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Abstract:

For some malignances that are highly aggressive and metastatic are usually considered incurable. However, with the
advent of immunotherapy, this therapy could be possibly effective after other three major therapies: surgery, radiation,
chemotherapy. As an emerging immunotherapy, chimeric antigen receptor (CAR) T cells have been applied to treat
hematologic malignances and some patients achieved long-term remission and temporary cure. However, CAR-T cells
also bring side effects such as cytokine release syndrome (CRS), neurotoxicity, etc. Moreover, CAR-T cells did not
perform well in solid tumors, for the reason that CAR-T cells are difficult to break through external barrier of solid
tumors, at the same time maintain cytotoxicity and persistence inside. Therefore, we introduce CAR-NK cells therapy
on the basis of CAR-T cells. At present all CAR-NK cell therapies are in clinical trials, its effectiveness has been
initially observed. Compared with CAR-T cells, patients with hematologic malignances received CAR-NK cell therapies
showed few side effects such as CRS and neurotoxicity.
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1. Introduction

1.1. Background on CAR therapy

For some malignances that are highly aggressive and met-
astatic are usually considered incurable. However, with
the advent of immunotherapy, this therapy could be pos-
sibly effective after other three major therapies: surgery,
radiation, chemotherapy. As an emerging immunotherapy,
chimeric antigen receptor (CAR) T cells have been ap-
plied to treat hematologic malignances and some patients
achieved long-term remission and temporary cure. How-
ever, CAR-T cells also bring side effects such as cytokine
release syndrome (CRS), neurotoxicity, etc. Moreover,
CAR-T cells did not perform well in solid tumors, for
the reason that CAR-T cells are difficult to break through
external barrier of solid tumors, at the same time maintain
cytotoxicity and persistence inside. Therefore, we intro-
duce CAR-NK cells therapy on the basis of CAR-T cells.
At present all CAR-NK cell therapies are in clinical trials,
its effectiveness has been initially observed. Compared
with CAR-T cells, patients with hematologic malignances
received CAR-NK cell therapies showed few side effects
such as CRS and neurotoxicity. These results benefit from
the properties of NK cells. Scientists can design the ap-
propriate CAR structure to enable CAR-NK cells to play
a stronger role on solid tumors. This review focuses on
advances in CAR-NK cell therapy on solid tumors.

2. Development of CAR therapy:
CAR-T cells

2.1. CAR Structure and design

CAR is a synthetic receptor that binds to a target cell
surface antigen without MHC participation and lead cyto-
toxic immune cells to target cells expressing that antigen.
Its function is to recognize target antigens and transmit
antigen signals to activate immunoreactions. Moreover,
it does not require the involvement of the TCR-CD3
complex, in other words, it detours the traditional route.
There are four main components of CAR: extracellular
antigen binding domain, spacer or hinge region, trans-
membrane domain and intracellular signaling domain.
The antigen-binding domain is usually composed of the
variable regions of an antibody heavy (VH) and light (VL)
chains and these two chains are connected by a flexible
linker to form a single-chain fragment variable (scFv).
In addition, scientists can design a protein or peptide to
replace scFv. Compared with a TCR recognizes antigens
via MHC, scFv and other synthetic structures determine
target specificity and bind to target antigens(Figurel). The
hinge region is the spacer region that exposes the anti-
gen-binding domain on CAR T cell surface for binding to
target antigens. The length of the hinge region depends on
the location of the target antigen. Target antigens close to
the cell membrane usually require a longer hinge region,
whereas target antigens close to the cell surface have a
shorter hinge region. The major function of the transmem-
brane domain is to dock CAR in the immune cell mem-
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brane "', Some studies, however, show that this region
can affect CAR activity, expression, stability, dimerization
and signal transduction ***, even the transmembrane do-
main in the anti-HIV CAR structure can participate in the
expression of CD4 on the cell surface™. The intracellular
signaling domain is the main structure that plays a role in
the structure of CAR, and there have been three genera-
tions of CAR-T. The first generation CAR T cells contain
a CD3( signaling domain, however, its antitumor activity
requires a two-step initiation to be optimal ", Therefore,
second-generation CAR-T contains a co-stimulatory do-
main in addition to a CD3( signaling structural domain
to improve its function. And the third-generation CAR-T
contains two co-stimulatory domains in addition to a
CD3( signaling structural domain. The most commonly
used co-stimulatory domains are CD28 and 4-1BB and
are FDA-approved.CD28 and 4-1BB have been shown
to favor T cell reinforcement. The combination of CD28
and CD3 contributes to the differentiation and persistence
of memory T cells, increases mitochondrial biogenesis,
enhances fatty acid oxidation and oxidative metabolism.
CD28 was observed to cause an increase in glucose utili-
zation and upregulation of glycolytic enzyme expression
591 4-1BB increases mitochondrial biosynthesis and
enhances fatty acid oxidative metabolism """, Co-stimula-
tory domains currently in the experimental stage include
0X40, CD27 and inducible T-cell stimulator (ICOS), etc.
0X40, normally induced after T cell activation, regulates
Tregs glycolysis and lipid metabolism and promotes T cell
expansion and generation of memory cells through a TNF
receptor-associated factor 2 (TRAF2)-dependent mecha-
nism """, Integration of the CD27 cytoplasmic domain into
a CAR construct enhances T cell expansion, effector func-
tions as well as survival and augments T cell persistence
and anti-tumor activity in vivo*. ICOS is critical for the
expansion and differentiation of helper T cells (Th17) "
Currently, in the third-generation CAR-T structures that
have been designed, the combination of CD28 and 4-1BB
enhances the ability of CAR to bind to antigen, increases
its proliferation and central memory differentiation, and
improves its in vivo activity "\,

