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Abstract 

Chimeric antigen receptor (CAR) T-cell therapy shows very promising results in the treatment of 

relapsed and refractory hematological malignancies, resulting in FDA-approval. The extracellular 

domain of the CAR is directed towards a tumor antigen determining the specificity of the CAR-T cell, 

and making it capable of specifically eliminating the target cancer cell. However, cancer cells have 

developed mechanisms to escape from the immune system of which CAR-T cells are part, resulting in 

resistance of tumors to CAR-T cell therapy. Here, the immunosuppressive tumor microenvironment 

(TME) with its immune checkpoints and antigen escape are discussed in detail. To bypass immune 

checkpoints in the TME, CAR-T cells directed towards these immune checkpoints, in this case immune 

checkpoint protein human leukocyte antigen G (HLA-G), can be developed. HLA-G is next to being an 

immune checkpoint also specifically upregulated in cancer cells, making it a promising target for CAR-

T cell treatment and thereby bypassing immune checkpoint upregulation by cancer cells. Further, 

oncolytic viruses (OV) can deliver new tumor antigens specifically to cancer cells, improving the 

therapeutic effect after combination treatment with CAR-T cells. These newly introduced tumor 

antigens can be used to bypass antigen loss regulated by antigen escape. However, combination 

treatment of OV infection together with CAR-T cell therapy should be carefully examined because OV 

infection can also counteract CAR-T cell therapy. Altogether it is shown that despite the CAR-T cell 

escape mechanisms of the cancer cell and subsequent CAR-T cell resistance, these mechanisms can be 

bypassed to regenerate sensitivity of the cancer cell to CAR-T cell therapy.  
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Introduction 

Cancer is a very frequent occurring disease causing worldwide millions of deaths per year (Sung et al. 

2021). There is an interplay between the tumor and the immune system, whereby the tumor creates 

an immunosuppressive tumor microenvironment (TME) to evade immune responses (Pardoll 2015). 

Therefore in one of the cancer treatments, the immune system is used to eliminate the cancer, called 

cancer immunotherapy (Papaioannou et al. 2016). One part of this cancer immunotherapy is adoptive 

T-cell therapy (ACT), in which autologous T-cells with antitumor activity from the patient are expanded 

outside the body and thereafter reinfused for cancer elimination (Perica et al. 2015). ACT comprises 

different types of T-cells, among which naturally occurring tumor infiltrating lymphocytes (TIL) and T-

cells expressing a T-cell receptor (TCR) against a specific tumor antigen for which can be selected. 

Because of the residence of the cells outside the body, the possibility of genetic engineering is being 

formed. This resulted in the generation of chimeric antigen receptors (CAR). These CARs were 

generated to overcome the problem of cancer escaping the patient’s immune system by 

downregulating major histocompatibility (MHC) genes. Since a CAR is a combination of a TCR and an 

antibody, MHC recognition is not necessary to develop a response (Baruch et al. 2017). In the 

treatment of cancer, CARs are used to direct T-cells towards a tumor antigen for elimination of the 

cancer (Sterner and Sterner 2021). 

CAR-T cell structure 

When the TCR of a T-cell is replaced by a CAR, the cell is called a CAR-T cell (Haslauer et al. 2021). The 

CARs functionality is to target the T-cell towards a specific antigen to destroy the antigen expressing 

cell (Sterner and Sterner 2021), in the case of CAR-T cell therapy a cancer cell. This antigen specificity 

is determined by the extracellular domain of the CAR, which consists of the, connected via a linker, 

variable light and heavy chain of an antibody directed against the target antigen (Sterner and Sterner 

2021). After the extracellular domain, the hinge region is connecting the extracellular domain to the 

transmembrane domain. Next to the connecting function, the hinge region provides conformational 

flexibility and its length and composition are determining for antitumor activity (Hudecek et al. 2015). 

After the transmembrane region, the first intracellular domain is the co-stimulatory domain. In the 

CAR, different co-stimulatory domains or combinations of co-stimulatory domains can be used 

resulting in CAR activity being improved or in different functionality and metabolic outcomes (Guercio 

et al. 2021; Nunoya et al. 2019; Textor et al. 2021). Because the CAR itself already consists a co-

stimulatory domain, CAR-T cell activation is independent of the co-stimulatory signal that is necessary 

for ordinary T-cell activation (Baruch et al. 2017). The second intracellular domain is the cytoplasmic 

domain consisting of the protein CD3ζ. CD3ζ is derived from the endogenous TCR and functions in 

intracellular signaling via its three immunoreceptor tyrosine-based activation motifs (ITAM). When the 

extracellular domain containing the antibodies recognizes its target antigen, the ITAMs become 

phosphorylated and induce further intracellular signaling via tyrosine kinase ζ-associated protein 

