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* ncRNAs in liquid biopsies from cancer patients treated with immunotherapies
can be predictive biomarkers.

* ncRNAs function as context-dependent biomarkers in cancer tissue and
immune cells.

* Merging therapeutic ncRNAs with immunotherapy amplifies response and
therapeutic impact in cancer patients.
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Abstract

Background: To date, standardising clinical predictive biomarkers for assessing
the response to immunotherapy remains challenging due to variations in per-
sonal genetic signatures, tumour microenvironment complexities and epigenetic
onco-mechanisms.

Main body: Early monitoring of key non-coding RNA (ncRNA) biomarkers may
help in predicting the clinical efficacy of cancer immunotherapy and come up
with standard predictive ncRNA biomarkers. For instance, reduced miR-125b-5p
level in the plasma of non-small cell lung cancer patients treated with anti-PD-1
predicts a positive outcome. The level of miR-153 in the plasma of colorectal can-
cer patients treated with chimeric antigen receptor T lymphocyte (CAR-T) cell
therapy may indicate the activation of T-cell killing activity. miR-148a-3p and
miR-375 levels may forecast favourable responses to CAR-T-cell therapy in B-
cell acute lymphoblastic leukaemia. In cancer patients treated with the GPC3
peptide vaccine, serum levels of miR-1228-5p, miR-193a-5p and miR-375-3p were
reported as predictive biomarkers of good response and improved overall sur-
vival. Therefore, there is a critical need for further studies to elaborate on the key
ncRNA biomarkers that have the potential to predict early clinical responses to
immunotherapy.

Conclusion: This review summarises important predictive ncRNA biomarkers
that were reported in cancer patients treated with different immunotherapeutic
modalities, including monoclonal antibodies, small molecule inhibitors, cancer
vaccines and CAR-T cells. In addition, a concise discussion on forthcoming per-
spectives is provided, outlining technical approaches for the optimal utilisation
of immunomodulatory ncRNA biomarkers as predictive tools and therapeutic
targets.
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cancer immunotherapy, cancer vaccine, CAR-T cells, monoclonal antibodies, ncRNA biomark-
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1 | INTRODUCTION

Cancer immunotherapy works by stimulating the body’s
natural immune mechanisms to target specific antigens
within cancers.! This approach encompasses various
techniques, including cell-based immunotherapy, mono-
clonal antibodies (mAbs), vaccines, immune checkpoint
inhibitors (ICIs) and gene regulatory tools such as coding
and non-coding RNAs (ncRNAs).>* By fostering immune
responses directed at particular targets within cancer
tissue, systemic immune reactions can either eliminate or
impede the development and functions of malignant cells,
leading to enhanced survival rates.*”’ Thus, employing
immunotherapy approaches inspired researchers in the
clinical treatment of cancer to achieve longer survival
and complete recovery. For decades, immunotherapeutic
mAbs were used as magic bullets that trigger cytotoxic
immune cell responses against tumour cells.>® Over 100
mAbs were approved by the US Food and Drug Admin-
istration against cancer and other immune diseases.'%!!
Some of the therapeutic mAbs were recruited to stimulate
T-cell activation and some to facilitate antigen presenta-
tion to induce adaptive immune responses.'?"'* Despite
the promising improvement in the overall survival (OS)
of some cancer patients, a significant subset of patients
exhibit resistance to mAb therapy due to different reasons,
such as inherent factors and the heterogeneous nature of
tumours.>

Another promising approach of immunotherapy, the
‘cancer vaccine’, has been explored with the intent of
preventing or restraining the growth of diverse cancer
types.'® Although cancer vaccines have shown limited
clinical progress, scientists have recently reported that
the trajectory of cancer vaccines expects them to become
standard anti-tumour immunotherapies.'®!” This trans-
formation is fueled by the increased identification of
tumour-specific antigens and the promising outcomes of
newly developed vaccines in clinical settings.”’>! The
recently emerged generation of cell-based immunother-
apy has gathered attention, particularly genetically mod-
ified immune cells such as chimeric antigen receptor
T-lymphocytes (CAR-T) cells, which have demonstrated
remarkable efficacy in treating B-cell malignancies.’?*
CAR-T cells are lab-engineered T cells that recognise and
bind to specific surface antigens on the tumour cells and
promote specific anti-tumour immune response.’* How-
ever, the level of response to CAR-T-cell therapy is still
uncertain. Despite the significant progress in the devel-
opment of immunotherapeutic approaches, the establish-
ment of a standard approach to measure and monitor
response to immunotherapy remains a critical challenge.”
Currently, monitoring changes in differential expression of
ncRNAs as sensitive biomarkers can predict response to

immunotherapy,’® and it is considered an urgent approach
to improve clinical outcomes of cancer patients.

ncRNAs are a group of small RNAs that almost do
not encode proteins, but they modulate protein produc-
tion, cellular functions and gene expression.”” ncRNAs
are currently classified into two groups based on the
length of the molecule: long ncRNAs (IncRNAs) con-
sisting of more than 200 nucleotides (nt) in length
and small ncRNAs of less than 200 nt, which include
microRNAs (miRNAs), small nucleolar RNAs (snoRNAS),
ribosomal RNAs (rRNAs), piwiRNAs (piRNAs), transfer
RNAs (tRNAs), some circRNAs and others.?®?° Overex-
pression or downregulation of ncRNAs in immune cells
was recognized as a specific biomarker of the immune
response that can predict cancer progression.>’ ncRNAs
that drive immune regulation and functions are promising
biomarkers for measuring the impact of immunother-
apy and predicting disease prognosis.®! In patients with
lung cancer, distinct miRNAs, such as miR-125b, miR-21,
miR-99a, miR-30b, miR-939, miR-31, miR-19b and miR-
15b, were found to exhibit significant dysregulation within
T helper 1 cells (Thl) when compared to T cells from
healthy donors.*? This dysregulation was associated with
immune dysfunction and predictive of tumour progres-
sion, which can predict tumour progression.* Similarly, in
colorectal cancer (CRC), some exosomal miRNAs (Exos-
miRNA) were linked to the downregulation of tumour
suppressor genes and tumourigenesis enhancement.** For
instance, tumour-associated macrophage-derived Exos-
miR-223 is responsible for suppressing PTEN gene expres-
sion, which induces drug resistance.”> A recent study
revealed that plasma miR-320b, miR-125b-5p, miR-320d
and miR-320c are potential biomarkers predicting the
response to anti-PD-1 immunotherapy in advanced non-
small cell lung carcinoma (NSCLC).** This study reported
that reduced expression of the T-cell suppressor (hsa-
miR-125b-5p) in patients treated with anti-PD-1 correlated
with a favourable response to immunotherapy due to
increased levels of functional T cells.>* Therefore, ncRNAs
could serve as very sensitive indicators for predicting the
response to immunotherapy. In this review, we compre-
hensively discuss the significance of ncRNAs as biomark-
ers in cancer patients treated with different immunother-
apeutic regimens. Also, the role of these biomarkers in
the prediction of positive or negative outcomes of cancer
immunotherapy is highlighted.

