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Chimeric antigen receptor (CAR) T-cell therapy is a newly designed adoptive immunotherapy that is able to target

and further eliminate cancer cells by engaging with MHC-independent tumor-antigens. CAR T-cell therapy has

exhibited conspicuous clinical efficacy in hematological malignancies, but more than half of patients will relapse.  

CAR (chimeric antigen receptor)  antigen  heterogeneity  efficacy  safety

T cell exhaustion

1. Introduction

According to the American Cancer Society (www.cancer.org (accessed on 18 November 2022)), cancer remains

the second most common cause of deaths in the United States, just behind heart disease. As of 2022, it is

estimated that there have been 1.9 million new cancer cases and 609,360 deaths in the United States, or about

1669 deaths every day .

In addition to the traditional cancer treatments, such as surgery, chemotherapy, radiation therapy, and targeted

therapies (e.g., Imatinib/Gleevec, Trastuzumab/Herceptin, etc.), immunotherapy, which re-activates immune

defenses against cancer cells, is a promising new approach and has emerged as the fifth pillar of cancer treatment

in the last decade.

Cell-based immunotherapy is effective in cancers. Activated T cells recognize tumor antigens in the form of tumor

antigenic peptide fragments that are presented and bound and bind to major histocompatibility complex class

(MHC) molecules on the surface of tumor cells. However, the failure of T cells to eradicate cancer cells can result

from the expression of immune checkpoint proteins on the surface of T cells, including different mechanisms such

as T-cell exhaustion and immunosuppression . Over the past decade, a number of immune checkpoint molecules

including programmed cell death protein 1 (PD-1), cytotoxic T lymphocyte antigen-4 (CTLA-4), lymphocyte-

activation gene 3 (LAG3), T cell immunoglobulin and mucin domain-containing protein 3 (TIM3), T cell

immunoreceptor with Ig and ITIM domains (TIGIT), and B- and T-lymphocyte attenuator (BTLA, also known as

CD272) have been identified and well-studied in cancer .

One of the upmost achievements in cancer immunotherapies in the last decade has undoubtedly been the

introduction of T cell-targeted immunomodulators, the immune checkpoint inhibitors (ICIs), such as antibodies

against CTLA-4 and PD-1 or programmed death ligand-1 (PD-L1) . The first ICI antibody, Ipilimumab (Yervoy),

was approved in 2011, followed by Pembrolizumab (Keytruda) and Nivolumab (Opdivo) in 2014. These ICIs have
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been widely used to treat a variety of cancer types, including head and neck, lung, kidney, bladder, lymphoma, and

melanoma, etc. . These ICI-based immunotherapies are not focused on in this research.

Chimeric antigen receptor (CAR) T cell (CAR T-cell)-based immunotherapy is another greatest achievement in

cancer immunotherapies. CARs are generated by artificially fusing a tumor-specific antibody single-chain variable

fragment (scFv) to the CD3ζ chain of the T cell receptor (TCR) via a transmembrane linker domain. The scFv

specifically recognize specific antigens expressed on the cancer cell surface, or intracellular antigens if the scFv is

expressed as intracellular antibody (intrabody) or delivered into the cells . Thus, CAR is a combination of

antibody-derived extracellular proteins, typically derived from the intracellular signaling module of an antibody and

T-cell signaling proteins . The fusion constructs are then transfected into autologous or allogeneic cytolytic T

lymphocytes as CAR T-cells.

CAR T-cells recognize and target tumor antigens through the binding of CAR to tumor-associated antigen (TAA) or

tumor-specific antigen (TSA) independent of the TCR-MHC/peptide interaction . CAR T-cells have emerged as

an effective novel cancer therapy for hematological malignancies .

The flow of the production, application and monitoring of CAR T-cells is summarized in Figure 1. CAR T-cell

activity can be monitored with flow cytometric assay . In clinical application, lymphodepletion is needed before

the infusion of CAR T-cells to patients, so that the persistence of infused CAR T-cells can be effectively prolonged,

and the effectiveness of tumor treatment can be improved .

Figure 1. Production, application, and activity monitoring of CAR T-cells.

The specificity of T cells against tumor cells is mediated by CAR proteins. At present, pan-B cell CD19 CAR T-cells

have shown unprecedented response rates in treating hematological malignancies including refractory (R/R) B cell

malignancies . In 2017, autologous anti-CD19 CAR T-cells received the first regulatory approval from the

US Food and Drug Administration (FDA) for the treatment of pediatric B-cell acute lymphoblastic leukemia (B-ALL),

diffuse large B cell lymphoma (DLBCL), and, more recently, mantle cell lymphoma (MCL) .

