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ABSTRACT

Introduction: Clinical trials of personalized cancer vaccines have shown that on-demand therapies that
are manufactured for each patient, result in activated T cell responses against individual tumor
neoantigens. However, their use has been traditionally restricted to adjuvant settings and late-stage
cancer therapy. There is growing support for the implementation of PCV earlier in the cancer therapy
timeline, for reasons that will be discussed in this review.

Areas covered: The efficacy of cancer vaccines may be to some extent dependent on treatment(s)
given prior to vaccine administration. Tumors can undergo radical immunoediting following treatment
with immunotherapies, such as checkpoint inhibitors, which may affect the presence of the very
mutations targeted by cancer vaccines. This review will cover the topics of neoantigen cancer vaccines,
tumor immunoediting, and therapy timing.

Expert opinion: Therapy timing remains a critical topic to address in optimizing the efficacy of
personalized cancer vaccines. Most personalized cancer vaccines are being evaluated in late-stage
cancer patients and after treatment with checkpoint inhibitors, but they may offer a greater benefit
to the patient if administered in earlier clinical settings, such as the neoadjuvant setting, where patients
are not facing T cell exhaustion and/or a further compromised immune system.
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potential of CPI therapy to accelerate immunoediting, admin-
istering CPIs ahead of PCVs may result in modifications of the
tumor and the tumor microenvironment (TME) that may sub-
sequently impact PCV effectiveness. Clinical trials that evaluate
the appropriate sequence of intervention (PCVs before, during,
or after CPIs) and setting (neoadjuvant or adjuvant) should be
explored to optimize the clinical benefits of PCVs. Our review
will highlight why PCVs may be more effective if given ahead
of CPIs and in the neoadjuvant setting, focusing on concepts,
challenges, and solutions irrespective of PCV formulation
(RNA, DNA, peptides). In addition to covering the topics of
personalized neoantigen cancer vaccines, neoadjuvant cancer
therapies, and tumor immunoediting, this review will intro-
duce a case study of nivolumab-treated melanoma samples
supporting the need to carefully assess the timing and
sequence of administering PCVs and CPls as combination
therapy.

1. Introduction

Significant advances have been made in cancer immunother-
apy with checkpoint inhibitors (CPIs) receiving approval for
use in many cancer indications [1], and with personalized
cancer vaccines (PCVs) advancing to Phase 3 clinical trials [2].
The success of CPls has prompted an abundance of preclinical
and clinical studies evaluating their efficacy in combination
with other cancer treatments, including PCVs [3]. CPIs have the
potential to unleash the adaptive immune response [4], while
PCVs can activate and expand tumor-specific T cells [5], pro-
viding strong rationale in exploring the combined potential of
these immunotherapies.

CPI and PCV combination therapy has been evaluated for
several tumor indications, including melanoma [6-9], glioblas-
toma [10], non-small cell lung cancer [11], bladder cancer [11],
hepatocellular carcinoma [12], and pancreatic cancer [13]. In
most clinical trials, PCVs have been administered in the adju-
vant setting (post-surgery) and after treatment with CPIs [3].

Few studies have explored treatment with PCVs in the neoad-
juvant setting (before surgery) and before treatment with CPls
due to cost concerns and limitations in timely manufacturing
of PCVs. Recent advances in manufacturing have significantly
improved the production timeline for PCVs [9,14], enabling
their potential assessment in earlier clinical settings.
Moreover, studies have shown that tumor genomes are
shaped by their interaction with the immune system,
a phenomenon known as immunoediting [15]. Given the

2. Optimizing the efficacy of personalized cancer
vaccines

2.1. Neoantigen cancer vaccines

Following the introduction of CPIs, studies demonstrating T cell-
mediated tumor control have firmly established the clinical sig-
nificance of immunotherapeutic approaches that harness T cells
[16-22]. A critical conclusion that can be inferred from many of
these clinical studies is that endogenous T cells are able to
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Article highlights

o Personalized cancer vaccines have regained interest given recent
positive clinical trial results.

