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Cancer vaccines offer the potential to enhance T cell-mediated antitumor immunity by
expanding and increasing the function of tumor-specific T cells and shaping the recall
response against recurring tumors. While the use of cancer vaccines is not a new
immunotherapeutic approach, the cancer vaccine field continues to evolve as new
antigen types emerge and vaccine formulations and delivery strategies are developed. As
monotherapies, cancer vaccines have not been very efficacious in part due to pre-existing
peripheral- and tumor-mediated tolerance mechanisms that limit T cell function. Over the
years, various agents including Toll-like receptor agonists, cytokines, and checkpoint
inhibitors have been employed as vaccine adjuvants and immune modulators to increase
antigen-mediated activation, expansion, memory formation, and T effector cell function. A
renewed interest in this approach has emerged as better neoepitope discovery tools are
being developed and our understanding of what constitutes an effective cancer vaccine is
improved. In the coming years, cancer vaccines will likely be vital to enhance the response to
current immunotherapies. In this review, we discuss the various types of therapeutic cancer
vaccines, including types of antigens and approaches used to enhance cancer vaccine
responses such as TLR agonists, recombinant interleukin-2 and interleukin-2 derivatives,
and checkpoint inhibitors.
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1 INTRODUCTION

Almost a century following Edward Jenner’s demonstration in 1796 that protection against
smallpox could be achieved through the process of vaccination (1), the American physician
William Coley, known as the “Father of Cancer Immunotherapy”, introduced in 1891 the use of
vaccines to treat inoperable tumors (2, 3). Using Coley’s method of vaccination, i.e., heat-inactivated
Streptococcus pyogenes and Serratia marcescens bacteria, tumor regression and sometimes cures
were observed in about 50% of approximately 1000 patients (4, 5). However, this vaccination
approach only worked in some cancer types (6). Nevertheless, these initial promising results set the
stage for intensive investigation which is still ongoing for more effective cancer vaccines.

Much emphasis initially focused on cancer vaccines that incorporated tumor cells either in the
form of lysates or irradiated cells. Modern cancer vaccines typically contain specific tumor antigens
related to the patient’s tumor tissue to mount T cell-mediated antitumor immunity. MAGE-A is the
first gene reported to encode a tumor antigen, which allowed vaccination against a defined tumor
antigen (7). As antigen discovery platforms have improved, many cancer-associated antigens have
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been molecularly defined. Current vaccines contain these
antigens along with other immune modulators to increase
antitumor immunity. In this review, we discuss the different
types of antigens employed in cancer vaccines and combinatorial
strategies used to enhance the response to these vaccines.
2 RATIONALE FOR USING TUMOR
ANTIGEN VACCINES TO PROMOTE
ANTITUMOR T CELL IMMUNITY

Tumor antigens with the potential to activate T cells include
non-mutated overexpressed self-proteins, mutated self-proteins,
where some contribute to tumorigenicity, and non-self-antigens,
e.g., viral proteins from oncogenic viruses. The high
overexpression of non-mutated self-antigens sometimes breaks
peripheral tolerance, in part due to a high density of self-peptide-
MHC complexes that may promote T cell-mediated antitumor
responses. Mutated regions of self-antigens and non-self-tumor
antigens have a greater likelihood of being more immunogenic in
comparison because T cells directed toward such antigens escape
thymic negative selection and may express high affinity TCRs.
Most current tumor vaccines target these latter types of antigens
as these have the potential to elicit stronger antitumor immunity.

Tumor-reactive T cell activity to persistent endogenous
tumor antigens can be negatively regulated at the tumor
draining lymph nodes and the tumor microenvironment
(TME) (8). Despite a high abundance of tumor-derived
antigens encountered at these sites, tumor-associated
immunosuppressive cues may curtail priming and/or lead to
suboptimal cytotoxic responses. Ideal tumor antigen vaccines
must avoid immune tolerance mechanisms while inducing
tumor-specific immune responses. The antigenic component of
Frontiers in Oncology | www.frontiersin.org 2
these vaccines is administered in the form of peptides and
proteins, which may be co-delivered with antigen-presenting
cells (APCs), or are encoded in RNA or DNA to prime T cells at
more immune permissive sites other than the TME or tumor
draining lymph nodes. Additionally, vaccines can be formulated
to contain self- or non-self-immunogenic antigens that are
highly expressed by the tumor, favoring an effective
immune response.
3 CANCER VACCINE ANTIGENS

Tumor vaccines are formulated using two broad categories of
cancer antigens: tumor-associated antigens (TAAs) and tumor-
specific antigens (TSAs) (Figure 1). Of these two, TAAs have
been more widely explored as these have been identified more
rapidly. However, during the last decade, new technology for the
discovery of TSAs and their high immunogenicity has shifted the
focus from TAAs to TSAs.

3.1 Tumor-Associated Antigens
TAAs are self-antigens that are overexpressed by cancer cells.
These are divided into 3 categories: 1) differentiation antigens,
2) widely occurring and overexpressed antigens, and 3) cancer
testis antigens (CTAs) (9).

Differentiation antigens are proteins that play a tissue-specific
function and constitute the majority of TAAs. The most well-
known differentiation antigens are associated with melanoma
and normal melanocytes, i.e., glycoprotein 100 (gp100), Melan-
A/MART-1, and tyrosinase-related proteins. These types of
antigens have also been described in breast (mammaglobin-A)
and prostate (PSA) cancers (9, 10). Although expressed in
normal tissues, vaccines based on differentiation antigens have
been widely used for cancer treatment in preclinical and clinical
A

B

FIGURE 1 | Cancer vaccine antigen types and characteristics. (A) Cancer vaccine antigens are divided into tumor-associated antigens (TAA) and tumor-specific
antigens (TSA). Shown are subtypes of TAAs and TSAs. (B) Characteristics of TAAs and TSAs based on low (cyan) vs. high (red) for the indicated properties.
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settings. However, clinical findings do not consistently support
the use of gp100 andMelan-A/MART-1 TAA vaccines for cancer
immunotherapy, as responses are poor and tumor regression is
often not achieved. Additionally, in melanoma patients treated
with vaccines containing melanocyte-specific antigens, vitiligo, a
sign of immune attack to normal melanocytes, has been reported
in some studies that often correlates with an anti-tumor response
(11–13).

