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SUMMARY

The host immune response is a potent defense mechanism against cancer development and 

progression. Therefore, cancer cells must develop mechanisms to evade the immune response 

to survive. Based on this knowledge, a series of new therapies collectively referred to as 

immunotherapies have been developed and translated to the clinic for treating cancer patients. 

Although subsets of certain cancer types have shown strong clinical responses, including curative 

outcomes in some patients, for some subtypes and forms of cancers, immunotherapies have not 

worked as desired. Here, we provide an overview of the transcriptional mechanisms that drive 

response and resistance to immunotherapies. We also discuss possible interventions to enhance the 

outcomes of immunotherapies by targeting dysregulated transcription networks in cancer cells.
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INTRODUCTION

The ability to overcome the host immune system by thwarting or evading its action is 

one of the key features of cancer cells that allows cancer development and metastatic 

progression [1–3]. Cancer cells employ a diverse array of techniques to disarm both adaptive 

and innate immune responses, which include secretion of immunosuppressive cytokines 

[4], suppression of MHC class I expression on cancer cells [5], reduced expression of 

natural killer (NK) cell activating ligands, increased expression of NK cell inhibitory ligands 

[6], and expression of immune checkpoint proteins, such as PD-L1 on cancer cells [3]. 

Additionally, resistance to immunotherapies can also emerge as an unwarranted effect of 

*Corresponding author: nwajapey@uab.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Trends Cancer. Author manuscript; available in PMC 2023 May 01.

Published in final edited form as:
Trends Cancer. 2022 May ; 8(5): 404–415. doi:10.1016/j.trecan.2022.01.008.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immune attack on cancer cells leading to immunoediting-mediated development of acquired 

resistance [7].

Recent studies have shown that it is possible to overcome the immune resistance of cancer 

cells [8–11]. These therapeutic approaches are collectively referred to as immunotherapies. 

Striking responses are observed in subsets of several cancer types, including curative 

effects in some cancer patients [12–14]. However, immunotherapies are limited due to the 

unavailability of reliable and widely applicable predictive biomarkers, as well the lack of full 

understanding of the mechanisms that drive intrinsic or acquired resistance towards these 

therapies.

With new knowledge gleaned over the past several years regarding the mechanism of 

resistance to immunotherapies, it is likely that mechanisms of resistance to immunotherapies 

can be therapeutically targeted to broaden the patient population that can benefit from 

these drugs. Several recent studies have shown that immunotherapy-resistant tumors display 

distinct transcription profiles due to altered expression or function of various transcriptional 

regulators [15–19]. Here, we describe the transcriptional mechanisms that predict response 

and resistance to cancer immunotherapies and how these transcriptional drivers can be 

targeted to improve the outcomes of cancer immunotherapies.

Approaches for cancer immunotherapies

Cancer immunotherapies include the use of cancer vaccines, cytokine therapies, antibody-

based therapies, cell therapies (CAR-T cells, CAR-NK cells, and CRISPR-engineered T 

cells), and immune checkpoint blockade (ICB) therapies (Figure 1). Akin to traditional 

vaccines against pathogens, cancer vaccines are developed to mount antigen-specific 

immune responses (e.g., neoantigens or tumor associated antigens in cancer) [20,21]. The 

idea behind cancer vaccines is to provide a boost to the immune system of the host by 

promoting expression of cancer-associated neoantigens leading to their presentation on 

antigen presenting cells. This, in turn, can result in robust T cell activation, proliferation, 

and T cell-mediated tumor eradication. Among the several advantages of cancer vaccines 

is the ability to use various platforms for vaccine generation, such as mRNA vaccines 

and viral vaccines [20]. Additionally, because each cancer patient and their tumor are 

somewhat unique, personalized cancer vaccines can be generated based on the neoantigens 

present in a specific cancer patient’s tumor. Finally, like traditional vaccines, cancer vaccines 

can generate immunological memory and thereby prevent cancer recurrence. However, 

generation of effective cancer vaccines is not without challenges. These challenges can 

manifest in many forms, such as challenges in identifying appropriate immunogenic 

neoantigens, differences in in silico neoantigen prediction and patient outcomes, and tumor 

heterogenetic and immunoediting-mediated selection of cancer cells that lack neoantigen 

expression.