o Personalized cancer vaccines are currently being evaluated in the
adjuvant setting and after treatment with checkpoint inhibitors.

o Tumors may radically undergo immunoediting after treatment with
checkpoint inhibitors, affecting the presence of mutations targeted
by cancer vaccines.

o Personalized cancer vaccines may be most effective in earlier clinical
settings before surgery and checkpoint inhibitor therapy.

recognize mutated cancer-specific epitopes presented by major
histocompatibility complex (MHC) molecules, also known in
humans as human leukocyte antigens (HLA). T cells recognizing
these neoantigens are unaffected by central tolerance and can
mediate anti-tumor activity. Results of neoantigen-based PCV
clinical trials conducted in advanced melanoma patients, first
reported in 2015 and 2017 [6-8], showed that PCVs can activate
both pre-existing immunity and naive T cell responses.
Subsequent trials have extended these observations to other
indications, including cancers with low tumor mutational burden
(TMB), and have highlighted PCVs' ability to shift the TME
towards a more proinflammatory profile [10-13]. While PCVs
have yielded encouraging clinical results, their development
has been hindered by lengthy manufacturing time, logistical
complexity, and high cost compared to more traditional (non-
personalized) therapies. Improvements in artificial intelligence
(Al) and computational vaccinology techniques have alleviated
some of these hurdles, with now fully automated vaccine design
pipelines enabling expedited PCV development (see [23] for
a comprehensive review). However, production and formulation
of PCVs using peptide, RNA, or DNA platforms have yet to be fully
scaled for on-demand manufacturing. Strategies that avoid some
of these hurdles and that focus on shared antigens, such as
shared mutations or tumor associated antigens (TAAs), are
being explored as alternatives [5] but lack the multivalency
offered by PCVs.

2.2. Neoadjuvant immunotherapies

Neoadjuvant immunotherapies (defined as treatment prior to
tumor resection) aim to reduce tumor burden and activate the
adaptive immune response prior to tumor resection, thus
improving the odds of a successful surgery and survival
[24,25]. Priming and activating T cells while the primary
tumor is still present offers advantages in terms of breath of
immune response, better response to therapy, and improved
clinical outcomes [26-29]. An important consideration for
developers of neoadjuvant therapies is to avoid disruption of
standard treatment plans. As such, neoadjuvant PCV develop-
ment has to adhere to a strict turnaround time to be manu-
factured and administered well in advance of tumor resection,
providing ample time for proper activation of the immune
system and tumor killing. If a PCV cannot be produced within
a timeframe of 4-5 weeks, the delay may jeopardize the utility
of PCVs in the neoadjuvant setting. In addition to reduced

manufacturing timeline, the cost of PCVs must be within the
range of currently approved treatment options to justify their
administration as first-line therapies after cost-effectiveness
analyses [30,31].

Recent preclinical [32] and clinical oncolytic virus (OV) stu-
dies [33,34] have illustrated the advantages of neoadjuvant
cancer therapy. Increase in local inflammation due to OV
therapy appears to enhance T cell infiltration in the TME and
activate the overall immune system, providing added benefits
in preclinical models when combined with CPIs [33].
Administering PCVs in the neoadjuvant setting may provide
similar benefits, while offering more practical routes of deliv-
ery compared to in situ delivery of OV therapy. PCVs may also
offer less off-target effects compared to other immunothera-
pies, and have remained well tolerated in clinical trials. Studies
are however required to validate the potential benefits of
neoadjuvant PCV therapy.

2.3. Immunoediting

Immunoediting corresponds to the complex and various
mechanisms by which tumors become less immunogenic,
avoid immune detection, and evade killing by the immune
system. For example, tumors may delete or suppress the
expression of neoantigen sequences, or may alternatively
promote the development of an immunosuppressive TME
[15]. The introduction of cancer therapy may accelerate this
natural phenomenon, which is thought to be one of the
main  drivers  of  resistance to  therapy  [16].
Immunotherapies, such as CPlIs, are powerful immunoediting
agents due to their direct interactions with the immune
system. Examples of tumor immunoediting observed in the
clinic following immunotherapy include loss of the target
antigen(s) [35] or alteration of the antigen presentation
machinery, either via deleterious mutation of the
32-microglobulin gene [36] or chromosomal deletion of the
HLA gene [37]. A more comprehensive review of immunoe-
diting and its impact on T cell-based therapies has been
recently published [16].

