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CRISPR-screen informed
engineered T cell therapies

Karrie Wong, Conor Calnan and Micah J. Benson*

KSQ Therapeutics, Lexington, MA, United States
Adoptive T cell therapies can deliver curative responses for refractory patients with B

cell malignancies, yet clinical activity in solid tumors remains inconsistent. Tumor-

intrinsic barriers dominating this inconsistency include the immunosuppressive solid

tumor microenvironment (TME) imposing chronic inhibitory cues to T cells and the

scarcity of patient-shared and uniformly expressed tumor-restricted antigens for T

cells to target. CRISPR-based forward genetics screens enable mapping of the

functional genome regulating T cell anti-tumor activity. Here, we review recent

insights from pooled CRISPR knockout screens in T cells to define convergent targets

and pathways regulating T cell anti-tumor function and align the pharmacology of

engineered T cells with sequential barriers they encounter within the TME. We

additionally propose a framework for CRISPR screen-enabled target prioritization

and present an example of how these principles can be applied to the functional

enhancement of T cells through TIL (Tumor Infiltrating Lymphocyte) therapy, which

utilizes a patient’s personalized immune response against solid tumor antigens.
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1 Functionally enhancing T cell therapies: an
introduction

Engineering strategies to enhance adoptive T cell therapies fall broadly into ‘gene-on’ and

‘gene off’ approaches. Gene-on integrates activators into the T cell genome, often through viral

transduction, to amplify function-enhancing signaling pathways. The discovery that chimeric

antigen receptors (CARs) require a co-stimulation signaling domain for clearing CD19-

expressing tumors catalyzed the search for additional enhancements including alternative

signaling domains and ‘armoring’ with cytokines (1–3). These approaches can strongly enhance

anti-tumor activity in pre-clinical models, with potential limitations including excessive or poorly

tunable signaling of a single pathway and the uncoupling of T cell behavior from the oscillatory

extrinsic signals that normally govern function.

Gene-off approaches instead remove intrinsic brakes, or checkpoints, from the extrinsic

positive signals naturally governing T cell function and fate including T cell receptor (TCR),

cytokine and co-stimulatory signaling. A key feature is that T cells retain the need for

extrinsic signals to function, with biological cues and activation occurring in sync and in a

tunable manner, although with an expanded and enhanced dynamic functional range due to

checkpoint removal. This paradigm was established by the clinical successes of CTLA-4 and
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PD-1 checkpoint blockade (4). Despite these clinical successes,

there are significant remaining unmet needs, particularly in the

treatment of solid tumors, which have motivated the discovery of

novel checkpoints for pharmacologically targeting as well as inac-

tivation within cell therapies. Adoptive T cell therapies offer two

inherent advantages as a therapeutic approach: the numerical

benefit of infusing large numbers of tumor-specific T cells and,

owing to the breadth of our existing genome editing toolkit, the

ability to ‘gene off’ key signaling nodes, transcriptional regulators

and epigenetic programs otherwise inaccessible to biologics or

small molecules.
2 Adoptive T cell therapies for solid
tumors

Approved adoptive T cell therapy products demonstrate both

opportunity and lessons learned. CAR-T (Chimeric Antigen

Receptor T cell) therapy involves engineering T cells to express a

synthetic CAR recognizing a cell surface antigen on tumor cells;

TCR-T (T Cell Receptor engineered T cell) therapy also involves

engineering T cells but to express a TCR recognizing a tumor

peptide antigen presented by HLA molecules in an MHC-restricted

manner and thus targeting intracellular tumor antigens. TIL

(Tumor Infiltrating Lymphocyte) therapy involves harvesting T

cells which have infiltrated a patient’s tumor and possess tumor

specificity, expanding ex vivo followed by reinfusion back into the

patient. Currently approved products include CAR-T therapies

targeting CD19 (Kymriah®, Yescarta®, Tecartus®, Breyanzi®,

Aucatzyl®) and BCMA (Carvykti®, Abecma®) in hematological

tumors, and TCR-T (Tecelra®) and TIL (Amtagvi®) therapies for

synovial sarcoma and melanoma, respectively. Broader success of T

cell therapies targeting solid tumors has been hampered in part by

two major challenges. First, the highly immunosuppressive nature

of the solid tumor microenvironment (TME) is driven by numerous

mechanisms serving to blunt T cell infiltration, suppress function,

and drive their differentiation towards a terminally exhausted state.

The TME is characterized by hypoxic conditions, increased lactic

acid and deprivation of glucose and glutamine, all of which facilitate

T cell dysfunction and exhaustion (5, 6). Notably, the stringent

immunosuppressive mechanisms present within solid tumors are

distinct from those present with hematological malignancies, which

tend to accumulate within lymphoid tissues where many of these

mechanisms are not overtly apparent (7). Second, the targeting of

tumors by cell therapies is hindered by a scarcity of patient-shared

antigens uniquely and uniformly expressed by solid tumors and not

healthy tissues, either on the cell surface or presented in the context

of MHC molecules. The targeting of tumor antigens also expressed

by normal tissues can lead to on-target/off-tumor toxicities, and the

molecular heterogeneity of solid tumors can drive the concomitant

heterogeneous expression of tumor antigens, with antigen loss a

common mechanism utilized by tumors to escape immune recog-

nition (8, 9).
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The cumulative clinical and translational experience with adop-

tive T cell therapies has illuminated the key mechanisms critically

required for their efficacy against solid tumors. First, robust post-

infusion expansion and systemic accumulation of transferred cells

within primary and secondary lymphoid organs should ensure that

sufficient tumor-recognizing T cells are present within the circula-

tion to initiate an acute response. Second, intratumoral T cell

trafficking, infiltration and accumulation are essential for driving

proximity and tumor cell contact at a sufficient effector-to-target

ratio needed to kill tumor cells. Third, tumor infiltrating T cells

must retain effector function and resist tumor-driven immunosup-

pression and exhaustion. Finally, durable persistence of T cells

present in lymphoid tissues over years should provide a long-lived

memory backdrop capable of clearing residual disease. Rational

engineering therefore requires a comprehensive understanding of

the targets and pathways governing these mechanisms.
3 CRISPR screens for mapping T cell
anti-tumor function

Forward-genetic CRISPR screens have opened the genome to

discovery, repeatedly highlighting the same core pathways as

regulating T cell anti-tumor function: JAK/STAT cytokine signal-

ing, proximal and distal TCR signaling including NF-kB and RNA

stability programs, and transcriptional/epigenetic regulators of

exhaustion and cell fate (Table 1). The convergence of these

pathways across studies and their roles in regulating the various

mechanisms required for T cell therapies to benefit patients

provides a roadmap for engineering and a framework for prioritiz-

ing targets and pathways for the functional enhancement of T cells.

Pooled CRISPR knockout screens introduce libraries of single

guide RNAs (sgRNAs) into tumor-specific T cells such that each cell

harbors a distinct perturbation identifiable by its integrated sgRNA

(33, 34). Gene-edited T cells are then functionally evaluated.

Enrichment of specific sgRNAs reveals genes whose loss enhances

the assayed function and depletion marks positive regulators or

genes essential for cell survival. A feature of this approach is its

flexibility. Screens can be conducted both in vitro and in vivo, and

have been used to map proliferation and accumulation, cytokine

production and degranulation as proxies for cytotoxicity, resistance

to tumor-derived immunosuppression, survival and apoptosis,

exhaustion and in vivo tumor infiltration as well as persistence

(Table 1). Recovery of sgRNAs from assayed T cells at a depth

predefined by statistical power drives screen quality and is a

primary determinant of sgRNA library size.

In vitro screens excel at variable control by precisely isolating

mechanisms under inquiry. In addition, they allow scale-up screens

for genome-wide coverage, given the ability to recover tens of

millions of assayed T cells. Assayed mechanisms include T cell

expansion and accumulation, including under immunosuppressive

conditions, effector function, and functional exhaustion. The pri-

mary limitation of in vitro screens is ecological. That is, in vitro
frontiersin.or
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TABLE 1 Overview of T cell anti-tumor function CRISPR screens.

el Identified genes Identified
pathways

stim +IL-2
t adenosine-
ted
ppression

TCEB2, SOCS1, CBLB,
CD5, CDKN1B, DGKA,
DGKZ, RASA2, TNFAIP3

(A20), UBASH3A

TCR signaling, Cell Cycle,
Cytokine/JAK-STAT, NF-

kB

ve transfer
priming

SOCS1 Cytokine/JAK-STAT, TCR
signaling

d Expansion
T3+iPBMC
2)

SOCS1 Cytokine/JAK-STAT, TCR
signaling

im +IL-2 or
PMI-8226

CDKN1B, ETS1, PTPN2,
RC3H1 (Roquin-1),

SOCS1, TNFAIP3 (A20),
ZC3H12A (Regnase-1)

Cell Cycle, Exhaustion/
Transcriptional control,
TCR signaling, Cytokine/

JAK-STAT, NF-kB,
mTORC1

ated OT1
vitro in IL-2
vivo

RC3H1 (Roquin-1),
PTPN2, SOCS1, ZC3H12A

(Regnase-1)

TCR signaling, Cytokine/
JAK-STAT, Exhaustion/
Transcriptional control,

NF-kB, mTORC1

or CD19+
; Nalm6

CTLA4, FAS, PRDM1
(Blimp-1), RHOG, RHOG

+FAS (combination)

Immune checkpoint,
Exhaustion/Transcriptional

control, Migration/
cytoskeleton

ound anti-
sing A375

MAP4K1 (HPK1), P2RY8,
PTGER4, SOCS1,
TNFAIP3, (A20),

ZC3H12A (Regnase-1)

TCR signaling, MAPK,
Migration/cytoskeleton,
Cytokine/JAK-STAT, NF-

kB, Exhaustion/
Transcriptional control,

mTORC1

61 PDIA3, MGAT5, EMP1,
LAG3, MGAT5+PDIA3

(combination)

Migration/cytoskeleton,
Immune checkpoint, TCR

signaling, Antigen
presentation

VA PTPN2, SOCS1, ZC3H12A
(Regnase-1), ZC3H12A
+PTPN2, ZC3H12A

+SOCS1

TCR signaling, Cytokine/
JAK-STAT, NF-kB,

Exhaustion/Transcriptional
control, mTORC1

nd MC38-
00

SOCS1, CBLB, NFKBIA
(IkBa), NR4A1, NR4A2,

Cytokine/JAK-STAT, TCR
signaling, NF-kB,
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T cell mechanism Reference Library Library size Screen setting: in
vitro/in vivo;

human/mouse

Mod

Expansion &
Accumulation

Shifrut et al., Cell (2018)
(10)

Genome wide library
(Brunello library)

77,441 sgRNAs/19,114
genes

In vitro; Human CD8+ T
cells

CD3/CD28
with or withou

medi
immunosu

Sutra Del Galy et al., Sci
Immunol (2021) (11)

Custom genome-wide
library

~90,000 sgRNAs/18,400
genes

In vivo; Antigen-
experienced murine

Marilyn TCR-Tg CD4+ T
cells

T cell adopt
with in viv

Schlabach et al., J Clin
Invest (2023)* (12)

Custom library ~56,408 sgRNAs/5,137
genes

In vitro; Primary human
Melanoma TIL

Standard Rap
Protocol (OK

+IL

Knudson et al., Nature
(2025)* (13)

Focused 135 gene library ~1,180 sgRNAs/135 genes In vitro and in vivo;
Human BCMA-CAR-T

CD3/CD28 st
IL-7/IL-15; R

Zhao et al., Cell Reports
(2021) (14)

Custom genome-wide
library

78,633 sgRNAs/19,674
genes

In vitro and in vivo;
Murine OT-1 CD8+ T cells

OVA activ
expansion in

or in

Infiltration & Intratumoral
Accumulation

Datlinger et al., Nature
(2025) (15)

Genome-wide library
(Brunello library); focused

39-gene library

77,441 sgRNAs/19,114
genes (in vitro); 339

sgRNAs/39 genes (in vivo)

In vitro and in vivo;
Human CD19-CAR-T

CD3/CD28
K562 stim

Liu et al., bioRxiv (2025)
(16)

Genome-wide library
(Brunello library)

~77,441 sgRNAs/~19,114
genes

In vivo; Primary human T
cells

Membrane-b
CD3-expres

Ye et al., Nat
Biotechnology (2019) (17)

Focused cell surface
receptor library

~7,628 sgRNAs/~1,657
genes

In vivo; Murine CD8+ T
cells

GL2

Wei et al., Nature (2019)
(18)

Focused metabolic library;
genome-wide library (Brie

library)

Metabolic: 9,551 sgRNAs/
~3,017 genes; Brie: 78,637
sgRNAs/~19,674 genes

In vivo; Murine OT-1
CD8+ T cells & Regnase-1
null OT-1 CD8+ T cells

B16-O

Schlabach et al., J Clin
Invest (2023)* (12)

