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ABSTRACT

Chimeric Ag receptor (CAR)-T cell therapy has demonstrated success primarily in 
B-cell malignancies, but efficacy in solid tumors remains limited by Ag heterogeneity, 
immunosuppressive tumor microenvironments, and restricted infiltration. Cytokine 
engineering has emerged as a promising strategy to overcome these barriers. Fourth-generation 
CAR-T cells, known as T cells redirected for universal cytokine-mediated killing, demonstrated 
the feasibility of localized immune modulation through activation-induced IL-12 release, and 
this concept has been extended to various cytokines. Receptor engineering strategies, including 
switch/inverted and orthogonal designs, restrict cytokine signaling to CAR-T cells, thereby 
enhancing both specificity and safety. Beyond CAR-T engineering, external cell-based ‘cytokine 
factories’ and immune-cytokines further underscore the versatility of localized cytokine delivery 
strategies. In addition, fifth-generation CAR-T cells, incorporating approaches that enhance 
or mimic cytokine-mediated JAK-STAT signaling pathways, highlight a new direction toward 
programmable intracellular signaling. These strategies remain in the early stages of clinical 
application due to substantial limitations related to safety and clinical translation, including 
risks of uncontrolled cytokine activation and complexities in manufacturing. Nevertheless, 
they offer significant potential to improve therapeutic outcomes not only in hematologic 
malignancies but also across a broad range of solid tumors.

Keywords: CAR T-cell therapy; Cytokine; Cancer; Immunotherapy

INTRODUCTION

Chimeric Ag receptor (CAR)-T cell therapy, first proposed by Kuwana et al. (1) in 1984, 
has achieved groundbreaking success in the field of hematologic malignancies over the 
past decade, establishing a new paradigm in immunotherapy. After CD19 CAR-T achieved 
complete remission in pediatric Acute lymphoblastic leukemia patients in 2012, the first 
Food and Drug Administration (FDA) approval in 2017 firmly established it as a therapeutic 
strategy for blood cancers (2,3). However, in various types of cancer including solid tumors, 
the outcomes have shown limited efficacy in solid tumors. One major challenge is the 
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marked Ag heterogeneity of solid tumors relative to hematologic malignancies. High levels of 
Ag heterogeneity can reduce the initial efficacy of CAR-T cells and, under selective pressure, 
frequently drive Ag escape, thereby contributing to variable therapeutic responses across 
patients (4). Another key barrier is the secretion of immunosuppressive cytokines within 
the tumor microenvironment (TME). Tumor cells, either directly or through the recruitment 
of immunoregulatory cell populations, produce factors such as TGF-β and IL-10. These 
cytokines suppress the release of pro-inflammatory mediators and dampen the activation 
and cytotoxic activity of both NK cells and T cells (5). A further obstacle is the physical barrier 
imposed by the architecture of solid tumors. Aberrant angiogenesis, driven by tumor-derived 
angiogenic factors, leads to structurally and functionally abnormal vasculature characterized 
by downregulation of adhesion molecules, which restricts immune cell extravasation. 
In parallel, the extracellular matrix is excessively deposited and undergoes pathological 
remodeling, resulting in increased stiffness. Together, these changes limit the penetration of 
therapeutic agents and effector immune cells into the tumor core (6). Accordingly, emerging 
next-generation CAR-T cell designs extend beyond mere Ag recognition, integrating 
additional molecular strategies to ensure sustained survival and functional persistence within 
the TME (7).

The evolution of CAR-T cells has reflected the need to overcome therapeutic limitations 
through successive generations (Fig. 1, Table 1). First-generation CAR-T cells expressed a 
chimeric receptor composed of a single-chain variable fragment and the CD3ζ signaling 
domain, enabling MHC-independent Ag recognition and cytotoxicity; however, the 
absence of co-stimulatory signaling restricted their proliferation and persistence in vivo 
(8). To address this limitation, second-generation CAR-T cells incorporated an additional 
co-stimulatory domain, such as CD28 or 4-1BB, into the original CAR construct. This 
modification markedly enhanced T-cell expansion, survival, and persistence, thereby 
enabling prolonged antitumor activity in vivo (14). Nevertheless, their efficacy against solid 
tumors remained limited. Third-generation CAR-T cells sought to further augment signaling 
strength by combining multiple co-stimulatory domains, but clinical studies failed to 
demonstrate clear superiority over second-generation CAR-T cells (15). To overcome these 
barriers, fourth-generation CAR-T cells, known as T cells redirected for universal cytokine-
mediated killing (TRUCKs), were developed. These are engineered to release cytokines 
selectively upon Ag engagement, thereby reprogramming the TME and enhancing both the 
persistence and functionality of CAR-T cells (16).
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Table 1. Evolution of CAR-T generations
Generation Structural features Example signal domains Advantages Limitations References
1st scFv + CD3ζ CD3ζ (signal 1) MHC-independent Ag recognition Restricted proliferation  

and persistence
(8)

2nd scFv + CD3ζ  
+ costimulatory domain

CD3ζ + CD28/ 
4-1BB (signal 1/2)

Improved T cell proliferation, 
persistence and cytotoxicity

Limited efficacy against  
solid tumors

(9,10)

3rd scFv + CD3ζ + two 
costimulatory domain

CD3ζ + CD28  
+ 4-1BB (signal 1/2)

Enhanced co-stimulatory signal No improvement over  
2nd gen

(11)

4th (TRUCKs) Typically 2nd generation 
backbone + inducible 

cytokine cassette

CD3ζ + CD28 + NFAT-driven 
IL-12 (signal 1/2/3)

TME specific Cytokine secretion, 
TME remodeling

Systemic toxicity  
by secreted cytokines

(12)

5th 2nd generation backbone  
+ Cytokine receptor  

signaling domain

CD3ζ + CD28 + IL-2Rβ-YXXQ 
(STAT3/5 signaling)  

(signal 1/2/3)

Cytokine-independent cytokine 
signaling

Limited experimental/clinical 
evidence; long-term safety 

remains to be validated

(13)

ScFv, single-chain variable fragment.



Cytokines were originally employed in cancer immunotherapy to enhance the activity of 
T cells and NK cells; however, systemic administration strategies using agents such as 
IL-2 or IL-12, despite their efficacy, were limited in clinical application due to severe systemic 
toxicities (17,18). With the rise of CAR-T cell therapy, renewed interest has emerged in 
strategies that combine cytokines with CAR-T cells or integrate cytokine expression directly 
into the CAR-T framework. The introduction of the TRUCKs concept opened the possibility 
of utilizing cytokines in a localized and conditional manner, thereby inspiring broader 
technological innovations, including synthetic receptor–based conditional signaling, delivery 
platforms using auxiliary cells, viral vectors, or exosomes, and inducible circuits designed 
to enhance safety. These approaches not only mitigate toxicity but also hold the potential to 
improve CAR-T cell persistence, tumor infiltration, and functional maintenance. Accordingly, 
this review aims to categorize and compare the diverse cytokine-based strategies developed 
to augment CAR-T cell therapy from a technological perspective, while discussing their 
translational potential and remaining challenges, as summarized in Fig. 2, which provides an 
overview of cytokine-based strategies to enhance CAR-T therapy in the TME.
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Figure 1. Generations of CAR T cell. 
CARs are synthetic receptors that couple an Ag-binding domain (scFv) with intracellular signaling modules. First-generation CARs contain only the CD3ζ 
signaling domain. Second-generation CARs add a single costimulatory domain (e.g., CD28 or 4-1BB), whereas third-generation CARs incorporate two 
costimulatory domains. Fourth-generation CARs (TRUCKs) introduce activation-inducible cytokine cassettes to modulate the tumor microenvironment. Fifth-
generation CARs fuse intracellular cytokine receptor domains (e.g., IL-2Rβ with a STAT3/5-activating motif), enabling Ag recognition to directly trigger cytokine-
associated signaling pathways. 
ScFv, single-chain variable fragment.



