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Abstract

Vaccines can be highly safe and effective tools for disease prevention. However, improvements in the areas
of cost, ease of manufacture, distribution, and administration are sought in the next generation of vaccine
platforms. A promising candidate is the recombinant flagellin fusion protein platform, which comprises a
protein antigen of interest genetically fused to the bacterial protein flagellin. As flagellin stimulates two
distinct pattern recognition receptors of the human innate immune system (Toll-like receptor 5 and
nucleotide-binding and oligomerization domain-like receptor family apoptosis inhibitory protein) and
contains helper T-cell epitopes, it is capable of serving as both a carrier and an adjuvant for the target
antigen. Studies in animal models and human clinical trials have shown that flagellin fusion proteins can
induce diverse humoral (including various subtypes of IgG), mucosal (including secreted IgA), and cell-
mediated (Ty1 and Ty2 CD4" helper T-cell and CD8" cytotoxic T-cell) responses to the covalently linked
antigen. Such fusions are also capable of eliciting protective immunity in diverse experimental models of
infection and cancer. They are effective via numerous routes of administration, including intranasal
delivery, without the requirement for adjuvant or complex delivery vehicles. This review aims to cover
recent progress in the investigation of flagellin fusion proteins for their potential to stimulate humoral and
cellular immune responses to partner antigens, and their prospects for the prevention or treatment of viral
infections and cancer.
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Introduction
Background to existing vaccination strategies

Vaccination has been pivotal to the dramatic improvements in human health and life expectancy over the
past century [1]. The aim of vaccination is to induce immunological memory capable of recognising and
responding to a specific pathogen, thereby conferring effective protection against infection or disease
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caused by that pathogen. This is achieved by exposing the recipient prophylactically to one or more
antigens from the target pathogen, in combination with other molecules which stimulate both the innate
and adaptive arms of the immune system to promote perception of the relevant antigen as a target for
elimination [1]. The resulting humoral (antibody) and cellular (T-lymphocyte) responses to these antigens
confer the protective memory afforded by vaccination.

Vaccines are conventionally classified as either live or non-live. Live vaccines most often comprise
genetically weakened strains of the target pathogen. Such attenuated strains contain essentially the same
antigens as the more virulent wild-type organism, but do not cause overt disease. Examples include the oral
polio vaccine, measles, mumps, rubella, and rotavirus vaccines. Live vaccines can also be considered to
include the recently developed class of recombinant replication-defective viral vectors, which have been
modified to express heterologous antigens, such as the spike protein of SARS-CoV-2 in the chimpanzee
adenovirus Y25 (ChAdOx1 nCoV-19) [2]. A key advantage of the live vaccine approach is that, because such
vaccines comprise whole organisms, a large array of relevant antigens is presented to the immune system
during vaccination to generate a broadly protective immune response against multiple targets. Moreover,
by attempting to establish infection or replicate within target cells, live organisms trigger the specific innate
immune signalling pathways that most effectively promote the correct form of adaptive response to defend
against that type of pathogen [3]. These signals may also contribute to the longer-lived immune memory
and protection conferred by live vaccines, which is generally seen in comparison with non-live vaccines [3].

However, while live vaccines pose very little risk of harm to healthy subjects, there is still a risk that
they may cause illness in elderly or immunocompromised individuals. For some early forms of live vaccine,
there is also a very small risk that the organism could revert to a more virulent genotype by mutation, thus
causing a more serious infection. For example, the Sabin oral live attenuated polio vaccine was found to be
capable of reverting to a more virulent form, causing disease in a very small proportion of recipients [4].
For these reasons, some live vaccines are not licensed for use in elderly or immunocompromised subjects.

By contrast, non-live vaccines pose no risk of causing an infection and may thus be administered to
recipients of all ages, including immunocompromised individuals. This class of vaccine includes killed
whole organisms (such as the whole-cell pertussis vaccine) and also subunit vaccines, which comprise
isolated components of the target pathogen. Subunit vaccines often comprise recombinant proteins (such
as the hepatitis B virus vaccine), or polysaccharides covalently attached to a carrier protein (so-called
conjugate vaccines, such as the pneumococcal vaccine against S. pneumoniae). The chief advantage of
subunit vaccines is their favourable safety profile. However, because they typically lack the innate immune
receptor stimulants present in whole organisms, they are generally less immunogenic than live vaccines [5].
This necessitates the use of adjuvants, such as alum, to stimulate innate immune responses to the vaccine
preparation, which in turn promote humoral and cellular immunity to the target antigens [6].

More recent additions to the group of non-live vaccines include the synthetic RNA and DNA vaccine
platforms [7]. These have excellent potential for rapid development and deployment, particularly in
response to emerging or rapidly mutating pathogens. However, they are expensive to manufacture, due to
their requirement for complex formulations which are necessary to enable delivery of nucleic acid into the
cytosol or nucleus of host cells [8]. RNA vaccines also frequently require a very low temperature cold chain
during storage and transportation, and current formulations of nucleic acid vaccines can be given only by
injection. Together, these limitations make the use of nucleic acid platforms challenging in low-income
countries where issues with funding, cold chain integrity, distribution networks, or training of healthcare
workers can be limiting factors.

There is therefore a requirement for improved vaccine platforms that address the limitations of
existing vaccines. Ideally, next-generation vaccines should combine the immunogenicity of live vaccines
with the excellent safety profile and ease of manufacture of subunit vaccines. They should also be more
readily modified to target rapidly evolving threats, such as emerging pathogens or those with a rapid rate of
mutation. Next-generation vaccines should also have greater potential to induce mucosal immunity—a trait
currently lacking in most subunit vaccines—as this would enhance protection against pathogens entering
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via the respiratory or gastrointestinal tracts. Finally, improvements in the areas of cost of production, less
reliance on low-temperature transport, and needle-free administration would be of much benefit to rollouts
in low-income countries.

This review will focus on the potential of the flagellin fusion protein platform to address these
limitations in the context of targeting viral infections and cancer.

Structural properties of bacterial flagellin

Motile bacteria are able to swim towards chemotactic stimuli, such as sources of nutrients, via the rotation
of one or more long, flexible flagella [9]. These complex structures comprise three major functional
domains: a cell-wall spanning motor, which is capable of providing torque in either direction; a “hook”
structure, which serves as a flexible joint to transmit motor torque; and the filament, which acts as a whip-
like propeller (Figure 1A). The filament, which forms the bulk of the flagellum, is a helical structure that
comprises many thousands of identical flagellin protein monomers. From a structural perspective, the
filaments of most species can be viewed either as a helix comprising approximately 11 flagellin subunits per
2 turns of the helix, or as a tube where the walls comprise 11 strands of protofilaments (Figure 1B). A single
flagellar filament can reach up to 15 pm in length and contain up to 30,000 flagellin molecules [10].
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Figure 1. Overview of structural properties of the bacterial flagellum and flagellin monomers. (A) The flagellum, which
comprises up to 30,000 flagellin monomers, is typically attached to the flagellar motor proteins via a curved hook structure and
bound by a terminal cap protein. (B) A cross-sectional view of the E. coli K12 flagellum, looking down the central channel
(RCSB: 8CXM). (C) Structural features of a typical flagellin monomer, showing the locations of the highly conserved DO and D1
domains, and the variable D2 and D3 domains. The regions responsible for recognition by TLR5 and NAIP/NLRC4 are shown in
yellow and green highlight, respectively. For S. Typhimurium FljB, the N-terminal TLR5 recognition domain maps to positions
80-118 (GALNEINNNLQRVRELAVQSANSTNSQSDLDSIQAEITQ), the C-terminal TLR5 recognition domain maps to positions
420-451 (LQKIDAALAQVDALRSDLGAVQNRFNSAITNL), and the C-terminal NAIP/NLRC4 recognition domain maps to the
final 35 amino acids of the protein (TEVSNMSRAQILQQAGTSVLAQANQVPQNVLSLLR). Those residues contributing most to
receptor activation, as determined by alanine scanning, are shown in bold [11-13]. Example structure shown is S. Typhimurium
FliC (RCSB: 1UCU). NAIP: nucleotide-binding and oligomerization domain-like receptor family apoptosis inhibitory protein;
NLRC4: NLR family caspase recruitment domain (CARD) domain-containing protein 4; TLR: Toll-like receptor.

The best studied flagellins in the context of vaccination are those of Escherichia coli, Vibrio vulnificus,
and (especially) Salmonella enterica subspecies enterica serovar Typhimurium (hereafter abbreviated to S.
Typhimurium) [14-16]. While most motile bacteria carry only one flagellin coding gene (e.g., fliC in E. coli),
S. Typhimurium may express either of two distinct flagellin genes at any one time, fIiC or fIjB, as part of a
process referred to as phase variation [17]. The two proteins share very similar conserved D0/D1 domains,
but the hypervariable D2/D3 domains are quite different, which means they are antigenically distinct. The
advantage for the organism is that during the course of a natural infection, switching expression from one
flagellin type to another helps to evade the antibody responses of the host, which will have been raised to
target the previously expressed flagellin. Phase variation can also change the functional properties of the
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flagellum. For example, the two types of flagellin may differ in their ability to support swimming, tumbling,
or the capacity of the organism to attach to or invade host cells [17].

The majority of flagellin proteins generally range between 42 and 56 kDa in mass (e.g., 377 amino acids
of V. vulnificus FlaB to 506 amino acids of S. Typhimurium FljB), and comprise four distinct domains
(D0-D3, Figure 1C). However, recent studies have shown that some species can express much larger
flagellins, some greater than 1,000 amino acids in length, and comprising additional domains (D4, D5) in
the hypervariable region [18, 19]. The DO and D1 domains are the most highly conserved, being present in
all flagellins studied so far, and appear to be essential for polymerisation and filament assembly [9]. The D2
and D3 domains are less well conserved, with the D3 domain being particularly variable between species
and strains of bacteria, and dispensable for the ability to form filaments. From a topological point of view,
flagellin molecules can also be thought of as a hairpin, with both the C-terminal and N-terminal ends of the
protein coming together to form the DO and D1 domains (Figure 2). The more variable regions occur within
the middle of the coding sequence. The conserved regions are the targets of innate immune receptors for
flagellin, and the hypervariable D3 domain, which is exposed as a protrusion on the surface of the filament,
is the immunodominant epitope for humoral immune responses to flagellin [12].
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Figure 2. Topologies of commonly studied flagellin fusion proteins. (A) Cartoon indicating the locations of the DO-D3
domains with respect to the primary sequence and “hairpin” structure of flagellin. (B) Cartoon summarising the topologies of
commonly studied flagellin fusion proteins in comparison to native flagellin. (C) The distance between the two ends of the “neck”
preceding the hypervariable region, i.e., at the interface between D1 and D2, is approximately 10 A. Insertion of antigens into
this region may require the use of flexible, non-immunogenic linker sequences. Structure shown is S. Typhimurium FljB (RCSB:
1UCU). HV: hypervariable.

The full-length flagellin monomer is a boomerang-shaped molecule with a length of approximately 150
A [9]. It is secreted from the bacterial cytosol through the hollow lumen of the filament (which has an
internal diameter of approximately 30 A), and polymerises, one unit at a time, beneath the cap at the distal
end of the growing flagellum. In the laboratory, flagellin may be purified either from native flagella or via
vector-driven overexpression in the cytosol, and in either the monomeric or multimeric form, depending on
extraction conditions [20].

Immune responses to bacterial flagellin
Background to innate and adaptive immune responses

The mammalian immune system has two major arms: the innate and adaptive responses. The innate
response is triggered by the detection of conserved molecular patterns that are present within pathogens
(termed pathogen-associated molecular patterns, PAMPs), but absent from the cells of the host organism
[21]. PAMPs are recognised by germ-line encoded pattern-recognition receptors (PRRs), which serve
primarily as an early warning system to raise the alarm and initiate inflammation and pathogen clearance.
Key members of the PRRs include the Toll-like receptors (TLRs) and nucleotide-binding and
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oligomerization domain-like receptors (NLRs), which have evolved to detect the presence of PAMPs outside
host cells, and inside host cells, respectively [21]. The innate immune response is fast-acting, requires no
prior exposure to a particular pathogen for effectiveness, and slows the progress of an infection, but it is
unable to learn or improve substantially over time, and it is not by itself sufficient to clear some forms of
infection.

Adaptive immunity is more complex and much slower to develop than innate immunity. However, it
brings the crucial advantage of being able to learn how best to fight specific pathogens after encountering
them, and the more powerful and specific mechanisms necessary to clear most types of infection from the
host. Adaptive immunity relies on the actions of two types of lymphocyte: T-lymphocytes (T-cells) and B-
lymphocytes (B-cells).

B-cells secrete antibodies, which are proteins that bind to specific molecules on the surface of a
pathogen to aggregate them, label them for killing, or prevent their ability to infect or colonise the host [22].
Unlike PAMPs, the molecules that antibodies can bind to (termed antigens) are extremely structurally
diverse, which means the antibody response can be highly specific to a particular type or strain of pathogen.
Once an antibody response has been generated against a particular pathogen, the memory of that response
is retained within long-lived B-cells, such that the host can respond much more quickly to infection with the
same organism in the future [22]. The host is then said to have protective immunity against infection by
that particular organism.

