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ABSTRACT

Chimeric antigen receptor (CAR) T cells, which express a synthetic receptor engineered to 
target specific antigens, have demonstrated remarkable potential to treat haematological 
malignancies. However, their transition beyond haematological malignancy has so far been 
unsatisfactory. Here, we discuss recent challenges and improvements for CAR T cell therapy 
against solid tumors: Antigen heterogeneity which provides an effective escape mechanism 
against conventional mono-antigen-specific CAR T cells; and the immunosuppressive tumor 
microenvironment which provides physical and molecular barriers that respectively prevent 
T cell infiltration and drive T cell dysfunction and hypoproliferation. Further, we discuss the 
application of CAR T cells in infectious disease and autoimmunity.
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INTRODUCTION

Chimeric antigen receptor (CAR) T cell therapy has demonstrated remarkable potential to 
treat haematological malignancies (1). CARs are synthetic receptors that redirect immune 
cell specificity and reprogram their function. They are typically comprised of a single-chain 
variable fragment (scFv)-based antigen binding domain, a hinge domain, a transmembrane 
domain, and an intracellular signaling domain (2). First-generation CARs contain only 
the CD3ζ signaling domain and showed limited efficacy in vivo (3). Meanwhile, second-
generation CARs incorporating the signaling domains of costimulatory molecules such as 
4-1BB or CD28, which are fused with CD3ζ to enhance and sustain T cell activation signaling, 
have demonstrated more promising in vivo and clinical outcomes (4-7). Indeed, second-
generation CAR-T cells that target the CD19 and BCMA antigens expressed in B cells and 
plasma cells, respectively, have shown significant responses in patients with relapsed or 
refractory B cell malignancies and multiple myeloma (7,8). This initial success has so far led 
to the approval of five CAR T cell products throughout several countries.

However, despite promising outcomes for haematological malignancies, the efficacy of CAR 
T cell therapy to treat solid tumors, which accounts for most cancers, remains unsatisfactory. 
Compared to haematological malignancies, solid tumors pose unique challenges such as 
antigen heterogeneity which provides an effective escape mechanism against conventional 
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mono-antigen-specific CAR T cells (Fig. 1A); and the immunosuppressive tumor 
microenvironment (TME) which provides physical and molecular barriers that respectively 
prevent T cell infiltration and drive T cell dysfunction and hypoproliferation (9,10). Therefore, 
many groups are exploring next-generation CAR T cell designs to overcome these challenges.

Simultaneously, others are exploring the use of CAR T cells beyond cancer for major disease 
categories such as chronic infection and autoimmunity (11). Although both categories are 
still in the preliminary stages of clinical research, unlike cancer, it was quickly evident that 
each have unique challenges for CAR T therapy. In chronic infection, CAR T cells may face 
low antigen burden which limits optimal T cell engagement and high viral mutation rates 
which lead to antigen heterogeneity that requires the use of targeting domains with broad 
antigen specificity. In the case of autoimmunity, diseases are often complex with multiple or 
poorly defined antigens or are difficult to target without on-target off-site toxicity.
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A Single antigen-targeting CAR
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Figure 1. Traditional and recent CAR T cell designs. (A) Traditional single antigen-binding CAR designs face antigen escape within haematological and solid 
tumors which can be alleviated by (B) dual-targeting CAR T cells. Top; Bispecific (Tandem) CAR T cells. Bottom; CAR T cells secreting BiTEs that target a different 
TAA. (C) universal CARs and their adapters.
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Here, we review novel CAR engineering strategies to address antigen heterogeneity in solid 
tumors and the challenges posed by the immunosuppressive TME. We also overview the 
pre-clinical applications of CAR T cells in infectious disease and autoimmunity and briefly 
discuss emerging perspectives that further broaden the scope of CAR T cell therapy.

CAR T CELL THERAPY AGAINST SOLID TUMORS

Overcoming antigen escape and heterogeneity
Despite a high initial response rate, the emergence of antigen escape variants is a major cause 
of relapse for 7%–25% of patients treated with CD19-targeting CAR T cells (12). Mechanisms 
of CD19 loss include mutations and splice variants of the CD19 gene, as well as the lineage 
switching from CD19+ lymphoid to CD19- myeloid malignancy (13). Further, antigen escape 
may be exacerbated in solid tumors that have inherently heterogeneous antigen expression 
(14,15). Most of the efforts around countering antigen escape were done to prevent the 
relapse of CD19-negative tumors in patients with haematological malignancies. For 
example, Fry et al. (16) sequentially administered CD22-targeting CAR T cells in B-cell acute 
lymphoblastic leukemia (ALL) patients who relapsed from CD19-targeting CAR T cell therapy 
and observed 73% complete remission for a median of 6 months but found diminished or 
variable expression of CD22 in leukemic cells which may have contributed to patient relapse. 
Pan et al. (17) conducted a similar study in patients with B-ALL and observed consistent 
efficacy with complete remission or incomplete count recovery in 80% of patients. They also 
found diminished CD22 expression in the leukemic cells from a patient who relapsed which 
was controllable by a second infusion of the same product.

