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Abstract

Introduction: The progress made in cancer immunotherapy and the clinical response of patients who
have undergone this type of therapy have made it the fourth pillar of cancer treatment.

Objective: To briefly describe the biological rationale of personalized neoantigen-based cancerimmuno-
therapy, the current perspectives regarding its development, and some of the clinical outcomes achieved
with this therapy.

Materials and methods: A literature search was performed in PubMed, Scopus and EBSCO using the
following search strategy: type of articles: original experimental studies, clinical trials, and narrative
and systematic reviews addressing methods to identify mutations found in tumors and cancer immuno-
therapy strategies based on neoantigen-based vaccines; study population: humans and animal models;
publication period: January 1989 - December 2019; language: English and Spanish; search terms: “Im-
munotherapy”, “Neoplasms”, “Mutation” and “Cancer Vaccines”.

Results: The initial search started with 1 344 records. Once duplicates were removed (n=176), 780 stud-
ies were excluded after reading their abstract and title. The full text of 338 articles was read to confirm
which met the inclusion criteria, finally including 73 studies for full analysis. All articles retrieved were
published in English and were mainly conducted in the USA (43.83%) and Germany (23.65%). In the
case of original studies (n=43), 20 were performed in humans only, 9 in animals only, 2 in both models,
and 12 used in silico methodology.

Conclusion: Personalized cancer immunotherapy with tumor neoantigen-based vaccines is strongly
emerging as a new alternative to treat cancer. However, to achieve its appropriate implementation, it is
necessary to use it in combination with conventional treatments, produce more knowledge that helps
clarify cancer immunobiology, and reduce the costs associated with its production.

Keywords: Immunotherapy; Neoplasms; Mutation; Cancer Vaccines (MeSH).

Resumen

Introduccién. Los avances que se han hecho en inmunoterapia contra el cancery la respuesta clinica
de los pacientes que han recibido este tipo de terapia la han convertido en el cuarto pilar para el trata-
miento del céncer.

Objetivo. Describir brevemente el fundamento biolégico de la inmunoterapia personalizada contra el
cancer basada en neoantigenos, las perspectivas actuales de su desarrollo y algunos resultados clinicos
de esta terapia.

Materiales y métodos. Se realiz6 una busqueda de la literatura en PubMed, Scopus y EBSCO utilizando
la siguiente estrategia de busqueda: tipo de articulos: estudios experimentales originales, ensayos clini-
cos y revisiones narrativas y sistematicas sobre métodos de identificacion de mutaciones generadas en
los tumores y estrategias de inmunoterapia del cancer con vacunas basadas en neoantigenos; poblacién
de estudio: humanos y modelos animales; periodo de publicacién: enero de 1989 a julio de 2019; idioma:
inglés y espafiol; términos de busqueda: “Immunotherapy”, “Neoplasms”, “Mutation” y “Cancer Vaccines”.
Resultados. La blUsqueda inicial arrojé 1 344 registros; luego de remover duplicados (n=176), 780 fue-
ron excluidos después de leer su resumen vy titulo, y se evalu6 el texto completo de 338 para verificar
cuales cumplian con los criterios de inclusion, selecciondndose finalmente 73 estudios para analisis com-
pleto. Todos los articulos recuperados se publicaron en inglés, y fueron realizados principalmente en EE. A
(43.83%) y Alemania (23.65%). En el caso de los estudios originales (n=43), 20 se realizaron Unicamente
en humanos, 9 solo en animales, 2 en ambos modelos, y 12 usaron metodologia in silico.

Conclusion. La inmunoterapia personalizada contra el cdncer con vacunas basadas en neoantigenos tu-
morales se esta convirtiendo de forma contundente en una nueva alternativa para tratar el cancer. Sin
embargo, para lograr su implementacion adecuada, es necesario usarla en combinacion con tratamien-
tos convencionales, generar mas conocimiento que contribuya a aclarar la inmunobiologia del cancery
reducir los costos asociados con su produccién.

Palabras clave: Inmunoterapia; Neoplasias; Mutacion; Vacunas contra el cancer (DeCS).
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Neoantigens-based immunotherapy

Introduction

Canceris a disease characterized by the loss of cell cycle
control and is a major cause of morbidity and mortali-
ty worldwide in its metastatic form.' Traditionally, its
management is based on three classic pillars: surgery,
radiation therapy, and chemotherapy; these three al-
ternatives, used alone or in combination, reduce tumor
burden and stop the growth of malignant cells.** Oth-
er strategies include targeted or hormone therapy and
the use of inhibitors that interfere with the molecular
mechanisms responsible for uncontrolled growth and
the characteristic survival of cancer cells.®

In recent years, translational cancer research has
made significant progress in its diagnosis and treat-
ment. In addition, this type of research has contributed
significantly to the positioning of immunotherapy as a
fourth pillar for the treatment of this disease.’

Regarding cancer treatment, immunotherapy may be
classified as passive or active.® On the one hand, the ad-
ministration of cellular and molecular components with
antitumor activity, such as monoclonal antibodies, and
adoptive cell transfer (ACT) are forms of passive immu-
notherapy; on the other hand, vaccines and antibodies
that block inhibitory signals of T-cell activation (immune
checkpoint inhibitors) are active immunotherapies.

Furthermore, the study of cancer immunobiology
has shown that genomic instability and immune surveil-
lance of tumors induce permanent changes in the tumor
(immunoediting) that determine its uniqueness. Con-
sequently, rational cancer management should include
biomarker monitoring (for timely diagnosis) combined
with the application of personalized treatment regimens
based on the specific characteristics of each tumor.

This personalized treatment should begin with tumor
preservation (which is mostly done only to confirm the
histopathologic diagnosis) in order to: i) analyze the
composition of the immune cell infiltrate to predict its
evolution and the prognosis of clinical response;“'* ii)
monitor the sensitivity of tumor cells to different drugs
in vitro to select those to be used in the patient;**> and
iii) design different types of therapeutic vaccines using
antigenic determinants of mutated proteins, lysates, or
tumor ribonucleic acid (RNA) as a source of tumor an-
tigen and dendritic cells (DC) of the patient, which are
used as immunoadjuvant therapy and delivery vehicle
of the antigen to the immune system.!5*°

Vaccines whose design relies on the use of synthetic
antigens based on somatic mutations expressed specifi-
cally by the tumor and not by normal cells (neoantigens)
are a novel and efficient strategy for inducing antitumor
T cells, since the T cells that recognize them have not
experienced the induction of self-tolerance.

