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Abstract

It is becoming increasingly clear that virtually all types of human cancers harbor a small 

population of stem-like cancer cells (i.e., cancer stem cells, CSCs). These CSCs preexist in 

primary tumors, can self-renew and are more tolerant of standard treatments, such as antimitotic 

and molecularly targeted agents, most of which preferentially eliminate differentiated and 

proliferating cancer cells. CSCs are therefore postulated as the root of therapy resistance, relapse 

and metastasis. Aside from surgery, radiation, and chemotherapy, immunotherapy is now 

established as the fourth pillar in the therapeutic armamentarium for patients with cancer, 

especially late-stage and advanced cancers. A better understanding of CSC immunological 

properties should lead to development of novel immunologic approaches targeting CSCs, which, 

in turn, may help prevent tumor recurrence and eliminate residual diseases. Here, with a focus on 

CSCs in solid tumors, we review CSC regulation programs and recent transcriptomics-based 

immunological profiling data specific to CSCs. By highlighting CSC antigens that could 

potentially be immunogenic, we further discuss how CSCs can be targeted immunologically.
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1. Introduction

Human cancer is a heterogeneous disease with most tumors containing phenotypically and 

functionally distinct subsets of cells [1]. Mounting evidence has established the presence of 
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a relatively small population of cancer cells with stem-like properties in most, if not all, 

untreated human malignancies. These cells biologically resemble normal stem cells (SCs) 

found in the same tissue, such as the capacity of self-renewal and differentiation, and are 

thus frequently termed ‘cancer stem/stem-like cells’ (CSCs) [1, 2]. Functionally, CSCs are 

believed to be the subpopulation among bulk tumor cells with the ability to initiate and long-

term repopulate tumors with recapitulation of the lineage/cellular heterogeneity seen in 

parental tumors [1–3]. Since the first identification of CSCs in human acute myeloid 

leukemia (AML) [4, 5], CSCs have been isolated from many different malignancies, 

including cancers of the breast, prostate, colon, brain, pancreas, lung, liver, bladder, ovary 

and others (reviewed in [2, 3, 6–8]).

Despite advances in cancer detection and treatment, most advanced cancers still remain 

lethal. Compared to primary tumors that generally can be effectively treated, and, in some 

cases, cured (e.g., by a combination of surgical resection and standard therapies), cases of 

advanced cancer (where surgical intervention is infeasible), recurrent and metastatic disease 

are in desperate need of immediate care. Most standard of care therapies (e.g., 

chemotherapy, radiotherapy, and molecularly targeted therapy) target relatively differentiated 

and proliferating cancer cells, leaving behind CSCs that are mostly dormant and have been 

documented to resist many clinical treatments, subsequently resulting in tumor relapse and 

metastasis (Fig. 1) [8, 9]. Furthermore, in multiple cancer types, the frequency of CSCs 

increases as tumors progress. This expansion occurs, for example, in PSA-/lo CSCs in 

prostate cancer (PCa) [10] and in PKH26+ slow-cycling CSCs in breast cancer (BCa) [11], 

highlighting the importance of CSCs as a therapeutic target, especially for advanced cancers. 

Increasing evidence has unraveled diverse mechanisms by which CSCs utilize to survive 

under hostile conditions leading to therapy resistance and tumor relapse. Cell quiescence, 

overexpression of multifunctional efflux transporters, enhanced DNA-repair capacity, 

aberrant activation of developmental pathways, high levels of anti-oxidant proteins, 

overexpression of anti-apoptotic proteins, underexpression of the molecular targets of 

targeted therapies (e.g., androgen receptor (AR) in PCa and estrogen receptor (ER) in BCa), 

and interactions with the tumor microenvironment (TME) are all examples of intensively 

studied survival mechanisms in CSCs (reviewed in [2, 3, 9, 12–16]). A deeper understanding 

of these mechanisms, coupled with uncovering novel mechanisms underlying CSC therapy 

resistance, will improve the efficacy of current anticancer treatments and aid the 

development of novel CSC-specific therapeutic strategies including immunotherapies (Fig. 

1).

Immunotherapy has recently regained global attention and has emerged as the ‘new hope’ 

for cancer treatment [17]. This is due, in large part, to the appreciation of immune evasion as 

a hallmark of cancer [18] and the success in developing immune checkpoint inhibitors for 

the treatment of aggressive cancer, such as melanoma. Solid tumors escape 

immunosurveillance and evade eradication via avoiding detection by the immune system or 

limiting the extent of immunological killing. As advocated in the ‘cancer immunoediting 

hypothesis’ [19], tumor cells, as well as CSCs, have developed a myriad of strategies to 

circumvent the immune attack, including genetic and nongenetic alterations that lead to 

reduced immune recognition, activation of oncogenic pathways that lead to enhanced 

tolerance to cytotoxic effects of immunity, loss of tumor antigen expression, and promotion 
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of a protective immunosuppressive microenvironment. Multiple lines of evidence have 

emerged to demonstrate the immunoresistance of CSCs in different cancer types [20, 21]. In 

this review, with a focus on CSCs in solid tumors, we summarize the current understanding 

of CSCs with respect to their mechanistic regulatory network and immunological properties. 

By highlighting the immune gene expression profile of CSCs and CSC-associated markers 

and tumor-associated antigens (TAAs) that could potentially be used for immunotherapy, we 

discuss CSC immunogenicity and the potential immunological approaches to target them.

2. CSC regulation programs

Tumorigenesis resembles abnormal organogenesis. Like normal tissue SCs, CSCs display 

three cell-intrinsic principal properties: self-renewal (deregulated active state for 

maintenance), quiescence (non-active state for survival) and differentiation (state of losing 

stemness). Therefore, any programs (genetic and/or non-genetic) that can regulate one or 

more of these three properties could theoretically have an impact on CSC biology. Genetics 

is a ‘primer’ that modulates CSC phenotypes via various mechanisms. Aside from 

metabolism, which represents the functional outcome of CSC regulation, developmental 

pathways, SC factors, cell cycle regulation and apoptosis, epithelial-mesenchymal transition 

(EMT) and epigenetics represent the five most frequently reported mechanisms governing 

CSC biology (Fig. 2A). Of note, owing to intricate interactions and overlap between and 

among the mechanistic programs that regulate CSCs, definition of the five mechanisms (Fig. 

2A) is somewhat arbitrary, as they could all eventually converge on transcriptional regulation 

driven by specific and cohorts of transcription factors.

Many signaling pathways operative in normal SCs during development and homeostasis are 

frequently found deregulated in CSCs [3, 22–24] including Myc, Notch, Hedgehog (Hh), 

Wnt, FGF/FGFR, EGF/EGFR, NF-κB, MAPK, PTEN/PI3K, HER2, JAK/STAT and others. 

Almost all of them have documented “oncogenic” roles in tumorigenesis. To a certain 

degree, cancer cells transcriptionally resemble embryonic stem cells (ESCs) [25]. It is 

therefore not surprising that several well-known ESC factors (e.g., Sox2, Nanog, Oct4, Myc, 

Lin28, Klf4) are often overexpressed and essential for CSC maintenance. This notion is 

supported by evidence showing that ectopic expression of ESC factors alone or in 

combination is sufficient to reprogram non-tumorigenic cells or bulk cancer cells into 

functional CSCs. Using PCa as a model, we have shown that Nanog is upregulated in 

PSA-/lo prostate CSCs [10] and its knockdown markedly inhibits tumor development [26], 

while its overexpression promotes CSC characteristics and resistance to androgen 

deprivation therapy (ADT), the current mainstay treatment for men with locally advanced 

PCa [27, 28]. Additionally, the EMT program has been linked to the acquisition of 

aggressive traits as well as stem-like properties in cancer cells, as it confers mesenchymal 

properties in epithelial cells [29]. A set of pleiotropic EMT transcription factors (e.g., 

Snail1/2, Zeb1/2, Twist) together with EMT inducers (e.g., TGF-β) have been proven to 

contribute to and manipulate the functional properties of CSCs (reviewed in [30]). 

