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The Human Vaccines Project: A roadmap for
cancer vaccine development
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Cancer vaccine development has been vigorously pursued for 40 years. Immunity to tumor
antigens can be elicited by most vaccines tested, but their clinical efficacy remains modest. We
argue that a concerted international effort is necessary to understand the human antitumor
immune response and achieve clinically effective cancer vaccines.

The benefits of effective vaccines for human
health and the economy have been demon-
strated time and time again. Vaccines have the
potential to conquer not only acute infectious
disease but also chronic infections and cancer.
However, despite numerous clinical studies of
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a large number of cancer vaccine formulations
in thousands of cancer patients, therapeutic
cancer vaccination has had only modest effects
with a low rate (less than 7%) of objective clin-
ical responses (1) and an overall rate of clinical
benefit of around 20% (2-6). Many reasons
have been invoked to explain the lack of clin-
ical efficacy observed with many therapeutic
cancer vaccines (7). Most tumor antigens that
have been used for vaccination are nonmu-
tated self antigens, for which a tolerized T cell
repertoire offers mostly T cells with low-affinity
T cell receptors (TCR) unable to mediate effec-
tive antitumor responses. In contrast, viral an-
tigens and mutation-based neoantigens, which
are not subject to thymic tolerance, are the pre-
ferred target antigens for therapeutic vaccines
(7). Moreover, many vaccines have relied on
monovalent antigen-targeting strategies that
may select resistant tumor variants. In addi-
tion, the delivery systems used have been largely
suboptimal, resulting in generally weak and
short-lived antigen-specific T cell responses. All
of this is compounded by the immunosuppres-
sive tumor microenvironment. The latter has
been dramatically highlighted by the clinical
success of immune checkpoint blockade with
monoclonal antibodies against CTLA-4 and
PD-1/PD-L1 (8). Treatment with these blocking
antibodies is revolutionizing the management
of advanced metastatic cancer and resulted in
U.S. Food and Drug Administration approvals
of three new treatments for melanoma, lung,
and renal cancer in a record time. The search
for predictive biomarkers is ongoing and fo-
cused on the observation that clinical responders
usually bear tumors that are heavily infiltrated
by T cells, show signs of interferon-y activity, and
often express a high load of neoantigens. In a
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preclinical mouse model, therapeutic vaccina-
tion against neoantigens had the same efficacy
as anti-CTLA-4 or PD-1 checkpoint blockade
(9, 10). Thus, there is now renewed interest in
pursuing the development of cancer vaccines
through achieving effective immunomodulation.
This would likely include identifying pharma-
cological interventions that correct microenviron-
ment barriers (11, 12), mining the vast repertoire
of tumor neoantigens (13), and the harnessing
of systems vaccinology/immunology tools (14).

THE HUMAN VACCINES PROJECT

The recent advances in large-scale genomics
and proteomics provide the means to define the
“normal” immune system and to obtain highly
detailed models of system-wide perturbations
taking place during immune reactions. The
current technology and state of knowledge in
systems biology, computational biology, struc-
tural biology, and immune system monitoring
should make it possible to develop effective vac-
cines and immunotherapies in the foreseeable
future. The idea of launching an international
Human Vaccines Project (the Project) as a plat-
form to attain this goal was proposed about
3 years ago (15). The initial scientific framework
was formulated by a group of experts gathered
in 2014 (16), subsequently followed by a series
of programmatic workshops to help define
pilot studies to be implemented beginning in
2016. In addition, a workshop was held with
key officers of pharmaceutical companies and
the academic and government sectors in order
to develop a business model for organization
of the consortium (17).