T cells isolated from a cancer patient (for making autologous CAR T-cells), or other healthy donors (for making

allogeneic CAR T-cells) are activated using artificial antigen-presenting cells (aAPCs), transfected with the CAR-
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encoding viral vector, and then expanded to large numbers in a bioreactor. After expansion, the cells are washed

followed by the infusion back to the patient or concentrated and cryopreserved for future use. Activity of circulating

CAR T-cells can be monitored with flow cytometry at different time points (e.g., 1 month, 3 months, 6 months, etc.)

 by staining the antibodies of CD62L (circulating innate lymphoid cell precursors) , CD45RO (memory T cells),

CD45RA (naïve T cells), CD4 (T helper cells), and CD8 (cytotoxic T lymphocytes). Subpopulations were defined as

CD62L+ CD45RO+ central memory T cells (T ), CD62L- CD45RO+ effector memory T cells (T ), CD62L-

CD45RA+ cells (T ), and CD62L  CD45RA  naïve T cells . Cytokines including intracellular IFN-γ etc. can

also be measured by flow cytometry .

A decade ago, CD19-targeting CAR T-cells showed efficacy in patients with chronic lymphocytic leukemia (CLL) 

and ALL . However, the wide clinical application of CAR T-cells in both diseases has stalled. Patients with CLL

did not respond to CD19 CAR T-cells as often as expected, at least in part because of challenges of producing

CAR T-cell using autologous T cells from the patients with underlying diseases, or long term chemotherapy

treatment, which can lead to lymphocytopenia . Meanwhile, severe lymphocytopenia caused by chemotherapy

is associated with reduced survival . It is important to note that lymphocytopenia is a different concept from

lymphodepletion. Lymphocytopenia is a disorder that lacks lymphocytes. In contrast, lymphodepletion is to

purposely eradicate regulatory T-cells (Tregs) and other immunosuppressive cells through treatments and to make

a room for the new CAR T-cells, thereby increasing CAR T-cell expansion prolonging persistence .

Due to the impressive results of CAR T-cells in hematological malignancies, many scientists in academia and

industries have been attempting to extend CAR T- therapy to solid tumors. In recent years, the concept of CAR T-

cells has been used in the development of other cell-based immunotherapies. According to the updated Cancer

Cell Immunotherapy Pipeline 2022 from Cancer Research Institute, the number of active cell therapies developed

in 2022 including CAR T-cells, TCR T-cells, NK and NKT cells, TIL cells, and tumor-associated antigen

(TAA)/tumor-specific antigen (TSA) targeted T cells from preclinical to clinical trials and marketing is 2756,

compared to 2031 in 2021. Of these, 1432 are active CAR T-cell therapies, 280 more than 1150 in 2021 .

Figure 2 illustrates the changes in the number of active CAR T-cell therapies in the past two years.

[14] [15]

CM EM

EMRA
+ + [8]

[16]

[17]

[18]

[19]

[20][21]

[21][22][23]

[24]



CAR T-Cells in the Treatment of Solid Tumors | Encyclopedia.pub

https://encyclopedia.pub/entry/38792 4/22

Figure 2. Active CAR T-cell therapies developed in 2022 and 2021. (a) A total of 1432 active CAR T-cell therapies

have been developed in 2022, including preclinical research (854), phase I (314), phase II (243), phase III and

market trials of 21. (b) A total of 1150 active CAR T-cell therapies were developed in 2021, including 633 preclinical

research, 279 phase I, 227 phase II, 11 phase III and market trials.

However, CAR T-cell therapy has been disappointing in the treatment of solid tumors and faces many challenges.

Currently, a single antigen-targeted CAR T-cell therapy for solid tumors frequently fails, and no dual antigens-

targeted CAR T-cell therapies have been approved for marketing yet in the world. To overcome tumor-defense

mechanisms including immunosuppression (immunosuppressive cytokines secreted by solid tumors), antigen

escape, and physical barriers to infiltrate into solid tumors, more sophisticated engineering approaches are

required to develop effective CAR T-cell therapies.

