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Cancer prevention encompasses a broad spectrum of strategies designed to lower the chance of developing cancer and reduce
the morbidity of established cancer. There are three levels of cancer prevention. Eliminating or mitigating cancer risk factors by
adopting healthy behaviors and lifestyles, such as avoiding tobacco and alcohol use, exercising, eating a healthy diet, and applying
sunscreen to protect against UV exposure, belongs to primary prevention and is the easiest and most effective way of preventing
cancer for the general public. Secondary prevention includes screening to identify precancerous lesions and taking intervention
measures to prevent disease progression to malignancy. Tertiary prevention refers to reducing or controlling the symptoms and
morbidity of established cancer or the morbidity caused by cancer therapy. For high-risk populations, chemopreventive agents,
such as selective estrogen receptor modulators (including tamoxifan and raloxifene) in breast cancer prevention and non-steroidal
anti-inflammatory drugs (aspirin) in colorectal cancer prevention, and immunoprevention using human papillomavirus and hepatitis
B virus vaccines in infection-related cancers have shown clear clinical benefits of reducing cancer incidences. In this review, we will
summarize the current status of cancer prevention, focusing on the major agents that are clinically used for chemoprevention and

immunoprevention.
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INTRODUCTION

Cancer is the second leading global cause of death, respon-
sible for 1 in 6 deaths [1]. About 38.4% of people in the world
will be diagnosed with cancer at some stage in their lifetimes,
and roughly 1 out of every 3 Americans will develop a malig-
nancy [2]. Given the prevalence and severity of cancer world-
wide, enormous resources and efforts have been devoted
to improve cancer screening, diagnosis, and treatment. The
progress in the war against cancer has been quite effective,
as the cancer death rate in the United States has dropped by
29% from 1991 to 2017 [2].

Despite considerable progress in cancer therapies such as
targeted therapy and immunotherapy, the prognosis of many
advanced cancers is still dismal. Effective cancer screening
and early detection offer the best hope of further reducing
cancer mortality. However, only a few cancer screening

tests, for instances, in cervical, breast and colon cancers,
are routinely used in clinics and proven to reduce cancer
mortality. While cancer treatment is largely ineffective against
advanced cancer, and cancer screening is only available for
a few cancers, cancer prevention serves as an undervalued
approach to reduce cancer incidence and mortality that must
be given more attention.

There are three levels of cancer prevention [3,4]. Primary
prevention refers to decreasing cancer incidence by elim-
inating risk factors for cancer, such as exercising, eating a
healthy diet, and avoiding tobacco smoke and alcohol drink-
ing [5]. Secondary prevention includes screening to identify
diseases in the earliest stages (e.g., preneoplastic lesions)
and blocking disease from progressing to malignancy. Tertia-
ry prevention refers to reducing or controlling the symptoms
and morbidity of established cancer or the morbidity caused
by cancer therapy. Implementing drugs into the body to pre-
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vent tumor onset, malignant progression, or recurrence is
known as chemoprevention. While certain chemopreventive
agents such as tamoxifan and aspirin have been effective in
reducing cancer risks, their intake remains low due to con-
cerns of long-term side effects [3,4,6]. Moreover, cancer cells
adapt in an evolutionary continuum in response to attempts
to control them, while chemopreventive medicine is stagnant
in nature. In this regard, immunotherapy has garnered the at-
tention of researchers who seek to utilize the immune system
as an adaptive entity that can respond to cancer’s evolution,
potentiating immunoprevention as a more efficacious ap-
proach in preventing carcinogenesis [7-10]. With the success
of vaccines against virally induced cancers, recent progress
in the identification of candidate tumor antigens for non-viral
cancers, and the application of immune checkpoint inhibitors
in premalignant lesions, immunoprevention is rising in popu-
larity and serves as the future of cancer prevention [7-10].

