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Abstract

The heterogeneity of the solid tumor microenvironment (TME) impairs the

therapeutic efficacy of standard therapies and also reduces the infiltration of

antitumor immune cells, all of which lead to tumor progression and invasion.

In addition, self‐renewing cancer stem cells (CSCs) support tumor dormancy,

drug resistance, and recurrence, all of which might pose challenges to the

eradication of malignant tumor masses with current therapies. Natural forms of

oncolytic viruses (OVs) or engineered OVs are known for their potential to

directly target and kill tumor cells or indirectly eradicate tumor cells by involving

antitumor immune responses, including enhancement of infiltrating antitumor

immune cells, induction of immunogenic cell death, and reprogramming of cold

TME to an immune‐sensitive hot state. More importantly, OVs can target

stemness factors that promote tumor progression, which subsequently

enhances the efficacy of immunotherapies targeting solid tumors, particularly

the CSC subpopulation. Herein, we describe the role of CSCs in tumor

heterogeneity and resistance and then highlight the potential and remaining

challenges of immunotherapies targeting CSCs. We then review the potential of

OVs to improve tumor immunogenicity and target CSCs and finally summarize

the challenges within the therapeutic application of OVs in preclinical and

clinical trials.
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1 | INTRODUCTION

Malignant tumors of the human body with a poor prognosis and a

low survival rate cause an increasing number of deaths annually

throughout the world.1 Despite current standard therapies (i.e.,

chemotherapy, radiotherapy [RT], immunotherapy, and combina-

tion therapies) and the application of new diagnostic or detection

methods, the maximum survival rate, reaching an average of

20 months, and is affected by high recurrence rates in glioblastoma

(GBM).2,3 Although immune checkpoint blockade (ICB) and CAR

T‐cell‐based immunotherapies show promise in some cancers, they

have shown limited efficacy in solid tumors with high dormancy and

recurrence rates.4,5

Genetic and epigenetic heterogeneity of tumors, a major

hallmark of advanced solid cancers, along with cold and complicated

tumor microenvironment (TME) inducing the immunosuppressive
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niche, are other major reasons that intensify therapy resistance in

human tumors. In addition, factor‐driven stemness and tumor‐

associated cancer stem cells (CSCs) are the leading players in this

framework that contribute to tumorigenesis, progression, recurrence,

metastasis and resistance to current treatment, and even intertumor-

al cellular heterogeneity.6,7 Therefore, it is important to gain a

comprehensive understanding of the resistance mechanisms and

then develop targeted therapies against the stemness‐supportive

factors or CSCs to increase the efficacy of targeted therapy and

improve the persistent poor disease outcome.

Oncolytic viruses (OVs) are types of viruses that selectively infect

and lyse malignant cells, subsequently releasing pathogen‐associated

molecular patterns and damage‐associated molecular patterns (DAMPs)

to prepare tumor niches for antitumor immune responses.8 In addition,

local or systemic administration of OVs has increased the infiltration of

effector lymphocytes into tumor sites while decreasing the levels of

tumor‐supportive immune cells such as regulatory T cells (Tregs),

tumor‐associated macrophages, and myeloid‐derived suppressor cells

(MDSCs).9 Thereby, leveraging manipulated or engineered OVs has

emerged as a promising therapeutic strategy that could target CSCs or

stemness and reshape TME to overcome immunotherapies resistance,

as presented in this review.

