolding during

protein production.

Identifying a means to increase valency of the GABs without

compromising protein yields will be critical for further clinical

translation, in order to guarantee sufficient amounts of protein

during GMP-grade production, and to enter a clinical trial with the

most active compound. There are several other TCEs described in

literature that are multivalent in tumor binding, for example

tandem diabodies (41) with two separate chains interacting to

form four linked single chain variable fragments, or

immunoglobulins with one or two extra antigen binding
Frontiers in Immunology 12
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fragments attached (42, 43). These designs are, however, not

easily translated to the GAB format, as we have shown here that

the expression yield of a single chain gdVAR was very low, and most

of the expressed single chain gdVAR was misfolded and not

functional. This is not surprising, given the long journey required

to develop stabilized abTCR-derived single chains (34–36). While

we have shown that the introduction of mutations, based on

stabilizing mutations for abTCR-derived single chains, increased

expression efficiency of gdVAR three-fold, further attempts to

stabilize the single chain gdVAR will be needed. Due to the

inherent differences in sequence between variable domains of the

ab and gd chains, non-optimal choices might have been made.

We next focused on the original gdECTO-aCD3 design because

of its sufficient stability, and observed spontaneous formation of

monomers and dimers during expression. gdECTO-aCD3-dimers

are most likely formed by dimerization of aCD3 domains from two

gdECTO-aCD3 molecules. This assumption was supported by our

observation that dimer formation could be enhanced by shortening

the linker length between the variable heavy and light chain of the

aCD3 fragment (gdECTO-aCD3G4S). With a linker of 15 amino

acids 20% of the gdECTO-aCD3 protein was dimerized, which could

be increased to over 50% by decreasing the linker length to only 5

amino acids in gdECTO-aCD3G4S. The functional benefit of

increased dimerization of the gdECTO-aCD3G4S was rather

limited, and significant functional benefits could only be observed

for gdECTOaCD3-dimers when comparing purified dimers with

purified monomers. Introduction of the shorter linker also

decreased expression efficiency of the gdECTO-aCD3G4S, which
could be because this shorter linker is also more prone to cause

larger misfolded oligomers that will be excluded during protein

purification (38). Further clinical testing and development of the

multivalent GABs using this aCD3 dimerized format is therefore

not feasible. Addition of a dimerization domain to the C terminus

of the aCD3 to induce association of two monovalent gdECTO-
aCD3 to form a dimer, as reported for other TCEs, could be a more

efficient alternative (27, 44, 45).

Common dimerization domains cause symmetric dimerization

of two identical molecules, thereby inducing a symmetric

multivalent gdECTO-aCD3 containing two tumor engaging- and

two CD3 binding domains. We have shown in this report that the
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dimerized aCD3 of gdECTO-aCD3 did not result in a non-specific T
cell activation, in line with observations for other TCE harboring

two CD3 binding domains (41, 45). However, dual CD3

engagement and the risk for subsequent target cell independent T

cell activation remains a concern in the field, and needs to be

thoroughly investigated when designing a next generation of TCEs

(29). In this light, the dock-and-lock method would be an

interesting strategy to explore for the creation of a 2:1 valency

GAB (44).

Despite the fact that our data imply that dimers are the

preferred choice for further exploration to improve the potency of

GABs, a potential downside of the introduction of additional

multimerization domains in the GAB is that these larger

multimers might substantially increase the space between the

tumor- and CD3-binding domains, which could lead to a

decreased activation efficacy, due to suboptimal immune synapse

distances. The remarkable high potency of the FDA approved TCE

blinatumomab is partially attributed to its small size, causing the

formation of very tight immune synapses that are indistinguishable

from naturally formed TCR-MHC synapses after target and T cell

engagement (46). The overall effect of TCE size on efficacy is,

however, also dependent on the exact binding epitope on the ligand.

Chen et al. showed that while a smaller TCE was more efficient

when binding to a membrane distal epitope, this effect was reversed

when the binding epitope was more membrane proximal (47). As

the exact binding mechanism and ligands for the g9d2 TCR are not

yet completely elucidated (17), the optimal size and design for

GABs is hard to predict, and is probably best determined by an

experimental approach.

In conclusion, our data imply that dimerization of GAB is an

interesting strategy for further preclinical development, however

the road towards clinical translation is challenging, as

engineering meaningful yields of dimers remains challenging.
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Reprogramming of IL-12
secretion in the PDCD1 locus
improves the anti-tumor activity
of NY-ESO-1 TCR-T cells

Segi Kim, Cho I Park, Sunhwa Lee, Hyeong Ryeol Choi
and Chan Hyuk Kim*

Department of Biological Sciences, Korea Advanced Institute of Science and Technology,
Daejeon, Republic of Korea
Introduction: Although the engineering of T cells to co-express immunostimulatory

cytokines has been shown to enhance the therapeutic efficacy of adoptive T cell

therapy, the uncontrolled systemic release of potent cytokines can lead to severe

adverse effects. To address this, we site-specifically inserted the interleukin-12 (IL-

12) gene into the PDCD1 locus in T cells using clustered regularly interspaced short

palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)-based genome

editing to achieve T-cell activation-dependent expression of IL-12 while ablating the

expression of inhibitory PD-1.

Methods: New York esophageal squamous cell carcinoma 1(NY-ESO-1)-specific

TCR-T cells was investigated as a model system. We generated DPD-1-IL-12
-edited NY-ESO-1 TCR-T cells by sequential lentiviral transduction and CRISPR

knock-in into activated human primary T cells.

Results: We showed that the endogenous PDCD1 regulatory elements can tightly

control the secretion of recombinant IL-12 in a target cell-dependent manner, at

an expression level that is more moderate than that obtained using a synthetic

NFAT-responsive promoter. The inducible expression of IL-12 from the PDCD1

locus was sufficient to enhance the effector function of NY-ESO-1 TCR-T cells, as

determined by upregulation of effector molecules, increased cytotoxic activity,

and enhanced expansion upon repeated antigen stimulation in vitro. Mouse

xenograft studies also revealed that PD-1-edited IL-12-secreting NY-ESO-1

TCR-T cells could eliminate established tumors and showed significantly greater

in vivo expansion capacity than control TCR-T cells.

Discussion: Our approach may provide a way to safely harness the therapeutic

potential of potent immunostimulatory cytokines for the development of effective

adoptive T cell therapies against solid tumors.

KEYWORDS
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Introduction

Adoptive T-cell therapy (ACT) has shown successful clinical

outcomes against some cancer types. For example, chimeric antigen

receptor-T (CAR-T) cells exhibited a high proportion of complete

responses against B cell malignancies (1, 2) and multiple myeloma (3).

T cell receptor-T (TCR-T) cells or tumor-infiltrating lymphocytes

(TILs) have shown objective clinical response in synovial carcinoma

(4) and melanoma (5), although the longevity of their therapeutic

effect was limited. However, the majority of patients with solid tumors

do not benefit from these therapies, likely owing to the impaired

function of T cells in the suppressive tumor microenvironment

(TME) (6, 7). This suggests that modulation of immune responses

within the TME is crucial for improving the efficacy of ACTs against

solid tumors.

Co-delivery of cytokines in conjunction with conventional ACT

has proven to be an attractive approach (8), since it can both directly

enhance the activity of transferred T cells (9–12) and modulate

inhibitory immune cells in the suppressive TME (13, 14). The

cytokine, interleukin-12 (IL-12), which is mainly produced by

activated antigen presenting cells (15), has been extensively studied

owing to its potent immune-activating and tumor-suppressive

activities. In T cells, IL-12 signaling induces pro-inflammatory Th1

responses (16) while inhibiting the induction of regulatory T and

Th17 cells (17, 18). IL-12 is also known to promote IFN-g secretion
and the cytotoxic potential of CD8 T and natural killer (NK) cells (19,

20). In response to IL-12, tumor cells can upregulate antigen

presentation (21) and myeloid-derived suppressor cells can be

converted to exhibit a T cell-supportive phenotype (22, 23). These

observations have led to the engineering of T cells to secrete

exogenous IL-12, which has been demonstrated to enhance the

cytotoxic activity of T cells, deplete tumor-associated macrophages,

and recruit innate immune cells to improve tumor control in animal

models (13, 24–26). However, since the systemic exposure of IL-12 is

poorly tolerated (27, 28), high serum levels of IL-12 released from

engineered T cells have caused life-threatening side effects in clinical

investigations (29). Thus, the safe exploitation of the therapeutic effect

of IL-12 in ACT requires a novel approach that will allow the cytokine

to be delivered locally at the tumor site in a tightly controlled manner.

When T cells are activated upon the recognition of antigens via the

TCR, transcriptional and posttranslational regulation tightly coordinate

the exact up- and downregulation of multiple genes (30) whose activity

dysregulation may result in failure to control disease or the development

of an autoimmune condition (31). Thus, the reprogramming of genes

whose expression levels are induced by TCR signaling provides an

attractive strategy for controlling transgene expression in a target cell-

dependent manner. One such gene candidate is the immune checkpoint

receptor, programmed cell death 1 (PD-1), which is well characterized for

its critical inhibitory effects on T cells as well as its inducible expression

upon TCR activation (32). The transient expression of PD-1 rapidly

declines to basal levels in the absence of TCR signaling, which critically

minimizes transgene expression outside of the tumor tissue.

Furthermore, ablating inhibitory PD-1 expression on T cells alone has

shown benefits in maintaining robust T cell activity (33, 34), suggesting

that PD-1 may be an optimal target for the reprogrammed expression of

exogenous IL-12.
Frontiers in Immunology 0245
Here, we aimed to rewrite the PDCD1 locus to express IL-12

instead of PD-1 in New York esophageal squamous cell carcinoma 1

(NY-ESO-1)-specific T cells. To this end, we used clustered regularly

interspaced short palindromic repeats (CRISPR)/CRISPR-associated

protein 9 (Cas9) technology with recombinant adeno-associated virus

6 (AAV6) donors to knock-in a recombinant single-chain IL-12

sequence. The targeted insertion of IL-12 into the PDCD1 locus

resulted in the strict regulation of IL-12 expression through antigen-

dependent T cell activation while simultaneously inactivating the

expression of endogenous PD-1. The secretion of IL-12 from the

PDCD1 locus enhanced the effector function of NY-ESO-1 TCR-T

cells and promoted their proliferation during repetitive tumor

challenges in vitro, leading to superior anti-tumor activity in

xenograft models.
Materials and methods

Cell lines

The A375 cell line was purchased from the American Type

Culture Collection (ATCC). A375 cells were genetically engineered

with lentivirus to generate Zsgreen-2a-Luciferase- or PD-L1-

overexpressed A375 (A375-ZF or A375-PDL1) cells. The Lenti-X™

293T and AAVpro® 293T cell lines were purchased from Takara Bio.

All cell lines were cultured in Dulbecco’s modified Eagle’s medium

(DMEM; Welgene) supplemented with 10% heat-inactivated fetal

bovine serum (Opti-Gold; Genedepot) and 1% penicillin/

streptomycin (Gibco).
Lentivirus production and transduction

To produce lentiviruses, Lenti-X™ 293T cells were transiently

transfected with a lentiviral backbone and three packaging plasmids:

pMD2.G (#12259; Addgene), pMDLg/pRRE (#12251; Addgene), and

pRSV-Rev (#12253; Addgene). Briefly, 10 mg of each DNA was mixed

with 120 mg of PEI MAX (Polysciences) in Opti-MEM (Gibco) and

incubated at 37°C for 10 min. The mixture was added dropwise into

HEK293T cells that had been plated onto 150-mm2 dishes 24 h

before. After 6 h, the medium was replaced with fresh DMEM and the

cells were maintained for 48 h. The culture supernatants containing

lentivirus were collected and fi l tered using a 0.45-mm
polyethersulfone membrane filter. Unpurified viral supernatants

were used for the transduction of cell lines. For the transduction of

human primary T cells, viral supernatants were further purified by

ultracentrifugation. The viral supernatants were overlaid on 10%

sucrose in Dulbecco’s phosphate-buffered saline (DPBS) and then

ultracentrifuged at 25,000 rpm for 2 h at 4°C. After centrifugation, the

cleared supernatants were removed and DBPS was added to the

lentivirus pellet without resuspension. After overnight incubation at

4°C, the virus was resuspended and stored at –80°C. To transduce the

cells with lentivirus, 1 × 106 cells were mixed with purified or

unpurified viruses in culture medium containing 30 mg of

protamine sulfate (Sigma-Aldrich). Spin inoculation was performed

by centrifugation at 1,000 × g for 90 min at 32°C, and thereafter the
frontiersin.org
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cells were maintained at 37°C. After 24 h, the transduced cell medium

was replaced with fresh culture medium.
AAV vector construction and production

The gene encoding human single-chain IL-12 (scIL-12; p40 and

p35 subunits connected with the G6S linker), which was adopted

from a previous report (25), was synthesized by Integrated DNA

Technologies and cloned into the AAV-backbone plasmid (#20296;

Addgene). The promoterless donor sequence encoded the knock-in

donor genes flanked by two homology arms (614-bp left homology

arm and 658-bp right homology arm), a self-cleaving T2A in-frame

with a guide RNA cut site, followed by scIL-12, a self-cleaving P2A,

truncated low-affinity nerve growth factor (tLNGFR), and the bovine

growth hormone polyA signal (bGHpA).

For the production of recombinant AAV-6 virus, AAVpro® 293T

cells were transiently transfected with an AAV backbone plasmid and

two packaging plasmids (pHelper and pRC-6; #6665; Clontech).

Briefly, a mixture of DNA and PEI MAX was transfected as

described above for lentivirus production. After 6 h, the medium

was replaced with fresh culture medium and the cells were maintained

for 72 h. AAV was purified from both the culture supernatant and

pelleted cells by iodixanol-based density gradient ultracentrifugation,

as previously described (35). The titers of recombinant AAV6 were

determined by quantitative PCR using inverted terminal repeat-

targeting primers (36).
Single-guide RNA and Cas9 protein

The sequence of the guide RNA targeting exon 1 of the PDCD1

locus (5′- GGCCAGGATGGTTCTTAGGT-3′) was designed using the
web-based guide RNA design platform, CRISPR RGEN Tools (http://

www.rgenome.net/). The single-guide RNA (sgRNA) was transcribed

in vitro and purified as previously described (37). Immediately before

electroporation, Cas9 protein (Enzynomics) and PDCD1 sgRNA were

mixed at a 1:5 molar ratio and incubated for 10 min at 37°C to prepare

the PD-1 targeting ribonucleoprotein (RNP).
Genetic engineering of human primary
T cells

The blood of an anonymous healthy human donor was acquired

from ASAN Medical Center (Seoul, Korea) under a protocol

approved by the institutional review board. Peripheral blood

mononuclear cells (PBMCs) were isolated from the whole blood by

density gradient centrifugation using Sepmate-50 Tubes (STEMCELL

Technologies) and cryopreserved in freezing medium (90% FBS/10%

dimethylsulfoxide) until use. Frozen PBMCs were thawed and CD3+

human primary T cells were purified using a Pan T-cell isolation kit

(Miltenyi Biotec). The resulting T cells were activated using

Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher

Scientific) at a 1:1 bead-to-cell ratio. One day after activation, T

cells were collected and transduced with a lentivirus encoding NY-

ESO-1-specific TCR. After overnight incubation, the culture medium
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of the TCR-transduced T cells was replaced with fresh culture

medium. Two days after transduction, the T cells were collected

and the Dynabeads were magnetically removed to perform genome

editing. A Neon Transfection System 10 mL Kit (Invitrogen) was used

for the electroporation of CRISPR RNP. First, 1 × 106 NY-ESO-1

TCR-transduced T cells were resuspended in T buffer, mixed with

PD-1-targeting RNP, and electroporated (1,400 V, 10 ms, 3 pulses).

Electroporated T cells were transferred to fresh culture medium and

maintained at 37°C for 15 min. The T cells were diluted to 0.5 × 106

cells mL–1 with culture medium, and recombinant AAV6 virus was

added at a multiplicity of infection of 5 × 104. After 24 h, the culture

medium was replaced with fresh culture medium with a cell density of

0.5 × 106 cells mL–1. The medium was changed every 2 days. T cells

were cultured in a T cell medium consisting of RPMI1640 (Gibco),

10% FBS (Gibco), 2 mM GlutaMAX (Gibco), 1 mM sodium pyruvate

(Gibco), 55 mM 2-mercaptoethanol (Thermo Fisher Scientific), 10

mM HEPES (Sigma-Aldrich), and 1% non-essential amino acids

(Gibco), supplemented with recombinant human interleukin-2 (300

IU mL–1; BMI Korea).
Stimulation for detection of PD-1 and
tLNGFR upregulation

To investigate activation-dependent transgene upregulation, 1 ×

106 NY-ESO-1 TCR-T cells were stimulated with 5 mg of plate-coated
CD3 antibody (clone, OKT3; Bio X Cell) and 2 mg of soluble CD28

antibody (clone, CD28.2; Bio X Cell). After 48 h, stimulated T cells

were collected and PD-1 upregulation and tLNGFR expression were

analyzed using flow cytometry.
Flow cytometry

For the detection of cell surface marker, 2 × 105 T cells were

washed and probed with antibodies in FACS buffer (1% bovine serum

albumin [BSA] in DPBS) for 20 min at 4°C. To exclude the dead cell

population, cells were stained with the fixable vitality dye, eFluor 780

(65-0865-14; eBioscience) for 10 min at 25°C. After being washed

with FACS buffer, the cells were probed with chloroform-conjugated

specific antibodies. NY-ESO-1-targeting TCR expression was

determined with allophycocyanin (APC)-conjugated TCR Vb13.1
antibody (362410; BioLegend), and CD3ϵ and TCR a/b were

detected with Alexa Fluor® 488 anti-human TCR a/b antibody

(306712; BioLegend) and Brilliant Violet (BV)-421-conjugated CD3

antibody (300434; BioLegend). PD-1 upregulation was analyzed using

BV421-conjugated CD279 antibody (367422; BioLegend). tLNGFR

expression was analyzed using APC-conjugated CD271 antibody

(130-113-418; Miltenyi Biotec). To detect CD4 and CD8, PerCP-

CP/Cyanine5.5-conjugated CD4 antibody (357414; BioLegend) and

APC-conjugated CD8 antibody (344722; BioLegend) were used. To

determine differentiation status, BV421-conjugated CD45RO

antibody (562641; BD Biosciences) and PE-conjugated CD197

antibody (560765; BD Biosciences) were used. To analyze

intracellular proteins, surface-stained cells were fixed and

permeabilized using a Cytofix/Cytoperm Fixation/Permeabilization

Solution Kit (BD Biosciences). After being washed with intracellular
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staining buffer (1% BSA, 0.1% sodium azide, and 0.1% saponin in

DPBS), the cells were probed with following antibodies. IFN-g
secretion was detected with BV711-conjugated IFN- g antibody

(564039; BD Bioscience). The releases of granzyme B (GzmB) and

perforin were detected using APC-conjugated GzmB antibody

(396408; BioLegend) and PE-conjugated perforin antibody (353304;

BioLegend), respectively. The percentage of proliferative cells after

repeated stimulation was analyzed with APC-conjugated Ki67

antibody (556027; BD Biosciences). All flow cytometry data were

acquired with a BD LSRFortessa X-20 Cell Analyzer (BD Biosciences)

and analyzed using the FlowJo software (BD Biosciences).
Cytokine measurement

To detect IL-12 secretion after target-cell recognition, 2 × 105

A375 cells were plated on 24-well tissue culture plates. After 20–24 h,

5 × 105 NY-ESO-1 TCR-T cells resuspended in IL-2-free T cell culture

medium were added to the A375 cells. After 2 days, the culture

supernatant was collected and the secretion of IL-12 was measured

using flow cytometry with a Human IL-12p70 Flex Set (BD

Biosciences). To detect the releases of IFN-g, TNF-a, IL-10, and IL-

2, NY-ESO-1 TCR-T cells were co-cultured with A375 cells as

described above and the cytokines released to the culture

supernatant were measured using a cytometric bead array (CBA)

assay with a Human th1/th2 Cytokine Kit (BD Biosciences).
Western blotting

For the detection of STAT-4 and phospho-STAT4 (p-STAT4), 2 ×

106 NY-ESO-1 TCR-T cells were stimulated with 5 mg of plate-coated

CD3 antibody for 72 h. To detect Bcl-xL upregulation, 2 × 105 A375 cells

were plated on 24-well tissue culture plates for 24 h, after which 1 × 106

NY-ESO-1 TCR-T cells were added and maintained for 72 h. After

stimulation, T cells were collected and lysed using NP-40 protein

extraction buffer (Elpis Biotech) supplemented with a proteinase

inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor (Roche).

The amount of protein in the lysates was quantified using a BCA protein

assay kit (Thermo Fisher Scientific). Protein lysates (20 mg) from each

sample were separated on precast 4%–12% Bis-Tris gradient gels

(Invitrogen) using sodium dodecyl–sulfate polyacrylamide gel

electrophoresis. Separated proteins were transferred to polyvinylidene

fluoride (PVDF) membranes (Thermo Fisher Scientific) using an iBlot 2

Dry Blotting System (Thermo Fisher Scientific). Each membrane was

blocked with 4% BSA in TBS with 0.5% Tween-20 (TBS-T) and probed

with primary antibodies at 4°C overnight. The membranes were washed

with TBS-T and incubated with secondary antibodies conjugated with

horseradish peroxidase (HRP) at RT for 1 h. The following primary and

secondary antibodies were used: anti-STAT4 (#2653, 1:1000; Cell

Signaling), anti-phospho STAT4 (Tyr693) (#5267, 1:1000; Cell

Signaling), anti-Bcl-xL (A19703, 1:1000; Abclonal, Wuhan, China),

anti-actin (A2228, 1:20000; Sigma-Aldrich), anti-mouse IgG-HRP

(#31430, 1:10000; Invitrogen), and anti-rabbit IgG-HRP (#31460,

1:10000; Invitrogen). Blot images were acquired using a ChemiDoc MP

system (Bio-Rad) and processed using Image Lab software (Bio-Rad).
Frontiers in Immunology 0447
Cytotoxicity assay

First, 2 × 104 Zsgreen positive A375 cells were resuspended in 100

mL of culture medium and plated in 96-well tissue culture plates for

24 h. Then, 2 × 104 NY-ESO-1 TCR-T cells were resuspended in 100

mL of the culture medium, added into A375 cells, and maintained for

120 h. The green signal from A375 cells was monitored every 2 h

using an IncuCyte S3 Live-Cell Analysis System (Sartorius).
Repeated tumor challenge

2 × 105 PD-L1-overexpressed A375 cells were plated on culture

plates and incubated for 24 h. The culture medium were replaced with

fresh culture medium containing 10 mg mL-1 mitomycin C (Sigma-

Aldrich). After incubation at 37 °C for 3h, A375 cells were washed

with DPBS three times. For co-culture, 1 × 106 NY-ESO-1 TCR-T

cells were added into mitomycin C treated A375 cells. Four days later,

T cells were counted using a Countess II Automated Cell Counter

(Thermo Fisher Scientific) and re-challenged with fresh mitomycin

C-pretreated A375-PDL1 cells. Three stimulations and cell counts

were performed at intervals of four days. When the cells were counted,

Trypan Blue (Gibco) was used to discriminate dead cells.
Xenograft mouse model

Animal care and experiments were performed according to a

protocol approved by the Animal Care Committee of the Korea

Advanced Institute of Science and Technology. First, 1 × 106 A375-ZF

or A375-ZF-PDL1 cells were subcutaneously injected into the right

flanks of 8–10-week-old male NSG mice (Jackson Laboratory). Mice

were intravenously injected with 1 × 106 NY-ESO-1+ TCR-T cells at 7

days after tumor injection in the A375-ZF model or at 6 days after

tumor injection in the A375-ZF-PDL1 model. Tumor growth was

monitored weekly using an IVIS® Lumina II In Vivo Imaging System

(PerkinElmer). Quantification of the luminescent signal was

performed using the Living Image software (PerkinElmer). To

investigate the infiltration of T cells at tumor sites, A375-ZF-PDL1-

engrafted NSG mice were euthanized at 6 days after T cell injection,

and tumors were harvested. The collected tumors were roughly

chopped into small fragments (2–4 mm) and incubated with 20 mg
of DNase I (Sigma-Aldrich) and 125 mg of collagenase IV (Sigma-

Aldrich) with gentle shaking for 1 h at 37°C. After being washed with

DPBS, the cells were treated with ACK Lysing Buffer (Gibco) and

filtered through a 70-mm nylon mesh filter. The resulting single-cell

suspension was analyzed by flow cytometry.
Statistical analysis

All graph generations and statistical analyses were conducted

using GraphPad Prism (GraphPad Software). Statistical significance

was determined using two-tailed paired or unpaired Student’s t-test,

one-way analysis of variance (ANOVA) with Tukey’s multiple

comparisons, or two-way repeated-measures ANOVA with Holm-

Sidak’s multiple comparisons test. For all analyses, a P-value <0.05
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was considered statistically significant (*P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001).
Results

DPD-1-IL-12-edited NY-ESO-1-specific
T cells secrete IL-12 in an antigen-
dependent manner

To insert the IL-12 transgene into the PDCD1 locus, we used

CRISPR/Cas9 and AAV6-based knock-in systems, which have

previously demonstrated robust and precise gene modifications in

human T cells (38). To disrupt the PDCD1 locus, we designed four

sgRNAs targeting the first exon of PDCD1 (Supplementary

Figure 1A). We selected sgRNA#4 for further experiments because

it resulted in a high knock-out efficiency (91.17%) when Cas9/sgRNA

ribonucleoprotein (RNP) complexes were electroporated into

activated human T cells (Supplementary Figure 1B). A promoterless

AAV-6 donor matrix was designed to replace the endogenous PD-1

sequence with a single-chain IL-12 sequence, thus resulting in the

expression of IL-12 under the control of PDCD1 regulatory elements

with concurrent knock-out of PD-1 expression. A self-cleaving P2A

sequence was linked to the N-terminus of IL-12, followed by

sequences encoding a self-cleaving T2A and truncated low-affinity

nerve growth factor, tLNGFR, which was used as a surface marker to

determine the knock-in efficiency (Figure 1A).

To edit the PDCD1 locus of tumor-specific TCR-T cells that

recognize the cancer testis antigen, NY-ESO-1157–165 SLLMWITQV

(NY-ESO-1 TCR-T cells) (39), we first transduced T cells with

lentivirus encoding NY-ESO-1 TCR and then subsequently

conducted Cas9 RNP/AAV6 knock-in into transduced T cells

(Figure 1B). This process did not influence the viability or

expansion of the resulting DPD-1-IL-12 edited NY-ESO-1-specific

T cells (NE1DPD-1-IL-12) (Supplementary Figure 2). As a control

group, NY-ESO-1 TCR-T cells treated only with Cas9 (NE1Cas9) or

NY-ESO-1 TCR-T cells treated with Cas9/sgRNA RNP without AAV

(NE1DPD-1) were generated. Five days after electroporation and

AAV donor transduction, the surface expression of NY-ESO-1 TCR

was measured in each group using flow cytometry (Figure 1C). We

confirmed that CRISPR editing after lentiviral transduction did not

affect the expression of the transduced NY-ESO-1 TCR, as there was

no significant difference between the three groups in the positive

percentage or mean fluorescence intensity (MFI) of NY-ESO-1 TCR.

Next, we examined whether CRISPR knock-out or knock-in was

successfully achieved by performing flow cytometry on day 10

(Figure 1D). Before stimulation, neither PD-1 nor tLNGFR was

expressed in any group. Upon stimulation with anti-CD3 and anti-

CD28 antibodies, about 60% of NE1Cas9 T cells became PD-1

positive, whereas less than 10% of NE1DPD-1 or NE1DPD-1-IL-12
T cells expressed PD-1. Additionally, up to 30% of NE1DPD-1-IL-12
T cells displayed tLNGFR expression after stimulation (Figure 1E),

indicating that the donor sequence was successfully inserted in frame

and expressed under the endogenous PDCD1 regulatory elements

upon T cell activation. Flawless integration of the transgene was also

confirmed by in-out PCR analysis of genomic DNA from NE1DPD-1-
IL-12 T cells (Supplementary Figure 3).
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After confirming the accurate insertion of transgenes, we

investigated whether IL-12 could be secreted in a target cell-

dependent manner (Figure 1F). Engineered NY-ESO-1 TCR-T cells

were co-cultured with NY-ESO-1+ A375 tumor cells for 48 h, and the

amount of IL-12 secreted into the culture supernatants was analyzed

using a CBA assay (Figure 1G). NE1Cas9 and NE1DPD-1 T cells did

not produce IL-12 before co-culture, and NE1DPD-1-IL-12 T cells

showed only slight leakage of IL-12 (2.662 pg/mL). Upon target cell

recognition, NE1DPD-1-IL-12 T cells released approximately 20 pg/

mL of IL-12 into the culture supernatant, whereas NE1Cas9 and

NE1DPD-1 T cells showed minimal IL-12 release.

Given that STAT4 is known as an early target gene of IL-12

signaling (40), we next examined the status of p-STAT4 in engineered

T cells. Engineered NY-ESO-1 TCR-T cells were stimulated on anti-

CD3-coated plates for 3 days and the levels of STAT4 and p-STAT4

were determined by western blotting (Figure 1H). Before stimulation,

STAT-4 was not phosphorylated in any group. After stimulation, only

NE1DPD-1-IL-12 T cells displayed a strong STAT-4 phosphorylation,

which indicate the biological activity of the single-chain IL-12

released from the edited PDCD1 locus. Overall, these results

demonstrate that site-specific integration of the single-chain IL-12

gene into the PDCD1 locus enabled functional IL-12 to be produced

by NY-ESO-1-specific T cells in a target cell-dependent manner.
The endogenous PD-1 promoter tightly
regulates the knock-in transgene

PD-1 expression is known to respond dynamically to TCR

activation (41, 42). Here, we measured the expression levels of PD-

1 and tLNGFR after stimulation of T cells to determine whether the

transgenes inserted into the PDCD1 locus would behave similarly

(Figure 2A). The percentage of PD-1-positive cells in the NE1Cas9 T

cells increased significantly at 2 days after stimulation, returned to

almost baseline by day 4, and then re-elevated after the second

stimulation. In contrast, minimal levels of PD-1-positive cells were

detected in the NE1DPD-1 and NE1DPD-1-IL-12 T cell cells,

confirming that the expression of inhibitory PD-1 was successfully

abolished. Interestingly, the expression of tLNGFR was detected only

in the NE1DPD-1-IL-12 T cells, where it showed kinetics similar to

those of PD-1 expression in the NE1Cas9 T cells. These results

indicate that our approach successfully utilizes the intrinsic

regulatory mechanism of PD-1 to control transgene expression

while simultaneously blocking the expression of endogenous PD-1.

As previously reported (25, 26), a synthetic promoter that

responds to TCR activation could be used as an alternative strategy

to our approach. Therefore, we next compared the expression

patterns of a transgene inserted into the PDCD1 locus with those

controlled by a synthetic nuclear factor of activated T-cells (NFAT)-

responsive promoter. To monitor expression, we used a transgene

encoding a green fluorescent protein and tLNGFR (Zsgreen-2A-

tLGNFR) which was either inserted site-specifically into the

endogenous PDCD1 locus using CRISPR knock-in (DPD-1-

Zsgreen), or randomly integrated into the genome with the NFAT-

responsive promoter using lentivirus (NFAT-Zsgreen, Figure 2B).

After cells were stimulated with anti-CD3 and anti-CD28 antibodies,

the upregulation of Zsgreen and tLNGFR was measured using flow
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cytometry (Figure 2C). Before stimulation, we found that NFAT-

Zsgreen T cells exhibit leaky expression of Zsgreen and tLNGFR,

which was not observed in DPD-1-Zsgreen T cells. After stimulation,

consistent with the results obtained from NE1DPD-1-IL-12 T cells,

DPD-1-Zsgreen T cells displayed tightly controlled transgene

expression that was upregulated on day 2 and returned to the

baseline by day 4. NFAT-Zsgreen T cells also showed inducible

transgene up-regulation at 2 day post-stimulation, but to a

significantly higher level than that seen for DPD-1-Zsgreen T cells,

as determined by the percentages (Figure 2D) and MFI (Figure 2E) of

Zsgreen+ and tLNGFR+ cells. Furthermore, unlike DPD-1-Zsgreen T
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cells, NFAT-Zsgreen T cells exhibited significant levels of residual

transgene expression on day 4. The significant levels of leaky

transgene in NFAT-Zsgreen T cells, together with their high

expression levels upon stimulation, may account for the unexpected

toxicity observed in patients infused with NFAT-driven IL-12-

expressing T cells (29). Collectively, these results suggest that,

compared to the NFAT-responsive promoter, PD-1 regulatory

elements can provide a better control of transgene expression

without leakage and induce moderate levels of transgene expression

with rapid kinetics, which could mitigate the potential toxicity of IL-

12 secreted by engineered T cells.
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FIGURE 1

CRISPR-mediated PDCD1 locus editing to generate DPD-1-IL-12-NY-ESO-1-specific T cells. (A) Schematic diagram for the targeted insertion of IL-12
into the PDCD1 locus using CRISPR RNP and AAV6 delivery (LHA and RHA: left and right homology arms, respectively, 2A: self-cleaving peptide,
2tLNGFR: truncated low-affinity nerve growth factor receptor, pA: polyA signal). (B) Timeline for the consecutive lentiviral transduction, electroporation,
and AAV6 transduction to generate DPD-1-IL-12-edited NY-ESO-1-engineered T cells. (C) Five days after electroporation, the surface expression levels
of NY-ESO-1 TCR on engineered T cells were analyzed using flow cytometry and the percentage and mean fluorescent intensity (MFI) of NY-ESO-1 TCR
were quantified (n = 4; four independent experiments with four donors). Data were analyzed using one-way ANOVA. ns, not significant.
(D) Representative flow cytometry plot of PD-1 and tLNGFR upregulation in engineered T cells two days after stimulation with aCD3 and aCD28.
(E) Percentage of tLNGFR in engineered T cells before and after stimulation. Data are presented as the mean ± SEM (n = 6; six independent donors).
(F) Schematic diagram of the stimulation-dependent release of targeted IL-12 from the edited PDCD1 locus. (G) After T cells were stimulated with A375
cells for 2 days, the amount of IL-12 secreted into the culture supernatant was measured using a CBA assay. Data are presented as the mean ± SEM
(n = 3; three independent experiments with three donors). (H) Representative western blot image showing Tyr 693 phosphorylation of STAT-4 in
NYESO1-DPD-1-IL-12 T cells before and after stimulation with aCD3 for 3 days (n = 3; three donors).
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1062365
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kim et al. 10.3389/fimmu.2023.1062365
NE1DPD-1-IL-12 T cells exhibit enhanced
effector function in vitro

Next, we investigated whether the IL-12 secreted from NE1DPD-1-
IL-12 T cells could directly affect the effector function of TCR-T cells. As

IL-12 signaling is known to be associated with increased IFN-g
production (19), we used intracellular flow cytometry to measure IFN-

g expression levels in engineered T cells co-cultured with A375 tumor

cells for 24 h. Our results confirmed that NE1DPD-1-IL-12 T cells

showed significantly higher proportions of IFN-g-positive T cells and

higher MFI compared to control T cells (Figure 3A). CBA-based analysis

indicated that NE1DPD-1-IL-12 T cells produce higher levels of IFN-g,
TNF, and IL-10, but lower levels of IL-2, compared to control T cells

(Figure 3B); this is consistent with the results from previous studies (13).

NE1DPD-1-IL-12 T cells co-cultured with A375 tumor cells for 24 h also

displayed higher expression of GzmB (Figures 3C, D), but no difference

in the percentage or MFI for perforin, compared to control T cells

(Supplementary Figures 4A, B). Next, we evaluated the cytotoxic function

of the engineered TCR-T cells by co-culturing them with Zsgreen-

overexpressing A375 cells. When the green signal on tumor cells was

measured every 2 h by a live cell imaging system, NE1DPD-1-IL-12 T

cells showed a more rapid decrease in the green signal compared to
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control T cells (Figure 3E). These results indicate that IL-12 secretion

from the PDCD1 locus enhances the effector function of NY-ESO-1-

specific T cells, resulting in more efficient killing of target cancer cells.

IL-12 signaling has been reported to reprogram CD8+ T cells into

effector memory and effector T cells (43, 44), which can elicit

immediate effector functions in response to antigen recognition.

Thus, we analyzed the differentiation status of the T cells before

and after repeated exposure to target cells, based on the expression

levels of CD45RO and C-C motif chemokine receptor 7 (CCR7)

(Supplementary Figures 5A, B). Under homeostatic expansion

conditions, the proportion of CD8+ T cells was similar among all

three groups (Supplementary Figure 5C). After repeated stimulation,

most T cells were skewed toward the CD8 phenotype, but the

percentage remained similar in all groups. The proportion of

effector memory CD8 T cells (CD45RO+CCR7–) was higher among

NE1DPD-1-IL-12 T cells than in the control group (Figure 3F). The

ratio of effector memory CD8 T cells to central memory CD8 T cells

(CD45RO+CCR7+) was also increased in NE1DPD-1-IL-12 T cells

(Figure 3G), indicating that PDCD1-driven-IL-12 secretion during

the repetitive exposure to antigens had impacted the differentiation of

CD8+ T cells. Similar changes in effector and central memory T cell

pool were observed in CD4+ T cells (Supplementary Figures 5B, D).
A

B D

E

C

FIGURE 2

Tight control of transgene expression by the endogenous PDCD1 promoter. (A) Kinetics of PD-1 upregulation and tLNGFR expression in engineered T
cells after two constitutive stimulations with aCD3 and aCD28. The arrow indicates the stimulation time points. Data are presented as the mean ± SEM
(n = 3; independent experiments). (B) Schematic diagram of PD-1 promoter and NFAT-responsive promoter employed for expression of Zsgreen-2a-
tLNGFR transgenes. (C) Representative flow cytometry plot for expression of Zsgreen and tLNGFR at 2-day intervals after stimulation with aCD3 and
aCD28. (D) Percentage of Zsgreen and tLNGFR expression levels of engineered T cells in C. (E) MFI of Zsgreen and tLNGFR of engineered T cells in C.
Data in D and E are presented as the mean ± SEM (n = 3; three independent experiments). P-values of D and E were determined by two-tailed unpaired
t-test. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 were considered statistically significant. ns, not significant.
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NE1DPD-1-IL-12 T cells greatly expand
during chronic antigen stimulation

The immunosuppressive TME is believed to inhibit the

proliferation and survival of adoptively transferred T cells (7, 45).

Since proper T cell expansion is crucial for the success of T cell

therapy (46, 47), we investigated the expansion ability during repeated

tumor challenges. NY-ESO-1-specific T cells were repeatedly co-

cultured with A375-PDL1 cells that had been pretreated with

mitomycin C 3 times at 4-day intervals, and cell numbers and

viability were monitored by cell counting with Trypan Blue staining

(Figure 4A). After the first antigen stimulation, there was no

difference in the number of cells among the three groups. However,

after the second and third challenges, NE1DPD-1-IL-12 T cells were

significantly more abundant than control T cells. Furthermore,

although repeated stimulation gradually reduced the overall

viability in all groups, NE1DPD-1-IL-12 T cells showed higher
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viability at all tested time points compared to control T

cells (Figure 4B).

Next, we investigated whether this enhanced expansion of NE1DPD-
1-IL-12 T cells was due to changes in apoptosis resistance or proliferative

capacity. As a previous study demonstrated that IL-12 signaling inhibits

TCR-induced T cell death by regulating caspases and anti-apoptotic

molecules (48), we measured the percentage of annexin V-positive cells.

However, we found no between-group difference after the third

stimulation (Supplementary Figure 5A). We also found that the

expression levels of the antiapoptotic marker, Bcl-xL, and the master

anti-apoptotic regulator, c-FLIP, were similar in all groups

(Supplementary Figures 5B, C). The levels of cleaved caspase-3 and -8

were also similar across all groups (Supplementary Figures 5D, E). These

findings suggest that apoptosis resistancemay not significantly contribute

to the increased number of NE1DPD-1-IL-12 T cells observed following

repeated stimulation. In contrast, when the proliferative capacity of T

cells was evaluated by measuring Ki67 expression after the third
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FIGURE 3

Enhanced effector function of DPD-1-IL-12-edited NY-ESO-1 TCR-T cells in vitro (A) Engineered T cells were co-cultured with A375 cells for 24 h. IFN-g
secretion was determined using flow cytometry. The percentage of IFN-g positive cells and the MFI of IFN-g were quantified. Data are presented as the
mean ± SEM (n = 3; three independent experiments with three donors). (B) Engineered T cells were co-cultured with A375 cells for 48 h and the
cytokines (IFN-g, TNF, L-10, and IL-2) released into the culture supernatants were measured by CBA assay; results shown are representative of three
experiments with three different donors. Data are presented as the mean ± SD of triplicates. (C) Engineered T cells were co-cultured with A375 cells for
48 h. The GzmB expression was determined by intracellular flow cytometric analysis. (D) The MFI of GzmB in the engineered T cells shown in (C, E)
Engineered T cells were co-cultured with Zsgreen+ A375 cells for 96 h. The green signal from tumor cells was measured using IncuCyte every 2 h. A
decrease in the green signal indicates that tumor cells were killed; results shown are representative of three experiments. Data are presented as the
mean ± SD. (F) Percentage of effector memory CD8 T cells (CD45RO+/CCR7–) after a third repetitive stimulation with A375-PDL1 tumor cells. (G) The
ratio of effector memory to central memory (CD45RO+/CCR7+) CD8 T cells in (F) Data of F and G are presented as the mean ± SEM (n = 4; individual
donors). The P-values of A, B, and D were determined by two-tailed unpaired t-test. The P-value of E was determined by repeated-measures ANOVA
followed by Holm-Sidak’s multiple comparisons test. Data of F and G were compared by two-tailed paired t-test. *P<0.05, **P<0.01, ***P<0.001, and
****P<0.0001 were considered statistically significant. ns, not significant.
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stimulation, NE1DPD-1-IL-12 T cells showed a significantly higher

percentage of Ki67 positive cells compared to control T cells

(Figures 4C, D). Consistent with this, NE1DPD-1-IL-12 T cells co-

cultured with A375-PDL1 cells for 3 days showed a more divided cell

population than the other groups, as determined by cell-trace violet dye

staining (Figures 4E, F). Taken together, our results indicate that IL-12

production from the edited PDCD1 locus contributed to expanding NY-

ESO-1-specific T cells under chronic antigen stimulation by enhancing

their proliferative capacity.
NE1DPD-1-IL-12 T cells exhibit superior anti-
tumor activity in vivo

To investigate the therapeutic efficacy of NE1DPD-1-IL-12 T cells

in vivo, we subcutaneously implanted immune-deficient NSG mice
Frontiers in Immunology 0952
with 1 × 106 Zsgreen and firefly luciferase-overexpressing A375 cells

(A375-ZF), followed by intravenous injection of 1 × 106 NY-ESO-1+

TCR-T cells (Figure 5A). When the bioluminescent signal was

measured weakly to monitor the tumor burden, the tumor cells

were found to be completely eradicated in mice treated with

NE1DPD-1-IL-12 T cells (Figure 5B, Supplementary Figures 7A, B).

In contrast, NE1Cas9 and NE1DPD-1 T cells failed to control tumor

growth in this xenograft model, suggesting that the secretion of IL-12

from TCR-T cells played a critical role in tumor control. We then

carried out another in vivo experiment in which we used PD-L1-

overexpressing A375 cells (A375-ZF-PDL1) to mimic a more

immunosuppressive TME (Figure 5C). Under these experimental

conditions, NE1Cas9 T cells had virtually no effect on tumor

growth; NE1DPD-1 T cells cleared the tumor in one out of five

mice, likely reflecting the effect of PD-1 knockout in the T cells; and

NE1DPD-1-IL-12 T cells completely eradicated the tumors in all five
frontiersin.org
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FIGURE 4

Enhanced cell expansion of DPD-1-IL-12-edited NY-ESO-1 TCR-T cells during repeated tumor challenge (A) The expansion engineered T cells was
analyzed after repetitive stimulation with mitomycin C-pretreated A375-PDL1 cells three times every 4 d. Data are presented as the mean ± SEM (n = 4;
four independent experiments with individual donors). (B) The viability of expanded T cells in A was measured using a Countess II automated cell counter
with Trypan Blue staining. (C) Representative flow plot for Ki67 expression after the third stimulation in (A, D) The percentage of Ki67+ T cells after the
third stimulation (n = 3; individual donors). (E) Cell trace violet (CV)-stained engineered T cells were co-cultured with A375-PDL1 for 3 days. The diluted
CTV intensity was measured by flow cytometry. (F) Percentage of diluted CTV stained T cells that divided more than three times in E (n = 3; individual
donors). All data are presented as the mean ± SEM. The P-values of A and B were determined by repeated-measures ANOVA followed by Holm-Sidak’s
multiple comparisons test. P-values of D and F were determined by two-tailed unpaired t-test. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 were
considered statistically significant. ns, not significant.
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mice, further demonstrating the potent anti-tumor activity of

NE1DPD-1-IL-12 T cells (Figure 5C, Supplementary Figure 7C).

Lastly, to determine the degree of T cell expansion in vivo, we

analyzed isolated tumor tissues at 5 day after T cell injection

(Figure 5E). The harvested tumors were mechanically dissociated

and filtered to generate single-cell suspension and analyzed using flow

cytometry (Supplementary Figure 8). We observed a significantly

higher proportion of CD3+ T cells in the mice treated with DPD-1-IL-
12 T cells compared to those of the control groups (Figure 5F).

Overall, consistent with the findings from our in vitro experiments,

the results from in vivo xenograft models confirmed that the

engineering of T cells to secrete IL-12 from the PDCD1 locus can

profoundly enhance the anti-tumor activity of NY-ESO-1-specific

TCR-T cells.
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Discussion

A variety of cofactors, including soluble factors such as cytokines

or chemokines, as well as membrane-bound factors such as co-

stimulatory receptors or cytokine receptors, have been employed to

design ACTs with enhanced therapeutic potential (49–51). The co-

delivery of exogenous cytokines has been extensively investigated

because such factors have pleiotropic effects on both the therapeutic T

cell itself and on other immune and non-immune cells of the TME

(52). However, the constitutive secretion of some cytokines from

circulating ACTs raises potential safety concerns, given that systemic

administration of these cytokines often leads to severe side effects in

patients due to on-target off-tumor toxicity (28, 53, 54). Therefore, a

novel ACT engineering strategy that can limit their cytokine
A
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FIGURE 5

Enhanced anti-tumor activity of DPD-1-IL-12-edited NY-ESO-1 TCR-T cells in vivo (A) Timeline for in vivo experiment performed with A375-ZF tumor
cells. Immunodeficient NSG mice were subcutaneously injected with 1 × 106 A375-ZF cells. After 7 days, 1 × 106 NY-ESO-1+ T cells were intravenously
injected. The luminescence signal from tumor cells was measured weakly using an in vivo imaging system (IVIS). (B) Quantitative analysis of
bioluminescent signal from individual mouse. DPD-1-IL-12 T cells exhibited superior anti-tumor activity (n = 4 mice per group). (C) Timeline for in vivo
experiments performed using the PD-L1-overexpressed A375 model. Six days after subcutaneous injection of A375-ZF-PDL1 cells, 1 × 106 NY-ESO-1+ T
cells were intravenously injected. The luminescence signal from tumor cells was measured weekly using IVIS. (D) Quantitative analysis of bioluminescent
signal from individual mouse. Tumors were cleared in only one of the PD-1 deleted NY-SO-1-treated mice. All NE1DPD-1-IL-12-treated mice were cured
from tumors (n = 4 mice for no T cells and NE1Cas9, n = 5 mice for NE1DPD-1 and NE1DPD-1-IL-12). (E) Timeline for investigating engineered T cells
infiltrated into the tumor site. A375-PDL1 tumor cells and NY-ESO-1 specific T cells were injected as in (C) At 11 d, the mice were sacrificed and tumors
were harvested. Tumors were mechanically dissociated and the infiltrated T cells were analyzed by flow cytometry. (F) The percentage of CD3+ cells in
tumor tissues (n = 4 mice per group). Data are presented as mean ± SEM. The P-value was determined by two-tailed unpaired t-test. *P<0.05 was
considered statistically significant. ns, not significant.
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expression within tumor tissues could help maximize the therapeutic

benefits while minimizing the potential adverse effects.

