
Dean&Francis

Emerging Frontiers in Cancer Immunotherapy: Recent Advances in 
CAR-NK Cell and CAR-Macrophage Therapies

David Drew

Department of Natural Science and Mathematics, University of Houston, Texas, USA
Corresponding author: dddrew@uh.edu

Abstract:
Chimeric antigen receptor (CAR) cell therapies have revolutionized the field of cancer treatment with the breakthrough 
successes of CAR-T cell therapy in hematological malignancies. However, CAR-T cell efficacy in solid tumors has been 
limited by challenges such as the immunosuppressive tumor microenvironment (TME) and safety concerns like cytokine 
release syndrome (CRS) and graft-versus-host disease (GvHD). This review focuses on the latest advancements in 
CAR-NK cell and CAR-macrophage therapies, which offer potential solutions to these limitations. CAR-NK cells 
exhibit natural cytotoxicity and MHC-independent tumor targeting, providing a safer profile with lower risks of GvHD 
and CRS compared to CAR-T cells. Innovations in CAR-NK cell therapy includes structural optimizations, gene editing 
with CRISPR-Cas9, and the development of multispecific CARs, all contributing to enhanced anti-tumor efficacy, 
especially in solid tumors. Meanwhile, CAR-macrophages are effective in remodeling the TME through phagocytosis 
and immune activation, addressing the challenges of solid tumor infiltration. This review compares the mechanisms of 
action, clinical applications, and safety profiles of CAR-NK cells and CAR-macrophages, highlighting the synergistic 
potential of these therapies. Although clinical research on both therapies is still in its early stages, the promising 
preclinical and early clinical trial results underscore their potential as alternative immunotherapies for refractory 
cancers. Future research will focus on overcoming challenges in production scalability, improving in vivo persistence, 
and personalizing CAR therapies through precision medicine approaches. These two therapies will likely play pivotal 
roles in the next generation of cancer immunotherapies.
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1. Introduction
Over the last decade, chimeric antigen receptor (CAR)-
based cell therapies have emerged as a leading approach 
in cancer immunotherapy [1-5]. The initial successes of 
CAR-T cell therapy, particularly in preclinical research 
and clinical trials, demonstrated potent anti-tumor effects 
and remarkable improvements in response and remission 
rates compared to traditional treatments for various hema-
tological malignancies [2, 4, 5]. However, these successes 
have not been replicated in solid tumors, and clinical trials 
for CAR-T cells targeting solid tumors have only recently 
been approved [2, 4, 5].
The challenges in applying CAR-T cell immunotherapy to 
solid tumors are numerous. They include limited traffick-
ing and infiltration of T cells into the tumor, difficulties in 
in vivo expansion and persistence, the immunosuppres-
sive tumor microenvironment (TME), tumor resistance 
and escape mechanisms, as well as safety problems in-
cluding graft-versus-host disease (GvHD) and cytokine 
release syndrome (CRS) [4, 5] . Recent studies exploring 
the application of CAR technology to natural killer (NK) 