Furthermore, altered cell cycle regulation can play a role in CSC quiescence, proliferation 

and apoptosis [31, 32] as many cell cycle regulators are frequently lost (e.g., p53, Rb, p16/

CDKN2A, CDKN1B) or amplified (e.g., CCND1, CDK4, CCNE1) in human cancer 

genomes and function as tumor suppressors or oncogenes, respectively [33]. A number of 
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typical cell cycle-related genes are reported to be dysregulated in CSCs and an altered cell 

cycle program helps them resist therapy-induced apoptosis [31]. Finally, epigenetics has 

been implicated in many, if not all, aspects of cancer biology and its role in SC (especially 

ESC) biology has been extensively studied [34]. Cellular differentiation is, by definition, 

epigenetic. Molecular determinants involved in various types of epigenetic modification, 

including DNA methylation, histone modification (e.g., acetylation and methylation), 

chromatin remodeling, and RNA interference mediated by small (e.g., siRNA, miRNA and 

piRNA) and long non-coding RNA (lncRNA), have been intensely investigated. For 

example, DNA methyltransferases 1 (DNMT1) is essential for mammary and CSC 

maintenance and tumorigenesis [35]. EZH2, a key subunit of polycomb repressive complex 

2 (PRC2), promotes a stem-like phenotype and is overexpressed in lethal castration-resistant 

prostate cancer (CRPC) [36]. Inhibition of EZH2 reverses the stem-like aggressiveness of 

PCa and re-sensitizes cancer cells to ADT [37]. miRNAs are also well known epigenetic 

regulators of gene expression. For instance, miR-200 family members have the ability to 

modulate EMT and thus tumor invasion and metastasis [38]. Recent work from our group 

has shown that miR-34a and miR-141 (a miR-200 family member) can directly target 

prostate CSCs to inhibit tumor progression and metastasis [39, 40]. Last but not the least, it 

is important to note that all regulatory mechanisms (Fig. 2A) are constantly interacting with 

each other within an intrinsic transcriptional CSC regulatory network. In many cases, this 

network stems from altered transcriptional programs affected by oncogenes and/or tumor 

suppressors. Interestingly, these oncogenes and tumor suppressors can impact the antitumor 

immune response (see below).

Aside from intrinsic factors, extrinsic factors also control CSC behavior. Like normal SCs, 

CSCs reside in and rely on a specialized niche called TME, which represents another layer 

of complexity in CSC regulation (Fig. 2B). The CSC niche in solid tumors is composed of 

non-CSCs and a variety of non-cancer cells including inflammatory cells, immune cells, 

vascular endothelial cells, fibroblasts, smooth muscle cells, mesenchymal cells, adipocytes, 

nerve fibers and neural cells, together with extracellular matrix (ECM) (Fig. 2B) [14]. These 

various components collaboratively interact with each other via networks of cytokines, 

chemokines and growth factors to create a hypoxic, inflammatory, and immunosuppressive 

environment that facilitates tumor growth and progression (reviewed in [14]). Thus, the 

TME, like cancer cells, is dynamically evolving as the tumor develops and progresses [41]. 

The importance of TME in regulating CSC biology is highlighted by the use of clinical 

drugs that target angiogenesis, hypoxia-inducible factors (HIF) and the NF-κB inflammatory 

signaling pathway. New immunotherapies that target the TME are discussed briefly below.

3. Immunological properties of CSCs

3.1 CSC markers and TAAs: antigens for potential immunotherapy

Rational immune targeting of CSCs depends on identification of (i) unique CSC markers to 

facilitate isolation and (ii) antigens that are uniquely or preferentially expressed by CSCs 

compared to their differentiated non-CSC progeny and/or normal cells. Though the lineage 

relationship between CSCs and tissue SCs remains obscure in most tumor systems, most 

CSC markers have been identified based on our understanding of the underlying SC biology 
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of relevant tissues from which the tumor originates. In addition to functional assays (e.g., 

Aldefluor, mammosphere, prostatosphere, neurosphere and organoid), side population (SP) 

and cell surface marker coupled with fluorescence-activated cell sorting (FACS) have been 

the main methods employed to identify and isolate putative CSC populations. Since the 

initial identification of the marker profile CD34+CD38- for AML CSCs [4], markers for 

potential CSCs have been reported in many other human malignancies (reviewed in [2, 3, 6–

8]) (Table 1). These CSC markers represent promising targets for CSC immunotherapy, such 

as antibody therapy targeting CD44, CD133 and HER2 (see below). However, potential 

safety issues should be considered when utilizing these markers as CSCs often share 

phenotypic marker profiles with normal tissue SCs. Additionally, in some solid cancers, a 

limited number of CSC markers are currently available and in general the biological function 

of these markers are less characterized.

CSCs and their more differentiated progeny in many tumor types display distinct 

transcriptomic profiles and therefore express different antigens. CSCs are known to express 

a variety of TAAs that potentially may be recognized by the host immune system [42]. 

Different subgroups of TAAs have been described in CSCs [21, 43, 44] including: (i) 

overexpressed antigens that are minimally expressed by normal tissues but constitutively 

overrepresented by tumors as part of their malignant phenotype (e.g., hTERT, EGFR, 

survivin); (ii) cancer/testis (CT) antigens that are normally restricted to adult testicular germ 

cells and placenta but aberrantly activated in tumors (e.g., NY-ESO1, MAGE-A3, -A4); (iii) 

mutated antigens (neoantigens) derived from somatic mutations in cancer genomes leading 

to entirely new epitopes recognizable by immune cells (e.g., MUM-1 and CDK4 in 

melanoma); and (iv) differentiation antigens specific to a certain type of tissue and expressed 

by both cancer and nonmalignant cells. Many lineage-specific markers are considered 

differentiation antigens (e.g., PSA in PCa and MART-1 in melanoma). To a certain extent, 

CSC markers (Table 1) can be considered as merely overexpressed antigens, although not all 

of these markers may be expressed minimally in normal cells. Though lineage differentiation 

antigens are generally expressed at low levels in CSCs, CT antigens and neoantigens are 

considered the best candidates for CSC-targeting immunotherapy [43]. In a gene-expression 

analysis comparing SP and non-SP cells purified from colon, lung and breast cancer cells, 

Yamada et al. found 18 CT antigens that were preferentially expressed in CSCs, many of 

which had been reported as targets of cytotoxic T lymphocytes (CTLs) [45]. For example, 

the CT antigen HSP40 family member DNAJB8 is preferentially expressed in renal and 

colon CSCs and has an important functional role in maintaining CSCs [46, 47]. A DNAJB8-

specific CTL response could be induced by a DNA vaccination in renal cancer models [47] 

and by DNAJB8-derived antigenic peptide in colon cancer models [46]. For DNA mutation-

created neoantigens, they can originate from either ‘driver’ or ‘passenger’ mutations. 

Although ‘drivers’ are much more attractive as targets, cancer cells can be theoretically 

targeted by any mutation regardless of its oncologic significance. High mutational index has 

been suggested to be the underlying mechanism behind the success of immune checkpoint 

inhibitor therapy in certain cancer types. It is as yet unclear whether the mutation index of 

CSCs may be distinct from that of non-CSCs, as no report has unraveled the CSC-specific 

mutational landscape so far. Despite the paucity in reported CSC-specific neoantigens, there 
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is data suggesting that neoantigens are present in colorectal cancer, in both CSCs and non-

CSCs, in a manner that is targetable by neoepitope-specific CD8+ T cells [48].