2.2. Successful and fail experience on CAR-T
therapy

Five types of CAR-T cells have been approved by the
FDA. All five CAR-T cells target markers on the surface
of B cells, four targeting CD19 and one targeting B cell
maturation antigen (BCMA). All five cells have shown
promising results in refractory or recurrent hematologic
tumors such as lymphomas and leukemias of B cell origin
and multiple myeloma. The first FDA-approved CAR
T therapy is tisagenlecleucel (Kymriah™), based on a

multicenter study of 75 pediatric and young adult patients
with relapsed or refractory B cell precursor acute lym-
phoblastic leukemia (ALL) ""*. Within three months, this
cohort achieved an overall remission rate of 81%, with
60% of patients in complete remission. Fifty five out of 75
patients (73%) had a grade 3 or 4 tisagenlecleucel-related
adverse event. Grade 3 and 4 cytokine release syndrome
(CRS) occurred in 21 and 25% of patients,respectively,
with 35 of 75 patients (47%) being admitted to the in-
tensive care unit (ICU) for its management '”. Based on
these results, CAR-T therapy and tisagenlecleucel have
been successively approved by the FDA and used for the
treatment of refractory or relapsed large B-cell lymphoma,
including diffuse large B-cell lymphoma (DLBCL), high-
grade B-cell lymphoma and DLBCL arising from follicu-
lar lymphoma.

Axicabtagene ciloleucel (Yescarta™) became the second
FDA approved CAR T therapy on October 18, 2017 for
large B cell lymphoma, including DLBCL, primary medi-
astinal large B-cell lymphoma, high-grade B-cell lympho-
ma and DLBCL arising from follicular lymphoma, after
at least two lines of systemic treatment. A multi-center
ZUMA-1 trial with 101 patients showed an 82% objective
response rate (54% CR) and 52% overall survival rate at
18months. Grade 3 or higher CRS occurred in about 13%
of patients ",

The third CAR T therapy, Brexucabtagene autoleucel (Te-
cartus™), was approved for relapsed or refractory mantle
cell lymphoma by the FDA on July 24, 2020 based on a
single-arm, open-label ZUMA-2 trial. In this multicenter
Phase II trial with 74 patients enrolled, 68 patients took
the medication. The overall response rate was 93% with
67% CR. At 12months, the overall survival was 83%.
Grade 3 or higher CRS occurred in about 15% of patients
[1s]

Lisocabtagene maraleucel (Breyanzi™) is the most re-
cently approved CD19-targeting CAR T therapy against
relapsed or refractory large B-cell lymphoma, after two or
more lines of systemic therapy, including DLBCL not oth-
erwise specifed (including DLBCL arising from indolent
lymphoma), high-grade B-cell lymphoma, primary medi-
astinal large B-cell lymphoma, and follicular lymphoma
grade 3B "\, In this multicenter TRANSCEND trial with
192 evaluable patients, the objective response rate was
73%, with 53% CR, and the median duration of response
was 17months. Grade 3 or higher CRS occurred in about
2% of patients.

Idecabtagene vicleucel (Abecma®) is the only FDAap-
proved CAR T therapy not targeting CD19. It targets
BCMA on multiple myeloma (MM) cells and was ap-
proved by the FDA on March 26, 2021 for relapsed or
refractory MM. Of 128 patients who received treatment,
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the overall response rate was 73% with 33% CR. Grade 3

or higher CRS occurred in about 2% of patients *”).

2.3. Limitation of CAR-T therapy

2.3.1. Antigen selection

Despite the remarkable success of CAR-T cell therapy in
hematologic malignancies, one of the reasons for its limit-
ed role in solid tumors is antigen selection. There are few
antigens in solid tumors that are expressed only in tumor
tissue and not in normal tissue. As a result, some animal
experiments or clinical trials in which subjects undergoing
CAR-T cell therapy experienced tumor remission have
also shown significant on-target,off-tumor toxicity*' .
Usually, specific antigens on the surface of a tumor are
generally formed by mutations in the genes controlling the
expression of the antigen, which are full of randomness
and diversity. Therefore, CAR-T cells are designed for
such antigens. And other antigens expressed in tumor tis-
sues are also expressed in normal tissues, which has been
confirmed by many experiments.

2.3.2. Insufficient efficiency of CAR-T cell trafficking
and infiltration into tumor tissue

How CAR-T cells are trafficked into solid tumor tissue
after injection is also a major issue.The dense extracellu-
lar matrix1 containing large numbers of cancer-associated
fibroblast forms a physical barrier that prevents CAR-T
cells from entering the tumor tissue. In addition, dysregu-
lated expression of cytokines within tumor tissues attracts
suppressor immune cells to inhibit CAR-T cell function.
Researchers are currently improving CAR-T cell function
through a variety of approaches, such as regulating T cell
migration by expressing CXCL9 on CAR-T cells, inhib-
iting tumor angiogenesis, and enhancing the ability of
CAR-T cells to recruit T cells ™. Expression of CXCR2
on CAR-T cells also improves migration and accumula-
tion of CAR-T cells inside tumors, and co-expression of
IL-15 and IL-18 inhibits T cell exhaustion and apoptosis
(34]

2.3.3. Hostile tumor microenvironment

The tumor microenvironment (TME) contains many cells
within it, and cytokines and a different pH than normal
tissue can inhibit CAR-T cells. Regulatory T cells, my-
eloid-derived suppressor cells(MDSC), and cancer-associ-
ated fibroblasts can directly inhibit the function of CAR-T
cells. Immunosuppressive cytokines, vascular endothelial
growth factor, transforming growth factor (TGF-f), IL-
4,IL-10 can lead to dysfunction of T cells and promote the
infiltration of immunosuppressive cells. The acidic envi-
ronment inside the tumor tissue is equally unfriendly for T
cells to function.

2.3.4. Antigen escape

In CAR-T therapy, researchers have found that some
patients experience relapse and slow progression as treat-
ment progresses. It has been studied that mutations in the
target antigen gene on the tumor surface can lead to loss
of function of the target antigen. In addition, the alteration
of target antigen mRNA can lead to a shift in target anti-
gen phenotype from sensitive to resistant[34]. In addition,
the target antigen is transferred to T cells during the treat-
ment process, not only the density of target antigen on the
tumor decreases, but also the T cells will kill each other”.
There are also many studies devoted to how to prevent
target antigen loss.