CHEMOPREVENTION

Chemoprevention involves the input of external agents such
as medication or supplements to inhibit or delay the onset,
progression, or recurrence of cancer. Several agents have
been approved by United States Food and Drug Administra-
tion (FDA) for clinical use in the setting of cancer prevention
[3]. Table 1 summarizes the chemopreventive agents that are
discussed in this article.

Selective estrogen receptor modulators
(SERMSs)

Tamoxifen was the first FDA-approved chemopreventive
agent, which can reduce the risk of estrogen receptor
(ER)-positive breast cancer [6]. The second generation
SERM, raloxifene, was also approved by FDA for prevent-
ing breast cancer in high-risk populations [6]. Several Unit-
ed States and European phase Ill cancer prevention trials
showed that tamoxifen reduced the risks of ER-positive

Table 1. Summary of major chemopreventive agents

breast cancer by 30% to 60% in both pre- and post-meno-
pausal women at high-risk of breast cancer [11-15]. The
United States Preventive Services Task Force (USPSTF)
conducted a systematic review of trials and estimated that
compared with placebo, tamoxifen reduced the incidence of
invasive breast cancer by 7 events (95% Cl, 4-12) per 1,000
women over 5 years [16]. However, tamoxifen use was asso-
ciated with increased risks of venous thromboembolic events
(e.g., stroke, pulmonary embolus, and deep vein thrombosis),
cataract, endometrial cancer, and vasomotor symptoms [16].
The second generation SERM, raloxifene, produced similar
preventive effect on ER-positive breast cancer, and was as-
sociated with lower side effects than tamoxifen use [17,18].
FDA approved both drugs for breast cancer prevention in
high-risk individuals.

In addition to SERMs, two aromatase inhibitors (Als),
exemestane and anastrozole, have also been shown to sig-
nificantly reduce ER-positive breast cancer incidence in ran-
domized clinical trials in high-risk post-menopausal women
[19,20]. Als block the enzyme aromatase and hence inhibit
the conversion of androgen into estrogen. Als produced
stronger efficacy and had more favorable side effect profiles
than SERMs [16]. The USPSTF recommends that clinicians
offer to prescribe risk-reducing drugs, including tamoxifen,
raloxifene, or Als, to women who are at increased risk for
breast cancer and at low risk for adverse side effects [16].

Non-steroidal anti-inflammatory drugs
(NSAIDs)

Due to the link between inflammation and cancer devel-
opment, NSAIDs and COX2 selective inhibitors (COXIBs),
have been utilized as chemopreventive agents [21-23]. A
large multitude of evidence including observational studies
and randomized controlled clinical trials have substantiated
that aspirin use can decrease the incidence and mortality of
colorectal cancer (CRC) within the general population, while
less extensive studies have indicated reductions in incidence

Agent Target Cancer prevention effect References
Selective estrogen receptor Estrogen receptor (ER) Reduce ER-positive breast cancer 11-18
modulators incidence in high-risk populations
Aromatase inhibitors Aromatase Reduce ER-positive breast cancer 16, 19, 20
incidence in high-risk populations
Non-steroidal anti- COX1/COX2 Reduce the occurrence of several 21-25

inflammatory drugs

Statins HMG-CoA reductase

Metformin Gluconeogenesis

cancers, mainly CRC and less notably
stomach and esophageal cancers

Observational studies showed long 27-30
term statin use reduces incidences of
gastrointestinal cancer

Observational studies showed metformin 31-34
use lowers risks of cancer incidence and
mortality in diabetic patients

CRC, colorectal cancer; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A.
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for stomach and esophageal cancers, although smaller in
magnitude [21-23].

There are several proposed mechanisms through which
NSAIDs and COXIBs are hypothesized to lower the risk of
CRC. The most compelling mechanism involves the ability
of the chemopreventive agents to inhibit COX2, an enzyme
involved in the synthesis of inflammatory prostaglandins that
stimulate cell proliferation and inflammation [24,25]. COX2 is
overexpressed in early stage colon carcinogenesis and col-
orectal adenomas and increases resistance to apoptosis and
promotes angiogenesis. By inhibiting COX2 enzyme, NSAIDs
and COXIBs decrease the production of inflammatory pros-
taglandins, therevy inhibit the downstream tumor-promoting
events such as inflammation, cell proliferation, and angio-
genesis, and prevent cancer initiation (Fig. 1). Most NSAIDs
inhibit both COX1 and COX2, whereas COXIBs selectively
inhibit COX2.

