J c I The Journal of Clinical Investigation

Vaccines for immunoprevention of cancer

Tomohiro Enokida, Alvaro Moreira, Nina Bhardwaj

J Clin Invest. 2021;131(9):e146956. https://doi.org/10.1172/JCI1146956.

The immunoprevention of cancer and cancer recurrence is an important area of concern for the scientific community and society as a
whole. Researchers have been working for decades to develop vaccines with the potential to alleviate these health care and economic
burdens. So far, vaccines have made more progress in preventing cancer than in eliminating already established cancer. In particular,
vaccines targeting oncogenic viruses, such as the human papillomavirus and the hepatitis B virus, are exceptional examples of successful
prevention of virus-associated cancers, such as cervical cancer and hepatocellular carcinoma. Cancer-preventive vaccines targeting
nonviral antigens, such as tumor-associated antigens and neoantigens, are also being extensively tested. Here, we review the currently
approved preventive cancer vaccines; discuss the challenges in this field by covering ongoing preclinical and clinical human trials in
various cancers; and address various issues related to maximizing cancer vaccine benefit.

Find the latest version:

https://jci.me/146956/pdf



http://www.jci.org
http://www.jci.org/131/9?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI146956
http://www.jci.org/tags/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/146956/pdf
https://jci.me/146956/pdf?utm_content=qrcode

The Journal of Clinical Investigation

REVIEW

Vaccines forimmunoprevention of cancer

Tomohiro Enokida,’ Alvaro Moreira,"? and Nina Bhardwaj"23

'Department of Medicine, Precision Immunology Institute, Tisch Cancer Institute, Icahn School of Medicine at Mount Sinai, New York, New York, USA. The Kimberly and Eric ). Waldman Department

of Dermatology at Mount Sinai, New York, New York, USA. *Extramural member of the Parker Institute for Cancer Immunotherapy, San Francisco, California, USA.

issues related to maximizing cancer vaccine benefit.

Introduction

Globally, the number of new cancer cases is expected to reach nearly
22 million per year by 2030; the challenge of managing the escalat-
ing associated costs will be worldwide, not limited to high-income
countries (1, 2). Thus, the development of cancer-preventive strate-
gies is necessary to decrease human suffering and financial burden.
Vaccines are a part of primary prevention to reduce premalignant
and cancer occurrence, but also a part of tertiary prevention for can-
cer patients who have received curative treatment to reduce recur-
rence (secondary prevention involves tests, such as mammograms,
to detect cancer at the earliest possible stage) (Figure 1). In 2019,
the National Cancer Institute (NCI) budget included vaccines for
cancer prevention as a priority area (3). The prevention component
included identifying targets in precancerous lesions and developing
early-intervention vaccines for known tumor antigens.

The basic concept of cancer prevention by vaccination involves
harnessing our immune system to prevent cancer-causing viral infec-
tion through neutralizing the oncogenic virus to prevent uptake by tar-
get cells, or to attack premalignant and latent or residual cancer cells
that are clinically inapparent (Figure 2). Currently, safe and effective
licensed vaccines against human papillomavirus (HPV) (4, 5) and
hepatitis B virus (HBV) (6) prevent virus-associated cervical cancer
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and hepatocellular carcinoma (HCC), respectively. Other oncogenic
viruses, such as human T cell leukemia virus-1 (HTLV-1), Epstein-
Barr virus (EBV), and polyoma virus, have recently seen renewed
efforts related to vaccine development (7, 8), and also related to eval-
uating these vaccines’ impact on virus-associated malignancies (9,
10). Vaccines targeted toward well-known and personalized tumor
antigens are also under investigation.

Below, we review the current landscape of cancer vaccines that
are approved and those under investigation. We also consider the
role of vaccines in combination with other therapeutic components
in attempts to maximize preventive effect.

Available prophylactic cancer vaccines targeting
viral antigens

There are two types of licensed cancer prevention vaccines target-
ing oncogenic viruses: prophylactic vaccines for HPV and for HBV.

Prophylactic vaccines for HPV
HPV infection is one of the most common sexually transmitted dis-
eases globally, and more than 70 million people are infected in the
United States (11, 12). Over 200 HPV strains have been identified
to date, and 14 of these (HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52,
56,58, 59, 66 and 68) are known as high-risk /oncogenic HPV (hrH-
PV) (13-15). HPV oncoproteins E6 and E7 can inactivate tumor sup-
pressor proteins p53 and pRb, respectively. Approximately 33,700
cancers are caused by HPV in the United States each year, includ-
ing 12,900 oropharyngeal cancers, 10,800 cervical cancers, and
6000 anal cancers, comprising 5% of all human cancer diagnoses
(16-19). HPV16 and HPV18 are the causative factors in most cases
(73%-94%), while HPV16 and HPV18 along with five other hrHPV
types (HPV types 31, 33, 45, 52, and 58) are responsible for up to
98% of HPV-related cases (19).