TRUCKs AND BEYOND: CYTOKINE-ARMING STRATEGIES 
FOR CAR-T CELLS
TRUCKs
TRUCKs refer to fourth-generation CAR-T cells engineered to secrete cytokines locally and 
conditionally within the TME upon CAR-mediated Ag recognition (19,20). The first TRUCKs, 
developed in 2011 by the Abken group, were composed of a first-generation CAR cassette 
combined with an inducible IL-12 (iIL-12) cassette driven by an NFAT-responsive promoter. 
In this design, CAR stimulation activates NFAT signaling downstream, thereby inducing 
iIL-12 expression. By restricting IL-12 production—otherwise highly toxic when administered 
systemically—to the tumor site, this approach minimized systemic toxicity while eliciting 
potent local immune stimulation. Notably, IL-12 TRUCKs not only enhanced the direct 
cytotoxicity of CAR-T cells but also reactivated macrophages within the TME, enabling 
the elimination of Ag-loss tumor variants (12). These findings demonstrated that the 
TRUCKs concept could extend beyond merely augmenting CAR-T effector functions, offering 
a strategy to reprogram the TME itself.
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Figure 2. Approaches for TME-restricted cytokine signaling in CAR-T cell therapy. 
a. TRUCKs (4th generation): NFAT-inducible promoters drive cytokine (e.g. IL-12, 18, 15/21) secretion upon Ag recognition. b. Cytokine receptor engineering: left: 
chimeric cytokine receptors convert inhibitory cytokine signals (e.g., IL-4, TGF-β) into stimulatory pathways. Right: orthogonal cytokine receptors selectively 
respond only to engineered orthogonal cytokines. c. Cytokine factories: engineered MSCs or other auxiliary cells home to the TME and deliver localized cytokine 
support. d. Cytokine-directed delivery systems: Modified cytokines or immunocytokine conjugates enhance tumor specificity and limit systemic toxicity. e. Fifth-
generation CAR-T cells: Incorporation of cytokine receptor signaling domains enables CAR engagement to directly trigger JAK-STAT activation.



Originating from the initial design in which an NFAT promoter was used to drive 
IL-12 expression, TRUCKs have since evolved into a versatile platform in which the payload 
has been expanded to include a variety of cytokines such as IL-18, IL-15, and IL-21. This 
diversification provides the flexibility to selectively harness different cytokines according 
to the distinct immunosuppressive mechanisms and microenvironmental features 
of individual tumors. For example, the Abken group, which first pioneered TRUCKs, 
considered it important to maintain an effector-like state in order to prevent CAR-T cell 
exhaustion. The researchers searched for cytokines capable of inducing such a state, and 
as a result, identified IL-18 as a promising candidate. This discovery led to the development 
of IL-18 TRUCKs, and IL-18 was found to create an acute inflammatory environment while 
simultaneously reducing the frequencies of M2 macrophages and Treg cells, thereby inducing 
stronger antitumor activity than conventional CAR-T cells (21). In addition, the Rosa Nguyen 
group developed NFAT promoter–driven TRUCKs engineered to express membrane-bound 
IL-15 and IL-21, both of which had been reported to exert antitumor activity in neuroblastoma 
(NB). These TRUCKs enhanced CAR-T efficacy against NB while significantly reducing 
systemic toxicity, showing comparable tumor growth inhibition to CAR-T cells with 
constitutive cytokine secretion but with markedly improved safety profiles (22).

Advanced inducible cytokine control platforms
NFAT-based promoters enable cytokine expression in response to CAR signaling; however, 
concerns have been raised regarding background expression (leakage) as well as the potential 
for unintended activation by physiological TCR stimulation. As a result, IL-12 expression 
at inappropriate sites may lead to systemic toxicity. Indeed, in an early-phase trial of 
iIL-12 tumor-infiltrating lymphocyte (TIL) therapy (NCT01236573), systemic toxicity was 
reported due to Ag-independent IL-12 secretion (19). Consequently, alternative systems 
have recently been developed to achieve more precise regulation of expression strength 
and sensitivity. A representative example is a cytokine expression system driven by the 
endogenous nuclear receptor subfamily 4 group a member 2 (NR4A2) promoter. Compared 
with the NFAT promoter, the NR4A2 promoter exhibited more tumor-specific activity, 
thereby further reducing nonspecific cytokine expression, while also achieving higher levels 
of IL-12 expression (23,24). Additionally, studies have applied the synthetic Notch (synNotch) 
system to achieve inducible cytokine expression in CAR-T cells. The synNotch receptor 
consists of an extracellular sensing domain that recognizes Ag, a core Notch regulatory 
region that is cleaved upon signal transmission, and an intracellular transcriptional regulator 
that is released and translocates into the nucleus to function as a transcription factor. 
Upon Ag recognition, activation of synNotch signaling induces the expression of the target 
cytokine. The promoter used in this system is a synthetic promoter that is not recognized 
by endogenous transcription factors, resulting in minimal basal leakage and enabling 
cytokine secretion only when the CAR-T cells encounter Ag (25,26). There have also been 
studies aiming to control inducible cytokine expression in T cells through small-molecule 
administration. For example, Alsaieedi et al. (27) reported that when IL-12 was inserted into 
T cells expressing a melanoma-specific TCR and placed under a Tet-On inducible promoter, 
IL-12 was expressed only upon doxycycline administration, leading to enhanced intratumoral 
T-cell infiltration and antitumor activity. In contrast, when doxycycline was not administered, 
basal expression remained minimal and no systemic toxicity was observed (27).

Constitutive-armored CAR-T
Various approaches have been developed to integrate cytokine-expression capability into 
CAR-T cells in addition to inducible platforms. One of the simplest strategies is constitutive 
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armoring, in which CAR-T cells are engineered to continuously express a given cytokine 
regardless of their activation status. A representative clinical example of this approach is the 
low-level constitutive IL-12-armored CAR-T reported by Koneru et al. (28). As mentioned 
earlier, IL-12 is difficult to apply in immunotherapy due to its systemic toxicity. In contrast to 
IL-12 TRUCKs—which control IL-12 release locally—the authors sought to regulate toxicity by 
designing a retroviral tricistronic vector that co-expresses the CAR, a limited amount of IL-12, and 
EGFRt, thereby keeping IL-12 expression at a low level while incorporating a safety switch (28).

IL-15 is a cytokine that, while not expanding Treg cells, supports the survival and stem-like 
state of CD8 T cells and NK cells, and has acceptable safety due to causing relatively less 
systemic inflammatory cytokine release compared to IL-12 (29). Steffin et al. (30) clinically 
evaluated an IL-15–constitutively expressed GPC3-CAR-T (15.CAR) to address the issue of 
insufficient expansion and persistence of CAR-T cells in the solid tumor TME. In this study, 
15.CAR-T cells showed superior in vivo expansion and higher tumor infiltration compared 
to non-armored CAR-T cells, and demonstrated approximately a 33% objective response 
rate and a 66% disease control rate in patients. In addition, single-cell analysis of tumor-
infiltrating CAR-T cells revealed increased expression of FOS/JUN family genes and type 
I IFN signaling–related genes, along with suppression of SWI/SNF epigenetic regulators, 
suggesting that IL-15 armoring enhances both the effector function and the persistence of 
CAR-T cells (30).