Although aspirin, as the most prominent NSAID, has been
the poster child in the chemopreventive approach to fighting
CRC and other types of cancer, much remains to be clarified
regarding the optimal dosage and duration for its use. While
daily doses of 75 mg and above have reduced long-term inci-
dence of 7% to 10%, there is no definitive proof of increased
reduction with higher dosages [22]. The harmful side effects
of long-term use of aspirin including gastrointestinal ulcer-
ations and cardiovascular toxicities have impacted the uptake
and adherence of aspirin use. The USPSTF recommends
initiating low-dose aspirin use for the primary prevention of
cardiovascular disease (CVD) and CRC in adults aged 50 to
59 years who have a 10% or greater 10-year CVD risk, a life
expectancy of at least 10 years, and are not associated with
higher risk of bleeding [26].

Aspirin inhibits both COX1 and COX2. COXIBs selectively
inhibit COX2. Celecoxib (celebrex) is the most well-studied
COXIB and has demonstrated efficacy in randomized clinical
trials for CRC prevention in high risk population [3]. Celecoxib
was approved by the United States FDA as an oral adjunct to
usual care for patients with familial adenomatous polyposis

NSAIDs

Arachidonic

S

NSAIDs COXIBs

Inflammation

Proliferation

v

Prostaglandins

Angiogenesis

Figure 1. A simplified view of the biological mechanisms of non-
steroidal anti-inflammatory drugs (NSAIDs) and COX2 selective
inhibitors (COXIBs). NSAIDs and COXIBs inhibit COX1/2 enzymes
and block the synthesis of inflammatory prostaglandins, therefore
inhibit the downstream tumor-promoting events, such as inflammation,
cell proliferation, and angiogenesis, and prevent cancer initiation.
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(FAP), a rare hereditary disease that has a high likelihood of
developing CRC. Celecoxib was the first pharmacological
agent to be used for reducing the risk of adenomatous col-
orectal polyps in patients with FAP. However, because of the
observed significantly increased CVD risk in clinical trials,
celecoxib is not currently recommended for the primary pre-
vention of CRC in general public [3].

Statins

Statins are a class of drugs that prevent coronary heart dis-
ease by reducing blood cholesterol and have gained traction
as potential chemopreventive agent. Mechanistically, statins
inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase activity, which inhibits the conversion of HMG-CoA
to mevalonate, reducing the amount of products downstream
[27-29]. Products of the mevalonate pathway are important
for different cellular functions, from cholesterol synthesis to
the control of cell growth and differentiation. Observational
studies have demonstrated that long term statin use has led
to decreased incidence of gastrointestinal cancer, especially
CRC and gastric cancer [30]. However, more randomized
clinical trials must be conducted in order to corroborate
statins’ chemopreventive efficacy.

Metformin

Energy metabolism plays an essential role in cell prolifera-
tion, linking diabetes with elevated risks for several cancers
[31]. From this association, metformin, a common drug for
type Il diabetes, was proposed as a chemopreventive drug
for its anti-diabetic effects, which have potential value in pre-
vention and therapy. Several meta-analyses have supported
metformin’s chemopreventive properties with lowered risks of
cancer and mortality in diabetic patients who took metformin
[32]. A 31% decrease in overall cancer incidence and 34%
reduction in cancer mortality after adjusting for body mass
index were observed for patients using metformin relative to
those taking other anti-diabetic drugs [33]. Many clinical trials
are ongoing to investigate the role of metformin in cancer
treatment and prevention [34].