2 | PREDICTIVE nRNA BIOMARKERS
FOR RESPONSE TO IMMUNOTHERAPY
IN CANCER PATIENTS

The significance of ncRNA biomarkers in assessing the
performance of immunotherapy has gained substantial
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importance in recent clinical studies.”> The establish-
ment of standardised ncRNA biomarkers for specific
subgroups of cancer could provide clinical guidance for
immunotherapy utilisation. Within this section, we thor-
oughly reviewed the reported predictive ncRNA biomark-
ers for response to immunotherapy in cancer patients.

2.1 | Predictive ncRNA biomarkers for
response to ICIs

Immune checkpoints (ICs) serve as T-cell immune regula-
tory markers that contribute to balance T-cell responses.
Through interactions between ICs on T cells and corre-
sponding ligands on cancer cells or antigen-presenting
cells, signals are triggered to restrain T cells from attacking
cancerous cells. The advent of ICIs has shown encouraging
clinical outcomes, as they facilitate the response to anti-
tumour drugs.*® The dramatic development of ICIs offers
hope for extended, long-term survival among patients
grappling with metastatic cancers. These innovations serve
to augment clinical responses, paving the way for improved
outcomes.?’ Long-term use of ICIs, however, without early
monitoring approaches, may raise the risk of adverse drug
reactions such as immune cytotoxicity and organ failure.?’
Thus, there is an urgent need for validating new molecu-
lar biomarkers that monitor the response to ICIs in cancer
patients. A recent report highlighted the importance of
using ncRNAs as crucial indicators that can predict early
responses to ICIs.>®

A recent study performed to assess IncRNA biomark-
ers in 1533 NSCLC patients treated with ICIs revealed
that IncRNA signature can significantly predict a better
response to ICIs, longer OS and an increase in tumour-
infiltrating immune cells.*” In this study, the IncRNA
signature within the transcriptional profiles of patients
afflicted with NSCLC was investigated. These profiles were
then compared to the clinical profiles of 187 NSCLC cell
lines and 115 immune cell lines. This research revealed sig-
nificant changes in some ncRNA levels that were linked
to high ICs compared to low ICs expression. Deep analy-
ses of these changes determined the correlation between
lower IC expression, changes in ncRNA levels and good
responses to immunotherapy. In another study, miRNA
profiling of NSCLC patients with stage IV disease treated
with anti-PD-1 revealed that 27 sera miRNAs showed sig-
nificant changes (22 overexpressed and five downregulated
miRNAs). Importantly, the increased levels of miR-138-
5p, miR-200, miR-93, miR-27a, miR-34a, miR-424, miR-28,
miR-193a-3p, miR-106b and miR-181a in the periphery of
patients treated with anti-PD-1 were significantly associ-
ated with a good response to the treatment.*® A clinical
investigation examined the RNA-seq data of tumour sam-

ples collected from 348 individuals participating in the
IMvigor210 trial who had bladder cancer, as well as from
71 patients with melanoma who were undergoing anti-
PD-1 therapy. This study revealed that alterations in the
expression levels of IncRNAs were associated with an aug-
mentation in cytotoxic T lymphocytes (CTLs) within the
tumour tissues.*” The changes in IncRNA were linked
to significant differences in the rates of 0S.*° Another
study reported IncRNA-NKILA as a metastasis predic-
tive ncRNA biomarker. A high level of IncRNA-NKILA
was linked to anti-PD-1 (pembrolizumab) resistance in
patients with triple-negative breast cancer (TNBC).*' The
study elaborated that increased IncRNA-NKILA expres-
sion increased K48-polyubiquitination-mediated degrada-
tion, which mediated degradation of antigen peptide-
loading complex and the intrinsic tumour suppressor
genes (Rb and p53), leading to resistance to anti-PD-1
drugs and tumour metastasis. Importantly, blockade of
IncRNA-LINK-A improved CD8' T-cell infiltration in a
mouse model of TNBC, suggesting that IncRNA-NKILA is
a promising predictive biomarker of drug resistance and
poor prognosis as well as a potential target for increasing
sensitivity to anti-PD-1 in patients with TNBC. Another
clinical study in melanoma patients with stage IV treated
with nivolumab or ipilimumab (anti-PD-1) reported the
overexpression of different circulating Exos-miRNAs, such
as miR-155, miR-146a, miR-125b, let-7e, miR-100, miR-
125a, miR-99b and miR-146b that may predict response
to immunotherapy.*> Increasing levels of these miRNAs
were associated with a weak response to anti-PD-1 drugs
and shorter 0S.*> Similarly, a study was performed to
identify circulating predictive miRNA biomarkers in lung
cancer patients for evaluating OS of patients treated with
nivolumab and revealed that seven miRNA biomarkers
(miR-411-3p, miR-215-5p, miR-493-5p, miR-495-3p, miR-
548j-5p, miR-93-3p and miR-494-3p) were associated with
prolonged 0S.** Serum samples obtained from melanoma
patients stages I, IT and III showed that levels of miR-150
can predict disease recurrence.** An animal model vali-
dation revealed that miR-150 and miR-151-5p decreases in
directly was linked to PD-1M8" CD4* T cells but blocking
PD-1 can increase the levels of these biomarkers, imply-
ing that they could be useful as biomarkers for response
to anti-PD-1 drugs.*>* A recent study found that miR-
33a overexpression linked to the low levels of PD-1 and
Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) in
low-grade and early-stage lung cancer patients,*’ suggest-
ing that miR-33a could serve as a biomarker to predict
the effectiveness of anti-PD-1 and anti-CTLA-4 drugs in
lung cancer patients. A recent bioinformatic study anal-
ysed clinical data of 865 renal cell carcinoma (RCC)
patients and reported that miR-374c, miR-6718 and miR-
1269b were upregulated in tumour tissues, which was
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associated with ICs overexpression, particularly lympho-
cyte activation gene 3 (LAG-3).*® Increased levels of these
miRNAs predict resistance to ICIs in RCC patients and
poor prognosis. A preclinical study used glioma-bearing
mice linked the reduced levels of miR-16-1 and miR-15a
with an activation of CD8*% T cells and downregulation
of TIM-3, LAG-3 and PD-1.*° In vitro studies showed
that blockade of miR-15a/16-1 decreased the expression of
TIM-3, LAG-3 and PD-1 and enhanced functional CD8*
T cells by increasing the expression of mTOR signalling
pathway.**~" These findings suggest that miR-15a/16-1 as
biomarkers of resistance to ICIs in glioma and poten-
tial therapeutic targets for improving the sensitivity to
ICIs. An interesting study investigated the role of adeno-
sine deaminase acting on RNA-1 (ADARI1) in melanoma
immunomodulation. The study reported decreased levels
of ADARI in the metastatic transition of melanoma, which
enhances biogenesis of miR-222. This miRNA targets inter-
cellular adhesion molecule 1 and consequently induces
melanoma immune resistance to immunotherapy.”’ High
levels of miR-222 were detected in the melanoma biopsies
of ipilimumab (anti-CTLA-4) non-responded patients. The
study revealed that miR-222 is a promising biomarker for
assessing the response to anti-CTLA-4 drugs in metastatic
melanoma.