Alternatively, bispecific (tandem) CAR T cells can be engineered by designing a single 
CAR molecule with two distinct binding domains (Fig. 1B; top). Shah et al. (18) developed 
CD19/CD20 bispecific CAR T cells in a phase 1 study for patients with B cell non-Hodgkin 
lymphoma or chronic lymphocytic leukemia and found a complete response in 64%–92% 
of patients, while also noting that CD19 antigen loss was not seen in patients who relapsed 
or failed treatment. Further, Spiegel et al. (19) tested CD19/CD22 bispecific CAR T cells in 
their phase 1 study for patients with large B cell lymphoma or B-ALL and found 29% and 
88% complete remission, respectively. Interestingly, they found that a significant portion of 
patients relapsed with diminished expression of CD19 but not CD22.

Separately, bi-specific T cell engagers (BiTEs), which consist of two scFvs specific to CD3 and a 
tumor-associated antigen linked by a flexible linker, have been explored to extrinsically bridge 
cancer cells with T cells (20). Choi et al. (21) extended this method in combination with CAR 
T therapy by developing EGFRvIII-specific CAR T cells that also secrete EGFR-specific BiTEs, 
thus allowing for the engagement of both CAR T and endogenous bystander T cells (Fig. 1B; 
bottom). This combination proved feasible to eliminate heterogeneous glioblastomas in mice. 
Interestingly, EGFRvIII-targeting CAR T cells secreting EGFR-BiTEs showed no on-target off-
tumor toxicity against human skin grafts compared to EGFR-targeting CAR T cells, which they 
suggest may be due to the lower expression of the EGFR-BiTEs.

Another approach to achieve simultaneous and customizable targeting of multiple tumor 
antigens without using complicated genetic engineering involves the design of a universal 
CAR recognizing adapter molecules containing molecular tags (Fig. 1C). Examples of 
molecular tags include Fc domains (22), small molecules such as biotin (23) and fluorescein 
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isothiocyanate (FITC) (24,25), small peptides (26), and leucine zipper heterodimerization 
domains (SUPRA CAR) (27,28). For instance, Urbanska et al. (23) developed avidin-linked 
CARs that recognized biotinylated antibodies for customizable redirection of CAR T cells. 
They showed that these CAR T cells could be redirected for elimination of EpCAM-expressing 
tumors in mouse xenografts. Similarly, CARs recognizing the synthetic small molecule FITC 
have been used by our group and others in combination with FITC-conjugated antibodies 
(24,25) and small molecule ligands that target folate receptor (29) and prostate-specific 
membrane antigen (PSMA) (30). In addition, to overcome the complexity of generating 
FITC-conjugated targeting antibodies, our group generated CAR T cells that target a small 
peptide neo-epitope (PNE) derived from the yeast transcription factor GCN4 which can easily 
be fused genetically at various sites within the targeting antibody. Importantly, we showed 
that site-specific incorporation of both FITC and PNE is crucial for modulating the length of 
the immunological synapse, which may contribute to optimal kinetic segregation and T cell 
activation (25,26).

