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Abstract 
Gastric cancer is a malignant tumor that ranks third in cancer-related deaths w orldwide . Earl y-sta ge gastric cancer can often be ef- 
fecti v el y mana ged thr ough surgical r esection. Howev er, the majority of cases ar e dia gnosed in adv anced sta ges, wher e outcomes with 

conventional r adiother apy and c hemother apy remain unsatisfactory. Immunotherapy offers a novel approach to treating molecularly 
heterogeneous gastric cancer by modifying the immunosuppressive tumor microenvironment. Immune c hec kpoint inhibitors and 

adopti v e cell therapy are regarded as promising modalities in cancer immunotherap y. F ood and Drug Administration-appr ov ed pr o- 
grammed death-r ece ptor inhibitors, such as pembr olizuma b, in combination with c hemother ap y, ha v e significantl y extended ov erall 
survi v al in gastric cancer patients and is recommended as a first-line treatment. Despite challenges in solid tumor applications, adop- 
ti v e cell therapy has demonstrated efficacy against various targets in gastric cancer treatment. Among these approac hes, c himeric 
antigen r ece ptor-T cell therapy r esear c h is the most widel y explor ed and chimeric antigen r ece ptor-T cell therapy targeting claudin18.2 
has shown acce pta b le safety and robust anti-tumor capabilities. However, these advancements primarily remain in preclinical stages 
and further investigation should be made to promote their clinical application. This re vie w summarizes the latest resear c h on immune 
c hec kpoint inhibitors and adopti v e cell therapy and their limitations, as well as the role of nanoparticles in enhancing immunother- 
apy.
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Introduction 

Gastric cancer (GC) casts a long shadow over global health, claim- 
ing > 650 000 lives annually while affecting nearly one million pa- 
tients. It is the fifth most common cancer globally and the fifth 

leading cause of cancer-related deaths [ 1 ]. For early GC, endo- 
scopic resection is generally the preferred treatment option, of- 
ten leading to favorable outcomes. Ho w e v er, because GC is r ar el y 
symptomatic in its earl y sta ges, by the time most patients expe- 
rience symptoms, GC has pr ogr essed to an adv anced sta ge . T he 
prognosis for these patients is often grim, with an ov er all surviv al 
time of < 6 months [ 2 ]. As a result, patients are often diagnosed 

with unresectable or metastatic GC, for which conventional sys- 
temic ther a py has gener all y r emained the onl y option to pr olong 
survival. Ho w ever, recent y ears have witnessed the birth of im- 
m unother a py for GC, whic h marks a r e volutionary turning point 
for the disease . T his no v el a ppr oac h offers the pr omise of per- 
sonalized precision medicine, bringing renewed hope to the fight 
against metastatic GC. 

GC exhibits high molecular and phenotypic heterogeneity 
[ 3 ], whic h tr anslates into four distinct molecular subtypes 
of GC, namely Epstein–Barr virus (EBV)-positive, microsatellite 
instability-high (MSI-H), genomically stable, and chromosomal in- 
stability [ 4 ]. About 10% of GCs ar e EBV-positiv e and these feature 
an abundant T-cell infiltration within the tumor microenviron- 
ment (TME) [ 5 , 6 ]. Studies have demonstrated that programmed 
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eath-ligand 1 (PD-L1) inhibitors ac hie v e an objectiv e r esponse
ate (ORR) of > 25% in this patient population [ 7 , 8 ]. From an
mm unological perspectiv e, l ymphocyte-activ ation gene-3 (LAG- 
) inhibitors offer promise in EBV-positive tumors due to their
igher expression compared to EBV-negative GC in immunother- 
py. These inhibitors on one hand expand and activate cytotoxic
D8 + T cells and, on the other hand, pr e v ent the exhaustion of
D8 + T cells . T hese actions collectiv el y enhance host imm unity
gainst the EBV virus . T he incidence of MSI-H GC ranges from
.6%–9.7% [ 9 ], typicall y corr elating with adv anced a ge, lo w er ma-
ignancy potential, and early tumor staging, and the mismatch- 
epair deficient (dMMR) is < 5% in advanced GC [ 10 ]. Defects in

ismatc h r epair (MMR) genes lead to the inability to repair DNA
 eplication err ors, ultimatel y causing MSI. Epigenetic silencing of
uman mutL homolog 1 (hMLH1) through promoter hyperme- 
hylation is the primary mechanism underlying dMMR deficiency 
 11 ]. This hypermutability translates to an increased number of

utations within the tumor cells, which in turn contributes to
-cell enrichment within the TME [ 12 ]. Tumors exhibiting MSI-
 or dMMR status demonstr ate favor able r esponsiv eness to im-
 unother a py interv entions . T he CHECKMA TE-649 immunother -
 py trial, inv estigated the tr eatment outcome of adv anced gas-
ric cancer, gastr oesopha geal junction cancer, and esopha geal 
denocar cinoma with niv olumab [an anti-pr ogr ammed death-
eceptor 1 (PD-1) monoclonal antibody] plus c hemother a py or
shed 19 September 2024 
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tribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), which 
d the original work is properly cited. 

https://orcid.org/0000-0002-1655-6762
mailto:luohy@sysucc.org.cn
https://creativecommons.org/licenses/by/4.0/


2 | Yang et al. 

Figure 1. Cell interaction within the TME. Abbr e viation: C AFs , cancer-associated fibroblasts; CTLA4, cytotoxic T-lymphocyte associated protein 4; M1, 
M1 macr opha ges; M2, M2 macr opha ges; PD-L1, pr ogr ammed death-ligand 1; PD1, pr ogr ammed death-r eceptor 1; T AMs, tumor -associated 
macr opha ges; TME, tumor micr oenvir onment; Tr egs, T r egulatory cells. 
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 hemother a py alone . T he subgroup of patients with MSI-H had a
onger median ov er all surviv al (38.7 months) compared with those
ith microsatellite stable (MSS) GC (13.8 months) [ 13 ]. Likewise,
atients with MSI-H GC receiving pembrolizumab-based therapy
c hie v ed an ORR > 40% [ 14 ]. Inter estingl y, the pr esence of high-
ensity CD8 + and FOXP3 + tumor-infiltr ating l ymphocytes (TILs)
an be considered potential prognostic markers for GC, as they
re associated with a favorable prognosis [ 15 ]. Notably, chromo-
omal instability is another pr e v alent c har acteristic, whic h inter-
cts with the TME and pr omotes heter ogeneity in man y cancer
ypes, complicating treatment efforts and enabling cancer cells to
 v ade ther a pies [ 16 ]. Chr omosomal instability-type GC often mod-
lates a complex tumor imm une-suppr essiv e micr oenvir onment
 17 ], and expresses genes involved in the PI3K/AKT signaling path-
ay and cell cycle process [ 18 ]. Some GCs de v elop tertiary l ym-
hoid structur es [ 19 ], whic h can sha pe the TME’s inflammatory
 esponse, potentiall y serving as a future immunotherapeutic op-
ion. These molecular subtypes and their unique genetic features
ay the foundation for patient-centered precision immunotherapy.
esides, TME and the associated immune cell response are influ-
nced by various factors, including diet and the gut microbiome,
hic h pr ovides perspectiv es for syner gistic or anta gonistic study
f imm unother a py [ 20 , 21 ]. 

Motivated by recent breakthroughs in immunotherapy tri-
ls for metastatic GC and amidst a wave of advancements in
etastatic GC treatment, this review mainly discusses two com-
on types of imm unother a py. The first involv es bloc king in-

ibitory imm une c hec kpoints in the TME to enhance the immune
esponse of the body’s own immune system, exemplified by im-
 une c hec kpoint inhibitors (ICIs). The second a ppr oac h involv es

ulturing and modifying r ele v ant imm une cells ex vivo to activate
nti-tumor effects, which are then transferred into the patient’s
ody to exert their effects, such as adoptive cell transfer therapy.
e will discuss the latest r esearc h on GC imm unother a py, with

mphasis on the pr ogr ess of adoptive cell transfer therapy. 

ME immune cells 

he TME encompasses the internal and external environment sur-
ounding tumor cells. It consists of various cell types, including
umor-associated fibroblasts (CAFs), immune cells [such as tumor-
ssociated macr opha ges (TAMs) and m yeloid-deri v ed suppr essor
ells (MDSCs)], tumor-associated endothelial cells, and the extra-
ellular matrix [ 22 ] (Fig. 1 ). The TME plays a critical role in im-
 unother a p y efficac y b y offering m ultiple tar gets for r egulating

umor growth. 
CAFs promote tumor development, and release cytokines, ex-

somes, and metabolites in a paracrine manner [ 23 ], ultimately
eading to tumor c hemother a peutic r esistance [ 24 ]. CAFs ar e r ec-
gnized to exist in two subtypes: inflammatory C AFs (iC AFs) and
xtracellular matrix CAFs (eCAFs). These subtypes influence sur-
ounding T cells and M2 macrophages, shaping a microenviron-

ent conducive to tumor growth [ 25 ]. Furthermore , C AFs with
igh expression of SDC2 [ 26 ], INHBA-FAP [ 27 ], or other genes
re associated with aggressive GC, poor prognosis, and distant
etastasis. Notably, the GC risk factor Helicobacter pylori pro-
otes pr ogr ession by upr egulating PIEZO1, whic h in turn in-

r eases CAF infiltr ation [ 28 ]. CAFs can also establish cr oss-talk
ith M2 macr opha ges . For example , C AFs secr ete IGFBP7, whic h
romotes the polarization of TAMs to w ar ds the M2 phenotype
hrough the FGF2/FGFR1/PI3K/AKT signaling axis [ 29 ]. In fact,
2 macr opha ges ar e often associated with PD-L1 expression and

ontribute to immune escape and tumor growth [ 30 , 31 ], while
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Figure 2. Mechanism of ICIs. ICIs block the small proteins such as PDL1 and CTLA4, produced by cancer cells and APC to activate T cells, which leads 
to tumor cell death. Abbr e viations: APC, antigen presenting cell; CTLA4, cytotoxic T-lymphocyte associated protein 4; MHC, major histocompatibility 
complex; PD-L1, pr ogr ammed death-ligand 1; PD1, pr ogr ammed death-r eceptor 1; TCR, T cell r eceptor. 
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M1 macr opha ges pr omote anti-tumor T helper cell 1-mediated 

imm une r esponses by expr essing interleukin (IL)12 [ 32 ] and IL23 
[ 33 ]. M2-like macr opha ges can further promote GC cell prolifera- 
tion, metastasis, and e v en the tr ansformation of normal cells into 
cancer cells through various signaling pathwa ys , including the 
TNF- α/NF- κB/HIF-1 α/miR-210/NTN4 axis [ 34 ] and the TGF β2/NF- 
κB/Kindlin-2 axis [ 35 ]. High le v els of CX3CR1 expression on MDSCs 
and TAMs can induce acute inflammatory responses and promote 
tumor pr ogr ession [ 36 ]. 