To address this goal, we employed an endogenous genetic

network influenced by TCR signaling to antigen-dependently

control the expression of IL-12, a potent pro-inflammatory cytokine

that has long been investigated in cancer immunotherapy. Based on

reports that the PDCD1 gene shows tight and dynamically regulated

expression in response to T cell activation (32, 42), we selected this

locus for targeted insertion of the IL-12 gene using the CRISPR/Cas9

genome editing tool. This strategy enabled us to express IL-12 under

the control of PDCD1 regulatory elements strictly in response to T cell

activation, with expression kinetics similar to those of endogenous

PD-1. In this manner, the engineered T cells were expected to secrete

IL-12 locally only upon encountering antigens within the tumor

tissue. In addition, CRISPR editing of the PDCD1 enabled us to

simultaneously knock out the PD-1 gene, further empowering T cells

to resist the functional exhaustion caused by inhibitory PD-1

signaling (45). Indeed, several studies have demonstrated that the

disruption of PD-1 using CRISPR results in the enhanced anti-tumor

activity of CAR-T cells (33, 55, 56), which was also partially observed

in our in vitro and in vivo experiments with NY-ESO-1 T cells lacking

PD-1 expression (NE1DPD-1 T cells).

Our results demonstrated that insertion of the IL-12 gene into the

PDCD1 locus induces a more moderate expression level of IL-12 with

a more strict reliance on TCR activation compared to that driven by

the NFAT-responsive promoter. In a previous study, genetically

engineered TILs expressing NFAT-IL-12 exhibited unexpected

toxicity in patients (29), which may be attributable to a high

amount of released IL-12. This report further described that low

levels of leaky constitutive expression of IL-12 from the engineered

TILs exert anti-proliferative effect, leading to difficulties in growing

sufficient numbers of cells ex vivo and likely contributing to the poor

persistence of cells in vivo. Another clinical study (NCT02498912) is

currently underway using CAR-T cells engineered to release IL-12

from an internal ribosome entry site (IRES) positioned immediately

after the CAR sequence in the vector (57, 58). The authors of this

study hypothesized that the release of less IL-12 from IRES-IL-12 (200

pg/mL) compared to NFAT-IL-12 (50,000 pg/mL) might minimize

potential IL-12-related toxicity issues. Of note, our DPD-1-IL-12-
edited T cells secreted even fewer IL-12 (20 pg/mL) than the T cells

engineered with NFAT-IL-12 or IRES-IL-12, and thus might offer

even more benefits for preventing the potential adverse effects

associated with IL-12. Nevertheless, a more thorough analysis with

respect to potential IL-12-related safety concerns must be conducted

before implementing our approach in clinical settings.

It is important to note that the moderate levels of IL-12 produced

in our system were sufficient to elicit superior anti-tumor activity

from DPD-1-IL-12-edited NY-ESO-1 T cells compared with non-

edited NY-ESO-1 T cells in both in vitro cytotoxicity assays and in

vivo xenograft mouse models. The expression of IL-12 in our system

was significantly lower (20 pg/ml) than in previously reported systems

such as IRES-IL-12 (200 pg/ml) (57), TET-IL-12 (1000 pg/ml) (59),

and NFAT-IL-12 (5000 pg/ml) (29). Different copy numbers of the

transgene as well as different promoter kinetics and strength may

account for this difference. Unlike retroviral vector systems used in

previous approaches, which randomly integrate multiple copies of
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transgenes into the host genome, our CRISPR knock-in system allows

us to add a single copy of transgene per chromosome precisely and to

control its expression through the endogenous transcription

machinery of the PDCD1 locus. Even with the low levels of IL-12

released by activated T cells, we observed along with the increased

production of pro-inflammatory cytokines, such as IFN-g and TNF,

the enhanced expression of GzmB, which is a major effector molecule

of T cells for inducing apoptosis in tumor cells. This appears to be

linked to the superior anti-tumor activity of PD-1-IL-12 edited T cells.

We also found that the transient expression of IL-12 significantly

enhanced the expansion of DPD-1-IL-12-edited T cells by promoting

their proliferation upon repeated antigen stimulation. This enhanced

proliferation is in sharp contrast to a previous report, which showed

that continuous retroviral IL-12 expression has deleterious effects on

T cell proliferation (25). The proliferation enhancement found in our

system may be particularly important for the enhanced anti-tumor

activity observed in vivo for DPD-1-IL-12-edited T cells. Collectively,

our results suggest that the target-dependent and moderate

expression of IL-12 derived from the PDCD1 locus provides an

effective strategy to enhance the anti-tumor function of TCR-T cells.

Several previous studies have demonstrated that IL-12 is involved in

regulating not only T cells, but also a wide range of other immune cells,

such as DCs and macrophages (13, 15, 24, 26). However, the severe

immune-compromised state of NSG mice and a lack of cross-reactivity

between human IL-12 and mouse IL-12 receptor proteins precluded us

from investigating this axis in our study. The humanized mice model, in

which human CD34+ HSCs are engrafted into NSG mice, may allow us

to study the effects of IL-12 released by DPD-1-IL-12-edited T cells on

other immune cell types in a more comprehensive manner.

In summary, we herein demonstrate that the inducible genetic

circuit of PD-1 expression could be reprogrammed to secrete IL-12 in

NY-ESO-1 TCR-T cells using CRISPR knock-in technology. The

modest and tight expression of IL-12 from the PDCD1 locus was

sufficient to enhance the anti-tumor activity of NY-ESO-1 TCR-T

cells. Our strategy could be extended to the controlled expression of

other proteins of interest, such as antibodies, cytokines, chemokines,

receptors, and transcription factors that may enhance or synergize

with the function of T cells. Other genetic loci in addition to the

PDCD1 locus could also be explored in future studies. Lastly, our

approach may provide a novel engineering approach for other

adoptive T cell therapies, such as CAR-T, TIL, and virus-specific T

cell therapies, against solid tumors.
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CAR and TCR form individual
signaling synapses and do not
cross-activate, however, can
co-operate in T cell activation

Markus Barden1, Astrid Holzinger1, Lukas Velas2,
Marianna Mezősi-Csaplár3, Árpád Szöőr3, György Vereb3,4,
Gerhard J. Schütz2, Andreas A. Hombach5,6 and Hinrich Abken1*

1Leibniz Institute for Immunotherapy (LIT), Division of Genetic Immunotherapy, University Regensburg,
Regensburg, Germany, 2Institute of Applied Physics, TU Wien, Vienna, Austria, 3Department of
Biophysics and Cell Biology, Faculty of Medicine, University of Debrecen, Debrecen, Hungary,
4ELKH-DE Cell Biology and Signaling Research Group, Faculty of Medicine, University of Debrecen,
Debrecen, Hungary, 5Center for Molecular Medicine Cologne, University of Cologne,
Cologne, Germany, 6Department I Internal Medicine, University Hospital Cologne, Cologne, Germany
In engineered T cells the CAR is co-expressed along with the physiological TCR/

CD3 complex, both utilizing the same downstream signaling machinery for T cell

activation. It is unresolved whether CAR-mediated T cell activation depends on the

presence of the TCR and whether CAR and TCR mutually cross-activate upon

engaging their respective antigen. Here we demonstrate that the CD3z CAR level

was independent of the TCR associated CD3z and could not replace CD3z to

rescue the TCR complex in CD3z KO T cells. Upon activation, the CAR did not

induce phosphorylation of TCR associated CD3z and, vice versa, TCR activation did

not induce CAR CD3z phosphorylation. Consequently, CAR and TCR did not cross-

signal to trigger T cell effector functions. On the membrane level, TCR and CAR

formed separate synapses upon antigen engagement as revealed by total internal

reflection fluorescence (TIRF) and fast AiryScan microscopy. Upon engaging their

respective antigen, however, CAR and TCR could co-operate in triggering effector

functions through combinatorial signaling allowing logic “AND” gating in target

recognition. Data also imply that tonic TCR signaling can support CAR-mediated T

cell activation emphasizing the potential relevance of the endogenous TCR for

maintaining T cell capacities in the long-term.

KEYWORDS

immunotherapy, adoptive cell therapy, CAR, TCR, synapse
Introduction

Chimeric antigen receptors (CARs) can be remarkably powerful in redirecting a T cell

response towards defined target cells (1) while utilizing the TCR/CD3 downstream signaling

machinery for triggering T cell activation upon target engagement. Most “second generation”

CARs in clinical application incorporate the CD3z signaling chain to provide the primary
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signal together with the costimulatory domain to add the second

signal in order to trigger T cell activation (2–5). While this type of

CAR is efficacious in clinical application, little is known whether the

endogenous TCR/CD3 complex affects the stability and function of

the CAR and vice versa. This is a relevant issue since conventional

CAR T cells express a functionally active TCR/CD3 complex with the

consequence that the CAR competes with the TCR for downstream

signaling molecules (6, 7). This situation may result in a functional

cross-talk between CAR and TCR upon either target recognition. The

issue is also of relevance when replacing the TCR a−chain locus of the
endogenous TCR by the CAR encoding DNA sequence (8) thereby

producing TCR-deficient CAR T cells. “Off-the-shelf” CAR T cell

therapy also uses TCR- T cells for manufacturing (9). In both

situations, CAR redirected T cell activation would not compete

with the endogenous TCR, however, would not get “help” by tonic

TCR signaling.

The TCR associated CD3z chain is crucial for regulating the

stability of the entire TCR complex and experiences a rapid turn-over

on the T cell membrane independently of the other TCR chains (10).

The impact of the TCR associated CD3z chain on the CD3z-based
CAR with respect to expression and function was so far not addressed.

Mutual co-regulation of the TCR and CAR would have substantial

consequences for both CAR- and TCR-mediated T cell activation.

This became most recently obvious when CAR T cells with genetically

deleted TCR experienced reduced persistence in vivo compared to

CAR T cells with the endogenous TCR (11). On the other hand, TCR+

CAR T cells showed superior persistence implying that the CAR

cannot fully substitute for the TCR in sustaining downstream

functional capacities.

We asked whether the TCR affects a CD3z CAR, and vice versa, in
T cell activation on the membrane level of chain phosphorylation and

on the downstream level of effector functions. We revealed that TCR

and CAR are co-regulated on the T cell surface and can complement

in providing downstream T cell activation. However, there is no

cross-phosphorylation of CAR and TCR CD3z signaling chains.

Accordingly, the TCR is not recruited into the CAR synapse as

revealed by TIRF and fast AiryScan microscopy. Such lack of cross-

signaling allows Boolean logic “AND” gating during combinatorial

antigen recognition through the TCR and CAR.
Materials and methods

Cell lines and cell culture

The murine T cell hybridoma line MD45 was described elsewhere

(12). The human Jurkat T cell line (ATCC TIB-152), the N87 (ATCC

CRL-5822) and the CA19−9+ and CA19−9- human tumor cell lines

LS174T (ATCC CCL-188), H498 (ATCC CCL-254), H716 (ATCC

CCL-251) and A375 (ATCC CRL-1619) were obtained from ATCC.

Jurkat 76 cells lacking endogenous TCR expression (13) were kindly

provided by Dr M.H.M. Heemskerk, Leiden, The Netherlands. Cell

lines were cultured in RPMI 1640 medium supplemented with 10%

(v/v) heat inactivated FCS. The N87 human gastric carcinoma cell line

was cultured in Dulbecco’s Modified Eagle Medium (DMEM)

supplemented with 2 mM GlutaMAX, 10% (v/v) FCS and
Frontiers in Immunology 0258
antibiotics. HEK293T cells are human embryonic kidney cells that

express the SV40 large T antigen (14). Anti-CD3 mAb OKT3 and

anti-CD28 mAb 15E8 were purified by affinity chromatography from

supernatants of OKT3 hybridoma (ATCC CRL 8001) and 15E8

hybridoma cells (kindly provided by Dr. R. van Lier, Red Cross

Central Blood Bank, Amsterdam, The Netherlands), respectively. The

anti-BW431/26 idiotypic antibody BW2064 was described earlier

(15). Recombinant ErbB2-Fc protein was purchased from R&D

Systems, Wiesbaden, Germany. The PE-conjugated and the AF647-

conjugated F(ab´)2 goat anti-human IgG antibody, goat anti-human

IgG-UNLB antibody, goat anti-mouse IgG human ads-UNLB and

rabbit anti-goat IgG (H+L)-UNLB antibody were purchased from

Southern Biotechnology, Birmingham, AL, USA. PE-conjugated anti-

CD3z mAb clone 6B10.2 and AF647-conjugated anti-TCR a/b mAb

clone IP26 was purchased from BioLegend, San Diego, CA, USA.

Fluorochrome-conjugated anti-human CD3 mAb was purchased

from Miltenyi Biotec, Bergisch Gladbach, Germany. Fluorochrome-

conjugated isotype controls were purchased from BD Biosciences, San

Diego, CA, USA. Matched antibody pairs for capture and detection of

human IFN-g and IL-2 were purchased from BD Biosciences.

Recombinant IL-2 was obtained from Endogen, Woburn, MA,

USA. Alkaline phosphatase conjugated streptavidin was purchased

from Roche Diagnostics, Mannheim, Germany. Peroxidase-labeled

goat anti-human IgG Fc antibody and peroxidase-labeled anti-mouse

IgG Fc antibody were purchased from Dako, Hamburg, Germany.

Anti-actin antibody (clone 1A4) was purchased from Thermo Fisher

Scientific, Dreieich, Germany. AF647-conjugated transferrin receptor

monoclonal antibody (MEM-75) was purchased from Invitrogen,

Regensburg, Germany.
Genome editing of Jurkat cells

Deletion of CD3z in Jurkat cells was performed by CRISPR/Cas9

mediated genome editing utilizing the CD3z CRISPR/Cas9 ko

plasmid coding for a human CD3z guide RNA and the CD3z
homology directed repair (HDR) plasmid for site specific

integration of a puromycin resistance gene (both Santa Cruz

Biotechnology, Dallas, TA, USA). Briefly, 5 x 106 Jurkat cells were

transfected with 2 μg of each plasmid DNA utilizing the MACSfectin

transfection system (Miltenyi Biotec) according to the manufacturer´s

recommendations. Two days after transfection cells were further

cultured in presence of 250 ng/ml puromycin (Sigma Aldrich,

Taufkirchen, Germany). Puromycin resistant subclones were

established and tested for expression of CD3z by flow cytometry

and Western blot analysis.
Preparation of human T cells

Peripheral blood lymphocytes were obtained from healthy donors

by Ficoll density centrifugation (Ethic approval 01-090 Cologne;

Ethic approval 21-2224-101 Regensburg). T cells were initially

activated by OKT3 (100–200 ng/ml) and 15E8 (50–100 ng/ml)

antibodies and IL-2 (400–1,000 U/ml) and further cultured in the

presence of IL−2 (100–500 U/ml).
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Engineering and expression of CARs

Cloning and expression of CAR constructs were described

previously (5, 16–19). MD45 T hybridoma cells with stable

expression of z- and g−chain CARs were generated as follows: The

DNA for z- and g−chain CARs in pRSV (50–100 μg) was transfected

into 2 x 107 MD45 T cells by electroporation (one pulse, 250 V, 2400

μF) using a gene pulse electroporator (BioRad, Munich, Germany).

After culture for two days, transfected cells with CAR expression were

selected in the presence of G418 (2 mg/ml; Gibco, Eggenheim,

Germany). For expression of CARs in peripheral blood T cells and

Jurkat cells all CARs were cloned into the same retroviral expression

vector as previously described (20). Transduction of T cells was

previously described (5, 20, 21). Briefly, peripheral blood T cells

were activated with anti−CD3 (100–200 ng/ml) and anti−CD28 (50–

100 ng/ml) antibodies and IL−2 (400–1,000 U/ml). Cells were

transduced on day 2–3 by co-cultivation with virus producing

293T cells or, alternatively, with g-retrovirus containing

supernatants. Retroviruses were transiently produced by 293T cells

upon transfection with vector DNA and plasmids encoding the

GALV envelope and MMLV derived gag/pol (21). For transient

expression in non-lymphoid cells, CAR encoding DNAs were

transfected in 293T cells. CAR expression was monitored by flow

cytometry using an antibody against the common extracellular IgG1

Fc domain.
Immunofluorescence and flow cytometry

The CAR on the cell surface of engineered T cells was detected by

FITC- or PE-labeled antibodies against the human IgG1 Fc domain

and T cells were identified with fluorochrome-labeled anti−CD3

antibodies which recognize an epitope located on the ϵ-chain of the

CD3 complex, respectively. Flow cytometry was performed using a

FACScan™ cytofluorometer equipped with the FACScan™ research

software type-B (BD Bioscience), a FACSCanto II flow cytometer

equipped with the FACSDiva software (BD Bioscience), and

FACSLyric flow cytometer equipped with FACSuite software (BD

Bioscience). To monitor expression of the z−chain, cells were

permeabilized and fixed utilizing the Cytofix/Cytoperm™ reagent

kit (BD Bioscience) prior to incubation with the PE-conjugated

anti-CD3z mAb (2 μg/ml).
Pulse chase labeling of CARs

CAR engineered cells (5 x 107 cells/ml) were washed twice in cold

PBS, pH 7.6, and incubated with 100 μg/ml biotin-e-amidocaproate-

N-hydroxy-succinimidester (Sigma-Aldrich) for 60 min on ice. Cells

were washed three times in RPMI 1640 medium, 10% (v/v) FCS, and

incubated with or without the anti−IgG antibody (1 μg/ml) at 37°C to

cross-link the CAR. Aliquots of cells (107 cells) were spun down at

different time points and lysed by adding 100 μl lysis buffer (1% (v/v)

NP40, 150 mM NaCl, 50 mM Tris/HCl, pH 8, 10 mM EDTA, 1 mM

PMSF, 10 mM iodoacetamide. After 30 min on ice, the lysates were

cleared by centrifugation. Nuclei free supernatants (100 μl) were

stored at -20°C. Lysates were added to microtiter wells coated with
Frontiers in Immunology 0359
anti−IgG antibody (1 μg/ml) and incubated for 2 h at room

temperature. The bound biotinylated CAR was detected by alkaline

phosphatase conjugated streptavidin (1:10,000). The reaction product

was developed with pNPP (Sigma-Aldrich).
SDS PAGE and western blot analysis

For analysis of protein half-life on T cell surface, protein synthesis

of CAR transfected cells (5 x 107/ml) was blocked by culture in the

presence of cycloheximide (10 μg/ml). Cells were lysed (5 x 107) at

different time points, lysates separated by SDS-PAGE in 8% (w/v)

polyacrylamide gels under non-reducing conditions and subsequently

blotted onto a PVDF membrane (Thermo Fisher Scientific). The

membrane was probed with the peroxidase-labeled goat anti−human

IgG Fc antibody to detect the CAR (1:10,000). For loading control

blots were stripped and probed with an anti−actin antibody (0.5 μg/

ml) and peroxidase-labeled anti−mouse IgG Fc antibody (1:5,000).

Bands were visualized by chemoluminescence utilizing the “ECL

Western blotting detection system” (Amersham Biosciences,

Freiburg, Germany). Intensity of bands was densitometrically

quantified utilizing the ImageJ software. Data were presented as

percent of the intensity at time 0. To monitor expression of

endogenous CD3z chain, lysates of non-modified and CD3z
genome edited Jurkat cells were separated by SDS-PAGE in 12%

(w/v) polyacrylamide gels under reducing conditions, blotted and

probed with the anti−CD3z mAb (clone 4B10, Thermo Fisher

Scientific). Bound antibodies were detected by a peroxidase-

conjugated anti−mouse IgG antibody (Sigma Aldrich) at 1:5,000

dilution. Membranes were stripped and re-probed with the

peroxidase- labe led ant i−b-act in ant ibody (Santa Cruz

Biotechnology) at 1:20,000 dilution. Bands were visualized by

chemoluminescence. To monitor expression of phosphorylated

CD3z, cells were resuspended in RIPA buffer and protein

concentrations were determined by ROTI-Quant (Carl Roth,

Karlsruhe, Germany). For Western blot analysis, lysates were

electrophoresed by SDS-PAGE in 4–12% (w/v) Bis-Tris gels under

reducing conditions, blotted and probed with the anti−phospho-

CD247 (CD3 zeta) (Tyr142) mAb (clone EM-54, Thermo Fisher

Scientific) at 1:1,000 and detected by the peroxidase-labeled anti-

mouse IgG1 (g−chain specific) antibody (Sigma-Aldrich) at 1:10,000

dilution. Membranes were stripped and re-probed with peroxidase-

labeled anti−b-actin antibody (Santa Cruz Biotechnology) at 1:20,000

dilution. Bands were visualized by chemoluminescence (ChemiDoc

Imaging System, BioRad).
Total internal reflection
fluorescence microscopy

All images were recorded using a home-built setup based on an

Olympus IX73 (Japan) microscope body equipped with a high NA

objective (Carl Zeiss, alpha-plan apochromat, 1.46 NA, 100x,

Germany), 488 nm and 640 nm excitation lasers (OBIS Laser box,

Coherent, USA), a quad dichroic mirror (Di01-R405/488/532/635,

Semrock, USA) and an emission filter (ZET405/488/532/642m,

Chroma, USA). The emission path was split into two color
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channels using a dichroic mirror (H 643 LPXR superflat, Chroma,

USA) and emission filters (650/SP BrightLine HC Shortpass,

Semrock, USA; 690/70 H Bandpass, AHF, Germany); the two color

channels were imaged onto the same EM-CCD camera (Ixon Ultra,

Andor, UK). Prior to measurements, CAR engineered T cells were

labeled with either anti−TCRa/b AF647-conjugated full antibody,

AF647-conjugated F(ab´)2 goat anti−human IgG antibody or AF647-

conjugated anti−transferrin receptor (TfR) monoclonal antibody, and

seeded on glass slides coated either with recombinant HER2 protein

or the anti−CD3 antibody OKT3. Cells were fixed 20 minutes post

seeding and imaged by TIRF microscopy upon illumination at

488 nm for CAR-GFP and 640nm for TCR-AF647, for CAR-

AF647, or for TfR-AF647. Data analysis was performed with

custom Python code (version 3.6) utilizing the following libraries:

numpy, mpl_toolkits, scipy, sdt, pandas, matplotlib, seaborn (22–24).

The code is available upon request from the corresponding author.

Data analysis was performed on regions of interest which included

exclusively pixels above a user-defined threshold in at least one of the

two color channels. To quantify the size of the contact region, the

number of selected pixels was determined and multiplied by the pixel

size of160x160 nm2. To quantify the extent of CAR and TCR

co-localization, the Pearson’s correlation coefficient was calculated

via r = o​(x−�x)(y−y  )ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o​(x−�x)2  o​(y−�y)2

p , where x and y denote the intensity per pixel, and �x

and �y the corresponding average.
Fast AiryScan and confocal microscopy

Images were recorded with an LSM 880 confocal laser scanning

microscope (Carl Zeiss, Jena, Germany) equipped with an AiryScan/

AiryScan Fast detection unit providing up to 120 nm lateral and

350 nm axial resolution (25) and a high NA water immersion

objective (C-Apochromat, 1.2 NA, 40x). 488 nm and 633 nm

excitation lasers were used to avoid spectral overlap, guided by a

488/543/633 nm triple dichroic mirror. Emission was detected in line

switch mode through a 495-560BP/660LP dual band filter. Prior to

the experiments CAR-transduced primary human T cells were

labelled with either human anti−TCRa/b AF647-conjugated full

antibody, AF647-conjugated F(ab´)2 goat anti−human IgG antibody

or AF647-conjugated anti−transferrin receptor (TfR) monoclonal

antibody and seeded on HER2 expressing N87 target cells plated on

eight-well tissue culture-treated chambered coverslips (ibidi,

Gräfelfing, Germany). Images of live anti-HER2 CAR T cells

forming contacts with the tumor target were recorded in AiryScan

Fast mode. The chamber was incubated at 37°C during the

measurement. 3D images of entire cells were captured by optical

sectioning applying 0.23 mm step size along the z-axis. ZEN Black 2.3

software was used to process the acquired raw datasets where Wiener

filter deconvolution with 3D reconstruction algorithm and automatic

filter strength was applied. ZEN Blue 2.3 software was used to render

3D images for illustrative purposes. Confocal image of each analyzed

cell was captured for overall orientation purposes. Differential

distribution of CAR-GFP (green) and either CAR-AF647, TCR-

AF647, or TfR-AF647 (red) in the synaptic contact region, the

extrasynaptic membrane, and the whole cell membrane of AiryScan

processed 3D images was quantified based on intensity values in the

far red and in the green channels in 3D regions of interest generated
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using the software ImageJ/Fiji (26) with the 3DSuite plugin (27). 3D

Mean Filtering was performed on voxels of 3x3x3 pixel radius

(equivalent to 0.30x0.30x0.68 mm radius), then images were

segmented based on intensity thresholding to acquire 3D regions of

interest. 3D ROIs of the synaptic contact region were generated based

on the CAR-GFP signal, and of the extrasynaptic membrane based on

either CAR-AF647, TCR-AF647, or TfR-AF647. Each synaptic 3D

ROI for all analyzed cells was manually verified based on the extent of

the contact region visible in the confocal images to exclude ROIs

outside the contact region. Each extrasynaptic 3D ROI for all analyzed

cells was manually verified to exclude any non-contacting anti-HER2

CAR T cells in the field of view. Whole cell 3D ROIs were generated

by merging the synaptic and extrasynaptic membrane ROIs. Mean

intensity of the synaptic contact region, the extrasynaptic membrane,

and the whole cell membrane was quantified in both green and red

channels. Relative intensity values were generated by dividing the

mean intensity values of the synaptic contact region and the

extrasynaptic membrane by the mean intensity of the whole cell

membrane. Pixel-wise correlation was quantified based on intensity

values recorded for CAR-GFP (green) and either CAR-AF647, TCR-

AF647, or TfR-AF647 (red) in the synaptic contact region and the

extrasynaptic membrane 3D ROIs, including only pixels that were, in

at least one of the channels, above the threshold determined as the

intersect of intensity histograms from the cell-containing and cell-free

areas, i.e. expectedly high cross-correlation of non-labeled areas was

excluded from analysis. Pearson’s correlation coefficient was

calculated separately for each slice in the 3D images using a custom

ImageJ/Fiji plugin. The development of this code will be published

separately and will be available at GitHub and the Fiji updater.

Average PCC values of all slices for each individual cell were

calculated and their mean was plotted with SD as error bars across

all cells from at least 3 independent experiments. As an exception to

this procedure, for control PCC values, only one AiryScan Fast 2D

slice was imaged for each unstimulated cell given the relatively high

spatial mobility of unengaged lymphocytes. GraphPad Prism 5

software was used for statistical analysis.
Activation of CAR engineered Jurkat cells

Microtiter plates were coated with anti−human IgG antibody, that

binds to the CAR, and the anti−CD3 antibody OKT3 (5 μg/ml each).

CAR engineered or non-modified Jurkat T cells (5 x 104/well) were

incubated in coated plates for 48 h and IL−2 in the supernatant was

determined by ELISA with a solid phase anti−human IL−2 (2 μg/ml)

capture and a biotinylated anti−human IL−2 detection antibody

(0.5 μg/ml) (BD Bioscience). The reaction product was visualized

with a peroxidase-streptavidin-conjugate (1:10,000) and ABTS

(Roche Diagnostics).
Activation of CAR T cells

CAR T cells (0.32 x 104–5 x 104 cells/well) were co-cultivated for

24–48 h in 96-well round bottom plates with tumor cells (2–5 x 104

cells/well). Supernatants were removed and tested for IFN−g as

described below. Specific target cell lysis of CAR T cells was
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determined by XTT assay as previously described (28). Viability of

target cells without T cells was calculated as the OD-mean of six wells

containing only tumor cells subtracted by the background OD-mean

of wells with medium only. Non-specific formation of formazan by

T cells was determined from ODs of triplicate wells containing

exclusively T cells and in same numbers as in the corresponding

experimental wells. Viability of target cells in experimental wells was

calculated by: viability (%) = [OD(experimental wells - corresponding

number of T cells)]/[OD(tumor cells only - medium)] x 100.

Cytotoxicity (%) was calculated by: cytotoxicity (%) = 100 -

viability (%). Alternatively, CAR T cells (2.5–5 x 104 cells/well)

were incubated in 96 well microwell plates coated with the agonistic

anti−CD3 (1 μg/ml), anti−CD28 (5 μg/ml), anti−TCR (4 μg/ml),

anti−IgG (1 μg/ml) antibodies, anti−idiotypic antibody (BW2064/36;

8 μg/ml) or recombinant HER2-Fc protein (8 μg/ml), respectively.

After 48 h supernatants were tested for IFN−g and IL−2 by ELISA

utilizing solid phase bound anti−IFN−g and anti−IL−2 capture

antibodies (each 1 μg/ml) and biotinylated anti−IFN−g (0.5 μg/ml)

and anti−IL−2 detection antibodies (1 μg/ml), respectively. The

reaction product was visualized as described above.
Results

Physiologically, the TCR associated CD3z chain rapidly recycles

on the cell membrane independently of the other TCR components

(10). We asked whether a CD3z chain CAR is subjected to the same

rapid turn-over and tested a set of CARs with the CD3z or the FcϵRI g
signaling chain (Figure 1A); the other domains of the respective CARs

were the same; the CARs were expressed by the same vector. The

z−chain CARs were consistently present at lower levels on the T cell

surface compared to the corresponding g−chain CARs. Exchange of

the intracellular z- and g−chains reciprocally altered the CAR levels

on the cell membrane, while exchange of the transmembrane

domains did not, indicating that the different CAR levels on the

T cell surface were due to the intracellular moiety. For comparison,

the g- and z−chain CARs were present at equal levels in non-T cells

like HEK293T cells (Figure 1A) indicating that the different CAR

levels are due to their expression in T cells, most likely due to the

presence of the endogenous TCR/CD3 complex.

We addressed whether the different z- and g−chain CAR levels go

along with different protein half-life times on the T cell surface.

Blocking protein synthesis and Western blot analyses revealed that

the z−chain CAR had a shorter half-life time than the g−chain CAR in

engineered MD45 T cells (Figure 1B). CAR cross-linking by an anti

−IgG antibody, that binds to the common extracellular CAR domain,

resulted in rapid degradation of both g- and z−chain CARs as

expected. This goes in line with a recent study showing that antigen

encounter results in rapid ubiquitination and, as a consequence of

internalization and lysosomal degradation, downregulation of CARs

(29). Pulse-chase analysis revealed that the z−chain CAR molecules

on the cell surface more rapidly declined than the g−chain CARs

(Figure 1C). Taken together, the z−chain CAR experienced a higher

turnover on the T cell membrane and a shorter half-life time than the

g−chain CAR.

To record CAR-driven T cell effector functions, peripheral blood

T cells were engineered with z- and g−chain CARs with specificity for
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CA19−9. Recording the cytotoxic activity against CA19−9+ and

CA19−9- cancer cells revealed that the z−chain CAR induced

higher cytolytic activity and higher IFN−g release than the g−chain
CAR indicating a higher potency of the z−chain CAR in T cell

activation (Figure 1D). This was the case despite a lower expression

level and lower half-life time compared to the g−chain CAR on the

T cell surface.

Half-life time and rapid turn-over may affect T cell activation in

the presence of soluble target antigen. This is a clinically relevant

scenario since a substantial number of CAR-targetable surface

antigens are also shed by cancer cells which may block the CAR

redirected T cell activation. To address the issue, we engineered T cells

with the z- and g−chain CAR, respectively, with the same

anti−CA19−9 binding domain and co-incubated CAR T cells with

CA19−9+ target cells in the presence of increasing concentrations of

soluble CA19−9 (Figure 1E). The induction of lytic activity triggered

by the g−chain CAR was blocked by soluble CA19−9 whereas the

activity by the z−chain CAR was less affected. We assumed that the

rapid turn-over and shorter half-life of the z−chain CAR goes along

with a rapid replacement by antigen-free CAR chains on surface and

thereby a higher resistance towards blocking by soluble antigen.

We asked whether a z−chain CAR can substitute for the CD3z
chain in reconstituting the endogenous TCR, and whether the

endogenous CD3 of the TCR affects the expression level of the

CD3z CAR independently of the TCR ab chains. To address the

issue, we deleted the endogenous CD3z chain of Jurkat cells by

CRISPR/Cas9 mediated gene editing. Flow cytometry and Western

blot analysis demonstrated efficient knockout of the endogenous

CD3z in engineered Jurkat cells; consequently, no TCR was

expressed (Figures 2A, B). For comparison, TCR deficient Jurkat76

cells express the endogenous CD3z chain as reported (13).

We engineered Jurkat cells without endogenous CD3z and/or

CD3/TCR expression, respectively, with z- and g−chain CARs

(Figure 2C). While the CARs were properly expressed by

Jurkat cells, the CARs did not rescue TCR expression in CD3z KO

Jurkat cells (Figure 2D). Expression of the endogenous CD3 was not

altered by the respective CARs in Jurkat cells. Same data were

obtained upon engineering blood T cells (Figure 2E). More

importantly, z−chain CARs were expressed at lower levels in both

TCR- CD3z+ Jurkat76 cells and in TCR- CD3z- Jurkat E4 cells

compared to the g−chain CAR indicating that the lower levels of z-
CARs on T cell surface did not depend on the presence of the TCR or

TCR/CD3 complex. With respect to CAR triggered functionality, the

z- and g−chain CARs were as active in CD3z KO cells as in TCR+

CD3z+ Jurkat cells indicated by cytokine release upon CAR

stimulation (Figure 2F). For comparison, engineered CD3z KO

Jurkat cells did not respond upon CD3 stimulation despite the

presence of the z−chain CAR.

Taken together we concluded that, firstly, the CAR and the CD3/

TCR complex are independently regulated on the membrane surface

and that the z- and g−chain CARs function independently of the

presence of the endogenous CD3/TCR complex in T cells. Secondly,

the z−chain CAR did not replace CD3z in rescuing TCR expression in

CD3z KO cells.

To address whether there is a cross-signaling at the very early

stage of TCR and CAR mediated activation, we recorded by Western

blot analysis the phosphorylated CD3z (pCD3z) of the CAR and of
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TCR-associated, endogenous CD3z chain on stimulation. TCR

stimulation increased phosphorylation of the TCR associated

endogenous CD3z chain, but not of the CAR CD3z domain (Figure

3). Vice versa, stimulation of the CAR resulted in an increased

phosphorylation of the CAR CD3z chain but not of the TCR CD3z
chain. The same pattern was obtained with CD28-CD3z CAR

engineered cells; phosphorylation of CAR CD3z increased upon

CAR stimulation but not upon TCR/CD3 stimulation; pCD3z of

the TCR, but not of the CAR, increased upon TCR/CD3 stimulation.
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We also investigated whether CAR-associated CD28 signaling can

induce CD3z signaling through the TCR. Stimulation of the CD28

CAR, that lacks the CD3z domain, did not produce TCR CD3z
phosphorylation; increase in pCD3z occurred upon TCR/CD3

stimulation as control (Figure 3). We concluded that CD28-CD3z
CAR stimulation did not induce phosphorylation of the endogenous

TCR CD3z chain indicating that no substantial cross-signaling

between the TCR/CD3 and the CAR at the stage of CD3z
phosphorylation occurred.
A

B

D E

C

FIGURE 1

CARs with an intracellular CD3z chain are superior over g−chain CARs in T cell activation despite lower cell surface expression and shorter half-life on
the T cell surface. (A) Schematic representation of CARs with their respective transmembrane (TM) and intracellular (IC) signaling domains consisting of
the respective CD3z (z) or the FceRI g (g) chain. All CARs harbour the same extracellular domain (EC) and were expressed by the same promoter in the
same retroviral vector backbone. Cells were engineered with the respective CARs. CAR expression was monitored by an anti−IgG Fc antibody that
detects the common extracellular CAR IgG1-Fc spacer domain. Background staining was determined by an isotype control antibody. Data represent the
mean values of mean fluorescence intensity (mfi) ± SD. (B) MD45 cells were engineered with a z or a g CAR, respectively, and incubated with
cycloheximide (10 µg/ml) to block protein synthesis. For comparison, the CARs were additionally cross-linked by an anti−IgG (anti−CAR) antibody, that
binds to the extracellular CAR spacer domain, for 2 h to induce CAR internalization. At different time points, 107 cells were lysed and proteins separated
by SDS-PAGE on 8% (w/v) polyacrylamide gels under non-reducing conditions. CARs were detected by the anti−IgG Fc-POD antibody (1:10,000), actin
was detected by the anti−actin antibody (0.5 µg/ml). Relative density of CAR bands was quantified utilizing the ImageJ software 1.48 and presented as
percent of the initial amount at t=0. Data from a representative experiment out of three are shown. (C) Pulse-chase CAR labeling. CAR transfected cells
were surface-labeled with biotin as described in Materials and Methods, washed and stimulated at 37°C by an anti−IgG antibody (1 µg/ml) directed
against the IgG extracellular CAR domain. Aliquots of cells (5 x 106 cells) were lysed at different time points and lysates were subjected to ELISA plates
coated with an anti−IgG1 mAb (1 µg/ml) to capture the CAR. Bound labeled CARs were detected by streptavidin POD and visualized with ABTS. OD at
time point 0 was set at 100% and relative ODs at indicated time points were calculated. Numbers represent the mean values of three independent
experiments ± SD. (D) CAR redirected T cell activation. T cells with z- or g−chain anti−CA19−9 CAR were expanded in the presence of IL−2 and co-
cultivated (0.625–5 x 104 cells/well) for 48 h with CA19−9+ LS174T or CA19−9- A375 tumor cells (5 x 104 cells/well). Supernatants were analyzed for
IFN−g by ELISA, target cell lysis was determined by the XTT assay. Data represent mean values ± SD of two independent experiments. w/o, without CAR.
(E) Activation of CAR T cells in the presence of soluble CA19−9 antigen. Anti−CA19−9 CAR T cells (5 x 104 cells/well) were co-cultivated for 48 h with
CA19−9+ LS174T cells (5 x 104 cells/well) in the presence of serial dilutions of supernatants of H498 tumor cells containing about 20,000 U/ml of soluble
CA19−9 (sCA19−9). Target cell lysis was determined by the XTT assay. For control, cells were co-cultivated in the presence of supernatants of the
CA19−9- cell line H716 lacking soluble CA19−9 (w/o). Data represent mean values ± SD of technical triplicates. For comparison of two groups, significant
differences were determined by Student´s T test. For comparisons of three or more groups, one-way ANOVA with Tukey’s post hoc test was used.
p-values < 0.05 were considered statistically significant (**p<0.01; ***p<0.001; ****p<0.0001; ns, not significant).
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To investigate whether CAR and TCR are recruited into similar

regions during immunological synapse formation, we engineered

peripheral blood T cells with Her2-specific CD28-CD3z CARs

linked to GFP (Figure 4A). The distribution of CAR and TCR in

the contact region between CAR T cell and immobilized Her2

molecules was recorded via TIRF microscopy. The CAR was

localized by its linked GFP and verified by staining with an
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AF647-conjugated anti−CAR antibody; the TCR was localized by

an anti−TCRab AF647-conjugated antibody; the transferrin receptor

(TfR) was localized by an anti-TfR AF647-conjugated antibody

(Figure 4B). There was no difference in size of the contact regions

formed by the T cell on surfaces coated either with Her2 as CAR

target or with the anti−CD3 antibody OKT3 as TCR target (Figure

4C). While there was no indication for synapse formation of anti
A B
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FIGURE 2

z CARs did not rescue the CD3/TCR complex in CD3z KO Jurkat cells. (A) The CD3z locus in Jurkat cells was deleted by CRISPR/Cas9 engineering as
described in Materials and Methods. Non-modified Jurkat cells (wt), Jurkat76 cells lacking TCR (TCR-) and Jurkat E4 CD3z knock-out (KO) cells were
tested by flow cytometry for intracellular CD3z expression and for surface expression of CD3e and TCR, respectively. Histograms of a representative
analysis are shown. (B) Western blots of genome edited Jurkat cells. Lysates of non-modified (wt) and CD3z KO Jurkat cells (5 µg protein lysate/lane)
were separated by SDS PAGE, blotted, probed with a mouse anti−human CD3z antibody (1:500) and detected by a HRP-conjugated anti−mouse
antibody (1:5,000). Blots were re-probed with an anti−b-actin antibody (1:20,000). (C) TCR+ Jurkat (wt), Jurkat76 (TCR-) and Jurkat E4 (CD3z KO) cells
were engineered with the CD28z, z or g CAR, respectively. Expression of CARs and surface expression of CD3 was recorded by flow cytometry and mean
fluorescence intensity (mfi) was determined. Dot plots of a typical experiment and mean values of 5 independent experiments ± SD (D) are shown.
Significant differences were determined by Student´s T test. (E) Peripheral blood T cells engineered with z−chain and g−chain CAR, respectively, were
stained for CAR and CD3 expression and analyzed by flow cytometry. CAR+ and CAR- T cells were gated and mean fluorescence intensity (mfi) of CD3
was determined. Data represent mean values of 4 healthy donors ± SD. Statistical differences were determined by Student´s T test. (F) Jurkat (wt) and
Jurkat E4 (CD3z KO) cells with and without CAR, respectively, were stimulated through the CAR and CD3 by incubation on 96-well plates (4 x 104 cells/
well) coated with the agonistic anti−CD3 antibody OKT3 or anti−IgG Fc antibody (5 µg/ml each) that binds to the CAR extracellular domain. After 48 h
supernatants were tested for IL−2 by ELISA. Values represent the means of technical triplicates ± SD. Significant differences were determined by Student´
s T test. A representative experiment out of two is shown. p-values <0.05 were considered statistically significant (*p<0.05; **p<0.01; ***p<0.001;
****p<0.001; ns, not significant).
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−Her2 CARs on the OKT3 antibody coated surface, recognition of the

cognate antigen Her2 led to an accumulation of anti−Her2 CARs in

the contact region, but not of the TCR (Figure 4D). Notably, the

Pearson’s correlation coefficient (PCC) between CAR and TCR

distribution was not different compared to the negative distribution

(Figure 4E, median PCC = 0.384). As negative control, the TfR, that is

distributed on the cell surface independently of the CAR and TCR,

showed no substantial correlation with the CAR distribution (median

PCC = 0.306). As positive control, the GFP-CAR signal strongly

correlated with the signal of anti−CAR antibody (median PCC

= 0.949).

The distribution of CAR and TCR in the contact region between

anti-Her2 CAR T cell and Her2+ tumor cell was studied by 3D fast

AiryScan microscopy (Figure 4F; Supplementary Figure 1A;

Supplementary Video 1, 2, 3). The analysis confirmed accumulation

of the anti−Her2 CAR, but not of the TCR, in the synaptic region

(Figure 4G). In fact, TCR was present at lower mean intensities in the

synaptic than in the extra-synaptic regions (Supplementary Figure

1B), making up a significant difference after normalization to the

entire membrane intensity. In anti-Her2 CAR T cells engaging Her2+

tumor cells, PCC between CAR and TCR in the synapse was not

different from the TfR negative control (mean PCCCAR_TCR = 0.149;

PCCCAR_TfR = 0.040), while the GFP-CAR signal showed a strong

correlation with the anti−CAR antibody as positive control signal

(mean PCCCAR_CAR = 0.628) (Figure 4H). No co-distribution of the

CAR with the TCR or the TfR as control occurred when the synaptic

region, the extra-synaptic region, and the unstimulated CAR T cell

membranes were compared (Figure 4H). Taken together, data

indicate that the CAR synapse formed upon engagement of cognate

antigen did not recruit the TCR into the same region.

As cross-signaling between the CAR and TCR/CD3 can occur at

more downstream steps in the activation pathway at the level of

effector functions, we recorded cytokine production as a near final

step in the activation of effector functions. CAR engineered T cells
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were stimulated through the CAR, CD3 and TCR, respectively, and

IFN−g and IL−2 release was recorded. The threshold for IFN−g
release by TCR and CD3 activation, respectively, was not altered by

the presence of a CD3z or CD28-CD3z CAR compared to

unmodified T cells (Figure 5A). While CD3z−chain signaling by

the CAR was sufficient for IFN−g secretion, IL−2 release required

additional CD28 co-stimulation as provided through the CD28-CD3z
CAR as expected. No IL−2 release occurred upon TCR or CD3

stimulation in the presence of the CD28-CD3z CAR indicating that

the co-expressed CD28 CAR domain was not cross-activated by TCR

stimulation to complement for IL−2 release.