2.3.5. Systematic toxicity

CAR-T cells, while exerting an anti-tumor effect, also
produce large side effects. T-cell activation releases large
amounts of cytokines, causing cytokine release syndrome
(CRS). The main manifestations are fever, hypotension,
hypoxia, and multi-organ failure®™. Cytokines can cross
the blood-brain barrier, while increased levels of cytokines
in the cerebrospinal fluid can lead to neurotoxicity, man-
ifesting as aphasia, altered mental status, tremor, seizures
and headaches. In addition, hemophagocytic lymphohis-
tiocytosis (HLH) and macrophage activation syndrome
(MAS) are the main side effects, which are characterized
by fever, hepatosplenomegaly, liver function abnormali-
ties, pancytopenia, increased levels of methemoglobin®’,
increased levels of glycoferrin triphosphate, hypertri-
glyceridemia, and hypoglycemia, with a high mortality
rate.

2.3.6. Insufficiency of CAR T cell expansion and per-
sistence

Expansion and persistence of CAR-T cells in tumor tis-
sues are also key to sustaining their role, especially for
malignancies that require long-term treatment. In solid tu-
mor tissues, an unfriendly tumor microenvironment leads
to decreased CAR-T cell expansion and persistence. There
are many ways to enhance the expansion and persistence
of CAR-T cells, such as transducing genes that express
promotive cytokines into CAR-T cells, which can be in-
duced when the T cells are exposed to antigens™". A panel
of cytokines including IL-12, IL-7, IL-15, IL-18, IL-21
and IL-23 are currently being investigated and entering
early phase clinical trials™"**.

2.3.7 Poor source and high cost

CAR-T cells are derived from a single source, mainly the
patient’s own peripheral blood, as the use of allogeneic
sources of T cells can produce severe GVHD.After the
T cells are extracted from the patient, they need to be
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genetically engineered and edited in vitro to make the
T cells express CAR, then expanded in vitro, and after
maturation, the patient needs to undergo lymphatic clear-
ance chemotherapy to make room for the CAR-T cells,
and then finally, the CAR-T cells are removed. cells into
the body. This process usually requires a wait of at least
several months, during which time the patient’s condition
may deteriorate!”’. In addition, CAR-T injections are
large, requiring at least several hundred million CAR-T
cells if they are to be therapeutically effective. Finally,
CAR-T treatments cost between $500,000 and $1,000,000,
and very few patients can afford this treatment*". There
are also experiments trying to use allogeneic CAR-T cells
from healthy individuals, but they are not yet in commer-
cial use. In contrast, CAR-NK cells come from a wide
variety of sources, while each source has its own unique
advantages, which is one of the reasons why CAR-NK
cell therapies are being studied on a large scale.

3. Applications of CAR-NK Cell Ther-
apy in Solid Tumor Treatment

3.1. CAR-NK cell source and structure

Researchers have explored different sources of NK cells
for producing and expressing CAR™. Currently, there
are four main sources of NK cells. The first one is the
immortalized human cell line NK92, derived from human
extracellular NK cell lymphoma. Its advantage lies in its
strong ability to expand in vitro, but due to its malignant
tendency, it must be irradiated before use*’. This also
reduces its survival in the peripheral blood of the recipi-
ent. In addition, NK92 cells are naturally deprived from
the CD16 domain and cannot trigger ADCC, the intrinsic
mechanism of NK cell anti-tumor activity*”. NK cells
can be obtained from the donor’s peripheral blood, which
is rich in mature NK cells that do not require HLA/KIR
matching. In addition, PB-derived cells respond more ef-
ficiently and are more persistent in circulation compared
to cells from other sources. NK cells can be obtained from
the donor’s peripheral blood, which is rich in mature NK
cells that do not require HLA/KIR matching. In addition,
PB-derived cells respond more efficiently and are more
persistent in circulation compared to other sources.The
disadvantages of PB-derived NK cells are that they do not
expand easily in vitro and PB-derived NK cells are at vari-
ous stages of maturation, making it difficult to standardize
them™*”". Umbilical cord blood is a carryover source of
NK cells, which has the advantage of being more capable
of in vitro expansion than PB-derived NK cells, but less
cytotoxic. The stimulation of immunocompetent progen-
itor stem cells(ipscs) are harvested from the mobilized
peripheral blood of the donor or from UCB. The CAR

construct is transduced into iPSCs, which are then differ-
entiated into CAR-expressing NK cells by incubation in a
cytokine cocktail of SCF, VEGF, BMP4, IL3, IL-15, IL-7
and FLT3L. This NK cell has the advantage of being able
to produce a large number of homogeneous NK cells from
a single iPSC®" and the disadvantage of low cytotoxici-
ty[sz,ss].

The current structure of CAR expressed by NK cells is
similar to that of T cells, which consists of four regions:
extracellular antigen binding domain, spacer or hinge re-
gion, transmembrane domain, and intracellular signaling
domain. Unique CAR structures designed for NK cells are
also currently available, the effects produced vary widely.
However, these different CAR constructs exhibited vary-
ing effects on cytotoxicity and cytokine production in NK
cells®***). The intracellular signaling domain of the first
generation CAR includes an activation domain that trans-
mits an activation signal to activate NK cells upon binding
of the activation receptor to the ligand. Currently many
structures can act as activation receptors, which largely de-
pends on the choice of ligand on the target cell. The most
thoroughly studied is NKG2D, a homodimeric receptor
that recognizes the stress-inducing ligands MICA, MICB,
and ULBP1-6 expressed on damaged, transformed, or
otherwise abnormal cells *°'. signaling through the adapter
molecule DAP10 to trigger NK activation. Here DAP10
acts as an activation domain and is part of the CAR struc-
ture. In addition, other activation domains such as DAP12,
CD39, FceRly, etc. function in conjunction with specific
activating receptors. The intracellular signaling domain of
second-generation CARs adds a co-stimulatory domain,
and CD28 and 4-1BB, which are widely used in T cells,
also enhance anti-tumor effects in NK cells. However,
2B4 has been reported to have stronger anti-tumor, apop-
tosis-reducing, and cytokine expression-enhancing effects
compared to CD28 . While the intracellular signaling
domains of the third-generation CARs contain multiple
co-stimulatory structural domains, the fourth-generation
adds to the third-generation structures expressing specific
cytokines to further enhance the anti-tumor capabilities of
NK cells.