The link between peripheral circulating exosomal miR-
NAs and the response to immunotherapy has also been
investigated in several studies. Screening of sera obtained
from 30 melanoma patients compared to 30 healthy indi-
viduals demonstrated significant differential expression
of Exos-miR-532-5p and Exos-miR-106b. The expression
of these miRNAs was higher in melanoma patients than
in healthy individuals with 92% sensitivity. The level of
expression distinguished between patients with metasta-
sis, stage I-II and those with stage III-IV. Interestingly,
levels of exosomal miR-532-5p and miR-106b were sig-
nificantly declined in patients treated with anti-PD-1
(pembrolizumab).”>> The study concluded that exoso-
mal miR-532-5p and miR-106b are promising diagnostic
and predictive biomarkers for immunotherapy in clinical
settings. Another study reported that overexpression of
miR-1972 and miR-4502 in the serum of melanoma patients
treated with anti-PD-1 predicts resistance to anti-PD-1
and development of metastatic melanoma.>* Altogether,
screening of circulating miRNA biomarkers in cancer
patients treated with immunotherapy has the potential
to identify robust predictive biomarkers that can improve
clinical monitoring of responses to ICIs.

Furthermore, circRNAs were also investigated in some
clinical studies as biomarkers predicting resistance to ICIs.
As presented in Table 1 and Figure 1, elevated circFGFR1
in NSCLC patients is linked to anti-PD-1 resistance. In
vitro studies elaborated that the anti-PD-1 resistance is

attributed to circFGFR1’s role as a sponge-like molecule,
binding to miRNA-381-3p, which increases chemokine
receptor 4 (CXCR4) expression and cancer growth.”
Another study found a significant link between high levels
of hsa-circ0003222 in tumour tissues and resistance to anti-
PD-L1 in NSCLC patients.”® In vitro experiments deter-
mined that targeting hsa-circ0003222 reduced tumour cell
proliferation, migration, invasion and stemness-like prop-
erties via downregulation of PHF21B, which increased
tumour suppressor miR-527 levels. In addition, silencing
of hsa_circ_0003222 in the NSCLC mouse model directly
contributed to increased sensitivity to anti-PD-1 therapy.
A recent study investigated the expression levels of cir-
cRNAs in NSCLC tumour tissues, compared to adjacent
normal tissues and cell lines and found that high lev-
els of hsa-circ0020714 in NSCLC patients are linked to a
poor prognosis and anti-PD-1 resistance.’’ In vitro experi-
ments validated hsa-circ0020714 as endogenous sponge of
miR-30a-5p, which induces SOX4 expression and anti-PD-1
resistance. These findings elaborate that hsa-circ0020714 is
apromising biomarker for monitoring the response to anti-
PD-1and a potential therapeutic target in NSCLC patients.
In conclusion, differential expression of ncRNAs in biolog-
ical specimens of cancer patients can predict the response
to ICIs with high efficiency, which encourages researchers
to work on standardising this tool for improving clinical
monitoring for timely interventions.

2.2 | Predictive ncRNA biomarkers for
response to immunomodulatory small
molecules

Inhibitory molecules that possess immunomodulatory
effects, such as inhibitors targeting the epidermal growth
factor receptor (EGFR) and BRAF, have demonstrated
promising results. These molecules exert their influ-
ence by modifying the levels of circulating lymphocytes,
cytokines, and even the expression of ICs in cancer
patients.’®*” Nonetheless, certain cancer patients exhibit
limited response to these crucial inhibitory molecules.
Early clinical monitoring of response to such inhibitors
needs prior studies identifying ncRNA biomarkers that can
predict positive responses.

Recent studies investigated peripheral -circulating
ncRNA biomarkers in NSCLC patients treated with
Osimertinib and found that upregulation of Exos-miR-
3913-5p, Exos-miR-18 and Exos-miR-210 is associated with
drug resistance and serves as predictive biomarker for
metastasis.®! In the context of melanoma, one report
indicated that the expression of a tumour suppressor miR-
524-5p in patients treated with BRAF inhibitors (BRAFi)
serves as a positive prognostic indicator.®” Moreover,
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TABLE 1 Alist of potential non-coding RNA (ncRNA) biomarkers that predict response to cancer immunotherapy.