HPV-prophylactic vaccines against these hrHPV types are
used to prevent persistent HPV infection and HPV-related cancers.
HPV-prophylactic vaccines were developed to generate neutralizing
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antibodies against the virus-like particles derived from HPV’s cap-
sid protein L1, which is well preserved in its genome (20). The Advi-
sory Committee on Immunization Practices recommends routine
HPV vaccination at age 11 to 12 years and catch-up HPV vaccination
for all individuals through age 26. Catch-up vaccination is not rec-
ommended for adults over 26 years, as the benefit of HPV vaccina-
tion decreases in older age groups; however, the FDA approved the
use of the vaccine in ages 9 to 45. The WHO guidelines recommend
focusing HPV vaccination primarily on young girls, as females have
ten times higher risk of HPV-related cancers than males, and high
female vaccine coverage is expected to protect heterosexual males
via herd immunity (21-23). Moreover, it was suggested that 12-year-
old girls’ vaccination provides the best and most cost-effective solu-
tion against cervical cancer (24). The first commercial vaccines to
prevent infection from HPV were Cervarix, a bivalent HPV vaccine
protecting against HPV types 16 and 18, and Gardasil, a quadriva-
lent HPV vaccine targeting HPV types 16, 18, 6, and 11. In the United
States, the 9-valent HPV vaccine (Gardasil 9) is now the most recent
HPV vaccine, and it protects against oncogenic HPV types 16, 18,
31,33, 45,52, and 58 as well as non-oncogenic types 6 and 11 (25).

HPV vaccine efficacy was thoroughly investigated in sever-
al large randomized, placebo-controlled clinical trials with over
70,000 participants. The PATRICIA trial for Cervarix demon-
strated 100% protection against HPV16 infection and 92.3%
protection against HPV18 (26, 27). The FUTURE I/II trials for
Gardasil prevented 98% of HPV16- and HPV18-related high-
grade cervical lesions in participants not previously exposed to
HPV16/18 (28-30). The Gardasil 9 vaccine study displayed equal
efficacy to Gardasil in preventing diseases caused by HPV types
6,11, 16, and 18, and 96% efficacy in preventing persistent infec-
tion and high-grade cervical, vulvar, and vaginal diseases related
to HPV types 31, 33, 45, 52, and 58 (31). All three HPV vaccines are
prepared from virus-like particles of the L1 protein.

Additionally, Gardasil showed 77.5% prevention of analintraep-
ithelial neoplasia among HPV-naive men (aged 16-26 years) who
have sex with men (32). Cervarix also showed a 93% reduction in
the prevalence of oral HPV16/18 infections after a 4-year vaccina-
tion period, suggesting that HPV vaccination could protect against
the progression of oral cancers (33). As for the impact of the vac-
cines on cancer incidence, follow-up of two phase III trials of the
Cervarix or Gardasil vaccine-trial cohorts from Finland was pub-
lished as a cancer registry with more than 10 years of follow-up and
over 3000 vaccinated women and 190,000 follow-up years (34).
There were no cervical cancer cases or other HPV-related cancers
(vulvar, vaginal, anal, or oropharyngeal cancers) among the vacci-
nated population, while there was incidence of 6.4 per 100,000
woman-years for cervical and 8.0 per 100,000 person-years for all
HPV-associated cancers among the unvaccinated. Health econom-
ic models estimated that the number needed to vaccinate to pre-
vent one case of anogenital warts, cervical intraepithelial neoplasia
grade 2 or worse, or cervical cancer was 9, 22, and 202, respectively
(35). Recently, Lei et al. used nationwide Swedish demographic
and health registers to correlate Gardasil HPV vaccination with the
invasive cervical cancer risk. An open population of 1,672,983 girls
and women, aged 10 to 30 years, was evaluated for cervical cancer
until age 31. Cervical cancer was diagnosed in 19 women who had
received the Gardasil HPV vaccine and in 538 women who had not
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received it. Vaccinated women had a cumulative incidence of cer-
vical cancer of 47 cases per 100,000 persons versus 94 cases per
100,000 persons among those unvaccinated. After adjustment for
covariates, the incidence rate ratio was 0.12 (95% CI, 0.00-0.34)
among women who had been vaccinated before the age of 17 years
and 0.47 (95% CI, 0.27-0.75) among women who had been vacci-
nated at the age of 17 to 30 years (36). A simulation model predicted
that cervical cancer could be eliminated (defined as 4 or fewer new
cases per 100,000 women each year) by 2028 in Australia, and
between 2038 and 2046 in the United States, if current vaccina-
tion rates and screening programs continue (37, 38). Importantly, a
comparative modeling analysis predicted that if the WHO 90-70-
90 triple-intervention strategy (combining intensive scaled-up
HPV vaccination to 90% of the population, twice-lifetime cervical
screening to 70%, and treatment of preinvasive lesions and inva-
sive cancer to 90%) is achieved, the incidence of premature deaths
due to cervical cancer would be reduced by 98.6% by 2120 in
low-income and lower-middle-income countries (39).