Widely occurring and overexpressed TAAs include tumor
suppressor proteins and antiapoptotic proteins (p53, HER-2/
neu, livin, and survivin). Although mechanisms of central and
peripheral tolerance are very strong for T cells recognizing many
TAAs, overexpression or extensive immunization of these TAAs
allows those T cells that escape thymic selection to break
immune tolerance and become activated by their high antigen
density, which in turn leads to tumor attack. The tumor
suppressor protein p53 has been widely tested in clinical
studies using various vaccine strategies, including p53 peptide-
loaded dendritic cells, viral vectors encoding p53, and short and
long p53 peptide vaccines (14–17). Although these approaches
have generated strong T cell responses, clinical efficacy has also
been inconsistent, which in part is related to peripheral
immunoregulatory mechanisms that work to restore immune
tolerance and inhibit anti-tumor cytotoxic T cell (CTL) activity.

CTAs constitute a safer and more immunogenic vaccine
approach. The expression of these TAAs in healthy tissue is
restricted to germ cells and placental trophoblasts. Expression of
CTAs can be induced in many epithelial tumors, including
melanoma, lung, colon, breast, and other carcinomas (9). NY-
ESO-1 and MAGE-A represent CTAs with varied expression in
these cancer types. The highest frequency of expression of NY-
ESO-1 is associated with myxoid and round cell liposarcoma,
where nearly 100% of patients with these types of tumors express
NY-ESO-1. In contrast, only about 40-50% of patients with
melanomas express NY-ESO-1 (18, 19). Although the specific
function of CTA re-expression in cancers is not well-understood,
high CTA expression in tumors is associated with poor prognosis
and advanced disease (20). In some tumors, the highest CTA
expression is found in metastases as compared to primary
tumors (18, 20, 21). Vaccines targeting the NY-ESO-1 CTA are
being used in several clinical studies in combination with
adjuvants (19). Additionally, a phase I clinical study tested the
safety and feasibility of adoptively transferred CRISPR-Cas9
gene-edited T cells, where the T cell receptor recognizing NY-
ESO-1 was introduced while PD-1 and endogenous TCR was
knocked out to direct and enhance tumor-recognition in patients
with advanced, refractory cancer (22). Although the clinical
results suggest safety, additional studies with more patients and
improved CRISPR engineering tools must follow to fully assess
this therapeutic approach.

Peptide vaccines using TAAs have generated antitumor
responses in mouse models. However, clinical responses for
this type of peptide-based vaccines have been suboptimal,
despite increased immune responses in patients (9, 23, 24). A
clear obstacle preventing more robust antitumor responses to
vaccines containing TAAs includes the low frequency of T cells
Frontiers in Oncology | www.frontiersin.org 3
specific to the self-antigen and immunoregulatory mechanisms
that normally limit self-reactivity. Additionally, vaccinating
against TAAs has the potential to generate destructive
responses to healthy tissues that also express the TAA.

3.2 Tumor-Specific Antigens: Neoantigens
In the past decade, cancer vaccine antigen discovery has moved
away from TAAs and toward TSAs. The process of tumor
immunoediting has highlighted tumor neoantigens as major
inducers of antitumor immunity. Immunoediting is a process
by which cancer cells become unrecognizable by the immune
system following immune-mediated elimination of tumor cells
expressing immunogenic epitopes. The lack of expression of
neoantigens by the residual tumor cells importantly contribute to
tumor progression (25, 26). For example, in patients with
progressive pancreatic ductal adenocarcinoma, highly
immunogenic neoantigens expressed by the primary resected
tumors were selectively lost in the metastatic lesions of the
progressive disease (27). Additionally, in patients with stage IV
melanoma treated with adoptive cell therapy or glioblastoma
patients receiving PD-1 immune-checkpoint blockade (ICB),
neoantigen loss was observed as the tumor progressed,
indicating a strong response to neoantigen-expressing tumor
cells (28, 29).

TSAs are tumor-specific proteins that arise because of
mutations in coding and predicted noncoding regions such as
protein-coding gene untranslated regions, pseudogenes, long
noncoding RNAs, the antisense strand, and alternative reading
frames of the DNA (30). Tumor vaccines comprised of TSAs
rather than TAAs provide some potential advantages. Unlike
TAAs, neoantigens are thought to be strongly immunogenic as
the avidity of TCRs recognizing this class of tumor antigens is
usually higher than those TCRs recognizing tumor self-antigens
due to the lack of negative selection during central
immunological tolerance. Also, targeting tumor neoantigens
avoids healthy tissue destruction by T cells as these antigens
are only expressed by the tumor tissue (31–36).

One main class of TSAs are non-synonymous single-
nucleotide variant (SNV) neoantigens. SNV neoantigens are
TSAs that arise from cancer-specific mutations in coding exons
and are not present in healthy tissues. Despite the benefits of
SNV neoantigens as compared to TAAs, their use as cancer
vaccines is personalized and likely preferred for tumors with high
mutational burden, which is correlated with neoantigen load.
Most SNV neoantigens have been characterized in metastatic
melanoma, which is the cancer with highest mutational burden
(37). Some studies have also attempted to discover SNV
neoantigens in low mutational burden tumors.

Whole exome sequencing technology coupled with RNA
sequencing and downstream analyses using mass spectrometry
and MHC binding algorithms allows for the identification of
SNV neoantigens in mouse and human tumors. Initially, high-
throughput sequencing of the B16-F10 mouse melanoma defined
SNV neoantigens for vaccine applications (38). Subsequently,
SNV neoantigens have been identified in other mouse tumor
models, including MC38 and CT26 colon carcinomas, 4T1 breast
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cancer, TRAMP-C1 prostate cancer, and GL261 and SMA-560
gliomas (39–41). In preclinical studies, vaccination of tumor-
bearing mice with SNV neoantigen vaccines showed increased
neoantigen-specific T cells that was accompanied by slow disease
progression and sometimes tumor rejection in prophylactic and
therapeutic settings (38–41). SNV neoantigen vaccination also
led to induction of CTL responses against the well-characterized
immunodominant AH1 antigen of the CT26 colon carcinoma,
indicative of antigen spreading (38, 39). Although neoantigen-
prediction approaches have been mainly focused on identifying
MHC class I-binding epitopes to induce CTLs, in silico selected
peptides have been often associated with binding to MHC-class
II that generates CD4+ T cell responses in vivo (38, 39).