The Project has been established as a not-
for-profit public-private partnership whose
mission is to accelerate the development of
vaccines and immunotherapies against major
global infectious diseases and cancers by de-
coding the human immune system. The Pro-
ject’s major objectives include (i) deciphering
of the human immunome, comprising both
the naive and the adaptive repertoires in heter-
ogeneous populations, and relatedly, the hu-
man antigenome, representing the targets of
the immune system on infected and neoplastic
cells; (ii) elucidating the principles or “rules” of
immunogenicity, such as how to elicit durable
and clinically effective immune responses; and
(iii) identifying vaccination strategies that gen-
erate and sustain effector T cell responses in
the context of large and persistent antigen
burdens. Together, achievement of these sci-
entific objectives at unprecedented scale over
the next decade could usher in a new era of
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global disease prevention and control. Cur-
rently, the Project is nearing completion of its
catalytic stage, developing the core network of
pharmaceutical companies, academic research
centers, clinical trial sites, immune monitoring
laboratories, and a bioinformatics and data
management center, and it plans to embark
on its initial set of pilot studies later this year.

Here, we discuss tumor antigens and their
prioritization, antigen delivery, immune system
fitness, induction of long-lived immune memory,
and strategies for the next decade of international
collaborative cancer vaccine development. Last,
we outline a consensus for a roadmap to cancer
vaccine development within the Project and lay
out the planned activities for its first year.

TUMOR ANTIGENS

Early cancer vaccines used irradiated whole
tumor cells as carriers of the entire collection of
tumor antigens, letting the patient’s immune
system sort out the relevant ones. A review of
173 published peer-reviewed immunotherapy
trials that used either a single molecularly de-
fined synthetic antigen or whole-tumor in pa-
tients with different solid tumor types found a
much higher rate of objective clinical responses
in 1711 patients who received whole-tumor
relative to 1733 patients who received molecu-
larly defined tumor antigens (18). However,
randomized phase III trials testing allogeneic
lysate vaccines failed to demonstrate clinical
efficacy. In fact, concerns regarding increased
mortality in the vaccination arm were raised in
one randomized trial (19, 20). However, a phase
III randomized study with autologous renal
tumor cell vaccine in 379 evaluable patients with
stage pT2-3b pN0-3 MO renal cell carcinoma af-
ter radical nephrectomy showed a higher rate of
progression-free survival at 5 years in patients
who received adjuvant vaccination (21), suggest-
ing that mutation-based neoantigens expressed
in autologous tumor lysate preparations may be
important determinants of effective vaccination.
The complexities in collection and formulation
of autologous whole-tumor vaccines have
limited the expansion of this approach in the
clinic and have created an impetus for the devel-
opment of molecularly defined vaccines.

The first T cell-defined human tumor
antigen was identified in 1991 through molec-
ular cloning of the gene encoding melanoma-
associated antigen 1 (MAGE-A1) (22), and
numerous tumor antigens have been identified
since then with this approach (23) or by screen-
ing with autoantibody repertoires of cancer
patients (24). Therapeutic vaccination attempts
built on these targets have been largely disap-

pointing to date, indicating that vaccine mono-
therapy based on these antigens is clinically
inefficient. Possible reasons include not only
immune evasion upon selection of antigen loss
variants but also weak vaccine formulations
and a limited, low-avidity and tolerized T cell
repertoire that is deployed in an immunsup-
pressive tumor environment. Today, massive
parallel DNA/RNA sequencing combined with
advanced computational methods enable the
high-throughput identification of all prevalent
nonsynonymous mutations in a tumor sam-
ple, the so-called mutanome, and provide the
basis for antigen discovery focusing on the
identification of T cell epitopes containing
somatically mutated residues, referred to as
mutant neoantigens (13). These, like the foreign
antigens expressed on virus-induced cancers
(7), are expected not to be subject to central im-
munological tolerance, and therefore vaccina-
tion may elicit high-affinity/avidity CTLs with
increased efficacy relative to historic vaccines
directed to self-cancer antigens. The associa-
tion of high mutational load with greater re-
sponses to immune checkpoint blockade in
metastatic melanoma and lung cancer (25, 26)
and with increased T cell infiltrates in a variety
of solid tumors (27) has provided further val-
idation of the possible relevance of tumor neo-
antigens. In preclinical models (10), mutant
neoantigens can generate robust CD8 T cell re-
sponses and provide efficient therapeutic vac-
cination. With the plethora of tumor antigen
choices emerging, future clinical studies should
address the question of how to identify antigens
for vaccine development in order to elicit the most
robust immune-mediated clinical response.