IMMUNOPREVENTION

Genomic instability is a hallmark of cancer and is associat-
ed with immune response [35]. The unstable genomes of
tumor cells acquire many mutational changes that produce
tumor-specific antigens unique to the tumor genome, which
are used as targets for the immune system [36]. Immuno-
prevention stimulates the immune system’s recognition and
response to tumor-specific antigens in order to prevent tumor
onset or malignant transformation. Currently, the most suc-
cessful implementations of immunoprevention are the human
papillomavirus (HPV) and hepatitis B virus (HBV) vaccines for
virally induced tumors [7]. Tumor-specific antigens are still be-
ing identified to engineer a vaccine for non-viral tumors. Oth-
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er forms of immunotherapy like immune checkpoint inhibitors
have shown clinical potential in secondary prevention [7,37].
Table 2 summarizes the main immunopreventive agents that
are discussed in this article.

Vaccines against virally induced cancers

Cancer preventive vaccines are utilized to stimulate the
body’s immune system to produce antibodies against foreign
particles like viruses, making them effective agents in primary
prevention of virus-induced cancers. HPV infection is the pre-
dominant risk factor for a number of cancers, including cervi-
cal, oropharyngeal, anal, penile, vulvar, and vaginal cancers
[38], whereas HBV and hepatitis C virus are the major risk
factors for hepatocellular carcinoma (HCC). Consequently,
vaccines against HPV and HBV can prevent the development
of virus-related cancers.

The carcinogenic mechanism of HPV infection mainly
involves two oncoproteins, E6 and E7. E6 is responsible for
degrading the p53 tumor suppressor gene, causing genetic
instability and the buildup of DNA mutations that stimulate
unrestrained cell proliferation [39]. E7 degrades retinoblasto-
ma protein, a tumor suppressor that regulates G1 to S phase
transition, and pushes the cell cycle into the S phase by over-
riding normal cell cycle checkpoints, leading to uncontrolled
cell replication [40].

Currently, the HPV vaccines in clinical use include Cer-
varix, a bivalent vaccine which targets HPV16 and HPV18,
the two most virulent types, Gardasil, a quadrivalent vaccine
which targets HPV6/11/16/18, and Gardasil 9 vaccine, a
9-valent vaccine targeting HPV6/11/16/18/31/33/45/52/58.
HPV vaccination has proven to be essential to the deterrence

Table 2. Summary of immunopreventive agents

of HPV-related illnesses and prevention of HPV-related can-
cers. Australia was among the first countries to install a gov-
ernment-funded, universal HPV-vaccination program for its
population in 2007, starting with 3 doses of Gardasil for 12-
to 13-year-old females and later expanding to 12- to 13-year-
old males in 2013 [41]. Since then, significant decreases in
HPV-related infections have emanated from school cohorts,
showing a decline of 86% in 18 to 24 years old who received
3 doses and decline of 76% in those who received 1 to 2
doses. On a broader scale, vaccine trials conducted across
North America, Europe, and Latin America demonstrated
that almost 100% of women between 15 to 26 years of age
developed antibodies corresponding to HPV 16 and 18 in
one month after the third dosage of HPV vaccine, resulting
in antibody levels ranging 10 to 104 times higher than that
of normal infections [42,43]. The toxicity and side effects of
the vaccine were minimal [41]. Given that HPV vaccination
is both safe and effective, universal vaccination could lead
to the eradication of cervical cancer. However, vaccination
coverage remains low, and the distribution and funding of the
vaccine for certain targeted demographic groups, of which
adolescent girls are currently the priority, remains limited due
to the economic, political, and cultural implications of vaccine
implementation. Concerted, coordinated efforts globally are
needed to increase HPV vaccine uptake.

