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Abstract

Anticancer therapeutics have evolved from small-molecule drugs to monoclonal antibodies and, more recently, to cell and gene therapies
(CGTs). This progress has been driven by the pursuit of greater drug specificity, potency, and safety. Recent breakthroughs in chimeric
antigen receptor T-cell (CAR-T) therapy for B-cell hematologic malignancies have accelerated the development of CAR-X CGTs, includ-
ing CAR-T, CAR-natural killer (CAR-NK), and CAR-macrophage approaches. In this article, we compare candidate CAR-X platforms
for T-cell–related diseases, such as T-cell hematologic malignancies, and propose the most suitable modality. Therefore, we analyzed
the advantages and limitations of CAR-T, CAR-NK, and CAR-macrophage therapies. In T-cell-related diseases, CAR-T therapy faces
multiple challenges, including fratricide, T-cell aplasia, and substantial barriers to the generation of allogeneic CAR-T products. CAR-
macrophage therapies, in contrast, are constrained by relatively limited efficacy. In contrast, CAR-NK cells do not cause fratricide or
T-cell aplasia and can be manufactured efficiently as allogeneic, “off-the-shelf” products. Collectively, to sustain and extend the ad-
vances in CGT initiated by CAR-T cells in B-cell malignancies, prioritizing CAR-NK research infrastructure for T-cell–related diseases
represents a rational and strategic approach.
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1. Introduction
Anticancer therapeutics have evolved in a stepwise

manner from small-molecule drugs to monoclonal antibod-
ies and, more recently, to cell and gene therapies (CGTs)
[1]. Conventional anticancer agents that inhibit cell pro-
liferation are mostly small-molecule–based and are associ-
ated with considerable adverse effects owing to their on-
target, off-tumor (OTOT) activity. Antibody-based drugs
with improved specificities have been developed to reduce
OTOT-related toxicity. Antibody drugs bind directly to tar-
get proteins, thereby enhancing specificity, and can also
induce antibody-dependent cellular cytotoxicity in natural
killer (NK) cells. However, their clinical efficacy has often
fallen short of expectations.

To overcome these limitations, antibody–drug conju-
gates, in which a cytotoxic payload (drug) is conjugated
to an antibody, as exemplified by agents such as Enhertu,
are now being actively developed. Most recently, chimeric
antigen receptor T-cell (CAR-T) therapies, such as tis-
agenlecleucel (Kymriah), in which immune cells are ge-
netically engineered to efficiently recognize B-cell hema-
tologic malignancies, have fundamentally shifted existing
treatment paradigms [2]. Following these advances, there
has been a growing interest in expanding the therapeutic
scope of CAR-based approaches to T-cell–related diseases
[3,4]. In this article, we systematically compare the ma-

jor ex vivoCAR-XCGTplatforms—CAR-T, CAR-NK, and
CAR-macrophages—and, based on this comparative analy-
sis, propose a CGT modality that appears most suitable for
the treatment of T-cell–related diseases.

2. The Advent of CD19 CAR-T Therapy
The advent of the blockbuster CD19-directed CAR-T

product tisagenlecleucel (Kymriah) represents a revolution-
ary milestone in the treatment of B-cell hematologic malig-
nancies. Although various CD19-targeting antibody thera-
peutics have been developed, passive agents, which do not
expand or persist in vivo, have failed to deliver transforma-
tive efficacy. A striking example of the impact of CAR-T
cell therapy is the case of Emily Whitehead, a 5-year-old
girl with relapsed/refractory (r/r) B-cell acute lymphoblas-
tic leukemia (ALL) who had exhausted all other treatment
options and remained healthy and in long-term remission
for more than a decade after receiving Kymriah. The ba-
sic principle of CAR-T cell therapy is to overexpress the
CAR, which is composed of a single-chain variable frag-
ment, hinge region, transmembrane domain, and intracel-
lular activation domain(s), thereby enabling T cells to ef-
ficiently recognize tumor cells and undergo robust in vivo
clonal expansion upon antigen encounter. The persistence
of a subset of these cells as long-lived memory T cells af-
ter initial treatment, during which they continue to provide
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immune surveillance, is another key factor underlying the
strong and durable clinical efficacy of CAR-T therapy.