TUMOR MICROENVIRONMENT

Boosting CAR-T cell infiltration
In contrast to haematological malignancies, solid tumors are comprised of an 
immunosuppressive TME and physical barriers that limit T cell infiltration and function 
(31) (Fig. 2). Indeed, tumors often secrete high levels of chemokines that preferentially 
recruit immunosuppressive cell types such as CD4+CD25+FoxP3+ regulatory T cells, tumor-
associated macrophages, and myeloid-derived suppressor cells, and each of these cells have 
distinct roles in favor of tumor growth (32). Importantly, the receptors for these chemokines 
may not be highly expressed in effector T cells. Some groups have explored the development 
of CAR T cells co-expressing chemokine receptors such as CCR2b and CCR4, both of which 
have had success in mouse xenograft models of CCL-2 producing neuroblastoma (33) and 
malignant pleural mesothelioma (34); and CCL17/CCL22-expressing Hodgkin lymphoma 
(35). Importantly, in these designs, CAR T cells showed improved infiltration and control 
of tumors. Recently, Cadilha et al. (36) developed CAR T cells co-expressing CCR8 that 
showed greater in vivo efficacy due to increased migration into murine pancreatic tumor 
model. Further, since Treg cells that are abundant in the TME express higher levels of CCR8 
compared to effector T cells and secrete large amounts of TGF-β, the authors reasoned that 
co-expression a TGF-β dominant-negative (DNR) receptor may enhance CAR T cell effector 
function. Indeed, CCR8 and DNR-co-expressing CAR T cells showed even better efficacy 
against murine and human pancreatic cancers in mouse models. Similarly, Lesch et al. (37) 
identified CXCL16 as an important chemokine secreted in murine pancreatic cancers, and 
their receptor CXCR6 was notably absent from cytotoxic T cells. Therefore, they engineered 
CAR T cells to co-express CXCR6 and demonstrated that these cells had both improved 
infiltration and killing of mouse subcutaneous pancreatic cancers, orthotopic pancreatic 
tumors, and patient-derived xenografts. Interestingly, they also showed that CXCL16-CXCR6 
interaction directly enhanced the lytic function of CAR T cells.

Further, stromal cells, which include fibroblasts, mesenchymal stromal cells, osteoblasts, 
chondrocyte, and extracellular matrix (ECM), help form physical barriers that prevent T cell 
infiltration (9). Caruana et al. (38) developed GD2-targeting CAR T cells with exogenous 
co-expression of heparinase, which is normally absent in T cells, to degrade heparin sulfate 
proteoglycan which is one of the major components of the ECM. These cells had an improved 
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capacity to degrade the ECM and showed enhanced tumor infiltration and prolonged mouse 
survival in a neuroblastoma xenograft model.

Resisting immunosuppression in the TME
As explained above, the TME contains many immunosuppressive cell types, and these 
secrete cytokines that favor tumor growth. For example, TGF-β, IL-4, and IL-10 inhibit the 
antitumor response directly while also promoting the differentiation of immune cells into 
immunosuppressive cells, thereby reinforcing the suppressive state (32).

Groups have engineered “switch receptors” which function to convert inhibitory signals to 
stimulatory signals by combining extracellular binding domains for immunosuppressive 
molecules with the intracellular signaling domains for stimulatory pathways. For example, 
Chang et al. (39) developed anti-TGF-β CAR T cells comprising a TGF-β-targeting scFv 
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Facilitating Trafficking
(chemokine receptor)

Enhancing infiltration
(degradation of ECM)

Physical
barriers

Disrupting PD-1/PD-L1 axis
(PD-1 knockout/knockdown, switch receptor)

Improving metabolic fitness
(inhibition of metabolite receptor,
expression of amino acid synthesis enzymes)

Resisting T cell exhaustion

Rewiring T cell response
(TGF-β DNR, IL-4 switch receptor)

Figure 2. Strategies to overcome limitations posed by the solid tumor microenvironment against CAR T cell therapy. CAR T therapy against solid tumors is 
challenged by the tumor microenvironment which includes immunosuppressive ligands and factors, physical barriers, and metabolites, which collectively impair 
T cell infiltration and function. Several strategies have been tested to overcome these challenges, such as disrupting the PD-1/PD-L1 axis, rewiring the T cell 
response through switch receptors, facilitating T cell trafficking through chemokine receptors and extracellular matrix degradation, improving metabolic fitness, 
and altering T cell function to overcome exhaustion.
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fused to CD28 and CD3z intracellular domains, and showed that these cells had drastically 
enhanced expression of cytokines such as IFN-γ and TNF-α and were able to proliferate 
extensively despite the presence of TGF-β in vitro. Leen et al. (40) also designed a switch 
receptor against IL-4, another major immunosuppressive cytokine expressed in the TME, by 
fusing the extracellular domain of the IL-4 receptor α with the intracellular domain of the 
IL-7 receptor α. Epstein-Barr virus (EBV)-specific T cells expressing this receptor showed 
improved in vitro proliferation and significantly reduced the size of EBV-transformed B cell 
tumors, thereby increasing mouse lifespan (41). Further, Wilkie et al. (42) developed CAR T 
cells that co-expressed a switch receptor comprising IL-4R linked with the βc subunit of the 
IL-2/IL-15 receptor and CARs specific for tumor-associated antigen MUC1 or PSMA. These 
showed enhanced antigen-specific cytotoxicity and had prolonged expansion in vitro.