3. CAR T-Cell Therapy in Solid Tumors

With the promising results of CAR T-cell therapy in the treatment of hematological malignancies, scientists have

begun to extend CAR T-cell therapy to metastatic solid tumors, including lung, ovarian, breast, prostate, liver,

kidney, stomach, pancreatic, and colon cancer. However, response rates of CAR-T therapy in patients with solid

tumors much lower than those with hematological malignancies. The ORR of CAR T-cell therapy in patients with

solid malignancies was 20% (95% CI: 11–34%) vs. 71% (95% CI: 62–79%) in those with hematological

malignancies. Disappointing CAR T-cell therapies in the treatment of solid tumors  indicate the potential

issues in solid tumors as follows: (1) TAA antigen identification (particularly tumor-specific antigens), expression

level, and susceptibility to CAR T-cells, (2) tumor infiltration, CAR T-cells may not be able to penetrate tumor tissue

through the vascular endothelium, and (3) survival of CAR T-cells in TME.

In 2010, a patient with colon cancer metastasis to the lung and liver died after ERBB2-targeting CAR T-cell therapy

. The potential cause of death may be that CAR T-cells recognize low levels of ERBB2 on lung epithelial cells,

thereby triggering cytokine storms.

In 2021, Tmunity Therapeutics, a clinical-stage biotherapeutics company, halted the development of its lead CAR

T-cell product after the deaths of two patients in a clinical trial. The patients reportedly died from immune effector

cell-associated neurotoxicity syndrome (ICANS) (Carroll J. Exclusive: Carl June’s Tmunity encounters a lethal

roadblock as 2 patient deaths derail lead trial, raise red flag forcing rethink of CAR T-cells for solid tumors.

Endpoints News. 2 June 2021. Accessed on 3 June 2021. https://bit.ly/3wPYWm0).

The greatest challenge of CAR T-cell therapy for solid tumors is to find a tumor antigen that is uniquely expressed

on the surface of solid tumor cells to provide CAR T-cell specific target. However, a major limitation of CAR T-cell

therapy is that most proteins are tumor-associated antigens (TAAs), which are also expressed at low levels in

normal cells, making it difficult for CAR T-cells to specifically target tumor cells without impairing healthy cells.

Additionally, CAR T-cells are limited in trafficking to and infiltrating solid tumors as an immunosuppressive tumor
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microenvironment and physical tumor barrier . Current CAR T-cell products for solid tumors are single-target

CAR T-cells, dual-target CAR T-cell therapies have not yet been approved for marketing.

CAR T-cell therapy shows a strong clinical efficacy in hematological malignancies with a complete remission (CR)

of around 30–40% in treating advanced B-cell malignancies , but not yet in solid tumors except for some

individual cases . According to 2022 AACR, Haanen and colleagues conducted a clinical trial to evaluate the

early efficacy and safety of the CAR T-cell product targeting CLDN6. Among the 14 patients who were evaluable at

six weeks after infusion, 4 patients with testicular cancer and 2 with ovarian cancer experienced a partial response

(PR), with an overall response rate of nearly 43% (https://www.aacr.org/about-the-aacr/newsroom/news-

releases/new-car-t-cell-therapy-for-solid-tumors-was-safe-and-showed-early-

efficacy/#:~:text=Among%20the%20study%20participants%20who,at%2012%20weeks%20after%20infusion

(accessed on 18 November 2022)).

According to the updated data from Cancer Research Institute , the total number of active CAR T-cell therapies

for solid tumors conducted in 2022 was 27. Of these 27 therapies, 4 CAR T-cell products target HER2, 6 target

MSLN, 7 target GPC2/3, and 10 target EGFR. These newly developed T-cell therapies in solid tumor are

summarized in Figure 3.
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Figure 3. Number of active CAR T-cell trials investigated in 2022. Based on the different antigenic targets, 4 CAR

T-cell products are anti-HER2, 6 CAR T-cell products are anti-4 MSLN, 7 CAR T-cell products are anti-4 GPC, 10

CAR T-cell products are anti-EGFR.

In addition, according to the information from the website of the Clinical Trials (https://www.clinicaltrials.gov

(accessed on 25 October 2022)), more CAR T-cells are under investigation in phase I clinical trials for solid tumors.

The efficacy of CAR T-cells in solid tumors has not been supported. The following are some main CAR T-cell

products developed for the treatment of solid tumor. Except a few of them are discussed in the text based on their

attention and clinical accidents in clinical trials, others cannot be described here due to the spatial limitation, but

they are summarized in Table 1.

Table 1. Most targeted antigens in clinical trials of CAR T-cell therapy in solid tumors.