While TCR and CAR did not cross-activate upon engagement of

either cognate antigen, we assessed whether CAR and TCR can

complement in T cell activation when both are engaging their

respective target. T cells were engineered with a CD28 CAR lacking

the CD3z domain and recognizing CEA or HER2, respectively. CAR

T cells were stimulated through the CAR by binding to their cognate

antigen or through their TCR/CD3 (Figure 5B). Simultaneous

binding to the respective CAR ligand and to an agonistic anti−CD3

antibody induced IL−2 release indicating successful complementation

of the TCR/CD3 signaling with CAR CD28 signaling; IL−2 release

was not obtained upon TCR/CD3 or CAR stimulation alone. For

control, the CD28-CD3z CAR induced IL−2 upon binding to the

CAR ligand without additional TCR stimulation; stimulation of CD3

plus CD28 independently of the CAR also induced IL−2 release. Data

indicate that CAR and TCR/CD3 could complement in the

downstream T cell activation pathway when engaging their

respective cognate ligand.
Discussion

Nearly all CARs used in clinical trials signal through the CD3z
chain by engaging downstream signaling proteins associated with the
FIGURE 3

z CARs and TCR/CD3 do not cross-activate through their CD3z chains. CAR engineered Jurkat cells were recorded for CD3z phosphorylation by
Western blot analysis. Non-modified (w/o) Jurkat cells or Jurkat cells engineered with z CAR, CD28 CAR or CD28z CAR (5 x 106 cells each) were
subjected stimulation through their TCR by incubation with the agonistic mouse anti−CD3 antibody OKT3 (10 mg/ml) for 10 min followed by an anti
−mouse IgG antibody (10 mg/ml) for cross-linking for 3 min (z CAR, CD28 CAR and w/o CAR) or 1 min (CD28z CAR). Alternatively, cells were stimulated
through the CAR independently of the binding domain by incubation with a goat anti−human IgG antibody (10 mg/ml) for 10 min followed by an anti
−goat IgG antibody (10 mg/ml) for cross-linking for 3 min (z CAR, CD28 CAR and w/o CAR) or 1 min (CD28z CAR). Lysates were separated by SDS PAGE
and blotted membranes were probed with the anti−phospho-CD247 (CD3z) (Tyr142) antibody (clone EM-54) (1:1,000) followed by a peroxidase-
conjugated anti−mouse IgG1 antibody (1:10,000) for detection. Blots were re-probed with an anti−human b-actin antibody (1:20,000).
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FIGURE 4

z CAR engagement of antigen induced clustering without TCR integration. Anti−HER2 CAR T cells were labeled with either AF647−conjugated F(ab´)2
goat anti−human IgG antibody that recognizes the CAR, anti−TCRa/b AF647-conjugated antibody, or AF647-conjugated anti−transferrin receptor (TfR)
antibody. (A) Schematic representation of the used anti−HER2 CD28z CAR linked to GFP at the intracellular site (IC). (B) Cells were seeded onto surfaces
coated with HER2 protein or anti−CD3 antibody OKT3 and contacts were formed for 20 minutes. Cells were fixed and TIRF microscopy was used to
image the localization of CAR-GFP (green) and either CAR-AF647, TCR-AF647, or TfR-AF647 (red). Scale bar represents 5 µm. For each cell, the pixel-
wise correlation of the brightness values recorded in the red and in the green channel were plotted along the x- and the y-axis, respectively. Pearson’s
correlation coefficient (PCC) for each cell was calculated. Contact size (C) and Mean intensity (D) of anti−HER2 CAR-GFP plated on HER2 (blue) and
OKT3 coated slides (grey) are displayed for n≥16 cells per group in a Whisker box plot. Statistical differences were determined by Wilcoxon-Mann-
Whitney test with Python code (**p<0.01). (E) PCC for CAR-GFP and TCR-AF647 was calculated for anti−HER2 CAR T cells plated on HER2 (blue) and
OKT3 (grey) coated slides and displayed for n≥24 cells per group in a Whisker box plot. Statistical differences were determined by Kruskal-Wallis test with
Dunn’s post-hoc test performed with Python code (***p<0.001). (F) Labelled anti-HER2 CAR T cells were seeded on HER2 expressing N87 target cells
plated on chambered coverslips. 3D fluorescence images of live anti-HER2 CAR T cells forming contacts with the tumor target were recorded in
AiryScan Fast mode. Confocal images of each analyzed cell were recorded as controls. (G) Differential 3D distribution of CAR-GFP and either CAR-
AF647, TCR-AF647, or TfR-AF647 in the synaptic contact region and the extrasynaptic membrane was normalized to total intensity (nCAR-GFP=11, nTCR-
AF647 = 11, nCAR-AF647 = 10, nTfR-AF647 = 6; 3D images contained approximately 50-80 slices). (H) PCC for CAR-GFP and either CAR-AF647, TCR-AF647, or
TfR-AF647 in the synaptic contact region and the extrasynaptic membrane was quantified separately for each slice and averaged for each individual cell
and presented as the mean of multiple cells across 3 independent experiments. 2D AiryScan Fast images of unstimulated cells were used as control
(nCAR_CAR=15, nTCR_CAR=7, nTfR_CAR=14). Data are presented as mean ± SD (*p<0.05, **p<0.01, ***p<0.001; ns, not significant).
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endogenous TCR/CD3 complex (6, 7). The impact of TCR/CD3 on

the CAR redirected T cell activation and vice versa was so far not

addressed. A mutual functional interaction is a relevant issue since

CAR engineered T cells harbor in addition a functionally active TCR

that may interfere with or add to CAR-mediated signaling.

Physiologically, the endogenous CD3z stabilizes the CD3/TCR

complex; in the absence of CD3z, the levels of TCRab chains are

substantially reduced (30, 31). Moreover, CD3z has a rapid turnover

on the cell membrane independently of the other TCR components

(10). Here we revealed that CD3z−chain CARs likewise have a shorter
half-life and are expressed at lower levels on the T cell membrane than

the FceRI g−chain CARs. The low expression levels are mediated by

the CAR intracellular CD3z and not by the transmembrane domain;

the effect holds also true for the second generation CD28-CD3z CAR.
In contrast to the situation in T cells, g−chain CARs are less expressed

in Fc receptor expressing cells compared with the z−chain CARs, like

macrophages and neutrophils (32–36); in non-lymphoid cells both

g- and z−chain CARs are expressed at similar levels. In CD3z KO and

in TCR- Jurkat cells the z−chain CARs were also less expressed than

the g−chain CARs indicating that the levels of z−chain CARs on the

T cell surface are affected by downstream elements of the TCR/CD3
Frontiers in Immunology 1066
complex and not by the presence of the TCR and CD3z themselves.

Notably, the expression level does not correlate with the activation

capacity since CD3z CARs require less amounts of antigen than

g−chain CARs to activate engineered T cells.

At the membrane receptor level, the CAR does not co-recruit the

TCR into its synapse as revealed by TIRF and fast AiryScan

microscopy; vice versa, the TCR does not recruit the CAR into its

synapse (37). Consequently, CAR and TCR do not cross-signal with

respect to CD3z phosphorylation; TCR/CD3 stimulation did not

result in increase in CAR CD3z phosphorylation and, conversely,

CAR stimulation did not increase TCR/CD3 phosphorylation. The

conclusion holds true for both the CD3z and the CD28-CD3z CAR.

In line with this finding, costimulatory CD28 signaling through the

CD28 CAR did not increase TCR/CD3z phosphorylation. However,

there is a convergence in TCR and CAR downstream signaling, since

the adaptor protein LAT, which is a linker between proximal and

distal signaling events, becomes phosphorylated by each TCR and

CAR activation, although at different levels (38).

We asked whether lack of cross-signaling at the early step was

associated with lack of cross-activation of downstream pathways like

the release of effector molecules including cytokines. To address this
A

B

FIGURE 5

The TCR/CD3 complex and z−chain CARs can complement in signaling. (A) T cells of healthy donors (5 x 104 cells/well) were engineered with a z or
CD28z CAR, respectively, and cultivated for 48 h in micro-titer plates that were coated with serial dilutions (starting from 10 µg/ml) of an anti−IgG1 Fc
antibody for CAR activation or an agonistic anti−CD3 and anti−TCR antibody, respectively. Data from a representative T cell donor are shown; data from
four donors were accumulated in mean values ± SD. (B) T cells (5 x 104 cells/well) expressing an anti-HER2-Fc-CD28, anti-CEA-Fc-CD28 or
anti-CEA-Fc-CD28z CAR were cultivated for 48 h in micro-titer plates coated with an agonistic anti−CD3 (1 µg/ml) and anti−CD28 (5 µg/ml) antibody,
respectively, or the anti−idiotypic antibody BW2064/36 (8 mg/ml), directed against the binding domain of the anti−CEA CAR, or recombinant HER2-Fc
protein (8 mg/ml) recognized by the anti−HER2 CAR, respectively. Combinations of antibodies and/or antigen were used as indicated. Culture
supernatants were analyzed for IFN−g or IL−2 by ELISA as indicated. Numbers represent mean values of technical triplicates ± SD. A representative
experiment out of at least three experiments is shown.
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scenario in a well-defined antigen stimulation assay, we took

advantage of the different signaling requirements for IFN−g and

IL−2 release; IFN−g release indicates CD3z signaling while IL−2

release depends on combined CD3z and CD28 signaling in T cells.

Using these cytokines as indicators, we revealed that signaling

through TCR/CD3 did not activate CAR-associated CD28 and vice

versa (Figure 6). However, TCR/CD3 stimulation can complement

with CAR-provided CD28 co-stimulation when both TCR and CAR

are engaging their respective cognate antigen; signaling through only

the TCR or the CD28 CAR was not sufficient. Taken together data

indicate lack of cross-signaling between CAR and TCR not only on

the level of the cell membrane associated kinases but also in the

downstream pathway of effector molecules. In addition to our

findings, potential physical interaction between CAR and

endogenous signaling molecules can occur. Muller et al. showed

that CAR T cells harboring a CD28-derived transmembrane

domain form heterodimers with the endogenous CD28; such CAR-

CD28 heterodimers can activate CAR T cells (39). The number of

molecules captured in heterodimers may differ and the functional

consequences still need thorough investigation.

Our conclusions are of relevance for clinical applications in

various aspects. Firstly, T cells will undergo terminal differentiation

towards hypo-responsive cells with terminally differentiated

KLRG-1+ CD57+ CD7- phenotype once extensively stimulated

through their TCR. In a previous study we revealed that hypo-

responsiveness of CMV-specific late-stage CD8+ T cells is due to

reduced TCR synapse formation compared to younger cells which is

the result of galectin-mediated membrane-anchoring of TCR

components (40). However, transgenic CAR expression and CAR

triggering produced full effector functions in TCR hypo-responsive T

cells indicating that the defect is restricted to TCR membrane

components while synapse formation of the transgenic CAR was

not blocked. CAR engineered late-stage T cells released cytokines and

mediated redirected cytotoxicity as efficiently as younger effector

T cells. Together with our recent analysis, data presented here

sustain the model that CAR mediated activation occurs TCR-

independently and can by-pass hypo-responsiveness of late-stage T

cells upon repetitive TCR encounter.
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Secondly, we do not expect an increase in signaling through the

endogenous TCR in presence of a CAR, for instance, when EBV-

specific T cells are used for a CAR redirected anti−tumor attack (41).

Clinical observation indicates that both CAR and TCR can trigger T

cells as TCR stimulation of virus-specific T cells in addition to CAR

engagement of antigen enhances expansion of CAR T cells and finally

their anti−leukemic function (42). Moreover, TCR and CAR can

complement in signaling when simultaneously engaging their

respective cognate antigen. This is of benefit when achieving

complementation in target recognition; one target is recognized by

the TCR, the other by the CD28 CAR as shown in our model system.

Complementing in activation while lacking cross-signaling is the basis

for creating Boolean logic “AND” gating by co-signaling through a

CD28 CAR without primary signal while the latter is provided by

signaling through the TCR upon engagement of its respective antigen.

In this situation, only engagement of both targets will be capable to

sustain a lasting T cell activation. The combination may also be used

for specific T cell inhibition using an inhibitory CAR that dampens

TCR driven activation upon CAR antigen recognition.

The concept of combinatorial antigen recognition was primarily

introduced by Kloss et al. (43) aiming at complementing signals

between two CARs, one CAR harboring a suboptimal activation

signal and the other CAR harboring a costimulatory signal. So-

called RevCARs are a further improvement as they represent an

artificial receptor platform for controllable T cell activation (44).

Herein, universal receptors are redirected by adaptor molecules to the

respective targets allowing dosing of the adaptor molecules, flexible

targeting and, notably in this context, combinatorial antigen

recognition. Again, prerequisite for successful “AND” gating is lack

of dimerization and cross-talk between the signaling receptors.

Thirdly, we do not expect altered CAR signaling under conditions

where the endogenous CD3z chain is down-regulated as it occurs

under chronic inflammatory conditions (45). CAR redirected T cell

activation does not depend on primary TCR signals as it is mediated

through the CAR intrinsic CD3z and costimulatory domain.

However, the presence of the endogenous TCR/CD3 substantially

prolongs the persistence of CAR T cells in a mouse model compared

to TCR b−chain KO cells (11). This is the case despite similar CAR
FIGURE 6

Schematic diagram. TCR and CAR do not co-integrate into the same synapse and signal independently upon engagement of their respective antigen
without cross-signaling on the membrane level; however, TCR and CAR can complement in signaling upon simultaneous engagement of their respective
cognate antigens, thereby providing T cell activation by both CD3 through the TCR and costimulation through the CAR.
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expression in both cells indicating the impact of the endogenous

TCR/CD3 on sustaining CAR T cell function. The “tonic” activation

through the TCR and thereby an active downstream signaling

cascade, although at low levels, seems to be crucial for the overall

therapeutic success given the less persistence of CAR redirected TCR

KO T cells and the pivotal impact of CAR T cell persistence on their

efficacy in controlling leukemia/lymphoma in the long-term. Along

with this hypothesis, in patients treated with CAR engineered

allogeneic TCR KO T cells only contaminating TCR+ CAR T cells,

but not TCR- CAR T cells, persisted while producing TCR signaling

and finally graft-versus-host disease (9).

Taken together, CD3z CARs are similarly regulated as the CD3z
chain of the TCR. However, the CAR cannot substitute for CD3z
within the TCR complex underlining the concept that CAR and TCR

form individual synapses in structure as verified by microscopic

analyses and in function as shown by phospho-CD3z analyses. This

specific situation allows logic “AND” gating by combinatorial target

recognition through TCR and CAR. On the other hand, CAR

engineered TCR KO T cells, designed for allogeneic “off-the-shelf”

therapy, lack TCR support through “tonic” signaling and likely may

lose functional capacities in the long-term.
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SUPPLEMENTARY FIGURE 1

Distribution of CAR, TCR and TfR in unstimulated and synapse forming cells. (A)
Confocal and AiryScan Fast 2D fluorescence images of live anti-HER2 CAR T

cells forming contacts with the tumor target. (B) Mean intensity of CAR-AF647,

CAR-GFP, TCR-AF647, and TfR-AF647 in the synaptic region, extrasynaptic
region, and both regions.

SUPPLEMENTARY VIDEO 1

3D distribution of CAR-GFP and CAR-AF647 in the synaptic contact region of
one exemplary cell. 3D fluorescence images of live anti-HER2 CAR T cells

forming contacts with the tumor target were recorded in AiryScan Fast mode.

SUPPLEMENTARY VIDEO 2

3D distribution of CAR-GFP and TCR-AF647 in the synaptic contact region and
the extrasynaptic membrane of one exemplary cell. 3D fluorescence images of

live anti-HER2 CAR T cells forming contacts with the tumor target were
recorded in AiryScan Fast mode.

SUPPLEMENTARY VIDEO 3

3D distribution of CAR-GFP and TfR-AF647 in the synaptic contact region and

the extrasynaptic membrane of one exemplary cell. 3D fluorescence images of
live anti-HER2 CAR T cells forming contacts with the tumor target were

recorded in AiryScan Fast mode.
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30. Marin AV, Jiménez-Reinoso A, Briones AC, Muñoz-Ruiz M, Aydogmus C, Pasick
LJ, et al. Primary T-cell immunodeficiency with functional revertant somatic mosaicism
in CD247. J Allergy Clin Immunol (2017) 139:347–349.e8. doi: 10.1016/j.jaci.2016.06.020
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Recurrent neoepitopes are cancer-specific antigens common among groups of

patients and therefore ideal targets for adoptive T cell therapy. The neoepitope

FSGEYIPTV carries the Rac1P29S amino acid change caused by a c.85C>T

missense mutation, which is the third most common hotspot mutation in

melanoma. Here, we isolated and characterized TCRs to target this HLA-

A*02:01-binding neoepitope by adoptive T cell therapy. Peptide immunization

elicited immune responses in transgenic mice expressing a diverse human TCR

repertoire restricted to HLA-A*02:01, which enabled isolation of high-affinity

TCRs. TCR-transduced T cells induced cytotoxicity against Rac1P29S expressing

melanoma cells and we observed regression of Rac1P29S expressing tumors in

vivo after adoptive T cell therapy (ATT). Here we found that a TCR raised against a

heterologous mutation with higher peptide-MHC affinity (Rac2P29L) more

efficiently targeted the common melanoma mutation Rac1P29S. Overall, our

study provides evidence for the therapeutic potential of Rac1P29S-specific TCR-

transduced T cells and reveal a novel strategy by generating more efficient TCRs by

heterologous peptides.

KEYWORDS

neoantigen, TCR gene therapy, melanoma, Rho (Rho GTPase), humanized mouse models
Introduction

Adoptive T cell therapy (ATT) as a treatment option against cancer is coming of age, so

far primarily with remarkable efficiencies against non-solid leukemia and lymphoma, for

example using chimeric antigen receptor modified T cells (CAR-Ts) targeting the lineage-

specific surface protein CD19 (1). Targeting cancer mutations by reactivating neoepitope-
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specific T cells using checkpoint blockade has shown therapeutic

success in half of the patients harboring solid cancers with high

mutational load but is hampered in patients with tumors carrying

lower numbers of mutations (2). Therefore, TCR gene therapy, the

genetic modification of autologous patient T cells by introducing a

therapeutic TCR and thus grafting of new antigen specificities onto

patients’ T cells, may be a valuable alternative. Since TCR gene

therapy allows for targeting proteins independent of cellular

localization it broadens the spectrum of target antigens. Therefore,

it also allows for targeting somatic mutations, so called neoantigens,

that come with the best possible risk-benefit ratio because these are

truly cancer-specific mutant antigens not expressed in normal

tissue (3).

Rac (Ras-related C3 botulinum toxin substrate) proteins are a

subfamily of the Rho family of GTPases involved in many cellular

processes including cell migration, cytoskeleton reorganization and

cell transformation (4). Due to its role to control a variety of cellular

functions, aberrant Rac signaling is often involved in tumorigenesis

(5, 6). The Rac family comprises the homologous proteins Rac1, Rac2

and Rac3; this study focused on Rac1 and Rac2, for which point

mutations in tumors have been described. A single-nucleotide variant

(SNV) at position 85C>T leads to the Rac1P29S amino acid change

with a strong UV signature. Following mutations in Braf V600 and

Nras Q61, Rac1 P29 is the third most commonly mutated

protooncogene in cutaneous melanomas and with up to 9% of sun-

exposed melanomas carrying this mutation the most common

cancer-associated recurrent missense mutation among the family of

small Rho GTPases (7, 8). The Rac1 mutation occurred in both Braf

and Nras mutant melanomas (7, 8), but a higher percentage of Braf/

Nras wild type melanomas possess the Rac1P29S mutation (9). In

addition, both Braf and Nras mutations also occur in benign naevi

and seem insufficient to cause progression towards melanoma (10),

altogether suggesting that Rac1P29S could also be a driving event

independently of these oncogenes (11). Additionally, the mutation

confers resistance to Braf inhibition by vemurafenib and dabrafenib

in vitro, suggesting a role of Rac1P29S mutation as a biomarker for

Raf inhibitor resistance in melanoma patients (12). It has furthermore

been reported that Rac1P29S upregulates PD-L1 expression in

melanoma (13), and thus may contribute to immune evasion. Due

to its importance in proliferation, metastasis and drug resistance,

Rac1 is an important therapeutic target in melanoma, but so far is

considered undruggable, which makes targeting Rac1P29S in

melanoma a challenge.

Other Rho GTPase members also harbor mutations in

homologous residues, but these are less frequently found in

tumorigenesis (<1% incidence), such as Rac2 (P29L) and Rhot

(P30L) (8). The P29L (c.86C>T) mutation in Rac2 was not only

detected in melanoma but also in a breast cancer samples, confirming

an important role of the P29 position in oncogenesis (14, 15).

Since mutant Rac1 is specifically expressed on cancer cells and is

important for the perpetual growth and survival of tumor cells, it is a

promising target candidate for TCR gene therapy, a methodology that

equips patient T cells with anti-cancer specificity. Additionally, the

mutation is found in a large percentage of cancer patients and

presented by a frequent HLA-molecule. Here, we explore the

Rac1P29S mutation together with the less frequent Rac2P29L

mutation as targets for adoptive T cells therapy.
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Materials and methods

Peptide immunization of mice

Mutation-specific T cells were generated in ABabDII mice

expressing a diverse human TCR repertoire restricted to HLA-

A*02:01 (16). The mice are additional deficient for mouse TCR and

mouse MHC I expression. Mice were immunized by subcutaneous

injection of 100 mg Rac1P29S (FSGEYIPTV), Rac2P29L

(FLGEYIPTV) or RhotP30L (FLEEVPPRA) peptide in a 1:1

solution of incomplete Freund’s adjuvant and PBS containing 50 mg
CpG. After priming, the mice received the same immunization twice

as boosts in a three weeks interval. To assess CD8+ T cell responses,

peripheral T cells were restimulated in vitro with either 10-6 M

peptide, PBS as a negative control, or 106 Dynabeads mouse T

activator CD3/CD28 (Gibco) as a positive control. After 2h,

Brefeldin A (BD) was added to the cultures and after overnight

culturing, specific CD8+ T cells were measured by intracellular IFNg
staining (PE anti-mouse IFNg XMG1.2, Biolegend).
Isolation and cloning of TCRs

To isolate specific TCRs, immunized mice were sacrificed;

splenocytes and lymphocytes from inguinal lymph nodes were

prepared and CD4+ T cells were depleted using microbeads (Miltenyi

Biotec). 1x106 splenocytes were cultured in T cell media (TCM, RPMI

(Gibco™) containing 10% FCS (Pan Biotech), 1 mM HEPES

(Gibco™) , 100 IU/ml PenStrep (Gibco™ ) , 50 mM 2-

Mercaptoethanol (Gibco™)) supplemented with 100 IU/ml IL-2

(Peprotech) for 10 days in the presence of 10-8 M or 10-9 M peptide.

Reactive T cells were either sorted using a Rac1-specific tetramer (pA2-

tetramer, Beckman Coulter) or the mouse IFNg secretion assay

(Miltenyi). Four hours prior to the in vitro assessment of IFNg
secretion, cells were stimulated with a peptide concentration of 10-6

M. To sort IFNg-secreting CD8+ T cells, cells were stained with anti-

mouse CD3-APC (145-2C11, Biolegend) and anti-mouse CD8-PerCP

(53-6.7, Biolegend) at 4°C for 30 minutes. For sorting of tetramer-

positive T cells, staining was done with PE-labeled pA2-tetramer, anti-

mouse CD3-APC and anti-mouse CD8-PerCP. T cells were

subsequently sorted (BD FACS Aria III) into RTL lysis buffer for

RNA isolation with RNeasy Micro Kit (QIAGEN). SMARTer™ RacE

cDNA Amplification Kit (Clontech Laboratories) was used to

synthesize first-strand cDNA synthesis and 5’-RACE PCR. The TCR

sequence was specifically amplified using 0.1 mM universal primer (5’-

ctaatacgactcactatagggcaagcagtggtatcaacgcagagt-3’) and either 0.1 mM
hTRAC (5 ’-cggccactttcaggaggaggattcggaac-3 ’) or hTRBC

(5’−ccgtagaactggacttgacagcggaagtgg-3’) specific primer and 1U

Phusion® HotStart II polymerase (Thermo Scientific) from 1-2 ml of
the reverse transcriptase reaction. The amplicons were analyzed on an

agarose gel and specific bands were cut out and cloned using a Zero

Blunt® TOPO® PCR cloning kit (Life Technologies). A T3 primer

(5’-aattaaccctcactaaaggg-3’) was used to sequence plasmids from

isolated individual clones (Eurofins Genomics). Dominant TCR-a/b
chains were selected and corresponding TCR-a/b chains were linked

using a P2A element and constant regions of the TCRs were exchanged
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with mouse constant regions. The codon-optimized TCR cassettes were

synthesized by GeneArt (Thermo Fisher Scientific) and cloned into an

MP71 vector.
Plasmid constructs and cDNA synthesis

All retroviral packaging plasmid vectors were based on plasmid

MP71 (17). Plasmids MP71-A2 encoding HLA-A*02:01, and MP71-

CDK4-R24L-i-GFP encoding the full-length cDNA of CDK4

harboring the R24L mutation and co-expressing EGFP through

an IRES element, were a kind gift from M. Leisegang. To

construct MP71-CDK4R24L-P2A-GFP, a P2A-EGFP fragment

was PCR amplified from plasmid pcDNA3.1-Hygro(+)-M7PG

(kind gift V. Anastasopoulou) using primer CDK4-P2A_F (5’-

acataaggatgaaggtaatccggagggcagcggcgccacc aac-3’) combined with

GFP-PRE_Rev (5’-aatggcggtaagatgctcgaatttcatttgtacagctcgtccatgc-3’).

Produced amplicons bear homologies to the above plasmids and can

serve to prime overlap extension PCR (OE-PCR), replacing the IRES-

EGFP elements with P2A-EGFP. In brief, the respective OE-PCR

amplicon was mixed in a 200 molar excess ratio to 10 ng of MP71-

CDK4-R24L-i-GFP, in 25 ml PCR reactions and were cycled, using 52°

C annealing temperature and a 7-minute extension time at 72°C, for

21 cycles. Reactions were subsequently digested with DpnI and

transformed into competent E. coli. All PCRs described were

performed using Q5, High fidelity 2x Master mix (NEB). Unless

stated otherwise, all other constructs were synthesized by GeneArt

Gene Synthesis, ThermoFischer Scientific and are followed by an

AAY sequence and EGFP.

Cells and cell culture

The retroviral packaging cell lines 293GP-GLV (producing

amphotropic retroviral vectors) and Plat-E (producing ecotropic

retroviral vectors) were cultured in DMEM supplemented with 10%

FCS (18, 19). TAP-deficient T2 cells (RRID : CVCL_2211, ATCC:

CRL-1992) and human PBMCs were cultured in T cell media (TCM,

RPMI (Gibco™) containing 10% FCS (Pan Biotech), 1 mM HEPES

(Gibco™), 100 IU/ml PenStrep (Gibco™), 50 mM 2-Mercaptoethanol

(Gibco™). Mouse T cells were cultured in mouse T cell media

(mTCM, RPMI (Gibco™) containing 10% FCS (Pan Biotech), 100

IU/ml PenStrep (Gibco™), 50 mM 2-Mercaptoethanol (Gibco™) and

Sodium Pyruvate). The cell lines Mel624 (RRID : CVCL_8054),

UKRV-Mel-21a (referred to hereafter as Mel21a) (20), Mel20aI

(RRID : CVCL_A157), MaMel085 (called here Mel085) (RRID :

CVCL_A220), Mel55b (RRID : CVCL_A190), HepG2 (RRID :

CVCL_0027), SH-SY5Y (RRID : CVCL_0019), were cultured in

RPMI (Gibco™) supplemented with 10% FCS (Pan Biotech) and

100 IU/ml PenStrep (Gibco™). MC703 cells were kindly provided by

M. Leisegang and are described in (21). The panel of EBV–

transformed lymphoblastoid B cell lines [LCLs (22)] were cultured

in RPMI supplemented with 10% FCS, 1x antibiotic-antimycotic,

1mM sodium pyruvate and 1x non-essential amino acids.
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Retroviral transduction of TCRs into primary
T cells

TCR gene transfer was carried out as described before (17, 23). In

brief, for retrovirus generation, 293GP-GLV cells were transfected

with MP71 vector carrying the respective TCR cassettes using

Lipofectamine 3000 (ThermoFisher Scientific). On the same day,

PBMCs from healthy donors were seeded on plates coated with 5

mg/ml anti-CD3 (OKT3, Invitrogen) and 1 mg/ml anti-CD28

antibodies (CD28.2, Invitrogen) in TCM supplemented with 100

IU/ml IL-2 (Peprotech). 48 hours later, the virus supernatant was

harvested, filtered and supplemented with 8 mg/ml protamine sulfate

(Sigma-Aldrich) and 100 IU/ml IL-2, before spinoculation with the

activated T cells at 800g for 90 minutes at 32°C was performed. The

next day, a second supernatant was harvested from the same 293GP-

GLV cells, transferred to a RetroNectin (Takara Bio) coated plate and

centrifuged at 3200g for 90 minutes at 4°C. The PBMCs were

harvested, supplemented with 100 IU/ml IL-2 and 8 mg/ml

protamine sulfate and spinoculated with the virus-containing plates

at 800g for 30 minutes at 32°C. After the second transduction, T cells

were expanded for 10 days, before being transferred to low IL-2 (10

IU/ml). After 48 hours, transduced T cells were harvested, analyzed

for TCR expression by flow cytometry and frozen for future

experiments. To detect the transduction rate of the TCRs

transduced into primary T cells, the following antibodies were used

in a 1:100 dilution at 4°C for 30 min: anti-human CD3-PerCP

(UCHT1, Biolegend), anti-human CD8-APC (HIT8a, Biolegend)

and anti-mouse TCR b chain-PE (H57-597, Biolegend).

For mouse transductions, Plat-E cells were transfected with MP71

vector carrying the respective TCR cassettes using Lipofectamine

3000 (ThermoFisher Scientific). On the following day, spleen cells

were isolated from HHD mice (24) and erythrocytes were lysed by

ammonium chloride treatment. 2x106/ml cells were incubated in

mTCM supplemented with 1 mg/ml anti-mouse CD3, 0.1 mg/ml

antimouse CD28 antibodies (BD Biosciences (BD), Franklin Lakes,

NJ, USA) and 10 IU/ml human IL-2 (Proleukin S, Novartis, Basel,

Switzerland). On the next day, 1x106 cells were transduced by

spinoculation in 24-well non-tissue culture-treated plates pre-coated

with 12.5 mg/ml RetroNectin (TaKaRa, Otsu, Japan) and virus

particles (3200 x g, 90 min, 4°C) in 1ml mTCM supplemented with

10 IU/ml IL-2 and 4x105 mouse T-Activator beads (Life

Technologies). A second transduction was performed on the

following day by spinoculation with 1 ml virus supernatant (+ 10

IU/ml IL-2). T cells were expanded in mTCM (+ 50 ng/ml IL-15

(Miltenyi Biotec) for 10 days. TCR transduction rate was measured by

flow cytometry using the following antibodies in a 1:100 dilution at 4°

C for 30 min: anti-mouse CD3-BV421 (UCHT1, Biolegend), anti-

mouse CD8-APC (HIT8a, Biolegend) and FITC-labeled anti-human

TCR Vb22 (IMMU 546, Beckman Coulter), Vb9 (MKB1, Biolegend)

and Vb1 (BL37.2, Beckman Coulter) for TCRs 22894, 5934 and 14/35,

respectively. These antibody combinations were also used to stain

blood from adoptively transferred HHDxRag-/- mice [ (21);

see below].
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1119498
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Immisch et al. 10.3389/fimmu.2023.1119498
Retroviral transduction of tumor cell lines

Mel085-A2 and SH-SY5Y-A2 cells were generated by transfecting

MP71-HLA-A*02:01 into 293GP-GLV cells using Lipofectamine

3000 (ThermoFisher Scientific). 48 hours after transfection, 293GP-

GLV virus-containing supernatant was harvested, supplemented with

8 mg/ml protamine sulfate and transferred to the respective glioma

cell line. Cells and virus supernatant were spinoculated at 800g for 90

minutes at 32°C. The medium was changed to the respective growth

medium 6 hours later. To analyze successful transduction, flow

cytometry was used to determine the fraction of GFP-positive cells.

HLA-A*02:01 transduction was confirmed by flow cytometry using

an anti-human HLA-A*02:01-APC (BB7.2, Biolegend) specific

antibody and an APC mIgG2b, k isotype control (MPC-11,

Biolegend). Mel55, Mel085-A2 and Mel20aI cells expressing

CDK4R24L-GFP were generated by retroviral transduction using

MP71 plasmid expressing the R24L mutant CDK4 full-length

cDNA followed by a P2A element and GFP. MC703 cells were

transduced with a triple epitope construct of Rac1P29S nonamer

separated by AAY proteasomal cleavage sites tagged with GFP (5’LTR

– (P29S)3 – GFP – PRE – 3’LTR).
Co-culture experiments

All co-culture experiments to detect IFNg secretion were

conducted using 1x104 - 1x105 transduced T cells with 1x104

-1x105 target cells as indicated for 22-24 hours in a 96 well plate.

As a positive control for the T cell activation, 50 ng/ml PMA

(Phorbol-12-myristat-13-acetat, (Calbiochem) and 1 mg/ml

Ionomycin (Calbiochem) were added to the transduced T cells. T2

cells were loaded with the labelled peptides (JPT Peptide Technologies

GmbH) at the indicated concentrations. Secreted IFNg amounts in

the supernatant were measured by ELISA (BD OptEIA; BD

Biosciences). Alanine-exchanged Rac1/2 peptides (all JPT Peptide

Technologies GmbH, >95% purity) were added at 10-5 M or 10-9 M.
Cytotoxicity assay

The cytotoxic potential of transduced T cells was analyzed using

the live cell imaging system IncuCyte Zoom (Essen Bioscience). 3-

5x103 GFP positive target cells were resuspended in TCM without

phenol red and seeded into flat-bottom 96 well plates. The following

day, transduced T cells in a 5:1 or 15:1 (effector: target) ratio were

added to the respective wells in triplicates. GFP expression in target
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cells was determined every hour over a time period of 72 hours at 37°

C and 5% CO2. For analysis, the average of GFP total area (mm²/

image) in the target cells co-cultured with the respective TCR-

transduced T cells was calculated and normalized to the average of

GFP total area (mm²/image) of the same target cells co-cultured with

mock-transduced T cells (% of mock T cells).
Tumor challenge and adoptive T cell
transfer

12-20 weeks old HHDxRag-/- mice (21) were injected with 1x106

MC703-FSG tumor cells and tumor growth was measured 2-3 times a

week. When tumors reached a tumor size of 300-1000 mm3 (mean

treatment group tumor size ~500 mm3), mice were intravenously

injected with TCR-engineered T cells obtained from HHD mice in

100μl PBS (adjusted to 1x106 CD8+TCR+ HHD T cells per mouse).

Tumor volume was determined by caliper measurement of the tumor

parameters (x,y,z) according to the formula (xyz)/2. Mice were

sacrificed and tumors isolated when tumors reached the maximum

tolerable size.
Statistical analysis

Statistical analysis was conducted using GraphPad prism

software. Statistics (standard deviation (SD), t-test, two-way

ANOVA) are indicated in the figure legends. If not stated

otherwise, significance is given as ns = not significant, p<0.001 ***

and p<0.0001 ****.
Results

High affinity Rac1/2-specific TCRs were
successfully isolated after peptide
immunization

The Rho GTPase mutations, Rac1P29S and Rac2P29L and

RhotP30L create epitopes (Rac1P29S28-36 FSGEYIPTV, Rac2P29L28-

36 FLGEYIPTV and RhotP30L29-37 FLEEVPPRA) predicted to bind

HLA-A*02:01 with high affinity of 18.2 nM, 2.3 nM and 27.7 nM,

respectively (Table 1) (25). Peptides binding to MHC class I

molecules are defined as strong binders with an IC50 value <50 nM
TABLE 1 Prediction of binding of peptides to MHC class I molecules [NetMHC 4.0 DTU Health Tech (25)].

Peptide HLA Affinity (nM)

Rac1P29S FSGEYIPTV HLA-A*02:01 18.2

Rac2P29L FLGEYIPTV HLA-A*02:01 2.3

Rac1/2 wt FPGEYIPTV HLA-A*02:01 573.0

RhotP30L FLEEVPPRA HLA-A*02:01 27.7

Rhot wt FPEEVPPRA HLA-A*02:01 21063.3
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(26, 27). In contrast to the wildtype peptide, the Rho GTPase mutant

epitopes are predicted strong binders, with the less frequent mutant

Rac2P29L epitope being the strongest.

To study the potential of the recurrent Rac1P29S mutation as a

target for ATT, we isolated and characterized TCRs against Rac1P29S.

Additionally, TCRs were also raised against Rac2P29L, a mutation

that differs in one amino acid but has a higher predicted peptide-

MHC affinity than Rac1P29S. Mutant peptides were used to

immunize ABabDII mice, a transgenic mouse model expressing an

HLA-A*02:01-restricted diverse human TCR repertoire (16).

Peripheral T cells of Rac1 and Rac2 mutant peptide immunized

mice showed an immune response upon restimulation, measured by

intracellular IFNg responsiveness (Figures 1A–C). Repeated

immunization of ABabDII mice with the RhotP30L peptide-epitope

did not result in a CD8+ T cell response (data not shown). To isolate

specific TCRs, we cultured splenocytes of responsive mice in the
Frontiers in Immunology 0574
presence of the respective mutant peptide for 10 days and sorted

either peptide HLA-A*02:01 tetramer positive (pA2 tetramer+) T cells

(Figure 1D) or IFNg+ CD8+ T cells (Figure 1E). We identified

dominant a and b chains of the responsive mice #22894 (Rac2

mutant immunized), #A12B20 and #5934 (Rac1 mutant

immunized) (Table 2). After replacing of the human constant

regions by murine ones in order to reduce mispairing between

endogenous and transduced TCR chains, the constructs comprising

TCRb-P2A-TCRa cloned into pMP71 vector were retrovirally

transduced into human T cells of healthy donors. Successful

transduction of the three Rac1/2-specific TCRs, as well as a well-

characterized CDK4R24L-specific TCR (14/35) as control, was

measured by staining for the murine constant b chain in CD8+ T

cells and analyzed by flow cytometry (Supplementary Figure 1A). We

found CD8+ and TCR+ double positive T cells at similar percentages

ranging from 26.3% to 34.6% of CD3+ T cells.
A B

D E

F G

IH

C

FIGURE 1

Identification and isolation of mutant Rac1/2-specific, high-affinity TCRs in ABabDII mice. (A-C) Representative examples of ex vivo intracellular IFNg
staining of peripheral T cells obtained from ABabDII mice immunized with (A) Rac1P29S mutant peptide, (B) Rac2P29L mutant peptide or (C) Rac wild
type peptide. Splenocytes were restimulated with the indicated peptide 7 days after the last immunization of ABabDII mice. Numbers in brackets
represent percent of CD8+ T cells (D) Representative pA2 tetramer staining of mutant Rac1-specific CD8+ T cells 10 days after spleen cell culture in the
presence of 10-9 M mutant Rac1 peptide. Cells were gated on lymphocytes and CD3+ T cells. Numbers in brackets represent percent of pA2 tetramer+

CD8+ T cells, unstimulated splenocytes served as a negative control. Sorted cells are depicted in squares. (E) Identification of IFNg+ CD8+ T cells using
IFNg-capture assay depicted by representative staining of mutant Rac1-specific CD8+ T cells 10 days after spleen cell culture in the presence of 10-8 M
mutant Rac1 peptide. Cells were gated on lymphocytes and CD3+ T cells, unstimulated splenocytes served as a negative control. Numbers in brackets
represent percent IFNg+CD8+ T cells. Sorted cells were depicted in squares. (F-H) TCR-transduced T cells were co-cultured with peptide-loaded T2 cells
(1x104 cells, 1:1 ratio) for 22 hours in triplicates. IFNg levels were determined in an ELISA assay. PMA and Ionomycin (P/I) stimulation served as a positive
control, non-loaded T2 cells as a negative control. T2 cells were loaded with indicated concentrations of (F) Rac1 mutant peptide (FSGEYIPTV), (G) Rac2
mutant peptide (FLGEYIPTV) or (H) Rac wild type peptide (FPGEYIPTV). (I) Affinity of the TCRs to its peptide-MHC complex was determined using a
mutant Rac1-specific pA2 tetramer. Binding to the pA2 tetramer is indicated by mean fluorescence intensity (MFI). The experiment was performed three
times with similar results and graphs represent means of triplicate cultures ± SD.
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To determine the functional avidity of the isolated TCRs, TAP-

deficient T2 cells were loaded with titrated amounts of Rac1 mutant

(FSG) peptide (Figure 1F), Rac2 mutant (FLG) peptide (Figure 1G)

and as a negative control Rac wild type (FPG) peptide (Figure 1H).

The two TCRs isolated after Rac1 mutant peptide immunization

showed high affinity to their respective peptide down to a

concentration of 10-9 M for TCR A12B20-transduced, and 10-10 M

for TCR 5934-transduced T cells. Interestingly, also the TCR 22894,

isolated after immunization with the Rac2 mutant peptide showed

high functional avidity towards the Rac1 mutant peptide down to a

concentration of 10-10 M. When loaded with the Rac2P29L peptide,

the mutant Rac1-specific TCRs also recognized the Rac2 mutant

peptide (Figure 1G). The Rac wild type (FPG) peptide was only

recognized when co-cultured with the T cells in the highest peptide

concentrations of 10-6 M. Since the Rac2P29L mutation is less

common in human cancers, the subsequent experiments focused

primarily on the Rac1P29S mutation as a target for ATT. To

determine the binding strength of the TCRs to the Rac1 peptide-

MHC (pMHC) complex, we stained the two TCRs 22894 and 5934

that performed best in the affinity assays with a mutant Rac1-specific

pA2 tetramer. As depicted in Figure 1I, the heterologous Rac2-specific

TCR 22894-transduced T cells showed a higher MFI of 4889

compared to the Rac1-specific TCR 5934-transduced T cells

(MFI 1958).
Mutant Rac1/2-specific T cells showed
cytotoxicity against melanoma cell lines
naturally expressing mutant Rac1

Next, we aimed to confirm the recognition of tumor cell lines that

endogenously express the respective mutation. Presence of the

Rac1P29S mutation in cell lines Mel55, Mel085, and Mel20aI has

been confirmed by Sanger sequencing, interestingly Mel55 has lost the

Rac wild type allele (data not shown). All tumor cells were GFP

positive, as they were retrovirally transduced to express the positive

control CDK4R24L coupled to GFP (Supplementary Figure 2A).

Since Mel085 melanoma cells are HLA-A*02:01 negative, they were

in addition retrovirally transduced to express HLA-A*02:01 as

confirmed by flow cytometry (Supplementary Figure 2B). The other

two cell lines are naturally HLA-A*02:01 positive. To analyze T cell

reactivity against the natural occurring Rac1P29S mutation, the

mutant Rac1 harboring melanoma cells were co-cultured with

TCR-transduced T cells over 72 hours and cytotoxicity was

measured by the decrease in GFP expressing target cells determined

by live-cell imaging. Rac1-specific TCR 5934-transduced T cells
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showed cytotoxicity against all three cell lines (Figures 2A–C, left

panels). The Mel085-A2 cells were also partially lysed by the Rac2-

specific 22894 TCR-transduced T cells (Figure 2B, left panel), whereas

all three Rac1/2-specific TCR-transduced T cell groups (TCRs 5934,

A12B20 and 22894) were able to elicit cytotoxicity against Mel20aI

cells (Figure 2C, left panel). The positive control CDK4-specific TCR

14/35-transduced T cells (28) lysed all CDK4R24L overexpressing

target cells (Figures 2A–C, left panels). These experiments prove that

the melanoma cell lines generally are able to process and present

neoantigens. It further shows that the in silico predicted Rac1P29S

epitope similarly is naturally processed and recognized by TCR-

redirected T cells, which also could be confirmed when

recombinantly mutant Rac1 cDNA was expressed in tumor cells

(data not shown). As a positive control, all three cell lines were

exogenously loaded with mutant Rac1P29S peptide. It showed that

these peptide-loaded cells were efficiently recognized and lysed by the

Rac1/2-specific TCR-transduced T cells (Figures 2A–C, right panels).
Mutant Rac1P29S triple epitope was
recognized by Rac1/2-specific T cells in vivo

The two Rac1/2-specific TCRs that performed best in vitro,

Rac2P29L-specific TCR 22484 and Rac1P29S-specific TCR 5934,

were used to evaluate their ability to reject tumors in vivo. The

fibrosarcoma cells MC703 (21), which were generated in an HLA-

A*02:01-transgenic mouse (HHD, chimeric HLA-A*02:01/H-2Db)

(24), were transduced with the Rac1P29S triple epitope

FSGEYIPTV coupled to GFP. Recognition of these cells was

confirmed in vitro with and without loaded Rac1 mutant peptide

(Figure 3A). As shown before, both TCR-transduced T cells

recognized the target, recognition by Rac1-specific TCR 5934 was

slightly higher compared to the heterologous Rac2-specific TCR

22894. Before the MC703-FSG cells were injected into HHDxRag-/-

mice, the expression of FSG-GFP and HLA-A*02:01 was determined

by flow cytometry (Figure 3B). Notably, 99% of injected cells were

double positive. When tumors reached an average size of 300-500

mm3, mice were treated with 1x106 TCR-transduced HHD T cells. As

a negative control, mice were also treated with the irrelevant CDK4-

specific TCR 14/35 or left untreated. As depicted in Figure 3C and

Supplementary Figure 3A (respective SD and significance depicted in

Supplementary Figures 3C, D), Rac1/2-specific 22894 and 5934 TCR-

transduced T cells were able to induce regression, while CDK4-

specific 14/35 TCR-transduced T cells treated tumors progressively

grew after ATT. Interestingly, the heterologous Rac2-specific 22894

TCR-transduced T cells showed greater efficacy in tumor regression
TABLE 2 List of isolated Rac 1/2 -specific TCRs.

TCR a chain Frequency
a chain

b chain Frequency
b chain

Immunization

A12B20 TRAV12‐2*02 –CAAQSARQLTF –TRAJ22*01 3/12 TRBV20‐1*01(/02) –CSARDLITDTQYF –TRBJ2‐
3*01

7/11 Rac1P29S28-36

5934 TRAV13-1*01–CAASRGGAQKLVF –

TRAJ54*01
12/15 TRBV3-1*01 –CASSQLAGGPLYNEQFF –TRBJ2-

1*01
14/14 Rac1P29S28-36

22894 TRAV13-1*03 – CAVGANNLFF – TRAJ39*01 8/13 TRBV2*01 – CAASMGNAGNMLTF – TRBJ2-7*01 10/12 Rac2P29L28-36
Name of TCR, frequency and details of the alpha and beta chains as well as the CDR3 region are listed.
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compared to the Rac1-specific TCR 5934. To investigate the

differences in therapeutic outcome when targeting Rac1P29S+

MC703-FSG tumors with either Rac1- or Rac2-specific T cells, we

monitored the human TCR-transduced HHD+ T cells after transfer

into tumor-bearing mice in the second experiment (Figure 3D and

Supplementary Figures 3A, B). On day 7 after ATT high numbers of

CD8+ Vb22+ 22894 T cells were detected, while T cell expansion of

CD8+ Vb9+ 5934 T cells was significantly lower. Similarly, target

antigen irrelevant CD8+ Vb1+ 14/35 T cells showed no amplification

on day 7. When analyzing transferred T cells on day 21 it showed that

22894 T cells persisted at a significant higher level in comparison to

5934 and irrelevant 14/35 T cells. Of note, only CD8+ but not CD8–

human TCR+ T cells expanded in vivo in response to Rac1P29S

expressing MC703-FSG tumors (Supplementary Figure 3B).

To investigate potential reasons for tumor relapse after initial

regression, we reisolated the MC703-FSG tumors and analyzed GFP

as well as HLA-A*02:01 expression by flow cytometry (Figure 4A).

Mice treated with the more efficient Rac2-specific 22894 TCR-

transduced T cells showed almost complete loss of FSG-GFP

expression down to 8%, while tumors treated with Rac1-specific

5934 TCR-transduced T cells showed partial loss (38% double

positive T cells). Tumors treated with CDK4-specific 14/35 TCR-

transduced T cells, which did not have any selective pressure on

outgrowing FSG-GFP negative tumors, only showed a reduction in

HLA-A*02:01 expression. These data suggest that tumors in the

22894 and 5934 TCR treated groups regressed due to target-specific

lysis by T cells but subsequently FSG-GFP negative cells led to relapse.