Focused library of T cell
related genes

~14,237 sgRNAs/1,373
genes

In vivo; Murine OT-1 or
PMEL CD8+ T cells
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TABLE 1 Continued

el Identified genes Identified
pathways

NR4A3, PDCD1 (PD-1),
PTPN2, TGFBR1, TGFBR2

Exhaustion/Transcriptional
control, Immune
checkpoint, TGF-b

signaling

VA CBLB, FLI1, PDCD1 (PD-
1), PTPN1, PTPN2,

ZC3H12A (Regnase-1)

TCR signaling, Exhaustion/
Transcriptional control,
Immune checkpoint,

Cytokine/JAK-STAT, NF-
kB, mTORC1
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TCR signaling, NF-kB,
Exhaustion/Transcriptional

control, Immune
checkpoint, Cytokine/JAK-
STAT, TGF-b signaling
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p100

CBLB, CHIC2, DGKZ,
GNAS, IKZF1 (IKAROS),
NFKBIA (IkBa), NR4A3,
PDCD1 (PD-1), PELI1
(Pellino-1), PTPN1,

PTPN2, RC3H1 (Roquin-
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TGFBR1, TGFBR2,
TNFAIP3 (A20),

ZC3H12A (Regnase-1),
SOCS1+NFKBIA, SOCS1
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TGF-b signaling
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e, PGE2
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(A20), ZC3H12A
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TCR signaling, MAPK,
Cytokine/JAK-STAT, NF-
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Transcriptional control,

mTORC1

co-culture DHX37 NF-kB
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Milling et al., J Exp Med
(2024) (19)

Focused 100-gene FITS
library (UMI-barcoded

sgRNAs)

~100 genes (multi-sgRNA,
UMI-incorporated for

clonal tracking)

In vivo; Murine OT-1
CD8+ T cells

B16-O

Lafleur et al., Nat Immunol
(2025) (20)

Custom druggable-genome
library (focused)

2,747 sgRNAs/899 genes In vivo; Murine OT-1
CD8+ T cells

B16-O

Mercier et al., bioRxiv
(2026)* (21)

Custom genome-wide
library + focused hitlist
pairwise combinations
library (CRISPR^2)

~170,000+ sgRNAs/21,422
genes; focused

combinatorial hitlist 74
sgRNAs/36 genes

In vivo; Murine OT-1 and
PMEL CD8+ T cells

B16-OVA, EG
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Immuno-suppression Carnevale et al., Nature
(2022) (22)

Genome-wide (Brunello
library)

77,441 sgRNAs/19,114
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In vitro; Primary human
CD8+ T cells

CD3/CD28 st
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Cytotoxic Effector
Function

Wang et al., Cancer
Discovery (2021) (23)

Genome-wide (Brunello
library)

77,441 sgRNAs/19,114
genes

In vitro; Human IL13Ra2
CAR-T

Patient-
glioblastoma

cult

Liu et al., bioRxiv (2025)
(16)

Genome-wide (Brunello
library)

77,441 sgRNAs/19,114
genes

In vivo; Primary human T
cells

Membrane-
CD3-expre
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TABLE 1 Continued

creen setting: in
vitro/in vivo;

human/mouse

Model Identified genes Identified
pathways

vivo & in vitro; Murine
OT-1 CD8+ T cells

vivo; Murine P14 CD8+

T cells
Chronic LCMV (Clone13)

infection
FLI1 Exhaustion/Transcriptional

control

In vitro; Human GD2
AR-T with and without
A.28z (tonic signaling)

Nalm6-ALL-GD2-GFP co-
culture

MED12, CCNC (Cyclin C) Exhaustion/Transcriptional
control, Cell Cycle,

Apoptosis

vitro; Murine CD8+ T
ls; in vivo OT-1 CD8+ T

cells

Chronic re-stim with CD3
& IL2 or IL2 alone; MC38-

OVA, B16-OVA

ARID1A Epigenetics/Chromatin

vitro; Primary human T
cells

Chronic CD3/CD28
stimulation

IKZF1(IKAROS) Exhaustion/Transcriptional
control

vitro; Human EGFR-
R-T cells (with 41BB or
D28 co-stim domain)

Chronic CD3/CD28 or
(EGFR antigen stim

SOCS1, ZC3H21A
(Regnase-1), PTPN2,

RASA2, DGKA, DGKZ,
CD5

TCR signaling, Cytokine/
JAK-STAT, NF-kB,

Exhaustion/Transcriptional
control, mTORC1

In vivo; Murine OT-1
CD8+ T cells

B16-OVA ETS1, IKZF1 (IKAROS),
RBPJ

Exhaustion/Transcriptional
control

vitro; Human NY-ESO-
1 TCR-T

Chronic re-stim with T2
antigen presenting cells
pulsed with NY-ESO

peptide

PTPN2, SNX9, TGFBR2 TCR signaling, Cytokine/
JAK-STAT, Migration/
cytoskeleton, TGF-b
signaling, Exhaustion/
Transcriptional control

n vivo; Murine CD19-
CAR-T cells

Adoptive transfer into
C57B/6 host

BCOR + ZC3H12A
(Regnase-1) (combination)

Epigenetics/Chromatin,
Exhaustion/Transcriptional

control, NF-kB, TCR
signaling, mTORC1

ovide experimental context relevant to assessing T cell persistence and memory. stim, stimulation; re-stim, re-stimulation.
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Dong et al., Cell (2019)
(24)

129,209 sgRNAs/~20,611
genes

In

Chen et al., Cell (2021)
(25)

Focused transcription
factor library

~480 sgRNAs/~120
Transcription Factor Genes

In

Exhaustion Freitas et al., Science
(2022) (26)

Genome-wide library
(Bassik library)

~211,695 sgRNAs/~20,500
genes C

H

Belk et al., Cancer Cell
(2022) (27)

Genome-wide library;
focused mini-pool libraries

~90,230 sgRNAs/~20,000
genes (primary); focused
2,000 sgRNAs/300 gene
mini-pool for in vivo

In
cel

Tay et al., Cell Reports
Medicine (2024) (28)

Focused epigenetic library ~2,487 sgRNAs/829
epigenetic-regulator genes

In

Fumagalli et al., Molecular
Therapy (2026)* (29)

Focused hitlist library 236 sgRNAs/50 genes I
CA
C

Zhou et al., Nature (2023)
(30)

Focused transcription
factor library

~800 sgRNAs/~180
transcription factors

Trefny et al., Nat Commun
(2023) (31)

Focused 32 exhaustion-
DEG genes library

~180 sgRNAs/32 genes In

Persistence & Memory Wang et al., J Exp Med
(2024) (32)

Genome-wide library (Brie
library in Regnase-1 KO

background)

~78,000 sgRNAs/~19,674
genes (in Regnase-1 KO

context)

I
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settings cannot fully capture the emergent properties of an intact

TME, including T cell trafficking and intratumoral accumulation,

stromal and myeloid cell crosstalk, and the spatial nutrient and

oxygen gradients present. It is plausible that important targets may

be missed. Indeed, in all in vitro T cell CRISPR screens conducted to

date, the canonical checkpoint PD-1 has not emerged as a hit,

underscoring ecological gaps (Table 1). Ultimately, in vitro hits

should be validated in vivo, with the value of in vitro CRISPR

screens intimately coupled to in vivo validation.

In vivo screens evaluate T cell function within the physiological

context of tumor-bearing hosts, with intratumoral T cell accumulation

commonly used as the primary mechanism in solid tumor models.

Though not a direct measure of anti-tumor activity, T cell intratumoral

accumulation encompasses several mechanisms required for fulminant

T cell anti-tumor function and has demonstrated its utility as an

appropriate proxy across studies, as discussed below. These settings

effectively model tumor-driven selective pressure on T cells and have

revealed novel checkpoints and pathways that constrain effective

immunity. The main limitation of in vivo solid tumor screens is that

of low T cell recovery from tumors. Depending on the model screened,

it is typical to obtain 1,000-10,000 transferred T cell clones per tumor

rather than the tens of millions often obtainable in vitro. For this

reason, many in vivo T cell screens have relied on the use of focused

sgRNA libraries targeting a defined gene class with hundreds or a few

thousand genes in total. This has motivated staged approaches wherein

genome-scale in vitro screens are followed by targeted in vivo screens

(27), as well as methods to improve resolution and to scale-out

screening scope (27). Distinct from accumulation screens, single-cell

CRISPR ‘Perturb-Seq’ screens couple perturbations to transcriptional

state, adding resolution on fate trajectories, albeit with lower through-

put and higher analytical complexity (35, 36).

Targets uncovered in vivo depend on T cell context, tumor

model and the host mouse strain. Syngeneic as well as human

xenograft tumor models have been utilized (Table 1), with each

setting providing insights relevant to the specific aspect of T cell

biology being interrogated. For syngeneic models, the transfer of

TCR-transgenic (TCR-Tg) T cells, such as OT1s, have been widely

used, with their main benefit the ability to conduct screens in mice

within a context of immunocompetency to model the cellular

complexities of the TME. In contrast, human xenograft models

are typically conducted in immunodeficient mice yet afford the

benefit of modeling human CAR-T and TCR-T cell biology within

human tumor contextures suited for elucidating intrinsic con-

straints in T cells in relation to xenograft type and the specific

CAR/TCR of choice. It is of note that particular tumor types may

rely more or less on a particular suite of immunosuppressive

mechanisms, impacting the nature of inactivated genes and path-

ways enhancing anti-tumor function. In addition, CAR design

features, including CAR affinity/avidity, clustering, thermodynamic

stability, hinge and co-stimulation all may influence the nature of

genes identified. CRISPR screen breadth across species, T cell

therapy types and models provide complementary mechanistic

views that together chart a practical route to engineering. Below,

we highlight key CRISPR screen-informed targets and pathways.
Frontiers in Immunology 06
4 CRISPR-screen informed genes and
pathways facilitating the
enhancement of T cell therapies

A compilation of CRISPR screens aimed at enhancing T cell anti-

tumor function identifies the most frequently recovered and validated

targets and pathways (Table 1). The mechanisms span i) expansion

and systemic accumulation; ii) tumor infiltration and intratumoral

accumulation; iii) resistance to tumor immunosuppression; iv) cyto-

toxic effector function; v) exhaustion and differentiation fate and vi)

persistence and memory formation (Figure 1). Below, we summarize

key genes and pathways regulating each of these mechanisms and

suggest how they can inform engineering strategies.

4.1 Expansion and systemic accumulation

Early expansion in blood is a consistent correlate of response in

hematologic CAR-T therapies and a prerequisite for activity in solid

tumors (50, 51). Across genome scale and focused CRISPR screens

in both human and murine systems, negative regulators of cytokine

and TCR signaling repeatedly emerge as key constraints of this

phase. The first genome-wide in vitro proliferation screens in

human T cells identified inhibitors of proximal TCR and NF-kB
signaling, including RASA2, CBLB, CD5, DGKz, UBASH3A and

A20 (encoded by TNFAIP3), along with cytokine pathway brakes

such as SOCS1 and its adaptor TCEB2 (10). The Ras GTPase

RASA2 dampens TCR signaling by accelerating RAS-GTP hydro-

lysis and attenuating RAS pathway output (10). Independent

studies found that RASA2 and SOCS1 limit in vitro accumulation

of BCMA CAR-T cells (13); SOCS1 similarly constrained TIL

expansion under manufacturing conditions (12). Genome-wide

screens in murine CD8+ OT1 TCR-transgenic T cells identified

Roquin-1 (encoded by RC3H1), Regnase-1 (encoded by ZC3H12A)

and PTPN2 as strong negative regulators of in vitro proliferation;

Roquin-1, Regnase-1 and SOCS1 likewise constrained in vivo

splenic accumulation following transfer (14). SOCS1 also emerged

as the top hit in in vivo genome-wide accumulation screens using

murine CD4+ TCR-transgenic T cells (11). In vivo CRISPR screens

using BCMA CAR-Ts targeting disseminated hematologic malig-

nancies identified PTPN2, Regnase-1, and Roquin-1 as early con-

straints on post-transfer CAR-T expansion, while p27Kip1

(encoded by CDKN1B), PTPN2, SOCS1, SMARCB1 and Regnase-

1 limited accumulation at later timepoints (13).

Collectively, and despite differences in species, screening modal-

ities and disease models, negative regulators of cytokine and TCR

signaling including SOCS1, PTPN2, Regnase-1 and Roquin-1 are

repeatedly identified as brakes on T cell accumulation (Figure 1).