cells and macrophages have shown promising results, 
although clinical research in these areas is still in its early 
stages [1-4]. Each type of immune cell—NK cells and 
macrophages—plays a unique role in the immune system 
and presents distinct advantages and limitations with re-
gards to CAR-based therapy. NK cells, as cytotoxic innate 
immune system lymphocytes, are capable of MHC-inde-
pendent targeting of tumor cells and possess a superior 
safety profile compared to CAR-T cells, with minimal 
risk of GvHD and CRS. This is due to their different tar-
geting and cytokine signaling mechanisms and their low 
persistence in vivo [2-4]. NK cells utilize multiple recog-
nition pathways, balancing signals from activating recep-
tors—which bind to stress-induced ligands and non-clas-
sical MHC class I molecules—and inhibitory receptors, 
which recognize classical MHC class I molecules [2, 3]. 
Additionally, NK cells recognize the Fc fragment of an-
tibodies and engage in antibody-dependent cellular cyto-
toxicity [2-4]. The downregulation of MHC molecules is 
a common antigen escape mechanism in tumors, which is 
countered by the MHC-independent recognition pathways 
of NK cells [2, 3]. However, like T cells, NK cells are not 
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abundant among tumor-infiltrating lymphocytes (TILs) 
in the TME and struggle to resist the immunosuppressive 
environment of solid tumors [2-4].
Macrophages, another critical component of the innate 
immune system, are phagocytic cells that target dead and 
dying cells and are key players in antigen presentation 
and recruitment of both the innate and adaptive immune 
system. Tumor-associated macrophages (TAMs) are often 
of the immunosuppressive M2 phenotype, which is cru-
cial for maintaining the immunosuppressive TME, and 
they constitute the majority of tumor-infiltrating immune 
cells [2-4]. However, macrophages exhibit high pheno-
typic plasticity and can also adopt the pro-inflammatory 
M1 phenotype, which plays an immunostimulatory role 
through the secretion of inflammatory cytokines [1, 4]. 
Macrophages support cancer immunity through the phago-
cytosis of cells undergoing immunogenic cell death and 
through antibody-dependent cellular phagocytosis, which 
facilitates the recruitment of TILs via antigen presentation 
[1, 4]. While macrophages share some safety concerns 
with T cells, such as CRS, they have an advantage in tu-
mor infiltration due to their ability to recognize the hypox-
ic environment of the TME directly [1, 4].
The basic design principles of CAR technology are 
consistent across NK cells, macrophages, and T cells. 
A typical CAR consists of an extracellular recognition 
domain—typically the light and heavy chain variable 
regions of a tumor antigen antibody—fused with the intra-
cellular CD3ζ signaling domain, along with costimulatory 
domains like CD28 and 4-1BB (CD137) [1-5]. While the 
majority of CARs share this TCR-derived structure, NK 
cells have their own non-TCR signaling receptors, and 
some studies have explored CAR constructs that utilize 
the intracellular components of activating NK cell recep-
tors to enhance cytotoxicity [2-4]. CAR-T cell therapy has 
the most extensive body of preclinical research and the 
largest number of clinical trials, particularly in the context 
of liquid cancers. There are currently five FDA-approved 
CAR-T cell treatments targeting relapsed B cell malig-
nancies, including lymphomas, B cell leukemias, and 
multiple myelomas [2, 4, 5]. In contrast, CAR NK cells 
and CAR macrophages remain primarily of preclinical 
interest, with a growing body of literature supporting their 
efficacy, but less than a hundred clinical trials registered 
on ClinicalTrials.gov for both types of treatments [2, 4, 
5]. Among these, only one clinical trial by Liu et al. has 
reported results—a phase I trial involving allogeneic cord 
blood-derived anti-CD19 IL-15 armored CAR-NK cells 
targeting relapsed and refractory CD19+ malignancies 
(NCT03056339) [2-4].
This review will explore the latest advances in CAR-NK 
and CAR-macrophage therapies, comparing their effica-

cy, advantages, and limitations with each other and with 
CAR-T cell therapy. Future perspectives and challenges in 
CAR cancer immunotherapy will be discussed, with the 
aim of identifying unmet therapeutic needs and formulat-
ing effective strategies to address these challenges, there-
by paving the way from bench to clinic for these novel 
therapies.

