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Chimeric antigen receptor (CAR) T cells have emerged as breakthrough therapies in 
patients with refractory haematologic malignancies, and the highly encouraging 
clinical results have fuelled expectations of implementing these strategies in other 
cancer types. However, a similar success of CAR-T cell treatment has not yet been 
observed in solid tumours. Various factors, including the immunosuppressive nature 
of the tumour microenvironment, hinder of CAR-T cell trafficking and infiltration 
into scarcely accessible tumour sites, and difficulties in identifying targetable anti-
gens with optimal expression and a good toxicity profile, and limiting CAR-T dose 
escalation, must be overcome to achieve success in the treatment of solid cancers 
(Comoli et al. 2019).

Several clinical trials have tested the efficacy of CAR-T cells in solid tumours. 
To date, clinical results have not been encouraging, with a general lack of therapeu-
tic response and the presence of on-target off-tumour toxicity. However, some stud-
ies have achieved promising outcomes that justify further exploration of this 
approach in solid tumours, as is happening in many areas of the world (Comoli 
et al. 2019).

Early experiences with GD2-specific CAR-T cells showed objective responses in 
paediatric patients with neuroblastoma (Pule et al. 2008). Since then, lymphocytes 
have been engineered via insertion of third-generation CARs and, more recently, by 
delivery of a GD2-CAR-IL-15 construct to NK cells (Heczey et al. 2020).
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Similarly, the safety and antitumour activity of CAR-T cells targeting a variety 
of antigens, such as IL-13Rα2, epidermal growth factor receptor-vIII, and human 
epidermal growth factor receptor-2 (HER2), have been assessed in patients with 
glioblastoma multiforme (GBM). Infusion of second-generation CD28ζ HER2- 
specific CAR-modified virus-specific T cells was well tolerated, with no dose- 
limiting toxic effects, and led to clinical benefit; 1 patient showed a partial response 
(PR) lasting more than 9 months, and 7 patients had stable disease (SD) for several 
months (Ahmed et al. 2017). Other clinical trials have demonstrated the feasibility, 
safety, and clinical efficacy of second-generation EGFRvIII-specific and IL13BBζ–
specific CAR-T cells (Brown et al. 2016) in patients with refractory GBM.

In gastrointestinal neoplasms, a clinical trial utilizing CEA CAR-T therapy in ten 
patients with metastatic colorectal cancer (CRC) resulted in SD in seven patients, 
without severe adverse events related to CAR-T therapy (Zhang et al. 2017). A pre-
vious case report of HER2-specific cell therapy for CRC using third generation 
CAR-T cells caused fatal acute respiratory distress syndrome due to recognition of 
lung epithelial cells expressing low levels of HER2 (Morgan et al. 2010). A phase I 
study of second-generation CAR-T cells targeting HER2 was conducted in 11 
patients with advanced biliary tract cancer or pancreatic cancer. A 4.5-month partial 
response was observed, and 5 subjects achieved stable disease. Toxicity was man-
ageable, with grade 3 fever and one patient showing elevation of liver enzymes as 
CAR-T-related adverse events; one episode of reversible severe upper gastrointesti-
nal haemorrhage occurred in a patient with gastric involvement 11 days after the 
HER2 CAR-T- cell infusion, and 2 cases of grade 1–2 delayed fever accompanied 
by increases in C-reactive protein and interleukin-6 were observed (Feng et  al. 
2018). Epidermal growth factor receptor (EGFR) and CD133-specific CAR-T 
sequential immunotherapy were employed by the same group in a patient with 
advanced unresectable/metastatic cholangiocarcinoma (CCA), resulting in a PR 
lasting more than 12  months; however, slight liver toxicity secondary to EGFR 
CAR-T therapy and epidermal and endothelial damage due to CD133-specific 
CAR-T immunotherapy was observed.

Similar to these experiences, second-generation HER2-specific CAR-T cells, 
used in a phase I clinical trial conducted on 19 patients with refractory HER2- 
positive sarcoma, induced SD lasting from 12 weeks to 14 months in 4 of the evalu-
able patients (Ahmed et al. 2015).

Investigators at the University of Pennsylvania explored an approach based on 
mRNA-transduced CAR-T cells that target mesothelin (meso CAR-T) in patients 
with advanced malignant pleural mesothelioma (MPM) or advanced pancreatic can-
cer. In the first two patients reported, meso CAR-T cells showed some antitumour 
activity in  vivo in the absence of distinct toxicities (Beatty et  al. 2014). Second- 
generation CAR-T cells specific for EGFR were employed in a phase I study to treat 
11 patients with advanced non-small-cell lung cancer (NSCLC), resulting in 2 PR 
cases and 5 SD cases, lasting from 2 to 8 months, with limited adverse events, includ-
ing skin toxicity, nausea, vomiting, dyspnoea, and hypotension (Feng et al. 2016).

A few phase I studies and case series have reported CAR-T cell treatment for 
other solid tumours, such as melanoma, breast cancer, renal cell carcinoma, prostate 
cancer, and ovarian and seminal vesicle cancer (reviewed Fucà et al. 2020).
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Various toxicities were observed after CAR-T cell infusion for treatment of solid 
tumours. In the setting of haematologic malignancies, cytokine release syndrome 
(CRS) is a frequent, potentially severe adverse event following CAR-T cell therapy. 
However, CRS, as well as the neurological toxicity (ICAN) sometimes observed in 
the haematologic setting, has not yet become a common event after CAR-T cell ther-
apy for solid tumours, perhaps because of the lower tumour load. Conversely, CAR-T 
cells trials conducted in solid tumour cohorts showed critical, unexpected on-target, 
off-tumour toxicities resulting from the recognition by CAR-T cells of tumour anti-
gens expressed on healthy tissues (Morgan et al. 2010; Lamers et al. 2013). Targeting 
tumour-specific antigens appears to result in fewer off-tumour effects, but whether 
these CAR-T cells have promising clinical efficacy remains to be seen, and many tri-
als are still ongoing. Strategies to increase tumour selectivity while sparing healthy 
tissues are being evaluated to control on-target off-tumour toxicity.

Despite novel genetic engineering techniques and combinatorial approaches to 
counteract biological barriers, tumour heterogeneity, and the immunosuppressive 
properties of the tumour microenvironment, targeting solid tumours with CAR-T 
cells in the clinical setting remains challenging. Therefore, T cell therapy, alone or 
in combination with immune checkpoint inhibitors or other agents targeting either 
the cancer cell or the tumour environment, will likely play a role in improving can-
cer treatment outcomes (Apetoh et  al. 2015). Designing and selecting the most 
appropriate clinical trials or settings to rapidly identify combinatorial approaches 
that are efficacious in different patient populations and identifying patients who will 
best benefit from immune checkpoint inhibitors alone (Chalabi et al. 2020) or from 
the addition of other targeted immunotherapies will be the most pressing need for 
the future success of CAR immunotherapy in solid cancer.
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Key Points
• CAR-T therapy is under development for many solid cancer types, but 

important breakthroughs have not yet been achieved.
• Tumour heterogeneity, the immunosuppressive tumour microenvironment, 

and other barriers are hurdles that must be overcome before CAR-T cells 
can be effective against solid cancers.

• The field may benefit from network models for CAR-T cell production in 
academic centres.
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