(ZAP70) (Larson and Maus 2021). ITAMs play a role in the functionality of the CAR-T cells. For instance, 

modifying the intracellular signaling by reducing the number of ITAMs increases the memory capacity 

of CAR-T cells while retaining antitumor effects (Feucht et al. 2019). Consecutively of the intracellular 

signaling, an effector response is activated in the CAR-T cell among which proliferation and cytokine 

secretion. Next to effector functions, the CAR-T cell also performs cytotoxic functions mainly 

performed by the secretion of granzyme and perforin to destroy the target cancer cell (Larson and 

Maus 2021). Figure 1 shows an overview of the CAR-T cell structure and its associated working 

mechanism. There are five different generations of CAR-T cells which slightly differ from each other, 

with every next generation being expanded from the previous one with for example an extra co-

stimulatory domain for third generation CAR-T cells or CAR-T cells being engineered with additional 
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genes encoding for for example cytokines in the case of fourth generation CAR-T cells (Mehrabadi et 

al. 2022). 

 

Figure 1; Schematic overview of the CAR-T cell structure. The cancer cell is presenting the tumor antigen where the CAR is 
directed at. This is determined by the variable light (VL) and heavy (VH) chain, connected by a linker, of the antibody directed 
against the tumor antigen. This antigen specific extracellular domain is followed by the hinge region and the transmembrane 
domain. After the transmembrane domain, the intracellular part of the CAR-T cell starts with the co-stimulatory domain 
followed by the signaling domain CD3ζ. After CAR-T cell activation upon CAR recognition of the tumor antigen, the co-
stimulatory and CD3ζ domain start signaling. CD3ζ signals upon the phosphorylation of the ITAMs via ZAP70. This CAR-T cell 
intrinsic signaling results in the activation of effector functions and the release of perforin and granzyme, leading to death of 
the cancer cell. Adapted from Larson and Maus, 2021. 

CAR-T cell therapy 

CAR-T cell therapy starts for a patient with leukapheresis, whereby the patient’s own blood is removed 

and returned to the body after the leukocytes being separated out of the blood. After the 

leukapheresis product is obtained, the required T-cells are being enriched (Levine et al. 2017). 

However, the leukapheresis product comprises not only T-cells, but also other types of cells like natural 

killer (NK) cells, monocytes or B-cells which can influence the outcome of the CAR-T cell production. 

Therefore, the leukapheresis product can eventually be purified. What also needs to be taken into 

account is that the leukapheresis product can differ per person, for example in patients with refractory 

cancer (Noaks et al. 2021). After the enrichment, the T-cells should become activated before being 

returned to the patient. Activation is mainly performed by magnetic beads coated with antibodies 

directed against CD3 and CD28 (Garfall et al. 2019; Vormittag et al. 2018), which results in stimulation 

of the TCR and the ligand respectively. Further, stimulation can be performed with soluble antibodies 

or with artificial antigen presenting cells (Larson and Maus 2021). The only missing step in the CAR-T 

cell generation is the introduction of the CAR into the T-cell. This can be effectuated by co-incubation 

of T-cells with the CAR encoded by a viral vector (Larson and Maus 2021), mainly a lentiviral (Picanço-

Castro et al. 2020) or retroviral vector (Schubert et al. 2019). The usage of viral vectors results in the 

CAR being integrated in the genome of the T-cell, causing sustained expression of the CAR (Noaks et 

al. 2021). The thereafter following CAR-T cell expansion occurs in the presence of T-cell growth factor 

interleukin-2 (IL-2) (Levine et al. 2017). Next to expansion, interleukins can also be used to affect the 

phenotype of the CAR-T cells (Larson and Maus 2021). For example, IL-15 causes the CAR-T cell to 

become a more stem cell memory type (Alizadeh et al. 2019) or IL-7 causing an improved antitumor 

activity of the CAR-T cell (Perna et al. 2014). Before returning the CAR-T cells back to the patient, CAR-

T cell engineering with CRISPR-Cas9 can be performed (Ren and Zhao 2017). Examples of engineering 

purposes are narrowing down CAR-T cell rejection by disrupting genes encoding histocompatibility 

antigens (Ren and Zhao 2017), disruption of inhibitory immune checkpoint receptors like programmed 
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cell death protein 1 (PD-1) (Hu et al. 2019) or non-random integration of a gene with an adeno-

associated viral vector in combination with CRISPR-Cas9 (Larson and Maus 2021). After several days of 

growth in the bioreactor, the CAR-T cells are returned to the patient (Larson and Maus 2021). Figure 2 

shows a schematic overview of CAR-T cell therapy. When using autologous CAR-T cells, which are 

currently approved by the Food and Drug Administration (FDA), the patient will suffer less from graft 

versus host disease (GvHD) although the CARs can consist of a foreign part (Larson and Maus 2021). 

Despite of the eventual GvHD, research is done on allogeneic CAR-T cells because of benefits like 

standardization, faster treatment possibilities, possible CAR combination therapies and lower costs 

(Depil et al. 2020). 