SOCS1 suppresses signaling downstream of cytokines including IL-2,

IL-7, IL-12, IL-15 and IL-21 through dampening of JAK1/2 signals,

while PTPN2 negatively regulates JAK1/3 as well as TCR signaling

(52, 53). Regnase-1 and Roquin-1 are critical nodes regulatingmRNA

abundance of regulators involved across multiple inflammatory

pathways including ICOS and IL-6 and through direct inhibition of

canonical NF-kB signaling through targeting of c-Rel (54–56).
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4.2 Tumor infiltration and intratumoral
accumulation

Effective infiltration and accumulation of T cells within solid

tumors is critical for efficacy and a strong correlate of response to

immunotherapies (57–59). While tumor accumulation reflects many

of the same mechanisms driving systemic expansion, there are

additional processes involved including tumor trafficking and infil-

tration, antigen-driven proliferation and survival while resisting

immunosuppression and terminal exhaustion. As in vitro systems

cannot as yet faithfully model tumor infiltration and spatial tumor

ecology, intratumoral accumulation screens have been performed

almost exclusively in vivo. Limited recovery of T cells from tumors

imposes constraints on library size and screening power, with studies

relying primarily on the use of focused libraries. Substantial method

development is required to perform intratumoral T cell accumulation

screens at high resolution, as detailed by FITS, a published framework

for in vivo T cell screens (19). Genome-scale insights can be achieved

through specialized methods. These include subdivision of genome-

wide libraries into smaller “bookshelves” followed by aggregation of

bookshelf data to obtain genome-wide insights or by using experi-

mental strategies to enhance the accumulation of T cells within tumor

such as performing screens against a backdrop of a tumor-accumu-

lating single edit or by engineering tumor lines to retain infiltrating T

cells (16, 18, 21, 32).
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Foundational work in the OT1/B16-OVA model using a focused

shRNA (short hairpin RNA) library identified TCR pathway inhib-

itors such as CBLB and DGKz, as well as the PP2A phosphatase

family PPP2R2D (60). CRISPR/Cas9 screening has since demon-

strated improved perturbation fidelity over shRNA-based approaches

(61). In vivo CRISPR screens in the OT1/B16-OVA model subse-

quently identified Regnase-1 as a strong negative regulator of CD8+ T

cell tumor accumulation, with dual-inactivation of Regnase-1 with

SOCS1 or PTPN2 producing strong combination effects (18).

Mechanistically, Regnase-1 restrained T cell accumulation in part

through targeted degradation of BATF transcripts (18).

Additional in vivo CRISPR screens in chronic infection and

tumor models further implicated PTPN2 as a regulator of both

tumor accumulation and exhaustion (62, 63). Orthotopic tumor

models identified checkpoint molecules (PD-1, TIM-3) and the

novel regulator PDIA3 as constraints (17, 24). Methodological

advances such as the use of Unique Molecular Identifiers (UMIs)

and the subdivision of libraries into “bookshelves” have enabled

improved in vivo screen resolution, including genome-wide insights

(19, 21). Screens conducted using multiple types of TCR transgenic

T cells in syngeneic models consistently surface SOCS1, Regnase-1,

IkBa, PTPN2 and Roquin-1 as dominant intrinsic brakes on

intratumoral accumulation (12, 19, 21). Additional in vivo screens

using OT1s as well as human T cells further converged on JAK/

STAT signaling via the E3 ubiquitin ligase STUB1-mediated
FIGURE 1

Overview of validated hits identified in CRISPR screens assessing T cell function as categorized by mechanism. Font size indicates the number of
independent CRISPR screen publications that a hit was identified (regular font: n=1 screen; medium font: n=2–3 screens; large font: n=4 screens;
jumbo font: 5 screens (see Table 1). Hits reported in CRISPR screens (Table 1) found to enhance adoptive T cell anti-tumor function in mouse in vivo
tumor studies independent of the reported screen study were included for completeness and include A20 (37), Blimp-1 (38), CBLB (39), CD5 (40),
CTLA-4 (41), DGKa (42), DGKz (42), NR4A1-3 (43), MAP4K1 (44), Pellino-1 (45), PTGER2 (46), PTPN1 (47), TGFbR1-2 (48), and UBASH3A (49). Created
in BioRender. Benson, M. (2026) https://BioRender.com/ntv14jr.
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inhibition of IL-27a receptor expression levels (16, 20, 21).

Confirming and extending the identification of SOCS1 and

PTPN2 as top Regnase-1 combination partners, additional combi-

natorial screens ranked SOCS1/Regnase-1, SOCS1/Roquin-1 and

SOCS1/IkBa as top dual edits, with SOCS1/Regnase-1 yielding the

strongest activity (18, 21). Cross-species concordance was observed

in an in vivo EGFR CAR-T/A549 lung model CRISPR screen that

again recovered Regnase-1, SOCS1, and PTPN2 (29). A genome-

wide human T cell in vivo screen against melanoma cells engineered

with membrane-associated anti-CD3 enriched for Regnase-1,

SOCS1 and A20, and additionally identified P2RY8 as an inhibitor

of intratumoral T cell trafficking, implicating GPCR signaling (16).

Complementary two-step in vitro/in vivo screen workflows identi-

fied the GTPase RHOG and the death receptor FAS as constraining

CD19 CAR-Ts in vivo accumulation, with dual-inactivation en-

hancing proliferation, central memory differentiation, and effi-

cacy (15).

Across studies, the strongest and most reproducible regulators

of intratumoral T cell accumulation include SOCS1, PTPN2,

Regnase-1 and Roquin-1, which are core negative regulators of

cytokine and TCR signaling (Figure 2). While there is target overlap

between systemic accumulation screens conducted in hematological

models and solid tumor accumulation models, intratumoral accu-

mulation as a mechanism is particularly relevant towards enhancing

T cell function against solid tumors. Many of the identified genes

regulating tumor accumulation additionally intersect with pathways

governing immunosuppression, exhaustion, and persistence as
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discussed below, underscoring their central role in limiting effective

T cell accumulation within tumors.

4.3 Resistance to tumor
immunosuppression

Tumors suppress T cell function through multiple mechanisms,

including immunosuppressive cytokines (e.g., TGF-b), hypoxia,
induction of Foxp3+ regulatory T cells, and metabolite accumulation

(64). Genome-wide CRISPR screens identified several intrinsic

checkpoints whose disruption confers resistance, including SOCS1,

CBLB and A20 as well as the Ras GTPase RASA2 (22). RASA2 was

also identified as a negative regulator of in vitro T cell accumulation,

with inactivation increasing antigen sensitivity, effector function and

anti-tumor activity of CAR-T and TCR-T cells across hematological

and solid tumor models (22). However, benefits can be context-

dependent, as no efficacy enhancement was observed upon RASA2

deletion in a disseminated in vivo multiple myeloma model, despite

enhancing in vitro expansion (13). Collectively, these findings estab-

lish RASA2, along with SOCS1, CBLB and A20 as key regulators of

tumor-driven immunosuppression and highlight the central role of

cytokine and TCR signaling in shaping T cell anti-tumor efficacy.

4.4 Cytotoxic effector function

The capacity of T cells to directly lyse tumor cells constitutes the

functional endpoint of effective anti-tumor immunity. Effector
FIGURE 2

Applying insights from CRISPR screens to overcome TIL therapy challenges. Tissue resident polyclonal tumor reactive TIL (TRT) can be harnessed
through an ex vivo expansion process as a personalized cell therapy for solid tumor treatments. TIL are chronically exhausted, and despite functional
re-invigoration through the manufacture process, face a multitude of challenges once infused in vivo, including (1) expansion/accumulation to
meaningful numbers in peripheral blood, which requires cytokine support from lymphodepletion and high-dose IL-2 infusion; (2) infiltration,
expansion/accumulation and mediation of anti-tumor effector activities in the immunosuppressive tumor microenvironment; and (3) differentiation
into memory subsets with long-term persistence. Insights from CRISPR screens inform potential target pathways to enable TIL to overcome each of
these challenges. Created in BioRender. Benson, M. (2026) https://BioRender.com/ku2bn7u.
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function can be proxied through use of surrogate biomarkers

including production of IFNg, TNFa and granzymes as well as

CD107a surface mobilization as a measure of degranulation.

Genome-wide in vitro CRISPR screens assaying for CD107a iden-

tified the DEAH box RNA helicase DHX37 as a negative regulator

of degranulation, its loss enhanced the anti-tumor activity of

murine CD8+ T cells (24). In IL-13Ra2 CAR-T cell CRISPR screens

targeting glioblastoma stem cells, low PD-1 expression as an effector

proxy identified TLE4 and HELIOS (encoded by IKZF2) as sup-

pressors of cytotoxicity (23). In vivo genome-wide screens using

IFNg production as a biomarker to assay for functional tumor-

infiltrating T cells confirmed RASA2, DGKz, CBLB and STUB1 as

intrinsic constraints and additionally identified Gas (encoded by

GNAS) as an additional negative regulator (16). Gas is the stimu-

latory alpha subunit of a heterotrimeric G protein complex medi-

ating GPCR signaling and promotes CD8+ T cell dysfunction and

additionally scored in OT1/B16-OVA screens (21, 65). Chronic

infection CRISPR screens identified FLI1 as a repressor of effector

differentiation, with validation in tumor models demonstrating

enhanced accumulation of FLI1-deficient tumor-specific CD8+ T

cells (66). FLI1 inactivation was additionally observed to enrich in

OT1/B16-OVA screens (19, 21). Collectively, these studies under-

score how regulators of effector function frequently converge with

pathways governing T cell accumulation and anti-tumor efficacy.

4.5 Exhaustion and differentiation fate
decisions

Sustained antigen exposure in the TME drives T cells into a

terminally differentiated exhausted (Tex) state characterized by

blunted anti-tumor activity; preventing or reversing this trajectory

is a central goal for immunotherapies. In vitro exhaustion models

are driven by chronic stimulation of T cells through the TCR by

repeated anti-CD3 or serial tumor cell addition, or via CAR designs

that trigger tonic signaling (67, 68). These systems have enabled

genome-wide discovery. A GD2 CAR possessing tonic signaling and

driving transcriptional and epigenetic features of exhaustion facil-

itated the identification of Mediator-complex regulators (MED12,

CCNC) as limiting T cell expansion (26, 69, 70). MED12 loss

increased cytokine signals in T cells by boosting STAT5/STAT1

activity and IL2RA expression, leading to enhanced efficacy across

multiple CAR-T and TCR-T leukemia and solid tumor models (26).

Benefits were, however, context-dependent, as no enhancement in

anti-tumor activity was observed in an EGFR CAR-T lung tumor

model (29). Additional chronic-stimulation screens have implicated

SNX9, the chromatin remodeling BRG1/BRM-associated factors

(BAF) complex (ARID1A, SMARCD2, and SMARCC1), the INO80

complex (ACTR5) and the transcriptional and epigenetic regulator

IKAROS (IKZF1) (27, 28, 31). Collectively, chronic-stimulation

CRISPR screens faithfully recapitulate the functional and epigenetic

features of exhaustion and have served as an effective in vitro

screening system to discover a diverse set of targets regulating T

cell exhaustion.

T cell exhaustion unfolds along a differentiation continuum

from precursor-exhausted (Tpex) to terminal Tex states (71, 72).

Tpex cells express the transcription factor TCF1 (encoded by
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TCF7), which drives stemness and the ability to respond to tumor

(25, 73–75). The presence of Tpex cells correlates with clinical

responsiveness to clinical PD-1 blockade as inhibition drives their

differentiation and accumulation into effector-function sufficient

subsets (76). Loss of TCF1 expression and increased expression of

TOX promotes differentiation of Tpex towards Tex subsets that

have varying proliferative and effector capabilities; terminally dif-

ferentiated and functionally exhausted cells is the ultimate fate of

the Tex lineage (77–82). Single cell Perturb-Seq CRISPR screens

have mapped regulators of these transitions, adding a new dimen-

sion of insight into Tex fate decisions (35, 36). For example, while

IKAROS was identified as a brake on in vitro T cell exhaustion and

intratumoral accumulation in pooled screens, Perturb-Seq readouts

provided the added dimension of demonstrating that IKAROS loss

traps cells in a Tpex state (21, 28, 30). In this same study, the

transcriptional regulator ETS1 restricted Tpex to Tex differentia-

tion, and RBPJ restrained Tex progression towards terminal Tex

(30). In chronic infection, Perturb-Seq screens uncovered KLF2 as

limiting TOX-driven terminal exhaustion of Tex cells to support

effector differentiation (83). While Perturb-Seq CRISPR screens

have been limited in scope to date, scaling will undoubtedly lead to

additional insights into T cell fate decisions.

Additional genes identified in intratumoral T cell accumulation

screens that impact Tpex to Tex differentiation include Regnase-1,

whose inactivation elevates TCF1 expression and expands Tpex

cells due to its direct targeting of TCF7 transcripts for degradation

(84). Expansion of Regnase-1 inactivated Tpex cells similarly

increases the accumulation of effector-competent Tex cells which

exhibit lower TOX expression, and with the progression of Tex cells

into a terminally exhausted state inhibited (18, 21, 84). SOCS1-

dependent cytokine signals have additionally been identified as key

checkpoints of Tpex to Tex fate, with SOCS1 inactivation as well as

augmented IL-2/STAT5 signaling facilitating Tpex differentiation

into effector function-sufficient Tex cells (12, 85–87). SOCS1 loss

additionally increases T central memory cell accumulation (12).

With respect to design considerations of enhanced T cell

therapies, candidate edited genes should confer resistance to

chronic stimulation and epigenetic exhaustion. They should also

favorably reshape the Tpex/Tex landscape in vivo through expand-

ing Tpex and effector-capable Tex while limiting terminal exhaus-

tion. Detection of Tpex/Tex subsets by phenotype has been

established in murine T cell models yet less so in human CAR-T/

TCR-T models: for the latter, the ultimate test is one of function-

ality, ensuring that enhancements facilitate stemness and effector-

function while mitigating exhaustion.