Antigen Cancer Phase Identifier (ID)

EGFR Lung, colorectal, ovarian, pancreatic, renal Phase NCT01869166
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cancers 1/2

HER2
Central nervous system tumor, pediatric
glioma

Phase 1 NCT03500991

EGFR806
Central nervous system tumor, pediatric
glioma

Phase 1 NCT03638167

Mesothelin Ovarian, cervical, pancreatic, lung
Phase
1/2

NCT01583686

PSCA Lung Phase 1 NCT03198052

MUC1 Advanced solid tumors, lung
Phase
1/2

NCT03179007,
NCT03525782

Claudin 18.2 Advanced solid tumor Phase 1 NCT03874897

EpCAM Colon, pancreatic, prostate, gastric, liver
Phase
1/2

NCT03013712

GD2 Brain Phase 1 NCT04099797

VEGFR2 Melanoma, brain Phase 1 NCT01218867

AFP Hepatocellular carcinoma liver cancer Phase 1 NCT03349255

Nectin4/FAP
Nectin4-positive advanced malignant solid
tumor

Phase 1 NCT03932565

CEA
Lung, colorectal, gastric, breast, pancreatic
cancer

Phase 1 NCT02349724

Lewis Y Advanced cancer Phase 1 NCT03851146

Glypican-3 Liver Phase 1 NCT02932956

EGFRvIII Glioblastoma and brain tumor Phase 1 NCT01454596

IL-13Rα2 Glioblastoma Phase 1 NCT02208362

CD171 Neuroblastoma Phase 1 NCT02311621

MUC16 (CA-
125)

Ovarian Phase 1 NCT 02498912

PSMA Prostate Phase 1 NCT01140373

AFP Hepatocellular carcinoma, liver Phase 1 NCT03349255

AXL Renal Phase 1 NCT03393936
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Abbreviations: EGFR: epidermal growth factor receptor; HER2: human epidermal growth factor receptor 2; PSCA:

prostate stem cell antigen; MUC1: mucin 1; EpCAM: epithelial cell adhesion molecule; GD2: disialoganglioside;

VEGFR2: vascular endothelial growth factor receptor 2; AFP: alpha fetoprotein; FAP: fibroblast activation protein;

CEA: carcinoembryonic antigen; IL-13R: interleukin-13 receptor; CD171: L1 cell adhesion molecule; MUC16:

mucin 16; PSMA: prostate-specific membrane antigen; AXL: AXL receptor tyrosine kinase; c-MET: tyrosine-protein

kinase Met; DLL-3: delta like canonical notch ligand 3; DR5: death receptor 5; EpHA2: ephrin type-A receptor 2;

FR-α: Folate receptor alpha; gp100: glycoprotein 100; MAGE-A: melanoma-associated antigen 3; LMP1: latent

membrane protein 1.

2.1. CAR T-Cells Targeting Prostate TAA

Prostate-specific membrane antigen (PSMA) is a type II integral membrane glycoprotein highly expressed in

prostate cancer and is a diagnostic and prognostic marker, which is a tumor-associated antigen (TAA). PSMA

levels in prostate cancer are 100 to 1000 times higher than in normal tissues . Meanwhile, high levels of PSMA

are associated with the aggressiveness of human malignancies . In addition, PSMA is also highly expressed

in tumor neovascularization . Increased PSMA expression is an independent predictor of prostate cancer

recurrence. Therefore, PSMA becomes an attractive new therapeutic target with the most minimal tissue

penetration for the development of anti-PSMA CAR T-cell therapy in prostate cancer . Anti-PSMA CAR T-cells

have robust killing ability against human prostate cancer cells and demonstrated strong expansion and cytotoxicity

potential in prostate cancer cells . Clinical trials conducted by Junghans et al.  and Slovin et al.  confirmed

the safety and efficacy of PSMA-targeted CAR T-cells for prostate cancer. However, PSMA is also expressed in

benign prostatic epithelial cells and normal prostate tissue.

One CAR T-cell product targeting PSMA, P-PSMA-101, is from Poseida Therapeutics (San Diego, CA, USA),

which was designed to target prostate cancer cells expressing the cell-surface antigen PSMA

(https://poseida.com/science/pipeline (1 December 2022)). In preclinical studies, P-PSMA-101 has been shown to

eliminate tumor cells to undetectable levels in 100% of animals, with only one incidence of relapse in the lower

dose (NCT04249947). Based on published literature, no other product candidate has shown complete elimination

of solid tumors in this preclinical model. A phase I clinical trial of P-PSMA-101 CAR T-cells in patients with

metastatic castration resistant prostate cancer (mCRPC) has been conducted and a dose escalation trial of P-

PSMA-101 is ongoing.