Given this scenario, it can be assumed that the use
of personalized therapeutic neoantigen cancer vaccines
will be a therapeutic alternative for this disease in the
medium term; therefore, the aim of this review is to
briefly describe the biological rationale, the current de-
velopment prospects, and some clinical outcomes of
personalized neoantigen-based cancer immunotherapy.

Materials and methods

A literature search was performed in PubMed, Scopus
and EBSCO using the following search strategy: Type of
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articles: original experimental studies, clinical trials, and
systematic narrative reviews on identification methods of
cancer-associated mutations or cancerimmunotherapy
strategies with neoantigen-based vaccines generated by
tumor genomic instability; Study population: humans
and animal models; Publication period: January 1, 1989,
to July 31, 2019; Language of publication: English and
Spanish; Search terms: “Immunotherapy”, "“Neoplasms”,
“Mutation” and “Cancer Vaccines”, and their equivalents
in Spanish, which were combined with the "AND"” and
“OR"” Boolean operators to establish the search equations.

Once the initial search was conducted, the follow-
ing inclusion criteria were used to select studies for full
analysis: studies addressing (i) the use of neoantigens
predicted through a bioinformatic analysis; (ii) in vitro
and in vivo immunogenicity assessment of protein deriv-
atives, tumor lysate or RNA, and (iii) therapeutic effect
of neoantigens in animal models of cancer or clinical re-
sponse in humans to this type of therapy.

Results

The initial search yielded 1 344 results (672 in PubMed,
438 in Scopus, and 234 in EBSCO), of which 176 were
removed because they were duplicated and 780 were
considered not relevant to the objective of the study or
did not meet the inclusion criteria established after read-
ing their titles and abstracts. A total of 388 articles were
available for full-text review and eligibility criteria eval-
uation, of which 315 were excluded for not addressing
the use of neoantigens predicted through bioinformatic
analysis or not evaluating immunogenicity. 73 studies
were finally included for full analysis (Figure 1).
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Figure 1. Study search and selection flowchart.
Source: Own elaboration.

Of the 73 articles included, 43 (58.90%) are original
research works, of which 14 are clinical trials and 29 are
experimental studies; of the latter, 10 were performed
in in-silico models, 6 in vitro models, 2 in vivo models,
and 11 used more than one experimental model. The
remaining 30 studies were narrative reviews.
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All articles were published in English, 47.94% were
conducted inthe USA, 43.83% in Europe, 5.47% in Asia
and Oceania, and 7.73% in other American countries.
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Table 1 presents the general characteristics of all the
articles included in the review.

Table 1. General characteristics of the articles included in the review and relevance to its objective.

Authors/year/

Sahin et al.”®

Randomized

. In vivo The study demonstrates the viability, safety, and
é?ell'r?*nany tj;lf:snet?;”w Tz (human) antitumor activity of RNA neoepitope vaccines.
Ottetal.”* Randomized In vivo The study reports the capacity to induce a safe and potent
2017 Uncontrolled Trial (human) T-cell response by using personalized neoantigen vaccines
USA (PhaseI) in patients with melanoma.
Zacharakis et al.** Non-randomized In vivo The study describes complete and durable regression of
2018 controlled trial (human) metastatic breast cancer by adoptive cell transfer and its
USA (Phase II) immune recognition of somatic mutations.
Verdegaal et al.”* In vitro The study shows the dynamic interactions of neoantigen-
2016 Experimental specific T cells, suggesting a process of cancer
(human) ; S r
Netherlands immunoediting in melanoma-like tumors.
The study shows how CD4 T cells can mediate potent
Brentville et al.”* In vitro and antitumor responses against modified self-epitopes on

2016
England

Grudzien-Nogalska

Experimental

in vivo (mice)

tumor cells and illustrates how citrullinated peptides may
offer vaccine targets that are especially attractive for
cancer therapy.

The study presents protocols for the synthesis of modified

etal.” Experimental In vitro (rats) mRNA, its introduction into cells and whole animals, and
2012 P the measurement of efficiency and stability of protein
USA translation.

Castle et al.”®

In vivo

The study provides a comprehensive picture of the
mutanome of B16F10 melanoma that is widely used in

2012 Experimental - immunotherapy studies and provides information on the
(mice) . o P
Germany immunogenicity of nonsynonymous base substitution
mutations.
DT EE The study reviews the concept of immunosurveillance as
2004 Narrative review N/A Y B Pt
USA part of the tumor immunoediting process.
Schreiber et al.*® The study describes the dual role of the immune system as
2011 Narrative review N/A a cancer promoter and suppressor in the context of tumor
USA immunoediting.
Salazar-Ramirez
etal.? . . The study describes the molecular mechanisms that
2016 NETEIRTES M bt mediate autophagy and its role in cancer development.
Chile
O’Donnell et al.*° The study analyzes the relationship between the
2019 Narrative review N/A immunoediting process of cancer and the development of
Australia resistance to T-cell-mediated immunotherapy
Finn:! The study analyzes the perspectives and challenges in the
. . development of tumor immunology and its implementation
2018 Narrative review N/A . L . 2 )
USA in combination with other cancer immunosurveillance
enhancers.
- The study summarizes the historical and experimental
Dunn et al. - . " : i
: . basis of cancer immunoediting and discusses its dual roles
2002 Narrative review N/A . ; ; ; R
US A in promoting host protectlon agamst_cancer and facilitating
tumor escape from immune destruction.
Schumacher et al.** . The study demonstrates that the enzyme IDH1 contains
. In vitro and ; : . ; - .
2014 Experimental S ) an immunogenic epitope suitable for mutation-specific
in vivo (mice) A
Germany vaccination in gliomas.
Balachandran et al.** In vitro The study identifies that neoantigen quality is a biomarker
2017 Experimental for immunogenic tumors that may guide the application of
(human) . R .
USA immunotherapies in pancreatic cancer.
Lissoni*® The study discusses the therapeutic implications of using
2016 Narrative review N/A cytokine IL-2 as a pleiotropic immunopotentiator against
Italy cancer.
Dunne et al.*® The study analyzes the use of toll receptor agonists as
2011 Narrative review N/A cancer vaccine adjuvants and as therapeutic agents
Ireland against tumors.