 

Figure 2; Schematic overview of CAR-T cell therapy. Out of the leukapheresis product, T-cells are isolated (1). In these 
isolated T-cells, the CAR molecule is introduced by the usage of a viral vector (2). The now generated CAR-T cells expressing 
the CAR should be expanded (3), before being returned to the patient’s body to eliminate the cancer cells (4). As seen in the 
image, instead of CAR-T cells, CAR-NK cells can also be generated. Adapted from Albinger, Hartmann, and Ullrich, 2021. 

CAR-T cell therapy seems to be very promising for the treatment of hematological malignancies, 

because of relatively easy targeting towards the tumor antigen in comparison to solid tumors. There 

are four FDA-approved CAR-T cell therapies directed against the on B-cells expressed antigen CD19 for 

the treatment of mainly lymphoma and relapsed or refractory acute lymphocytic leukemia (ALL) 

(Haslauer et al. 2021). Besides, an anti-BCMA CAR-T cell for the treatment of multiple myeloma (MM) 

is FDA-approved (Li et al. 2021). Further, even for hematological malignancies like chronic lymphocytic 

leukemia (CLL), Richter’s syndrome or acute myeloid leukemia (AML) with initial worse response to 

existing CAR-T cell therapy, worse prognosis or limiting targetable antigen availability, CAR-T cell 

therapy looks very promising (Haslauer et al. 2021; Kittai et al. 2020).  

CAR-T cell escape mechanisms of the tumor 

The immune system is trying to attack and eliminate cancer, but at the same time, cancer cells 

developed different mechanisms to escape from the immune system (Tang et al. 2020). Since CAR-T 

cells are part of the immune system, similar escape mechanisms are used by cancer cells to escape 

from CAR-T cell therapy. Examples of immune escape mechanisms and limitations of CAR-T cell therapy 

are antigen escape, on-target off-tumor effects, facing the tumor immunosuppressive TME and CAR 

immunogenicity (Sterner and Sterner 2021). The limitation of on-target off-tumor effects means the 

presence of a targetable tumor antigen on both cancer cells and non-cancer cells, which is especially a 

problem in solid tumors (Drent et al. 2017). Another limitation is CAR immunogenicity, in which non-

self parts of the CAR or viral vectors provoke an immune response against the CAR-T cell (Wagner et 

al. 2021). Here, there will be focused on the immunosuppressive TME and antigen escape.  
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The TME can become immunosuppressive and inflammatory when immunosuppressive immune cells, 

like tumor-associated macrophages and neutrophils, myeloid-derived suppressor cells, and 

inflammatory immune cells infiltrate the TME (Anna et al. 2021; Li et al. 2020; Sterner and Sterner 

2021). This results in the production of tumor promoting (inflammatory) cytokines, chemokines and 

growth factors (Li et al. 2020; Sterner and Sterner 2021). Further, the TME is immunosuppressive 

because of the expression of immune checkpoints. Under normal conditions, immune checkpoints 

facilitate the prevention of autoimmunity and protection of healthy tissues to immune responses. 

However, cancer cells can upregulate immune checkpoint proteins to misuse this regulatory 

mechanism. When a cancer cell upregulates an immune checkpoint protein and binds to its 

corresponding ligand on the T-cell, the T-cell becomes inactive (Pardoll 2012). A well-known immune 

checkpoint expressed on B- and T-cells is PD-1, which functions in the regulation of T-cell activation. 

When binding to its ligands programmed death-ligand 1 (PD-L1) or PD-1 ligand 2 (PD-L2), PD-1 conducts 

a negative co-stimulatory signal to dampen the T-cell response (Latchman et al. 2001; Wei, Duffy, and 

Allison 2018). Cancer cells can overexpress PD-L1 leading to a reduced T-cell response, and therefore 

also CAR-T cell response, in terms of activation, proliferation and differentiation, being beneficial for 

the tumor (Zhang et al. 2021). When blocking PD-1 and/or PD-L1 with antibodies directed against these 

immune checkpoints, promising results are shown in the treatment of cancer (Rotte 2019). It is also 

already shown that immune checkpoint inhibitors in combination with CAR-T cell therapy improves its 

therapeutic value (Li et al. 2018; Yin et al. 2018). However, since immune checkpoints are also 

important for normal immune regulation in the body, the CAR-T cell combination therapy with immune 

checkpoint inhibitors can also result in adverse side effects like autoimmune diseases (Kambhampati 

et al. 2020). Next to combination therapy, there are already engineered CAR-T cells directed against 

immune checkpoints PD-1 and PD-L1 to bypass immune checkpoint upregulation by cancer cells (Yang 

et al. 2020).  