Chronic HBV infection is a strong risk factor for HCC, hep-
atoma, and liver cirrhosis. In areas of high HBV prevalence,
chronic HBV is responsible for 60% to 90% of all HCC in
adults and almost 100% of HCCs in children [44]. The HBV
virus persists as a “stealth virus” within the host cells by
evading the immune system because of its subtle replication

Agent Target Cancer preventive effect References
HPV vaccine Cervarix, a bivalent vaccine, targets Prevents HPV-related cancers, including 38, 40-43
HPV 16/18 cervical, anal, vulvar, vaginal, penile,
Gardasil, a quadrivalent vaccine, targets and oropharyngeal cancer
HPV 6/11/16/18
Gardasil 9, a 9-valent vaccine, targets
9 types of HPV
HBV vaccine HBV Prevents HBV-related liver cancer 44-49
MUC1 vaccine MUC1 antigen MUC1 vaccine produced strong immune 54-57
response in patients with intestinal polyps
and in individuals at high risk for colon
cancer in Human clinical trials
HER2 vaccine HER2 antigen Human clinical trials showed DCIS remission, 58, 59
long-term production of Her2 antibodies, and
lost expression of Her2
Immune checkpoint Immune checkpoint proteins Preclinical mouse models showed anti-PD-1 64-68

inhibitors (CLTA-
4, PD-1, PD-L1
antibody)

(CLTA-4, PD-1, PD-L1)

treatment significantly prevented malignant
progression of oral premalignant lesions

A case report showed anti-PD-1 inhibited the 37
development of new neoplasm in a Lynch
syndrome patient

HPV, human papillomavirus; HBV, hepatitis B virus; HER2, human epidermal growth factor receptor 2; DCIS, ductal carcinoma in situ;
CLTA-4, cytotoxic T-lymphocyte-associated protein 4; PD-1, programmed cell death protein-1; PD-L1, programmed death ligand-1.
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methods. The viral DNA template remains in the nucleus
while viral mMRNA structures resemble that of host cell tran-
scripts, and its own genome remains hidden within viral cap-
sids that stay in the cytoplasm. These replication methods
allow HBV to spread throughout host cells of the liver while
avoiding immune detection. Exploiting the “memory” of the
adaptive immune system, HBV vaccines provide immunity
against further re-exposure to HBV by introducing a weak-
ened, harmless virus resembling HBV into the body to induce
and elevate Hepatitis B surface antigen (HBsAg)-specific an-
tibody production [45].

HBV vaccines have proven to be effective through the
analysis of vaccine implementation programs over the years.
In 1984, Taiwan was the first region to implement a universal
HBV vaccination program, which has persisted successfully
for more than 2 decades [46]. The coverage rate of vaccina-
tion reached a high of 97%. Infants were given 3 to 4 doses of
HBV vaccine during their first week, and those born of high-
risk mothers were treated to hepatitis immunoglobulin within
24 hours from their birth. Following 20 years after the pro-
gram’s initiation, chronic HBV infection rates have decreased
significantly in the under-20 population from 10% to 17% to
0.7% to 1.7%. Furthermore, the incidence rate of HCC de-
creased from 0.52 to 0.54 to 0.13 to 0.20 per 100,000 among
the Taiwanese youth of 6 to 14 years of age. Currently, HBV
vaccination has been administered in national immunization
programs for children in 181 countries [47]. Hundreds of mil-
lions of HBV vaccinations have been given globally and have
greatly reduced the disease burden, morbidity, and mortality
of HBV-related illnesses wherever administered [48]. In de-
veloped countries, most infants and children are vaccinated
with 3 doses of HBV vaccine with the first dose being within
24 hours of birth, and blood donors are screened for HBsAg.
In addition, unvaccinated adults and adolescents of high risk
groups are encouraged to receive the vaccine as well. How-
ever, the people of developing countries experience higher
risks of HBV infection because their governments cannot af-
ford the costs of acquiring and administering the vaccine [49].
Even though cancer vaccines have successfully prevented
HBV and its carcinogenic predisposition to HCC, much re-
mains to be accomplished to universalize the vaccine so that
humankind, regardless of wealth or privilege, can become
immune to the virus.

