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CAR T cell therapy becomes
CHIC: “cytokine help intensified
CAR” T cells
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Chimeric antigen receptors (CARs) in the canonical “second generation” format

provide two signals for inducing T cell effector functions; the primary “signal-1”

is provided through the TCR CD3z chain and the “signal-2” through a linked

costimulatory domain to augment activation. While therapy with second

generation CAR T cells can induce remissions of leukemia/lymphoma in a

spectacular fashion, CAR T cell persistence is frequently limited which is

thought to be due to timely limited activation. Following the “three-signal”

dogma for inducing a sustained T cell response, cytokines were supplemented

to provide “signal-3” to CAR T cells. Recent progress in the understanding of

structural biology and receptor signaling has allowed to engineer cytokines for

more selective, fine-tuned stimulation of CAR T cells including an artificial

autocrine loop of a transgenic cytokine, a cytokine anchored to the CAR T cell

membrane or inserted into the extracellular CAR domain, and a cytokine

receptor signaling moiety co-expressed with the CAR or inserted into the

CAR endodomain. Here we discuss the recent strategies and options for

engineering such “cytokine help intensified CAR” (CHIC) T cells for use in

adoptive cell therapy.

KEYWORDS

cytokine, signal-3, T cell activation, chimeric antigen receptor, adoptive
cell immunotherapy
Introduction

Initially most B cell leukemia/lymphoma patients respond favorably to chimeric

antigen receptor (CAR) T cell therapy, however, the majority of patients fail to achieve

long lasting remission due to the loss of functional CAR T cell capacities and persistence

(1). Declining in CAR T cell effector functions represents a major hurdle for the success

of CAR T cell therapy in general, bringing up the question whether the signals provided

by the current canonical CAR format are sufficient for enduring T cell activation.
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According to the concept of stepwise T cell activation,

acquisition of effector functions and establishment of long-

term T cell memory require the integration of three distinct

signals: primary activation (“signal-1”) is transmitted through

CD3z following T cell receptor (TCR)-mediated antigen

recognition; costimulation (“signal-2”) augments “signal-1”

through TCR associated signaling receptors like CD28, 4-1BB,

or OX40; cytokine support (“signal-3”) as provided by a panel of

pro-inflammatory cytokines extends T cell amplification

maturation of naïve into effector T cells, and development of a

memory T cell compartment (2–4). Not only the quality of each

signal but also their chronological sequence upon antigen

engagement is crucial for productive T cell activation. Within

this concerted action, cytokine help is promoting chromatin

remodeling to maintain transcription of numerous genes needed

for enhancing or repressing signaling circuits, thereby providing

positive and negative signals to the activation pathway.

Interleukin (IL) 12, type-1 interferons (IFNs) and g-cytokines
(IL2, IL4, IL7, IL9, IL15, IL21) are predominant third signals for

a variety of T cell responses. The individual g-cytokines mediate

different signals through their respective receptors, which is

mechanistically due to competing for the common g chain

along with binding to their specific receptor chains and

consequently activation of different downstream signaling

pathways. Overall, the relative amounts of cytokine receptors

and the integration of all cytokine signals that are available

during the antigen recognition orchestrates the process of T cell

activation and its maintenance.
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The currently used 2nd generation CARs deliver “signal-1”

and “signal-2”, but not the cytokine based “signal-3” (5).

Although activated CAR T cells release a panel of cytokines,

including IFN-g and IL2, their production and cytokine receptor

mediated activation declines during continuous antigen

engagement below stimulatory levels. In addition, some

cytokines, such as IL7, IL12 and IL15, are produced either not

or only at low levels by activated T cells, however, are crucial for

maintaining CAR T cell effector functions after adoptive

transfer. The deficiency creates the need of cytokine

supplementation in order to sustain T cell functional capacities

and to execute effector functions over an extended period

of time.
Procedures to deliver the cytokine
signal to CAR T cells

Based on the three-signal dogma in T cell activation,

cytokines were supplemented during cell therapy to prolong

CAR T cell functional capacities. The benefit of cytokine help

became exemplarily obvious when supplementing IL7 during

CAR T cell treatment strongly supported homeostatic expansion

of the CAR T cell compartment (6). Most cytokines are

pleiotropic and act on many cell types and impact multiple

functional pathways that increases the risk of dose-limiting

toxicity when systemically applied. Recent progress in
FIGURE 1

Strategies to provide cytokine help to a “second generation” CAR. The canonic 2nd generation CAR is composed of an antibody derived binding
domain, spacer, transmembrane and two linked intracellular signaling domains, one providing the primary activation (“signal-1”) and the other
the costimulatory signal (“signal-2”). Support by a transgenic cytokine (“signal-3”) can be made available by CAR triggered synthesis and release
of the cytokine (4th generation CAR, so-called TRUCK), by anchoring the cytokine to the cell membrane or by inserting into the CAR
exodomain. A cytokine signal can also be delivered by co-expressing a constitutive active cytokine receptor or by inserting the cytokine
receptor signaling domain into the intracellular CAR moiety.
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structural biology, molecular engineering and in understanding

receptor pharmacology (6), has allowed to develop strategies

using the therapeutic potential of cytokine help in the context of

adoptive cell therapy in doing so creating “cytokine help

intensified CAR” (CHIC) T cells. Technically, several options

are currently explored (Figure 1):