Cytokines are another immunotherapeutic approach to treat cancer. Among these, 

interleukin 2 (IL-2) is used to treat various cancers, such as metastatic melanoma and 

metastatic renal cancer [22,23]. In addition to the positive immune stimulatory effects of 

IL-2, there are some negative effects of using IL-2 for immunotherapy. These include the 

stimulation of regulatory T cells (Tregs) by IL2, which negatively impact the response to 
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immunotherapy. However, this negative impact can be controlled by combining IL-2 with 

IL-21 to prevent Treg stimulation [24]. Like IL-2, other cytokines are also used to stimulate 

immune cells for treatment. This includes IL-15 by using IL-15 superagonists, such as 

ALT-803, IL-21, interferons (IFNs), and GM-CSF [23].

Antibody-based immunotherapy [25] originally used antibodies based on the tumor antigens 

and worked quite well in exerting anti-tumor activities. Examples of such antibodies include 

trastuzumab for treating HER2 breast cancer and rituximab for treating CD20+ non-hodgkin 

B-cell lymphoma. However, more recently, antibody-based therapies that are independent 

of the presence of tumor-specific antigens were designed [25] even though most antibody-

based immunotherapies are dependent upon the presence of an antigen on the tumor cell 

surface. However, some recent findings have suggested that monoclonal antibodies can be 

targeted to intracellular cancer antigens [26,27].

Adoptive cell therapy is another form of cancer immunotherapy that has been clinically 

approved for several forms of hematological malignancies, including multiple myeloma, 

leukemia, and lymphoma [28,29]. Adoptive cell therapy covers various approaches, 

including tumor-infiltrating lymphocytes (TILs)-based therapies [30], engineered T cell 

receptor (TCR) therapy [31], chimeric antigen receptor T cell (CAR-T) therapy [32], and 

NK cell therapy [33]. Each of these therapies can be tailored to a patient’s cancer to provide 

the maximum cancer suppressive effect. An exciting and emerging field of cell-based 

immunotherapy that has gained traction is the development of CRISPR-engineered T cells. 

A recent study showcased the possibility of using this approach and reported the first 

in-human phase 1 clinical trial to test the safety and feasibility of multiplex CRISPR-Cas9 

editing to engineer T cells in three patients with refractory cancer [34]. Based on the initial 

success, it is likely that similar trials will be conducted and that CRISPR-engineered T cells 

may provide a new therapeutic opportunity for cancer patients and may even be beneficial 

against solid tumors.

More recently, ICB therapies that target T cell checkpoints by blocking CTLA4, PD-L1, and 

PD-1 using antibodies have shown exceptional outcomes in clinical trials [3,10]. Because of 

their clinical success, anti-CTLA4, anti-PD-1, and anti-PD-L1 antibodies now represent the 

most used immune checkpoint therapies for treating a variety of cancer types.

Some new therapies targeting additional targets, are being tested, and have yielded 

promising clinical results. For example, CD47 expression on cancer cells activates the 

“do not eat me” signal; thus, anti-CD47 blocks the macrophage checkpoint and promotes 

phagocytosis [35–37]. To this end, magrolimab, a humanized monoclonal antibody targeting 

CD47, is being used for the treatment of acute myelogenous leukemia and non-hodgkin’s 

lymphoma and is showing excellent preliminary activity in the clinic [38]. Magrolimab is 

also being explored for solid tumors [39]. Another anti-CD47 antibody worth mentioning 

is lemzoparlimab that has shown a better safety and pharmacokinetic profile because it 

is designed to limit inherent binding to red blood cells while preserving its anti-tumor 

activity. Of note, based on the promising effects of antibodies that block the CD47-mediated 

macrophage checkpoint, bispecific antibodies, such as CD47XCD20, have been developed 

and are being used in the clinic for cancer treatment [40]. A subset of metastatic cancer 
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patients showed remarkable responses to these immune-checkpoint therapies, including 

curative effects in some cases. However, a significant number of cancer patients do not 

respond or acquire resistance to these immune-checkpoint therapies. Therefore, additional 

studies and other combination therapeutic approaches are required to further improve the 

outcomes of ICB therapies.