Another CAR T-cell product targeting PSMA, TmPSA01, is from Tmunity Therapeutics (Philadelphia, PA, USA),

which is a pioneer and lead CAR T-cell product, which is at the forefront of advancing CAR T-cell applications.

Unfortunately, TmPSA01 has been halted after two patients died of neurotoxicity. This work identified potential

barriers to CAR T-cell therapy for solid tumors. Notably, the researchers identified cases of ICANS. Details of the

news were first reported by endpoints and confirmed by Tmunity. This news has profound implications for the

broader push to toward cell therapy as a treatment for solid tumors (https://www.fiercebiotech.com/biotech/tmunity-

CD20 Melanoma Phase 1 NCT03893019

CD80/86 Lung Phase 1 NCT03060343

c-MET Breast, hepatocellular Phase 1
NCT03060356,
NCT03672305

DLL-3 Lung Phase 1 NCT03392064

DR5 Hepatoma Phase 1 NCT03638206

EphA2 Glioma Phase 1 NCT02575261

TAG72 Ovarian Phase 1 NCT05225363

gp100 Melanoma Phase 1 NCT03649529

MAGE-A1/3/4 Lung Phase 1
NCT03356808,
NCT03535246

LMP1 Nasopharyngeal Phase 1 NCT02980315[31]
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stops-solid-tumor-car-t-trial-after-2-patients-die (accessed on 30 October 2022)). At Tmunity, the setback has led to

the end of the CART-PSMA-TGFβRDN study and the start of work on subsequent candidates with improved safety

profile. Tmunity is aiming to file an IND in the second half of the year.

In addition to PSMA, prostate stem cell antigen (PSCA), another TAA for prostate cancer, is a membrane

glycoprotein predominantly expressed in prostate cancer, which is expressed in 94% (105/112) of primary prostate

tumors and 100% (9/9) of bone metastases . In vivo studies have showed that anti-PSCA monoclonal antibodies

inhibit tumor growth and metastasis formation, making PSCA potentially useful in immunotherapy programs for the

treatment of prostate cancer . Although the expression of PSCA is upregulated in most of prostate cancers,

its biological role in prostate cancer remains unclear.

2.2. CAR T-Cells Targeting MSLN (ATA2271)

Mesothelin (MSLN) is a cell-surface antigen associated with tumor invasion, which is strongly expressed in many

solid tumor types, including mesothelioma, lung cancer, breast cancer, and pancreatic cancer . MSLN has

emerged as an important target in CAR T-cell therapy. Phase I clinical trials have shown that MSLN-targeted CAR

T-cell therapy is safe, but its efficacy is very limited due to insufficient tumor infiltration and the persistence of CAR

T-cells . Lv et al. constructed MSLN CAR T-cells using MSLN scFv, CD3ζ, CD28, and DAP10 intracellular

signaling domain (M28z10) to target MSLN. The results of in vitro experiments showed that M28z10 T cells

exhibited strong cytotoxicity and cytokine-secreting ability to gastric cancer cells. The in vivo experimental results

showed that M28z10 T cells could induce gastric cancer regression and prolong the mouse survival in different

xenograft mouse models .

The expression rate of MSLN was various among pathological types of solid cancer (serous 97%, clear cell 83%,

endometrioid 77%, mucinous 71%, carcinosarcoma 65%), pancreatic adenocarcinoma (ductal 75%, ampullary

81%), endometrial carcinoma (clear cell 71%, serous 57%, carcinosarcoma 50%, endometrioid 45%), malignant

mesothelioma (69%) and lung adenocarcinoma (55%) . The highest prevalence of positive MSLN was found in

ovarian cancer. Kachala et al. reported that MSLN overexpression is a tumor aggressive marker and is associated

with increased risk of recurrence and decreased overall survival (OS) . MSLN CAR T-cell therapy has the

potential to treat a variety of solid malignancies that are overexpressed MSLN . Schoutrop et al. evaluated the

efficacy of MSLN-directed CAR T-cell therapy in an orthotopic mouse model of ovarian cancer. The results showed

that MSLN CAR T-cell therapy significantly prolonged survival, but sustained tumor control was not observed .

