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Endocrine malignancies constitute a heterogeneous tumour group with diverse

biological characteristics. While typically indolent, they encompass aggressive

types and presence of any metastatic sign indicates a high probability of

recurrence and a diminished response to conventional therapies. Chimeric

antigen receptor (CAR)-T cell immunotherapy has constituted a revolutionary

advance in cancer treatment and exhibited significant potential for application in

endocrine cancer. However, limited effectiveness was displayed in clinical

application, which necessitates the exploration of novel modalities.

Identification of specific and safe targets for endocrine cancer is the initial

stage towards establishing a successful CAR-T treatment. Various therapies

under investigation offer potential enhancements to CAR T cell efficacy

through diverse mechanisms. Herein, we summarize recent advances in

identifying targets of endocrine cancer for CAR therapy and provide an

overview of combinatorial approaches.
KEYWORDS

endocrine neoplasms, chimeric antigen receptor T cell, immunotherapy, combined
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1 Introduction

Endocrine malignancies are tumors driven from endocrine or

neuroendocrine cells throughout the body resulting in disruptions

in hormone production, that are heterogeneous in histology and

biological features. They encompass tumors originating in

traditionally endocrine organs, such as thyroid, adrenal,

pancreatic, ovarian, mammary, and prostate glands, as well as

neuroendocrine tumors (NETs) from non-endocrine organs,

including gastrointestinal tract and bronchial tubes. Due to their

low proliferative capacity, surgery to eradicate tumors is considered

the standard therapy, and for some tumors like differentiated

thyroid cancer (DTC), specific radiation therapy follows to

decrease or eliminate tumor size and extend patients’ lives.

Frustratingly, some cases are diagnosed at advanced stages due to

lack of early symptoms, and curative therapy for metastatic

endocrine tumors has been reported to be ineffective. Moreover,

aggressive tumors, containing anaplastic thyroid cancer, small cell

lung cancers (SCLC) and so on, are included among endocrine

neoplasms owing to their heterogeneity. Generally, considering

limited efficacy and potentially deleterious effects of conventional

treatment methods, it is imperative that novel and efficacious

alternatives be promptly investigated (1, 2).

In recent decades, immunotherapy has achieved significant

advances in the field of cancer treatment, with an emphasis on

inhibition of tumor progression through the alteration of

relationship between tumor cells and immune system. Chimeric

antigen receptor (CAR)-T cell is an adoptive cell-based therapy, that

modifies autologous, patient-derived T cells to express a CAR and

redirects their cytotoxic activity independent of major

histocompatibility complex (MHC) (3, 4). Structurally, CARs are

artificial receptors that are composed of an extracellular antigen-

recognition domain, antibody-derived single-chain variable

fragments (scFv), a transmembrane region, and intracellular co-

stimulatory moiety placed upstream of CD3z and most frequently

generated from 4–1BB or CD28 (5). Recognizing cognate tumor

antigen by CARs ignites downstream signaling activities leading to

activation of T-cells and targeted tumor lysis.

Despite effective clinical application in hematological

malignancies, CAR-T therapy has demonstrated limited efficacy

against solid tumors. The major hindrances against endocrine

tumors manifest in the following aspects (3, 6): 1) paucity of target

tumor antigens while limited on healthy tissues to avoid on-target off-

tumor toxicity, 2) insufficiency of engineered cells homing and

infiltration, 3) immunosuppressive tumor microenvironment (TME)
Abbreviations: 2DG, 2-deoxy-d-glucose; CAR-T, Chimeric antigen receptor T

cell; DLL3, Delta-like Ligand 3; DTC, differentiated thyroid cancer; ICIs, immune

checkpoint inhibitors; MHC, major histocompatibility complex; NAc,

Nacetylneuraminic acid; NEPC, neuroendocrine prostate cancer; NETs,

neuroendocrine tumors; NGc, N-glycolyneuraminic acid; OC, ovarian cancer;

OV, oncolytic virus; PD-1, programmed cell death 1; scFv, single-chain variable

fragments; SCLC, small cell lung cancer; SSEA-4, stage-specific embryonic

antigen-4; SSTR, somatostatin receptor; TAA, tumor-associated antigens; TME,

tumor microenvironment; TNBC, triple-negative breast cancer; TSA, tumor-

specific antigens; TSHR, Thyroid stimulating hormone receptor.
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impeding persistence and efficacy of CAR-T cells. Herein, this

narrative review sought to summarize suitable novel specific targets

of endocrine cancer for CAR therapy and combination therapy with

alternative strategies to surmount these obstacles.
2 Promising antigens for CAR-T cell
targeting of endocrine cancer

Identifying specific antigens to target endocrine cancers is the

first step in establishing a successful CAR-T therapy. Theoretically,

any antigen on tumor surface, such as proteins, glycolipids, and

gangliosides, could potentially be targeted by CAR. However,

expression of autoantigens in normal tissues results in non-

targeted toxicity. Therefore, the ideal tumor target should be

tumor-specific antigens (TSA) or tumor-associated antigens

(TAA), and CAR-T could elicit a targeted immune response

against tumor tissues while sparing surrounding normal tissues.

The following section presents a comprehensive summary and

detailed analysis of emerging potential CAR-T cell targets in

endocrine-related malignancies.
2.1 DDL3

Delta-like Ligand 3 (DLL3) is a type I transmembrane protein and

functions as an inhibitory Notch ligand whose deregulation

contributes to tumorigenesis, progression and chemoresistance in

several NETs (7). Therefore, this molecule showed diagnostic and

therapeutic potential, whose applications such as molecular imaging,

antibody conjugates and so on, were undergoing. DLL3-Notch

interaction in SCLC is the first discovered and most extensively

studied (8, 9). AMG 757, a bispecific T-cell engager, induced

intratumoral activated T cell infiltration and significant regression of

tumor overexpressing DLL3 (10). Chen et al. evaluate tumor-

suppression activity of DLL3 as a CAR-T therapy target (11).

Further study by Zhang demonstrated its high sensitivity and long-

term killing potential with no tissue damage in brain or hormone-

secretion function ablation of pituitary (12). AMG 119 is the first

adoptive cellular therapy of DLL3, generated through autologous T

cell transduction with a self-inactivating lentiviral vector based on

human immunodeficiency virus (HIV)-1. Phase 1, first clinical study

in relapsed/refractory SCLC patients reported preliminary anti-tumor

effectiveness and a tolerable safety profile of AMG 119 (13). DLL3

overexpression is also detected in other tumors with neuroendocrine

features including medullary thyroid carcinomas (14), cervical (15),

gastroenteropancreatic (16) and prostate (17) and other endocrine

cancers such as pancreatic cancer (18) and breast cancer (19),

providing novel perspectives for CAR immune cell therapy.
2.2 SSTR

The cyclic peptide hormone somatostatin, primarily distributed

throughout central nervous system, gastrointestinal tract and

pancreas, plays a pivotal role in regulating a wide range of
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hormone-inhibitory functions. Moreover, it could exert suppressive