3.2. Advantages of CAR-NK cells.

3.2.1. Safety:

Compared to T cells, NK cells have a shorter lifespan and
rapidly die off after their effects, which prevents them
from remaining in the body in large numbers to continue
their side effects, as is the case with the longer-lived T
cells, which continue to have side effects after their an-
ti-tumor effects. In addition, there are more sources of NK
cells, so patients can choose suitable exogenous NK cells
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to receive treatment at any time without having to wait for
a long period of time for expansion and cultivation. NK
cells and T cells have different cytokine secretion spectra,
with NK cells secreting IFN-y and GM-CSF"”*, whereas
T cells primarily induce cytokines such as IL-1a, IL-1Ra,
IL-2, IL-2Ra, IL-6, TNF-a, MCP-1, IL-8, IL-10, and IL-
15, which are highly correlated with CRS, and can lead to
severe neurotoxicity. NK cells and T cells have different
cytokine secretion spectra, with NK cells secreting IFN-y
and GM-CSF, whereas T cells predominantly induce cy-
tokines such as IL-1a, IL-1Ra, IL-2, IL-2Ra, IL-6, TNF-a,
MCP-1, IL-8, IL-10, and IL-15, which are highly correlat-
ed with CRS, and can cause severe neurologic toxicity"™".
Moreover, the GVHD phenomenon is rarely observed in
the CAR-NK experiments performed so far'®”,

3.2.2. Dual killing mechanism:

CAR-NK cells have a dual mechanism of killing tumor
cells, a CAR-independent mechanism and a CAR-de-
pendent mechanism. In the CAR-dependent mechanism,
activated NK cells lyse cells by releasing perforin and
granzymes. NK cells also express transmembrane re-
ceptors, such as natural cytotoxicity receptors (NCRs),
KIRs, NKG2D, or DNAM-1, etc(tablel),which can
induce kappa-mediated apoptosis in recognized cancer
cells. The secretion of IFN-y leads to the recruitment of
macrophages and dendritic cells, thereby promoting other
antitumor mechanisms®"*?. In addition, NK cells can kill
cancer cells mediated by ADCC. CD16 is key to ADCC,
recognizing the Fc fragment of immunoglobulin G (IgG)
that binds to epitopes on the surface of tumor cells'®”’. The
CAR-dependent mechanism means that researchers design
special CAR structures according to the needs of different
types of tumors. The most commonly used structures in-
clude CD28, CD3¢, DAP10, DAP12, 4-1BB, 2B4, etc.

3.2.3. Multiple sources:

As mentioned before, NK cells have rich sources, and
NK cells from different sources play different advantages
in treating different tumors. Meanwhile, no significant
GVHD and other side effects appeared in the experimental
process of NK cells from different sources.

3.3. Optimization of CAR-NK cell function
3.3.1. Maximizing CAR-NK cell survival:

Unmodified NK cells can only survive for 1 week in the
infused circulation'™*”, Application of IL-2 and IL-15
after infusion of CAR-NK cells enhanced NK cell expan-
sion and activation. When IL-2 and IL-15 were used in vi-
tro, the function of NK cells decreased dramatically when
the cytokines were withdrawn'". IL-15 is more when
applied in vivo because IL-15 is highly selective for NK

cells and does not stimulate regulatory T cells’”*"), where-

as IL-2 causes systemic toxicity, such as capillary leakage
syndrome, which results in rapid NK cell exhaustion and
other side effects'®’”. The use of rhIL-15 or the IL-15
engineered molecules ALT-803[71] and NKTR-255"*7%
showed minimal stimulation of CD4+ T cells and regula-
tory T cells and a good expansion status of NK cells, but
with lower potency and also with side effects”>’". The in-
vestigators will attempt to transduce the interleukin gene
into NK cells, prompting the NK cells to express inter-
leukin on their own, thus eliminating the need to receive
exogenous interleukin. Investigators will introduce the
membrane-bound IL-15 gene (mbIL-15) into CAR-NK
cells and observe an increase in survival and proliferation
of NK cells, but no therapeutic effect’”. A study showed
that CISH gene expression of CIS (cytokine-inducible
SH2-containing protein) inhibits the expression of IL-2
and IL-15. Introduction of membrane-bound IL-15 gene
into UCB-derived CAR-NK cells knocked down for CISH
gene significantly enhanced the therapeutic potential of
CAR-NK cells"™. Some studies have reported that infec-
tion with CMV increases the expansion of memory-like
NK cells, and it was found that CMV caused expansion
and CD94/NKG2D overexpression in a subpopulation
of CD56"™ NK cells deficient in FceRy, SYK, and EAT-
2, while decreasing the expression of PD-1, TIGHT, and
NKG1A checkpoint receptors””*”. Incubation of NK cells
with a variety of cytokines such as IL-2, IL-15, and IL-18
mediated the formation of memory-like NK cells, and the
nature and function of such NK cells were similar to those
formed by CMV infection™'. Preclinical studies have
shown that implanting CAR into memory-like NK cells
increases their survival and cytotoxicity"™”. In addition,
memory-like CAR-NK cells mediated stronger ADCC,
resisted the inhibitory effects of Treg and MDSC and sur-
vived longer in solid tumors™®. Although CAR successful-
ly transduced memory-like NK cells with low efficiency
(15%-25%), they were able to expand in large numbers in
vivo to correspond to the CD19 antigen®”. CAR-memo-
ry-like NK cells also demonstrated stronger degranulation
and IFN-y-based responses in vitro and in mouse acute
myeloid lymphoma (AML)"™".

