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Vaccines for Cancer
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IMPORTANCE Advances in tumor immunology and vaccine technology are reshaping cancer
vaccine development after decades of limited clinical success. More than 2000 immunogenic
tumor proteins or antigens have been identified, the types of immune responses required for
tumor eradication have been defined, and safe and effective vaccine delivery technologies
have been developed. This progress has renewed clinical investigation of cancer vaccines for
multiple types of cancer.

OBSERVATIONS Vaccines, such as those against human papillomavirus and hepatitis B,

are composed of (1) an antigen target, (2) an adjuvant to activate the immune system,

and (3) a vaccine delivery vehicle. Antigens can be derived from tumor mutations termed
neoantigens, or cancer-associated nonmutated proteins, which are normal human proteins
that are abnormally expressed in cancer. The tumor can also act as an antigen source, such as
when immunization occurs with whole tumor cells or by directly injecting an immunogenic
substance into the tumor to elicit an adaptive immune response. T and B lymphocytes, cells
of the adaptive immune system, are stimulated by cancer vaccines and can provide a highly
specific and durable immune response directed against cancer. Vaccines that elicit adaptive
immunity are approved for cancer treatment. Sipuleucel-T, a vaccine against the antigen
prostatic acid phosphatase, reduced all-cause mortality compared with placebo in men with
metastatic castrate-resistant prostate cancer (32% vs 23%; hazard ratio, 0.78 [95% Cl,
0.61-0.98]; P = .03). Compared with granulocyte-macrophage colony-stimulating factor,

a systemic immune stimulant, talimogene laherparepvec increased rates of a 6-month or
longer complete or partial response, defined as the disappearance of all treated disease and
at least a 50% decrease in the sum of the products of perpendicular diameters of the
measurable lesion with no new lesions, respectively, when injected into advanced melanoma
lesions (16.3% [95% Cl, 12.1%-20.5%] vs 2.1% [95% Cl, 0%-4.5%]; odds ratio, 8.9; P < .001).
Most cancer vaccines have mild adverse effects, such as fatigue, fever, and injection site
reactions. Combining cancer vaccines with chemotherapy or immunotherapy can increase
the magnitude of the immune response and potentially result in greater reduction in cancer
size. Combining the personalized mutation-based messenger RNA (mMRNA) vaccine
(mRNA-4157) with the immune checkpoint inhibitor pembrolizumab for resected high-risk
stage llIB to IV cutaneous melanoma improved relapse-free survival compared with
pembrolizumab alone (76.6% vs 60%; hazard ratio, 0.56 [95% Cl, 0.31-1.02]; P = .05).
Cancer vaccines are undergoing evaluation in clinical trials to prevent cancer recurrence and
for primary cancer prevention.

CONCLUSIONS AND RELEVANCE Cancer vaccines can treat several types of malignant
neoplasms, including melanoma, prostate cancer, and bladder cancer. Adverse effects
associated with cancer vaccines are generally mild and of short duration, promoting eventual
integration of vaccination into treatment regimens with chemotherapy and immunotherapy.
Cancer vaccines are increasingly undergoing evaluation for primary prevention.
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ver the past 50 years, vaccines have prevented approxi-

mately 154 million deaths from infectious diseases

worldwide." Vaccines have been licensed by the US Food
and Drug Administration (FDA) to prevent human papillomavirus
(HPV; a cause of cervical cancer) or hepatitis B infections (a cause
of hepatocellular carcinoma) (Table 1). These vaccines also reduce
the risk of developing these cancers. An observational study of
1672983 Swedish female individuals who received the HPV vac-
cine before age 17 years reported that the vaccine was associated
with areduced incidence of cervical cancer compared with those who
were unvaccinated (47 vs 94 cases per 100 000 persons; adjusted
incidence rate ratio, 0.12 [95% Cl, 0.00-0.34]; P < .001).? Vaccina-
tion against hepatitis B was associated with a significant reduction
in liver cancer compared with no vaccinationinendemic areas, such
as China, where hepatitis B accounts for 90% of the attributable risk
of liver cancer.3 However, only 13% of cancers have an infectious
etiology.* This Review summarizes antigen-based cancer vaccine
strategies designed to stimulate the adaptive immune system by
helping patients develop immunity to cellular proteins expressed
by their cancer (Box).