Another mechanism of cancer cells to evade immune responses is called antigen escape, whereby the 

cancer cell (partially) downregulates the target antigen of the CAR-T cell leading to tumor resistance 

against CAR-T cell therapy (Sterner and Sterner 2021). This results in relapsed disease with a similar 

phenotype but lacking the expression of the target antigen (Majzner and Mackall 2018). There are 

several mechanisms leading to antigen escape. One of these mechanisms is alternative splicing or 

acquired mutations that favor an alternative splice product, resulting in a truncated form of the tumor 

antigen no longer recognizable for the CAR-T cell (Sotillo et al. 2015). These alternatively spliced tumor 

antigen variants can also already be present before treatment (Fischer et al. 2017). Further, disturbed 

trafficking of the tumor antigen to the cell membrane is a mechanism by which antigen escape can 

occur (Braig et al. 2017). In the end, cancer cells that have undergone antigen escape become the most 

dominant population after immune pressure performed by the CAR-T cells resulting in relapsed cancer 

(Majzner and Mackall 2018). 

Although CAR-T cell therapy looks very promising in the treatment of cancer, cancer cells have evolved 

several mechanisms to escape from the CAR-T cell mediated immune response and acquire resistance 

to CAR-T cell therapy. Here, the question being addressed is how tumors can become sensitive for CAR-

T cell therapy again after acquiring resistance towards it. First, to bypass the upregulation of immune 

checkpoints by cancer cells, the engineering of a CAR-T cell directed against immune checkpoint 

protein human leukocyte antigen G (HLA-G) shows promising outcomes in the treatment of cancer 

types with an immunosuppressive TME. Further, oncolytic viruses (OV) specifically infecting cancer 

cells can be used to introduce new target antigens. In combination with CAR-T cell therapy directed 

against the newly introduced target antigen, cancer cells which have undergone antigen escape 

become targetable again. 
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Bypass cancer acquired resistance against CAR-T cell therapy 

Bypass immune checkpoints in the immunosuppressive TME 

Since immune checkpoint upregulation by cancer cells is a commonly used immune escape 

mechanism, and it is already shown that CAR-T cells can be directed towards immune checkpoints in 

the case of PD-1 and PD-L1 (Yang et al. 2020), Anna et al. developed CAR-T cells directed towards 

immune checkpoint protein HLA-G. The initial function of HLA-G when expressed on embryonic 

cytotrophoblasts is to protect the fetus from maternal NK-cell immune attacks (Rouas-Freiss et al. 

1997). Because of the immune inhibitory function of HLA-G, a potential role in the immunosuppressive 

TME was investigated (Krijgsman et al. 2020). Indeed, HLA-G turned out to be expressed at higher 

levels in cancer tissue and cell lines and was even positively correlated with the upregulation of other 

immune checkpoints like PD-1 (Xu et al. 2021). When upregulated by cancer cells, it prevents them 

from being eliminated by the immune system (Anna et al. 2021). Further, next to being an immune 

checkpoint protein, HLA-G assists in creating an immunosuppressive TME by the attraction of 

suppressive immune cells, or immune cells of which some are expressing a HLA-G receptor (Anna et 

al. 2021; Garciá et al. 2020). When binding to its inhibitory receptors ILT2 or ILT4, HLA-G suppresses 

the functioning of immune cells (Krijgsman et al. 2020). Because of HLA-G being an immune 

checkpoint, and the fact that in adults its expression is confined to certain tissues (Krijgsman et al. 

2020) making it a tumor specific antigen, Anna et al. decided to develop an anti-HLA-G CAR-T cell. 

There exist several isoforms of HLA-G generated by alternative splicing from which the heavy chain of 

the protein can be, but is not necessarily, associated with the light chain beta-2-microglobulin (β2m). 

The authors decided to specifically target the isoforms HLA-G1/β2m-associated and HLA-G1/β2m-free 

because of their immunosuppressive function being dependent on inhibitory receptors ILT2 or ILT4 

respectively. Anna et al. generated CAR-LFTT1 and CAR-15E7, being third-generation CAR-T cells, of 

which CAR-LFTT1 is directed against HLA-G1/β2m-associated and CAR-15E7 against HLA-G1/β2m-free. 

Next to the anti-HLA-G antibodies, the CARs consist of only human-derived domains with CD28 for the 

transmembrane domain, CD28 together with 4-1BB as co-stimulatory domains and CD3ζ as 

intracellular signaling domain. 

It was shown that the generated anti-HLA-G CAR-T cells are specific and efficient in targeting HLA-G 

expressing target cells because of their activation and lysing of the cancer cells. However, when T-cells 

are stimulated by cancer cells expressing HLA-G, they upregulate ILT2 (Lemaoult et al. 2005). This 

means that CAR-T cells can also upregulate ILT2 upon stimulation, which makes them prone for 

inhibition by the targeted HLA-G immune checkpoint itself. To test this, the anti-HLA-G CAR-T cells 

were stimulated with HLA-G expressing cells and ILT2 expression was measured before and after 

stimulation. As a control, non-transduced cells were used. For both the CAR-expressing and control 

cells, a low percentage of the cells displayed ILT2 on the surface after activation. After several 

stimulation rounds, ILT2 was not upregulated on the CAR expressing T-cells, and the control cells 

showed a little increase in expression. Next, because there is a population of ILT2 positive CAR-T cells, 

the authors investigated whether this ILT2 expression influences CAR-T cell functioning. CAR-T cells 

expressing ILT2 were incubated together with HLA-G expressing target cells, on which a cytotoxicity 

assay was performed. The cytotoxicity assay resulted in an identical quantity of lysed cells for both the 

ILT2 expressing CAR-T cells and the control group in which ILT2 was not expressed on the CAR-T cells. 