There are also cases in which IL-18 has been incorporated into CAR-T cells to enable 
continuous secretion. Jaspers et al. (31) inserted the IL-18 gene into DLL3-targeting 
CAR-T cells to treat small cell lung cancer, presenting a preclinical model that can broadly 
activate surrounding immune cells in addition to Ag-specific responses. In the group treated 
with IL-18 CAR-T cells, not only the CAR-T cells themselves but also endogenous TILs and 
APCs showed increased activation and infiltration, demonstrating that converting the entire 
TME into an inflammatory immune environment can result in a more potent antitumor 
effect (31). Meanwhile, Hull et al. (32) noted that this constitutive IL-18 armoring strategy 
carries potential safety concerns, and therefore sought to develop a system that could more 
precisely regulate IL-18 signaling. To this end, the researchers developed a latent form of IL-
18 (granzyme B [GzB]-IL18) that becomes activated by GzB. In this system, when CAR-T cells 
are in an inactive state, IL-18 is secreted in a functionally latent form, and active IL-18 is 
generated only at the time GzB is induced upon recognition of the tumor Ag. This regulatory 
mechanism is evaluated as an approach that preserves the antitumor effects of IL-18 while 
minimizing the safety concerns associated with its constitutive expression (32).

Although IL-12 and IL-18 currently represent the most advanced and clinically validated 
cytokine-armoring strategies in CAR-T therapy, emerging cytokine-based designs such as IL-
23 (33), IL-27 (34), IL-10 (35), and IL-36 (36) have recently gained increasing attention. These 
novel approaches highlight the potential for expanding CAR-T cytokine engineering through 
diverse immunomodulatory mechanisms and suggest opportunities for developing more 
refined design strategies in the future.

CYTOKINE RECEPTOR ENGINEERING

While TRUCKs strategies mitigate systemic toxicity through localized cytokine release, 
they still carry the limitation that secreted cytokines may affect neighboring normal cells. 
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By contrast, cytokine receptor modulation strategies restrict responsiveness to engineered 
T cells, thereby reducing unwanted off-target toxicity. However, approaches that directly 
exploit native cytokine receptors face several constraints. First, overexpression of certain 
receptors has been reported in various hematologic malignancies, raising concerns regarding 
safety (37). Second, overexpression of receptors associated with IL-2 signaling—critical for 
T-cell proliferation and function—may paradoxically induce activation-induced cell death 
(38), thereby compromising the long-term persistence of CAR-T cells. Third, the TME is 
often enriched in immunosuppressive cytokines but depleted of immunostimulatory ones 
(39), limiting the efficacy of simply augmenting native receptor expression. For example, 
CAR-T cells engineered to overexpress IL-7R exhibited enhanced antitumor activity only when 
exogenous IL-7 was provided, whereas no benefit was observed in its absence (40). These 
limitations have shifted attention from merely reinforcing native receptors toward synthetic 
receptor strategies that allow fine-tuned control of cytokine signaling or confer entirely novel 
functionalities. Prominent approaches include decoy receptors, chimeric cytokine receptors, 
and orthogonal receptor systems, all of which are being actively investigated for their ability 
to reprogram or expand cytokine responsiveness in a TME-tailored manner.

Decoy receptor
Excessive secretion of immunosuppressive cytokines within the TME severely restricts the 
antitumor activity of T cells. Thus, even selectively blocking inhibitory cytokine signaling can 
be expected to improve CAR-T cell function. A representative approach in this context is the 
use of decoy receptors. Decoy receptors can bind cytokines but lack intracellular signaling 
domains, thereby preventing downstream signal transduction. By competitively sequestering 
ligands or forming nonfunctional dimers with native receptors, they effectively abrogate 
inhibitory signaling. The most extensively studied example is the dominant-negative TGF-β 
receptor II (dnTGFβRII), which retains a truncated intracellular kinase domain and binds 
all three isoforms of TGF-β without transmitting inhibitory signals (41). In a seminal 
study, Kloss et al. (42) engineered CAR-T cells targeting the prostate-specific membrane 
Ag to co-express dnTGFβRII, thereby conferring resistance to TGF-β. Compared to control 
CAR-T cells, dnTGFβRII-expressing CAR-T cells displayed superior intratumoral expansion, 
and while tumors in the control group continued to progress, complete tumor eradication 
was achieved in 4 out of 5 mice (42). Based on these promising preclinical findings, a clinical 
trial was subsequently initiated (NCT03089203). In the clinical setting, 13 out of 18 enrolled 
patients received cell infusions, during which marked changes in serum cytokine levels 
associated with cytokine release syndrome (CRS) were observed, indicating that this strategy 
was capable of eliciting immune responses in vivo. Nevertheless, objective clinical responses 
were limited, with only three patients achieving a PSA30 response, and both the overall 
response rate and durability remained suboptimal. Moreover, compensatory upregulation of 
other immunosuppressive signals within the TME was detected (43). Taken together, while 
the TGF-β decoy receptor approach demonstrated safety and transient antitumor activity, 
these findings suggest that TGF-β blockade alone is insufficient, highlighting the need for 
additional enhancements such as combinatorial armoring strategies.

Chimeric cytokine receptor (= switch/inverted cytokine receptor)
Beyond simply blocking immunosuppressive cytokine signals in the TME, as in the case of 
decoy receptors, attempts have also been made to exploit these signals in reverse. Chimeric 
cytokine receptors are designed by fusing the extracellular domains of immunosuppressive 
cytokine receptors—such as IL-4R or TGF-βR—with the intracellular domains of cytokine 
receptors that promote antitumor activity, including IL-7R (44), IL-15R (45), or IL-21R (46). 
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Through this design, the receptor expressed on the T-cell surface converts inhibitory cytokine 
signals prevalent in the TME into stimulatory ones, thereby enhancing T-cell antitumor 
function. This strategy offers two key advantages. First is TME specificity: because it utilizes 
immunosuppressive cytokines enriched in the tumor milieu as ligands, it can operate in 
a more tumor-restricted manner compared to constitutive receptor expression strategies. 
Second is design flexibility: extracellular–intracellular domain combinations can be freely 
tailored to match the immunological characteristics of different tumor types, greatly 
broadening the range of potential applications. Multiple studies have validated this concept. 
Mohammed, Mohammed et al. (47) expressed a receptor combining the IL-4R extracellular 
domain with the IL-7R intracellular domain in CAR-T cells, which resulted in enhanced T-cell 
proliferation specifically under IL-4–rich conditions in the presence of Ag, as well as improved 
in vivo tumor control. Wang et al. (48) engineered a receptor fusing the IL-4R extracellular 
domain to the IL-21R intracellular domain, demonstrating reduced T-cell exhaustion and 
maintenance of a central memory phenotype under IL-4–rich conditions, thereby improving 
CAR-T persistence. Furthermore, Noh et al. (49) developed a receptor composed of a TGF-β–
binding extracellular domain and the IL-7R intracellular domain, which prolonged survival and 
prevented tumor relapse in a B cell lymphoma mouse model. Recently, an inverted cytokine 
receptor has been developed to exploit the IL-6–rich TME. Yoshikawa et al. (50) engineered a 
chimeric receptor composed of the extracellular domain of IL-6R and the intracellular domain 
of IL-7R, expressed it in CAR-T cells, and demonstrated that, in both hematologic and solid 
tumor models, these cells were not affected by the immunosuppressive responses driven by 
IL-6 and instead showed enhanced antitumor activity.