TILs are a heterogeneous population primarily composed of T 

cells , B cells , and natural killer (NK) cells [ 37 ]. A specific subset 
of TILs, CD8 −/4 − double-negative (DN) TILs, exhibits broad anti- 
tumor cytotoxic activity [ 38 ]. These DN TILs demonstrate supe- 
rior tumor-homing ability while posing minimal off-target toxic- 
ity, making them promising candidates for adoptive cell transfer 
ther a py in solid tumors [ 38 ]. Additionally, γ δ T cells within the 
TME have also been shown to contribute to the suppression of GC 

pr ogr ession [ 39 ]. 
T r egulatory cells (Tr egs), a subset of TILs, can suppress the 

imm une r esponse a gainst cancer. They ac hie v e this by inhibiting 
the pr olifer ation, antigen pr esentation, and cytokine pr oduction 

of CD4 + and CD8 + T cells [ 40 ]. Tumor-infiltrating monocytic MD- 
SCs (TI-M-MDSCs) are another population of immune cells within 

the TME with potent imm unosuppr essiv e ca pabilities [ 41 ]. These 
cells ar e particularl y abundant in GC [ 42 ]. Notabl y, TI-M-MDSCs 
expressing the marker Immediate early response 3 (IER3) often 

exhibit str onger imm unosuppr essiv e abilities compar ed to their 
IER3-negativ e counter parts . T he presence of IER3-positive TI-M- 
MDSCs is associated with a poorer prognosis for GC patients [ 42 ].

During GC de v elopment, endothelial cells expr ess v arious v as- 
cular endothelial growth factor (VEGF) receptors, with ESM1 [ 43 ] 
and PDGFRB [ 44 ]. The expression of these molecules can modulate 
se v er al cellular pr ocesses, including angiogenesis and leuk ocyte 
c hemotaxis, ther efor e CAFs can modulate these e v ents thr ough 

signaling molecules like PGF, VEGFA, PDGF, and their correspond- 
ing r eceptors. Furthermor e, endothelial cells with ov er expr ession 

of THSD7A can promote GC cell proliferation and invasion, induce 
esistance to chemotherapy drugs, and contribute to an immuno- 
uppr essiv e micr oenvir onment [ 45 ]. These effects ar e ac hie v ed
hr ough mec hanisms including pr omotion of M2 macr opha ge and
egulatory T cell infiltration, and upregulation of immune check- 
oints like HAVCR2 , PDCD1LG2 , TIGIT , and CTLA4 . In the context of
. pylori infection, bone marr ow-deriv ed mesenc hymal stem cells
an activate endothelial cells via the PI3K/AKT signaling pathway,
eading to the formation of new tumor vessels within the TME
 46 ]. Additionall y, GC str omal stem cells may influence endothe-
ial cells to express Slit2 [ 47 ], a positive regulator of tumor pro-
r ession. In conclusion, the TME pr esents a m ultitude of potential
argets for immunotherap y. Ho w ever, further validation through
xperimental and clinical r esearc h is necessary. 

mm une c hec kpoint receptors 

mm une c hec kpoint r eceptors, expr essed on v arious imm une
ells, r egulate imm une system activ ation within a balanced range
o pr e v ent autoimm une diseases . T hese r eceptors inter act with
igands [such as PD-L1, cytotoxic T-lymphocyte associated pro- 
ein 4 (CTLA-4), LAG-3, T cell imm unor eceptor with immunoglob-
lin and imm unor eceptor tyr osine-based inhibition motifs (ITIM) 
omain (TIGIT)] on tumor cells or other imm une-r egulating
ells, leading to inhibition of self-immunity and potentially en- 
bling tumor immune escape. ICIs target these interactions to 
oost anti-tumor responses (Fig. 2 ). Nivolumab is a PD-L1 in-
ibitor that is combined with oxaliplatin for the treatment of
etastatic GC. The ATTRACTION-4 trial demonstrated that this 

reatment combination could significantly improve progression- 
r ee surviv al compar ed to monother a py in Asian patients with un-
r eated, HER2-negativ e, unr esectable adv anced or r ecurr ent gas-
ric or gastr oesopha geal junction cancer (Hazard Ratio (HR) 0.68)
 48 ]. In KEYNOTE-859, pembrolizumab plus chemotherapy sig- 
ificantl y pr olonged ov er all surviv al in patients with locally ad-
anced or metastatic HER2-negative gastric or gastroesophageal 
unction adenocarcinoma compared to c hemother a py alone (12.9
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onths vs. 11.5 months; HR 0.78 [ 49 ], and has ther efor e met
he r equir ements for first-line tr eatment r ecommendations [ 50 ].
urthermore, the addition of ICIs to neoadjuvant chemotherapy
mpr ov ed the rates of histopathologic complete regression com-
ar ed to neoadjuv ant c hemother a py alone. Inter estingl y, these r e-
ults wer e especiall y pr onounced in the patients with PD-L1 Com-
ined Positiv e Scor e (CPS) ≥ 10 and MSI subgr oup [ 51 ]. CTLA-4 on
 cells binds to antigen-presenting cell (APC) surface B7, k ee ping T
ells in an inactivated state [ 52 ]. Dual-targeting ICIs, like cadonil-
mab, may target both PD-1 and CTLA-4. The COMPASSION-
5 trial demonstrated that c hemother a py plus cadonilimab im-
r ov ed pr ogr ession-fr ee surviv al and ov er all surviv al in untr eated
ER2-negative patients with locally advanced or metastatic gas-

ric or gastr oesopha geal junction adenocarcinoma compar ed to
 hemother a py alone [ 53 ]. Additionally, MEDI5752, a bispecific an-
ibody blocking CTLA-4 on PD-L1-positive cells [ 54 ], offers a novel
 ppr oac h with impr ov ed tumor tar geting. LAG-3 r epr esents an-
ther pr omising tr eatment tar get after PD-L1 and CTLA-4; it in-
uces T cell depletion and blocks T cell pr olifer ation, pr e v ent-

ng anti-tumor responses [ 55 ]. A phase 1 dose-escalation study
DUET-4) is curr entl y e v aluating the safety and toler ability of
he dual-specific antibody XmAb ®22 841 (pavunalimab) target-
ng LAG-3/CTLA-4 in combination with pembrolizumab for spe-
ific late-stage solid tumors, but results have not been published
NCT03849469). Clinical trials related to LAG-3 ar e r elativ el y fe w,
nd its ther a peutic potential still needs further explor ation. Ov er-
ll, combination ICI ther a py str ategies a ppear mor e effectiv e than
ingle-a gent ther a p y, and ICIs sho w pr omise in neoadjuv ant and
aintenance settings, highlighting the need for further r esearc h

n these areas. Table 1 shows the Food and Drug Administration
FDA)-a ppr ov ed ICIs for the treatment of GC . 

doptive cell therapy 

doptiv e cell ther a py (ACT) is a personalized treatment option
istinct from ICIs. Unlike ICIs that target inhibitory receptors on

mmune cells, ACT expands and modifies a patient’s own immune
ells ex vivo before reinfusing them to mediate anti-tumor func-
ions . T hrough ex vivo manipulation, immune cells can acquire
ew functionalities by expressing novel receptors either endoge-
ousl y or thr ough gene modification, including the cr eation of
 himeric antigen r eceptors (CARs) [ 56 ]. ACT has ac hie v ed signifi-
ant clinical efficacy in treating hematologic malignancies . C AR-T
ell ther a py, for example, has shown the potential for long-term
emission or complete remission in patients with blood cancers
 57 ]. CAR-T tar geting B-cell matur ation antigen (BCMA) is FDA-
 ppr ov ed for multiple myeloma, with ORR reaching 98% in phase
/II trials [ 58 ]. Similarl y, CD19-tar geted CAR-T ther a py demon-
trates efficacy in treating aggressive B-cell lymphomas [ 59 ] with
RR > 50%. Ho w e v er, ACT for solid tumors, including GC, remains

n its infancy [ 60 ]. Se v er al c hallenges hinder the ther a peutic po-
ential of ACT in GC [ 61 ]. These include tumor target antigen het-
rogeneity, difficulty in T cell infiltration, and the immunosup-
r essiv e natur e of the TME [ 60 , 61 ]. Ov er the past few decades,
 esearc hers hav e primaril y focused on thr ee forms of ACT: TILs,
ngineer ed T cell r eceptors (TCRs), and CAR T cells. Recentl y, ther e
as been growing interest in modifying other immune effector
ells using CAR engineering technology. This has led to the de v el-
pment of a ne w gener ation of ACT a ppr oac hes , including C AR-
K cells , C AR-macr opha ges (M �s), CAR-neutr ophils, and CAR-
atural killer T (NKT) cells . T his section will explore the research
r ogr ess of these diverse immune cell types in the context of ACT
or GC treatment. 
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CAR-T 

CAR-T cells ar e engineer ed T cells designed to dir ectl y tar get spe- 
cific antigens on the membrane surface of tumor cells . T his by- 
passes the need for human leukocyte antigen (HLA) presentation,
thereby enhancing the immune response (Fig. 3 ). CARs consist 
of four main parts: the antigen recognition domain, spacer re- 
gion, tr ansmembr ane domain, and intr acellular signaling domain 

