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Purpose of review

Checkpoint inhibitors (CPIs) have revolutionized treatment outcomes for patients with malignant melanoma.
Long-term follow-up shows that a substantial subset of patients who exhibit clinical responses achieve
extended overall survival. Nevertheless, most patients do not achieve durable benefit from CPIs, and
improvements are urgently needed. The clinical efficacy of CPIs depends on highly variable preexisting
spontaneous T-cell immune responses. Cancer vaccines represent an independent treatment modality
uniquely capable of expanding the repertoire of tumor-specific T cells in cancer patients and thus have the
capacity to compensate for the variability in spontaneous T-cell responses. Vaccines are, therefore,
considered attractive components in a CPI-combination strategy.

Recent findings

Here we discuss recent results obtained through therapeutic vaccination against telomerase human
telomerase reverse transcriptase (hTERT). Recent publications on translational research and clinical results
from phase I trials indicate that vaccination against telomerase in combination with CPIs provides relevant
immune responses, negligible added toxicity, and signals of clinical efficacy.

Conclusion

In the near future, randomized data from clinical trials involving therapeutic cancer vaccines and
checkpoint inhibitors will be available. Positive readout may spark broad development and allow cancer
vaccines to find their place in the clinic as an important component in multiple future CPI combinations.
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INTRODUCTION

Although effective antitumor immunity remains
multifactorial, experiences from the era of immune
checkpoint inhibitors (CPIs) suggest two factors
are critical in driving clinical responses. Firstly,
the presence of T-cell responses targeting relevant
tumor antigens, and secondly, the immune check-
points that restrict them. Emerging biomarkers pre-
dictive of CPI efficacy largely serve as evidence of
tumor immunogenicity and preformed antitumor
immunity. These biomarkers include tumor muta-
tional burden (TMB) [1], predicted neoantigens [2],
INF-g gene signature [3], PD-L1 [4], and tumor-
infiltrating lymphocytes (TILs) [5]. Whereas a high-
TMB score is a crude link to high-tumor immunoge-
nicity and, thus, an increased probability of pre-
formed T-cell responses, the predicted neoantigen
score offer amore refined approach towards the same
purpose. To promote tumor cell killing, antitumor
Tcells releaseeffectormolecules, suchas IFN-g,which
in turn leads to tumor up-regulation of PD-L1 [6].
Although we have successfully inhibited the
immune checkpoints releasing preexisting antitu-
mor T-cell responses (e.g. PD-1, PD-L1, CTLA-4,
and LAG-3), further enhancements of the antitumor
T-cell responses are required to extend durable clin-
ical responses to more patients. A primary limiting
factor now appears to be the presence of T-cell
responses specific for tumor antigens, over which
the CPIs have little control. Therapeutic cancer
vaccines can play an essential role by instructing
Volume 35 � Number 2 � March 2023

mailto:jens.bjorheim@ultimovacs.com


KEY POINTS

� The clinical efficacy of checkpoint inhibitors depends
on preexisting, spontaneous immune responses against
patients tumors.

� Anti-hTERT immune responses appear beneficial for
melanoma patients, and telomerase represents an
attractive target for vaccination.

� Cancer vaccines represent an independent mode of
action capable of increasing cancer patient repertoire
of tumor specific T cells.

� Survival data are expected imminently from INITIUM, a
randomized phase II clinical trial (n¼156) in
metastatic melanoma comparing the effects of treatment
with the standard-of-care checkpoint inhibitors,
ipilimumab and nivolumab, with and without the
telomerase vaccine, UV1.
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the immune system to induce de novo T-cell
responses, specifically targeting cancer cells, aiming
to extend clinical efficacy to patients with less spon-
taneously immunogenic tumors. This review will
present current knowledge on therapeutic vaccines
targeting telomerase human telomerase reverse
transcriptase (hTERT) and their advancements in
the malignant melanoma field.
CANCER VACCINES AND CHECKPOINT
INHIBITORS