Prevention for non-viral cancers

Although HPV and HBV vaccines have successfully prov-
en their immunopreventive effects against virally induced
cancers, the vast majority of cancers cannot be traced to
infectious agents. The progression of non-viral cancers from
healthy tissue to malignant tumors involves years of mutation-
al accumulations. For high-risk individuals, many opportuni-
ties for immunoprevention arise during the gradual oncogenic
formation of non-viral cancers. Much research has been in-
vested in engineering vaccines that can target non-viral can-
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cers. A challenging component of developing such vaccines
is the identification of appropriate tumor-specific antigens to
target. The optimal antigen should be expressed only in neo-
plastic cells or lesions, genetically altered during early stages
of tumor formation, and essential to tumor survival. However,
it is difficult to identify antigens that are both unique to tumors
and altered in early stages. Few antigens are specific to only
neoplastic or pre-neoplastic cells. The majority of target anti-
gens are expressed to some degree among normal cells as
well, making the physiological and biological role of the anti-
gen important.

Numerous antigens have been suggested as candidates
for their potential as immunopreventive vaccines based on
their tumor specificity and ability to elicit an immune response
[50]. In breast cancers associated with BRCA1 or BRCA2
mutations, recent studies have found a series of antigens
including MAGE-A1, NYESO-1, CT10, and GAGE that were
expressed in malignant breast tissue, but not in any normal
breast tissue [7]. The overexpression and aberrant glycosyla-
tion of MUC1 antigen occur in pancreatic, breast, colon, and
various other carcinomas. MUC1 mutations are also respon-
sible for adenomatous polyps, dysplasia, and inflammatory
bowl disease [51]. Mutated human epidermal growth factor
receptor 2 (HER2) is another clear oncogene because the
product of the HER2 gene is overexpressed in roughly 20%
of invasive breast cancers and is associated with greater se-
verity and worse survival [52].

In several animal models, the prophylactic nature of MUC1
vaccines was corroborated as the vaccines alleviated inflam-
matory bowel disease and prevented the development of in-
flammation-induced colon cancer [51]. Another mouse model
showed that prophylactic administration of an anti-EGF re-
ceptor (anti-EGFR) vaccine reduced EGFR-driven lung can-
cer in mice by 76.4% [53]. In fact, many animal models have
shown that the administration of non-viral antibodies could
prevent tumor onset in healthy mice susceptible to cancer
[54].

The first immunopreventive vaccine targeting non-viral
cancers in human clinical trial was the MUC1 peptide vaccine
in patients with intestinal polyps [55,56]. The results showed
high production levels of tumor-specific, cytotoxic anti-MUC1
antibodies that induced the immune response. The vaccine
was also tested in healthy individuals at high risk for colon
cancer due to history of colon adenoma, and 43% of patients
responded with strong and long-term immunity as indicated
by high antibody levels [57]. For breast cancer immunopre-
vention, the promising target is the Her2 antigen. In a pilot
clinical trial, 27 patients with ductal carcinoma in situ (DCIS)
that overexpressed HER2 were administered the dendritic
cell HER2 vaccine once a week for 4 weeks before surgery
[58]. Upon surgery, 5 out 27 had no disease present, and 11
out of the 22 that still had DCIS experienced a decrease in
lesion size and lost expression of HER2. HER2 antibodies
were observed up to 52 months after initial vaccination. In an-
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other neoadjuvant clinical trial, vaccines comprised of autol-
ogous dendritic cells displaying HER2 peptides were admin-
istered to women with Her2 positive DCIS who were going to
have surgery in 4-6 weeks [59]. By the time of surgery, 25%
of patients experienced complete tumor regression, with the
best rate being 38% among the ER-negative group.

Though clinical trials have shown promise, the use of
immunopreventive vaccines in non-viral cancers comes
with limitations and challenges [10]. Vaccines that target tu-
mor-specific antigens are restricted to patients with pre-neo-
plastic lesions at high risk. These non-viral vaccines cannot
be administered to healthy individuals because they may
induce inflammatory responses and unnecessary toxici-
ties. The use of single target vaccines may not be sufficient
enough because tumors can overcome an immune response
directed towards a single antigen. Therefore, the develop-
ment of multivalent vaccines may be necessary for more
effective immunopreventive effects in non-viral cancers.