Cancer type ncRNA Sample type Expression and predictive function Ref.
NSCLC miR-320b, miR-125b-5p, miR-320d ~ Plasma Downregulation/predicting the effectiveness of i
and miR-320c anti-PD-1 therapy
miR-138-5p, miR-200, miR-93, Blood Upregulation/biomarkers of good response to 8
miR-27a, miR-34a, miR-424, anti-PD-1 therapy

miR-28, miR-193a-3p, miR-106b
and miR-181a

Exos-miR-3913-5p, Exos-miR-184 Blood Upregulation/biomarkers of resistance to Osimertinib ¢!
and Exos-miR-210
miR-125b-5p Plasma-Exos Downregulation is associated with T-cell activation i
and good prognosis
¢irc0003222 Tumour tissue Overexpression/predicting good response to anti-PD-1 3¢
therapy
circ0020714 Tumour tissue Overexpression is associated with poor prognosis and ¥’
resistance to anti-PD-1 antibodies by binding to
miR-30a-5p
circZNF91 Plasma Upregulated in patients treated with EGFR inhibitor
(gefitinib) and showed good response
¢irc0002130 Plasma Upregulated in patients treated with EGFR inhibitor =~ ¢
Osimertinib (AZD9291) and showed good response
Lung cancer miR-33a Serum Overexpression was associated with low levels of PD-1 4
and CTLA-4 antibodies
circFGFR1 Plasma Binds to miR-381-3p leading to resistance to anti-PD-1 3
therapy
miR-411-3p, miR-215-5p, miR-493-5p, Blood Overexpression/forecasting a good response to =
miR-495-3p, miR-548j-5p, anti-PD-1 (nivolumab) therapy and improved OS
miR-93-3p and miR-494-3p
Melanoma miR-155, miR-146a, miR-125b, let-7e, Tumour cells Exos Upregulation/biomarkers of weak responses to 42
miR-100, miR-125a, miR-99b and nivolumab or ipilimumab
miR-146b
miR-150 and miR-151-5p T cells Overexpression is associated with efficient blocking of 434
PD-1
miR-222, miR-1292, miR-23a-star Tumour tissue Upregulation is associated with no response to 3t
and miR-140-5p anti-CTLA-4 (ipilimumab)
Exos-miR-532-5p and Exos-miR-106b Plasma Downregulation/biomarkers for response to 130
pembrolizumab (anti-PD-1)
miR-1972 and miR-4502 Serum Overexpression in patients with metastatic melanoma >
who did not respond to anti-PD-1 therapy
Exos-RN7SL1 Tumour cells Upregulation/enhance CAR-T-cell effectiveness 131
miR-524-5p and miR-4488 Tumour cells Expression is associated with a good response to BRAF 6264
and MAPK inhibitors
miR-199b-5p Tumour biopsies  Recurrence of melanoma is associated with the 03
and plasma expression of this biomarker
Colorectal miRNA-153 Tumour biopsy ~ Overexpression/ predicting tumour invasiveness but ~ 7%7/
cancer other reports noticed an activation of CD8* T cells
when miR-153 was combined with CAR-T-cell
therapy
miR-6826 and miR-6875 Plasma Overexpression predicts low response to cancer 87
vaccines
miR-196b-5p, miR-378a-3p and Cancer tissue Predict the efficiency of HLA-A*2402 peptide cancer
miR-486-5p vaccine
miR-125b-1 and miR-378a Cancer tissue Upregulation is associated with low OS in patients e
treated with peptide vaccines
(Continues)
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TABLE 1 (Continued)

Cancer type ncRNA Sample type Expression and predictive function Ref.

Renal cell miR-374c, miR-6718 and miR-1269b  Tumour tissue Overexpression is associated with increased LAG-3 and *®
carcinoma poor prognosis

Ovarian miR-1228-5p, miR-193a-5p and Serum Overexpression is associated with a good response to %
carcinoma miR-375-3p the GPC3 peptide vaccine

Breast cancer miR-155 DC Predictive biomarker for a good response to DCs (86

vaccine in a murine model

Abbreviations: CAR-T, chimeric antigen receptor T lymphocytes; CTLA-4, Cytotoxic T-lymphocyte-associated antigen 4; DC, dendritic cell; EGFR, epidermal
growth factor receptor; NSCLC, non-small cell lung carcinoma; OS, overall survival.
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FIGURE 1 Predictive non-coding RNA (ncRNA) biomarkers of response to cancer immunotherapy. A schematic diagram shows

examples of ncRNAs involved in the response to immunotherapeutic agents. (A) ncRNA biomarkers for predicting response to chimeric

antigen receptor T lymphocytes (CAR-T) cell therapy; (B) ncRNA biomarkers for predicting response to monoclonal antibodies (mAbs) and

inhibitory molecules; (C) ncRNA biomarkers for predicting response to immune checkpoint inhibitors (ICIs); and (D) ncRNA biomarkers for
predicting response to cancer vaccines. Cancer vaccine types in cancer patients include dendritic cell (DC) vaccine, peptide vaccine and

multi-epitopes vaccine.
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among melanoma patients treated with both MEK and
BRAFi, elevated levels of miR-199b-5p in plasma were
correlated with recurrence.®® This observation suggests
that miR-199b-5p could potentially serve as a predictive
biomarker for response to BRAF and MEK inhibitors.
Additionally, the increased levels of miR-4488 in plasma
of melanoma patients post-MEK inhibitor treatment indi-
cated drug resistance.** In a recent study, the increased
levels of miR-1246 and miR-485-3p in plasma were linked
to negative response to BRAFi in melanoma patients.®
Likewise, miR-1246"8"/miR-485-3p'°" predicts negative
response to BRAFi.® In CRC patients, an early study
investigating miRNA signature in tumour tissues of
individuals treated with BRAFi revealed that reduced
expression of let-7e and let-7b could potentially serve as
biomarkers for non-responders to BRAFi therapy.®® How-
ever, overexpression of let-7g indicates good prognosis and
longer survival.” A recent study analysed the variations
in circRNAs among cancer patients who underwent
inhibitory molecule treatment and demonstrated intrigu-
ing ncRNA biomarkers that offer early predictions of
immune responses and prognoses.®® The study used RNA
microarray on plasma from NSCLC patients treated with
an EGFR inhibitor (gefitinib). They observed a significant
upregulation of circZNF91 (circ_0109320) in patients with
positive treatment responses. Interestingly an in vitro
study performed comprehensive circRNA profiling of
NSCLC cell lines (H1975/AZDR and HCC827/AZDR) and
demonstrated that circC3 (circ_0002130) was significantly
upregulated in cells that exhibited resistance to Osimer-
tinib (AZD9291), an EGFR tyrosine kinase inhibitor.®”
In summary, ncRNA biomarkers from liquid biopsies
or tumour tissues hold significant promise in predicting
responses to immunomodulatory inhibitory molecules in
patients with cancer.