Therapeutic cancer vaccination against telomerase
is not a new concept. Several early vaccination
attempts showed vaccine-induced tumor-antigen-
specific T-cell responses but rarely resulted in an
apparent clinical benefit [7–10]. In these early trials,
the induced T-cell responses were likely restricted by
the immune checkpoints, explaining the lack of
clinical efficacy from vaccination. Despite the com-
plicated history, therapeutic cancer vaccines are
now seeing rekindled enthusiasm. This renewed
excitement stems from a potential two-fold role in
the immuno-oncology space. Firstly, checkpoint
inhibitors (CPIs) are natural partners for vaccines,
as their combination is expected to boost the
induced T-cell response and release them from
inhibition in the tumor microenvironment. Sec-
ondly, vaccines are designed to generate de novo
antitumor T-cell responses, which is an apparent
bottleneck for broader CPI efficacy. Spontaneous
immune responses against a patient’s tumor are
the cornerstone of current cancer immunotherapy,
on which the mode of action of all CPIs rests. By
their nature, these responses are not under clini-
cians’ control but have nevertheless been shown to
1040-8746 Copyright © 2023 The Author(s). Published by Wolters Kluwe
be required to invoke tumor regression in patients
treated with the PD-1 CPI, pembrolizumab [11].
Therapeutic cancer vaccines represent a mechanis-
tically complementary approach to CPIs by provid-
ing de novo cancer-specific T cells aiming to reinforce
preexisting immune responses and pave the way for
enhanced efficacy of CPIs and other cancer drugs
dependent on such responses (Fig. 1).
TUMOR-ASSOCIATED ANTIGENS VERSUS
NEOANTIGENS

Two distinct strategies for cancer vaccination have
emerged; vaccination with neoantigens and vacci-
nation with tumor-associated antigens (TAAs).

Contrary to TAA vaccines, neoantigen vaccines
are personalized, one-of-a-kind, entities produced to
match the individual patients’ tumor. Neoantigens
are immunogenic cancer-specific antigens arising
from the mutagenesis integral to tumor formation.
The spectrum of neoantigens varies between tumor
types, from patient to patient, and from location to
location within a tumor. Neoantigen expression is
also subject to temporal variation in response to
evolving patterns of immune response (i.e.
immuno-editing) or imposed treatment regimens
[12]. Cancer-specific mutations can be regarded as
potent vaccination targets as they are not subject to
central immune tolerance and, thereby, likely to
elicit strong immune responses. Generating neoan-
tigen-based vaccines depends on a series of relatively
complex procedures still in an exploratory phase.
Identifying immunogenic tumor-specific mutations
in individual patients, in general, requires tumor
tissue biopsies for DNA sequencing and variant
calling, together with RNA sequencing to assess
expression levels. HLA typing and computational
algorithms are being developed for epitope predic-
tion. A central challenge in the design of neoantigen
cancer vaccines is the selection of neoantigens that
are expressed persistently and widely throughout a
patient’s tumor or tumors. A single personalized
vaccine may have to target many neoantigens to
optimize the T-cell responses andminimize the like-
lihood of immune evasion [13]. Recent early-phase
clinical trials combining neoantigen vaccines with
CPIs in melanoma have yielded encouraging effi-
cacy signals [14–16]. Randomized phase 2 trials with
neoantigen vaccines in combination with CPIs are
ongoing in melanoma with anticipated read-out
(NCT03897881, NCT03815058).

The alternative strategy for increasing antitu-
mor T-cell responses, and the focus of this review,
is the use of vaccines based on pan-cancer antigens
that are expressed by multiple tumor types. TAAs
are antigens with an expression pattern that is
r Health, Inc. www.co-oncology.com 101



FIGURE 1. Combining a tumor-associated antigen-based vaccine and checkpoint inhibition to boost antitumor T-cell responses.
Nonimmunogenic tumors may become more amenable to checkpoint inhibition through vaccination against nonmutated tumor-
associated antigens, such as hTERT. Vaccination aims to increase the magnitude of T cells attacking the tumor, which can be
further potentiated through checkpoint inhibitor (CPI) combinations.
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preferentially restricted to tumors. There are several
groups of TAAs, of which many are potential targets
for therapeutic vaccination (e.g. New York esoph-
ageal squamous cell carcinoma1 (NY-ESO-1) [17],
melanoma-associated antigen (MAGE) [18], and
human telomerase reverse transcriptase (hTERT)
[19]) (Table 1). Compared with the neoantigen
approach, vaccines directed towards the generation
of T-cell responses to TAAs may be more relevant in
cancers or individual tumors with low TMB, where
the tumor expresses fewer neoantigens as a basis for
vaccination. A large proportion of patients with
metastatic melanoma (�30%), for instance, have a
low mutational burden at pretreatment baselines,
implying expectations of few neoantigens to vacci-
nate against, and few spontaneously formed T-cell
responses checkpoint inhibition can mobilize [20].
The use of vaccines based on highly prevalent TAAs
has an additional practical benefit of allowing off-
the-shelf vaccine administration and immediate
use in patients whose tumors express the relevant
TAAs. A recent phase I trial of a TAA mRNA vaccine
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[NY-ESO-1, MAGE-A3, tyrosinase, and transmem-
brane phosphatase with tensin homology (TPTE)]
in combination with anti-PD1 therapy has shown
promising results in patients with metastatic mela-
noma [21].