Prophylactic vaccines for HBV
Chronic hepatitis B and hepatitis C are the most important caus-
es of HCC and account for 80% of HCC cases globally (40, 41).
Hepatitis B is caused by HBV. It is thought that HBV DNA contrib-
utes to carcinogenesis in multiple ways, including creating genom-
ic instability caused by insertion to host genome, modulating the
expression and activities of numerous genes, affecting DNA repair
processes, and inhibiting apoptosis. Moreover, HBV can activate
some nuclear transcription pathways, modulate transduction path-
ways, and inactivate or indirectly downregulate various tumor sup-
pressors (e.g., p53) (42-45). In 2015, WHO estimated that approx-
imately 3.6% of the world’s population (257 million) is chronically
infected with HBV, defined as hepatitis B surface antigen-positive
(HBsAg-positive) (46). More than 800,000 deaths occurred due to
the spectrum of HBV-related illness, including HCC (46, 47). An
estimated 800,000 new HCC cases occur each year; HCC is the
fourth leading cause of cancer-related deaths overall worldwide,
with chronic hepatitis B accounting for 18% (Europe) to 65% (Chi-
na) of total cases (47). It is likely that HCC caused by HBV alone
will result in 5 million deaths between 2015 and 2030 (45, 48).
Vaccination against HBV is the best protection against chronic
HBV infection. The HBsAg contains multiple epitopes that elicit
neutralizing antibodies, conferring protection from infection (49).
Although HBV is classified into various serotypes, all HBV isolates
share the same antigenic determinant; thus the hepatitis B vaccine
is protective across subtypes (50). The first HBV vaccine, approved
in the United States in 1981, was developed by purification of
HBsAg from the plasma of asymptomatic HBsAg carriers who
demonstrated high efficacy for preventing HBV infection (51-54).
While the human plasma-derived hepatitis B vaccine is effective,
its relatively high cost, as well as safety concerns associated with
theoretical risks from HBV carriers who may be coinfected with
HIV and other pathogens, limited its widespread use. Recombi-
nant HBsAg synthesized in the yeast Saccharomyces cerevisiae had
comparable quantity, quality, and specificity of anti-HBs response
and similar protective efficacy compared with human plasma vac-
cine, leading to its licensing in the United States in 1986 (55-60).
Since then, the recombinant vaccine has replaced the plasma HBV
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Figure 1. Model for prophylactic cancer vaccine. Vaccines can work as primary prevention in healthy people to reduce premalignant and cancer occurrence and as
tertiary prevention for cancer patients who received curative treatment to reduce recurrence.

vaccine; all current HBV vaccines used worldwide are recombi-
nant HBsAg, i.e., they are made from noninfectious parts of HBV
using recombinant DNA technology. Engerix-B and Recombivax
HB are approved in the United States for both pediatric and adult
populations and are generally administered in three doses. Anoth-
er two-dose hepatitis B vaccine, HEPLISAV-B, was licensed for
adults in 2018 (5). It contains recombinant HBsAg combined with
a TLRY agonist adjuvant, stimulating B cells and plasmacytoid
DCs by binding to TLR9 (61). Notably, HEPLISAV-B can provide
a higher anti-HBs seroprotection rate (defined as anti-HBs titer
>10 IU/L) compared with the conventional HBV vaccines (62-
64). Commonly reported mild adverse events include injection
site pain (3%-29%), erythema (3%), swelling (3%), and systemic
adverse events, such as fever (1%-6%) and headache (3%) (65).
HEPLISAV-B has a similar safety profile to Engerix-B (66).

There are two hepatitis B vaccination strategies: universal
vaccination in all infants, and selective vaccination with concur-
rent use of HBV vaccine and hepatitis Bimmunoglobulin in HBV-
exposed individuals, such as infants born to HBsAg-positive
mothers (6). WHO recommends that all infants receive the vac-
cine against HBV as soon as possible after birth, preferably within
24 hours (67). In addition, children who did not receive the hepati-
tis B vaccine during infancy should receive a catch-up vaccination.
Adults at risk of HBV exposure (e.g., health care workers, immu-
nocompromised individuals, seronegative partners of those with
chronic HBV infection) should be screened for markers of prior
HBV infection and receive hepatitis B vaccine if seronegative (67,
68). It has been shown that both Recombivax HB and Engerix-B
administered over three doses, and two doses of HEPLISAV-B,
result in seroconversion rates of more than 90% in adults and
seroprotection rates ranging from 88.5% to 95.8% in infants born
to HBV-infected mothers (69-77). Because the response rate in
healthy individuals is so high, routine post-vaccination testing in
individuals receiving Recombivax HB and Engerix-B is not recom-
mended. Moreover, studies demonstrated that the primary hepa-
titis B vaccination can provide long-term protective immunity, i.e.,
more than 30 years in children and adults (59).