PCV contribution to immunoediting remains unclear as
most clinical trials have evaluated them in combination with
CPls. However, activation of cancer-specific T cells by PCVs is
likely to accelerate the immunoediting process, similarly to
observations made with cell therapies [35,37]. Results from
PCV clinical trials have highlighted the association between
response to therapy and decreased levels of circulating tumor
DNA (ctDNA) in the periphery [38,39], suggesting active shed-
ding of targeted neoantigens.

PCV effectiveness is dependent on the presentation of
specific mutations selected during the vaccine design pro-
cess at the time of the biopsy. As such, any immunoediting
processes disrupting the presence, expression, or presenta-
tion of the selected neoantigens, and occurring in between
the tumor biopsy and PCV dosing may have a reverberating
impact on efficacy and patient outcomes. The effect of intro-
ducing CPIs before PCVs must hence be thoroughly studied
to assess the benefits, or drawbacks, of current PCV clinical
trial designs.



2.4. Timing of cancer therapies

Cancer drugs shape tumors, their TME, and the host’s immune
system [16]. First-line therapies will affect the context in which
subsequently administered therapies will operate, which may in
turn impact their efficacy. The timing, or ordering, of cancer
therapies is a critical topic to address in order to unleash the full
potential of PCV and CPI combination therapy. Beyond the
sequencing of PCVs with CPlIs, it is important to evaluate their
timing with respect to other treatments, including surgery
(adjuvant versus neoadjuvant) and other non-immune related
therapies such as chemotherapy and radiation therapy.

Timing of CPI and radiation therapy has been studied in both
preclinical and clinical settings (reviewed in [40]), suggesting
improved outcomes when radiation therapy is followed by PD-
1 or PD-L1 blocking antibodies. Similar observations have been
made when administering chemotherapy drugs prior to CPls
(reviewed in [41]), although the majority of combination trials
have only evaluated concurrent administration.

Strong evidence points toward the benefit of giving
a combination therapy of cancer vaccine and CPI [42],
although the timing of administering such combinations
remains to be thoroughly evaluated. An advantage to pro-
viding PCVs ahead of CPIs is the potential to apply the
power of CPI to a ‘primed’ immune system that has been
conditioned to target neoantigens in the tumor. Preclinical
studies have highlighted the benefit of co-administering
TAA-based cancer vaccines with CPI therapy, as opposed
to administering vaccines after CPls [43]. Clinical evaluation
of CPI naive and pre-treated patients dosed with a peptide
cancer vaccine in combination with pembrolizumab have
confirmed the same observation, showing both improved
T cell responses and extended survival in the anti-PD-1
naive group [44], suggesting that pre-treatment with a CPI
can inhibit the therapeutic benefit of cancer vaccines. Other
TAA vaccine studies have showed improved clinical benefits
when co-administering vaccines and CPls compared to
sequential administration [45].

Overall, these studies highlight the need to optimize the
sequence and timing of CPIs and cancer vaccines to enhance
molecular and clinical responses. Additional studies are
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required to confirm these observations in the context of
PCVs and understand how patient outcomes are affected by
other parameters such as type of antigen(s) (shared/private),
vaccine platform (peptide/DNA/RNA), dosing, frequency, or
cancer indication/stage.

2.5. Case study: loss of immunogenic neoantigens
follows nivolumab immunotherapy

As most patients enrolled in PCV clinical trials are treated
with a CPI ahead of the PCV, it is critical to understand how
CPIs affect the tumor, the TME, and how they may alter the
PCV's potential to effectively target the tumor. To exemplify
the importance of the order of PCV and CPI therapies, and
the detrimental effect that incorrect timing may have, we
evaluated a published dataset of melanoma tumors col-
lected from the same site before (Pre) and while on (On)
nivolumab immunotherapy [46]. This cohort of patients was
selected based on the public availability of the full sequen-
cing dataset.