A key consideration in the utility of TAA vac-
cines for melanoma is the extent to which the target
antigens are expressed in individual melanoma
tumors. In that respect, antigens derived from telo-
merase reverse transcriptase (hTERT) is an attractive
option. The hTERT expression pattern in cutaneous
melanomas appears ubiquitous and comparatively
homogenous within individual tumors (Table 1)
[22–24]. Telomerase is actively expressed to preserve
genome integrity in embryonic stem cells and divid-
ing sperm cells, and it is expressed only sparsely in
healthy somatic tissues [19]. In contrast, telomerase
expression is essential in cancerous tissue to main-
tain telomere replication, unconstrained cancer cell
proliferation, and metastasis [25,26]. These func-
tions are fundamental to the oncogenesis andmain-
tenance of a cancerous phenotype, and telomerase
Volume 35 � Number 2 � March 2023



Table 1. Expression pattern of commonly targeted tumor-associated antigens in melanoma tumors

TAA Percentage positive melanoma tumors
Percentage melanoma tumors with homogenous expression

(>50% positive melanoma cells)

hTERT [22,23] 100% �86--95%

Tyrosinase [24] 94% �85%

Melan-A [24] 94% �75--90%

Gp100 ([24] 91% �60--75%

NY-ESO-1 [24] 45% �10--20%

MAGE-A1 [24] 36% �5--30%

MAGE-A4 [24] 29% �5--25%

TAA, tumor-associated antigen.
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activation is, therefore, considered a hallmark of
cancer [27]. By directing the immune response
towards the active site of hTERT, tumor resistance
mutations are unlikely to develop within the tar-
geted epitopes, as these may lead to loss of hTERT
function and consequent reduced tumor growth
[19]. Telomerase expression has been documented
in 85–90% of all tumor types [28,29], with the few
remaining tumors utilizing alternative lengthening
of telomeres (ALT) to achieve replicative immortal-
ity. The ALT phenotype has been documented
in sarcomas, but rarely in carcinomas, and only
in about 7% of melanomas [30]. Although switch-
ing to the ALT phenotype is a theoretical oppor-
tunity for the tumor to resist telomerase targeting
therapies [31], such conversion has shown to
significantly reduce the invasive potential of the
tumor [32].
TELOMERASE EXPRESSION IN
MELANOMA TUMORS

Mutations in the promoter region of hTERT are one
of the most frequently occurring genomic aberra-
tions in cutaneous melanoma (�80%) [33]. These
promoter mutations are a well described hTERT
activation mechanism that increases transcription
[34], resulting in increased hTERT expression.
Gene copy number amplification is another hTERT
activation mechanism, and amplification of the
genomic regions containing hTERT is over-repre-
sented in melanomas [35]. Furthermore, staining
of melanoma biopsies has shown a relatively homo-
genous hTERT expression, with a median of 72.7%
positive melanoma cells [36

&

,37]. High tumor
hTERT activity also correlates with poor prognosis
in melanoma, further supporting its relevancy as a
therapeutic target [37]. Interestingly, the presence of
spontaneous T-cell responses directed against
hTERT appears to be advantageous for melanoma
1040-8746 Copyright © 2023 The Author(s). Published by Wolters Kluwe
patients. A study designed to evaluate the preva-
lence and clinical significance of the CD4T helper
cell (Th1) response against hTERT in patients with
melanoma concluded that circulating antihTERT
Th1 responses were a predictive factor of response
to checkpoint inhibition [38

&

]. Around 55% of
patients displayed circulating antihTERT Th1
immunity, and the rate of hTERT immunity was
higher in patients with early-stage melanoma than
in those with late-stage disease (69% in American
Joint Committee on Cancer (AJCC) stage 1 versus
49% in AJCC stage �2), suggesting that melanoma
progression was associated with a defect of anti-
hTERT Th1 immunity. In patients subsequently
treated with CPIs, a higher proportion of those
demonstrating an objective response exhibited pre-
existing antihTERT Th1 immunity than did non-
responders – 86% (18/21) of clinical responders
had preexisting anti-TERT Th1 responses, while
only 32% (6/19) of clinical nonresponders did
(P value 0.001). Furthermore, in a multivariate anal-
ysis, the anti-TERT Th1 response correlated with
improved progression-free and overall survival, with
a hazard ratio of 0.317 (95% CI, 0.14–0.72, P value
0.006) and 0.298 (95% CI, 0.09–0.94, P value
0.039), respectively.
VACCINE PLATFORMS