The widespread use of the universal HBV vaccination program
will likely contribute to the decline of chronic HBV infection and
HCC. WHO estimated that the global prevalence of chronic HBV
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infection in children under 5 years of age was reduced from 4.7%
in the pre-vaccine era to 1.3% in 2015 (67). Furthermore, HBsAg
prevalence in the Western Pacific Region, where the birth-dose
hepatitis B vaccine is routinely administered, dropped from 8.3%
in the pre-vaccine era to 0.93% during 2002-2015 (78). As with
HPV, historical comparison of immunized and unimmunized
cohorts, at either the national or the community level, supports
the hypothesis that HBV vaccination associates with a reduced
HCCrisk. One study with National Cancer Registry data from Tai-
wan, which adopted early universal HBV vaccination in children,
showed that average annual HCC incidence in 6- to 14-year-olds
declined from 0.70 (range, 0.65-0.78) per 100,000 children for
the period from 1981 to 1986 (before widespread vaccination) to
0.36 (range, 0.23-0.48) between 1990 and 1994 (after initiation
of widespread vaccination). The age-adjusted relative risk (RR)
of HCC after as compared with before July 1990 was 0.33 (79).
A long-term follow-up from this study added evidence of HBV
vaccines preventing the occurrence of HCC; HCC incidence per
10,000 person-years was 0.92 in the unvaccinated cohort and
0.23 in the vaccinated birth cohorts (RR for HCC was 0.24) (80).
The study of universal infant and catch-up plasma-derived HBsAg
HBV vaccines for Native Alaskan people of the United States,
initiated in 1984, revealed elimination of new HCC, with the
incidence of HCC in individuals under 20 years decreased from
3 per 100,000 in 1984-1988 to zero in 1995-1999, and no cases
have occurred since 1999 (81, 82). Moreover, studies from Korea
and China have also indicated the efficacy of HBV vaccination
programs to decrease HCC incidence (67, 83). Incomplete vacci-
nation is one of the most crucial risk predictors for HCC (hazard
ratio, 2.52; 95% CI, 1.25-5.05; P = 0.0094) (84).

Other antigens under development for cancer
prevention

As with HPV and HBV, targeting other viral antigens could reduce
the cancer burden. Hepatitis C virus (HCV), a single-stranded
RNA virus, was classified in 1994 as an oncogenic virus, with
20% to 25% of HCC cases attributed to HCV infection (85, 86).
The estimated global prevalence is 70 million to 170 million peo-
ple worldwide, and there are 2 million new infections worldwide
each year (87, 88). In 2016, the number of new HCV infections in
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the United States was 41,000 (89). Despite the advent of all-oral,
interferon-sparing direct-acting antivirals (DAAs) to cure HCV
infection, elimination of HCV and its related disease continues to
face challenges, including reinfection due to insufficient immu-
nity (10%-15% risk of HCV reinfection 5 years after successful
antiviral treatment; ref. 90). Even after successful DAA treatment,
HCC risk persists with an annual incidence of 1% in infected indi-
viduals (91), and it may become more prominent in patients dis-
playing fibrosis and/or cirrhosis (92). Thus, a substantial number
of the 2 million individuals infected annually with HCV worldwide
will likely develop HCV-induced HCC over a period of 20 to 30
years. Moreover, 90% of people chronically infected with HCV
worldwide are unaware of their infection, meaning that they could
be an origin of infection and ultimately develop HCC in areas
where screening systems are deficient. Consequently, a prophy-
lactic vaccine is necessary for the global control of HCV. Models
suggest that even a partially effective prophylactic HCV vaccine
would decrease the prevalence of HCV infection (93, 94). How-
ever, barriers to development include limitations to HCV culture
systems, virus diversity, and limited preclinical models, as well as
an incomplete understanding of protective immune responses.
Unfortunately, the HCV vaccine based on viral vectors express-
ing the nonstructural viral proteins failed to provide prophylactic
properties compared with the placebo in a clinical trial (95, 96).
Many studies are still under way to optimize the production, puri-
fication, and immunogenicity of HCV envelope proteins (97, 98).
The presentation of these envelope proteins in a particulate form
using ferritin-based nanoparticles may enhance the immunoge-
nicity (99). Alternatively, a combined HBV/HCV vaccine could be
produced by combination of the envelope proteins of both viruses,
or by use of chimeric envelope particles (100, 101).

In 2009, the NCI listed a set of preferred tumor antigens that
could be used in therapeutic vaccines based on accumulated knowl-
edge (102). Although at that time, most therapeutic cancer vaccines
had targeted tumor-associated antigens (TAAs), which are aberrant-
ly expressed self-antigens in cancer cells, TAA-directed therapeutic
cancer vaccines have generally had little success in clinical trials,
despite detected immune responses (103, 104). Eventually, only
one therapeutic vaccine based on a TAA was approved by the FDA:
sipuleucel-T, an autologous DC vaccine targeting prostatic acid
phosphatase (PAP), which is highly expressed in nearly all prostate
cancer cells (95%). Sipuleucel-T was approved for the treatment of
metastatic castration-resistant prostate cancer based on a 4.1-month
increase in median survival (105,106). Meanwhile, research on ther-
apeutic vaccines provides a strong basis for developing prophylactic
vaccines using the same list of candidate antigens.