Some clinical studies evaluating the feasibility, safety, and
efficacy of personalized neoantigen vaccines have been
conducted and show encouraging results. These vaccine
platforms have consisted of direct administration of long and
short peptides, RNA encoding the neoantigens, or neoantigen-
pulsed DC vaccines. Phase I trials have focused mainly on
treatment of patients with advanced melanomas (37). The first
such trial reported an increase in the frequency of melanoma
neoantigen-specific CD8+ T cells in PBMCs following
administration of a DC vaccine containing melanoma tumor
neoantigens (42). Another trial used the NeoVax vaccine, which
is comprised of up to 20 neoantigen peptides and adjuvant, to
treat patients with resected advanced melanoma. This trial
showed neoantigen-specific CD4+ T cell-biased responses with
transcriptional profiles characteristic of T helper 1 (Th1) and
memory T cells (43). Similarly, another Phase I study using an
RNA encoding neoantigen vaccine platform showed that the
majority of vaccine-elicited responses were mediated by CD4+ T
cells rather than CD8+ T cells (44). More recently, personalized
neoantigen vaccines have been studied in patients with
glioblastoma, a poorly immunogenic tumor with a low
mutational burden (45, 46). Although no clear antitumor
efficacy was observed, neoantigen-specific responses following
vaccination were reported, demonstrating that neoantigen
discovery is also feasible in low-mutational load tumors.
Additional trials have been extended to patients with other
tumors, including gastrointestinal cancer, non-small cell lung
cancer (NSCLC), colorectal cancer, melanoma, pancreatic
cancer, biliary tract cancer, ovarian cancer, small-cell lung
cancer, adrenal sebaceous adenocarcinoma, breast cancer,
parotid carcinoma, and gastric carcinoma (47, 48). These trials
also demonstrated that neoantigen vaccines are feasible and safe
while eliciting increases in neoantigen-specific T cell responses.
However, data regarding antitumor efficacy is limited and more
trials must be conducted.

Various other mutational events can give rise to neoantigens
(10, 49). These ‘alternative’ TSAs are non-SNV TSAs that include
antigens generated by mutational insertion/deletion, frameshifts,
endogenous retroviral elements, gene fusions, and post-
transcriptionally-derived splice variants (34). Tools to predict
alternative TSAs are still being improved and these types of TSA
have not been extensively validated in preclinical models.
However, as algorithms to predict alternative TSAs become
Frontiers in Oncology | www.frontiersin.org 4
available, these types of antigens might be preferred for vaccine
development as some types of alternative TSAs are not patient
specific. Additionally, due to the high dissimilarity of alternative
TSAs from endogenous antigens, they are expected to exhibit
high immunogenicity with a low potential to generate destructive
responses to healthy tissue.

Despite the highly immunogenic profile presented by vaccines
containing neoantigens, several factors still limit their clinical use
and efficacy (50). Although whole exome sequencing technology
discovers thousands of nonsynonymous mutations, few of these
result in immunogenic neoantigens. Thus, efforts are under way to
scan non-coding regions that lead to aberrant peptides to increase
neoantigen discovery. Additionally, prediction algorithms must be
improved to better identify neoantigens that bind to MHC class I
or II molecules. Many neoantigens that were predicted to bind to
MHC class I bindMHC class II. Overall, the process of neoantigen
development is long and expensive as tumor heterogeneity from
patient to patient makes this vaccine approach a highly
personalized process.

To evade the problems that come with personalized medicine,
some studies are focusing on vaccines that incorporate more
“public” neoantigens, i.e., those that are shared by patients with a
particular cancer type. These neoantigens are derived from
recurrent mutations in tumor driver genes (51). In some
gliomas, point mutations in isocitrate dehydrogenase type 1
(IDH1) occur during early cancer development. The IDH1
(R132H) mutation is shared among more than 70% of diffuse
grade II and III gliomas and serves as a shared neoantigen. When
mice engineered to express human MHC class I and II were
vaccinated with this IDH1 neoantigen, a CD4+ T cell-dependent
immune response limited tumor growth (52). The oncogene RAS
has been shown to contribute to shared neoantigens. The
recurrent Q61K mutation in RAS has been defined as a
neoantigen shared among 3% of patients with melanoma. The
complication that arises with using these public neoantigens is
that some of these might not bind to the patients’ HLA alleles
(53). In the best scenario, the most potent neoantigen vaccines
would incorporate multiple public and “private” or personalized
neoantigens to minimize outgrowth of antigen-loss variants.
4 COMBINATION STRATEGIES TO
IMPROVE CANCER VACCINES

Despite promising results shown in preclinical and in some
clinical studies, the use of cancer vaccines as monotherapies
does not lead to robust anti-tumor responses in cancer patients.
The lack of effectiveness can be attributed to several factors,
including low frequency of endogenous antigen vaccine-specific
tumor-reactive T cells, poor antigen presentation and
immunogenicity, and immunosuppression by the TME. These
findings make plain that these types of vaccines will need to be
combined with other immune modulators to enhance the
vaccine elicited immune responses. Several ongoing strategies
include the use of TLR adjuvants, cytokines, and checkpoint
inhibitors (Figure 2) and these are considered below.
May 2022 | Volume 12 | Article 878377
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4.1 Toll-Like Receptor Agonists as Cancer
Vaccine Adjuvants
TLRs are a class of pattern recognition receptors mostly
expressed on the cell surface but can also be found within
endosomes and the endoplasmic reticulum (TLR3, 7, 8, and 9)
(54). Recognition of agonists by most TLRs on APCs leads to
activation of MyD88, resulting in the production of pro-
inflammatory cytokines, including TNF, IL-1, and IL-6 (54,
55). Activation of DCs by TLRs induces maturation,
stimulation of antigen uptake and processing, and upregulation
of MHC and costimulatory molecules, including CD80, CD86,
and CD40. Overall, TLR agonists improve antigen presentation
and also promote cross-presentation of exogenously derived
peptides to stimulate CD8+ T cells (55). Thus, antigen vaccines
administered to patients in conjunction with TLR adjuvants have
increased potential to stimulate CD4+ and CD8+ T cell-mediated
antitumor immunity.

The most wel l s tudied TLR agonis ts in cancer
immunotherapy are those which bind to TLR3, 4, 7/8, and 9.
Although preclinical studies have shown that several TLR
agonists have significant antitumor efficacy, only three TLR
agonists have been approved by the FDA. These agonists are
BCG for treatment of bladder cancer, Monophosphoryl lipid A
(MPLA) for human papillomavirus-induced cervical cancer, and
Imiquimod for treatment of basal cell carcinoma (56, 57).
Frontiers in Oncology | www.frontiersin.org 5
4.1.1 TLR3 Agonists
TLR3 agonists include Poly-IC and derivatives such as Poly-
ICLC and Poly-IC12U, where the latter two were developed to
improve the safety and immune responses when compared to
Poly-IC. These TLR3 agonists are synthetic double-stranded
RNA analogs and are used as adjuvant with tumor vaccines.
Both Poly-IC and Poly-ICLC signal through TLR3 and
melanoma differentiation-associated gene-5 (MDA-5) while
Poly-IC12U only signals through TLR3 (58). Signaling induced
by Poly-IC and its derivatives leads to DC maturation,
production of cytokines (IL-6, IL-12, TNF, IFN-g), type-I
interferons, chemokines (MCP1, MIP1a and MIP1b) and
induction of a strong Th1 response (59, 60). When used as an
adjuvant to HIV gag peptide, Poly-ICLC was shown to be more
potent at inducing a Th1 cellular response than other TLR
agonists including LPS, MPLA, CpG, and Resiquimod (58, 61).