Immune checkpoint inhibitors

In addition to using viral and non-viral vaccines to amplify
the antitumor response, antibodies against immune check-
points, such as the programmed death ligand-1 (PD-L1),
programmed cell death protein-1 (PD-1), and cytotoxic T-lym-
phocyte-associated protein 4 (CTLA-4), work on the other
end of the spectrum by inhibiting immunosuppressive mech-
anisms through which tumors evade immune detection.

To prevent autoimmunity, normal cells contain surface
proteins that bind to “checkpoint” proteins on immune cells to
switch them off so that the immune system does not target
healthy cells. Cancer cells can adopt this same protective
mechanism by producing surface proteins that bond with
checkpoint proteins on immune cells to avoid being targeted

PD-1 ’

PD-1 inhibitor \ Active T effector cell

PD-1 PD-L1

Weakened T effector cell Tumor cell

TCR | MHC-I

Tumor-specific

PD-1 inhibitor

PD-L1 inhibitor
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by T-cells of the immune system.

The major checkpoints of the adaptive immune response
include CTLA-4 and PD-1 receptors, which are both located
on the surface of T cells [60]. T cell activity occurs through
the binding of the T cell receptor (TCR) to antigens present
on the major histocompatibility complex (MHC) located on
the antigen-presenting cell (APC) surface [61]. T cell activa-
tion and proliferation requires co-stimulatory binding of its
CD28 molecules with B7-1 or B7-2 molecules on the APC.
CTLA-4 inhibits normal T cell activity by competing against
CD28 for B7-1 and B7-2 in the early stages of the adaptive
immune response [62]. The CTLA-4 inhibitor prevents CTLA-
4 checkpoint protein from binding to B7 on APCs. By elim-
inating competitive inhibition brought about by CTLA-4:B7,
CD28:B7 binding predominates. CD28:B7 and TCR bound
to tumor-specific antigens on the MHC co-stimulate T cell
activation and proliferation, inducing more potent antitumor
response. An anti-CTLA-4 monoclonal antibody, Ipilimumab,
was the first FDA-approved immune checkpoint inhibitor for
cancer therapy [63].

PD-1 is another inhibitory transmembrane protein ex-
pressed on the surface of T cells and other immune cells [61].
Tumor cells express PD-L1 that binds to PD-1 on effector
T cells, weakening T cell immune activity even though the
TCR recognizes specific antigens on the MHC complex of
the tumor cell. PD-1 and PD-L1 antibodies elicit antitumor
response by preventing PD-1 and PD-L1 checkpoints from
binding to each other (Fig. 2). Immune checkpoint inhibitors
have revolutionized the treatment of many advanced stage
cancer. Since the FDA approval of ipilimumab in 2011, six
more checkpoint inhibitors have been approved for the treat-
ment of various cancers, including PD-1 inhibitors nivolumab,
pembrolizumab, cemiplimab and PD-L1 inhibitors atezolizum-

Figure 2. Mechanisms of program-
med cell death protein-1 (PD-1)
and programmed death ligand-1
(PD-L1) checkpoint inhibitors in
immunotherapy and immuno-
prevention. T cell activation occurs
Healthy effector T cell through the binding of the T cell
releases cytokines and  receptor (TCR) to antigens present on
IFNy the major histocompatibility complex
(MHC) located on APC (e.g., tumor
cell) surface. PD-1 is an inhibitory
transmembrane protein expressed on
( the surface of T cells and other immune
cells. PD-1 binds to its ligand PD-L1 on
tumor cells and weakens T cell immune
activity (weakened T effector cells in
the figure). PD-1 and PD-L1 inhibitors
elicit antitumor response by preventing
PD-1 and PD-L1 checkpoints from
binding to each other, leading to active
T effector cells, cytokine release, and
strong immune response.



ab, avelumab, and durvalumab [63].