This shows that ILT2 does not become upregulated on the anti-HLA-G CAR-T cells after repeated 

stimulation, and when being expressed on the CAR-T cells, the interaction between ILT2 and HLA-G 

does not affect the cytotoxic activity of the anti-HLA-G CAR-T cells. This points out that the newly 

generated CAR-T cell directed against immune checkpoint protein HLA-G is not prone for T-cell 

inhibition by the HLA-G immune checkpoint. 
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Since the anti-HLA-G CAR-T cells were shown to be specific, efficient and activity not being prone for 

HLA-G immune checkpoint inhibition, the in vivo activity of the CAR-T cells was tested. HLA-G 

expressing cancer cells were injected in immune-deficient NSG mice, after which CAR-LFTT1, CAR-15E7 

or control T-cells were injected after 3 days of tumor growth. All mice injected with control T-cells 

developed tumors. Mice treated with CAR-15E7 still developed tumors over time, but showed 

diminished growth of the tumor. In contrast, CAR-LFTT1 eliminated the HLA-G expressing cancer 

showing efficient anti-HLA-G CAR-T cell activity in vivo. 

As mentioned before, HLA-G plays a role in the generation of an immunosuppressive TME by its 

expression on suppressive immune cells like regulatory T-cells, dendritic cells and macrophages 

(Carosella, Gregori, and LeMaoult 2011). Therefore, Anna et al. tested the activity of the anti-HLA-G 

CAR-T cells on immune regulatory LCL-HLA-G1 cells, myeloid cells and myeloid cells differentiated into 

monocyte-derived dendritic cells transduced with HLA-G1. All suppressive immune cells expressing 

HLA-G were lysed by the anti-HLA-G CAR-T cells, in contrast to their control cells that did not express 

HLA-G. This capability to lyse HLA-G expressing suppressive immune cells, together with the efficient 

targeting of HLA-G expressing cancer cells, initiates that anti-HLA-G CAR-T cells are very promising in 

the treatment of both HLA-G expressing cancer bypassing cancer upregulated immune checkpoints 

and cancer with an impeding immunosuppressive TME. 

Bypass antigen escape via oncolytic virus delivery of target antigens 

OVs are attenuated viruses that specifically infect cancer cells to eliminate the infected cancer cells 

and/or stimulate an immune response directed against the cancer because of antigen release (Raja et 

al. 2018). Genetic engineering of these OVs makes them tumor specific and reduces the capability of 

OVs infecting non-cancer cells. This genetic engineering often comprises the deletion of a gene (Harada 

et al. 1999; Parato et al. 2012). There are several modes of action of OVs to exert its effects on cancer 

cells, among which virus induced lysis of the cancer cell, or the release or expression of pro-

inflammatory cytokines and peptides which are transcribed by the cancer cell after OV infection (Raja 

et al. 2018). Because of the infecting property of OVs, OV infection of cancer cells is used to introduce 

a new targetable antigen for CAR-T cell therapy (Park et al. 2020). Park et al. used OV mediated CAR 

delivery to cancer cells to increase the therapeutic potential of treating solid tumors with CAR-T cell 

therapy. Especially the treatment of solid tumors which do not display an easily targetable antigen for 

CAR-T cell therapy. However, these new CAR-T cell targets delivered by OVs can eventually also be 

used to bypass tumor regulated antigen escape. 

The new targetable antigen that Park et al. chose to be specifically expressed by cancer cells after 

transgenic delivery upon OV infection is CD19t, a truncated non-signaling variant of CD19. For the 

delivery of the CD19t gene, an oncolytic chimeric orthopoxvirus was used. In this OV, the J2R gene 

encoding for a thymidine kinase is deleted. Because of this J2R deletion, the OV becomes more tumor 

specific since J2R plays a role in nucleotide synthesis after virus infection in non-dividing cells 

containing low nucleotide concentrations (Chaurasiya et al. 2019). To create the non-functioning J2R 

gene, Park et al. inserted the CD19t gene inside the J2R locus of the chimeric orthopoxvirus, generating 

the OV OV19t. 

It was shown that the generated OV19t was capable of effectively infecting MDA-MB-468 cells, which 

are cells from a human triple-negative breast cancer cell line, because of the intrinsic presence of 

OV19t in the cells and the expression of CD19t on the cell surface. Now it is clear that the newly 

introduced target antigen for CAR-T cell therapy can be efficiently introduced into the cancer cell by 

OVs, it should be examined whether in this case CD19-CAR-T cells can become activated by CD19t. 