Different classes of antibodies have distinct functions in combating infection [22]. Inmunoglobulin G
(IgG) antibodies work primarily in the blood and tissues to label pathogens for clearance or destruction.
IgM antibodies are produced early during the adaptive immune response to help slow an infection before
more effective IgG antibodies develop, primarily by enhancing the deposition of complement onto the
invading organism. IgA antibodies are secreted onto the mucosal surfaces, such as the gut and lung, to help
prevent entry of pathogens into the body. IgE antibodies are involved in defence against helminths and also
in the pathology of allergies.

T-cells have more diverse functions, in that they serve primarily as key orchestrators of the overall
immune response (helper T-cells), or as those with the ability to kill host cells if that is necessary to combat
an infection (cytotoxic T-cells, CTLs) [23]. Helper T-cells express the surface marker CD4, and CTLs express
the surface marker CD8. Both types of T-cell recognise antigens, but not in the intact form as antibodies
from B-cells do. Instead, small fragments of protein antigen must be displayed on the surface of antigen-
presenting cells, such as macrophages or dendritic cells (DCs), on a presenting molecule called the major
histocompatibility complex (MHC). MHC class 1 presents peptides for recognition by the highly variable T-
cell receptor (TCR) of CD8* T-cells, and MHC class II presents peptides to CD4* T-cells [23].

Effective vaccines must comprise agents that engage both the innate and adaptive immune responses.
Engaging the innate immune response is necessary to label the antigenic cargo of the vaccine as “foreign” or
“dangerous”. This is the purpose of the adjuvant, which triggers innate immunity to begin the process of
eliciting the more powerful and specific adaptive immune responses to the target antigen [1]. The chosen
antigen should be one that is not only expressed by the pathogen of interest, but also abundant on the
surface of the pathogen and critical for its survival or fitness. Depending on the type of pathogen targeted,
vaccines should ideally elicit robust IgG and/or IgA antibodies to the target organism to help prevent the
initial infection, CD4* helper T-cells to orchestrate a robust defence against the organism, and in the case of
intracellular pathogens such as viruses, a CD8* T-cell response to eliminate reservoirs of infection [1].

Recognition of flagellin by receptors of the innate immune system

Flagellin is almost unique among bacterial proteins in that it is a bona fide PAMP. Most protein-coding genes
of pathogens evolve too quickly for PRRs to co-evolve to target them. However, the DO and D1 domains of
the flagellin molecule have remained so well conserved over millennia that two distinct PRRs of the
mammalian innate immune system have evolved to detect them. Specifically, TLR5 detects flagellin located
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outside of the cell, and nucleotide-binding and oligomerization domain (NOD)-like receptor family
apoptosis inhibitory protein (NAIP) detects flagellin that breaches the cell membrane to enter the cytosol
[24] (Figure 3).
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Figure 3. Recognition of flagellin by receptors of the innate immune system. Extracellular flagellin is detected by TLR5 in
the plasma membrane, resulting in increased expression of cytokines and adhesion molecules via activation of NF-kB and AP1
transcription factors. Cytosolic flagellin is detected by the NAIP/NLRC4 complex, resulting in cleavage of pro-IL13, pro-IL18, and
gasdermin-D, which may in turn promote pyroptosis. AP1: activator protein 1; IL: Interleukin; IRAK: interleukin-1 receptor-
associated kinase; MAPK: mitogen-associated protein kinase; MyD88: myeloid differentiation factor 88; NAIP: NOD-like receptor
family apoptosis inhibitory protein; NF-kB: nuclear factor kappa B; NLRC4: NLR family caspase recruitment domain (CARD)
domain-containing protein 4; TAB: TAK1-binding protein; TAK1: transforming growth factor-B-activated kinase 1; TLR5: Toll-like
Receptor 5; TRAF6: tumour necrosis factor receptor-associated factor 6.

Endosome

The ten human TLRs are type I transmembrane receptors which can be subdivided into two major
categories: Those which recognise bacterial cell wall components and signal mainly from the cell surface to
regulate inflammatory cytokine production (TLRs 1, 2, 4, 5, 6 & 10), and those which recognise nucleic acid
motifs and signal from the endosome to trigger mainly anti-viral responses (e.g., production of type I
interferons, TLRs 3, 7, 8 & 9) [25]. Ligation of inflammatory TLRs with their respective ligand results in
dimerisation of the cytosolic domain of the receptor, which in turn recruits the signalling adaptor myeloid
differentiation factor 88 (MyD88). This in turn recruits and activates interleukin (IL)-1R-associated kinases
(IRAK) 1, 2, and 4, and tumour necrosis factor receptor-associated factor 6. This complex activates the p38
and Jnk mitogen-activated protein kinase (MAPK) pathways, and enables release of the pro-inflammatory
transcription factor nuclear factor kappa B (NF-kB) to enter the nucleus, so upregulating expression of
genes involved in inflammation, cytokine production, and DC maturation [25]. Notably, there is no
induction of interferon-regulatory factor 3 (IRF3) signalling, and consequently no release of interferon-f3
downstream of TLR5 activation, as there is with the nucleic acid-sensing TLRs (3, 7, 8, 9) or TLR4. TLR5 is
expressed on human monocytes, immature DCs, neutrophils, and epithelial cells of the lung and intestine
[26]. A similar pattern of expression is seen in mice, although most murine macrophages and DCs express
little or no TLR5 [27].

The site of the flagellin molecule recognised by TLR5 comprises regions from both the N- and C-
terminal ends, in the D1 domain of the protein (for example, amino acids 80-118 and 420-451 of S.
Typhimurium FljB flagellin, Figure 1C). As this region is typically buried within the core of the flagellar
filament, monomeric flagellin is a much more potent activator of TLR5 than the filamentous form [12].

A number of flagellin-expressing pathogens, including S. Typhimurium, Legionella pneumophila, and
Shigella flexneri, are able to enter the cytosol of macrophages or intestinal epithelial cells. As a result, the
human NAIP protein (or NAIP5/NAIP6 in mice), and its signalling partner NLR family caspase recruitment
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domain (CARD)-containing protein 4 (NLRC4) are expressed in macrophages, DCs, and intestinal epithelial
cells. The binding of cytosolic flagellin to NAIP allows it to cause a conformational change in its binding
partner, NLRC4, which then oligomerises into an active spiral or wheel shape structure. This structure,
called an inflammasome, then cleaves pro-caspase-1 to yield active caspase-1, which may in turn cleave
pro-IL1{ and pro-IL18 to promote inflammation, and the gasdermin-D protein, to trigger a lytic form of
inflammatory cell death called pyroptosis. Only the C-terminal 35 residues of flagellin are necessary for
activation of the NAIP/NLRC4 complex (Figure 1C) [13].

Systemic exposure to some TLR-stimulants, such as the TLR4 agonist lipopolysaccharide (LPS), can
result in the damaging systemic inflammatory response syndrome (SIRS), caused mainly by the excessive
release of pro-inflammatory cytokines from myeloid cells. However, the systemic response to flagellin has
been found to be less inflammatory in murine models, perhaps because expression of TLR5 is higher on
epithelial cells than on myeloid cells, and generally induces lower levels of the key inflammatory cytokines
IL1-B and tumour necrosis factor (TNF)-a [28]. Native and recombinant flagellin preparations have also
been administered to human volunteers in dozens of small-scale trials since the 1960s, with either minor or
no side effects reported [29, 30]. Instead, rather than triggering a SIRS-like response, numerous groups
have reported induction of an unusual phenotype of heightened non-specific resistance to subsequent
infection or radiation damage in mice [31, 32], which has been reviewed elsewhere [33].

Antibody responses to flagellin and fusion partners

Flagellin serves not only as a PAMP, but also as a prominent antigen during bacterial infection, provoking
both humoral and cellular adaptive immune responses [34]. Antibody responses may also be generated to
purified flagellin administered by the parenteral, intranasal (i.n.), or oral routes in mice [35]. Human
volunteers given purified monomeric flagellin subcutaneously also generate a robust anti-flagellin antibody
response without the requirement for adjuvant [29].

The primary target for humoral responses against the native flagellum is the D3 loop of flagellin [12].
Steric hindrance is likely to explain the immunodominance of this epitope, as it is exposed on the surface of
the flagellar filament, obscuring the other domains beneath. Supportive of that notion, it has been shown
that antibodies can be raised to other domains of the protein if it is administered in the monomeric form
[36].

A range of antibody isotypes may be generated in response to purified flagellin in mice, including IgM
[37], IgG1 [34, 37], IgG2a/1gG2c [34, 37], and IgA [34, 38]. However, they do not induce IgE [39]—a
fortuitous property as this isotype can be a key player in the development of damaging allergies and
anaphylaxis. Similar isotype profiles are also induced in antibody responses to epitopes of partner antigens
fused to flagellin [5, 15, 40-43]. Most groups report a mixed serum IgG response to flagellin or fusion
partner epitopes, but there does not seem to be a clear consensus as to whether the response is
predominantly of the IgG1 or IgG2a/IgG2c isotype (which in mice reflects either a Th2 or Th1 bias,
respectively, of the responding CD4" T-cell population). Differences in the purity or polymerisation status of
the flagellin used, time of sampling (IgG2c tends to increase more following boost injections [37]), or route
of administration may explain some of the differences in isotype bias seen between these studies.

At least three distinct signalling pathways have been shown to contribute to the induction of humoral
responses to flagellin. The MyD88 pathway (presumably downstream of TLR5) was found to be a major
contributor to the IgG2c [34, 37] and IgA responses to FliC, with the latter also being shown to be
independent of inflammasome signalling [34]. The IgG1 response to S. Typhimurium FliC appears to be less
dependent on TLR5-MyD88 signalling [34], but robust IgG responses to flagellin were nevertheless
reported in the absence of TLR5 or MyD88 in this and other studies, suggesting a contribution of other
pathways [34, 37, 44].

One such candidate is the NAIP/NLRC4 pathway [41, 44]. Vijay-Kumar et al. [44] found that the
immunisation of mice with a flagellin/ovalbumin (OVA) mixture resulted in high titers of total IgG to both
flagellin and OVA in wild-type (WT), TLR5-knockout (KO}, and NLRC4-KO mice, but the response was much
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lower in TLR5/NLRC4 double-KO mice, suggesting some redundancy between the two types of flagellin
receptor. While this study did not distinguish between different IgG isotypes, Sanos et al. [41] found that
IgG2c, but not IgG1, responses to a flagellin-OVA fusion protein delivered by modified vaccinia virus were
also lower in NLRC4 KO mice.

Interestingly, work using recombinant FliC proteins lacking either the TLR5 or Naip5/6 stimulating
domains confirmed the existence of a pathway of induction of FliC-specific antibodies that is apparently
independent of both TLR5 and NLRC4 [45]. This may reflect the fact that particulate antigens are inherently
more immunogenic than monomeric proteins [46], especially when repeating units of the same antigen are
displayed on the surface of a particle, as they are on the flagellar filament [47, 48]. Indeed, antibody
responses were found to be triggered in murine splenocytes cultured in vitro when exposed to
polymerised, but not monomeric, flagellin without the requirement for T-cell help [49]. Thus, flagellin may
enhance the immunogenicity of fusion partners not only by stimulating PRR-signalling, but also by
polymerising to form particles capable of promoting efficient B-cell receptor (BCR) cross-linking.

[t is generally thought that BCR cross-linking alone is not sufficient to trigger robust T-cell-independent
activation of B-cells [50]. Such induction requires concomitant stimulation from either TLR-signalling in the
responding B-cell, or exposure to inflammatory cytokines from neighbouring cells [51]. Although most
studies report that naive B-cells express very little or no TLR5 [52], it has been reported that flagellin may
induce TLR5-signalling in short-lived plasma cells, promoting their survival and activation [53]. B-cells are
also capable of NLRC4 inflammasome activation [54]. Alternatively, other nearby cell types expressing
TLRS or NLRC4, such as splenic macrophages [52], may release cytokines in response to flagellin to support
B-cell activation.

CD4* T-cell responses to flagellin and fusion partners

A key limitation of the antibody response generated by T-cell-independent B-cell activation is that it is
generally short-lived, restricted to the IgM isotype, and does not undergo maturation to yield high-affinity
antibodies. The induction of CD4* helper T-cell dependent class-switching and affinity maturation is
therefore clearly preferable in the context of vaccination [55].

Naive T-cell activation requires presentation of antigen-derived peptides on MHC molecules expressed
on the surface of mature, activated DCs. TLR signaling is a well-established inducer of DC maturation,
characterized by upregulation of surface antigens such as CD80 (B7-1), CD86 (B7-2), and CD40, and by
enhanced migration to lymph nodes [56]. However, whether flagellin can activate DCs directly or not
remains a subject of debate, as some groups report that murine DCs express TLR5 [52, 57, 58], and others
report they do not [59]. Some reports indicate that murine bone marrow-derived DCs are activated by
flagellin in vitro [58, 60], while another found that flagellin stimulates the maturation of human, but not
murine, DCs [59]. Regardless of whether DC activation occurs in response to flagellin in vitro, there seems
to be agreement that it does occur in vivo, as markers of DC activation are increased when flagellin is
administered by injection to mice [61, 62].