ANTIGEN PRIORITIZATION

Initial prioritization of tumor antigens for
vaccination considered the available evidence
of their expression, relative antigenicity, and
immunogenicity (Table 1) (28), but it preceded
the recent revolution in cancer immunotherapy
and did not consider the possibilities presented
by the use of mutant neoantigens. Thus, it is time
to revisit tumor antigen prioritization, taking
into account recent advances in the field. In-
formed prioritization of tumor antigen candi-
dates for vaccine development should consider
the degree of relatedness to self-antigens. With
such a metric, virally encoded antigens and
neoantigens would be at the top of the list. Fre-
quently mutated sequences in some tumors
(such as the epidermal growth factor receptor
vIII isoform in glioma) would also represent
important targets for vaccination strategies.
However, the uniqueness of the repertoire of
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mutations in each patient’s tumor has spurred
personalized approaches informed by next-
generation sequencing (NGS)-based identifi-
cation of each patient’s mutanome. In this
approach, the somatic mutations giving rise to
peptides that are processed and bind to any of
the major histocompatibility complex (MHC)
class I or class II allelic products in the patient
need to be identified through a bioinformatic
pipeline. The fraction of somatic mutations
yielding an epitope in any individual patient
is low. Moreover, the fraction of the population
expected to present even a recurring mutation
is a function of the frequency of the presenting
MHC allele, which is generally low. Personal-
ized neoantigen-targeted trials that use either
mutant RNA or mutant peptides as antigens
are recruiting melanoma patients (NCT02035956
and NCT01970358). One trial involving three
metastatic melanoma patients has recently re-
ported promising results (29). Posttranslationally
modified peptides and MAGE-type antigens,
lineage and differentiation antigens in nonvital
tissues, and overexpressed antigens should fol-
low. Occasionally, specific self-antigen epitopes
also escape from central thymic tolerance in-
duction and can therefore be considered as ef-
fective vaccine ingredients (30, 31).

A systematic analysis of relevant antigens
through NGS in samples from patients with
documented clinical benefit from immune
checkpoint blockade therapy or responding
to vaccination with unbiased antigen prepara-
tions such as tumor lysates, mRNA, or whole-
tumor cell vaccines could provide additional
avenues for antigen prioritization. In addition,
there is emerging scientific rationale for the
design of assays to screen for the existence of
central tolerance in the thymus (32) to aid in
antigen prioritization (33).

ANTIGEN DELIVERY

Antigen delivery is the cornerstone of vacci-
nation. Numerous antigen delivery platforms
are available to date, and many of these have
been tested in clinical trials of cancer patients.
They can be grouped into vectored or biochem-
ically defined antigen formulations. The latter
may be peptide/protein-based or nucleic acid—
based. A broad definition of vector delivery
systems would include inert ones such as poly-
meric supports, microbial-based ones, and
mammalian cell vectors such as autologous
dendritic cells.

Vectored vaccines

Tumor vaccines have been developed by using
a large variety of viral, bacterial, and even
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Table 1. Related cancer immunotherapy consortia preceding the Project.