Orthogonal cytokine receptor system
Chimeric receptors provide the advantage of enabling TME-dependent CAR-T activation 
by converting inhibitory signals into stimulatory ones. However, because they rely on 
endogenous cytokines, the signaling triggered by these cytokines cannot be externally 
controlled, and the risk of unintended nonspecific or off-target activation cannot be fully 
eliminated. In contrast to these limitations, orthogonal cytokine receptor systems allow 
externally controllable and precisely targeted cytokine signaling. This strategy introduces 
engineered receptor–ligand pairs into CAR-T cells that do not cross-react with their 
wild-type counterparts. As a result, signal 3 can be selectively delivered to defined cell 
populations, while nonspecific activation by endogenous cytokines is effectively avoided. 
This enables precise control of cytokine signaling, offering a potential solution to both 
systemic toxicity and reduced therapeutic efficacy observed with conventional approaches. 
The most representative example is the orthogonal IL-2 cytokine receptor system, designed 
to selectively transmit IL-2 signaling—critical for T-cell proliferation and survival—while 
bypassing toxicity associated with endogenous IL-2. In a pioneering study, Sockolosky et al. 
(51) engineered a synthetic IL-2/IL-2 receptor β-chain (IL-2Rβ) pair (ortho IL-2/ortho IL-2Rβ) 
that bound exclusively to each other without interacting with their wild-type counterparts. 
Administration of ortho IL-2, even at high doses, produced no toxicity, and when ortho 
IL-2 was administered together with ortho IL-2Rβ–expressing T cells in tumor-bearing mice, 
the outcome was comparable to treatment with native IL-2, resulting in significant tumor 
growth delay and survival benefit (51). This concept was later extended by Zhang et al. (52) to 
a human orthogonal IL-2/IL-2Rβ system. The authors generated a mutant IL-2–receptor pair 
compatible with human T cells, capable of selective signaling without cross-reactivity to wild-
type IL-2/IL-2R. When introduced into CAR-T cells and tested in a leukemia mouse model, 
treatment with ortho IL-2 drove robust expansion—by several hundred-fold—and induced 
potent antitumor activity even with low initial T-cell doses (52).
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In summary, decoy receptors block inhibitory signals in the TME to prevent infused cells 
from being suppressed, whereas switch receptors go further by converting inhibitory 
signals into stimulatory ones, thereby enabling TME-dependent CAR-T activation. However, 
both strategies depend on endogenous cytokines, which makes precise control difficult. 
In contrast, orthogonal cytokine receptor systems allow more precise control, since cytokines 
that respond only to the infused cells can be administered externally at desired time points, 
making it possible to deliver signals independently of the internal environment. The current 
clinical progress remains very limited. In the case of decoy receptors, only one clinical trial 
(NCT03089203) has been conducted in actual patients, and although proof of concept was 
achieved, low response rates and insufficient durability were reported as limitations. Switch/
inverted receptors have shown increased TME-dependent activity in several preclinical studies, 
but no cases have yet advanced to clinical trials. Orthogonal cytokine receptors have likewise 
demonstrated low toxicity and strong antitumor activity at the preclinical stage but have not 
yet been validated in humans. Therefore, in order to evaluate the actual clinical efficacy and 
safety of these strategies, more systematic and active clinical trials will be required in the 
future. Representative cytokine engineering approaches—including TRUCKs, decoy receptors, 
switch/inverted receptors, and orthogonal receptor systems—are compared in Table 2.

EXTERNAL CELL- AND PLATFORM-BASED CYTOKINE 
DELIVERY
Cytokine delivery systems
Cytokines have a short half-life, necessitating frequent high-dose administrations to achieve 
therapeutic efficacy. However, excessive cytokine infusion often causes extensive distribution 
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Table 2. Cytokine engineering strategies in CAR-T cells
Strategy Mechanism Key cytokine(s) Advantages Limitations/risks Controls/mitigation Clinical status Reference
TRUCKs  
(4th gen)

CAR-inducible 
promoter drives 
cytokine secretion 
upon Ag recognition

IL-12, IL-15, 
IL-18, IL-21

Local immune 
activation; TME 
remodeling

Promoter leakage; 
systemic toxicity

Promoter 
optimization,  
drug-inducible 
circuits, membrane-
tethering, safety 
switch

iIL-12 TIL (NCT01236573) 
- phase I/II (terminated) 
terminated due to toxicity

(12,21,22)

IL-18 TRUCK 
(NCT04684563) – phase 
I (ongoing), Early signals: 
ORR, 81%, CR, 52%, 
manageable CRS

Constitutive-
armored CAR-T

Ag-independent 
constitutive cytokine 
secretion

IL-15, IL-18 Enhanced 
persistence; 
improved antitumor 
efficacy

Risk of systemic 
cytokine toxicity; 
higher CRS incidence; 
lack of external 
control

Expression level 
tuning, low-affinity 
variants, safety 
switch

IL-15 (NCT04377932/
NCT05103631) –  
phase I (completed), 
ORR, 33%, DCR, 66%, 
manageable CRS

(30)

Decoy receptor Bind inhibitory 
cytokines without 
signaling

TGF-βRII 
(dnTGFβRII)

Blocks suppressive 
signals; restores 
CAR-T activity

Compensatory 
immunosuppression; 
limited durability

Affinity tuning, 
combinatorial 
circuits

dnTGFβRII (NCT03089203) 
- phase I (follow-up), 
limited durability, low ORR

(42)

Switch/Inverted 
receptor

Fuse inhibitory 
receptor ectodomain 
with stimulatory 
endodomain

IL-4→IL-7R, 
IL-4→IL-21R, 
TGF-β→IL-7R

Convert suppressive 
cues to stimulatory; 
TME specificity

Dependent on 
endogenous 
cytokines; limited 
external control

Environment-
responsive designs; 
feedback control 
undeveloped

Preclinical only (47-49)

Orthogonal 
receptor system

Engineered cytokine–
receptor pairs non-
crossreactive with WT

Ortho-IL-2/
ortho-IL-2Rβ

Precise external 
control; avoids off-
target activation

over-expansion; 
translational 
complexity

Titratable dosing, 
safety switches

Preclinical only (51)

Fifth-generation 
CAR

CAR fused with IL-2Rβ 
and STAT3-binding 
motifs (YXXQ)

Endogenous IL-
2Rβ-STAT3

Signal 3 delivery 
without exogenous 
cytokines; improved 
persistence

Over-expansion, CRS 
(not yet empirically 
demonstrated)

Currently unclear; 
requires systematic 
safety evaluation 
and long-term in 
vivo data

Preclinical only (13)

ORR, objective response rate; CR, complete response; DCR, disease control rate.

https://clinicaltrials.gov/ct2/show/NCT01236573
http://clinicaltrials.gov/ct2/show/NCT04684563
http://clinicaltrials.gov/ct2/show/NCT04377932
http://clinicaltrials.gov/ct2/show/NCT05103631
http://clinicaltrials.gov/ct2/show/NCT03089203


beyond the target site, leading to damage in non-target tissues and considerable systemic 
toxicity (53,54). In immuno-oncology, precise and localized activation of target cells is 
essential for achieving effective and safe therapeutic outcomes. To address the challenges 
associated with systemic cytokine infusion, various cytokine-directed delivery systems have 
been developed. More recently, delivery methods employing engineered living cytokine 
factories, such as mesenchymal stem cells (MSCs) or retinal pigment epithelial (RPE) cells, 
have attracted attention. This strategy takes advantage of the unique biological properties of 
different cell types to achieve sustained and localized cytokine delivery within the TME, while 
offering the potential to incorporate more diverse and complex mechanisms compared with 
other approaches. This section highlights these two major strategies for enhancing cytokine-
based cancer immunotherapy.

Cytokine factory
MSCs offer several therapeutic advantages: they are easily sourced, proliferate efficiently 
in culture, and are amenable to genetic engineering. Most notably, MSCs exhibit tumor 
tropism, which allows them to selectively migrate toward tumor sites and deliver cytokines 
or chemokines in a targeted manner. MSC-derived extracellular vesicles (EVs) retain many of 
these beneficial properties as well.

MSC-based platforms have been engineered to deliver various cancer-inhibitory cytokines, 
including type I IFNs (IFN-α and IFN-β), IL-2, and IL-12, directly into the TME. These 
cytokines exert multiple antitumor effects such as suppressing tumor cell proliferation, 
inhibiting angiogenesis, promoting apoptosis, and enhancing the activation of host immune 
responses (55). However, their clinical application is hampered by limited expression within 
the TME, short biological half-life, and associated toxicity (56). MSCs effectively address 
key clinical limitations of conventional cytokine therapies, including short half-life and 
systemic toxicity, by enabling localized, sustained cytokine delivery that increases therapeutic 
concentrations while minimizing off-target effects.