As shown in Figure 3B, the injected cells were composed of 1%

antigen-negative cells, explaining this outgrowth and the selective
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pressure induced by target-specific TCR-transduced T cells. To

confirm this hypothesis, we co-cultured reisolated tumors with a

new batch of TCR-transduced T cells (Figure 4B). In line with

previous data, tumors isolated from mice that were treated with

Rac2-specific 22894 TCR-transduced T cells were not recognized by

Rac1-specific 5934 TCR-transduced T cells, most likely due to

outgrowth of antigen-negative variants. Tumors isolated from Rac1-

specific 5934 TCR treated mice were partly recognized, while CDK4-

specific 14/35 TCR treated tumors induced comparable IFNg levels to
MC703-FSG control cells which were not previously injected into

mice. These in vivo data suggest that there might be a potential for

ATT with heterologous TCRs that were isolated after immunization

with peptides with stronger predicted peptide-MHC binding.
Recognition pattern and alloreactivity of
Rac1/2-specific T cells

To exclude off-target toxicity of the Rac1/2-specific TCRs, we

determined their recognition pattern with an alanine scan. To do so,

TAP-deficient T2 cells were loaded with Rac1/2 peptides containing

single alanine exchanges at concentrations of 10-9 M and 10-5 M and

co-cultured with the respective TCRs. Using a threshold of 50%

reduction compared to Rac1/2 unmodified peptide, we identified x

(4)-Y-I-P-T-V as the recognition pattern for the TCRs 5934-Rac1 and

22894-Rac2 and F-x(2)-E-x(2)-P-x-V for TCR A12B20-Rac1

(Supplementary Figures 4A–C). We found one peptide in the G

Protein Subunit Alpha Z (GNAZ) protein (A-A-A-D-Y-I-P-T-V, IC50

= 23.16 nM) with the same recognition pattern as the TCRs 22894-
A

B

C

FIGURE 2

Rac1/2-specific T cells showed cytotoxicity against melanoma cell lines naturally expressing Rac1P29S. (A-C) 15x103 transduced CD8+ T cells were co-
cultured as triplicates at a 5:1 E:T ratio with (A) Mel55 cells, (B) Mel085-A2 and as singlets at a 15:1 E:T ratio with (C) Mel20aI cells. Right panels show the
same cell line loaded with 10-6 Rac1 mutant peptide. Cells were retrovirally transduced to express CDK4R24L full-length cDNA. Cytotoxicity was
observed over 72 hours using the live cell imaging system IncuCyte Zoom (Essen Bioscience). Values were calculated by normalizing the average GFP
total area (μm²/image) in the target cells co-cultured with the respective TCR-transduced T cells to the average of that co-cultured with mock
transduced T cells. The experiment was performed three times with similar results, for triplicate cultures graphs represent means ± SD. Cytotoxicity was
compared at 72h using two-way ANOVA, only significant results are depicted.
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Rac2 and 5934-Rac1. We observed cross-recognition of GNAZ

(AAA) peptide in a peptide titration assay (Supplementary

Figure 4D) and in an assay using a mouse cell line transduced to

express a GNAZ triple 35mer (Supplementary Figure 4E). However,

human cell lines endogenously expressing GNAZ in high amounts

(https://www.proteinatlas.org/ENSG00000128266-GNAZ/cell+line)
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were not recognized by TCR-transduced human T cells

(Supplementary Figure 4F), demonstrating that this epitope is not

processed and presented naturally in sufficient amounts. Since GNAZ

is also highly expressed in brain tissue further evaluation of potential

cross-reactivity will be necessary (29) to justify clinical application of

TCRs 22894-Rac2 and 5934-Rac1 in high-risk patients in order to
A B

D

C

FIGURE 3

Heterologous Rac2-specific 22894 TCR-transduced T cells elicited tumor regression upon ATT. (A) TCR-transduced murine T cells were co-cultured
with the mouse tumor cell line MC703 expressing FSG triple epitope (5’LTR - (P29S)3 - GFP - PRE - 3’LTR) (1x105, 1:1 ratio) for 24 hours. IFNg levels were
determined in an ELISA assay. Cells were loaded with 10-6M Rac1 mutant FSG peptide as a control. The experiment was performed at least three times,
one representative experiment is shown. (B) FSG-GFP and HLA-A*02:01 expression of MC703-FSG cells before injection measured by flow cytometry.
Number indicates percentage. (C) 1x106 MC703-FSG cells were injected into HHDxRag-/- mice. Rac1/2-specific T cells were injected 28 days after tumor
inoculation (arrow) at an average tumor size of 472 mm3 (n=5, 22894-Rac2, red lines), 514 mm3 (n=5, 5934-Rac1, blue lines) and 512 mm3 (n=3, 14/35-
CDK4, black lines), respectively. The experiment was performed two times with similar results (Supplementary Figure 3A), standard deviation (SD) and
significance is shown in Supplementary Figure 3C. (D) Mutant Rac2- but not Rac1-specific TCR gene-modified T cells show rapid amplification upon
recognition of Rac1P29S+ FSG-GFP tumor cells. 22894, 5934 and 14/35 TCR-transduced T cells were identified by staining with anti-human Vb22, Vb9
and Vb1 antibodies, respectively, and number of CD8+/huTCR+ T cells within the adoptively transferred CD3+/huTCR+ T cells was calculated. Of note,
CD4+/huTCR+ T cells do not recognize Rac1P29S target cells (data not shown). Treatment groups were compared by unpaired t-test: d7, ** p=0.0022; *
p=0.0378; d21, **** p<0.0001; ** p=0.0038; ns = not significant.
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allow for effective tumor-killing without causing dose-limiting

pathology in normal somatic tissues (30). For the Rac1-specific

TCR A12B20 we identified a peptide in the Nibrin protein (F-R-I-

E-Y-E-P-L-V, IC50 = 439 nM) with the same recognition pattern.

Using a peptide titration assay we excluded cross-reactivity of TCR

A12B20-Rac1 to this peptide (Supplementary Figure 4G).

Since the TCRs were isolated from transgenic mice expressing

HLA-A*02:01 but no other HLAs, we tested for MHC alloreactivity

using a panel of EBV-transformed lymphoblastoid B cell lines (LCLs)

expressing different MHC class I molecules (Supplementary Table 1).

No allorecognition of the Rac2-specific TCR 22894 (Supplementary

Figure 5A) and Rac1-specific TCR 5934 (Supplementary Figure 5B)

was observed using two different donors. In contrast, TCR A12B20-

Rac1 transduced T cells recognized the LCL cell lines Bello and

WT49. No shared HLA-A, -B or-C between these cell lines was

detected, therefore, more research may be required to determine the

scope of the allorecognition mediated by TCR A12B20-Rac1

(Supplementary Figure 5C).
Discussion

In this study, we investigated the potential of three Rac1P29S-

specific TCRs derived after immunization of human TCR gene loci

transgenic mice with peptide-epitopes containing either Rac1P29S or

Rac2P29L mutation. We detected high affinity of all three TCRs

transduced into human PBMCs against both the mutant Rac1 and the
Frontiers in Immunology 0978
mutant Rac2 peptide-epitope loaded on TAP-deficient T2 cells. This

indicates that the one amino acid change in the epitopes is only

responsible for the binding affinity to MHC class I complexes (anchor

residue) but not to the TCR, which was also confirmed by detecting

the TCR recognition pattern by an alanine scan. Therefore, also the

heterologous Rac2P29L-derived TCR can potentially be used

clinically to target the more frequent melanoma mutation

Rac1P29S. By demonstrating cytotoxicity of our TCR-transduced T

cells against three melanoma cell lines harboring the Rac1P29S

mutation we proved natural processing and presentation of the

predicted Rac1P29S peptide epitope, a necessity not always given

for in silico predicted neoepitopes but essential for clinical application

in an adoptive T cell transfer setting (31, 32). Nevertheless, the three

tested cell lines were recognized by the TCR-transduced T cells with

varying efficacy. While the Mel20aI cells were lysed by all three TCR-

transduced T cells (22894-Rac2, 5934-Rac1 and A12B20-Rac1), the

Mel085-A2 and Mel55 cells were not recognized by A12B20. Due to

their role in signaling, cell cycle and migration variable recognition

might be caused by intrinsic properties of oncogenic Rac GTPase

mutants, such as expression too low to be recognized by lower

affinity TCRs.

The two TCRs which performed best in the cytotoxicity assays

against the Rac1 mutation were subsequently used for in vivo studies.

Interestingly, when we stained the TCRs with a mutant Rac1-specific

pA2 tetramer, the 22894 Rac2-derived TCR showed higher staining

intensity than the 5934 Rac1-derived TCR, suggesting that we isolated

a TCR with higher affinity after immunization with a heterologous
A

B

FIGURE 4

Tumor relapse upon transfer of heterologous mutant Rac2-specific T cells exclusively is due to selection of antigen-negative cancer cells. (A) Reisolated
tumors were analyzed for HLA-A*02:01 and Rac1P29S FSG-GFP expression by flow cytometry. Numbers in plots indicate percentages. One
representative plot per treatment group is depicted, mouse is indicated by numbers in parenthesis. (B) Recognition of reisolated tumors was measured in
an IFNg ELISA. Tumors were co-cultured with 5934 TCR-transduced T cells (1x105, 1:1 ratio) for 24 hours. PMA and Ionomycin (P/I) stimulation served as
positive control. Cells were loaded with 10-6 M Rac1 mutant FSG peptide as control. Mock serves as negative control with no T cells added.
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peptide. For HLA-A*02:01 leucine is the dominant anchor amino acid

residue at position 2 (33). Thus, the hydrophobic leucine mutation in

Rac2P29L at the primary anchor position 2 of the epitope (34)

induces stronger binding to the HLA-A*02:01 molecule than the

polar serine mutation in Rac1P29S [NetMHC 4.0, IC50 2.3 nM versus

18.2 nM (Table 1)]. The phenomenon of enhancing HLA binding and

T cell activation by anchor position modification has already been

described as altered peptide ligand immunity where modified

peptides may act as super-agonists (35, 36). In line with this

finding, 22894 TCR-transduced T cells did also induce stronger

regression of Rac1P29S expressing tumors in a syngeneic HLA-A2–

transgenic mouse model after adoptive T cell therapy. Furthermore,

upon antigen encounter, amplification of 22894 TCR-transduced

CD8+ T cells was significantly higher when compared to that of the

CD8+ T cells modified with 5934 Rac1-derived TCR, despite

comparable T cell transduction rates and comparable recognition of

Rac1P29S+ tumor cells in vitro. Similar observations in vivo have been

made with a CDK4R24C-derived human TCR that induced more

effective rejection and tumor-specific CD8+ T cell amplification when

tumors expressed the isogenic CDK4R24L mutation (21). The

exclusive selection of antigen-negative tumor cells by the

heterologous Rac2-specific T cells that led to tumor relapse in our

in vivo model argues for a strong T cell pressure. Such a selection

phenomenon has also been seen in the clinic, when exclusively tumors

relapsed under T cell pressure by Kras-specific T cells that had lost the

respective restriction element (37). Since there are several recurrent

neoantigens that harbor different mutations in the same hotspot

region (e. g. Kras, p53), our finding might support the notion of

using a heterologous peptide with higher predicted peptide MHC

affinity for immunization to isolate TCRs with higher affinity and in

vivo efficacy.

Our approach thus describes an in vivo affinity maturation that is

still controlled by thymic selection and may lower the risk of off-target

toxicity (38). As the mouse model, we isolated the TCRs from, only

expresses human HLA-A2 and is therefore not tolerant for other HLA

molecules, we in addition excluded the possibility of alloreactivity by

LCL assays and alanine scans. We found that at least the two TCRs

with highest clinical potential (22894 and 5934) were not alloreactive

against other HLA expressing cell lines. TCR A12B20 showed

alloreactivity against two LCLs and was therefore excluded from

further use. The recognition pattern of the TCRs was detected in an

alanine scan. For the identical recognition pattern of TCRs 5934 and

22894 we found one epitope derived from the GNAZ protein with an

overlapping pattern. However, human cell lines naturally expressing

this protein were not recognized and, therefore, we minimized the

risk of off-target toxicity.

While in vitro the Rac1-specific 5934 TCR-transduced T cells

performed slightly better in cytotoxicity and IFNg release, the Rac2-
specific 22894 TCR-transduced T cells expanded significantly better

in vivo and induced more potent regression of the Rac1P29S

expressing tumor cells. Discrepancies between in vitro and in vivo T

cell responses have been described, e.g. when analyzing a TCR

recognizing the mutant CDK4 isoforms R24L and R24C (21).
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Therefore, in vivo validation of targets and TCRs in suitable mouse

models remains unavoidable so far.

In conclusion, we showed that the recurrent neoepitope

Rac1P29S28-36 is naturally processed and presented and can be

successfully targeted with high-affinity TCR-transduced T cells.

Rac1P29S-derived TCR 5934 as well as a heterologous Rac2P29L-

derived TCR 22894 elicited cytotoxicity against melanoma cell lines

naturally expressing the Rac1P29S mutation and induced regression

against Rac1P29S expressing tumors in vivo. These data suggest that

both TCRs show clinical potential of adoptive T cell therapy in HLA-

A2 positive melanoma patients expressing the Rac1P29S mutation

and open an avenue for using TCRs raised by a heterologous peptide

with higher efficacy.
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Adoptive cell therapy (ACT) has seen a steep rise of new therapeutic approaches

in its immune-oncology pipeline over the last years. This is in great part due to

the recent approvals of chimeric antigen receptor (CAR)-T cell therapies and

their remarkable efficacy in certain soluble tumors. A big focus of ACT lies on T

cells and how to genetically modify them to target and kill tumor cells.

Genetically modified T cells that are currently utilized are either equipped with

an engineered CAR or a T cell receptor (TCR) for this purpose. Both strategies

have their advantages and limitations. While CAR-T cell therapies are already

used in the clinic, these therapies face challenges when it comes to the

treatment of solid tumors. New designs of next-generation CAR-T cells might

be able to overcome these hurdles. Moreover, CARs are restricted to surface

antigens. Genetically engineered TCR-T cells targeting intracellular antigens

might provide necessary qualities for the treatment of solid tumors. In this

review, we will summarize the major advancements of the CAR-T and TCR-T

cell technology. Moreover, we will cover ongoing clinical trials, discuss current

challenges, and provide an assessment of future directions within the field.

KEYWORDS

genetically engineered T cells, cancer immunotherapy, adoptive cell therapy (ACT),
CAR-T cells, TCR-T cells, CAR (chimeric antigen receptor), TCR (T cell receptor)
1 Introduction

Cancer immunotherapies, specifically immune checkpoint inhibition (ICI), have

shown high efficacy in the treatment of an increasing number of cancer entities (1).

However, a significant portion of patients does not respond to ICI and there is an unmet

medical need in these patients for alternative treatment options. One promising new

avenue for the treatment of refractory tumors is the field of adoptive T-cell therapy with

hundreds of ongoing clinical trials (2). This cell-based personalized therapy either utilizes
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the patients’ own tumor-infiltrating lymphocytes (TIL) or uses

genetically modified T cells with engineered chimeric antigen

receptors (CAR) or T cell receptors (TCR) to target and kill

tumor cells. Its most prominent form is CAR-T cell therapy,

which shows great efficacy in certain hematological cancers and

several CAR-T cell therapies have already been approved by the

Food and Drug Administration (FDA) for the treatment of blood

cancers (2). CAR designs have undergone many iterations in a short

amount of time and led to impressive improvements over previous

generations of CAR formats. However, their effectiveness in the

treatment of solid tumors so far is limited. On the other hand, TCR-

T cell therapies have not yet been approved for clinical application

but are currently tested in early clinical trials (2). TCR-T cells are

not restricted to surface antigens and are more sensitive regarding

the level of antigens on the tumor cell compared to CAR-T cells (3).

Their dependence on a specific human leukocyte antigen (HLA)

composition of the patients, however, restricts this therapy to

specific patient populations. Here, we will give an overview of the

vast field of CAR-T and TCR-T cell therapy from the

manufacturing processes and their impact on the antitumor

activity of the T cell product to the feasibility of potential

strategies to improve the treatment of refractory tumors.
2 Design of engineered CAR and TCR
formats

Endogenous and engineered TCRs recognize peptide-HLA

complexes on target cells representing the antigen of interest.

Engineered TCRs in general do not deviate from the classical

TCR structure of an a-/b-chain heterodimer and are able to form

functional TCR-CD3 complexes (Figure 1, left). Upon antigen

recognition the two intracellular CD3z domains induce

downstream TCR signaling. In contrast, CARs are designed as
Frontiers in Immunology 0283
single molecules that consists of a single-chain variable fragment

(scFV), a hinge domain, a transmembrane domain, and

intracellular costimulatory signaling domains (Figure 1, right).

Antigen recognition is facilitated by the scFV, a fusion protein of

the light and heavy chain variable regions of an antibody that are

connected by a peptide linker (4). Contrary to engineered or

endogenous TCRs, CARs cannot assemble CD3 complexes and

antigen recognition of surface antigens by the scFV is HLA-

independent. First-generation CARs proved the feasibility of the

concept by showing that coupling to an intracellular CD3z domain

is sufficient for downstream signaling upon antigen recognition (5).

The next iteration to the format included a costimulatory signaling

domain, CD28 or 4-1BB, proximal to the membrane to incorporate

both primary and costimulatory signaling with increased IL-2

production (6). To enhance antitumor activity and potentially

increase persistence of CAR-T cells, a second costimulatory

domain was added in third-generation CARs (7, 8). There is a

number of third-generation CAR-T cells currently tested in clinical

studies (NCT03676504 (9); NCT04049513 (10)) that showed good

safety profiles and will evaluate their persistence in patients with

CD19+ malignancies. One interesting finding in support of this

comes from a phase I clinical trial (NCT01853631) that observed

greater expansion and longer persistence of CD19 third-generation

(CD28 and 4-1BB) CAR-T cells compared to second-generation

(CD28) cells when infused simultaneously in patients with r/r NHL

(11). A new concept was applied in fourth-generation CARs or T

cells redirected for antigen-unrestricted cytokine-initiated killing

(TRUCKs). TRUCKs combine the introduction of a CAR with a

transgenic expression cassette consisting of synthetic nuclear factor

of activated T-cells (NFAT) response elements with an IL-2

minimal promoter and transgenes. CD3z-mediated signaling

ultimately leads to the phosphorylation of NFAT, its translocation

into the nucleus, and the expression of the transgenes (12). Because

the TRUCK concept is dependent on CD3z-mediated NFAT

translocation, it is applicable not only for CAR-T but also for
CAR formatsEndogenous or 
engineered TCR

Hinge

scFV

vL vH

1st Gen

Costim 1

2nd Gen

Costim 1: Costim 2:

Costim 2

3rd Gen
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IL-18
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FIGURE 1

TCR and CAR formats. Structure of an endogenous or genetically engineered T cell receptor (TCR)-CD3 complex (left). Generations of chimeric
antigen receptors (CARs) and their structural differences (right). First-generation (1st Gen) CARs only consist of a single-chain variable fragment
(scFV), a hinge domain/spacer, and an intracellular CD3z signaling domain. Second- (2nd Gen) and third-generation (3rd Gen) CARs include one or
two costimulatory domains, respectively. Fourth-generation (4th Gen) CARs or T cells redirected for antigen-unrestricted cytokine-initiated killing
(TRUCKs) include a transgenic expression cassette for nuclear factor of activated T-cells (NFAT)-mediated transgene expression. Next-generation
(Next Gen) CARs include a truncated intracellular domain of cytokine receptors with a STAT-binding motif for JAK/STAT signaling.
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TCR-T cells (13). The most common transgenic proteins for this

approach are IL-12 and IL-18 (14–17) but many other cytokines

and enzymes are currently explored (12). The TRUCK concept is of

particular interest for the treatment of solid tumors by combining T

cell-mediated killing with immune modulation of the tumor

microenvironment (TME) through the secretion of cytokines. IL-

12 and IL-18 secretion in the TME might augment the antitumor

cascade by attracting and activating macrophages and NK cells (13).

Since CAR constructs do not have a specific domain for cytokine-

mediated signaling (also known as signal 3), novel developments

include CARs with a truncated intracellular domain of cytokine

receptors (e.g. IL-2 receptor b (IL-2Rb) domain) and a STAT3-

binding motif to induce JAK/STAT signaling (18). This approach

prevented terminal differentiation in vitro and showed increased

persistence and antitumor activity in preclinical tumor models

compared to second-generation CAR-T cells (18) but this format

likely needs further evaluation to prove its translational potential.

CAR-T cells have inherently lower antigen sensitivity compared

to canonical T cells and tonic CAR signaling has been associated

with CAR-T cell exhaustion (3, 19). This is likely at least in part due

to the differences in signaling modalities of a TCR-CD3 complex

that contains 10 immunoreceptor tyrosine-rich activation motifs

(ITAMs) compared to conventional CARs that only contain three

ITAMs (20). To engage the endogenous CD3 signaling complex

with antibody-mediated antigen recognition, a double-chain

chimeric receptor, termed synthetic TCR and antigen receptor

(STAR), fused the constant a and b domain to the light and

heavy chain variable regions of an antibody has been developed

(21). Upon antigen recognition, STAR has been demonstrated to

provide TCR-like signaling with superior antigen sensitivity and

antitumor activity compared to a second-generation CAR-T cell in

solid tumor mouse models. This might be an interesting new design,

however, a potential risk for increased on-target off-tumor toxicity

due to its enhanced antigen sensitivity could limit its clinical

application and needs to be investigated.

Cryopreservation

Enrichment

T cells
Activation

Anti-CD3/CD28 beads
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+

Gene transfer
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product
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FIGURE 2

Workflow for conventional CAR-T and TCR-T cell therapy. For most
conventional CAR-T and TCR-T cell therapies, autologous patient-
derived leukocytes are collected by leukapheresis at clinical centers
(top) and after cryopreservation shipped to manufacturing centers
(bottom). Enriched T cells are genetically engineered with either
CARs or TCRs and after expansion cryopreserved and shipped to the
clinical centers for infusion into the patients. Lymphodepleting
chemotherapy is generally recommended in the week before
infusion to increase engraftment of the genetically engineered T
cells (26).
3 Manufacturing of genetically
engineered T cells

Genetically engineered T cell products were initially developed

in open self-operated bioreactors that are common in academic

institutions. However, these systems require well-trained staff and

rigorous hygiene monitoring to avoid contaminations. Therefore,

with the clinical successes of CAR-T cell therapies, the production

has shifted not only in industrial facilities but also in academic

institutions more and more to closed and semi- or fully-automated

platforms (22–25). Most advances to the manufacturing platforms

for CAR-T cells are likely transferable for the production of TCR-T

cells with some modifications to the protocols. Therefore, TCR-T

cell therapies greatly benefit from the innovations in the ACT field

which were set in motion by the clinical approval of CAR-T cell

therapies. The general workflow of CAR-T and TCR-T cell therapy

is depicted in Figure 2 and will be summarized in this chapter

in detail.
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3.1 Cell collection and handling

For the generation of genetically engineered T cells, leukocytes

are collected either from patients (autologous) or healthy donors

(allogeneic). Notably, all FDA-approved CAR-T cell therapies to

date are using patient-derived autologous cells but there is a number

of clinical trials investigating the use of donor-derived allogeneic

cells (2). Leukapheresis is the method of choice for the collection of

leukocytes due to its availability at health care centers, patient

tolerability, and its high yield of T cells for manufacturing (27, 28).

Collected cells are either used fresh for direct manufacturing or

more commonly cryopreserved for later handling. Cryopreservation

takes place at the clinical center or in some cases at the

manufacturing center. Although, cryopreservation has an impact

on cell viability, on-site manufacturing of genetically engineered T

cells is often not feasible – with the exception of a few academical

clinical studies (NCT03676504 (9)) – and CAR-T cell generation

can be achieved with frozen cells (29). There are differences of the

cryopreservation procedure across clinical and manufacturing

centers for different T cell products, regarding freezing media

composition and durations, but their impact on the final product

quality has not yet been comparably assessed.
3.2 Impact of starting cell composition on
antitumor immunity

The cellular composition of the starting material is paramount

for the success to engineer a functional CAR-T cell product with
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long-lived antitumor properties. Enrichment of T cells from the

leukapheresis product can be achieved with magnetic separation

beads and all approved CAR-T cell therapies to date either use

CD4+ and CD8+ T cells in a combined or a separate culture setting.

Thus, CAR-T cell therapies are not limited to only generating CD8+

CAR-T cell responses but also utilize CD4+ CAR-T cells to improve

their antitumor response in a synergistic fashion (30, 31). CD4+ T

cells show more plasticity compared to CD8+ T cells and are

comprised of T helper (Th) subsets and regulatory T (Treg) cells

(32). Perturbation of CD4+ subsets and generation of Treg cells in

particular might have an impact on the clinical response. In a recent

study, the expansion of CAR-Treg cells has been associated with

resistance to CD19 CAR-T cell therapy (33). Therefore,

differentiation of CD4+ T cells to an “optimal” antitumor

phenotype and limited generation of CAR-Treg cells during

manufacturing might be essential to improve ACT. Separate

manufacturing and administration of CD4+ and CD8+ T cells is

already applied for the CD19 CAR-T cell therapy Breyanzi to

reduce variability between the CD4+ and CD8+ CAR-T cell

composition and to administer it in a dose-defined manner (34).

In a clinical trial of a CD22 CAR-T cell therapy in children and

young adults with CD22+ B-cell neoplasms, the change of the

manufacturing protocol to CD4+ and CD8+ T cell selection

improved manufacturing feasibility and reduced variability,

however, this led to increased inflammatory toxicities and

warranted dose de-escalation (35). The overall complete

remission rate was still very high with 70% but may indicate

CAR-T cell-induced toxicities based on the ratio of CD4+/CD8+

cells in the CAR-T cell product. In some cases separate

manufacturing of CD4+ and CD8+ CAR-T cells could

compromise CAR-T cell expansion. This has been the case in a

third-generation CD20 CAR-T cell therapy where changing from

CD4+/CD8+ selection to a combined culture setting improved

manufacturing feasibility and clinical response rates (36).

Moreover, enrichment and differentiation of specific memory T

cell subsets, like multipotent T memory stem (TSCM) cells, may

improve the antitumor responses of CAR-T cells (37, 38). This

might be due to a certain level of stemness of the T cells that comes

with higher T cell persistence and less susceptibility to exhaustion

(39–41). Overall, the impact of the cellular composition during

manufacturing on the antitumor efficacy of T cell therapies still

needs to be compared in future clinical studies.
3.3 Activation conditions during
manufacturing

T cells are activated for efficient gene transfer and expansion

which is commonly achieved by using anti-CD3/CD28

paramagnetic beads for viral transduction (42). However, this

approach was reported to favor the expansion of CD4+ T cells

over CD8+ T cells in non-enriched products (43) and could lead to

even inefficient expansion of CD8+ T cells in some cases (44). This is

likely due to the importance of CD28-mediated signaling in CD4+ T

cells while 4-1BB costimulation is superior for the expansion of

CD8+ memory T cells (44). To overcome this, current protocols
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have introduced cytokine cocktails in addition to anti-CD3/CD28

beads to support the expansion and to skew the differentiation into

a phenotype with inherent good antitumor characteristics (45–49).

For example, the cytokine IL-2 is used in standard protocols for its

mitogenic effects on T cells and its potential benefits on T cell

effectiveness in the context of tumor immunity (50).

In addition, the activation conditions and strength of the stimuli

during manufacturing could also determine if the genetically

engineered T cells are prone to exhaustion upon encountering

their cognate antigen on the tumor cells. Soluble anti-CD3

antibodies together with mononuclear cells have been shown to

result in a similar expansion efficacy of CD8+ T cells compared to

anti-CD3/CD28 beads but induced a less terminally differentiated

phenotype as well as less antigen-induced cell death and more

expansion in previously activated CD8+ T cells (51). Acquisition of

terminal differentiated effector functions during manufacturing

actually may lead to impaired antitumor immunity in vivo (52).

Due to the sensitive nature of T cell activation and differentiation

and their impact on antitumor immunity and longevity of the

genetically engineered T cells, new methods are constantly

investigated. The Expamer technology is an interesting new

approach for time-controlled initiation and termination by using

soluble Strep-Tactin multimers that can be assembled with Twin-

Strep-tag conjugated anti-CD3 and anti-CD28 Fab fragments and

dissociated by adding non-toxic D-biotin (53). Soluble addition and

inactivation of Expamer components for T cell activation is

particularly attractive for large-scale production and might be

useful to avoid overstimulation and subsequent apoptosis. On the

other hand, less rigid surfaces for immobilization of anti-CD3/

CD28 binders might be a better alternative since they have been

shown to induce higher IL-2 production and expansion of CD4+

and CD8+ T cells ex vivo (54). Consistent with this, an antigen-

presenting cell (APC)-mimetic scaffold that consists of a fluid lipid

bilayer supported by mesoporous silica micro-rods and attached

with anti-CD3/CD28 antibodies promoted two- to tenfold greater

expansion compared to anti-CD3/CD28 paramagnetic beads (55).

However, lipid bilayer systems might be less appealing compared to

bead-based approaches for activation when it comes to large-scale

manufacturing due to their increased technical complexity

regarding handling and ease of removal. More studies that

compare the effects of different activation conditions on the final

T cell product for ACT will be necessary in the future in order to

understand their impact on the clinical efficacy.
3.4 Gene transfer methods

Viral vectors are used for all approved CAR-T cell therapies and

most clinical trials for CAR- and TCR-T cell therapies due to their

efficiency for stable gene transfer (56). Lentiviral (LV) and g-
retroviral vectors are the vectors of choice for cell engineering

since they can carry larger genetic constructs and integrate the

target gene into the genome of the engineered T cells compared to

other viral vectors (57, 58). However, streamlining the generation of

large quantities of viral vectors for manufacturing is a challenge and

ensuring that no residual viral vectors or accidently transduced
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malignant cells are given to the patients comes with extensive and

costly safety testing (59, 60). This presents difficulties for scaling out

manufacturing and for making these therapies more affordable to

meet the increasing demand for ACT. Therefore, non-viral

approaches are currently investigated in early trials. Transposon-

based gene delivery approaches, such as Sleeping Beauty (SB) or

PiggyBac (PB) transposons, are cheaper and can carry larger genetic

constructs compared to viral vectors while still integrating their

target gene (61). SB transposition has already been used successfully

for the manufacturing of CD19 or SLAMF7 CAR-T cells in early

clinical trials without severe toxicity (62–65). In addition,

automation of SB transposition was feasible and could be very

attractive for large-scale manufacturing (25). Although PB

transposition was also successful for the manufacturing of CAR-T

cells and even showed an inclination to promote the generation of

desired TSCM CAR-T cells (66, 67), a recent clinical trial observed

the formation of CAR-T cell lymphoma in two out of ten patients

(68, 69). This presented the first cases of malignant lymphoma

derived from CAR-T cells and the investigators of the study caution

for regular follow-ups of the patients receiving CAR-T cell

therapies, especially when new methods for gene transfer are

applied (69). The underlying causes for the observed malignant

transformation in this study using the PB system is not fully

understood yet. Insertional mutagenesis did not seem to be the

cause since the pattern of integration of the CAR transgene was

comparable to other studies using PB and in line with studies using

viral systems (68). However, transcriptional upregulation of

surrounding regions by the transgene promotor was observed but

how these alterations may be involved in malignant transformation

needs to be further addressed. The authors of the study do not think

that this finding is an inherent problem with the PB system but

rather it might be based on their manufacturing methodology with

high-voltage electroporation and high concentration of transposon

and transposase (69). Understanding the underlying mechanisms

will help to develop safer manufacturing protocols and better safety

readouts in the future.

Genome editing is a promising novel approach not only for the

generation of genetically engineered autologous but also for “off-

the-shelf” allogeneic T cells that might solve manufacturing

challenges and excessive cost that are inherent to autologous T-

cell therapies. In particular, clustered regularly interspaced short

palindromic repeat (CRISPR)-Cas9 has already been used for the

generation and clinical application of CAR-T cells with tolerable

adverse events in cancer patients (70, 71). Multifactorial genome

editing holds great potential for ACT with genetically engineered T

cell in the future but will need further optimization and extensive

safety monitoring to assess the risks for harmful off-target events.

More information about CRISPR-Cas9 genome editing for the

generation of engineered T cells is reviewed in (72, 73).
3.5 Shortening manufacturing time of
genetically engineered T cells

An important avenue for optimizing the manufacturing process

of genetically engineered T cells is reducing the manufacturing time.
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This will reduce the cost and will scale-up manufacturing due to a

faster turn-around of the engineered T cells. Most importantly, it

might reduce mortality of patients with rapidly progressing cancers

by reducing the vein-to-vein time. Standard protocols for CAR-T

cell therapy culture CAR-T cells for 11 to 24 days which leads to a

high number of harvested CAR-T cells (45–48). Interestingly,

reducing the culture time of CD19 CAR-T cells to only 3 days

increased their antitumor activity even at a 6-fold lower dose in a

human xenograft model of acute lymphoblastic leukemia (ALL)

(74). This could be due to an enriched proportion of stem-like T

cells in the CAR-T product at reduced culture times. Remarkable

manufacturing times haven been achieved with the FastT CAR-T

next-day manufacturing platform, that was recently evaluated in a

clinical trial for B-cell ALL (NCT03825718 (75)). Next day

manufacturing with activation, LV transduction, and without

expansion was feasible for all 25 patients with a tolerable safety

profile and promising efficacy. Moreover, CD19 FasT CAR-T cells

showed less exhaustion and a younger cellular phenotype compared

to conventionally manufactured CAR-T cells in vitro but evaluation

in larger clinical studies is needed. In addition, the T-Charge

platform was used for manufacturing of CD19 CAR-T-cells in a

phase I study with promising efficacy and safety profile

(NCT03960840 (76)). The manufacturing time was less than 2

days and culturing time only took 24 hours. This approach also

preserved naïve T and TSCM cells in the final CAR-T cell product

which might increase the persistence of the genetically engineered T

cells in patients. Rapid manufacturing of CAR-T cells was even

demonstrated without activation and expansion within 24 hours

and showed improved anti-leukemic activity in mouse xenograft

models when compared to their conventionally manufactured

counterparts (77). These new approaches seem to have great

potential to reduce the vein-to-vein time which would greatly

benefit the patients. However, since most of the T cell expansion

takes place in the patients, this could mean that adverse events

might be more difficult to predict in a temporal fashion upon

therapy administration. Therefore, these new methods will have to

be thoroughly tested in clinical trials with rigorous monitoring to

ensure non-inferiority in efficacy and safety in comparison to

standard long-time manufacturing procedures. Improving and

standardizing manufacturing protocols for genetically engineered

T cells, with every step potentially having an extensive impact on

the antitumor activity and safety, is especially difficult since in-

depth manufacturing protocols of approved CAR-T therapies are

not publicly available. This will present a challenge for the future

but overcoming this roadblock by greater exchange could fuel

innovation and accessibility of these groundbreaking new therapies.
4 Targeted gene delivery in vivo

Due to the high cost of ex vivo T cell manufacturing, long vein-

to-vein times which are problematic for highly progressive cancers,

and the risk of manufacturing failure, targeted in vivo programming

of T cells could be a viable alternative. DNA-carrying nanoparticles

have been demonstrated to translocate into the nucleus of T cells

followed by CAR expression in the targeted T cells (78). In addition,
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in vivo administration of mRNA nanocarriers for the delivery of

antitumor CARs or antiviral TCRs showed transient expression in T

cells and comparable disease regression in mice compared to their

ex vivo manufactured counter parts (79). These carrier systems are

inexpensive and can be manufactured in large scale for broader

distribution but their safety profile and efficacy regarding long-term

disease remission is still largely unclear. The transient expression

will likely reduce certain safety concerns, such as programing of

malignant cells by accident and rendering them resistant to therapy

(59) or the formation of CAR-T lymphoma (69). However, the lack

of long-term T memory formation could hinder the efficacy of the

treatment and might lead to earlier relapses compared to ex vivo

manufactured T cells. Thus, their efficacy compared to more

established approaches, such as bispecific T cell engagers (BiTEs),

might not be superior.

Viral approaches have also been tested for long-term

programing of T cells in vivo. Adeno-associated virus (AAV)

vector achieved introduction of CARs in humanized mice and

resulted in tumor regression (80). The AAV-based gene therapy

LUXTURNA for the treatment of patients with RPE65-mediated

inherited retinal dystrophy (81) is the first of its kind that received

FDA approval, which could increase the interest for AVV vectors

also for the clinical application of T cell programming in vivo for the

treatment of cancer. A strategy for targeted in vivo engineering of a

CD19 CAR was shown in a study using CD8a-chain targeted LVs

(82). Although the specificity for CD8 T cells was good with this

approach, NK and NKT cells also showed transduction for the

CD19 CAR since they are also expressing the targeted CD8a-chain.
LV targeting to CD3+ T cells was also feasible by using bispecific

antibody tandem fragments that bind the mutant E2 glycoprotein

on Sindbis pseudotyped lentiviral vector (SINV-LV) and CD3 on T

cells, achieving specific in vivo introduction of a CD19 CAR into T

cells with good antitumor efficacy in a human B cell tumor

xenograft model (83). Despite the early preclinical and clinical

successes of viral in vivo transduction for cell engineering and gene

therapy, this strategy comes with much higher safety risks

compared to ex vivo manufacturing of genetically engineered T

cells and it remains to been seen if it can meet the high

safety requirements.
5 Specific requirements of gene
transfer techniques for TCR-T cells

Many advances of the manufacturing processes for CAR-T cell

therapies are likely transferable to TCR-T cell therapies. However, one

specific problem for the generation of TCR-T cells is that introduction

of an engineered TCR into a T cell can cause mispairing of the

engineered a- or b-chains with the endogenous chains. This presents

an unpredictable risk since mispaired TCRs have unknown reactivity

that never went through thymic selection and could result in the

formation of TCRs against self-peptides and thereby autoimmunity or

graft-versus-host disease (GvHD) (84, 85). Although earlier clinical

trials with TCR-T cells that retained their endogenous TCR did not

observe GvHD (86), ways to prevent the safety risk of mispairing would
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be beneficial. Therefore, a number of strategies have been developed to

avoid mispairing events with varying success as illustrated in Figure 3.

Insertion of an extra disulfide bond into the constant domains,

murinization of the constant domains or domain swapping all led to

the reduction of mispairing events but could not prevent it

completely (Figures 3B–D (85, 87, 88)). Only CD3z fusion chains

or single-chain TCR (scTCR) constructs abolished mispairing but

do not form a TCR complex with the endogenous CD3g, d, and e
subunits (Figures 3E, F (89, 90)). Further elimination of the

constant b domain and the addition of an intracellular

costimulatory CD28 or 4-1BB domain has been reported which

resembles the CAR structure and signaling modalities (Figure 3G

(91, 92)). However, this altered structure has reduced sensitivity

compared to the native TCR-CD3 complex as is the case for

conventional CARs (3). Therefore, a more recent scTCR scaffold

tried to incorporate the assembly of the native CD3 complex to

harness the benefits of classical TCR signaling (Figure 3H (93)).

This 3-domain scTCR consists of a va-linker-vb fragment fused to

the cb-domain and utilizes co-expression of the ca-domain with

very little mispairing occurring. In addition, insertion of a disulfide

bond between the va-domain and a linker residue in close

proximity to the vb-domain was sufficient to prevent residual

mispairing (93). Although this might provide a safe alternative for

the introduction of engineered TCRs without the danger of

mispairing events, the design of stable scTCRs could present a

technical challenge for a number of TCRs. Stability engineering

might be a potential solution for this limitation, since distinct

regions in the va- and vb-domains have already been shown to

be critical for surface expression and stability of scTCRs (94, 95).

Alterations from the native TCR structure could lead to a higher

immunogenicity and reduced persistence of genetically engineered

T cells if the constructs deviate greatly from the native format. Thus,

another approach to avoid mispairing without altering the TCR

structure is to knock-out the endogenous a- and b-chain.
Orthotopic TCR a- and b-chain replacement (OTR) was done by

CRISPR-Cas9 genome editing and was recently used in a phase I

clinical trial to achieve endogenous TCR replacement with

neoantigen-specific TCRs (neoTCRs) in 16 patients with

refractory solid cancers (Figure 3I (70, 96, 97)). Insertion of the

engineered TCR construct into exon 1 of the TRAC locus disrupts

the endogenous a-chain and CRISPR-mediated knockout of the

TRBC locus causes disruption of the endogenous b-chain. Another
advantage of OTR is that there is no competition for the CD3

subunits with the endogenous TCR to form core TCR-CD3

complexes (98). However, cell-surface expression of the

introduced TCRs can be inefficient in some cases with this editing

approach. In the recent trial mentioned above, out of the 37

neoTCRs generated for 16 patients, cell-surface expression of

neoTCR positive cells ranged from 1.9 to 46.8% of the live cell

product (97). This might potentially be a matter of protocol

optimization since changes to the medium formulation and the

electroporation device increased the knock-in efficiency from 13.4%

to 23% in the same study. Moreover, chromosomal aberrations at

the chromosome 7 and 14 target sites were observed and are an

indication for potential TRAC : TRBC translocations. Off-target

editing and on-target mutagenesis present a major concern for
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CRISPR-mediated approaches since they could lead to functional

alterations or even malignant transformation of the edited cells (99,

100). Close monitoring of patients will be crucial for these newer

approaches and further efforts will be necessary to understand and

to reduce unwanted DNA aberrations for clinical application (101).
6 Genetically engineered allogeneic T
cells

To date, all approved CAR-T cell therapies are utilizing

patient-derived autologous T cells. However, since only heavily

pretreated patients are applicable for immunotherapy with CAR-T
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cells, their T cell compartment is often compromised (27). This

can result in reduced fitness or even manufacturing failure of the

autologous CAR-T cell product (102, 103). Moreover,

personalized production for each patient is challenging and very

costly (as described above) and does not allow for mass

production to meet the increasing demand for ACT. “Off-the-

shelf” allogeneic T cells could be an approach to overcome these

limitations. Because unaltered allogeneic T cells could lead to

GvHD but also elimination of the genetically engineered T cells in

the patient, a number of strategies have been developed to reduce

these risks.

For the treatment of relapsed or refractory (r/r) B-cell ALL an

allogeneic CD19 CAR- (NCT02808442 and NCT02746952) and a
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FIGURE 3

Strategies to avoid TCR mispairing. (A), Native structure of a T cell receptor (TCR) a:b heterodimer (CD3e, CD3d, and CD3g subunits are not shown
here). (B), Engineered TCR a:b heterodimer with an extra disulfide (SS) bond between the constant a and b domain. (C), Engineered TCR a:b
heterodimer with murine constant a- and b-domain. (D), Engineered TCR a:b heterodimer with a- and b-domain swapping of the variable (left),
constant (middle) or transmembrane (right) domains. (E), Engineered TCR a:b heterodimer with a fused intracellular CD3z domain. (F), Engineered
single-chain TCR with a fused intracellular CD3z domain. (G), Engineered single-chain TCR with a hinge domain instead of a constant and
transmembrane b domain and inclusion of a costimulatory (Costim) and a CD3z domain. (H), Engineered 3-domain single-chain TCR with an extra
SS bond between the constant a and b domain and the variable a domain and a linker residue in close proximity to the variable b domain. A
constant a domain is co-expressed with the 3-domain single-chain TCR. (I), Orthotopic TCR a- and b-chain replacement with CRISPR-Cas9 gene
editing. Engineered TCR construct is introduced into exon 1 of TRAC with a left homology arm (LHA) and a right homology arm (RHA). The
endogenous TRAC locus is disrupted by the insertion of the engineered TCR construct and the endogenous TRBC1/TRBC2 gene locus is disrupted
with another guide RNA (gRNA).
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CD19/CD22 dual-targeting CAR-T cell therapy (NCT04154709) have

shownmanageable safety profiles and anti-leukemic activity (104, 105).

CRISPR-Cas9 genome editing was used to disrupt the TRAC andCD52

gene locus allowing severe lymphodepletion with alemtuzumab prior

to adoptive T cell transfer to reduce the risk for elimination of

allogeneic engineered T cells by the host. In another first-in-human

phase I clinical trial (NCT04637763), early positive results of an

allogeneic CD19 CAR-T cell therapy for the treatment of r/r B cell

non-Hodgkin lymphoma (B-NHL) were reported (106). Cas9 and

CRISPR hybrid RNA-DNA (chRDNA) guides were used for reduced

off-target editing (107) to introduce the CD19 CAR into the TRAC

gene locus and disrupt it in the process (108). In addition, PD-1 was

knocked out with the aim to improve persistence and antitumor

activity of the genetically engineered T cells. No GvHD was observed

and the therapy was generally well tolerated with promising clinical

response rates. Another targeted approach is the use of a TRAC-

specific ARCUS nuclease for site-specific introduction of the construct

and disruption of the endogenous TCR to avoid GvHD (109). An

allogeneic CD19 CAR-T cell therapy using this editing approach

showed promising results in a Phase I/IIa clinical trial

(NCT03666000) for the treatment of r/r B-NHL and B-cell ALL and

could potentially be used for the treatment of relapsed patients with

lymphomas that previously received autologous CAR-T cells. All 11

patients showed an objective response rate (ORR) after six months but

no reported GvHD.

Genome editing also allows for the generation of fratricide-resistant

CAR-T cells. This has been shown in a phase I clinical trial

(NCT04538599) for a CD7 CAR T cell therapy for the treatment of

T-cell lymphoma and CD7-expressing acute myeloid leukemia (AML)

(110). Because CD7 is also expressed on normal T cells, CD7 was

knocked-out to avoid fratricide and a number of additional edits

(knock-out of TCR and HLA-II, knock-in of an NK cell inhibitor)

were performed to avoid GvHD of the allogeneic CAR-T cell product.

Allogeneic TCR-T cells were also successfully tested in an

investigator-initiated Phase I/II clinical trial (NCT01640301) for

patients with AML receiving allogeneic hematopoietic cell

transplantation (HCT) with high risk of relapse (111). Epstein-Bar

virus (EBV)-specific CD8+ T cells from the HCT donor were

transduced with a TCR that recognizes the AML-associated

intracellular antigen Wilms’ Tumor Antigen 1 (WT1). Patients with

HLA-A*0201 expression that received an allogeneic HCT and had no

detectable disease at day 28 post-HCT were given engineered WT1-

specific T cells prophylactically. All 12 patients showed relapse-free

survival at a median of 44 months and compared very favorable to a

similar risk group of 88 patients with 54% relapse-free survival. These

results encourage the use of allogeneic consolidating ACT as a strategy

for the prevention of AML relapses after HCT. In addition, allogenic

HA-1-specific TCR-T cell therapy for the treatment of HLA-A*0201

positive patients with r/r ALL after allogeneic HCT is currently

explored in a dose-escalation study (NCT03326921).