Consortium Year Goals Leader(s)
NCI's antigen and agent 2009 To develop a well-vetted, Martin Cheever and
prioritization priority-ranked list of cancer Lynn Matrisian
vaccine target antigens
To test a new prioritization
approach based on an analytic
hierarchy process for dealing with
complex decisions
Human Immunology Project 2010 To define profiles/signatures/  10-member steering
Consortium, NIAID Division of fingerprints of steady-state and committee; chair,
Allergy, Immunology, and activated human immune system Bali Pulendran
Transplantation
renewed To create centralized knowledge
2015 base and resources
Cancer Vaccine Collaborative 2001 To centrally coordinate
(CVQ) Trials Network, Ludwig immunological monitoring and
and Cancer Research Institutes immunotherapy trial design by
partnership field-leading experts among more
than 60 tumor immunologists
Cancer Vaccine Consortium, 2008 To address the needs of Jedd Wolchok,
Cancer Research Institute (CRI), the immunotherapy community Axel Hoos
and Ludwig Institute for Cancer so as to accelerate discovery and
Research together with Cancer development and facilitate
Vaccine Consortium program regulatory discussions about
of the Sabin Vaccine Institute cancer vaccines and other
immunotherapies
Association for Cancer 2006 To enhance the Group of eight
Immunotherapy (CIMT) development of innovative members
Immunoguiding Program (CIP) immunotherapeutics
to treat cancer
CVC/Cancer Immunotherapy 2011 To promote international CRI and
Consortium (CIC)/CIP cross-laboratory immunoassay CIMT leadership
harmonization
Minimal Information 2009 To achieve consensus on International group

About T cell Assays

assay parameters to be

of expert tumor
reported in scientific immunologists
publications in a

systematic manner

fungal/mycobacterial vectors, taking advantage
of ample experience in the field of vaccines
against infectious pathogens. Viral vectors such
as pox and adenovirus are ideally suited to in-
duce robust CD8 T cell responses. Several
cancer vaccines based on vaccinia or other
pox viruses have been tested in advanced-phase
clinical trials. For example, Prostvac is based on
two recombinant pox viruses carrying prostate-
specific antigen (PSA) along with genes en-
coding costimulatory molecules (34). Some
bacterial vectors produce selective inducers
of strong CD8 T cell responses, and a human
papillomavirus vaccine with the E7 gene ex-
pressed in Listeria monocytogenes has reached
advanced clinical testing in women with ad-
vanced cervical carcinoma (35). Listeria vac-
cines expressing mesothelin are also being

tested in pancreatic cancer (NCT00585845).
A general drawback of microbial vectors is
their strong immunogenicity resulting from
their nonself nature and the high number of
antigens carried by the numerous gene products
that are still preserved in the vectors. In addi-
tion, the rapid induction of neutralizing anti-
bodies may preempt boosting and makes it
necessary to identify appropriate heterologous
prime-boost regimens. An interesting approach
is to use oncolytic viruses injected into acces-
sible tumor lesions. The ensuing tumor cell
lysis provides a source of antigens, including
neoantigens. A Herpes simplex 1 virus with re-
duced virulence and transgenic expression of
granulocyte-macrophage colony-stimulating
factor might provide an efficient means of “en-
dogenous” or in situ vaccination (36).

www.ScienceTranslationalMedicine.org

Inert vectors based on polymeric particles
are also promising players in cancer vaccine de-
velopment. Synthetic materials may be shaped
into nanoparticles of various sizes ranging
from a few nanometers to micrometer level
or contained in wafers with various degrees
of porosity (37). The antigen cargo can be
delivered and released into specific tissues at
rates that can be controlled by the chemical
formulations (37). In addition, the surfaces of
particles can be decorated with various ligands
that may engage costimulatory receptors on T
cells or scavenger receptors on professional
antigen-presenting cells, or additional chemi-
cal moieties that may avoid systemic phagocy-
tosis or specifically target tumors or secondary
lymphoid organs, thus allowing accurate local-
ization for immune response activation. Addi-
tional immune modulators such as cytokines,
immunomodulatory antibodies, or Toll-like
receptor (TLR) agonists might be embedded
in those vehicles. A special type of nanopar-
ticles are those assembled by recombinant
viral capsid subunits that self-assemble into
viral-like particles. These are particularly well
suited for antibody response induction and
have found enormous success in prophylactic
vaccines such as the HPV L1 vaccines (38).
However, they also have strong intrinsic im-
munogenicity, similar to their parental viruses.