Malignant pleural mesothelioma (MPM) is a rare but highly aggressive malignancy with limited treatment options

. It is characterized by resistance to treatment and poor survival . The median OS of patients with MPM after

the first-line treatment with cisplatin and pemetrexed was only 13 to 16 months, which was prolonged to 18.8

months after an addition of bevacizumab, but at the cost of increased toxicity . MPM treatment guidelines from

the National Comprehensive Cancer Network (NCCN) include the use of ICIs as the second-line treatment.

Although the expression levels of PD-L1 and tumor mutation burden (TMB) are very low in patients with MPM ,

the responses still occurred to PD-L1 blockade . The scientists at Memorial Sloan Kettering Cancer Center
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(MSKCC) developed and conducted the first-in-human phase I study of a regional, autologous, MSLN-targeted

CAR T-cell therapy . The results showed that intrapleural administration of 0.3 to 60 M mesothelin-targeted CAR

T-cells/kg was safe and well tolerated in 27 patients (25 with MPM, one with metastatic lung cancer, another with

metastatic breast cancer), and CAR T-cells were detected in peripheral blood for >100 days in 39% of patients. The

median OS of patients receiving CAR T-cell infusion was 23.9 months (83% 1-year OS rate). Eight patients had a

stable condition for ≥6 months; two patients showed complete metabolic responses after positron emission

tomography (PET) scanning .

In addition to the traditional therapies described above, MSLN-targeted CAR T-cell therapy for patients with

advanced mesothelioma using next-generation PD1DNR and 1XX CAR technology is also being tested in clinical

trials. ATA2271, a next-generation autologous CAR T-cell therapy targeting MSLN, manufactured by Atara

Biotherapeutics, Inc. (San Francisco, CA, USA) is currently under clinical investigation in patients with MPM.

According to Atara Biotherapeutics, ATA2271 targets hard-to-treat solid tumors using proprietary 1XX CAR

signaling and intrinsic PD-1 checkpoint inhibition.

An ongoing Phase 1 dose-escalation trial of advanced mesothelioma has demonstrated the early safety and

durability of armored CAR T-cells in patients. The preliminary results of the next generation autologous MSLN-

targeted CAR T-cell ATA2271 were presented at 2021ESMO Immuno-Oncology Conference (9 December 2021).

But on 18 February 2022, scientists at MSKCC notified the FDA of a fatal serious adverse event (SAE) associated

with a patient treated with autologous CAR T-cells.

According to the press release issued by Atala Biotherapy on 28 February 2022

(https://investors.atarabio.com/news-events/press-releases/detail/265/atara-biotherapeutics-provides-update-on-

ata2271-autologous (18 November 2022)): the first 6 patients enrolled in the two lowest dose groups received

either 1 × 10  cells/kg (patients 1–3) or 3 × 10  cells/kg (patient 4–6) of ATA2271 intrapleural treatment. No dose-

limiting toxicities have been reported in either cohort. The reported patient event was related to the first patient in a

third, higher-dose cohort (6 × 10  cells/kg). The temporary suspension of ATA2271 study enrollment does not affect

the ongoing work to promote IND; ATA3271 is a separate, off-the-shelf, allogeneic ATA3271. ATA3219,

Tabelecleucel (tab-cel), and ATA188 all utilize Atara’s allogeneic EBV T-cell platform, the safety and tolerability

have been validated by clinical studies and experience in approximately 400 patients in various disease areas

where CRS has not been observed to date.

The ongoing (from 30 September 2020 to September 2023) Phase 1 trial of MSLN-targeted CAR T-cell therapy in

patients with mesothelioma is sponsored by MSKCC (https://clinicaltrials.gov/ct2/show/NCT04577326 (18

November 2022)). Intrapleural administration of ATA2271 was well-tolerated at the lowest dose levels, and no CAR

T-cell related adverse events (AEs) of Grade > 2 observed and no AEs of Grade > 3 have been observed in the

research to date. All four patients had received at least four prior lines of therapy. Importantly, ATA2271 CAR T-cells

persisted in peripheral blood of patients for more than 4 weeks and were associated with upregulated effector

cytokines.