effects on cell proliferation and inflammation (20). The realization

of somatostatin function is mediated by somatostatin receptor

(SSTR) expressed on cell surface, making it a potential

therapeutic candidate. SSTRs, G protein-coupled receptors

encoded by five conserved genes (SSTR1-SSTR5), were highly

expressed in NETs (21). Mandriani and colleagues incorporated

octreotide, a somatostatin analog, in extracellular moiety of CAR to

target SSTR, which exerted a sound antitumor activity against

pancreatic, intestinal and lung NET xenografts. Noteworthy, no

obvious deleterious effects were observed in other organs expressing

SSTR, providing a blueprint for therapeutic applications (22).
2.3 B7-H3

B7-H3 (CD276), belonging to type I transmembrane protein of

B7 family, played as a co-stimulatory molecule in T cell response

and mediated immunosuppressive TME via M2 macrophage

(23, 24). B7-H3 exhibited aberrant upregulation in several

primary tumors while restricted in normal tissues, and is

associated with poor prognosis, prompting development of its

immunotherapy targeting strategies (25). B7-H3 expression is

elevated in prostate cancer cells especially stem cells after

fractionated irradiation, demonstrating a potent strategy for

radiotherapy resistance patients (26). Duan et al. devised a B7-H3

CAR-T that effectively targets human follicular thyroid cancer cells,

inducing cytotoxic effects. This involved creation of a novel Fab

CAR, comprising a tandemly linked combination of antigen-

binding and TCR intracellular signaling domains, which

recognizes tumor antigens independent of MHC and mimics

innate endogenous TCR activation, effectively reducing premature

T-cell depletion (27). A study conducted by Du and colleagues

revealed promising application of B7-H3 CAR-T in ovarian cancer

(OC), neuroblastoma and pancreatic cancer, without apparent

toxicity to normal tissues (28). Moreover, a novel longevous B7-

H3 CAR-T cell integrating 4-1BB costimulatory molecule using

lentivirus transduction effectively inhibited triple-negative breast

cancer (TNBC) and OC in vivo at low doses. The increase in CAR-T

cell survival and proliferation was mediated by JAK-STAT signaling

activation via trIL2RB and YRHQ motifs (29).
2.3 Gangliosides

Gangliosides are sphingolipids whose sugar chain is connected

with at least one sialic acid. Nacetylneuraminic acid (NAc) and N-

glycolyneuraminic acid (NGc) are two sialic acid variations that are

most commonly found in mammals. The absence of an exon of

CMAH, enzyme responsible for the transformation from NAc to

NGc, results in lack of NGc in normal human tissues. However, N-

glycoslylated ganglioside monosialic 3 (NGcGM3) produced from

food has been found in numerous cancer cases, including OC and

breast cancer. Utilizing 14F7-based CARs, Elisabetta Cribioli et al.

demonstrated significant control of NGcGM3+ OC and caused no

adverse reactions against healthy tissues (30). Disialoganglioside
Frontiers in Endocrinology 03
GD2, another potential target, is expressed on neuroectodermal

origin, though with limited expression in other tissues. Due to its

overexpression in SCLC and association with tumor proliferation

and invasiveness (31), Reppel et al. evaluated efficacy of optimized

GD2 CAR-T cells, which demonstrated its antitumor activity on

orthotopic and metastatic models and superior performance against

tumor re-challenges. Further GD2 upregulation by exposure to

EZH2 inhibitor, enhanced lung tumor cells’ susceptibility to CAR-T

cell-medicated cytotoxic effects (32).
2.4 Glycoprotein

Carcinoembryonic antigen-related cell adhesion molecule 5

(CEACAM5, CEA), the cell surface glycoprotein, showed high

levels of expression and is validated as an immunotherapeutic

target for many tumors. However, no clinical immunotherapeutics

targeting CEACAM5 are available. CEACAM5 was identified as an

antigen enriched in cell surface of neuroendocrine prostate cancer

(NEPC), which behaves biologically aggressively (33). A recent study

developed a novel human monoclonal antibody, 1G9, which has

exhibited high affinity and specificity to A3 and B3 of CEACAM5

(34). CAR-T based on 1G9 exhibited sound cytotoxicity against

CEACAM5+ NEPC cells and mice treated with had prolonged

survival. To note, research also indicated binding and potency of

anti-CEACAM5 antibodies might be influenced by N-linked glycan

present at A3B3 domains, indicating alterations to these glycans in

tumors could potentially affect its activity. Additionally, NCAM-1

(CD56) is a glycoprotein overexpressed on surface of neuroendocrine

cancers, including SCLC and neuroblastoma. Administration of

sleeping beauty transposon-generated CD56-CAR T cells

significantly reduced tumor burden, however, impact on survival

was modest and further examination was required to ascertain

potential for on-target, off-tissue effects (35).
2.5 Target for aberrant glycosylation

Glycolipid alterations generated by abnormal glycosylation were

discovered on surface of cancer cells and their stem cells and

demonstrated targeting potential (36). Stage-specific embryonic

antigen-4 (SSEA-4) is a glycosphingolipid expressed on embryonic

stem cells and disappearing after differentiation, which manifests in

parallel with that in cancer development and progression suggesting it

is a cancer stem cell marker (37). Using pancreatic cancer cell lines,

targeting SSEA-4 yielded efficacious results in killing cancer cells, both

in vitro and in vivo (38). However, although adoptive transfer of SSEA-

4-CAR-T cells into TNBC mice model exerted a significant tumor

burden reduction, vital cell elimination with stem properties in bone

marrow and lungs was observed (39). Moreover, Monzo et al.

conducted a safety study that also found dose-related on-tumor off-

target toxicities (40). Collectively, these researches suggested further

managements of anti-SSEA-4 CAR-T toxicity were warranted.

MUC1 is a transmembrane protein of mucin family and comprises

an extracellular domain of serine and threonine residues for O-

glycosylated where posttranslational modifications occurred.
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Tumour-associated MUC1 with aberrant glycosylation is over-

expressed in OC and TNBC and acts essentially in tumor metastasis

and progression (41, 42). In a TNBC xenograft model treated by

second-generation tMUC1-CAR-T cells, significant tumor cytolytic

activity and increased Th1 type cytokine and chemokine production

have recently been demonstrated, while normal breast epithelial cells

were left unaffected (43). Similarly, TNBC has high expression of

TnMUC1, another aberrant glycoform of MUC1 considered to be the

bonafide target. Further studies revealed Tn-MUC1 was a valuable

target of CAR-T cell treatment for pancreatic and ovarian cancer (44,

45). Overall, because of its high tumor antigen specificity and being

masked in normal tissues, abnormal glycosylation showed a promising

therapeutic avenue for CAR-T cell treatment. Clinical trials of

engineered T cells targeting these glycoforms are underway

(NCT04020575 and NCT04025216).
2.6 Miscellaneous targets

DTC makes up vast majority of thyroid cancers and is biologically

indolent tumors; considered to have a long-term prognosis after

surgical interventions. Unfortunately, relapse and metastases occurred

and eventually led to refractory to radioactive iodine and poor survival.

As patients have previously undergone thyroidectomy before other

treatment regimens, concerns about CAR-T targeting healthy thyroid

glands are unwarranted. Target antigen selection should not be

constrained by TSAs and TAAs. Thyroid stimulating hormone

receptor (TSHR), a well-known thyroid-specific antigen coexpressed

in both DTC tissues and normal thyroid gland, was presented as a new

candidate for CAR-T treatment without evident toxicity in a recent

study (46). A clinical instance of TSHR-CD19 dual-targeted CAR-T

cells being used to treat recurrent refractory thyroid cancer was

documented. Dynamic monitoring of the patient revealed a potent

expansion of CAR-T cells in vivo. The efficacy evaluation of thyroid

cancer treatment achieved partial remission and remained until the

patient died of pulmonary infection. Overall, these results indicate

promising efficacy of TSHR+CD19 CAR-T with close monitoring of

adverse effects (47). Clinical trials with adequate anticipation should

investigate anti-TSHR CAR-T as a potential treatment option for

individuals with local recurrence or distantmetastasis of thyroid cancer.