Dendritic cells (DCs) have been extensive-
ly tested in cancer vaccination. The rationale
for this is the recognition of their ability to in-
duce de novo adaptive immune responses. How-
ever, their exceedingly low numbers in blood
and tissues, the diversity of functional special-
ization of different DC subtypes, and the in-
efficiency with which injected DCs home to
lymphoid organs make this approach still chal-
lenging and, as yet, not particularly efficacious.
Nevertheless, targeting endogenous DCs is an
attractive strategy for vaccine design, and sev-
eral targets have already been validated in pre-
clinical studies (39-41).

Biochemically defined

vaccine formulations

Peptides and proteins are straightforward
antigen-delivery formulations amply tested in
clinical trials of cancer vaccination. Short,
exact-length class I MHC-binding peptides
efficiently elicit specific CD8 T cells only if
properly delivered with potent adjuvants. A
combination of oil emulsion together with a
TLR9 agonist is a potent inducer of specific
CD8 T cells (42). TLRY and TLR3 agonists work
best at inducing a favorable CD8-to-regulatory
T cell ratio and tumor control in experimental
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models (43). In contrast, slow release of short
peptide alone efficiently induces regulatory T
cell expansion (44). Long synthetic peptides
may be superior to short peptide immunogens
in at least two ways: they induce broader T cell
responses including antigen-specific CD4 T
cells, and they minimize the chances of toler-
ance induction because of the need for antigen
processing by dendritic cells. In addition, long
peptides are processed for presentation by
both MHC class I and class I molecules much
more effectively than proteins (45). Both p53
and HPV-16 E6 and E7 long synthetic peptide
cocktails induce specific antitumor immunity
in cancer patients (46, 47).

Proteins purified from recombinant expres-
sion vector cultures have also been tested in the
clinical arena. The MAGE-A3 and NY-ESO-1
proteins are polypeptides of a few hundred
amino acids expressed by variable proportions
of tumors of different histotypes. Unfortunate-
ly, the clinical signals detected in randomized
phase II clinical trials of vaccination with the
MAGE-A3 protein could not be reproduced in
phase III trials, resulting in the abandonment of
this vaccine development program (http://us.gsk.
com/en-us/media/press-releases/2014/update-on-
phase-iii-clinical-trial-of-investigational-mage-
a3-antigen-specific-cancer-immunotherapeutic-
in-non-small-cell-lung-cancer). A hurdle for
proteins as cancer vaccines is the inefficient in-
duction of specific CD8 T cells by immunization
with the current formulations, although this may
be improved by next-generation adjuvants. This
may be caused by the nearly exclusive proces-
sing of these proteins in the endocytic compart-
ment resulting in predominant specific CD4 T
cell responses. The need for efficient means of
diverting proteins to the cross-priming pathway
in specialized dendritic cells has been recog-
nized, and more research is needed to find
practical ways of achieving this through vac-
cination (48).

Nucleic acids are attractive delivery vehi-
cles. Extensive testing in humans and animal
models highlights the value of DNA vaccines
to prime T cell responses that are then boosted
by other antigen-delivery methods such as pro-
teins or live recombinant vectors. Although
historically DNA vaccines have elicited weak
responses, the use of electroporation and chi-
meric constructs composed of highly immuno-
genic sequences of pathogens may drive potent
CD8 responses (49, 50). A recent study showed
that DNA vaccines expressing HPV oncopro-
teins have the capacity to clear localized cancer
(51). Antigen-encoding mRNAs provide an-
other way to transiently deliver antigen. Ra-

tional modifications of these molecules enable
their stabilization inside the cells, with the con-
sequent increased time for translation and
gene expression of the antigen. Signals can be
added to the vector to direct the translated pro-
tein products into either the cytosolic or the
endocytic cell compartments to elicit CD8- or
CD4-biased T cell responses, respectively (52).
This format offers the possibility of using mul-
tiple mRNAs for polyantigen vaccines or pre-
paring arrays of minigenes encoding multiple
target epitopes, both class I and class II MHC-
restricted (53). An important issue when design-
ing vaccines with multiple epitopes is antigen
competition for presentation. This is particu-
larly acute with microbial vectors, which carry
amultitude of foreign antigens that may readily
prime high-affinity T cells. Heterologous prime
boost regimens that use peptides or nucleic acid—
based vaccines for priming and separation of
antigens delivered for priming may be able to
overcome the antigen competition hurdle.