4.6 Persistence and memory formation

Durable benefit from adoptive T cell therapies requires long-

term persistence. CRISPR screens of T cell persistence in vivo are

challenging due to the considerable sgRNA library bottlenecking

that occurs following the accumulation peak and then contraction

of responding T cell populations, with persistence typically assessed

weeks to months after transfer. Nevertheless, in vivo CRISPR

screens have successfully identified intrinsic checkpoints of persis-

tence. In BCMA CAR-T models, inactivation of PTPN2 and
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CDKN1B enhanced efficacy, accumulation and persistence for up to

80 days following transfer (13). Similarly, in an EGFR CAR-T solid

tumor model, Regnase-1, PTPN2 and SOCS1 inactivation increased

intratumoral CAR-T accumulation out to 35 days (88). As pathways

regulating acute T cell expansion and tumor killing may differ from

those sustaining long-term persistence and memory, combination

CRISPR screens have layered edits on backgrounds that enhance

early accumulation, such as Regnase-1 loss. In a murine CD19-

CAR-T model, Regnase-1 deletion drove robust early expansion

followed by pronounced contraction, creating a sensitized context

for identifying genes that enhanced persistence (32). These efforts

identified BCOR as a dominant persistence-enhancing partner, with

dual-editing of Regnase-1/BCOR enabling long-term maintenance

of Regnase-1-edited CD19 CAR-T cells across tumor and chronic

LCMV models through driving an ‘immortal’ cytotoxic TCF1+

Tpex cell state (32, 89). Notably, the extent of Regnase-1 edited

CD19 CAR-T cell contraction appears to be model dependent, as

other studies have reported sustained persistence of Regnase-1-

edited TCR-transgenic and CAR-T cells following tumor clearance

for many months (18, 21, 84, 90). Dual-inactivation of SOCS1 and

Regnase-1 integrates the complementary enhancements of each

single edit to enhance both acute anti-tumor function as well as

long-term persistence and memory formation, increasing the fre-

quency of circulating memory cells for months following tumor

clearance (12, 21). Combined disruption of Regnase-1 and Roquin-

1 additionally improved in vivo tumor accumulation and long-term

persistence of human CAR-Ts (90).

Collectively, combination editing strategies, particularly those

that include Regnase-1 to enhance acute T cell function, have

emerged as a robust path to sustain long-term T cell function and

durable anti-tumor immunity.

4.7 Top candidate genes and pathways

Across species, therapy formats and tumor models, CRISPR

screens converge on core negative regulators of early T cell

expansion, intratumoral accumulation and persistence. These in-

clude proximal and distal checkpoints of TCR signaling including

the NF-kB and RNA stability pathways through targets such as

DGKz, CBLB, PTPN2, IkBa, A20, Regnase-1 and Roquin-1 as well

as JAK/STAT signaling through SOCS1 and PTPN2 (Figure 1).

Validated targets also map to GPCR signaling (Gas, P2RY8),

apoptosis (FAS), cell cycle/persistence (CDKN1B), and transcrip-

tional/epigenetic fate control (IKAROS, BAF/INO80 complexes,

FLI1). Experimental context matters, and effects varied by species, T

cell therapy type (e.g., TCR transgenic, CAR-T, TCR-T) and tumor

setting (e.g., hematological vs. solid tumor). Combinatorial editing

has emerged as an effective strategy to integrate the discrete benefits

of single edits and impact across the acute and persistent phases of

the anti-tumor response through layered engineering, with

Regnase-1 emerging as a preferred combination partner (e.g.,

Regnase-1/SOCS1, Regnase-1/BCOR and Regnase-1/Roquin-1).

Preferred targets, whether as a single edit or in combination,

should ideally remodel the Tpex/Tex balance to sustain the stem-

like memory benefits of Tpex cells with the effector competence of

Tex cells while diminishing differentiation into terminal exhaustion.
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5 Design principles for CRISPR-
engineered T cell therapies

Rational design should align with the patient’s tumor type, the T

cell therapy format, and the full product life cycle encompassing

manufacture, infusion, the acute response, and durable persistence.

We propose four principles when prioritizing targets and pathways

for CRISPR-engineered T cell therapies:

1. Stage-Aligned Engineering. Selected targets should match

the sequential biological barriers to the T cell therapy,

starting from manufacture and culminating in durable

responsiveness against tumor. Edits facilitating manufactur-

ing, expansion, post-infusion trafficking and intratumoral

accumulation, resistance to tumor immunosuppression and

exhaustion, and which drive durable persistence are ideally

sought, with combinatorial editing useful for integrating

benefits across functional phases and mitigating single-

target limitations.

2. Fate Stewardship. Given the coupling of T cell differentia-

tion fate with fulminant anti-tumor function, edits should

ideally bias towards increasing Tpex and effector-competent

Tex states as well as forming durable, functional memory

while limiting terminal exhaustion. There should be a

preference towards targets that re-shape trajectories rather

than enhancing a single mechanism (e.g., just proliferation

or effector function). Combinatorial editing can also be used

to integrate fate benefits across disparate edits.

3. Context-Aware. Targets should be selected with consider-

ation of T cell therapy type (CAR-T, TCR-T, TIL), targeted

antigen, CAR design, and tumor context.

4. Validate Across Modalities. Given ecological limitations of

in vitro systems, confirm hits in vivo with functional readout

breadth (intratumoral accumulation, effector function, per-

sistence, impact on Tpex/Tex state). Hits that reproduce

across systems should be prioritized given the opportunity

for cross-product synergies.

In conclusion, CRISPR screen-informed rational design of T

cell therapies has the potential to overcome the intrinsic biological

barrier posed by the immunosuppressive TME and help close the

clinical efficacy gap in the treatment of patients with solid tumors.
6 Harnessing endogenous anti-tumor
immunity

Tumor infiltrating lymphocytes (TIL) present within solid

tumors encompass the patients’ endogenous T cell response against

tumor cells. TIL are highly polyclonal and can recognize both

shared and private neoantigens expressed by antigenically hetero-

geneous tumor cells across metastatic sites. This feature enables

comprehensive tumor cell recognition by TIL and serves as the basis

for TIL adoptive cellular therapies. TIL thus constitute a natural

solution for solid tumors lacking broad expression of shared
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antigens, which constitute a vast majority of cancer patients.

Tumor-reactive clonotypes present within TIL are, however, subject

to the immunosuppressive mechanisms of the TME including

tumor antigen-driven exhaustion, making TIL an exemplary sub-

strate for CRISPR-informed functional engineering, where pathway

edits can augment TIL function.

6.1 TIL therapy: clinical constraints and
engineering opportunities

While TIL therapy achieves meaningful responses in unresectable,

checkpoint-refractory metastatic melanoma with an approved product

(Amtagvi), activity in non-melanoma indications (e.g., NSCLC, CRC,

PDAC, HNSCC, cervical cancer) is more modest, highlighting tumor-

context barriers, including paucity of tumor-reactive TIL and strin-

gently immunosuppressive TMEs (91–94). The absolute dose of tumor

reactive TIL, the frequency of CD8+ cells in the TIL product, and the

product state also correlate with clinical responses (95–98). Different

approaches have been explored as potential solutions to enrich tumor

reactive TIL (99, 100). To further enhance TIL therapy efficacy, process

levers such as shorter culture timelines, the inclusion of 4-1BB co-

stimulation or use of IL-15 can shift composition and critical cellular

quality attributes and create points of synergy with gene edits to steward

favorable T cell fates and enhance T cell functionality in the TME (101–

105). In addition to dependence on cytokines during manufacture,

there is also strong mechanistic dependence of TIL therapy on JAK/

STAT cytokine signaling during treatment of patients. Standard

treatment regimens rely on non-myeloablative lymphodepletion

(NMA-LD) prior to TIL infusion, which enhances post-infusion TIL

engraftment in part by increasing the availability of cytokines such as

IL-15 (106). Following infusion, patients receive high-dose IL-2 (HD-

IL-2; aldesleukin), which is thought to also promote engraftment as well

as initiate post-infusion expansion (107). T cells present within and

reactive against tumors are antigen experienced and have committed to

terminal exhaustion differentiation pathways, limiting both function as

well as stemness, all while being exposed to immunosuppressive

stresses. While some tumor-reactive TIL may be too far differentiated

towards a terminal exhaustion fate to functionally rescue with engi-

neering, there are tractable CRISPR screen-informed engineering

opportunities to improve TIL function by targeting tumor-reactive

TIL at the earliest stages of exhaustion. Engineering should ideally allow

the tumor-reactive T cells present within TIL to overcome the stringent

TMEs of tumor types that are poorly responsive to immunotherapies,

enhancing JAK/STAT-dependent mechanisms, and rescuing stemness

to improve persistence by halting and/or reversing the onset of terminal

exhaustion. Critically, functional enhancements driven by engineering

must manifest within the sub-population of tumor-reactive T cells

present within a bulk TIL drug product.
7 CRISPR-enabled enhancement of
TIL function

Across pooled in vitro and in vivo screens, JAK/STAT cytokine

signaling, proximal/distal TCR and NF-kB signaling (including
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RNA-stability checkpoints), and transcriptional/epigenetic regula-

tors of exhaustion and fate emerge as convergent levers of the

mechanisms used by TIL to drive clinical benefit. Applying these

insights to TIL aligns engineering with three sequential needs: i)

post-infusion expansion and accumulation, ii) exhaustion resis-

tance with preservation of Tpex-biased, effector-competent Tex

subsets and iii) durable persistence and memory (Figure 2).

7.1 Modulation of cytokine signaling

Given the dependency of TIL on cytokine support during

manufacture, post-infusion expansion, intra-tumoral accumulation,

as well as persistence, engineering approaches enhancing JAK/

STAT signaling pathways have first-order potential to improve

TIL clinical activity. Indeed, SOCS1 and PTPN2 are negative

regulators of JAK/STAT signaling and have repeatedly surfaced

across CRISPR screens (Figure 1); targeting these regulators has the

potential to amplify cytokine signals both during manufacture and

following infusion, particularly in the TME where cytokine support

is scarce. Editing SOCS1 or PTPN2 amplifies signals downstream of

IL-2/IL-7/IL-12/IL-15/IL-21, serving to improve expansion and

intratumoral accumulation and, in several tumor models, persis-

tence (12, 62, 108, 109). For TIL, cytokine axis editing should raise

the ceiling and durability of post-infusion expansion and

intratumoral accumulation, reduce or eliminate the need for HD-

IL-2 and create a permissive backdrop for fate-preservation to

sustain long-term functions (Figure 2).

7.2 Fate and exhaustion control

TIL therapy is unique amongst adoptive cell therapy modalities

in that the source material is comprised of antigen-experienced T

cells, many of which are along the Tex differentiation fate contin-

uum. Ex vivo manufacturing transiently reinvigorates TIL function,

despite their exhausted state, suggesting that Tex is functionally

modifiable, although the epigenetic scars of exhaustion are

reacquired following infusion (96). In responders, induction of

effector signatures not observed in non-responders underscores

the importance of preventing terminal exhaustion and maintaining

effector function (96). Genetic modulation of key exhaustion

pathways within TIL is a potential solution to favorably modify

the Tpex/Tex continuum and prevent functional exhaustion

(Figure 2). The goal is not elimination of Tex states but stewardship

of a TCF1+ Tpex-biased, effector-competent landscape that facili-

tates persistence and resists terminal exhaustion driven by tumor

antigen. Combinations have the potential to optimally modulate T

cell exhaustion while promoting anti-tumor effector function.

Indeed, tumor-reactive TIL clones with memory-progenitor stem-

like characteristics have been shown to better persist in comparison

to clones with more terminally differentiated states, which declined

rapidly post-infusion (110). Additionally, the phenotypic presence

of CD39-CD69- stem-like cells in infused TIL correlates with

clinical responses (110). Coupling strong initial function-enhancing

edits, such as achieved with Regnase-1 inactivation, together with

sustained memory-enhancing edits such as SOCS1 or BCOR can

integrate early expansion benefits with a long tail of maintenance
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stabilizing the functional reservoirs of tumor-reactive clonotypes

over many months.

7.3 Clinical translation of target insights to
TIL therapy

Applying the target insights discussed above, multiple ap-

proaches to functionally enhance TIL are now under evaluation

in the clinic. For cytokine-signaling modulation, SOCS1 inactiva-

tion by gene editing is being explored in a Phase 1/2 study (KSQ-

001EX; NCT06237881) (103). SOCS1/Regnase-1 dual-edited TIL

are also being evaluated clinically (KSQ-004EX; NCT06598371).

CISH is a negative regulator of Il-2 and IL-15 and TCR signaling,

and while not occurring as a hit across CRISPR screens, inactivation

in TIL has been evaluated in a Phase 1 study (NCT04426669) (111,

112). Finally, several studies are assessing PD-1–edited TIL, includ-

ing IOVA-4001 (NCT06783270, NCT07035002, NCT05361174).