-cytokine re leased by engineered CAR T cel l s

(cytokine “TRUCK”),

-cytokine anchored to the CAR T cell membrane,

-cytokine integrated into the CAR extracellular moiety,

-constitutive active cytokine receptor, and

-cytokine receptor signaling domain linked to the CAR

intracellular moiety.

Which cytokine and which mode of delivery is efficacious

and safe to sustain CAR T cell functional capacities is currently

under investigation as outlined below. In particular, IL7, IL12,

IL15 and IL18 are explored in various formats on the level of

pre-clinical models and in early phase clinical trials. From a

more general perspective, signaling through these cytokines is

capable to mediate a sustained and balanced activation of

different STAT hetero-/homo-dimers or tetramers that interact

with the chromatin and impact the expression of multiple

transcription factors in a specific fashion resulting in sustained

CAR T cell activation.
Cytokine released by engineered CAR T
cells (cytokine TRUCK)

During the last years, strategies were developed to engineer

CAR T cells with constitutive or inducible release of cytokines

that act in an autocrine or paracrine fashion to orchestrate
Frontiers in Immunology 03
immune cell function in a specific fashion. The concept of CAR

inducible expression of a transgenic cytokine is also known as

TRUCK (“T cells redirected for universal cytokine-mediated

killing”) or “4th generation CAR” (7, 8); CARs with constitutive

or inducible cytokine release are summarized under the term

“armored CARs” (9).

Among the currently explored cytokines, IL12 has the

capacity to take a key role in boosting CAR T cell therapy due

to its capacity to strongly activate cytolytic T and NK cells and to

orchestrate the Th1 response. Taking advantage to these

properties, we and other groups engineered IL12 TRUCK cells

to deliver IL12 to the CAR T cells in an autocrine fashion and to

the tumor infiltrating immune cells in a paracrine fashion (10,

11). The capacity of CAR T cell released IL12 to muster a host

innate anti-tumor response became obvious when antigen-

negative cancer cells, invisible to CAR T cells, were eradicated

in a mixed tumor by infiltrating macrophages, that respond to

IL12 (10), and by endogenous T cells through increased antigen

processing and presentation (11). Several groups currently

translate the concept of CAR T cells with constitutive IL12

release into clinical trials (e.g. NCT02498912; NCT03932565)

(Table 1). However, preliminary evaluation revealed a high

incidence of hemophagocytic lymphohistiocytosis macrophage

activation-like syndrome (12) that forced the development of

inducible cytokine release triggered by CAR signaling (10, 13).

Along this line, EGFR-specific CAR T cells with inducible IL12

are currently explored in a trial for the therapy of metastatic

colorectal cancer (NCT03542799).

As examples for g-cytokines, T cells with a GD2-specific

CAR were engineered to release IL7 (14) or IL15 (15, 16), the

latter CAR T cells are currently explored for the treatment of

neuroblastoma (NCT03721068, NCT03294954). CD19-specific
TABLE 1 Selected CAR T cell trials exploring the safety and efficacy of added cytokine or cytokine receptor (“signal-3”).

Cytokine, cytokine receptor CAR target Disease clinicaltrials.gov identifier

IL7 + CCL19
IL7 + CCL19
IL7 + CCL19
IL7 + CCL19
IL7 + CCL19 or IL12
IL12
IL12
IL15
IL15
memIL15
IL15, IL21
IL15
IL15
IL15R agonist (NKTR-255)
IL18
IL4Ra/IL2Rb
C7R
C7R
IL8R

CD19
CD19
GPC3
BCMA
Nectin-4/FAP
EGFR
MUC16ecto
GD2
GD2
CD19
GPC3
GPC3
GPC3
CD19
CD19
ErbB2
GD2
GD2
CD70

B cell lymphoma
Diffuse large B cell lymphoma
Hepatocellular carcinoma
Multiple myeloma
Solid tumors
Colorectal cancer
Ovarian cancer
Neuroblastoma, osteosarcoma
Lung cancer
B cell leukemia/lymphoma
Pediatric solid tumors
Hepatocellular carcinoma
Pediatric solid tumors
B cell malignancies
B cell lymphoma/chronic lymphatic leukemia
Head & Neck squamous cell carcinoma
Brain tumors
Solid tumors
Glioblastoma