T CELL MEMORY IN CANCER VACCINES
A major goal of cancer vaccines is the induction
oflong-lived memory T cell responses that con-
tinue to regenerate the effector T cells required
to eliminate tumor cells and to suppress tumor
reactivation long-term.

The current models of memory T cell forma-
tion involve specific transcriptional programs,
with high T-bet and Blimp-1 and low Eomes
and BCL6 associated with an effector differ-
entiation, and a low T-bet/Eomes ratio being
characteristic of memory T cell differentiation
(54). FOXOL represses T-bet expression and
promotes Eomes-mediated building of prolif-
erative potential (55) as well as other transcrip-
tion factors such as Tcf7. Blimp-1 and BCL6
have opposing effects, as do ID2 and ID3 (54).
Thus, a delicate balance of transcription factor
expression underlies the fine tuning of differ-
entiation fates between cells with high effector
functions but low proliferative potential and
vice versa (56). The extent of memory T cell dif-
ferentiation can be modulated by rapamycin
(57) or metformin (58). In both cases, it is the
induction of a metabolic switch from glycolytic
oxidation to fatty acid oxidation that increases
the number of antigen-specific CD8 T cells in a
primary response entering the memory T cell
differentiation program. However, pharmaco-
logical agents have pleiotropic effects. For in-
stance, rapamycin also promotes regulatory T
cells and tolerogenic DCs and may inhibit sig-
naling required for costimulatory molecule
function. Therefore, it is important to selec-
tively target mechanistic target of rapamycin
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(mTOR) modulators to CD8 T cells (59). Ad-
ditional clinical research will be needed to re-
veal the entire signaling circuitry for memory
T cell formation and provide the necessary
targets for specific components of vaccines to
elicit robust long-lived memory T cell responses,
with major implications for successful develop-
ment of vaccines for infectious diseases and
cancers. In particular, the status of memory T
cell formation and maintenance in conditions
of chronic antigen exposure remains poorly
characterized. Recent evidence suggests the
existence of “exhausted” T cells in chronic in-
fection models that retain substantial in vivo
functional potential upon antigen recall (60).
In agreement with these experimental obser-
vations, the experience in the clinic shows po-
tent antitumor effects upon adoptive transfer
of in vitro expanded tumor-infiltrating lym-
phocytes. The hypothesis that exhausted T cells
in tumors and chronic microbial infections are
heterogeneous and harbor memory T cells is
being actively pursued (61).

IMMUNOLOGICAL FITNESS OF

CANCER PATIENTS

The patient’s immune system’s ability to mount
potent and durable responses to stimuli, or im-
munological fitness, is a critical parameter in
cancer vaccine development. However, there
is no easy definition of immunological fitness.
A clear view of “normal” in the human immune
system at steady state and in response to chal-
lenges at a systems level is still lacking, much
less a detailed understanding of global altera-
tions of the human immune system in cancer
patients at baseline and upon stimulation. De-
fining these would be a daunting task, given the
considerable heterogeneity of immunological
parameters among individuals, which is partly
attributable to genetic polymorphisms and in
large part associated with environmental expo-
sures, as documented by a study on identical
healthy twins (62) and another one in the gen-
eral population (63).