Together, these trials will provide clinical validation of CRISPR-

screen-identified targets and help complete the path from target

discovery to clinical translation.
8 Safety considerations for enhanced
gene-edited T cell therapies

Safety considerations for enhanced gene-edited T cell therapies

include the impact of gene editing on genomic integrity, the nature

of the engineered enhancement, and on-target/off-tumor toxic-

ity potential.

Multiplex gene editing is achievable through high fidelity

CRISPR-based editing yet brings genotoxicity risk driven by off-

target edits, unintended large deletions, and chromosomal abnor-

malities (113, 114). Extensive off-target and genomic integrity

characterization studies are required for gene edited cell products

prior to and during clinical development. Recent advances in gene

editing technology have improved editing precision and have

eliminated a need for DNA double-stranded breaks through the

development of prime and base editors as well as zinc finger

repressor-driven epigenetic silencers (115, 116). Regardless of the

CRISPR nuclease used, the selection of sgRNA sequences to ensure

targeting specificity and desired functional disruption with minimal

off-target pharmacology is critical for the development of engi-

neered cell therapies. To facilitate sgRNA discovery, protein

domain-focused CRISPR screens using sgRNA tiling libraries

spanning the targeted protein have been used to accelerate

sgRNA candidate discovery for therapeutic applications (12, 117).

The primary concerns with genotoxicity are unintended phar-

macology driven by off-targets and the increased potential of T cells

present within the infused drug product to undergo transformation.

Transforming events driven by random site integrations are known to

occur at extremely low frequencies with the use of viral vectors for the

manufacture of approved CAR-T products (118, 119). To our

knowledge, no genotoxicity-driven clinical adverse events have
Frontiers in Immunology 12
been observed in gene edited adoptive T cell therapies. It is also

plausible that the nature of the enhancement, such the identity of the

gene(s) inactivated, can also contribute to transformation risk: thus,

enhancements which are also known cancer driver mutations should

be altogether avoided or pursued with substantial consideration for

appropriate safeguards. Lastly, the ability of an enhancement to drive

uncontrolled outgrowth of cells, whether through transformation

potential or due to the pharmacology of the enhancement, should be

modelled and mitigated in preclinical studies.

CAR-T and TCR-T therapies can have a profound tumor-

killing impact driving a strong proinflammatory milieu in the

days following infusion, with cytokine release syndrome (CRS)

and immune effector cell-associated neurotoxicity syndrome

(ICANS) commonly associated on-target toxicities (120). By logical

extension, functionally enhancing T cell therapies where these

toxicities manifest may exacerbate their frequency and severity.

Additionally, situations where on-target/off-tumor toxicities are

clinically manageable may convert to being unacceptable. In the

case of TIL therapies, nearly all clinical toxicities relate to NMA-LD

prior to infusion and HD-IL-2 following, with overt CRS rare and

ICANs not reported (121). Additionally, minimal intolerable on-

target/off-tumor toxicities are observed, with autoimmune vitiligo

and uveitis the most common manifestations in melanoma (121).

This dearth of on-target/off-tumor toxicities by TIL can be in part

attributed to the sustained mechanisms of central and peripheral

tolerance on the bulk TIL drug product. When considering engi-

neering enhancements for TIL therapies, those which lower the

threshold for TCR activation to increase the activation status and

functionality of TIL may also expand their recognized antigenic

pool, facilitating broader off-tumor recognition. These safety con-

cerns must collectively be addressed through intentional target

selection and engineering approaches, pre-clinical identification of

immunomodulatory agents capable of halting potential toxicities,

and stepwise approaches in clinical protocol design.
9 Conclusions and future directions

CRISPR screens have mapped the core circuitry by which T cells

achieve anti-tumor activity, repeatedly converging on JAK/STAT

cytokine signaling, proximal and distal TCR/NF-kB pathways

including RNA stability programs, and transcriptional/epigenetic

checkpoints that shape differentiation and persistence. Looking

forward, a stage-aligned, context-aware-design strategy as presented

herein provides a practical approach for the selection of targets and

pathways to optimally enhance T cell therapies. As dual editing of

identified target combinations can integrate complementary bene-

fits into T cell therapies, combinatorial editing will be an important

tool in this approach. These insights provide a rational foundation

for engineering adoptive cell therapies.

Coupling CRISPR screen-informed enhancements with the

personalized and tumor-reactive features of TIL serves as a prom-

ising approach to overcome the current efficacy challenges
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associated with the treatment of solid tumors by T cell therapies.

For TIL specifically, next-generation enhanced approaches should

couple TIL-specific needs, including reducing dependence on

intensive IL-2 support and attendant toxicities, with countering

TME-derived suppressive cues to enhance trafficking and tumor

residency. Fate-preserving edits which inhibit exhaustion and

facilitate persistence ensure maximal impact on functionality of

tumor-reactive T cells present within TIL.

For current knowledge gaps, available datasets likely under-

sample relevant biology given a focus on CD8+ T cells, as CD4+ T

cells provide help and can additionally possess direct cytotoxic

capabilities. Furthermore, expanding beyond proliferation/accumu-

lation readouts should reveal additional regulators that are difficult

to capture using accumulation readouts. Translating edits from

CRISPR screens into T cell therapies will require continued atten-

tion to multiplex editing and safety, and formal frameworks are still

needed to interpret the frequency and clinical significance of off-

target edits and chromosomal rearrangements. Beyond genome

integrity, T cell fate over-steering is a concern, with edits maximiz-

ing early proliferation or effector function potentially compromis-

ing the balanced memory reservoir needed for durable responses.

This underscores the value of tracking the Tpex/Tex composition

and long-term persistence of engineered T cell therapies in pre-

clinical and clinical studies. Finally, it will be important to define

when engineering benefits plateau. Combining gene-on with gene-

off approaches may enable a further leap forward in enhancement,

yet optimization must extend beyond raw functionality to encom-

pass tumor antigen recognition fidelity and clonal quality. No

amount of functional enhancement compensates for insufficient

tumor recognition, and enriching for TIL tumor reactivity with

layered functional edits represents a clear and testable path to

broaden benefit and durability across solid tumors.
Author contributions

KW: Conceptualization, Visualization, Writing – original

draft. CC: Visualization, Writing – review & editing, Data

curation. MB: Conceptualization, Writing – review & editing,

Writing – original draft, Visualization.
Frontiers in Immunology 13
Funding

The author(s) declared that financial support was not received

for this work and/or its publication.
Acknowledgments

Figures 1, 2 were generated by www.Biorender.com
Conflict of interest

Authors are current employees of and shareholders of

KSQ Therapeutics.
Generative AI statement

The author(s) declared that generative AI was used in the

creation of this manuscript. Generative AI was used as a search

tool to identify CRISPR screens conducted by the field, and as an

editorial tool. Generative AI was not used to synthesize new

concepts or as a de novo writing tool.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References

1. Hong M, Clubb JD, Chen YY. Engineering CAR-T cells for next-generation cancer
therapy. Cancer Cell. (2020) 38:473–88. doi: 10.1016/j.ccell.2020.07.005

2. Lim WA, June CH. The principles of engineering immune cells to treat cancer. Cell.
(2017) 168:724–40. doi: 10.1016/j.cell.2017.01.016

3. Sadelain M, Brentjens R, Rivière I. The basic principles of chimeric antigen receptor
design. Cancer Discov. (2013) 3:388–98. doi: 10.1158/2159-8290.cd-12-0548

4. Buchbinder EI, Desai A. CTLA-4 and PD-1 pathways. Am J Clin Oncol. (2016)
39:98–106. doi: 10.1097/coc.0000000000000239

5. Peralta RM, Xie B, Lontos K, Nieves-Rosado H, Spahr K, Joshi S, et al. Dysfunction
of exhausted T cells is enforced by MCT11-mediated lactate metabolism. Nat Immunol.
(2024) 25:2297–307. doi: 10.1038/s41590-024-01999-3

6. Scharping NE, Rivadeneira DB, Menk AV, Vignali PDA, Ford BR, Rittenhouse NL,
et al. Mitochondrial stress induced by continuous stimulation under hypoxia rapidly
drives T cell exhaustion. Nat Immunol. (2021) 22:205–15. doi: 10.1038/s41590-020-
00834-9

7. Mancini SJC, Balabanian K, Corre I, Gavard J, Lazennec G, Bousse-Kerdilès M-C,
et al. Deciphering tumor niches: lessons from solid and hematological Malignancies.
Front Immunol. (2021) 12:766275. doi: 10.3389/fimmu.2021.766275

8. He W, Cui K, Farooq MA, Huang N, Zhu S, Jiang D, et al. TCR-T cell therapy for
solid tumors: challenges and emerging solutions. Front Pharmacol. (2025) 16:1493346.
doi: 10.3389/fphar.2025.1493346

9. Escobar G, Berger TR, Maus MV. CAR-T cells in solid tumors: challenges and
breakthroughs. Cell Rep Med. (2025) 6:102353. doi: 10.1016/j.xcrm.2025.102353

10. Shifrut E, Carnevale J, Tobin V, Roth TL, Woo JM, Bui CT, et al. Genome-wide
CRISPR screens in primary human T cells reveal key regulators of immune function.
(2018) 175(7):1958–1971.e15. doi: 10.1016/j.cell.2018.10.024
frontiersin.org

http://www.Biorender.com
https://doi.org/10.1016/j.ccell.2020.07.005
https://doi.org/10.1016/j.cell.2017.01.016
https://doi.org/10.1158/2159-8290.cd-12-0548
https://doi.org/10.1097/coc.0000000000000239
https://doi.org/10.1038/s41590-024-01999-3
https://doi.org/10.1038/s41590-020-00834-9
https://doi.org/10.1038/s41590-020-00834-9
https://doi.org/10.3389/fimmu.2021.766275
https://doi.org/10.3389/fphar.2025.1493346
https://doi.org/10.1016/j.xcrm.2025.102353
https://doi.org/10.1016/j.cell.2018.10.024
https://doi.org/10.3389/fimmu.2026.1839064
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wong et al. 10.3389/fimmu.2026.1839064
11. Galy ASD, Menegatti S, Fuentealba J, Lucibello F, Perrin L, Helft J, et al. In vivo
genome-wide CRISPR screens identify SOCS1 as intrinsic checkpoint of CD4+ TH1
cell response. Sci Immunol. (2021) 6(66):eabe8219. doi: 10.1126/sciimmunol.abe8219

12. Schlabach MR, Lin S, Collester ZR, Wrocklage C, Shenker S, Calnan C, et al.
Rational design of a SOCS1-edited tumor-infiltrating lymphocyte therapy using
CRISPR/Cas9 screens. J Clin Investig. (2023) 133:e163096. doi: 10.1172/jci163096

13. Knudsen NH, Escobar G, Korell F, Kienka T, Nobrega C, Anderson S, et al. In vivo
CRISPR screens identify modifiers of CAR T cell function in myeloma. Nature. (2025)
646(8086):953–62. doi: 10.1038/s41586-025-09489-8

14. Zhao H, Liu Y, Wang L, Jin G, Zhao X, Xu J, et al. Genome-wide fitness gene
identification reveals Roquin as a potent suppressor of CD8 T cell expansion and anti-
tumor immunity. Cell Rep. (2021) 37:110083. doi: 10.1016/j.celrep.2021.110083

15. Datlinger P, Pankevich EV, Arnold CD, Pranckevicius N, Lin J, Romanovskaia D,
et al. Systematic discovery of CRISPR-boosted CAR T cell immunotherapies. Nature.
(2025) 646:963–72. doi: 10.1038/s41586-025-09507-9

16. Liu Q, Chen PA, Urs E, Zhang S, Arce MM, Wang CH, et al. In vivo genome-wide
CRISPR screens in human T cells to enhance T cell therapy for solid tumors. bioRxiv.
(2025), 2025.09.23.678127. doi: 10.1101/2025.09.23.678127

17. Ye L, Park JJ, Dong MB, Yang Q, Chow RD, Peng L, et al. In vivo CRISPR screening
in CD8 T cells with AAV– Sleeping Beauty hybrid vectors identifies membrane targets
for improving immunotherapy for glioblastoma. Nat Biotechnol. (2019) 37(11):1302–
13. doi: 10.1038/s41587-019-0246-4

18. Wei J, Long L, Zheng W, Dhungana Y, Lim SA, Guy C, et al. Targeting REGNASE-
1 programs long-lived effector T cells for cancer therapy. Nature. (2019) 576
(7787):471–6. doi: 10.1038/s41586-019-1821-z

19. Milling LE, Markson SC, Tjokrosurjo Q, Derosia NM, Streeter ISL, Hickok GH,
et al. Framework for in vivo T cell screens. J Exp Med. (2024) 221:e20230699.
doi: 10.1084/jem.20230699

20. LaFleur MW, Milling LE, Prathima P, Li V, Lemmen AM, Streeter ISL, et al. A
STUB1–CHIC2 complex inhibits CD8+ T cells to restrain tumor immunity. Nat
Immunol. (2025) 26(9):1476–87. doi: 10.1038/s41590-025-02231-6