Poly-IC and derivatives have been extensively studied in
preclinical cancer models and in clinical studies in combination
with TAAs. When combined with a prime-boost vaccination
regimen with the melanoma TAA Trp1, containing two palmitic
acid chains to augment the peptide’s immunogenicity, or with
natural Trp2 peptide, Poly-IC enhanced the frequency of mouse
antigen-specific CD8+ T cells and was more effective than CpG.
The resulting immune response supported antitumor immunity to
subcutaneously pre-established B16 tumors (62). In combination
A

B

FIGURE 2 | Adjuvants and immune modulators to enhance cancer vaccines. (A) Cancer vaccine antigens stimulate antigen-specific T cell-mediated antitumor
responses. Adjuvants and immune modulators fortify the T cell response to cancer vaccines. (B) Classes of adjuvants and immune modulators, representative types
in each class, and biological outcomes from each class.
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with costimulatory anti-CD40 antibodies, immunization with
Trp2 and Poly-IC led to a strong reduction in metastatic
nodules of pre-established B16 melanoma (63). Additionally,
Poly-IC used with HPV16-E7 viral peptide induced a CD8+ T
cell response that led to HPV-induced TC1 tumor rejection in
some mice (64). In patients with pancreatic cancer, vaccination
with DCs pulsed with the widely, overexpressed self-peptides from
telomerase, carcinoembryonic antigen, and survivin together with
Poly-ICLC was well tolerated and resulted in increased peptide-
specific CD8+ T cells (65). The safety and increase in antitumor T
cells were also reported in a Phase I trial where patients with
ovarian cancer were vaccinated against the NY-ESO-1 antigen in
combination with Montanide, an emulsifying agent, and Poly-
ICLC. Addition of Poly-ICLC was crucial to obtain the highest
antigen-specific immune responses (66).

The benefits of neoantigen vaccines as monotherapies have
been limited. Combining MHC class I or II-directed neoantigen
vaccines with Poly-IC has significantly improved the neoantigen
vaccine antitumor responses to B16-F10 melanoma (38) and
MC-38 colon carcinoma (40). Given that Poly-ICLC has
demonstrated superiority over other TLR adjuvants in pre-
clinical studies with regards to safety and expansion of
antigen-specific T cells (38–40, 67), most phase I clinical trials
with neoantigen vaccines use Poly-ICLC as the TLR adjuvant to
boost the immune response (43, 45, 46, 68). However, as data
from neoantigen vaccine trials are still limited, no consensus
exists to which TLR adjuvants are best.

4.1.2 TLR4 Agonists
TLR4 is a pattern recognition receptor found on the cell surface
that recognizes bacterial lipopolysaccharide (LPS), but also binds
to damage associated molecules such as hyaluronan and
fibronectin (69). Binding of LPS to TLR4 on APCs induces
signaling via MyD88 and TRIF, which leads to activation of
NF-kB, production of type I interferons and other
proinflammatory cytokines, and enhanced antigen processing
and presentation on MHC molecules. Multiple studies have
shown the antitumorigenic role of TLR4 stimulation. However,
some studies suggest that continuous TLR4 simulation, such as
that seen in certain inflammatory conditions or chronic
infections, can result in tumorigenesis (69).

In humans, bacterial-derived LPS results in toxicities that
limit its use. MPLA is a TLR4 agonist derived from LPS that
retains the immunostimulatory characteristics of LPS but results
in less toxicity (70). MPLA is an FDA approved cancer vaccine
adjuvant. Multiples studies have been conducted to determine
best route of administration and escalating dosing regimens that
promote transient immune act ivat ion without the
accompanying toxicities.

Vaccines including LPS as an adjuvant lead to increased
frequency of effector and memory T cells (71). When LPS was
combined with the differentiation TAA gp100 and the
interleukin-2 (IL-2) receptor (IL-2R) agonist, IL-2/CD25
transdimers, gp100-specific melanoma-reactive Pmel-1 CD8+ T
cell expansion, T cell memory formation, and antitumor
responses to the B16-F10 mouse melanoma were enhanced to
substantially extend mouse survival. When other TLR agonists
Frontiers in Oncology | www.frontiersin.org 6
were used in this setting, Gardiquimod, but not CpG or Poly-IC,
supported T cell memory. In the context of tumor vaccines, LPS
may improve antitumor immunity in part due to its ability to
limit Tregs, which express TLR4 and may dampen the antitumor
response (72). LPS is also used as an agent to mature DCs in vitro
prior to pulsing with peptide antigens to enhance the antigen-
presenting capacity of this cellular vaccine (73).

An LPS dose escalation trial was conducted in combination
with twelve MHC class I-restricted melanoma peptides, a CD4-
activating tetanus helper peptide, and incomplete Freund’s
adjuvant (IFA). Combining LPS with these other components
was safe at the doses administered and generated a durable T cell
response (67). Administration of a vaccine consisting of MPLA
and the CTA, MAGE-3, increased the frequency of vaccine-
induced CD4+ T cells when compared to vaccination with
antigen alone in patients with stage I and II non-small cell
lung cancer (74).

4.1.3 TLR7 Agonists
TLR7 is expressed in the endosomal compartment and
recognizes intracellular pathogens by binding to nucleosides
and nucleotides. Due to homology with one of the ligand
binding sites of TLR8, the TLR7 agonists, Imiquimod,
Resiquimod, and Gardiquimod, also bind TLR8, but to a lesser
extent (75, 76). These TLR agonists induce DC maturation,
antigen cross-presentation, and production of pro-
inflammatory cytokines including IFN-g, TNF, and IL-2 (77, 78).