3. Expansion of Indications for CAR-T
Therapy

CAR-T cell therapy, which begins by targeting CD19
expressed on the surface of B cells, has progressively
expanded its clinical indications. To date, a total of
seven CAR-T products targeting either CD19 (target dis-
eases: ALL, Diffuse large B-cell lymphoma, Follicular
lymphoma, and Mantle cell lymphoma) or B-cell matura-
tion antigen (target disease: Multiple myeloma) have been
developed, and their product names (generic names) and
U.S. Food and Drug Administration approval years are as
follows: Kymriah (tisagenlecleucel) 2017, Yescarta (axi-
cabtagene ciloleucel) 2017, Tecartus (brexucabtagene au-
toleucel) 2020, Breyanzi (lisocabtagene maraleucel) 2021,
Abecma (idecabtagene vicleucel) 2021, Carvikty (cilta-
cabtagene autoleucel) 2022, and Aucatzyl (obecabtagene
autoleucel) 2024. To date, these indications remain re-
stricted to B-cell–related hematologic malignancies. Addi-
tionally, clinical trials have demonstrated that CD19 CAR
constructs can be repurposed to show dramatic efficacy in
autoimmune diseases driven by B-cell dysregulation, such
as systemic lupus erythematosus. Ongoing efforts are also
aimed at extending the indications of CAR-T cell ther-
apy to solid tumors by engineering CARs against various
tumor-associated antigens. Particularly, engineered T-cell
research targeting oncogenic viral antigens is being actively
conducted for various solid cancers caused by viral infec-
tions [5].

4. Attempts to Extend CAR-T Therapy From
B Cell-related to T Cell-related Diseases

In the field of hematological malignancies, efforts are
ongoing to extend CAR-T therapy beyond B-cell cancers to
T-cell malignancies [3,4]. In a study using donor-derived
CAR-T cells targeting CD7, which is expressed on the sur-
face of T cells, 20 patients with r/r T-ALL were treated
and followed up for two years, achieving a high overall re-
sponse rate of 95% (19/20) and a complete remission rate of
85% (17/20). However, serious late-onset adverse events,
including severe infections and graft-versus-host disease
(GvHD), have been observed, highlighting the major safety
concerns [6]. Autologous CAR-T cells targeting CD5 have
been investigated as a therapeutic strategy for r/r mature T-
cell lymphoma [7].

5. Key Challenge 1: Fratricide in CAR-T
Therapy

CAR-T cells that target proteins expressed on the T-
cell surface can induce fratricide, which is a phenomenon
where CAR-T cells attack each other through antigen shar-
ing. In T-cell malignancies, when CAR-T cells are gen-

erated against targets, such as CD7, both normal and ma-
lignant T cells express the CD7 antigen, leading to CAR-T
cell fratricide [8]. To prevent this, a complexmanufacturing
strategy is required in which the CD7 gene is first knocked
out using CRISPR/Cas9, followed by the introduction of the
CD7-specific CAR. Limited and transient fratricides have
also been reported in CD5 CAR-T cells [9], and similar is-
sues have been observed in CD3-targeted CAR-T cells [10].
Fratricide inevitably compromises therapeutic efficacy by
depleting CAR-T cells, and attempts to prevent it via gene
editing increase process complexity and expose cells to ad-
ditional stress and potential damage during the editing pro-
cedure.

6. Key Challenge 2: Aplasia in CAR-T
Therapy

An even more critical issue compared to fratricide
is prolonged aplasia. B-cell aplasia refers to a state in
which newly generated B-cells are continuously eliminated,
resulting in sustained B-cell-free conditions. This phe-
nomenon reflects the inherent trade-off of OTOT activity
that underpins the efficacy of CD19 CAR-T cell therapy,
wherein CAR recognizes CD19 on both malignant and nor-
mal B cells. B-cell aplasia is driven by the long-term per-
sistence of a subset of CD19 CAR-T cells that differentiate
into memory T cells and remain in the body for extended
periods. In an early clinical study of CD19-BBζ CAR-T
cells, 100% of patients who achieved complete remission
developed B-cell aplasia, persisting up to 1 year in some
cases [11]. Other studies have reported a median time to re-
covery from B-cell aplasia of approximately 35 months. A
similar pattern was observed for CD7 CAR-T cells in T-cell
malignancies. In a clinical trial of CD7-directed CAR-T
therapy for T-cell hematologic malignancies, T-cell aplasia
was detected within 15 days after infusion, and even after 2
years only about half of the patients recovered [6]. Because
T cells serve as the central coordinators of adaptive immu-
nity, prolonged T-cell aplasia can lead to severe, potentially
life-threatening infections, representing a major safety con-
cern.

7. Key Challenge 3: Allogeneic
Manufacturing of CAR-T Therapy

From an industrial perspective, high-priced patient-
specific (autologous) CAR-T products have intrinsic limi-
tations in terms of cost reduction. Although there is consid-
erable interest in developing allogeneic CAR-T therapies,
their manufacturing requires extensive genome editing of
multiple genes involved in immune rejection and GvHD
in a cell type that is inherently difficult to modify, repre-
senting a major hurdle [12]. Moreover, even when a single
batch of allogeneic CAR-T cells is successfully produced,
the proliferative constraints of T cells make it challenging to
generate sufficient doses for a large patient population. An
alternative strategy involves the use of induced pluripotent
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Table 1. Pros and cons of CAR-T, CAR-macrophage, and CAR-NK approaches for T cell-related diseases.
CAR-X Pros Cons

CAR-T Clonal expansion Fratricide
Long in vivo persistence Aplasia
Strong efficacy Difficult in allogenic manufacturing
Many approved drugs Strong toxicity

CAR-macrophage Fratricide-free Low efficacy
Aplasia-free Short in vivo persistence
Safety No approved drug

CAR-NK Fratricide-free Short in vivo persistence
Aplasia-free Post-thaw potency
Ease of allogeneic manufacturing No approved drug
High efficacya

Safety
a Efficacy rating for T-cell-related diseases is based on preclinical evidence (in vitro and animal
models); no clinical trial data for CAR-NK in T-cell malignancies are available to date.
CAR-T, chimeric antigen receptor T-cell; CAR-NK, CAR-natural killer.

stem cells (iPSCs), which offer an essentially unlimited cell
source for allogeneic CAR-T cell manufacturing. However,
this approach faces substantial challenges, particularly in
achieving efficient T-cell differentiation and expansion, and
remains technically more demanding than methods based
on peripheral blood–derived T cells.