Conveniently, the flagellin molecule itself is well-established to contain CD4" T-cell epitopes, and
numerous studies report the generation of robust CD4* T-cell responses to native flagellin peptides [61, 63-
65]. Notably, flagellin also stimulates CD4" T-cell responses to peptides of its fusion partners [40, 66-68].
Evidence for the induction of both Ty1 and Ty2 biased responses has been reported. For example, the
administration of flagellin to mice results in the induction of both IgG2a/c and IgG1 antibody isotypes
(reflective of Ty1- and Ty2-dependent responses, respectively) targeting the partner antigen [5, 10, 39, 40].
Splenocytes or lymph node cells from flagellin-immunised mice also release Ty1 and Ty2 specific cytokines
[interferon (IFN)-y and IL-4, respectively] when re-stimulated with flagellin or fusion partner proteins ex
vivo [40, 52, 67-69]. Accordingly, direct assays of CD4* T-cell function reveal activation of clonal expansion
by flagellin in vivo, and antigen-specific proliferation ex vivo, for example, in response to co-administered
OVA peptides [61], or green fluorescent protein (GFP) protein fused to flagellin [66].
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Several potential mechanisms have been put forward to explain how flagellin stimulates CD4"* T-cell
responses. The activation of DCs by TLR5-signalling, directly or indirectly via bystander cells, is a likely
contributor, as TLR5 was found to be necessary for the efficient induction of CD4* T cell responses to
flagellin immunisation [65]. Human T-cells have also been reported to express TLR5, and flagellin was
shown to be capable of providing a co-stimulatory signal equivalent in potency to that of anti-CD28
signalling [70]. An interesting non-classical pathway of response potentiation has also been reported, in
which TLRS5 functions as an endocytic scavenger receptor, enhancing the delivery of flagellin to vesicles of
the MHC class-II presentation pathway [65].

CD8" T-cell responses to flagellin and fusion partners

A desirable property for prospective anti-viral and anti-tumour vaccines is the ability to induce antigen-
specific cytotoxic CD8* T-cell responses, since these should have the capacity to eliminate virally infected or
transformed cells. Flagellin contains epitopes capable of eliciting such responses, and is a dominant antigen
for the induction of CD8* T cell activation during infection with Salmonella species [71]. Whole E. coli cells
expressing a flagellin-OVA fusion protein also efficiently induce presentation of OVA peptides on MHC-I,
and stimulate the activation of OVA-specific CD8* T-cells in mice [72]. However, immunisation studies such
as these using whole bacteria do not reveal whether signalling pathways induced by flagellin are alone
sufficient to elicit CTL responses, as other PAMPs associated with the intact bacterial cell (particularly the
TLR9 stimulant CpG DNA), could provide these signals [58, 73].

Numerous studies have sought to address this point by exploring the potential of isolated flagellin-
fusion proteins to potentiate CD8* T-cell responses, with most reporting positive results. For example, the
immunisation of mice with flagellin fused to OVA peptides or GFP stimulated CD8* T-cell responses to the
partner antigens [42, 66, 74]. Likewise, immunisation of mice with influenza HA2 and M2 antigens fused to
flagellin induced a ~120-fold increase in frequency of influenza virus-specific central memory CD8" T-cells,
in comparison to controls [40]. Similar studies found that flagellin fused to an H2d-restricted CTL epitope
from the parasite Plasmodium yoelii stimulated robust CD8" T-cell responses to the target antigen, which
were absent when immunised with the same antigen lacking flagellin [73].

Diverse forms of experimental evidence support the induction of CTLs specific for partner antigens
administered as flagellin fusion proteins. For example, enzyme-linked immunospot (ELISPOT) assays show
increased IFN-y secretion by murine CD8* T-cells in response to CTL-specific peptides of the partner
antigen, and such responses were sometimes comparable with, or superior to, a complete Freund’s
adjuvant positive control [42, 73]. Likewise, flow cytometry of splenocytes from immunised mice confirms
increased IFN-y expression by various subsets of CD8" T-cells after challenge with the partner antigen ex
vivo [40]. Dilution experiments using the cell-staining dye carboxyfluorescein succinimidyl ester (CFSE)
revealed a significant proliferation of OVA-specific CD8* OT-I cells in response to immunisation of mice
with a flagellin-OVA fusion protein, further supporting the notion that clonal expansion of CD8* T-cells
occurs in vivo in response to the partner antigen [74]. Finally, the capacity of such CTLs to recognise and
lyse target cells presenting peptides of the partner antigen was confirmed by both >'Cr release assay (ex
vivo) and CFSE dilution of labelled target cells (in vivo), following immunisation of mice with respective
flagellin fusion proteins [66, 73].

However, not all studies utilising flagellin as an adjuvant have observed successful induction of
antigen-specific CD8" T cell responses. One study found that while the treatment of murine DCs with
ligands of TLR3 or TLRY in vitro induced the proliferation of OVA-specific OT-1 CD8" T cells when
challenged with OVA protein, pre-treatment with flagellin did not do so [58]. Furthermore, a study of mice
immunized with a lymphocytic choriomeningitis virus antigen expressed on virus-like particles (VLPs)
found no significant improvement in antigen-specific CD8" T cell responses when admixing the particles
with flagellin [62].

A likely explanation for the lack of effectiveness of CTL induction in the latter two studies may lie in the
observation that direct physical linking of flagellin to the target antigen greatly increases the adjuvant
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activity of flagellin [16, 42, 63, 75], with this effect being particularly pronounced for the induction of cell-
mediated immunity [76-78]. For example, it was shown that immunisation of mice with a flagellin-OVA
fusion protein resulted in extensive CFSE dilution in CD8" OVA-specific OT-I cells in vivo, whereas
immunisation with OVA admixed with flagellin as separate proteins did not achieve the same result [74].
Accordingly, while the immunisation of mice with tumour cells genetically modified to express a flagellin-
OVA fusion protein stimulated robust proliferation of OVA-specific CD8" OT-I cells, administration of the
same cells expressing OVA alone, with flagellin given separately as part of an admixture, did not induce
such activation of OT-I cells [11]. Supportive of this notion, it has been shown that adjuvant and antigen
must enter the same phagosome concurrently for efficient induction of adaptive immunity, since TLR-
signalling from within the phagosome promotes the preferential presentation of peptides from proteins
contained within that vesicle [79].

Potential of flagellin to promote cross-presentation of extracellular antigen

The activation of naive CD8* T-cells requires presentation of peptides from the target antigen on MHC-I
molecules by suitably activated DCs. If the antigen originates from within the cell, such as during viral
infection, the constituent peptides are presented via the classical MHC-I loading pathway. This pathway
involves the processing of cytosolic proteins into appropriately sized and anchored peptides by the
proteasome. These peptides are then transported into the lumen of the endoplasmic reticulum (ER) by the
transporter associated with antigen processing (TAP) complex, and loaded onto MHC-I molecules. After
this, the intact complex traffics to the cell surface for presentation to CD8* T-cells.

However, if the antigen originates from outside the cell—as would be the case for antigens from
tumour cells or pathogens that do not infect antigen-presenting cells (APCs)—then the process of “cross-
presentation” must be employed. This may occur via either of two major pathways. The cytosolic pathway
requires the internalisation of extracellular proteins into an endosome or phagosome, and their subsequent
translocation from the lumen of that vesicle to the cytosol. The proteins may then be processed for
presentation via the same mechanisms as the classical pathway [72]. Alternatively, the vacuolar pathway
utilises proteases already present in the endosome or phagosome to release peptides from internalised
antigens, which can then be loaded directly onto MHC-I molecules present within the same vesicle, and may
thus bypass requirements for cytosolic localisation, proteasomal degradation, or translocation via TAP [72].

Although abundant evidence supports that flagellin is capable of promoting cross-presentation of its
fusion partners for the induction of CTL responses (see discussion above), the mechanisms by which it does
so are still debated. In particular, while it is well-established that ligands of any TLR are sufficient to induce
DC maturation in terms of their capacity to present peptides on MHC-II, it is not yet clear which PRR-
signalling pathways are capable of triggering the cross-presentation of extracellular antigens on MHC-I.

For example, it was reported that while CpG ODN (a TLR9 stimulant) and poly (I:C) (a TLR3 stimulant)
efficiently induced cross-presentation of OVA peptides in murine bone marrow-derived dendritic cells
(BMDCs) cultured in vitro, LPS, peptidoglycan, and flagellin did not do so [58]. Another point arguing
against a significant role for TLRS5 in this process is the observation that type I interferon production by DCs
appears to be necessary for efficient cross-presentation, since it is blunted in BMDCs from IFN-af receptor-
deficient mice [80]. Although such cytokines are induced by ligands of TLR3 and TLRY, they are not induced
by TLR5 signalling. However, while these observations raise doubts as to whether TLR5 signalling is
sufficient to promote cross-presentation, it should be noted that these studies did not use flagellin
covalently attached to the target antigen, which, as discussed earlier, may be necessary for effective cross-
presentation [11, 74, 79].

An alternative potential mechanism by which flagellin could promote cross-presentation of attached
proteins is by facilitating their escape from the endosome or phagosome into the cytosol. While potential
mechanisms by which this could occur remain obscure, numerous forms of evidence suggest that this can
occur. For example, the treatment of ]774A.1 macrophages with extracellular flagellin stimulated caspase-1
activity and production of mature IL1 and IL18, all hallmarks of inflammasome activation by cytosolic
flagellin, even in the absence of experimental transfection reagents [44]. Likewise, while WT and TLR5 KO
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mice given flagellin by intraperitoneal injection produced IL18, NLRC4 knockout mice did not do so, further
supporting that extracellular flagellin can reach and stimulate the cytosolic NAIP/NLRC4 inflammasome in
vivo [37, 44]. Taken together, these studies raise the possibility that flagellin has an inherent capacity to
enter the cytosol of responding cells in significant quantities, consistent with its ability to license the cross-
presentation of fusion partners.

A further possibility is that activation of the NAIP/NLRC4 inflammasome itself could promote cross-
presentation. Supportive of this, both the TLR5 and NAIP/NLRC4 pathways were found to be equally
necessary for priming antitumor CD8* T cells and suppressing tumour growth in response to flagellin-
expressing tumour cells in mice [11]. Moreover, unlike the generation of CD4" T-cell responses, which
appear to have greater dependence on signalling via TLR5 and MyD88 [76], signalling via these mediators is
not necessary for the induction of CTL responses to flagellin-linked epitopes, as demonstrated by the
induction of such responses in TLR5”/~ and MyD88~/~ mice [74]. Accordingly, flagellin fusion proteins
genetically modified to lack NAIP/NLRC4 activity, while retaining TLR5-stimulating capacity, were found to
have greatly diminished capacity to induce antigen-specific CTL responses [11]. Thus, the available
evidence supports that there are multiple potential mechanisms by which flagellin can induce CTL
responses to partner epitopes, and that these are most efficient when flagellin is fused to the target protein,
as opposed to being a component of an admixture.

Vaccination strategies employing bacterial flagellin
Vaccine candidates comprising un-modified flagellin

Early studies exploring flagellin as a potential immunogen focused on the concept of raising antibodies to
flagellin itself, rather than partner antigens, with the aim of conferring immunity against specific strains of
motile bacteria. As far back as 1969, it was shown that the subcutaneous (s.c.) injection of 5 pg of flagellin
purified from Salmonella Adelaide was well tolerated in 108 healthy human volunteers [29]. Recipients saw
increases in titres of both IgG and IgM specific for the flagellin, and these titres remained elevated for at
least 10 weeks after the first dose. The response transitioned almost entirely to the IgG isotype after a
second dose. Interestingly, this study saw no impact of age on peak titres, suggesting that flagellin-based
vaccines may retain utility in older populations [29].

Flagellin purified from Salmonella enterica serovar Enteritidis was also found to induce systemic IgM
and IgG responses when administered via the nasal, s.c., and oral routes in mice [35]. Splenocytes from mice
immunised in this way produced IFN-y and IL-2, but little IL-4 or IL-5, when challenged with flagellin in
vitro, suggesting a Th1-biased CD4" T-cell response [35]. When immunised via the oral or nasal routes,
mice were substantially protected from infection by live Salmonella Enteritidis, indicating a useful potential
of flagellin for mucosal administration and immunity [35].

Subsequent studies in cattle found that intramuscular (i.m.) administration of H7 flagellin purified from
E. coli 0157 was also capable of eliciting flagellin-specific IgG in serum, and IgA in nasal and rectal
secretions [81]. When later challenged orally with live E. coli 0157:H7, a reduced colonization rate was
observed in immunised cattle, further supporting the potential utility of flagellin in the context of
conferring protective immunity at mucosal sites [81].

Taken together, these studies confirm the potential of flagellin to act as a self-adjuvanting molecule,
capable of inducing humoral responses in diverse mammalian species via diverse routes of administration.