Imiquimod is one of the few TLR agonists approved by the
FDA as a topical treatment for primary superficial basal cell
carcinoma as well as genital warts and actinic keratosis. Despite
its value in these conditions, the efficacy of this immune activator
is limited when used as a vaccine adjuvant due to its fast diffusion
away from the vaccination site (79). However, multiple studies
testing this and other TLR7 agonists in the context of cancer
vaccines in mice and humans indicate improved vaccine-
driven responses.

In a phase IIa clinical study in stage III-IV melanoma
patients, Imiquimod in combination with the MelQbG10
vaccine, which contains virus-like nanoparticles loaded with
the TLR9 agonist CpG and Melan-A/MART-1 peptide, led to
an increase in the frequency of central memory CD8+ T cells
(80). This increase in memory was enhanced when compared to
a previous clinical study using the MelQbG10 vaccine without
Imiquimod in stage II-IV melanoma patients (81). No significant
toxicities were observed in both studies, indicating that the use of
TLR7 agonists in combination with antigen vaccines is safe and
triggering both TLR7 and TLR9 in this vaccination modality
improves the immune response to the vaccine.

When topical Imiquimod was combined with intradermal
administration of the NY-ESO-1 TSA to treat patients with
malignant melanoma, NY-ESO-1 CD4+, but not CD8+, T cell
responses were detected (82). The lack of detectable CD8+ T cells
responsive to NY-ESO-1 was suggested to be due to the timing of
Imiquimod administration. However, a later study conducted by
the same group to improve upon this trial using Resiquimod
showed that only a small number of patients generated CD8+ T
cells responses to NY-ESO-1 (77). Thus, even though multiple
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studies have concluded that TLR7 agonists in combination with
cancer vaccines are safe and supports antigen-specific responses,
optimization of dosing and timing for this class of vaccine
adjuvant appears necessary.

More recently, in a preclinical study, the TLR7/8 agonist,
Resiquimod (R848), and TLR9 agonist, CpG, were combined in a
nanoparticle vaccine containing an MHC class I neoantigen
(Adpgk) derived from the mouse MC38 colorectal cancer to
elicit antitumor T cell responses (83). This vaccine led to efficient
tumor control and improved mouse survival with low toxicity.
Tumor control was more pronounced when anti-PD-1 blockade
was administered in combination with the nanoparticle vaccine.
Thus, combining neoantigen vaccines with TLR agonists and
checkpoint inhibitors augments the breadth of the T cell-
mediated antitumor response.
4.1.4 TLR9 Agonists
TLR9 is found in late endosomes, lysosomes, and the
endoplasmic reticulum. Synthetic oligodeoxynucleotides
(ODN) containing unmethylated cytosine-phosphate-guanine
(CpG) are TLR9 agonists. Three classes of CpG ODN, Class A,
B, and C, have been defined and shown to modulate the immune
system differently. Stimulation of TLR9 by CpG-A ODNs
induces high amounts of IFN-a and IFN-b by plasmacytoid
DCs (pDCs). CpG-B ODNs induce DC maturation and B cell
activation but with lower IFN-a and IFN-b production by pDCs.
CpG-C ODNs combine the DC and B cell stimulatory activity of
Class A and B ODNs (84–86). CpG has been combined with
TAAs in preclinical and clinical studies and more recently with
TSAs in preclinical mouse tumor models (87–89).

In a phase I trial, the differentiation antigen Melan-A/MART-
1 peptide combined with Class B CpG 7909 and IFA was
administered to patients with melanoma. This vaccine
significantly increased Melan-A/MART-1-specific CD8+ T cells
when compared to levels prior to treatment and when compared
to patients that did not receive CpG as part of the vaccine
formulation (90). Addition of CpG to the Melan-A/MART-1
antigen vaccine improved the weak antigen-specific CD8+ T cell
responses that were observed in previous clinical studies of
patients with melanoma receiving Melan-A peptide and IFA
(13, 91, 92). Additional phase I clinical studies in patients with
stage III-IV melanoma treated with a vaccine containing Melan-
A/MART-1 peptide, several other TAAs (gp100 and tyrosinase
peptides), CpG, and the emulsifying agent Montanide indicate
that CpG supports a higher frequencies of antigen-specific T cells
with higher effector function as assessed by increased production
of IFN-g, TNF, and IL-2 (93, 94).

Multiple clinical studies have used CpG to improve NY-ESO-
1-driven tumor-specific responses. The consensus has been that
this TLR agonist improves the frequency of vaccine-specific T
cells, is well tolerated, and in some studies, patient survival is
improved (95–98). A recent clinical trial conducted in patients
with melanoma showed that vaccination with a long 30-mer
peptide from NY-ESO-1, Montanide, and CpG-B is safe and
well-tolerated and leads to CD4+ and CD8+ antigen-specific T
Frontiers in Oncology | www.frontiersin.org 7
cell responses. Despite the strong antigen-reactive immune
response, the therapeutic clinical outcome was poor (99).

In preclinical studies, CpG ODNs have also recently been
combined with the Adpgk neoantigen from the MC38 colorectal
cancer (88). To form adjuvant/antigen nanocomplexes, the
neoantigen was modified to contain 10 positively charged
lysine residues, which allowed for the self-assembly of
nanocomplexes between cationic peptide and anionic CpG.
When compared to neoantigen vaccine or CpG alone, these
complexes were more effectively taken up by DCs and promoted
enhanced DC maturation and cross-presentation. In mice with
pre-established MC38 tumors, increased mouse survival was
observed as compared to control groups, indicating the
potential of this combinatorial approach to improve antitumor
immunity. Using the nanoparticle approach, CpG has also
improved tumor control of mouse MC38 and CT26 colon
carcinomas when combined with mutant KRAS neoantigens,
MC38 neoantigens Adpgk and Copg1, and CT26 neoantigens
tmem87a and Slc4a3 (89).
4.2 Recombinant IL-2 Cytokine to
Potentiate Cancer Vaccines
Multiple common gamma chain cytokines, including IL-2, IL-7,
IL-15, and IL-21, have been used to enhance cancer vaccine
(100). However, of these, IL-2 has been most extensively studied.
IL-2 is a cytokine that drives T cell proliferation, differentiation,
effector function, survival, and memory formation, but is also
essential for Treg development and homeostasis (101). The IL-
2R is composed of three subunits: IL-2Ra (CD25), IL-2Rb
(CD122), and the common gamma chain (gc, CD132).
Functional IL-2Rs have either intermediate- (CD122/CD132)
or high-affinity (CD25/CD122/CD132) for IL-2. The
intermediate-affinity IL-2R is mainly expressed by memory-
phenotypic CD8+ T and NK cells while the high-affinity IL-2R
is primarily found on Tregs and recently antigen-activated Teff
cells. Vaccination with tumor antigens leads to the formation of
the high-affinity IL-2R on activated tumor-reactive T cells (102).
Thus, IL-2 has the potential to activate tumor-reactive T effector
and memory cells and NK cells to induce antitumor immunity,
but also Tregs that may limit inflammation, self-reactivity, and
anti-tumor responses. Due to its immunostimulatory activity,
high-dose IL-2 was tested in patients with cancer and became the
first cytokine approved by the FDA for the treatment of
metastatic renal cell carcinoma and metastatic melanoma in
1992 and 1998, respectively (103, 104).