[ 62 ]. The antigen recognition domain, expressed on the cell sur- 
face, is a single-chain variable fragment (ScFv) composed primar- 
ily of the variable light chain and heavy chain of immunoglobu- 
lins linked together by a serine-glycine linker [ 63 ]. CD28 and CD8a 
[ 64 ] ar e commonl y used as the basic components of the spacer do- 
main, providing flexibility for receptor–target binding. The trans- 
membrane domain [ 65 ], instead has a hydrophobic α-helix struc- 
ture and it promotes CAR expression and stability while activat- 
ing downstream signaling proteins because it recruits and phos- 
phorylates the intracellular signaling domain. αβ T cells are typi- 
call y the pr eferr ed cell type for CAR-T ther a py, ac hie ving signif- 
icant success in targeting CD19 B cell malignancies [ 66 ]. How- 
e v er, αβ T cell-based ther a pies ma y ha ve significant limitations 
like cytokine-release syndrome (CRS), graft-versus-host disease 
(GVHD), poor infiltration of solid tumors, and immune escape,
all of which require careful consideration. Conversely, γ δ T cells 
shar e c har acteristics with NK cells, possessing both innate and ac- 
quir ed imm une functions [ 67 ]. Unlike αβ T cells, γ δ T cells recog- 
nize antigens independently of major histocompatibility complex 
(MHC) pr esentation, demonstr ating superior tissue penetration 

and lo w er c ytokine secr etion [ 68 ]. CAR- γ δT cells le v er a ge these
adv anta ges to avoid the side effects and limitations typically as- 
sociated with CAR- αβT cells [ 69 ]. In conclusion, both αβ and γ δ

T cells offer unique adv anta ges and disadv anta ges. Personalized 

selection based on cancer type is crucial for optimal ther a peutic 
outcomes. 

The field of CAR-T cell ther a py has advanced through four gen- 
er ations, eac h distinguished by the structure and composition of 
the intracellular domain. First-generation CAR-T cells [ 70 ], engi- 
neer ed with onl y the CD3 ζ signaling domain, exhibited limited ef- 
ficacy due to the lack of co-stimulatory signals necessary for T cell 
pr olifer ation and anti-tumor function. The second generation ad- 
dressed this limitation by incorporating co-stimulatory molecules 
like CD28 or CD137 [ 71 ] into the CAR design. Clinical trials using 
second-generation C AR-T cells , specifically those expressing anti- 
CD19 chimeric antigen receptors in autologous T cells, demon- 
str ated r obust T cell pr olifer ation and significant efficacy a gainst 
leukemia in patients with c hr onic l ymphocytic leukemia. Further 
r efinement thr ough the inclusion of additional co-stimulatory do- 
mains, most commonly a combination of CD28 and 4–1BB [ 72 ], led 

to the de v elopment of the third generation. The fourth generation,
also known as precision CAR or armored CAR [ 73 ], incorporates 
functionalities beyond just targeting tumor cells . T hese advanced 

CAR-Ts can be engineered to secrete immune-regulating factors, 
shaping the TME for a more potent anti-cancer response . T he re- 
view will describe the common targets. 

Her-2 

When HER-2 is ov er expr essed on 10%–20% of GC cells [ 74 ], the GC 

often de v elops m ultidrug r esistance [ 75 , 76 ]. This observ ation has 
been a significant challenge for treatment for several years. In this 
context, the success of trastuzumab cannot be overstated as the 
first HER-2-targeted monoclonal antibody to successfully target 
HER-2-positive GC. Ho w ever, this also highlights the potential of 
HER-2 as a target for CAR-T ther a py [ 77 ]. Second-gener ation CAR- 
 cells utilizing lentiviral vectors to deliver a HER2-specific single-
 hain v ariable fr a gment along with CD3 ζ and CD137 signaling do-
ains have shown promise in preclinical studies [ 78 ]. These CAR-
 cells activ el y suppr ess the tumorigenicity of GC stem-like cells

n in vitro and in vivo xenograft models [ 78 ]. Notably, they exhibit
ong-term persistence and demonstrate directional migration to- 
 ar ds tumor tissue [ 79 ]. Another preclinical study using subcuta-
eous xenograft and peritoneal metastasis models of GC inves- 
igated the ther a peutic potential of HER2 CAR-T cells expr ess-
ng a humanized chA21 ScFv and the co-stimulatory domain 4-
BBz [ 80 ]. In vitro studies confirmed that chA21-4-1BBz CAR-T cells
ignificantly inhibited the growth of HER2-overexpressing tumors 
ut had no effect on tumors with low HER2 expression [ 80 ]. Fur-
hermore , these C AR-T cells demonstrated efficacy in targeting
eritoneal cavity GC metastasis in xenograft mice, leading to tu-
or growth inhibition and prolonged survival [ 80 ]. Although most

 esearc h on HER2 CAR-T ther a py for GC r emains in the pr eclinical
ta ge, with limited e v aluation in clinical trials, it holds promising
rospects for future therapeutic development. 

laudin-18.2 

laudin-18.2 is a pr omising tar get for GC ther a py due to its
igh and consistent ov er expr ession in GC tissues [ 81 ]. Claudin-
8.2 C AR-T cells , de v eloped with claudin-18.2-specific ScFvs like
u8E5 and hu8E5-2I and incor por ating CD28 co-stim ulatory do-
ains , ha v e demonstr ated efficacy in preclinical models [ 82 ].
 hese C AR-T cells effectiv el y infiltr ate and eliminate tumor tis-
ues in xenograft models derived from both human and murine
C cell lines, with minimal damage to normal tissues [ 83 ]. Clinical

rials support the promise of claudin-18.2 CAR-T ther a py. A phase
b study of CT041, a claudin-18.2 CAR-T pr oduct, r eported the r e-
ults of CT041 in a patient with metastatic GC who had failed mul-
iple prior treatments. Following two CT041 infusions, the patient 
xperienced a significant increase in CAR-T cell numbers, a de-
rease in circulating tumor DNA, and a partial response of gastric
all thickening and ascites, with no serious adverse effects [ 84 ].
his case suggests CT041’s potential to reduce the tumor burden
o below minimal residual disease and achieve durable clinical 
 esponses. Interim r esults fr om another ongoing phase 1 clini-
al trial of CT041 in CLDN18.2-positi ve digesti ve system cancers
r e encour a ging. This study r eported an ORR of 48.6% and a dis-
ase contr ol r ate of 73.0%. Additionall y, a significant pr oportion
f patients maintained a sustained response at 6 months, with
n ORR and disease contr ol r ate (DCR) of 57.1 and 75.0%, respec-
iv el y. T he o v er all surviv al r ate at 6 months was also promising at
1.2% [ 85 ]. LY011, a third-generation anti-claudin18.2 CAR-T ther-
 py, is curr entl y under phase 1 inv estigation (NCT04966143 and
CT04977193). Earl y r esults fr om this study ar e encour a ging, with
n ORR of 50.0% and a DCR of 100% in patients with advanced
olid tumors, including GC and pancreatic cancers. Importantly,
o unexpected serious adverse reactions were observed [ 81 ]. In
onclusion, claudin-18.2 CAR-T ther a py demonstr ates acceptable 
afety and promising anti-tumor efficacy in patients with GC. 

cam-1 

ell adhesion molecule 1 (ICAM-1) is often ov er expr essed in var-
ous malignancies, including GC [ 86 ]. This ov er expr ession con-
eys a poorer prognosis and short survival (5-year disease-free 
urviv al r ate: 36.1%, 5-year ov er all surviv al r ate: 49.7% [ 86 , 87 ].
mportantl y, ICAM-1 expr ession is gener all y high acr oss differ ent

olecular subtypes of GC, regardless of Lauren classification or 
CGA subtyping [ 87 ]. In vitro studies using cell lines have demon-
tr ated a positiv e corr elation between the l ytic activity of ICAM-1
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Figure 3. ( A ) Tumor cell eliminating mechanisms of C AR-T cells . C AR-T cells recognize tumor cells through the tumor associated antigen (TAA). Tumor 
cell death is mediated by activation of immune cell anti-tumor cytotoxic activity through interferon-gamma (IFN- γ ) and tumor necrosis factor-alpha 
(TNF α) secretion, tumor cell apoptosis and necrosis activated through death receptor (e.g. CD95) recognition and perforin and granzyme B granules 
secretion. ( B ) Tumor cell eliminating mechanisms of TCR-T cells. TCR-T cells recognize tumor cell-derived antigens presented through MHC molecules 
and eliminate tumor cells through mechanisms discussed for (A). 
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CAR-T cells and the le v el of ICAM-1 expr ession on target cells. In 
vivo mouse models with GC receiving high-dose ICAM-1 CAR-T 

ther a p y sho w ed a reduction in tumor bur den, with some ac hie v- 
ing complete eradication. Ho w ever, most models also exhibited 

r a pid r ela pse in 2 weeks [ 87 ]. To minimize off-tumor systemic tox- 
icity, IC AM-1 C ARs ha v e been engineer ed to hav e a micr omolar 
affinity (10 μM) [ 88 ]. These CARs specifically lyse cancer cells with 

high ICAM-1 expression while sparing normal tissues that express 
basal le v els of ICAM-1. An open-label, m ulticenter trial inv esti- 
gated the safety and efficacy of a specific CAR-T ther a py (IMC001) 
targeting epithelial cell adhesion molecule (EpCAM) as a surrogate 
antigen. Combining ther a pies tar geting both EpC AM and IC AM-1 
may offer amplified ther a peutic effects [ 89 ]. Ho w e v er, c hallenges 
r emain, including r esistance de v elopment [ 90 ] and tumor r ela pse 
[ 87 ]. 