TAAs on cells with irreplaceable functions are generally

considered unsuitable for CAR development. To overcome this

limitation, Feng et al. used a phage display screening method and

isolated a llama-derived nanobody, VHH1, that preferentially binds

to surface adhesion protein CDH17 overexpressed in NET cells

(48). VHH1-CAR-T cells (CDH17-CARTs) eradicated CDH17-

expressing NETs, such as gastric, pancreatic and colorectal cancer

cells. To note, CDH17-CAR-Ts cause no toxicity by attacking

normal intestinal epithelial cells expressing CDH17. Underlying

mechanism is unique location of CDH17 at tight junction between

normal intestinal epithelial cells and thereby ‘masked’ in healthy

tissues, while cancer cells’ lack of polarity exposes CDH17

expression enhancing susceptibility to CAR-T-mediated killing.

Therefore, CDH17 represents a class of TAA for cancer

immunotherapy previously unappreciated, revealing novel insight

into targeting selection.
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3 Combination of therapies

Endocrine tumors are predominantly indolent, and for foreseeable

future, monotherapy of CAR-T cells is unlikely to supplant

conventional therapeutic strategies, but would be integrated into

combination therapies. Therefore, it is insufficient to focus solely on

optimization of CAR structure. In addition, immunotherapy is mostly

used as salvage therapy, so it is anticipated to be confronted with more

aggressive and rare subtypes, and the use of combination treatments

targeting multiple mechanisms simultaneously has proven potential as

a strategy for cancer treatment (Figure 1).

Radiotherapy is integral to many endocrine tumors’ standard

treatment and could be implemented as a CAR conditioning

regimen. Enhanced cytotoxicity of engineered T cells by radiotherapy

might be achieved through the following (49–52): 1) The DNA-

damaging properties of ionizing radiation kill tumor cells and trigger

pressure signals; 2) Sensitivity to apoptosis of radiation-treated cancer

cells was enhanced; 3) A favorable tumor microenvironment is

provided by upregulation of MHC class I, which enables CAR-T

cells infiltration and increases IFNg production. In a recent study,

treatment of fractionated irradiation significantly upregulates B7-H3

expression in prostate cancer cells, and is more effective in controlling

xenograft growth in mice after B7-H3 CAR-T-cell administration than

monotherapies (26). The approach presented provides a sound basis

for multimodality CAR therapy with radiotherapy conditioning for

eliminating clonally heterogeneous tumors. However, dose and

frequency of radiotherapy and sequence of this unique combinatorial

model warranted further clinical examination and optimization for

improving efficacy while minimizing toxicity.

Additionally, considerable research has also been done to

investigate pharmaceutical methods for stimulating expression of

targeted antigens (53). In neuroblastoma GD2, while exhibiting

uniform expression, could be further elevated after treatment with

histone deacetylase inhibitor vorinostat in vitro (54). Reppel L et al.

delineated that GD2 could be upregulated in GD2 SCLC cell lines

after exposure to Enhancer of Zeste Homolog (EZH2) inhibitor

tazemetostat, rendering superior sensitivity to GD2-CAR-T cells,

which demonstrated that CAR-T cell therapy with selected

epigenetic modulators deserve further preclinical investigation to

minimize antigen escape (32).

Aberrantly glycosylated alterations provide specific markers

employed in immunotherapeutic strategies. In opposite scenarios,

target antigens after post-translational modifications might raise

CAR-T cell activation threshold. N-glycans were proven to provide

multifaceted protection to pancreatic adenocarcinoma cells by lytic

immune synapse formation and interfering with transcriptional

activation, cytotoxicity, and cytokine production through inhibiting

N-glycan synthesis by knocking out mannoside acetyl-

glucosaminyltransferase 5 (MGAT5) (55). Prophylactic administration

of glucose analog 2-deoxy-d-glucose (2DG), which preferentially

accumulates in tumors with high metabolic demand, offsets glycan

coat and restores susceptibility to CAR-T cell. Moreover, 2DG

treatment impairs proper functionality of PD-1-PD-L1 axis and leads

to reduced immunosuppression. The combined 2DG and CAR-T cell

therapy demonstrated efficacy against a range of carcinomas, including

those arising from lung, ovary, and bladder, and with diverse clinically
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relevant CAR targets, such as CD44v6 and CEA. Overall,

deglycosylating strategies have immediate translational opportunities

and proved to be a viable approach to rational design of adjunct therapy

for CAR-T cells.

Immune checkpoint inhibitors (ICIs) are agents which function

through impeding immune evasion mechanisms exhibited by

various cancers, and programmed cell death 1 (PD-1) and its

ligand (PD-L1) blockers are representative ICIs. A significant

increase in expression of PD-1 on CAR-T cells was observed in a

Her2+ mouse model which contribute to impairing efficiency (56).

Therefore, a combined immunotherapeutic approach of CAR-T cell

therapy and PD-1 inhibition was hypothesized to overcome PD-1/

PD-L1 pathway-mediated tumor immunosuppression and restore

engineered cells’ ability. However, advancing in clinical experience

is in its early stages, and initial findings are promising in some

respects, yet in some cases, results are less encouraging (57, 58). In a

clinical trial (NCT01822652) of GD2-CAR T cells for
Frontiers in Endocrinology 05
neuroblastoma, addition of PD-1 blockade showed no measurable

effect on enhancing outcomes (59). The mechanisms through which

checkpoint blockade exerts its beneficial effects on CAR-T

persistence remain to be elucidated. It has been demonstrated

that CAR-T cell modification through knockout of the PD-1-

encoding gene, PDCD1, represents an alternative strategy for

blocking the pathway without systemic toxicity (60).

Another study demonstrated oncolytic virus (OV) is another

attractive approach for blocking PD-L1 signaling (61). OVs are

capable of selectively infecting and lysing tumour cells while sparing

healthy cells. In addition, they could genetically be modified to

produce a range of therapeutic agents that facilitate tumour antigen

presentation, stimulate innate immune responses and thus turn

immunosuppressive milieu into a stimulatory for potentiating

adoptive cell therapy (62, 63). In vivo and in vitro experiments of

prostate cancer revealed that coadministration of oncolytic

adenovirus expressing PD-L1 mini-antibody and CAR-T cells
FIGURE 1

Combinatorial strategies of different mechanisms to enhance CAR-T cell efficacy in endocrine tumors. The combination of various therapeutic
modalities, operating through disparate mechanisms, with CAR T cell therapy represents a promising avenue for clinical advancement. The PD-1-PD-L1
axis, which impedes CAR-T cell efficiency, could be blocked through anti-PD-1/PD-L1, oncolytic viruses, and genetic blocking by the CRISPR/Cas9
system. An augmentation of antigen expression may be achieved through the utilization of epigenetic modulators, which disrupt the N-glycan coating
by 2DG. Radiotherapy triggers tumor cell necrosis or apoptosis, provides a favorable tumor microenvironment by upregulation of MHC class I, and
enables CAR-T cells to infiltrate and increase IFNg production, thus enhancing infiltration cytotoxicity of engineered T cells. Oncolytic viruses replicate
selectively in tumor cells and could be genetically modified to produce various therapeutic agents that enhance CAR-T cell infiltration and activation.
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effectively promoted effector cell proliferation, resulting in

enhanced anti-tumor efficacy and extended tumor-bearing mice

survival. A previous study also presented that intratumoral release

of chemokine, RANTES and IL15, expressed by OVs could facilitate

migration and survival of adoptively transferred GD2-CAR-T cells,

which results in superior anti-tumor effects in a neuroblastoma

xenograft model (64). Preclinical studies support potential for

further exploration of this combinatorial approach and clinical

trials for preliminary safety and efficacy evaluation are recruiting

(NCT03740256 and NCT05057715).
Frontiers in Endocrinology 06
4 Prospect and conclusion

There is an unmet medical need to development of effective

treatments for heterogeneous endocrine tumors. CAR-T therapy is

gradually progressing, and researchers are engaged in developing novel

strategies to overcome barriers of lack of efficacy and safety. Paucity of

specific and safe neoantigens is the major obstacle hindering pursuit of

CAR-T development. The review presents promising targets and

current clinical trials (Table 1), correspondingly CAR structure could

be further optimized. Targeting two or more antigens instead of one
TABLE 1 Current CAR-T clinical trials of targets discussed for endocrine neoplasms.