2.3 | Predictive ncRNA biomarkers for
response to CAR-T-cell therapy

In recent years, T-cell-based immunotherapy exhibited
promising progress in treating cancer patients.”’”! How-
ever, tumour tolerance is challenging because it reduces
active immunosurveillance and induces exhaustion of T
cells and NK cells. Tumour cells also recruit immunosup-
pressive cells to support immune escape and immunother-
apy failure. A new generation of genetically modified T
cells with chimeric antigen receptors (CARs) was cre-
ated to reprogram and modulate T-cell functions in the
tumour microenvironment.’”> These are engineered T cells
expressing synthetic immunoglobulin/CARs, combined
with a tumour-targeting anti-scFv binding domain. This
fusion is linked to signalling domains such as CD3(,

enabling self-directed T-cell activation.”> CAR-T-cell ther-
apy improved the clinical efficacy of treating some aggres-
sive leukaemia and lymphoma and has opened avenues
for reprogramming tumour resident T cells to become
functional.”>” However, tumour heterogeneity, immuno-
suppressive challenges and other intrinsic mechanisms
have increased the resistance to CAR-T-cell therapy.”
These challenges encouraged scientists to develop multi-
ple signalling generations of CAR-T cells. However, other
side effects hinder the clinical application of CAR-T-cell
therapy in many clinical trials due to hyperinflammatory
adverse effects and immunotoxicity. Standardising clinical
monitoring of response to CAR-T cells using circulating
ncRNA biomarkers could predict positive versus negative
responses to CAR-T-cell therapy. In this context, recent
studies have started to report interesting predictive ncRNA
biomarkers in cancer patients treated with CAR-T-cell
therapy. A study conducted in CRC used epidermal growth
factor receptor variant 3 mutation (EGFRVIII) as a target
of CAR-T cells and tested the effect with/without miR-
153.7° The study revealed that overexpression of miR-153
significantly enhanced T-cell killing capability and down-
regulated the expression of indoleamine 2,3 dioxygenase
1 (IDO1) in tumour cells.”® In contrast, a clinical study
that followed up CRC patients for 4 years revealed that
mRNA profiling showed that miR-153 overexpression is
significantly associated with increased cancer invasive-
ness (21/30 patients) and platinum-based chemotherapy
resistance.”’ The study highlighted an upsurge in miR-153
levels in human primary CRC and advanced stages com-
pared to normal colonic epithelium. Mechanistic investi-
gations unveiled that miR-153 indirectly promoted inva-
siveness by stimulating the production of matrix metallo-
protease enzyme 9 and directly by inducing drug resistance
through inhibiting the forkhead transcription factor fork-
head box 03a (FOX03a).”” By checking miRNA databases
(Ex:Targtscan7.2), we found that miR-153-5p targets IDO1
and other immunoregulatory genes (TargetScanHuman
7.2 predicted targeting of human IDO1). Hence, we pro-
pose that miR-153-5p could serve as a context-dependent
biomarker suitable for utilisation in monitoring CAR-T-
cell responses specifically among CRC patients with EGFR
mutations. Other studies reported oncogenic function of
miR-155 in breast and lung cancers.”®”” However, a new
study integrated miR-155 into the vector of anti-CD19
CAR-T cells and reported an increase in the anti-tumour
functions against lymphoma in vivo and in vitro due to
induction of interferon-y (IFN-y) and cytolytic activity of
CAR-T cells.® These results suggest different roles for
miR-155 in immune cells and tumour cells. In other words,
the expression of miR-155 in tumour tissue is a negative
biomarker that predicts poor prognosis and drug resis-
tance, butin T cells, it is a positive biomarker that predicts
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good response to CAR-T-cell therapy. This confirms our
assumption that miRNA biomarkers in CAR-T-cell-treated
patients need to be considered based on the context.

A recent study analysed the transcriptome and regula-
tory networks of patients with B-cell acute lymphoblastic
leukaemia (B-ALL) treated with anti-CD19 CAR-T ther-
apy and revealed that the increased levels of miR-148a-3p
and miR-375 in patients following anti-CD19 CAR-T ther-
apy were associated with good responses.®! Upregulation
of these miRNAs was associated with cancer suppression
and activation of anti-tumour immunity.®' This study also
elucidated the upregulation of miR-27a-3p following CAR-
T-cell treatment, indicating its role as a tumour suppressor.
These findings substantiate the potential candidacy of
miR-148a-3p, miR-375 and miR-27a-3p as viable biomark-
ers for B-ALL patients undergoing anti-CD19 CAR-T-cell
therapy.

In total, the studies exploring ncRNA biomarkers within
the context of CAR-T-cell therapy are currently limited.
This scarcity underscores the impetus for researchers to
intensify their focus on these biomarkers both pre- and
post-treatment. The work in this direction is supposed to
discover biomarkers that can exhibit significant alterations
in response to CAR-T-cell therapy.