Whole Exome Sequencing (WES) data for normal tissues, ‘Pre’
therapy tumor tissues, and ‘On’ therapy tumor tissues collected
from 68 patients was downloaded from the Sequence Read
Archive (SRA) database, as described in [46] (SRA: SRP095809;
BioProject: PRINA359359). Tumor and normal FASTQ data were
processed through an internal bioinformatics pipeline following
GATK's Best Practices [47]. Sequencing reads were aligned to the
reference GRCh38/hg38 human genome to obtain BAM files.
Normal DNA sequencing data was analyzed with the Kourami
algorithm to predict the HLA class | and HLA class Il haplotypes of
each patient [48]. Tumor-specific mutations were identified using
the Mutect2 and Strelka2 variant callers [49,50] and subsequently
annotated using Variant Effect Predictor (VEP) [51]. Paired tumor/
normal amino acid sequences were extracted for each mutation
modifying protein coding regions. Mutations derived from
paired tumor samples collected from the same patients (n=41)
were compared to identify mutations detectable in the ‘Pre’
therapy sample only, in the ‘On’ therapy sample only, and iden-
tified in both ‘Pre” and ‘On’ therapy samples (Figure 1).
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Figure 1. Analysis of melanoma tumors collected before (Pre Tx) and after (On Tx) one nivolumab infusion. Next-generation sequencing data from paired (Pre/On)
tumor samples was analyzed to identify mutations lost (blue), maintained (orange), and newly acquired (green) over the course of the treatment (a). Mutations were
subsequently analyzed with the Ancer platform to determine each mutation’s immunogenic and tolerance potential with respect to the patients’ HLAs using the

EpiMatrix and JanusMatrix algorithms, respectively (b).
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Each individual patient’s mutated and normal sequences
were analyzed with the Ancer platform to identify neoanti-
gens binding to their HLAs and evaluate their immunogenic
and tolerogenic potential (Figure 1) [23]. The Ancer platform
integrates two well-validated algorithms, EpiMatrix and
JanusMatrix. EpiMatrix identifies MHC class | and MHC
class Il restricted neoantigens from mutanome analyses.
EpiMatrix accuracy ranges from 77% to 88% for HLA class
Il predictions, and from 93% to 99% for HLA class |, depend-
ing on the allele [52]. JanusMatrix compares neoantigens to
‘self’ sequences capable of binding MHC, by analyzing the
TCR facing residues of the selected HLA class | and class I
neoantigens, and eliminates any that might be tolerated or
tolerogenic based on their cross-conservation with self-like
sequences. Studies have confirmed that these self-like epi-
topes stimulate Tregs [53-55], suppress immunogenicity
[56-58], and hamper vaccine efficacy [59].

As described in [46], an overall contraction of the TMB
was observed in this cohort after nivolumab therapy, with
a total of 15,208 and 12,329 non-synonymous mutations
identified in ‘Pre’ and ‘On’ therapy samples, respectively.
Mutanome analysis with the Ancer platform revealed that
mutations from ‘On’ therapy samples had a lower immuno-
genic potential (lower EpiMatrix score) than mutations found
in ‘Pre’ therapy samples (Figure 2(a), Mann-Whitney test, p =
0.0001). These results are suggestive of the immune pressure
exerted on the tumor by CPIs, with a loss of immunogenic
mutations and/or an accrual of mutations with low immuno-
genic potential after CPI therapy. After further distinguishing
mutations deleted (n=6,217), maintained (n=28,991), and
acquired (n=3,338) while on therapy, we found that newly
acquired mutations had a significantly lower immunogenic
potential compared to other mutations (Kruskal-Wallis test,
adjusted for multiple comparisons, p< 0.0001). This decrease
in immunogenic potential suggests that mutations found
after administering CPIs have fewer neoantigens than muta-
tions found prior to the start of the therapy.
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In addition to immunogenicity, the tolerance potential, or
degree of homology with self sequence, of each mutation was
assessed with the JanusMatrix component of the Ancer plat-
form. A trend towards increased tolerance potential was
observed in ‘On’ therapy mutations but did not meet statisti-
cal significance. However, a strong tolerance signal was iden-
tified in mutations acquired after CPI therapy compared to the
other mutation subsets (Figure 2(b), Kruskal-Wallis test,
adjusted for multiple comparisons, p<0.0001). The greater
tolerance potential, or homology with self, observed with
newly acquired mutations suggests an increased likelihood
for these mutations to be tolerated by the immune system,
or actively recognized by regulatory T cells (Tregs) and thus
dampening immune responses, as described in other studies
involving sequences with elevated degree of homology with
self [54,56,571.