Although several vaccine platforms have been uti-
lized to mobilize an immune response against
hTERT, such as DNA and mRNA vaccines, only
peptide vaccines have been developed in melanoma
[19]. The peptide platform is historically well estab-
lished, although a few improvements have been
incorporated to enhance immunogenicity and
T-cell responsivity. The use of synthetic long
peptides (SLPs) is now becoming the gold standard,
mainly because of their ability to induce both CD4
and CD8 T-cell responses in an HLA-unrestricted
r Health, Inc. www.co-oncology.com 103
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manner. Previously, most peptide-based vaccines
were typically tailored to fit single HLA class I alleles,
necessitating prescreening of patients before admin-
istration. However, designated epitope-rich long
peptides (�15 amino acids) can be processed intra-
cellularly to bind individual class I and II HLA
alleles, thus eliciting both CD4 and CD8 T-cell
responses. With the growth in available bioinfor-
matical tools to predict immunogenicity and HLA-
binding capabilities, such peptides can be readily
identified [39], although their validation still
requires in-vitro work. A more direct approach
was utilized for selecting and validating the hTERT
peptides in the UV1 vaccine, using patient-derived
lymphocytes to screen overlapping peptides for
immunogenicity within the active site of hTERT
[40]. The resultingly identified three peptides (one
30-mer and two 15-mers), now constituting UV1,
have been investigated as a vaccine product in sev-
eral clinical trials in melanoma (NCT02275416,
NCT03538314, NCT04382664).
ANTIhTERT IMMUNE RESPONSES

The potential clinical efficacy of therapeutic vacci-
nation is mediated through the induced T-cell
response, and the phenotype and magnitude of
these responses are, therefore, important properties
to consider. The immune response characterization
from early clinical trials of UV1, with or without a
checkpoint inhibitor combination, indicates the
presence of both peripheral blood and intratumoral
vaccine-specific T-cell responses. A long-term fol-
low-up study of 52 patients treated across three trials
showed that T-cell responses specific for the UV1
telomerase peptides could be measured in 78.4% of
patients who received the vaccine and that the
induced immune response associated with longer
survival time [36

&

]. The vaccine-induced T cells were
of the effector memory phenotype, producing IFN-g
and TNF-a upon in-vitro stimulation. Vaccine-
specific immune responses occurred earlier and in
a higher proportion of patients (91%) when UV1
was administered in combination with ipilimumab,
supporting the hypothesized synergy between the
TAA vaccine and the CPI [36

&

,41]. Translational
research data from this trial confirmed telomerase
expression in all baseline melanoma biopsies [22].
Based on T-cell receptor sequencing, estimated
vaccine-enriched T cells accounted for up to 12%
of the entire repertoire. A nonsignificant association
was observed between the magnitude of peripheral
T-cell responses and an increase in tumor-infiltrat-
ing CD8 lymphocytes. However, the study lacked
sufficient sample size and biological material to
draw conclusions.
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CLINICAL EFFICACY SIGNALS
The prospects for patients with advancedmelanoma
have improved considerably since the introduction
of regimens involving CPIs. Historically, themedian
survival after diagnosis was around 8 months [42].
A recent 6.5-year follow-up of the CheckMate-067
study reports median overall survival of
36.9months for patients treated with the PD-1
inhibitor nivolumab, and 72.1months for patients
who received the combination of nivolumab and
the CTLA-4 inhibitor, ipilimumab [43–45]. Five-
year follow-up of the KEYNOTE-006 study
reported median overall survival of 15.9months
for patients treated with ipilimumab and
32.7months for patients treated with the PD-1
inhibitor pembrolizumab [46,47]. Further improve-
ments may arise through judicious combinations
of CPIs: The combination of relatlimab, a LAG-3–
blocking antibody, with nivolumab extended
median progression-free survival out to 10.1months
compared with 4.6months for nivolumab alone
[48]. The overall survival data from that study is
yet to mature.

Within the next year, topline progression-free
survival data are expected from INITIUM, a
randomized 156-patient phase II safety and efficacy
study in advanced inoperablemalignant melanoma
comparing treatment outcomes with ipilimumab
and nivolumab with and without UV1 vaccine
(NCT04382664) [49]. The study builds on promis-
ing clinical signals from earlier studies of UV1 that
preceded INITIUM.