2 | STEMNESS FACTORS AND
IMMUNOTHERAPY RESISTANCE

The capacity of self‐renewal and differentiation into multiple cellular

subtypes introduces CSCs as the source or origin of both tumor

initiation and tumor maintenance in various cancers. TME‐associated

stromal and non‐stromal cells more support tumorigenic function of

CSCs through activation of survival‐supportive signaling pathways

such as Wnt/β‐catenin, Hh, Notch, and NF‐κB and on the other hand

CSCs‐derived immunomodulators (i.e., cytokines and chemokines),

angiogenic factors (e.g., VEGF, vascular endothelial growth factor),

and metastatic factors (e.g., MMP‐2, matrix metalloproteinase‐2) lead

to recruitment of tumor‐supportive immune cells, activation of

angiogenesis, and promotion of tumor metastasis.10,11 Various

mechanisms of radio/chemoresistance in CSCs have emerged,

resulting in the development of specific approaches for CSC‐

directed immunotherapies including: (i) monoclonal and bispecific

antibodies targeting CSCs surface biomarkers (e.g., CD44v6, CD44,

CD123, EGFR, EpCAM, and CD133) or immune checkpoint mole-

cules using immune checkpoint inhibitors (ICIs) (e.g., Letaplimab

against CD47), (ii) adoptive cell therapy in the format of chimeric

antigen receptor (CAR) T‐cells and CAR NK‐cells, and (iii) CSCs‐based

vaccines12 (Figure 1 and Table 1).

2.1 | Therapeutic antibodies targeting CSCs

Therapeutic antibodies activate immune cells against tumor‐associated

antigen (TAA)‐expressing CSCs or engage effector immune T cells and

NK cells through antigen delivery to dendritic cells (DCs) as professional

antigen‐presenting cells (APCs). They also target immune checkpoint

molecules such as cytotoxic T lymphocyte‐associated protein 4

(CTLA‐4), programmed cell death protein 1 (PD‐1), and its ligand, PD‐

L1, to restore immune cell function. In addition, therapeutic antibodies

induce antibody‐dependent cellular cytotoxicity by NK cells to activate

cell‐mediated cytotoxicity (Figure 1A and Table 1). However, monoclo-

nal antibodies (mAb) targeting TAA resulted in fatal side effects due to

sharing antigen with normal cells of human body 28 and although

developed recombinant humanized antibodies have shown acceptable

safety profile, however their clinical efficacy was limited to liquid

tumors such as acute myeloid leukemia.29 The bi‐ and multi‐specific

antibodies (BsAb and MsAb) (e.g., CD123 × CD3 BsAb and CD47 ×

PD‐1 BsAb) have been developed to simultaneously target effector

immune cells and tumor cells or CSCs and have even been used in

clinical trials for relapsed/refractory hematological malignancies

(NCT02152956 and NCT0409776), where they were well‐tolerated

and showed potent antitumor activity. However, similar to mono-

specific antibodies, these types of therapeutic antibodies failed to treat

solid tumors. Notably, in terms of tumor stemness c‐Met expression, a

c‐Met × CTLA‐4 BsAb targeting c‐Met in CSCs and CTLA‐4 in Tregs

showed significant antitumor activity in lung cancer models,30 and

Amivantamab, an EGFR/c‐Met specific‐BsAb has been clinically

approved for the treatment of patients with NSCLC.31 Overall, loss

of the tumor antigen, off‐target effects, poor penetration into solid

tumors, CSC heterogeneity and plasticity, and poor accessibility to

CSCs in hypoxic core of tumor mass limited therapeutic efficacy of

antibodies.32,33

2.2 | Immune cells targeting CSCs

The potentials of tumor‐associated effector T cells and NK cells to

induce tumor cytolysis has led to the development and manipulation

of these cells toward ex vivo expansion of conventional TCRs that

recognize the MHC molecules bearing TAA on APCs or production of

genetically engineered CAR T/NK cells that directly target TAA on

tumor cells in an MHC‐independent manner34 (Figure 1B). In addition

to the development of CAR T‐cells targeting TAA (e.g., HER2, EGFR,

EpCAM, etc.), several clinical trials have been conducted for CAR

T‐cell‐based therapies targeting CSC markers (e.g., CD44v6, CD133,

Significance statement

• Oncolytic viruses (OVs) can target cancer stem

cells (CSCs) and reprogram the tumor microenvironment

by recruiting immune cells to tumor sites.

• Targeting CSCs with engineered OVs improves the

treatment of resistant tumors.