Cancer Research UK launched a Grand Challenge in 2015 that
includes a call for proposals for vaccines that work against nonviral
cancers. Several studies in mice have shown the ability of tumor anti-
gen-based vaccines to prevent cancer (107). Some examples of anti-
gen-targeted vaccine platforms include shared mutations in driver
genes, overexpressed immunogenic proteins, and modified shared
antigens. Vaccination against mutant EGFR using a multipeptide
vaccine decreased EGFR-driven lung carcinogenesis by 76.4% in an
EGFR-mutant transgenic mouse model of human lung adenocarci-
noma (108). The multivalent KRAS vaccine based on the peptides
identified in a doxycycline-inducible KRAS G12D murine model
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can also inhibit more than 80% of KRAS-driven lung tumorigenesis,
inducing predominantly Thl T cell responses as opposed to eliciting
Th2 responses (109). Moreover, vaccination focused on the common
mutant H-ras epitope in 712-dimethylbenz(a)anthracene-induced
(DMBA-induced) tumors, which are known to carry that mutation,
worked in both preventive and therapeutic settings (110).

Over 80% of human cancers express a type I transmembrane
glycoprotein, mucin 1 (MUC1; CD227), that can be a target for
immune evasion mechanisms such as hypoglycosylation. The
alteration attracts immature DCs to the tumor microenvironment
but negatively affects their ability to stimulate Th1 T cell responses
(111). The synthetic long peptide vaccine comprising immunogenic
epitopes in MUCI with a synthetic analog of double-stranded RNA
(polyinosinic-polycytidylic acid stabilized with poly-L-lysine in car-
boxymethylcellulose [poly-ICLC]) was tested. Poly-ICLC activates
DCs through signaling via TLR3 and cytoplasmic dsRNA sensors.
The vaccine elicited high-titer IgG antibodies and a robust immune
memory in almost half of the 39 evaluated subjects with a history
of adenomatous polyps (112). Moreover, the vaccine-elicited anti-
bodies had a range of affinities, similar to that reported for antivi-
ral responses, and they specifically reacted with MUC1 on tumor,
not normal, tissues (113). Clinical trials are under way to study the
MUCI peptide-poly-ICLC vaccine’s efficacy in preventing lung can-
cer in current and former smokers (114), as well as preventing recur-
rence of colon polyps in individuals with a history of an advanced
adenoma, defined as being 1 cm or larger, having tubulovillous or
villous histology, or having high-grade dysplasia (115).

Human epidermal growth factor receptor 2 (HER2) is a mem-
brane tyrosine kinase, and aberrations of the HER2 gene commonly
correspond with gain-of-function alterations leading to carcinogene-
sis. HER2 also represents one of the most studied TAAs. The decline
of anti-HER?2 responses was associated with progression from ductal
carcinoma in situ (DCIS) to invasive breast cancer (116). Preopera-
tive HER2-based vaccines in DCIS eliminated or decreased the size
of DCIS and led to lymphocytic infiltration and loss of HER2 expres-
sion (117, 118). SOX2, an embryonic stem cell-associated antigen, is
critical for self-renewal in embryonal stem cells, and dysregulation
of SOX2 expression associates with a multitude of cancer types.
The presence of a T cell response and preserved humoral responses
against SOX2 emerged as an independent predictor of reduced risk
for the progression of monoclonal gammopathy of undetermined
significance (MGUS) to malignant myeloma (119). This finding also
highlights the cancer-preventing potential of using a vaccine to boost
preexisting immunity against the antigen observed in a precancer-
ous setting. However, vaccination with TAA peptides has had limit-
ed clinical success, and the use of short peptides has been linked to
immune tolerance. Overcoming immune tolerance to self-TAAs is
another area of extensive research.

Challenges and perspectives for cancer vaccines
Next, we review more recent topics in the cancer vaccine field,
including primary prevention for subjects harboring genetic risk for
cancer, and the use of vaccines based on mutation-derived tumor
antigens (neoantigens) as adjuvant therapy after curative treatment
to reduce disease recurrence. Furthermore, we discuss the chal-
lenges of maximizing efficacy from the perspective of improving
the vaccine itself (Figure 3).
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Targeting individuals with high genetic risk
for cancer
Preventive measures to reduce cancer incidence in individuals
with a high genetic risk include vaccination beyond screening
practices, in which prophylactic surgery of potentially premalig-
nant lesions is common. INO-5401 is a mixture of three synthetic
DNA plasmids that target human telomerase reverse transcrip-
tase (WTERT), Wilms’ tumor suppressor gene (WT-I), and pros-
tate-specific membrane antigen (PSMA). It has been investigated
as monotherapy and in combination with INO-9012, a synthetic
DNA plasmid encoding IL-12, in carriers of germline mutations
in the breast cancer 1 (BRCAI) or breast cancer 2 (BRCA2) genes,
tumor suppressor genes for breast and ovarian cancers (120).
These individuals have cumulative breast cancer and ovarian can-
cer risk to age 80 years of about 72% and 44%, respectively, for
BRCAI, and 69% and 17%, respectively, for BRCA2 (121).
Heterozygous pathogenic germline mutations in one of the DNA
mismatch repair (MMR) genes (MutL homolog 1 [MLHI], MutS
homolog 2 [MSH2], MutS homolog 6 [MSH6], postmeiotic segrega-
tion 2 [PMS2]) or the loss of expression of MSH2 due to deletion in
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the EPCAM gene cause Lynch syndrome (LS), an autosomal domi-
nant cancer syndrome associated with hereditary nonpolyposis col-
orectal cancer (CRC), endometrial carcinoma, and other malignan-
cies. The estimated population frequency is at least 1 in 226 of the
population carrying mutations in MMR genes (122-124). The total
prevalence of LS among 450 CRCs diagnosed under age 50 years
was 8.2% (125). Also, LS accounted for 1.8% of all endometrial can-
cer cases and 9% of endometrial cancer cases in women diagnosed
younger than age 50 (126, 127). Patients with LS have a high mutation
rate from coding microsatellite instability-induced (MSI-induced)
shifts of the translational reading frame resulting in indels and giv-
ing rise to numerous neoepitopes (128, 129). A phase I/1la trial with
three frameshift peptide (FSP) neoantigens demonstrated safety
and immunogenicity with robust cellular and humoral immune
responses in all vaccinated patients (130). A preliminary study of the
LS mouse model showed that vaccination with peptides encoding
intestinal cancer FSP neoantigens (coding microsatellite mutations
in the genes Nacad, Maz, Xirpl, and Senp6) promoted anti-neoan-
tigen immunity, reduced intestinal tumorigenicity, and prolonged
overall survival (131). Roudko, Bozkus, and colleagues recently
revealed the widespread occurrence and strong immunogenicity of