8. CAR-macrophage
Unlike T and NK cells, which are lymphoid-lineage

cells, macrophages are myeloid-lineage cells. In contrast to
T and NK cells, which circulate and mediate direct cytotox-
icity, macrophages are typically tissue-resident cells whose
primary functions include the clearance of damaged cells
and foreign materials within tissues. In solid tumor mod-
els (e.g., glioblastoma), CAR macrophages have demon-
strated lower direct cytotoxicity than CAR-T or CAR-NK
cells [13]. This suggests that their primary mechanism
of action, tumor microenvironment remodeling, may be
less suitable for T-cell hematologic diseases, which re-
quire potent direct cytolytic activity. Clinically, HER2-
targeted CAR-macrophages exert their main therapeutic ef-
fects through tumor infiltration, remodeling of the solid tu-
mor microenvironment, and enhancement of CD8+ T-cell
recruitment, thereby converting “cold” tumors into “hot”
tumors [14]. Because T-cell–related diseases are hemato-
logic disorders, they require therapies with potent cytotox-
icity and acceptable toxicity profiles, rather than primarily
tissue-infiltrative functions. Therefore, CAR macrophages
are likely to realize their full potential in solid tumors, par-
ticularly in combination with CAR-T or CAR-NK therapies
rather than as standalone agents for T-cell–related hemato-
logic diseases.

9. CAR-NK Cells
Like T cells, NK cells arise from lymphoid lineages.

Both NK and T cells have been widely used as lymphoid
effector cells for anticancer immunotherapy. When a CAR
targeting a T-cell antigen is expressed in NK cells, the re-
sulting CAR-NK cells remain intrinsically fratricide-free
because NK cells do not express T-cell–restricted targets.
Additionally, unlike T cells, NK cells exhibit relatively
short in vivo persistence, which effectively reduces the risk
of prolonged T-cell aplasia but also limits durable efficacy
(Table 1). This limitation can be mitigated through re-
peated NK cell administration. Moreover, NK cells do not
express the T-cell receptor responsible for GvHD in allo-
geneic T-cell products, making allogeneic use of NK cells
feasible. This enables large-scale off-the-shelf manufac-
turing and the potential for substantial cost reduction. Al-
though shorter persistence may be viewed as a drawback,
it also contributes to the favorable safety profile of CAR-
NK-based therapies. Clinical studies on B-cell hematologic
malignancies have shown that CAR-NK cells can achieve
efficacy comparable to that of CAR-T cells, while offering
superior safety [15]. The efficacy of CAR-NK cells has also
been confirmed in an acute T-cell lymphoblastic leukemia
model [16]. NK cells from various sources (e.g., periph-
eral blood, umbilical cord blood, iPSC-derived NK cells,
and NK-92 cell lines) have been studied in translational
research [17,18]. However, no CAR-NK product has yet
been approved as a marketed therapy. Large-scale off-the-
shelf manufacturing, preservation of post-thaw potency,
and solid tumor infiltration are challenges to be solved.

10. Discussion and Conclusion
T-cell-related diseases are being actively explored

as the next major therapeutic target for CAR-based im-
munotherapies following the success of CAR-T cells in B-
cell hematologic malignancies. Although CAR-T cells of-
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fer advantages such as robust clonal expansion, potent anti-
tumor efficacy, and long in vivo persistence, their applica-
tion to T-cell–related diseases is hindered by fratricide, pro-
longed aplasia, challenges in establishing allogeneic prod-
ucts, and serious treatment-limiting adverse events. In
contrast, CAR–macrophage approaches are primarily con-
strained by their low cytotoxic efficacy in this setting. How-
ever, CAR-NK cells represent a promising alternative, ow-
ing to their intrinsic resistance to fratricide and T-cell apla-
sia, suitability for allogeneic, off-the-shelf manufacturing,
and favorable safety profile. Collectively, considering ef-
ficacy, safety, and manufacturability, CAR-NK cells ap-
pear to be a more suitable platform than CAR-T or CAR-
macrophage therapies for T-cell–related diseases. Accord-
ingly, future efforts should prioritize (1) optimizing CAR-
NK designs for T-cell antigen targets and (2) establish-
ing robust, cost-effective, and scalable manufacturing pro-
cesses for allogeneic CAR-NK products.
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