NCT Number Study Status Conditions Target Interventions Phases

NCT04670068 RECRUITING
Epithelial
Ovarian Cancer

B7-H3
DRUG: CAR.B7-H3|DRUG: Fludarabine|
DRUG: Cyclophosphamide

PHASE1

NCT04897321 RECRUITING Neuroblastoma B7-H3
DRUG: Fludarabine|DRUG: Cyclophosphamide|
DRUG: MESNA|DRUG: B7-H3 CAR T cells

PHASE1

NCT05143151 UNKNOWN
Advanced
Pancreatic
Carcinoma

B7-H3 BIOLOGICAL: CD276 CAR-T cells
PHASE1|
PHASE2

NCT05211557 RECRUITING Ovarian Cancer B7-H3 BIOLOGICAL: fhB7H3.CAR-Ts
PHASE1|
PHASE2

NCT06158139 RECRUITING Pancreas Cancer B7-H3 BIOLOGICAL: iC9-CAR.B7-H3 T cell infusion PHASE1

NCT06305299 RECRUITING Ovarian Cancer B7-H3
BIOLOGICAL: iC9-CAR.B7-H3 T cells|DRUG:
Cyclophosphamide|DRUG: Fludarabine

PHASE1

NCT06646627 NOT_YET_RECRUITING Ovarian Cancer B7-H3 DRUG: B7-H3CART PHASE1

NCT06055439 RECRUITING

Neuroendocrine
Tumors|Colorectal
Cancer|
Gastric Cancer

CDH17 BIOLOGICAL: CHM-2101 CAR-T cells
PHASE1|
PHASE2

NCT06501183 RECRUITING
CDH17-positive
Advanced Malignant
Solid Tumors

CDH17 BIOLOGICAL: Anti-CDH17 CAR-T cells PHASE1

NCT02850536 COMPLETED Liver Metastases CEA BIOLOGICAL: anti-CEA CAR-T cells PHASE1

NCT03818165 TERMINATED
Metastatic
Pancreatic
Carcinoma

CEA BIOLOGICAL: CAR2 Anti-CEA CAR-T cells PHASE1

NCT04348643 UNKNOWN

Solid Tumor|Lung
Cancer|Colorectal
Cancer|Liver Cancer|
Pancreatic Cancer|
Gastric Cancer|
Breast Cancer

CEA BIOLOGICAL: CEA CAR-T cells
PHASE1|
PHASE2

NCT06006390 RECRUITING

Gastric Cancer|
Colon Cancer|Rectal
Cancer|Esophageal
Cancer|Pancreas
Cancer|Lung Cancer|
Breast Cancer

CEA
BIOLOGICAL: CEA-targeted CAR-T cells|
BIOLOGICAL: CEA-targeted CAR-T cells

PHASE1|
PHASE2

NCT06010862 RECRUITING

Gastric Cancer|
Colon Cancer|
Pancreas Cancer|
Cholangiocarcinoma|
Lung Cancer|
Breast Cancer

CEA
BIOLOGICAL: CEA CAR-T cells|BIOLOGICAL: CEA
CAR-T cells

PHASE1

(Continued)
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TABLE 1 Continued

NCT Number Study Status Conditions Target Interventions Phases

NCT06043466 RECRUITING

Colorectal Cancer|
Esophagus Cancer|
Gastric Cancer|
Pancreas Cancer|
Breast Cancer|Bile
Duct Cancer

CEA BIOLOGICAL: CEA-targeted CAR-T cells PHASE1

NCT06126406 RECRUITING

Gastric Cancer|
Colon Cancer|Rectal
Cancer|Breast
Cancer|Lung Cancer
|Pancreas Cancer

CEA
BIOLOGICAL: CEA-targeted CAR-T cells|
BIOLOGICAL: CEA-targeted CAR-T cells

PHASE1

NCT03267173 UNKNOWN Pancreatic Cancer
CEA,
MUC1

DRUG: Chimeric antigen receptor T cell EARLY_PHASE1

NCT01822652 ACTIVE_NOT_RECRUITING Neuroblastoma GD2
GENETIC: iC9-GD2 T Cells - frozen|GENETIC: iC9-
GD2 T Cells - fresh|DRUG: Cytoxan|DRUG: Fludara|
DRUG: Keytruda|GENETIC: iC9-GD2 T cells

PHASE1

NCT03356795 UNKNOWN Cervical Cancer GD2 BIOLOGICAL: Cervical cancer-specific CAR-T cells
PHASE1|
PHASE2

NCT03373097 RECRUITING Neuroblastoma GD2 BIOLOGICAL: GD2-CART01
PHASE1|
PHASE2

NCT03635632 ACTIVE_NOT_RECRUITING Neuroblastoma GD2 GENETIC: C7R-GD2.CART cells PHASE1

NCT03721068 RECRUITING Neuroblastoma GD2
BIOLOGICAL: iC9.GD2.CAR.IL-15 T-cells|DRUG:
Cyclophosphamide|DRUG: Fludarabine

PHASE1

NCT04430595 UNKNOWN Breast Cancer GD2 BIOLOGICAL: 4SCAR T cells
PHASE1|
PHASE2

NCT04539366 RECRUITING Neuroblastoma GD2

PROCEDURE: Biopsy|PROCEDURE: Biospecimen
Collection|DRUG: Cyclophosphamide|PROCEDURE:
Echocardiography|DRUG: Fludarabine Phosphate|
BIOLOGICAL: GD2-CAR-expressing Autologous T-
lymphocytes|PROCEDURE: Imaging Procedure|
PROCEDURE: Magnetic Resonance Imaging of the
Heart|PROCEDURE: Multigated Acquisition Scan

PHASE1

NCT05437315 RECRUITING Solid Tumor GD2 BIOLOGICAL: bi-4SCAR GD2/PSMA T cells
PHASE1|
PHASE2

NCT05437328 RECRUITING Malignant Disease GD2 BIOLOGICAL: bi-4SCAR GD2/CD56 T cells
PHASE1|
PHASE2

NCT05438368 RECRUITING Cancer Disease GD2 BIOLOGICAL: bi-4SCAR GD2/CD70 T cells
PHASE1|
PHASE2

NCT05990751 RECRUITING Neuroblastoma GD2 BIOLOGICAL: GD2 CAR T cells PHASE1

NCT04420754 RECRUITING

Anaplastic Thyroid
Cancer|Relapsed/
Refractory Poorly
Differentiated
Thyroid Cancer

ICAM-1
and
SSTR2

BIOLOGICAL: AIC100 CAR T Cells PHASE1

NCT02587689 UNKNOWN

Hepatocellular
Carcinoma|Non-
small Cell Lung
Cancer|Pancreatic
Carcinoma|Triple-
Negative Invasive
Breast Carcinoma

MUC1 BIOLOGICAL: anti-MUC1 CAR T Cells
PHASE1|
PHASE2

NCT06469281 RECRUITING

Epithelial Ovarian
Cancer|Primary
Peritoneal
Carcinoma|Fallopian
Tube Cancer

MUC16
OTHER: 27T51|DRUG: Cemiplimab|
DRUG: Bevacizumab

PHASE1
F
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reduces possibility of antigen loss or mutation and guarantees

consistent immune activation of CAR cells. In fact, there are two

principal varieties of bispecific CAR-T. TAG-72 and CD47 CAR-T

designed by Shu et al. which express two scFV on two CAR proteins,

could inhibit the OC development, and resist drug resistance caused by

OC antigens down-regulation or expression of different antigens (65).