Cancer patients, particularly those with ad-
vanced disease, have signs of major immune
abnormalities readily detectable in peripheral
blood, such as increased numbers of myeloid-
derived suppressor cells and regulatory T cells
(64, 65). Yet, the ability to respond to recall an-
tigens may be variably preserved in many. The
possibility that chemotherapy may durably
compromise the ability of CD4 T cells to re-
spond has been raised long ago. For example,
chemotherapy-treated lung cancer patients
had inferior clinical benefit after treatment
with PD-L1-blocking antibody relative to
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chemotherapy-naive patients (66). Systemic
immunomodulation targeting innate immu-
nity (for example, by TLR agonists) or adaptive
immunity (for example, by checkpoint block-
ade) will likely prove important in improving
the immunologic fitness of cancer patients,
and could be used at much lower doses in the
context of vaccination. Additional interventions
may help attenuate cancer-related immune
deregulation. For example, low-dose cyclophos-
phamide has been shown to improve response
to vaccines, possibly by attenuating regulatory
T cells or by creating more room in the T cell
niche for expansion of antigen-specific clones
(67). Similarly, cisplatin synergized with a ther-
apeutic vaccine in a preclinical mouse model
of high-risk HPV-induced cancer (68). Last,
the effects of commensal and pathogenic mi-
crobes, especially the intestinal microbiome
and chronic infections such as Epstein-Barr
virus and cytomegalovirus, on immunological
fitness in patients with cancer will have to be
addressed in order to fully capture immune
variation in response to vaccines.

ROADMAP FOR THE NEXT DECADE
The scientific challenges impeding the de-
velopment of effective cancer vaccines mirror
many of the challenges impeding vaccine de-
velopment for globally important infectious
diseases. These include (i) a lack of under-
standing at the molecular level of the B and
T cell repertoire, also known as the human im-
munome; (ii) limited data on the human anti-
genome, or the antigen (or antigens) required
for disease prevention and control; (iii) limited
understanding of optimal strategies to elicit
specific and durable immune responses in
humans, in other words the “rules of immuno-
genicity”; and (iv) the need to identify the op-
timal means to harness innate immunity.
One of the highest priorities in cancer vac-
cinology is to define optimal delivery of tumor
antigens, in terms of technology, materials,
route, and schedule. Such baseline data would
greatly change the landscape for cancer vacci-
nology, and a large multicenter clinical study
or series of iterative smaller studies comparing
therapeutic vaccination approaches in a dy-
namic fashion would be highly beneficial and
timely. A rapid screening of comparable de-
livery platforms and materials, antigen doses,
adjuvants, schedules of prime and boost tech-
nology combinations, frequency of vaccination,
and routes of delivery is necessary and can be
achieved through clinical studies adopting open-
ended adaptive Bayesian designs. Vaccines,
unlike other anticancer drug classes, can be

monitored by easily measurable and relevant
pharmacodynamic markers to compare effects
among study arms with small cohorts early in
the drug development cycle. Even though in-
dividual variability in humans is large, cohorts
of approximately 10 individuals should pro-
vide distinct clues as to the relative potency
of different vaccines and platforms.

The goal of developing clinically effective
cancer vaccines is best attainable through the
concerted work of multidisciplinary interna-
tional consortium teams whose expertise can
match the complexity of human vaccinology.
The overall strategy of the first steps in clinical
testing could immediately build on the few
existing shared tumor antigens with a proven
record of immunogenicity as well as safety,
such as the MAGE-type antigens (such as NY-
ESO-1, MAGE-A1, and MAGE-A3), in care-
fully defined populations of patients in whom
these antigens are highly expressed. Alterna-
tively, one may use well-defined viral antigens
for virus-induced cancers, such as the HPV E6
and E7 oncogenic proteins in high-risk HPV16.
Vaccination in the adjuvant setting after front-
line standard-of-care therapy that results in
complete responses (usually a combination of
surgery, chemotherapy, and radiation) appears
to be quite suitable for some arms of such trials,
given the number of available patients, the
paucity of therapeutic options in this setting,
and the likelihood of maximal benefit from ad-
juvant vaccination in the setting of minimal
residual disease. Combinations of vaccines
with immunomodulatory approaches such as
checkpoint inhibitors as well as chemotherapy
should be considered in parallel cohorts of the
same study in order to rapidly screen multiple
approaches and identify those worth retaining
for further testing.