Next, alongside cytokines, the TME contains an altered metabolic environment that influence 
T cell function both directly and indirectly. For example, adenosine is commonly found in 
the TME and acts as an immunosuppressive metabolite that inhibits T cell responses by 
inhibiting activation, proliferation, and pro-inflammatory cytokine secretion; alongside 
promoting FOXP3+ Treg cell generation (43,44). Beavis et al. (45) designed HER2-targeting 
CAR T cells with the pharmacological or shRNA-mediated downregulation of the adenosine 
2A receptor and showed that these cells exhibited greater IFN-γ production and antitumor 
activity against murine fibrosarcoma and breast cancer models, particularly when combined 
with antibody-mediated PD-1 blockade. Further, as tumor cells proliferate aberrantly, they 
rapidly deplete nutrients such as glucose, amino acids, and fatty acids, thereby challenging 
CAR T cells with a harsh nutrient and oxygen-poor environment following TME infiltration. 
Therefore, metabolic reprogramming of CAR T cells may offer optimal therapeutic responses 
in the TME. For example, it is known that arginine enhances T cell function by promoting 
a shift from glycolysis to oxidative phosphorylation during T cell activation and leads to 
the generation of central memory cells with improved in vivo persistence (46). However, 
dysregulated uptake of amino acids by tumor cells and L-arginine depletion by myeloid 
suppressor cell-derived nitric oxide synthase and arginase in the TME is an important factor 
that may lead to T cell dysfunction (47). Fultang et al. (48) generated various CAR T cells 
overexpressing arginosuccinate synthase and/or ornithine transcarbamylase and showed 
that these cells had improved proliferation in vitro, regardless of the targeting scFv, and more 
efficient tumor clearance in murine leukemia and neuroblastoma xenografts.

Next, in addition to the soluble factors described above, inhibitory membrane ligands that are 
abundant in the TME such as PD-L1 are also important. Indeed, the PD-1/PD-L1 axis is known 
to directly disrupt T cell function through the recruitment of SHP-1/2 which dephosphorylate 
key signaling molecules following T cell activation (49). To overcome this, Jeong and Park (50) 
and Liu et al. (51) fused the CD28 co-stimulatory domain to a truncated PD-1 extracellular 
domain and showed that when co-expressed with a CD19-targeting CAR, this switch receptor 
led to enhanced antitumor effects in xenograft models of mesothelioma and prostate tumors. 
Some groups have opted to genetically disrupt PD-1 expression in CAR T cells; Rupp et al. (52) 
generated CD19-specific CAR T cells with CRISPR/Cas9-mediated knockout of PD-1 which led 
to enhanced clearance of PD-1+ tumor xenografts. Similar methods have been tested in mouse 
models of hepatocellular carcinoma (53), glioma (54), and breast cancer (55). However, since 
the complete ablation of PD-1 expression may have detrimental effects with respect to the 
persistence of T cells, likely owing to chronic overstimulation (56); and safety (57), our group 
and others developed a method for simultaneous and partial down-regulation of distinct 
immune checkpoint ligands via short-hairpin RNA (shRNA) (58,59). Against xenograft models 
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of haematological and solid malignancies, we showed that the simultaneous downregulation 
of PD-1 and TIGIT led to distinct synergistic effects on short-term cell effector function and 
long-term persistence of CD19-targeting CAR T. Specifically, we found that downregulation 
of PD-1 was associated with an increase in transcripts related to effector and proliferation 
molecules, while TIGIT downregulation was associated with decreased expression of 
inhibitory receptors and chemokines and higher expression of genes related to naïve/central 
memory-phenotype and glucose metabolism, resulting in enhanced anti-tumor activity of 
CAR T in leukemia and lymphoma xenografts. In another strategy, Cherkassky et al. (60) 
co-expressed a PD-1 DNR in mesothelin-targeting CAR T cells which attenuated PD-1/PD-L1 
axis-mediated inhibition, thus enhancing performance in vitro and in an orthotopic pleural 
mesothelioma tumor model.

Overcoming T cell exhaustion
Exhaustion of T cells occurs when T cells are exposed persistently to antigens in situations 
like chronic infection and cancer (10). Exhausted T cells gradually lose effector function (e.g. 
cytokine secretion and cytotoxicity), proliferative capacity, and elevate the surface expression 
of multiple inhibitory receptors such as PD-1, TIM-3, and TIGIT. It is well established that 
CAR T cells also acquire exhausted phenotype in the TME, which may in part account for 
their limited efficacy in solid tumors. As such, several research groups have engineered 
exhaustion-resistant CAR-T cells with through approaches.