Overall, our analysis indicates that CPI therapy reduces the
immunogenic potential and increases the tolerance potential
of mutations found in the tumor, thus altering its immuno-
genicity profile and mutational landscape during the time that
PCVs would be manufactured.

2.6. The case for neoadjuvant cancer vaccines

The case study detailed above indicates that CPI therapy can
radically affect the immunogenicity and tolerance profiles of
mutations found in residual tumor in a manner that is consis-
tent with the concepts of immunoediting discussed pre-
viously. This phenomenon also parallels the concept of
immune camouflage observed with viral sequences and con-
tributing to reduced vaccine efficacy [52,59,60]. These results
highlight that identifying relevant mutations for PCVs will
become more difficult once patients are treated with a CPI,
providing further information to optimize the timing of their
administration. CPI therapy prior to PCV dosing may not be
beneficial, as 1) fewer immunogenic neoepitopes would
remain, 2) immunogenic neoantigens selected for PCVs may

b Tolerance
% %k %k k
o &7 * sk ok %k |
[]
Q
w —
5s° {
o w
° [72]
E +l 4
o c
g ) [ ] I
c
s E o 1
=
8
=]
=

o

1 1 1 1 1
Pre Tx On Tx :Pre Tx Shared On Tx

only only
- @@

Figure 2. Mutations gained after nivolumab therapy are less immunogenic (a) and more tolerogenic (b). Mutations found in melanoma tumors collected before (Pre)
and while on (On) nivolumab were analyzed with Ancer. Mutations only detected after CPI therapy (On Tx only) have lower immunogenic (a) and higher tolerance
(b) potential compared to mutations found prior to therapy. Pre Tx vs On Tx comparisons: Mann-Whitney test. Pre Tx only vs Shared vs On Tx only comparisons:

Kruskal-Wallis test. ***p-value < 0.001, ****p-value < 0.0001.



be edited out of the tumor by the time PCVs are provided to
CPI-treated patients, and 3) accumulation of mutations favor-
able to tumor immune avoidance may curtail PCV effective-
ness. Of course, more clinical studies will be required to
confirm these hypotheses and to further elucidate the optimal
timing of PCVs and CPIs.

It is worth noting that as an alternative to PCVs, off-the-
shelf neoadjuvant therapy with ‘shared epitope’-based vac-
cines, or with allogenic vaccines, have proven to be effective
in preclinical models [61,62] and to a certain degree these
strategies are also working in the clinic [63,64]. Given these
observations, administering a more tailored vaccine that is
specific to the mutations in an individual patient’s tumor
(PCV) in the neoadjuvant setting, and ahead of CPls, may
prove to be even more beneficial. However, this paradigm
shift still faces some practical limitations, such as adequately
shortening the turnaround time for PCV manufacture and
reducing development costs to warrant PCVs as first line
therapies. These are some of the same hurdles that are
being addressed in pandemic responsiveness efforts, such
as advancing the development of novel vaccine platform
technologies against ‘Disease X' through support from the
Coalition for Epidemic Preparedness Innovations (CEPI) [65].
We view these manufacturing issues likely to be addressed
by engineering and process-related solutions and likely to be
easily adaptable to the PCV field. Once engineering and
process-related delays are overcome, patients are highly
likely to benefit from vaccines that are tailored to improve
their tumor-specific adaptive immune responses in the per-
iod prior to tumor resection, which may also improve their
tumor-free duration and quality of life after surgical
intervention.