Transcriptional Profiling to Predict Outcomes of Cancer Immunotherapies

mRNA-based transcription profiling of cancer cells has been used to establish and 

distinguish biologically and pathologically distinct groups [41]. Recently, similar approaches 

have been used to predict the outcomes of cancer immunotherapies [15,16,42–44]. An 

example of using mRNA expression profiling to predict ICB therapy response was 

documented in a study that used bilateral tumor implantation and syngeneic cell line-based 

breast cancer models to study the response to anti-PD-1 therapy [15]. In this approach, 

E07771 cells were orthotopically implanted bilaterally into the mammary fat pad of the 

same female mice and one of the tumors was resected early on to identify the predictors of 

the response and the second tumor was used to monitor the effect of anti-PD-1 therapy. A 

response rate of 60–70% was observed in this model allowing 30–70% of the mice to be 

used as non-responders to anti-PD-1 therapy to identify the determinants of immunotherapy 

response. Because the CD8+ T cell population in tumors was identified as an early predictor 

of the anti-PD-1 response, the authors performed RNA sequencing of CD8+ T cells isolated 

from size-matched tumors from responder and non-responder mice. This RNA-seq analysis 

showed that the responder gene signature was enriched for pathways related to T cell 

activation and the inflammatory response, whereas the gene signature of non-responders was 

enriched for pathways indicative of T cell exhaustion [15]. Finally, analysis of breast cancer 

data from the METABRIC database showed that the mouse CD8+ T cells responder gene 

signature was associated with better breast cancer survival and that the non-responder gene 

signature was associated with poorer breast cancer survival. A similar response correlation 

was also observed for bulk breast and melanoma samples and single cell RNA-seq of CD38+ 

T cells from patient samples. Collectively, this study highlighted the utility of the bilateral 

tumor implantation mouse model to identify clinically relevant transcriptional signatures that 

can predict the immunotherapy response.

A more comprehensive approach beyond the transcriptome would allow for more in-

depth identification and characterization of mediators of the immunotherapy response 

and immunotherapy resistance. This approach was well-documented in a study in which 

the genomic and transcriptomic features of responses to anti-PD-1 therapy in metastatic 

melanoma were analyzed [16]. This study showed that a high mutational load might 

associate with better survival; however, it could not predict the anti-PD-1 therapy response. 

This was consistent with observations in clinical settings that the neoantigen load/mutational 

load alone was not predictive of various ICB therapies for various cancer types and that 

other genetic and non-genetic factors may also be at play. Interestingly, this study identified 

that BRCA2 mutations were specifically enriched in melanomas that were responsive to 

anti-PD-L1 therapy. This study also identified a transcriptional signature that was related 

to innate anti-PD-1 resistance (IPRES). Notably, the IPRES transcriptional signature was 

enriched in heightened mesenchymal transition, angiogenesis, hypoxia, and wound healing 
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pathways. IPRES was predictive of innate resistance to anti-PD-1 therapy in melanoma and 

for other types of advanced cancers, such as pancreatic cancer.

Finally, because of the abundance of RNA-seq data from The Cancer Genome Atlas 

(TCGA) and from pre- and post-immunotherapy cancers, one can envision the development 

of computational tools to identify signatures that can predict the immunotherapy response. 