High-dose recombinant IL-2 has been extensively tested in
combination with melanoma antigen vaccines. Vaccine regimens
incorporating high dose IL-2 as an immune modulator to the
melanoma gp100 TAA peptide showed regression of B16
melanoma tumors in mice and increased objective responses in
patients with metastatic melanoma as compared to IL-2 or gp100
monotherapy (100, 105–108). Recombinant IL-2 has also been
evaluated at a low dose to limit its toxicity to support tumor
vaccines. However, when used at a low dose (1 x 106 IU/m2/day),
IL-2 did not enhance the antitumor response in stage III/IV
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melanoma patients to a vaccine composed of the NY-ESO-1
CTA, the emulsifier Montanide, and CpG-B (99). Some patients
also had adverse events related to this vaccine formulation even
though a low IL-2 dose was administered. These adverse events
might be attributed, in part, to CpG-B rather than IL-2, as a
previous clinical study using higher doses of IL-2 (5 x 106 IU/m2/
day) combined with Melan-A/MART-1 peptide and the
emulsifier, but not CpG, showed lower toxicity and regression
of metastases in some patients (92).

4.2.1 IL-2 Analogs to Improve Cancer Vaccines
Amajor drawback of IL-2 for cancer immunotherapy includes its
high toxicity, which often causes life-threatening conditions in
patients. High-dosing regimens of IL-2 are required due to its
short half-life and because productive Teff responses depend on
sustained high IL-2R signaling. However, treatment with high-
dose IL-2 leads to off-target effects, particularly Tregs (109),
which are considered as a negative prognostic factor in some
tumor types by dampening antitumor responses (110, 111).
Many new IL-2 analogs, including IL-2 muteins, IL-2-anti-IL-2
antibody complexes, IL-2 modified to contain polyethylene
glycol chains, and IL-2-CD25 fusion proteins have been
designed with selectivity toward cells expressing the
intermediate- or high-affinity IL-2R and improved half-life,
which decreases the need for high-dose continuous
administrations to limit toxicities. These IL-2 analogs have
been described elsewhere (112) and have been tested pre-
clinically and some clinically as monotherapies or in
combination with cancer vaccines. Their use in the context of
cancer vaccines is discussed below.

NKTR-214 is an IL-2 analog containing polyethylene glycol
chains that enhance the IL-2 half-life and shift its selectivity
toward the intermediate-affinity IL-2R. NKTR-214 has been
shown to improve antitumor immunity in mouse cancer
models, including the B16-F10 melanoma and the CT26
colon carcinoma when combined with the gp100 self TAA or
the endogenous retroviral AH-1 TAA vaccine, respectively
(113, 114). In mouse models of B16 melanoma, NKTR-214
improved the expansion and persistence of gp100 vaccinated
tumor-specific Pmel-1 T cells. While the frequency of T cell
expansion with NKTR-214 was similar to recombinant human
IL-2 (~75% vs. ~80%), the magnitude of T cell memory
formation was greater for NKTR-214 compared to human IL-
2 (~60% vs. ~10%). Although treatment with only the vaccine
or NKTR-214 did not support antitumor immunity to B16-F10
melanoma, the combination delayed tumor growth. Similarly,
combining NKTR-214 with the AH1 vaccine more effectively
limited CT26 growth than the vaccine alone. In a phase 1/2a
clinical study (NCT03548467) in patients with locally advanced
or metastatic solid tumors, the feasibility, safety, and efficacy of
NKTR-214 (Bempegaldesleukin) is being evaluated as an
immune modulator to the VB10.NEO DNA plasmid
neoantigen vaccine (115).

IL-2/anti-IL-2 complexes, with specificity toward the
intermediate- or high-affinity IL-2R, support improved
antitumor immunity in comparison to IL-2 when used as a
monotherapy (116–118) or as potentiators of tumor vaccines.
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The IL-2/S4B6 and IL-2/JES6 complexes selective toward the
intermediate-affinity or high-affinity IL-2R, respectively, were
each more effective than IL-2 in enhancing effector and memory
OVA-specific OT-I CD8+ induced by OVA-peptide containing
vaccines (71, 119). Combining a TriVax vaccine, containing the
gp100 TAA, Poly-IC, and anti-CD40 mAb, with another IL-2/
anti-IL-2 complex (IL-2/JES6-5H4), with selectivity toward the
intermediate-affinity IL-2R, supported enhanced expansion of
gp100-specific adoptively transferred Pmel-1 T cells and anti-
tumor responses when compared to TriVax monotherapy. In the
absence of adoptive transfer of Pmel-1 T cells, TriVax combined
with IL-2/JES6-5H4 also led to delayed tumor growth, but to a
lesser extent (120). Due to the potent antitumor activity generated
by these IL-2/anti-IL-2 complexes in mice, the human IL-2/anti-
human IL-2 (hIL-2/NARA1) complex and its derivative,
NARA1leukin, were developed for clinical translation. Thus far
in pre-clinical studies, IL-2/NARA1 and NARA1leukin complexes
induced antitumor immunity as a monotherapy and in
combination with mouse melanoma gp100 vaccines (121, 122).
When combined with adoptive transfer of ex-vivo gp100-
stimulated Pmel-1 T cells, IL-2/NARA1 was more effective at
expanding these TAA-specific T cells in tumor-draining lymph
nodes and tumors compared to PBS- or recombinant human IL-2-
treated mice (121). Both IL-2/NARA1 and NARA1leukin halted
B16-F10 pulmonary metastasis when combined with a vaccine
containing gp100, anti-mouse CD40 antibody, and Poly-IC (122).