Preliminary results from early clinical studies with allogeneic

engineered T cells that we described here are encouraging regarding

their efficacy and risk of GvHD, however, this approach is still in its

early stages and we will need to wait out larger clinical studies to

assess its clinical value in the future.
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7 Current challenges and potential
strategies to improve CAR-T and TCR-
T cell therapies

CAR-T cell therapies showed remarkable efficacy in certain B cell

malignancies but struggle when it comes to myeloid malignancies and

solid tumors. Challenges for CAR-T and TCR-T cell therapies that

limit their clinical efficacy are severe adverse events, limited tumor

infiltration, and persistence of genetically engineered T cells, as well as

tumor immune evasion by loss of antigen. In particular, the complex

nature of the immunosuppressive TME in solid tumors (112) is

limiting T-cell infiltration and is promoting their exhaustion through

presentation of inhibitory ligands on the tumor cells. There are a

number of approaches with the aim to improve ACT by overcoming

tumor antigen escape and increasing tumor specificity, and a selection

of strategies will be highlighted here (Figure 4).
7.1 Adverse events associated with
genetically engineered T cells

Immunotherapies with genetically engineered T cells are often

accompanied by moderate to severe adverse events, limiting their

clinical application in certain cases. The most common and severe

adverse event of therapies with engineered T cells is cytokine release

syndrome (CRS), which was first observed in clinical studies and

did not occur in preclinical models at the time (113). Moreover,

immune effector cell-associated neurotoxicity syndrome (ICANS),

often referred as neurotoxicity, is very common in patients

receiving CD19 CAR-T cells (114). Symptoms of CRS range from

mild fever to life-threatening manifestations up to multi-organ

system failure (115). Follow-up of patients receiving engineered T

cells and monitoring for signs of CRS is vital to manage moderate to

severe cases of CRS with anti-IL6 receptor agonist tocilizumab alone

or in combination with corticosteroids, together with extensive

supportive care (116). Symptoms of ICANS include headache,

encephalopathy, tremor, and seizures, that are usually self-

limiting, but rare lethal cases have been reported as well (117).

Severe cases are often managed with corticosteroids, while

tocilizumab is mostly ineffective in the treatment of ICANS,

contrary to its effectiveness in CRS (116). Cross-talk between the

engineered T cells and other immune cells, especially macrophages,

can lead to the induction of systemic inflammation in the form of

CRS which might cause leakiness of the blood brain barrier and

symptoms of ICANS (116). Therefore, ICANS is often associated

and correlates with the severity of CRS in patients, but it has also

been reported in some cases in the absence of CRS (117).

On-target off-tumor toxicity is another challenge for adoptive

T-cell therapies. In contrast to CRS and ICANS, this adverse event is

not caused indirectly by associated endogenous immune cells but

directly by the engineered T cells recognizing their cognate antigen

or a cross-reactive antigen on healthy tissues. In particular, TCR-T

cells warrant careful screening to avoid severe toxicity caused by

autoreactivity due to lethal cases of tissue damage in the heart and
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brain in two early clinical trials targeting MAGE-A3 positive

cancers (118, 119). As these TCRs were affinity enhanced, on-

target off-tumor toxicity was likely increased. However, recent

studies with affinity enhanced TCRs targeting MAGE-A4 showed

clinical efficacy in the absence of severe TCR-T cell-mediated

toxicity (120–122), indicating the necessity to investigate each

single modified TCR for such risks although also non-modified

TCRs have the potential for cross-reactivity. These cases highlight

the difficulties of screening methods for TCR candidates to exclude

potential common and individualized severe autoreactivity, which

is highly difficult to be tested sufficiently at the preclinical level, but

also indicate that TCRs have the potential to represent safe

therapies with promising efficacy.

For the use of allogeneic CAR-T and TCR-T cells, a potential

additional adverse event risk is allo-reactivity of allogeneic

engineered T cells against foreign MHC molecules or minor

histocompatibility antigens on host cells that can lead to GvHD.

As described above, early clinical trials suggest that gene editing for

the removal of the endogenous TCR is a viable strategy to avoid

GvHD. Moreover, the use of allogeneic engineered T cells post-

HCT, HLA-matching of the donor cells, and the use of non-ab T

cells are potential strategies (123). However, it remains to be seen

how durable the persistence of allogeneic engineered T cells with
Frontiers in Immunology 0990
these strategies is compared to their autologous counterparts, since

elimination of the allogeneic T cells by the host immune system is a

serious concern here.

Moreover, accompanying therapies, such as lymphodepletion

prior to T-cell therapy, can add to hematological toxicities like

cytopenia, which is a common adverse event with often unknown

origin (26). Overall, this highlights the complex clinical landscape in

regard to adverse events of CAR-T and TCR-T cell therapies and

the need for better preclinical models to predict them early on (113).
7.2 Persistence of genetically engineered T
cells

Persistence of CD19 CAR-T cells for up to 10 years has been

reported in two patients with chronic lymphocytic leukemia after

remission (124). While CD8+ CAR-T cells were abundantly found

in the initial response, it was almost exclusively CD4+ CAR-T cells

that were present during long-term remission. However, poor T cell

persistence has been reported in many CAR-T (125) and TCR-T

cell (97) clinical trials against a variety of tumor entities and is often

likely the reason for limited clinical efficacy or relapses. Therefore,

administration of lymphodepleting regimens is commonly
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FIGURE 4

Strategies to improve adoptive T-cell therapy for the treatment of tumors. (A), Strategy to overcome tumor antigen escape by using bi-specific dual
or tandem CAR-T cells. (B), Strategy for increased tumor specificity and reduced off-tumor toxicity with a synthetic Notch (synNotch) receptor.
Encounter of a primary antigen (purple) leads to translocation of a transcription factor (TF) into the nucleus and expression of a CAR that recognizes
a secondary antigen (red) on the tumor cell. T cell activation and tumor cell killing only occurs in the presence of both antigens and spares healthy
tissues that only express the primary antigen. (C), Targeting of intracellular antigens by using genetically engineered TCR-T cells. Peptide-major
histocompatibility complex (MHC) tumor-associated or tumor-specific antigens of mutated intracellular proteins are promising targets for the
treatment of solid tumors. Tumor surface antigens are often expressed to some extent on healthy tissues and can cause severe off-tumor toxicity.
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performed prior to the engineered T-cell therapy to increase T cell

persistence (26).

Preclinical studies observed less exhaustion and improved

antitumor activity of CAR-T cells with PD-1 knock-out (126,

127). Therefore, PD-1 knock-out is currently explored for the

treatment of tumors with CAR-T (108, 125) and TCR-T cells (70)

as a strategy to protect the engineered T cells from exhaustion and

to enhance their persistence. Stadtmauer et al. used CRISPR-Cas9

genome editing to remove the endogenous TCR and PD-1 and

introduced an engineered TCR specific for the cancer-testis

antigens (CTAs) NY-ESO-1 and LAGE-1 to treat two patients

with refractory melanoma and one with sarcoma. Engineered T

cells trafficked to the sites of the tumor and reduction of the target

antigens, likely as a response to the immune pressure of the TCR-T

cells, was observed for both melanoma patients. Interestingly, no

toxicity was observed and persistence of the TCR-T cells was

increased in all three patients with at least 9 months compared to

previous trials with T cells that retained their endogenous TCR and

PD-1 expression. However, the number of patients in this first-in-

human phase I clinical trial is low (NCT03399448) and expansion

of the study is necessary. It also remains to be elucidated if the

prolonged persistence is based on the ablation of PD-1 or in part on

the removal of the endogenous TCR. Moreover, PD-1 ablation was

also reported to cause increased functional exhaustion and cell

death along greater activation in a CD19 CAR-T cell therapy (128).

Results from knock-out experiments of PD-1 in mice with a chronic

lymphocytic choriomeningitis virus (LCMV) infection showed that

CD8+ T cell exhaustion can not only occur in the absence of PD-1

but PD-1 even protected the cells from overstimulation and

terminal differentiation to an exhausted effector phenotype at the

site of infection (129). Suggesting that PD-1 could be relevant to

fine-tune T cell responses in certain environments, such as high

antigen load as is the case in viral infections. In that context,

transient blockade of PD-1 with ICI could be superior over PD-1

ablation but our understanding how PD-1 signaling modulates gene

expression during T cell responses remains enigmatic and needs to

be further elucidated. A recent study showed that genes associated

with survival and proliferation are resistant to PD-1-mediated

inhibition while effector functions are regulated by it based on the

TCR signal strength (130). Due to the context-dependent functions

of PD-1 signaling, it remains to be seen if PD-1 ablation of

genetically engineered T cells is an effective way of improving T

cell persistence depending on the tumor entity and antigen load.

Moreover, a number of costimulatory switch receptors have

been reported to prevent exhaustion of genetically engineered T

cells and might increase their persistence (131–133). Switch

receptors consist of the extracellular portion of an inhibitory

receptor (e.g. PD-1, TIGIT, TIM-3) and the intracellular signaling

domain of a costimulatory receptor (e.g. CD28, 4-1BB). Reports

from the preclinical studies are encouraging with improved

antitumor activity and persistence of genetically engineered T

cells armored with these switch receptors, however, these

signaling axes are complicated in nature. Tipping the scale from

exhaustion to activation and not just balancing it as is the case with

anti-PD-1/PD-L1 ICI might lead to overstimulation and a

dysfunctional T cell phenotype.
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Tonic endogenous TCR signaling was also associated with

improved persistence of CAR-T cells in recent studies (125, 134).

Removal of the endogenous TCR and PD-1 in mesothelin (MPTK)-

specific CAR-T cells for the treatment of solid tumors resulted in

poor persistence of the TCR-deficient CAR-T cells beyond 6 weeks

in a phase I clinical trial with 15 patients (NCT03545815 (125)).

Surprisingly, it was the TCR-positive CAR-T cells that became the

main fraction after infusion in three patients despite their rare

presence in the infused cell product. The authors replicated these

findings in mice and hypothesized that tonic TCR signaling plays a

beneficial role in CAR-T cell persistence. Off note, this was in the

scenario of low-level engraftment and might be different when

using lymphodepletion to increase engraftment. In line with these

observations, another study also observed reduced persistence for

TCR-deficient CD19 CAR-T cells in animal models (134). The role

of tonic TCR signaling for the longevity of CAR-T cells (19) needs

to be further addressed especially in the context of allogenic CAR-T

cell therapies, where the removal of the endogenous TCR is already

common practice to prevent GvHD (108, 109). TCR-T cells with

endogenous TCR replacement are likely not affected due to tonic

signaling of the introduced TCR as indicated by the results from

Statdmauer et al.
7.3 Potential strategies to overcome tumor
antigen escape

A common form of tumor resistance to ACT is tumor antigen

escape by loss or downregulation of surface antigens or peptide-

HLA complexes (135). Targeting multiple antigens by engineering

T cells with a dual CAR or a tandem CAR could reduce the risk of

tumor antigen escape (Figure 4A). Preliminary results from a phase

I study (NCT03233854) with a CD19/CD22 bispecific CAR showed

clinical efficacy but antigen escape in relapses was mostly observed

for CD19 and not CD22 antigen, suggesting that there was less

immune pressure of the CAR-T cells on the CD22 target (136). This

is supported by the observation that CD22 scFV ligation in the

bispecific CAR showed less cytokine secretion than for CD19 scFV.

Another bispecific CD19/CD22 CAR that uses a tandem approach

showed good efficacy in 6 patients with r/r B-ALL and observed one

relapse of blast cells with loss of CD19 antigen and diminished

CD22 expression 5 months after treatment (NCT03185494 (137)).

The single construct approach for multi-specific CAR-T cells might

affect the antigen binding capabilities based on the design of the

linkers and it could be favorable to use a bi- or tricistronic design

that expresses individual CAR molecules on the same cell to avoid

these problems. This has been done for tricistronic CD19/CD20/

CD22 tri-specific CAR-T cells that were able to target B-lineage ALL

independent of CD19 expression in vitro and in animal models

(138). Results from a phase I study (NCT03289455) with bicistronic

CD19/CD22 bispecific CAR-T cells for the treatment of 15 patients

with r/r B-ALL showed 86% CR and one-year overall survival and

event-free survival of 60% and 32%, respectively (139). Dual

targeting of B7-H3 and CD70, which are overexpressed in a

variety of solid tumors, with a tandem CAR elicited superior

tumor control and overall survival in a lung cancer and
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melanoma xenograft model (140). Moreover, infusing patients with

a mixture of mono-specific CAR-T cells or TCR-T cells with

different specificity could also be a viable option and has recently

been done for patients with solid tumors that received up to three

neoTCR-T cells with different specificity (97).

Multi-targeting of different antigens seems to be viable strategy

to overcome tumor antigen escape and preliminary results suggest

that it might increase antitumor immunity against tumor cells that

co-express multiple antigens. However, this approach is limited so

far by the number of known promising tumor antigens and will

benefit from the discovery of additional tumor-associated and

tumor specific antigens in the future.
7.4 Potential strategies for the treatment of
solid tumors

The treatment of solid tumors is one of the most difficult areas

in the field. Limited T-cell infiltration into the tumor as well as T

cell exhaustion due to the immunosuppressive TME poses a high

risk for an insufficient response to the treatment. In addition, the

heterogeneity of antigen expression and the lack of truly tumor-

specific surface antigens in solid tumors (112) can cause severe off-

tumor toxicity in healthy tissues. Due to the difficulty of identifying

tumor-specific surface antigens on solid tumors as targets for CAR-

T cell therapies, strategies with higher specificity and less off-tumor

toxicity have been developed, such as the synthetic Notch

(synNotch) receptor designs (Figure 4B). Recognition of a

primary antigen by the synNotch receptor cleaves an orthogonal

transcription factor from the cytoplasmatic tail and induces the

expression of a CAR that can recognize a secondary antigen on the

tumor cell (141). T cell activation and tumor cell killing only occurs

if both antigens are expressed on the tumor cell. This concept has

been applied in a number of preclinical studies for solid tumor

models and demonstrated improved specificity for the treatment of

solid tumors (142, 143). SynNotch circuits can also be used to

improve the specificity of engineered TCRs for selective killing of

tumor cells, which has been demonstrated for a SynNotch-TCR

against melanoma cells in vitro (144).

TCR-T cells are inherently equipped for the recognition of

intracellular antigens through peptide-HLA presentation which

opens up a treasure trove of tumor-associated or tumor-specific

antigens that could be exploited for TCR-T cell therapy of solid

tumors (Figure 4C). As mentioned above, a preliminary study

showed the feasibility and efficacy of TCR-T cells in two

melanoma and one sarcoma patient (70) and clinical trials for the

treatment of MAGE-A4 positive solid tumors showed clinical

efficacy in subset of patients with an ORR of 24% (9/38) (121).

Foy et al. demonstrated recently the feasibility of TCR-T cell

therapy targeting personalized neoantigens (97). A combinatorial

screening approach with whole exome sequencing (WES) and RNA

sequencing of the patients’ tumors was used to predict potential

neoantigens. In a next step, multimeric labeled peptide-HLA

complexes were generated for reactivity assessment of the

predicted neoantigens in peripheral blood of patients and

neoTCRs were identified and manufactured for 16 patients.
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Despite this impressive demonstration of feasibility of such a

complex workflow in a clinical setting, efficacy and T cell

persistence was limited. However, there are over a hundred

clinical trials with adoptive TCR-T cell transfer registered in

clinicaltrials.gov with the majority of them for the treatment of

solid tumors (145). Hurdles for TCR-T cell therapy include its

dependency on a specific HLA genotype, restricting it to a specific

patient population in most cases, and its susceptibility to HLA-

downregulation. Moreover, intracellular antigens can also be

targeted with TCR-like CARs that use scFV molecules that

recognize specific peptide-MHC complexes. Recently, a phase I

clinical trial with a TCR-like CAR T-cell therapy targeting MAGE-

A4 peptide-HLA-A*02:01 complexes for the treatment of solid

tumors has been initiated (146) and evaluation of the clinical

efficacy of more TCR-like CAR formats in clinical trials will be of

great interest for the use of this concept. Overall, combinatorial

approaches with a variety of different interventions will likely be

necessary for the treatment of solid tumors in the future in order to

overcome their complex mechanisms of immune evasion.
8 Future perspective

Adoptive immunotherapies with genetically engineered T cells

for the treatment of refractory tumors is a new breakthrough

therapy with promising efficacy in certain cancers. However, its

application is held back by manufacturing difficulties, severe

adverse events, regulatory challenges, and extremely high costs.

There are a number of strategies how limitations are currently

addressed. Automated and expedited manufacturing processes

might have an impact on both product quality as well as costs.

Approaches with allogeneic donor T cells may improve availability

but also provide “off-the shelf” therapies and therefore substantially

result in cost reduction. Due to the HLA-restriction of TCR-T cell

therapies, it seems unlikely that companies will go through the

expensive process of testing this type of therapy in tumor types

where CAR-T cell therapies are already showing good efficacy at

this point. Therefore, TCR-T cells are mostly tested in solid tumors

where the lack of good surface targets limit CAR-T cell therapy. At

the moment, TCR-T cells are usually targeting tumor-associated

antigens but first tumor-specific studies have demonstrated their

feasibility and personalized approaches might be more prevalent in

the future. Improving tools to predict potential on-target off-tumor

toxicity is especially crucial for TCR-T cells due to their higher

antigen sensitivity compared to CAR-T cells, especially for affinity

enhanced TCRs. This is in particular important for time-saving

clinical translation of newly identified, optimized or personalized

TCR constructs. Additionally, the development of novel preclinical

models for the prediction of associated adverse events like CRS and

ICANS is necessary to develop novel strategies to exclude most

severe adverse events before clinical testing in the future (113). The

number of clinical studies exploring new strategies and the speed

the field is innovated upon is impressive. However, it is difficult for

the regulation of these novel and complex therapies to keep up with

this speed, and standardization of certain manufacturing steps will

likely be necessary to ensure safety and comparability of T cell
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products for patients in the future. To make these therapies more

commonly available and explore their benefit not only for refractory

tumors but also at earlier stages of disease, their costs and resources

for manufacturing must become more sustainable for the health

care system (60, 147).

One of the major challenges is the development of novel strategies

in case of resistance. Personalized combinatorial approaches to target

multiple antigens and to neutralize the immunosuppressive TME

probably will be necessary for the treatment of solid tumors but also

resistant hematological malignancies in the future.

While ACT with genetically engineered T cells is mainly used as a

therapy for cancer, its potential for the treatment of other diseases is

more and more realized. Preliminary results of CD19 CAR-T cell

therapy in patients with refractory systemic lupus erythematosus (SLE)

showed that it was well tolerated and highly effective (148). Exploring

its use for other autoimmune but also genetic diseases might open up

effective novel options for treatment failures in the future.
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Marian van de Meent1, Sterre L. Siekman1,
Miranda H. Meeuwsen1, Tassilo L. A. Wachsmann1,
Dennis F. G. Remst1, Renate S. Hagedoorn1,
Dirk M. van der Steen1, Arnoud H. de Ru2, Els M. E. Verdegaal3,
Peter A. van Veelen2, J. H. Frederik Falkenburg1

and Mirjam H. M. Heemskerk1*

1Department of Hematology, Leiden University Medical Center, Leiden, Netherlands, 2Center for
Proteomics and Metabolomics, Leiden University Medical Center, Leiden, Netherlands, 3Department
of Medical Oncology, Oncode Institute, Leiden University Medical Center, Leiden, Netherlands
Recurrent disease emerges in the majority of patients with ovarian cancer

(OVCA). Adoptive T-cell therapies with T-cell receptors (TCRs) targeting

tumor-associated antigens (TAAs) are considered promising solutions for less-

immunogenic ‘cold’ ovarian tumors. In order to treat a broader patient

population, more TCRs targeting peptides derived from different TAAs binding

in various HLA class I molecules are essential. By performing a differential gene

expression analysis using mRNA-seq datasets, PRAME, CTCFL and CLDN6 were

selected as strictly tumor-specific TAAs, with high expression in ovarian cancer

and at least 20-fold lower expression in all healthy tissues of risk. In primary

OVCA patient samples and cell lines we confirmed expression and identified

naturally expressed TAA-derived peptides in the HLA class I ligandome.

Subsequently, high-avidity T-cell clones recognizing these peptides were

isolated from the allo-HLA T-cell repertoire of healthy individuals. Three

PRAME TCRs and one CTCFL TCR of the most promising T-cell clones were

sequenced, and transferred to CD8+ T cells. The PRAME TCR-T cells

demonstrated potent and specific antitumor reactivity in vitro and in vivo. The

CTCFL TCR-T cells efficiently recognized primary patient-derived OVCA cells,

and OVCA cell lines treated with demethylating agent 5-aza-2′-deoxycytidine
(DAC). The identified PRAME and CTCFL TCRs are promising candidates for the

treatment of patients with ovarian cancer, and are an essential addition to the

currently used HLA-A*02:01 restricted PRAME TCRs. Our selection of

differentially expressed genes, naturally expressed TAA peptides and potent

TCRs can improve and broaden the use of T-cell therapies for patients with

ovarian cancer or other PRAME or CTCFL expressing cancers.

KEYWORDS

ovarian cancer, PRAME, CTCFL, CLDN6, TCR gene transfer, T-cell therapy,
immunotherapy, allogeneic HLA
frontiersin.org0197

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1121973/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1121973/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1121973/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1121973&domain=pdf&date_stamp=2023-03-21
mailto:m.h.m.heemskerk@lumc.nl
https://doi.org/10.3389/fimmu.2023.1121973
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1121973
https://www.frontiersin.org/journals/immunology


van Amerongen et al. 10.3389/fimmu.2023.1121973
Background

Ovarian cancer (OVCA) is the fifth most lethal cancer type

among women (1). Due to lack of specific symptoms, 58% of the

ovarian cancer patients are diagnosed at an advanced or metastatic

stage. These advanced stages have 5-year survival rates of only 30%,

compared to about 80% for earlier stages (2). Ovarian cancer is a

heterogeneous malignancy, with five distinct histotypes of which

high-grade serous ovarian cancer (HGSC) is the most frequent type

covering 70% of all ovarian cancers (3). Although late-stage patients

initially respond well to standard treatments like debulking surgery,

platinum- and taxane-based chemotherapy, or more recently poly

(ADP-ribose) polymerase inhibitors, recurrent disease emerges in the

majority of patients (4–6). Also immunotherapies such as, infusion of

tumor infiltrating lymphocytes (TILs), anti-cancer vaccination,

treatment with immune checkpoint inhibitors, and adoptive T-cell

therapies using chimeric antigen receptors (CARs) or T-cell receptors

(TCRs) are being explored in ovarian cancer patients (7–9). CARs are

restricted to target epitopes of proteins located at the cell membrane,

with limited options for ovarian cancer. TCRs can target more

antigens, since peptides derived from both intra- and extracellular

proteins can be processed and presented in human leukocyte antigen

(HLA) and thus recognized by TCRs.

Ovarian cancer is in general classified as an immunogenic

tumor, with CD8+ T-cell rich tumors associating with prolonged

survival (10–12). Furthermore, immune escape mechanisms

correlate with poor survival, such as HLA downregulation and

increased expression of immune inhibitory molecules (13). For T-

cell infiltrated tumors (‘hot’ tumors), immune checkpoint inhibitors

or infusion of TILs may be good strategies. However, in most

ovarian tumors the tumor mutation burden (TMB) is low, resulting

in limited T-cell infiltration, lack of antitumor-reactive T cells, and

consequently ‘cold’ tumors (13, 14). For those ‘cold’ tumors,

adoptive T-cell therapies with TCR-engineered T cells (TCR-T

cells) targeting tumor-associated antigens (TAAs) are considered

promising solutions (8). In clinical trials with ovarian cancer

patients, TCRs targeting cancer-testis antigens (CTAs) NY-ESO-

1, MAGE-A4 and more recently PRAME have been investigated (8).
Abbreviations: OVCA, ovarian cancer; TCR, T-cell receptor; TAA, tumor-

associated antigen; DAC, 5-aza-2′-deoxycytidine; HGSC, high-grade serous

ovarian cancer; TIL, tumor infiltrating lymphocyte; CAR, chimeric antigen

receptor; HLA, human leukocyte antigen; TMB, the tumor mutation burden;

TCR-T cells, TCR-engineered T cells; CTA, cancer-testis antigen; auto-HLA,

autologous-HLA; allo-HLA, allogeneic-HLA; PRAME, preferentially expressed

antigen of melanoma; CTCFL, CCCTC-binding factor; CLDN6, claudin-6;

TCGA, The Cancer Genome Atlas; GTEx, Genotype Tissue Expression; HPA,

Human Protein Atlas; RLE, relative log expression; FC, fold change; AML, acute

myeloid leukemia; MACS, magnetic-activated cell sorting; FACS, fluorescence-

activated cell sorting; qPCR, quantitative polymerase chain reaction; TCM, T-cell

medium; mDCs, mature CD14-derived dendritic cells; imDCs, immature CD14-

derived dendritic cells; PBMCs, peripheral blood mononuclear cells; PTECs,

proximal tubular epithelial cells; PHA, phytohemagglutinin; E:T, effector-to-

target; DMSO, dimethyl sulfoxide; DE, differentially expressed; pMHC-multimer,

peptide MHC-multimer; EBV-LCL, Epstein-Barr virus transformed

lymphoblastoid cell lines; mTCR, murine TCR.
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Preclinically, T cells targeting MSLN, CCNA1, CLDN6, and several

MAGE-A family members have been investigated for ovarian

cancer as well (15–18). Yet, targeting more TAAs is desired and

target antigens restricted by more HLA alleles are essential, as most

of the investigated TCRs are HLA-A*02:01 restricted. Ideal TAAs to

target ovarian cancer would be those that are highly and

homogenously expressed in tumors, without expression in healthy

tissues. Co-expression in tissues from reproductive organs would be

tolerable, as expression in the reproductive compartment does not

form an unacceptable toxicity risk for ovarian cancer patients. In

addition, protein expression or options to induce expression in case

of variable expression are required. For example, DNA-

demethylating agents have shown the potential to induce

expression of some CTAs, thereby contributing to increased

recognition by CTA-specific T cells (19–21). T cells targeting

TAAs can be found in the T-cell repertoire of either healthy

individuals or patients. If TAAs are also expressed in healthy

tissues, self-tolerance is established during negative selection

whereby high-avidity self-reactive T cells are centrally deleted

from the autologous-HLA (auto-HLA) T-cell repertoire. Self-

tolerance can be circumvented by searching for TAA-specific T

cells in the allogeneic-HLA (allo-HLA) T-cell repertoire, as we

previously demonstrated for several B-cell restricted antigens and

WT1 (22–24). Since these T cells of the allo-HLA T-cell repertoire

have not been subjected to negative selection, the safety should be

carefully evaluated.

In order to treat a broader patient population, we searched for

strictly tumor-specific TAAs in ovarian cancer and high-affinity

TCRs targeting these TAAs. By combining mRNA-seq datasets of

healthy and tumor tissues, we selected preferentially expressed

antigen of melanoma (PRAME), CCCTC-binding factor

(CTCFL), and Claudin-6 (CLDN6) as TAAs with high expression

in ovarian cancer and at least 20-fold lower expression in all healthy

tissues of risk. We identified peptides derived from the selected

targets in the HLA class I ligandome of primary OVCA patient

samples as well as cell lines. To target the identified peptides we

isolated high-avidity T-cell clones from the allo-HLA T-cell

repertoire of 25 healthy individuals. Using panels of primary

patient-derived ovarian cancer cells, OVCA cell lines and healthy

cell subsets, we ultimately selected three PRAME TCRs and one

CTCFL TCR with potent and specific antitumor reactivity in vitro

and in vivo. These TCRs are promising candidates for the treatment

of patients with ovarian cancer.
Materials and methods

Differential gene expression analysis

Publicly available datasets [The Cancer Genome Atlas (TCGA)

(https://www.cancer.gov/tcga); Genotype Tissue Expression (GTEx)

(25); Human Protein Atlas (HPA) (26)] were accessed through the

online resource Recount2 (https://jhubiostatistics.shinyapps.io/

recount/) (27). Read alignment against the hg38 reference genome

and mRNA quantification were part of the Recount2 pre-processing

pipeline. Raw count tables were obtained and combined into one
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comprehensive dataset. For each distinct primary cancer tissue from

the TCGA 30 samples were randomly chosen. Random sampling was

also applied for the GTEx dataset, with maximum number of 20

samples, if available. Regarding the HPA dataset, all samples were

included (3-5 samples per tissue). The compiled dataset consisted of a

total of 2202 samples and was normalized utilizing the EdgeR

package and its Relative Log Expression (RLE) method (28, 29) in

R (v3.4.3). Finally, the dataset was filtered to retain only those genes

showing evidence of expression in ovarian cancer, as defined by a

minimum mean of 100 read counts (16855 genes in total).

Differential gene expression analysis was performed using the

EdgeR package after fitting a quasi-likelihood negative binomial

generalized log-linear model to the count data. Genes were defined

to be DE in ovarian cancer when they exhibited an absolute

minimum fold change (FC) of ≥ 20 and FDR adjusted p-value of ≤

0.05. Mean expression in ovarian cancer was compared against most

of the healthy tissues present in the dataset, only tissues from

reproductive organs and tumors were excluded.
Sample collection for peptide elution

Seven solid primary OVCA patient samples derived from different

patients (2 – 20 gram) were collected and dissociated using the

gentleMACS (Miltenyi Biotec) procedure (Supplemental Methods).

Also one ascites OVCA patient sample (6*109 cells) and three primary

acute myeloid leukemia (AML) samples (65 – 500*109 cells) were

collected. Furthermore, various cell lines were expanded up to at least

2*109 cells (Supplementary Table 3). Cell lines transduced with HLA

alleles, CLDN6 and/or CTCFL were first enriched for marker gene

expression viamagnetic-activated cell sorting (MACS) or fluorescence-

activated cell sorting (FACS). HLA typing of all samples/cell lines was

performed and gene expression was quantified by Quantitative

Polymerase Chain Reaction (qPCR) (Supplemental Methods).
HLA class I-peptide elution procedure,
fractionation and mass spectrometry

Cell pellets were lysed and subjected to an immunoaffinity column

to collect bound peptide-HLA complexes. Peptides were subsequently

separated, fractionated and analyzed by data-dependent MS/MS

(Supplemental Methods). Proteome Discoverer V.2.1 (Thermo Fisher

Scientific) was used for peptide and protein identification, using the

mascot search node for identification (mascot V.2.2.04) and the

UniProt Homo Sapiens database (UP000005640; Jan 2015; 67,911

entries). Peptides were in-house synthesized using standard Fmoc

chemistry and PE-conjugated pMHC-multimers were generated with

minor modifications (Supplemental Methods).
Cell culture

T cells were cultured in T-cell medium (TCM) and (re)

stimulated every 10-14 days with PHA and irradiated autologous

feeders (Supplemental Methods). OVCA cell lines COV-318/-
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362.4/-413b/-434/-504/-641 were established at the department of

Medical Oncology (LUMC, NL) (30). OVCA cell lines OVCAR-3

and SK-OV-3 were obtained from the ATCC and A2780 from the

ECACC. Primary patient-derived OVCA cells were either isolated

from bulk tumor tissue using gentle MACS and immediately frozen

(OVCA-L11) or isolated from the ascites fluid by centrifugation

(>70% EpCAM positive cells and >95% CD45 negative cells) and

immediately frozen (OVCA-L23). Both OVCA-L11 and OVCA-

L23 were derived from an HLA-A*02:01 positive OVCA patient.

The primary patient-derived OVCA cells (p0) were thawed three

days before being used as target cells in screening experiments.

Additionally, primary patient-derived OVCA-L23 cells expanded in

vitro which allowed retroviral introduction of HLA-A*24:02 or

B*07:01, followed by MACS-enrichment. OVCA-L23 cells

transduced with HLA-A*24:02 or B*07:01 (passage 10) were

included as target cells in screening experiments. Tumor cell lines

and primary patient-derived OVCA cells were cultured in different

media (Supplemental Methods). CD14-derived mature and

immature dendritic cells (mDCs and imDCs), and activated

CD19 cells were isolated from peripheral blood mononuclear cells

(PBMCs) of different healthy donors and generated as previously

described (24). Purity of the generated cells was assessed using flow

cytometry (Supplemental Methods). Fibroblasts and keratinocytes,

both cultured from skin biopsies, were cultured as previously

described (24). PTECs derived from kidney tubules were isolated

and cultured as previously described (31).
Isolation of OVCA-specific T cells by
pMHC-multimer enrichment

Buffy coats of healthy donors were collected after informed

consent (Sanquin). PBMCs were isolated using Ficoll gradient

separation and incubated with the selection of pMHC-multimers

for 1 hour at 4°C or 15 minutes at 37°C. pMHC-multimers were

only included if the healthy donor was negative for the restricted

HLA allele. pMHC-multimer bound cells were MACS enriched

using anti-PE MicroBeads (Miltenyi Biotec/130-048-801). The

positive fraction was stained with CD8 (AF700) and CD4, CD14

and CD19 (FITC). pMHC-multimer and CD8 positive cells were

single-cell sorted using an Aria III cell sorter (BD Biosciences) in a

96 well round bottom plate containing 5x104 irradiated PBMCs

(35Gy) and 5x103 EBV-JY cells (55Gy) in 100 mL TCM with 0.8 µg/

mL phytohemagglutinin (PHA). T-cell recognition was assessed 10

– 14 days after stimulation, followed by restimulation or storage of

the selected T-cell clones.
T-cell reactivity assays

T-cell recognition was measured by an IFN-g ELISA (Sanquin or

Diaclone). 5,000 T cells were cocultured overnight with target cells in

various effector-to-target (E:T) ratios in 60 mL TCM in 384-well flat-

bottom plates (Greiner Bio-One). To upregulate HLA expression, all

adherent target cells were treated with 100 IU/mL IFN-g (Boehringer
Ingelheim) for 48 hours before coculture. All T cells and target cells
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were washed thoroughly before coculture to remove expansion-

related cytokines. Supernatants were transferred during the ELISA

procedure using the Hamilton Microlab STAR Liquid Handling

System (Hamilton company) and diluted 1:5, 1:25 and/or 1:125 to

quantify IFN-g production levels within the linear range of the

standard curve. T-cell mediated cytotoxicity was measured in a 6-

hour 51chromium release assay (Supplemental Methods).
TCR identification and TCR gene transfer
to CD8+ T cells

TCR a and b chains of the selected T-cell clones were identified

by sequencing with minor modifications (Supplemental Methods).

The TCR a (VJ) and b (VDJ) regions were codon optimized,

synthesized, and cloned in MP71-TCR-flex retroviral vectors by

Baseclear. The MP71-TCR-flex vector already contains codon-

optimized and cysteine-modified murine TCR a and b constant

domains to optimize TCR expression and increase preferential

pairing (32). Apart from the OVCA-specific TCRs, a murinized

CMV-specific TCR (NLVPMVATV peptide presented in HLA-

A*02:01) was included as a negative control. CD8+ T cells were

isolated from PBMCs of different donors by MACS and TCRs were

introduced via retroviral transduction two days after stimulation

with PHA and irradiated autologous feeders. Seven days after

stimulation, CD8+ T cells were MACS enriched for murine TCR.

Ten days after stimulation, purity of TCR-T cells was checked by

flow cytometry and used in functional assays (more details in

Supplemental Methods).
In vivo model

NOD-scid-IL2Rgammanull (NSG) mice (The Jackson

Laboratory) were intravenously (i.v.) injected with 2*106 U266

multiple myeloma (MM)_cells. U266 cells were transduced with

and enriched for Luciferase-tdTomato Red and HLA-A24 (NGFR)

when indicated. On day 14, mice were treated i.v. with 5*106

purified PRAME TCR-T cells (n = 6) or CMV TCR-T cells (n =

4). TCR-T cells were used seven days after second stimulation with

PHA and irradiated autologous feeder cells. Tumor outgrowth

(average radiance) was measured at regular intervals after

intraperitoneal injection of 150 mL 7.5 mM D-luciferine (Cayman

Chemical) using a CCD camera (IVIS Spectrum, PerkinElmer). All

mice were sacrificed when control mice reached an average

luminescence of 1*107 p/s/cm2/sr. This study was approved by

the national Ethical Committee for Animal Research

(AVD116002017891) and performed in accordance with Dutch

laws for animal experiments.
DAC treatment

DAC (5-aza-2′-deoxycytidine) (A3656, Sigma-Aldrich) was

solved in dimethyl sulfoxide (DMSO). Target cells were at 50%

confluency at start of treatment and were treated with 1 µM DAC
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on day 1 and 4. DMSO treated cells served as negative control. On

day 7, cells were harvested for T-cell reactivity assays and RNA

isolation to determine gene expression by qPCR.
Statistical analysis

Statistical analysis was performed using GraphPad Prism

software (Version 9.0.1.). Statistical tests used are indicated in the

figure legends, P < 0.05 was considered significant. Significance

levels are indicated as p <.05 *, p <.01 **, p <.001 ***, and p

<.0001 ****.
Study approval

Samples of healthy donors and AML patients were used from

the LUMC Biobank for Hematological Diseases, after approval by

the Institutional Review Board of the LUMC (approval number

3.4205/010/FB/jr) and the METC-LDD (approval number HEM

008/SH/sh). The OVCA patient samples were obtained according to

the Code of Conduct for Responsible Use of human tissues or in the

context of study L18.012 that was approved by the Institutional

Review Board of the LUMC (approval number L18.012) and

Central Committee on Research Involving Human Subjects

(approval number NL63434.000.17). Studies were conducted in

accordance with the Declaration of Helsinki and after obtaining

informed consent.
Results

Interrogation of mRNA-seq data
reveals differentially expressed genes
in ovarian cancer

To identify genes with immuno-therapeutic potential in ovarian

cancer, we obtained mRNA-seq data of 2202 samples from three

independent sources (TCGA, GTEx, and HPA) representing 120

different healthy or tumor tissues. We combined these tissues into

one comprehensive dataset to perform an elaborate differential gene

expression analysis (Figure 1A and Supplementary Table 1). Genes

were defined to be differentially expressed (DE) in ovarian cancer

when they exhibited an absolute FC of ≥ 20 compared to the

different healthy tissues present in the dataset, using the mean

expression values. Tissues from reproductive organs were excluded

from this comparison, as expression in the reproductive

compartment does not form an unacceptable toxicity risk for

ovarian cancer patients. The FC values for all 16,855 genes with ≥

100 read counts in ovarian cancer are listed in Supplementary Table

2, of which 9 genes were DE with a FC ≥ 20 in ovarian cancer. We

plotted for all genes the minimum FC against the adjusted p-value

to visualize the minimal extent of differential expression in ovarian

cancer (Figure 1B).

Six of the nine DE genes are not expressed on protein level and

were therefore not considered target candidates for T-cell therapy.
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SLC25A3P1, small nuclear RNU1-27P and small nuclear RNU1-

28P are pseudogenes which are assumed not to be translated (33).

Furthermore, microRNA MIR3687-1, antisense RNA ELFN1-AS1

and an uncharacterized long non-coding RNA gene are classified as

non-protein coding RNAs, although they do exhibit several gene

regulating functions of other genes (34). The final three genes,

PRAME, CTCFL and CLDN6, were considered interesting target

candidates. These genes were at least 20 times higher expressed in

ovarian cancer compared with healthy tissues, except for some

reproductive organs (Supplementary Figure 1, summarized in

Figure 1C). In line with their classification as CTA, PRAME and

CTCFL were highly expressed in testis (35). PRAME was also found

to be expressed in healthy endometrium and ovary, and

CLDN6 in placenta. According to the TCGA data, in particular

PRAME is expressed in various other tumor types as well

(Supplementary Figure 2).

To confirm expression of the three selected genes in ovarian

cancer, we quantified gene expression by qPCR in primary solid

tumor patient samples and malignant ascites patient samples, and

in OVCA cell lines (Figure 2A). We quantified relative gene

expression compared with three housekeeping genes. PRAME and

CLDN6 expression was demonstrated in most primary patient

samples and OVCA cell lines. Expression of CTCFL was high

(>30% relative expression) in 10/12 solid tumor patient samples,
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but limited expression was observed in ascites patient samples and

cell lines.
PRAME, CTCFL and CLDN6-derived
peptides identified in the HLA
class I ligandome

The number of previously identified peptides derived from

PRAME, CTCFL and CLDN6 binding in different common HLA

class I molecules is limited, as well as solid evidence of processing

and presentation in the context of HLA class I on ovarian tumors.

The PRAME TCRs currently investigated in clinical trials all target

the SLLQHLIGL or VLDGLDVLL peptide presented in HLA-

A*02:01. To establish a dataset of peptides that can be targeted by

TCRs, we determined the HLA class I ligandome of eight primary

OVCA patient samples and two OVCA cell lines (Supplementary

Tables 3A, B). In order to enlarge the dataset, various tumor cell

lines and primary AML patient samples expressing the selected

genes were additionally included (Supplementary Table 3C), some

of these cell lines were transduced with CTCFL, CLDN6 and/or

HLA class I molecules (Supplementary Table 3D). All best scoring

peptides for each gene with preferably a minimal Best Mascot Ion

score of 20 and a mass accuracy of 10 ppm were considered in the
A B

C

FIGURE 1

Differential gene expression analysis reveals genes associated with High-Grade Serous Ovarian Carcinoma. (A) Scheme depicting the differential
gene expression analysis strategy. (B) Plot displaying for all genes the minimum FC against the adj. p-val. Indicated in red are the three identified DE
genes (FC ≥ 20; adj. p-val ≤ 0.05). Indicated in grey are non-DE genes and non-protein coding genes. (C) Boxplots depicting PRAME, CTCFL and
CLDN6 expression in ovarian cancer (TCGA data, n = 30) and the 9 healthy tissue types with highest gene expression (HPA and/or GTEx data, n = 5-
25). Overlapping healthy tissue types within the HPA and GTEx were combined when possible. Boxplots extend from first to third quartile, the
horizontal line represent the median expression value. The whiskers represent minimum and maximum expression. The upper and lower red dashed
lines represent the median expression value and the 20 times lower expression value, respectively. (Adj. p-val: false discovery rate adjusted p-value,
DE, differentially expressed; FC, fold change; GTEx, genotype-tissue expression; HPA, human protein atlas; CPM Log2, log2-transformed counts per
million; minimum log2FC, log2 fold change; TCGA, The cancer genome atlas).
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first round of selection. As CLDN6 and CTCFL share homology

with ubiquitously expressed family members, only those peptides

that were unique for the target genes and did not demonstrate

major sequence overlap with Claudin-family members (n=47) or

paralog CTCF (n=6) were selected. In addition, we only continued

with peptides binding to common HLA molecules according to

netMHC peptide binding algorithm that matched with the HLA

typing of the material from which the peptides originated

(Supplementary Tables 3A–D) (36). Identified peptides were

validated by comparing mass spectra of eluted peptides and

synthetic peptides (Figure 2B and Supplementary Figure 3). HLA

binding was confirmed by stable pMHC-monomer refolding. In

total 23 PRAME peptides, 8 CTCFL peptides and 3 CLDN6

peptides were validated (Supplementary Table 4). As a result of

alternative splicing, at least 15 protein variants derived from CTCFL

isoforms are known (37). 7/8 CTCFL peptides are present in all 15

CTCFL variants, 1/8 CTCFL peptides, KLHGILVEA in HLA-

A*02:01, is only located in the unique region of CTCFL variant

13 (Supplementary Figures 4A, B) (37). Since no substantial

differences in gene expression were observed between variant 13

and the other CTCFL variants we also continued with this peptide

(Supplementary Figure 4C).
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OVCA-reactive T-cell clones isolated
from the allo-HLA T-cell repertoire of
25 healthy donors

To isolate high-avidity T cells reactive against PRAME-,

CTCFL- and CLDN6-derived peptides, peptide MHC-multimers

(pMHC-multimers) were generated for a selection of 17 peptides

binding in different common HLA class I alleles (Table 1). Of these

peptides 16 were identified in our mass spectrometry analysis and 1

peptide was previously identified (38). These pMHC-multimers

were incubated with PBMCs of 25 healthy HLA typed donors,

pMHC-multimer+ cells were enriched by MACS, and pMHC-

multimer+ CD8+ cells were subsequently single-cell sorted

(Figure 2C). pMHC-multimers were only included if the donor

was negative for the HLA allele, to ensure identification of T cells

from the allogeneic T-cell repertoire, and thereby circumventing

self-tolerance. On average 618*106 PBMCs were used per donor and

between 21 and 368 pMHC-multimer+ CD8+ T-cell clones could

be expanded after single-cell sorting. To test for functional peptide-

specificity, T-cell clones were cocultured with Raji cells loaded with

a pool of all target peptides. T-cell clones specifically recognizing the

peptide pool were subsequently tested for recognition of target cells
D

A B

C

FIGURE 2

Identification of PRAME, CTCFL and CLDN6 peptides and T-cell clones. (A) PRAME, CTCFL (TvX) and CLDN6 mRNA gene expression in 14 OVCA
patient samples (12 solid tumor tissues and 2 malignant ascites samples (OVCA-L23 and OVCA-L25)), and 9 OVCA cell lines. Expression was
measured by qPCR and is shown as percentage relative to the three HKGs GUSB, VPS29 and PSMB4, which was set at 100%. (B) Example of three
OVCA-derived peptides identified in our HLA ligandome analyses. Shown are the mass spectra of the eluted peptides, including the gene, peptide
sequence and HLA restriction. All eluted peptides were validated by comparing tandem mass spectra of eluted peptides and synthetic peptides, as
shown in Supplementary Figure 3. (C) Representative flow cytometry plots of the pMHC-multimer enriched cell population in 1 of the 25 healthy
donors. Shown is the gating strategy of the single-cell sorted population (depicted in red), gated on CD8 (Alx700) +, pMHC-multimer (PE) + and
CD4/CD14/CD19 (FITC) -. (D) Examples of recognition patterns based on IFN-g production (ng/mL) of selected and excluded T-cell clones during
the first T-cell screenings. T-cell clones were cocultured with Raji cells transduced with various HLA alleles, combined with loading of OVCA
peptides (1 mM) or transduction of OVCA genes (E:T=1:6). Excluded 1 – 4 represent T-cell clones lacking potency and/or specificity. (HKGs,
housekeeping genes; OVCA, primary ovarian cancer sample).
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transduced with OVCA genes, to select T-cell clones potent enough

to recognize endogenously processed and presented peptide. T-cell

clones that were only reactive against peptide-loaded cells,

nonreactive, reactive against one specific HLA allele independent

of added peptides, or reactive against all target cells were excluded

(Figure 2D). In addition to our search in healthy donors, we

searched within the allogeneic T-cell repertoire of an AML

patient after HLA-mismatched stem cell transplantation that was

published previously (39).

In total, 56 T-cell clones specific for 6/9 PRAME and 3/5

CTCFL peptides that recognized cells transduced with the

respective OVCA gene were selected of which 28 clones are

shown in Supplementary figure 5A, B. For CLDN6, T-cell clones

were isolated that recognized peptide-loaded target cells

(Supplementary figure 5C), however, CLDN6 transduced cells

were not recognized and therefore these CLDN6-specific T-cell

clones were not of sufficient avidity and excluded from

further screenings.
T-cell clones selected as clinical TCR
candidates for the treatment of ovarian
cancer patients

To select TCR candidates for clinical development, 3 additional

screenings were performed. First, tumor recognition was assessed

using a panel of naturally expressing PRAME or CTCFL positive
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tumor cell lines, all expressing the target HLA allele. OVCA cell

lines were included to screen the PRAME T-cell clones and for the

CTCFL T-cell clones K562 and Ca Ski cell lines were included since

OVCA cell lines did not express CTCFL (Figure 2A). Second, cross-

reactivity with other peptides presented in the target HLA allele was

assessed using a panel of PRAME or CTCFL negative tumor cell

lines and healthy cell subsets. Third, HLA cross-reactivity was

assessed using a panel of Epstein-Barr virus transformed

lymphoblastoid cell lines (EBV-LCL) expressing all HLA alleles

with an allele frequency ≥ 1% present in the Caucasian population.