3.3.2. Expansion and activation

Expansion and cultivation of CAR-NK cells has been a
big problem. Combining CAR-NK cells with cytokines
IL-2,IL-15,IL-18,IL-21, etc. can increase the expansion
of CAR-NK cells in vitro, but they are quickly exhausted.
One study showed that irradiated B-lymphoblasts stim-
ulated NK cell expansion in vitro. Both early T cells and
NK cells can expand, NK cells can expand 25 times, and T
cells can expand 3 times. After removing CD3(+)/CD5(+)
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T cells, a large number of CD16(+)/NKH-1(+) cells can
be obtained™. Several studies have found that cultivation
of immortalized K562 cell lines enhances NK cytotoxicity
by 400-fold. PB-derived NK cells and modified K562 cell
lines expressing 4-1BBL and mbIL-15 expand 1000-fold
in the absence of T-cell co-stimulatory factors for three
weeks®™. By genetically engineering human leukocyte
antigen (HLA)-A and HLA-B K562 cells, the expression
of CD48, 4-1BBL and membrane-bound IL-21 was en-
hanced, forming a universal antigen-presenting cell that
stimulates NK cells. The homologous receptor on the drug
can expand CAR and non-transduced NK cells more than
900 times within 2 weeks, with high purity and strong
persistence®”.

3.4. CAR-NK cell modification against solid
tumors

Although NK cells have shown many advantages over T
cells, they still encounter many difficulties when applied
to solid tumors. The dense extracellular matrix, suppres-
sive immune cells, and cytokines in solid tumors signifi-
cantly reduce NK cell function. Therefore, it is crucial for
CAR-NK cells to be modified to combat the hostile tumor
microenvironment.

3.4.1. Resistance to the tumor microenvironment

NK cells found in the TME are immature and have low
toxicity™*). An important reason is that tumor-related
cells secrete a large number of inhibitory cytokines, such
as adenosine, TGFB, IL-10, etc”. TGFp can reduce the
recruitment of functional NK cells. Downregulates the
activating receptors of NKG2D and DNAMI1 and pre-
vents the secretion of perforin”'’. UCB-derived NK cells
expressing TGFP negative receptor II do not have this
phenomenon and can maintain their killing ability against
CML and other tumor cell lines””.

3.4.2. Combat heterogeneity

Tumor heterogeneity is extremely common in solid tu-
mors and is a major problem faced by immunotherapy.
Cancer stem cells (CSCs) are highly prevalent in solid
tumors and are a major contributor to drug resistance and
long-term treatment””’. In CAR-T therapy, CAR initially
combines with tumor antigens to achieve a therapeutic ef-
fect. However, as time goes by, the antigen density on the
tumor surface decreases, and gene mutations within the
tumor lead to changes in the antigen structure. The orig-
inal CAR structure becomes ineffective, and eventually
leading to tumor recurrence and poor efficacy”*””. Due to
the dual tumor immune mechanism, CAR-NK cells can
mediate ADCC to kill tumor cells through CD16. To com-
bat CSCs, researchers designed PD-L1-directed CAR-NK
cells to overcome the problem of T cell escape. In addi-

tion, IFN-y and TNFa produced by NK cells can promote
the differentiation of CSCs, causing them to lose chemo-
therapy resistance and self-renewal capabilities. Related
products are being designed™’.

3.4.3. Trafficking and infiltration

CAR-NK cells overexpressing CXCR4 can significantly
increase tumor infiltration compared with other CAR-NK
cells®™, CXCRI is an IL-8 receptor that can move along
the IL-8 concentration gradient after activation. Various
cancers, including pancreatic cancer and ovarian cancer,
can secrete 1L-8. Therefore, overexpressing CXCR1 re-
ceptor NKG2D.CAR-NK cells are more toxic in vivo[99].
In addition, studies have shown that the concentration of
NK cells within tumors is related to the CXCL16 gradi-
ent, and NK cells have the ability to reduce the volume of
tumors overexpressing CXCL16!"",

3.4.4. Intrinsic modification

Activating the NKG2D receptor induces granule-depen-
dent and cell-mediated cytotoxicity, but activating it alone
is not sufficient to produce IFNy""", so the researchers
combined NKG2D with DAP10 to activate the down-
stream effects of P13K to enhance killing. The study also
found that NKG2D.DAP10.CD3{.PBNK can also im-
prove the anti-tumor activity of modified NK cells against
a variety of tumor cells'"*”. In addition, downregulation of
inhibitory receptors can also enhance killing. For exam-
ple, inhibitory receptors for NKG2D that inhibit NK cells
can block their signal transduction and increase the toxici-
ty of NK cells against HLA-E-expressing cancer cell lines
by 40%"*.

3.5. Success in Hematological Malignancies

At the beginning, the successful cases of CAR-NK cell
therapy were all tumors of the hematological system.
In 2020, Liu et al. conducted a clinical trial in which 11
patients with CD19-positive hematological malignancies
(non-Hodgkin lymphoma, chronic lymphocytic leuke-
mia) received CD19-directed CAR-NK cell therapy, 8
of whom There were objective responses, and 7 patients
still had complete remission without residual disease after
30 days of treatment. The study analyzed UCB-derived
NK cells after retroviral transduction with CD28.CD3(
endodomain, IL-15 and iCas9 (inducible caspase 9) safety
switch and activation/expansion with K562 feeder cells
and IL-2. The author speculates that the transformation
efficiency is 49%. In this study, no serious adverse re-
actions such as CRS and GVHD occurred. The dose of
CAR-NK cells used in this study reached 1*107 but did
not reach the tolerated dose. The CAR-NK cells survived
in the body for at least 12 months. This study also became
a milestone in CAR-NK therapy, demonstrating the pow-
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erful effects and low side effects of CAR-NK cells"*.
Other directed CAR-NK cells are also in the research
stage. One study used baboon enveloped pseudotyped vi-
ral vectors to transduce blood-borne primary NK cells to
generate CD33-directed CAR-NK cells, which can detect
CD33-positive OCI in vitro. ~-AML2 and primary AML
cells show stable expression, proliferation and stronger
cytotoxicity. In addition, CD33-CAR-NK cells showed
strong killing effects in the OCI-AML2 xenograft mouse
model, preventing the spread of leukemia cells without
side effects"””. Another study designed a drug targeting
IL-3 receptor subunit oo (CD123), which is strongly ex-
pressed on the surface of acute myeloid leukemia (AML)
cells. This experiment used a CD123-targeted CAR-NK92
cell line paired with an IL-15 gene cassette. The research-
ers conducted studies in vitro and in vivo in mice, and
found that CD123-CAR-NK cells had stronger anti-AML