In this regard, a study developed a computational tool called Tumor Immune Dysfunction 

and Exclusion (TIDE) to predict the ICB response in models of two primary mechanisms 

of tumor immune evasion: T cell dysfunction in tumors with high infiltrations of cytotoxic 

T lymphocytes (CTL) and the prevention of T cell infiltration (T cell exclusion) in tumors 

with low CTL levels [45]. To compute T cell dysfunction scores for different datasets, 

authors analyzed 73 datasets with at least 50 samples from TCGA [41], PRECOG [46], 

and METABRIC [47] that had both tumor mRNA expression profiles and patient survival 

data. This study showed that in five datasets (melanoma, neuroblastoma, triple negative 

breast cancer, endometrial cancer, and acute myeloid leukemia), over 1% of genes showed 

significant interactions with CTL to affect survival. These genes included genes with 

previously known roles in tumor immunity, such as PD-L1, and genes with no previously 

documented roles in tumor immunity. Furthermore, the TIDE T cell dysfunction scores were 

consistent with the transcription signatures of tumor immune evasion. Similarly, TIDE was 

able to model the gene expression signature of T cell exclusion based on expression profiles 

of cancer-associated fibroblasts, myeloid-derived suppressor cells, and the M2 subtype of 

tumor-associated macrophages, cell types that are known to restrict T cell infiltration into 

tumors [48]. Overall, this study used transcription profiles of cancer and immune cells to 

identify gene signatures that predict either T cell dysfunction or T cell exclusion.

Collectively, the studies highlighted above document three distinct approaches: using 

pre-clinical mouse models, cancer patient samples, and computational approaches and 

integration thereof to identify transcriptional signatures and associated biological pathways 

that predict responses to ICB therapies. One can expect to utilize similar approaches for 

other types of immunotherapies and for better patient stratification. These approaches can 

also be used to develop new therapeutic interventions for patients with tumors that are either 

intrinsically resistant or become resistant post-therapy (acquired resistance). An example of 

this is documented in the melanoma study in which the IPRES signature showed enrichment 

of mesenchymal and angiogenesis signatures [16]; if these signatures can be suppressed 

therapeutically by using anti-angiogenic agents, it might lead to better therapeutic outcomes.

Drivers of dysregulated transcriptional programs in immunotherapy-resistant tumors

Dysregulated transcription in immunotherapy-resistant tumors can arise because of various 

factors, including changes in expression and activity of transcription factors, as well as 

DNA modification and chromatin regulatory proteins. Over the last few years, the roles of 

these factors in driving dysregulated transcriptional programs and causing immunotherapy 

resistance has been recognized [18,19,43,44] (Figure 2, Key Figure).

The role of transcription factors in the regulation of immune function was documented 

in a pair of recent studies that identified NR4A transcription factors in T cell exhaustion 

in solid tumors [18] (Figure 2, Key Figure). The goal of these studies was to understand 
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the mechanism behind T cell exhaustion/dysfunction. The first study used CD19 (hCD19)-

reactive CAR-T cells because of their ability to clear hCD19+ solid tumors in mice. 

CAR-T cells are effective for treating hematological malignancies but are less effective 

for solid tumors due, in part, to their entry into the exhausted state [49,50]. Therefore, if 

the mechanism behind T cell exhaustion is understood, it can be targeted to enhance tumor 

eradication by T cells. The first study found that CD8+CAR+ tumor-infiltrating lymphocytes 

and CD8+ endogenous tumor-infiltrating lymphocytes expressing the inhibitory receptors 

PD-1 and TIM3 exhibited similar gene expression and chromatin accessibility profiles 

[18] and associated with increased expression of the nuclear receptor transcription factors 

NR4A1, NR4A2, and NR4A3. Upregulation of these transcription factors was also observed 

in CD8+ cells from human cancer patients. Furthermore, CAR-T cells lacking all three 

NR4A transcription factors promoted tumor regression and prolonged the survival of 

tumor-bearing mice further establishing their functional role in CAR-T cell exhaustion. 

In the second study, the authors probed chromatin and transcription regulation associated 

with T cell dysfunction [19]. To this end, they generated tolerant T cells using inhibitory 

co-stimulation [51] and identified NR4A1 as an important mediator of T cell dysfunction. 