Table 1. General characteristics of the articles included in the review and relevance to its objective. (continued)
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country

Gandhi et al.”’
2013
USA

Mulders et al.*®
2015
Netherlands

Topalian et al.**
2014
USA

Pico de Coafa et
al.*°

2015

Sweden

Kakimi et al.**
2017

Japan

Sukari et al.**
2016

USA

Galon et al.*
2006
France

Mader et al.*
2017
Germany

Hundal et al.**
2016
USA

Flicek & Birney*®
2009
England

Xu47
2018
USA

Pabinger et al.**
2014
Austria

Kim et al.*
2013
USA

Trappell et al.*°
2012
USA

Jorgensen et al.**
2014
Denmark

Karosiene et al.>*
2012
Denmark

Nielsen et al.>*
2005
Denmark

Guo etal.”
2018
Switzerland

Narrative review

Narrative review

Non-randomized
controlled trial
(Phase I)

Narrative review

Narrative review

Narrative review

Experimental

Narrative review

Experimental

Narrative review

Narrative review

Experimental

Experimental

Experimental

Experimental

Experimental

Experimental

Narrative review

N/A

N/A

In vivo
(human)

N/A

N/A

N/A

In vitro
(human)

N/A

In silico

N/A

N/A

In silico

In silico

In silico

In silico

In silico

In silico

N/A

The study reviews the use of the Bacillus Calmette-Guérin
vaccine as immunotherapy against high-grade non-muscle
bladder cancer.

The study summarizes current knowledge on sipuleucel-T
therapy as an immunostimulatory strategy against
metastatic castration-resistant prostate cancer.

The study reports that overall survival, long-term safety,
and response after discontinuation of treatment in patients
with advanced melanoma who received intravenous
nivolumab therapy were favorable.

The study describes the mechanisms that mediate immune
action against cancer during immune checkpoint inhibitor
therapy.

The study describes the progress of studies on different
types of personalized cancer immunotherapy.

The study reviews cancer immunotherapy strategies, their
molecular basis, and their potential benefits.

The study describes the type, density, and location of
infiltrating immune cells in the tumor site and their ability
to predict outcome.

The study presents the different approaches to blood-
based liquid biopsies as a useful tool for cancer analysis
and discusses their clinical applications in translational
medicine and oncology.

The study presents a computational workflow to identify
tumor neoantigens by cancer sequencing (pVAC-Seq) that
integrates tumor expression and mutation data (DNA- and
RNA-SEQ).

The study discusses algorithmic approaches and prospects
for next-generation sequencing useful for comparison of
normal and cancer exomes.

The study provides a practical guideline to selecting the
most appropriate pipeline for the detection and processing
of cancer mutations.

The study presents an overview of the functionality,
features, and specific requirements of the individual Next
Generation Sequencing tools.

The study describes the TopHat2 software, which can align
reads of varying lengths produced by the latest sequencing
technologies, while detecting variable-length indels with
respect to the reference genome.

The study describes the protocol to use the TopHat and
Cufflinks, which are useful tools for gene discovery and
comprehensive expression analysis of high-throughput
mRNA sequencing (RNA-Seq) data.

The study demonstrates the importance of measuring the
stability of the peptide-MHC complex and of generating in
silico methods to predict the half-life of the peptide-MHC-I
complex for 10 different HLA molecules.

The study analyzes the combinations of three next-
generation state-of-the-art MHC-peptide binding
prediction methods, namely, NetMHC, NetMHCpan and
pickpocket.

The study, using novel sequence encoding methods, shows
that the new version of NetChop correctly predicts 10%
more of the cleanliness sites and reduces the number of
false positions by about 15%.

The study discusses current approaches to administration
(direct injection, ex vivo-pulsed DC vaccination, and
biomaterial-assisted vaccination) to improve the efficiency
of neoantigen-based vaccines.

Table 1. General characteristics of the articles included in the review and relevance to its objective. (continued)
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Authors/year/

Diken et al.”>®
2011
Germany

Selmi et al.*®
2016
Germany

Kreiter et al.>”
2010
Germany

Weide et al.*®
2008
Germany
Weide et al.*®
2009
Germany
Rittig et al.c°
2011
Germany
Lietal.*
2014

USA

Hammerich et al.®?

2019
USA

Mehrotra et al.®’
2017
USA

Gubin et al.®*
2014
USA

Kreiter et al.®
2015
Germany

Yadav et al.*®
2014
USA

Platten & Reardon®’

2018
USA

Chu et al.®®
2018
China

Carreno et al.®®
2015
USA

Rosenberg &
Restifo’°
2015

USA

Experimental

Experimental

Experimental

Non-randomized
controlled trial
(Phase I/1I)

Non-randomized
controlled trial
(Phase I/1I)

Non-randomized
controlled trial
(Phase I/1I)

Narrative review

Experimental

Non-randomized
controlled trial
(PhaseI)

Experimental

Experimental

Experimental

Narrative review

Narrative review

Non-randomized,
uncontrolled trial
(Phase I)

Narrative review

In vitro and
in vivo (mice)

In vitro and
in vivo (mice)

In vitro and
in vivo (mice)

In vivo
(humans and
mice)

In vivo
(human)

In vivo
(human)

N/A

In vitro and
in vivo (mice)

In vivo
(human)

In vitro and
in vivo (mice)

In vivo
(mice)

In vitro and
in vivo (mice)

N/A

N/A

In vivo
(human)

N/A

The study investigates the pharmacokinetics of naked RNA
administered into the lymph node and demonstrates that
RNA is quickly and selectively captured by lymph node
DCs.

The study demonstrates that direct antigen translation by
dermal dendritic cells after vaccination with intradermal
naked RNA is relevant for the efficient priming of antigen-
specific T-cells.

The study reports for the first time on the strong systemic
antigen-specific Th1-type immunity and cancer cure
achieved with naked antigen-encoding RNA in preclinical
animal models.

The study shows in 15 patients with melanoma that the
administration of intradermal naked RNA results in protein
expression and the development of an immune response.