After co-culturing of OV19t infected cancer cells together with CD19-CAR-T cells, measuring of T-cell 

activation showed that the CD19-CAR-T cells became activated by different types of cancer cells 
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infected with OV19t. Further, cancer cells infected with OV19t in combination with CD19-CAR-T cell 

treatment increased the elimination of the cancer cells in comparison to only OV19t infected cancer 

cells.  

After the demonstrated CAR-T cell activation and efficient target cell elimination in cell lines, the 

combination therapy of OV19t infection with CD19-CAR-T cell treatment was tested in vivo. First, a 

human tumor xenograft model was used with mice bearing subcutaneous MDA-MB-468 tumors. These 

mice were intratumorally infected with OV19t, resulting in similar amounts of cancer cells expressing 

CD19t as the positive control in which MDA-MB-468 cells were transduced with a lentiviral vector 

containing the CD19t gene for constant expression of CD19t. This points towards adequate target 

antigen expression in vivo. As a control, the treatment of mice without OV19t infection with non-

transduced T-cells or CD19-CAR-T cells did not result in tumor regression. However, when infected 

with OV19t, mice receiving no treatment or treatment with non-transduced T-cells already showed 

retarded tumor growth. Combination treatment of OV19t infection with CD19-CAR-T cells showed the 

expected tumor regression. The in vivo application of the combination therapy was also tested in an 

immunocompetent mouse tumor model. To avoid immune responses towards the human components 

of the OV and CAR-T cells, a murine CD19t gene was used to generate OV19t (OVm19t) and murine T-

cells were used to generate CD19-CAR-T cells (mCD19-CAR-T cells). Park et al. demonstrated that 

mCD19-CAR-T cells were able to kill OVm19t infected MC38 cells, which are cells of a murine colon 

adenocarcinoma cell line. This because both CD19t-positive and OVm19t-positive cancer cells were 

reduced after co-culturing of MC38 cells infected with OVm19t together with mCD19-CAR-T cells. For 

testing this in the immunocompetent mouse model, a syngeneic tumor model with mice bearing MC38 

tumors was used. In comparison to the control where the mice were injected with OVs missing the 

CD19t gene or CAR-T cells not targeting CD19, mice intratumorally injected with OVm19t in 

combination with treatment with mCD19-CAR-T cells resulted in far better responses in terms of tumor 

regression. These results demonstrate that the combination therapy of OV19t infection with CD19-

CAR-T cell treatment in these two in vivo mouse models leads to tumor regression. This also shows 

that the introduction of a new target antigen by OVs, which is targetable by CAR-T cell therapy, possibly 

can overcome the lack of targetable antigens due to antigen escape. 

Next to the promising therapeutic potential of the combination therapy of OV19t with CD19-CAR-T 

cells, OV19t infection turned out to have another beneficial function for the effectiveness of the 

therapy. After the treatment of the OVm19t infected MC38 bearing mouse model with mCD19-CAR-T 

cells, an increased spread of OVm19t and subsequent expression of mCD19t on infected cells was 

observed. To simulate the same process in vitro, OV19t was used to infect MDA-MB-468 cells 

whereafter the infected cancer cells were treated with CD19-CAR-T cells. After addition of the 

supernatant of these co-incubated cells to new MDA-MB-468 cells, these cancer cells show to become 

infected by OV19t. This means that the killing of OV infected cancer cells by CAR-T cells results in 

release of viral particles derived from the OV being capable of infecting other cancer cells. This results 

in increased therapeutic efficiency of OV infection in combination with CAR-T cell therapy because of 

more rapid OV spreading resulting in the expression of more targetable tumor antigen (figure 3). 
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Figure 3; Schematic overview of combination therapy with OV infection and CAR-T cell treatment. The process starts with 
the infection of OV19t in normal or cancer cells. However, OV infection in normal cells is aborted (1). After OV19t infection 
in cancer cells, the virus replicates and CD19t, encoded by OV19t, is expressed on the cell surface (2). CD19t expression makes 
CD19-CAR-T cell targeting possible, resulting in lysis of the cancer cell and subsequent OV19t derived viral particle release (3). 
The released viral particles can in turn infect new cancer cells (4), resulting in increased spreading and subsequent OV 
infection of cancer cells creating more targetable antigens for CAR-T cell therapy. Adapted from Park et al., 2020. 

Next to increased therapeutic efficiency after viral particle release, combination therapy is enhanced 

by another advantage of the infection of cancer cells with OVs. Park et al. examined the infiltration of 

both cytotoxic and CAR-T cells into the tumor after OV infection in the immunocompetent mice bearing 

MC38 tumors. The infiltration of cytotoxic T-cells in the tumor was enhanced after combinatorial 

treatment with OVm19t and mCD19-CAR-T cells. Further, also the tumor infiltration of mCD19-CAR-T 

cells was enhanced after OVm19t infection. This increased tumor infiltration of T-cells further improves 

the therapeutic efficiency of the combination therapy, and eventually making it useful for the 

treatment of tumors with an immunosuppressive TME. 