Vaccine candidates comprising modified bacterial flagella

The concept of partnering flagellin to protein epitopes of interest using gene cloning approaches arose in
the early 1990s with the generation of plasmids coding for the Salmonella fliC gene, in which EcoRV
restriction sites were conveniently located in the hypervariable region. These sites allowed the in-frame
cloning and expression of short epitopes on the surface of the flagellar filament as extensions to the existing
D3 domain, when expressed in flagellin-deficient recipient strains, such as the AaroA Salmonella Dublin live
vaccine strain [75]. Animals could then be immunised by infection with the live vaccine strain.
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Early studies found that the immunisation of mice with live S. Dublin cells expressing flagellin fused to
an epitope of the cholera toxin subunit B, or the streptococcal M5 protein, generated antibodies specific to
the toxin, and protection from streptococcal infection [82, 83]. Similar studies reported efficient induction
of antibodies targeting a 21 amino acid epitope from the human immunodeficiency virus env gene [84], and
a 16 amino acid epitope from moth cytochrome C was efficiently processed from its flagellin fusion protein
and presented via the MHC class 1l pathway for recognition by CD4" helper T cells [85]. Whole bacterial
cells expressing modified flagella were also shown to promote efficient cross-presentation of the partner
epitopes in vitro [72].

In each of these studies, the chosen epitope was compatible with the successful folding and secretion of
the fusion protein to form extracellular flagella. However, fusion to some other epitopes or protein partners
in the hypervariable (HV) region resulted in a lack of expression of flagella or recoverable fusion protein
[75, 77, 82]. Sometimes the protein partner would fail to fold correctly, as shown by a lack of binding to
antibodies that recognise the correctly folded antigen. Specific examples of this include various
nanobody/linker inserts [86], the vaccinia L1R protein [87], and the OVA protein [74]. It is likely that such
issues arise from interference of the fusion partner with the folding, transport, or polymerisation of one or
more domains of the fusion protein.

This limitation, in combination with the slightly higher risks associated with use of live vaccines, has
increased interest in the purification of recombinant flagellin fusion proteins from the well-established E.
coli expression platform for use as subunit vaccines.

Structural considerations for recombinant flagellin fusion proteins

Expressing flagellin fusion proteins in the cytosol of E. coli brings numerous advantages over their
expression as part of an extracellular flagellum. The principal benefit is that it enables partnering to
epitopes that are not compatible with either the flagellar secretion apparatus or assembly into an intact
flagellum [86]. Although this means such proteins can no longer be purified by the simple acid wash of
bacterial pellets used previously, they may still be purified using other well-established techniques, such as
immobilized metal ion affinity chromatography (IMAC) [5, 14, 47].

Cytosolic expression also brings several other advantages. For example, epitopes can be cloned not
only in place of the HV region (which comprises the D2 and D3 domains), but also at the N- or C-terminus,
which in turn permits the fusion of much larger protein partners (Figure 2). The fully recombinant
approach also enables modification of the flagellin sequence to introduce amino acid substitutions,
insertions, or deletions with the potential to alter reactogenicity, immunogenicity, multimerisation, or
cleavage by lysosomal enzymes to enhance the processing and presentation of T-cell epitopes on MHC
molecules [85]. Usefully, some proteins that are difficult to express in E. coli can become well expressed and
soluble when fused to flagellin [15]. Finally, with respect to the core issues of safety and prospects for
translation, a notable advantage is that the E. coli platform is very well established, with a long track record
of use in the development of therapeutics, including in the generation of other subunit vaccines [88].

Fusion of the partner antigen in place of the HV region is an attractive cloning strategy, since this
region is the immunodominant target of antibody responses to native flagellin, and its orientation permits,
in theory at least, expression of a repeating epitope on the surface of self-assembling nanoparticles
comprising multimers of flagellin subunits [20]. However, a mixed picture has emerged from studies
exploring whether placement in the HV domain is always superior to placement at the N- or C-terminus,
particularly in the context of humoral responses to partner antigens. Some studies have found largely
similar immunogenicity of the resulting protein regardless of orientation, while others report a superior
outcome with one orientation over another.

For example, placement of the human immunodeficiency virus (HIV) p24 antigen within the HV region
was found to result in superior serum and mucosal antibody responses to the partner antigen, in
comparison to placement at the C-terminus [16]. A study of the influenza HA1 antigen fused to flagellin at
the C-terminus, HV region, or both, found that placing the antigen within the HV region resulted in the
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lowest reactogenicity, while the greatest immunogenicity was seen with placement at both the HV site and
C-terminus of the same molecule [89].

On the other hand, it was reported that while expression of the vaccinia virus antigen L1R at the N-
terminus of flagellin efficiently induced antigen-specific antibodies, no such antibodies were elicited when
placed in the HV region [87]. Likewise, studies of the chicken OVA model antigen found that while fusion of
the full-length protein at the C-terminus readily induced OVA-specific antibodies [42], no such antibodies
were induced when full-length OVA was expressed within the HV region, in spite of robust induction of
OVA-specific T-cell responses by the same immunogen [74].

It is likely that the unreliable induction of antibody responses to antigens placed in the HV region
reflects improper folding of the target antigen when constrained at both ends by the highly stable flagellin
molecule. This raises the possibility that N- or C-terminal cloning will be advantageous for some antigens,
since these locations should be more likely to permit folding of the partner into its native configuration.

Alternatively, some evidence suggests that the HV folding constraint can be mitigated by the use of
flexible linkers. Taking the S. Typhimurium FIjB flagellin as an example, the distance between the ends of
the “neck” at the D3/D2 interface is about 10 A apart (Figure 2C). Partner antigens cloned into this location
are therefore only likely to fold properly if their N- and C-terminal ends are no more than that distance
apart. However, the “reach” for partner accommodation could be extended by approximately 3.8 A per
amino acid of a flexible linker sequence added to each end of the acceptor or epitope sequence, so
permitting the fusion of larger proteins within the HV region. Examples of such linkers, which have been
successfully used to fuse antigens to flagellin, include classical G4S sequences [40, 43, 90], the human IgG3
hinge region [16], and several others [14, 46, 48]. Thus, it is likely that antibody responses to HV-placed
antigens could be improved by optimisation of such flexible linkers.

Flagellin fusion proteins as vaccines for influenza

Approximately 1 billion people are infected with the influenza virus each year, and up to 5 million of these
cases are severe, requiring hospitalisation [91]. Because the virus evolves slowly over time, the two major
viral surface proteins, hemagglutinin (HA) and neuraminidase (NA), experience a continuous “antigenic
drift”, which alters their structures. This necessitates the large-scale production of seasonal vaccines, each
tailored specifically to the emerging strains. ~500-800 million influenza vaccines targeting these strains
are given each year, largely to protect high-risk groups, such as healthcare workers, elderly individuals, and
immunocompromised subjects [91].

Three major types of influenza vaccine are currently approved for use: inactivated viruses, live
attenuated viruses, and recombinant proteins. Inactivated viruses (such as Fluzone) must be grown in
chicken eggs or cell lines, and are typically given by i.m. injection. Live attenuated viruses (such as FluMist)
can be given as a nasal spray, but are typically contraindicated for immunocompromised individuals. The
recombinant vaccine Flublok (Sanofi) comprises the HA protein only and is produced in insect cells for i.m.
administration. mRNA vaccines for influenza are also being studied, but have yet to progress from clinical
trials [91]. Once approved, they will also be administered by injection.

As the market for influenza vaccines is large (estimated to be ~$4 billion in 2012 [91]), and since there
is demand for vaccines that are more easily manufactured or with lower risk to immunocompromised
subjects, the flagellin fusion platform has received significant interest with respect to its potential for
influenza vaccination (Table 1).

Table 1. Studies of flagellin fusion proteins for influenza vaccination.

Ref Antigen/epitope Epitope Species/route of Summary of observed immune responses and results
location and admin
adjuvant
[92] 11-15 a.a. B-cell, Th,and HV, none Mice, i.n. Flagellins containing viral T-cell epitopes induce T-cell
CTL epitopes from HA or proliferation ex vivo and confer 100% protection from a
NP lethal dose of influenza in mice up to 7 months post
vaccination
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Table 1. Studies of flagellin fusion proteins for influenza vaccination. (continued)

Ref Antigen/epitope Epitope Species/route of Summary of observed immune responses and results
location and admin
adjuvant
[93] 11-15a.a. B-cell, Th,and HV, none Mice, i.n. Pre-immunisation with unmodified flagellin to induce
CTL epitopes from HA or immunity to the carrier protein had no effect on the
NP efficacy of flagellin fusion vaccines given subsequently
[69] 11-15a.a. B-cell, Th,and HV, none Mice, i.n. Induction of virus-specific IgG, splenocyte proliferation,
CTL epitopes from HA or and production of IL-2/IFN-y, reduced viral titres in the
NP lung, and protection from sub-lethal influenza challenge

[94] 24 a.a. from matrix protein C-term, none Mice, s.c. ori.n. M2e-specific antibody responses lasting at least
M2 ectodomain 10 months protected mice from a lethal challenge with
influenza A virus, with efficacy comparable between s.c.
ori.n. delivery

[14] 175-271 a.a. from HA C-term, none  Mice, s.c. Induction of HA-specific antibodies and protection from
globular head domains lethal challenge with mouse-adapted influenza PR8 virus
[78] 222 a.a. from HA1 globular C-term, none Human, i.m. A single dose up to 8 ug was well tolerated with no
head domain serious adverse events, increased titre of anti-HA1
antibodies lasting at least 6 months
[30] 222 a.a. from HA1 globular C-term, none Human, i.m. A single dose of 5 ug was well tolerated and induced a >
head domain 10-fold increase in HA1 antibody levels and
seroprotection in elderly subjects
[89] 222 a.a. from HA1 globular C-term & HV, Human, i.m. A single dose of 1.25 or 2.5 ug was well tolerated,
head domain none inducing a 19-fold increase in anti-HA antibodies by day
21 in 97 subjects aged 18-64
[95] Various epitopes from HA1 C-term & HV, Human, i.m. A single dose of any of 4 flagellin fusions with HA1
globular head domain none attached at either the D3 domain or the C-terminus
increased anti-HA1 titres by day 21 in adults aged 18—40
[6] 222 a.a. from HA1-2 N-term, none  Mice, i.p. Boosts at 14 and 28 days elicited robust HA1-2-specific
globular head domain serum IgG1 and IgG2a titers lasting for at least 3 months
post-immunisation
[47] Various epitopes from HV, none Mice, i.n. Three different flagellin fusion proteins were cross-linked
matrix protein 2 or HA2 to form nanoparticles, immunized mice were fully
domain protected against lethal doses of viral challenge
[48] 22 a.a. from M2e and 33 N-term, none  Mice, i.m. Flagellin was further modified with a coiled-coil domain to
a.a. from helix C of HA produce self-assembling nanoparticles, boosts at days 14
stalk and 28, full protection from lethal viral challenge
[40] Various epitopes from M2e C-term & HV, Mice, s.c. Flagellins containing both M2e and MA2-2 epitopes
and HA2-2 none induced strong 1gG, CD4", and CD8" T-cell responses to

target antigens, and protection from lethal viral challenge

All antigens reported in Table 1 were expressed in E. coli, indicating that glycosylation of the antigen is not necessary to elicit
immunoprotection. There was no use of additional adjuvant beyond flagellin itself in these studies. C-term: C-terminus; CTL:
cytotoxic T-cell; HA: hemagglutinin; HV: hypervariable; IFN: interferon; i.m.: intramuscular; i.n.: intranasal; i.p.: intraperitoneal,
M2e: matrix protein 2 extracellular domain; NP: nucleoprotein; N-term: N-terminus; s.c.: subcutaneous.

Early studies focused on the expression of relatively short epitopes (11 to 15 amino acids) derived
from the HA or nucleoprotein within the hypervariable region of S. Typhimurium flagellin [69, 92, 93].
Intranasal administration of flagellin fused to a B-cell epitope from the HA protein was sufficient to confer
partial protection from influenza challenge in a murine model [92]. However, protection was significantly
enhanced when two additional flagellins, displaying one helper T-cell and one CTL epitope from the
influenza nucleoprotein, were also included in the immunisation protocol [92]. A similar degree of
protection was observed when all three epitopes were combined within a single flagellin molecule [69].
Notably, these studies also found that pre-immunization with the flagellin carrier itself did not impair the
protection afforded by subsequent immunisation with flagellin fusion proteins. This notion is further
supported by the observations of earlier studies that pre-existing antibodies against flagellin, arising
naturally or experimentally, do not impair the efficacy of such vaccines [30, 39, 93]. Likewise, many other
studies report improved immune responses after subsequent administrations of the same flagellin fusion
protein as part of a prime/boost vaccination strategy, suggesting that adjuvant activity is not neutralised by
anti-flagellin antibodies [47, 89, 92, 94].
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Further work then found that flagellin fused to a short sequence from the influenza matrix protein M2
induced antibody responses that were superior to those seen when the M2 peptide was delivered with
alum as a comparator adjuvant [94]. Interestingly, the extent of protection from viral challenge was similar
whether the protein was given by the i.n. or s.c. routes in mice [94]. Likewise, immunisation of mice with S.
Typhimurium flagellin fused to a short section of the HA globular head conferred up to 100% protection
from challenge with a lethal dose of virus [14]. A similar protein administered via the intraperitoneal route
elicited robust HA-specific IgG1 and IgG2a antibody responses, indicating a mixed Th1/Th2 response [5].