|
Cancer Vaccines and Adaptive Immunity

A vaccine includes 3 components: (1) an immunogenic protein, or
antigen, which elicits an immune system response; (2) an adjuvant
that stimulates the immune system to recognize the antigen; and
(3) the vaccine delivery technology, or vehicle, used for administra-
tion. For example, for the HPV vaccine, the antigens are the major
capsid proteins of specific HPV subtypes, the adjuvant can be alu-
minum hydroxide or a bacterial lipid, and the delivery vehicle con-
sists of virus-like particles designed to have characteristics similar
to the real virus. When the vehicle delivers antigen and adjuvant to
atissue, such as skin, the adjuvant attracts and activates innate im-
mune cells (eg, dendritic cells or macrophages) in that tissue. Vac-
cines can also have systemic effects on immune activation, result-
ing in fever, chills, and fatigue for a few days after immunization.
Adaptive and innate immunity are 2 distinct components of the
immune system (Figure 1). Cells of the innate immune system con-
stitute the first response to nonspecific immune stimulation from
inflammation, such as that induced by injury or an adjuvant. Innate
immune cells ingest proteins in inflamed areas (eg, a wound or vac-
cination site) and secrete cytokines and chemokines that recruit and
activate T cells and B cells (Figure 1A). Many innate immune system
cells are termed antigen-presenting cells because they process and
present protein antigens as peptide fragments displayed in major
histocompatibility complex molecule receptors on their surface.
Adaptive immunity is distinct from innate immunity and consists of
aresponse from T and B lymphocytes. Lymphocytes recognize an-
tigens when they are presented as peptide-major histocompatibil-
ity complexes on antigen-presenting cells that migrate to lymph
nodes to activate lymphocytes (Figure 1B). Activated lymphocytes
travel to the cancer cells, where the T cells kill cancer cells express-
ing the antigen until none of the cancer cells remain. The lympho-
cytes then return to the lymph node until they are restimulated by
migrating antigen-presenting cells. Although innate immunity can
be initiated within minutes of a stimulus, the adaptive immune re-
sponse may require days or weeks to reach full potential. Although
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the innate immune response is short lived and nonspecific, adap-
tive immunity is highly specific for the antigen and can persist for
decades. All cancer vaccines, including the HPV and hepatitis B vac-
cines, elicit adaptive immunity by stimulating T and B lympho-
cytes. Innate immune cells are needed to present antigen to adap-
tive immune cells. The cytokines secreted by innate immune cells
support the function and proliferation of adaptive immune cells.

The vaccine delivers the antigen that causes the immune sys-
tem to recognize the cancer. Some cancer antigens stimulate the im-
mune system because the malignant process has created a new pro-
tein through a mutation as a normal cell transforms to a cancer cell
(Figure 1C). Point mutations, translocations, and frameshift muta-
tions in proteins existing in cancer cells create new amino acid se-
quences thatimmune cells have not previously encountered. These
unique amino acid sequences can be immunogenic and are called
neoantigens. Many neoantigens, when used in vaccines, evoke a
type | T-cellimmune response, in which both CD8" cytotoxic T cells
and CD4" T-helper cells are stimulated to secrete cytokines needed
for tissue destructive immunity, such as interferon-y or tumor ne-
crosis factor. Cytokines produced by CD4 T cells stimulate differen-
tial proliferation of cytotoxic T cells or antibody-producing B cells.

Other cancer antigens are not mutated proteins but stimulate
the immune system because they are subtly altered by the cancer
to make them distinct from the normal cellular proteins present
in healthy cells (Figure 1C). An example is ERBB2 (formerly HER2/
neu), a normal cellular protein involved in cell growth and differen-
tiation in many cancers, with breast, gastric, and endometrial can-
cer being the most common. When cancer develops, the gene
responsible for making the ERBB2 protein replicates abnormally,
resulting in many extra copies of that gene inside the cancer cell
and causing an overabundance of ERBB2 protein production. The
ERBB2 protein may be present at levels 40 to 100 times greater
than a normal cell. This protein excess results in some ERBB2 pep-
tides being presented more frequently in major histocompatibility
complex molecules on antigen-presenting cells than when the pro-
tein is expressed at normal levels. These peptides are new to the
immune system and stimulate a T-cell response. Another example
is a normal protein called MUC-1, which contains highly branched,
negatively charged carbohydrate chains that protect mucosa by
attracting water and creating a physical barrier that blocks patho-
gens and lubricates cells. The loss of carbohydrate chains in cancer
cells exposes the MUC-1 protein core such that peptide fragments
usually hidden in healthy cells become available for immune recog-
nition and peptides, which previously were not exposed to the
immune system, and can be taken up by antigen-presenting cells to
display to T cells.