Carcinoembryonic antigen 

Car cinoembry onic antigen (CEA) serves as a valuable tumor 
marker acr oss v arious sta ges of cancer mana gement, including 
scr eening, dia gnosis, and pr ognosis [ 91 ]. P atients with GC often 

hav e ele v ated CEA le v els as their disease pr ogr esses. Importantl y,
because of the ubiquitous nature of CEA, there has been a signifi- 
cant interest in the development of CEA-targeted CAR T cell ther- 
apy for advanced GC. Preclinical studies have demonstrated the 
safety and efficacy of CEA-CAR T cells, including their ability to 
inhibit tumor growth and extend lifespan [ 92 ]. A preclinical study 
exploring the potential of third-generation CAR structures incor- 
porating humanized or fully human anti-CEA antibodies evalu- 
ated four different CEA-CAR designs for targeting CEA-positive 
cancers both in vitro and in vivo [ 93 ]. Furthermore, in vitro studies 
r e v ealed a direct correlation between CEA expression in cancer 
cells and the cytotoxic activity of M5A, hMN-14, and BW431/26 
C AR-T cells , with M5A demonstrating superior efficacy in mouse 
xenogr aft models [ 93 ]. Additionall y, m ultiple studies hav e shown 

that combining CEA-CAR T cell ther a p y with c ytokines, suc h as r e- 
combinant IL2 and IL12, can further enhance anti-tumor effects 
[ 94 , 95 ]. Curr entl y, se v en clinical trials ar e inv estigating CEA-CAR 

T cell ther a py for solid tumors and ar e activ el y r ecruiting partic- 
ipants (Table 2 ). A k e y focus of future research will be identifying 
the optimal ScFv with properties of stable expression and appro- 
priate binding affinity. 

c-Met 
Cellular mesenchymal epithelial transition factor (c-Met), also 
kno wn as hepatoc yte gro wth factor r eceptor, is fr equentl y ov er ex- 
pr essed in v arious cancers [ 96 ]. T his o v er expr ession contributes to 
significantl y r educed ov er all surviv al by pr omoting abnormal sig- 
naling pathways that support tumor cell de v elopment and metas- 
tasis [ 97 ]. Consequently, the c-Met signaling pathway has emerged 

as an attr activ e tar get for GC ther a py. Pr eclinical studies hav e 
demonstr ated the pr omise of c-Met-dir ected C AR-T cells . Two 
types of CAR-T designs incor por ating an anti-c-Met scFv, CD28 
costimulatory domain, and CD3 ζ signaling domain (c-Met CAR 

KHYG-1 and c-Met C AR J urkat) ha ve shown antitumor effects in 

both in vitro and in vivo models, with c-Met CAR KHYG-1 cells ex- 
hibiting superior cytotoxic activity [ 98 ]. Furthermore , C AR-T cells 
co-expressing PD1/CD28 chimeric signaling receptor can improve 
the imm unosuppr essiv e TME of solid tumors [ 99 ], leading to en- 
hanced antitumor efficacy. Dual-function chimeric antigen re- 
ceptor T cells targeting both c-Met and PD1 have demonstrated 

stronger antitumor activity in PD-L1-positive tumor xenograft 
models compared to single-target CAR-T cells [ 100 ]. This dual CAR 
trategy holds promise for minimizing off-target toxicity to nor- 
al tissues, although further r esearc h is warranted. 

1 cell adhesion molecule 
he L1 cell adhesion molecule (L1CAM), a protein highly expressed

n various malignant tumors, is closely associated with tumor in-
asion, metastasis, and poor prognosis . L1C AM C AR-T cell ther a py,
lso known as CX804 [ 101 ], utilizes a novel ScFv called H8 ScFv to
ar get L1CAM. Pr eclinical studies hav e shown that CX804 can ef-
ectiv el y eliminate patient-deriv ed cells with high L1CAM expres-
ion. Furthermor e, CX804 demonstr ates cytoto xic acti vity against
C cell lines MKN-28 and adenocarcinoma gastric cell line (AGS).
dditionally, CX804 has been shown to pr omote imm une cell ac-

ivation by secreting T cell activation factors such as interferon-
amma (IFN- γ ) and tumor necrosis factor alfa (TNF- α) [ 101 ]. 

pCAM 

pCAM is a pr otein highl y expr essed on the surface of v arious
igestive system tumors. Decreased EpCAM expression can lead 

o reduced proliferation and cell cycle arrest in AGS cells, hin-
ering GC formation [ 102 ]. Consequently, EpCAM has emerged 

s a promising target for clinical cancer ther a py. Earl y-phase hu-
an trials for patients with late-stage colorectal and gastric can-

er hav e demonstr ated the safety and efficacy of EpC AM C AR-
 cell ther a py (specificall y, IMC001) [ 103 ]. These trials observed
table engraftment, meaning the CAR-T cells persisted and func- 
ioned within the patients’ bodies, along with incr eased le v els of
ytokines, whic h ar e imm une signaling molecules. 

ther targets 
n addition to the pr e viousl y mentioned tar gets, se v er al other

olecules are being explored for CAR-T therapy in GC. CD133CAR-
 cells [ 104 ], when combined with cisplatin treatment, can elim-

nate CD133-positive BGC-823 cells , potentially impro ving treat- 
ent outcomes. Preclinical studies suggest that CDH17CAR-T 

ells are effective in inhibiting the growth of neuroendocrine 
nd gastrointestinal tumors [ 105 ]. Similarly, CAR-T cells targeting
PC3 [ 106 ] show promising antitumor activity in xenograft mod-
ls of a ggr essiv e solid tumors. FOLR1, a pr otein ov er expr essed in
C tissues but with low expression in normal tissues, is consid-
red a potential target for immunotherapy. Studies have demon- 
trated that FOLR1-directed CAR-T cells can induce cytotoxic ef- 
ects on FOLR1-positive GC cells [ 107 ]. Anti-mesothelin CAR-T
ells [ 108 ], such as the M28z10 T cells [ 108 ], have been shown
o induce tumor r egr ession in v arious xenogr aft mouse models
f GC. PD-L1 [ 109 ], mucin1 (MUC1) [ 110 ], cadherin 17 [ 111 ], B7H3
 112 ], TEM8 [ 113 ], and prostate stem cell antigen (PSCA) [ 114 ] are
mong other potential GC-related CAR-T targets currently under 
nvestigation. Table 2 summarizes the clinical trials of CAR T cell
her a py in GC up until 1 June 2024. 

CR-T 

CR-T cell ther a py offers a pr omising a ppr oac h for cancer tr eat-
ent. Unlike C AR-T cells , whic h r ecognize tumor cell surface anti-

ens dir ectl y, TCR-T cells exhibit a higher degr ee of specificity.
hey recognize cancer cell-derived antigens presented through 

he HLA complex, allowing for targeted elimination of tumor 
ells with minimal damage to healthy tissues [ 115 ]. This speci-
city makes TCR-T ther a py potentiall y mor e suitable for solid tu-
or treatment. Ho w ever, TCR-T cell therap y has limitations . T he

ecognition of target antigens by TCR-T cells depends on their pre-
entation by MHC molecules [ 116 ]. This restricts TCR-T efficacy
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o patients with specific HLA alleles that can effectiv el y pr esent
he r ele v ant epitopes (antigenic fr a gments). The HLA-A ∗02:01 al-
ele is one of the most commonly studied HLA types in this con-
ext. TCR-T cells exhibit a higher le v el of sensitivity compared to
AR-T cells [ 117 ]. TCR-T cell activation can be triggered by stimu-

ation from a single MHC–antigen complex, whereas CAR-T cells
ypicall y r equir e enga gement with thousands of epitopes to in-
uce a robust immune response (Fig. 3 ). Structurally, TCRs con-
ist of alpha and beta chains that form a disulfide-linked het-
rodimer [ 118 ]. This complex, along with CD3 εγ δζ hexamers [ 116 ],
orms an octameric structure on the T cell surface. TCR bind-
ng to an MHC–antigen complex leads to the phosphorylation of
mm unor eceptor tyr osine-based activ ation motifs within the CD3
ubunits [ 119 ]. This phosphorylation cascade ultimately leads to
 cell activation and effector functions. TCR-T therapy can target
 variety of tumor antigens, including tumor-associated antigens
T AAs), cancer -germline antigens (CGAs), and tumor-specific anti-
ens (TSAs) [ 120 ]. This versatility offers the potential for broader
pplicability in cancer treatment. TAAs are antigens found on
oth tumor cells and healthy tissues, but because tumor cells ex-
ress them to significantly higher levels, unto w ar d side effects are
ot too common. These TAAs can be further categorized as dif-
erentiation antigens (shared with the tissue of origin) or ov er ex-
ressed antigens. Clinical trials are currently underway to evalu-
te the safety and efficacy of TCR-T cells targeting the TAA KK-
C-1 [ 121 ] in metastatic gastric, lung, breast, and cervical cancers
ClinicalTrials .go v IDNCT05483491). CGAs ar e attr activ e tar gets
ue to their limited expression in normal tissues, making them,
ssentiall y, antigens whose expr ession is r estricted to cancer cells
nd germline cells [ 122 ]. TSAs, finall y, ar e often associated with
ene mutations or viral infections, and the y re present ideal tar-
ets due to their complete absence in healthy tissues, minimiz-
ng the risk of off-target toxicity [ 123 ]. Ho w e v er, identifying these
eoantigens can be challenging due to patient-specific mutations
nd the unpr edictable natur e of MHC affinity. Despite the reduced
ff-tumor toxicity compared to CAR-T therapy, TCR-T therapy still
aces challenges [ 124 ] such as selection of targeted antigen, lim-
ted TCR-T cell persistence, imm unosuppr essiv e TMEs, and tu-

or imm une esca pe mec hanisms. To addr ess these shortcomings,
r eclinical e v aluations ar e crucial. These e v aluations assess HLA
ompatibility , TCR affinity , and safety profiles to optimize TCR-T
her a py for individual patients. 