A series of small human trials (n = 48-100 subjects per study) then found that S. Typhimurium flagellin
fused to the HA globular head domain was well tolerated at doses up to 8 pg (given i.m.) [30, 78, 89]. The
side effects reported in these trials were minor, including fatigue, headache, and redness around the site of
injection. Anti-HA antibodies were consistently raised in each of the trials to levels similar to those achieved
by conventional influenza vaccines and lasting for up to 6 months. Notably, a > 10-fold increase in anti-HA
titres was observed in a cohort of elderly subjects (mean age 71 years) [30]—a useful property, since
immune responses to most other forms of vaccination typically decline with age [96]. A potential
explanation for this may lie with prior observations that responsiveness to TLR5 ligands does not appear to
diminish with age [87]. Studies to explore whether placement of the HA antigen at the C-terminus, HV
region, or both, found that while immunogenicity is largely similar for the different orientations, HV
placement appears to result in lower reactogenicity in comparison to C-terminal placement [89]. A larger
study of 316 volunteers furthermore found that a quadrivalent mixture of flagellins fused to different HA
domains induced seroprotection against all four of the target influenza type A and B viruses, with a
tolerability similar to that of existing licensed vaccines [95].

Most of the above studies have focused on the induction of immune responses to immunodominant
epitopes of the HA globular head domain, which is also the part of the virus most subject to antigenic drift
and variation. More recent studies have explored vaccines targeting more highly conserved regions of the
virus, such as the HA stalk domain and matrix protein 2 extracellular domain (M2e). For example, a fusion
protein comprising epitopes from both the HA stalk domain and M2e elicited robust antibody, CD4" T-cell,
and CD8* T-cell responses to the target antigens, particularly when placed in the HV region, after s.c.
administration in mice [40]. A similar protein fused to M2e or the HA stalk domain conferred full protection
from a lethal dose of virus after i.n. administration in mice [47]. A further innovation of this study was the
use of a chemical cross-linker to covalently link multiple flagellins together into “nanocluster” particles,
with the aim of increasing immunogenicity through repetitive antigen display [47]. Another group reported
assembly of nanoparticles by recombinant modification of flagellin to include coiled-coil oligomerization
domains, so allowing self-assembly into octamers similar in size to that of a small virus [48]. When these
particles were engineered to present M2e and HA stalk domains, they conferred complete protection from
lethal virus challenge after i.m. administration in mice [48].

Flagellin fusion proteins as vaccines for other infectious diseases

Distinct forms of immune response are necessary to counter the five major classes of infectious organisms:
namely viruses, bacteria, fungi, protozoa, and helminths. Broadly speaking, immunity to viruses, protozoa,
and intracellular bacteria tends to benefit most from the induction of IgG antibodies, Th1 polarised CD4*
helper T-cells, and CD8* cytotoxic T-cells. Responses to extracellular bacteria and yeast benefit most from
Th1 and Th17 polarised CD4" helper T-cells, together with opsonising or complement-activating antibodies,
such as IgG1 and IgG3. Helminth defence benefits most from Th2-polarised CD4" helper T-cell responses
and IL-13-dependent mucous secretion. Defences against most pathogens at the mucosal surfaces
additionally benefit from IgA and/or Th17 helper T-cell responses.

Studies have explored the potential of flagellin-based vaccines to confer protection against pathogens
from most of these classes. For example, nasal administration of flagellin fused to the pneumococcal surface
protein A (PspA) antigen of the bacteria Streptococcus pneumoniae increased PspA-specific serum IgG and
mucosal IgA, and conferred protection from a lethal challenge with live S. pneumoniae in mice [15].
Similarly, i.m. immunisation with flagellin fused to the Pseudomonas aeruginosa outer membrane protein
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Oprl was found to lower bacterial burden in infected mice after experimental challenge, allowing them to
recover more quickly than controls [97].

As P. aeruginosa can cause life-threatening lung infections in patients with cystic fibrosis, and is itself a
flagellated bacterium in which the flagellum is an immunodominant target for immune clearance, a clinical
trial has been conducted to explore the effectiveness of immunisation with P. aeruginosa flagellin alone to
prevent infections with this microbe [98]. 483 cystic fibrosis patients, age 2-18 years, received 40 pg of P.
aeruginosa flagellin (without fusion partner), or placebo, i.m. on four occasions. The vaccine was well
tolerated and induced robust and durable increases in IgG targeting P. aeruginosa flagellin [98]. Episodes of
infection with the organism fell significantly (by 36%) in the group receiving all vaccine doses compared to
the placebo group [98].

A further example of a bacterial pathogen successfully targeted by a flagellin vaccine is Yersinia pestis,
the causative agent of bubonic plague. Intranasal administration of an admixture of flagellin and the Y.
pestis F1 antigen induced robust IgG responses (but, notably, no IgE), and conferred protection against
subsequent challenge with a lethal dose of live Y. pestis in mice [39]. A similar vaccine, given at 10 pg i.m,,
was then shown to induce strong Y. pestis F1-specific antibodies without severe reactogenicity in a human
volunteer study [99].

In addition to the examples given in the previous section targeting the influenza virus, efforts have also
been directed against other viruses, such as HIV, the porcine reproductive and respiratory syndrome virus
(PRRSV), and the Middle East Respiratory Syndrome coronavirus (MERS-CoV) [16, 43, 100]. Intranasal
immunisation of mice with flagellin covalently linked to the HIV p24 antigen induced both serum IgG and
mucosal IgA to the target antigen [16]. A flagellin fused to glycoprotein 5 of PRRSV also induced robust
antibody responses to the target antigen [43]. Notably, this study was performed using C3H/He] mice,
which are unresponsive to bacterial endotoxin, so ruling out a potential adjuvant effect of contaminating
endotoxins [43]. On the other hand, a study of the MERS-CoV surface subunit 1 (S1) domain fused to a TLR4
mimetic 7-mer peptide (RS09) and a short peptide sequence from within the TLR5 binding domain of S.
Typhimurium flagellin found that the inclusion of the putative TLR ligands did not improve induction of
specific antibodies in comparison to control fusion proteins [100]. However, this study did not test whether
these short sequences, alone or as part of the fusion proteins, were capable of stimulating TLR4 or TLR5
[100].

Studies have also explored the potential of flagellin fusion proteins to promote immunity to the
protozoan parasite Plasmodium falciparum, which is the causative agent of the most serious forms of
malaria. Specifically, immunisation of mice with a self-assembling protein nanoparticle containing peptide
sequences from various domains of the P. falciparum circumsporozoite protein, together with the TLR5
activating domain from flagellin, was found to induce high-affinity antibodies after three doses [46]. The
construct also conferred greater protection against challenge with a lethal dose of a transgenic Plasmodium
berghei sporozoite expressing PfCSP than control vaccines lacking flagellin [46]. Thus, current evidence
supports the notion that flagellin fusion proteins have potential as vaccine platforms for diverse forms of
infectious microorganisms.

Flagellin fusion proteins for mucosal vaccination

One of the key limitations of vaccines that are given parenterally, regardless of their composition (i.e.,
whole organism, subunit, or nucleic acid-based vaccines), is that while they may induce robust systemic
immunity, they do not induce significant immunity at the mucosal surfaces [101, 102]. This is a highly
desirable property of most vaccines, as the majority of pathogens gain entry to the body via the mucosal
surfaces—principally the respiratory tract, gastrointestinal tract, and urogenital tract.

Unlike adaptive immune responses triggered elsewhere in the body, those at the mucosal surfaces
confer two key additional protective properties that specifically aid in mucosal defence [103]. The first of
these is the class switching of B-cells to promote expression of IgA, which may then be secreted onto the
mucosal surface as secretory IgA (sIgA). The second is the fact that both B- and T-lymphocytes activated at
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the mucosal surfaces are programmed by the local cellular and cytokine environment to preferentially
home back to the mucosal surfaces by chemoattraction after activation and proliferation. In this way,
lymphocytes activated by mucosal pathogens return to populate the tissues just below the mucosal
surfaces, thus conferring optimal protection at these sites.

The induction of sIgA responses is particularly valuable for mucosal defence since, unlike other
antibody isotypes which are confined to the blood compartment, sIgA can coat the mucosal surfaces to limit
the attachment of pathogens and their entry to host cells. In so doing, this lowers the potential for
replication, risk of transmission between hosts, and the rate of emergence of new variants by mutation [16].

The induction of mucosal immunity is therefore a desirable property for vaccines targeting most
pathogens. However, only a limited number of orally or intranasally administered vaccines have received
approval for use in humans due to numerous technical challenges in their development. The primary
difficulty is the establishment of a suitable adjuvant that works well at the mucosal surfaces while also
avoiding excessive systemic or off-target effects. In particular, the adjuvants alum and MF59, which are
commonly used in human vaccines, do not appear to work well for mucosal immunity [104]. DNA and RNA-
based vaccines also do not elicit effective mucosal immunity [1]. As a result, almost all attempts to develop
mucosal vaccines in man have focused on either live attenuated vaccines or inactivated whole-organism
formulations, which are self-adjuvanting on the basis of their endogenous PAMP content [105]. Examples
include the FluMist™ and Nasovac™ intranasal influenza vaccines [106].

However, as discussed above, there are limitations to the use of live attenuated vaccines, particularly
with respect to safety in elderly or immunocompromised subjects. Moreover, growing large quantities of
virus in eggs (for influenza) can be slow and cumbersome (especially in response to new challenges),
relatively expensive, and potentially quite dependent on an effective cold chain for distribution, which
limits utility in the developing world.

There is therefore much demand for a subunit-based vaccine that is suitable for the induction of
mucosal immunity. However, soluble proteins are not normally immunogenic when delivered at the
mucosal surfaces [107], and most antigens lack affinity for the nasal epithelium, so are prone to rapid
clearance by mucociliary action [108]. Moreover, mucosal administration of unadjuvanted proteins can
result in the induction of tolerance to those proteins via the activation of regulatory T-cells. One approach
that has been attempted to circumvent these problems is to fuse the antigen of interest to bacterial toxins,
such as E. coli heat-labile toxin or recombinant cholera toxin B-subunit (rCTB) [105]. Both act by binding to
GM1 ganglioside receptors on APCs, which in turn facilitate antigen uptake across the mucosal surface and
improve antigen presentation [109]. However, interest in the use of these toxoids as intranasal adjuvants
has been somewhat reduced since it was observed that they may trigger Bell’s palsy in a small proportion of
recipients [110]. The adjuvant CpG ODN is also capable of stimulating mucosal immunity, but it is not
approved for human use due to the relatively high risk of induction of autoimmune disease [107].

In light of these challenges, a key advantage of the flagellin fusion protein platform is that it has been
shown to work well as a mucosal adjuvant. In particular, there are many reports that i.n. administration of
flagellin fusion proteins elicits protection against influenza infection in mice [47, 69, 92, 94]. Notably, these
studies report that i.n. administration of flagellin fusion proteins can also trigger systemic induction of
antigen-specific IgG [47, 69, 93, 94], splenocyte proliferation [69, 93], and IL2/IFN-y production [47, 69]
(consistent with T-cell responses), and secretion of IgA in the lung [69]. Further supporting broad induction
of systemic immunity, i.n. administration of a vaccinia virus antigen fused to flagellin induced serum IgG,
mucosal IgA, and CD8" T-cells in mice [41]. Intranasal flagellin fused to pneumococcal surface protein A also
induced IgA in both serum and mucosal secretions of mice [15].

Flagellin has also been shown to have adjuvant activity when given via the oral and rectal routes. For
example, flagellin-specific serum IgG and splenocyte IL2/IFN-y responses were induced to orally
administered flagellin (without partner antigen) in mice [35], and rectal administration of flagellin induced
local secretion of IgA in cattle [81].
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Numerous potential mechanisms may explain the mucosal activity of flagellin. TLR5 is highly expressed
by airway epithelial cells, which secrete the chemokine CCL20 (a chemoattractant for DCs) in response to
flagellin [111]. TLR5 may also act as a scavenging receptor for flagellin [65], allowing uptake by microfold
(M) cells for translocation of the protein to immune cells in the subepithelial layer, or by intraepithelial DCs
that project dendrites into the mucosal lumen to sample antigens [112]. Consistent with this notion,
radiolabelled flagellin given intranasally was shown to traffic to the cervical lymph nodes, where it then co-
localises with CD11c-positive DCs [57]. Notably, in the nasal mucosa, resident cDCs tend to promote non-
responsiveness to harmless inhaled antigens [113]. However, this can be overcome by the recruitment of
monocyte-derived dendritic cells (moDCs), more capable of mediating T-cell priming, in response to danger
signals [113]. It is possible that TLR5 or NLRC4 activation could serve as suitable stimuli for such
recruitment. Supportive of this notion, it was shown that CD8"* T-cell activation in response to i.n. flagellin
was largely dependent on NLRC4 signalling, consistent with production of mature IL1p by lung DCs in
response to flagellin fusion proteins [41].