[52]

[52]

6 6

6



CAR T-Cells in the Treatment of Solid Tumors | Encyclopedia.pub

https://encyclopedia.pub/entry/38792 11/22

2.3. Other Tumor Antigens Used for CAR T-Cells in Solid Tumors

2.3.1. MUC1

MUC1 is a transmembrane glycoprotein that is aberrantly glycosylated and overexpressed in a variety of epithelial

cancers. Previous studies have confirmed that MUC1 is overexpressed in NSCLC tissues , and in about 70%

of ovarian cancer . Tumor-associated MUC1 (tMUC1) is different from the MUC1 expressed in normal cells and

can be used as a biomarker and therapeutic target of cancer . Zhou et al. reported that monoclonal antibody

TAB004 specifically recognizes tMUC1 in all subtypes of breast cancer, including 95% of triple-negative breast

cancer (TNBC), while retaining recognition of MUC1 in normal tissue . The team transduced human T cells with

MUC28z, a CAR comprised of the scFv of TAB004 coupled to CD28 and CD3ζ. The results showed that MUC28z

was well expressed on the surface of engineered activated human T cells. MUC28z CAR T-cells showed significant

target-specific cytotoxicity against a group of human TNBC cells.

2.3.2. ICAM1

Intercellular adhesion molecule-1 (ICAM1) is a cell surface transmembrane glycoprotein receptor. ICAM1 has been

reported to be overexpressed in lung cancer, pancreatic cancer  and renal cell cancer . High levels of ICAM1

were correlated with metastasis and poor prognosis in cancer patients . ICAM1 expression is increased in TNBC

patients and can be up to 200-fold increase in lung metastases of TNBC patients . The authors demonstrated

ICAM1 generated a phage-displayed scFv library using splenocytes from ICAM1-immunized mice and selected a

novel ICAM1-specific scFv, mG2-scFv. Using mG2-scFv as the extracellular antigen binding domain, the team

constructed ICAM1-specific CAR T-cells and demonstrated potent and specific killing of TNBC cell lines in vitro and

in vivo .

2.3.3. EGFR

Epidermal growth factor receptor (EGFR) is a transmembrane protein involved in cell growth and differentiation.

EGFR is overexpressed in a wide range of solid tumor types , it is critical to control the growth and survival of

epithelial cells, including NSCLC . EGFR targeted therapies includes tyrosine kinase inhibitors (TKIs, e.g.,

gefitinib and erlotinib, afatinib, Osimertinib) , phosphatidylinositol 3-kinase (PI3K) inhibitors, and antisense gene

therapy. These EGFR TKIs have effectively replaced chemotherapy as the first line treatment , Unfortunately,

EGFR is increasingly recognized as a biomarker of tumor resistance , since all patients with metastatic lung who

initially benefit from EGFR-targeted therapies eventually developed resistance . EGFR-specific CAR T-cells

have been reported not only to trigger cell lysis of EGFR-positive TNBC in vitro, but also to inhibit the growth of

mouse cell lines and patient-derived xenograft (PDX) TNBC tumors . EGFR is also a target of immunotherapy

. EGFR monoclonal antibodies (mAbs, e.g., cetuximab, panitumumab, nimotuzumab, and necitumumab)

have been developed for the treatment of cancer .

Li et al. showed that proliferation and anticancer effects of EGFR CAR T-cells in vitro depend on time (24 to 72 h)

and antigen (with and without EGFR antigen stimulation), and the regression of EGFR-positive human lung cancer
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xenografts in vivo . A phase I clinical trial of EGFR CAR T-cells (NCT03182816) demonstrated that EGFR CAR

T- cell therapy was well tolerated in all nine patients in treatment of EGFR-positive advanced R/R NSCLC patients.

The results showed that EGFR CAR T-cells were detectable in peripheral blood of eight patients, partial response

(PR) was observed in one patient, stable disease (SD) in six patients, and progressive disease (PD) in two

patients. The progression-free survival (PFS) of these 9 patients was 7.13 months (95% CI 2.71–17.10 months),

and the median OS was 15.63 months (95% CI 8.82–22.03 months) .

2.3.4. ROR1

Receptor tyrosine kinase-like orphan receptor 1 (ROR1), a member of ROR family, is a protein encoded by ROR1

gene, and it is overexpressed in cancer . For example, 28.6% was found in 56 histologically confirmed lung

adenocarcinoma (using a cut-off of 1), or in 51.8% of the cases using the median value as threshold . It was

reported that ROR1 repression inhibits the growth of lung adenocarcinoma regardless of EGFR status, and leads

to multiple acquired resistance mechanisms, including EGFR T790M, MET amplification and hepatocyte growth

factor (HGF) overexpression . ROR1 CAR T-cells can effectively kill lung cancer cells in a three-dimensional

tumor model of NSCLC. Wallstabe et al. reported that ROR1 CART-cell treatment not only showed strong

antitumor activity in human lung cancer cell line (A549), but also infiltrate into cancer tissue and eradicated multiple

layers of tumor cells . This result provides a new strategy for the clinical treatment of lung cancer. A clinical trial

(NCT02706392) has been conducted to evaluate autologous ROR1 CAR T-cells in patients with advanced ROR1-

positive and stage IV NSCLC; the results have not been released yet.