Chen et al. (61) identified nuclear receptor 4A (NR4A) as a possible transcriptional effector of 
T cell exhaustion. They developed CD19-targeting CAR T cells deficient in NR4A1, NR4A2, 
and NR4A3 and found that these cells exhibited significantly enhanced activity against CD19-
expressing B16-OVA tumors in mice. Next, another TF candidate that may play an important role 
in T cell exhaustion is TOX, which is highly expressed in dysfunctional T cells in mouse models 
of cancer (62) and chronic viral infection (63) as well as in human cancer patient samples (64). 
Seo et al. (65) generated CD19-targeting CAR T cells doubly deficient in TOX and TOX2 and 
showed that these cells exerted superior tumor control and had prolonged survival compared 
with wild type and TOX or TOX2 single-deficient cells. Of note, they found a potential positive 
feedback regulation between TOX and NR4A, both of which are induced by NFAT which is a 
major downstream TF of the TCR- or CAR-mediated calcium-calcineurin pathway.

More recently, Good et al. (66) identified ID3 and SOX4 as key regulator or CAR T cell 
exhaustion an in vitro system of continuous antigen exposure. In addition, transcriptomic and 
phenotypic analysis revealed that the exhausted CAR T cells acquire an NK-like phenotype 
with expression of KLRB1 and/or CD56. Similar to the exhausted T cells observed in vivo, 
mesothelin-targeting CAR T cells gradually lost proliferative potential and lytic activity 
upon persistent antigen exposure, a phenotype that was reversible through the CRISPR-
Cas9-mediated knockout of both TFs. Indeed, despite continuous antigen exposure, these 
cells demonstrated a significant reduction in the frequency of NK-like T cells, an improved 
dysfunction score, and enhanced in vitro lytic activity compared with wild type CAR T cells.

Another study showed that exhaustion can be also induced in vitro in some CAR designs 
because of tonic signaling mediated by antigen-independent aggregation of CAR (67). 
Lynn et al. (68) utilized this model and showed that these CAR T cells recapitulate various 
hallmarks of T cell exhaustion including epigenetic changes, with the most significantly 
enriched TF binding motifs of AP-1-bZIP and bZIP-IRF. From RNA-seq and immunoblotting 
analysis, they also found significantly increased level of JunB, IRF4, and BATF, compared 
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with the canonical AP-1 factor c-Jun. Thus, they postulated that overexpression of c-Jun may 
disrupt the immunoregulatory AP-1-IRF transcriptional complexes. Indeed, overexpression 
of c-Jun enhanced the effector function and long-term proliferative capacity of the exhausted 
CAR T cells in vitro and increased the in vivo activity of freshly prepared CAR T cells in mouse 
leukemia and solid tumor xenograft models.

Epigenetic modifications, in particular de novo DNA methylation, has been shown to promote 
T cell exhaustion, and treatment of DNA demethylating agents such as decitabine synergizes 
with PD-1 blockade therapy by enhancing reinvigoration of exhausted T cells (69). Wang et 
al. (70) found that treatment of ex vivo-cultured human CAR T cells with very low doses of 
decitabine induces less differentiation and enhances memory phenotypes. Further, even after 
repeated exposure to antigens in vitro, these CAR T cells showed sustained expression of T 
cell proliferation and memory-related genes, but reduced expression of exhaustion-related 
genes, resulting in enhanced anti-tumor activity in mouse leukemia and lymphoma models. 
To achieve sustained blocking of de novo DNA methylation, Prinzing et al. (71) employed 
CRISPR-Cas9-mediated knockout of Dnmt3a in CAR T cells targeting various tumor-
associated antigens and showed that these cells retain proliferative capacity and effector 
function during repeated antigen stimulation in vitro. The enhanced proliferation of these 
cells was coupled to decreased methylation of promoter regions of TCF7 and LEF1, TFs that 
are associated with the stem-like phenotype of T cells, as well as to the increased expression 
of IL-10. DNMT3 knockout also enhanced anti-tumor activity of the CAR T cells in various 
types of mouse blood and solid tumor xenografts.