:



;

REVIEW

tumor-specific antigens that originated from indel mutations shared
among patients with MSI-high endometrial, colorectal, and stomach
cancer and are distinctly unlike self- and viral antigen. The findings
could lead to the development of a universal off-the-shelf cancer vac-
cine for patients with MSI-high cancer as well as LS (132). Although
not yet widely studied, targeting of individuals with other syndromes
associated with genetic predisposition to cancer (e.g., Li-Fraumeni
syndrome, neurofibromatosis, and Von Hippel-Lindau disease) is an
area of increasing interest in the immuno-oncology field (133-135).
Furthermore, the treatment of precancerous lesions (e.g., oral leu-
koplakia, Barrett’s esophagus, intraepithelial neoplasia, intraductal
papillary mucinous neoplasms) constitutes an additional setting in
which prophylactic cancer vaccination may play an important role. A
peptide vaccine against the HPV16 oncoproteins E6 and E7 in wom-
en with HPV16-positive, high-grade vulvar intraepithelial neopla-
sia demonstrated immunological and clinical responses, including
complete regression of the lesions in 47% of patients (136).

Cancer vaccines as adjuvant therapies after
curative treatment
Although curative treatment represented by surgery is the primary
option for clinically nonmetastatic localized tumors, residual can-
cer cells may lead to tumor recurrence. Cancer vaccines have been
tested in the adjuvant setting after curative treatment to decrease
the risk of post-treatment recurrence (tertiary prevention). The
highly immunogenic melanoma cancer-testis antigen NY-ESO-1
was incorporated into adjuvant vaccine trials for patients with
resected melanoma. It showed tumor-specific immunogenic
responses and decreased risk of recurrence and death (137-139).
Several studies have tested one to seven RAS peptides as monother-
apy in the setting of adjuvant therapy in resected pancreas cancer;
58% to 100% of patients mounted an immune response, and five
of these patients survived more than 5 years (140). Furthermore, a
KRAS-targeting vaccine combining TGO1 (a mixture of seven syn-
thetic RAS peptides representing the seven most common codon
12 and 13 oncogenic mutations in KRAS) with human GM-CSF was
evaluated in combination with standard postoperative chemother-
apy (gemcitabine) as adjuvant therapy for patients with resected
pancreatic cancer. The clinical efficacy endpoints compared favor-
ably with published data for adjuvant gemcitabine (141).
Seviprotimut-L, an allogeneic, polyvalent, alum-adjuvanted
vaccine derived from three human melanoma cell lines, was sim-
ilarly tested in a phase III trial in stage IIB-III melanoma patients.
Although the trial was not positive in the intent-to-treat population,
patients with stage IIB/IIC (particularly those younger than 60 and
with ulcerated primary stage IIB/IIC melanoma) had longer recur-
rence-free survival (142). Notably, DC vaccines loaded with autolo-
gous tumor lysates were used in a cohort of completely resected liver
metastasis of colon adenocarcinoma; this cohort showed fewer and
later relapses in the vaccine arm, suggesting that the strategy might
play a role in more disseminated disease (143). In addition, recent
data show that the post-treatment adjuvant HPV vaccine’s effective-
ness contributes to decreased risk of recurrence of HPV-associated
lesions, such as cervical and anal intraepithelial neoplasia (144-146).
Mutation-derived tumor antigens, due to somatic mutations,
can be unique to a patient’s tumor and are also one of the key tar-
gets for vaccine therapy (neoantigen vaccine) (147-149). Tumor
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tissue resected by curative surgery enables the identification of
neoantigens using next-generation sequencing and computation-
al pipelines, enabling the use of the personalized neoantigen vac-
cine. Vaccines tested in melanoma and glioblastoma were feasible
and immunogenic, and might contribute to the immunological
elimination of residual cancer as well as the favorable response of
anti-PD-1 therapy even after disease recurrence (150-153). Vari-
ous trials have been conducted in the adjuvant setting after cura-
tive treatment across cancer types (Supplemental Table 1; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI146956DS1).