NCT03929107
NCT04381741
NCT03198546
NCT03778346
NCT03932565
NCT03542799
NCT02498912
NCT03721068
NCT05620342
NCT03579888
NCT04715191
NCT05103631
NCT04377932
NCT03233854
NCT04684563
NCT01818323
NCT04099797
NCT03635632
NCT05353530

memIL15, membrane anchored IL15; C7R, constitutive active IL7 receptor.
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CAR T cells engineered to release IL7 showed improved killing

and expansion in pre-clinical models, however, less persistence

compared to IL15 engineered CAR T cells (17). IL7 co-expressed

with C-C motif chemokine ligand-19 (CCL19) or CCL21

produced an improved T cell memory response along with

increased chemotaxis to the tumor lesion and enhanced

amplification (18–20). Early clinical trials are currently

evaluating the safety and efficacy of IL-7/CCL19 engineered

CAR T cells against lymphoma (NCT03929107, NCT04381741),

multiple myeloma (NCT03778346), and solid tumors

(NCT03932565). One drawback of the strategy is that the IL7

receptor (IL7R) is downregulated upon repetitive IL7

stimulation thereby limiting the efficacy of the autocrine

stimulatory circuit. The deficit is aimed to be overcome by

constitutive expression of the IL7R (21, 22) or of a composite

constitutive active cytokine receptor (23) that acts independently

of the cytokine.

There is a strong rationale to use IL18 and IL36, both

belonging to the IL1-superfamily of cytokines, in the

framework of TRUCK cells since both, like IL12, can not only

activate engineered CAR T cells but also host immune cells to

recognize tumors. Transgenic IL18 induced in an autocrine

fashion a T-bethigh FoxO1low signature in CAR T cells that are

characterized by an improved cytolytic response with

augmented amplification and cytokine release in pre-clinical

models (24, 25). In a paracrine fashion, IL18 cooperates with the

Th1 response, augmenting the innate response by attracting NK

cells, and inducing a productive host T cell response by antigen

spreading and reducing the number of repressor cells (25, 26).

IL18 releasing CAR T cells are currently explored for the

treatment of CLL and non-Hodgkin’s lymphoma in a trial at

the University of Pennsylvania (NCT04684563). In a German

academic, multi-center phase I trial, TRUCK cells releasing

inducible IL18 upon GD2 engagement are shortly explored for

the therapy to pediatric and adult GD2+ tumors. Like IL18, co-

expressed IL36g acts in an autocrine fashion to augment

expansion and persistence of CAR T cells (19), and also acts

in a paracrine fashion promoting the maturation of antigen

presenting cells and supporting tumor recognition by host T

cells through antigen spreading.
Cytokine anchored to the CAR
T cell membrane

IL15 has the capacity to improve CAR T cell persistence and

to promote the stem cell memory T cell (TSCM) development

(27), providing the rationale to anchor IL15 directly to the T cell

membrane. This is the more supported since the autocrine

stimulatory effect of membrane anchored IL15 seems to be

stronger than that of secreted IL15 (28). IL15 predominantly

acts by trans-presentation through its receptor; specifically, IL15

was fused to the IL15Ra by a flexible linker mimicking trans-
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presentation of IL-15 in context with its receptor (29). Trans-

presented IL15/IL15Ra provided an enduring signal to CD8+ T

cells without much triggering other endogenous immune cells

(30) and sustained maintenance of TSCM CAR T cells in a pre-

clinical model to a greater extent than treatment with soluble

IL15/IL15Ra (29). The example demonstrated that restricting

the cytokine signal to the CAR T cell itself minimizes

systemic toxicities.
Cytokine integrated into the extracellular
CAR moiety

An alternative strategy to restrict the cytokine activity to the

CAR T cell is based on inserting the cytokine into the

extracellular CAR moiety while preserving both the CAR and

cytokine function. Using IL12 as an example, we inserted a

functionally active, single-chain p40-p35 IL12 variant into the

extracellular CAR moiety (31). The specific CAR architecture

allows functional activities of both domains, the cytokine and the

tumor targeting scFv; redirected T cell activation remains strictly

antigen-dependent while activation of STAT4, being an IL12

downstream event, is improved. More strikingly, the IL12-CAR

conveys NK cell-like capacities to engineered T cells, along with

a down-regulated Th2 response, making them capable to

mediate antigen-independent killing. Other cytokines, in

particular g-cytokines, may likely be active in reprogramming

CAR T cell functions when inserted into the CAR exodomain.
Constitutive active or triggered
cytokine receptor

A constitutive active cytokine receptor can mimic the

presence of a specific cytokine by delivering the downstream

activation signal independently of binding of the respective

cytokine. In a specific application, constitutive active IL7R, as

created by forced homo-dimerization of the IL7R a-chains,
triggers STAT5 and phospho-inositol-3-kinase (PI3K) signaling

and improves anti-tumor activity of CAR T cells in the absence of

IL7 (23). The result is similar to that of covalently linked IL7 to

the respective IL7R (32). While these are prototypes, it

demonstrates the power of a modified cytokine receptor to

provide a constitutive active signal to the engineered T cell.