Oncolytic virus infection limiting CAR-T cell therapy 

Park et al. showed that the combination therapy is very promising in the treatment of cancer. Despite 

of all the benefits of the combinatorial therapy whereby a new target antigen is introduced by OV 

infection followed by CAR-T cell therapy, treatment with OVs should be carefully examined. This 

because OV infection can instead of boosting CAR-T cell therapy, also counteract CAR-T cell therapy by 

remodeling the TME (Evgin et al. 2020).  

Because of the known capability of OVs in provoking an inflammatory TME, Evgin et al. assessed 

whether infection with OVs improved CAR-T cell recruitment and functionality. For this combination 

therapy, the OV vesicular stomatitis virus (VSV) and murine third generation CAR-T cells directed 

against EGFRvIII were used, whereby EGFRvIII was displayed by B16EGFRvIII tumors in 

immunocompetent mice. In the genome of VSV, murine interferon beta (IFNβ) was inserted 

(VSVmIFNβ) making the virus specific for infection of cancer cells. In normal cells, IFNβ induces an 

antiviral response making the virus unable to propagate while in cancer cells, that are not responsive 

to IFNβ anymore, VSVmIFNβ can be propagated (Obuchi, Fernandez, and Barber 2003). 

When examining the combination therapy of VSVmIFNβ with EGFRvIII-CAR-T cells in immune 

competent mice bearing B16EGFRvIII tumors, unexpectedly no therapeutic effect was seen. There 

were even detected lower numbers of the CAR-T cells which was not due to VSVmIFNβ infecting the 

CAR-T cells. It was seen that the highest reduction of CAR-T cells occurred when the highest 

concentrations of IFNβ were reached. Already known is that memory cytotoxic T-cells can undergo an 

type I IFN-induced apoptosis. This effect was also seen in the CAR-T cell loss after infection with 
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VSVmIFNβ because the amount of apoptotic cells increased in an IFN-dependent manner. However, 

although also non-transduced T-cells are prone for IFN-induced apoptosis, more of the apoptosis 

markers were found on the CAR-T cells meaning that the effect is CAR-T cell specific. This CAR-T cell 

specific effect is further supported by the fact that the IFN-induced apoptotic CAR-T cells started to 

increase cell surface expression of the CAR molecule. Next to CAR upregulation, the CAR-T cells started 

to upregulate several inhibitory receptors but also PD-L1 upregulation by cancer cells takes place for 

example, even more counteracting the beneficial effects of CAR-T cell therapy. 

To circumvent the negative effects of IFNβ produced by VSVmIFNβ, Evgin et al. disrupted the gene 

encoding for the type I IFN receptor (IFNAR1) in CAR-T cells. This reversed the negative effects in the 

way of no more upregulation of the CAR molecule and neither of the inhibitory receptors. The IFNAR1 

knock-out CAR-T cells even had a slight increase in survival after infection with VSVmIFNβ in 

comparison to the EGFRvIII-CAR-T cells. Further, the IFNAR1 knock-out CAR-T cells showed improved 

therapeutic efficiency in combination with VSVmIFNβ infection indicated by extended survival in 

mouse models compared to mice treated with EGFRvIII-CAR-T cells. This makes IFNAR1 gene disruption 

a promising target to increase the therapeutic efficiency of CAR-T cells producing cytokines like IFNs. 

However, this also shows that the engineering of OVs should be carefully handled to prevent negative 

side-effects. 

 

Discussion 

Currently, a lot of research is being done on CAR-T cell therapy because of its very promising 

therapeutic benefits in the treatment of relapsed and refractory cancers, especially in hematological 

malignancies (Haslauer et al. 2021). These promising results have led to already several FDA-approved 

CAR-T cell therapies, with in particular anti-CD19-CAR-T cells (Sterner and Sterner 2021). Although 

hematological malignancies are easier to target with respect to more uniformly expressed targetable 

tumor antigens and easier contact of the CAR-T cells with hematologic cancer cells than solid tumors, 

major improvements are also made in CAR-T cell therapy against solid tumors (Marofi et al. 2021). 

However, cancer cells developed all kinds of mechanisms to escape antitumor responses from the 

immune system (Tang et al. 2020). Because CAR-T cells are part of the immune system, cancer cells 

can use similar mechanisms to evade the antitumor effects of CAR-T cell therapy and become resistant 

to it. Here, the TME with its immune checkpoints and antigen escape were discussed in detail.  