The combination of vaccine and other
compounds
To enhance immune-preventive efficacy, the combination of a
cancer vaccine with other compounds has been tested. An NSAID,
naproxen, which is expected to have chemopreventive efficacy in
preventing CRC in LS patients through an immune interaction in
colorectal mucosa (154), increased T cell immunity against neoanti-
gens and prolonged survival compared with FSP vaccine alone (131).
With the success of immune checkpoint inhibitors, especial-
ly PD-1/PD-L1 inhibitors, in subsets of patients with advanced
cancer (155), there are some hypotheses that these therapies can
also reduce cancer risk. In a mouse model, anti-PD-1 treatment
markedly prevented the development and progression of carcin-
ogen-induced oral premalignant lesions, increased effector T
cells, and increased apoptosis of lesion cells (156). Mancuso et al.
described an individual with Muir-Torre syndrome (a variant of
LS) with a 19-year history of 136 neoplastic lesions, showing that
anti-PD-1 (pembrolizumab) inhibited the development of a new
neoplasm for 22 months following treatment (157). The addition
of PD-1 inhibition to vaccines against several types of antigens
has shown potential benefit in different tumor types. Those anti-
gens include HPV (e.g., GX-188E, a therapeutic DNA vaccine
targeting HPV16/18) (158), immunomodulatory enzymes and
molecules (e.g., 0102/10103, a peptide vaccine containing the
immunomodulatory enzyme indoleamine 2,3-dioxygenase [IDO]
and a PD-L1-derived long peptide) (159), and neoantigens (e.g.,
NEO-PV-01, a personalized neoantigen vaccine) (160). These
combinations are shifting to the adjuvant setting, i.e., vaccination
after surgery to reduce the postoperative recurrence. One trial
will evaluate atezolizumab every 3 weeks plus up to ten doses of
personalized neoantigen-based vaccination (PGV0O1) plus poly-
ICLC in 15 patients with urothelial cancer (adjuvant or metastatic)
(NCT03359239) (161). In 2019, a randomized phase II study with
mRNA-4157, an mRNA-based personalized cancer vaccine target-
ing 20 TAAs specifically expressed by the patients’ cancer cells,
in combination with pembrolizumab was initiated for melanoma
patients with complete resection who have a high risk of recur-
rence (NCT03897881/KEYNOTE-942) (162). This trial includes
a control arm with pembrolizumab alone and aims to recruit 150
patients by December 2021 (Supplemental Table 1).

Other factors for effective cancer prevention

by vaccine

Vaccine platforms. In addition to appropriately selecting sub-
jects, efforts to optimize vaccines (163-165) include the design of
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effective vaccine adjuvants, the optimization of adjuvant formula-
tions, and the use of antigen delivery systems (166, 167).

In 2016, BioNTech reported that adjusting the net charge of
lipid carriers optimized the expression of mRNA in DCs in vivo fol-
lowing intravenously administered RNA-lipoplexes (RNA-LPXs)
(168). The LPX protects RNA from extracellular ribonucleases and
mediates efficient RNA uptake and expression of the encoded anti-
gen by DCs and macrophages in lymphoid compartments. These
universally applicable techniques were also used in the devel-
opment of coronavirus disease 2019 (COVID-19) vaccine trials.
BNT162bl, a lipid nanoparticle-formulated nucleoside-modified
mRNA that encodes the SARS-CoV-2 spike protein, induced robust
and specific antibody, as well as favorable Thl T cell responses
(169). An intravenously administered RNA-LPX vaccine encoding
four nonmutated TAAs (NY-ESO-1, melanoma-associated antigen
A3 [MAGE-A3], tyrosinase, and transmembrane phosphatase with
tensin homology [TPTE]) alone or in combination with PD-1 inhi-
bition mediated durable objective responses with an induction of
strong T cell immunity against those antigens in checkpoint inhib-
itor-experienced patients with unresectable melanoma (170). Our
group recently reported a regimen of fms-like tyrosine kinase 3
ligand (F1t3L; a drug known as CDX-301), poly-ICLC, and a vaccine
comprising anti-DEC-205-NY-ESO-1, a fusion antibody targeting
CD205 linked to NY-ESO-1. Sixty high-risk melanoma patients
were randomized to receive the vaccine, with or without CDX-301,
in a postoperative setting. Results of this phase Il randomized dou-
ble-blind trial showed that adding FIt3L to the treatment strategy
effectively increased DC populations and increased T cell respons-
es compared with the control arm (139).