For example, IFN-α-expressing MSCs induce apoptosis in both tumor and tumor-associated 
endothelial cells and boost CXCL10 production to promote CD8+ T cell cytotoxicity and 
infiltration (55,56). Likewise, IFN-β-MSCs encapsulated within synthetic extracellular matrix 
have been shown to induce tumor cell cycle arrest and enhance CD8+ T cell infiltration in the 
peritumoral microenvironment (57).

Insufficient IL-2 signaling can lead to reduced TIL expansion, limited antitumor CD8+ T cell 
persistence, and accumulation of terminally exhausted TILs. To effectively deliver IL-2 within 
tumors, research utilizing IL-2-engineered MSCs has gained momentum. Recent studies 
demonstrated that peri-tumoral injection of IL-2-expressing MSCs can expand pre-existing 
CD8+ T cells and reinvigorate exhausted TILs, thereby remodeling the TME. Notably, the 
incorporation of hypoxia-responsive expression systems and on/off switches enables 
tumor-specific activation, maximizing antitumor immunity while minimizing systemic 
side effects (58). Similarly, MSCs delivering IL-12 have demonstrated potent antitumor and 
anti-angiogenic activity in preclinical models by reducing vascular density and enhancing the 
infiltration of antitumor M1 macrophages and CD8+ T cells within the TME (59).

Despite these promising features, there are critical caveats. The efficiency of MSC homing 
and long-term retention within heterogeneous tumor niches can be highly variable, as factors 
like chemokine gradients and local stromal architecture strongly influence MSC trafficking 
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and persistence at the target site. This unpredictability can result in subtherapeutic cytokine 
concentrations or off-target cell accumulation. Moreover, MSCs themselves are capable of 
immunosuppressive activity or, in certain contexts, may inadvertently support tumor growth, 
therefore raising safety concerns that require careful preclinical validation and clinical 
monitoring (60).

MSC-derived EVs provide a cell-free delivery method capable of transporting cytokines and 
other therapeutic agents to the TME. This EV-based strategy avoids some risks associated 
with cell transplantation but faces challenges such as donor-dependent heterogeneity 
in cargo, batch-to-batch variability, and rapid clearance in vivo, which currently limit 
reproducibility and efficacy compared to live-cell therapies (60).

In contrast, RPE cells exhibit strict contact inhibition, minimizing the risk of tumorigenicity. 
They are amenable to genetic modification and have demonstrated safety in clinical trials as 
delivery vehicles for therapeutics. Recent studies have engineered RPE cells to constitutively 
secrete cytokines and encapsulated them within alginate-based capsules for localized 
implantation near tumors, minimizing systemic toxicity. Importantly, the capsules undergo 
fibrosis mediated by the host immune response over time, leading to natural elimination, 
thereby confirming safety. Specifically, IL-2–secreting RPE cells demonstrated the capacity 
to slow progression and induce robust T cell responses in ovarian and colorectal peritoneal 
tumor models without observable toxicity. Despite these encouraging results, capsule 
fibrosis and immune-mediated elimination post-implantation potentially limit the long-term 
therapeutic durability of this platform. Moreover, challenges remain in sustaining stable 
engraftment and high-level cytokine production over extended time periods (61).

In addition to externally supplied platforms, approaches have also been developed to 
convert endogenous cells into cytokine factories within the body. virus-based oncolytic 
platforms employ engineered viruses that selectively infect and lyse tumor cells while 
simultaneously producing immunostimulatory cytokines such as GM-CSF or IL-12 within 
the TME (62). These oncolytic viruses (OVs) function through a dual mechanism: direct 
oncolysis and potent immune activation (63). By converting immunologically “cold” tumors 
lacking substantial immune infiltration into “hot” tumors rich in activated immune cells, 
OVs enhance susceptibility to immune-mediated tumor clearance (64). A prominent example 
is talimogene laherparepvec (IMLYGIC or TVEC), a herpes simplex virus-1–derived oncolytic 
virus genetically modified to express GM-CSF, which received FDA approval for advanced 
melanoma treatment (65). Multiple oncolytic viral platforms based on adenoviruses, 
poxviruses, and vesicular stomatitis virus have incorporated cytokine expression cassettes 
to improve in vivo immunostimulation, with ongoing clinical trials evaluating their efficacy 
across a range of malignancies, including brain tumors, pancreatic cancer, and ovarian 
cancer. While highly promising, challenges such as antiviral immunity, vector delivery, and 
tumor heterogeneity must be carefully managed to maximize therapeutic potential. However, 
the clinical efficacy of OVs can be hampered by pre-existing antiviral immunity, unfavorable 
vector biodistribution, and tumor heterogeneity, complicating repeat dosing strategies. 
Risks of neutralizing antibodies and inflammatory toxicities further challenge therapeutic 
planning, particularly in patients with prior viral exposures (66).

Recent advances have demonstrated that external cytokine platforms can be integrated 
with CAR-T cell therapy through either concurrent combination strategies or temporally/
sequentially distinct approaches. In the combination setting, engineered MSCs or oncolytic 
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adenoviruses are administered at or near the time of CAR-T cell infusion to remodel the 
TME and provide localized, sustained cytokine cues that enhance CAR-T cell persistence 
and antitumor potency. For example, peritumoral administration of IL7/IL12-engineered 
MSCs immediately before or alongside CAR-T cell transfer shifts the TME toward a Th1-
dominant, pro-inflammatory state, leading to increased CAR-T expansion, enhanced 
target cell killing, and improved tumor control in preclinical colorectal cancer models (67). 
Similarly, local or regional delivery of oncolytic adenoviruses expressing immunostimulatory 
cytokines such as IL-7, IL-15, or CCL5 in coordination with CAR-T infusion has produced 
strong synergistic antitumor activity, sustained T-cell functionality, and prolonged survival 
in solid tumor models (67-69). Optimizing the route of administration—intratumoral, 
intraperitoneal, or systemic—and the dosing schedule is therefore critical for maximizing 
cytokine bioavailability, facilitating CAR-T recruitment, and minimizing off-target toxicity.

By contrast, independent or sequential approaches deploy external cytokine platforms 
as standalone interventions, either to precondition the tumor bed before adoptive T-cell 
infusion or to periodically reactivate transferred lymphocytes after therapy. MSCs or 
OVs can be applied prior to CAR-T treatment to induce local immune infiltration and 
TME inflammation, thereby reducing immune-exclusion barriers and improving subsequent 
CAR-T trafficking and function (68). Descriptive summaries from preclinical studies also 
support the role of TME preconditioning in enhancing adoptive cell therapy performance. 
Alternatively, periodic post-infusion administration of cytokine-secreting MSCs can sustain 
memory differentiation and survival of CAR-T cells, helping to prevent functional exhaustion 
and extend the duration of antitumor responses (70). This independent axis provides 
additional flexibility in tuning the timing and magnitude of immunostimulatory signals and 
may be especially useful when concurrent combination strategies pose heightened toxicity 
risks or logistical constraints.

Cytokine-directed delivery systems
Pegylation technology involves the covalent attachment of cytokines or growth factor 
proteins to polyethylene glycol (PEG) polymers. This modification substantially increases the 
circulating half-life of the therapeutic proteins by shielding them from proteolytic enzymes 
and reducing renal clearance. Pegylated cytokines—such as pegfilgrastim (pegylated 
granulocyte colony-stimulating factor) (71), pegylated IFNs (e.g., peg-IFN-α) (72), and 
pegylated forms of IL-2 (peg-IL-2) (73) and IL-10 (peg-IL-10) (74)— have demonstrated 
enhanced pharmacokinetic profiles that translate into prolonged in vivo activity. This allows 
dosing regimens to be spaced out, reduces systemic toxicity, and improves patient adherence.