2. Latest Advances in CAR NK Cells
2.1 Structural Improvements of CAR NK 
Cells
Various studies have explored structural optimization and 
innovative designs for CAR constructs in CAR-NK cells. 
Many of these advancements have been derived from 
CAR-T cells, particularly third- and fourth-generation 
constructs, which incorporate cytokine co-expression 
and additional co-stimulatory domains [2-4]. Specific 
optimizations for NK cell signaling pathways have also 
been investigated, such as employing NK cell-activating 
receptors and costimulatory domains [2-4]. Research into 
bispecific and multispecific CAR-NK cells offers signif-
icant potential for treating refractory cancers, relapse in 
patients, and improving efficacy in solid tumors [2-4].
Next-generation CAR constructs, particularly third- and 
fourth-generation CAR-T designs, include co-expression 
of cytokines, inhibitory components, and logic gates, 
which have notably enhanced the CAR-T cell therapy’s ef-
ficacy and safety [2, 3]. These strategies are being utilized 
in CAR-NK cell therapy, leading to improved anti-tumor 
action, especially in CD19+ hematological malignancies 
like acute lymphoblastic leukemia (ALL) and multiple 
myeloma (MM) [6-12]. There have also been some re-
ports of success in solid tumors, such as glioblastoma, 
lung cancer and stomach cancer [13-18]. New designs 
incorporating inhibitory domains from killer cell immuno-
globulin-like receptors (KIRs) aim to prevent effector cell 
fratricide resulting from trogocytosis, where CAR-NK 
cells acquire tumor antigens from target cells [19]. Addi-
tionally, inhibitory signals like PD-1 can be inverted by 
integrating the extracellular PD-1 receptor into the CAR 
construct [18]. Programmable logic-gated CARs have also 
been adapted to CAR-NK cells, with one example being 
MyD88, an activator regulated by the small molecule rim-
iducid [20]. Despite the generally favorable safety profile 
of CAR-NK cells, inducible caspase-9 (iC9) switches acti-
vated by small molecules have been introduced as a safety 
mechanism [9, 20].
Furthermore, the incorporation of extracellular NKG2D 
receptor domains and NK cell-specific costimulatory 
domains, such as 2B4 and DNAM1, is hypothesized to 
enhance NK cell proliferation and persistence by engag-
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ing NK-specific activating pathways [11]. This has been 
shown to increase anti-tumor efficacy in both tumor xeno-
graft models of solid tumors and liquid cancers. CAR con-
structs can also harness antibody-dependent cellular cyto-
toxicity (ADCC) by integrating the extracellular domain 
of the CD16 (FcγRIII) receptor [21]. Bispecific and tan-
dem CAR designs have garnered significant interest, with 
examples such as CD19 and mesothelin tandem CARs for 
gastric cancer and bispecific GD2-NKG2D CARs for glio-
blastoma, which have demonstrated enhanced anti-tumor 
efficacy and cytotoxicity in vivo [17, 18]. The use of these 
designs holds promise for improving solid tumor targeting 
and leveraging NK-specific antitumor mechanisms like 
NKG2D receptors and ADCC.

2.2 Gene Editing in CAR NK Cells
The precision and versatility of CRISPR-Cas9 gene ed-
iting have played a crucial role in advancing CAR-NK 
cell therapy. One study demonstrated that CRISPR-Cas9 
gene knockout of CD38 in CD38 CAR-NK cells reduced 
effector cell fratricide, enabling an effective anti-tumor 
response against acute myeloid leukemia (AML) by tar-
geting the CD38 tumor-associated antigen (TAA), which 
is also expressed in NK cells at significant levels [11]. Be-
sides introducing CAR constructs, accessory co-stimulato-
ry molecules, switches, and other elements—each requir-
ing genetic engineering—other gene-editing applications 
are essential for CAR-NK therapy. Co-expression of the 
CXCR1 chemokine receptor with an NKG2D CAR has 
been reported to increase tumor infiltration and anti-tumor 
effects in ovarian tumor xenografts [21]. To minimize 
potential in vivo side effects, the CAR and CXCR1 were 
delivered transiently in mRNA form via electroporation, 
while other transduction methods, such as viral vectors, 
allowed integration of the desired transgene into the NK 
cell genome [2, 3, 21]. As the understanding of NK cells 
in cancer biology becomes more refined, gene editing will 
play an increasingly prominent role in refining CAR-NK 
cell therapy through rational engineering strategies.

2.3 Application of CAR NK Cells in Different 
Tumors
Preclinical research on CAR-NK cells, similar to CAR-T 
cells, has primarily achieved successes in hematological 
malignancies. In addition to widely studied antigens like 
CD19, CAR constructs targeting antigens such as CD123 
in AML and FMS-like tyrosine kinase 3 (FLT3) have 
shown promise [12, 22]. Tumor-specific antigens have 
also been used, such as NPM1-mutant neoepitope CAR-
NK constructs targeting NPM1-mutated AML [10]. Re-
cently, efforts have expanded to address solid tumors with 
CAR-NK cells. Studies targeting solid tumors with HER2, 