Antigen-specific immunity is boosted by providing an immu-
nogenic substance called an adjuvant delivered along with the
antigen.® Adjuvants can alter the immune response by stimulating
receptorson T cells that convert theminto long-lasting memory cells
orinfluencing the type of T-helper cell that is stimulated to become
either type | or type Il cytokine-secreting T-helper cells. Type |
cytokine-secreting T-helper cells promote proliferation of cyto-
toxic T cells, while type Il cytokine-secreting T-helper cells pro-
mote the proliferation of B cells, which produce antibodies. Selec-
tion of antigen and adjuvant is important and the limited number
of antigens and highly effective adjuvants available may have con-
tributed to the number of negative phase 3 cancer vaccine trials in
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Table 1. Therapies Generating an Adaptive Immune Response Approved to Prevent or Treat Cancer

Review Clinical Review & Education

Year Composition/mode Approved
Vaccine approved of action Cancer indication  population Adverse effects
Primary prevention cancer vaccines
Recombinant 1986 Hepatitis B surface Prevention of Infants (birth) Anaphylaxis
hepatitis B antigen with aluminum  hepatocellular through adults (estimated to
(Recombivax) hydroxyphosphate carcinoma occurinlinl
sulfate adjuvant million doses)
Recombinant 1989 Hepatitis B surface Prevention of Infants (birth) Anaphylaxis
hepatitis B antigen with aluminum hepatocellular through adults (estimated to
(Engerix-B) hydroxide adjuvant carcinoma occurinlinl
million doses)
9-Valent HPV 2014 Virus-like particles Prevention of Male and female Anaphylaxis
(Gardasil 9)? targeting HPV types 6, cervical, vaginal, individuals aged (estimated to
11, 16, 18, 31, 33, 45, vulvar, anal,and  9-45y occurinl.7-3
52, and 58, with head and neck cases per 1
aluminum cancers million doses)
hydroxyphosphate
sulfate adjuvant
Recombinant 2017 Hepatitis B surface Prevention of Adults aged 218y  Anaphylaxis

hepatitis B antigen with CpG 1018  hepatocellular (estimated to Abbreviations: BCG, bacillus
(Heplisav-B) (TLR9 agonist) adjuvant  carcinoma occurinlinl Calmette-Guérin; FDA, US Food and
million doses) Drug Administration; GM-CSF,
Approved vaccines for patients with established cancer granulocyte-macrophage
BCG (TICEBCG) 1990 Intravesical attenuated  Bladder cancer Non-muscle NA colony-stimulating factor; HPV,
Mycobacterium bovis invasive bladder human papillomavirus; HSV-1, herpes
inducing local antitumor cancer or simplex virus type 1; NA, not
immune activation carcinoma in situ applicable; TLRY, toll-like receptor 9.
Sipuleucel-T 2010 Autologous Prostate cancer Asymptomaticor  NA a . . .
(Provenge) antigen-presenting cells minimally The qU?dera|eI-'It Gardasil, which
from blood-activated ex symptomatic immunizes against 4 HPV types
vivo with prostatic acid metastatic (6, 11,16, 18), and the bivalent
phosphatase and castration- Cervarix, which immunizes against 2
GM-CSF resistant prostate HPV types (16, 18), are also licensed
cancer by the FDA in the US but are not
Talimogene 2015 Oncolytic HSV-1 Melanoma Unresectable NA sold due to the superiority in HPV
laherparepvec encoding GM-CSF advanced . B :
(Imlygic) injected intratumorally melanoma coverage W'th,the 9 Yalent v‘accme.
to promote tumor lysis The PreHevbrio vaccine, a trivalent
and antigen presentation hepatitis B vaccine, is also approved
Nadofaragene 2022 Intravesical adenoviral ~ Bladder cancer ~ BCG-resistant NA by the FDA, but the company that
firadenovec-vncg vector encoding non-muscle produces the vaccine stopped
(Adstiladrin) interferon a-2b to invasive bladder production, so it is no longer
stimulate local immune cancer available. There are combination

responses

hepatitis A/B vaccines also available.

the past.®” All 3 components of a vaccine must be carefully selected
based on the cancer type, disease stage, and health of the patient.