21. Mercier IL, Monteiro D, Halpin-Veszeleiova K, Wong K, Dodson A, Martinez GJ,
et al. Dual-inactivation of Regnase-1 and SOCS1 rewires exhausted CD8+ T cell fate to
enhance anti-tumor functionality. bioRxiv. (2026). doi: 10.64898/2026.01.21.700812

22. Carnevale J, Shifrut E, Kale N, Nyberg WA, Blaeschke F, Chen YY, et al. RASA2
ablation in T cells boosts antigen sensitivity and long-term function. Nature. (2022)
609:174–82. doi: 10.1038/s41586-022-05126-w

23. Wang D, Prager BC, Gimple RC, Aguilar B, Alizadeh D, Tang H, et al. CRISPR
screening of CAR T cells and cancer stem cells reveals critical dependencies for cell-
based therapies. Cancer Discov. (2020) 11:1192–211. doi: 10.1158/2159-8290.cd-20-
1243

24. Dong MB, Wang G, Chow RD, Ye L, Zhu L, Dai X, et al. Systematic immuno-
therapy target discovery using genome-scale in vivo CRISPR screens in CD8 T cells.
Cell. (2019) 178:1189–1204.e23. doi: 10.1016/j.cell.2019.07.044

25. Chen Z, Ji Z, Ngiow SF, Manne S, Cai Z, Huang AC, et al. TCF-1-centered
transcriptional network drives an effector versus exhausted CD8 T cell-fate decision.
Immunity. (2019) 51(5):840–855.e5. doi: 10.1016/j.immuni.2019.09.013

26. Freitas KA, Belk JA, Sotillo E, Quinn PJ, Ramello MC, Malipatlolla M, et al.
Enhanced T cell effector activity by targeting the Mediator kinase module. Science.
(2022) 378:eabn5647. doi: 10.1126/science.abn5647

27. Belk JA, Yao W, Ly N, Freitas KA, Chen Y-T, Shi Q, et al. Genome-wide CRISPR
screens of T cell exhaustion identify chromatin remodeling factors that limit T cell
persistence. Cancer Cell. (2022) 40:768–786.e7. doi: 10.1016/j.ccell.2022.06.001

28. Tay T, Bommakanti G, Jaensch E, Gorthi A, Reddy IK, Hu Y, et al. Degradation of
IKZF1 prevents epigenetic progression of T cell exhaustion in an antigen-specific assay.
Cell Rep Med. (2024) 5:101804. doi: 10.1016/j.xcrm.2024.101804

29. Fumagalli M, An D, Simula L, Combe C, Aziez L, Simoni Y, et al. An in vivo
CRISPR screen unveils promising target genes to improve CAR-T cell efficacy in a solid
tumor model. Mol Ther. (2026). doi: 10.1016/j.ymthe.2026.04.009

30. Zhou P, Shi H, Huang H, Sun X, Yuan S, Chapman NM, et al. Single-cell CRISPR
screens in vivo map T cell fate regulomes in cancer. Nature. (2023) 624:154–63.
doi: 10.1038/s41586-023-06733-x

31. Trefny MP, Kirchhammer N, Maur P, Natoli M, Schmid D, Germann M, et al.
Deletion of SNX9 alleviates CD8 T cell exhaustion for effective cellular cancer
immunotherapy. Nat Commun. (2023) 14:86. doi: 10.1038/s41467-022-35583-w

32. Wang L, Jin G, Zhou Q, Liu Y, Zhao X, Li Z, et al. Induction of immortal-like and
functional CAR T cells by defined factors. J Exp Med. (2024) 221:e20232368.
doi: 10.1084/jem.20232368

33. Holcomb EA, Pearson AN, Jungles KM, Tate A, James J, Jiang L, et al. High-
content CRISPR screening in tumor immunology. Front Immunol. (2022) 13:1041451.
doi: 10.3389/fimmu.2022.1041451

34. Xiang M, Li H, Zhan Y, Ma D, Gao Q, Fang Y. Functional CRISPR screens in T
cells reveal new opportunities for cancer immunotherapies. Mol Cancer. (2024) 23:73.
doi: 10.1186/s12943-024-01987-z
Frontiers in Immunology 14
35. Dixit A, Parnas O, Li B, Chen J, Fulco CP, Jerby-Arnon L, et al. Perturb-Seq:
dissecting molecular circuits with scalable single-cell RNA profiling of pooled genetic
screens. Cell. (2016) 167:1853–1866.e17. doi: 10.1016/j.cell.2016.11.038

36. Adamson B, Norman TM, Jost M, ChoMY, Nuñez JK, Chen Y, et al. A multiplexed
single-cell CRISPR screening platform enables systematic dissection of the unfolded
protein response. Cell. (2016) 167:1867–1882.e21. doi: 10.1016/j.cell.2016.11.048

37. Giordano M, Roncagalli R, Bourdely P, Chasson L, Buferne M, Yamasaki S, et al.
The tumor necrosis factor alpha-induced protein 3 (TNFAIP3, A20) imposes a brake
on antitumor activity of CD8 T cells. Proc Natl Acad Sci U S A. (2014) 111:11115–20.
doi: 10.1073/pnas.1406259111

38. Yoshikawa T, Wu Z, Inoue S, Kasuya H, Matsushita H, Takahashi Y, et al. Genetic
ablation of PRDM1 in antitumor T cells enhances therapeutic efficacy of adoptive
immunotherapy. Blood. (2022) 139:2156–72. doi: 10.1182/blood.2021012714

39. Loeser S, Loser K, Bijker MS, Rangachari M, van der Burg SH, Wada T, et al.
Spontaneous tumor rejection by cbl-b-deficient CD8+ T cells. J Exp Med. (2007)
204:879–91. doi: 10.1084/jem.20061699

40. Tabbekh M, Franciszkiewicz K, Haouas H, Lecluse Y, Benihoud K, Raman C, et al.
Rescue of tumor-infiltrating lymphocytes from activation-induced cell death enhances
the antitumor CTL response in CD5-deficient mice. J Immunol. (2011) 187:102–9.
doi: 10.4049/jimmunol.1100438

41. Agarwal S, Aznar MA, Rech AJ, Good CR, Kuramitsu S, Da T, et al. Deletion of the
inhibitory co-receptor CTLA-4 enhances and invigorates chimeric antigen receptor T
cells. Immunity. (2023) 56:2388–407. e9. doi: 10.1016/j.immuni.2023.09.001

42. Riese MJ, Wang LCS, Moon EK, Joshi RP, Ranganathan A, June CH, et al.
Enhanced effector responses in activated CD8+ T cells deficient in diacylglycerol
kinases. Cancer Res. (2013) 73:3566–77. doi: 10.1158/0008-5472.CAN-12-3874

43. Chen J, López-Moyado IF, Seo H, Lio CWJ, Hempleman LJ, Sekiya T, et al. Nr4a
transcription factors limit CAR T cell function in solid tumors.Nature. (2019) 567:530–
4. doi: 10.1038/s41586-019-0985-x

44. Si J, Shi X, Sun S, Zou B, Li Y, An D, et al. Hematopoietic progenitor kinase 1
(HPK1) mediates T cell dysfunction and is a druggable target for T cell-based
immunotherapies. Cancer Cell. (2020) 38:551–66. e11. doi: 10.1016/j.ccell.2020.08.001

45. Ko CJ, Zhang L, Jie Z, Zhu L, Zhou X, Xie X, et al. The E3 ubiquitin ligase Peli1
regulates the metabolic actions of mTORC1 to suppress antitumor T cell responses.
EMBO J. (2021) 40:e104532. doi: 10.15252/embj.2020104532

46. Lacher SB, Dörr J, de Almeida GP, Hönninger J, Bayerl F, Hirschberger A, et al.
PGE2 limits effector expansion of tumour-infiltrating stem-like CD8+ T cells. Nature.
(2024) 629:417–25. doi: 10.1038/s41586-024-07254-x

47. Wiede F, Lu KH, Du X, Zeissig MN, Xu R, Goh PK, et al. PTP1B is an intracellular
checkpoint that limits T cell and CAR T cell antitumor immunity. Cancer Discov.
(2022) 12:752–73. doi: 10.1158/2159-8290.CD-21-0694

48. Tang N, Cheng C, Zhang X, Qiao M, Li N, Mu W, et al. TGF-b inhibition via
CRISPR promotes the long-term efficacy of CAR T cells against solid tumors. JCI
Insight. (2020) 5:e133977. doi: 10.1172/jci.insight.133977

49. Sun F, Ma F, Wang T, Zhou Y, Xu D, Mo H, et al. STS2 deficiency revives CD8+ T
cells from exhaustion and augments checkpoint blockade efficacy in cancer immuno-
therapy. J Immunother Cancer. (2025) 13:e010735. doi: 10.1136/jitc-2024-010735

50. Fraietta JA, Lacey SF, Orlando EJ, Pruteanu-Malinici I, Gohil M, Lundh S, et al.
Determinants of response and resistance to CD19 chimeric antigen receptor (CAR) T
cell therapy of chronic lymphocytic leukemia. Nat Med. (2018) 27(3):561. doi: 10.1038/
s41591-018-0010-1

51. Porter DL, Hwang W-T, Frey NV, Lacey SF, Shaw PA, Loren AW, et al. Chimeric
antigen receptor T cells persist and induce sustained remissions in relapsed refractory chronic
lymphocytic leukemia. Sci Transl Med. (2015) 7:303ra139. doi: 10.1126/scitranslmed.aac5415

52. Yoshimura A, Ito M, Chikuma S, Akanuma T, Nakatsukasa H. Negative regulation
of cytokine signaling in immunity. Csh Perspect Biol. (2017) 10:a028571. doi: 10.1101/
cshperspect.a028571

53. Perez-Quintero LA, Abidin BM, Tremblay ML. Immunotherapeutic implications
of negative regulation by protein tyrosine phosphatases in T cells: the emerging cases of
PTP1B and TCPTP. Front Med. (2024) 11:1364778. doi: 10.3389/fmed.2024.1364778

54. Mino T, Murakawa Y, Fukao A, Vandenbon A,Wessels H-H, Ori D, et al. Regnase-
1 and Roquin regulate a common element in inflammatory mRNAs by spatiotempo-
rally distinct mechanisms. Cell. (2015) 161:1058–73. doi: 10.1016/j.cell.2015.04.029

55. Jeltsch KM, Hu D, Brenner S, Zöller J, Heinz GA, Nagel D, et al. Cleavage of roquin
and regnase-1 by the paracaspase MALT1 releases their cooperatively repressed targets
to promote TH17 differentiation. Nat Immunol. (2014) 15:ni.3008. doi: 10.1038/ni.3008

56. Uehata T, Iwasaki H, Vandenbon A, Matsushita K, Hernandez-Cuellar E,
Kuniyoshi K, et al. Malt1-induced cleavage of Regnase-1 in CD4+ helper T cells
regulates immune activation. Cell. (2013) 153:1036–49. doi: 10.1016/j.cell.2013.04.034

57. Melero I, Rouzaut A, Motz GT, Coukos G. T-cell and NK-cell infiltration into solid
tumors: a key limiting factor for efficacious cancer immunotherapy. Cancer Discov.
(2014) 4:522–6. doi: 10.1158/2159-8290.cd-13-0985

58. Newell F, Silva I, Johansson PA, Menzies AM, Wilmott JS, Addala V, et al.
Multiomic profiling of checkpoint inhibitor-treated melanoma: identifying predictors
frontiersin.org

https://doi.org/10.1126/sciimmunol.abe8219
https://doi.org/10.1172/jci163096
https://doi.org/10.1038/s41586-025-09489-8
https://doi.org/10.1016/j.celrep.2021.110083
https://doi.org/10.1038/s41586-025-09507-9
https://doi.org/10.1101/2025.09.23.678127
https://doi.org/10.1038/s41587-019-0246-4
https://doi.org/10.1038/s41586-019-1821-z
https://doi.org/10.1084/jem.20230699
https://doi.org/10.1038/s41590-025-02231-6
https://doi.org/10.64898/2026.01.21.700812
https://doi.org/10.1038/s41586-022-05126-w
https://doi.org/10.1158/2159-8290.cd-20-1243
https://doi.org/10.1158/2159-8290.cd-20-1243
https://doi.org/10.1016/j.cell.2019.07.044
https://doi.org/10.1016/j.immuni.2019.09.013
https://doi.org/10.1126/science.abn5647
https://doi.org/10.1016/j.ccell.2022.06.001
https://doi.org/10.1016/j.xcrm.2024.101804
https://doi.org/10.1016/j.ymthe.2026.04.009
https://doi.org/10.1038/s41586-023-06733-x
https://doi.org/10.1038/s41467-022-35583-w
https://doi.org/10.1084/jem.20232368
https://doi.org/10.3389/fimmu.2022.1041451
https://doi.org/10.1186/s12943-024-01987-z
https://doi.org/10.1016/j.cell.2016.11.038
https://doi.org/10.1016/j.cell.2016.11.048
https://doi.org/10.1073/pnas.1406259111
https://doi.org/10.1182/blood.2021012714
https://doi.org/10.1084/jem.20061699
https://doi.org/10.4049/jimmunol.1100438
https://doi.org/10.1016/j.immuni.2023.09.001
https://doi.org/10.1158/0008-5472.CAN-12-3874
https://doi.org/10.1038/s41586-019-0985-x
https://doi.org/10.1016/j.ccell.2020.08.001
https://doi.org/10.15252/embj.2020104532
https://doi.org/10.1038/s41586-024-07254-x
https://doi.org/10.1158/2159-8290.CD-21-0694
https://doi.org/10.1172/jci.insight.133977
https://doi.org/10.1136/jitc-2024-010735
https://doi.org/10.1038/s41591-018-0010-1
https://doi.org/10.1038/s41591-018-0010-1
https://doi.org/10.1126/scitranslmed.aac5415
https://doi.org/10.1101/cshperspect.a028571
https://doi.org/10.1101/cshperspect.a028571
https://doi.org/10.3389/fmed.2024.1364778
https://doi.org/10.1016/j.cell.2015.04.029
https://doi.org/10.1038/ni.3008
https://doi.org/10.1016/j.cell.2013.04.034
https://doi.org/10.1158/2159-8290.cd-13-0985
https://doi.org/10.3389/fimmu.2026.1839064
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wong et al. 10.3389/fimmu.2026.1839064
of response and resistance, and markers of biological discordance. Cancer Cell. (2022)
40:88–102.e7. doi: 10.1016/j.ccell.2021.11.012