EGFR, and tissue factor (TF)-specific CARs have shown 
promising results in vivo using tumor xenograft models 
[14, 23, 24]. Other studies targeting solid tumors include 
c-Met CAR-NK cells for hepatocellular carcinoma and 
prostate stem cell antigen (PSCA) CAR-NK cells for pan-
creatic cancer, all demonstrating therapeutic efficacy [25].
While these preclinical results support further exploration 
of CAR-NK cells in solid tumors, most ongoing clinical 
trials remain focused on hematological malignancies, and 
no CAR-NK cell therapies have been FDA-approved. To 
date, only three phase I/II clinical trials involving CAR-
NK therapy are registered with the ClinicalTrials.gov da-
tabase, and just one has published results (NCT03056339). 
Liu et al. conducted a phase I trial using allogeneic cord 
blood-derived anti-CD19 IL-15-armored CAR-NK cells 
to target relapsed and refractory CD19+ malignancies, 
including ALL [26]. The trial showed a 48.6% overall re-
sponse (OR) rate at day 30 and day 100 endpoints, with a 
37.8% complete remission (CR) rate at one year. Patients 
maintained CR with a 70% probability over one year, and 
importantly, no significant CRS or neurotoxicity was ob-
served [26]. These results provide strong justification for 
continuing efforts to translate CAR-NK therapy into clini-
cal practice.

2.4 Production and Clinical Application of 
CAR NK Cells
One of the major challenges in CAR-NK cell therapy is 
the search for an “off-the-shelf” CAR-NK cell source for 
clinical use. Unlike allogeneic CAR-T cell therapy, which 
carries risks such as GvHD, allogeneic CAR-NK cell ther-
apy offers safety and enhances NK cell anti-tumor effects, 
making it feasible to develop a universal NK cell source 
[2-4]. The NK-92 cell line, frequently used in preclinical 
studies, must be irradiated due to its lymphoma origins, 
preventing proliferation in vivo, which makes it unsuitable 
for therapeutic use [2,-4]. Current manufacturing efforts 
face hurdles such as low transduction efficiency and high 
production costs.
Various strategies have been used to improve transduc-
tion rates while maintaining NK cell viability, including 
viral and other methods such as optimized viral vectors 
(BaEV-LVs) and retroviral vectors [24, 27, 28]. Non-viral 
methods include the piggyBac transposon system, direct 
electroporation of CAR plasmids, and charge-altering 
releasable transporters (CARTs) [29-31]. These methods 
enable larger CAR constructs and co-expression of addi-
tional genes. Another challenge in manufacturing is the 
need for extensive NK cell expansion. Feeder cells, paired 
with stimulatory cytokines, are typically used, but the cost 
of obtaining and culturing feeder cells is prohibitive for 
large-scale production [2-4, 12]. Alternative approaches, 
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such as feeder-free systems and induced pluripotent stem 
cells (iPSCs), show promise in producing high yields of 
CAR-NK cells while maintaining viability and persistence 
[2-4, 32, 33].

2.5 Safety and Persistence of CAR NK Cells
The favorable safety profile of CAR-NK cells has been 
widely documented in preclinical studies, with no sig-
nificant adverse effects except in cases involving IL-15 
co-expression, where mild CRS was observed [2-4 9]. The 
MHC-independent recognition pathways and limited cy-
tokine release of NK cells allow for allogeneic transplan-
tation without the risk of GvHD or CRS, major concerns 
in CAR-T cell therapy [2-4]. However, the primary chal-
lenge in CAR-NK cell therapy remains low persistence 
and limited response to treatment [2-4]. Efforts to improve 
CAR-NK cell resistance to immunosuppressive mecha-
nisms, particularly in solid tumors, continue to be a focus 
of research.

3. Latest Advances in CAR Macro-
phages
3.1 Development and Design of CAR Macro-
phages
CAR-macrophages share structural similarities with CAR-
NK cells, consisting of a fused extracellular recognition 
and intracellular signaling domain, and co-stimulatory 
molecules [1, 4]. However, macrophage-specific intra-
cellular domains activate unique functions not found in 
cytotoxic immune cells [1, 4]. For instance, the FcRγ 
signaling domain is essential for phagocytosis, while the 
CD147 domain promotes the secretion of matrix metallo-
proteinases (MMPs), facilitating tumor infiltration by de-
grading the extracellular matrix (ECM) [1, 4, 34]. Unlike 
CAR-NK cells, CAR-macrophages excel at infiltrating 
solid tumors and remodeling the tumor microenvironment 
(TME) [1, 4, 34]. Furthermore, CAR-macrophages can be 
reprogrammed from the M2 to M1 phenotype, increasing 
their anti-tumor efficacy [1, 4, 34]. Efforts to optimize 
CAR-macrophages are focused on overcoming their in-
ability to proliferate in vivo and addressing challenges 
such as liver migration and macrophage checkpoints like 
CD47-SIRPα, which inhibit phagocytosis [1, 4, 34].