The study shows that direct injection of protamine-
protected mRNA in patients with metastatic melanoma is
feasible and safe.

The study assesses the feasibility, safety, and
immunological and clinical responses of intradermal
mRNA-based vaccination in patients with renal cancer.

The study discusses the specific advantages and
considerations of peptide vaccines in terms of delivery and
adjuvancy in the treatment of various diseases.

The study shows that lymphoma cells can directly
prime T cells, but in vivo immunity still requires cross-
presentation. To address this, an on-site vaccine that
combines different adjuvants to induce dendritic cell
recruitment and in vivo antitumor immunity in patients
with indolent non-Hodgkin lymphomas was developed.

The study established that vaccination with peptide-
pressed dendritic cells in combination with poly-ICLC

is safe and induces measurable tumor specific T cell
population in patients with advanced pancreatic cancer.

The study shows that synthetic long-peptide vaccines
incorporating mutant epitopes induce tumor rejection
in @ manner comparable to checkpoint blockade
immunotherapy.

The study shows that vaccination with CD4(+)
immunogenic mutations confers strong antitumor activity.
It also establishes a mutation selection process based on
bioinformatic prioritization.

The study indicates that an appropriate prediction
algorithm may provide an approach for pharmacodynamic
monitoring of T-cell responses, as well as for the
development of personalized vaccines in cancer patients.

The study analyzes various immunotherapy strategies in
glioblastoma models, as well as some clinical trial results.

The study identifies neoepitopes, describes the advances
made in personalized vaccines, analyzes the challenges
associated with using vaccine therapy, and provides
potential ideas for improving vaccine design and
application.

The study shows that the DC vaccine increases naturally
occurring neoantigen-specificimmunity and reveals
previously undetected human leukocyte class I-restricted
neoantigens in patients with advanced melanoma. It also
demonstrates that vaccination directed at tumor-encoded
amino acid substitutes increases antigenic breadth and
clonal diversity of antitumor immunity.

The study shows that the ability to genetically engineer
lymphocytes to express conventional T-cell receptors or
chimeric antigen receptors has extended the successful
application of adoptive cell therapy for cancer treatment.

Table 1. General characteristics of the articles included in the review and relevance to its objective. (continued)
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country

Topalian et al.”*
1989
USA

Dobbin et al.”?
2016
USA

Masucci et al.”*
2016
USA

Klebanoff et al.”*
2011
USA

Yang & Rosenberg”®

2016
USA

Barve et al.”®
2008
USA

Robbins et al.””
2011
USA

Tran et al.’”®
2014
USA

Dhodapkar et al.”®
2014
US<A

Turajlic et al.®°
2017
England

Koster et al.®!
2019
Netherlands

Laumont et al.®*
2016
Canada

Seliger et al.®*
2002
Germany

Rosenberg et al.®*
2005
USA

Experimental

Narrative review

Narrative review

Narrative review

Narrative review

Non-randomized,
uncontrolled trial
(Phase II)

Non-randomized,
uncontrolled trial
(Phase II)

Non-randomized,
uncontrolled trial
(Phase II)

Non-randomized,
uncontrolled trial
(Phase I/1I)

Experimental

Experimental

Experimental

Narrative review

Randomized,
Uncontrolled Trial
(PhaseI)

In vitro
(human)

N/A

N/A

N/A

N/A

In vivo
(human)

In vivo
(human)

In vivo
(human)

In vivo
(human)

In silico

In silico

In silico and
in vitro

N/A

In vivo
(human)

The study shows that infiltrating lymphocytes obtained
from freshly resected melanomas respond against the
same tumor.

The study discusses the need to validate immunological
biomarkers to predict response to immunotherapy
therapy.

The study reports that due to the complexity of the
immune response and tumor biology, it is unlikely that a
single biomarker will be sufficient to predict the clinical
outcomes of immune-targeted therapy and that the
integration of multiple immune and tumor response
parameters, such as protein expression, genomics, and
transcriptomics, may be necessary for accurate prediction
of clinical benefit.

The study presents perspectives on progress in different
cancer vaccines taking into account the results obtained
until the date of its publication and suggests eliminating
suppressive cellular populations using more effective
immunologic adjuvants and immune check-point blockade
pathways for better results.

The study discusses the importance of neoantigens and
checkpoint inhibitors in adoptive cell therapy for cancer
treatment.

The study assesses clinical efficacy, safety, and
multiepitope immunogenicity of IDM-2101 vaccine in
patients with stage IIIB or IV non-small-cell lung cancer.

The study shows that TCR-based gene therapies directed
against New York esophageal Squamous Cell Carcinoma-1
(NY-ESO-1) represent a new and effective therapeutic
approach for patients with melanoma and synovial cell
sarcoma.

The study provides evidence that a CD4+ T cell response
against a mutated antigen can be used to mediate
regression of a metastatic epithelial cancer.

The study assesses the safety, immunogenicity, and
clinical response of a New York Esophageal Squamous

Cell Carcinoma-1 (NY-ESO-1) vaccine aimed at exploiting
the capacity of dendritic cells to initiate T cell immunity by
efficient uptake and presentation of endocytosed material.

The study reports that renal cell carcinomas have the
highest pan-cancer proportion and number of indel
mutations, and that indels are a highly immunogenic
mutational class that can trigger an increased abundance
of neoantigens and greater mutant-binding specificity.

The study describes a source of common neoantigens
induced by frame shift mutations based on the analysis
of 10 186 tumor samples. The authors reported that that
these frame shift mutations can produce completely new
long neoantigens.

The study determines the proportion of major
histocompatibility complex (MHC) class I-associated
peptides (Maps) derived from non-canonical reading
frames by performing proteogenic analyzes of Maps eluted
from human B cells. It states that cryptic Maps increase
the completeness of the MAP repertoire and improves the
scope of CD8 T-cell immunosurveillance.

The study characterizes molecular defects underlying
classical HLA class I antigen abnormalities used by tumor
cells to escape the mechanism of the immune system.
The study reports vaccination efforts in 95 HLA-A*0201
patients at high risk of recurrence of malignant melanoma
who received prolonged immunization with the “anchor-
modified” synthetic peptide, gp100209-217 (210M).