59. Paijens ST, Vledder A, Bruyn M, Nijman HW. Tumor-infiltrating lymphocytes in
the immunotherapy era. Cell Mol Immunol. (2021) 18:842–59. doi: 10.1038/s41423-
020-00565-9

60. Zhou P, Shaffer DR, Arias DAA, Nakazaki Y, Pos W, Torres AJ, et al. In vivo
discovery of immunotherapy targets in the tumour microenvironment. Nature. (2014)
506(7486):52–7. doi: 10.1038/nature12988

61. Evers B, Jastrzebski K, Heijmans JPM, GrernrumW, Beijersbergen RL, Bernards R.
CRISPR knockout screening outperforms shRNA and CRISPRi in identifying essential
genes. Nat Biotechnol. (2016) 34:631–3. doi: 10.1038/nbt.3536

62. LaFleur MW, Nguyen TH, Coxe MA, Miller BC, Yates KB, Gillis JE, et al. PTPN2
regulates the generation of exhausted CD8+ T cell subpopulations and restrains tumor
immunity. Nat Immunol. (2019) 20:1335–47. doi: 10.1038/s41590-019-0480-4

63. LaFleur MW, Nguyen TH, Coxe MA, Yates KB, Trombley JD, Weiss SA, et al. A
CRISPR-Cas9 delivery system for in vivo screening of genes in the immune system. Nat
Commun. (2019) 10:1668. doi: 10.1038/s41467-019-09656-2

64. Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor micro-
environment. Science. (2015) 348:74–80. doi: 10.1126/science.aaa6204

65. Wu VH, Yung BS, Faraji F, Saddawi-Konefka R, Wang Z, Wenzel AT, et al. The
GPCR–Gas–PKA signaling axis promotes T cell dysfunction and cancer immunother-
apy failure. Nat Immunol. (2023) 24(8):1318–30. doi: 10.1038/s41590-023-01529-7

66. Chen Z, Arai E, Khan O, Zhang Z, Ngiow SF, He Y, et al. In vivo CD8+ T cell
CRISPR screening reveals control by Fli1 in infection and cancer. Cell. (2021)
184:1262–1280.e22. doi: 10.1016/j.cell.2021.02.019

67. Selli ME, Landmann JH, Arveseth C, Singh N. Inducing T cell dysfunction by
chronic stimulation of CAR-engineered T cells targeting cancer cells in suspension
cultures. STAR Protoc. (2023) 4:101954. doi: 10.1016/j.xpro.2022.101954

68. Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo M, et al. 4-
1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of chimeric
antigen receptors. Nat Med. (2015) 21:581–90. doi: 10.1038/nm.3838

69. Lynn RC, Weber EW, Sotillo E, Gennert D, Xu P, Good Z, et al. c-Jun
overexpression in CAR T cells induces exhaustion resistance. Nature. (2019) 576
(7786):293–300. doi: 10.1038/s41586-019-1805-z

70. Weber EW, Parker KR, Sotillo E, Lynn RC, Anbunathan H, Lattin J, et al. Transient
rest restores functionality in exhausted CAR-T cells through epigenetic remodeling.
Science. (2021) 372:eaba1786. doi: 10.1126/science.aba1786

71. Baessler A, Vignali DAA. T cell exhaustion. Annu Rev Immunol. (2024) 42:179–
206. doi: 10.1146/annurev-immunol-090222-110914

72. Zebley CC, Youngblood B. Mechanisms of T cell exhaustion guiding next-
generation immunotherapy. Trends Cancer. (2022) 8:726–34. doi: 10.1016/
j.trecan.2022.04.004

73. Utzschneider DT, Charmoy M, Chennupati V, Pousse L, Ferreira DP, Calderon-
Copete S, et al. T cell factor 1-expressing memory-like CD8+ T cells sustain the
immune response to chronic viral infections. Immunity. (2016) 45:415–27.
doi: 10.1016/j.immuni.2016.07.021

74. Siddiqui I, Schaeuble K, Chennupati V, Marraco SAF, Calderon-Copete S, Ferreira
DP, et al. Intratumoral Tcf1+PD-1+CD8+ T cells with stem-like properties promote
tumor control in response to vaccination and checkpoint blockade immunotherapy.
Immunity. (2019) 50:195–211.e10. doi: 10.1016/j.immuni.2018.12.021

75. Zehn D, Thimme R, Lugli E, Almeida G, Oxenius A. ‘Stem-like’ precursors are the
fount to sustain persistent CD8+ T cell responses. Nat Immunol. (2022) 23:836–47.
doi: 10.1038/s41590-022-01219-w

76. Sade-Feldman M, Yizhak K, Bjorgaard SL, Ray JP, Boer C, Jenkins RW, et al.
Defining T cell states associated with response to checkpoint immunotherapy in
melanoma. Cell. (2018) 175:998–1013.e20. doi: 10.1016/j.cell.2018.10.038

77. Beltra J-C, Manne S, Abdel-Hakeem MS, Kurachi M, Giles JR, Chen Z, et al.
Developmental relationships of four exhausted CD8+ T cell subsets reveals underlying
transcriptional and epigenetic landscape control mechanisms. Immunity. (2020)
52:825–841.e8. doi: 10.1016/j.immuni.2020.04.014

78. Andreatta M, Corria-Osorio J, Müller S, Cubas R, Coukos G, Carmona SJ.
Interpretation of T cell states from single-cell transcriptomics data using reference
atlases. Nat Commun. (2021) 12:2965. doi: 10.1038/s41467-021-23324-4

79. Zander R, Cui W. Exhausted CD8+ T cells face a developmental fork in the road.
Trends Immunol. (2023) 44:276–86. doi: 10.1016/j.it.2023.02.006

80. Giles JR, Ngiow SF, Manne S, Baxter AE, Khan O, Wang P, et al. Shared and
distinct biological circuits in effector, memory and exhausted CD8+ T cells revealed by
temporal single-cell transcriptomics and epigenetics. Nat Immunol. (2022) 23
(11):1600–13. doi: 10.1038/s41590-022-01338-4

81. Daniel B, Yost KE, Hsiung S, Sandor K, Xia Y, Qi Y, et al. Divergent clonal
differentiation trajectories of T cell exhaustion. Nat Immunol. (2022) 23(11):1614–27.
doi: 10.1038/s41590-022-01337-5

82. Zander R, Schauder D, Xin G, Nguyen C, Wu X, Zajac A, et al. CD4+ T cell help is
required for the formation of a cytolytic CD8+ T cell subset that protects against
Frontiers in Immunology 15
chronic infection and cancer. Immunity. (2019) 51(6):1028–1042.e4. doi: 10.1016/
j.immuni.2019.10.009

83. Fagerberg E, Attanasio J, Dien C, Singh J, Kessler EA, Abdullah L, et al. KLF2
maintains lineage fidelity and suppresses CD8 T cell exhaustion during acute LCMV
infection. Science. (2025) 387:eadn2337. doi: 10.1126/science.adn2337

84. Zheng W, Wei J, Zebley C, Jones LL, Dhungana Y, Wang Y-D, et al. Regnase-1
suppresses TCF-1+ precursor exhausted T cell formation to limit CAR T cell responses
against ALL. Blood. (2021) 138(2):122–35. doi: 10.1182/blood.2020009309

85. Hashimoto M, Araki K, Cardenas MA, Li P, Jadhav RR, Kissick HT, et al. PD-1
combination therapy with IL-2 modifies CD8+ T cell exhaustion program. Nature.
(2022) 610:173–81. doi: 10.1038/s41586-022-05257-0

86. Deak LC, Nicolini V, Hashimoto M, Karagianni M, Schwalie PC, Lauener L, et al.
PD-1-cis IL-2R agonism yields better effectors from stem-like CD8+ T cells. Nature.
(2022) 610:161–72. doi: 10.1038/s41586-022-05192-0

87. Beltra J-C, Abdel-Hakeem MS, Manne S, Zhang Z, Huang H, Kurachi M, et al.
Stat5 opposes the transcription factor Tox and rewires exhausted CD8+ T cells toward
durable effector-like states during chronic antigen exposure. Immunity. (2023)
56:2699–2718.e11. doi: 10.1016/j.immuni.2023.11.005

88. Fumagalli M, An D, Simula L, Combe C, Aziez L, Simoni Y, et al. An in vivo
CRISPR screen unveils promising target genes to improve CAR-T cell efficacy in a solid
tumor model. Mol Ther. (2026) doi: 10.1016/j.ymthe.2026.04.009

89. Xu J, Jia Z, Zhao X, Wang L, Jin G, Li Z, et al. BCOR and ZC3H12A suppress a core
stemness program in exhausted CD8+ T cells. J Exp Med. (2025) 222:e20241133.
doi: 10.1084/jem.20241133

90. Mai D, Johnson O, Reff J, Fan T-J, Scholler J, Sheppard NC, et al. Combined
disruption of T cell inflammatory regulators Regnase-1 and Roquin-1 enhances
antitumor activity of engineered human T cells. Proc Natl Acad Sci. (2023) 120:
e2218632120. doi: 10.1073/pnas.2218632120

91. Amaria R, Knisely A, Vining D, Kopetz S, Overman MJ, Javle M, et al. Efficacy and
safety of autologous tumor-infiltrating lymphocytes in recurrent or refractory ovarian
cancer, colorectal cancer, and pancreatic ductal adenocarcinoma. J Immunother
Cancer. (2024) 12:e006822. doi: 10.1136/jitc-2023-006822

92. Ferris RL, Leidner RS, Chung CH, Jimeno A, Lee SM, Sukari A, et al. Efficacy and
safety of one-time autologous tumor-infiltrating lymphocyte cell therapy in patients
with recurrent and/or metastatic head and neck squamous cell carcinoma. J
Immunother Cancer. (2025) 13:e011633. doi: 10.1136/jitc-2025-011633

93. Qin H, Wang Y, Yi Y, Gao F, Zou D, Li Y, et al. GT101 autologous TIL therapy in
patients with recurrent and metastatic cervical cancer: A phase 1 study. J Clin Oncol.
(2025) 43:5533. doi: 10.1200/jco.2025.43.16_suppl.5533

94. Schoenfeld AJ, Lee SM, Speville B, Gettinger SN, Hafliger S, Sukari A, et al.
Lifileucel, an autologous tumor-infiltrating lymphocyte monotherapy, in patients with
advanced non-small cell lung cancer resistant to immune checkpoint inhibitors. Cancer
Discov. (2024) 14:1389–402. doi: 10.1158/2159-8290.cd-23-1334

95. Dudley ME, Gross CA, Langhan MM, Garcia MR, Sherry RM, Yang JC, et al. CD8+
enriched “young” tumor infiltrating lymphocytes can mediate regression of metastatic
melanoma. Clin Cancer Res. (2010) 16:6122–31. doi: 10.1158/1078-0432.ccr-10-1297

96. Forget M-A, Haymaker C, Hess KR, Meng YJ, Creasy C, Karpinets TV, et al.
Prospective analysis of adoptive TIL therapy in patients with metastatic melanoma:
response, impact of anti-CTLA4, and biomarkers to predict clinical outcome. Clin
Cancer Res. (2018) 24:clincanres.3649.2017. doi: 10.1158/1078-0432.ccr-17-3649

97. Barras D, Ghisoni E, Chiffelle J, Orcurto A, Dagher J, Fahr N, et al. Response to
tumor-infiltrating lymphocyte adoptive therapy is associated with preexisting CD8+ T-
myeloid cell networks in melanoma. Sci Immunol. (2024) 9:eadg7995. doi: 10.1126/
sciimmunol.adg7995