|
Tumor as a Vaccine

One approach to vaccine design uses the intact cancer cell as the vac-
cine antigen (Figure 1C). This method does not preselect a specific
antigen but allows the patient’s immune system to respond to any
of the antigens from among all that are contained in the cancer cell.
These cancer vaccines may be autologous, derived from the pa-
tient's own tumor, or allogeneic, derived from another donor. Sev-
eral phase 3 clinical trials of allogeneic and autologous whole can-
cer or multi-cancer cell vaccines have not significantly improved the
trials' primary outcome. However, there has recently been some suc-
cess with this approach. An autologous tumor lysate-loaded den-
dritic cell vaccine showed clinical benefit. The autologous tumor
lysate-loaded dendritic cell vaccine is for the treatment of
glioblastoma.® A phase 3 clinical trial randomized 331 patients with
newly diagnosed glioblastoma 2:1 to receive the autologous vac-
cine or placebo. Participants vaccinated with the intervention had
significantly improved overall survival (primary end point) com-
pared with the control group (19.3 months vs 16.5 months; hazard
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ratio [HR], 0.80 [98% Cl, 0.00-0.94]). Five serious adverse ef-
fects that may have been related to the treatment were reported,
where grade 1is mild, grade 2 is moderate, and grade 3 is medically
significant, including 3 cases of intracranial edema (2 at grade 3, 1at
grade 2), 1case of grade 3 nausea, and 1 case of grade 3 lymph node
infection. The clinical trial had limitations, including achange in pre-
specified outcomes, a high rate of crossover from the control to
vaccine group, and use of an external historical control group.® This
vaccine is currently under review for licensure in the UK and is not
currently available for clinical use in the US.

Another tumor as a vaccine approach consists of injecting or ex-
posing a cancer lesion to a non-antigen-containing immunogenic
substance, such as a cytokine, toll-like receptor agonist, or onco-
lytic virus, while the cancer is still in the body. This approach is in-
tended to trigger an innate immune response, which can initiate an
adaptive immune response (Figure 1C). Bacillus Calmette-Guérin
(BCG) instillation stimulates both innate and adaptive immune cells,
and studies in rodent models showed that the anticancer effect of
BCG required both CD4 and CD8 T cells for efficacy.'® The FDA ap-
proved BCG in liquid form for the treatment of high-risk, non-
muscle invasive bladder cancer and its high-grade subtype, carci-
noma in situ (CIS) in 1990 based on 2 landmark trials (Table 1). The
first clinical trial randomized 262 patients with recurrent papillary
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Box. Commonly Asked Questions About Cancer Vaccines

How do cancer vaccines work?

Cancer vaccines stimulate immune cells to recognize proteins or
mutations found on or within cancer cells, allowing immune cells
to recognize and destroy cancer cells.

What are the adverse effects of cancer vaccines?

Most cancer vaccines have mild adverse effects of short duration
that typically include fatigue, muscle aches, fever, or soreness

at the injection site.

Are cancer vaccines currently available?

Some cancer vaccines have been approved by the US Food and
Drug Administration for clinical use, while many others are
undergoing testing in clinical trials. Cancer vaccines are
undergoing development for many different types of cancer,
such as breast, colon, ovarian, prostate, lung, and pancreatic
cancer, as well as several hematologic malignant neoplasms.

tumors (stage Ta or T1) or CIS to receive either intravesical doxoru-
bicin or BCG administered both intravesically and percutaneously.”
The prespecified primary outcome for the tumors without CIS was
time to treatment failure (22.5 months for BCG vs 10.4 months for
doxorubicin [P = .02]) after 65 months of follow-up. The primary out-
come for those with CIS was complete response rate verified by bi-
opsy; BCG achieved a 70% complete response vs 34% for doxoru-
bicin (P < .001). The second study enrolled 550 patients with
transitional cell carcinoma of the bladder with CIS or an increased
risk of recurrence,' who were treated with 6 weeks of intravesical
and percutaneous BCG. In this study, BCG prevented cancer recur-
rence after successful treatment. The 384 patients who achieved
complete response were randomized to receive maintenance intra-
vesical and percutaneous BCG administered 3, 6,12, 18, 24, 30, and
36 months from initiation of induction therapy or observation. The
primary outcome of recurrence-free survival was 76.8 months
(95% Cl, 64.3-93.2) for the BCG group vs 35.7 months (95%Cl, 25.1-
56.8) for the observation group (P < .001).