Implementing neoadjuvant PCV therapy in the clinic will
require significant changes. Drug development and manu-
facturing has historically been highly centralized, and cur-
rent PCV strategies depend on centralized laboratories for
sequencing biopsies, manufacturing drug substances, and
formulating the final product. Peptide-based PCVs is
a noteworthy exception where final formulation is often
performed at bedside (at the clinical site) [8,10,11]. Overall,
a more modular, automated, and decentralized approach to
drug development may be of great benefit to reduce both
time and cost to manufacture PCVs, where sequencing,
manufacture, and formulation could directly occur at clinical
sites. This approach, analogous to CAR-T manufacture in
hospital pharmacy, would however require significant
upfront investments to purchase the necessary material
and equipment and to secure bioprocessing certifications.
As no PCV have been approved to date, additional guide-
lines from the regulatory agencies are necessary to further
help streamline and optimize the PCV production process
while ensuring compliance with regulatory requirements
that remain undetermined to date.

Despite any improvements in manufacturing and cost,
neoadjuvant PCVs will remain highly dependent on the dis-
ease status of patients and their overall health. Advanced
cancer patients may not have the time to wait for personalized
therapies, even if turnaround times are reduced to a couple of
weeks, and immunocompromised patients may benefit from
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alternative, non-immune related therapies, such as surgery,
chemotherapy, or radiation therapy.

3. Conclusion

Optimizing the sequence and timing of PCV and CPI combina-
tion therapy remains a critical aspect to address in maximizing
PCV efficacy and enhancing patient outcomes. Practical limita-
tions have restricted PCVs to the adjuvant clinical setting and
after treatment with CPIs [9,12,13]. As exemplified in our case
study, tumors may undergo accelerated immunoediting after
the start of CPI therapy. As such, neoantigens targeted by
PCVs may no longer be valid targets by the time PCVs are
administered, hindering their effectiveness. Strategies to over-
come this challenge include administering PCVs before or
concomitantly with CPIs. Additionally, favoring neoadjuvant
clinical settings, prior to removal of the tumor, may be of
benefit as patients’ immune systems have not been affected
by other therapies. Indirect evidence generated with TAA-
based cancer vaccines suggests that PCV effectiveness may
be compromised when given after CPlIs [43]. Moreover, clinical
examples have highlighted the advantages of neoadjuvant
immunotherapy [33,34], further suggesting the potential ben-
efit of PCVs in this setting.

Additional studies are necessary to fully understand opti-
mal timing of PCV therapy with respect to surgery and other
immunomodulating treatments such as CPlIs. First, observa-
tions made with off-the-shelf cancer vaccines must be
expanded to PCVs to confirm if concurrent or sequential
administration with CPIs enhances molecular and clinical
responses. Comparative studies with PD-1/PD-L1 and CTLA-4
blocking antibodies will also determine which CPI(s) are best
paired with PCVs. Second, neoadjuvant PCV studies are
needed to clarify the benefit of moving vaccines to earlier
clinical settings. Results from these studies will provide much
needed data to inform future PCV clinical trials. If supported
by positive clinical observations, then efforts must be under-
taken to enhance PCV production and affordability and to
render them more easily available to patients.