3.2 Immunological profile and immunogenicity of CSCs

A deep understanding of the immunological properties of CSCs is the key step towards 

successful CSC-specific immunotherapies. Unfortunately, knowledge in this regard is 

limited. Further characterization of the CSC immunological profile, including antigen 

processing and presenting molecules (e.g., major histocompatibility complex (MHC) 

encoded by human leukocyte antigen (HLA) genes), cytokines, TAAs, and co-stimulatory 

and co-inhibitory molecules, in various cancer types, will be essential in developing 

efficacious immunotherapies [42]. Previously, comprehensive immune profiling in CSCs and 

autologous non-CSCs isolated from glioblastoma multiforme (GBM) assessed the 

expression of MHC-I and -II, antigen-processing machinery (APM) molecules and ligands 

of NKG2D (MICA/B and ULBPs) that engage NKG2D receptors on NKs or T lymphocytes 

[49]. Results revealed defective expression of these molecules and low sensitivity of CSCs to 

interferon stimulation (which is generally effective in enhancing APM gene expression) 

[49]. Consequently, GBM CSCs failed to elicit a T cell mediated response, and actually 

suppressed T cell proliferation and induced their differentiation toward a TH2 phenotype in 

co-culture experiments with autologous circulating lymphocytes [49]. This example 

highlights the low immunogenicity of CSCs and shows how the immunological profile 

dictates immunosuppressive activity. Similarly, tumorigenic ABCB5+ melanoma CSCs 

preferentially inhibited IL-2–dependent T-cell activation in a CD86-dependent manner and 

induced CD4+CD25+FoxP3+ regulatory T cells (Tregs) [50]. Molecularly, melanoma CSCs 

displayed lower levels of MHC-I (but not MHC-II) and melanoma-associated antigens (e.g., 

MART-1, ML-IAP, NY-ESO-1, MAGE-A), and higher levels of co-stimulatory molecules 

CD86 and PD-1, leading to their immune-evasive capacity [50]. While the trend of defective 

expression in HLA molecules and APM components in CSCs in various types of cancers is 

generally recognized, controversial and conflicting results exist. For instance, colon CSCs 

isolated as sphere-forming cells expressed lower levels of MHC class I relative to non-CSCs 

[51]; whereas CSCs isolated as the SP cells from colon cell lines expressed HLA class I at 

the same level as the main-population cells [52]. Wei et al. reported that GBM CSCs isolated 

as sphere-forming cells expressed high levels of MHC I and low levels of CD86 and CD40, 

but not MHC II or CD80, indicating a potential lack of the capacity for antigen presentation 

necessary to stimulate T-cell activation or proliferation in these CSCs [53]. With regard to 

APM gene expression, CSCs isolated as spheres from 12 human solid tumor cell lines 

showed equal or higher mRNA levels of APM molecules (e.g., LMP2, LMP7 and MECL-1, 

and TAP1 and TAP2 transporters), but downregulation or loss of HLA-I molecules in 

spheres observed in 8 of 10 cell lines [54]. Interestingly, sphere-cultured cells derived from 

human primary GBM and colon cancer samples exhibited low or no expression of APM 

molecules [49, 55]. Collectively, it seems that, despite varying immunological profiles in 

different contexts (e.g., different CSC isolation methods and culture conditions; CSCs in 

different tumor types), one way or another, the antigen presentation function is compromised 

in CSCs as both MHC and APM are required for an efficient antigen presentation.

Zhang et al. Page 6

Semin Cancer Biol. Author manuscript; available in PMC 2021 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We investigated the immunological profiles of normal prostate SCs and prostate CSCs 

(PCSCs). First, we employed the TCGA RNA-seq PRAD data to survey the expression 

levels of a large panel of key cancer immunity-related genes (Fig. 3A) in primary PCa 

compared with normal/benign prostate tissues [56]. Interestingly, we observed differential 

expression in only a few genes (Fig. 3B), which is consistent with a low immunogenicity 

typically found in PCa and low responsiveness of patient prostate tumors to current mono-

immunotherapies. We recently interrogated the whole-genome transcriptomes of AR- basal/

stem vs. differentiated AR+ luminal cells and found that human basal cells molecularly 

resemble ESCs [57]. Interestingly, the prostate basal/stem cells overexpress immune-

inhibitory factors (e.g., PDL2 and TGF- β) while underexpress many HLA molecules (Fig. 

3C). ESCs express little MHC-I and no MHC-II genes [58]. Importantly, we previously 

defined a PCSC population based on the lack of expression of the prostate differentiation 

gene PSA (e.g., PSA-/lo) [10]. Here we observed the downregulation of HLA molecules and 

upregulation of IL-4 in freshly purified PSA-/lo PCa cells compared with the corresponding 

PSA+ cells (Fig. 3D). A study in colon cancer revealed an immune-suppressive role for 

CSC-associated IL-4 in T cell function [59]. Clinically, neuroendocrine PCa (NEPC) 

represents the most stem-like and lethal subtype of PCa. By reanalyzing a published RNA-

seq dataset [60] encompassing CRPC that were histologically characterized as 

adenocarcinomas (CRPC-Adeno) and NEPC-like CRPC (i.e., CRPC-NE), we observed that 

CRPC-NE, compared to CRPC-Adeno, under-expressed PD-1, co-stimulatory molecules 

(e.g., CD86 and CD28) and many HLA genes (Fig. 3E), suggesting an overall low 

immunogenicity for NEPC cells. These results imply that the current anti-PD1 drugs may 

have limited therapeutic efficacy against NEPC cells. On the other hand, NEPC 

overexpressed CD133 and MAGEA3 compared to CRPC-Adeno (Fig. 3E), implicating these 

molecules as potential novel targets for immunotherapy. Interestingly, a recent study shows 

that the inefficient response of CRPC to chemotherapy is mediated by PCSCs that 

intrinsically resist Docetaxel, and lack differentiation markers (e.g., PSA, CK18, CK19) and 

HLA class I (HLA-I) antigens, but overexpress the Notch and Hedgehog signaling 

components [61]. These HLA-I- PCa cells are highly tumorigenic and their abundance 

correlates with tumor aggressiveness and poor patient prognosis. Reanalysis of this dataset 

[61] reveals that most selected immune-related genes, especially the HLA genes, are 

downregulated in Docetaxel-resistant DU145 (Fig. 3F) and 22Rv1 (Fig. 3G) cells. Thus, our 

analysis (Fig. 3) demonstrates an overall low immunogenicity in PCSCs. Similarly, a report 

in head and neck squamous cell carcinoma (HNSCC) examining the heterogeneous 

responses to chemotherapy indicates that chemotherapeutic agents cause downregulation of 

HLA class I genes and a significant enrichment of CSCs in relapses [62]. Collectively, these 

observations suggest that CSCs are generally characterized by low immunogenicity and are 

endowed with a unique immunological profile that can be further modulated by conventional 

anticancer treatments leading to new challenges as well as opportunities.

3.3 Immunomodulation and immunoresistance of CSCs

In normal adult tissues, immune evasion has been recently identified as an intrinsic property 

of quiescent SCs resulting from systemic downregulation of the APM, including MHC class 

I and TAP proteins [63]. Similarly, multiple lines of evidence have emerged to suggest the 

immunoresistance of CSCs in different cancer types [20, 21]. Many cell-autonomous and 
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non-autonomous factors have been described to confer CSC immunomodulating properties. 

Autonomously, CSCs exhibit a deregulated immunological gene-expression profile (e.g., 

Fig. 3), which may predispose them to an “immune-privileged” state. Furthermore, various 

oncogenic pathways, in addition to governing stemness, may regulate immunological 

behavior in CSCs. For example, c-Myc, a pluripotency transcription factor commonly 

overexpressed in the majority of human cancers, transcriptionally upregulates the expression 

of the innate immune inhibitor CD47 and adaptive immune checkpoint molecule PD-L1 

[64]. Loss of tumor suppressor PTEN leads to reduced expression of neoantigens that 

demonstrate strong immunoreactivity and thus associates with resistance to anti-PD-1 

checkpoint blockade therapy in metastatic uterine leiomyosarcoma [65]. STAT3 signaling, as 

a stemness pathway constitutively activated in GBM CSCs, can functionally render CSCs 

immunosuppressive as inhibition of STAT3 can restore T-cell function [53]. Non-

autonomously, CSCs isolated from a number of solid tumors have been shown to release a 

variety of cytokines and soluble immunosuppressive factors [21] such as VEGF, GDF-15, 

TGF-β, IL-4, IL-6, IL-10, IL-13, prostaglandin E2 (PGE2), galectin 3 (LGALS3), PD-1, 

TNF, and others. Several mechanisms underlying the role of these cytokines in CSCs have 

been reported. For example, upregulated IL-4 signaling can directly impair cytotoxic T cell 

function and/or promote generation of Tregs and of myeloid-derived suppressor cells 

(MDSCs) through the release of TGF-β [66]. Also, many of the above-mentioned 

immunosuppressive factors can help recruit suppressive immune cells such as Tregs and M2 

type macrophages to the tumor. CSCs can also reciprocally affect the TME components and 

subsequently remodel the TME to establish an immuno-suppressive environment [17, 19, 

21]. For instance, CSCs can promote local angiogenesis by releasing VEGF, induce 

inflammation through IL-6, and regulate mesenchymal cells to enhance immune tolerance 

by recruiting Tregs [21].