In modification of the strategy, a composite receptor was

engineered that binds a specific cytokine and delivers through a

heterologous downstream domain a signal that is physiologically

not provided by the respective cytokine receptor. A so-called

“switch receptor” converts binding of a repressive cytokine into

an activating signal and vice versa. As downstream signaling

moiety, common g-chain receptors like IL2R, IL15R, IL7R are

mostly used that signal primarily through STAT5, activate PI3K

and, except for IL7R, activate the MAP kinase pathway. A
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number of such cytokine switch receptors are explored in the

meantime including an IL4/IL7 receptor that provides IL7

signaling upon IL4 binding (33, 34). A TGFb/IL7 switch

receptor converts the repressive TGFb signal into a

stimulatory IL7 signal by upregulating pATK and Bcl-xL (35);

a GM-CSF binding receptor provides IL18R signaling (36). We

previously reported a CAR triggered artificial autocrine loop by

the CAR induced release of IL7 that binds to an artificial IL7

binding receptor linked to the intracellular IL2R b-chain that

stimulates the MAP kinase pathway resulting in improved,

autocrine CAR T cell amplification (22). Such inducible

cytokine releasing T cells with co-expression of the

corresponding, synthetic receptor create an artificial autocrine

circuit as long as the CAR engages its cognate antigen; loss of

antigen and finally CAR triggering switches off the autocrine

loop and thereby the “signal-3” for sustained activation.

To avoid serious adverse event of systemically applied of IL-

2 and to avoid activation of IL-2 receptor (IL-2R) expressing

bystander cells like regulatory T (Treg) cells, an orthogonal

(ortho) murine IL2 and IL2Rb pair was engineered through a

directed evolution strategy (37); a human orthogonal IL2 –

IL2Rb pair was recently reported (38). Ortho-IL2 selective

binds to the ortho-IL2Rb receptor and produces downstream

IL2 receptor signaling in engineered T cells without substantial

signaling through the natural IL2 receptor. CAR T cells

engineered to co-express the ortho-IL2Rb expanded

specifically upon stimulation through ortho-IL2 in a pre-

clinical model improving anti-tumor capacities. CAR T cells

administered in a suboptimal dose were rescued by ortho-IL2 to

execute a curative response instead of an otherwise failed anti-

leukemia response. The example demonstrates that applying a

selective artificial cytokine – cytokine receptor pair allows to

amplify CAR T cell engraftment and functional capacities in a

tunable and target-specific fashion.
Cytokine receptor signaling
chains integrated into the CAR
intracellular moiety

Most approaches so far relied on co-expressing membrane-

anchored cytokines or cytokine receptors. Instead of integrating

the cytokine into the extracellular CAR domain, the signaling

moiety of a cytokine receptor was linked to the CAR intracellular

signaling moiety. As an example, a CAR with combined

intracel lular CD28-IL2Rb chain triggered superior

amplification and effector functions of the engineered T cells

(39). In continuation of the concept, JAK/STAT binding

domains were incorporated into the CAR intracellular domain

(39, 40). A broader application of the strategy, however, is likely

limited by the fact that the different signaling domains compete

in their required proximities to the cell membrane, and thereby
Frontiers in Immunology 05
in their position within the CAR endodomain, in order to

sufficiently recruit their proprietary downstream mediators.
Discussion

Pre-clinical studies support the benefit of transgenic

cytokines like IL15 and IL7 in augmenting the CAR T cell

anti-tumor response; first clinical trials are evaluating safety and

efficacy of the approach (Table 1). Engineering the CAR T cell

with the respective cytokine is aimed at avoiding systemic side

effects as well as providing a constant cytokine trigger as long as

the CAR T cell persists. A co-expressed membrane-anchored

cytokine, a CAR with integrated cytokine or a constitutive active

cytokine receptor on the CAR T cell surface would ideally fulfill

this need. Loss of CAR and thereby cytokine expression would

result in diminished and finally loss of redirected functional

capacities and T cell persistence.