Table 1. General characteristics of the articles included in the review and relevance to its objective. (continued)
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country

Garrido et al.®*

2010 Narrative review N/A

Spain

Lampen et al.®®

2011 Narrative review N/A
Netherlands

Lee etal.®’ .

2013 Experimental {n v!tro an.d
USA in vivo (mice)

Del Campo et al.®®
2014
Spain

In vitro

Experimental (human)

Ni et al.®
2012
Germany

In vitro and

Experimental o )
PRI in vivo (mice)

Shukla et al.”°
2015
USA

Experimental In silico

Sun et al.”"
2017
China

Narrative review N/A

Britten et al.**
2013
Germany

Narrative review N/A

The study discusses the molecular mechanisms
responsible for alterations of MHC class I molecules and
their importance in the progression or regression of a
tumor lesion in patients under immunotherapy treatment
for cancer.

The study describes the different mechanisms that may be
useful to correct MHC class I molecule defects in tumors to
regain recognition from the immune system.

The study indicates the ability of the AR-42 inhibitor

to significantly enhance the power of the CRT/E7 DNA
vaccine by improving tumor-specificimmune responses
and antitumor effects.

The study characterizes an adenoviral replication-
deficiency vector carrying human 32 microglobulin gene,
which is effective in recovering proper tumor cell surface
HLA class I expression in f2M-negative tumor cells .

The study provides a better understanding of the rational
design of cancer immunotherapies incorporating NK cells
and reveals an essential role of CD4+ T cells in sustained
antitumor activity by NK cells linking adaptive and innate
immunity.

The study describes a computational pipeline that allows
the accurate detection of germline alleles of class I HLA-A,
B and C genes and sequential detection of mutations in
these genes using inferred alleles as a reference.

The study discusses the immunologic mechanism,
screening technique, clinical application, limitations, and
prospects of MHC class II restricted neoantigens in tumor
immunotherapy.

The study categorizes the different types of existing cancer
immunotherapy and describes the importance of applying
a single system of regulation, organization, and follow-up
by control bodies, given the particularities of each of these
therapies.

mRNA: messenger ribonucleic acid; DC: dendritic cells; RNA: ribonucleic acid; IDH1: isocitrate dehydrogenase type 1; IL-
2: interleukin-2; HLA: human leukocyte antigen; NK: natural killer cells; MHC: major histocompatibility complex.

Source: Own elaboration.

Discussion

Personalized medicine increasingly aims to individualize
disease prevention, diagnosis, and treatment according
to the characteristics of each patient. In this context,
progress in translational research (which are meant to
benefit patients based on advances in basic research)
and the results achieved in patients participating in clin-
ical trials are critical inputs for planning new research
and should serve as support for the development of
treatments for cancer patients.

Advances in the study of tumorimmunobiology have
explained phenomena such as cancer immunoediting,
a process that has allowed identifying neoantigens that
escape tolerance induction and can be delivered to the
immune system in the form of a vaccine so that they
fight neoplasms.

Immunoediting in cancer

The theory of tumor immunoediting indicates that the
immune system plays a decisive role in tumor control
and development;?’ it also describes cellular and molec-
ular events that normally restrict tumor development
and explains the appearance of cancer as a result of the
escape of cells from immunosurveillance.

Immunoediting is defined by three key phases or
events: elimination, equilibrium, and escape, which are
described below:

Elimination

This is the phase during which the immune system (in-
nate and adaptive) detects the transforming cells. This
process is usually induced by carcinogens, radiation, viral
infections, chronic inflammation and/or genetic muta-
tions associated with the repression of intrinsic tumor
suppression processes such as apoptosis, senescence,
and tissue repair. These cells express danger signals and
stress-induced ligands that, when recognized by the innate
immune system, promote the release of pro-inflammato-
ry cytokines that attract the cells of the adaptive immune
system necessary to eliminate tumor precursors.?® 2°

Equilibrium

Some transformed cells survive the elimination phase and
move on to the next phase, called equilibrium, where their
proliferation is controlled. This phase, whose duration
varies depending on the type of tumor, is not clinically
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evident; however, init, the transformed cells determine
theirimmunogenicity and influence the cellular context
of the tumor infiltrate. If the latter is suppressive and
the anergy of antitumor T cells is favored by the sup-
pressive microenvironment of the tumor, then a state is
created that favors the escape of transformed cells from
the surveillance of the immune system, for example, the
presence of myeloid-derived suppressor cells express-
ing CTLA-4 or the overexpression of molecules such as
PD-L1 by the tumor cell, which are usually expressed as
a mechanism of peripheral tolerance in non-tumor cells.

Escape

During the escape phase, the transformed cells evade
recognition and elimination by the immune system and
proliferate, and the tumor becomes clinically evident.*"
Expression of apoptosis inhibitors, secretion of immuno-
suppressive cytokines such as TGF-, and recruitment
of myeloid-derived suppressor cells are mechanisms
that facilitate this escape.

Attheintrinsic level, tumor cells have escape mechanisms
such as loss of expression of major histocompatibility
complex class I (MHC-I) molecules.*? Although tumors
are infiltrated by neoantigen-specific T cells,** they do

Radiation
Cytokines
Live bacteria
TLR ligands
Tumor cell

CD8+ T-cell

CD4+ T-cell
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not exert their antitumor activity due to the suppres-
sive microenvironment.

In 2017, Balachandran et al.>*> demonstrated that
long-term survival in patients with pancreatic cancer (a
highly lethal tumor) depends mainly on T-cell infiltrate
in tumors and on the quality (determined by a series of
biophysical parameters such as homology determina-
tion with a microbial epitope) and not on the quantity
of the neoantigen. This highlights the need to develop
strategies that, on the one hand, favor the migration
of neoantigen-specific T-cells to the tumor and, on the
other hand, that the selection criteria of the latter take
into account biophysical parameters that improve the
likelihood of adequately stimulating T cells.

Therapies based on their immunological principle

Tumor immunoediting theory has influenced the design
of different immunotherapy modalities to counteract
the suppressive effects of the tumor microenvironment,
recover T-cell antitumor activity, and eradicate tumors
already established according to three immunological
principles, as shown in Figure 2:

Immune checkpoint
inhibitory antibodies

Dendritic cell

T-cell

Figure 2. Therapies based on their immune principle. A) non-specific immune stimula-
tion; B) immune checkpoint inhibitors; C) antigen presentation in the context of the HCM.
LT CD4: CD4-positive T cell; LT CD8: CD8-positive T cell; TLRs: toll-like receptors.