Despite these advantages, pegylation may induce conformational changes in the protein 
structure that can alter receptor binding or reduce target tissue penetration. This underscores 
the need for ongoing optimization of linker chemistry and conjugation strategies to balance 
stability with biologic activity (75).

In contrast, immuno-cytokine drug conjugates harness the specificity of monoclonal 
antibodies by covalently linking them to cytokines, thereby directing cytokine activity 
specifically to tumor-associated Ags. This approach enhances local cytokine concentration 
within the TME while sparing healthy tissues, reducing the risk of systemic toxicities 
commonly observed with recombinant cytokine therapies. Tumor-restricted delivery achieved 
through these conjugates increases antitumor efficacy by concentrating immune activation 
directly where it is most needed. Cergutuzumab amunaleukin is an immunocytokine that 
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fuses a high-affinity monoclonal antibody targeting carcinoembryonic Ag (CEA) with an 
engineered IL-2 variant designed to avoid regulatory T cell activation. Clinical trials in 
patients with solid tumors expressing CEA have demonstrated promising response rates and a 
favorable safety profile. Importantly, these conjugates also exhibit synergistic potential when 
combined with immune checkpoint inhibitors, amplifying the overall antitumor immune 
response (76). Challenges remain, including the need for tumor-specific Ag expression, 
antibody conjugate stability, and minimizing immunogenicity. Molecular strategies such as 
pegylation and antibody-cytokine conjugation have matured considerably, offering improved 
pharmacokinetics and tumor targeting. Yet, chemical modifications can unpredictably impact 
receptor specificity and function, demanding continued refinement in conjugation chemistry 
and linker design to optimize therapeutic efficacy.

Complementing classical protein conjugation approaches, cytokine-expressing plasmid 
nanoparticles represent a gene delivery-based approach wherein cytokine-encoding plasmids 
are introduced directly into tumors to enable endogenous expression of cytokines within 
the TME. This technology liberates the therapeutic effect from dependency on exogenous 
recombinant protein administration, allowing cancer cells or local stromal cells to produce 
cytokines in situ. Various nanoparticle platforms have been developed to facilitate safe and 
efficient plasmid delivery, including chitosan-based nanoparticles, liposomes, and poly(lactic-
co-glycolic acid) nanoparticles (77). GEN-1 serves as a prominent example of a clinically 
evaluated DNA plasmid encoding IL-12 encapsulated within a PEG-PEI-cholesterol lipopolymer 
nanoparticle, demonstrating both safety and immunostimulatory activity in ovarian cancer 
patients (78). Electroporation-assisted delivery of IL-12 plasmids has further enhanced 
intratumoral uptake and expression, leading to significant antitumor effects in preclinical 
models and preliminary clinical studies (79). These nonviral systems improve stability and 
reduce systemic side effects but face challenges related to efficient tumor targeting, transgene 
expression longevity, and potential host immune responses against the delivery vehicle (80).

Activity-on-target cytokines (AcTakines) represent an emerging class of engineered cytokines 
designed to overcome systemic toxicities by modulating receptor-binding properties. 
AcTakines are modified cytokine molecules with reduced affinity for their native receptor 
complexes in circulation but enhanced binding to tumor cell–specific surface markers or 
immune cell subsets. This selective activation strategy ensures that cytokines remain inactive 
systemically, only becoming potent immunomodulators upon engagement with target cells. 
Preclinical animal models have shown that AcTakines can elicit localized antitumor immune 
responses with minimal off-target effects, marking them as a promising direction for safe 
and effective cytokine therapy. Although still in early developmental stages, AcTakines 
exemplify the next frontier of cytokine engineering aimed at precision immunotherapy (81).

Together, gene-based platforms such as cytokine-encoding plasmid nanoparticles and next-
generation engineered molecules including AcTakines embody the cutting edge of cytokine 
delivery technology. They promise endogenous cytokine production and ultra-localized 
immune activation while minimizing systemic toxicity. However, they are still largely 
confined to preclinical or early clinical development due to persistent obstacles: maintaining 
prolonged gene expression, avoiding unwanted immune recognition of vector components, 
and achieving uniform tumor penetration (82).

Given the multifaceted immune-evasion mechanisms employed by the TME (5,83), 
increasingly sophisticated and integrative cytokine delivery strategies are essential. 
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Leveraging cell- or virus-based platforms can reduce the engineering burden on effector 
T cells, facilitating more complex and effective antitumor immunotherapeutic regimens. 
Ultimately, clinical translation will likely depend on combinatorial and temporally 
programmable cytokine release systems, potentially integrated with modulatory agents 
and multi-cytokine cocktails, to achieve robust and durable antitumor immunity across 
heterogeneous patient populations. Key features of cell- and platform-based cytokine 
delivery methods are outlined in Table 3, which highlights their mechanisms, advantages, 
and clinical status

NEXT GENERATION CAR-T STRATEGIES

Several strategies have been developed to mimic the three signals required for 
TCR activation. A key feature of this approach is the induction of the JAK-STAT signaling 
pathway in the absence of exogenous cytokines. The principal advantage is that it fulfills the 
requirement for signal 3-the induction of JAK-STAT signaling through the common γ-chain—
without the need for continuous external cytokine supplementation (84,85).
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Table 3. Cytokine delivery platform beyond CAR-T
Strategy Platform/cell type/

technology
Delivery  
method

Advantages Limitations/risk Control/mitigation Preclinical/ 
clinical status

Reference

Cytokine factory MSCs Systemic/local 
injection, ex vivo 

engineering

Tumor tropism; 
cytokine/chemokine 
delivery; genetic 
tractability

Limited cytokine 
expression (TME); 
short cytokine 
half-life; risk of 
immunosuppression 
or unintended tumor 
support

Payloads with kill switches 
and tumor-specific 
promoters for limiting 
activity and persistence

Early clinical 
studies, advanced 

preclinical

(55-59)

MSC-derived EVs IV/subQ 
injection, cell-

free cargo

Cell-free delivery, safety, 
scalable manufacturing

Cargo loading 
variability; short 
persistence

Standardized cargo 
loading; surface 
engineering (e.g., CD47, 
targeting ligands) or 
hydrogel depots

Preclinical 
studies

(60)

RPE cells + alginate 
capsules

Local 
encapsulated 
implantation

Controlled release; non-
tumorigenic; proven 
safety in trials

Capsule fibrosis/
elimination; limited 
long-term function

Optimization of capsule 
composition (alginate 
purity, pore size, 
immuno-inert coatings)

Early clinical 
trials

(61)

Virus-based 
Oncolytic Platforms 

(e.g. T-VEC)

Intratumoral/
intravenous 

injection

Dual action: direct 
tumor lysis and 
immune activation; 
gene delivery

Antiviral immunity; 
dose limitations; 
tumor heterogeneity

Viral vector engineering 
to evade antibodies; 
combined with immune 
modulators

FDA-approved 
(T-VEC for 

melanoma), 
multi-arm trials

(62-66)

Cytokine 
directed delivery 
systems

Pegylated cytokines 
(e.g. peg-IFN, 

peg-IL2)

Systemic 
injection

Prolonged half-life; 
reduced frequency and 
toxicity

Potential altered 
targeting/receptor 
binding; complex 
conjugation chemistry

Site-specific PEGylation 
and linker optimization 
to preserve receptor 
binding

Multiple FDA 
approvals; late 

clinical

(71-75)

Immunocytokine 
drug conjugates 
(e.g. CEA-IL2v)

Systemic 
or targeted 

injection

Tumor-specific immune 
activation; synergy 
with CPIs

Requires target Ag; 
immunogenicity; 
conjugate stability

Selection of tumor-
specific Ags; controlled 
conjugation sites and 
linker designs

Advanced clinical 
trials

(76)

Cytokine-
expressing plasmid 

nanoparticles 
(GEN-1)

Intratumoral 
injection

Endogenous cytokine 
synthesis; flexible gene 
delivery

Tumor targeting 
efficiency; expression 
persistence; immune 
response to vehicle

Use of less-immunogenic 
delivery vehicles; 
promoter engineering for 
controlled and durable 
expression

Phase I/II trials 
(GEN-1)

(77-80)

AcTakines Systemic 
injection, 

engineered 
ligand

Reduced off-target 
toxicity; ultra-specific 
activation

Early-stage technology; 
limited clinical safety/
efficacy data

Structure-guided tuning 
of receptor affinity; 
incorporation of 
reversible or protease-
activatable designs

Preclinical, 
early clinical 
investigation

(81)

CPI, checkpoint inhibitor.