In addition to the advantages of induction of mucosal immunity, there are numerous other benefits to
nasal administration of vaccines. First, by being needle-free, such vaccines avoid biohazardous sharps
waste or risk of needlestick injury, and often have higher acceptance by recipients [107]. As they do not
require trained personnel to administer, self-administration may be possible, which could be of benefit in
mass vaccination programmes [112].

It remains unclear whether i.n. administration of flagellin will be suitable for use in human subjects,
since no such trials have been reported to date. However, studies in non-human primates suggest that the
positive findings seen in mice are likely to also translate to humans. For example, i.n. immunisation of
cynomolgus monkeys with flagellin fused to a Y. pestis antigen induced high levels of systemic antigen-
specific IgG, with titres very similar to those of i.m. administration [39]. There was no induction of serum
TNF-a or increased body temperature within 24 h of delivery, suggesting little or no induction of systemic
inflammation by i.n. flagellin [39]. This observation, together with the promising safety profile of i.m.
administration of flagellin in human subjects [30, 78, 89, 95], suggests that i.n. flagellin should also have a
favourable safety profile in human trials.

Prospects for utilisation of flagellin in cancer vaccines
Specific requirements of cancer vaccines

The human immune system is capable of distinguishing cancer cells from healthy cells and eliminating
them. Both humoral and cellular immune responses contribute to these functions, which are collectively
termed “immune surveillance”. Antibodies can bind to specific antigens on the surface of cancer cells,
promoting cell death in at least three distinct ways: (i) by promoting the deposition and activation of
complement, (ii) by the activation of natural killer cells (antibody dependent cell-mediated cytotoxicity,
ADCC) and (iii) by the phagocytosis of labelled tumour cells by macrophages (antibody dependent cellular
phagocytosis, ADCP) [114]. CD8" T-cells are also able to kill tumour cells directly, either by releasing
perforin and granzyme, or by stimulating the Fas receptor (CD95) on the target cell [115]. Both processes
may be enhanced by cytokines released from Th1 polarised CD4* T-cells responding to tumour-derived
antigens [116].

The effector mechanisms of immune surveillance are therefore very similar to those of anti-viral
immune responses. However, several key differences explain why anti-tumour immunity is significantly
more challenging to develop than anti-viral immunity.

The first is that infectious organisms, including viruses, harbour gene sequences that are very different
from those of the host genome. This means they express numerous proteins with low similarity to host
proteins, which are therefore readily distinguished as foreign by T-cells and BCRs. By contrast, the majority
of antigens expressed by tumour cells are identical to those of healthy cells, and the small proportion that
differ from wild-type (so-called “neoantigens”) typically harbour relatively minor alterations, such as single
amino acid substitutions [117]. Most T-cells and B-cells capable of responding to host proteins or peptides
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are either eliminated during negative selection in the bone marrow and thymus (central tolerance) or
rendered non-functional by chronic exposure to self-antigens in the absence of danger signals (peripheral
tolerance). These mechanisms make it difficult to generate B-cells or T-cells capable of recognising and
responding to host proteins with only minor modifications to the native sequence.

A further challenge is that while infectious organisms express PAMPs, which are easily recognised as
foreign by PRRs of the innate immune system, such markers of danger and “foreignness” are absent from
tumour cells. Thus, even when antigens arise in tumour cells which differ greatly from the non-mutant
form, they may fail to generate adaptive immune responses due to the lack of “danger signal” that would
ordinarily arise from concurrent exposure to PAMPs.

Next, as tumour cells mutate and evolve rapidly, larger masses frequently discover means of expressing
an immunosuppressive milieu in the local tumour environment, using mechanisms such as the secretion of
anti-inflammatory cytokines (e.g., IL10 and TGFf), and recruitment of immunosuppressive cell-types, such
as myeloid-derived suppressor cells [118]. Tumour cells can furthermore evade clearance by T-cells by
increasing their expression of immune checkpoint proteins, such as PDL1, or downregulating expression of
MHC-], such as by allele loss [119].

Prospective cancer vaccines must therefore address each of these key difficulties by: (i) identifying the
most suitable antigens to target, (ii) incorporating an adjuvant capable of circumventing the low
immunogenicity of minimally modified host proteins, and (iii) aiming to induce responses capable of
overcoming the immunosuppressive environment of most solid tumours. A further challenge is that since
most tumour antigens are unique to a particular patient, the vaccine platform should offer potential to
target neoantigens that are unique to individual patients (i.e., a personalised approach), with both
affordable synthesis and rapid turnaround.

Identification of tumour antigens suitable for vaccine targeting

Two major classes of antigen are targeted by current cancer vaccines: proteins from oncogenic viruses and
tumour neoantigens. The former has utility because approximately 15% of cancers are triggered by
infections, primarily viruses [120]. The risk of developing such cancers can therefore be reduced by
vaccination to prevent infection with the respective virus. For example, infection with the human
papillomavirus (HPV) can increase the risk of cervical cancer, and a licensed vaccine comprising HPV capsid
proteins significantly lowers the risk of developing this type of tumour [121]. Likewise, a licensed
recombinant protein subunit vaccine targeting the hepatitis B virus lowers the risk of liver cancer [122]. As
some viral antigens can be relatively well conserved, it is possible to develop a single vaccine suitable for
prophylactic administration to a broad population, and the design of such vaccines is straightforward.

However, identifying antigens suitable for targeting the remaining 85% of tumours that do not arise
from an infectious source is fundamentally more difficult. The first challenge arises from the limitations
presented by the two major types of tumour antigen. Tumour-associated antigens (TAAs) are normal
proteins that are overexpressed in tumour cells, but are also expressed at lower levels by healthy cells.
Tumour-specific antigens (TSAs) arise from mutations that give rise to neoantigens and are therefore
unique to tumour cells. The advantage of targeting TAAs is that a single immunotherapy, such as a
monoclonal antibody or chimaeric antigen receptor (CAR) T-cell, can be applied to a broad population of
cancer patients, since the target antigen is the same in all patients. Examples include the monoclonal
antibodies rituximab, which targets CD20 for treatment of B-cell lymphoma, and trastuzumab which targets
the human epidermal growth factor (EGF) receptor 2 to treat breast cancer [123]. However, there is a high
risk of off-target effects and systemic toxicity when targeting T-cells to TAAs if they happen to be expressed,
even at low levels, on healthy cells of sensitive tissues [124]. This danger, together with the fact that
adaptive immune responses to TAAs are largely curtailed by tolerance mechanisms, effectively precludes
the targeting of most TAAs by vaccine approaches.

In principle, TSAs have the advantage of being present in tumour cells but absent from healthy cells, so
making them better targets for tumour vaccines. However, because they arise from mutations that are
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essentially random, they are specific to individual patients and can only be identified after the tumour has
developed. This precludes the possibility of developing prophylactic vaccines to most TSAs and necessitates
the development of personalised vaccines, unique to each individual patient.

The immunogenicity of TSAs can also be quite variable. The most common form of mutation that gives
rise to neoantigens—the single nucleotide variant (SNV)—results in gene sequences that differ only slightly
from the wild-type protein [117]. Although CTLs can be found in patients who respond to mutant proteins
with single amino acid substitutions [118], it is nevertheless challenging for the immune system to
recognise subtly different neoantigens as foreign. Three rarer forms of mutation, namely gene fusions,
splice variants, and base insertion or deletion (indels), can result in sections of protein that are out of frame
with the wild-type sequence, and therefore have little or no similarity to normal host proteins [125, 126].
Such proteins therefore have greater potential for recognition by B-cells or T-cells, since reactive clones
would not have been eliminated by tolerance mechanisms.

The next challenge relates to the processing and presentation of tumour antigens. As 90% of cellular
proteins remain in the cytosol, they are invisible to the immune system unless processed by proteases for
presentation of their constituent peptides on MHC molecules for detection by T-cells. As there is great
genetic diversity in the sequences of human leukocyte antigen (HLA) alleles within the human population, it
remains very challenging to predict in silico which peptides will bind to which HLA alleles [127]. Thus, even
if highly novel neoantigens arise in a particular tumour, they may not be suitable for either processing or
presentation on MHC, in a patient-specific manner. Nevertheless, bioinformatics approaches to address
these difficulties are improving. For example, online platforms such as NetChop and NetCTL can be used to
predict whether the mutant peptide is likely to be processed by the proteasome and presented via the MHC
class I or Il pathway. Epitope prediction algorithms (e.g., NetMHCpan, MHCflurry) can also be used to
predict whether mutant peptides are likely to bind to any of the patient’s own complement of HLA alleles
[127].

Next, although DNA-based exome sequencing data is an easy and reliable method for identifying
tumour-specific mutations, it does not reveal whether a candidate gene harbouring a mutation is actually
expressed. This should be quantified, using techniques such as RNA-seq and proteomics, to triage low-
abundance proteins that are not likely to be suitable targets for protective immunity.

Another challenge is presented by the high rate of mutation and genetic instability present in most
tumours [128]. On the one hand, the progressive accumulation of mutations over time should yield more
neoantigens for the vaccine designer to explore. However, mutation rate and cellular diversity eventually
reach the point where every cell in the mass can have a slightly different genomic sequence from its
neighbour [128, 129]. This enables most solid tumours to evolve progressively more robust means of
immunosuppression, loss of immunogenic TSAs (immunoediting), and downregulation of MHC molecules.

Single-cell and tumour region sequencing has recently provided much insight into the clonal and
evolutionary history of individual tumours [130, 131]. These studies have found that established tumours
are no longer clonal, but instead comprise a mass of competing clones, each subject to natural selection
favouring those that are the fastest growing and best able to escape immune clearance [129, 132]. Different
regions of the same tumour can be dominated by one clone, or comprise mixtures of many competing
clones [130, 133]. Phylogenetic analysis of multiple tissue samples or single cell sequences from individual
tumours reveals a complex evolutionary “tree”, in which the different clones are at the ends of many
phylogenetic branches, having evolved from precursor clones that arose early in tumour development to
make up the “trunk” (Figure 4) [129, 132]. The clones at the tips of the phylogenetic branches harbour
many mutations that are unique to that clone, and do not exist elsewhere in the tumour [132]. Targeting
neoantigens arising from such mutations would be futile, as the remaining cells in the mass lacking those
mutations would escape immune clearance. However, a much more promising observation from these
studies is that most tumours also contain so-called “truncal” mutations, which means they arose early in the
evolution of the tumour and remain present in all clones sequenced, regardless of the branch they are now
on [132, 133]. Often, the truncal mutations remain present because they occur in driver genes, so they have
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faced positive selection during the growth of the tumour [133]. Such mutations are clearly advantageous to
target during vaccine design, not only because they are present throughout the mass, but also because
immune escape through antigen loss is less likely if the mutation is present in a driver gene that is
necessary for tumour survival.

Sub-clones in
- “branches”
harbour distinct,
clonal mutations

Common ancestor,

post transformation <« Mut 3 Early, “truncal” mutations,
shared by most or all cells
«— Mut2 oy
Pre-cancerous, in the mass
healthy cell \ <« Mut1l
Time .

Figure 4. Clonal evolution of tumour antigens. Founder mutations initiate the acceleration of proliferation, and those that are
necessary for fitness or survival are maintained. Subclones (shown as branches) with different mutational signatures develop
within the tumour, but many tumours also harbour “truncal” mutations that arise early in development of the tumour (shown as
the trunk), and remain present in most or all cells of the mass thereafter. Arrows indicate points of accumulation of non-
synonymous coding mutations.

Another key factor to consider is the tumour mutational burden (TMB) of the specific cancer being
targeted. TMB, which is the number of mutations (on average) per megabase of genome, varies
substantially between different types of tumour. A high TMB tumour, such as some forms of melanoma,
could have a TMB in the range of 10-100 mut/Mb, while TMB may be as low as 0.1-1 mut/Mb in the least
mutated tumours (such as thyroid cancer) [117].

A simple calculation reveals how TMB can affect the number of neoantigens available for targeting. As
the human haploid exome comprises ~20,000 genes spanning ~30 Mb (~0.0015 Mb per gene), a tumour
with an average TMB of 3 mut/Mb (the median across all human cancers [117]) would harbour ~180 genes
containing mutations (when accounting for both maternal and paternal alleles). Only ~70% of these are
likely to alter the amino acid sequence of the protein (due to codon redundancy), and only about half of
those are likely to be expressed at a reasonable level [132], which means an average tumour cell in that
mass may express ~63 proteins with a single amino acid alteration compared to the original sequence. This
figure may be as low as 2 suitable neoantigens for a very low TMB tumour, or as high as 2,000 neoantigens
for a very high TMB tumour. It is difficult to estimate what proportion of these antigens is likely to be
presented by MHC molecules [127], but approximately 10% should be expressed on the cell surface
independent of presentation pathways, and are potentially amenable to recognition by antibodies [134].
Likewise, it is difficult to predict how many of the mutations are likely to be of the more immunogenic
frame-shift indel variety, but analysis of solid tumour samples from across the Cancer Genome Atlas
suggests that, on average 6% will be of this type [125].