This study also noted that NR4A1 binding promoted acetylation of histone 3 at lysine 

27 (H3K27Ac) leading to activation of tolerance-related genes. Collectively, these studies 

identified the NR4A family of transcription factors as the key mediators of T cell 

exhaustion. They also demonstrated that targeting NR4A transcription factors can improve 

the outcomes of immunotherapies for solid tumors by overcoming the T cell exhaustion 

phenotype.

Like the relevance of transcription factor driven regulation of immunotherapy phenotypes, 

direct changes in DNA methylation have also been shown to predict or modulate 

immunotherapy responses [17,52,53]. An example of this is a study that analyzed the DNA 

methylome at the pathway level of 141 advanced non-small cell lung cancer (NSCLC) 

samples from two independent cohorts that were subjected to ICB therapy [17]. Integration 

of DNA methylation data with transcriptome data revealed significant overlaps between 

increased DNA methylation and transcriptional repression in NSCLCs that were non-

responsive to ICB therapies. This study identified 15 immune-related pathways, including 

IFN signaling, that were enriched for both DNA methylation and transcriptional repression. 

Additionally, an eight gene DNA methylation-based (IRF6, CTSD, GRN, LTBR, TRIM36, 

EVL, CD3E, and LCP1) prediction model was generated to accurately classify patient 

survival outcomes and was validated using the TCGA NSCLC dataset and the IDIBELL 

dataset.

Chromatin regulators and chromatin states have also been shown to suppress or enhance 

immune cell function [52,54–56]. The role of chromatin regulators was well-highlighted in 

two studies that showed that proteins of the SWI/SNF complex were important in predicting 

the T cell response (Figure 2, Key Figure). The first study by Pan et al. used CRISPR-CAS9-

based screening to identify mechanisms of resistance to cytotoxic T cell-mediated tumor 

eradication [57]. This study identified over 100 genes whose inactivation sensitized mouse 

melanoma B16F10 cells to T cell-mediated killing. These genes included several chromatin 

regulators, such as Pbrm1, Arid2, and Brd7. Pbrm1, Arid2, and Brd7 encode the PBAF 

form of the SWI/SNF complex. In many human cancers, expression of PBRM1 and ARID2 
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correlated inversely with T cell cytotoxicity markers in TCGA datasets. Prbm1 knockout 

tumors showed enhanced chromatin accessibility for IFN-gamma responsive genes and 

consequently higher responsiveness to IFN-gamma stimulation. This study also found that 

Pbrm1 knockout mouse melanoma tumors showed increased infiltration of T cells.

Similarly, another study aimed to identify genomic alterations in clear cell renal cell 

carcinoma (ccRCC) that correlate with anti-PD-1 monotherapy [58]. This study found 

loss-of-function mutations in the PBRM1 gene, which, as mentioned above, forms a 

subunit of the PBAF form of the SWI/SNF chromatin remodeling complex. Furthermore, 

gene expression profiles of PBAF-deficient ccRCC cell lines and PBRM1-deficient tumors 

revealed enrichment of JAK-STAT, hypoxia, and immune signaling pathway gene signatures. 

Collectively, these studies identified the PBAF form of the SWI/SNF chromatin remodeling 

complex as a major determinant of immune and immunotherapy responses against cancer 

cells.

Overall, the studies described above showcase how transcription factors, DNA methylation 

modifications, and chromatin regulators drive immune responses against cancer cells and 

demonstrate that their statuses can predict outcomes of various immunotherapies.

Targeting deregulated transcriptional networks and mediators thereof to improve 
outcomes of immunotherapeutic agents

As the awareness of transcription regulators and transcriptional networks in conferring 

intrinsic or acquired resistance to immunotherapies has increased, it has become clear that 

these factors represent therapeutic targets to improve immunotherapy outcomes (Figure 

3). An example of drug combinations that regulate transcription is highlighted by the 

PEMDAC phase 2 study that used the histone deacetylase (HDAC) inhibitor entinostat along 

with the PD-1 inhibitor pembrolizumab to treat patients with metastatic uveal melanoma 