Together, these data suggest that CSCs may not only cell-autonomously evade immune 

attacks but also actively suppress immune responses. This highlights that reversing the 

immune dysfunction induced by CSCs may impact the efficacy of CSC-targeting 

immunotherapies. Indeed, targeting of oncogenic Myc signaling by epigenetic means (e.g., 

JQ1) in a Myc-driven B cell lymphoma mouse model significantly diminished expression of 

PD-L1; thus, a combination of anti-PD-1 antibody and JQ1 caused synergistic immune 

responses [67]. Similarly, dual-epigenetic therapy (with DNMTi and HDACi) depleted Myc 

signaling in non-small-cell lung cancer (NSCLC) and increased the production of T cell 

chemoattractant CCL5, leading to a substantial anti-tumor response associated with a 

reversion of an immune evasion phenotype [68]. Additionally, targeting CSC-associated 

IL-4 by monoclonal antibodies restored the immunogenicity of CSCs, leading to efficient T 

cell proliferation and induction of anti-CSC Th1 type response in colorectal cancer [55]. 

Clinically, several studies combining VEGF or VEGFR inhibitors with checkpoint 

immunotherapies have reported enhancements in tumor immune responses with increased 

clinical benefit [69].

Among the CSC regulation programs (Fig. 2A), EMT is of particular interest as it enriches 

CSCs, is a key step toward metastasis, and has been proposed as a major mechanism of 

resistance (i.e., tumor plasticity) including immune escape (reviewed in [70]). Studies in 

BCa have suggested that acquisition of EMT in human cancer cells is associated with the 
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CD44high/CD24low phenotype and an inhibition of CTL-mediated tumor cell lysis [71]. 

Similarly, Snail-induced EMT program accelerates cancer metastasis through not only 

enhanced invasion but also induction of immunosuppression in melanoma cells due to 

induced regulatory T cells and impaired dendritic cell (DC) maturation in vitro and in vivo 
[72]. A correlation study in NSCLC has revealed that an EMT-gene signature is associated 

with increased expression of diverse immune inhibitory ligands and receptors (e.g., PD-

L1/2, PD-1, TIM-3, LAG-3, B7-H3, BTLA, CTLA-4). Importantly, tumors with EMT 

features displayed higher levels of Th1-inflammation markers (e.g., IFNγ and CXCL-10) 

and an enrichment of CD4+/FoxP3+ immune-suppressive Tregs than epithelial-like 

malignancies [73]. Consistently, Ricciardi et al. found that enhanced EMT features after 

exposure to inflammatory cytokines (i.e., TGF-β, IFN-γ, TNF-α) elicited multiple immune-

regulatory effects in cancer cells resulting in NK and T-cell apoptosis, inhibition of 

lymphocyte proliferation and stimulation of regulatory T and B cells [74]. Collectively, these 

data suggest that EMT profoundly alters the susceptibility of cancer cells to immune 

surveillance and that targeting cancer cell plasticity may represent a novel strategy to better 

control the emergence of resistant variants. In support, pre-clinical animal studies have 

demonstrated that pharmacologic targeting of PD-L1 with antibody prevents growth and 

metastasis of ZEB1-overexpressing lung tumors [75]. Mechanistically, ZEB1 

transcriptionally upregulates PD-L1 in lung cancer [75]. This may have important clinical 

implications, as the subset of patients wherein malignant progression is driven by EMT 

might respond to treatment with PD-L1 antagonists. Therefore, it is tempting to speculate 

that inhibition of EMT, in general, may boost the efficacy of current immunotherapies. 

Encouragingly, disruption of TGF-β signaling using the A83–01 inhibitor in MCF7-EMT 

cells resulted in a significant reversal of the EMT phenotype and a decrease in their 

resistance to CTLs [76]. Furthermore, EMT induces loss of E-cadherin, which is a preferred 

ligand of CD103; and CD103 is preferentially expressed by tumor-infiltrating lymphocytes 

(TILs) [70]. It is thus expected that restored expression of E-cadherin would enhance CTL 

functions. These discussions suggest that, given the broad range of biological consequences 

caused by EMT, mechanism-based combination therapies involving EMT-inhibiting agents 

and CSC immunotherapy may represent an efficient strategy to target CSC plasticity.

4. Immunological targeting of CSCs

Cancer and CSC-specific immunotherapies include those that elicit tumor-targeting cytolytic 

lymphocytes, alter the immunosuppressive TME, and disrupt immune-repressive regulatory 

networks [77]. A variety of immunological approaches are being explored to target cancer 

cells in general and CSCs in particular (Fig. 4). Notably, as of yet, the majority of CSC-

targeting immunotherapy strategies are still in early preclinical phases (Table 2). 

Nonetheless, based on the abundant evidence embedded in the literature, we summarize 

below the potential CSC immunotherapies that have shown in vitro and/or in vivo efficacies 

at least in experimental settings.

4.1 Innate immune response to CSCs

As the first-line effectors to defend cancer cells, innate immune cells, mainly natural killer 

(NK) cells, γδ T cells and others [78], constitute the primary cell types of cytotoxic 
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lymphocytes responsible for recognizing and killing cancer cells in an MHC-unrestricted 

manner. The low or no expression of MHC class I molecules on CSCs (see Section 3.2), in 

theory, should render them preferentially susceptible to innate immune response, especially 

the NK cell-mediated killing. However, the role of NK cells in anti-CSC immune 

surveillance remains uncertain and somewhat controversial, partly due to the fact that NK 

cells represent only a minor fraction of the human lymphocyte population and their 

activation relies on signaling of natural cytotoxicity receptors (NCRs). There have been 

conflicting reports on the expression of NK ligands on different CSCs. For example, some 

CSCs frequently express low levels of NK cell activating ligands [79], suggesting that CSCs 

may preferentially escape NK cell-mediated innate immune-surveillance. The majority of 

CD133+ brain tumor stem cells do not express detectable MHC-I or NK cell activating 

ligands, which may render them resistant to innate immune surveillance [80]. Stimulation of 

the expression of these molecules by IFN-γ caused CD133+ CSCs sensitive to NK cell-

mediated lysis in vitro [80]. MICA and MICB (MHC class I-related chain A and B), two 

ligands for the stimulatory NK cell receptor NKG2D, are downregulated in human breast 

CSCs due to aberrant expression of oncogenic miR-20a [81]. On the other hand, glioma 

CSCs have also been reported to express various ligands of NK cell activation receptors that 

can mediate NK cell cytotoxicity [82, 83]. Moreover, colorectal CSCs appear to express 

even higher levels of ligands for the NCRs (than non-CSCs) resulting in higher sensitivities 

to NK cell killing [51]. Oral squamous carcinoma CSCs are significantly more susceptible to 

NK cell mediated cytotoxicity whereas their differentiated counterpart is significantly more 

resistant [84]. However, activated NK cells displayed similar efficacy in killing malignant 

melanoma CSCs and non-CSCs based on different combinations of activating NK receptors 

between the two [85]. In the case of PCSCs, one study in mouse model suggests that they 

might be targets for NK cell-mediated cytotoxicity, as the ‘PCSC lines’ established from the 

TRAMP (transgenic adenocarcinoma of the mouse prostate) tumors express PCa-associated 

antigens, MHC-I and -II molecules, as well as ligands for NK cell receptors [86]. Together, 

these discussions suggest that CSC susceptibility to NK cell cytotoxicity might be tumor 

type dependent. However, since conflicting results have been reported for CSCs from the 

same tumor type (e.g., glioma CSCs [80, 83]), the discordance between different studies 

might also be related to how CSCs are defined and to the well-known heterogeneity of CSC 

subpopulations [2].