activity in vitro and in vivo!'"",

3.6. Application of CAR-NK cells in solid tu-
mors

Currently, many in vitro and in vivo experiments are test-
ing the role of CAR-NK cells in solid tumors, and some
initial results have been achieved.

3.6.1. Pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) is known for
its rich immune mechanisms, and its extracellular matrix
accounts for 70% of the entire tumor volume. A Korean
study showed that folate receptor a (FRa) and death re-
ceptor 4 (DR4) are highly expressed in PDAC, and tar-
geting FRa and DR4/5 to CAR-NK cells can significantly
enhance the efficacy of these two receptors. PDAC cell
apoptosis. This experiment confirmed that FRa-directed
TRAIL.CD27.CD3{.CAR-NK92 cells have a high killing
effect on PDAC cells in vitro and in xenografted PDAC
mouse models"””. Prostate stem cell antigen (PSCA) is a
glycosylphosphatidylinositol-anchored cell surface protein
that is abnormally overexpressed in 60-80% of pancreatic
cancer patients' " but is not found in normal pancreat-
ic ducts"”. Researchers evaluated the killing effect of
PSCA-CAR-NK cells expressing soluble IL-15 on pancre-
atic cancer cells in vitro and in vivo. The results showed
that this cell had a significant inhibitory effect on PSCA+
pancreatic cancer cells and no toxicity was found'"'”. In
addition, a study showed that the STING agonist cyclic
GMP-AMP (cGAMP) can directly activate NK cells, and
mesothelin-targeting CAR-NK-92 cells combined with
cGAMP showed potent anti-tumor activity in a mouse
model of pancreatic cancer. tumor effects''). ROBO-1 is
an axon guidance receptor and cell adhesion receptor. A
study found that CD8.CD3(.4-1BB.CAR-NK92 cells tar-

geting ROBO-1 stabilized the condition of patients with
pancreatic cancer for up to 5 years. Months later, the only
adverse reaction was fever''”,

3.6.2. Ovarian cancer

Mesothelin (MSLN) is overexpressed in ovarian cancer.
A study constructed CD19.NK92.CAR-NK cells targeting
MSLN, which can kill MSLN-positive ovarian cancer
cells (OVCAR-3 and SK- OV-3). Furthermore, stronger
cytokine secretion was detected in MSLN.CAR-NK cells
co-cultured with OVCAR-3 and SK-OV-3 compared with
parental NK92 cells and CD19.CAR-NK cells. MSLN.
CD19.CAR-NK cells can significantly eliminate ovar-
ian cancer cells and prolong the survival time of mice,
showing strong activity both in vivo and in vitro'""”!. Not
only that, researchers have constructed CAR-NK cells
targeting CD24 to kill CD24-positive ovarian cancer cells.
Researchers also constructed CD24 and MSLN together
to enable CAR-NK cells to exhibit excellent killing ef-
fects''”. One study showed that aFR is expressed in 90%
of ovarian cancer cells, in three among anti-aFR.CD3(,
anti-aFR.CD28.CD3{ and anti-aFR.CD28.4-BB.CD3(
CAR-NK cells, the latter has the most cytotoxicity and has
stronger degranulation when incubated with aFR-express-
ing ovarian cancer cells. effects, cytokine secretion, pro-
liferative capacity and persistence. In a xenogeneic mouse
model, treatment with anti-aFR.CD28.4-1BB.CD3(.CAR-
NK92 significantly extended survival'”.

3.6.3. Breast cancer

Tissue factor (TF) was designed as an antigen for CAR-
NK cells because 50-85% of triple-negative breast cancer
molecules express TF. The experimenters designed the
TF-directed CD28.4-1BB.CD3{.CAR construct to trans-
duce into NK-92MI cells that were deprived of CD16
receptors and NK-92MI cells that were not deprived of
CD16 receptors, respectively, as experimental groups.
and control group. Studies have shown that NK92-MI
cells with CD16 receptors can mediate ADCC and have
stronger anti-tumor activity!"'®. Epidermal cell adhesion
molecule (EpCAM) is an antigen commonly found on the
surface of various cancer cells. In EpCAM-positive breast
cancer cells, CAR-NK92 cells targeting EpCAM and IL-
15 have strong cytotoxicity!''”. Furthermore, a HER-2-tar-
geting CD28.CD3C{CAR design expressed by NK92 cells
also showed antitumor activity against breast cancer in

vitro and in vivo™"®,

3.6.4. Glioblastoma

Although NK cells found in glioblastoma (GBM) are in-
hibited by the TME, NK cells are found in 89% of glioma
blasts, suggesting that NK cells can infiltrate GBM. In
a trial of nine patients in which NK cells were injected
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intravenously or intratumorally, four responded and three
had stable disease. Although the therapeutic effect quickly
disappeared due to the strong inhibitory effect of TME,
this experiment in humans confirmed the huge therapeu-
tic potential of NK cells"'"”’. We found that intravenous
injection of EGFRvIII-directed DAP12.CD3{.CAR-NK-
YTS cells with CXCR4 receptor overexpression inhibited
GBM tumor growth and prolonged survival in a xenograft
mouse model!**"*"). Several clinical trials of CAR-T cell
therapy in patients with GBM have shown that high an-
ti-tumor activity leads to rapid loss of antigens in cancer
cell subpopulations and, despite initial responses, resis-
tance to CAR-T therapy quickly develops'**"**. If CD28.
CD3({.CAR-NK-92 cells targeting mutant and wild-type
EGFR are simultancously constructed, compared with
CAR-NK cells targeting only one EGFR alone, survival
can be prolonged without antigen escape!'”!. Intracranial
injection of bispecific epidermal growth factor receptor
and epidermal growth factor receptor vIII-directed CD28.
CD3{.CAR-NK-92/NKL prolongs survival in a GBM
xenograft mouse model and is characterized by cytotox-
icity and IFN - Increased gamma secretion'**. A number
of structures have been designed as targets for CAR-NK
cells, and we list these targets in Table 2(Table2).