ILs 

ILs residing within the TME are often r ender ed dysfunctional by
he activation of immune checkpoint receptors [ 125 ] such as PD-
1, and CTLA-4, and signaling pathways like the WNT- β-catenin
athwa y [ 126 ]. T hese factors contribute to reduced T cell infiltra-
ion and activation, while promoting T cell exhaustion, ultimately
eading to tumor imm une e v asion. TIL ther a py offers a promis-
ng a ppr oac h to ov ercome this c hallenge . It in volv es the extr ac-
ion of lymphocytes directly from a patient’s tumor and their ex-
ansion ex vivo in a culture enriched with IL-2, anti-CD3 mono-
lonal antibodies, and allogeneic feeder cells before their e v entual
 e-infusion for tr eatment pur poses . T his process aims to r e v erse
he suppr essiv e state of these TILs and enhance their anti-tumor
apabilities. Reinfused into the patient, these activated TILs can
hen mount a targeted attack against the tumor. TIL therapy
as demonstrated success in treating melanoma, with lifileucel
 127 ], a TIL ther a py for adv anced melanoma following PD-1/PD-
1 ther a py, r eceiving acceler ated FDA a ppr ov al. Earl y-phase clin-
cal trials targeting GC have also shown promise [ 128 ]. Ho w ever,
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significant br eakthr oughs for GC tr eatment ar e still needed. A k e y 
focus for impr oving TIL ther a py in GC is the identification of tu- 
mor neoantigens . T hese are antigens unique to the patient’s tu- 
mor and highly immunogenic, meaning they can trigger a strong 
imm une r esponse. Identifying neoantigens with high antigen load 

can significantly enhance TIL sensitivity and anti-tumor efficacy 
within the TME. Combination ther a py str ategies incor por ating 
ICIs [ 129 ], like PD-L1 blockade or genetic knockout of PD-L1 using 
CRISPR/Cas9 tec hnology [ 130 ], hav e also shown pr omising clini- 
cal results in non-melanoma tumors. TIL therapy offers several 
adv anta ges. It has minimal immune-mediated and off-target tox- 
icities. Ho w e v er, c hallenges r emain. The high cost, complex man- 
ufacturing pr ocess, potential adv erse e v ents associated with l ym- 
phocyte depletion and systemic IL-2 administration prior to TIL 
infusion, and the risk of autoimm une r eactions post-infusion re- 
quire further optimization for broader clinical application. 

CAR-NKs 

NK cells act as critical regulators of cellular activity through a 
balance of inhibitory and activating surface receptors. Healthy 
cells express MHC I molecules [ 131 ] which are recognized by in- 
hibitory NK cell receptors . T his recognition mechanism prevents 
NK cells fr om attac king healthy tissues, a featur e that, in theory,
also minimizes the risk of GVHD in NK cell-based ther a pies [ 132 ].
In contrast, tumor cells often evade T cell recognition by down- 
r egulating MHC I expr ession. This loss of “self” r ecognition ac- 
tivates NK cells’ missing-self recognition pathway [ 133 ], trigger- 
ing cytotoxic activity against tumors. Additionally, specific acti- 
v ating r ece ptors on NK cells [ 134 ], lik e NKG2D, DNAM1, NKp30,
and NKp46, can dir ectl y r ecognize ligands upr egulated on tumor 
cells, further promoting NK cell-mediated killing. NK cells employ 
three primary mechanisms to eliminate tumors [ 135 ]: (i) releasing 
cytoto xic gran ules containing perforin and gr anzymes, (ii) secr et- 
ing cytokines like IFN- γ and TNF- α to induce apoptosis or acti- 
vate other immune cells, and (iii) utilizing Fc receptors to trigger 
antibod y-de pendent cell-mediated cytoto xicity. This di verse anti- 
tumor arsenal positions NK cells as a promising avenue for ACT. 

CAR-NK cell ther a py le v er a ges the natur al cytotoxic potential 
of NK cells by engineering them with CARs [ 136 ]. The source 
of NK cells for CAR-NK ther a py can v ary [ 137 ], eac h with its 
own adv anta ges and limitations. Allogeneic peripher al blood of- 
fers r eadil y av ailable, highl y differ entiated NK cells, but lar ge- 
scale culturing remains challenging. Umbilical cord blood pro- 
vides NK cells with high pr olifer ation potential, but their cyto- 
to xic acti vity is more limited [ 138 ]. While stem cell-derived NK 

cells [ 139 ] exhibit broad anti-tumor activity, concerns regarding 
immunogenicity and malignant transformation necessitate care- 
ful e v aluation. NK cell lines like NK-92 and YT offer a r eadil y ex- 
pandable source but r equir e pr e-administr ation irr adiation and 

demonstrate a short lifespan in vivo [ 140 ]. Selecting an appro- 
priate CAR tr ansfection str ategy is crucial for successful CAR- 
NK cell pr oduction. Non-vir al methods include mRN A and DN A 

tr ansfection, while vir al v ectors encompass r etr ovir al, lentivir al,
and adeno-associated virus vectors [ 137 ]. Additionally, transpo- 
son transfection and CRISPR/Cas9 gene editing technology offer 
possibilities for precise genetic manipulation. Following CAR in- 
tegr ation, CAR-NK cells ar e expanded ex vivo befor e patient in- 
fusion. Se v er al factors contribute to CAR-NK cell tr affic king and 

tar geting [ 141 ]: (i) inher ent c hemotaxis of NK cells, (ii) cytokine 
signals from the TME that activate and recruit NK cells, and (iii) 
the specificity of the ScFv domain within the CAR, which guides 
recognition and binding to target tumor cells. Additionally, inter- 
ctions between surface ligands on C AR-NK cells , such as CXCR3
nd CX3CR1, and c hemokines secr eted within the TME play a role
n directing NK cell migration. CAR-NK cells exert anti-tumor ef-
ects thr ough se v er al mec hanisms [ 142 ]: (i) tar geting specific tu-

or markers with the engineered CAR, (ii) engaging with self-
ntigens on tumor cells, and (iii) recognizing ligands expressed on
he tumor cell surface (Fig. 4 ). Due to their inher entl y short lifes-
an, CAR-NK cells exhibit limited persistence in vivo . Ho w e v er, this
an be mitigated by incor por ating imm unostim ulatory cytokines
 143 , 144 ] (IL-2, IL-7, IL-21) into the tr eatment r egimen to enhance
heir surviv al. Furthermor e, r epeated infusions of CAR-NK cells
an be emplo y ed to maintain a sufficient effector cell population
or sustained disease control. 

Se v er al surface markers are overexpressed in GC tissues,
ncluding HER2 [ 145 ], MUC1 [ 146 ], CEA [ 147 ], EpCAM [ 102 ],
KG2D ligands [ 148 ], and others . T his o v er expr ession makes

hem promising targets for CAR-NK cell therapy. Preclinical stud- 
es have explored the potential of CAR-NK cells for GC treat-

ent. MSLN-CAR-NK92 cells [ 149 ], for example, specifically target 
SLN-positive cancer cells in vitro , demonstrating enhanced anti- 

umor effects and increased NK cell infiltration in vivo . Similarly,
tudies with NK-92/5.137.z cells [ 150 ], engineered with a HER2-
pecific second-gener ation c himeric antigen r eceptor, hav e shown
r omising r esults . T hese C AR-NK cells exhibit enhanced cytotoxi-
ity and higher cytokine release in vivo , leading to the elimination
f small tumors. Ho w e v er, the effects on lar ger tumors r equir e fur-
her inv estigation. Curr ent e vidence suggests that combination
her a py with a patinib [ 151 ], a tyr osine kinase inhibitor , can fur -
her impr ov e NK cell infiltr ation and enhance tumor-killing abil-
ty. NKG2D ligand ov er expr ession on GC cell surfaces presents an-
ther opportunity for CAR-NK ther a py. NKP30-CAR-NK cells [ 152 ]
av e demonstr ated anti-tumor efficacy a gainst GC in pr eclinical
tudies. CDH17, a protein specifically expressed in gastrointesti- 
al cancers, is also a potential tar get. Finall y, non-vir al CDH17
 AR-NK cells ha v e been engineer ed using mRNA electr opor ation
f Magicell-NK cells [ 153 ]. These CAR-NK cells contain a novel
DH17-specific single-c hain v ariable fr a gment and a 4–1BB co-
timulatory domain. In vitro studies demonstrated optimal cell 
iability, incr eased expr ession of surface CD107a or lysosome-
ssociated membrane protein 1 (LAMP-1) on CAR-NK cells co- 
ultur ed with CDH17-positiv e cancer cells, and enhanced anti-
umor responses. Taken together, these findings suggest that non- 
iral CDH17 CAR-NK cell therapy may be a promising approach
or gastrointestinal cancers, including GC. Notably, CAR-NK ther- 
 py for GC r emains in the pr eclinical de v elopment sta ge. Further
 esearc h is warr anted to e v aluate its safety and efficacy in clinical
rials. 

Furthermor e, the past fe w years hav e witnessed a gr owing in-
erest in modified C AR-NK cells , such as BiNK and TriNK. These
ext-generation CAR-NK cells [ 154 ] hold promise for treating tu-
or heterogeneity due to their broader anti-tumor capabilities,

o w er toxicity profile, and reduced risk of serious adverse reac-
ions. Ho w e v er, the efficacy of CAR-NK ther a py in GC can be
ampered by several factors within the TME [ 155 ]. These in-
lude high le v els of PD-L1 expr ession, whic h can suppress NK
ell activity, PD-1 expression on the NK cells themselves, and the
resence of inhibitory receptors (TIM-3, LAG-3, and TIGI) on the
 AR-NK cells . To o vercome these limitations , combination ther-
py with ICIs has shown promise [ 156 ]. This a ppr oac h can en-
ance antibod y-de pendent cell-mediated cytoto xicity-mediated 

nti-tumor activity, boost cytokine production, and inhibit NK 

ell apoptosis in PD-L1-positive GCs and other gastrointestinal 
alignancies. 
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Figure 4. ( A ) Tumor cell eliminating mechanisms of CAR-macr opha ge cells. CAR-macr opha ge cells recognize tumor cells through the TAA. Tumor cell 
death is mediated b y phagoc ytosis of tumor cells, which further present tumor antigen to T cells to induce cell - mediated imm unity a gainst cancer. M1 
polarization and production of matrix metalloproteinases (MMPs) facilitating immune cell infiltration also induce anti-tumor activity. ( B ) Tumor cell 
eliminating mechanisms of C AR-NK cells . C AR-NK cells recognize tumor cells through the TAA. Tumor cell death is mediated by activation of immune 
cell anti-tumor cytotoxic activity through IFN- γ and TNF α secretion, and tumor cell apoptosis and necrosis activated through killer cell activatory 
receptors (KAR) and activating ligand recognition and perforin and granzyme B granules secretion. ( C ) Tumor cell eliminating mechanisms of 
C AR-neutrophil cell. C AR-neutrophils recognize tumor cells through the TAA. They kill tumor cells through reactive oxygen species (ROS)-dependent 
mec hanisms, pr omoting pha gocytosis and T cell-dependent anti-tumor imm unity. 
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AR-macr opha ges 