If non-muscle invasive bladder cancer develops resistance to
BCG, a second-line immune stimulant is intravesicular nadofara-
gene firadenovec-vncg, a nonreplicating recombinant adenovirus
that produces human interferon a-2b, an immune protein or cyto-
kine that s typically synthesized in humans during a viral infection.™
Nadofaragene firadenovec-vncg has multiple potential mecha-
nisms of action, such as reducing new blood vessel formation, caus-
ing direct cell death, and stimulating influx of innate immune cells
that stimulate an adaptive immune response.' Inasingle-group un-
controlled clinical trial, 157 patients with BCG-unresponsive non-
muscle invasive bladder cancer received a single dose of intrave-
sicular nadofaragene firadenovec-vncg followed by subsequent
doses every 3 months if there was no high-grade recurrence of
disease.” Of the 157 who received treatment, 50 (31.8%) had acom-
plete response (primary outcome) to nadofaragene firadenovec-
vncg, defined as negative urine cytology and cystoscopy, within 3
months of the first dose, and 46% of these patients continued to
meet criteria for a complete response 12 months or longer after the
initial treatment. Due to the limited treatment options in this pa-
tient population, the FDA approved nadofaragene firadenovec-
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vncg based on the results of this uncontrolled clinical trial without
a comparator group.”

Oncolytic viral therapy is a vaccine approach in which a virus is
injected directly into a cancer, infects the cells, and kills the cancer
cells by lysis, which releases antigens and chemokines. The dead
cells activate innate immune cells, which take up cancer antigens
and present them to T cells in the local lymph nodes, initiating an
adaptive immune response. Talimogene laherparepvec, a modi-
fied herpes simplex virus type 1oncolytic virus encoding granulocyte-
macrophage colony-stimulating factor (GM-CSF) (Table 1) was ap-
proved by the FDA in 2015 based on results of a phase 3 clinical trial
of 436 patients with advanced surgically unresectable melanoma.
Patients with injectable melanoma lesions (=10 mm in diameter)
were randomly assigned 2:1to receive talimogene laherparepvec or
subcutaneous GM-CSF. The primary end point was durable re-
sponse rate, defined as objective response (ie, the percentage of
people with a complete response and a partial response over the
specified period of time) lasting continuously for 6 months or lon-
ger, by independent assessment. Talimogene laherparepvec signifi-
cantly improved durable response rates compared with GM-CSF
(16.3%[95% Cl,12.1%-20.5%] vs 2.1% [95% Cl, 0%-4.5%]; odds ra-
tio, 8.9; P < .001).'® Patients responding to talimogene laherpar-
epvecdemonstrated changesin clonality in the T cells infiltrating the
melanoma and in T cells circulating in blood after treatment, sug-
gesting that the treatment stimulated systemic adaptive immunity."”
A2.4-fold medianincrease in CD8 T-cell density was observed in bi-
opsies from lesions that did not receive talimogene laherparepvec
injections, suggesting a systemic T-cell response.'® Cancer vac-
cines involving direct injection or instillation are generally well tol-
erated, but limited by the need for accessible tumors that are large
enough to safely inject, easily imaged or palpated, and that are not
close to other vital structures, such as large blood vessels. Adverse
effects typically consist of fever and fatigue and affect approxi-
mately 40% to 50% of patients who receive these therapies. If the
cancer massis large (>5 cm at its longest diameter) or fibrotic, it can
present a physical barrier to the ability of the virus to infect many
cells. Furthermore, preexisting host immunity against specific vi-
ruses could neutralize the injected virus, preventing the treatment
from spreading to other cancer cells.

|
Mutated Antigen Vaccines

Some of the first clinical trials of mutated, or neoantigen, cancer vac-
cines focused on mutations common to specific cancers, such as
K-ras. Recently, 10-year updates became available for 2 nonrandom-
ized phase 1/2 trials of K-ras mutation-based vaccines in pancreatic
cancer after surgical resection. One study enrolled 10 patients to re-
ceive a single K-ras mutation peptide vaccine in which the muta-
tion present in the vaccine was the same mutation present in the
patient's cancer. The second study enrolled 13 patients to receive a
combination of 7 mutated K-ras peptides that corresponded to the
most common mutationsin pancreatic cancer. Twenty patients were
evaluable from the 2 studies. At 10-year follow-up, 20% of those vac-
cinated (4 of 20 patients) were still alive vs O of 87 nonvaccinated
patients with resected pancreatic cancer treated during the same
time frame.'® Currently, this vaccine (TGOT) is undergoing testing in
clinical trials for pancreatic cancer in combination with otherimmune
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Figure 1. lllustration of an Overview of the Immune Response to Therapeutic Cancer Vaccination and Comparison of Vaccine Strategies
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Figure 2. Schematic of the Spectrum of Cancer Vaccine Strategies, From Universal to Fully Personalized Approaches
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Schematic illustrates the range of therapeutic to preventive cancer vaccine
designs, ranging from broadly applicable shared-antigen vaccines to highly
individualized patient-specific mutation-based vaccines. The top 5 categories
are (1) universal vaccines targeting common shared tumor antigens,