• The combination of OVs has improved the therapeutic

outcomes of current immunotherapies.
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EpCAM, MUC1, and TM4SF1) (Table 1). The Mucin 1 (MUC1) was

characterized as stemness driver thou upregulation of CSC

markers such as ALDH1, BMI1, Oct4, Nanog, Sox2, and LGR5

(leucine‐rich repeat‐containing G protein‐coupled receptor 5) and

CAR NK‐call targeting is in Phase I/II of clinical trials

(NCT02839954).35,36 About five CAR‐T‐based products have been

approved for the treatment of hematological malignancies.

However, their clinical application in solid tumors is limited due

to several challenges such as in vitro cost, in vivo off‐target

toxicity and CAR T‐cell exhaustion, immunosuppressive TME with

poor CAR T‐cell tumor infiltration.37

Thereafter, new generations of CAR T‐cells (i.e., bispecific

CARs, multi‐CARs, adapter CAR T‐cells) were developed to reduce

unwanted off‐tumor effects of the CAR T‐cell product against

healthy tissues.12 Compared to CAR T cells, CAR NK cell therapy

induces less CRS, has a low risk of graft‐versus‐host disease, and is

cost‐effective because it can be prepared from multiple sources38

(Table 1).

However, their clinical application is challenged by the short in

vivo lifespan and limited proliferative capacity as well as durable

therapeutic responses.39 Tumor heterogeneity, immunosuppressive

TME, off‐tumor cell killing, and poor CAR NK infiltration into solid

tumors also reduce the CAR NK anticancer efficacy.12,40 Overall, the

same challenges remain with CAR immune cells that need to be

addressed in ongoing and future studies.

2.3 | CSC‐based DC vaccine

DC‐based vaccines are most commonly produced by ex vivo

differentiation of autologous progenitor cells into immature DCs,

maturation of the DCs by the addition of a cytokine cocktail, and

subsequent pulsing with cancer antigens in the form of antigenic

peptides, tumor cell lysates, exosomes, or mRNA. The mature DCs

are then reinfused into the patient, where they activate antigen‐

specific T cells.41 CSC‐derived antigens could be processed by DC,

and then their epitopes presented by expressing MHC II and MHC I

molecules to CD4 + T cells and CD8 + T cells, respectively, followed

by effector T cell activation and tumor eradication. Therefore, ex vivo

exposure of DC to CSC antigenic peptides or mRNAs and CSC lysates

and readministering to patients to elicit T cell responses is a promising

strategy for developing CSC‐based vaccines (Figure 1C and Table 1).

Intravenous (IV) injection of ALDH peptide‐loaded DC into immuno-

deficient mice resulted in activation of Ag‐specific CD8 + T cells and

inhibition of primary tumors in xenografted lung tumors.42 ALDH is a

family of metabolic enzymes responsible for detoxifying intracellular

aldehydes by oxidizing them to carboxylic acids. High ALDH activity,

measured by ALDEFLUOR analysis, is used as a marker to isolate CSC

populations in many solid malignancies. DCs pulsed with ALDH1

peptide and injected intravenously into the immunocompromised

xenografted mice showed that ALDH1 peptide‐specific CD8 + T cells

inhibited subcutaneous primary tumor growth and lung metastases.42

F IGURE 1 Developed immunotherapies for targeting cancer stem cells (CSCs). (A) Systemic administration of monospecific antibodies or
bispecific antibodies and immune checkpoint blockade (ICB) leads to targeting of CSC‐specific antigens or immune checkpoint molecules (PD1,
PDL1, CD276, and CD47) on CSCs/T cells, resulting in induction of antitumor response or recovering exhausted T cells. (B) Transfused CAR‐T
cells or CAR‐NK cells target tumor‐associated antigen (TAA) on CSCs and may induce cytolysis and apoptosis. In addition, antibodies targeting
TAA on CSCs and CD16 on NK cells mediate the antibody‐dependent cellular cytotoxicity (ADCC) process. (C) As an anticancer vaccine,
DCs loaded with CSC lysates or TTA peptide or mRNA encoding TAA that, after administration, activate or boost cytotoxic T cells in an
MHC‐TCR‐dependent manner to eradicate CSCs. CSCs, cancer stem cells; DCs, dendritic cells.
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Clinical trials studies using MUC1‐derived peptide that were well‐