2.4 | Predictive ncRNA biomarkers for
cancer vaccines

Therapeutic cancer vaccines (TCVs) are a promising type
of immunotherapy inducing specific responses against
cancer cells (see Figure 1).%%* TCVs could induce can-
cer regression, eliminate minimal residual disease, cre-
ate long-lasting anti-cancer memory and hinder adverse
consequences.”%* Aslisted in Table 1, early studies investi-
gated predictive ncRNA biomarkers to improve the efficacy
of TCVs and patients’ OS and reported some biomark-
ers that could predict the response. In ovarian carcinoma
patients, researchers conducted an investigation into cir-
culating serum biomarkers to monitor treatment response
following administration of the GPC3 peptide vaccine.
Utilising miR-Seq analysis, they scrutinised 84 serum sam-
ples sourced from patients participating in a phase II
clinical trial of the GPC3 peptide vaccine. Subsequently,
miRNA candidates were identified in 14 patients who
exhibited favourable responses to the treatment. These
findings were validated across a subset of 10 patients who
displayed robust responses in comparison to those with
lower response rates.®> Importantly, the study identified
a notable upregulation of serum miR-1228-5p, miR-193a-
5p and miR-375-3p, signifying a significant correlation
with positive responses to the GPC3 peptide vaccine. Fur-
thermore, these identified miRNAs demonstrated a high

predictive value for treatment response in the context of
the GPC3 peptide vaccine, enhancing the potential for
tailored patient management strategies.®® In a preclinical
study of breast cancer using a mouse model, overex-
pression of miR-155 in murine dendritic cells (DCs) was
linked to a significant response to DC cancer vaccines.®
Interestingly, a clinical study screened circulating miRNA
biomarkers in the plasma of patients with metastatic CRC
treated with HLA-A*2402 peptide vaccine revealed that
miR-6826 was overexpressed in patients with poor prog-
nosis and metastasis.®’” In addition, increased levels of
plasma miR-6875 in CRC patients treated with this pep-
tide vaccine predicted low efficacy of the vaccine and low
survival.®’ Another study in CRC patients reported that
the upregulation of miR-196b-5p plus reduced expression
of miR-378a-3p and miR-486-5p, correlated with negative
response to the HLA-A*2402 peptide vaccine.®® Further-
more, microarray analysis of tumour tissues obtained
from CRC patients treated with a peptide vaccine and
chemotherapy presented that both miR-125b-1 and miR-
378a were significantly associated with low OS,*” highlight-
ing their potentials as predicative biomarkers. A recent
study screened 113 plasma samples from CRC patients
to demonstrate predictive biomarkers for CRC recurrence
using qPCR and revealed that expression of Exos-miR-
21 significantly predicted CRC recurrence.’® Importantly,
low expression of Exos-miR-21 in DC vaccines against
infections such as visceral leishmaniasis predicted the
induction of adaptive immune responses by enhancing
the release of interleukin-12 (IL-12) by APCs.”" These
findings suggest that Exos-miR-21 levels in the plasma
of CRC patients treated with DC vaccines can predict
response rates and tumour recurrence. Altogether, circu-
lating ncRNA biomarkers in the blood of cancer patients
treated with TCVs have the potential to predict clinical
responses, OS and prognosis.

3 | ncRNAs FUNCTION AS
IMMUNOMODULATORS IN PATIENTS
TREATED WITH IMMUNOTHERAPY

Immunomodulatory therapies can efficiently induce a bal-
anced anti-tumour immune response, activation of CTLs,
and suppression of tumour growth.””> However, limitations
of these approaches remain because of adverse events and
resistance in some cancer types.”>* Currently, the focus
on immunoregulatory ncRNAs for provoking and moni-
toring specific immune responses has increased in cancer
immunotherapy>* (Table 2). In melanoma cells, knock-
ing down miR-211 restored melanoma sensitivity to BRAFi
by disrupting mitochondrial respiration and rendering
cells metabolically vulnerable, which increased immuno-
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TABLE 2 Immunomodulatory non-coding RNAs (ncRNAs) in cancer patients treated with immunotherapy.
Cancer type ncRNA
Melanoma miR-211

Pancreatic adenocarcinoma Exos-miR-203

HCC circMET (hsa_circ_0082002)
NSCLC circ_CELF1
circFGFR1

Increases the sensitivity of tumour to the treatment and

Modulates active functions of DCs by downregulating TNF,

Drives immunosuppression by inducing resistance to

Induces immunomodulatory and oncogenic effects by

Targets the expression of miR-381-3p leading to induce

enhances immune cell response in patients treated with
BRAF inhibitors
100

TLR4 and IL-12
102

anti-PD-1 antibodies through downregulating the

expression of miR-30-5p

105
inducing the immunosuppression and resistance to

anti-PD-1 antibodies.

55,107
anti-tumour immunotherapy resistance by upregulating

the expression of CXCR4

Abbreviations: CXCR4, chemokine receptor 4; DC, dendritic cell; HCC, hepatocellular carcinoma; IL, interleukin; TLR4, Toll-like receptor 4; NSCLC, non-small

cell lung carcinoma; TNF, tumour necrosis factor.

surveillance and killing of tumour cells.”® Furthermore,
melanosomal miR-211 was linked to an increase in MAPK
signalling by targeting IGF2R, which supports tumour
invasion and enhances drug resistance.”” The decrease in
MAPK signalling due to knocking down of miR-211 was
associated with the activation of immune killer cells.”®’
Importantly, in pancreatic cancer, expression of Exos-
miR-203 downregulates the expression of tumour necrosis
factor (TNF), Toll-like receptor 4 (TLR4) and IL-12 in
DCs.!% This effect can be linked to the low efficiency
of DCs cancer vaccines in pancreatic cancer patients.!!
A recent study demonstrated that overexpression of cir-
cMET (circ0082002) in hepatocellular carcinoma (HCC)
induced immunosuppression, which was linked to the
tumour recurrence and resistance to anti-PD-1 therapy by
downregulating the expression of miR-30-5p.!? Inhibition
of miR-30-5p affects the stability and function of effector
T cells,'”® suggesting that circMET is a potential thera-
peutic target for promoting anti-HCC adaptive immune
responses. In NSCLC, overexpression of circ0020714 was
significantly connected to anti-PD-1 resistance through
downregulation of miR-30a-5p.”” Of note, expression of
miRNA-30a-5p in tumour enhances immune cell infil-
tration and improves anti-tumour immune responses.'**
Another study reported that circ-CELF1 was elevated
in NSCLC.!% It binds to miR-491-5p and induces resis-
tance to immunotherapy by increasing the expression
of EGFR gene.!” Previous literature reported the sig-
nificant role of miR-491 in the regulation of CD8% and
CD4t T-cell proliferation and apoptosis by decreasing
the expression of IFN-y by targeting cyclin-dependent
kinase 4, the transcription factor T-cell factor 1 and
the anti-apoptotic protein B-cell lymphoma 2-like 1.9
Thus, miR-491 could be a potential immunomodulatory