umor-associated macr opha ges ar e the most abundant imm une
ells within the TME [ 157 ] and play a critical role in suppressing
he imm une r esponse a gainst tumors. Macr opha ges can be polar-
zed into two main phenotypes: M1 and M2 [ 158 ]. M1 macr opha ges
xhibit pro-inflammatory properties and inhibit tumor devel-
pment, while M2 macr opha ges pr omote tumor gr owth, inv a-
ion, and metastasis [ 159 ]. In GC, the dynamic changes in the
ME influence macr opha ge polarization. T he hypoxic en viron-
ent induces macr opha ges to secrete CXCL8, which promoted

astric erosion [ 160 ], and IL-10, which leads to M2 polarization.
his creates a positive feedback loop that favors tumor progres-
ion. TAMs further suppress the anti-tumor function of CD8 + 

 cells and are associated with high expression of the immune
 hec kpoint PD-L1 [ 161 ]. Additionall y, they pr omote GC migr a-
ion by increasing the expression of matrix metalloproteinase
MMP) genes and kindlin-2-related signaling pathwa ys . Notably,
AM infiltration is considered an independent risk factor for ad-
anced GC. GC tissue exhibits upregulated expression of spe-
ific factors [ 34 ] like miR210, regulator of G protein signaling 1
 162 ], BICCI [ 163 ], FSTL3 [ 164 ], and YKL-39 [ 165 ], whic h collectiv el y
r omote TAM infiltr ation and GC de v elopment. TAMs ar e also
losely associated with GC’s resistance to chemotherapy. Given
heir phagocytic ability and role in immunity, macrophages of-
er a pr omising tar get for cancer ther a p y. Resear c hers ar e ex-
loring genetically modified macrophages that can engulf tumor
ells or maintain an M1 phenotype . C AR-macr opha ges r epr esent a
articularl y exciting a ppr oac h [ 166 ]. Induced pluripotent stem
ell (iPSC)-derived CAR-expressing macrophage cells (CAR-iMacs)
an overcome limitations of insufficient autologous macr opha ge
umbers and disease-induced suppression [ 167 ]. Their indefinite
r olifer ation and amenability to genetic modification make them
 valuable source for immunotherapy. CAR-iMACs [ 168 ] have
hown pr omising r esults in pr e-clinical models, demonstr ating
afety and the ability to engulf cancer cells. While other sources
ike monocytes from peripheral blood mononuclear cells or bone

arr ow macr opha ges offer easier accessibility [ 169 ], they ar e lim-
ted in terms of expansion and genetic modification. The struc-
ure of CAR-M follows a similar design to traditional CAR T cells
 170 ], with an extracellular antigen-binding domain, a hinge re-
ion, a tr ansmembr ane domain, and an intr acellular signaling do-
ain. The k e y difference lies in the selection of cytoplasmic do-
ains that promote phagocytosis [ 166 , 171 ], such as Tlr4, Megf10,

c receptor, and common γ subunits (FcR ɣ ) of MerTK (CD3 ζ ,
D28, 4–1BB, Megf10, MerTK, PI3K, CD86, CD147, TLR2, TLR4, and
LR6). Building upon the initial success of C AR-iMACs , r esearc hers
av e de v eloped second-gener ation CAR-M designs with enhanced

unctionality. T he CD3 ζ -TIR-C AR-iMAC [ 171 ] incor por ates a dual-
ignal CAR structure utilizing both CD3 ζ and toll/interleukin-1
eceptor (TIR) domains in iPSC-deriv ed macr opha ges . T his de-
ign demonstrates superior anti-tumor activity and a stronger M1
olarization phenotype compared to single-signal CD3 ζ CAR-M.
ene transfer for CAR-M therapy presents a unique challenge due

o the macr opha ges’s natur al ability to clear viruses. Tr aditional
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vir al tr ansfection methods hav e lo w efficienc y. Curr entl y, feasi- 
ble options include adenovirus vectors with modified serotypes 
[ 172 ] (such as Ad5/F35) and lentiviral transfection using HIV-2 de- 
riv ed Vp pr oteins [ 173 ] to degr ade SAMHD1, a restriction factor.
Non-vir al tr ansfection methods ar e also being explor ed and gen- 
er all y align with those used for CAR-T cell ther a py [ 174 ]. Within 

the TME, CAR-M recognizes target antigens on cancer cells, trig- 
gering a multifaceted response [ 175 ]. First, CAR-M engulfs and 

eliminates the targeted tumor cells . Additionally, C AR-M activates 
surr ounding antigen-pr esenting cells, whic h then pr esent tumor 
antigens to T cells, stimulating a broader anti-tumor immune re- 
sponse . Furthermore , C AR-M functions to anchor macrophages 
within the tumor, promoting their M1 polarization and r epr ogr am- 
ming the TME. This includes the production of MMPs to degrade 
the tumor’s extracellular matrix, facilitating immune cell infil- 
tr ation. CAR-M also r eleases cytokines that shape the TME and 

promote further M1 polarization of macrophages within the tu- 
mor (Fig. 4 ). Compared to CAR-T and CAR-NK ther a pies, CAR-M 

offers se v er al adv anta ges in the context of solid tumors . T hese 
include sufficient cell infiltr ation, r obust pha gocytic ability, and 

the capacity to reshape the tumor matrix [ 176 ]. CAR macr opha ges 
designed with the CAR-147 intracellular domain activate MMPs 
within tumor models, facilitating T cell infiltration by degrading 
the basement membrane, a natural barrier [ 177 ]. This design also 
enables CAR-dependent MMP secretion within tumors, potentially 
synergizing with other therapies like CAR-T cell therapy for en- 
hanced anti-tumor effects. Preclinical studies support the efficacy 
of CAR-M. Zhang et al. [ 167 ] demonstrated the in vitro phagocyto- 
sis of CD19-expressing leukemia cells and mesothelin-expressing 
ov arian/pancr eatic cancer cells by CAR (CD19)-iMac and CAR 

(meso)-iMac cells, r espectiv el y. These CAR-M designs also exhib- 
ited anti-tumor activity in in vivo models. Similarly, HER2/CD47 
CAR-M has been validated for its phagocytic ability and multi- 
faceted anti-tumor effects on ovarian cancer cells. In the context 
of GC, Dong et al . [ 178 ] de v eloped a promising HER2-Fc εR1 γ -CAR 

(HF-CAR) tar geting HER2-positiv e GC cells. These CAR-M cells de- 
riv ed fr om human gastric peritoneal macr opha ges demonstr ated 

excellent anti-tumor efficacy and safety in pre-clinical studies. 
Furthermor e, r esearc h suggests that CAR-M ther a py can impr ov e 
the TME, leading to enhanced responses to c hemother a py drugs.
For instance, oxaliplatin can promote M1 polarization, and com- 
bination ther a py with CAR-M can enhance anti-tumor efficacy 
and prolong survival [ 178 ]. The complexity and cost of in vitro 
C AR-M manufacturing ha v e spurr ed r esearc h into in vivo pr o- 
gr amming str ategies. Kang et al . [ 179 ] demonstr ated effectiv e tu- 
mor suppression by delivering CAR and IFN- γ gene-containing 
nanoparticles loaded with macr opha ges dir ectl y into the body,
inducing CAR-M1 macr opha ges in situ . Beyond CAR-M, other 
macr opha ge-based imm unother a pies hold pr omise [ 180 ]. These 
include adoptive cell therapy using iPSC-derived macrophages, 
nanoparticle-loaded macr opha ges, ex vivo polarized and/or adop- 
tiv el y tr ansferr ed macr opha ges, and surface anc horing engineer- 
ing of macr opha ges. 

CAR-neutrophils 

Similar to T AMs, tumor -associated neutrophils (TANs) exhibit 
phenotypic plasticity and can be categorized into two main sub- 
sets: anti-tumor N1 and pro-tumor N2 [ 181 ]. The phenotype of N1 
TANs is similar to that of M1 macr opha ges, as they are associ- 
ated with IFN- γ and gr anulocyte-macr opha ge colon y-stim ulating 
factor (GM-CSF), and they demonstrate a direct anti-tumor ac- 
tivity thr ough r eactiv e oxygen species (ROS)-dependent mecha- 
isms [ 182 ]. Suc h neutr ophils can also activ ate other imm une
ells , including T lymphocytes , to promote T cell-dependent anti-
umor immunity and the polarization of unconventional T cells 
o w ar ds the αβ subtype [ 183 ]. Conv ersel y, N2 TANs exhibit an
2-like phenotype, c har acterized by high expr ession of ARG1,
CL17, and CXCL14 [ 184 , 185 ]. These cells promote tumor de-
 elopment thr ough v arious mec hanisms, including VEGF pr oduc-
ion, extr acellular matrix r emodeling, and the r elease of ROS
nd r eactiv e nitr ogen species (Fig. 4 ). Additionall y, N2 TANs me-
iate immune suppression. The success of CAR-M in maintain- 

ng M1 polarization and enhancing anti-tumor responses sug- 
ests a potential role for engineered neutrophils (CAR-N) in can-
er ther a p y [ 186 ]. Ho w e v er, the short lifespan and r esistance of
eutrophils to gene editing pose challenges for CAR-N develop- 
ent. Despite these limitations, pre-clinical studies have shown 

romise. Chang et al. [ 187 ] designed CLTX-T-CAR neutrophils de-
iv ed fr om human pluripotent stem cells . T hese cells exhibit typi-
al neutrophil phenotypes and enhanced anti-tumor cytotoxicity 
ia phagoc ytosis, R OS release, and neutrophil extracellular trap
ormation. Additionally , CLTX-T -CAR neutrophils can naturally 
enetr ate the blood–br ain barrier and tar get MMR2, demonstr at-

ng anti-glioblastoma multiforme effects. Notably, unlike CAR-NK 

ells , CLTX-T-C AR neutr ophils r etain their anti-tumor phenotype,
igh tr affic king ca pacity, and cytotoxicity e v en within a sim ulated
ypoxic tumor micr oenvir onment. Harris et al. [ 188 ] demonstr ated
he potent cytotoxic effects of CAR-N targeting the prostate- 
pecific membrane antigen expressed on LNCaP cells, a human 

rostate cancer model. These CAR-N cells wer e deriv ed fr om hu-
an pluripotent stem cells (hPSCs) modified via CRISPR-Cas9 

ene editing. Furthermore, Chang et al . [ 189 ] emplo y ed CAR-N to
eliver and release the tumor microenvironment-responsive nan- 
drug Tir a pazamine (TPZ), significantl y inhibiting tumor gr owth
nd prolonging animal survival in glioblastoma xenograft models.
his combination of c hemoimm unother a py using a biomimetic
AR-neutr ophil drug deliv ery system highlights the potential for
nhanced anti-tumor activity and safety. While pre-clinical stud- 
es for GC are not yet a vailable , C AR-N therapy presents a promis-
ng ne w av enue for GC tr eatment, particularl y when combined
ith GC imm unosurv eillance and imm unomodulation str ategies 

argeting the HER2 surface marker. 