3.2 Role of CAR Macrophages in Tumor Mi-
croenvironment
CAR-macrophages play a vital role in shaping the TME. 
Upon activation, they are readily repolarized into the M1 
phenotype, which resists immunosuppression and secretes 
pro-inflammatory cytokines [1, 4, 34]. These cytokines 
stimulate nearby immune cells and enhance phagocytosis 
and antigen presentation [1, 4, 34]. Studies have demon-

strated that CAR-macrophages improve tumor clearance 
in vitro, reduce tumor burden, and extend survival in 
tumor xenograft mouse models [1, 4, 34]. Furthermore, a 
synergistic effect has been observed between CAR-T cells 
and CAR-macrophages, enhancing the combined anti-tu-
mor response through cytokine signaling [1, 4, 34].

3.3 Preclinical and Clinical Studies of CAR 
Macrophages
Preclinical research on CAR-macrophages has been 
limited by the inability of differentiated macrophages to 
proliferate, complicating large-scale manufacturing [34]. 
One promising approach involves in vivo transfection of 
macrophages with CAR transgenes. For example, a study 
using a nanoporter-hydrogel system achieved transfec-
tion of CD133 CAR constructs into microglia within the 
tumor resection cavity, successfully managing relapse in 
post-operative glioblastoma (GBM) models [35]. Other 
methods have included using lipid nanoparticles to deliver 
CAR constructs, demonstrating potential for in vitro CAR 
expression in macrophages [36]. Ex vivo fabrication of 
CAR macrophages from iPSCs and hematopoietic stem 
cells (HSCs), which can readily expand, be modified with 
a CAR construct, and then differentiated into CAR-mac-
rophages, is another promising approach [37, 38]. Gene 
editing technologies have been applied to improve the ef-
ficacy of CAR-macrophages, particularly in enhancing the 
pro-inflammatory M1 phenotype [39].

4. Comparative Analysis and Discus-
sion of CAR NK Cells and CAR Mac-
rophages
4.1 Comparison of Biological Characteristics 
and Mechanisms of Action
CAR-NK cells and CAR-macrophages have unique im-
munological properties that grant them different advan-
tages in anti-tumor immunity. CAR-NK cells benefit from 
distinct recognition pathways that detect stress-induced 
ligands, downregulation of classical MHC molecules, and 
presentation of non-classical MHC molecules, which are 
often found in cancer cells [2-4]. This makes CAR-NK 
cells especially effective in targeting treatment-resistant 
and refractory cancer cells, as they exploit immune es-
cape mechanisms used by tumors [2-4]. However, CAR-
NK cells are challenged by poor in vivo persistence, poor 
expansion, and difficulties infiltrating solid tumors [2-
4]. Once inside, they are susceptible to exhaustion and 
immunosuppression, similar to other tumor-infiltrating 
immune cells [2-4]. In contrast, CAR-macrophages lack 
direct cytotoxicity but are highly effective at reshaping the 
TME and engaging the broader immune system [1, 4, 34]. 

4



Dean&Francis

Macrophages naturally infiltrate solid tumors, where they 
make up the majority of tumor-resident immune cells, typ-
ically in the immunosuppressive M2 phenotype [1, 4, 34]. 
However, their phenotypic plasticity allows them to be 
polarized into pro-inflammatory M1 macrophages, which 
help relieve suppression of surrounding immune cells and 
induce an endogenous immune response [1, 4, 34]. This 
capability is enhanced by macrophage-mediated phagocy-
tosis and tumor antigen presentation following the immu-
nogenic cell death of cancer cells [1, 4, 34]. Additionally, 
both CAR-NK cells and CAR-macrophages benefit from 
antibody-directed responses against tumors, leveraging 
NK cell cytotoxicity and macrophage phagocytosis [1-4, 
34].