tolerated and resulted in promising clinical responses in patients with

refractory NSCLC, pancreatic cancer, biliary cancer, and chemoresis-

tant prostate cancer.43

However, immunotherapy using peptide‐based DC vaccines

against a single antigen is limited by the heterogeneity and plasticity

of antigen expression in CSCs. Therefore, pulsing DCs with the entire

CSC lysate, potentially including the entire repertoire of tumor

antigens, is another promising strategy for the development of CSC‐

specific DC vaccines.44 More efficient than peptide‐based DC

vaccines is the loading of DC with CSC lysates or CSC‐isolated

mRNA encoding multiple antigens can induce rebuts cytotoxic T cell

responses.27,45 Antitumor immunity induced by vaccination with

murine bone marrow DCs pulsed with ALDHhigh CSC tumor lysate

could induce significantly higher protective immunity against DCs

pulsed with ALDH‐negative cell lysate.46 Antitumor immunogenicity

could also be enhanced by targeting multiple epitopes and pulsing

DCs with CSC‐derived mRNA. In a preclinical study, PBMCs‐DCs

were pulsed with mRNA isolated from the CD44+/CD24− CSC

population. The results showed that CSC mRNA induced a more

potent cytotoxic T‐cell response compared to mRNA isolated from

the whole tumor cell population.27

However, monotherapy with DC‐based vaccines alone does not

induce sufficient outcomes for cancer treatment and demands

combination with other therapies such as ICB and tumor RT, and

chemotherapy (Table 2), and thus, these vaccines might act as

adjuvant to optimize their therapeutic efficacy. ALDHhigh CSC lysate

pulsed DCs combined with local tumor RT demonstrated that it has

higher anticancer efficacy in the adjuvant setting when administered

after RT.57 The combination of cisplatin‐based chemotherapy with a

DC vaccine targeting the CD44+/CD24− CSC‐like cell population

may improve the efficacy of cisplatin‐based chemotherapy for the

treatment of murine Ehrlich tumors.50 In conclusion, immune‐

targeting of CSCs is a promising approach for cancer treatment. In

addition, a strategy to optimize their therapeutic efficacy may be to

combine them with ICIs and conventional therapies such as surgery,

chemotherapy, and RT.

3 | ONCOLYTIC VIRUS IMPROVES
CSC‐CASED IMMUNOTHERAPY

3.1 | OVs induce immunogenic TME

Aside from direct lysis of cancer cells, OVs are known to improve

tumor immunotherapy through two major mechanisms including

induction of proinflammatory molecules to create hot TME and

enhancing tumor infiltration, particularly APCs, CD4+, and CD8 + T

cells and also their maturation and activation toward providing

immunogenic TME. ImmunosuppressiveTME also limits the results of

ICB therapy due to the induction of T‐cell exhaustion, and therefore,

combination therapy such as OV therapy could be an innovative

approach to increase the benefits of ICB therapy. For example, ZIKVT
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treatment induces the expression of CD80, CD86, and MHC II on CD

cells, increases antitumor T cell infiltration while reducing the level of

CD11b +Gr1+ MDSCs and FoxP3+ Tregs in TME of GBM mouse

model, all improve the therapeutic effect of anti‐PD‐1 therapy upon

their combination.58 In addition to combination therapy, OVs such as

oncolytic herpes simplex virus (oHSV) could be engineered to surface

express full ICB or scFvPD‐1 targeting immune checkpoint molecules

(PD‐1, CTLA‐4, and PD‐L1) and induce antitumor responses.59

In addition, CSC‐related signaling pathways such as epithelial−

mesenchymal transition (EMT), STAT3, and AMPK induce upregulation

of PD‐L1 levels in CSCs, further highlighting the combination of ICB

with many OV platforms (Table 3).