Next, since exhaustion of CAR T cells is induced through chronic antigen stimulation 
or antigen-independent tonic signaling by CARs (10,67), Weber et al. (72) hypothesized 
that transient inhibition of CAR signaling, termed rest, may affect the development and 
maintenance of exhaustion. To test this, they employed two approaches: 1) Modifying 
the CAR with a destabilizing domain that enables drug-dependent, tunable control of 
CAR protein levels and 2) pharmacologic inhibition of CAR signaling with the Src kinase 
inhibitor dasatinib. Using CAR designs that induce tonic signaling, they demonstrate that 
transient rest of pre-exhausted CAR T cells, unlike PD-1 blockade, resulted in the reversal 
of exhaustion phenotypes and reprogrammed transcriptional and epigenetic signatures to 
resemble functional T cells. Further, transient inhibition of CAR signaling with dasatinib in 
vivo augmented anti-tumor activity of both tonically and non-tonically signaling CAR T cells 
against mouse xenografts. Importantly, the results from this study challenge the putative 
irreversibility of epigenetic modification in exhausted T cells (73), thus opening new avenues 
to improve the therapeutic outcomes of cancer immunotherapy by achieving deep, sustained 
reinvigoration of T cells.

CAR T CELLS BEYOND ONCOLOGY

Despite the large research efforts performed for the implementation of CAR T cells against 
haematological and solid malignancies, their use is not limited to cancer. Here, we review 
how many groups have explored the implementation of CAR T therapy against infectious 
disease (Fig. 3A) and autoimmunity (Fig. 3B). We further separate designs for autoimmunity 
into traditional CAR T cells and CAR Treg cells.
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Infectious disease
HIV is the causative agent of acute immunodeficiency syndrome which is characterized 
by the depletion of CD4+ T cells (74). Despite the large success of combined antiretroviral 
therapy (ART), a definite cure for HIV has not yet been achieved through drug intervention. 
Maldini et al. (75) developed dual CAR T cells that co-express CD28 and 4-1BB-based second 
generation CARs, which contain the CD4 extracellular domain, alongside the C34-CXCR4 
fusion inhibitor to prevent infection of the CAR T cells. These CAR T cells had greater 
effector functions compared to conventional second- and third-generation CARs in vivo. 
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Figure 3. CAR T cell designs against infectious disease and autoimmunity. CAR T cells can be expanded beyond haematological and solid malignancies for (A) 
infectious disease and (B) autoimmunity.
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However, this study failed to achieve a sustained decrease in viremia in the absence of 
ART In humanized mice. Rust et al. (76) published another study showing that a modified 
CAR T treatment regimen incorporating infusion of K562-env expressing cells to allow 
for robust CAR T cell expansion and engraftment in SHIV-infected macaque secondary 
lymphoid organs. Following ART removal, they showed a delay in viral rebound and overall 
reduction in viremia in some animals. Further, Zhen et al. (77) showed that HSPC-derived 
CD46CD4CD3z CAR T engrafted and persisted in peripheral tissues for over 2 years without 
measurable toxicity. These cells contracted during periods of low antigen presence (during 
cART administration) and rapidly expanded following cART removal, mimicking a functional 
memory response.

EBV is an opportunistic pathogen that causes life-long asymptomatic infection in up to 95% 
of the population (78). It poses a significant risk for the development of EBV-related B cell 
cancers, epithelial tumors, and post-transplant lymphoproliferative disease. Dragon et al. 
(79) developed TCR-like CAR TRUCKs, which are modified second-and-third-generation 
CAR T cells with inducible expression of IL-12, recognizing EBV antigen 3C peptide when 
loaded on HLA-B*35:01. They showed that these cells could upregulate 4-1BB and CD69 
and secrete TNF-α, IFN-γ, and IL-2 in response to target cells. They also showed release of 
perforin and granzyme B and specific lysis. Despite this, EBV-mediated downregulation 
of HLA poses a concern for the efficacy of these cells in vivo (78). As such, Slabik et al. (80) 
developed CAR T cells targeting gp350 which is more uniformly expressed in lytic EBV-
expressing cells and sporadically in latently infected cells. These CAR T cells secreted 
IFN-γ and specifically lysed target cells in vitro. In humanized mice, the cells delayed EBV 
progression, decreased viral load, and decreased tumor development. Importantly, minimal 
side effects and changes in body weight for the mice were seen.

Human cytomegalovirus (HCMV) is a herpesvirus that causes opportunistic infections in 
hosts with compromised immune system (81). It is one of the most important causes of 
opportunistic infection following solid organ and hematopoietic stem cell transplantation 
and can lead to serious complications in pregnancy and may cause congenital infections. 
CAR T cells targeting gB or other HCMV glycoproteins showed specific cytokine secretion 
and lysis of target cells in vitro, albeit with only weak efficacy (82,83). In a later study, Brey et 
al. used bispecific antibodies targeting gB and CD3 and showed that although the T cells still 
had poor cytotoxic function, likely influenced by HCMV-encoded UL36 and UL37x1 which 
inhibit apoptosis, the cytokines secreted by the T cells halted viral replication (84). Further 
studies are required to assess their effectiveness in vivo.