Source: Own elaboration.

Nonspecificimmune stimulation with cytokines, toll-like
receptor (TLR) ligands, radiation, and live bacteria have a
pleiotropic effect, stimulate effector T cells, and inhibit reg-
ulatory T cells; some of these therapies have already been
approved and used for the treatment of melanoma and re-

35-3,

nal carcinoma®>=¢ (Figure 2A). Monoclonal antibodies such
as nivolumab and otherimmune checkpointinhibitors,* in
turn, restore communication between antigen-presenting
cells (APC) and T cells, and thus their cytotoxic poten-
tial*® (Figure 2B). Finally, personalized neocantigen-based
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therapeutic vaccines,*! the use of DCs as immunostim-
ulants for the delivery of tumor-specific antigens (e.g.,
sipuleucel-T),*” and ACT seek to enhance antigen pro-
cessing and presentation or to transfer in vitro-expanded
tumor-infiltrating lymphocytes to the patient in order to
restore tumor surveillance by these cells (Figure 2C).

From immunological theory to neoantigen-based
vaccine design

Translational medicine requires the interdisciplinary co-
operation of experts from several areas of biomedicine
to successfully design therapeutic cancer vaccines.

Tumor

procurement
and storage

Administration

Synthetic peptides

Adoptive cell

transfer Naked RNA

Nanomaterials

Delivery mechanisms
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The first step to establish personalized cancer ther-
apies is to preserve the tumor so that the exome and
transcriptome can be analyzed to identify mutations
and possible neoantigens that are useful for designing
vaccines®® (Figure 3); subsequently, the intratumor-
al immune infiltrate should be evaluated to improve
the prognostic value of the tumor. A tool that allows
to evaluate how the immune system fights the tumor
and helps choose a personalized treatment for co-
lon and rectal cancer is called Immunoscore, which
improves prognostic performance by 100 to 1 000
times compared to the TNM Classification of Malig-
nant Tumours.

Exome and
transcriptome sequencing

Bioinformatic analysis

Figure 3. Overview of the process of developing neoantigen-based vaccines for cancer immu-

notherapy.
Source: Own elaboration.

A protocol consisting of the following steps should
be used for the development of tumor-based neoanti-
gen-based vaccines:

Tumor tissue collection and preservation

In general, therapy against the primary tumor is not
effective against metastases due to tumor heterogene-
ity; 32 therefore, primary and secondary tumor samples
must be collected over different periods of time, as well
as liquid biopsies, to obtain information, from a blood
sample, on circulating tumor cells and tumor-derived
cell-free nucleic acids, exosomes, and platelets.**

Bioinformatic analysis

Tumor exome and transcriptome sequences are estab-
lished using state-of-the-art nucleic acid sequencing
techniques and then compared with healthy tissue se-
quences (peripheral blood leukocytes obtained from a

patient’s blood sample) to determine the universe of tu-
mor cell mutations. Itis important to keep in mind that
tumor RNA sequencing makes it possible to determine the
levels of transcript expression that code for mutations.

After establishing the universe of mutations, these
data are subjected to an in-silico analysis to obtain in-
formation on the interactions of the neoantigen with the
patient’s class I and class II human leukocyte antigen
(HLA) molecules. This analysis also reveals parame-
ters that allow the selection, among the universe of
predicted neoantigens, of those most likely to stimu-
late the antitumor T cell response (both CD4 and CD8)
in the patient.*

Identification and annotation of tumor-specific somatic mutations

Bioinformatic analysis is carried out in stages and the
firstis performed based on the raw data of the patient’s
normal and tumor exome sequences, which are text files
in which sequenced DNA segments (reads) are recorded
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with their respective sequencing qualities and given a
value for each sequenced nucleotide. The patient’s nor-
mal and tumor exomes are reconstructed based on these
data through a process called reference alignment® in
which each read is assigned a position with respect to
a reference genome.

Once the exomes have been reconstructed, a com-
parison between normal and tumor exomes occurs
during a second stage to identify somatic mutations.*’
Finally, in a third stage, a mutation database search
is performed to obtain information about each muta-
tion (name of the gene where the mutation is located,
transcripts associated with that gene, type of muta-
tion, etc.)*® Additionally, the sequencing information
provides a high-resolution HLA haplotyping used to
determine HLA-restricted epitopes, as well as the sta-
bility of the neoantigen in each HLA haplotype molecule
expressed by the patient.

Tumor tissue transcriptome analysis

The sequencing of a transcriptome is similar to that of
an exome, both in the way they are processed and in the
type of data obtained. This type of analysis also starts
from text files containing the sequenced reads with
the respective sequencing quality values and is done
by aligning the sequencing reads with a reference ge-
nome.*®*° Then, using databases containing the names
and sequences of known transcripts, the transcripts en-
coded in the patient’s transcriptome are identified, and
its expression levels identified are quantified through
the number of reads associated with each transcript.
This quantification is usually presented in units known

https://doi.org/10.15446/revfacmed.v69n3.81633

as FPKM (fragments per kilobase of transcript per mil-
lion mapped fragments).*°

Epitope prediction

The candidate epitopes capable of being presented on the
patient’s MHC molecules should be established based on
the tumor cell-specific mutations identified in the genome
and the expression level determined by the transcriptome.
This prediction is based on in-silico tools that estimate the
splicing of the peptide by the proteasome, as well as its
presentation according to its affinity and stability in the
peptide-MHC complex.°'>* These tools are based on arti-
ficial intelligence methods, such as neural networks, that
evaluate possible paired combinations between the set of
epitopes that could be generated around each mutation.

Finally, in conformity with selection criteria such as
experimental binding affinity values (IC50), FPKM, the
rate of change between the IC50 of both the mutated
peptide-MHC complex and the wild-type peptide- MHC
complex, the comparison of the half-life of both pep-
tide- MHC complexes (native and mutated), and a small
number of candidate epitopes, whose immunogenicity
should be evaluated in vitro, is prioritized.*

Alternative formulations of neoantigens to ensure
delivery to the immune system

Once the neoantigen has been selected, a vehicle that
makes an efficient and safe delivery of the neoantigen
to the immune system should be chosen.>* To this end,
several strategies have demonstrated significant clin-
ical results (Table 2).