4. CAR-Macrophage

4.1. Introduction to CAR-Macrophage

Although CAR-NK cells have many advantages over
CAR-T cells, the obstacles encountered by CAR-T cells
during treatment also exist in CAR-NK cells. As men-
tioned before, the function of NK cells is inhibited in the
TME. Although there is currently a study showing that
CAR-NK cells can play a role in the TME of GBM pa-
tients, the therapeutic effect is short-lived due to the inhib-
itory effect. In short, CAR-T cells and CAR-NK cells are
strongly inhibited in the TME[41], requiring researchers
to continuously design more complex CAR structures to
arm immune cells, which undoubtedly increases the diffi-
culty and cost of design and manufacturing. As an emerg-
ing product, CAR-Macrophage shows great advantages in
TME. First, in many malignant tumors, macrophages in-
filtrate in large numbers"*”), and the hypoxic environment
induces tumor cells and stroma to produce cytokines, such
as CCL2 (C-C matrix chemokine ligand 2), CXCL12
(C-X-C matrix chemokine ligand 12 ), CSF1 (colony stim-
ulating factor 1) and vascular endothelial growth factor
to recruit macrophages'*”. After local macrophages are
recruited into the hypoxic TME, soluble cytokine recep-
tors are downregulated, locking macrophages in the TME.
In addition, macrophages can sense the hypoxic environ-
ment and related metabolites and automatically migrate

into the TME. Secondly, the environment of the TME can
cause T cell exhaustion, but is favored by macrophages.
There are two types of macrophages, pro-inflammatory
M1 and anti-inflammatory M2"*"). M2 is the main im-
munosuppressive cell group in the TME and inhibits the
functions of other immune cells, but has stronger phago-
cytic ability than M1"**. In addition, macrophages can
make phenotypic changes in response to external stimuli
and have strong phenotypic plasticity. CAR The CAR in
macrophages has the same structure as the CAR in CAR
T cells, with an extracellular antigen-binding domain, a
hinge region, a transmembrane domain, and an intracel-
lular domain. They differ in their intracellular signaling
domains. In addition to the FDA-approved CD28 and
4-1BB, CD3( can also be used, with domains containing
immunoreceptor tyrosine-based activation motifs (ITAMs)
(1295311 'In addition to CD3(, other ITAM-containing in-
tracellular domains, such as the y subunit of Fc receptor
(FcRy) and multi-epidermal growth factor-like domain
protein 10 (Megf10), have also been used, which can in-
duce phagocytosis similar to CD3("*"*". Researchers are
currently designing suitable targets for CAR-Macrophage
to maximize its phagocytosis and killing effects, and rele-
vant clinical trials are also gradually underway.

5. Conclusion

As a treatment modality that has been approved by the
FDA, CAR-T cells have demonstrated a powerful ther-
apeutic effect in hematological malignancies. However,
due to its high toxicity, single source, high cost and strong
inhibition in the TME, its application in solid tumors is
limited. Compared with CAR-T cells, CAR-NK cells
have the advantages of less toxicity, wide sources, diverse
anti-tumor mechanisms, and relatively weak inhibition in
the TME, showing broad prospects for future treatment.
CAR-Macrophage can fully adapt to the complex environ-
ment of TME and exert anti-tumor effects. The mixed use
of multiple CAR series cells may achieve better therapeu-
tic effects in the future.
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Figure 1: Basic structure of CAR-T.

The basic structure of CAR-T consists of four parts, ex-
tracellular antigen binding domain, hinge region, trans-
membrane domain, and intracellular signaling domain.
The function of the extracellular antigen-binding domain
is to recognize and bind specific antigens, the function of
the hinge region is to expose the antigen-binding domain
to the cell surface, the function of the transmembrane
region is to dock the CAR to the immune cells, and the
intracellular signaling domain is mainly responsible for
transducing signals to activate the immune cells to attack
the target cells. Four generations of CAR-T cells have
been developed, and each generation of CAR-T cells dif-
fers in the structure of the intracellular signaling domain.
The first generation CAR-T cell intracellular signaling
domain includes a CD3(, the second generation CAR-T
cell includes a CD3( and a co-stimulatory domain, the
third generation CAR-T cell includes a CD3( and multiple
co-stimulatory domains, and the fourth generation CAR-T
cell adds other structures on top of this that can assist the
CAR-T cell in releasing cytokines to fight against TME,
etc. CAR-T. CAR-NK, CAR-Macrophage have similar
structures.