The other is to express two scFV on the same CAR protein. Liang et al.

observed an increased proliferation rate of tandem CAR-T targeting

FOLR1 and MSLN, demonstrating a robust anti-tumour effect and

significantly prolonged survival (66). Additionally, CAR-related

endocrine tumor therapy has been extended from T cells to NK cells

and macrophages. The recognition of target cells by NK cells is MHC-

independence indicating the low risk of NK-cell allo-transplantation.

Moreover, NK cells are not prone to cause cytokine storm due to

different cytokine profile from T cells and exhibit less non-targeted

toxicity with limited survival time (67). Preclinical research has

confirmed the potent anti-tumour efficacy of CAR-M, which targets

tumour cells based on the phagocytic activity of macrophages while

enhancing antigen presentation and influencing the M1 polarization of

tumour-associated macrophages. Objectively, CAR-NK and CAR-M

are likely to provide breakthroughs and have intrinsic benefits over

CAR-T in solid malignancy treatment, while their wide application is

still limited and warrants further investigation (68).

The combination of CAR-T cell therapy with other therapeutic

modalities offers considerable promise and encompasses a multitude of

potential avenues for exploration (69). It is challenging to determine

which strategy should be prioritized over another, given the multitude of

processes and advantages associated with different combinations. To

fully realize potential of combinatorial CAR-T cell therapy in cancer

treatment, further research must be conducted in both preclinical and

clinical settings. Furthermore, additional issues require resolution,

including optimization of dosage regimens, minimization of additive

toxicities, and the identification of predictive biomarkers (4, 70). The

future direction of research will be informed by knowledge gathered

from ongoing clinical studies, whichwill be crucial in assessing long-term

results, safety, and effectiveness of CAR-T cell combination therapies.

Taken together, continued momentum of this field would depend

on engineering CAR-T cells to attain specificity, safety, and efficacy, as

well as selection of optimal combination therapies to enhance clinical

outcomes in patients with endocrine-related malignancy.
Author contributions

FW: Conceptualization, Investigation, Methodology, Validation,

Visualization, Writing – original draft, Writing – review & editing.
Frontiers in Endocrinology 08
RZ: Conceptualization, Validation, Visualization, Writing – original

draft, Writing – review & editing. ZZ: Conceptualization,

Visualization, Writing – original draft, Writing – review & editing.

RS: Conceptualization, Writing – original draft. FP: Supervision,

Validation, Writing – review & editing. YX: Supervision,

Validation, Writing – review & editing. SY: Conceptualization,

Investigation, Visualization, Writing – original draft, Writing –

review & editing. ZW: Investigation, Writing – review & editing.

PZ:Writing – review & editing. RT: Investigation,Writing – review &

editing. CZ: Writing – review & editing. XL: Investigation,

Supervision, Writing – original draft, Writing – review & editing.

JC: Supervision, Validation, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study

was supported by Jiangsu Province “Double-Creation Doctorate”

Talent Program (JSSCBS20220472); The National Natural Science

Foundation of China (No.82304902); Jiangsu Provincial Hospital of

Traditional Chinese Medicine Excellent Doctoral Cultivation

Program (2023QB0124); and Jiangsu Provincial Health

Commission Medical Research Project (NO.215).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Latteyer S, Tiedje V, Schilling B, Fuhrer D. Perspectives for immunotherapy in
endocrine cancer. Endocr Relat Cancer. (2016) 23:R469–484. doi: 10.1530/ERC-16-0169

2. Cunha LL, Marcello MA, Rocha-Santos V, Ward LS. Immunotherapy against
endocrine Malignancies: immune checkpoint inhibitors lead the way. Endocr Relat
Cancer. (2017) 24:T261–81. doi: 10.1530/ERC-17-0222
3. Liu Z, Zhou Z, Dang Q, Xu H, Lv J, Li H, et al. Immunosuppression in tumor
immune microenvironment and its optimization from CAR-T cell therapy.
Theranostics. (2022) 12:6273–90. doi: 10.7150/thno.76854

4. Zhou Z, Wang J, Wang J, Yang S, Wang R, Zhang G, et al. Deciphering the tumor
immune microenvironment from a multidimensional omics perspective: insight into
frontiersin.org

https://doi.org/10.1530/ERC-16-0169
https://doi.org/10.1530/ERC-17-0222
https://doi.org/10.7150/thno.76854
https://doi.org/10.3389/fendo.2025.1517525
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Wang et al. 10.3389/fendo.2025.1517525
next-generation CAR-T cell immunotherapy and beyond. Mol Cancer. (2024) 23:131.
doi: 10.1186/s12943-024-02047-2

5. Luginbuehl V, Abraham E, Kovar K, Flaaten R, Muller AMS. Better by design:
What to expect from novel CAR-engineered cell therapies? Biotechnol Adv. (2022)
58:107917. doi: 10.1016/j.biotechadv.2022.107917

6. Flugel CL, Majzner RG, Krenciute G, Dotti G, Riddell SR, Wagner DL, et al.
Overcoming on-target, off-tumour toxicity of CAR T cell therapy for solid tumours.
Nat Rev Clin Oncol. (2023) 20:49–62. doi: 10.1038/s41571-022-00704-3

7. Peddio A, Pietroluongo E, Lamia MR, Luciano A, Caltavituro A, Buonaiuto R,
et al. DLL3 as a potential diagnostic and therapeutic target in neuroendocrine
neoplasms: a narrative review. Crit Rev Oncol Hematol. (2024) 204:104524.
doi: 10.1016/j.critrevonc.2024.104524

8. Leonetti A, Facchinetti F, Minari R, Cortellini A, Rolfo CD, Giovannetti E, et al.
Notch pathway in small-cell lung cancer: from preclinical evidence to therapeutic
challenges. Cell Oncol (Dordr). (2019) 42:261–73. doi: 10.1007/s13402-019-00441-3

9. Rudin CM, Reck M, Johnson ML, Blackhall F, Hann CL, Yang JC, et al. Emerging
therapies targeting the delta-like ligand 3 (DLL3) in small cell lung cancer. J Hematol
Oncol. (2023) 16:66. doi: 10.1186/s13045-023-01464-y

10. GiffinMJ, Cooke K, Lobenhofer EK, Estrada J, Zhan J, Deegen P, et al. AMG 757,
a half-life extended, DLL3-targeted bispecific T-cell engager, shows high potency and
sensitivity in preclinical models of small-cell lung cancer. Clin Cancer Res. (2021)
27:1526–37. doi: 10.1158/1078-0432.CCR-20-2845

11. Chen X, Amar N, Zhu Y, Wang C, Xia C, Yang X, et al. Combined DLL3-
targeted bispecific antibody with PD-1 inhibition is efficient to suppress small cell lung
cancer growth. J Immunother Cancer. (2020) 8:e000785. doi: 10.1136/jitc-2020-000785

12. Zhang Y, Tacheva-Grigorova SK, Sutton J, Melton Z, Mak YSL, Lay C, et al.
Allogeneic CAR T cells targeting DLL3 are efficacious and safe in preclinical models of
small cell lung cancer. Clin Cancer Res. (2023) 29:971–85. doi: 10.1158/1078-
0432.CCR-22-2293

13. Zhou D, Byers LA, Sable B, Smit MD, Sadraei NH, Dutta S, et al. Clinical
pharmacology profile of AMG 119, the first chimeric antigen receptor T (CAR-T) cell
therapy targeting delta-like ligand 3 (DLL3), in patients with relapsed/refractory small
cell lung cancer (SCLC). J Clin Pharmacol. (2024) 64:362–70. doi: 10.1002/jcph.v64.3