With the success of checkpoint inhibitors in immunotherapy
of advanced stage cancers, utilizing anti-PD-1 and anti-PD-L1
as tools for secondary cancer prevention in preneoplastic
lesions has generated considerable interests [9,64-68]. For
example, in a preclinical mouse model of oral premalignant
lesions (OPLs), anti-PD-1 treatment significantly prevented
malignant progression of OPLs. OPLs responded to PD-1
blockade with significant increases of CD8+ and CD4+ effec-
tor T cells in their microenvironment, induction of IFNy and
production of the T-cell effector granzyme B in tumor infil-
trating cells, and induction of apoptosis in the epithelial cells
of the OPLs, supporting the potential clinical application of
immune checkpoint inhibitors in secondary prevention of OPL
progression. In a recent case report, a patient with Muir-Torre
syndrome, a variant of Lynch syndrome characterized by
defective DNA mismatch repair and frequent gastrointestinal
tumors and hyperplastic or neoplastic skin tumors, was treat-
ed with anti-PD-1 (pembrolizumab) immunotherapy as part of
multi-modality treatment for his invasive bladder cancer. The
patient previously had 136 cutaneous or visceral hyperplastic
or neoplastic lesions within 19 years (mean 7.5 neoplasmsl/yr,
range 2-20) prior to immunotherapy. The patient not only had
a complete response of the bladder cancer, but also had an
absence of new neoplasms during a 22-month follow-up peri-
od [37]. This study provides clinical support for using immune
checkpoint inhibitors in cancer prevention settings.

CONCLUSIONS AND FUTURE DIRECTIONS

A number of chemopreventive agents have shown clear clini-
cal efficacy in reducing cancer incidence among at-risk popu-
lations, including SERMs and Als in preventing breast cancer
and aspirin in preventing CRC and other cancers. Observa-
tional studies have shown statins and metformin could reduce
cancer incidence, but more randomized controlled clinical
trials must be performed to substantiate the clinical efficacy
of statins and metformin in cancer prevention. Nevertheless,
the intake of these chemopreventive agents has been ham-
pered by possible side effects of long-term use. Identifying
high-risk individuals with a positive risk—benefit ratio is critical
to enhance the uptake of chemoprevention. In the long run,
new, more effective chemopreventive agents with fewer side
effects need to be developed before chemoprevention can be
more widely accepted.

Immunoprevention has risen to prominence in cancer
research because the immune system is a living, adaptable
entity that can be enhanced by vaccines and tumor-specific
antigens to prevent tumor onset or control tumor growth. Cur-
rently, the most successful form of immunoprevention is can-
cer vaccine for virally induced cancers. HPV and HBV vac-
cines have significantly reduced the rates of HPV and HBV
infection and their associated cancers. On the other hand,
vaccines preventing non-viral cancers are still at the early
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stage of development, but clinical trials have shown prom-
ising immunopreventive effects in targeting tumor-specific
antigens, such as MUC1 and Her2 in high-risk populations. In
the future, additional specific tumor antigens are desired. In
addition, it may be necessary to develop multivalent vaccines
against multiple tumor antigens because of the heterogeneity
of premalignant lesions, analogous to multivalent vaccines
against HPV subtypes. Another potential benefit of multiva-
lent vaccines targeting several tumor antigens is to reduce
the occurrence of immune escaped precancerous clones.

Preclinical studies and case reports have supported the
utility of immune checkpoint inhibitors, such as anti-CTLA-4
and anti-PD-1, as a secondary prevention modality to prevent
malignant progression of preneoplastic lesions. Side effects
would be a major concern for the application of checkpoint
inhibitors in cancer prevention settings. Developing novel
checkpoint blockers, identifying new immunotherapeutic tar-
gets, and preselecting persons with favorable with benefit-risk
ratio based on biomarkers of efficacy and toxicity can help
move immunoprevention field forward. Immunoprevention is
likely to take the central stage in future cancer prevention giv-
en that our immune system contains billions of fighters that
can be induced, enhanced, and manipulated to prevent the
onset and progression of cancer.
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