The first discussed escape mechanism of cancer cells is the upregulation of immune checkpoints, by 

which CAR-T cells become inactivated (Pardoll 2012). This of course results in a limited therapeutic 

efficiency of treatment with CAR-T cells. CAR-T cells were first only directed towards specific tumor 

antigens. However, there are more possibilities to direct a CAR-T cell against among which immune 

checkpoints. Next to the already existing anti-PD-1- and anti-PD-L1-CAR-T cells (Yang et al. 2020), Anna 

et al. designed a CAR-T cell directed against immune checkpoint HLA-G showing promising results in 

cancer treatment. This shows that CAR-T cells directed against immune checkpoints can make cancer 

cells with upregulated immune checkpoints sensitive for CAR-T cell treatment again. The immune 

checkpoint protein HLA-G has a major advantage of being a tumor specific antigen and immune 

checkpoint upregulated by cancer cells at the same time, making it more specific for targeting by CAR-

T cell therapy. These promising results of CAR-T cells directed against immune checkpoints makes that 

anti-immune checkpoint CAR-T cell therapy, after optimization, can eventually replace (combination) 

treatment with immune checkpoint inhibitors. 

Further, Park et al. showed that OVs carrying a gene encoding for a CAR target can specifically deliver 

this gene to different tumor types after which it will be displayed by the cancer cell. Combination 

therapy with CAR-T cell treatment directed against the delivered CAR target results in elimination of 
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the OV infected cancer cells by the CAR-T cells, and OV infection even improves CAR-T cell therapy. 

This combination therapy of OV infection with CAR-T cell treatment is currently mainly used for 

improving the treatment of solid tumors because of the lack of tumor specific antigens. However, one 

of the immune escape mechanisms of cancer cells is antigen escape. When antigen escape occurs with 

the targeted antigen by CAR-T cell therapy, cancer cells become resistant to the CAR-T cells. Because 

of the possibility of new target antigen introduction by OVs, here it is suggested that this combination 

treatment method can be used to bypass antigen escape. After acquiring antigen escape related CAR-

T cell resistance, the introduction of new antigens by OVs in combination with the corresponding CAR-

T cell, can make resistant tumors treatable again. Despite that the mentioned combination therapy is 

now mainly used in solid tumors, antigen escape can also take place in hematological malignancies. 

Fortunately, progress of the treatment of hematological malignancies with OVs, and even in 

combination with CAR-T cell therapy, are being made after intravenously injecting the OV (Yang et al. 

2021). 

Next to bypassing immune checkpoint upregulation and antigen escape performed by the cancer cells, 

both anti-HLA-G CAR-T cells and combination therapy of OV infection followed by CAR-T cell treatment 

can assist in reducing the immunosuppressive TME. Firstly because anti-HLA-G CAR-T cells were 

capable of lysing immunosuppressive cells expressing HLA-G. Additionally, OV infection promotes the 

infiltration of both cytotoxic and CAR-T cells into the TME functioning in elimination of the cancer cells. 

On top of that, the release of viral particles after CAR-T cell mediated lysis of the cancer cells results in 

viral infection of new cancer cells and attraction of even more cytotoxic and CAR-T cells. The direct 

lysis of immunosuppressive cells and the constant spreading of the OV in combination with attraction 

of cancer cell lysing CAR-T cells, makes both therapies promising in the treatment of tumors with an 

immunosuppressive TME.  

Despite all the therapeutically beneficial outcomes of CAR-T cell therapy, the immune system remains 

a very complex and fragile system. When changing or introducing something in the immune system 

like CAR-T cells, serious side-effects like cytokine release syndrome or neurotoxicity can arise (Fried et 

al. 2019; Park et al. 2020). Besides, the introduction of IFNβ in the genome of VSV in attempt to make 

the OV more tumor specific, resulted in the counteraction of CAR-T cell therapy. However, most of 

these side-effects do not outweigh the beneficial effects of CAR-T cell therapy and are relatively easy 

to counter. As an example the knock-out of the type I interferon receptor to counteract the negative 

impact of VSV-produced IFNβ. However, this shows that extensive research should be executed before 

clinical trials in patients can be performed. 

Despite the very clever mechanisms of cancer cells to escape from CAR-T cell therapy and even acquire 

resistance to it, these CAR-T cell escape mechanisms can be bypassed to regenerate sensitivity to CAR-

T cell therapy. Here, there are shown several examples of how CAR-T cells can be engineered and used 

to improve CAR-T cell therapy. These methods can be used as an example for the development of for 

example engineered CAR-T cells directed against other immune checkpoints or the introduction of new 

CAR-targetable tumor antigens in the treatment of both solid tumors and hematological malignancies. 

Besides, the two discussed therapies can eventually be combined in a tandem CAR-T cell 

simultaneously targeting multiple antigens. This tandem CAR-T cell can be directed towards an 

immune checkpoint and simultaneously towards the tumor antigen introduced by the OV, bypassing 

both immune escape mechanisms. Altogether it is demonstrated that, even though cancer is an 

inventive disease in terms of escaping the immune system and thereby CAR-T cell therapy, research 

provides very promising mechanisms to make CAR-T cell therapy of great therapeutic value in the 

treatment of cancer. 
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