2.3.5. Trop2

Trophoblast cell surface antigen 2 (Trop2) is a widely expressed glycoprotein and a member of the epithelial cell

adhesion molecule (EpCAM) family in many normal tissues, and overexpressed in a variety of human cancers,

including gastric cancer  and breast cancer . Trop2 has potential in promoting epithelial-mesenchymal

transition (EMT) in human breast cancer . Overexpression of Trop2 has prognostic significance . A study

demonstrated that intra-tumoral injection of bi-specific Trop2/PD-L1 CAR T-cells can significantly reduce the growth

of gastric cancer, and the inhibitory effect is stronger than specific Trop2 CAR T-cells . These results suggest

that novel Trop2/PD-L1 CAR T-cells are involved in Trop2/PD-L1 and checkpoint blockade in gastric cancer,

thereby promoting the cytotoxicity of CAR T-cells in gastric cancer and other types of solid tumors .

2.3.6. TAG72

Tumor-associated glycoprotein 72 (TAG-72) is a pan-adenocarcinoma oncofetal antigen that is highly expressed in

ovarian cancers, and increased expression is associated with disease progression. The recurrence of ovarian

cancer after surgery and multidrug chemotherapy is frequent, and novel therapeutic methods are urgently needed

. TAG72 has been used as a target for CAR T-cell therapy. Humanized TAG72-specific CAR T-cells have been

reported to show potential cytotoxicity and cytokine production in ovarian cancer. On the other hand, TAG72-based

CAR T cells significantly reduced the proliferative potential and improved the survival rate of mice . Shu et al.
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demonstrated that the co-expression of the TAG-72 CAR and the CD47-truncated monomer CAR on T cells (dual

CAR T-cell strategy) may be effective in ovarian cancer, and applicable to other adenocarcinomas .

2.3.7. CA9

Carbonic anhydrase IX (CA9/ or CA IX) is an enzyme encoded by the human CA9 gene . CA IX is

overexpressed in many types of cancer, including clear cell renal cell carcinoma (RCC) , cervical cancer

, and breast and lung cancer, and CA IX promotes tumor growth by enhancing tumor acidosis  as other CA

family members . CAIX is a highly expressed on the surface of tumor cells in RCC ; thus, CAIX is a potential

therapeutic target. CAIX overexpression increased the expression of 6-Phosphofructo-2-Kinase/Fructose-2, 6-

Biphosphatase 4 (PFKFB4) and EMT, and promoted the migration of cervical cancer cells. CAIX can promote

metastasis of cervical cancer cells, thus its inhibitory effect can be used as a therapeutic strategy for cervical

cancer . Li et al. reported that CAIX CAR T-cells combined with sunitinib induced an effective antitumor

response in an experimental model of metastatic RCC .

2.3.8. CD133

CD133 (Prominin 1, PROM1) is a transmembrane protein whose mRNA and glycosylated forms are highly

expressed in a variety of human cancer cells. CD133 is a cancer stem cell (CSC) marker and is associated with

cancer progression and patient prognosis , including pancreatic cancer , colorectal cancer  and breast

cancer . Besides the application of CD133-targeted CAR T-cells in MLL leukemia , anti-CD133 CAR T-cells

have been reported in a phase I trial including 14 patients with hepatocellular carcinoma (HCC), 7 patients with

pancreatic carcinomas, and 2 patients with colorectal cancer . The results demonstrated the feasibility,

controllable toxicities, and efficacy of anti-CD133 CAR T-cell therapy, with 3 patients achieving PR and 14 patients

achieving SD among the 23 patients enrolled.

2.3.9. Integrin αvβ6

Integrin αvβ6 is an exciting biomarker and therapeutic target for pancreatic cancer, and it is highly expressed in

almost 100% of pancreatic ductal adenocarcinoma (PDAC) cases . It was reported that CAR T-cells expressing

CXCR2 exhibited stronger anti-tumor activity against pancreatic tumor xenografts known to express αvβ6 .
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