Table 1 Common CAR independent anti tumor activity receptors in NK cells and their characteristics

Receptor Ligands Impact Function
CD16 Fc domain of IgG Activating ADCC initiation
DNAM1 CD112,CD155 Activating Cellular adhesion promotion
KIR HLAclass [ Activating/Inhibitory Regulate the killing of malignant tumors by NK cells and certain T cell subsets
NKG2A HLA-E Inhibitory Expression of inhibitory signals in CD8+ T cells or CD56hiNK cells
NKG2D HLA-E Activating Express activation signals in NK cells and T cells
NKG2C HLA-E Activating Forms a complex with CD94 and sends activation signal through DAP12
NKp30 HA/HS.GAGs Activating Constitutively expressed in NK cells and T cells, triggering cytotoxic responses by specific ligands
NKp44 HA/HS.GAGS Activating Found only on activated NK cells. Associates with the DA12 homodimer for cytokine release ignition.
NKp46 HA/HS.GAGS Activating Triggers cytotoxic reaction.
PD-1 PDL-1,PDL-2 Inhibitory Expressed on many immune cells, inhibiting immune cell activity
TIGHT CD112,CD113,CD155 Inhibitory Expressed in T cells and NK cells, can promote immune cell exhaustion and tumor escape
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Table 2 Structures as targets for CAR-NK cells

Target Tumor Description
co1 AL Major markers of 8 lymphocytes
o " Belongs tothe i andis highly expressed on thymocytes and
Teells
o5 " Expressed on the surface of human T cells and B cels, but ts role as a B cell marker
has not vt been fully agreed upon
frs e AT3is i cels, andits ligand (AL is
expressed as a membrane-bound or soluble form by bone marrow stroma cells
€033 is a sialoadhesin molecule and a member of the immunoglobulin supergene
co3 AML family. Itis expressed by myeloid stem cells (CFU-GEMM, CFU-GM, CFU-G, and E-BFU),
elolasts ad monoblasts, moocyes/ macronhages,ganocteprecusos (vith
CD123, the  chain of the interleukin 3 recepor, s a cytokine receptor tha
cozs AV overesressenmuline hematoymphaid neopiasrs, ncluding acte myelad
leckenia, blastic neoplasm, acute leukemia,
cos amL D415 a glycoprotein molecule on the surface of immune cells
breast cancer s a positive for a protein
HER-2 Breast cancer caled human epidermal ot facorsceptor (482 T ot e
rowth of cancer cells.
tisa protein that mediates calciumindependent homotypic
Epcam Breast cancer intercelllar adhesion of epthelia cll. EpCAMis also nvolved n cell ignalng,
migration, proliferation and differentiation. Additionally, EpCAM has oncogenic
T Breast cancer Highly expressed n trple-negative breast cancer cells
£GrR Breast cancer EGFR is highly expressed in patients with breast cancer brain metastases
NKG2D Breast cancer Activate the killing actvity of NK cells
co19 Chronic lymphocytic leukemia(CLL) Major markers of 8 lymphocytes
tisa protein that mediates calciumindependent homotypic
EpcaM Colorectal cancer intercelllar adhesion of epthelia cll. EpCAMis also nvolved in cell ignalng,
migration, proliferation and differentiation. Additionally, EpCAM has oncogenic
NKG2D Colorectal cancer Activate the killing activity of NK cells
cea Colorectal cancer CEA expression i highly expressed in colorectal cancer cells
) G025 a ganglioside di tumors of orgin,
a02 Ewing sarcoma including human neuroblastoma and melanoma
HER-2 Gastic cancer
Approximately 20-40% of EGFR-amplified tumors harbor the EGFR variant il mutant
EGRRVI Glioblastoma (EGFRVIN)this mutant form shows constitutive activation in the absence of ligand to
activate the tumor-promoting signaling pathwavs
£GrR Glioblastoma
HER-2 Glioblastoma
o Cleblastoms D735 an ectonucleotidase overexpressed on tumor cells that suppresses anti-tumor
immunity
A member of the immunogloblin gene superfamily and encodes an inegal membrane
ROBO1 Glioma and Neuroblastoma protein and neuronal p migration. This
receptor i activated by SLIT-family proteins, resulting in a repulsive effect on glioma
Glypican-3 (GPC3)is an HSPG that i highly expressed in hepatocellular carcinoma,
Hepatocellul H
ke epatocalliar cancer (HCC) where t can attract Wnt proteins to the cell suface and promte cellprolferation
NKG2D Hepatocellular cancer (HCC)
The overexpression of ¢-MET has been observed in various solid malignancies, such as
cMET liver cancer ‘
liver, breast , lung and colorectal cancer
NKG2D Lung cancer
A member ofthe 87 family of immune checkpoint proteins, i highly expressed in cancer
8743 Lung cancer el and activated tumor-infiltrating immune cells, and helps cancer cels to evade the
surveillance of cvtotoxic T-cells and natural kllr cels
o1 Lymphoma
cos Lymphoma
oo Melanoms TCRlke antibody GPA7 can uide NK clsto target intaceluar antgen gp100 and
enhance anti-melanoma activity
. Itacts as a receptor for the extracellular matrix through ts extracellular domain,
o8 Multiple Myeloma mediating MM development and proliferation
€51 s highly, and nearly ubiquitously, expressed on MM cells, while expression remains
cs1 Multiple Myeloma Very low on NK cells, some T-cell subsets, and normal 8 cels, and almost undetectable
on myeloid cells and the maiority of healthy tissues
BcmA Multiple Myeloma B cell maturation antigen, highly expressed in multiple myeloma cells
02 Neuroblastoma
873 Neuroblastoma
arR Ovarian cancer Folate receptor alpha (afR) is overexpressed in 90% of ovarian cancers
HER-2 Ovarian cancer
Mesothelin Ovarian cancer Highly expressed in ovarian cancers
o) Ovarlan cancer
Mesothelin Pancreatic cancer
ROBO1 Pancreatic cancer
. whi
. - membrane whichis in prostatic
neoplastic cells
HER-2 Renal cell carcinoma (RCC)
£GrR Renal cell carcinoma (RCC)
PscA Ladder carcinoma Prostate stem cell antigen, upregulate in the majorty of prostate cancers
e Kidney renal clear cell carcinoma, Kidney renal papillary cell carcinoma, Pancreatic ductal
adenocarcinoma, Thyroid cancer
CD20is a protein that s expressed on the surface of B cell, starting at the pre-B cell
co20 Lymphoma, Leukermia cells stage and on mature B cells in the bone marrow and in the periphery
NKG2D Osteosarcoma
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