On the other hand, there is a more general concern that

constitutive g-cytokine stimulation may result in uncontrolled

CAR T cell activation and amplification (41) and, consequently,

toxic levels of TNFa and IFNg may moreover increase the risk for

cytokine release syndrome (CRS). While IFN-g is required for

successful tumor destruction (42), supra-physiological IFN-g
levels may accumulate particularly in case of co-expressed IL18

that can cooperate with IL12 or IL15 to further increase IFN-g
production. Basically, CRS can nowadays be recognized at an early

stage and clinically managed; the actual CRS risk upon application

of cytokine engineered CAR T cells is not sufficiently known. There

are currently no data available based on a clinical head-to-head

comparison of supplemented vs secreted vs membrane bound

cytokines in CAR T cell therapy with respect to sustaining CAR

T cell activities while avoiding systemic immune activation.

While triggering CAR T cell activation through cytokines,

the degree in CAR T cell amplification and the release of pro-

inflammatory cytokines needs to be fine-tuned and balanced to

avoid systemic inflammation; this basically applies to all

cytokines that play a crucial role in pro-inflammatory

reactions and can potentially contribute to augment severity of

adverse events. Addition of a suicide switch, e.g., by adding

inducible caspase-9, may be required as it allows rapid and

sufficient depletion of the IL15 CAR T cells in a pre-clinical

model (15) and is added to CAR T cells with IL15 release in a

clinical trial (NCT03721068).

Cytokine help of CART cells can be used to not only strengthen

and prolong CART cell activation, but also to locally orchestrate the

adoptive and host immune cell response towards tumors in a more

sophisticated fashion. Physiologically, the inflammatory immune

response goes through a phase of initiation, immune cell

recruitment and amplification and finally cessation of

inflammation. These stages are ideally mirrored by a stepwise

activation of CAR T cells in the targeted tissue and by recruiting

and activating host immune cells to sustain the anti-tumor
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response. In this context, CAR T cells with “signal-3” are not only

understood as booster for CAR T cells but also as instructors of the

immune environment for sustaining the anti-tumor response. For

successful tumor elimination, it will be crucial how efficient

cytokine activated CAR T cells can recruit and activate the

endogenous, pre-existing anti-tumor response towards a more

balanced and lasting fashion. The concept may be developed

further by implementing sequential expression of a defined set of

cytokines during different stages of the CAR triggered

immune response.
Data availability statement

The original contributions presented in the study are

included in the article/supplementary material. Further

inquiries can be directed to the corresponding author.
Author contributions
All authors listed have made a substantial, direct, and

intellectual contribution to the work and approved it

for publication.
Frontiers in Immunology 06
Funding
Work in the authors’ laboratories are funded by the Wilhelm

Sander-Stiftung, grant number 2022.029.1 to HA and ST, and

the Deutsche Forschungsgemeinschaft (DFG, German Research

Foundation) project number 324392634 - TRR 221 to ST.
Conflict of interest
The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
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. Gupta A, Gill S. CAR-T cell persistence in the treatment of leukemia and
lymphoma. Leuk Lymphoma (2021) 62:2587–99. doi: 10.1080/10428194.2021.1913146

2. Curtsinger JM, Valenzuela JO, Agarwal P, Lins D, Mescher MF. Type I IFNs
provide a third signal to CD8 T cells to stimulate clonal expansion and
differentiation. J Immunol (2005) 174:4465–9. doi: 10.4049/jimmunol.174.8.4465

3. Sckisel GD, Bouchlaka MN, Monjazeb AM, Crittenden M, Curti BD, Wilkins
DE, et al. Out-of-Sequence signal 3 paralyzes primary CD4(+) T-Cell-Dependent
immunity. Immunity (2015) 43:240–50. doi: 10.1016/j.immuni.2015.06.023

4. Curtsinger JM, Mescher MF. Inflammatory cytokines as a third signal for T cell
activation. Curr Opin Immunol (2010) 22:333–40. doi: 10.1016/j.coi.2010.02.013

5. 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

6. Saxton RA, Glassman CR, Garcia KC. Emerging principles of cytokine
pharmacology and therapeutics. Nat Rev Drug Discovery (2022) 22:21–37.
doi: 10.1038/s41573-022-00557-6

7. Chmielewski M, Abken H. CAR T cells transform to trucks: chimeric antigen
receptor-redirected T cells engineered to deliver inducible IL-12 modulate the
tumour stroma to combat cancer. Cancer Immunol Immunother (2012) 61:1269–
77. doi: 10.1007/s00262-012-1202-z

8. Chmielewski M, Hombach AA, Abken H. Of CARs and TRUCKs: chimeric
antigen receptor (CAR) T cells engineered with an inducible cytokine to modulate
the tumor stroma. Immunol Rev (2014) 257:83–90. doi: 10.1111/imr.12125

9. Yeku OO, Brentjens RJ. Armored CAR T-cells: utilizing cytokines and pro-
inflammatory ligands to enhance CAR T-cell anti-tumour efficacy. Biochem Soc
Trans (2016) 44:412–8. doi: 10.1042/BST20150291