In total, four T-cell clones were selected as TCR candidates for

clinical development. Three T-cell clones target a PRAME-derived

peptide: clone DSK3 specific for QLLALLPSL in HLA-A*02:01

(PRAME/QLL/A2), clone 16.3C1 specific for LYVDSLFFL in

HLA-A*24:02 (PRAME/LYV/A24) and clone 8.10C4 specific for

SPSVSQLSVL in B*07:02 (PRAME/SPS/B7). One T-cell clone

targets a CTCFL-derived peptide: clone 39.2E12 specific for

KLHGILVEA in HLA-A*02:01 (CTCFL/KLH/A2). These T-cell

clones effectively recognized all PRAME or CTCFL positive

OVCA/tumor cell lines (Figure 3A). Of the PRAME and CTCFL

negative cells, only clone 8.10C4PRAME/SPS/B7 showed low

recognition of PRAME negative healthy imDCs (Figure 3B). To

prevent unwanted toxicity, this recognition should be investigated

further using TCR-T cells. Furthermore, clone 16.3C1PRAME/LYV/A24

showed cross-reactivity against HLA-B*37:01 and HLA-B*38:01

positive EBV-LCLs (Figure 3C). The global frequencies of these

HLA alleles are low (HLA-B*37:01: 3.23% and HLA-B*38:01:
TABLE 1 Included PRAME, CTCFL and CLDN6 HLA class I peptides.

Gene Peptide HLA Sample/cell line source BMI

PRAME QLLALLPSL A*02:01 TMD8 +A2, EBV-5098 37

PRAME LYVDSLFFL A*24:02 x x

PRAME SPRRLVELAGQSL B*07:02 COV413b, AML-6711, TMD8 +B7, EBV-5098 30

PRAME MPMQDIKMIL B*07:02 TMD8 +B7, AML-6498 25

PRAME SPSVSQLSVL B*07:02 COV413b, EBV-5098, TMD8 +B7, AML-3374, U266 65

PRAME LPRELFPPL B*07:02 EBV-5098, K562+B7 26

PRAME MPMQDIKMIL B*35:01 TMD8 +B7, AML-6498 25

PRAME LPRELFPPL B*35:01 EBV-5098, K562+B7 26

PRAME YEDIHGTLHL B*40:01 COV362.4, U266 42

CTCFL CSAVFHERY A*01:01 K562+A1 43

CTCFL RSDEIVLTV A*01:01 K562+A1 37

CTCFL KLHGILVEA A*02:01 K562+A2 12

CTCFL DSKLAVSL B*08:01 K562+B8 35

CTCFL AETTGLIKL B*40:01 COV362.4 51

CLDN6 GPSEYPTKNYV A*01:01 EBV-9603 +CLDN6 25

CLDN6 VLTSGIVFV A*02:01 EBV-6519 +CLDN6 23

CLDN6 DSKARLVL B*08:01 EBV-9603 +CLDN6 37
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Overview of the 17 OVCA gene-derived peptides included in our T-cell search. For each peptide identified in our HLA ligandome analyses, the gene, HLA binding restriction, sample/cell line
source, and BMI are listed. Details of the samples and cell lines are listed in Supplementary Table 1. The LYVDSLFFL peptide binding in A*24:02 was included based on literature (38). BMI, best
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1.72%) (40). The excluded T-cell clones exhibited either limited

recognition of PRAME or CTCFL positive OVCA/tumor cell lines

(25/56), or were cross-reactive against peptides in commonly

expressed HLA alleles (27/56).
High-affinity PRAME TCRs reactive against
OVCA cells

To investigate the clinical potential of the selected PRAME T-

cell clones for TCR gene therapeutic strategies, the TCR a and b
chains were sequenced and transferred using retroviral vectors into

CD8+ T cells of at least four different donors. TCR-T cells were

enriched based on murine TCR (mTCR) expression and

functionally tested. In Figure 4A we demonstrated, by pMHC-

multimer staining, that PRAME TCR-T cells efficiently expressed
Frontiers in Immunology 08104
the three newly identified TCRs at the cell surface. As a reference,

the previously identified HSS3 TCRPRAME/SLL/A2 (patent:

WO2016142783A2) that will be clinically tested in the near future

was included (39). Most TCR-T cells exhibited high peptide

sensitivity in peptide titration experiments, only TCR

8.10C4PRAME/SPS/B7 demonstrated limited peptide sensitivity

(Figure 4B). Additionally, ovarian cancer reactivity of the different

PRAME TCR-T cells was studied against various OVCA tumor cell

lines and primary patient-derived ovarian cancer cells (OVCA-L23)

(Figure 4C). The OVCA-L23 cells positive for HLA-A*02:01

expanded in vitro which allowed additional retroviral

introduction of HLA-A*24:02 or B*07:01. Uncultured OVCA-L23

(p0) cells were therefore included as target for TCR DSK3PRAME/

QLL/A2 and HLA-A*24:02 or B*07:01 transduced cells (p10) were

included as targets for all the PRAME TCR-T cells. All PRAME

TCR-T cells recognized the primary patient-derived OVCA-L23
A B C

FIGURE 3

Recognition patterns of the selected T-cell clones recognizing PRAME or CTCFL positive tumor cells, without substantial peptide or HLA cross-reactivity.
Recognition patterns based on IFN-g production (ng/mL) after overnight coculture assays with (A) PRAME or CTCFL positive tumor cell lines, (B) PRAME or
CTCFL-negative tumor cell lines and healthy cell subsets, and (C) 25 EBV-LCLs, expressing all HLA alleles with an allele frequency ≥ 1% present in the
Caucasian population. The HLA allele in (C) is depicted if an HLA allele is recognized by the T-cell clone, meeting the requirement that all EBV-LCLs with this
HLA allele are recognized. All cell lines in (A, B) express the HLA allele that presents the targeted peptide, either wildtype or the HLA allele was introduced by
transduction (+A2, +A24 or +B7). Percentage relative PRAME or CTCFL expression is depicted, as determined by qPCR. Bars represent mean and symbols
depict technical duplicates. (EBV-LCL: Epstein-Barr virus transformed lymphoblastoid cell lines).
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cells as well as all seven PRAME positive OVCA tumor cell lines. In

addition, the specificity of the PRAME TCR-T cells was tested

against various healthy cell subsets. By qPCR relative PRAME

expression was observed in mDCs (3.2%), PTECs (1.3%) and

stimulated CD19 cells (0.3%) (Supplementary Figure 6). mDCs

were slightly recognized by the PRAME TCRs, as was previously

observed for the HSS3 TCRPRAME/SLL/A2 (39), but no other

reactivity was observed (Figure 4D). Although clone

8.10C4PRAME/SPS/B7 had exhibited some reactivity against imDCs

(Figure 3B), the TCR-T cells did not show any signs of recognition

in repeated experiments (Figure 4D).

Anti-OVCA cytotoxic reactivity was further investigated in a

six-hour 51chromium release assay. Transfer of the different

PRAME TCRs to CD8+ T cells of four different donors resulted

in efficient killing of OVCA tumor cell lines and the primary

patient-derived OVCA cells (OVCA-L23 p0 or p10) (Figure 5A).
Frontiers in Immunology 09105
Comparable killing percentages were observed by positive control

TCR HSS3PRAME/SLL/A2 (Figure 5A), and peptide-loaded targets

were similarly lysed (Supplementary Figure 7). No off-target

killing of Raji cells (0% PRAME), imDCs (0% PRAME), and

target HLA negative COV362.4 cells was observed (Figure 5B). In

vivo killing potential of the PRAME TCRs was tested in an

established model for multiple myeloma (MM) (23), since

PRAME is also expressed in MM. Despite low PRAME expression

(4%), all three newly identified PRAME TCR-T cells and positive

control TCR HSS3PRAME/SLL/A2 reduced tumor burden for at least 6

days after infusion (Figure 5C). TCR 16.3C1PRAME/LYV/A24 and the

positive control demonstrated the strongest effect. In conclusion,

the three PRAME TCRs (DSK3PRAME/QLL/A2, 16.3C1PRAME/LYV/A24

and 8.10C4PRAME/SPS/B7) demonstrated potent antitumor reactivity

in vitro and in vivo without harming healthy cell subsets in vitro and

are considered promising TCRs for TCR gene therapy.
DA B C

FIGURE 4

Three new PRAME TCR-T cells recognize PRAME positive OVCA cells and mature DCs. The three new PRAME TCRs and clinically tested HSS3 TCR
were introduced via retroviral transduction in CD8+ cells of four different donors. (A) Representative flow cytometry plots of purified CMV and
PRAME TCR-T cells, and their parental PRAME T-cell clones stained with murine TCR (mTCR) and the PRAME-specific pMHC-mult. (B) IFN-g
production (ng/mL) of TCR-T cells and their parental T-cell clones cocultured overnight with Raji cells (transduced with HLA-A2, A24 or B7) loaded
with titrated peptide concentrations (E:T = 1:6). (C) IFN-g production of TCR-T cells cocultured with OVCA cells (E:T = 1:6). All OVCA cells express
the HLA allele that presents the targeted peptide, either wildtype or the HLA allele was introduced by transduction. Primary malignant ascites patient
sample OVCA-L23 (wildtype HLA-A2) was either passage 0 (included for TCR DSK3 and HSS3) or passage 10 transduced with HLA-A24 or B7
(included for all TCRs). (D) IFN-g production of TCR-T cells cocultured with several healthy cell subsets (E:T = 1:4 for keratinocytes, fibroblasts,
PTECs and CD14+, 1:6 for CD19+). Cell subsets were isolated from multiple HLA-A2+, A24+ and/or B7+ donors. (C-D) Percentage relative PRAME
expression is depicted, as determined by qPCR. Bars represent mean and symbols depict averaged duplicate values from four different donors tested
in two independent experiments. (E:T, effector:target ratio; imDCs and mDCs, immature and mature dendritic cells; pMHC-mult, peptide MHC-
multimers; PTECs, proximal tubular epithelial cells; OVCA, primary ovarian carcinoma sample).
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High-affinity CTCFL TCR reactive against
DAC treated OVCA cells

Next, the CTCFL-specific TCR 39.2E12CTCFL/KLH/A2 was tested

for anti-ovarian cancer reactivity and specificity. Generated CTCFL

TCR-T cells efficiently expressed the TCR at the cell surface

(Figure 6A) and demonstrated high peptide sensitivity in a

peptide titration (Figure 6B). CTCFL TCR-T cells generated from

three different donors recognized primary patient-derived OVCA-

L11 cells harvested from an HLA-A*02:01 positive patient

(Figure 6C). Furthermore, in line with the lack of CTCFL

expression in any of the included healthy cell subsets

(Supplementary Figure 6), healthy cell subsets were not

recognized by CTCFL TCR-T cells (Figure 6D).

Despite high CTCFL expression in primary OVCA patient

samples, OVCA tumor cell lines did not express CTCFL

(Figure 2A). In contrast, cervical cancer cell line Ca Ski is positive

for CTCFL and this correlates with expression in part of primary

cervical carcinoma samples (Supplementary Figure 2B). As

demonstrated in Figure 6E, the Ca Ski cells were efficiently

recognized by the CTCFL TCR-T cells. Since CTCFL expression
Frontiers in Immunology 10106
is epigenetically regulated and treatment with demethylating agent

DAC has previously been shown to upregulate expression of CTCFL

in OVCA tumor cell lines (42), we investigated whether DAC can

make tumor cell-lines more susceptible to CTCFL-mediated killing.

Seven days of DAC treatment clearly resulted in CTCFL

upregulation in OVCA cell lines, compared to not treated cells

(Figure 6E). In line with the upregulation, recognition of DAC-

treated OVCA tumor cell lines COV413b and A2780 was

significantly increased for CTCFL TCR-T cells (Figure 6E).

CTCFL upregulation by DAC was restricted to tumor cells, as

DAC treatment of healthy fibroblasts did not upregulate CTCFL

expression and did not induce recognition by CTCFL TCR-T cells

(Figure 6F). In line with increased cytokine production, cytotoxic

capacity of CTCFL TCR-T cells towards DAC-treated COV413b

was significantly increased (Figure 6G). DAC treatment did not

increase killing by allo-HLA-A*02:01 T cells (Figure 6G) neither did

it influence killing of peptide-loaded target cells (Supplementary

Figure 8), suggesting DAC treatment does not generally increase

susceptibility of these target cells to T-cell mediated killing. In

OVCA tumor cell lines we also observed increased PRAME

expression after DAC treatment, which slightly increased
A

B

C

FIGURE 5

PRAME TCR-T cells kill OVCA cells in vitro and demonstrate in vivo killing potential in an established MM model. (A, B) Purified PRAME TCR-T cells
were tested for cytotoxic capacity in a 6-hour 51Cr-release assay at E:T ratio 10:1 against (A) primary OVCA patient samples and OVCA cell lines, and
(B) PRAME negative cells (Raji and imDCs), or target HLA negative cells (COV362.4). Except for COV362.4, all target cells expressed the target HLA
alleles, either wildtype or Td. COV318 and OVCAR-3 were Td with A24, Raji cells were Td with A2, A24 or B7. Primary malignant ascites patient
sample OVCA-L23 (wildtype HLA-A2) was either passage 0 (included for TCR DSK3 and HSS3) or passage 10 Td with A24 or B7 (included for TCR
16.3C1 and 8.10C4). imDCs were isolated from PBMCs of a A2+, A24+ and B7+ donor. Percentage relative PRAME expression is depicted, as
determined by qPCR. Cytotoxic capacity of PRAME TCR- and CMV TCR-T cells were compared using a paired t-test (two-sided). Mean and SD of
technical triplicates are depicted for four donors tested in two independent experiments. (C) NSG mice engrafted with 2*106 U266 MM cells Td with
Luc2 luciferase. Mice were i.v. treated with 5*106 PRAME or CMV TCR-T cells 14 days after tumor infusion. Mean and SD of tumor outgrowth
(average radiance measured by bioluminescence imaging) over time on the ventral side are depicted. N=6 for PRAME TCR-T cells and n=4 for CMV
TCR-T cells. Tumor outgrowth in mice treated with PRAME or CMV-TCR T cells was compared for each time point using two-way ANOVA on log-
transformed data, followed by Bonferroni post-hoc analysis. Only significant results are depicted. (ANOVA, analysis of variance, E:T, effector:target
ratio; ns, not significant; imDCs, immature dendritic cells; MM, multiple myeloma; OVCA, primary ovarian carcinoma sample; Td, transduced).
Meaning of the * are listed in the M&M. Significance levels are indicated as p <.05 *, p <.01 **, p <.001 ***, and p <.0001 ****. ns, not significant.
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recognition and killing potential by HLA-A*02:01-restricted

PRAME TCR-T cells (Supplementary Figure 9). In conclusion,

CTCFL-specific TCR 39.2E12CTCFL/KLH/A2 demonstrate anti-

OVCA reactivity against (DAC-treated) CTCFL positive tumor

cells without harming healthy cell subsets and is considered a

promising TCR for TCR gene therapy of ovarian cancer.
Discussion

In this study, we describe the selection of PRAME, CTCFL and

CLDN6 as strictly tumor-specific targets for patients with ovarian

cancer. We identified 34 peptides derived from these genes in the

HLA class I ligandome of OVCA patient samples as well as various

tumor cell lines. For nine peptides we identified potent T-cell clones

in the allo-HLA T-cell repertoire of healthy donors, demonstrating

these peptides can be recognized by T cells. We made a final

selection of four potent and specific TCRs recognizing PRAME or

CTCFL peptides presented in different HLA alleles. The three

PRAME TCRs, recognizing peptides in HLA-A*02:01, -A*24:02
Frontiers in Immunology 11107
or -B*07:01, are an essential addition to the currently used TCRs.

We demonstrated that these PRAME TCRs exhibit potent

antitumor reactivity in vitro and in vivo. The CTCFL TCR

recognizing an HLA-A*02:01 restricted peptide is, to our

knowledge, the first CTCFL TCR described to date. The CTCFL

TCR-T cells efficiently recognized primary patient-derived OVCA

cells, and OVCA cell lines treated with epigenetically regulator

DAC. Overall, the four TCRs are considered promising candidates

for TCR gene transfer strategies in patients suffering from ovarian

cancer or other PRAME or CTCFL expressing cancers.

We aimed to identify strictly tumor-specific TAAs in ovarian

cancer by only selecting DE genes with a FC ≥ 20 compared to all

healthy tissues of risk. Not all antigens currently targeted in clinical

studies with ovarian cancer patients fulfilled these strict criteria.

CAR-T cells targeting extracellular proteins CLDN6, mucin16,

mesothelin, folate receptor-a and HER2, are currently

investigated in ovarian cancer patients (43). The DE fold change

values calculated in our analysis were respectively 137, 12, 6, 3 and 1

(Supplementary table 2). According to our DE criteria (FC ≥ 20), we

consider CLDN6 a strictly tumor-specific target for ovarian cancer
DA B

E F G

C

FIGURE 6

CTCFL TCR-T cells recognize and kill (DAC-treated) CTCFL positive OVCA cells. CD8+ cells of four different donors were retrovirally transduced to
express the 39.2E12CTCFL/KLH/A2 TCR and purified. (A) Representative flow cytometry plots of purified CMV and CTCFL TCR-T cells, and the parental
CTCFL T-cell clone stained with murine TCR (mTCR) and the CTCFL-specific pMHC-mult. (B) IFN-g production (ng/mL) of the TCR-T cells and
parental T-cell clone cocultured overnight with Raji cells transduced with HLA-A*02:01 and loaded with titrated peptide concentrations (E:T = 1:6).
(C–F) IFN-g production of TCR-T cells cocultured with (C) single viable cells of primary patient-derived sample OVCA-L11 passage 0 (E:T 1:6),
(D) healthy cell subsets of multiple donors (E:T = 1:4 for fibroblasts, PTECs and CD14+, and 1:6 for CD19+), (E) 7 days 1 µM DAC or DMSO treated
tumor cells (E:T = 1:6), and (F) 7 days 1 µM DAC or DMSO treated fibroblasts. Bars represent mean and symbols depict averaged duplicate values
from three or four different donors tested in two independent experiments. (G) Cytotoxic capacity of CTCFL TCR-T cells in a 6-hour 51Cr-release
assay against Raji cells loaded with the KLH peptide, and COV413b and SK-OV-3 treated with 7 days 1 µM DAC or DMSO. Mean and SD depict
technical triplicates from four different donors tested in two independent experiments, at E:T ratio 10:1. Cytotoxic capacity of an allo-HLA-A*02:01
reactive T-cell clone recognizing HKG USP11 is shown for the different conditions (41). (B–G) All target cells express HLA-A*02:01, either wildtype or
the HLA allele was introduced by transduction (Raji, SK-OV-3, A2780). Percentage relative CTCFL (TvX) expression is depicted, as determined by
qPCR. (D) IFN-g production of CTCFL TCR- and CMV TCR-T cells compared using a paired t-test (two-sided). (E–G) IFN-g production and
cytotoxicity of CTCFL TCR-T cells cocultured with DMSO and DAC-treated cells, or Raji cells loaded with and without peptide, compared using a
paired t-test (two-sided). (ns, not significant; DAC, 5-aza-2′-deoxycytidine; imDCs and mDCs, immature and mature dendritic cells; pMHC-mult,
peptide MHC-multimers; PTECs, proximal tubular epithelial cells; OVCA, primary ovarian carcinoma sample). Meaning of the * are listed in the M&M.
Significance levels are indicated as p <.05 *, p <.01 **. ns, not significant.
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patients. For the other targets the difference between expression in

OVCA patient samples and some of the healthy tissues was lower,

suggesting possible on-target off-tumor toxicity risks and a narrow

therapeutic window (44). Moreover, we question whether the

frequently studied TCR targets NY-ESO-1 and MAGE-A4 are

optimal targets for the majority of ovarian cancer patients, since

the mean expression levels were low in the included TCGA OVCA

samples (mean read count ¾ 100).

Currently three clinical studies targeting CLDN6 are ongoing in

ovarian cancer patients: a CLDN6 CAR (NCT04503278 (45)),

CLDN6 bispecific T cell engager (NCT05317078 (46)) and

CLDN6 CAR-NK (NCT05410717). In our study, thus far only T

cells reactive against CLDN6 peptide-loaded cells, but not against

CLDN6 transduced cells were identified. We, however, anticipate

that the three identified CLDN6 peptides can be used for

identification of more potent CLDN6-reactive TCRs in the future.

To our knowledge these are the first validated CLDN6 peptides

found in the HLA ligandome. In general, the number of unique

CLDN6-derived peptides will be limited due to shared homology

with ubiquitously expressed Claudin-family members. This also

counts for CTCFL which has homology with its ubiquitously

expressed paralog CTCF. Based on serious side effects in patients

treated with a TCR targeting MAGE-A3 and -A9, that was cross-

reactive with MAGE-A12 expressed in brain (47), overlap or minor

differences in peptide sequences between tumor and ubiquitously

expressed antigens is probably not acceptable. Recently two TCRs

targeting CLDN6 peptides that were predicted to bind to HLA-

A*02:01 or HLA-DR*04:04 have been identified (15). Considering

the shared homology of the HLA-A*02:01 binding peptide with

CLDN9, the safety of this TCR has to be carefully evaluated.

The three identified PRAME TCRs demonstrated potent and

specific antitumor reactivity in vitro and in vivo and pose a valuable

addition to the currently used TCRs targeting the SLL or VLD

peptide presented in HLA-A*02:01. Only TCR 16.3C1PRAME/LYV/

A24 showed HLA cross-reactivity against the globally infrequent

alleles HLA-B*37:01 (3.23%) and HLA-B*38:01 (1.72%) (40)

(Figure 3C), implicating this TCR is not suitable for the group of

patients expressing these HLA alleles. Furthermore, clone

8.10C4PRAME/SPS/B7 demonstrated some reactivity against PRAME

negative imDCs. However, given the lack of reactivity by the TCR-T

cells towards imDCs, we hypothesize the reactivity is a result of

non-TCR mediated recognition, for example induced by a killer

immunoglobulin-like receptor expressed on the T-cell clone. Given

the broad and high PRAME expression in many tumor types

(Supplementary Figure 2), we expect the PRAME TCRs to be

valuable for treatment of other PRAME positive tumors as well.

PRAME-reactive TCRs are currently investigated in a variety of

tumor types: myeloid and lymphoid neoplasms (NCT03503968),

acute myeloid leukemia, myelodysplastic syndrome and uveal

melanoma (NCT02743611), and various solid tumors including

ovarian cancer (NCT03686124 (48) and a TCR/anti-CD3 bispecific

fusion protein in NCT04262466 (49)). Especially for PRAME our

strategy to isolate high-avidity T cells in the allo-HLA T-cell

repertoire was essential, since low PRAME expression in mDCs
Frontiers in Immunology 12108
(3.2%) and PTECs (1.3%) (Supplementary Figure 6) implicate self-

tolerance to PRAME in the autologous T-cell repertoire. Previously,

we indeed demonstrated that PRAME-specific T-cell clones derived

from the autologous T-cell repertoire lacked reactivity against

endogenously processed PRAME and showed lower peptide

sensitivity compared with T-cell clones derived from the allo-

HLA T-cell repertoire (39). Apart from the T-cell repertoire,

selecting the accurate peptide is crucial for clinical efficacy of

TCR-based therapy as well. We identified 23 naturally expressed

PRAME peptides, of which 8 peptides were presented in HLA-

A*02:01. We were not able to identify the often used VLD peptide

presented in HLA-A*02:01, which may suggest this peptide is not

optimally processed and presented in PRAME positive tumor cells.

Although CTCFL has been proposed as an attractive tumor

target given the restricted expression profile and several oncogenic

properties, studies investigating CTCFL-targeting therapies are still

limited. CTCFL, also named brother of the regulator of imprinted

sites (BORIS), is a DNA binding protein and plays a central role in

gene regulation by acting as a transcription factor of testis-specific

genes, including some CTAs (50). By interfering with cellular

processes such as apoptosis, proliferation and immortalization,

CTCFL exhibits several oncogenic properties (50). In ovarian

cancer CTCFL expression indeed correlates with advanced stage

and decreased survival (51). In other tumor types CTCFL

expression has also been detected, although expression data have

been contradictory (52). According to the TCGA data, CTCFL is

mainly expressed in ovarian cancer (Supplementary Figure 2). We

also demonstrated high CTCFL expression in most primary OVCA

patient samples, and demonstrated reactivity of the CTCFL TCR-T

cells against the primary patient-derived OVCA cells of an HLA-

A*02:01 positive OVCA patient. With the exception of the cervical

cancer cell line Ca Ski, no expression was observed in OVCA tumor

cell lines (Figure 2A). Since CTCFL expression is epigenetically

regulated, treatment with demethylating agent DAC has previously

been shown to upregulate CTCFL in OVCA cell lines (42). We also

observed increased expression of CTCFL, leading to increased

reactivity by the CTCFL TCR-T cells against DAC-treated OVCA

cell lines (Figures 6E, G). We also demonstrated this for the

HSS3PRAME/SLL/A2 TCR-T cells (Supplementary Figure 9), which

is in line with previous findings using PRAME-reactive T cells and

DAC-treated leukemic cell lines (20). These preclinical findings

demonstrate that pre-treatment with DAC may increase reactivity

of transferred TCR-T cells in patients. However, clinical data on

effectivity or potential toxicity risks, if DAC upregulates gene

expression also in non-malignant cells, is limited.

In summary, we present a selection of strictly and highly

expressed DE genes in ovarian tumors, combined with a set of

naturally expressed peptides. We expect this selection to broaden

the applicability of T-cell therapies in patients with ovarian cancer.

In addition, we consider the three PRAME TCRs (DSK3PRAME/QLL/

A2, 16.3C1PRAME/LYV/A24 and 8.10C4PRAME/SPS/B7) and CTCFL TCR

(39.2E12CTCFL/KLH/A2) to be promising candidates for the treatment

of patients with ovarian cancer, and also for other PRAME or

CTCFL expressing cancers.
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Modifications outside CDR1, 2
and 3 of the TCR variable b
domain increase TCR expression
and antigen-specific function

Abdullah Degirmencay1, Sharyn Thomas1, Fiyaz Mohammed2,
Benjamin E. Willcox2 and Hans J. Stauss1*

1Institute of Immunity and Transplantation, Division of Infection and Immunity, University College
London, London, United Kingdom, 2Cancer Immunology and Immunotherapy Centre, Institute for
Immunology and Immunotherapy, University of Birmingham, Edgbaston, Birmingham,
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T cell receptor (TCR) gene modified T cells are a promising form of adoptive

cellular therapy against human malignancies and viral infections. Since the first

human clinical trial was carried out in 2006, several strategies have been

developed to improve the efficacy and safety of TCR engineered T cells by

enhancing the surface expression of the introduced therapeutic TCRs whilst

reducing themis-pairing with endogenous TCR chains. In this study, we explored

howmodifications of framework residues in the TCR variable domains affect TCR

expression and function. We used bioinformatic and protein structural analyses

to identify candidate amino acid residues in the framework of the variable b
domain predicted to drive high TCR surface expression. Changes of these

residues in poorly expressed TCRs resulted in improved surface expression and

boosted target cell specific killing by engineered T cells expressing the modified

TCRs. Overall, these results indicate that small changes in the framework of the

TCR variable domains can result in improved expression and functionality, while

at the same time reducing the risk of toxicity associated with TCR mis-pairing.

KEYWORDS

TCR-T therapy, TCR (T cell receptor), TCRV, T cell function, framework engineering
Introduction

The engineering of T cells with genes encoding TCR chains, or chimeric antigen

receptors (CARs) is an efficient strategy to produce cells for antigen-specific T cell therapy

in the clinical setting (1). TCR gene therapy typically relies on transferring antigen-specific

T cell receptor alpha and beta chains into the autologous T cells obtained from patients (2).

Several promising clinical benefits have been obtained using TCR gene therapy to target

tumour associated antigens, cancer testis antigens and viral antigens (3–14). Nonetheless,
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certain drawbacks with this therapy have diminished its clinical

efficacy and may pose a safety risk. For example, low expression

levels of introduced TCRs may reduce T cell avidity and prevent

recognition of target cells expressing low level of TCR-recognised

target antigens (15). The expression levels of TCRs are determined

by the amino acid composition of the variable alpha and variable

beta domains, resulting in ‘dominant’ TCRs that are highly

expressed on the surface of engineered T cells, and ‘weak’ TCRs

that are poorly expressed (16).

A major safety concern relates to potential mis-pairing of

endogenous and introduced TCR chains, which was shown to result

in fatal autoimmunity in murine models of TCR gene therapy (17, 18),

although such toxicities have not been observed in patients. Mis-

pairing occurs between endogenous (end) a and introduced (int) b
chains or vice versa during the pairing step of TCR chains in the

endoplasmic reticulum (ER). Mis-pairing results in two additional

receptor combinations (aendbint, aintbend) in transduced cells. In total,

four different receptor combinations can result, abend, abint, aendbint,
aintbend, only one of which is desired, namely abint.

Heemskerk et al. demonstrated that the quality of the

endogenous TCR is a determining factor in the surface expression

of introduced TCR, hence it is important that introduced TCRs are

dominant over their endogenous competitor (19). To date, multiple

strategies have been developed to improve the efficacy of TCR

therapy and to tackle the issues of mis-pairing and suboptimal

surface expression. These include TCR constant region

murinisation (20, 21), introduction of an additional disulphide

bond between Ca and Cb (22, 23), codon optimisation (24), TCR

domain swapping (25), single chain TCRs (26–29) and addition of

accessory or co-stimulatory molecules (30, 31). Ablating the

endogenous TCR using the zinc-finger (32), CRISPR (29, 33–35)

or TALEN (36) technology has been employed to eliminate TCR

mis-pairing and improve TCR expression levels.

TCR framework engineering is a technology that can improve

TCR safety and efficacy, without the need for additional gene

deletion, thus avoiding the safety concerns of the zinc-finger,

CRISPR and TALEN technologies (16). Our previous framework

engineering work has mostly focused on the TCR variable alpha

domain (TRAV), without fully exploring the role of the TCR

variable beta domain (TRBV). Here, we have analysed the

framework amino acids of TRBV to further optimise TCR

expression and antigen-specific function. We discovered that

single amino acid changes in the TRBV framework region can

enhance performance, and when combined with previously

identified TRAV residue changes enable optimal TCR expression

and function.
Methods

TCR gene usage

The weak1 TCR expressed the TRAV13-2/TRBV7-3 variable

gene segments, the CMV1 TCR expressed TRAV24/TRBV6-5, the

HA1.m2 TCR expressed TRAV13-1/TRBV7-9, and the HA1.m7

TCR expressed TRAV25/TRBV7-9.
Frontiers in Immunology 02112
Cell culture

TCRab-deficit human Jurkat76 cells, HLA-A2+ T2 cells and

human PBMCs were cultured in RPMI 1640 medium (Lonza)

supplemented with 10% FCS, 1% L-Glutamine (Gibco, 2mM) and

1% Penicillin/Streptomycin (100U/ml). HEK293T (Human

embryonic kidney epithelial) packaging cells were cultured in

IMDM (Lonza) supplemented with 10% FCS, 1% L-Glutamine

(Gibco, 2mM) and 1% Penicillin/Streptomycin (100U/ml).
Primary human peripheral blood
mononuclear cells

Human PBMCs were obtained from volunteer donors via the

National Health Blood Transfusion Service (Approved by UCL

Research Ethics Committee, Project ID/Title: 15887/001) and

stored in the Biobank facility based at the Royal Free Hospital,

London, UK, until use. 48h prior to retroviral transduction, bulk

PBMCs were activated at 1x106 cells/ml with 20ml anti-CD3/CD28
dyne beads (Gibco) and 30U/ml Roche IL-2.
Retroviral vector and In vitro mutagenesis

Retroviral constructs were designed and produced as previously

described (16). General structure of a TCR construct was consisting

of a V5 sequence, a TCRa chain, a viral P2A sequence, two Myc

sequence, a TCRb chain, a viral T2A sequence, and

truncated murineCD19.

In vitro mutagenesis was employed to implement the identified

residue changes in TCR chains. Mutated primers were designed using

the Agilent in vitro mutagenesis primer design tool. Quickchange II

XL Site-Directed Mutagenesis Kit (Agilent Technologies) was used to

change the framework region amino acid residues by PCR as per

protocol. Produced DNAs were sent for Sanger sequencing to verify

the presence of intended amino acid changes.
Retrovirus production and transduction of
the cells

1.8-2.0 x 106 HEK293T packaging cells were plated in 10-cm

tissue culture dishes in 8ml complete IMDMmedia. On the following

day, cells underwent a 100% media change with 5ml fresh complete

IMDM media 30 minutes prior to the transfection. Transfection

master mix A was prepared with 1.5mg pCl-ampho retroviral

packaging vector and 2.6mg of TCR DNA with dH2O to a final

volume of 50ml. Master mix B was composed of 150ml Opti-MEM

media and 10ml FugeneHD (Promega. Master mixes A and B were

mixed and incubated for 20 minutes at room temperature, and then

added to the transfection plates by droplets. On Day1 post

transfection, cells were 100% media changes and given 5ml fresh

complete RPMI media. On Day2 post transfection, retroviral

supernatants were harvested either used directly for a transduction

of the target cells or stored in -80° C freezer. Non-TC treated, 750 ul

Retronectin (Takara) overnight coated 24-well plate was used in the
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transduction of the pre-activated bulk hPBMCs. Following the

collecting of the Retronectin, 24-well plate were blocked by 2%

BSA-PBS (Sigma-Aldrich) for 30 mins. Following the incubation,

wells were washed with PBS by 2x times. Then, 500ul viral

supernatant and 5x105 Jurkat76 or 1x106 bulk hPBMCs were

added each well, and the transduction was done by centrifuge with

32°C, 2000rpm, 1h30 mins configurations. Following the

transduction, supernatant in each well was discarded, and cells

were supplied with 2ml complete RPMI while bulk hPBMCs

received additional 10U/ml Roche IL-2. On Day-3/4 post

transduction, cells were stained for Live/dead, anti-human CD3,

anti-mouse CD19, anti-human CD8, anti-Myc, anti-V5. Data was

collected by LSRFortessa (BD Biosciences) and the analysis was done

by FlowJo software. While transduced Jurkat76 cells pre-gated on

live, singlets and CD19+, transduced bulk hPBMCs pre-gated on live,

singlets, CD19+, CD3+CD8+. V5/TCRa and Myc/TCRb staining

was used for determining TCR expression in both Jurkat76 and

bulk hPBMCs.
Antibodies and peptides

The following antibodies were used: anti-human CD3-FITC

(Clone: HIT3A; BD), anti-mouse CD19-eFluor450 (Clone: 1D3;

Invitrogen), mouse anti-c-Myc (Bio-Rad), rabbit polyclonal V5-

APC (abcam), anti-mouse IgG1-PE (Invitrogen), anti-human CD3-

PE-Cy7 (Clone: SK7; Biolegend), anti-human CD8-FITC (Clone:

OKT8) and Live/Dead-eFluor780 (Invitrogen), anti-human IL-2-

APC (Clone: MQ1-17H12, eBioscience) and anti-human IFN-g-PE
(Invitrogen). Peptides used were: pCMVpp65 (NLVPMVATV) for

CMV1 TCR and the pHA1 (VLHDDLLEA) for HA-1.m2 and HA-

1.m7 TCRs. The pHA2 (YIGEVLVSV) peptide was used as a

control peptide in the functional assays.
Killing assay

7-10 days post-transduced bulk hPBMCs were employed in

killing assays. HLA-A2+ T2 cells were loaded with cognate peptide

were labelled with 0.02uM CFSE whilst cells loaded with control

peptide were labelled with 0.2uM CFSE. Following peptide loading

for 2h, T2 cells were mixed at 1:1 ratio and 1x105 transduced bulk-T

cells were co-cultured with 1x105 mixed T2 cells for 18 hours. Cells

were stained with anti-human CD3 Ab and Live/Dead antibodies,

and data acquisition was done by LSRFortessa and analysed by

FlowJo software. Antigen specific killing of T cells was calculated as

% Specific Killing = 100- [(Relevant/Irrelevant T2 cells with T cells)/

(Relevant/Irrelevant T2 cells with no T cells)]*100.
TCR structural modelling

The weak TCR that was most extensively tested in our study

comprised of TRAV13-2 and TRBV7-3. A molecular model of the

TRAV13-2/TRBV7-3 TCR complex was generated as described

previously (16). Models of weak to strong TCRs incorporating the
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11 variable domain framework residues were generated using the I-

TASSER (Iterative Threading ASSEmbly Refinement) server (37). For

all modelling studies with I-TASSER, the target sequences were

initially threaded through the PDB library by the meta threading

server, LOMETS2. Continuous fragments were excised from

LOMETS2 alignments and structurally reassembled via replica-

exchange Monte Carlo simulations. The simulation trajectories

were then clustered and used as the initial state for second round I-

TASSER assembly simulations. Finally, lowest energy structural

models were selected and refined by fragment-guided molecular

dynamic simulations to optimize polar interactions and omit steric

clashes. Analysis of molecular interactions was carried using the

CCP4 suite (38). Model visualization was performed with COOT (39)

and structural figures were generated using PyMOL (The PyMOL

Molecular Graphics System, Version 1.8 Schrödinger, LLC).
Intracellular cytokine staining

3x105 T2 cells were stimulated with either relevant or irrelevant

peptide for 2 hours. Then they were washed and re-suspended in

RPMI and co-cultured with 7-10-day post-transduced 3x105 bulk-T

cells for 18 hours. Cells were stained with surface markers and washed.

Then they were fixed by BD Cytofix/Cytoperm Kit and incubated for

20 minutes at 4°C. Afterwards they were washed and stained for IL-2

and IFN-g and incubated for 1 hour at 4°C. Data acquisition was done
by LSRFortessa and analysed by FlowJo software.

Results

A single amino acid change in the
framework of TRBV improves TCR
expression in human Jurkat76 cells

In order to select additional candidate residues in the TRBV

framework, we exploited a previous bioinformatics analysis that

identified amino acid positions that were highly enriched in a

library of more than 130,000 TCRs with a ‘dominant’ expression

profile compared to a similar number of TCRs with a ‘weak’

expression profile (16). We had previously employed this analysis

to identify framework mutations at TCR-a96, TCR-b9, and TCR-b10
that substantially increased TCR expression and functionality (16).

Here, we focussed on 11 additional amino acid residues in TCR-b
that showed a highly significant enrichment in the ‘dominant’ library,

were distal to the CDR1, 2 and 3 loops (Figures 1A, B), and based on

TCR structural modelling were predicted to affect the stability of the

Vb domain. We mutated a TCR from the ‘weak’ expression library

comprised of TRAV13-2 and TRBV7-3 (weak 1-TCR), changing the

amino acids of the selected candidate residues to those present in the

‘dominant’ library.

In vitromutagenesis was employed to substitute these residues in

the weak TCR, followed by transduction into human Jurkat76 cells to

assess TCR expression levels. Truncated murineCD19 (mCD19) was

used to identify transduced cells, and V5 and Myc tags located at the

N-terminus of the TCRa and TCRb chain, respectively, were used to

measure the expression levels of each TCR chain (Figures 2A–C).
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One of the candidate residues tested (mutant b11) was able to

significantly increase TCR expression levels in Jurkat76 cells

(Figures 2C, D). The single amino acid change from lysine to

leucine at position Vb-11 resulted in a 2-fold increase in TCRb,
TCRa and CD3 expression levels in Jurkat76 cells (Figure 2D).

Combinations of amino acid changes can
further improve TCR expression in
Jurkat76 cells

Next, we tested whether combinations of amino acid changes

could further improve expression of the weak TCR. Combining the

change of Vb residue 11 with the previously identified TCRb10
(N>Y) mutation that is predicted to enhance the stability of Vb-Cb
interaction (16), resulted in a small, but non-significant

improvement of TCR expression compared to the single amino

acid change at position 11 only (Figure 2E). However, combining

various Vb modifications with the TCR-a96 framework mutation

previously identified (a single amino acid change from proline (P)
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to leucine (L) at position 96 of the Va domain) doubled TCRa, b
and CD3 expression levels compared to modifications in the Vb
domain alone. In the weak1 TCR, all tested Vb modifications

combined with L96 in the Va domain achieved similar high

levels of expression in Jurkat76 cells.

Next, we tested which modifications are best able to achieve

optimal expression of three HLA-A0201-restricted TCRs specific for

the minor histocompatibility antigen HA-1 or for cytomegalovirus

(CMV). All TCRs demonstrated improved expression when only Vb
residues 10 and 11 were modified, with the most impressive

improvement seen with the HA-1.m7 TCR, followed by the

HA1.m2 and CMV1 TCR. Adding the TCR-a96 (P>L)

modification to the TCR-b10-11 mutated chains of the 3 antigen-

specific TCRs only marginally improved the expression levels

(Figure 2F). This indicates that the impact of introducing leucine

96 in Va is TCR dependent, as it increased expression of the weak1-

TCR substantially (Figure 2E), but only marginally increasing the

expression of the three antigen-specific TCRs (Figure 2F). Of note,

the modifications had a relative small effect on the CMV TCR,
A

B

FIGURE 1

Identified 11 TRBV framework residues are distal to the CDR parts (A) Representation of the candidate residues assessed. Numbers in black indicate
the IMGT positions in the TCRb framework regions that were substituted with the amino acids indicated in red. FR framework region, CDR
complementarity determining region. (B) The published 3-D structure of the 3PL6 TCR (TRAV13-1/TRBV7-3) was used as a model for the weak 1
TCR (TRAV13-2/TRBV7-3) used in this study. The location of each of the 11 residues that were changed in the weak 1 TCR Vb domain to enhance
TCR surface expression is indicated. Also included is location of residue at position 10.
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B

C

D

E

F

A

FIGURE 2

Single and combinations of amino-acid TRBV framework residue replacements can improve TCR expression in Jurkat76 cells. (A) Schematic
representation of the retroviral vector that was used to transfer TCRs into Jurkat76 and primary T cells. Anti-V5 and anti-Myc Abs were used to
determine the expression levels of TCRa and TCRb respectively. Anti-murine CD19 Abs were used to determine transduction efficiency. mCD19
truncated murine CD19 sequence. (B) Representative example of three independent experiments showing Jurkat76 cells transduced with either the
weak1 wild-type (WT) TCR or weak TCR constructs with the indicated single TCRb chain amino-acid residue swap. Shown is mCD19 expression
levels, indicating transduction efficiency. (C) Representative plots of three independent experiments showing TCRa and TCRb expression in CD19+
gated Jurkat76 cells expressing WT or single amino-acid TCRb chain residue modified versions of the Weak1 TCR. Numbers in brackets demonstrate
the percentage of introduced TCR+ cells of the repeated experiments (D) Representative graphs of three independent experiments showing MFI
(median fluorescence intensity) of TCRa, TCRb and CD3 expression in CD19+ gated Jurkat76 cells transduced with WT or single amino-acid TCRb
versions of the weak1 TCR. MFI (Mean+/- SEM) data has been normalised to WT expression. Unpaired t test was applied, *: p<0.05, **: p<0.01 (E)
Representative graphs of three independent experiments showing MFI of TCRa, TCRb and CD3 expression in CD19+ gated Jurkat76 cells
transduced with either weak1 WT TCR or TCRs with either 1 amino-acid TCRb chain residue change, or residue combinations as indicated. MFI
(Mean+/- SEM) data has been normalised to the WT TCR expression. Unpaired t test was applied, *: p<0.05, **: p<0.01 (F) Jurkat76 cells were
transduced with either WT TCRs or 3 TCR versions with the indicated residue modifications for 3 different antigen specific TCRs (HA1.m2, HA1.m7
and CMV1 pp65). Shown is a representative example of three independent experiments showing MFI values of TCRa, TCRb and CD3 in CD19+ gated
cells. MFI (Mean+/- SEM) data has been normalised to WT expression. One-way ANOVA, Dunnett’s Multiple Comparison Test, *: p<0.05, **: p<0.01,
***: p<0.001 (Residue changes were as followed: HA1.m2: a96P>L, b10H>Y, b11K>L, HA1.m7: a96T>L, b10H>Y, b11K>L.
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enhancing expression by only 1.5-fold, while the same modifications

enhanced HA-1.m7 TCR expression by 6-fold (Figure 2F). This is

probably due to the fact that the unmodified CMV TCR already

displays strong surface expression, while the HA-1.m7 TCR is poorly

expressed in the absence of Va and Vb modifications.

Our modelling approaches highlighted a likely molecular

mechanism underlying this effect (Figure 3). K11b is a semi-buried

residue that protrudes from strand A and its positively charged side

chain is in close proximity to the non-polar Vb domain core region.

The positive effect of L11b on TCR expression can be explained by its

protrusion from strand A into the hydrophobic core. Replacing K11b
with L11b predicts that the leucine side chain is likely to stabilise the

hydrophobic core by mediating multiple non-polar interactions with

V19b (strand B) and L23b (strand B) (Figure 3). Therefore, the L11b
substitution likely enhances the stabilisation of the hydrophobic core

of the Vb domain.

TCR modifications improve expression
and reduce mis-pairing in primary
human T cells

In the next set of experiments, we assessed how modifications of

the three antigen-specific TCRs above affected their expression and

mis-pairing in primary human T cells (Figure 4A). T cells were

transduced with wild type TCRs or with versions containing Vb
modifications, either alone or in combination with the TCR-a96
(P>L) Va domainmodification. Following flow cytometry, transduced

cells were identified by gating on CD19+ T cells, and levels of V5 and

myc staining served to assess expression of the introduced a and b
chain, respectively. The analyses demonstrated that transduction of

wild type TCRs generated T cells that mostly expressed mis-paired

TCRs consisting of introduced a and endogenous b chain (Figure 4A,

Q3 in the FACS plots), or introduced b and endogenous a chain (Q1).

All modifications increased the number of T cells expressing both the
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introduced a as well as the introduced b chain (Q2). Although the

modification of position 10 and 11 of Vb increased the number of T

cells in Q2 expressing the introduced a and b chains, it also increased

mis-pairing between the modified b and the endogenous a chain

(Q1). For all three TCRs tested the modification of both Vb and Va
was required to increase the number of T cells expressing both chains,

and also reduce TCR mis-pairing (Figure 4A). Figures 4B, C display

the summary of TCR expression in gated CD4+ T cells and in CD8+ T

cells, respectively. It shows that the previously identified changes at

96a,9b,10b and the new combination of 96a, 10b, 11b were equally

effective in increasing the percentage of T cells expressing both

introduced TCR chains, except for the CMV1 TCR where only the

new combination of 96a, 10b, 11b significantly increased CD4+ and

CD8+ T cell numbers expressing both TCR chains. Finally,

Figures 4D, E illustrates that the TCR modifications not only

increased the numbers of CD4+ and CD8+ T cells expressing both

chains, but the displayed MFI values indicate that the surface

expression levels of the introduced chains was also increased

compared to the MFI seen with the wild type TCRs. Together, the

data show that the TCRmodifications increased both the number of T

cells expressing both chains, as well as the amount of TCR found on

the surface of these T cells.
TCR modifications improve antigen-
specific effector function

In the final set of experiments, we tested whether TCR

modification improved the antigen-specific killing activity of

primary human T cells. Transduced T cells were co-cultured with

CFSE-high target cells pulsed with an irrelevant peptide, and CFSE-

low targets pulsed with the TCR-recognised cognate peptide.