Table 2. Representative examples of neoantigen delivery vehicles to the immune system with positive clinical response.

_ Naked RNA Synthetic peptide Adoptive cell transfer

Type of cancer Melanoma’ Melanoma? Breast cancer® Melanoma**
Number of patients 13 6 1 2
e B 2 * i &
ﬁﬂﬂggt?‘];orghera — Several immune (Anti PD-1: (Anti PD-1: 0
Py ag checkpoint inhibitors pembrolizumab) pembrolizumab)

Patients with complete 10 4 1 1
response

Patients with incomplete 3 5 0 1

response or no response

PD-1: programmed cell death protein 1.
* number of patients who received further immunotherapy.
Source: Own elaboration.

Naked RNA

Research on the use of naked messenger RNA (mRNA)
as a source of antigen has been aimed at achieving the
stability of the RNA necessary for the correct uptake
and translation by APCs. In this process, genetic en-
gineering has allowed to incorporate changes in RNA
that increase its bioavailability for DCs, which are the
cells that process and present antigens more efficiently.
The uptake mechanism of injected mRNA is not entire-
ly clear; however, it is known that it is rapid, not very
saturable and dose and temperature dependent, and
some authors suggest that macropinocytosis may be
the mechanism employed.>>°°

Changes made to mRNA to achieve the desired sta-
bility include the modification of the 3'UTR and 5'UTR
regions structure, the use of mRNA 5’ cap analogs,
and the addition of nucleotide flanking sequences that
favor their mobilization through endoplasmic reticu-
lum membranes and antigen presentation mediated
by MHC molecules.?® Also, since the mRNA delivery site
affects its uptake by DCs, mRNA should, ideally, be in-
jected directly into the lymph nodes or the soft tissue
near the nodes.*’

The prophylactic and therapeutic response of mMRNA
vaccines has been demonstrated in both animal models®”
and in phase I and II clinical trials with human patients
with melanoma?>¢>° and renal cell carcinoma.®® Many
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of these assays use tumor-associated antigens that
have validated the viability and safety of this thera-
py.>*°° For example, Sahin et al.,*° in a study based on
the use of MRNA vaccines coding for tumor mutanome
neoantigens, reported that an antitumor response was
obtained in 10 of 13 patients with metastatic melanoma.

Synthetic peptides

The rise of peptide neoantigen vaccines is related to
the high degree of understanding of how peptides pro-
cessed and presented in MHC molecules on the APC
surface mediate the T cell activation involved in immu-
nity against infectious agents and cancer.®"

Some of the advantages of using peptides as anti-
gens are the relative ease of synthesis, low production
costs, low toxicity, and proven stability under tempera-
ture changes.*

It should be noted that, in order to generate long-
term protective responses, this type of vaccine has been
administered together with adjuvants, which are usu-
ally TLR agonists such as Poly-ICLC (TLR3 agonist) and
have the function of improving immunogenicity and
promoting the delivery of the neoantigens to the im-
mune system. >3

Given this scenario, representative studies have
been conducted in which patients with different types
of cancer are vaccinated with short and long synthetic
peptides (9 to 27 amino acids, respectively) containing
a tumor-specific mutation, for instance, a variation of
the enzyme IDH1,% or others obtained from sequencing
widely studied tumor cell lines such as B16F10 mela-
noma,’*® MCA sarcoma,®*or MC38 colon carcinoma,®®
which are used in different mouse models of cancer
where strong in vitro immunogenicity and in vivo anti-
tumor response have been demonstrated, mostly by
CD4+ *¢5455and CD8+ T cells.5%5¢

In humans, Ott etal.”* conducted a study that showed
that 4 of 6 melanoma patients tested (4 stage IIIC with-
out metastases and 2 stage IVM1/b with metastases)
achieved complete remission following neoantigen vac-
cine-only treatment. This study generated peptides of
15 to 30 amino acids that were administered by subcu-
taneous injections into the limbs, creating an antitumor
response mediated by polyfunctional CD4+ and CD8+
T cells®! (Table 1). Similarly, several phase I clinical tri-
als are currently under development®’¢® to replicate the
success of this treatment in melanomas.

Synthetic peptides derived from neoantigens can be
used to stimulate in vitro DCs obtained from peripher-
al blood mononuclear cells and then delivered to the
patient as adjuvant autologous therapy. These DCs pro-
cess and present the selected peptide sequence in the
MHC and acquire the ability to efficiently activate cellu-
lar-mediated immune responses carried out by CD8+
T cells against the tumor.®®

Adoptive cell transfer

This type of therapy consists in the culture and in vi-
tro or ex vivo amplification of T cells extracted from
the patient’s tumor or peripheral blood (autologous)
or from T cells extracted from a donor (allogeneic) in-
dividual. These samples are then transferred to the
patient to exert cytotoxic activity against the tumor.”®
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The T cells to be transferred are usually selected from
the total repertoire of cells extracted according to the
reactivity when cultured with tumor antigens from cell
fragments, cell lines, suspensions, lysates, or synthet-
ic tumor proteins.”

The reactivity of the T cells to be transferred is often
demonstrated by quantifying the level of cytokines us-
ing enzyme-linked immunosorbent assays, while flow
cytometry is used for classification and selection, thus
characterizing cells according to relevant cell biomarkers
such as 4-1BB, expressed by activated CD4+, CD8+ and
CD45+ cells in response to neoantigen stimulation.”>73

In this therapy, T cells that recognize mainly the
neoantigen without any activity against the sequence
of the wild-type peptide are preferred to avoid autoim-
munity.’*’° This strategy has demonstrated significant
clinical responses, ranging from increased overall sur-
vival to complete regression of metastatic tumors in
breast cancer, melanoma, among others?>’57¢ (Table 1).

Future challenges and prospects

Advances in various immunotherapy modalities raise
relevant questions whose answers can be helpful to un-
derstand the singularities of the immune response and
the mechanism of action of these therapies in each type
of tumor explored. In this regard, research in the coming
years should focus on replicating the results of previous
studies and overcoming the most significant challenges
that have arisen in different populations and cancer his-
totypes. Some of these challenges are presented below.