10. Chmielewski M, Kopecky C, Hombach AA, Abken H. IL-12 release by engineered
T cells expressing chimeric antigen receptors can effectively muster an antigen-independent
macrophage response on tumor cells that have shut down tumor antigen expression.
Cancer Res (2011) 71:5697–706. doi: 10.1158/0008-5472.CAN-11-0103

11. Kerkar SP, Goldszmid RS, Muranski P, Chinnasamy D, Yu Z, Reger RN,
et al. IL-12 triggers a programmatic change in dysfunctional myeloid-derived cells
within mouse tumors. J Clin Invest (2011) 121:4746–57. doi: 10.1172/JCI58814
12. O'Cearbhaill RE, Park JH, Halton EF, Diamonte CR, Mead E, Lakhman Y,
et al. A phase I clinical trial of autologous chimeric antigen receptor (CAR) T cells
genetically engineered to secrete IL-12 and to target the MUC16ecto antigen in
patients (pts) with MUC16ecto+ recurrent high-grade serous ovarian cancer
(HGSOC). Gynecologic Oncol (2020) 159:42. doi: 10.1016/j.ygyno.2020.06.089

13. Zhang L, Kerkar SP, Yu Z, Zheng Z, Yang S, Restifo NP, et al. Improving
adoptive T cell therapy by targeting and controlling IL-12 expression to the tumor
environment. Mol Ther (2011) 19:751–9. doi: 10.1038/mt.2010.313

14. Perna SK, Pagliara D, Mahendravada A, Liu H, Brenner MK, Savoldo B,
et al. Interleukin-7 mediates selective expansion of tumor-redirected cytotoxic T
lymphocytes (CTLs) without enhancement of regulatory T-cell inhibition. Clin
Cancer Res (2014) 20:131–9. doi: 10.1158/1078-0432.CCR-13-1016

15. Reppel L, Tsahouridis O, Akulian J, Davis IJ, Lee H, Fucà G, et al. Targeting
disialoganglioside GD2 with chimeric antigen receptor-redirected T cells in lung
cancer. J Immunother Cancer (2022) 10:e003897. doi: 10.1136/jitc-2021-003897

16. Gargett T, Ebert LM, Truong NT, Kollis PM, Sedivakova K, Yu W, et al.
GD2-targeting CAR-T cells enhanced by transgenic IL-15 expression are an
effective and clinically feasible therapy for glioblastoma. J Immunother Cancer
(2022) 10::e005187. doi: 10.1136/jitc-2022-005187

17. Markley JC, Sadelain M. IL-7 and IL-21 are superior to IL-2 and IL-15 in
promoting human T cell-mediated rejection of systemic lymphoma in immunodeficient
mice. Blood (2010) 115:3508–19. doi: 10.1182/blood-2009-09-241398

18. Adachi K, Kano Y, Nagai T, Okuyama N, Sakoda Y, Tamada K. IL-7 and
CCL19 expression in CAR-T cells improves immune cell infiltration and CAR-T
cell survival in the tumor. Nat Biotechnol (2018) 36:346–51. doi: 10.1038/nbt.4086

19. Li X, Daniyan AF, Lopez AV, Purdon TJ, Brentjens RJ. Cytokine IL-36g
improves CAR T-cell functionality and induces endogenous antitumor response.
Leukemia (2021) 35:506–21. doi: 10.1038/s41375-020-0874-1

20. Luo H, Su J, Sun R, Sun Y, Wang Y, Dong Y, et al. Coexpression of IL7 and
CCL21 increases efficacy of CAR-T cells in solid tumors without requiring
preconditioned lymphodepletion. Clin Cancer Res (2020) 26:5494–505.
doi: 10.1158/1078-0432.CCR-20-0777
frontiersin.org

https://doi.org/10.1080/10428194.2021.1913146
https://doi.org/10.4049/jimmunol.174.8.4465
https://doi.org/10.1016/j.immuni.2015.06.023
https://doi.org/10.1016/j.coi.2010.02.013
https://doi.org/10.1016/j.cell.2017.01.016
https://doi.org/10.1038/s41573-022-00557-6
https://doi.org/10.1007/s00262-012-1202-z
https://doi.org/10.1111/imr.12125
https://doi.org/10.1042/BST20150291
https://doi.org/10.1158/0008-5472.CAN-11-0103
https://doi.org/10.1172/JCI58814
https://doi.org/10.1016/j.ygyno.2020.06.089
https://doi.org/10.1038/mt.2010.313
https://doi.org/10.1158/1078-0432.CCR-13-1016
https://doi.org/10.1136/jitc-2021-003897
https://doi.org/10.1136/jitc-2022-005187
https://doi.org/10.1182/blood-2009-09-241398
https://doi.org/10.1038/nbt.4086
https://doi.org/10.1038/s41375-020-0874-1
https://doi.org/10.1158/1078-0432.CCR-20-0777
https://doi.org/10.3389/fimmu.2022.1090959
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Thomas and Abken 10.3389/fimmu.2022.1090959
21. Vera JF, Hoyos V, Savoldo B, Quintarelli C, Giordano Attianese GM, Leen
AM, et al. Genetic manipulation of tumor-specific cytotoxic T lymphocytes to
restore responsiveness to IL-7.Mol Ther (2009) 17:880–8. doi: 10.1038/mt.2009.34