14. Ingenwerth M, Brandenburg T, Fuhrer-Sakel D, Goetz M, Weber F, Dralle H,
et al. DLL3 (delta-like protein 3) expression correlates with stromal desmoplasia and
lymph node metastases in medullary thyroid carcinomas. Endocr Connect. (2021)
10:283–9. doi: 10.1530/EC-20-0611

15. Cimic A, Vranic S, Arguello D, Contreras E, Gatalica Z, Swensen J. Molecular
profiling reveals limited targetable biomarkers in neuroendocrine carcinoma of the
cervix. Appl Immunohistochem Mol Morphol. (2021) 29:299–304. doi: 10.1097/
PAI.0000000000000884

16. Liverani C, Bongiovanni A, Mercatali L, Pieri F, Spadazzi C, Miserocchi G, et al.
Diagnostic and predictive role of DLL3 expression in gastroenteropancreatic neuroendocrine
neoplasms. Endocr Pathol. (2021) 32:309–17. doi: 10.1007/s12022-020-09657-8

17. Puca L, Gavyert K, Sailer V, Conteduca V, Dardenne E, Sigouros M, et al. Delta-
like protein 3 expression and therapeutic targeting in neuroendocrine prostate cancer.
Sci Transl Med. (2019) 11:eaav0891. doi: 10.1126/scitranslmed.aav0891

18. Mullendore ME, Koorstra JB, Li YM, Offerhaus GJ, Fan X, Henderson CM, et al.
Ligand-dependent Notch signaling is involved in tumor initiation and tumor
maintenance in pancreatic cancer. Clin Cancer Res. (2009) 15:2291–301.
doi: 10.1158/1078-0432.CCR-08-2004

19. Yuan C, Chang K, Xu C, Li Q, Du Z. High expression of DLL3 is associated with
a poor prognosis and immune infiltration in invasive breast cancer patients. Transl
Oncol. (2021) 14:101080. doi: 10.1016/j.tranon.2021.101080

20. Stueven AK, Kayser A, Wetz C, Amthauer H, Wree A, Tacke F, et al.
Somatostatin analogues in the treatment of neuroendocrine tumors: past, present
and future. Int J Mol Sci. (2019) 20:3049. doi: 10.3390/ijms20123049

21. Cives M, Strosberg JR. Gastroenteropancreatic neuroendocrine tumors. CA
Cancer J Clin. (2018) 68:471–87. doi: 10.3322/caac.21493

22. Mandriani B, Pelle E, Mannavola F, Palazzo A, Marsano RM, Ingravallo G, et al.
Development of anti-somatostatin receptors CAR T cells for treatment of neuroendocrine
tumors. J Immunother Cancer. (2022) 10:e004854. doi: 10.1136/jitc-2022-004854

23. Miyamoto T, Murakami R, Hamanishi J, Tanigaki K, Hosoe Y, Mise N, et al. B7-
H3 suppresses antitumor immunity via the CCL2-CCR2-M2 macrophage axis and
contributes to ovarian cancer progression. Cancer Immunol Res. (2022) 10:56–69.
doi: 10.1158/2326-6066.CIR-21-0407

24. Zhao B, Li H, Xia Y, Wang Y, Wang Y, Shi Y, et al. Immune checkpoint of B7-H3
in cancer: from immunology to clinical immunotherapy. J Hematol Oncol. (2022)
15:153. doi: 10.1186/s13045-022-01364-7

25. Ye Z, Zheng Z, Li X, Zhu Y, Zhong Z, Peng L, et al. B7-H3 overexpression
predicts poor survival of cancer patients: A meta-analysis. Cell Physiol Biochem. (2016)
39:1568–80. doi: 10.1159/000447859

26. Zhang Y, He L, Sadagopan A, Ma T, Dotti G, Wang Y, et al. Targeting radiation-
resistant prostate cancer stem cells by B7-H3 CAR T cells. Mol Cancer Ther. (2021)
20:577–88. doi: 10.1158/1535-7163.MCT-20-0446

27. Duan H, Huang H, Jing G. An antibody fab fragment-based chimeric antigen
receptor could efficiently eliminate human thyroid cancer cells. J Cancer. (2019)
10:1890–5. doi: 10.7150/jca.30163
Frontiers in Endocrinology 09
28. Du H, Hirabayashi K, Ahn S, Kren NP, Montgomery SA, Wang X, et al.
Antitumor responses in the absence of toxicity in solid tumors by targeting B7-H3 via
chimeric antigen receptor T cells. Cancer Cell. (2019) 35:221–237.e228. doi: 10.1016/
j.ccell.2019.01.002

29. Zhang X, Guo H, Chen J, Xu C, Wang L, Ke Y, et al. Highly proliferative and
hypodifferentiated CAR-T cells targeting B7-H3 enhance antitumor activity against
ovarian and triple-negative breast cancers. Cancer Lett. (2023) 572:216355.
doi: 10.1016/j.canlet.2023.216355

30. Cribioli E, Giordano Attianese GMP, Coukos G, Irving M. CAR T cells targeting
the ganglioside NGcGM3 control ovarian tumors in the absence of toxicity against
healthy tissues. Front Immunol. (2022) 13:951143. doi: 10.3389/fimmu.2022.951143

31. Yoshida S, Fukumoto S, Kawaguchi H, Sato S, Ueda R, Furukawa K. Ganglioside
G(D2) in small cell lung cancer cell lines: enhancement of cell proliferation and
mediation of apoptosis. Cancer Res. (2001) 61:4244–52.

32. Reppel L, Tsahouridis O, Akulian J, Davis IJ, Lee H, Fuca G, et al. Targeting
disialoganglioside GD2 with chimeric antigen receptor-redirected T cells in lung
cancer. J Immunother Cancer. (2022) 10:e003897. doi: 10.1136/jitc-2021-003897

33. Lee JK, Bangayan NJ, Chai T, Smith BA, Pariva TE, Yun S, et al. Systemic
surfaceome profiling identifies target antigens for immune-based therapy in subtypes of
advanced prostate cancer. Proc Natl Acad Sci U.S.A. (2018) 115:E4473–82. doi: 10.1073/
pnas.1802354115

34. Baek DS, Kim YJ, Vergara S, Conard A, Adams C, Calero G, et al. A highly-
specific fully-human antibody and CAR-T cells targeting CD66e/CEACAM5 are
cytotoxic for CD66e-expressing cancer cells in vitro and in vivo. Cancer Lett. (2022)
525:97–107. doi: 10.1016/j.canlet.2021.10.041

35. Crossland DL, Denning WL, Ang S, Olivares S, Mi T, Switzer K, et al. Antitumor
activity of CD56-chimeric antigen receptor T cells in neuroblastoma and SCLC models.
Oncogene. (2018) 37:3686–97. doi: 10.1038/s41388-018-0187-2

36. Ohtsubo K, Marth JD. Glycosylation in cellular mechanisms of health and
disease. Cell. (2006) 126:855–67. doi: 10.1016/j.cell.2006.08.019

37. Sigal DS, Hermel DJ, Hsu P, Pearce T. The role of Globo H and SSEA-4 in the
development and progression of cancer, and their potential as therapeutic targets.
Future Oncol. (2022) 18:117–34. doi: 10.2217/fon-2021-1110

38. Lin CW, Wang YJ, Lai TY, Hsu TL, Han SY, Wu HC, et al. Homogeneous
antibody and CAR-T cells with improved effector functions targeting SSEA-4 glycan on
pancreatic cancer. Proc Natl Acad Sci U.S.A. (2021) 118:e2114774118. doi: 10.1073/
pnas.2114774118