Head-to-head clinical trials to investigate the optimal vac-
cine platform are still lacking. Also, the optimal vaccination route
for cancer vaccines to elicit robust immunological and clinical
responses is unknown. Historically, cancer vaccines were inves-
tigated as subcutaneous and intradermal injections. However,
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Figure 3. Strategies for maximizing efficacy of cancer preven-
tion by vaccine. Strategies including appropriate selection of the
subject who most likely benefits from the prophylactic cancer
vaccines, optimization of the vaccine platform itself, combina-
tion of vaccine with other compounds, and spreading of vaccine
based on proper understanding are essential to maximize the
efficacy of vaccines in cancer prevention.

mucosal vaccines are gaining momentum in the scientific commu-
nity, and since gastroenteric pathogens, e.g., Helicobacter pylori,
cause chronic infections that can lead to peptic ulcers and gastric
cancer, such vaccines would likely have an impact on the preva-
lence of certain cancers (171).

Antigen selection. Advances in antigen selection are also pro-
ceeding rapidly. For example, advances in computational analysis
(bioinformatics pipelines) have improved identification of epitopes
for patient-specific neoantigen vaccines. Continued improvements
include precise HLA haplotyping, appropriate somatic variant
calling, and gene and transcript expression, as well as a reliable
assessment of HLA-based agretopicity, a value defined by the
ratio of mutant to wild-type peptide binding affinity. Recent mass
spectrometry approaches using nano-ultra-performance liquid
chromatography coupled to high-resolution mass spectrometry
(nUPLC-MS/MS) and algorithm interpretations that assign mass
spectra to amino acids can isolate and characterize MHC-bound
peptides (172). Also recently, mass spectrometry-based proteog-
enomics approaches were shown to identify shared and tumor-
specific non-canonical HLA peptides (173). Escalating these types
of analyses to clinical samples will be a tremendous advancement.
These algorithms must be clinically validated by ongoing neoanti-
gen trials to refine their accuracy. Furthermore, Wells et al. recent-
ly reported that a global consortium wherein each participant pre-
dicted immunogenic epitopes from shared tumor sequencing data
was able to develop a model of tumor epitope immunogenicity that
filtered out 98% of non-immunogenic peptides with a precision
above 0.70. This data resource available among the research com-
munity enables the identification of parameters underlying effec-
tive antitumor immunity (174).

Vaccination strategies. Although there are effective vaccines for
preventing cancer, there are many factors that influence the effica-
cy of vaccination strategies. A recently reported randomized trial to
estimate whether targeted educational interventions can increase
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HPV vaccine acceptability and knowledge among young women
showed that 51.7% of participants in the educational video arm
were willing to accept the HPV vaccine compared with 33.3% and
28.2% of participants in the educational handout and control arms,
respectively (P < 0.01). Both interventions were reported as helpful
in learning (97.7% vs. 92.9%, P = 0.15), but the educational video
was more likely to be helpful in deciding on vaccination (86.2% vs.
70.2%, P < 0.01) (175). Moreover, 6-month increases in HPV vac-
cination coverage were larger for patients in clinics that received
announcement training versus those in control clinics (5.4% dif-
ference; 95% CI, 1.1%-9.7% (176). These results suggest that edu-
cational interventions strongly influence HPV vaccine coverage.
More broadly, there is a worldwide need for standardized vaccina-
tion strategies and educational programs, but also for rigorous data
interpretation, especially regarding adverse events. In general,
HPV national programs cover about 30% of the global target popu-
lation, with low full-dose coverage in many regions (177). Most low-
and middle-income countries remain unprotected; only about 1%
of adolescent females in low-income countries received a full HPV
vaccine course (177). The implementation of an organized vaccine
program is urgently needed for public health intervention in these
countries. Moreover, governmental policy had a substantial effect
on vaccine coverage. In Japan, the HPV vaccine stopped being rec-
ommended after a cloud of suspicion surrounding adverse events
(e.g., complex regional pain syndrome [ref. 178], demyelinating dis-
eases [ref. 179]) in 2013 (180). The vaccination rate reverted from
nearly 70% to almost zero for girls born in 2000 and after, as they
refused to be vaccinated. Despite the absence of evidence of a link
with HPV vaccination in subsequent domestic surveys (181, 182),
the policy remains unchanged. Simms et al. reported an additional
24,600-27,300 cases and 5000-5700 deaths over the lifetime of
cohorts born between 1994 and 2007 due to negligible coverage
since 2013 (183). Another recent modeling study estimated that the
increase in future annual cervical cancer cases and related deaths
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attributable to this policy decision would exceed 3500 and 1000,
respectively, for individuals born in the early 2000s (184). Actions
to further strong evidence-based policy are essential to avoid pre-
ventable cancer suffering and related deaths.

Conclusion

The impact of preventive cancer vaccines against viral antigens
is linked to the dramatic drop in the incidence of corresponding
virus-associated cancers. Revolutionary work is also being done
in the field of nonviral antigen-targeting vaccines aimed at pre-
venting cancer development or recurrence. Still, there is room to
optimize the vaccine platforms themselves. This includes research
about their immunogenicity and side-by-side comparisons to
ascertain their effects and to select the population and setting most
likely to benefit from a certain strategy, as well as development of
suitable combinations with other compounds. Meanwhile, contin-
uous efforts are necessary to maximize the benefit of the vaccine
both at the level of the individual and across the general popula-
tion. Once these goals are achieved, cancer immunoprevention by
vaccination will no longer be a theoretical concept but rather will
be the standard of long-term cancer treatment.
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