Neoantigens suitable for targeting by cancer vaccines therefore require that the mutation results in a
protein that is sufficiently different from normal to be immunogenic, expressed at a reasonable level,
preferably arising from a driver gene or truncal mutation, and processed and presented by MHC in that
particular individual. Although these requirements greatly reduce the number of neoantigens that may be
suitable for vaccine targeting for any given tumour, evidence suggests that almost all tumours should
nevertheless express at least some antigens suitable for vaccine targeting.
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Existing cancer vaccine platforms

Broadly speaking, there are seven major categories of currently studied cancer vaccine platforms: (i) whole
tumour cell adjuvanting, (ii) dendritic cell vaccines, (iii) synthetic peptides, (iv) recombinant proteins, (v)
viral vectors, (vi) DNA vaccines, and (vii) mRNA vaccines. Each approach has specific advantages and
limitations, as will now be discussed (see also summary in Table 2).

Table 2. Advantages and limitations of existing cancer vaccine platforms.

Platform Advantages Limitations
Whole tumour cell or  + Broad antigenic spectrum * Risk of inducing tolerance
lysate * No requirement for epitope prediction » Potential adverse events from strong
adjuvants
Dendritic cell » Personalized and highly immunogenic » Time-consuming and costly
» Direct T cell activation » Complex manufacturing

* Modest impact in trials

Viral vectors « Efficient gene delivery » Pre-existing immunity to the vector
» High immunogenicity (esp. via MHC-I presentation and + Safety concerns (insertional
induction of type | IFN) mutagenesis)
DNA vaccines » Stable and easy to store * Requires a complex formulation for

* Induces both humoral and cellular immunity transfection

* Risk of integration into the host

» Easy to synthesize
genome

» Relatively low efficacy in humans

mRNA vaccines » Easy to synthesize » Requires a complex formulation for

» Rapid and scalable production transfection

* No risk of genomic integration * Requires cold-chain storage

« Stability challenges in vivo

Synthetic peptides » Easy to synthesize » No attachment of adjuvant
* High specificity * MHC restriction
* Low toxicity * Weak immunogenicity

* No cell targeting

Recombinant proteins + Broader epitope coverage * Low immunogenicity *
« Safer than live vaccines * No attachment of adjuvant *
* Low toxicity * No cell targeting *

*: except for flagellin fusion proteins. IFN: interferon; MHC: major histocompatibility complex.

Whole tumour cell vaccines

Early attempts to develop cancer vaccines built on observations made by the surgeon William Coley in the
late 19th century that the administration of heat-killed, highly immunogenic bacteria, such as Streptococcus
pyogenes and Serratia marcescens, directly into the tumour mass occasionally resulted in regression of the
tumour, albeit with severe and life-threatening side effects for many recipients [135]. Later work using
animal models confirmed that the administration of certain types of bacteria to tumours in situ could elicit
regression or even clearance of some forms of tumour [136]. Clinical trials in the 1950s to 1980s then
explored the efficacy of immunisations comprising killed, excised tumour cells mixed with powerful
adjuvants, and re-administered s.c. or intratumorally to the same patient [137]. Most of these trials utilised
a live attenuated strain of Mycobacterium bovis originally developed as a tuberculosis vaccine—Bacillus
Calmette-Guérin (BCG)—as the adjuvant since it is a very potent inducer of Th1 responses. Rates of
remission were low for most types of cancer, thus prompting the later shift in interest towards defined
antigen vaccines. However, BCG treatment remains the standard of care today for bladder cancer since, for
anatomical reasons, it is uniquely amenable to the induction of highly localised immune responses. Bladder
tumours are typically localised to the epithelial layer of the organ, and can therefore be exposed to high
concentrations of the adjuvant (BCG) by administering it directly into the lumen of this hollow organ, so
avoiding systemic dissemination and resulting toxicity.
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Dendritic cell vaccines for cancer

As it became clear in the early 1980s that DC activation is critical to the induction of effective immune
responses, efforts began to focus on the potential of using autologous DCs to improve immune responses to
tumour antigens. In this approach, a patient’s peripheral monocytes are differentiated into DCs in vitro,
then treated with a lysate of the patient’s own tumour cells, or a specific tumour-associated antigen, in the
presence of adjuvants to maximise processing and presentation of tumour antigens. The activated cells are
then returned to the patient by intravenous administration. Sipuleucel-T, the first Food and Drug
Administration (FDA)-approved vaccine for prostate cancer, is an example of this approach. In this therapy,
a patient’s DCs are challenged with a recombinant form of prostatic acid phosphatase (a protein
overexpressed in ~95% of prostate cancer cells) fused to the cytokine GM-CSF as an adjuvant [138].
Although the therapy increased median survival from 22 to 26 months in a phase IlI trial, it is rarely used
today, mainly due to its cost and complexity [139].

Synthetic peptide vaccines for cancer

Advances in the automated synthesis of peptides in the late 1980s then encouraged exploration of the use
of synthetic peptides as tumour vaccines. The concept is that short epitopes from a tumour antigen could be
designed based on either public TAAs or patient-specific mutations discovered from sequencing tumour cell
DNA. The resulting peptides can then be infused directly into patients, where they may bind to existing
MHC molecules on DCs to stimulate immune responses. Those designed to be presented on MHC-I are
typically 8-11 amino acids long, and do not require cellular internalisation or processing since they can
bind directly to the peptide binding groove of MHC-I on the surface of the cell. Those targeting MHC-II are
slightly longer—typically 15-25 amino acids long—and must be taken up by cells for internal processing
(trimming via proteases), before they can be presented. Longer peptides can also be made by forming
concatemers of multiple such units, using short linker sequences that are either non-immunogenic (e.g.,
GGGS) or promoters of proteasomal cleavage for MHC-I presentation (e.g., AAY, RVR) or cathepsin cleavage
for MHC-II presentation (e.g., GPGPG), to connect them [140].

A key disadvantage of the peptide approach is that they are not specifically targeted to DCs, so are
likely to also bind and be presented on the MHC of diverse, non-DC cell types, which lack co-stimulatory
signals for T-cells. This form of presentation can result in T-cell anergy or tolerance, so impairing immune
responses to the targeted tumour antigens, as seen in early animal studies [115, 141]. However, this can be
largely avoided through the use of longer peptides (25-35 amino acids long), which require processing
before presentation. Peptides are also poorly immunogenic when given alone, so they must be given with
strong adjuvants, which are typically not covalently attached to the peptide. This is a disadvantage since, as
mentioned earlier, physical linking of adjuvant to antigen appears to be critical for optimal T-cell activation,
especially when these responses depend on efficient cross-presentation of antigens [11, 74, 76-78].

Nevertheless, a notable success has been reported in the treatment of melanoma patients with peptide
vaccines targeting multiple private (i.e., patient-specific) neoantigens [142]. Ott et al. [142] prepared pools
of up to 20 short peptides per patient, each 15-30 amino acids long and corresponding to epitopes
spanning mutations determined by DNA sequencing of the patient’s tumour. Peptide sequences were
furthermore prioritised according to those predicted to bind to the patient’s specific complement of MHC-I
or MHC-II alleles. Of the six patients who received the peptide vaccines, four had no recurrence two years
after vaccination, and two saw complete tumour regression after co-treatment with an immune checkpoint
inhibitor (anti-PD1) [142]. Key lessons from this study include the observations that: (i) Vaccination in this
way was safe and well tolerated, (ii) high TMB tumours contain many epitopes suitable for vaccine
targeting, and (iii) pre-existing CD4" and CD8" T-cell responses to the epitopes chosen for immunisation
were not detectable before vaccination, but were frequently induced post-treatment.

Recombinant protein vaccines for cancer

Recombinant protein vaccines offer many of the same advantages of peptides, in terms of their stability, low
toxicity, and ease of formulation for delivery, while also offering a greater capacity for expression of
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multiple epitopes. However, relatively few protein vaccines have been developed to target tumour antigens
for cancer treatment. Examples include the experimental vaccines Nelipepimut-S, which targets the
HER2/neu peptide E75 to treat breast cancer [143], and CIMAvax-EGF, which targets EGF for the treatment
of non-small cell lung cancer [144]. On the other hand, recombinant protein vaccines have been highly
successful in the prevention of cancers caused by oncogenic infectious organisms. Examples of these
include the widely used Gardasil and Cervarix vaccines, both of which are based on the recombinant L1
protein of HPV. Interestingly, the L1 protein is capable of self-assembly into VLPs, which are more effective
than monomers at stimulating neutralizing antibody responses [145]. Another example is recombinant
hepatitis B surface antigen, which is used to prevent hepatitis B virus (HBV) infection and liver cancer
[122]. However, key disadvantages of the recombinant protein platform are that they are generally poorly
immunogenic, so require an adjuvant (which is not usually covalently attached), and they are not targeted
specifically to professional antigen-processing cells.

Viral vector vaccines for cancer

Genetically modified viruses can also be used to deliver tumour antigens for vaccination, and offer two key
advantages over other platforms. First, the antigen is expressed within the target cell, without the
requirement for complex transfection reagents, which greatly enhances the efficiency of presentation of
relevant peptides on MHC-I. Second, the viral machinery triggers a type I interferon response, which is a
highly effective priming signal for CD8* T-cell activation [58]. However, a potential limitation is that pre-
existing immunity to the viral vector itself can limit the effectiveness of vaccination. This is why, in some
cases, a prime/boost strategy using a heterologous vector for the second immunisation is used. An example
of this approach is the PROSTVAC-VF/Tricom vaccine for prostate cancer, which delivers the prostate-
specific antigen (PSA) antigen via a vaccinia virus for priming, and a fowlpox virus for the booster [146].
Unfortunately, the promising results seen for this vaccine in early trials were not replicated in larger phase
I1I trials [121]. Another example is the TroVax (MVA-5T4) vaccine, which uses a modified Vaccinia Ankara
virus to deliver the 5T4 oncofetal antigen, and is currently being trialled for use in renal cell carcinoma
[147]. The use of live viruses also increases the risk of causing illness in immunocompromised patients.
Replication-defective or attenuated strains of poxviruses and adenoviruses are typically chosen to mitigate
these risks [121]. Other limitations include the relatively small number of antigens that can be carried per
viral particle and the risk of genotoxicity through unintentional insertion into the host genome.

DNA vaccines for cancer

Many of the safety and immunity issues regarding viral vectors can be avoided through the use of nucleic
acid vaccines, in which the tumour antigens are coded for by DNA or mRNA constructs. DNA is particularly
easy to synthesise, and is highly stable ex vivo—a useful property for distribution and storage. However,
target antigens can only be expressed from DNA constructs if they cross both the cell membrane and the
nuclear envelope. Only a very small proportion of administered DNA is taken up by cells after
administration of naked DNA in vivo [148]. Therefore, complex formulations are required to promote the
uptake of the DNA by cells, its escape from the endosome, and entry to the nucleus for expression.
Strategies taken to promote these events include encapsulation within lipid-based liposomes or
complexation to the positively charged protein protamine, both of which facilitate improved entry to cells
and protection from nucleases in the intercellular space [149]. A further advantage of the DNA platform is
that since the target antigens are expressed within the host cell, there is potential for processing of antigens
for presentation on MHC-I. Similar to viruses, though, there remains a (very small) risk of genotoxicity from
unintended integration of vector DNA into the host genome [150].

mRNA vaccines for cancer

mRNA shares many of the advantages of the DNA platform, being also easy to synthesise rapidly and at
scale, but with the additional advantage of superior safety, in that it cannot integrate into the genome. On
the other hand, mRNA is less stable than DNA, so it may require very low temperature transport and
storage. It is also more prone to degradation post-injection, although this can be countered to some extent

Explor Immunol. 2026;6:1003234 | https://doi.org/10.37349/e1.2026.1003234 Page 24



through the use of chemically modified nucleotides [151]. Like their DNA counterparts, mRNA vaccines
must also cross the cell membrane to be expressed, so they require a complex formulation, such as
liposomal encapsulation. However, as they are transcribed from the cytosol, they do not require entry to
the nucleus (which is more challenging to engineer).

Similar to the peptide neoantigen example discussed earlier, a personalised mRNA vaccine trial for
melanoma has also shown promising results [152]. Specifically, this study treated 13 stage III and IV
melanoma patients with multiple doses of mRNA coding for patient-specific neo-epitopes. They chose to
focus primarily on single amino acid substitutions, with each mRNA coding for 5 peptides, each 27 amino
acids long, with the mutation at the central position and linked by non-immunogenic flexible linkers. Each
patient received two such RNA molecules, for a total of 10 epitopes targeted per patient. Delivery was by 8
repeat injections into the inguinal lymph nodes, and was well-tolerated with no serious adverse events. All
patients in the study raised T-cell responses to at least three of the ten target epitopes, and there was a
significant increase in progression-free survival among the cohort. ELISPOT assays revealed that the
majority of responses were CD4" T-cell biased, but CD8" T-cell responses were also induced to about a third
of the predicted MHC-I binding epitopes [152].