At least two IL-2-CD25 fusion proteins, ALKS 4230, targeting
the intermediate-affinity IL-2R, and IL-2/CD25 transdimers,
targeting the high-affinity IL-2R, have been described with
improved antitumor efficacy in mouse B16-F10 melanoma (71,
102, 123). However, data pertaining to the efficacy of these fusion
proteins when used as cancer vaccine enhancers is limited to the
IL-2/CD25 transdimers fusion protein. When combined with
antigen vaccines containing the melanoma TAAs gp100 or trp-1
and LPS or Poly-IC, IL-2/CD25 increased the frequency of
effector and memory gp100-specific Pmel-1 CD8+ or TRP-1-
specific TRP-1 CD4+ T cells post adoptive transfer (71, 102). IL-
2/CD25 transdimers also improved the frequency of neoantigen-
specific T cells following administration of a TSA vaccine
containing four B16-F10 melanoma neoantigens and Poly-IC
(102). In each setting, the inclusion of IL-2/CD25 improved
antitumor immunity when compared to responses after
administration of the vaccine alone or the vaccine and
recombinant IL-2.

Evidence from studies employing these long-lived IL-2
analogs in combination with cancer vaccines provides a basis
for the continued improvement of these combinatorial therapies
to further enhance antitumor responses in mouse models and
translate these therapies to human studies.
4.3 Checkpoint Inhibitors to Support
Cancer Vaccines
Under normal physiological conditions or during transient viral
infection, inhibitory immune checkpoints regulate the immune
response to self-antigens or to viral antigens to promote immune
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tolerance and limit tissue damage, respectively. In the case of
cancer, the expression of inhibitory immune checkpoints limits T
cell responses that are crucial to clear the tumor cells. Tumors
modulate the T cell response directly through the expression of
inhibitory receptors such as PD-L1 or indirectly through
production of inhibitory molecules that induce the
accumulation of immunosuppressive cells and promote tumor-
reactive T cell exhaustion within the TME (124). Several
inhibitory immune checkpoints have been described, including
CTLA-4, PD-1, PD-L1, LAG3, TIM3, and TIGIT.

Our increased understanding of the mechanisms by which
tumors limit T cell responses has led to the consensus that
immunotherapeutic approaches must overcome tumor-
mediated immune tolerance. One strategy involves using
immune checkpo in t b l o ck ade ( ICB) . Th i s i s an
immunotherapeutic approach currently used in the clinic for
the treatment of about 50 different cancer types (125). This
therapy has significantly improved the treatment of cancers such
as melanoma, renal cancer, lung cancer, and others. The most
clinically advanced immune checkpoint inhibitors are
monoclonal antibodies that antagonize CTLA-4, PD-1 or PD-
L1. The overall outcome of ICB is reinvigoration of T cells and
enhancement of the antitumor responses (126), which works
most effectively for tumors with a high mutation frequency and
relatively abundant tumor-neoantigens. For tumors with low
mutational burden and a low neoantigen load, ICB might require
vaccination with neoantigens to increase the frequency of tumor
neoantigen-specific T cells to promote effective antitumor
immunity (127, 128). Based on encouraging preclinical data
and clinical improvement observed in patients treated with
ICB and the immune-stimulating effects of ICB, strategies are
under development to combine this ICB with cancer vaccines to
improve antigen-specific T cell responses and accumulation of
these T cells within the tumor microenvironment.
4.3.1 CTLA-4 Blockade
CTLA-4 blockade has been tested in preclinical cancer mouse
models of brain, ovarian, bladder, colon and lung cancer,
lymphoma, fibrosarcoma and other cancer types (129).
Although in most studies, CTLA-4 blockade monotherapy
significantly delayed tumor growth or improved mouse
survival, in some cancers including 4T1 breast cancer, MC38
colon cancer, B16 melanoma, lung cancer, and lymphoma, its
efficacy has only been demonstrated when combined with cancer
vaccines or other therapeutic modalities including monoclonal
antibodies, chemotherapeutic drugs, or radiation.

Anti-CTLA-4 has been largely ineffective for the treatment of
mouse melanoma as a monotherapy. However, in combination
with a trp-2 TAA vaccine and CpGODN, CTLA-4 ICB increased
the survival of mice with pre-established tumors. This
combinatorial therapy augmented the numbers of trp-2-
specific T cells, where CD4+ and CD8+ T cells were required
for effective antitumor immunity. Neither peptide alone or anti-
CTLA-4 and CpG led to antitumor responses that improved
mouse survival (130). In a study employing an adenoviral
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vaccine encoding the gp33-41 epitope of the glycoprotein of
lymphocytic choriomeningitis virus (LCMV) to treat gp33-
expressing B16-F10 melanoma tumors, blocking CTLA-4
marginally improved tumor control as compared to gp33-
adenovirus vaccination alone. The antitumor responses were
further improved when anti-CD40 stimulating antibody was
added to the vaccination and CTLA-4 ICB (131). Optimal
antitumor responses to cellular vaccines consisting of
irradiated B16 melanoma cells expressing either GM-CSF or
Flt3-ligand (Gvax or Fvax), also depended on ICB (132–134).

CTLA-4 ICB increased the frequencies of gp100- or NY-ESO-
1-specific CD8+ T cells in melanoma patients after vaccination
against the respective antigens. However, the clinical significance
of this increase was not clear given the small number of patients
tested and variability of the results (135). In another study, gp100
peptide vaccine in IFA did not demonstrate a clinical response as
a monotherapy in stage III or IV melanoma patients. ICB with
this vaccine did not further increase the overall survival
associated with anti-CTLA-4 monotherapy (12). These
discouraging results were explained by a later study showing
that subcutaneous vaccination with gp100 peptide emulsified in
IFA sequestered antigen-primed CD8+ T cells at the vaccination
site, leading to exhaustion, apoptosis, and reduced number of
antigen-specific T cells within the tumor (136, 137). Additional
assessment is required to determine whether CTLA-4 ICB in the
context of cancer vaccines improves clinical responses. Planned
(NCT02950766, NCT03929029, NCT04382664) or ongoing
(NCT02275416) clinical trials for the treatment of several
cancers, including melanoma and renal cell carcinoma, may
provide some guidance.
4.3.2 PD-1/PD-L1 Blockade
PD-1 is an immune checkpoint expressed on some activated T
cells, NKT cells, macrophages and monocytes, DCs, and B cells.
PD-1 is associated with immune evasion and progression of
several cancer types, such as melanoma, renal cell carcinoma,
breast cancer, and NSCLC. Its ligands, PD-L1 and PD-L2, are
expressed by some tumor and immune cells. Binding of PD-1 to
its ligands suppresses T effector responses to limit antitumor
immunity (138, 139). PD-1 ICB has been approved by the FDA
for treatment of several cancers due to its ability to generate high
response rates that improve patient survival (140, 141). Multiple
studies indicate that anti-tumor responses by PD-1/PD-L1 ICB
are superior to CTLA-4 ICB and result in less toxicity (141, 142).