HCV is one of the leading causes of chronic liver disease and transplantation (85). Despite 
the availability of broad and direct-acting antivirals, some patients are still not functionally 
cured from HCV. Since HCV has a quasispecies distribution during infection, resistance 
mechanisms against targeted therapies may quickly develop. Sautto et al. (86) developed an 
the broadly neutralizing scFv-based CAR T cell targeting the HCV envelope glycoprotein E2 
and showed that they could exert cytotoxic effects alongside secrete IFN-γ when cocultured 
with E2-expressing HEK-293 cells and HepG2 cells, and with genotype 2 HCV (JFH-1) strain-
infected HuH-7.5 cells.

Hepatitis B virus (HBV) can cause chronic liver infection and is a significant factor for the 
development of liver cirrhosis and hepatocellular carcinoma (87). Despite available vaccines 
and antiretroviral or interferon therapies, as many as 3.5% of the global population is 
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suspected of being chronically infected with HBV. Bohne et al. (88) designed CAR T cells 
against the HBV surface antigens and showed that they were capable of secreting IFN-γ and 
IL-2 and lysing HBV-infected hepatocytes and eliminate cccDNA-positive cells in vitro. These 
cells could also engraft within transgenic HBV-expressing immunocompetent mice and 
demonstrated better viral control while causing only minor liver damage (89). However, in 
this study, the authors failed to achieve complete viral control and HBV core antigen titers 
in the serum and liver rose again 34 days after treatment. They further saw that by this time, 
their CAR T cells were almost completely absent from the liver, likely due to the eventual 
immune rejection of the human scFv-based CAR T cells. In a more recent study, the same 
group showed that sublethal body irradiation and injection of signaling-defective CAR T 
cells prior to injection of signaling-capable CAR T cells tolerized mice and allowed for more 
persistent viremia control while preventing the mounting of an adaptive immune response 
against the therapy (90).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiologic agent of 
coronavirus disease 2019 (COVID-19) and the cause of significant human and economic harm 
since the latter months of 2019 (91). Parallel to vaccine and drug development, many groups 
are investigating the use of immunotherapies against COVID-19, as the immune system 
was shown to be severely dysregulated in severe disease. Guo et al. (92) developed CAR T 
cells targeting the SARS-CoV-2 spike receptor. They showed that these cells could secrete 
IFN-γ, and upregulate CD69, granzyme B, and perforin in co-culture with HEK293 cells 
expressing the spike receptor binding domain. In vivo, these cells decreased the abundance 
of S1-expressing NIH/3T3 cells. However, it is worth noting that since COVID19 is an acute 
infection unlike the previously mentioned chronic infections, applying traditional CAR T 
therapy would be challenging due to the long manufacturing time for CAR T products, which 
may be overcome by off-the-shelf CAR approaches (93).

Aspergillus fumigatus is an environmental fungus that can cause life-threatening opportunistic 
infections in immunocompromised hosts such as those receiving solid organ or 
hematopoietic stem cell transplantation (94). Kumaresan et al. (95) designed a CAR T 
cell expressing Dectin-1, which recognizes β-glycans on the cell wall of A. fumigatus, could 
upregulate IFN-γ, perforin, and granzyme B. These T cells could further damage hyphae and 
inhibit fungal growth in vitro and diminished infection in NSG mice.

Autoimmunity
Traditional CAR T cells
Rheumatoid arthritis (RA) has two major classifications, the most aggressive and common 
of which involves the presence of antibodies targeting one or many citrullinated proteins 
(CP) that are generated as a result of post-translational modification (96). Zhang et al. (97) 
identified common citrullinated protein peptides in RA used the universal anti-FITC CAR 
design to link CAR T cells to chosen peptides. They demonstrated that the T cells could 
specifically lyse anti-CP hybridoma cells, B cells from collagen-induced arthritis mice, and B 
cells extracted from RA patient sera.

Pemphigus Vulgaris is a skin-blistering autoimmune disease mainly caused by the 
autoantibody-mediated destruction of keratinocyte cell adhesion through the targeting 
of desmosomal cadherins, particularly desmoglein 3 (Dsg3) (98). Ellebrecht et al. (99) 
developed chimeric auto-antigen receptor (CAAR) T cells expressing extracellular Dsg3 
domains. They found that their Dsg3 CAAR T cells lysed polyclonal hybridoma xenografts 
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leading to decreased anti-Dsg3 serum IgG levels and blistering of oral mucosa in a PV 
mouse model. In a subsequent CD19+Dsg3+ Nalm-6 xenograft model, cytotoxic activity 
was comparable to the clinically approved CD19 CAR T cells and showed successful tumor 
control. Importantly, Dsg3 CAAR T cells did not cross-react with keratinocytes expressing 
known ligands for Dsg3 and did not promote cell death of Fcγ+ cell types through antibody 
binding of the CAAR. The same group later showed that these CAAR T cells could also reduce 
mucocutaneous blistering and anti-DSG3 autoantibody concentrations in RAG-/- mice that 
had adoptively transferred splenocytes from DSG3-/- mice immunized with recombinant 
human DSG3 ectodomain (100).