CSCs in different tumor systems also seem to manifest different sensitivities to the killing by 

unconventional non-MHC-restricted γδ T cells of the Vγ9/Vδ2 phenotype, which represent 

another group of innate immune effector cells. Human Vγ9/Vδ2 T cells have been observed 

to kill CSCs derived from colon cancer [87], ovarian cancer [88], and neuroblastoma [89]. In 

contrast, breast CSCs express relatively low levels of MHC-I and CD54 and are more 

resistant to killing by Vγ9/Vδ2 T cells [90]. The resistance of breast CSCs to γδ T cells 

could be overcome upon pretreatment with γδ T-cell agonist zoledronate, resulting in 

increased cytotoxicity of γδ T cells [88]. Interestingly, zoledronate-activated γδ T-cells can 

synergistically enhance the killing activity of CD8+ T cells through the IFN-γ-driven 

upregulation of MHC-I and ICAM-1 [88]. In the clinic, adoptive transfer of ex vivo 
expanded γδ T cells and in vivo therapeutic manipulation of γδ T cells by lymphocyte 

activators (e.g., phosphoantigens and aminobisphosphonates) with low-dose IL-2, have been 
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reported to potentiate anti-tumor activities of γδ T cells in patients with CRPC [91]. 

Combination therapy involving Vγ9/Vδ2 T cells with zoledronate is feasible in patients with 

advanced solid tumors including melanoma, ovarian, colon, breast, and cervical cancers 

[92]. Further studies are needed to confirm direct targeting of CSCs by γδ T cells in these 

clinical trials.

4.2 CSC-based vaccines

Active immunotherapy strategies are based on the endogenous activation of T-cell responses 

to cancer via delivering TAAs to patients, which can be achieved with vaccines (e.g., whole 

cell, peptide, DC, genetic). Currently, DC vaccination is one of the most studied and most 

effective strategies to prevent diseases (Fig. 4). In practice, DCs, the professional antigen-

presenting cells (APCs), are induced ex vivo from peripheral blood monocytes or marrow 

cells, pulsed with tumor antigens, maturated, and finally administered to the patient. 

Experimental evidence has shown that the use of DCs to initiate tumor-specific T-cell 

responses represents a promising cancer vaccination approach [79, 93, 94]. In particular, 

CSCs have been used as antigen sources to elicit DC-mediated tumor specific immune 

responses [95, 96]. Conceptually, the use of CSC lysates as source of antigen could allow 

simultaneous targeting of multiple antigens, and thus would be less susceptible to antigen 

loss as a means of tumor escape [79]. In fact, enriched CSCs are immunogenic and more 

effective as an antigen source than unselected tumor cells or non-CSCs in inducing 

antitumor immunity against CSC epitopes. For instance, in various syngeneic 

immunocompetent mouse tumor models, a CSC-DC vaccination significantly prevents lung 

metastasis of melanoma cells and inhibits growth of squamous carcinoma compared to 

immunization with bulk tumor cells [97]. The administration of DCs pulsed with irradiated 

PCSC lines from the above-mentioned TRAMP tumors induced a tumor-specific immune 

response that was more robust than that induced by DCs pulsed with differentiated prostate 

tumor cells, and importantly, the CSC-DC vaccine delayed tumor growth in mice challenged 

with CSCs and caused tumor regression in TRAMP mice [86]. Also, a breast CSC-DC 

vaccine was shown to activate CD8+ and CD45+ T cells, and induce CTL-antitumor 

response [98]. Interestingly, it has been demonstrated that CSC-DC vaccines exhibit 

maximum utility when deployed in an adjuvant setting after surgical removal of the bulk 

tumor mass in order to target microscopic residual CSCs, or as combinatorial therapy with 

radiation and/or chemotherapy in treating macroscopic tumors. For example, CSC-DC was 

more efficacious than DCs pulsed with non-CSCs in treating microscopic tumors in 

established murine melanoma D5 and squamous cancer SCC7 tumor models [99]. 

Additionally, use of ALDHhigh CSC-DC vaccines in the adjuvant setting more effectively 

limited local tumor recurrence and spontaneous pulmonary metastasis, as compared with 

traditional DC vaccines, with increased host survival further accentuated by simultaneous 

PD-L1 blockade [100].

In contrast to cell-based vaccines, DNA vaccination is relatively a new strategy for 

protecting against cancer by injection with genetically engineered DNA (mostly given as a 

plasmid) so cells directly produce an antigen, leading to a protective immunological 

response [101]. Many clinical trials have demonstrated the tolerability of DNA 

immunization and their ability to elicit antigen-specific T cells. In human CRPC, both PAP 
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(prostate acid phosphatase) and PSA have been targeted using DNA-based vaccination, with 

a DNA vaccine encoding PAP currently being evaluated in a randomized phase II trial [102, 

103]. In the setting of targeting CSCs, Nishizawa et al. showed that, compared to 

immunization with the TAA survivin (commonly expressed by both CSCs and non-CSCs in 

renal cell carcinoma), immunization with CSC-specific DNAJB8 expression plasmids 

yielded stronger antitumor effects [47]. Recently, an experimental DNA vaccine against the 

stem factor Sox2 was developed and an antitumor effect was recorded after immunization 

against mouse oncogenic Sox2-expressing lung TC-1/B7 cancer cells [104]. Albeit studies 

on CSC-specific DNA vaccination are limited, we speculate that it could serve as a novel 

immunotherapy, given that the technique is relatively easy and can be used theoretically to 

target any antigens.

4.3 T cell-based immunotherapy

A successful adoptive T cell therapy requires the generation of effector T cells followed by 

adoptive transfer of CD8+ T cells back into patients. Ways of generating CSC-specific T 

cells have been described, including CSC-primed T cells and chimeric antigen receptors 

(CAR)-engineered T cells. For CSC-primed T cells, studies have demonstrated that CSCs 

derived from multiple human cancer cell lines, including breast, head and neck, and 

pancreatic, could be used to induce a CD8+ T cell response [105]. For example, the ALDH-

specific CD8+ T cells can be induced/expanded by in vitro stimulation of human CD8+ T 

cells isolated from peripheral blood of normal HLA-A2+ donors with ALDH1A1 peptide-

pulsed autologous DCs. Strikingly, these ALDH-specific CD8+ T cells can recognize and 

eliminate ALDHhi CSCs (decreased by 60%–89%) in vitro, inhibit xenograft growth and 

metastasis in vivo, and prolong animal survival after adoptive transfer in preclinical models 

[105]. Similarly, Luo et al. isolated lung CSCs as ALDHhi population and utilized their 

lysate-pulsed DCs to stimulate CD8+ T cells by co-cultivation [106]. Subsequently, these 

ALDHhigh-CD8+ T cells exhibited significant antitumor effects, resulting in inhibition of 

tumor growth and extended survival [106]. Additionally, CSCs purified as SP from bone 

malignant fibrous histiocytoma (MFH) expressed HLA-I molecules and autologous CTL can 

be obtained by in vitro co-culture with SP cells [107]. Interestingly, a CTL clone 

preferentially recognized SP cells rather than non-SP cells, indicating that this CTL clone 

recognizes MFH CSC-specific antigens [107]. However, it is worth noting that antigens 

recognized by CSC-primed T cells remain largely unknown.

Alternatively, CAR T cells represent a unique and promising cancer immunotherapy. The 

tremendous success and advance in the treatment of hematological malignancies using 

adoptive transfer of CAR T cells has generated substantial interests in applying this therapy 

for solid cancers. Using ex vivo gene transfer, T cells from patients can be genetically 

engineered to express a novel T cell receptor or CAR to specifically recognize a TAA and 

thereby selectively kill tumor cells. Therefore, CAR T cells permit recognition of a cell-

surface protein in an MHC-unrestricted manner and can be engineered to target virtually any 

TAAs [108]. In preclinical models of solid tumors, CAR T cells have been designed to target 

CSC-associated antigens, such as CD133 in glioblastoma [109], CSPG4 in many cancer 

types [110], EGFRvIII [111] and IL13Rα2 [112] in gliomas, and EpCAM in PCa [113]. 