This concept was attempted in several studies. In practice, the combination of IL-2Rβ, 
STAT3-binding tyrosine-X-X-glutamine (Tyrosine-X-X-Glutamine motif [YXXQ]) motif, 
TCR signaling (CD3z) and co-stimulatory (CD28) domains, referred to as 28-ΔIL2RB-z(YXXQ), 
demonstrated improved antitumor activity. This combination induces JAK-STAT signaling 
in an Ag-dependent manner. In practice, enhanced proliferation and decreased terminal 
differentiation support the efficacy of this strategy. Furthermore, application of this strategy 
in vivo produced strong antitumor effects. The B cell Acute lymphoblastic leukemia xenograft 
model demonstrated improved overall survival and enhanced persistence in peripheral blood 
(13). This design has been described in several reviews as a representative example of so-called 
“fifth-generation CAR-T cells,” where the incorporation of JAK-STAT signaling modules is 
considered a hallmark of this generation (86,87).

Based on this strategy, employing the induction of JAK-STAT signaling pathway, another 
modified form of CAR-T therapy demonstrated efficacy in Acute Myeloid Leukemia and solid 
tumors. This design, defined by the structure with G6/7R-expressing TNF-KO TNF-NTF, 
successfully targeted Acute Myeloid Leukemia and showed improved persistency and in 
vivo. The benefit of this approach is that, targeting TNF-NTF did not exhibit off-target 
cytotoxicity against normal haematopoietic stem and progenitor populations. In other 
words, reduced cytotoxicity against normal haematopoietic stem and progenitor cell within 
patients indicates the “resistance to fratricide.” When administered to ovarian tumor in vivo, 
it successfully eradicated TNF-expressing ovarian tumor cells with enhanced proliferation 
and infiltration into tumor mass (88). Although this study is limited to cancers that express 
TNF, such as ovarian and uterine cancers, it is still regarded as a milestone for the next 
generation of CAR-T therapy. The potential of CAR-T therapy lies in its limitless capacity 
for modification and design. As our understanding of cancer advances, more targets and 
strategies to be applied in CAR-T therapy will emerge.

Furthermore, finding a gene that regulates the fitness of CAR-T cell is critical. A genome-
wide clustered regularly interspaced short palindromic repeats (CRISPR) screening was 
conducted to identify genes that enhance the proliferation and survival of CAR-T cells. 
Given that, repetitive Ag stimulation from the tumor is the leading cause of exhaustion and 
death of CAR-T cells, elucidating the set of genes that regulate CAR-T cell function can be a 
breakthrough. The screen identified cullin-5 (CUL5), one of the core elements that composes 
the multi-protein E3 ubiquitin-protein ligase complex, as a negative regulator of proliferation 
and cytokine signaling in CAR-T cells. Indeed, genetic ablation of CUL5 enhanced the 
effector function of CAR-T cells with improved proliferation. Mechanistically, CUL5 improves 
CAR-T cell fitness by regulating STAT3 and STAT5 phosphorylation in JAK-STAT pathway 
in CAR-T cells. This mechanism is supported by delayed degradation of target protein 
recognized by suppressor of cytokine signaling family proteins, as CUL5 serves as scaffold 
protein in CRL5 E3 ubiquitin ligase complex. Accordingly, sustained phosphorylation 
of JAK-STAT signaling pathway leads to improved potency in antitumor activity in vivo 
tumor experiment. CUL5 KO-CD19 CAR-T cells significantly delayed tumor progression 
and improved overall survival. Considering the superior antitumor effects of CUL5 KO-
CD19 CAR, genome-wide CRISPR screening can provide valuable insights for advancing 
CAR-T therapy (89).

Finally, multi-omics approaches can provide informative insights. For instance, a study 
combining single-cell RNA seq and CITE-seq analyzed the differences between healthy 
donor-derived CAR-T cells and patient-derived CAR-T cells from acute lymphoblastic 
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leukemia. The observed differences, such as higher activation levels and upregulation of 
major histocompatibility complex class II genes in donor CAR-T cells, suggest that multi-
omics characterization can contribute to advancing CAR-T therapy (90). As advanced 
techniques such as proteomics and metabolomics are emerging, leveraging readouts from 
multi-omics may be proposed as potential metrics for the evaluation of CAR-T therapies.

CLINICAL OPERATIONS

Strategies designed to artificially provide cytokine signals to CAR-T cells are not inherently 
superior to one another; rather, each has its own advantages and limitations, and thus it is 
important to select the appropriate approach depending on the clinical context. Therefore, 
this section presents a concise decision-making framework summarizing when and under 
what circumstances each strategy may be used.

TRUCKs or constitutive cytokine-secreting CAR-T cells can be used when the goal is 
to enhance not only the transferred CAR-T cells but also the functions of endogenous 
immune cells that contribute to antitumor immunity through reprogramming of the 
TME. TRUCKs are employed when it is necessary to temporally and spatially restrict cytokine 
expression due to concerns such as systemic toxicity, and the degree of basal leakage can be 
precisely controlled depending on the promoter used. When using a synNotch system instead 
of TRUCKs, basal leakage can be minimized, and when using a Tet-On system, cytokine 
expression is induced only upon drug administration; however, CAR-T cells expressing 
cytokines through either approach have not yet been applied clinically. In the case of 
constitutive cytokine-secreting CAR-T cells, the surrounding TME can be reprogrammed even 
if the T cells are not activated through CAR stimulation; however, in this case, additional 
regulation such as reducing expression levels is required to prevent systemic toxicity, or the 
strategy should be applied to cytokines with relatively low systemic toxicity risk.

Decoy receptors can be used to prevent the suppression of CAR-T-cell function by 
immunosuppressive cytokines in the TME. However, based on clinical results to date, 
blocking immunosuppressive signals alone has not been sufficient to achieve robust 
antitumor effects. Therefore, this approach appears more appropriate when used in 
combination rather than as a standalone strategy. In contrast, switch/inverted receptors 
can convert immunosuppressive signals into activating signals, thereby providing the dual 
benefit of blocking suppression and delivering activation simultaneously. This is particularly 
useful in environments where immunosuppressive cytokines such as IL-4, IL-6, and TGF-β 
are abundant and stimulatory cytokines are limited. However, because signal transmission 
depends on the concentration of endogenous cytokines, it can be difficult to precisely control 
signaling. In the case of orthogonal cytokine/receptor systems, the administered cytokine 
does not bind endogenous receptors, which allows escape from systemic toxicity and enables 
the use of cytokines that previously caused severe systemic toxicity. Moreover, signaling 
induced by cytokines can be precisely controlled externally. Nevertheless, a limitation of this 
approach is that clinical data in humans remain limited.