biomarker in cancer immunotherapy. In the same context,
circFGFR1 was high in NSCLC, and its high levels down-
regulated the expression of miR-381-3p, and thus induced
anti-tumour immunotherapy resistance by upregulating
the expression of CXCR4.”>!%7 Noteworthy, miR-381-3p
can modulate DC functions by mediating the expression
of CDIc gene and IL-10.'9 In addition, miR-381-3p can
induce T-cell differentiation by targeting FOXO1, result-
ing in the activation of the transcription factors T-bet and
RORyt transcription factors.'”” Knocking down miR-381-
3p in vivo showed significant inhibition of inflammatory
responses.''’ By linking these pieces of evidence, miR-
381-3p could be an important immunomodulatory ncRNA
regulating responses to cancer immunotherapy and a pre-
dictive biomarker for response in patients treated with
cancer immunotherapy.

4 | PROMISING USE OF
IMMUNOREGULATORY NCRNAS AS
TARGETS FOR IMMUNOTHERAPY

Dysfunctionality of CAR-T cells has recently been reported
in several tumours, which could be attributed to immuno-
suppressive microenvironment besides other factors.''!?
Interestingly, a new study demonstrated that CAR-T cells
in some cancer patients have been forced to express ICs,
which induced exhaustion.'® A gene-blocking strategy in
CAR-T cells by ncRNAs was employed to produce modi-
fied CD19 CAR-T cells resistant to exhaustion as reported
in modified CAR-T cells targeting prostate-specific antigen
(PSA).!"* siRNA-PD-1 (siPD-1) was employed to generate
PSA/PD-1 CAR-T cells with silenced PD-1/PD-L1 pathway
compared to CD19/PD-1 CAR-T cells. Experimental find-

85UB017 SUOWIOD 9AIE81D) 8qedl|dde auy Ag peusenob ate sajoile YO 8sn Jo sojni o) Akeiqi aulu As|1/W UO (SUONIPUOD-pUe-SWLIB) 0D A3 | Im Ale.q 1[puluo//SAny) SUOIPUOD pue swis 1 8L 89S *[£20z/60/52] U0 Aridiauliuo A8|1im ‘91 Aq SziT 2Wwid/Zo0T 0T/10p/wod e | Im Arelq i puljuoy//sdny wolj papeojumod ‘6 ‘€202 ‘92ETT00C



10 of 16 CLINICAL AND TRANSLATIONAL MEw ALAHDAL and ELKORD
Immunoregulatory ncRNA targets and perspectives for immunotherapy
Preparation of circCAR T cells (isCAR T) Targeting specific ncRNA improves the response to CAR T cell therapy
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FIGURE 2

Potential impact of combination between chimeric antigen receptor T lymphocytes (CAR-T) cell and immunoregulatory

non-coding RNA (ncRNA). A schematic diagram illustrates the potential impact of combining CAR-T cells and circRNA for improving the

response to CAR-T-cell therapy. As presented in section (1), circRNAs can combined with CAR-T cells construction by cloning circRNA in the
CAR-Vector or transfecting CAR-T cells with the plasmid of circRNA candidate. Section (2): the combination of CAR-T cell with
immunoregulatory ncRNA could improve not only the function of CAR-T cells but also the response of tumour-infiltrating immune cells such
as effector T cells, cytotoxic T cells, natural killer (NK) cells and activated macrophages besides improving the susceptibility of cancer cells to

immunotherapy intervention.

ings demonstrated that this strategy significantly increased
CAR-T-cell killing and cytokine release.!* This study
implies that a new era of immunomodulatory ncRNAs
for powering anti-tumour functions of CAR-T cells has
emerged in the clinical treatment of cancer. As explained
in Figure 2, an insertion of circRNA inside CAR-T cells
either by cloning specific circRNA in the contraction
of CAR-Vector or transfecting CAR-T cells with the cir-
cRNA vector for blocking specific suppressor genes in
tumour cells or promoting inflammatory responses may
improve the response to CAR-T-cell therapy, which is sug-
gested to be a promising strategy for solving challenges
of exhaustion and low response rates. Recently, it was
reported that five doses of Orna’s anti-CD19 isSCAR com-
pletely eradicated tumours in a xenografted mouse model
of acute lymphoblastic leukaemia.'® Hence, combination
of tumour suppressor ncRNAs and CAR-T cells would be
a novel immunotherapeutic invention in the clinical treat-

ment of cancer, as presented in Figure 2. A recent study
reported the link between low expression of circ0064428
in tumour-infiltrating lymphocytes (TILs) and negative OS
in HCC patients."'® Overexpression of circ0064428 in TILs
can improve immunosurveillance and tumour response
to immunotherapy. We prospect a potential efficacy of
the combination of circ0064428 with CAR-T cells for the
treatment of HCC patients. Furthermore, transcription of
IncRNA-Malatl was reported in metastatic NSCLC and
other tumours.'”” Inhibition of Malatl prevented breast
cancer growth and metastasis.''® Interestingly, Malatl was
linked to regulatory immune cells infiltrating tumour
and to the regulation of cytotoxic T cells, NK cells and
macrophages in the TME."!?° Suppression of Malatl
significantly enhanced Thl and Th2 differentiation and
lowered levels of IL-10 immunosuppressive cytokine.'??
A study of chromatin-enriched IncRNAs revealed that
Malatl links with trans IncRNAs that boost RNA interac-
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tions at gene promoters.'?! Furthermore, Malatl promotes
terminal effector and terminal effector memory cell differ-
entiation by increasing H3K27me3 deposition at a number
of memory cell-associated genes by direct interaction with
Ezh2."?! Hence, combination of siMalatl with CAR-T cells
could be a potential strategy for the treatment of breast
cancer.