Some of these reports have demonstrated the antitumor effects of CAR T cells by targeting 
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CSCs, although overall studies in this area are rather limited. Importantly, a high rate of 

severe toxicities has been observed for CAR T therapies targeting TAAs including CAIX in 

renal cell carcinoma [114] and ERBB2 in metastatic colon cancer [115], presumably due to 

shared expression of targeted antigens by both cancer and normal cells. In addition to the 

technical challenge of isolating and expanding T cells restricted to specific TAAs, future 

effort towards identification of CSC-specific antigens is likely to be key in pursuing this 

approach to target CSCs. Neoantigens that can be recognized efficiently by T cells without 

self-tolerance mechanisms make them promising candidates for developing CAR T therapy. 

Although a current understanding of CSC genomics is lacking, these studies suggest that 

CSC-specific T cells can be generated and expanded in vitro for subsequent adoptive 

transfer into tumor-bearing hosts to target CSCs and eliminate tumors in vivo. In principle, 

in vitro CSC-primed T cells may represent a novel and feasible immunotherapy to 

specifically target CSC [79].

4.4 Monoclonal antibody-based immunotherapy

Monoclonal antibodies (mAb)-based treatments are considered to be one of the most 

successful strategies in cancer therapy during the past two decades. Antibody–drug 

conjugates are powerful new treatment options for many tumor types [116], and 

immunomodulatory antibodies, exemplified by anti-PD-1, anti-PD-L1 and anti-CTLA-4 

antibodies that target immune checkpoints, have also recently achieved remarkable clinical 

success (discussed separately below). CSCs express various markers (Table 1) at levels that 

could be substantially different from the bulk tumor cell population, providing attractive 

targets for antibody-based therapies. Indeed, attempts to target CSCs with specific antibodies 

have indicated an improvement in therapeutic responses. For example, an anti-CD44 mAb 

suppresses tumor progression and causes apoptosis of leukemic stem cells [117, 118]. Anti-

CD44 antibodies have been shown to inhibit growth of murine breast tumors and induce 

apoptosis [119], and decrease human melanoma metastasis and increase animal survival in 

SCID mice [120]. In vitro proliferation and in vivo tumor growth of CD133+ hepatocellular 

and gastric CSCs can be inhibited by drug-conjugated anti-CD133 antibody [121]. An 

asymmetric bispecific antibody consisting of CD133 and CD3 antibodies exhibited a strong 

anti-tumor efficacy in several cancers [122, 123]. Studies have shown that a CSC-specific 

antibody-incorporated liposomal nanoparticle delivery system loaded with drugs or a suicide 

gene can significantly improve anti-tumor ability in solid tumors [124, 125]. By targeting 

HER2, an important regulator of breast CSC self-renewal, trastuzumab (a HER2-targeting 

antibody) dramatically reduces BCa recurrence [126]. In addition to trastuzumab, other 

HER2-targeting agents, including the monoclonal antibody pertuzumab and the 

immunotoxin conjugate ado-trastuzumab emtansine (TDM-1), have further improved the 

efficacy of HER2-targeting in the clinic [127, 128]. Notably, HER2 expression can also 

define a subset of CSCs in GBM [129], suggesting the use of HER2 targeting agents in other 

tumor types. As the ‘CSC markers’ may not be truly specific or exclusive to CSCs [116], 

single agent mAb therapy (i.e., targeting just one marker) may cause side effects in normal 

cells. Combination therapy using antibody cocktails targeting multiple CSC markers could 

potentially lower doses of individual antibodies to achieve better killing of CSCs while 

reducing toxicities in normal tissues caused by high concentrations of single anti-CSC 

mAbs.

Zhang et al. Page 13

Semin Cancer Biol. Author manuscript; available in PMC 2021 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Immune checkpoint blockade: Old players on a new playground

Immunological checkpoints control cells of the innate and adaptive immune system. 

Stimulatory checkpoint molecules promote activation of naive T cells, as well as effector, 

memory and regulatory T cell responses, whereas inhibitory checkpoint molecules expressed 

by innate and adaptive immune cells inhibit their activities and limit adaptive immunity 

[130]. Based on current knowledge, the success of immune checkpoint therapies is 

determined by cancer specific TMEs. Tumors such as melanoma, bladder cancer, and 

NSCLC are considered “hot” due to their inflamed TME, significant T-cell infiltration, 

increased PD-L1 expression, and high neoantigen load [131]. Other cancers such as PCa are 

considered “cold” with minimal T-cell infiltrates and very limited response to single-agent 

checkpoint inhibition [132]. Immune checkpoint blockade therapies have demonstrated great 

successes in inhibiting tumor growth and even completely eliminating tumors in certain 

cancers, although overall only a small percentage patients experience durable responses. 

Whether checkpoint blockade can specifically target and abrogate the ability of CSCs to 

regenerate tumors, and whether the responsiveness seen in some patients treated with 

immune blockade is attributable to its effect on CSC populations are currently unknown.

Intriguingly, the preferential PD-L1 expression in CSCs, which is speculated as an immune 

evasion mechanism, may provide a rationale for targeting the PD-1 axis. In primary human 

head and neck squamous cell carcinomas (HNSCC), PD-L1 expression is elevated on 

CD44+ CSCs [133]. High expression of PD-L1 has also been reported on CD133+ colorectal 

[134], gastric [135], breast and colon CSCs [136]. Experimentally, a streptavidin-

granulocyte-macrophage-colony stimulating factor (SA-GM-CSF) surface-modified bladder 

CSC vaccine effectively induced specific immune responses towards CSCs but also 

upregulated the PD-L1 expression in tumor cells, resulting in subsequent immune resistance 

[137]. Interestingly, adding PD-1 blockade to the CSC vaccine significantly enhanced the 

functions of tumor-specific T lymphocytes and improved the cure rate in mice [178]. While 

these results are exciting, there is little pre-clinical data or clinical evidence to indicate that 

the clinical efficacy of immune checkpoint inhibitors is acting via an anti-CSC mechanism. 

Assessment of CSCs in currently ongoing and future clinical trials involving checkpoint 

blockade is thus necessary to determine whether these therapies specifically target CSCs. 

Furthermore, in addition to its established role in the immune response, PD‐L1 expression 

may have intrinsic effects on cancer cells themselves. A recent study demonstrated that PD‐
L1 maintains breast CSCs by sustaining PI3K/AKT pathway activation to promote Oct4 and 

Nanog expression [138]. This may have important clinical implications as immune 

checkpoint therapies may impact CSC biology and thus direct future novel drug 

development. As such, combination of immune checkpoint blockade with CSC targeting 

therapies, including small-molecule inhibitors and immunotherapies such as antibodies and 

vaccines, may enhance the clinical utility of each approach.

6. Immunological targeting of CSCs through TME

CSCs reside in a niche within the tumor, which dictates their biological behavior. The 

critical role of TME in modulating CSC activities and promoting tumor growth and 

progression has been intensively studied and reviewed [3, 8, 14]. Different immune cell 
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subsets are recruited into the TME via interactions between chemokines and chemokine 

receptors, and these populations have distinct effects on tumor biology [139]. Many tumors 

are infiltrated by immune-suppressive Tregs and/or MDSCs. Interestingly, MDSCs may 

endow cancer cells with CSC properties and are linked with cancer stemness [140, 141]. A 

breast CSC niche is supported by juxtacrine signaling from tumor-associated monocytes and 

macrophages [142], which may directly regulate CSCs through inflammatory cytokines 

IL-1, IL-6, and IL-8 in the CSC niche and drive CSC self-renewal [143]. Moreover, these 

cytokines activate STAT3 and NF-κB pathways in both tumor and stromal cells, which in 

turn stimulate further cytokine production, generating positive feedback loops that contribute 

to CSC self-renewal [144]. Collectively, TME is generally immunosuppressive and targeting 

the unique aberrant TME of CSCs may represent an alternative strategy for 

immunotherapies, given the fact that the anti-tumor immune activation in solid tumors is 

commonly inefficient.

Recent attempts to target components of the CSC niche, aiming to alter the types of cells 

that might be present at the tumor site and/or disrupt the tumor vasculature, have shown 

some promises. Antibodies that target the angiogenesis factors, mainly VEGF and their 

receptors VEGFRs, have been shown to inhibit tumor angiogenesis and tumor growth [145]. 