Adjuvants and antigen delivery

In order to increase immunogenicity and promote an
optimal response, immunotherapy is combined with
agents that simulate the first steps in the recognition
of an infection, mainly TLR agonists.*®* However, there
are other molecules that seek to improve antigen de-
livery and are under study; these include monoclonal
antibodies that target tumor antigens to DCs and acti-
vate them, such as anti-CD2057° in CDX-1401, which
significantly increases the effectiveness of antigen pre-
sentation.

Differential mutational load

Most studies that have analyzed the immunogenic po-
tential of mutations in cancer treatment have been done
on the basis of identification of single-nucleotide variants
(SNV); this has made it possible to establish that mela-
noma is among the cancers with the highest proportion
of SNV, so the first clinical trials were performed on this
type of tumor. However, it is important to keep in mind
that other types of mutations also have immunogenic
potential; for example, insertion/deletion mutations,
which modify the reading frame to a greater extent have
been shown to generate more neoantigens per muta-
tion and have a higher capacity to bind to MHC-I.5%!
This is supported by some proteogenomic analyses
that have demonstrated the importance of considering
the generation of neoantigens from non-conventional
alternative reading frames (cryptic peptides), since it
was proved that they constitute 10% of all peptides gen-
erated that can be presented in the context of MHC-I,
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but that they have been omitted in many studies due
to of their non-canonical nature.®?

Immune evasion

The processes that lead to generating resistance to im-
munotherapy are related to mechanisms intrinsic to
each therapeutic strategy. For example, in tumorimmu-
noediting, somatic mutations may occur in neoantigens
and possibly in the MHC,?*¢* which may explain ineffi-
cient responses and treatment failures in some clinical
trials® since the functional state of these molecules is
being modified (both neoantigens and MHC), desta-
bilizing the interaction of the peptide-MHC complex.

HLA mutations have been characterized as “soft” or
“hard” depending on the feasibility of reversing them:®
lesions derived from hard mutations generate more se-
rious and irreversible immune response escape routes
associated with metastatic progression and/or tumor
recurrence, while those derived from soft mutations are
more easily correctable and often associated with epi-
genetic and reversible changes with treatment.

Likewise, strategies for dealing with HLA alterations
are differentin each case;®® for example, epigenetic reg-
ulation using the histone deacetylase inhibitor AR-42 is
useful in mice to restore MHC-I expression,®” whereas
recombinant adenoviruses loaded with missing genes
have been used for hard mutations, as in the case of
mutations in B-2 microglobulin®® or the transfer of nat-
ural killer cells preactivated with a specific cocktail of
cytokines,®® obtaining good results.

Detection of HLA mutations is complex for several rea-
sons. On the one hand, these gene sequences are highly
polymorphic, and on the other, the reference genomes
most used to determine them are limited. Given the
situation, a method was recently developed to analyze
this type of mutation more effectively, which also allows
to identify its recurrence in different types of cancer.

Redefinition of the concept of neoantigen

There is another type of antigens recognized by T cells that
escape deletion in the thymus and are encoded in pro-
to-oncogenes responsible for inducing post-translational
modifications in proteins that promote metabolic alterations
and changes in tumor transcriptome. These proteins, which
are abnormally glycosylated or phosphorylated, have not
been studied at the same depth as a source of neoanti-
gens for cancer treatment; nevertheless, they are highly
immunogenic and responsible for a potent antitumor re-
sponse, as demonstrated by Brentville et al.** in a recent
study, in which they found that antigens generating high
reactivity are citrullinated self-peptides.*

It is striking that, in several clinical trials, the pre-
dominant response against neoantigens was dependent
on CD4+ T cells,?*?*78in which in some cases it was
possible to demonstrate their cytotoxic capacity.?* This
undoubtedly calls for much more attention to the help-
er-like response of T cells, which is mediated by MHC-11
molecules in the selection and screening of neoantigens
for clinical application.”!

Consensus, efforts, and paradigms

Genomic heterogeneity between and within tumors and
their ability to escape immune pressure make cancer
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treatment a major challenge; therefore, a consensus
on their theoretical and therapeutic approach is desir-
able. In this sense, the interdisciplinary cooperation
of biomedical professionals to obtain the tumor and to
carry out the corresponding bioinformatic analysis, to-
gether with the combination of therapies with different
immunological principles, play an important role that
should not be ignored.

For example, in Colombia, the Immunology and Trans-
lational Medicine group of the Universidad Nacional de
Colombia has worked for more than 14 years on the
advancement and implementation of clinical and pre-
clinical studies inimmunotherapy against cancer and is
currently conducting the first clinical study in the coun-
try onimmunotherapy based on neoantigens in patients
with triple-negative breast cancer using autologous DC
as adjuvant therapy.

These studies, in which different biocinformatic plat-
forms have been articulated, have allowed to establish
the universe of mutations present in patients with breast
cancer and to identify tumor cell-specific neoantigens
with the potential to be used as neoantigens in the clin-
ical phase of the study. However, the process of in vitro
evaluation of the response of specific T cells against
these neoantigens has been a limitation given the low
frequency of the repertoire of these cells against pre-
dicted antigens. Even so, it is expected that with the use
of autologous peptide-pulsed dendritic cells, the specific
T-cell clones against the neoantigens used will increase.

Nevertheless, personalized medicine worldwide demands
a change in the paradigm of organizing, regulating, and
following up clinical studies (originally designed for drug
development) since there is a clear need to streamline
the evaluation of clinical studies in which personalized
vaccines based on neoantigens are investigated and in
which the investigational agent is not a drug.*”

Conclusions

Personalized immunotherapy with tumor-based neo-
antigen vaccines is becoming an excellent alternative
for treating cancer worldwide. However, its proper and
massive implementation faces some technical and the-
oretical challenges that must be overcome, such as the
complexity of the analysis of neoantigens and its in vi-
tro validation, inadequate conservation of tumors for
study, and the high cost of obtaining peptides with clin-
ical quality and effective adjuvants for human use. It
is thus necessary to use it in combination with conven-
tional treatments, generate more knowledge that will
help clarify the immunobiology of cancer, and reduce
the costs associated with its production.
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