A recent study reported that IncRNA-MIR100HG-
derived miR-100 and miR-125b induce resistance to EGFRi
in CRC patients due to targeting Wnt5/5-catenin nega-
tive regulators.'?? Blocking IncRNA-MIR100HG, miR-100
and miR-125b in combination with EGFRi could improve
response to immunotherapy in CRC patients. In another
study, expression of circ0020397 promoted the expression
of PD-L1 and telomerase reverse transcriptase in CRC cells
by antagonising miR-138 suppression of cell growth.'?
Targeting circ0020397 is supposed to repress the expres-
sion of PD-L1 and thus alleviate the expression of PD-1
in tumour-infiltrating T cells, which increases the chance
of an effective response to immunotherapy. Furthermore,
recent studies reported that expression of circCDR1-AS,
circ-CPA4 and circ0000284 in several types of cancer, such
as CRC, NSCLC, liver and pancreatic cancer, are associ-
ated with PD-L1 expression by targeting CMTM4, let-7 and
miR-377-3p.24"1% Intriguingly, these circRNAs are linked
to poor prognosis, tumour progression and deactivation of
cytotoxic CD8" T cells. Targeting circCDR1-AS, circ-CPA4
and circ0000284 could potentially improve the efficacy of
immunotherapy in cancer patients by enhancing CD8*
T-cell responses.

A combination of miRNA with immunotherapy is an
attractive strategy, but the complexity of miRNA mecha-
nisms is a serious challenge that needs to be considered
carefully in cancer immunotherapy. Because miRNA has
context-dependent functions, it could work as tumour
enhancers, but at different background, it could serve as
tumour suppressor.'?” Therefore, the specific mechanism
of miRNA in the target cancer should be disclosed before
considering this miRNA in immunotherapy. In epithe-
lial ovarian cancer, Exos-miR-29a-3p and Exos-miR-21-5p
are released by M2 macrophages and interact with T-
cell subsets, leading to an imbalanced Treg:Thl7 ratio
and immunosuppression.'?® Adding siRNA-miR-29a-3p
and siRNA-miR-21-5p to immunotherapy regimen could
enhance the activation of cytotoxic T cells in ovarian can-
cer patients and improve the response to anti-tumour
drugs. A similar concept can be used in melanoma, as
reported, exosomal miR-181a/b, miR-122, miR-498, miR149
and miR-3187-3p are immunomodulators of T-cell recep-
tor (TCR) signalling that downregulate T-cell response
and induce TNF-a secretion to suppress CD8 T-cell
activation.'” Blocking one of these immunomodulatory
miRNAs may significantly enhance activation of cytotoxic

CD8* T cells through TCR signalling activation, which is
supposed to improve the response to immunotherapy in
melanoma patients. Moreover, CAR-T-cell therapy can be
enhanced by miR-153 in CRC by inhibiting the expression
of IDOI and increasing the efficacy of T-cell cytotoxicity.”®

In summary, exploring ncRNAs to enhance immune
responses and optimise immunotherapy holds promise
for generating innovative and novel immunotherapeutic
approaches in the clinical treatment of cancer. We have
highlighted potential ncRNA targets, such as miR-29a-3p
and miR-21-5p in ovarian cancer, circ0020397, miR-100 and
miR-125b in CRC, and miR-181a/b, miR-122 and miR-498 in
melanoma.

5 | CONCLUSION

Recently, the importance of ncRNAs as predic-
tive biomarkers and therapeutic targets for cancer
immunotherapy has gained attention in clinical and pre-
clinical studies. Close monitoring of ncRNA biomarkers
provides potential opportunities for early assessment of
responses to immunotherapy, patients’ prognoses and can-
cer relapse. As known, different ncRNAs mediate different
pathways in the cancer microenvironment. Monitoring
multiple circulating ncRNAs (ncRNome) might thus
be a better way to assess immunotherapy response (see
graphical Figure). Several clinical studies have reported
on predictive ncRNA biomarkers during the course of
immunotherapy, such as the upregulation of miR-138-5p,
miR-200, miR-93, miR-27a, miR-34a, miR-424, miR-28,
miR-193a-3p, miR-106b and miR-181a in NSCLC patients
treated with anti-PD-1. These biomarkers predicted good
prognosis and improved OS. In addition, increased levels
of Exos-miR-3913-5p, Exos-miR-184 and Exos-miR-210 in
NSCLC patients treated with Osimertinib predicted drug
resistance and metastasis. In patients with B-ALL treated
with anti-CD19 CAR-T cells, miR-148a-3p and miR-375
could be potential ncRNA biomarkers for the response
to CAR-T cells. Furthermore, miR-153 was reported as
a potential ncRNA biomarker predicting the response
to CAR-T-cell therapy in CRC patients. Upregulation
of miR-1228-5p, miR-193a-5p and miR-375-3p predicted
the response to GPC3 vaccine in patients with ovarian
carcinoma. Overexpression of miR-6826 in the periphery
of CRC patients treated with HLA-A*2402 peptide vaccine
predicted poor prognosis and metastasis. Despite the
fact that some recent clinical studies have documented
various ncRNA biomarkers for evaluating immunother-
apy response, the application of molecular biomarker
indicators is still a growing field. To our knowledge, no
studies have yet explained the technical limits of employ-
ing ncRNA biomarkers for monitoring immunotherapy
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response. Despite the potential shown in various studies
with limited case samples, research involving larger case
cohorts is required for reliable clinical applications.

The integration of ncRNA biomarker analysis holds
promise in uncovering potential immunomodulatory
agents and therapeutic targets, enhancing the clinical
implementation of cancer immunotherapy. Combining
ncRNAs to modulate specific tumour cell signalling path-
ways alongside immunotherapy interventions has the
potential to synergistically amplify treatment responses
and ultimately optimise patient prognoses. Moreover, the
notable use of miRNA and circRNA biomarkers in clin-
ical studies and limited screening of small and IncRNAs
as biomarkers in the circulatory system of cancer patients
may be due to the abundant presence of miRNA in liquid
biopsies and tumour tissue, facilitated by straightforward
screening methods. Importantly, the role of IncRNAs as
biomarkers has been explored in many studies, suggesting
that IncRNAs can be considered for assessing the response
to immunotherapy. We encourage future studies to con-
sider circulating IncRNA biomarkers, which could present
a promising sensitivity to immunotherapeutic modalities.
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