Although T cells transduced with wild type TCRs were able to kill

the relevant target cells, the modified TCRs displayed much
FIGURE 3

Structural modelling provides insight into the mechanistic role of framework residues in TCR stability. The change of K11b to L11b improves non-
polar interactions within a hydrophobic core of the b chain. Left hand figure, lysine at position 11. Right hand figure, leucine at position 11.
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A

B

D

E

C

FIGURE 4

Alpha and beta chain residue modifications elevated introduced TCRs expression and reduced mis-pairing in human primary T cells. Human
activated PBMCs were transduced with either WT TCR or TCRs with the indicated modified residue changes for 3 antigen specific TCRs (CMV1 pp65,
HA1.2 and HA1.m7). Shown are representative examples of three independent experiments. (A) FACS plot show introduced TCRa chain and TCRb
chain expression in CD8+CD19+ gated cells. (B) Graphs show the percentage of cells expressing both the introduced a chain and introduced b
chain in CD4+CD19+ gated T cells. Unpaired t test, *: p<0.05, **: p<0.01, ns: non-significant. (C) Graph show the percentage of cells expressing
both the introduced a chain and introduced b chain in CD8-CD19+ gated T cells. Unpaired t test, *: p<0.05, **: p<0.01, ns: non-significant (D) The
MFI (Mean+/- SEM) values of the introduced TCRa and TCRb chain in CD8+CD19+ gated T cells. MFI values are normalised to WT expression. (E)
The MFI (Mean+/- SEM) values of the introduced TCRa and TCRb chain in CD4+CD19+ gated T cells. MFI values are normalised to WT expression.
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improved killing activity (Figure 5A). Vb modification alone

resulted in improved killing, but the most efficient antigen-

specific kill ing was seen when the Vb and the Va96
modifications were combined (Figures 5A, B). Interestingly, in all

experiments the TCRs modified at the positions 96a,10b,11b
showed slightly higher killing activities compared with the

previously identified combination 96a,9b,10b. A comparison of

the pooled killing data of all three TCRs showed that the

96a,10b,11b modification identified in this study displayed the

most significant improvement in target cell killing at all peptide

concentrations tested (Figure 5C).
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Discussion

In this study, we have demonstrated that modifying several

framework residues away from CDR1, 2 and 3 can improve TCR

expression and T cell antigen specific function, while at the same time

reducing mis-pairing of the introduced and endogenous TCR chains.

We selected 11 candidate Vb residues by analysing our previously

created bioinformatic dataset and candidate TCR structure. TCR-

deficient Jurkat76 cells and primary human T cells were transduced

with modified TCRs to identify the effects of each residue change on

TCR expression. Results indicated that a single amino acid change at
B

C

A

FIGURE 5

Enhanced cytotoxicity was observed with T cells expressing the residue modified TCRs. Human activated PBMCs were transduced and rested for 8-
10 days and then used in subsequent assays. (A) Cell were co-cultured with T2 cells labelled with 10mM cognate peptide (low CFSE) or control
peptide (high CFSE) mixed at 1:1 ratio (Effector: Target = 2:1). (B) Cell were co-cultured T2 cells labelled with 10mM – 1nM cognate peptide (low
CFSE) or control peptide (high CFSE) mixed at 1:1 ratio (Effector: Target = 2:1). The following day, cells were stained for CD3 and Live/Dead and
acquisition was collected on FACS. ‘No T cells’ control is 1:1 cognate or control peptide pulsed, CFSE labelled T2 cells only. Representative graphs
demonstrating the specific killing activity of T cells transduced with either wild type or residue modified versions of HA-1.m2 (n=3), HA-1.m7 (n=1)
and CMV1 (n=3) TCRs. Specific killing is: %= {100- [(Relevant/Irrelevant with T cells)/(Relevant/Irrelevant with no T cells)]*100} (C) Pooled relative
killing data of all three TCRs tested in 7 independent experiments. At each peptide concentration the killing activity of the modified TCRs is relative
to the killing activity seen with each wild type TCR which is set as 100. One-way ANOVA, Tukey Multiple Comparison Test was applied, *: p<0.05,
**: p<0.01, ***: p<0.001.
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the 11th position of the TCRVb domain resulted in a 2-fold increase of

the TCR and CD3 in Jurkat76 cells. Combination with several other

Vb residue changes did not lead to any significant improvement

compared to Vb 11 only. However, introduction of the Va 96 P>L

modification we identified previously along with several b chain

modifications enhanced expression of the Weak1 TCR.

We know from our previous work (16) that framework amino

acid modifications do not cause any alteration in the mRNA

expression levels of the introduced TCRs. It is well established that

following their production, TCRa and TCRb chains complete their

pairing in the ER. Interaction of these two paired TCR chains with

CD3 is pivotal to maintain their intact structure, otherwise they are

degraded (40). Jurkat76 cell experiments indicated that not all TCRa
and TCRb chains produced in the ERmigrate to the cell surface. Even

though the TCR chains are produced in the ER, some may not

complete proper folding to become fully functional TCR proteins;

alternatively, they may complete folding, but because of low stability,

they may not pair efficiently and subsequently undergo degradation

in the ER. It is likely that residue substitutions enhancing TCR surface

expression play a role in improving the folding and stability of the

nascent TCR chains, thereby facilitating heterodimeric pairing and

assembly with CD3 chains, ultimately enhancing migration of the

residue modified TCRs to the T cell surface. Surprisingly, a number of

candidate TCRb framework mutations we tested caused a reduction

in TCR expression, despite the fact they were identified as enriched in

‘strong’ TCRs, and appeared to be structurally relatively conservative.

One possible explanation is that dominant TCR libraries show

enrichment of complete V gene sequences that contain residues

that drive high TCR folding, stability and expression, but may also

contain genetically linked V gene residues that may impair TCR

expression. Consistent with this possible explanation, we previously

demonstrated that some amino acid residues enriched in dominant

TCR-Va chains did impair TCR surface expression, and that

changing these residues to amino acids that were present in weak

TCRs did actually improve TCR expression (16).

Primary human T cell experiments with HA-1.m2, HA-1.m7

and CMV1 TCRs revealed that the same residue changes elicited

similar improvements in CD4+ and CD8+ T cell numbers bearing

the introduced TCRs and their expression levels. By assessing the

presence of V5 and Myc tags at the N-terminus site of TCRa and

TCRb, respectively, the expression level of each TCR chain could be

measured independently. That also enabled assessment of cell

numbers expressing mis-paired TCRs. All residue modified

constructs increased the number of T cells expressing both

introduced TCR chains compared to that of wild type TCRs. In

addition, residue modifications decreased the number of cells

expressing the mis-paired TCRs, while the wild type form of each

antigen specific TCR displayed higher number of cells expressing

either introduced-b-endogenous-a or vice versa mis-paired

versions. We observed that modifications of both TCRa and

TCRb are required to improve the expression of the introduced

TCR chains while ensuring less mis-paired TCR formations.

Published work has shown that codon optimisation and the

replacement of the human TCR a/b constant domains with

murine domains can reduce mis-pairing and increase expression

of correctly paired TCRs. In pilot experiments we saw that the TCR
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framework engineering approach described here improves correct

TCR pairing more effectively than codon optimisation. Although

murine constant regions were most effective in improving correct

TCR pairing in human T cells, this approach is not suitable for

clinical application as murine constant domains are immunogenic

and likely to cause rejection of the engineered T cells in patients. To

reduce the rejection risk, groups have identified a minimal set of 9

murine residues that were sufficient to enhance TCR expression in

human T cells (41, 42). Our preliminary data showed that TCRs

containing 3 residue changes in the variable framework region were

more efficiently expressed in human T cells than TCRs containing

the minimal set of 9 murine residues in the constant region. This

suggests that the framework technology described here is superior

to the previously described ‘murinization’ technology in terms of

TCR expression and reduction of immunogenicity related to 3

amino acid changes compared to 9 residue alterations. Another

important observation with residue modifications was that they

conferred increased dominance to the TCRs. Transduction of TCRs

into polyclonal primary human T cells provided a means to assess

dominance, given the T cell repertoire naturally contains an

immense variety of different TCRs, with diverse expression

profiles ranging from weak to strong. These experiments clearly

indicated that relative to wild type TCRs, introduction of residue

modified TCRs decreased the percentage of cells expressing solely

naturally dominant endogenous TCRs. Therefore, residue

modification conferred increased dominance to the introduced

TCRs, allowing more successful competition with the endogenous

TCR repertoire, and ultimately increasing percentage expression.

We have also observed that the impact of residue modifications

on TCR expression and T cell function may vary depending on the

initial quality of a TCR.While the performance of TCRs with a ‘weak’

expression profile can be elevated dramatically by residue

modification, the effects may be more limited on TCRs with a

‘strong’ expression profile. We recorded remarkably low HA-1.m7

wild type TCR expression in TCR-deficient Jurkat76 cells, suggesting

that even in the absence of an endogenous competitor, this TCR did

not form a TCR complex efficiently. Nevertheless, with framework

residue modifications (a96b10+11), its performance was

substantially improved in both Jurkat76 cells and primary T cells,

resulting in increased numbers of T cells expressing the introduced

TCR, 10-fold increased antigen-specific cytokine production, and

augmented cytolysis. While the CMV1 TCR, which is a strong TCR

based on Jurkat76 cell experiments and wild type TCR functional

assay results, also benefited from the residue changes (with a96b10
+11) in all the categories, performance gains were limited relative to

the modified HA-1.m7 TCR.

Another advantage of residue modification is that it endows T

cells with increased sensitivity. Intracellular cytokine staining

demonstrated that modified TCRs retained peptide specific

cytokine production without non-specific activity against irrelevant

peptide (Supplementary Figure 1). In killing assays, we observed an

increased sensitivity of T cells expressing the residue modified TCRs.

Killing assay results indicated more than 100-fold increase in antigen

sensitivity for T cells bearing residue modified (a96b10+11) HA-1

TCRs. This probably arises from the enhancements observed in the

TCR expression level of the introduced TCRs. As the density of the
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antigen specific TCRs on the T cell surface increases, decreased

antigen becomes sufficient to elicit an antigen specific response.

Considering the hostile tumour environment in which there may

be a scarcity of tumour specific or tumour associated antigen

presentation to T cells, framework engineering seems promising

route to equip T cells with an increased target sensitivity.

In this study, we have demonstrated that by substituting as few

as three amino acids in the framework region of TCR variable

domains, it is possible to improve the expression level of the

introduced TCR and ultimately augment T cell antigen specific

function. We observed that TCRa and TCRb framework residue

modifications are required for an optimal TCR expression and

enhanced T cell function. The ultimate goal of TCR-T therapy relies

on achieving expression of antigen specific TCR in T cells as

effectively and safely as possible. Integration of framework

engineering technology into this therapeutic approach holds

substantial promise, namely to further exploit the potential of

TCR therapy by augmenting both its efficacy and safety.
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11. Doran SL, Stevanović S, Adhikary S, Gartner JJ, Jia L, Kwong MLM, et al. T-Cell
receptor gene therapy for human papillomavirus-associated epithelial cancers: A first-
in-human, phase I/II study. J Clin Oncol (2019) 37:2759–68. doi: 10.1200/JCO.18.02424

12. Linette GP, Stadtmauer EA, Maus MV, Rapoport AP, Levine BL, Emery L, et al.
Cardiovascular toxicity and titin cross-reactivity of affinity-enhanced T cells in
myeloma and melanoma. Blood (2013) 122:863–71. doi: 10.1182/blood-2013-03-
490565

13. Johnson LA, Morgan RA, Dudley ME, Cassard L, Yang JC, Hughes MS, et al.
Gene therapy with human and mouse T-cell receptors mediates cancer regression and
targets normal tissues expressing cognate antigen. Blood (2009) 114:535–46.
doi: 10.1182/blood-2009-03-211714

14. Morgan RA, Chinnasamy N, Abate-Daga D, Gros A, Robbins PF, Zheng Z, et al.
Cancer regression and neurological toxicity following anti-MAGE-A3 TCR gene
therapy. J Immunotherapy (2013) 36:133–51. doi: 10.1097/CJI.0b013e3182829903
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1148890/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1148890/full#supplementary-material
https://doi.org/10.1093/intimm/dxab052
https://doi.org/10.3324/haematol.2015.132712
https://doi.org/10.3324/haematol.2015.132712
https://doi.org/10.1126/science.1129003
https://doi.org/10.1158/1078-0432.CCR-14-1559
https://doi.org/10.1158/1078-0432.CCR-14-1559
https://doi.org/10.1038/nm.3910
https://doi.org/10.1158/1078-0432.CCR-14-2708
https://doi.org/10.1200/JCO.2010.32.2537
https://doi.org/10.1038/s41591-020-01225-1
https://doi.org/10.1182/blood-2017-06-791202
https://doi.org/10.1182/blood-2017-06-791202
https://doi.org/10.1038/s41591-019-0472-9
https://doi.org/10.1200/JCO.18.02424
https://doi.org/10.1182/blood-2013-03-490565
https://doi.org/10.1182/blood-2013-03-490565
https://doi.org/10.1182/blood-2009-03-211714
https://doi.org/10.1097/CJI.0b013e3182829903
https://doi.org/10.3389/fimmu.2023.1148890
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Degirmencay et al. 10.3389/fimmu.2023.1148890
15. van Loenen MM, de Boer R, Amir AL, Hagedoorn RS, Volbeda GL, Willemze R,
et al. Mixed T cell receptor dimers harbor potentially harmful neoreactivity. Proc Natl
Acad Sci U.S.A. (2010) 107:10972–7. doi: 10.1073/pnas.1005802107

16. Thomas S, Mohammed F, Reijmers RM, Woolston A, Stauss T, Kennedy A,
et al. Framework engineering to produce dominant T cell receptors with enhanced
antigen-specific function. Nat Commun (2019) 10:1–15. doi: 10.1038/s41467-019-
12441-w

17. Bendle GM, Linnemann C, Hooijkaas AI, Bies L, de Witte MA, Jorritsma A,
et al. Lethal graft-versus-host disease in mouse models of T cell receptor gene therapy.
Nat Med (2010) 16(5):565–70. doi: 10.1038/nm.2128

18. Rosenberg SA. Of mice, not men: No evidence for graft-versus-host disease in
humans receiving T-cell receptor-transduced autologous T cells. Mol Ther (2010) 18
(10):1744–5. doi: 10.1038/mt.2010.195

19. Heemskerk MHM, Hagedoorn RS, van der Hoorn MAWG, van der Veken LT,
Hoogeboom M, Kester MGD, et al. Efficiency of T-cell receptor expression in dual-
specific T cells is controlled by the intrinsic qualities of the TCR chains within the TCR-
CD3 complex. Blood (2007) 109(1):235–43. doi: 10.1182/blood-2006-03-013318

20. Cohen CJ, Zhao Y, Zheng Z, Rosenberg SA, Morgan RA. Enhanced antitumor
activity of murine-human hybrid T-cell receptor (TCR) in human lymphocytes is
associated with improved pairing and TCR/CD3 stability. Cancer Res (2006) 66:8878–
86. doi: 10.1158/0008-5472.CAN-06-1450

21. Voss RH, Kuball J, Engel R, Guillaume P, Romero P, Huber C, et al. Redirection
of T cells by delivering a transgenic mouse-derived MDM2 tumor antigen-specific TCR
and its humanized derviative is governed by the CD8 coreceptor and affects natural
human TCR expression. Immunol Res (2006) 34:67–87. doi: 10.1385/IR:34:1:67

22. Cohen CJ, Li YF, El-Gamil M, Robbins PF, Rosenberg SA, Morgan RA. Enhanced
antitumor activity of T cells engineered to express T-cell receptors with a second disulfide
bond. Cancer Res (2007) 67:3898–903. doi: 10.1158/0008-5472.CAN-06-3986

23. Kuball J, Dossett ML, Wolfl M, Ho WY, Voss RH, Fowler C, et al. Facilitating
matched pairing and expression of TCR chains introduced into human T cells. Blood
(2007) 109(6):2331–8. doi: 10.1182/blood-2006-05-023069

24. Xue SA, Gao L, Thomas S, Hart DP, Xue JZ, Gillmore R, et al. Development of a
wilms’ tumor antigen-specific T-cell receptor for clinical trials: Engineered patient’s T
cells can eliminate autologous leukemia blasts in NOD/SCID mice. Haematologica
(2010) 95:126–34. doi: 10.3324/haematol.2009.006486

25. Bethune MT, Gee MH, Bunse M, Lee MS, Gschweng EH, Pagadala MS, et al.
Domain-swapped t cell receptors improve the safety of TCR gene therapy. Elife (2016)
5:e19095. doi: 10.7554/eLife.19095

26. Aggen DH, Chervin AS, Schmitt TM, Engels B, Stone JD, Richman SA, et al.
Single-chain VaVb T-cell receptors function without mispairing with endogenous
TCR chains. Gene Ther (2012) 19:365–74. doi: 10.1038/gt.2011.104

27. Knies D, Klobuch S, Xue SA, Birtel M, Echchannaoui H, Yildiz O, et al. An
optimized single chain TCR scaffold relying on the assembly with the native CD3-
complex prevents residual mispairing with endogenous TCRs in human T-cells.
Oncotarget (2016) 7:21199–221. doi: 10.18632/oncotarget.8385

28. Voss RH, Thomas S, Pfirschke C, Hauptrock B, Klobuch S, Kuball J, et al.
Coexpression of the T-cell receptor constant a domain triggers tumor reactivity of
Frontiers in Immunology 11121
single-chain TCR-transduced human T cells. Blood (2010) 115(25):5154–63.
doi: 10.1182/blood-2009-11-254078

29. Xue SA, Chen Y, Voss RH, Kisan V, Wang B, Chen KK, et al. Enhancing the
expression and function of an EBV-TCR on engineered T cells by combining Sc-TCR
design with CRISPR editing to prevent mispairing. Cell Mol Immunol (2020) 17:1275–
7. doi: 10.1038/s41423-020-0396-9

30. Govers C, Sebestyén Z, Roszik J, van Brakel M, Berrevoets C, Szöőr Á, et al.
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Differences in the phenotypes
and transcriptomic signatures
of chimeric antigen receptor
T lymphocytes manufactured
via electroporation or
lentiviral transfection

Anna Niu1†, Jintao Zou1†, Xuan Hu1, Zhang Zhang1, Lingyu Su1,2,
Jing Wang1, Xing Lu1,2, Wei Zhang2, Wei Chen1*

and Xiaopeng Zhang1*

1Beijing Institute of Biotechnology, Beijing, China, 2Nanhu Laboratory, Jiaxing, Zhejiang, China
Chimeric antigen receptor (CAR)-T cell therapy is an innovative treatment for

CD19-expressing lymphomas. CAR-T cells are primarily manufactured via

lentivirus transfection or transposon electroporation. While anti-tumor efficacy

comparisons between the two methods have been conducted, there is a current

dearth of studies investigating the phenotypes and transcriptome alterations

induced in T cells by the two distinct manufacturing methods. Here, we

established CAR-T signatures using fluorescent imaging, flow cytometry, and

RNA-sequencing. A small fraction of CAR-T cells that were produced using the

PiggyBac transposon (PB CAR-T cells) exhibited much higher expression of CAR

than those produced using a lentivirus (Lenti CAR-T cells). PB and Lenti CAR-T cells

containedmore cytotoxic T cell subsets than control T cells, and Lenti CAR-T cells

presented a more pronounced memory phenotype. RNA-sequencing further

revealed vast disparities between the two CAR-T cell groups, with PB CAR-T

cells exhibiting greater upregulation of cytokines, chemokines, and their receptors.

Intriguingly, PB CAR-T cells singularly expressed IL-9 and fewer cytokine release

syndrome-associated cytokines when activated by target cells. In addition, PB

CAR-T cells exerted faster in vitro cytotoxicity against CD19-expressing K562 cells

but similar in vivo anti-tumor efficacy with Lenti CAR-T. Taken together, these data

provide insights into the phenotypic alterations induced by lentiviral transfection or

transposon electroporation and will attract more attention to the clinical influence

of different manufacturing procedures.

KEYWORDS

chimeric antigen receptor T lymphocyte, piggyBac transposon, lentiviral transfection,
phenotype, transcriptomic signature
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1 Introduction

Chimeric antigen receptor (CAR)-T cell therapy has been

revolutionized in hematologic malignancies with the recent

development and emergence of adoptive cell therapy. CARs

consist of two major functional components: extracellular

recognition and intracellular signal transduction molecules. CARs

comprise a single chain variable fragment (scFv), transmembrane

region, co-stimulation signaling domain, CD28 (1) or 4-1BB (2)

domain, and CD3z domain, which elicit profound and durable anti-

B cell leukemia responses (3). CAR-T cell therapy targeting CD19

was first approved by the US Food and Drug Administration in

2017 (4). The overall response rate of patients with B cell acute

lymphoblastic leukemia is 73%–83% (5–7) with an annual cost of

up to $1,615,000 (8). However, side effects, cytokine release

syndrome (9), and neurotoxicity (10) caused by CAR-T cells are

concerning barriers, and some patients achieve only about 50%

remission after receiving CAR-T cell therapy (11, 12). To achieve an

optimized risk/benefit ratio in patients receiving CAR-T cell

therapy, all factors affecting antigen binding, exhaustion,

duration, and signaling activation should be considered during

the design and manufacturing process, as even slight alterations

in the CAR design will alter the function and side effects of CAR-T

cell therapy (13).

The CAR gene transfer method may represent a critical factor

that affects the phenotype of CAR-T cells. The predominant

manufacturing procedures have been confirmed to be safe and

effective and primarily involve lentiviral/retroviral transfection or

transposon electroporation (14, 15). Although replication-

competent lentivirus/retrovirus have been shown to cause

oncogenesis of gene-modified cells, data for 375 manufactured T

cell products with self-inactivated lentivirus/retrovirus exhibited

low safety risk for HIV and oncology patients (16). The lentiviral/

retroviral transfection system packages RNA encoding transgenes

and essential viral genome components, such as the Rev responsive

element (RRE), 5′ long terminal repeat (LTR), 3′ LTR, and Psi

elements (17). Following infection of target cells, the RNA is reverse

transcribed into DNA and subsequently integrated into the cell

genome (18). Transposon systems generally comprise two vectors

encoding the enzyme and transgenes. In comparison, when

electroporated into cells and expressed, transposase excises

transposons from the plasmid and integrates them into the target

genome. In particular, the PiggyBac transposon system can

efficiently transpose between vectors and chromosomes via a “no

footprint cut-and-paste” mechanism. Recently, electroporation of

CAR plasmids into T cells was introduced, and their safety and

efficacy were assessed (19). We previously reported an optimized

electroporation method for constructing functional CAR-T cells

(20). In phase I clinical trials, the transposon system achieved a

2200–2500 fold expansion of CAR-T cells with 84% positivity after

co-culturing with feeder cells (19). Moreover, the use of minicircle

vectors in this system was less likely to cause genomic damage

during mutagenesis (21).

Lentivirus and transposon systems expose T cells to

considerably different stimuli. More specifically, the integrated

fragments differ due to the essential viral genome compounds
Frontiers in Immunology 02123
required by the lentivirus for reverse transcription and nuclear

translocation, whereas reverse transcription is not required in the

transposon system. Additionally, the mode of entry into the cells

(viral infection versus electroporation) differs between the

two methods.

Functional comparisons of CAR-T cells produced using the two

manufacturing processes have been conducted in mouse xenograft

models by different groups (21, 22) and have shown similar anti-

tumor efficacy; however, there is a lack of comprehensive data on

the perturbation of intracellular signaling networks and

transcriptomes of T cells subjected to the distinct manufacturing

methods. Hence, in the current study, we sought to explore

phenotypic differences between CAR-T cells produced via

lentiviral transfection (Lenti CAR-T cells) or PiggyBac transposon

electroporation (PB CAR-T cells) using transcriptome analysis and

flow cytometry. We then determined the potential effects of these

differences on the anti-tumor efficacy of CAR-T cells.
2 Materials and methods

2.1 Primary cells and cell lines

Peripheral blood mononuclear cells (PBMCs) were isolated by

density gradient centrifugation using Ficoll Paque Plus (Cytiva,

USA) from whole blood samples obtained from healthy donors. The

PBMCs were cultured in Xvivo 15 medium (Lonza, Belgium), and

cryopreserved in fetal bovine serum (FBS) containing 10% dimethyl

sulfoxide. CD19-expressing luciferase-tagged K562 cells (Shanghai

Genechem Co., Ltd.) were cultured in Iscove’s Modified Dulbecco’s

Medium (Lonza, Belgium) supplemented with 10% FBS and used as

target cells for the assessment of CAR-T cell cytotoxicity. Raji cells

were cultured in RPMI 1640 medium supplemented with 10% FBS

and used for the assessment of CAR-T cell efficacy in vivo.
2.2 Construction of CD19-targeting CAR
transposon and lentiviral vectors

Constructs containing CD19-targeting CAR molecules—

including a CD8a signal peptide, clone FMC63 CD19-targeting

scFv, CD8a transmembrane domain, 4-1BB domain, and CD3z
domain—and TagGFP2 separated by a P2A sequence, were

produced. CAR expression was controlled by the EF-1a
promoter. The consensus EF-1a promoter and CD19-targeting

CAR open reading frame (ORF) were cloned into the pLenti

lentiviral gene expression vector (Origene, USA) and PiggyBac

dual promoter vector (System Biosciences, USA).
2.3 Electroporation of the CD19-targeting
CAR transposon

Electroporation was performed as previously described (20),

with slight modifications. In brief, PBMCs were stimulated with

anti-CD3/CD28-coated beads (Thermo Fisher Scientific, USA) at a
frontiersin.org
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bead-to-cell ratio of 1:1 for 3 days. Then cells were counted and

washed twice to remove the beads. Next, 1 × 106 primary T cells

were resuspended with 2.1 mg plasmids in 20 mL electroporation

buffer containing approximately 0.7 mg of the Super PiggyBac

transposase vector and 1.4 mg of the CD19-targeting CAR

transposon vector. The resulting mixture was immediately

transferred to 20-mL electroporation tubes and subjected to

electroporation condition (voltage = 500 V, time = 20 ms) within

an electroporator (Celetrix CTX-1500A LE, USA) and then gently

transferred into pre-warmed Xvivo 15 medium without antibiotics.
2.4 Manufacturing of CD19-targeting
CAR-T cells via lentiviral transfection

Lentivirus generation was performed as described previously

(22), with slight modifications. Second-generation lentiviral vectors

were also produced. The pLenti CD19-targeting CAR vector was co-

transfected into 293T cells with the packaging vector and the spike

glycoprotein of the vesicular stomatitis virus (VSV-G)-expressing

vector. Lentivirus was concentrated from the medium supernatant

with a lentivirus concentrator kit (Oligobio, China), detected via

flow cytometry, resuspended in phosphate buffer saline without

Mg2+ and Ca2+, and frozen at -80°C. PBMCs were cultured for 24

hours before activation, suspended at a concentration of 1 × 106

cells/mL, and incubated with anti-CD3/CD28-coated beads

(Thermo Fisher Scientific, USA) at a bead-to-cell ratio of 1:1.

After activation, T cells were infected with lentivirus at a

multiplicity of infection of 3.0. The media was refreshed 24 hours

post-transfection.
2.5 Flow cytometry analysis

1 × 106 CAR-T cells were stained with protein L labeled with

iFluor647 (GenScript, USA). iFluor647 was detected using GUAVA

easyCyte HT after separate detection of dead cells using acridine

orange/propidium iodide staining. Analysis of CAR-T cells was

conducted using the method described by Blom et al. (23). In brief,

manufactured T cells were stained with live/dead dye from the

Zombie Aqua Fixable Viability Kit (BioLegend) and primary

antibodies, according to manufacturers’ protocols, including Alexa

Fluor 700 conjugated anti-human CD3 antibody (Clone UCHT1),

PE-Cy7 conjugated anti-human CD4 antibody (Clone RPA-T4),

PerCP-Cy5.5 conjugated anti-human CD8 antibody (Clone SK1),

APC conjugated anti-human CD69 antibody (Clone FN50), Brilliant

Violet 605 anti-human CD62L antibody (Clone DREG-56), PE/

Dazzle 594 anti-human CD45RO antibody (Clone UCHL1),

Brilliant Violet 421 anti-human PD-1 antibody (Clone EH12.2H7),

APC-conjugated anti-human CD107a (Clone H4A3), and PE-

conjugated anti-human Granzyme B (Clone QA18A28). Gates for

CD62L, CD45RO, PD-1, and Granzyme B fluorescence were further

validated using fluorescence minus one control. Peripheral blood

collected from mice at 3 weeks post-infusion with T/CAR-T cells

were stained with PE-Cy7 conjugated anti-human CD3 antibody

(Clone UCHT1), Pacific Blue conjugated anti-human CD45 (Clone
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HI30), and FITC conjugated anti-human CD19 antibody (Clone

HIB19). All antibodies used in this study and their corresponding

isotypes were purchased from BioLegend company. The positives of

each marker were gated against an isotype control. The data were

analyzed using FlowJo V10.8.1.
2.6 RNA extraction, library construction,
sequencing, and validation

The PBMCs samples were collected from healthy donors and

samples from each donor were divided into three groups: control T

(untreated), Lenti CAR-T, and PB CAR-T. After manufacturing,

CAR-T cells were isolated with the flow cytometer Sony MA900.

The samples were frozen in liquid nitrogen until RNA extraction.

Total RNA was extracted from CAR-T cells using RNAiso Plus

(Takara, Japan). RNA quality was evaluated by Nanodrop

spectrophotometer (Thermo Fisher Scientific, USA). The

NEBNext Ultra RNA Library Prep Kit for Illumina reagent was

used to prepare the RNA library. The reference genome files were

downloaded from genome websites (https://www.ncbi.nlm.nih.gov/

genome/51?genome_assembly_id=1820449). The filtered reads

were mapped to the reference genome using the HISAT2 version

2.0.5. MicroRNAs were isolated using a miRNeasy Micro Kit

(QIAGEN, Germany) according to the manufacturer ’s

instructions. Quality was assessed with an Agilent 4200

TapeStation, and quantity was determined using a Qubit 2.0

Fluorometer (Thermo Fisher Scientific, USA). The samples were

sent to Shanghai Personal Biotechnology Co,. Ltd. for mRNA

library construction and sequencing on an Illumina HiSeq

platform (Illumina).

To perform RT-qPCR validation, total RNA sample (1 mg) was
used for synthesis of cDNA and PCR amplification using the

HiScript II One Step RT-PCR Kit (Vazyme, China) as

manufacturers’ protocols described. Primers for RT-qPCR

analysis were synthesized by Sangon Biotech Co., Ltd. (Shanghai,

China). RT-qPCR was carried out with the Bio-Rad CFX384 Touch

real-time PCR detection system. The relative expression levels of the

selected genes were analyzed using the comparative CT method

(2−DDCT). Each RT-qPCR analysis was repeated at least 4 times and

b-actin was used as the reference control.
2.7 Principle component analysis and
pathway analysis

Comparison was made between the Read Count values for each

gene as the original expression of that gene. The expression was

then standardized with fragments per kilobase of exon per million

mapped fragments (FPKM). Differences in gene expression were

analyzed with DESeq software (version 1.39.0) under the following

screening conditions: log2 fold change > 1, P-value < 0.05. Principal

component analysis (PCA) was then performed as described

previously (24). Kyoto Encyclopedia of Genes and Genomes

(KEGG) analysis was performed using differentially expressed

genes with an adjusted P-value of ≤ 0.01. The number of
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differentially enriched genes in KEGG pathway was calculated.

Gene Set Enrichment Analysis (GSEA, https://www.gsea-

msigdb.org) was performed to investigate distinct genesets

between PB and Lenti CAR-T groups.
2.8 Enzyme-linked immunosorbent assay

After CAR-T cells manufacturing or coculturing with target cells,

cytokine analysis was performed by using ELISA, according to the

manufacturers’ protocols. The concentration of IFN-g, TNF-a, GM-

CSF, CXCL10, IL-6, IL-10, IL-12, and CCL2 was measured by an Ella

automated immunoassay kit (Bio-Techne, USA). Concentrations of IL-

9 and Granzyme B were determined using enzyme-linked

immunosorbent assay kits (Dakewei, China or Neobioscience, China).
2.9 In vitro anti-tumor efficacy

Luciferase-expressing K562 CD19 cells were co-cultured with

CAR-T cells at desired effector-to-target (E:T) ratios for either 4 or

24 hours. Following co-culture, luciferin substrate was introduced to

the system at a final concentration of 0.3 mg/mL. Relative

luminescence units (RLUs) were measured using a SpectraMax M5

plate reader (Molecular Devices, CA). The lysis rates of tumor cells

were calculated by the following formula: %tumor cell

lysis =100% × (1 – RLU (experimental -background)/(target cell

max-background).

The cytotoxicity of CAR-T cells was further evaluated using the

xCELLigence Real-Time Cellular Analysis DP platform (Agilent

Technologies, CA). This system measures a dimensionless

parameter called cell index (CI) to determine the viability of the

cell and tumor lysis rate. Briefly, K562-CD19-luc cells were plated at a

concentration of 2.5 × 104 cells per well in 200 µL of cell culture

medium in 16-well E-plates. After seeding, the cells were cultured on

the xCELLigence instrument in a humidified incubator at 37°C with

5% CO2 for 24 hours. Subsequently, T/CAR-T cells were seeded onto

the E-plates at an E:T ratio of 2.5:1. Continuous impedance

measurements were then monitored every 5 minutes for up to 72

hours. Four replicates were set for each group. The cell index was

normalized to the time point of addition of the T/CAR-T cells. The

lysis rates of tumor cells were calculated by the following formula:

[1 − Normalized CItreatment/Normalized CItarget only] × 100%.
2.10 In vivo anti-tumor efficacy

Six-week-old NSG (NOD-PrkdcscidIl2rgem1/Smoc) mice were

intravenously injected with 1×106 Raji cells via the tail vein. Two

weeks after tumor cell inoculation, the mice received intravenous

treatment with 1.5×106 CAR-T cells. Serum samples were collected

at 4 hours and 24 hours post-infusion of CAR-T cells. Peripheral blood

samples were obtained three weeks post-infusion and analyzed for the

presence of CD19+ Raji cells by flow cytometry. Animals used in this

study were reviewed and approved by the Animal Care and Use

Committee of the Beijing Institute of Biotechnology.
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2.11 Statistical analysis

Data were presented as the mean ± standard deviation (SD) in

triplicate. Flow cytometry data were analyzed using BD FlowJo

software (version 10.8.1). To determine P-values, one-way ANOVA

with Tukey’s multiple comparison test or student’s t-test was applied.

GraphPad Prism 9.0 was used to perform statistical analyses.
3 Results

3.1 Production of CAR-T cells by
electroporation and lentiviral transfection

T cells isolated from healthy donors were used to manufacture

Lenti CAR-T cells and PB CAR-T cells. To minimize technical bias,

both manufacturing processes were carried out following the same

schedule (Figure 1A). The two vector systems share a consensus

ORF and promoter (Figure 1B). Higher green and red fluorescent

intensities of PB CAR T cells were shown in Figure 1C, compared

with Lenti CAR-T cells. Moreover, the percentage of CAR-positive

T cells was adjusted to approximately 30% for both groups on day 6

(Figures 1D, E). The mean fluorescence intensity (MFI) values of PB

CAR-T cells were significantly higher than those of Lenti CAR-T

cells (Figure 1F), suggesting relatively weak expression of CAR

molecules following lentiviral transfection. The reduced CAR

expression in Lenti CAR-T cells may be attributed to excessive

viral elements integrated into the genome of the target cells.
3.2 Analysis of CAR-T cell cytotoxicity,
activation, and exhaustion

Flow cytometry was performed to characterize the two CAR-T

cell groups. The analysis pipeline was shown in Supplementary

Figure 1. The CD4+ and CD8+ gates divided the T cells into four

subsets: CD4+, CD8+, CD4+ CD8+ (double-positive, DP), and CD4-

CD8- (double-negative, DN). These subsets were further gated

using CD69, granzyme B, and programmed cell death-1 (PD-1)

as markers of T cell activation, cytotoxicity, and exhaustion,

respectively (25). Given that the DP T cell subset only accounted

for ~6% of the total T cells, markers of DP T cells were not analyzed.

Granzyme B, secreted by cytotoxic T lymphocytes, triggers

target cell DNA cleavage and apoptosis by binding to its receptor

and being released by perforin (26). The proportion of granzyme B+

cells was consistently high, ranging from 80% to 90% across all

groups (Figures 2A–D), as evidenced by CD107a staining

(Supplementary Figure 2A, B). Following CAR transfection, the

proportion of granzyme B+ cells in the PB groups slightly increased.

(Figures 2A–C), with the CAR-T cell groups exhibiting the highest

proportion of granzyme B+ cells in the CD8+ subset (Figures 2C).

No significant difference was observed in CD69 expression between

PB CAR-T cells and Lenti CAR-T cells (Supplementary Figures 2C–

2F). Expression of PD-1, which is a member of the CD28

superfamily that negatively regulates T cells upon activation by
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PD-L1 or PD-L2 (27), was similar in T cells before and after CAR

insertion (Supplementary Figure 3), indicating that neither

manufacturing process induced T cell exhaustion.
3.3 Fewer PB CAR-T cells exhibit a memory
phenotype than Control T cells

CD62L and CD45RO are major plasma membrane markers that

distinguish central memory (CM; CD45RO+CD62L+) T cells from
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effector memory (EM; CD45RO+CD62L-) T cells (23). TEM function

as rapid effectors by migrating to inflamed sites through surface

chemokine receptors and adhesion proteins, whereas TCM shares

certain cell plasma membrane markers with naive T cells (28). The

proportion of T cells with a CM phenotype, compared with those of

the EM phenotype, was higher in each group (Figures 3A–D;

Supplementary Figure 4). Within the total T cell population, the

frequency of CM was higher than that of EM (Supplementary

Table 1). Compared with control T cells, the proportion of PB

CAR-T cells with an EM phenotype (Figure 3A), or CM
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FIGURE 1

Production of CAR-T cells via PiggyBac transposon electroporation or lentiviral transfection. (A) CAR-T cell manufacturing schedule. (B) CAR
insertion fragments used in the study. The scFv of CAR is derived from mAb clone FMC63 that binds human CD19 and was generated by fusing the
VL and VH regions via a 3× G4S linker peptide. The scFv was attached to modified human CD8a hinge and CD8a transmembrane regions that were
fused to the 4-1BB (cytoplasmic) and CD3z (cytoplasmic) domains. (C) Representative fluorescent images of CAR-positive T cells. Transfection
efficiency after 48 hours was demonstrated by fluorescence microscopy images with Bio-Tek Cytation 5. (D–F) Flow cytometry detection of CAR
expression on the surface of transduced CAR-T cells on day 6. Lenti CAR-T cells and PB CAR-T were generated by Lentivirus transfection and
plasmid electroporation, respectively. (D) iFluor 647 Protein L that binds to the variable light chains of scFv can be used for the detection of CAR
expression in 1 × 106 cells at a 1:100 dilution ratio. Untransduced T cells were used as control groups. Representative flow cytometry plots of CAR-
positive T cells. (E) Statistical analysis of CAR-positive percentages (n = 3). (F) Statistical analysis of mean fluorescent intensity (MFI) values represents
the mean fluorescence intensity of iFluor 647 protein L (n = 3). One-way ANOVA with Tukey’s multiple comparison test. **P < 0.01.
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phenotype, was lower in the total cell population and CD4+ subsets

(Figures 3A, B). No significant difference was observed in memory

phenotypes among the CD8+ and DN subsets (Figures 3C, D).

Collectively, these data suggest that fewer PB CAR-T cells exhibit a

pronounced memory phenotype, which may be due to the

susceptibility of memory T cells to electroporation in the

manufacturing process (29).
3.4 Transcriptomic comparison of Lenti
and PB CAR-T cells

To identify transcriptome-wide alterations induced by the different

manufacturing methods, RNA-sequencing (RNA-seq) was conducted

on samples obtained from three healthy donors. PCA analysis revealed

a marked transcriptomic difference between Lenti and PB CAR-T cells

(Figures 4A, B), suggesting that Lenti and PB CAR-T cells may be two

distinct cell populations despite their similar flow cytometry profiles.

To gain a more comprehensive understanding of the functions of

differentially expressed genes in PB CAR-T cells compared to Lenti

CAR-T cells, we conducted KEGG pathway annotations and

enrichment analysis. Our results revealed that 67 pathways were

significantly overrepresented (adjusted P < 0.05), including

“cytokine-cytokine receptor interaction”, “chemokine signaling

pathway,” and “viral protein interaction with cytokine and cytokine

receptor” (Figure 4C). T cells execute their functions primarily by

secreting various cytokines and chemokines (23). The hierarchical

clustering (Figure 4D) and GSEA analysis (Supplementary Figure 5) of
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“cytokine-cytokine receptor interaction” pathway revealed the

upregulated cytokine synthesis in PB CAR-T. To further validate the

transcriptomic difference between the two CAR-Ts, we employed RT-

qPCR to quantify the transcription of upregulated genes in PB CAR-T.

The RT-qPCR assays confirmed that themRNA levels of gm-csf, cxcl13,

ifn-g, il9, serpine1, il17f, il3, and ccl22 were higher in the PB CAR-T

groups than the Control T groups. Furthermore, in comparison to

Lenti CAR-T cells, the majority of these genes exhibited elevated

mRNA levels in PB CAR-T cells (as demonstrated in Supplementary

Figure 6). These findings suggest that PB CAR-T cells may possess a

proinflammatory phenotype.
3.5 PB CAR-T cells create an intensive
cytokine microenvironment in vitro

To validate the differences detected by RNA-seq, we performed a

quantitative cytokine analysis using ELISA. Numerous cytokines were

released into the media by PB CAR-T cells, including IFN-g, granzyme

B, interleukin (IL)-6, tumor necrosis factor (TNF)-a, Granulocyte-
macrophage colony-stimulating factor (GM-CSF), CXCL10, IL-9, and

CCL2 (Figures 5A–H). Of these, IL-6, IL-9, IFN-g, TNF-a, and GM-

CSF are critical soluble mediators of cytokine storms (30). These data

suggested that the electroporation of PB transposon vectors induced

the release of numerous high-concentration cytokines and a cytokine

storm-like microenvironment in vitro, which differed markedly from

the cytokine profile associated with CAR-T cells produced via lentiviral

transfection. To further investigate the effects of the electroporation
D

A B

C

FIGURE 2

Flow cytometry analysis of granzyme B expression of total T cells and T cell subsets. CAR-T cells at day 3 post-transfection were analyzed using
flow cytometry. Representative histogram images and statistical analysis of granzyme B expression in total T cells (A) and CD4+ (B), CD8+ (C), and
double negative (DN) (D) T cell subsets (n = 3). Isotype controls were presented in the upper first lane. One-way ANOVA with Tukey’s multiple
comparison test. *P < 0.05.
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FIGURE 3

Memory phenotypes of total T cells and T cell subsets. CAR-T cells at day 3 post-transfection were analyzed using flow cytometry. T cells were
stained with anti-CD45RO and anti-CD62L antibodies. Statistical analysis of CD45RO and CD62L expression in total T cells (A), CD4+ T cells (B),
CD8+ T cells (C), and DN T cells (D). CD45RO+CD62L+ and CD45RO+CD62L- represent central memory (CM) and effector memory (EM)
phenotypes, respectively (n = 3). One-way ANOVA with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01.
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FIGURE 4

Transcriptome analysis. CAR-T cells were sorted on day 3 post-transfection and then rested for 24 hours. The total RNA of sorted CAR-T cells was
analyzed using RNA-seq. (A, B) PCA analysis of control T cells, PB CAR-T cells, and Lenti CAR-T cells (n =3). (C) Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis (PB CAR-T cells vs. Lenti CAR-T cells). The purplish red bar represents environmental information processing, the
beige bar represents human diseases, and the black bar represents organismal systems. (D) Hierarchical cluster analysis for the “cytokine-cytokine
receptor interaction” pathway (KEGG enrichment).
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process, we established a control group in which T cells were

electroporated with an empty vector. Higher concentrations of

granzyme B (Figure 5B), CXCL10 (Figure 5F), and IL-9 (Figure 5G)

were observed in this control group, indicating that the electroporation

process may have partially contributed to the proinflammatory

phenotype of PB CAR-T cells.
3.6 In vitro assessment of
anti-tumor efficacy

The CD19-expressing luciferase-tagged K562 human leukemia

cell line was used as target cells to assess CAR-T and T cell anti-

tumor efficacy. K562 cell cytotoxicity in the presence of CAR-T and

T cells was evaluated using a luciferin-based assay (31). The results

showed that at 4 hours post-co-culture, PB CAR-T cells (effector)

induced significantly higher K562 cell (target) cytotoxicity than

Lenti CAR-T cells at all effector-to-target ratios (E/T ratios) tested,

except for an E/T ratio of 1.25 (Figure 6A). However, at 24 hours

post-co-culture, PB CAR-T cells induced similar levels of K562 cell

cytotoxicity as Lenti CAR-T cells (Figure 6B). Subsequently, we

utilized the RTCA (xCELLigence Real-Time Cell Analyzer) method

to continuously monitor the cytotoxicity of CAR-T cells in real-

time. The RTCA assay revealed that PB CAR-T cells exhibited a

more rapid cytotoxic effect on K562 compared to Lenti CAR-T cells
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at an E/T ratio of 2.5 (Figure 6C), which was consistent with the

results obtained from the luciferin-based assay.