4. Expert opinion

PCVs have regained momentum with the recent release of
clinical data [9,12,13] and their advancement to Phase 3 clin-
ical trial in Q3 2023 [2]. While progress has been made in
streamlining many of the steps required for PCV design and
manufacturing, significant hurdles remain to unleash their full
potential. However, many of these limitations can be alle-
viated with technological improvements. For example, exclu-
sion of patients with non-resectable tumors can be overcome
with advances in de novo neoantigen identification from Next
Generation Sequencing (NGS) of circulating tumor DNA
(ctDNA), target selection can be improved with enhancements
in Al techniques, and lengthy turnaround times and high
manufacturing costs can be reduced with enhanced streamlin-
ing, automation, and small-batch production optimization.
However, large investments in these technologies and PCV
research will only materialize if cancer vaccines prove to be
effective and significantly improve patient outcomes in large-
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scale Phase 2/3 clinical trials. Some may argue that PCVs may
be subjected to increased scrutiny regarding their efficacy
given their high cost and logistical complexity compared to
off-the-shelf immunotherapies and large-batch drug manufac-
turing standards. Given these heightened expectations and
the biopharmaceutical industry’s reticence to overhaul exist-
ing production pipelines, questions surrounding PCV timing
and setting must be addressed to ensure maximum benefits
to the patients.

PCVs effectiveness is dependent on T cell activity and the
overall status of patients’ immune system. As such, providing
these immunotherapies in late-stage cancer patients with severely
exhausted T cells or with compromised immune system due to
prior systemic chemotherapy or checkpoint inhibitor therapy, as it
is currently being implemented, may limit their true potential. This
hypothesis may in part explain the mixed reviews that PCV trials
have received over the years. While activation of neoantigen-
specific T cell responses has been observed after repeated PCV
dosing [7,8,13], limited clinical effect has been observed, perhaps
due to terminal T cell exhaustion or immunoediting. Our case
study evaluating tumors treated with nivolumab raises an addi-
tional concern with the current sequencing of cancer immu-
notherapies. Administering CPIs before PCVs may result in
potential loss of immunogenic neoantigens before vaccination.
This observation, and preclinical studies by others [43], highlight
the potential benefit of modifying current clinical trial designs and
dosing patients with PCVs before or with CPIs. Moreover, we argue
that PCVs may better fit in earlier clinical settings, such as the
neoadjuvant setting, when patients’ T cells and immune system
has not yet been undermined by other lines of therapies, when
the primary tumor is still present to enhance T cell activation and
breadth of the immune response, and when given prior to or co-
administered with CPIs to avoid resistance issues arising by block-
ing the PD-1 pathway in suboptimally primed T cells.

We acknowledge bringing PCVs to the neoadjuvant setting
will be a challenging endeavor given current practical manu-
facturing and cost constraints. The logistical complexity of
PCVs has for long restricted their usage to small patient
cohorts or N-of-1 studies, however, recent Phase 2 clinical
trials have shown this limitation is softening [9]. PCVs produc-
tion cost has remained an obstacle for their acceptance as
commercially and clinically relevant cancer drugs. While some
reduction in manufacturing cost can be expected in the future,
perhaps stemming from enhancements in synthetic DNA/RNA
synthesis or automation, the price of customized therapies
such as PVCs will likely remain above the one of readily avail-
able, off-the-shelf, drugs. In this context, strong clinical evi-
dence will be required from PCVs to justify their usage in early
clinical settings.

In the next five years, clinical results from Phase 3 PCV
trials will become available and regulatory agencies will
review requests for their approval in the adjuvant setting,
if backed by robust clinical data. Improvements in liquid
biopsies and sequencing technology will enable de novo
identification of tumor variants and vaccine design from
blood draws, allowing patients with unresectable or hard
to access tumors to benefit from PCVs. Additionally, initia-
tives to enhance mapping of alternative vaccine targets,
such as dark matter antigens, will enable the treatment of

cancer patients with low TMB. In the next ten years, PCVs
will be evaluated in an increasing number of cancer indica-
tions and will further establish their relevance in the treat-
ment of cancer if landmark preclinical and clinical studies
assess optimal strategies for their administration and com-
bination with other therapies. In the long-term, improve-
ments in Al, NGS, and manufacturing may offer the
potential for developing affordable, prophylactic (preventa-
tive) PCVs by collecting mutational information from circu-
lating  precancerous cells during routine medical
examination, allowing treatment and eradication of cancer-
ous clones before tumor establishment and immunoediting.
While these advancements may never materialize, overcom-
ing these challenges may support PCVs to become
a fundamental armamentarium for cancer treatment and
prevention.
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