4.2 Comparison of Clinical Applications and 
Efficacy
Both CAR-NK cells and CAR-macrophages show great 
potential in clinical applications, but there is a more 
extensive body of clinical research on CAR-NK cells. 
There is at least one completed clinical trial with pub-
lished results for CAR-NK cells, while CAR-macro-
phages have only one active phase I clinical trial targeting 
HER2-positive solid tumors, according to ClinicalTrials.
gov (NCT04660929) [26]. The clinical trial for CAR-NK 
cells reported impressive outcomes, with a 48.6% overall 
response (OR) rate and a 37.8% complete remission (CR) 
rate after one year [26, 40]. CAR-NK cells also exhibit an 
excellent safety profile, showing minimal risk of toxici-
ties and side effects like GvHD, CRS and neurotoxicity, 
while maintaining their cytotoxic effects on tumors [2-4]. 
In contrast, CAR-macrophages are prone to CRS due to 
the secretion of pro-inflammatory cytokines, which poses 
a significant safety concern for patients [34]. CRS symp-
toms, such as fever, joint pain, and fatigue, must be mon-
itored, and treatment with steroids (e.g., dexamethasone 
and methylprednisolone) and tocilizumab (an FDA-ap-
proved cytokine antibody) can mitigate these side effects 
[41]. In some preclinical CAR constructs, suicide switch-
es like inducible caspase-9 (iC9) have been incorporated, 
allowing treatment cessation in cases of severe toxicity [9, 
20].

4.3 Comparison of Safety and Side Effects
As CAR-NK and CAR-macrophage therapies evolve, 
next-generation CAR designs will likely adopt features 
from CAR-T cell research, including dual, tandem, and 
multispecific CAR constructs [1, 5]. These designs help 
overcome antigen escape mechanisms and improve speci-
ficity for solid tumors [1, 5]. For example, programmable 
CAR constructs like the synNotch circuit combine AND/
NOT gates to integrate signals from multiple antigens, 

managing the risk of side effects [1, 5]. Synthetic cytokine 
circuits are also employed to ensure that cytokines inter-
act only with the CAR-modified cells, reducing the risk of 
CRS and neurotoxicity [1, 5]. Gene editing technologies, 
such as CRISPR, are expected to enhance the efficacy of 
CAR therapies as well. By silencing antigens expressed in 
both cancer and immune cells, such as CD38 in AML, re-
searchers can prevent effector cell fratricide and maintain 
treatment efficacy [1, 5, 11]. As understanding of immune 
checkpoints and NK/macrophage signaling grows, gene 
knockout strategies will also be used to disrupt inhibitory 
pathways, improving CAR cell persistence and activity in 
the TME.

5. Future Directions and Research 
Challenges
5.1 Technological Developments and Innova-
tions, Challenges in Clinical Application
Both CAR-NK and CAR-macrophage therapies face sig-
nificant hurdles in clinical application and manufacturing. 
One emerging trend in CAR-NK research is the pursuit 
of a universal CAR-NK cell source, which would signifi-
cantly reduce production costs and time [2-4]. Cell lines 
like NK-92 have been optimized for high expansion and 
viability in laboratory settings, but their clinical utility is 
limited by poor in vivo persistence and proliferation [2-
4]. CAR-macrophages face even greater challenges due 
to their inability to proliferate once fully differentiated 
[1, 4, 34]. Early studies on in vivo gene editing of mac-
rophages were complex, costly, and yielded low numbers 
of tumor-infiltrating CAR-macrophages [34]. A promis-
ing solution for both therapies involves using iPSCs and 
HSCs, which can be expanded in the lab before differen-
tiation into CAR-NK or CAR-macrophages [1-4, 34-36]. 
This approach allows for a streamlined, GMP-compliant 
fabrication process, although optimal timing for CAR 
introduction and stem cell expansion remains an area of 
active research. As clinical trials increase, CAR-NK cell 
therapy will likely expand beyond hematological malig-
nancies to include solid tumors, while CAR-macrophages 
will be studied beyond HER2-positive cancers. Advances 
in CAR construct design, safety features, and manufac-
turing processes will make these therapies accessible to a 
wider patient population, addressing an urgent unmet need 
for effective cancer immunotherapies.

5.2 Personalized Medicine and Precision 
Therapy
Some early efforts have been made toward personalized 
CAR-NK and CAR-macrophage therapies. One study 
used clinical trial, transcriptomic, and proteomic data 
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to identify potential CAR targets, creating a database of 
over 100 targets and 100,000 target pairs for designing 
patient-specific therapies and improving patient matching 
with existing CAR treatments [42]. Another study devel-
oped organoids derived from patient cancer cells to model 
healthy colorectal tissue and tumor tissue, utilizing a 
luciferase-based viability assay to visualize CAR-NK-92 
toxicity across different targets [43]. These models pro-
vide a valuable tool for optimizing antigen selection and 
treatment efficacy before clinical application. As machine 
learning algorithms, genomic datasets, and patient-derived 
tumor models improve, the potential for personalized 
CAR cell therapy will grow, offering tailored treatments 
based on patient-specific factors. This will be especially 
important as CAR-NK and CAR-macrophage therapies 
become established as viable alternatives to CAR-T cell 
therapies.