39. Pfeifer R, Rawashdeh W, Brauner J, Martinez-Osuna M, Lock D, Herbel C, et al.
Targeting stage-specific embryonic antigen 4 (SSEA-4) in triple negative breast cancer
by CAR T cells results in unexpected on target/off tumor toxicities in mice. Int J Mol Sci.
(2023) 24:9184. doi: 10.3390/ijms24119184

40. Monzo HJ, Kalander K, Hyytiainen MM, Elbasani E, Wall J, Moyano-Galceran
L, et al. Efficacy and safety of glycosphingolipid SSEA-4 targeting CAR-T cells in an
ovarian carcinoma model. Mol Cancer Ther. (2023) 22:1319–31. doi: 10.1158/1535-
7163.MCT-23-0008

41. Deng J, Wang L, Chen H, Li L, Ma Y, Ni J, et al. The role of tumour-associated
MUC1 in epithelial ovarian cancer metastasis and progression. Cancer Metastasis Rev.
(2013) 32:535–51. doi: 10.1007/s10555-013-9423-y

42. Nath S, Mukherjee P. MUC1: a multifaceted oncoprotein with a key role in
cancer progression. Trends Mol Med . (2014) 20:332–42. doi: 10.1016/
j.molmed.2014.02.007

43. Zhou R, Yazdanifar M, Roy LD, Whilding LM, Gavrill A, Maher J, et al. CAR T
cells targeting the tumor MUC1 glycoprotein reduce triple-negative breast cancer
growth. Front Immunol. (2019) 10:1149. doi: 10.3389/fimmu.2019.01149

44. Posey ADJr., Schwab RD, Boesteanu AC, Steentoft C, Mandel U, Engels B, et al.
Engineered CAR T cells targeting the cancer-associated tn-glycoform of the membrane
mucin MUC1 control adenocarcinoma. Immunity. (2016) 44:1444–54. doi: 10.1016/
j.immuni.2016.05.014

45. Ranoa DRE, Sharma P, Schane CP, Lewis AN, Valdez E, Marada V, et al. Single
CAR-T cell treatment controls disseminated ovarian cancer in a syngeneic mouse
model. J Immunother Cancer. (2023) 11:e006509. doi: 10.1136/jitc-2022-006509

46. Li H, Zhou X, Wang G, Hua D, Li S, Xu T, et al. CAR-T cells targeting TSHR
demonstrate safety and potent preclinical activity against differentiated thyroid cancer.
J Clin Endocrinol Metab. (2022) 107:1110–26. doi: 10.1210/clinem/dgab819

47. Ding J, Li D, Liu X, Hei H, Sun B, Zhou D, et al. Chimeric antigen receptor T-cell
therapy for relapsed and refractory thyroid cancer. Exp Hematol Oncol. (2022) 11:59.
doi: 10.1186/s40164-022-00311-z

48. Feng Z, He X, Zhang X, Wu Y, Xing B, Knowles A, et al. Potent suppression of
neuroendocrine tumors and gastrointestinal cancers by CDH17CAR T cells without
toxicity to normal tissues. Nat Cancer. (2022) 3:581–94. doi: 10.1038/s43018-022-
00344-7

49. Reits EA, Hodge JW, Herberts CA, Groothuis TA, Chakraborty M, Wansley EK,
et al. Radiation modulates the peptide repertoire, enhances MHC class I expression,
and induces successful antitumor immunotherapy. J Exp Med. (2006) 203:1259–71.
doi: 10.1084/jem.20052494

50. Weiss T, Weller M, Guckenberger M, Sentman CL, Roth P. NKG2D-based CAR
T cells and radiotherapy exert synergistic efficacy in glioblastoma. Cancer Res. (2018)
78:1031–43. doi: 10.1158/0008-5472.CAN-17-1788
frontiersin.org

https://doi.org/10.1186/s12943-024-02047-2
https://doi.org/10.1016/j.biotechadv.2022.107917
https://doi.org/10.1038/s41571-022-00704-3
https://doi.org/10.1016/j.critrevonc.2024.104524
https://doi.org/10.1007/s13402-019-00441-3
https://doi.org/10.1186/s13045-023-01464-y
https://doi.org/10.1158/1078-0432.CCR-20-2845
https://doi.org/10.1136/jitc-2020-000785
https://doi.org/10.1158/1078-0432.CCR-22-2293
https://doi.org/10.1158/1078-0432.CCR-22-2293
https://doi.org/10.1002/jcph.v64.3
https://doi.org/10.1530/EC-20-0611
https://doi.org/10.1097/PAI.0000000000000884
https://doi.org/10.1097/PAI.0000000000000884
https://doi.org/10.1007/s12022-020-09657-8
https://doi.org/10.1126/scitranslmed.aav0891
https://doi.org/10.1158/1078-0432.CCR-08-2004
https://doi.org/10.1016/j.tranon.2021.101080
https://doi.org/10.3390/ijms20123049
https://doi.org/10.3322/caac.21493
https://doi.org/10.1136/jitc-2022-004854
https://doi.org/10.1158/2326-6066.CIR-21-0407
https://doi.org/10.1186/s13045-022-01364-7
https://doi.org/10.1159/000447859
https://doi.org/10.1158/1535-7163.MCT-20-0446
https://doi.org/10.7150/jca.30163
https://doi.org/10.1016/j.ccell.2019.01.002
https://doi.org/10.1016/j.ccell.2019.01.002
https://doi.org/10.1016/j.canlet.2023.216355
https://doi.org/10.3389/fimmu.2022.951143
https://doi.org/10.1136/jitc-2021-003897
https://doi.org/10.1073/pnas.1802354115
https://doi.org/10.1073/pnas.1802354115
https://doi.org/10.1016/j.canlet.2021.10.041
https://doi.org/10.1038/s41388-018-0187-2
https://doi.org/10.1016/j.cell.2006.08.019
https://doi.org/10.2217/fon-2021-1110
https://doi.org/10.1073/pnas.2114774118
https://doi.org/10.1073/pnas.2114774118
https://doi.org/10.3390/ijms24119184
https://doi.org/10.1158/1535-7163.MCT-23-0008
https://doi.org/10.1158/1535-7163.MCT-23-0008
https://doi.org/10.1007/s10555-013-9423-y
https://doi.org/10.1016/j.molmed.2014.02.007
https://doi.org/10.1016/j.molmed.2014.02.007
https://doi.org/10.3389/fimmu.2019.01149
https://doi.org/10.1016/j.immuni.2016.05.014
https://doi.org/10.1016/j.immuni.2016.05.014
https://doi.org/10.1136/jitc-2022-006509
https://doi.org/10.1210/clinem/dgab819
https://doi.org/10.1186/s40164-022-00311-z
https://doi.org/10.1038/s43018-022-00344-7
https://doi.org/10.1038/s43018-022-00344-7
https://doi.org/10.1084/jem.20052494
https://doi.org/10.1158/0008-5472.CAN-17-1788
https://doi.org/10.3389/fendo.2025.1517525
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Wang et al. 10.3389/fendo.2025.1517525
51. DeSelm C, Palomba ML, Yahalom J, Hamieh M, Eyquem J, Rajasekhar VK, et al.
Low-dose radiation conditioning enables CAR T cells to mitigate antigen escape. Mol
Ther. (2018) 26:2542–52. doi: 10.1016/j.ymthe.2018.09.008

52. Minn I, Rowe SP, Pomper MG. Enhancing CAR T-cell therapy through cellular
imaging and radiotherapy. Lancet Oncol. (2019) 20:e443–51. doi: 10.1016/S1470-2045
(19)30461-9