98. Chiffelle J, Barras D, Pétremand R, Orcurto A, Bobisse S, Arnaud M, et al. Tumor-
reactive T cell clonotype dynamics underlying clinical response to TIL therapy in
melanoma. Immuni ty . (2024) 57(10) :2466–2482 .e12 . do i : 10 .1016/
j.immuni.2024.08.014

99. Maffezzini M, Musio S, Ianni ND, Rumolo A, Patanè M, Galluzzo A, et al.
Polyclonal expansion of functional tumor-reactive lymphocytes infiltrating glioblas-
toma for personalized cell therapy. Nat Commun. (2025) 16:7279. doi: 10.1038/s41467-
025-62263-2

100. Völzke C, Ehrhardt L, Fischer L, Maul P, Wenzel C, Riabinska A, et al. Clinical-
scale, modular manufacturing of tumor-reactive TILs using a closed and automated
culture system. Front Immunol. (2024) 15:1483254. doi: 10.3389/fimmu.2024.1483254

101. Sakellariou-Thompson D, Forget M-A, Creasy C, Bernard V, Zhao L, Kim YU,
et al. 4-1BB agonist focuses CD8+ tumor-infiltrating T-cell growth into a distinct
repertoire capable of tumor recognition in pancreatic cancer. Clin Cancer Res. (2017)
23:clincanres.0831.2017. doi: 10.1158/1078-0432.ccr-17-0831

102. Harao M, Forget M-A, Roszik J, Gao H, Babiera GV, Krishnamurthy S, et al. 4-
1BB–enhanced expansion of CD8+ TIL from triple-negative breast cancer unveils
mutation-specific CD8+ T cells. Cancer Immunol Res. (2017) 5:439–45. doi: 10.1158/
2326-6066.cir-16-0364

103. Burga RA, Aksoy BA, Ao Z, Tchaicha JH, Sethi DK, Ocando AV, et al. IL2-
independent expansion, persistence, and antitumor activity in TIL expressing
frontiersin.org

https://doi.org/10.1016/j.ccell.2021.11.012
https://doi.org/10.1038/s41423-020-00565-9
https://doi.org/10.1038/s41423-020-00565-9
https://doi.org/10.1038/nature12988
https://doi.org/10.1038/nbt.3536
https://doi.org/10.1038/s41590-019-0480-4
https://doi.org/10.1038/s41467-019-09656-2
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.1038/s41590-023-01529-7
https://doi.org/10.1016/j.cell.2021.02.019
https://doi.org/10.1016/j.xpro.2022.101954
https://doi.org/10.1038/nm.3838
https://doi.org/10.1038/s41586-019-1805-z
https://doi.org/10.1126/science.aba1786
https://doi.org/10.1146/annurev-immunol-090222-110914
https://doi.org/10.1016/j.trecan.2022.04.004
https://doi.org/10.1016/j.trecan.2022.04.004
https://doi.org/10.1016/j.immuni.2016.07.021
https://doi.org/10.1016/j.immuni.2018.12.021
https://doi.org/10.1038/s41590-022-01219-w
https://doi.org/10.1016/j.cell.2018.10.038
https://doi.org/10.1016/j.immuni.2020.04.014
https://doi.org/10.1038/s41467-021-23324-4
https://doi.org/10.1016/j.it.2023.02.006
https://doi.org/10.1038/s41590-022-01338-4
https://doi.org/10.1038/s41590-022-01337-5
https://doi.org/10.1016/j.immuni.2019.10.009
https://doi.org/10.1016/j.immuni.2019.10.009
https://doi.org/10.1126/science.adn2337
https://doi.org/10.1182/blood.2020009309
https://doi.org/10.1038/s41586-022-05257-0
https://doi.org/10.1038/s41586-022-05192-0
https://doi.org/10.1016/j.immuni.2023.11.005
https://doi.org/10.1016/j.ymthe.2026.04.009
https://doi.org/10.1084/jem.20241133
https://doi.org/10.1073/pnas.2218632120
https://doi.org/10.1136/jitc-2023-006822
https://doi.org/10.1136/jitc-2025-011633
https://doi.org/10.1200/jco.2025.43.16_suppl.5533
https://doi.org/10.1158/2159-8290.cd-23-1334
https://doi.org/10.1158/1078-0432.ccr-10-1297
https://doi.org/10.1158/1078-0432.ccr-17-3649
https://doi.org/10.1126/sciimmunol.adg7995
https://doi.org/10.1126/sciimmunol.adg7995
https://doi.org/10.1016/j.immuni.2024.08.014
https://doi.org/10.1016/j.immuni.2024.08.014
https://doi.org/10.1038/s41467-025-62263-2
https://doi.org/10.1038/s41467-025-62263-2
https://doi.org/10.3389/fimmu.2024.1483254
https://doi.org/10.1158/1078-0432.ccr-17-0831
https://doi.org/10.1158/2326-6066.cir-16-0364
https://doi.org/10.1158/2326-6066.cir-16-0364
https://doi.org/10.3389/fimmu.2026.1839064
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wong et al. 10.3389/fimmu.2026.1839064
regulatable membrane-bound IL15. Mol Ther. (2025) 33(8):3605–23. doi: 10.1016/
j.ymthe.2025.04.031

104. Besser MJ, Shapira-Frommer R, Treves AJ, Zippel D, Itzhaki O, Hershkovitz L,
et al. Clinical responses in a phase II study using adoptive transfer of short-term
cultured tumor infiltration lymphocytes in metastatic melanoma patients. Clin Cancer
Res. (2010) 16:2646–55. doi: 10.1158/1078-0432.ccr-10-0041

105. Tran KQ, Zhou J, Durflinger KH, Langhan MM, Shelton TE, Wunderlich JR, et al.
Minimally cultured tumor-infiltrating lymphocytes display optimal characteristics for
adoptive cell therapy. J Immunother. (2008) 31:742–51. doi: 10.1097/cji.0b013e31818403d5

106. Lickefett B, Chu L, Ortiz-Maldonado V, Warmuth L, Barba P, Doglio M, et al.
Lymphodepletion – an essential but undervalued part of the chimeric antigen receptor T-cell
therapy cycle. Front Immunol. (2023) 14:1303935. doi: 10.3389/fimmu.2023.1303935

107. Smithy JW, Schoenfeld AJ, Warner AB. The clinical TIL experience in melanoma:
Past, present, future. Transplant Cell Ther. (2025) 31:S626–34. doi: 10.1016/
j.jtct.2024.11.013

108. Flosbach M, Oberle SG, Scherer S, Zecha J, Hoesslin M, Wiede F, et al. PTPN2
deficiency enhances programmed T cell expansion and survival capacity of activated T
cells. Cell Rep. (2020) 32:107957. doi: 10.1016/j.celrep.2020.107957

109. Du X, Goh PK, Ma C, Coughlan E, Greatorex S, Porter LH, et al. Targeting
PTPN2 enhances human CAR T cell efficacy and the development of long-term
memory in mouse xenograft models. Sci Transl Med. (2025) 17:eadk0627. doi: 10.1126/
scitranslmed.adk0627

110. Krishna S, Lowery FJ, Copeland AR, Bahadiroglu E, Mukherjee R, Jia L, et al.
Stem-like CD8 T cells mediate response of adoptive cell immunotherapy against
human cancer. Science. (2020) 370:1328–34. doi: 10.1126/science.abb9847

111. Palmer DC, Webber BR, Patel Y, Johnson MJ, Kariya CM, Lahr WS, et al. Internal
checkpoint regulates T cell neoantigen reactivity and susceptibility to PD1 blockade.
Med. (2022) 3:682–704.e8. doi: 10.1016/j.medj.2022.07.008

112. Lou E, Choudhry MS, Starr TK, Folsom TD, Bell J, Rathmann B, et al. Targeting
the intracellular immune checkpoint CISH with CRISPR-Cas9-edited T cells in patients
Frontiers in Immunology 16
with metastatic colorectal cancer: a first-in-human, single-centre, phase 1 trial. Lancet
Oncol. (2025) 26(5):559–70. doi: 10.1016/s1470-2045(25)00083-x

113. Hunt JMT, Samson CA, Rand A, Sheppard HM. Unintended CRISPR-Cas9
editing outcomes: a review of the detection and prevalence of structural variants
generated by gene-editing in human cells.HumGenet. (2023) 142:705–20. doi: 10.1007/
s00439-023-02561-1

114. Blattner G, Cavazza A, Thrasher AJ, Turchiano G. Gene editing and genotoxicity:
targeting the off-targets. Front Genome Ed. (2020) 2:613252. doi: 10.3389/
fgeed.2020.613252

115. David M, Schiele P, Monteferrario D, Saviane G, Martelli AE, Dupont CF, et al.
Enhanced anti-tumor activity by zinc finger repressor-driven epigenetic silencing of
immune checkpoints and TGFBR2 in CAR-T cells and TILs. Mol Ther Oncol. (2025)
33:200989. doi: 10.1016/j.omton.2025.200989

116. Hafezi M, Genolet R, Hadadi L, Chap BS, Bobisse S, Attianese GMPG, et al.
Highly efficient gene knockout in tumor-infiltrating lymphocytes by adenine base
editing. Mol Ther Oncol. (2025) 33:201041. doi: 10.1016/j.omton.2025.201041

117. Shi J, Wang E, Milazzo JP, Wang Z, Kinney JB, Vakoc CR. Discovery of cancer
drug targets by CRISPR-Cas9 screening of protein domains. Nat Biotechnol. (2015)
33:661–7. doi: 10.1038/nbt.3235

118. Verdun N, Marks P. Secondary cancers after chimeric antigen receptor T-cell
therapy. N Engl J Med. (2024) 390:584–6. doi: 10.1056/nejmp2400209

119. Ghilardi G, Fraietta JA, Gerson JN, Deerlin VMV, Morrissette JJD, Caponetti GC,
et al. T-cell lymphoma and secondary primary Malignancy risk after commercial CAR
T-cell therapy. Nat Med. (2024) 30(4):984–9. doi: 10.1038/s41591-024-02826-w

120. Brudno JN, Kochenderfer JN. Current understanding and management of CAR T
cell-associated toxicities. Nat Rev Clin Oncol. (2024) 21:501–21. doi: 10.1038/s41571-
024-00903-0

121. Woodford R, Demiguelarroyo MJ, Jethra R, Lorigan PC, Lim KHJ, Thistlethwaite
F. HosTIL territory: mapping the landscape of toxicity in TIL therapy. J Immunother
Cancer. (2026) 14:e014378. doi: 10.1136/jitc-2025-014378
frontiersin.org

https://doi.org/10.1016/j.ymthe.2025.04.031
https://doi.org/10.1016/j.ymthe.2025.04.031
https://doi.org/10.1158/1078-0432.ccr-10-0041
https://doi.org/10.1097/cji.0b013e31818403d5
https://doi.org/10.3389/fimmu.2023.1303935
https://doi.org/10.1016/j.jtct.2024.11.013
https://doi.org/10.1016/j.jtct.2024.11.013
https://doi.org/10.1016/j.celrep.2020.107957
https://doi.org/10.1126/scitranslmed.adk0627
https://doi.org/10.1126/scitranslmed.adk0627
https://doi.org/10.1126/science.abb9847
https://doi.org/10.1016/j.medj.2022.07.008
https://doi.org/10.1016/s1470-2045(25)00083-x
https://doi.org/10.1007/s00439-023-02561-1
https://doi.org/10.1007/s00439-023-02561-1
https://doi.org/10.3389/fgeed.2020.613252
https://doi.org/10.3389/fgeed.2020.613252
https://doi.org/10.1016/j.omton.2025.200989
https://doi.org/10.1016/j.omton.2025.201041
https://doi.org/10.1038/nbt.3235
https://doi.org/10.1056/nejmp2400209
https://doi.org/10.1038/s41591-024-02826-w
https://doi.org/10.1038/s41571-024-00903-0
https://doi.org/10.1038/s41571-024-00903-0
https://doi.org/10.1136/jitc-2025-014378
https://doi.org/10.3389/fimmu.2026.1839064
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	CRISPR-screen informed engineered T cell therapies
	1 Functionally enhancing T cell therapies: an introduction
	2 Adoptive T cell therapies for solid tumors
	3 CRISPR screens for mapping T cell anti-tumor function
	4 CRISPR-screen informed genes and pathways facilitating the enhancement of T cell therapies
	4.1 Expansion and systemic accumulation
	4.2 Tumor infiltration and intratumoral accumulation
	4.3 Resistance to tumor immunosuppression
	4.4 Cytotoxic effector function
	4.5 Exhaustion and differentiation fate decisions
	4.6 Persistence and memory formation
	4.7 Top candidate genes and pathways

	5 Design principles for CRISPR-engineered T cell therapies
	6 Harnessing endogenous anti-tumor immunity
	6.1 TIL therapy: clinical constraints and engineering opportunities

	7 CRISPR-enabled enhancement of TIL function
	7.1 Modulation of cytokine signaling
	7.2 Fate and exhaustion control
	7.3 Clinical translation of target insights to TIL therapy

	8 Safety considerations for enhanced gene-edited T cell therapies
	9 Conclusions and future directions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