In a 12-patient phase I/IIa, single-center trial of
UV1 in combination with ipilimumab inmetastatic
melanoma, the median progression-free survival
was 6.7months, and median overall survival was
66.3months. Clinical responses to the combina-
tion treatment were also observed in patients with
low TMB, few predicted neoantigens, and low IFN-g
gene signature, biomarkers associated with reduced
CPI efficacy, thus indicating a potential added
benefit of vaccination [22]. As a historical compa-
rator, a phase 4 clinical trial (n¼151) of ipilimumab
monotherapy running concurrently with the com-
bination study used a highly similar protocol and
returned a mPFS of 2.7months and mOS of 12.1
months [50].

At the 2022 Society for Melanoma Research
Conference, a second phase I study testing the
combination of UV1 and pembrolizumab in 30 treat-
ment-naive patients with unresectable advanced
melanoma was presented. Patients received eight
intradermal vaccinations over a 14-week period and
pembrolizumab infusions according to label. The
median progression-free survival was 18.9months,
and median overall survival was not reached after
Volume 35 � Number 2 � March 2023



Table 2. Efficacy and safety read-out of checkpoint inhibitor and hTERT vaccine trials in melanoma

Nivolumab þ ipilimumab Pembrolizumab
UV1 þ

pembrolizumab Ipilimumab UV1 þ ipilimumab

Reference
Wolchok JD et al. and
Larkin J et al. [43--45]

Robert et al. [46] and
Carlino et al. [47]

Zakharia
et al. [51]

Aamdal
et al. [50]

Aamdal et al. [41]
and Ellingsen et al. [22]

Phase III III I IV I

N 314 556 30 151 12

mPFS (months) 11.5 8.4 18.9 2.7 6.7

mOS (months) 72.1 32.7 NRa 12.1 66.3

ORR (%) 58 42 57 9 33

ORR
PD-L1þ (%)

65 43b 50 NA NA

ORR
PD-L1- (%)

54 24 57 NA NA

CR (%) 22 14 33 2 8

PR (%) 36 28 23 7 25

PD-L1þ prevalence (%) 49 81 36 NA NA

Grade 3/4 TRAEs (%) 59 18 20 28 42

CR, complete response; mOS, median overall survival; mPFS, median progression-free survival; NA, not available; ORR, objective response rate; PR, partial
response; TRAE, treatment-related adverse event.
aNR, not reached with up to 3 years of follow-up.
bIn first-line PD-L1 positive patients.
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up to3years of follow-up. Theobjective response rate
was 56.7%,with complete responses observed in 33%
of treatedpatients. Encouragingly, similar to theUV1
ipilimumab trial, high objective response rates were
observed also in subgroupswith tumor biopsies char-
acterized by PD-L1 negativity, TMB-low, few to zero
predictedneoantigens,andthosenotenrichedfor the
IFN-g gene signature. There was a relative decrease
in the expression of hTERT in week 14 biopsies in
clinical responders, indicating eradication of hTERT-
expressing cancer cells [51] (manuscript in prepara-
tion).

In both these UV1 studies, the combinations of
vaccines and CPIs were considered well tolerated,
and patient objective response rates were high com-
pared with historical controls (Table 2). The safety
profile of the combinations has been similar to
monotherapy CPI, with vaccine-related adverse
events primarily being mild injection site reactions.
There have so far been no observations implicating
vaccine-induced off-tumor reactivity against
healthy hTERT-expressing tissues such as the bone
marrow [52–54].
CONCLUSION

The current review discusses the long history of
therapeutic cancer vaccines and why we may finally
see their role established in the treatment of cancer.
The advent of checkpoint inhibition has
1040-8746 Copyright © 2023 The Author(s). Published by Wolters Kluwe
revolutionized the treatment of cancer, especially
melanoma. Improvements are, however, still called
for, and vaccines are ideally positioned to solve a
central challenge in CPIs’ lack of efficacy. Accumu-
lating data suggest telomerase reverse transcriptase
is an attractive target for vaccination, and immune
response data support its antitumor promise. Several
phase I clinical trials have been conducted, with
favorable read-outs encouraging further develop-
ment. A phase II randomized clinical trial evaluating
an hTERT-targeting vaccine in combination with
nivolumab and ipilimumab is ongoing in frontline
advancedmelanoma, with read-out expected during
2023. As checkpoint inhibition is moving earlier in
the treatment landscape, we expect to see cancer
vaccines being developed in the (neo)adjuvant set-
ting as well, where vaccine-induced immune
responses may help clear minimal residual disease
after surgery.
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