(2) enhanced universal multiantigen vaccines designed to broaden population

coverage, (3) moderately tailored vaccines incorporating human leukocyte
antigen-matched or tumor type-specific antigens, (4) personalized subset
vaccines selecting shared neoantigens most relevant to an individual patient,
and (5) fully personalized vaccines targeting patient-specific mutations.

therapies and for other cancers that contain K-ras mutations, such
as lung cancer and multiple myeloma. These clinical trials provided
proof of principle that mutated proteins could potentially serve as
antigens. Recent advances in next-generation sequencing, artifi-
cial intelligence, and nucleic acid-based vaccine delivery technol-
ogy can facilitate personalization of cancer vaccines to a patient’s
specific cancer mutation profile (Figure 2). Mutation-based vac-
cines are not currently FDA approved. Clinical trials of mutation-
based vaccines suggest that the magnitude of the T-cell response
can be further boosted with immune checkpoint inhibitors, such as
anti-PD-1and anti-PD-L1 monoclonal antibodies.?°

One vaccine approach uses mutations derived from the indi-
vidual's cancer, which makes the vaccine specific to that cancer. This
method combines messenger RNA (MRNA) vaccine (mMRNA-4157)
with the immune checkpoint inhibitor antibody pembrolizumab for
resected high-risk stage IlIB to IV cutaneous melanoma.?' A total of
157 patients were randomized 2:1 to receive either personalized
mRNA-4157 with pembrolizumab or pembrolizumab alone. The pri-
mary outcome was recurrence-free survival (RFS). The combina-
tion of vaccine and immune checkpoint inhibitor improved RFS com-
pared with pembrolizumab alone, but this effect was not statistically
significant. At a median follow-up of 23 months, RFS was 76.6% for
combination therapy vs 60% for pembrolizumab monotherapy
(HR, 0.56 [95% Cl, 0.31-1.02]; P = .05). mRNA-4157 is currently un-
dergoing evaluation in several randomized phase 3 clinical trials. In
a phase 1adjuvant study for pancreatic cancer, a single dose of at-
ezolizumab was administered after surgery to 16 patients, followed
by doses of an RNA neoantigen vaccine developed specifically for the
mutations from an individual patient, composed of uridine mRNA-
lipoplex nanoparticles, with up to 20 neoantigens per patient, fol-
lowed by chemotherapy.* Eight of 16 patients (50%) who received
vaccines generated antigen-specific interferon-y-secreting T-cell
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responses, defined as antigen-specific T-cell levels significantly above
baseline, but only 25 of 230 (11%) of the neoantigens elicited detect-
able immunity, defined as being measurable above baseline in an
enzyme-linked immunosorbent spot (ELISPOT) assay. After a me-
dian 3.2-year follow-up, the immune responses persisted, and of the
16 immunized patients, the 8 patients with an immunologic re-
sponse had not reached a median RFS, while the 8 patients who did
not develop mutation-specific immunity had a median RFS of 13.4
months (P = .007).3

Mutation-based vaccines directed against shared mutations that
are common among patients are undergoing testing for cancer pre-
vention. A recent phase 1b/2 trial in people with Lynch syndrome, a
hereditary cancer syndrome associated with a lifetime cancer risk
of up to 80% (most commonly colorectal and endometrial can-
cers), immunized individuals with Nous-209, a viral-based vaccine
encoding 209 frameshift mutation epitopes occurring in DNA mis-
match repair genes. Forty-five people with Lynch syndrome were
enrolled and received 2 vaccinesin this clinical trial. The primary end
points were safety and immunogenicity. Any neoantigen-specificim-
mune response was detected in all evaluable individuals (n = 37), and
mutation-specific interferon-y-secreting T cells were still detect-
able in 85% of participants at 1year.2* No vaccine-related serious
adverse events were reported. Eight patients did not have the blood
required for the ELISPOT assay (7 did not have enough cells to com-
plete the tests and 1did not get their blood drawn).