(Clinicaltrials.gov identifier: NCT02697630) [59]. Objective responses and/or prolonged 

survival were seen in patients with BAP1 wild-type tumors and in one patient with an 

iris melanoma that exhibited a UV signature [59]. This study concluded that dual HDAC 

and PD-1 inhibition can result in durable responses in a subset of patients with metastatic 

uveal melanoma. Although the mechanism behind the enhanced therapeutic benefit was 

not fully resolved, the fact that BAP1 wild-type tumors responded better than the mutant 

indicated that the status of BAP1, in part, was responsible for the observed effects and that 

BAP1 might have immune enhancing effects. Similarly, the iris melanoma correlated with a 

better response indicating that this subtype of uveal melanoma might be more responsive to 

pembrolizumab and entinostat therapy.

Furthermore, a similar phase 1/1b study of advanced/metastatic NSCLC used a combination 

of pembrolizumab and the HDAC inhibitor vorinostat (Clinicaltrials.gov identifier: 

NCT02638090). A total of 33 patients who were ICB inhibitor naïve or who progressed 

on the ICB inhibitor were treated with this combination. The study concluded that 

pembrolizumab and vorinostat combination therapy was well tolerated and showed 

preliminary tumor suppressive activity in ICB inhibitor naïve patients and in patients that 

progressed on ICB inhibitors. Another combination that was tested in a phase 1b trial was 

the HDAC6 inhibitor ACY-241 (citarinostat) plus nivolumab, an anti-PD-1 antibody for 
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treating NSCLC. The results of the study suggested that this combination may be feasible 

in patients with advanced NSCLC. Furthermore, partial response or stable disease was 

observed in a subset of patients treated with ACY-241 plus nivolumab. Of note, the response 

was also observed in patients whose tumors progressed on ICB inhibitor treatment. The 

mechanism behind the enhanced pembrolizumab and vorinostat-mediated tumor suppressive 

effect was not determined but would be instrumental to improve treatment and to identify the 

correct patient populations for treatment.

Other agents, such as the DNA methylation inhibitor decitabine, have also been combined 

with immunotherapies to improve therapeutic outcomes in cancer patients. An example 

of this was a phase 2 clinical trial that used low-dose decitabine in combination 

with camrelizumab to treat relapsed/refractory classical hodgkin lymphoma [60]. The 

combination therapy with decitabine and camrelizumab was more effective in achieving 

a complete response than camrelizumab alone. Notably, naïve patients treated with anti-

PD-1 treatment showed an impressively higher level of complete response compared 

to patients who previously underwent anti-PD-1 treatment. Based on previous studies, 

possible explanations for the superior clinical efficacy of decitabine and camrelizumab 

combination therapy could be due, in part, to the ability of this combination to overcome 

T cell exhaustion by reduced DNA methylation as well as by promoting CD4+ and CD8+ 

infiltration; however, this was not investigated directly in this particular study.

Notably, immunotherapy combinations with HDAC inhibitors or DNA methyltransferase 

(DNMT) inhibitors, such as entinostat, vorinostat, and decitabine, are not restricted to ICB 

therapies and are now being combined with other forms of immunotherapies, such as CAR-

T cell-based immunotherapies (Clinicaltrials.gov identifier: NCT04553393). This is due, in 

part, to the ability of decitabine and HDAC inhibitors to increase tumor antigen and HLA 

expression, enhance antigen processing, promote T cell infiltration, and boost effector T cell 

function. Similarly, some new observations have shown that low-dose decitabine priming 

enhances the persistent anti-tumor potential of CAR-T cells [61].

Furthermore, similar to the HDAC and DNMT inhibitors, other drugs that target 

chromatin modifiers, such as EZH2 inhibitors, are also being tested in combination with 

immunotherapeutic agents [56]. Collectively, these studies highlight the beginning of a new 

phase of cancer immunotherapy in which immunotherapeutic agents are combined with 

transcriptional regulatory agents to enhance the outcomes of immunotherapies.