Another priority for accelerating cancer
vaccine development is to vaccinate healthy
donors with the same vaccines as cancer pa-
tients, to compare immune fitness in people
with and without cancer. Despite the obvious
caveat that only a restricted set of vaccines may
be proposed to healthy donors, these compar-
ative studies would benefit from standardized
protocols assessing innate and adaptive im-
munity and a systems immunology analysis
of immune responses, including transcrip-
tome, immunome, epigenome, and microbiome
analyses. In this regard, the tumor immunology
community will need to develop the metrics
and define some of the assays to be used. De-
fining immunological fitness and having ap-
propriate biomarkers for it will be important
milestones toward achieving greater success
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for next-generation cancer vaccines. An im-
portant limitation is that most of these metrics
can only be systematically applied to circulating
immune cells. Whether immune biomarkers in
blood can accurately reflect immune responses
in tissues, including tumors, remains to be de-
termined and will be one of the important fu-
ture tasks.

Multinational collaborative studies can
best succeed if harmonized assays can be es-
tablished across reference laboratories, in-
cluding a data management/bioinformatics
core, which will support the entire consortium.
Establishment of cohorts in which baseline
information on immune repertoire, microbiome,
and other factors can be assessed before per-
turbation by vaccination will be essential. Assays
should include deep phenotypic and function-
al characterization of immune responses along
with deep multiparameter serum assays and
deep sequencing of T cell and B cell receptors
evoked by vaccination. Systems immunology
approaches will establish a solid baseline cap-
turing the immune response variables that de-
fine a normal immune system and provide a
clear view of the range of variation among hu-
man individuals. This step is essential for captur-
ing immune variation and defining the baseline
immunological fitness in cancer patients.

In parallel, the self peptidome of subsets of
individuals from heterogeneous populations
with respect to age, gender, geography, and eth-
nicity will be characterized to enable accurate
neoantigen identification and validation. This
can be accomplished by integrated deep geno-
mics sequencing and mass spectrometry-based
proteomics combined with biochemical valida-
tion of human leukocyte antigen binding of can-
didate peptides and functional validation of their
recognition by peripheral blood T cell precursors.
This should support a systematic effort at identi-
fying the relevant tumor antigens for cancer vac-
cines. In this endeavor, the populations of
patients who have been responding to immuno-
modulatory therapies, particularly immune
checkpoint blockade, will serve as a resource for
the identification of tumor-rejection antigens.

SUMMARY AND NEXT STEPS

The complexity of effective cancer vaccine
development necessitates a multidisciplinary
concerted international approach to tackle
the challenges ahead in a systematic way. The
recent discovery of immune checkpoint inhibi-
tors has demonstrated that the immune system
can effectively control a wide range of cancers
in a subset of patients. Building on these dis-
coveries, and harnessing recent technological
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advances in genetic and immune monitoring,
successful achievement of the Human Vac-
cines Project’s major objective—to decode the
human immune system—will provide the found-
ational knowledge to accelerate therapeutic
cancer vaccine development into clinically us-
able, powerful therapies. Pilot clinical research
studies on the issues described above should
be conducted in the near future so as to pave
the way for large, adaptive clinical trials that
will be the backbone for numerous succes-
sive arms testing variables involved in vaccine
optimization and identifying predictive bio-
markers. This will entail creating an inter-
national consortium of centers, developing
the statistical bases for adaptive clinical studies
in cancer immunotherapy, establishing centers
for harmonization of immune assays, and
launching the assessment of immune fitness
in cancer patients and normal controls. By com-
plementing ongoing global efforts and closely
integrating academic, governmental, pharma-
ceutical, and biotechnology stakeholders in a
flexible large-scale global consortium, this
should provide the potential for achieving the
next transformative step in conquering cancer:
the development of clinically effective vaccines
and immunotherapies.
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