Although several mutated antigen vaccine treatments, such as
mMRNA-4157, are advancing to phase 3 trials, challenges remain. The
identification of neoantigens and vaccine manufacture can require
multiple weeks, resulting in nearly 50% of eligible patients never re-
ceiving a vaccine due to disease progression requiring chemo-
therapy or inability to manufacture the vaccine due to a limited num-
ber of mutations determined after sequencing.?® Requiring cancer
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Table 2. Candidate Biomarkers for Assessing Cancer Vaccine Efficacy

Biomarker

Definition

Clinical example

T-cell repertoire diversity

IFN-y-secreting antigen-specific
T cells

Peripheral blood T-cell subsets;
activated CD8 T cells and
memory cell subsets

Epitope spreading

Polyfunctional T cells

T-cell receptor sequencing measures diversity in peripheral
T-cell receptors

Reduced diversity may indicate expansion of antigen-specific
clones associated with treatment response

IFN-y production by CD4/CD8 T cells measured by ELISPOT or
flow cytometry reflects antigen-specific type | antitumor
immunity

Both these tests will enumerate antigen-specific T cells
reproducibly

Flow cytometric quantification of CD4/CD8 specifically
activated CD8 T cells defined by CD8 and Ki-67 markers or
specific memory T-cell phenotypes, stem cell memory cells
(CD45RA*, CCR7*, CD27*,CD28", CD95*, TCF1*), and central
memory cells (CD45R0*, CCR7*, CD62L")

Extension of immune responses to tumor antigens not included
in the vaccine, reflecting broader antitumor immunity

Epitope spreading is often measured by antibody array assays
(as in the example) or the inclusion of multiple additional
antigens to use for stimulation in ELISPOT or flow cytometry
assays

T cells producing multiple cytokines simultaneously (eg, IFN-y,

Prospective study of 16 patients with colorectal cancer with
serial blood collection over 98-452 d

Higher baseline T-cell receptor diversity was associated
with higher rates of partial response after therapy, defined
as 230% decrease in sum of diameters of target lesions
compared with baseline, with no evidence of progressive
disease (odds ratio, 5.29; P = .04)*3

In 95 patients with ERBB2-positive breast cancer treated
with chemotherapy and trastuzumab, absence of
ERBB2-specific type | T-cell responses was associated with
worse disease-free survival (47 vs 113 mo; HR, 16.9;

P <.001)**

Longitudinal analysis of 103 patients receiving checkpoint
blockade and/or chemotherapy showed sustained Ki-67 and
CD8 proliferation (>4 wk) associated with improved
response and survival (P = .02)*°

In metastatic castration-resistant prostate cancer treated
with sipuleucel-T, post-treatment IgG antibody responses to
secondary antigens increased significantly and were
associated with improved overall survival compared with
controls (P < .01)*®

In patients with metastatic melanoma receiving checkpoint

TNF-q, IL-2)

Circulating tumor DNA
sequencing-based assays

Plasma-derived tumor DNA fragments measured by

inhibitors, increased polyfunctional memory T cells at 3 mo
was associated with improved clinical response”

In 16 patients with metastatic head and neck cancer,
circulating tumor DNA becoming negative during treatment
was significantly associated with improved 3-year overall
survival (HR, 0.04; P = .01), and progression-free survival
(HR, 0.03; P = .006)*®

Abbreviations: ELISPOT, enzyme-linked immunosorbent spot; HR, hazard ratio; IFN-y, interferon-y; IgG, immunoglobulin G; IL-2, interleukin-2; TNF-a, tumor

necrosis factor-a.

tissue toidentify mutations restricts this approach to those already
diagnosed with cancer, making population-based prevention chal-
lenging (Figure 2). Many vaccines depend on administration withim-
mune checkpoint inhibitors to optimize immunogenicity and clini-
cal efficacy.?®