CONCLUDING REMARKS

Although impressive clinical outcomes have been observed for subsets of patients with 

various cancer types treated with immunotherapeutic agents, many cancer patients still 

either fail to respond to immunotherapies or become resistant to these agents after the 

initial response. Therefore, due to their improved clinical benefits, combination therapies 

with drugs that influence transcription (e.g., DNMT or HDAC inhibitors) are expected to 

become the common approach for cancer treatment. Furthermore, identifying the drivers 

of transcription deregulation that cause intrinsic or acquired resistance to immunotherapies 

will uncover new drug targets that can be combined with immunotherapies to achieve better 
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clinical outcomes (see Outstanding Questions). Recent studies of CAR-T cells and solid 

tumors are of interest because CAR-T cells have displayed impressive efficacy against 

hematological malignancies but have displayed limited efficacy against solid tumors due 

to phenomena, such as T cell exhaustion. Similarly, with an increased interest in CRISPR-

engineered T cells for cancer immunotherapies and with the recent success of the first 

in-human clinical trial, it can be envisioned that the use of CRISPR-engineered T cells 

will become more common for treating cancer patients. As this field progresses, it would 

be good to see if, in addition to known immune checkpoint proteins, other transcription 

regulatory factors that limit T cell function can also be targeted to enhance T cell function 

and to potentially limit their off-target effects, such as the ability to induce autoimmune side 

effects.

Although a lot is now known regarding factors that determine the outcomes of 

immunotherapies, there are still several mechanisms of response and resistance to 

immunotherapies that are not fully understood and require further research. In this regard, 

some of the less understood aspects include the impact of aging and gender on the 

immunotherapy response. For example, although age did not clearly demarcate the benefits 

of immune checkpoint-based therapy, surprisingly, some studies, including a meta-analysis, 

have shown better clinical benefits for older patients than younger patients [62]. It would 

be interesting to see if age-related transcriptional changes can predict the better benefit for 

older patients and if this information can be used to enhance immunotherapy outcomes 

for younger patients. Similarly, gender (male or female) has also been associated with 

the response to immunotherapies [63,64]. However, this area of immunotherapy is largely 

underexplored; thus, further studies linking these studies to transcriptional alterations might 

identify new opportunities to enhance the outcomes of immunotherapies for both genders.
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OUTSTANDING QUESTIONS

• What transcriptional regulators and states modulate immune cell-mediated 

eradication of cancer cells?

• What roles do age and gender driven transcriptional changes play in 

determining the outcomes of immunotherapies?

• How can the optimal combination of transcription regulatory drugs and 

immunotherapies be identified?

• What can be done to prevent immunotherapy-related adverse effects in cancer 

patients?
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HIGHLIGHTS

• Cancer cells acquire a number of alterations that allow them to escape the 

host immune system leading to tumor initiation and progression.

• New therapeutic approaches focused on restoring the sensitivity of cancer 

cells to immune-mediated eradication has now moved to the forefront of 

cancer therapeutics and are collectively referred to as immunotherapies.

• Transcriptional mechanisms play a key role in regulating immune cell 

function and the sensitivity of cancer cells to immune-mediated eradication.

• Combination therapy with DNA methylation or HDAC inhibitors and cancer 

immunotherapies have moved into clinical use and have shown significant 

benefits in patients.
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Figure 1. Approaches for cancer immunotherapies.
Based on the understanding of immune evasion mechanisms by cancer cells, a series of 

approaches to enhance immune system-mediated eradication of cancer cells have been 

implemented. Key immunotherapeutic approaches are depicted.
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Figure 2, Key Figure. Transcriptional mechanisms that drive response and resistance to cancer 
immunotherapies.
Schematic depicting the role of transcription profile changes, DNA methylation changes, 

and changes in transcription factor and chromatin regulators on immune cell function and 

the immunotherapeutic response.
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Figure 3. Clinical translation of transcription targeting therapies in combination with cancer 
immunotherapies.
New studies have revealed the immune stimulatory effects of DNA methylation and 

chromatin regulatory proteins resulting in the use of the DNMT inhibitor decitabine and the 

HDAC inhibitors entinostat and vorinostat in combination with ICB therapies and CAR-T 

cells.
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