Furthermore, selectively targeting chemokine–chemokine receptor signaling can potentially 

complement and increase the efficacy of current immunotherapies. This may be important in 

specifically targeting CSCs. A previous study demonstrated the selective targeting and 

elimination of breast CSCs in vitro and in xenografts by a CXCR1-blocking antibody and a 

CXCR1 inhibitor [146]. Immunologically, blockade of the IL-8 receptor CXCR1 using 

antibody or repertaxin (a CXCR1/2 small-molecule inhibitor), selectively depleted the CSC 

population in human BCa cell lines in vitro, followed by the induction of massive apoptosis 

in the bulk tumor population via FASL/FAS signaling [146]. A recent study revealed that 

cytokines produced by BCa cells after chemotherapy withdrawal activate both Wnt/β-

catenin and NF-κB pathways, which in turn further promote BCa cells to produce and 

secrete cytokines, forming an autocrine inflammatory forward-feedback loop to facilitate the 

enrichment of drug-resistant breast CSCs [147]. This CSC enrichment could be effectively 

blocked by inhibition of Wnt/β-catenin and NF-κB signaling, as well as by an IL-8-

neutralizing antibody or reparixin [159]. In addition, IL-6 has been implicated as a direct 

regulator of CSCs in multiple cancer types and anti-IL-6 antibody abolishes JAK1-STAT3-

OCT4 signaling axis, thus inhibiting CSCs [148]. These studies suggest that components in 

CSC niche represent additional and attractive immunotherapeutic targets.

7. Challenges & Perspective

Due to their unique biological stem-like features, such as intrinsic conventional therapy 

resistance and frequent immune-privilege (low immunogenicity), CSCs are evinced to be 

intimately involved in tumor maintenance, progression, metastasis and relapse. Therefore, 

targeting CSCs is essential to treat residual disease and prevent recurrence. Immunotherapy 

is promising, as the results of multiple clinical trials have demonstrated benefits for patients 

with certain types of cancer. Nevertheless, the objective response rate varies significantly 

and a durable response is often limited to a small number of patients. Notably, the outcome 

of current mono-immunotherapies in solid tumors is generally disappointing. One 
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underlying reason for this inefficiency might be attributable to the presence of CSCs that are 

not effectively targeted by the current immunotherapeutic regimens. CSC-specific 

immunotherapy, still in its infancy, has demonstrated efficacy in a few preclinical and 

clinical settings (Table 2), but challenges exist.

Biologically, an in-depth genomic, biological, and immunological characterization of CSCs, 

together with their interactions with immune cells in the TME, is essential to devise more 

efficacious strategies and novel therapeutics. Though we have gained much knowledge on 

human CSC properties, most of our current understanding is derived from xenograft studies 

in immune compromised mice lacking a fully functional immune system. The future use of 

humanized mice, immunodeficient strains with engrafted human immune systems, may help 

resolve this problem [149]. Another big challenge facing efficient immunotherapy is the 

heterogeneity in CSC populations and plasticity of cancer cells. CSCs are known to be 

heterogeneous [2] reflected by the fact the multiple subpopulations expressing different 

phenotypic markers have been reported for CSCs in one cancer type (Table 1). For instance, 

our work has demonstrated that prostate CSCs are mainly PSA−/lo but this PSA−/lo pool is 

rather heterogeneous harboring tumorigenic subsets that can be prospectively purified out 

using different markers [150]. The relationship between various CSC subsets within the 

same cancer type remains largely unknown, and whether similar immunological properties 

are shared by these CSC subpopulations is yet to be addressed. This may lead to a situation 

that a CSC-specific immunological treatment only eliminates a subset of CSCs, but not all. 

Moreover, CSCs and non-CSCs can manifest diverse plasticity (not discussed in this review 

but reviewed in [2]). This tumor cell plasticity presents a huge hurdle in the development of 

durable targeted cancer therapies, as therapeutic eradication of existing CSC populations 

might be followed by their regeneration from non-CSCs within the tumor under treatment 

pressures [2]. It is exciting to see that several agents that target TME components have 

demonstrated clinical values in treating cancers, but our current understanding of the 

complex TME is limited. Importantly, recent studies have suggested that conventional 

anticancer treatments are prone to enrich CSCs and reshape the TME that may alter the 

immunotherapy-responsiveness of CSCs [3]. For example, chemotherapy increased the 

frequency of CSCs in tumors and downregulated the expression of HLA class I molecules in 

PCa and HNSCC [61, 62], which may potentially lead to immunoresistance. In aggregate, a 

CSC represents a ‘moving target’, as it will constantly evolve, along with the tumor 

evolution, during progression, and, particularly, upon treatment.

Immune targeting of CSCs holds significant promise in helping achieve our ultimate goal of 

curing patients with cancer. Although therapies that efficiently and selectively eliminate 

CSCs are still far away from clinical application, various immunotherapeutic strategies to 

target CSCs (Fig. 4) are in development and many of them have displayed efficacy in 

inhibiting tumor growth and metastasis in preclinical and clinical settings. Addressing issues 

associated with the relatively low immunogenicity and negative immunomodulating effects 

of CSCs is a top priority in our future efforts. In addition, the majority of the reported CSC 

markers and TAAs are not CSC-exclusive, and therefore identification of CSC-specific 

antigens is critical for the success of antigen-dependent immunotherapies. This will also aid 

in avoiding potential safety concerns and achieve treatment specificity. The 

immunosuppressive functions of CSCs may present a new opportunity for intervention, as 
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immunomodulating agents that can revert/inhibit the CSC-associated escape from 

immunosurveillance may allow new design of immunotherapy strategies/protocols to target 

CSCs.

As with all other monotherapies, mono-immunotherapy is unlikely to cure cancer, and 

strategies that combine conventional therapies to debulk tumors and CSC-specific 

immunotherapies would be desirable to defeat cancer (Fig. 1). By combining two or more 

therapeutic agents that target different subsets and/or properties of tumor cells, combination 

therapy is expected to reduce drug resistance and cancer cell plasticity and achieve better 

efficacy compared to the mono-therapies, ultimately leading to precision medicine. In 

theory, the immunogenicity of CSCs can be enhanced by inhibiting negative 

immunoregulatory pathways and by upregulating HLA I and APM components via 

combinatorial therapies with IFNs, chemotherapy, radiotherapy, and/or epigenetic treatments 

[21]. For example, CAR T cells specific to CSCs combined with other therapies will be 

effective to enhance their anti-tumor efficacy [151]. Recently, epigenetic drugs have been 

observed to modulate the expression of immune-related genes either on tumor cells and/or 

tumor-associated immune cells in a manner that restores immune recognition and 

immunogenicity. For instance, in NSCLC cells, HDAC6 inhibitor ricolinostat promoted T-

cell activation and improved APC functions by increasing the expression of MHC 

molecules, whereas JQ1, a BET bromodomain inhibitor, attenuated CD4+FOXP3+ Treg cell 

suppressive functions and facilitated immune-mediated tumor growth arrest [152]. 

Therefore, epigenetic therapy combined with immunotherapy may represent a new direction. 

In near future, rigorous evaluation of these strategies alone or in combination with other 

treatments is needed to provide insights into the optimization and development of novel anti-

cancer immunotherapy protocols.
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Figure 1. Targeting CSCs to effectively treat cancer.
The inability of conventional therapies to target CSCs represents a significant factor 

contributing to current cancer treatment failure. A combination of conventional therapy and 

CSC-specific therapy is expected to achieve a better clinical outcome by inhibiting tumor 

regrowth mediated by drug-resistant CSCs.
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Figure 2. Regulation of CSCs.
(A) Intrinsic CSC regulatory mechanisms. Depicted are the five frequently reported 

mechanisms (Developmental pathways, Epigenetics, SC factors, EMT factors, and Cell 

cycle/Apoptosis) that control the main properties of CSCs (Self-renewal, Differentiation, and 

Quiescence). Although genetics is not specifically highlighted, it serves as a ‘primer’ and, as 

such, genetic alterations will impact CSC properties via affecting one or more of these 

mechanisms. Quiescence, self-renewal and differentiation are the key features of CSCs and 

are dynamically regulated by diverse factors. Each one of these mechanisms may modulate 

all three CSC traits and the mechanisms and CSC properties are constantly and reciprocally 

cross-talking with and to each other to form an intricate regulatory network.