|
Nonmutated Antigen Vaccines

Multiple clinical trials of nonmutated antigen-specific vaccines have
not shown significant clinical benefit to date®”8; however, effi-
cacy can be estimated from meta-analyses. One meta-analysis in-
cluded 18 randomized clinical trials of cellular immunotherapy and
nonmutated antigen vaccines in 6756 patients with non-small cell
lung cancer.?® Immunotherapy was associated with improved over-
all survival of 5.43 months (HR, 0.81[95% Cl, 0.70-0.94]) and im-
proved progression-free survival of 3.24 months (HR, 0.83[95% Cl,
0.72-0.95]) compared with control groups. Another meta-analysis
that included 33 clinical trials and 610 patients with advanced
breast and ovarian cancers compared dendritic cell and peptide
vaccine trials. Breast cancer vaccines were associated with an ab-
solute pooled overall response rate (defined as the combined
percentage of patients whose tumors shrunk completely away or
reduce in volume by at least 30%) of 9% (95% Cl, 5%-13%) and
ovarian cancer vaccines had an absolute pooled overall response
rate of 4% (95% Cl, 1%-7%), regardless of the vaccine type.3° These
data provided evidence of some vaccination efficacy in advanced-
stage patients and support further development of nonmutated
cancer vaccines.
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One nonmutated cancer antigen vaccine, sipuleucel-T, has been
approved for clinical use in prostate cancer (Table 1). The vaccine an-
tigenis the protein prostatic acid phosphatase linked to GM-CSF as
adjuvant. Ina phase 3 clinical trial, 512 men with metastatic castrate-
resistant prostate cancer were randomized 2:1 to receive either
sipuleucel-T or placebo. The primary end point was overall survival.
The 36-month survival probability was 32% for the vaccinated group
vs 23% in the control group (HR, 0.78 [95% Cl, 0.61-0.98]; P = .03),
although time to disease progression did not differ significantly be-
tween groups.®' These data were consistent with a previous phase 3
clinical trial of sipuleucel-T, which did not alter time to progression,
but demonstrated improved overall survival in a similar patient
population.? Currently, many nonmutated cancer antigen vac-
cines are undergoing testing in randomized clinical trials targeting
antigens such as ERBB2,3* telomerase,>* and multiantigen
approaches.>®

Many cancers and premalignant lesions have few mutations
and mutation-based vaccines are not appropriate for these
patients (Figure 2). Targeting nonmutated tumor antigens has ben-
efits: vaccines are disease specific and are usually not restricted to
a specific individual's immune system type (Figure 2). In contrast to
other types of cancer vaccines, a nonmutated antigen-specific vac-
cine can be easier to manufacture because they are not cellular
products and do not require modification for each patient
(Figure 2). However, nonmutated antigen-specific vaccines can be
weakly immunogenic due to the minimal differences between the
tumor-associated antigens and normal cellular proteins. Many epi-
tope modification methods are undergoing testing to improve
immunogenicity.>®3” Furthermore, nonmutated tumor antigens
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contain both type | and type Il cytokine-inducing T-cell epitopes,
and when type Il cytokine-inducing epitopes are removed from a
vaccine formulation, immunization can be more immunogenic and
effective.383° Type Il T-cell responses can suppress the desired
type | cytotoxic T-cell activity.

Nonmutated antigen-specific vaccines are associated with few
adverse effects. In a systematic review of 239 phase 1 cancer vac-
cinetrials published between 1999 and 2011 that included 4952 pa-
tients, the rate of grade 3 to 4 vaccine-related toxicities was 2 per
1000 vaccine administrations.*© A total of 60% of grade 3 and 4
events were either local reactions to immunization or constitu-
tional symptoms, such as fever and muscle aches. Rarely, transient
autoimmunity after vaccination, such as vitiligo after a 12-peptide
melanoma vaccine and colitis after a carcinoembryonic antigen vac-
cine, were reported. 42

|
Measuring the Effects of Cancer Vaccines

A measurable laboratory surrogate of a clinical immune response,
such as the quantitative level of antigen-specific T cell that is asso-
ciated with favorable disease outcome, could help optimize vac-
cine formulations and dosing schedules and reduce the required
enrollment population and duration of clinical trials. A validated sur-
rogate of clinical response could replace lengthy end points, such
as cancer-free survival, in patients with earlier-stage disease. There

Review of Vaccines for Cancer

are several immune markers and other biomarkers associated with
a beneficial outcomein exploratory studies of cancer vaccines and/or
cancer immune therapy. These markers include T-cell diversity
(defined as the number of unique T-cell receptors that can be mea-
sured), epitope spreading (defined as the development of immu-
nity to a broader number of antigens than those expressed in the
vaccine), and circulating tumor DNA (consisting of fragments of tu-
mor DNA that have been shed into the bloodstream) and are can-
didates for development into biomarkers of immune protection that
could be clinical trial end points (Table 2).#3-48

Limitations

This Review had limitations. First, the quality of included studies
was not formally evaluated. Second, some topics relevant to can-
cer vaccines were not discussed. Third, relevant articles may have
been excluded.

. |
Conclusions

Cancer vaccines can treat several types of malignant neoplasms.
Adverse effects associated with cancer vaccines are generally mild
and of short duration, promoting eventual integration of vaccina-
tion into treatment regimens with chemotherapy and immuno-
therapy. Cancer vaccines are increasingly being evaluated for pri-
mary prevention.
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