OVs also induce immunogenic cell death (ICD) through infection,

replication, and lysis of both CSCs and tumor cells that are associated

with the release of DAMPs molecules (e.g., ATP, HSP70, HSP90,

HMGB1) and tumorigenic cytokines (IL‐1b and IL‐4), infiltration of T

cells; all of which sensitize the tumor to ICB and CAR T cell

therapy.72–75 In addition, OVs induce the production of type I IFN in

DCs, which mediates their activation for initiating T‐cell priming and,

for example, suppressing tumor cells with CSC properties in triple‐

negative breast cancer76 and GBM.77 OV‐driven DAMPs generation

also promotes DCs recruitment, maturation, and antigen presentation

toward the activation of antitumor immune T cells,78,79 which

confirmed the potential of OV as a vaccine or robust the effect of

DCs for tumor vaccination.

3.2 | OVs remodel tumor extracellular
matrix (ECM)

The ECM is an integral part of the CSC niche and ECM receptors

have been shown to facilitate CSC aggregation. Several stromal

targeting approaches have been described using AdV to induce

permanent ECM changes to improve therapeutic delivery.

Oncolytic AdV expressing PH20 hyaluronidase was shown to

destroy hyaluronan in the ECM, facilitating OV dissemination.80

In addition, given the location of CSCs in the hypoxic core of the

tumor mass and as hypoxia‐driven MHC downregulation restricts

T cell function, bi‐specific T cell engagers (BiTEs) have been

developed to target and kill tumor cells in an MHC‐independent

manner, however, BiTEs low penetration into the solid TME

limited their efficacy.81 To address this challenge, arming

OVs with BiTEs81 or OVs expressing the tumor‐specific ECM

remodeling factors such as MMP9 or hyaluronidase may improve

the therapeutic efficacy and long‐term animal survival in

animal models (Figure 2B), particularly in combination with ICB

therapy.82,83 Similar to tumor cells, low or loss of TAA in CSCs as

well as cold and immunosuppressive TME limited their targeting

by CAR T/NK cells. Thus, the application of OV expressing

CAR‐specific TAAs or BiTEs may be able to present immunogenic

TME and overcome the limitation of monotherapies with CAR

T or BiTEs.84,85

F IGURE 2 OV therapy improves CSC‐immunotherapy through (A) induction of immunogenic TME, (B) ECM remodeling may facilitate drug
delivery and antitumor immune cell recruitment, and (C) targeting specific stemness biomarkers on CSCs or replicating under stemness
promoters in CSCs to induce cytolysis. CSCs, cancer stem cells; ECM, extracellular matrix; TME, tumor microenvironment.
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3.3 | OVs modulate stemness factor

Several OVs have demonstrated the potential to target and kill CSCs

in various types of cancer (Table 4). Importantly, GBM‐associated

CSCs overexpress the adenoviral receptors that make them

susceptible to infection by oncolytic adenovirus as Delta‐24‐RGD

Ad showed improved ICD in GBM‐CSCs xenografted model 93 and

also long‐term survival in a phase I trial of recurrent malignant

glioma.75 Bioinformatic analysis suggests that the expression of the

Yamanaka pluripotency factors may be associated with the regulation

of the selectivity of the OVs.94 For example, such OVs such as Zika

virus (ZIKV) showed specific tropism for infecting progenitor cells

such as CSCs, and therapy with this type of OVs resulted in induction

of SOX2‐dependent apoptosis and decrease of CSCs population of

CSC‐derived orthotopic model.95 Wnt/β‐catenin signaling pathway is

another pathway that supports CSC survival and invasion by

promoting of EMT, that oncolytic adenovirus CD55‐Smad4 showed

induction of Smad4 expression, as an inhibitor of Wnt/β‐catenin

pathway, and thus suppressed the metastasis and stemness of CRC

cells in vitro and a mouse xenograft model.96

Tumor‐specific tropism of OVs could also be elicited by in vitro

engineering of OVs that target specific CSCs or replicate under the

promoter of overexpressing stemness factors (Figure 2C). For

example, CSCs possessing multi‐drug resistant induce therapy

resistance in human cancers, and the application of tissue‐specific

promoter‐driven oncolytic adenoviruses provides targeted OVs that

efficiently target and kill CD44+CD24−/breast CSCs in vitro and

in vivo.97

In addition, CSC are resistant to apoptosis post treatment and

OV‐expressing apoptosis inducer TRAIL can significantly kill the

CSCs in vitro and in the GBM xenografted mouse model.98,99

Oncolytic vaccinia virus lacking the small subunit of ribo-

nucleotide reductase, F4L gene, more efficiently infect and lysis

the ALDH + CD44 + CD24+ CSCs.100 Also, OV expressing moie-

ties targeting of CD133, EpCAM, and HER2 can further enhance

tumor specificity101 (Table 4 and Figure 2C).