dv erse e v ents of imm unother apy 

mm une ther a py has r e volutionized cancer tr eatment, offering r e-
ewed hope and treatment options for patients with advanced or
r eatment-r efr actory cancers . T his a ppr oac h harnesses the po w er
f the patient’s own immune system to combat tumors. How- 
 v er, a gr owing concern with the use of imm une ther a py is the
mer gence of imm une-r elated adv erse e v ents (irAEs). These tox-
cities differ significantly from those associated with traditional 
 hemother a py. irAEs ar e thought to be linked to autoimm une
eactions, cytokine-mediated inflammation, and patient-specific 
isk factors . T he occurr ence of irAEs can significantl y compr omise
 patient’s quality of life and, in se v er e cases, e v en lead to death.
 ar adoxicall y, some studies suggest a positive correlation between
he occurrence of irAEs and overall patient outcomes . T his un-
erscores the critical need to understand the complex relation- 
hip between irAEs and treatment efficacy . Additionally , enhanc-
ng awareness of the clinical presentation, early diagnosis, and ef-
ectiv e mana gement of these imm une-r elated toxicities is crucial
or optimizing patient care . T he rest of this review will focus on
rAEs associated with ICI ther a py and ACT. 
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d verse e vents of ICI 
CI ther a py potentiates the anti-tumor function of T cells by block-
ng inhibitory pathways within the immune system. While this
 ppr oac h leads to sustained anti-tumor responses in cancer pa-
ients, it can also result in ov er activ ation of the immune system.
 his o v er activ ation can lead to attacks on healthy tissues and ex-
essiv e imm une r esponses, irAEs can affect nearl y an y or gan but
hey primarily affect the skin, liver, gastrointestinal tract, and en-
ocrine organs . T he National Cancer Institute’s Common Termi-
ology Criteria for Adverse Events (CTC AE) pro vides a standard-

zed fr ame work for assessing the se v erity of irAEs, gr ading them,
nd guiding treatment decisions. Grade 3 AEs are considered mod-
r ate to se v er e, r equiring hospitalization but not life-threatening.
rade 4 AEs are life-threatening, and grade 5 indicates death.
he se v erity of irAEs is influenced by se v er al factors [ 190 , 191 ],

ncluding the specific drug used, dosa ge, patient’s imm une r e-
ponse profile, and tumor type. In the context of GC, ICI ther a py
as a reported incidence of all-grade treatment-related adverse
 v ents (TRAEs) of 54.5% [ 192 ], with fatigue, alanine aminotrans-
er ase incr ease , hepatitis , and pneumonitis being common grade
 or higher TRAEs. A r etr ospectiv e anal ysis of 402 cases treated
ith PD-1 inhibitors for advanced GC revealed that skin toxic-

ty , endocrine toxicity , and gastrointestinal toxicity were the most
ommon adverse effects, occurring at lo w er toxicity le v els. Hep-
tic and pulmonary toxicities were less frequent but tended to
e associated with higher toxicity le v els. Mor e than 50% of pa-
ients treated with tislelizumab , toripalimab , or sintilimab expe-
ienced irAEs [ 193 ]. In a phase I study of avelumab monother-
py in GC patients, 15.3% experienced irAEs, with only 2% en-
ountering grade 3 irAEs and no irAE-related deaths reported
 194 ]. A phase II clinical trial testing trastuzumab and nivolumab
n combination with either ipilimumab or mFOLFOX6 for pr e vi-
usl y untr eated HER2-positiv e esopha gogastric adenocarcinoma
ound a higher incidence of irAEs and poorer treatment out-
omes with ipilimumab combination ther a py compar ed to mFOL-
OX6 [ 195 ]. Furthermore, a model-based analysis by Shulgin et al .
 196 ] on irAE rates of CTLA-4 and PD-1 inhibitors in cancer pa-
ients demonstrated dose/exposure dependence, with PD-1/PD-
1 inhibitors showing no such dependence. In contrast, CTLA-
 inhibitors exhibited a strong dose/exposure dependence, with
igher concentr ations corr elating with incr eased r ates of gr ade
 and 4 adverse events, consistent with current clinical research
 197 ]. Ho w e v er, no specific dose-r anging study for GC was iden-
ified. Compar ed to c hemother a py alone, ICI ther a py can poten-
iall y r educe adv erse e v ents [ 192 ]. Ho w e v er, combination ther a py
ith ICIs often increases the risk of an y-gr ade AEs [ 198 ], gr ade
 or higher AEs, and treatment discontinuation due to TRAEs
uch as alanine aminotransferase elevation, palmoplantar ery-
hr odysesthesia syndr ome, nausea, and leuk openia. P ark et al . pr o-
osed that the combination of nivolumab and ipilimumab can im-
r ov e ov er all surviv al in third-line GC treatment, but at the cost
f higher toxicity [ 199 ]. Conv ersel y, the r esearc h by Huang et al.
 200 ] demonstrated that the combination of apatinib (a VEGFR-
 inhibitor) and nivolumab offered a significant impr ov ement in
v er all surviv al with fe wer TRAEs, potentiall y r epr esenting the op-
imal treatment approach for third-line GC [ 199 ]. T herefore , se-
ecting the most a ppr opriate ICI drug, dosa ge, and combination
egimen is crucial to balance treatment efficacy with the mini-

ization of irAEs. Curr ent mana gement str ategies for irAEs focus
n early identification, prompt intervention, and minimizing the
isk of fatal complications. Understanding risk factors and identi-
ying potential pr edictiv e molecules for irAEs is an essential area
f ongoing r esearc h. A study by Chennamadhavuni et al . identified
e v er al factors that influence the risk of irAEs in patients receiving
CI ther a py [ 201 ]. These factors include patient age, sex, medica-
ion history, and the presence of pr e-existing or gan-specific dis-
ases. Clinicians should car efull y consider these factors before
nitiating ICI ther a py [ 201 ]. Furthermor e, r esearc hers ar e explor-
ng the use of biomarkers to predict the occurrence and se v er-
ty of irAEs. Se v er al potential biomarkers hav e been identified.
emale sex, antibiotic use, a high neutr ophil-to-l ymphocyte r a-
io following treatment, and a higher baseline le v el of circulating
umor cells are associated with an increased risk of irAEs. Con-
 ersel y, a lo w er baseline prognostic nutritional index, a body mass
ndex ≥ 25 kg/m 

2 , and higher post-treatment lactate dehydroge-
ase le v els may indicate a higher risk of de v eloping mor e se v er e

rAEs [ 202 ]. 

d verse e vents of ACT 

ellular ther a py for tumors in clinical trials has shown promise,
ut it can also lead to v arious adv erse r eactions affecting the en-
ire body. One of the most common immune system toxicities
ssociated with CAR-T ther a py is CRS. CRS is c har acterized by
 series of clinical symptoms, including nausea, headac he, r a pid
eart rate, low blood pressure, rash, and difficulty breathing, all
 esulting fr om the r elease of cytokines by the infused T cells . T he
merican Society for Blood and Marrow Transplantation (ASTCT)
r ades CRS se v erity on a fiv e-point scale [ 203 ], with gr ade 3 being
he cutoff for requiring specific interventions like anti-cytokine
her a py. While gr ades 1 and 2 ar e consider ed low-risk, gr ade 3 or
igher CRS necessitates treatment, and grade 5 indicates death. A
eta-anal ysis r e v ealed that 78% of patients with diffuse lar ge B-

ell l ymphoma (DLBCL) tr eated with CAR-T ther a py experienced
RS, with 6% de v eloping se v er e CRS. The structur es of the CAR-
 cells themselves seem to influence the risk of CRS and neuro-

oxicity. Pr oducts incor por ating the 4–1BB costim ulatory domain
av e demonstr ated a higher safety profile [ 204 ] compared to those
sing the CD28 domain. A case report documented fatal events

n metastatic melanoma patients treated with melanoma anti-
en recognized by T cells 1 (MART-1) TCR-T cell ther a py, wher e
ytokine r elease syndr ome induced by activ ated T cells was be-
ie v ed to be the primary cause of death [ 205 ]. Additionally, the risk
f CRS appears to be linked to the specific CAR-T cell construct,
he initial quantity of infused T cells, and their subsequent pro-
iferation in vivo . Patients treated with 4–1BB co-stimulated CAR-
 cells typically experience CRS later than those receiving CD28
o-stimulated CAR-T cells [ 206 ]. Early elevation of cytokines and a
igh tumor burden ar e consider ed high-risk factors for se v er e CRS
e v elopment. The excessiv e r elease of c ytokines b y activated T
ells is responsible for CRS. On the other hand, these ICI treatment
ptions are sometimes so effective that the rapid destruction of
umor cells may often trigger tumor l ysis syndr ome. Essentiall y a

etabolic disorder, tumor lysis syndrome can lead to imbalances
n electr ol ytes like potassium, phosphate, and uric acid, and e v en
cute kidney injury. While mor e fr equent in imm unother a py for
lood cancers, it can also occur in solid tumors [ 207 ]. 