To better understand the difference in the overall cytotoxicity

caused by PB and Lenti CAR-T cells, the abundance of numerous

cytokines was assessed before and after the cytotoxicity assay

(Figures 6D–L). Prior to co-culture, PB CAR-T cells exhibited a

proinflammatory phenotype with increased secretion of cytokines,

as suggested by the results of RNA-seq. However, at 4 hours post co-

culture, Lenti CAR-T cells higher levels of IFN-g (Figure 6D) and
GM-CSF (Figure 6L). Furthermore, at 24 hours post co-culture,

Lenti CAR-T cells secreted higher amounts of all tested cytokines

except for granzyme B (Figure 6E) and IL-9 (Figure 6G), which was

consistent with previous work demonstrating the cytokine release

syndrome elicited by Lenti CAR-T cells in vivo (13). The rapid and

effective cytotoxicity of PB CAR-T cells may be attributed to their

initial proinflammatory phenotype and subsequent substantial

secretion of IL-9 upon contact with target cells. IL-9 is reportedly

important in the anti-tumor immune response (32).
3.7 In vivo assessment of
anti-tumor efficacy

To evaluate the effects of two CAR-Ts on the anti-tumor

response, we conducted evaluation of their in vivo efficacy
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FIGURE 5

Cytokine expression profiles in control T cells, empty transfection (ET) control T cells, Lenti CAR-T cells, and PB CAR-T cells. CAR-T cells were
sorted on day 3 post-transfection and rested for 24 hours. ET control T cells were transfected with an empty transposon vector using
electroporation, with a total amount of 2.1 mg. Concentrations of IFN-g (A), granzyme B (B), IL-6 (C), TNF-a (D), GM-CSF (E), CXCL10 (F), IL-9
(G), and CCL2 (H) in the medium determined by ELISA (n = 3). One-way ANOVA with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, ns indicates not significant (P >0.05).
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(Figure 7A). Specifically, we collected blood PBMC from euthanized

NSG (NOD-PrkdcscidIl2rgem1/Smoc) mice, staining with anti-

hCD19 antibody, and analyzed them using flow cytometry. Both

PB and Lenti CAR-T groups exhibited a significant reduction in the

percentage of CD19+ CD3- cells, with no significant difference

observed between the two groups (refer to Figure 7B).

Furthermore, we quantified the concentrations of cytokines

secreted by human T/CAR-T cells in the serum of mice. The

results demonstrated that the concentrations of IFN-g and IL-9

were augmented in PB CAR-T cells relative to Lenti CAR-T cells at

4 hours post-infusion (Figures 7C, D), which subsequently declined

to levels below the limit of detection at 24 hours (data not shown).

Conversely, all other cytokines, including IL-6, IL-10, IL-12, GM-

CSF, TNF-a, CXCL10 and CCL2, were undetectable at both 4 and

24 hours. Overall, these data suggested that PB CAR-T and Lenti

CAR-T exhibit comparable in vivo anti-tumor efficacy.
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4 Discussion

Genetically modified T-cell therapy is a promising and

innovative treatment for deleterious leukemia (5). Previous

studies have proposed several methods of gene modification to

express CARs in T cells, including the prevailing lentivirus/

retrovirus and PiggyBac transposon systems (13). In this study,

we conducted a rigorous comparative analysis to assess the

disparities between Lenti and PB CAR-T cells. Our findings

indicated that these two types of CAR-T cells were distinct in

terms of their transcriptome and cytokine secretion. Specifically, the

PB CAR-T cells exhibited more rapid in vitro anti-tumor activity

compared to Lenti CAR-T cells, while demonstrating similar tumor

eradication ability in vivo as Lenti CAR-T cells.

For our analyses, the positivity rates of CAR-T cells

manufactured by lentivirus and electroporation were adjusted to a
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FIGURE 6

In vitro anti-tumor efficacy of PB and Lenti CAR-T cells. CAR-T cells at day 7 post-transfection were tested for anti-tumor efficacy. K562-CD19-luc
cells expressing luciferase were used as target cells. (A, B) Anti-tumor efficacy determined at 4 hours (A) and 24 hours (B) post-co-culture.
(C) Continuous monitoring of the anti-tumor efficacy determined based on the RTCA platform for 72 hours (E:T = 2.5:1). (D–L) Detection of human
cytokines and chemokines. Concentrations of IFN-g (D), granzyme B (E), IL-6 (F), IL-9 (G), IL-10 (H), TNF-a (I), CCL2 (J), CXCL10 (K) and GM-CSF
(L) in the medium before co-culture and at 4 and 24 hours post-coculture determined by Ella automated immunoassay or ELISA (n = 3). Significance
was determined using an unpaired t’-test for (A, B) One-way ANOVA with Tukey’s multiple comparisons test for (D–L). *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001, ns, not significant (P >0.05).
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similar level (approximately 30%) to reduce potential confounding

variables. Interestingly, at similar CAR positivity rates, PB CAR-T

cells exhibited significantly brighter green fluorescence in certain

cells than Lenti CAR-T cells, indicating higher CAR expression,

which was confirmed by the Protein L staining assay. We postulate

that the distinct integration sites (21) may have contributed to the

divergent CAR expression profiles. Notably, during lentiviral

transfection, several viral components were co-integrated into

target cells with the CAR ORF (33–35), which may have hindered

the transcriptional efficiency of the target gene.

The number of CM T cells is related to the effectiveness of CAR-T

cell therapy (36). CAR-T cells manufactured using the transposon

system were previously reported to exhibit a CM phenotype elicited by

4-1BB co-stimulation signaling (37). Moreover, CD4+ CAR-T cells

were recently reported to be the dominant cells for persistent remission

in leukemia patients treated with CAR-T cell therapy (38). Our data

demonstrated that the proportion of CD4+ CMT cell subsets remained

highest among subsets after CAR transfection via both methods. For

CD4+ CM subsets, PB CAR-T was lower than those in control CAR-T.

Although no significant difference was observed between Lenti and PB

CAR-T, the mean values of CD4+ CM cells in Lenti CAR-T were

higher than those in PB CAR-T. In addition, the frequency of CD8+
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memory phenotypes did not differ. Furthermore, in total subsets, the

proportion of memory phenotypes of PB CAR-T cells was the lowest

among the three groups, which may imply electroporation-associated

toxicity against memory phenotypes (29). Taken together, Lenti CAR-

T may be more durable than PB CAR-T after infusion due to their

induction of T cell memory phenotypes.

An important finding of our study is that PB CAR-T cells exhibited

higher basal cytokine levels than Lenti CAR-T cells prior to co-culture

with target cells. This result was further supported by our RNA-seq

data, which detected elevated expression of cytokines and chemokines

in PB CAR-T cells. Moreover, upon antigenic activation in vitro, PB

CAR-T cells released lower levels of IFN-g, IL-6, IL-10, TNF-a, CCL2,
CXCL10, and GM-CSF than Lenti CAR-T cells, but demonstrated a

robust release of IL-9, indicative of a distinct anti-tumor response

pathway. In the in vivo experiments, the levels of cytokines were not as

significant as those observed in vitro, possibly due to the lower secretion

levels of cytokines that were not effectively detectable.

IL-9, a T-cell growth factor, is a member of the g-chain-receptor
cytokine family and is secreted by Th2 (T helper 2), Th9 (T helper 9),

Th17 (T helper 17), and NKT (natural killer T) cells (39). IL-9 has been

demonstrated to increase the longevity of Tc9 cells (40). Importantly,

the IL-9 signaling pathway has been found to be particularly effective in
D

A

B C

FIGURE 7

In vivo anti-tumor efficacy and cytokine production of PB and Lenti CAR-T. (A) Schematic of the mouse model. The Raji cells are injected into the
tail vein of mice and are allowed to grow for two weeks after injection. Then 1.5 million CAR-T cells were transferred into the mice via tail vein
injection on Day 14. After 4 hours and 24 hours, serum samples were collected for cytokine detection via facial vein. For three weeks, blood was
collected for flow cytometry analysis. (B) Percentages of human CD3- CD19+ cells in mouse PBMCs collected on day 21 after CAR-T infusion
determined via Flow cytometry. (Tumor group n=3, *one died; Lenti control and ET control groups n=3; control group n=5, *two died; Lenti CAR-T
group n=5; PB CAR-T group n=5). The concentration of human IFN-g (C) and IL-9 (D) in serum determined at 4 hours after PB and Lenti CAR-T
infusion by ELISA or Ella automated immunoassay. The limit of detection of IL-9 ELISA kits was 39.0 pg/mL and presented as dotted lines. One-way
ANOVA with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns indicates not significant (P >0.05). All data
were presented as mean ± standard deviation.
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enhancing the anti-tumor response of CAR-T cells (41). Our data

revealed that the PB transposon system upregulates IL-9 expression in

T cells. Although IL-9 expression was reduced by day 7 post-

transfection, it was upregulated again in PB CAR-T cells upon

encountering tumor cells. The mechanisms underlying IL-9

upregulation in PB CAR-T cells remain to be elucidated.

In comparison to the safety of lentiviral/retroviral systems

observed in a cohort of 308 patients (16), a recent clinical trial on

PB CAR-T-cell lymphoma reported a concerning oncogenic effect of

transposon gene integration system (42). In this study, we did not

observe differentially expressed genes in PB CAR-T cells (versus Lenti

CAR-T) that were significantly enriched in tumor-associated

signaling pathways. However, a small fraction of PB CAR-T cells

exhibited a strong green fluorescent signal under similar proportions

of CAR positivity (Figure 1E), indicating that the number of inserted

CAR copies may be high in a few PB CAR-T cells, which may

increase the risk of oncogenic insertion mutagenesis. The oncogenic

potential of PB CAR-T cells requires further investigation via single-

cell RNA-seq or insertion mutagenesis analysis.

IL-6 is secreted by various immune and stromal cells and exerts

multiple functions (43). IL-6 is considered a hub cytokine in CRS

triggered by CAR-T cell therapy (30). In fact, the prognosis of CRS

was improved by tocilizumab, an IL-6 receptor (IL-6R) monoclonal

antibody that blocks IL-6 binding to IL-6R (44). In our study,

secretion of IL-6 by PB and Lenti CAR-T cells was unchanged at 4

hours after encountering tumor cells, however, Lenti CAR-T cells

released much higher levels of IL-6 into the media than PB CAR-T

cells at 24 hours. These data indicate that PB CAR-T may cause less

CRS in clinical applications; this conclusion is further supported by a

recent report on CAR-T cells manufactured via electroporation (45).

It is important to note that the original PBMCs used to produce

both CAR-T cell groups were from several donors; therefore, it will be

important to further validate our findings in an expanded group of

donors. Despite this limitation, these data revealed a large disparity

arising from the two main manufacturing methods used to produce

CAR-T cells. These findings shed new light on the effect of different

production methods on the phenotypes of seemingly similar cell

types and will inform the design of future cell-based therapies.
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Chimeric antigen receptor (CAR) T cell therapy has become a new mainstay in

the treatment of several hematologic malignancies, but the spectrum of

associated complications is still incompletely defined. Here, we report the case

of a 70-year-old female patient treated with tisagenlecleucel for diffuse large B

cell lymphoma (DLBCL), who developed chronic diarrhea with characteristics of

inflammatory bowel disease (IBD)-like colitis. CAR T cells were substantially

enriched in the colon lamina propria and other diagnoses were ruled out. Thus,

we conclude that IBD-like colitis in this patient was associated to CAR T cell

therapy and needs to be considered as a rare potential complication.

KEYWORDS

diffuse large B cell lymphoma, inflammatory bowel disease (IBD), tisagenlecleucel, case
report, CAR T cells
Case report

Chimeric antigen receptor (CAR) T cell therapy has become a new mainstay in the

treatment of several hematologic malignancies (1). However, the spectrum of

complications associated with CAR T cell therapy is still incompletely defined (2).

We describe the case of a 70-year-old female patient of Turkish origin with a past

history of diffuse large B cell lymphoma (DLBCL) treated with a commercial anti-CD19

CAR T-cell product (i.e., tisagenlecleucel), who presented with chronic diarrhea.

Initially, the patient had been diagnosed with follicular lymphoma in 2007 and received

chemotherapy with R-CHOP, R-Bendamustin, R-Gemcitabin/Oxaliplatin and idelalisib

over the following years. Transformation into an aggressive B cell non-Hodgkin lymphoma

was first noted in 2014 and treated with chemotherapy combining ifosfamid, carboplatin

and etoposide followed by high-dose chemotherapy (HDT) with autologous stem cell

transplantation (ASCT), R-Revlimid and radiation.
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In September 2020, imaging noted a relapse with vertebral and

paravertebral involvement. Histology from a punch biopsy as well

as on tissue obtained during neurosurgical intervention led to the

diagnosis of DLBCL and CAR T cell therapy was performed in

November 2020.

Three months after CAR T-cell therapy and being in complete

metabolic remission (CMR), the patient reported the development

of up to 20 loose stools per day. Over the following weeks,

symptoms persisted, and the patient noticed unintentional

weight loss. Stool cultures for pathogenic bacteria were

repetitiously negative. Similarly, norovirus, astrovirus, and

cytomegalovirus infection were ruled out. On ultrasound, we

noted a discontinuous pancolitis with bowel wall thickening and

hyperemia (Figure 1A). A subsequent colonoscopy confirmed

discontinuous pancolitis with redness, swelling, fibrin exudates,

and erosions (Figure 1B). Previous FDG-PET scan had not shown

any metabolic activity in the colon and, accordingly,

histopathologic evaluation ruled out DLBCL infiltration.

However, it revealed signs of chronic inflammation of the colon

mucosa with crypt distortions and some crypt abscesses

(Figure 1C). The patient did not take any non-steroidal anti-

inflammatory drugs and there was no indication of atherosclerosis.

Together, these diagnostic results demonstrated presence of an

inflammatory bowel disease (IBD). Yet, given the disease and

patient history, neither Crohn’s disease nor ulcerative colitis

were likely.

Further work-up of colon biopsies with immunohistochemistry

for CD3 demonstrated a marked enrichment of T cells in the

intestinal lamina propria (Figure 2A). Flow cytometry of CAR+

and CAR- T cells in the peripheral blood showed that a subset of the

CAR T cells expresses the gut-homing receptor a4b7 and that

a4b7-expressing cells are enriched within CAR+ compared to CAR-

T cells (Figure 2B, Supplementary Figure 1). Consistently, we

observed a substantial enrichment of CAR T cells in the colon

lamina propria (Figure 2C).

A course of prednisolone starting with 50 mg per day was

initiated (iv over the first ten days, then orally) and tapered over

seven weeks, but no symptomatic improvement was seen. The

patient was subsequently scheduled for treatment with the anti-

a4b7 integrin antibody vedolizumab. However, this was not

initiated, since ultimately before the first planned application and
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more than four months after symptom onset, diarrhea

spontaneously and gradually resolved, and no signs of colitis were

detected on follow-up ultrasound. There was no correlation of

diarrhea with CAR+ T cell frequencies in the peripheral blood

(Supplementary Figure 2) and, interestingly, resolution occurred

following a two-week course of antibiotic treatment with empiric

levofloxacin plus vancomycin followed by linezolid for bacteremia

due to central venous line infection.
Discussion

We conclude that IBD-like colitis in this patient was triggered

by CAR T cells. CAR T cell therapy has revolutionized the

treatment of several hematologic malignancies (4–6).

Tisagenlecleucel comprises expanded autologous T cells

engineered with a CAR to target CD19. Here, it seems that the ex

vivo expansion of certain gut-homing T cell clones during CAR T

cell production led to the recruitment of large numbers of these cells

to the large bowel following adoptive transfer. We speculate that

their interaction with the intestinal microbiome via the original T

cell receptor may have triggered local expansion and IBD-like

inflammation in this patient (7). Eventually, resolution of colitis

following an episode of antibiotic therapy even highlights the

possibility that a change in the intestinal microbiota might have

limited further stimulation of these intestinal CAR T cell clones.

The trials leading to approval of anti-CD19 CAR T cells were

relatively small (6) and, thus, previously unknown adverse events are

continuing to emerge. The most common specific side effects of CAR

T cell therapy described to date are the cytokine release syndrome

(CRS) and the immune effector cell associated neurotoxicity

syndrome (ICANS) (8, 9). CRS is triggered by activation of CAR T

cells following target antigen recognition, which in turn stimulate (by

e.g., abundant GM-CSF, IFN-g or TNF) the myeloid compartment

that releases high levels of IL-6. This activation of myeloid cells can

aggravate to macrophage activation syndrome (MAS) or

hemophagocytic lymphohistiocytosis (HLH), which are very severe

pathologies. Consequently, first-line therapy consists of blocking the

IL-6 receptor. In case of therapy failure, primarily steroids are used,

but also antibodies against TNF, IL-1 or tyrosine kinase inhibitors can

be used, especially in clinically frustrating situations. The
FIGURE 1

(A) Findings on bowel ultrasound (proximal descending colon). (B) Findings on colonoscopy (sigmoid colon) (C) Findings on histopathology (H/E
staining, 10x magnification).
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pathophysiology of ICANS is less well understood. It can take place

with or without a CRS and the clinical picture is also very

inhomogeneous. Vascular permeability, endothelial disruption, and

glial cell injury appear to be involved in the clinical picture, and the

primary treatment of isolated ICANS is steroid therapy. Another

bothersome side effect, which only became apparent as the number of

CAR T cell-treated patients increased, was prolonged hematotoxicity.
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The cause of this phenomenon is not conclusively understood, but an

inflammatory milieu appears to be an important trigger (10).

These side effects are in significant part due to overactivation of

CAR T cells. Many concepts are being evaluated in this regard, ranging

from the preventive administration of IL-6 receptor antagonists to the

genetic modification of CAR T cells. Here, the installation of “off-

switches”, the better adjustment of the signal strength by modification

of the affinity to the target antigen or the costimulatory domain and

also the suppression of cytokine release are conceivable (11).

Collectively, these adverse events are in one or another way

linked to the function of the CAR T cells. However, that also the

original T cell receptor (TCR) of the expanded clonotypes might

cause side effects has not been acknowledged so far. Such a risk

could be avoided by genetic removal of the endogenous TCR as it

already occurs during generation of allogeneic CAR T cells (12).

However, it is important to consider here that the endogenous TCR

also seems to be important for the persistence of CAR T cells (13).

Overall, we consider the probability of transduction of T cells

carrying an autoreactive TCR with the CAR construct to be very

low. However, it cannot be ruled out and should at least be

considered, especially in cases of organ-specific complications

(beyond generalized inflammation).

In conclusion, this case is the first to report IBD-like CAR T

cell-associated colitis following therapy with tisagenlecleucel.

Moreover, while a previous report described similar symptoms

following therapy with axicabtagene ciloleucel (14), it is also the

first to directly demonstrate the presence of CAR T cells in the

inflamed intestinal mucosa.

Thus, IBD-like colitis seems to be a rare side effect that should

be considered in the differential diagnosis in patients with chronic

colitis following CAR T cell therapy.
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SUPPLEMENTARY FIGURE 1

Gating strategy for CAR detection: Time parameter was used to monitor

instrument stability, doublets were excluded by FSC-H/FSC-A, CD45+ events
were gated, lymphocytes were determined by FSC-A/SSC-A, viable T cells

were gated by CD3+ and 7-AAD-, and further subdivided in CAR+ and CAR-

T cells.

SUPPLEMENTARY FIGURE 2

Time course of frequencies (left panel) and numbers (right panel) of CAR+ T

cells in the peripheral blood of the patient as determined by flow cytometry.
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Purpose: Autologous chimeric antigen receptor (CAR) T cell therapy is one of the

most significant breakthroughs in hematological malignancies. However, a

three-week manufacturing cycle and ineffective T cell dysfunction in some

patients hinder the widespread application of auto-CAR T cell therapy. Studies

suggest that cord blood (CB), with its unique biological properties, could be an

optimal source for CAR T cells, providing a product with ‘off-the-shelf’

availability. Therefore, exploring the potential of CB as an immunotherapeutic

agent is essential for understanding and promoting the further use of CAR T cell

therapy.

Experimental design: We used CB to generate CB-derived CD19-targeting CAR

T (CB CD19-CAR T) cells. We assessed the anti-tumor capacity of CB CD19-CAR

T cells to kill diffuse large B cell lymphoma (DLBCL) in vitro and in vivo.

Results: CB CD19-CAR T cells showed the target-specific killing of CD19+ T cell

lymphoma cell line BV173 and CD19+ DLBCL cell line SUDHL-4, activated

various effector functions, and inhibited tumor progression in a mouse (BALB/c

nude) model. However, some exhaustion-associated genes were involved in off-

tumor cytotoxicity towards activated lymphocytes. Gene expression profiles

confirmed increased chemokines/chemokine receptors and exhaustion genes

in CB CD19-CAR T cells upon tumor stimulation compared to CB T cells. They

indicated inherent changes in the associated signaling pathways in the

constructed CB CAR T cells and targeted tumor processes.

Conclusion:CB CD19-CAR T cells represent a promising therapeutic strategy for

treating DLBCL. The unique biological properties and high availability of CB

CD19-CAR T cells make this approach feasible.

KEYWORDS

cancer immunotherapy, chimeric antigen receptor T cells, CD19, cord blood, diffuse
large B-cell lymphoma
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Introduction

One of the developmental milestones in immunotherapy of

hematologic malignancies is chimeric antigen receptor (CAR) T cell

therapy (1). Genetically engineered T cells expressing CARs can

specifically target tumor cells (2). CAR is a fusion protein consisting

of an extracellular domain binding target antigen and linked to an

intracellular signaling domain. First-generation CARs were

designed using only the CD3z intracellular signaling domain of

the TCR/CD3 complex. Second- and third-generation CARs

contain costimulatory molecules fused to CD3z, such as CD28

and/or 4‐1BB, which leads to enhanced proliferation, durable

activity, cytokine secretion, apoptotic resistance, and in vivo

persistence (2). Currently, the Food and Drug Administration has

approved the use of four CAR T programs as third-line therapy of

large B cell lymphoma (LBCL): BREYANZI (lisocabtagene

maraleucel) (3), Novartis’s KYMRIAH (tisagenlecleucel) (4),

Gilead’s YESCARTA (axicabtagene ciloleucel) (5), and Gilead’s

TECARTUS (brexucabtagene autoleucel) (6) and second-line

therapy of LBCL: YESCARTA (7). The overall response rate has

been observed to be as high as 73% with 54% complete response

(CR) rate (8). With this clinical success, CAR T cells have

revolutionized the treatment of relapsed/refractory (R/R) LBCL.

Use of autologous CAR T (auto-CAR T) cells targeting CD19 has

led to outstanding data for patients with R/R LBCL (9). However,

following leukapheresis, auto-CAR T cell engineering is a bespoke

fabrication procedures for all patients, leading to certain well-known

shortcomings, such as high out-of-pocket payments and prolonged

wait time. Some patients may show disease progression or may lose

eligibility for treatment-related complications over the waiting

period, causing delayed or failed availability of auto-CAR T cell

therapy (10). Moreover, auto-CAR T cells may be ineffective owing to

T cell dysfunction, wherein immunosuppression receptors are

expressed (11). The functional characteristics of auto-CAR T cells

are inversely affected by the previous accumulation effects of

chemotherapy (12). For these reasons, some patients fail to receive

autologous T cells for producing CAR T cell products (13). Finally,

the cost of this auto-CAR T cell therapeutic approach remains high

and it is not readily available for all patients, which is a challenge for

healthcare systems (14).

The ‘off-the-shelf’ allogeneic CAR T (allo-CAR T) cells from

healthy donors with simplified and standardized manufacturing are

expected to address these problems. Allo-CAR T cells host several

prospective advantages, for example lower and affordable costs,

owing to the application of scaled manufacturing processes and the

capacity to generate multiple CAR T cells from a single donor (15).

Allo-CAR T cells with pre-prepared and cryopreserved features can

be taken as needed, making therapy available instantly for patients

(15). In addition, a crucial difference is that allogeneic cell

manufacturing involves a batch of products, which can be used if

repetition is necessary. In contrast, a collection of autologous cells

can only be used to produce a single-cell product. The ‘off-the-shelf’

allo-CAR T cells also can combinate with antibody targeting co-

inhibitory molecule (16). Clinical studies have shown that donor-

derived CAR T cells exhibit effective expansion in patients with
Frontiers in Immunology 02139
acute lymphoblastic leukemia (ALL), achieving a high CR and

controllable safety (17). However, allogeneic approaches suffer

from two significant problems. First, allogeneic T cells may lead

to life-threatening graft-versus-host disease (GVHD). Second, the

host immune systemmay rapidly recognize and eradicate allogeneic

T cells, thereby limiting their anti-tumor activity (18).

Allo-CAR T cells are primarily derived from peripheral blood

mononuclear cells (PBMCs) and not often from cord blood (CB).

CB transplantation has been successfully used to cure hematologic

malignancies in recent decades, owing to decreased graft failure

rates and transplantation-related mortality. Research indicates that

the exceptional biological characteristics of CB cells may result in

improved anti-cancer efficacy. Therefore, CB could be an ideal

option for immunotherapy, offering products that are readily

accessible ‘off-the-shelf’ (19). CB-derived CAR-NK cell therapy

has been successfully used to treat hematologic malignancies. 73%

(8/11) of patients responded to treatment with CB-derived CARNK

cells without developing major toxic effects (20). Through genetic

manipulation and stimulation of costimulatory molecules, the

formerly naïve CB T-cell has been directed to differentiate into

effector T cells (21). In a mouse model of ALL, CB-derived CAR T

cells show a higher naïve T cells proportion and better tumor

growth inhibition than PB-derived CAR T cells from R/R ALL

patients (22). However, the number of clinical trials using CB-

derived CAR T cells products is limited. Thus, we generated CB-

derived CD19-targeting CAR T cells and assessed the anti-tumor

activity of CB CD19-CAR T cells in diffuse large B cell

lymphoma (DLBCL).
Materials and methods

Cell lines, cell culture, and
animal experiments

SUDHL-4, DB, BV173, and K562 cells were obtained from the

Stem Cell Bank of the Chinese Academy of Sciences. All cell lines

were cultured in RPMI-1640 medium supplemented with 10% fetal

bovine serum (Gibco, Billings, MT, USA). All cell lines were

authenticated by Short Tandem Repeat profiling and regularly

tested negative for mycoplasma contamination.

This study used male BALB/c nude (BALB/c-nu) mice aged 5-6

weeks, purchased from Hunan Slake Jingda Experimental Co., Ltd.

Ethical approval was received from the Medical Research Ethics

Committee of the Second Affiliated Hospital of Nanchang

University, and written informed consent was obtained. A total of

1 × 106 SUDHL-4 cells suspended in a mixture of 100 mL Matrigel

and PBS were subcutaneously injected into the backs of BALB/c-nu

immunodeficient mice. Definition tumor engraftment at day 9,

mice were then randomly divided and received CB CD19-CAR T

cells in treatment groups and CB T cells in control groups at day 10,

and tumor measurement was monitored every 3 days (n=7 per

group). After experimental observation, the mice were euthanatized

following the painless cervical dislocation, and their tumors were

collected for subsequent analyses.
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CD19-CAR construct design and lentiviral
vector production

The construct of generating the CD19 CAR lentiviral was

performed based on the methods previously published in a patent

(CN 108753774 B). The scFv (VL-linker-VH) sequence of CD19

CAR was encoded using synthetic DNA technology (GENEWIZ,

China). Next, the CAR was subcloned into a second generation with

a 4-1BB costimulatory domain. A truncated version of the CD19

CAR was created by deleting the cytoplasmic domains. 293T cells

transfected with packaging plasmids and the scFv vector, including

CAR construct, generate lentiviruses products. The viral

supernatant was harvested after 48–72h, concentrated and stored

at −196°C until further use.
T-cell isolation, culture, and transduction

According to the manufacturer’s instructions, we isolated CD3

+ T cells from fresh cord blood by CD3 positive selection

microbeads (Miltenyi Biotech, Germany). For activating the T

cells, we resuspended the isolated CD3+ T cells (1 × 106 cells/ml)

in X-VIVO 15 medium (Thermo Fisher Scientific, Waltham, MA,

USA) supplemented with 5% human AB serum (Thermo Fisher

Scientific) and 200 U/mL recombinant human IL-2 (PeproTech,

USA) at 37°C in 5% CO2. Sterile, non-tissue-culture-treated 24-

well plates were coated with Retronectin (Thermo Fisher Scientific)

at 6 µg/cm2 and left to stand overnight at 37°C in 5% CO2. Next,

the lentivirus supernatant was transferred to plates, and then T

cells activated using recombinant human interleukin-2 (250 U/mL)

were added, followed by incubation at 37°C for 24h after

centrifugation. The medium was changed 24h later and every

other day afterwards.
Cytotoxicity and multiplex cytokine assay

All anti-human antibodies, including CD45RA-APC

(Cat: 550855), CD3-FITC (Cat: 555339), CD4-APC-Cy7 (Cat:

557871), CD8-PerPCy5.5 (Cat: 560662), CCR7-PE (Cat: 552176),

CD27-PE-Cy7 (Cat: 560609), CD28-BV711 (Cat: 563131), Fixable

Viability Stain (FVS) (Cat: 562247), PD-1-BV421 (Cat: 562584),

and TIM-3-BV605 (Cat: 747961), were purchased from BD

Pharmingen (BD Biosciences, Franklin Lakes, NJ, USA). Tumor

cells were labeled with 2 µM intracellular tracing reagent

carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen,

Waltham, MA, USA), and dead cells were marked with FVS. All

flow cytometric analyses were performed using a BD FACSCanto

(BD Biosciences) and analyzed with FlowJo Version 10 (Tree Star,

Ashland, OR, USA). The capacity of CB CD19-CAR T cells

recognizing and killing target cells was evaluated by analyzing the

percentage of CFSE-labelled target cells after coculturing for 24 h at

different effector: target (E: T) ratios of 1:1, 2:1, 5:1, 10:1.

Supernatants were harvested after 48 h, and multiple cytokines

(IL-2, IL-4, IL-6, IL-10, TNF-a, and IFN-g) were detected using the
Frontiers in Immunology 03140
BD Cytometric Bead Array (CBA) Human Th1/Th2 Cytokine Kit

(BD Pharmingen) by flow cytometry.
RNA sequencing analysis

CB T and CB CD19-CAR T cells were collected (three biological

replicates) as samples for RNA-seq analysis. This RNA-seq was also

used to analyze CB CD19-CAR T cells before and after co-culture

with SUDHL-4 cells an E: T ratio of 1:1 for 48h. cDNA library

construction, library purification, and transcriptome sequencing

were executed using the DNBseq platform according to the

ins truct ions provided by Kindstar Globa l Company

(www.kindstar.com.cn). For RNA-seq data, the gene expression

levels were quantified in fragments per kb of exon model per million

mapped reads exon model. The differentially expressed genes

(DEGs) were analyzed using EdgeR software and the significance

was adjusted P-value of <0.05 and absolute log2 (absolute ratio

value) ≥ 1.
Statistical analyses

Statistical analyses were executed using GraphPad Prism 8.0

(GraphPad Software). Two-tailed Student’s t-test was used to

compare two groups to identify significant differences. A two-way

ANOVA with Tukey’s multiple comparison test was used for three

and more groups. For experiments in the animal tumor model, two-

way ANOVA was used to analyze tumor volume and weight.

Experimental data were collected from a minimum of three

independent experiments for each analysis. Data are presented as

the mean ± standard error of means (SEM), and statistical

significance was set at P < 0.05.
Data availability

The data generated in this study are available upon request from

the corresponding author. Data were generated by the authors and

included in the article
Results

Generation and characterization of CB
CD19-CAR T cells

We generated a CD19scFv-based CAR construct with a 4-1BB

costimulatory domain and a CD3z signaling domain (Figures 1A,

B). CB T cells without CD19 CAR transduction were used as

control. Activated CB T cells were transfected with lentiviral

vectors, with consequential expression of CD19 CAR (Figure 1C).

Subsequently, we tested the immunophenotypes of CB CD19-CAR

T and CB T. Flow cytometry data indicated that the proportions of

CD4, CD8, TCR-a, and TCR-g cells did not differ between CB
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CD19-CAR T and CB T (Figures 1D, E). Following expansion, both

CB CD19-CAR T and CB T cells were enriched for naïve T cells

(CD45RA+CCR7+; CD28+CD27+), indicating that they were

similarly cultured with no significant proliferation differences. We
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performed RNA-seq analysis of CB CD19-CAR and CB T cells

(Figures 1F, G). CB CD19-CAR T cells manifested changes in genes

related to adherens junction, cytokine-cytokine receptor

interaction, chemokine signaling pathway and antigen processing
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FIGURE 1

The construction, characterization, and gene expression of CB CD19-CAR T. (A) Schematic diagram of anti-hCD19 scFv. (B) Schematic diagram of
plasmid construct for pHR- anti-hCD19CAR. (C) Representative flow cytometry analysis of transduction efficiency of CB T cells. (D) Representative
flow cytometry analysis of the maturation profile shows there is no difference found in either the fraction of CB CD19-CAR T cells or CB T cells.
(E) Data show mean ± SEM. (F) The heatmap of top 50 DEGs expression profiles. (G) KEGG pathway functional enrichment analyses of CB CD19-
CAR T cells compared with CB T cells. TN, Naive T cell; TCM, Central memory T cell; TEM, effector memory T cell; TEMRA, Terminal effector T cell;
DGEs, differentially expressed genes; SEM, standard error of means; ns, non-significant.
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and presentation. This may be associated with the assembly of CAR

to enhance cell membrane’s function and T cell immune response.
CB CD19-CAR T cells specifically recognize
and kill BV173 cells

To investigate the cytolytic ability of CB CD19-CAR T cells for

distinguishing and eliminating CD19+ tumor cells, we first selected

BV173 cells (a CD19+ ALL cell line) for verification. Compared

with the CB T group and CD19-negative cell line K562 group, CB

CD19-CAR T cells mediated cytotoxicity against the CFSE-labelled

BV173 cells (P < 0.05, n = 3; Figures 2A, B), indicating that CB T

cells expressing CAR constructs were able to eliminate tumor cell.

We also detected cytokine products of CB CD19-CAR T cells

following coculture with target tumor cells for the examination of

the effector function. Supernatants analyzed by the CBA assay

revealed that only BV173 group could elicit release of multiple

cytokines by CB CD19-CAR T cells (Figure 2C and Figure S1A),

further indicating that the CB CD19-CAR T cells exhibited specific

activation with target cell stimulation.
CB CD19-CAR T has potent anti-tumor
efficacy against CD19+ DLBCL cells in vitro
and in vivo

SUDHL-4 cells are DLBCL cells expressing CD19 markers that

can be recognized explicitly by CB CD19-CAR T cells. DB cells are

DLBCL cells that are not CD19-positive. To confirm their

cytotoxicity against CD19+DLBCL cells, we cocultured SUDHL-4

and DB cells with CB T and CB CD19-CAR T cells at different E: T

ratios of 1:1, 2:1, 5:1, 10:1. In contrast to CB T cells, CB CD19-CAR

T cells showed strong lysis function during coculture with SUDHL-

4 cells (P < 0.05, n = 3; Figures 3A, B). We observed cytotoxicity

towards SUDHL-4 cells but not DB cells, which was mirrored by the

anti-tumor activity post antigen stimulation (P < 0.05, n = 3;

Figures 3A, B). While the outgrowth of SUDHL-4 was not

affected by the dose of CB CD19-CAR T cells, the low amount (E:

T of 1:1) of CB CD19-CAR T cells still led to anti-tumor activity

against CB CD19-CAR T cells. CB CD19-CAR T cells cocultured

with SUDHL-4 cells also showed significantly higher cytokine

secretion, including IL-2, IL-4, IL-6, IL-10, TNF-a, and IFN-g
(Figure 3C and Figure S1B), further demonstrating the CD19-

dependent cytotoxicity of CB CD19-CAR T cells.

To evaluate the anti-lymphoma activity of CB CD19-CAR T

cells in vivo, we established a murine xenogeneic model using

SUDHL-4 cells. Subcutaneous injection of SUDHL-4 cells into the

backs of BALB/c-nu mice allowed the tumor to expand. Following

confirmation of tumor engraftment on day 9, animals received CB

CD19-CAR T cells or CB T cells on day 10. The growth of tumors

and their weight were followed in three groups (Figures 3D-F). CB

CD19-CAR T cells were able to control the growth of tumor

compared with CB T cells and untreated group, the representative

images and data from n = 4 mice per group (Figure 3D). No

significant decrease in mouse body weight or other toxicity signs
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was observed in any treatments, including CB T cells and CB CD19-

CAR T cells, suggesting little systemic toxicity with good tolerability

(Figure 3F). These results support the results of our in vitro study

and indicate that CB CD19-CAR T cells effectively inhibit tumor

growth in a DLBCL model.
Changes in genes expression of CB CD19-
CAR T cells following coculture

We analyzed the changes after CB CD19-CAR T cell interaction

with tumor cells. After 48h of coculture, CB CD19-CAR T cells

showed loss of the CCR-7 phenotype and naïve T cells converted

them into terminally differentiated effector memory cells re-

expressing CD45RA (TEMRA) T cells; the formerly naïve CB T cell

population promptly differentiated into an effector cell (Figure 4A).

The upregulation of immune checkpoint proteins might limit the

anti-tumor activity causing resistance of immune cell-mediated

therapy. Among them, programmed cell death protein-1 (PD-1)

and T cell immunoglobulin and mucin domain-containing protein

3 (TIM-3) have recently received increased attention for playing a

critical role in inhibition of T cell proliferation and function.

Therefore, we investigated changes in the expression of PD-1 and

TIM-3 on the surface of CB CD19-CAR T cells. As shown by our

flow cytometry results (Figure 4B), mean TIM-3 expression was

significantly higher in CB CD19-CAR T cells after coculture with

SUDHL-4 cells. PD-1 expression levels were not statistically

significant. CB-derived CAR T cells showed elevated immune

checkpoints after coculture with SUDHL-4, which might hinder

the ability of CB CAR T cells to expand and act continuously

in vivo.

To elucidate which gene is responsible for these changes, we

analyzed the RNA-seq data of CB CD19-CAR T cells cocultured

with or without SUDHL-4 cells. The resulting SUDHL-4 cells were

cultured for 48 h when CB CD19-CAR T cells were selected using

magnetic beads. We identified 3331 DEGs, 1584 upregulated and

1747 downregulated, in the two comparisons (Figure 5A). The top

50 DEGs following coculture was listed in Figure 5B. KEGG analysis

of the top DEGs showed that immune-related gene pathways were

mainly altered following coculture. A functional enrichment

analysis in all two comparisons showed that most of the KEGG

pathways were signal “focal adhesion” “cytokine-cytokine receptor

interaction,” and “chemokine signaling pathway,” which are

associated with recognition or killing by CAR T cells binding to

tumor cells (Figure 5C).

Next, we analyzed DEGs associated with immunity between CB

T subsets, CB CD19-CAR T subsets, and CB CD19-CAR T/

SUDHL-4 coculture subsets in our combined dataset. Hierarchical

clustering of 65 immune-related genes led to the identification of

chemokines/chemokine receptors (CXCL10, CCL2, CX3CR1,

CXCR4, and CCL5), costimulation (TNFRSFs gene families),

exhaustion- (NR4As gene families), and memory-associated genes

(IL7R and IL2RA) (Figure 5D). Coculture of CB CD19-CAR T cells

with SUDHL-4 cells significantly upregulated canonical exhaustion-

associated genes (NR4A3), costimulation genes (TNFSF9, TNFRSF8,

and TNFRSF9) and STAT1, and downregulated memory-associated
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genes (IL7R, CXCL10, and CXCR4) compared to coculture with CB

T cells. Notably, we found that genes associated with ferroptosis

(TFRC and SLC40A1) in CB CD19-CAR T/SUDHL-4 coculture

were more likely to be differentially expressed compared to CB T

and CB CD19-CAR T. Here, it may indicate the involvement of

ferroptosis in CB CD19-CAR T cell death (Figure 5D).
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Discussion

CAR T cell therapy has been presented as a second or even first-

line treatment in patients with R/R LBCL (23–25). The ‘off-the-

shelf’ product is under intense investigation to enable higher and

broader availability of CAR T therapy. Several studies have shown
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FIGURE 2

CB CD19-CART specifically kills CD19+ BV173 cells. (A) Representative dot plots of cytotoxicity assays showing specific on-target killing. The CFSE
+FVS+/CFSE+ ratio was used to determine the kill rate. (B) Data show mean ± SEM of specific cytotoxicity experiments. (C) Statistical diagram of
cytokine concentration in CB T or CB-CD19-CAR T cells cocultured with BV173 cells at an E: T ratio of 1:1 for 24h. SEM, standard error of means; ns,
non-significant; ***P < 0.001, ****P < 0.0001.
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that CB, a lesser-used source of CAR T cells, is an effective source of

cancer immunotherapy (22, 26). For example, studies have used

primary cells from CB to culture-specific T cells that target acute

myeloid leukemia and ALL (27, 28). The activity of CB-derived

CAR T cells has also been confirmed in ALL cell lines and mouse
Frontiers in Immunology 07144
models (22). Additionally, CAR-NK cells from CB cells have been

safely administered without complete HLA matching and showed

practical anti-tumor effects in NHL. Considering the unique

characteristics of CB, we designed a study on the application of

CB CD19-CAR T cells in CD19+ DLBCL. CB CD19-CAR T cells
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Specific cytotoxicity of CB CD19-CAR T cells targeting CD19+ DLBCL cells. (A) Representative plots showing specific cytotoxicity of CB CD19-CAR T
cells against CD19+ DLBCL cells but not CD19- DLBCL cells. (B) Quantitative data of the cytotoxic activity of CB-CD19-CAR T cells and CB T cells
against DLBCL cell lines. Error bars represent SEM. (C) Cytokine concentration in CB T or CB-CD19-CAR T cells cocultured with SUDHL-4 cells at an
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displayed cytotoxicity targeting the CD19+ T cell lymphoma cell

line BV173 and CD19+ DLBCL cell line SUDHL-4, triggered

secretion of multiple cytokines in coculture assays, and limited

tumor growth in a mouse model. Gene expression profiles

confirmed increased chemokines/chemokine receptors and

exhaustion genes in CB CD19-CAR T cells upon challenge with

tumor cells compared to CB T cells. Our results show that CB

CD19-CAR T cells are a promising therapeutic strategy for

treating DLBCL.

A single dose of CB can amplify 108 CAR T cells, and CB T cells

have an advantage over auto-CAR T cells because of insufficient T

cells in post-chemotherapy patients. T cells derived from CB also

possess a unique antigen-naïve status (29). There is ample evidence

that demonstrates different subsets of naïve T cells play distinct

roles in immunity (30) and that the stemness of anti-tumor T cells

can increase the potential of immunotherapy (31). CAR T cells

constructed with different costimulatory domains show different

features. We built CB CD19-CAR T cells using 4-1BB as a

costimulatory molecule, as CARs confer longer persistence in the

presence of 4-1BB (32). Additionally, 4-1BB-based T cells tend to
Frontiers in Immunology 08145
behave like central memory-like T cells, improving mitochondrial

and expiratory capability and fatty acid metabolism (33). Moreover,

we argue that CB CD19-CAR T cells could specifically recognize

and kill the CD19+ ALL cell line BV173 and DLBCL cell line

SUDHL-4 in an antigen-specific manner in vitro and control tumor

progression in vivo. Overall, we determined that CB CD19-CAR T

cells show specific cytotoxicity and simultaneous cytokine

production can effectively eliminate CD19+ DLBCL cells.

PBMCs-naïve T cells cause severe GVHD in murine models

(34). However, T cells derived from CB were transformed into CAR

T cells after transfection with a surface antigen specific CAR

because these cells lack the CD3/TCRab complex; therefore, their

responses are not HLA-restricted (35), which is a characteristic of

the placenta. Different from all other tissue cells, extravillous

cytotrophoblast cells in the placenta express only HLA-C, HLA-E,

and HLA-G, and syncytiotrophoblast cells are HLA-negative (36);

these potential features result in minimal risk of GVHD (37).

Furthermore, this implies an additional reason for the decreased

risk of GVHD. The reactivity of CB T cells is reduced by impaired

nuclear factor of activated T cell signaling (38). We observed a
TN TCM TEM TEMRA
0

20

40

60

80

100

C
D
45
R
A

C
D
45
R
A

CCR7CCR7

TEMRA
23.7

TN
61.3

TCM
9.48

TEM
5.57

TEMRA
33.1

TN
55.1

TCM
7.21

TEM
6.55

CB CD19-CAR T+SUDHL-4CB CD19-CAR T

PD-1 TIM-3

A

B

FIGURE 4

Phenotypic and numeric changes of the coculture of CB CD19-CAR T with the DLBCL cells. (A) Representative flow cytometric plots of the CB
CD19-CAR T after coculture of SUDHL-4 cells (left panel). Data show mean ± SEM (right panel). (B) Representative flow cytometry histogram and
representative histogram of PD-1 and TIM-3 expression in CB CD19-CAR T alone and after coculture with SUDHL-4 cells (left panel). Bar graphs
show mean ± SEM (right panel). TN, Naive T cell; TCM, Central memory T cell; TEM, effector memory T cell; TEMRA, Terminal effector T cell; PD-1,
programmed cell death protein-1; TIM-3, T cell immunoglobulin and mucin domain-containing protein 3; SEM, standard error of means; ns, non-
significant; *P < 0.05; **P < 0.01.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1139482
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yu et al. 10.3389/fimmu.2023.1139482
weight reduction in the CB CD19-CAR T cell group after treatment

compared with the control group, but it increased again after a

week. No diarrhea, rash, or jaundice, which are common symptoms

of GVHD, were observed during the observation period. We

concluded that CB CD19-CAR T cells were associated with

minimal GVHD.
Frontiers in Immunology 09146
No response and secondary resistance after CAR T cell therapy

are clinical conundrums in the CAR T cell therapy era (39). CAR T

cell expansion and persistence are essential components for CAR T

efficacy, patients achieving CR, and preventing relapse. Defining

phenotypic and functional changes in CAR T cells is paramount for

developing practical CAR-T strategies (40). Our study also
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RNA-seq analysis of the coculture of CB CD19-CAR T with the DLBCL cells. (A) The distribution of DEGs between CB CD19-CAR T alone and after
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elucidated that after coculture with DLBCL cell lines, CB CD19-

CAR T cells show significantly upregulated TNFSF9, TNFRSF8,

TNFRSF9, and STAT1 compared with CB T and CB CD19-CAR T

cells. Several TNFR family members participate in sustaining T cell

responses after T cell activation (41). Another study demonstrated

that the STAT1 pathway defends T cells from NK cell-mediated

eradication involved in T cell survival (42). CB CD19-CAR T cells

may be activated by naïve CB T cells to initiate the STAT1 signaling

pathway and TNK pathway and release cytokines to play an effector

role. However, we also found that NR4As gene families were

upregulated, and IL7R was downregulated in the coculture group

compared with CB CD19-CAR T alone. NR4As genes play an

essential role in T cell dysfunction and cause CAR T cells to enter

an exhausted or dysfunctional state in solid tumors (43, 44).

Previous reports have shown that IL7R blocks the development of

T cells, and patients with IL7R-inactivating mutations present with

severe combined immunodeficiency (45, 46). Short persistence and

early exhaustion of T cells are significant limitations to

immunotherapy efficacy and its broad application (47, 48). Thus,

targeting IL7R and NR4A is a promising CAR T cell therapy

strategy. Many strategies, such as designing CB-derived CAR T

cells with specificity to immunodeficiency genes and virus-specific

antigens (49), must be explored to address these problems.

Nevertheless, our work addresses a significant barrier to the

progress of this emerging class of therapeutic agents. These

possibilities will be examined in the future to develop CAR

T therapy.

In conclusion, we generated CB CD19-CAR T cells and

confirmed their anti-tumor activity against DLBCL cells. We also

studied the underlying cellular pathways in CB CAR-T cells and

explored their exhaustion mechanisms. The development of CB

CAR T cells as an ‘off-the-shelf’ CAR T cell readily available for

patients with R/R LBCL in an affordable and timely manner would

significantly get patients close to these therapeutics. Our trial results

could help inform patients who require immunotherapy of more

excellent choices.
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