22. Golumba-Nagy V, Kuehle J, Hombach AA, Abken H. CD28-z CAR T cells
resist TGF-b repression through IL-2 signaling, which can be mimicked by an
engineered IL-7 autocrine loop. Mol Ther (2018) 26:2218–30. doi: 10.1016/
j.ymthe.2018.07.005

23. Shum T, Omer B, Tashiro H, Kruse RL, Wagner DL, Parikh K, et al.
Constitutive signaling from an engineered IL7 receptor promotes durable tumor
elimination by tumor-redirected T cells. Cancer Discovery (2017) 7:1238–47.
doi: 10.1158/2159-8290.CD-17-0538

24. Hu B, Ren J, Luo Y, Keith B, Young RM, Scholler J, et al. Augmentation of
antitumor immunity by human and mouse CAR T cells secreting IL-18. Cell Rep
(2017) 20:3025–33. doi: 10.1016/j.celrep.2017.09.002

25. Chmielewski M, Abken H. CAR T cells releasing IL-18 convert to T-bethigh
FoxO1low effectors that exhibit augmented activity against advanced solid tumors.
Cell Rep (2017) 21:3205–19. doi: 10.1016/j.celrep.2017.11.063

26. Avanzi MP, Yeku O, Li X, Wijewarnasuriya DP, van Leeuwen DG, Cheung
K, et al. Engineered tumor-targeted T cells mediate enhanced anti-tumor efficacy
both directly and through activation of the endogenous immune system. Cell Rep
(2018) 23:2130–41. doi: 10.1016/j.celrep.2018.04.051

27. Alizadeh D, Wong RA, Yang X, Wang D, Pecoraro JR, Kuo C-F, et al. IL15
enhances CAR-T cell antitumor activity by reducing mTORC1 activity and
preserving their stem cell memory phenotype. Cancer Immunol Res (2019)
7:759–72. doi: 10.1158/2326-6066.CIR-18-0466

28. Imamura M, Shook D, Kamiya T, Shimasaki N, Chai SM, Coustan-Smith E,
et al. Autonomous growth and increased cytotoxicity of natural killer cells
expressing membrane-bound interleukin-15. Blood (2014) 124:1081–8.
doi: 10.1182/blood-2014-02-556837

29. Hurton LV, Singh H, Najjar AM, Switzer KC, Mi T, Maiti S, et al. Tethered
IL-15 augments antitumor activity and promotes a stem-cell memory subset in
tumor-specific T cells. Proc Natl Acad Sci U.S.A. (2016) 113:E7788–97.
doi: 10.1073/pnas.1610544113

30. Sato N, Patel HJ, Waldmann TA, Tagaya Y. The IL-15/IL-15Ralpha on cell
surfaces enables sustained IL-15 activity and contributes to the long survival of
CD8 memory T cells. Proc Natl Acad Sci U.S.A. (2007) 104:588–93. doi: 10.1073/
pnas.0610115104

31. Hombach A, Barden M, Hannappel L, Chmielewski M, Rappl G, Sachinidis
A, et al. IL12 integrated into the CAR exodomain converts CD8+ T cells to poly-
functional NK-like cells with superior killing of antigen-loss tumors. Mol Ther
(2022) 30:593–605. doi: 10.1016/j.ymthe.2021.10.011
Frontiers in Immunology 07
32. Hunter MR, Prosser ME, Mahadev V, Wang X, Aguilar B, Brown CE, et al.
Chimeric gc cytokine receptors confer cytokine independent engraftment of
human T lymphocytes. Mol Immunol (2013) 56:1–11. doi: 10.1016/
j.molimm.2013.03.021

33. Mohammed S, Sukumaran S, Bajgain P, Watanabe N, Heslop HE, Rooney
CM, et al. Improving chimeric antigen receptor-modified T cell function by
reversing the immunosuppressive tumor microenvironment of pancreatic cancer.
Mol Ther (2017) 25:249–58. doi: 10.1016/j.ymthe.2016.10.016