Immune effector cell-associated neurotoxicity syndrome
ICAN) is the second most common serious reaction to CAR-T
her a py. P atients with ICAN often experience encephalopathy,
phasia, delirium, tremors , and seizures . T hese symptoms typi-
all y r esolv e within 3–4 weeks after tr eatment, but se v er e ICANs
an lead to fatal diffuse cer ebr al edema [ 208 ]. The CAR TO X-10
creening tool is used to gr ade ICAN se v erity. Gr ades 1 and 2
r e consider ed mild to moder ate, with no incr eased intr acr anial
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pr essur e, seizur es, or motor weakness. Grade 3 or higher ICANs 
ar e consider ed se v er e, with incr eased intr acr anial pr essur e, and 

partial or generalized seizures, and can be fatal (grade 5). A study 
examining 19–28z CAR T-cell ther a py for r ela psed or r efr actory 
acute lymphoblastic leukemia found that 62.3% of patients ex- 
perienced some le v el of neur otoxicity. Similar to CRS, high initial 
tumor bur den, early c ytokine ele v ation, and high CAR-T cell 
expansion were associated with a greater risk of severe IC ANs .
Mec hanisms underl ying fatal ICANs ar e thought to involv e bone 
marr ow-driv en systemic inflammation leading to endothelial 
activation and blood–brain barrier dysfunction [ 209 ]. Unlike CRS,
CD28 co-stimulated CAR-T cells seem to present a higher risk for 
ICAN de v elopment [ 209 ]. Curr ent e vidence suggests no neur otox- 
icity or CRS associated with CAR-NK ther a py compar ed to CAR-T.
Furthermore, phase I trials of claudin18.2 CAR-T ther a py for 
gastrointestinal cancers reported that 100% of grade 3 or higher 
adv erse e v ents wer e hematological toxicities, with leuk openia 
affecting 83.8% of patients [ 82 ]. 

Beyond on-target tumor toxicity, off-target effects can have se- 
rious consequences. A case in point is the fatal cardiac toxicity 
observed in patients receiving autologous infusion of enhanced 

affinity T-cell receptor targeting the testicular antigen MAGE-A3. 
TCR-T ther a py has also been implicated in off-target toxicities 
leading to cardiac issues [ 210 ] and acute r espir atory distr ess syn- 
drome [ 211 ]. The rates and severity of these toxicities vary across 
differ ent m ulticenter trials . T his variability ma y be associated 

with factors such as trial design, medication use, individual pa- 
tient differ ences, underl ying disease types, toxicity grading sys- 
tems, and the specific type of CAR-T cell construct used. 

Nanotechnology 

Recent years have witnessed a growing interest in integrating nan- 
otechnology with immunotherapy, leading to significant break- 
throughs . Nanoparticles , acting as customizable carriers, offer 
precise modulation of immunotherapy through controlled parti- 
cle shape, size [ 212 ], and surface charge [ 213 ]. Biodegradable poly- 
mer nanoparticles like pol y(lactic-co-gl ycolic acid), PLGA [ 214 ],
along with metal and inorganic nanoparticles , ha ve found exten- 
sive use in immunotherapy. These nanoparticles can modify CAR- 
T cells in vivo [ 215 ], regulate CD4 + T cell function [ 216 ], inhibit the 
expression of tumor-associated immunosuppressive cells [ 217 ], 
and control the release of immunosuppressive agents like IL-2 and 

tr ansforming gr owth factor- β (TGF- β) [ 218 ]. This ultimatel y nor- 
malizes the immune microenvironment and enhances immune 
infiltr ation. Furthermor e, nanoparticles serv e a unique role as im- 
munopotentiators [ 219 ] and drug carriers [ 220 ]. They can deliver 
antigens and immune adjuvants, facilitating antigen presenta- 
tion and ultimately activating the immune system. Nanoparticles 
enhance antigen uptake and processing efficiency by le v er a ging 
their distinct properties, including surface functionalization and 

targeting effects . For instance , PLGA nanoparticles , due to their 
size similarity to microbial pathogens [ 219 ], can promote antigen 

pr esentation by mimic king the way imm une cells engulf these 
pathogens. Ad ditionally, nanoparticle-based platforms lik e syn- 
thetic high-density lipoprotein nanodiscs demonstrate remark- 
able efficacy. These nanodiscs deliver neoantigens and Toll-like 
receptor 9 agonists to antigen-presenting cells in draining lymph 

nodes, resulting in a significant increase in neoantigen-specific cy- 
totoxic CD8 + T lymphocytes [ 221 ]. When combined with ICIs, nan- 
odisc vaccines in colon cancer and B16F10 melanoma mice ex- 
hibited superior tumor r egr ession r ates [ 222 ] compared to single- 
dose nanodisc vaccines . T his highlights the potential of nano- 
 accines, whic h exhibit comparable efficacy , safety , and anti-
umor response to refractory cancer immunotherapy compared 

o advanced cancer vaccines . Moreo ver, researchers are designing
anoparticles to ac hie v e combined photothermal ther a py and ICI
her a py. These nanoparticles assemble photothermal agents and 

mm une activ ators, r esulting in superior and sustained tumor re-
ponse alongside long-term immune memory effects [ 223 ]. 

Nanoparticles have demonstrably enhanced immunotherapy 
utcomes, specifically in the context of GC. Nanotechnology- 
ased cancer vaccines offer exciting ne w pr ospects for GC im-
 unother a py. For instance, the MAGE-A4 pr otein and c holester ol-

earing hydrophobized pullulan nanoparticle complex vaccine 
as induced MAGE-A4-specific humoral immune responses in 

dvanced cancer patients, including those with GC (alongside 
sophageal and lung cancers) [ 224 ]. Similarly, nanovaccines com-
rising e pitope pe ptides from CD4 + and CD8 + T cells have effec-
iv el y stim ulated anti-tumor imm une r esponses in GC patients.
urthermor e, the pr operties of nanomaterials can dir ectl y im-
act the survival of gastrointestinal cells [ 225 , 226 ]. Wu et al . de-
 eloped nanometer-sized pol y(phen ylene ethyn ylene)-based an- 
imicr obial a gent [ 227 ], whic h activ ates both external and in-
ernal apoptotic pathways in various cancers, including GC, by 
e v er a ging cancer cell amino acid metabolic dependence and the
OS generation ability of its multi-nanopore cores. Nanoplat- 
orms loaded with cisplatin have also shown promise in GC treat-

ent [ 228 ]. These platforms increase cisplatin accumulation in
C tissues , enhance its o v er all toxicity, and potentiall y ov ercome
rug resistance. Li et al . [ 229 ] demonstrated a synergistic effect
y combining nanosystems with both c hemother a py and im-
 unother a py. Their nanodrug delivery system, DOX@aiPS-DCexo,

nhanced c hemother a p y efficac y while sim ultaneousl y r eleas-
ng a significant number of tumor antigens, thus stimulating the
mmune system. Beyond treatment, nanoparticles can be com- 
ined with imaging technology for immune detection and e v al-
ation. This allows for real-time monitoring of therapeutic drug 
elease and distribution, evaluation of therapeutic efficacy, and 

uidance for treatment plan adjustments . T his a ppr oac h enables
 mor e accur ate assessment of imm unother a py r esponse and
r ognosis, ultimatel y pr oviding a basis for personalized treatment

n GC. 

onclusion 

mm unother a py has made significant strides in the clinical man-
gement of GC, with ICIs becoming established and reliable first-
ine treatment options for patients with advanced GC. Combina- 
ion ther a p y, offering superior efficac y and reduced toxicity, has
ecome the standard a ppr oac h. This personalized a ppr oac h r e-
ies on biomarkers such as MSI, PD-L1 combined positive score,
BV status, tumor mutational bur den, cir culating tumor DNA,
TCs , and H. p ylori status . T hese biomarkers can predict patient
 esponse, guide tr eatment planning, and assess ther a peutic ef-
cacy in ICI tr eatment. Ther efor e, futur e r esearc h should focus
n compr ehensiv el y considering these biomarkers alongside in-
ividual patient differences . T his includes selection of optimal
CI drugs, dose determination, and effective drug pairing strate- 
ies . T his focus will ultimately achieve optimal therapeutic effects
hile minimizing imm une-r elated adv erse e v ents. 
ACT presents another promising avenue for GC immunother- 

 py. Adv ancements in cell ther a py tec hnologies , including C AR-
 , TILs, TCR-T , C AR-M, and C AR-NK cells , offer ne w ther a peutic
ossibilities for GC patients. Ho w e v er, a ppl ying ACT in GC faces
 hallenges stemming fr om the TME. These c hallenges include a
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ack of well-defined tumor-specific antigens, tumor antigen es-
a pe mec hanisms, suppr ession of imm une cell infiltr ation, im-
 unosuppr essiv e enzymes, str omal fibr oblasts, the extr acellular
atrix, tumor angiogenesis, and hypoxia. Furthermore, issues as-

ociated with the ther a peutic cells themselv es, suc h as tar geted
nd off-target toxicities observed with C AR-T and C AR-M thera-
ies, can hinder treatment efficac y. Resear chers are exploring var-

ous strategies to address these challenges and enhance ACT ef-
cacy. One a ppr oac h is the de v elopment of dual CAR strategies
o overcome tumor antigen heterogeneity, antigen loss variants,
nd limitations of CAR-T cells in antigen-negative tumors, while
im ultaneousl y avoiding attacks on healthy tissues. CAR-NK cell
her a py is consider ed a pr omising alternativ e to CAR-T ther a py
ue to its potential for effective tumor elimination with lo w er
oxicity. This a ppr oac h le v er a ges both CAR-dependent and NK
ell rece ptor-de pendent mechanisms. Ho w ever, further resear ch
s warranted to investigate the long-term in vivo anti-tumor ef-
ects of CAR-NK ther a py in GC. 

Futur e r esearc h endeavors should continuousl y optimize exist-
ng treatment modalities, explore optimal combination regimens,
nd de v elop nov el imm unother a py a ppr oac hes . T hese a ppr oac hes
nclude gene editing ther a pies based on CRISPR tec hnology and
xpanded nanotechnology applications. Looking ahead, research
nd de v elopment efforts for ne w imm unother a pies like CAR-NK,
 AR-M, and C AR-N cells are still in their early stages. We antici-
ate further preclinical studies and multi-omics clinical trials to
nloc k br eakthr oughs in GC tr eatment. 
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