4 | CHALLENGES FOR USING ONCOLYTIC
VIROTHERAPY

Notably, despite the similarities between normal stem cells and CSCs,

engineered OVs specifically kill CSCs while sparing healthy cells and

stem cells. However, since not all OVs can affect CSCs from the same

cancer, it is necessary to discover the unique mechanisms of each OV

to kill tumor‐specific CSCs and then design their therapies in

combination with other therapies to target CSCs and surrounding

niches (Table 3). These findings may pave a new way and provide an

unprecedented opportunity for the combination of OVs with cancer

immunotherapy.

Indeed, the efficacy of OV monotherapy is limited and

challenged by the neutralization of treatment‐induced or preex-

isting antiviral antibodies and cross‐reactive antibodies,102 theT
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rapid clearance of OV may be facilitated by mechanisms of

antiviral resistance, including the activation of complement,

antiviral cytokines, and phagocyte cells,103,104 interstitial hydro-

static pressure, ECM, fibrosis, and necrosis may act as

impenetrable physical barriers to OV entry,83,105,106 and lack of

biomarkers to assess the efficacy of OVs. Loss of viral fitness and

reduction in replication competence and oncolytic activity may

occur in OVs engineered for tumor selectivity.107 These findings

may pave a new way and offer an unprecedented opportunity for

the combination of OVs with cancer immunotherapy.

Additionally, oncolytic virotherapy faces several challenges in

preclinical and clinical trials. Murine cell lines are resistant to

infection and replication by some OVs, and studies in immuno-

competent murine models should be conducted under certain

conditions.108,109 Moreover, murine models may not mimic the

human tumor biology and the interaction of OVs with the human

immune system,110 which could be improved using patient‐

derived xenograft murine models and patient‐derived orga-

noid models.111,112 Clinical outcome of OV therapy has been

limited by officious system that delivers the OVs to the tumor site

while protecting them neutralization and dilution in the peripheral

circulation, that developed nano‐carriers can overcome the

challenges associated with IV administration of OVs, as proposed

and studied.113 Overall, as a novel cancer therapy, oncolytic

virotherapy, particularly in combination with ICIs, has shown

potential in the treatment of solid tumors; however, various

challenges continue to hamper the development of OVs, and

there are many approaches being introduced to develop these

therapeutic strategies that may significantly improve cancer‐

related outcomes.114–116

5 | CONCLUSION

Together, OVs induce ICD, activate APC, and (through these steps)

then elicit adaptive T cell‐dependent antitumor immunity against

CSCs in and syngeneic the therapeutic effect of adoptive CAR T cell

therapy. Thus, new insights into viral ontogeny and potential

therapeutic techniques to target CSCs will contribute to the

advancement of therapeutic approaches for cancer therapy, particu-

larly in solid tumors where CSCs drive tumor progression and disease

relapse. To selectively target CSCs, genetically engineered OVs are

constructed using promoters, ICBs, ligands/receptors, and genes. The

potential of multi‐armed OVs to specifically target both tumor cells

and CSCs and to remodel the immunosuppressiveTME paves the way

for the expansion of combination immunotherapies such as tumor

vaccination, ICB and CAR cells, and engineered or modified OV

platforms targeting specific CSC antigens or key pathways and their

supporting niche in various types of solid tumors. However, the

reversion of OVs into pathogenic form, sharing properties of CSCs

with normal stem cells, and controlled delivery approach are just

examples of challenges in their clinical application and thus need to

be carefully considered.
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