Systemic lupus erythematosus (SLE) is an autoimmune condition characterized primarily by 
the presence of pathogenic antibodies targeting nucleic acids alongside additional genetic or 
environmental factors (101). In a mouse model of SLE, Kansal et al. (102) showed that CD19-
CAR T cells could prevent the development of SLE characteristics. They found that the CAR-
treated group showed decreased total IgM and IgG, alongside specific decreases in anti-DNA 
IgM and IgG. They also found improved clinical characteristics, alleviated pathology scores, 
and a greatly increased lifespan of the mice. Similarly, Jin et al. (103) more recently found 
similar results in a therapeutic model of SLE treatment with CD19 CD28 and 4-1BB-based 
CAR T cells. Further, a case report was recently published in which a 20-year old woman with 
severe and refractory SLE was treated with CD19 CAR T cells (104). The patient experienced 
serologic and clinical remission characterized by a large decrease in dsDNA autoantibodies, 
C3, C4, and proteinuria. These results show that CD19 CAR T cell therapy, and potentially 
those with other targets, may be a convincing strategy for B cell-related autoimmune diseases 
such as SLE.

CAR Treg cells
Multiple sclerosis is a demyelinating disease characterized by the infiltration of various 
immune cells and subsequent proinflammatory cytokine production in the central nervous 
system – ultimately causing significant damage to neuronal myelin sheaths and leading to 
significant neurodegeneration (105). Fransson et al. (106) transduced polyclonal activated 
CD4+ T cells with an anti-MOG CAR fused to 2A and FoxP3 for differentiation into Treg cells. 
In vitro, these cells suppressed polyclonally-stimulated T cell proliferation in the presence 
of MOG+ cells and activated macrophages. In vivo, the CAR-MOG Tregs migrated to the 
brain and showed significant reductions of clinical disease symptoms and even complete 
recovery in mouse models of experimental autoimmune encephalomyelitis (EAE). In a similar 
approach, De Paula Pohl et al. (107) transduced CD4+CD25highCD127low Treg cells with second-
generation anti-MBP or anti-MOG CARs. Consistently, they found that these CAR Tregs 
ameliorated mean EAE scores in mice when compared to mock or PBS treatment.

Vitiligo is an autoimmune disease of the skin that causes depigmentation primarily 
through the CD8-mediated killing of melanocytes (108). Mukhatayev et al. (109) found that 
Ganglioside D3 (GD3) is highly expressed in skin that is undergoing active depigmentation 
in mice and humans. Thus, they designed an anti-GD3 CD28-based second generation CAR 
construct and transduced in vitro-derived FoxP3+CD4+ regulatory T cells. They found that 
these T cells protected melanocytes and secreted immune-suppressive cytokines IL-4 and 
IL-10 when cocultured with CD8+ T cells. In vivo, the anti-GD3 CAR regulatory T cells led to 
decreased depigmentation of the dorsal and ventral skin of mice which may be attributed to 
greater antigen-specific Treg cell homing and protection of melanocytes.
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CONCLUSION

In this review, we focused on CAR T cell therapy beyond haematological malignancy such 
as against solid tumors. Cell-based immunotherapies against solid tumors have been 
challenged by antigen heterogeneity which allows for antigen escape, the TME which 
prevents T cell infiltration and provides immunomodulatory metabolites and cytokines, 
and T cell exhaustion which contributes to disease relapse and treatment failure. We also 
describe how CAR T cells have been used in pre-clinical studies against infectious disease 
and autoimmunity, alongside their challenges such as low antigen burden and the lack of 
clear target antigens. Despite the limitations that CAR T therapy beyond haematological 
malignancy faces, continuous genetic and protein engineering efforts are in progress. CAR 
T therapy is a rapidly evolving field that is expanding even beyond these categories, such as 
cardiac fibrosis (110), and further careful research into its improvements as well as expansion 
to other immune effector cell types (28) may yet achieve a functional cure for a plethora of 
previously incurable and debilitating diseases.
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