PD-1/PD-L1 ICB has been tested in preclinical and clinical
studies as a vaccine immune modulator to TAAs and TSAs (62,
89, 120, 143, 144). In two independent preclinical studies using
vaccines against melanoma-associated TAAs, PD-L1 ICB
resulted in improved antitumor efficacy (62, 120). In
combination with trp-1 antigen containing two palmitic acid
chains and Poly-IC, PD-L1 ICB led to a robust therapeutic effect
compared to vaccination alone, which resulted in rejection of
subcutaneous melanoma in 80% of the mice (62). Similar to
results obtained with the IL-2/JES6-5H4 complex, in the
presence or absence of adoptively transferred Pmel-1 T cells,
May 2022 | Volume 12 | Article 878377

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hernandez and Malek Cancer Vaccines
antitumor responses to B16-F10 by TriVax were improved after
combination with PD-L1 ICB, suggesting that the vaccine
increases the frequency of endogenous gp100-specific T cells
and ICB promotes their antitumor activity (120). In neoantigen
vaccine studies, PD-1 ICB improved MC38 tumor control
elicited by nanoparticle complexes of CpG and neoantigens,
including the MC38 neoantigens Adpgk and Copg1 and
mutant KRAS neoantigens. This therapy led to a TME
dominated by CD8+ T cells rather than CD4+ T cells (89).

Clinical studies in advanced melanoma patients indicate that
blockade of PD-1/PD-L1 improves vaccine responses. In resected
advanced melanoma patients, a therapeutic combination of PD-1
ICB and a multi-antigen vaccine containing gp100, MART-1, and
NY-ESO-1 peptides was well tolerated, led to increases in peptide-
specific T cells, and resulted in low relapse rate (145). For patients
that had progressive disease following neoantigen vaccination (43),
subsequent PD-1 ICB supported expansion of the neoantigen-
specific T cells and complete tumor regression in all patients. This
study indicates the value of combining neoantigen vaccines with
checkpoint inhibitors. Another approach with promising preclinical
findings is combining cancer vaccines and simultaneously blocking
CTLA-4 and PD-1. In this regard, a DNA vaccine encoding the
OVA or gp100 antigens, IL-12 as an adjuvant, and CTLA-4 and
PD-1 combination ICB led to improved antitumor responses
compared to single ICB (146).
5 FUTURE PERSPECTIVE

As monotherapies, cancer vaccines, TLR agonists, and engineered
IL-2 products will unlikely clear tumors in most patients. Cancer
vaccines are crucial to activate and increase the frequency of tumor-
reactive T cells, which can be amplified by TLR and IL-2R agonists.
ICB has been amajor advance for tumor immunotherapy, yet many
patients are unresponsive to ICB while others do not achieve long-
term durable responses. Thus, application of tumor vaccines in the
context of ICB has much potential to significantly improve the
outcomes of cancer immunotherapy. An ideal vaccine will lead to
high frequency of tumor-reactive CTLs and lead to long-lasting
immune memory to protect against tumor recurrence. When
combined with ICB, the lowering of immune inhibitory
mechanisms will potentiate the vaccine response, limit exhaustion
due to persistent tumor antigens, and extend the persistence of
highly functional anti-tumor effector cells. Unlike ICB
monotherapy, other advantages of this combination approach are
that it does not solely rely on pre-existing endogenous tumor-
reactive T cells and that less immunogenic tumors with a lower
mutation burden may be successfully targeted.

Optimizing cancer vaccines remain paramount to realize this
potential. Significant advances have been made to improve
antigen discovery platforms for better selection of cancer
vaccine antigens, but these need continued refinement,
particularly to identify antigens that readily induce tumor-
reactive CD8+ CTLs. The latest technology has shifted cancer
vaccine formulations from those containing self-antigens to
neoantigens, as this approach increases immunogenicity while
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lowering reactivity toward self-tissues. However, vaccines
incorporating neoantigens are currently a largely personalized
approach, which complicates delivering this approach to large
number of patients in a cost-efficient manner.

Effective vaccines must also consider other components beyond
the antigen that promote the immune response. Incorporating TLR
agonists in the vaccine and delivering IL-2R agonists appears
essential. However, current understanding does not clearly point
to whether one TLR agonist is preferred or whether the nature or
delivery of the neoantigen is critical. Many novel IL-2R agonists
have been engineered and some have been shown to amplify the
vaccine responses in preclinical studies. Their effectiveness in the
clinic remains to be demonstrated. The current view is to use IL-2R
agonists that target the intermediate affinity IL-2R expressed by
memory-phenotypic CD8+ and NK cells to avoid off-target Tregs.
In the context of a vaccine, this type of agonist will not show
selectivity toward vaccine-induced tumor-reactive CD8+ T cells,
although some may respond as a result of the bulk expansion of
memory-like CD8+ T cells. Using IL-2R agonists that target the
high-affinity IL-2R may more readily and selectively expand tumor-
specific T cells by vaccine-induced upregulation of high-affinity IL-
2R, but this comes at the expense of increasing Tregs. For this latter
approach to work, the expansion of the tumor-specific T cells must
be sufficient to overcome Treg-dependent immunoregulation. As
discussed above, recent preclinical studies illustrate the feasibility of
this approach to enhance cancer vaccine responses (71, 102). A
potential benefit of accompanying Treg expansion after vaccination
with a high-affinity IL-2R agonist and ICB is that Tregs might
moderate unwanted ICB-dependent autoimmune-like responses.

Although significant progress has been made in the context of
cancer vaccine discovery and combinatorial approaches that
improve cancer vaccine responses, much work remains to fully
realize therapeutic benefits for patients with cancer. Besides
defining the best components to elicit effective anti-cancer
responses, as discussed above, treatment regimens will also need
to be optimized. For example, continued investigation is required
to determine not only how frequently to administer the vaccine
but also when, how frequently, and at what dose to administer an
IL-2R agonist and ICB. An IL-2R agonist might only be needed to
generate a critical frequency of tumor-reactive T cells, where
subsequent vaccine boosters might be administered
independently of the IL-2R agonist. Such an approach could
reduce off-target IL-2R responses, including Tregs. Another
open question is whether it will be sufficient to switch to ICB
monotherapy once a sufficient number of tumor-reactive T cells is
achieved or would a treatment regimen with intermittent
vaccination and ICB be better. As these issues are resolved,
cancer immunotherapy will show ever increasing efficacy and
become a first-line option to a greater number of patients.
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