(B) Extrinsic CSC regulatory mechanisms. A clinically overt tumor contains CSCs, 

differentiated/bulk non-CSCs and a tumor microenvironment (TME). Depicted is the cellular 

basis of the crosstalk between these three components, highlighting the reciprocal 

interactions and regulation between them.
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Fig. 3. Immunological profiles of prostate SC and PCSCs.
(A) Representative key cancer immune-related genes that are functionally classified as 

Cytokines, Antigen Processing & Presentation (MHC, Major Histocompatibility Complex; 

APM, Antigen Processing Machinery), and Immunotherapy targets (Co-stim.; Co-

stimulatory).

(B) Heatmap of differentially expressed immune-related genes in primary PCa and benign/

normal prostate tissues in TCGA [56].

(C-G) Heatmaps of immune-related DEGs (differentially expressed genes) in (C) normal 

human prostate basal/stem cells over differentiated luminal cells [57], (D) PSA-/lo PCSC 

population over differentiated PSA+ cells [10], (E) CRPC-NE (i.e., NEPC) over CRPC-

Adeno (i.e., CRPC with adenocarcinoma phenotype) [60], (F) Docetaxel-resistant over 
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parental DU145 cells [61], and (G) Docetaxel-resistant vs. parental 22Rv1 cells [61]. Both 

Docetaxel-resistant DU145 and 22Rv1 cells display CSC characteristics [61].

Scale bars in (B-G) indicate fold change (FC). Note that B, C and E were RNA-seq data 

whereas D, F and G were based on microarray data.

Zhang et al. Page 30

Semin Cancer Biol. Author manuscript; available in PMC 2021 February 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Novel immunological approaches targeting CSCs.
Immunological approaches may target CSCs via unleashing the power of either MHC-

restricted and/or -unrestricted tumor cell killing by the host immune system. Except for 

innate immunotherapies, the majority of other immunotherapies aim to increase the number 

and function of CTLs.

Abbreviations: CSCs, cancer stem cells; DCs, dendritic cells; TAA, tumor-associated 

antigens; TME, tumor microenvironment; CTLs, cytotoxic T lymphocytes; NK, natural 

killer cells; CIK, cytokine-induced killer cells; CAR-T, chimeric antigen receptor-expressing 

T cells; Ab, antibody
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Table 1.

CSC markers reported in different human cancers

Cancer type CSC markers

Leukemia CD34+CD38-, CD96+, ALDH+, CD47+, CD44+,CD123+, TIM-3+, CD32+ and CD25+, CLL-1+

Breast CD44+CD24-, PKH26+, CD49fli, ALDH+, SP, CD133+, CD90hi, CD44+CD49fhiCD133/2hi

Prostate SP, ABCG2+, CD44+, ALDH+, CD44+α2β1hi, CXCR4+ and CD133+, CD44+α2β1hiCD133+, NANOG+, PSA-/lo, CK187CK19- 

(HLAI-), TRA-1–60+CD151+CD166+, ALDHhiCD44+α2β1+

Bladder CD44+CK5+CK20-, EMA-CD44v6+, SP, 67LR+CD66c-CK17+, ALDH+, SOX2+

Ovarian ALDH+ and ALDH+CD133+, ALDH+ and CD44+, SP, CD117/c-kit+, CD44+ and MyD88+, CD24+, CD133+CXCR4+,

Colon CD133+, CD44+, EpCAMhiCD44+ and/or CD166+, ALDH+, SP, LGR5+, ABCB5+

Liver CD133+, ALDH+, EpCAM+ and CD90+, CD45-CD90+, CD133+CD44+,CD13+, ICAM-1+, SALL4+

Lung SP, CD133+, ALDH+, CD117/c-kit+, OCT4/NANOG+, CD44+, TPBG/5T4+, CD166+, CD166+CD44+ and CD166+EpCAM+

Pancreatic CD44v6+, α6β4+, TSPAN8+ and CXCR4+, CD44+CD24+ESA+, c-Met+, ALDH+, CD133+CXCR4+

Glioblastoma CD133+, SP and ABCG2+, SSEA-1+, SOX2+, BMI1+ and MUSASHI1+, NESTIN+, OLIG2+, CD49f+, A2B5+CD133-, L1CAM
+, EGFR+, CD44+ and CD44hiID1hi, MYC+, ALDH+
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Table 2.

Examples of CSC-targeting strategies

Type Cancer Effects Ref

NK cells Breast/Glioblastomas/
Pancreatic

Allogeneic activated human NK cells preferentially target CSCs isolated from a wide 
variety of human cancer cell lines in vitro and dissociated primary cancer specimens ex 
vivo

[82]

Glioblastomas Neural stem cells isolated from tumor specimens resist to freshly isolated NK cells, but 
were highly susceptible to lysis mediated by both allogeneic and autologous IL-2 (or 
IL-15)-activated NK cells

[83]

CSC-lysate DC 
vaccine

Melanoma/ squamous 

cell carcinoma*
Significantly prevented lung metastasis of melanoma cells, inhibited SCC growth 
compared to immunization with bulk tumor cells

[97]

Melanoma/ squamous 
cell carcinoma

CSC-DC vaccine was administered in the adjuvant setting after localized radiation 
therapy of established tumors. Vaccination significantly inhibited tumor growth, 
reduced ALDHhigh CSC frequency in primary tumors, and metastases via induction of 
humoral immune responses against CSCs

[99]

Breast DCs migrated to the spleen, activated CD8+ and CD45+ T cells, induced CTL 
antitumor responses

[98]

Prostate Induced a tumor-specific immune response more robust than differentiated tumor cells, 
delayed tumor growth in mice challenged with prostate CSCs, caused tumor regression 
in TRAMP mice

[86]

Melanoma/ squamous 
cell carcinoma

In the adjuvant setting, more effectively limited local tumor recurrence and spontaneous 
pulmonary metastasis, prolonged host survival, which was further enhanced by 
simultaneous PD-L1 blockade

[100]

Glioblastomas Elicited antigen-specific T-cell responses against CSCs and prolonged survival in 
animals

[95]

CSC-mRNA DC 
vaccine

Glioblastomas* An immune response induced by vaccination was identified in all seven patients treated 
with a mRNA-DC vaccine (NCT00846456)

[153]

DNA vaccine Renal cell carcinoma Compared with immunization with the tumor-associated antigen survivin, which was 
expressed in both CSCs and non-CSCs, immunization with DNAJB8 expression 
plasmids yielded stronger antitumor effects

[47]

CSC-primed T 
cells

Lung ALDHhigh-CD8+T cells conferred more significant antitumor effects, resulting in the 
inhibition of tumor growth and prolonged survival

[106]

Head and neck ALDH1A1-specific CD8+ T cells recognize and eliminate ALDHhi CSCs in vitro, 
inhibit xenograft growth and metastases in vivo, and prolong survival

[105]

CSC-CAR T Glioblastomas Anti-CD133 CAR T cells killed patient-derived GBM CSCs in vitro and in an 
orthotopic tumor model

[109]

Prostate EpCAM-specific CAR T cells had significant anti-tumor efficacy in vitro and in animal 
models

[113]

mAb Breast Anti-CD44 antibodies inhibit growth of murine breast tumors and induce apoptosis [119]

Melanoma Anti-CD44 antibodies inhibit human melanoma metastasis and prolong the survival of 
tumor-bearing animals

[120]

Pancreatic /liver CIK cells bound with anti-CD3/anti-CD133 bispecific antibodies target CD133high 
CSC and inhibit the growth of pancreatic and hepatic cancer cells in vitro and in vivo

[122]

*
Related clinical trial studies have been conducted. Note that based on the findings of [97], multiple phase 1 CSC-vaccine studies have been 

conducted (e.g., NCT02084823 for lung cancer, NCT02074046 for pancreatic cancer, NCT02089919 for hepatocellular Cancer, NCT02176746 for 
colorectal Cancer), but no results have been posted.

Abbreviations: CSC, cancer stem cells; NK, natural killer cells; DC, dendritic cells; CAR T, chimeric antigen receptor T cells, mAb, monoclonal 
antibodies; TRAMP, transgenic adenocarcinoma of the mouse prostate; CIK, cytokine-induced killer.
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