53. Kailayangiri S, Altvater B, Wiebel M, Jamitzky S, Rossig C. Overcoming
heterogeneity of antigen expression for effective CAR T cell targeting of cancers.
Cancers (Basel). (2020) 12:1075. doi: 10.3390/cancers12051075

54. Kroesen M, Bull C, Gielen PR, Brok IC, Armandari I, Wassink M, et al. Anti-
GD2 mAb and Vorinostat synergize in the treatment of neuroblastoma.
Oncoimmunology. (2016) 5:e1164919. doi: 10.1080/2162402X.2016.1164919

55. Greco B, Malacarne V, De Girardi F, Scotti GM, Manfredi F, Angelino E, et al.
Disrupting N-glycan expression on tumor cells boosts chimeric antigen receptor T cell
efficacy against solid Malignancies. Sci Transl Med. (2022) 14:eabg3072. doi: 10.1126/
scitranslmed.abg3072

56. John LB, Devaud C, Duong CP, Yong CS, Beavis PA, Haynes NM, et al. Anti-
PD-1 antibody therapy potently enhances the eradication of established tumors by
gene-modified T cells. Clin Cancer Res. (2013) 19:5636–46. doi: 10.1158/1078-
0432.CCR-13-0458

57. Gargett T, Yu W, Dotti G, Yvon ES, Christo SN, Hayball JD, et al. GD2-specific
CAR T Cells Undergo Potent Activation and Deletion Following Antigen Encounter
but can be Protected From Activation-induced Cell Death by PD-1 Blockade.Mol Ther.
(2016) 24:1135–49. doi: 10.1038/mt.2016.63

58. Grosser R, Cherkassky L, Chintala N, Adusumilli PS. Combination
immunotherapy with CAR T cells and checkpoint blockade for the treatment of
solid tumors. Cancer Cell. (2019) 36:471–82. doi: 10.1016/j.ccell.2019.09.006

59. Heczey A, Louis CU, Savoldo B, Dakhova O, Durett A, Grilley B, et al. CAR T
cells administered in combination with lymphodepletion and PD-1 inhibition to
patients with neuroblastoma. Mol Ther. (2017) 25:2214–24. doi: 10.1016/
j.ymthe.2017.05.012

60. Ren J, Liu X, Fang C, Jiang S, June CH, Zhao Y. Multiplex genome editing to
generate universal CAR T cells resistant to PD1 inhibition. Clin Cancer Res. (2017)
23:2255–66. doi: 10.1158/1078-0432.CCR-16-1300
Frontiers in Endocrinology 10
61. Tanoue K, Rosewell Shaw A, Watanabe N, Porter C, Rana B, Gottschalk S, et al.
Armed oncolytic adenovirus-expressing PD-L1 mini-body enhances antitumor effects
of chimeric antigen receptor T cells in solid tumors. Cancer Res. (2017) 77:2040–51.
doi: 10.1158/0008-5472.CAN-16-1577

62. Ylosmaki E, Cerullo V. Design and application of oncolytic viruses for cancer
immunotherapy. Curr Opin Biotechnol . (2020) 65:25–36. doi: 10.1016/
j.copbio.2019.11.016

63. Watanabe N, McKenna MK, Rosewell Shaw A, Suzuki M. Clinical CAR-T cell
and oncolytic virotherapy for cancer treatment. Mol Ther. (2021) 29:505–20.
doi: 10.1016/j.ymthe.2020.10.023

64. Nishio N, Diaconu I, Liu H, Cerullo V, Caruana I, Hoyos V, et al. Armed
oncolytic virus enhances immune functions of chimeric antigen receptor-modified T
cells in solid tumors. Cancer Res. (2014) 74:5195–205. doi: 10.1158/0008-5472.CAN-
14-0697

65. Shu R, Evtimov VJ, Hammett MV, Nguyen NN, Zhuang J, Hudson PJ, et al.
Engineered CAR-T cells targeting TAG-72 and CD47 in ovarian cancer. Mol Ther
Oncolytics. (2021) 20:325–41. doi: 10.1016/j.omto.2021.01.002

66. Liang Z, Dong J, Yang N, Li SD, Yang ZY, Huang R, et al. Tandem CAR-T cells
targeting FOLR1 and MSLN enhance the antitumor effects in ovarian cancer. Int J Biol
Sci. (2021) 17:4365–76. doi: 10.7150/ijbs.63181

67. Fan Z, Han D, Fan X, Zhao L. Ovarian cancer treatment and natural killer cell-
based immunotherapy. Front Immunol. (2023) 14:1308143. doi: 10.3389/
fimmu.2023.1308143

68. Klichinsky M, Ruella M, Shestova O, Lu XM, Best A, Zeeman M, et al. Human
chimeric antigen receptor macrophages for cancer immunotherapy. Nat Biotechnol.
(2020) 38:947–53. doi: 10.1038/s41587-020-0462-y

69. Zhou Z, Mai Y, Zhang G, Wang Y, Sun P, Jing Z, et al. Emerging role of
immunogenic cell death in cancer immunotherapy: Advancing next-generation CAR-T
cell immunotherapy by combination. Cancer Lett. (2024) 598:217079. doi: 10.1016/
j.canlet.2024.217079

70. Zhou Z, Zhang G, Xu Y, Yang S, Wang J, Li Z, et al. The underlying mechanism
of chimeric antigen receptor (CAR)-T cell therapy triggering secondary T-cell cancers:
mystery of the Sphinx? Cancer Lett . (2024) 597:217083. doi: 10.1016/
j.canlet.2024.217083
frontiersin.org

https://doi.org/10.1016/j.ymthe.2018.09.008
https://doi.org/10.1016/S1470-2045(19)30461-9
https://doi.org/10.1016/S1470-2045(19)30461-9
https://doi.org/10.3390/cancers12051075
https://doi.org/10.1080/2162402X.2016.1164919
https://doi.org/10.1126/scitranslmed.abg3072
https://doi.org/10.1126/scitranslmed.abg3072
https://doi.org/10.1158/1078-0432.CCR-13-0458
https://doi.org/10.1158/1078-0432.CCR-13-0458
https://doi.org/10.1038/mt.2016.63
https://doi.org/10.1016/j.ccell.2019.09.006
https://doi.org/10.1016/j.ymthe.2017.05.012
https://doi.org/10.1016/j.ymthe.2017.05.012
https://doi.org/10.1158/1078-0432.CCR-16-1300
https://doi.org/10.1158/0008-5472.CAN-16-1577
https://doi.org/10.1016/j.copbio.2019.11.016
https://doi.org/10.1016/j.copbio.2019.11.016
https://doi.org/10.1016/j.ymthe.2020.10.023
https://doi.org/10.1158/0008-5472.CAN-14-0697
https://doi.org/10.1158/0008-5472.CAN-14-0697
https://doi.org/10.1016/j.omto.2021.01.002
https://doi.org/10.7150/ijbs.63181
https://doi.org/10.3389/fimmu.2023.1308143
https://doi.org/10.3389/fimmu.2023.1308143
https://doi.org/10.1038/s41587-020-0462-y
https://doi.org/10.1016/j.canlet.2024.217079
https://doi.org/10.1016/j.canlet.2024.217079
https://doi.org/10.1016/j.canlet.2024.217083
https://doi.org/10.1016/j.canlet.2024.217083
https://doi.org/10.3389/fendo.2025.1517525
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	CAR-T therapy for endocrine neoplasms: novel targets and combination of therapies
	1 Introduction
	2 Promising antigens for CAR-T cell targeting of endocrine cancer
	2.1 DDL3
	2.2 SSTR
	2.3 B7-H3
	2.3 Gangliosides
	2.4 Glycoprotein
	2.5 Target for aberrant glycosylation
	2.6 Miscellaneous targets

	3 Combination of therapies
	4 Prospect and conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