6. Conclusion
CAR-NK cell and CAR-macrophage therapies represent 
significant advancements in cancer immunotherapy and is 
a solution to the limitations faced by CAR-T cell therapy, 
particularly in targeting solid tumors. While CAR-T cell 
therapy has demonstrated notable successes in hemato-
logical malignancies, it struggles with the complexities of 
the TME, limited trafficking, and high risks of CRS and 
GvHD [1, 5]. In contrast, CAR-NK cells provide a safer 
alternative with minimal risk of CRS and GvHD due to 
their innate immune properties and MHC-independent 
mechanisms [2-4]. Similarly, CAR-macrophages bring 
unique advantages by remodeling the TME and enhanc-
ing anti-tumor immunity through phagocytosis, antigen 
presentation, and polarization from immunosuppressive 
M2 macrophages to pro-inflammatory M1 phenotypes 
[1, 4, 34]. In terms of structural and technological im-
provements, both CAR-NK cells and CAR-macrophages 
are benefiting from advancements initially developed 
for CAR-T cells [1, 5]. Third- and fourth-generation 
CAR constructs with co-stimulatory molecules, cyto-
kine co-expression, and logic gates, have been adapted 
to improve the effect and safety of CAR-NK cells [1-5]. 
These innovations, alongside gene editing technologies, 
are enabling more precise design of CAR cells to improve 
tumor targeting, persistence, and resistance to TME im-
munosuppression. The versatility of CAR designs, such 
as bispecific and tandem CARs, is further increasing their 
effectiveness, especially in refractory cancers and solid 
tumors.
CAR-macrophages, while still in the early stages of clin-
ical research, show promise in overcoming the challenge 
of solid tumor infiltration which they are naturally suited 

to. Their ability to reshape the TME by releasing pro-in-
flammatory cytokines and promoting antigen presentation 
sets them apart from other CAR-based therapies [1, 4, 
34]. However, their clinical application is limited by their 
inability to proliferate in vivo and the complexity of their 
manufacturing process [1, 4, 34]. As iPSCs and HSCs 
emerge as viable platforms for scalable production, the use 
of these stem cell sources could revolutionize the large-
scale manufacturing of CAR-NK cells and CAR-macro-
phages, reducing costs and manufacturing time.
Although clinical studies on CAR-NK and CAR-macro-
phages is still lacking compared to CAR-T cells, early 
results are promising. Studies, such as the phase I trial of 
cord blood-derived anti-CD19 IL-15-armored CAR-NK 
cells, have demonstrated durable responses in patients 
with minimal toxicity [26]. CAR-macrophage therapy 
is also advancing, with ongoing clinical trials targeting 
HER2-positive solid tumors showing potential in re-
shaping the TME and boosting immune responses [40]. 
Looking forward, future research will likely focus on 
overcoming the remaining challenges in CAR-NK and 
CAR-macrophage therapy, such as improving in vivo 
persistence, expanding the range of targetable tumors, and 
further optimizing CAR constructs for both efficacy and 
safety. The integration of programmable CAR designs, 
synthetic cytokine circuits, and gene editing will enable 
more precise and personalized therapies, aligning with 
the emerging field of precision medicine. Personalized 
approaches, leveraging genomic, transcriptomic, and 
proteomic data, along with patient-derived tumor models, 
will play a critical role in optimizing CAR therapies to 
meet individual patient needs.
In conclusion, CAR-NK cells and CAR-macrophages 
have immense potential to fill unmet therapeutic gaps left 
by CAR-T cell therapy, especially for patients suffering 
from treatment-resistant cancers or those ineligible for 
CAR-T therapy. With continued technological innova-
tions, the development of personalized therapies, and 
further clinical trials, CAR-NK and CAR-macrophage 
therapies could become essential components of the future 
landscape of cancer immunotherapy.
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