34. Bajgain P, Tawinwung S, D'Elia L, Sukumaran S, Watanabe N, Hoyos V,
et al. CAR T cell therapy for breast cancer: harnessing the tumor milieu to drive T
cell activation. J Immunother Cancer (2018) 6:34. doi: 10.1186/s40425-018-0347-5

35. Wang Y, Jiang H, Luo H, Sun Y, Shi B, Sun R, et al. An IL-4/21 inverted
cytokine receptor improving CAR-T cell potency in immunosuppressive solid-
tumor microenvironment. Front Immunol (2019) 10:1691. doi: 10.3389/
fimmu.2019.01691

36. Lange S, Sand LG, Bell M, Patil SL, Langfitt D, Gottschalk S. A chimeric
GM-CSF/IL18 receptor to sustain CAR T-cell function. Cancer Discovery (2021)
11:1661–71. doi: 10.1158/2159-8290.CD-20-0896

37. Sockolosky JT, Trotta E, Parisi G, Picton L, Su LL, Le AC, et al. Selective
targeting of engineered T cells using orthogonal IL-2 cytokine-receptor complexes.
Science (2018) 359:1037–42. doi: 10.1126/science.aar3246

38. Zhang Q, Hresko ME, Picton LK, Su L, Hollander MJ, Nunez-Cruz S, et al. A
human orthogonal IL-2 and IL-2Rb system enhances CAR T cell expansion and
antitumor activity in a murine model of leukemia. Sci Transl Med (2021) 13:
eabg6986. doi: 10.1126/scitranslmed.abg6986

39. Kagoya Y, Tanaka S, Guo T, Anczurowski M, Wang C-H, Saso K, et al. A
novel chimeric antigen receptor containing a JAK-STAT signaling domain
mediates superior antitumor effects. Nat Med (2018) 24:352–9. doi: 10.1038/
nm.4478

40. Zhang H, Zhao H, He X, Xi F, Liu J. JAK-STAT domain enhanced MUC1-
CAR-T cells induced esophageal cancer elimination. Cancer Manag Res (2020)
12:9813–24. doi: 10.2147/CMAR.S264358

41. Hsu C, Jones SA, Cohen CJ, Zheng Z, Kerstann K, Zhou J, et al. Cytokine-
independent growth and clonal expansion of a primary human CD8+ T-cell clone
following retroviral transduction with the IL-15 gene. Blood (2007) 109:5168–77.
doi: 10.1182/blood-2006-06-029173

42. Larson RC, Kann MC, Bailey SR, Haradhvala NJ, Llopis PM, Bouffard AA,
et al. CAR T cell killing requires the IFNgR pathway in solid but not liquid tumours.
Nature (2022) 604:563–70. doi: 10.1038/s41586-022-04585-5
frontiersin.org

https://doi.org/10.1038/mt.2009.34
https://doi.org/10.1016/j.ymthe.2018.07.005
https://doi.org/10.1016/j.ymthe.2018.07.005
https://doi.org/10.1158/2159-8290.CD-17-0538
https://doi.org/10.1016/j.celrep.2017.09.002
https://doi.org/10.1016/j.celrep.2017.11.063
https://doi.org/10.1016/j.celrep.2018.04.051
https://doi.org/10.1158/2326-6066.CIR-18-0466
https://doi.org/10.1182/blood-2014-02-556837
https://doi.org/10.1073/pnas.1610544113
https://doi.org/10.1073/pnas.0610115104
https://doi.org/10.1073/pnas.0610115104
https://doi.org/10.1016/j.ymthe.2021.10.011
https://doi.org/10.1016/j.molimm.2013.03.021
https://doi.org/10.1016/j.molimm.2013.03.021
https://doi.org/10.1016/j.ymthe.2016.10.016
https://doi.org/10.1186/s40425-018-0347-5
https://doi.org/10.3389/fimmu.2019.01691
https://doi.org/10.3389/fimmu.2019.01691
https://doi.org/10.1158/2159-8290.CD-20-0896
https://doi.org/10.1126/science.aar3246
https://doi.org/10.1126/scitranslmed.abg6986
https://doi.org/10.1038/nm.4478
https://doi.org/10.1038/nm.4478
https://doi.org/10.2147/CMAR.S264358
https://doi.org/10.1182/blood-2006-06-029173
https://doi.org/10.1038/s41586-022-04585-5
https://doi.org/10.3389/fimmu.2022.1090959
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	CAR T cell therapy becomes CHIC: “cytokine help intensified CAR” T cells
	Introduction
	Procedures to deliver the cytokine signal to CAR T cells
	Cytokine released by engineered CAR T cells (cytokine TRUCK)
	Cytokine anchored to the CAR T cell membrane
	Cytokine integrated into the extracellular CAR moiety
	Constitutive active or triggered cytokine receptor
	Cytokine receptor signaling chains integrated into the CAR intracellular moiety

	Discussion
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