A practical clinical framework for external cytokine platforms aligns delivery strategies with 
the clinical context and platform-specific risks. External systems such as MSCs, RPE cells, and 
OVs are particularly useful when persistent, compartmentalized cytokine delivery is required 
to enhance CAR-T or endogenous immune responses while minimizing systemic toxicity.
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MSCs are especially advantageous in settings where tumor targeting and TME remodeling are 
desired. Owing to their intrinsic tumor tropism and in situ persistence, MSCs can reshape 
immunosuppressive TMEs and promote local immune activation (60,68,70,91). However, 
their homing efficiency and durability are variable, and their immunoregulatory phenotype 
may shift toward suppression depending on the surrounding cytokine milieu, which 
represents a key translational limitation.

RPE-based encapsulation platforms provide stable, localized cytokine release with minimal 
systemic exposure. These systems are particularly beneficial for anatomically confined 
compartments—such as the peritoneal cavity—where steady-state cytokine delivery is 
preferred. Nevertheless, long-term durability can be affected by device-associated fibrosis, 
which may reduce functional output over time (61).

OVs offer a complementary strategy by converting “cold” tumors into inflamed, 
immunologically active microenvironments that enhance CAR-T-cell function and promote 
Ag spreading (62,69). Their clinical utility, however, may be constrained by antiviral immunity 
and inconsistent intratumoral replication, which can limit sustained cytokine production.

DISCUSSION

Cytokine engineering has emerged as one of the most powerful strategies to broaden the 
therapeutic horizon of CAR-T cell therapy. From the early TRUCK designs employing NFAT-
iIL-12 (12) to the expansion toward diverse payloads such as IL-18, IL-15, and IL-21 (21,22), 
these approaches have demonstrated that cytokine modulation can remodel the TME, prevent 
T-cell exhaustion, and extend antitumor immunity. However, concerns regarding promoter 
leakage and systemic cytokine toxicity have underscored the need for precise control 
(19), thereby driving the development of novel approaches such as synthetic promoters, 
orthogonal cytokine–receptor systems, and switch/inverted receptor.

In addition, complementary delivery platforms such as MSC–based (55), or RPE cell–based 
(61) “cytokine factories,” immunocytokine conjugates (76), and OVs (63) illustrate the 
versatility of cytokine-based strategies. While these methods are not CAR-T strategies per 
se, they enable localized, sustained, and safe cytokine release, thereby holding significant 
potential for synergy when combined with adoptive cell therapy.

Beyond exogenous cytokine delivery, CAR-T cells have also been engineered to incorporate 
intracellular signaling modules. The integration of IL-2Rβ and STAT3-binding motifs into 
CAR constructs, often referred to as a hallmark of “fifth-generation” CAR-T cells, enables 
Ag-dependent activation of the JAK-STAT pathway. This design has been associated with 
enhanced proliferation, reduced terminal differentiation, and improved antitumor efficacy 
in vivo (13,86,87). However, the long-term safety of signal-3–augmented CAR-T cells remains 
to be clarified. While it is theoretically possible that JAK-STAT enhancement could amplify 
activation in the context of Ag-independent or tonic signaling, experimental evidence 
directly supporting this risk is currently lacking. Therefore, further validation is required as 
these designs move toward clinical translation.

Nevertheless, critical challenges remain before clinical translation can be fully realized. 
Ensuring long-term safety, minimizing off-target toxicity, enabling large-scale manufacturing, 
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and overcoming regulatory hurdles will be decisive milestones. Despite these obstacles, the 
developmental trajectory of cytokine-engineered CAR-T cells clearly points in a promising 
direction—toward increasingly precise, programmable, and tumor-specific immunotherapies. 
With continued integration of synthetic biology and systems immunology, cytokine-enhanced 
CAR-T cells hold great potential to establish themselves as transformative immunotherapies 
for not only hematologic malignancies but also solid tumors.

Beyond the strategies described above, other multiple approaches have been explored to 
enhance CAR-T efficacy. One such strategy is the use of logic-gated circuits. By engineering 
AND-gate T cells, activation of T cells occurs only upon dual Ag recognition. Specifically, 
a SynNotch receptor recognizes Ag 1, which subsequently induces the expression of 
CAR targeting Ag 2. This enables selective killing of tumor cells expressing both Ag while 
sparing single-Ag cells. The system is particularly significant as it can reduce off-target 
effects, which often arise because the Ags targeted by conventional CAR therapy also 
expressed on non-tumor cells. This system has been demonstrated in vivo using mouse 
models, showing selective activity only against cells expression both Ags (92). This 
approach has also been applied to glioblastoma, where the prime-and-kill system using 
EGFRvIII synNotch-CAR-T cells exhibited superior antitumor efficacy while avoiding off-
tumor toxicity (93).

In addition to logic-gated systems, other applications of chimeric Ag receptors exist, 
including CAR-NK and CAR-Treg cells. CAR-Tregs have been utilized to promote 
transplant tolerance. CAR-Tregs expressing A2.ζ or A2.28ζ delayed skin rejection in an 
immunocompetent transplant model. And no significant difference was shown between 
A2.ζ and A2.28ζ CAR-Tregs in suppressing the generation of anti–HLA-A2 IgG Antibodies. 
Also, there were no detectable differences in functional markers or number of CAR-Tregs 
in draining lymph nodes and spleen indicating that costimulatory signal is naturally 
compensated by Ag presenting cells (94).

CAR-Tregs have also been explored in the context of multiple sclerosis (MS) treatment. 
MOG-specific CAR-Tregs were applied to MS models to enhance therapeutic efficacy, 
suggesting that producing CAR-Tregs from MS patient derived blood is a potential strategy 
for treating (95). In other study, applying CAR-Tregs combined with anti-CD154 therapy 
facilitated graft acceptance in allogenic heart transplant models suggesting the potency of 
CAR-Tregs in various indications (96).

Furthermore, introducing CAR into NK cells has been considered as an alternative approach. 
In studies involving patients with non-Hodgkin’s lymphoma or chronic lymphocytic 
leukemia, CAR-NK therapy demonstrated safety and in terms of CRS and neurotoxicity 
(97). In addition, recent attempts have been made to apply CAR-NK cells to solid tumors, 
where they demonstrated Ag-specific and effective cytotoxicity in preclinical studies (98). 
An advantage of CAR-NK cells over CAR-T cells is the abundance of available NK cell sources, 
because challenges in CAR-T therapy include reduced T cells numbers due to prior treatments 
and risks of alloreactivity or graft-versus host disease. Therefore, using NK cells as a source 
may partially circumvent these limitations (99).

Since the advent of CAR-T therapy, numerous efforts have been made to enhance its 
therapeutic efficacy. Successive generations of CAR designs, together with advances in high-
throughput screening and multi-omics technologies, have expanded our capacity to refine 
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T cell function and identify novel therapeutic targets. Furthermore, emerging applications 
beyond conventional T cells, such as CAR-Treg and CAR-NK cells hold promising avenues that 
can broaden the therapeutic application of CAR-based platforms across a range of diseases.

SUMMARY CONCLUSION

Cytokine engineering has rapidly expanded the therapeutic possibilities of CAR-T cells by 
enabling precise control over activation, persistence, and TME remodeling. Across inducible 
platforms such as TRUCKs, cytokine-armored constructs, receptor-remodeling strategies, 
and orthogonal cytokine systems, a unifying principle has emerged: cytokine signaling can 
be modularly rewired to strengthen antitumor immunity while mitigating systemic toxicity. 
External cytokine platforms—including MSCs, RPE cells, and OVs—further complement 
these approaches by providing sustained, compartmentalized immune stimulation.

Although most cytokine-engineered strategies remain at the preclinical or early clinical 
stage, the convergence of synthetic biology, multi-omics profiling, and next-generation 
CAR designs is rapidly closing the translational gap. Continued refinement of safety 
controls, manufacturability, and patient-specific tailoring will be essential to fully harness 
cytokine-based engineering. Collectively, these advances position cytokine-enhanced 
CAR-T cells as promising candidates for overcoming the long-standing barriers of solid-
tumor immunotherapy.
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