Several key lessons can be taken from the studies listed above. First, most tumour vaccines trialed in
the modern era have been found to be well-tolerated, with only rare examples of severe adverse events
[127, 153, 154]. Next, identifying immunogenic neoepitopes from tumour DNA or RNA sequencing is clearly
viable, and patients are capable of raising T-cell responses to epitopes that differ from the native sequence
by only a single amino acid [142, 152]. Targeting multiple, private TSAs has been found to be generally
much more successful than targeting TAAs, particularly when only a single TAA is targeted [155]. It is
notable that the currently available platforms appear to be more successful at generating CD4* T-cell
responses to target antigens than CD8" T-cells. Whether this relates primarily to limitations in the in silico
prediction of HLA binding epitopes or the potential for appropriate adjuvanting or cross-presentation of the
vaccine platforms themselves, remains to be determined. Finally, early studies make the promising
observation that the successful induction of T-cell responses to neoepitopes is associated with favourable
clinical outcomes, at least for melanoma [142, 152].

These studies also paint a useful picture of what is likely to work, and what is not, in the next
generation of cancer vaccines. Clearly, a personalised approach targeting multiple neoantigens will be
preferable. This will necessitate a fairly rapid workflow for design and synthesis. Improving the capacity to
induce CD8" T-cell responses will also likely be beneficial, since these are seen as pivotal to tumour
clearance [156]. Improved targeting of the antigen or expression construct to DCs, so as to avoid
presentation on inappropriate cell types, will likely contribute to progress here. Likewise, facilitating
improved cross-presentation of antigen, such as through co-endosomal adjuvanting, or induction of CD8* T-
cell licensing cytokines, such as type I interferon, may also be beneficial. From a practical perspective, it will
also be helpful for next-generation cancer vaccines to exhibit less complex and lower cost formulation,
improved stability for storage and transport, and less invasive means of delivery.

Flagellin as a platform for cancer vaccines

In comparison to immunisation for infectious disease, flagellin has received less attention as an adjuvant for
cancer vaccines. However, evidence supports the utility of flagellin for tumour immunotherapy in various
applications and modes of delivery.

For example, early studies showed that the peritumoral administration of flagellin could slow the
growth of tumours derived from D2F2/E2 cells implanted in mice [157]. Likewise, peritumoral flagellin
caused significant regression of tumours derived from the human DLD-1 colon cancer cell line in a mouse
xenograft model [158]. Intratumoral administration of liposomes containing a dye that enables the Kkilling
of tumour cells during photothermal therapy was alone not sufficient to prevent the growth of DD-
Her2 /neu cell tumours in mice [159]. However, when flagellin was incorporated into the same liposomes,
growth of the primary tumour was completely suppressed, secondary (abscopal) tumour growth was
slowed, and survival was significantly extended [159]. Interestingly, in addition to the induction of antigen-
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specific CD8" T cells, tumour adjuvanting in this way also elicited serum antibodies capable of binding to
the surface of the tumour cells, which may have contributed to protection [159].

A non-specific defence against certain types of tumour has also been reported to be elicited by the
systemic delivery of flagellin alone. For example, s.c. administration of a pharmacologically optimised
version of S. Typhimurium flagellin lacking the D2 and D3 domains (CBLB502, Entolimod) inhibited the
growth of liver metastases from diverse types of tumour in mice, without requirement for an associated
target antigen [160]. The treatment did not induce marked systemic inflammation [31], as is common with
ligands of other TLRs, but rather promoted recruitment of diverse immune cells to the liver. The authors
suggest this could be because hepatocytes and cells in the gastrointestinal tract, but not other cell-types
typically responsible for production of more pro-inflammatory cytokines in response to other TLR ligands,
were the primary responders to CBLB502 [160].

The same group then found that systemic administration of CBLB502 significantly improved survival in
mice grafted with murine T-cell (RMAS) and B-cell (A20) lymphoma cell lines, in a manner dependent on
both NK cells and perforin [161]. Similar treatment could also prolong survival in mice with liver
metastases of the CT26 cell line [32]. Depletion experiments showed that protection was dependent on NK
cells and CD8" T-cells, but not CD4" T-cells [32]. Finally, the group explored the potential of adenoviral
expression of CBLB502 within tumours to exert beneficial effects [162]. Injection of the viral vector
(Mobilan) into murine prostate tumours slowed tumour progression significantly, and killed prostate
tumour cells transduced with Mobilan served as an effective vaccine capable of protecting against
subsequent challenge with live cultures of the same tumour cells [162].

Another study used adenoviral expression of flagellin fused to Grp170, a chaperone that enhances
cross-presentation. This construct caused regression of existing tumours and their metastases [163].
Responses could be induced to a range of tumour cell types, including B16 melanoma cells, CT-26 colon
carcinoma cells, and TRAMP-C2 prostate cancer cells. Both CD4* and CD8* T-cell responses were induced to
TSAs, and the anti-tumour response was found to be dependent mainly on CD8* T-cell and NK cell activity
[163]. Later work by the same group then found that the protection conferred by this treatment is
dependent on NLRC4, but not TLR5 [68]. Other workers using viral expression of recombinant flagellin in
mouse EL4 and B16 tumour cell lines found that this promotes their recognition and complete elimination
by the murine immune system, while parental cell lines lacking flagellin retained their capacity to form
tumours [11]. Vaccination with irradiated flagellin-expressing tumour cells also protected from subsequent
disease in this syngeneic graft model. Use of constructs with specific amino acid substitutions showed that
NLRC4 signalling contributes more to protection than TLR5 [11]. However, the protective effects of flagellin
could not be replicated if it was simply given as an admixture with un-modified tumour cells at the point of
inoculation [11]. Likewise, both CD4" and CD8* T-cell responses were generated in response to antigens
derived from flagellin-expressing tumour cells, but not when flagellin was given as an admixture with
unmodified tumour cells [11]. Together, these findings reinforce the principle that co-delivery of adjuvants
with antigens into the same endosomal or phagosomal compartment is a powerful enhancer of T-cell
responses and protection from disease.

Nevertheless, several studies from other groups have reported that simple admixtures of peptides
derived from tumour antigens with flagellin can also be sufficient to elicit anti-tumour responses in some
circumstances. For example, a combination of flagellin and melanoma-specific peptides, injected
peritumorally, slowed B16-F10 melanoma growth in mice, particularly when supported by concurrent
photodynamic therapy [164]. Likewise, peritumoral injections of admixtures of flagellin with short or long
peptides from the HPV E7 antigen significantly extended survival in a mouse model of TC-1 cell
implantation [165]. Intranasal administration of flagellin admixed with peptides is also capable of
enhancing systemic anti-tumour immunity. Peptides from HPV given i.n. with flagellin, promoted antigen-
specific CD8" T-cell activation in draining lymph nodes and spleen in mice [166]. These CTLs had lytic
activity against target tumour cells, and immunisation in this way prolonged survival in the TC-1 cell
implantation model [166]. Likewise, intranasal administration of flagellin slowed metastasis of B16F10
melanoma cells in a manner dependent on both TLR5 and MyD88 [167].
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Comparatively less work has been done on flagellin fusion proteins in cancer immunotherapy.
However, s.c. injection of mice with a fusion of the HPV E7 protein and flagellin induced E7-specific CTLs
and slowed the growth of E7-expressing tumour cells [168]. Subsequent studies have attempted to improve
the uptake and cell-selectivity of flagellin/tumour antigen constructs by adding additional, cell-targeting
domains. For example, Schmitt et al. [90] grafted an antibody targeting the APC-specific receptor CD40 to
flagellin, along with a tumour-specific neoantigen from acute myeloid leukemia. Using in vitro co-culture
experiments, they showed that the fusion protein successfully induced DC and T-cell activation [90]. Puth et
al. [169] then developed a novel peptide that simultaneously targets an associated protein to CD11c+ cells
and enables translocation of protein across the cell membrane into the cytosol, with the aim of promoting
cross-presentation of associated antigens. Peritumoral administration of flagellin fused to the HPV E7
antigen was found to significantly slow the growth of TC1 tumour cell grafts and extend survival, with or
without the presence of the cell targeting domain [169]. Likewise, both the targeting and non-targeting
flagellin-E7 fusions induced E7-tetramer positive CD8" cells in blood post vaccination [169]. Although much
less pronounced, some protection was also seen in response to E7 antigen admixed with flagellin, which
was in turn far superior to E7 antigen alone [169]. The protective effects in their model were largely
dependent on NLRC4 [169].

Overall, several recurring observations can be drawn from these studies. First, similar to the literature
on vaccines for infectious disease, flagellin can elicit tumour antigen-specific CD4* and CD8* T-cell
responses when delivered via diverse routes of administration, without the requirement for additional
adjuvant. Second, such immunisation can afford long-lasting protection from challenge with the same type
of tumour in mice. Third, CD8" T-cell responses and protection generally appear to be superior when the
antigen is fused to, or in some other way physically associated with, flagellin, rather than admixed with it.
Finally, cell-mediated and protective responses are frequently reported to depend more on NLRC4 than on
TLR5, raising the likelihood that flagellin commonly translocates into the cytosol, further supporting its
potential utility as a partner to enhance cross-presentation of linked antigens.

Advantages and limitations of the flagellin fusion protein platform
Comparison with established vaccine platforms

All vaccine platforms have specific advantages and limitations. It may therefore be helpful to compare those
of flagellin with more established alternatives, particularly in the context of the properties desired from
next-generation vaccines (see also summary in Table 3).

Table 3. Advantages and limitations of flagellin fusion proteins in comparison with other vaccine platforms.

Platform Examples Commonly Pros Cons
used
adjuvants *
Live attenuated MMR, BCG, yellow < Typically » Strong, long-lasting  Risk of reversion to virulent form
fever none ic;re]lrgjllj?]ritand humoral « Risk of disease in
Y immunocompromised patients
* Mimics natural * Requires an effective cold-chain
infection o .
. Asingle dose can « Difficult manufacturing
sometimes be
sufficient
* Good induction of
CD8" T-cell responses
Inactivated (killed) Hepatitis A, Polio  « Alum » Stable and safe « Often requires multiple doses and
(IPV), Rabies + MF59 * No risk of reversion or boosters
. CpG 1018 disease ¥Veaker immune response than
ive vaccines
Viral vector (non- AstraZeneca » Typically + Strong cellular and Pre-existing vector immunity may
replicating) COVID-19, J&J none humoral immunity reduce efficacy

Good induction of
CD8" T-cell responses

Risk of vector-related side effects
Requires an effective cold-chain
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Table 3. Advantages and limitations of flagellin fusion proteins in comparison with other vaccine platforms. (continued)

Platform Examples Commonly Pros Cons
used
adjuvants *
Subunit/Recombinant  Hepatitis B, HPV, « Alum * Very safe * Weak immunogenicity
protein Shingrix * MF59 » Well-characterized * Requires careful choice of the
. CpG 1018 antigens most relevant epitopes
« Matrix-M » Scalable production * Needs strong adjuvants
« Poor induction of CD8" T-cell
responses
Toxoid Diphtheria, tetanus + Alum * Highly safe « Shorter immunity

Requires boosters

Limited to toxin diseases
» Poor induction of CD8" T-cell

responses
mRNA Pfizer-BioNTech, +« mRNAitself < Rapid design and  Stability relatively low
|1V|90derna CovID- development * Requires ultra-cold distribution
» Strong immunogenicity  and storage (some versions)
* No risk of infection
* Good induction of
CD8" T-cell responses
DNA ZyCoV-D (India), + DNAitself  « Stable for distribution + Low immunogenicity in humans
Inovio (trials) and storage so far
* No risk of infection * Needs to enter the nucleus
* Induces both arms of ¢ Requires electroporation or
immunity complex transfection formulation
* Good induction of
CD8" T-cell responses
Virus-like particles HPV (Gardasil), * Alum » Highly immunogenic * Complex manufacturing
(VLPs) fHo?r’;zt)'t'S B (some AS04 » Safe (non-infectious) ¢ Costlier than simple subunits
« Poor induction of CD8" T-cell
responses
Flagellin Experimental * None » Highly immunogenic * Requires careful choice of the

. most relevan i for fusion
» Can induce mucosal ost relevant epitopes for fusio

immunity * Requires endotoxin removal
unless expressed in yeast or

+ Can be given A
mammalian systems

intranasally

* Not all protein partners will fold
correctly within the preferred D3
domain location

» Does not require a
separate adjuvant

* Simple formulation « Off-patent platform limits interest

Stable for distribution from investors

and storage

» Can polymerise to
enable repeating
epitope display
Induction of CD8" T-
cell responses

*: Live attenuated and viral vector vaccines typically do not require an adjuvant as the vector oranisms contain a range of
naturally occuring PAMPs, alum (usually aluminium hydroxide or aluminim phosphate) promotes immunogenicity via
inflammasome activation, MF59 (a squalene oil-in-water emulsion) and Matrix M (a saponin-based nanoparticle) appear to work
by promoting inflammation via localised cellular damage, CpG 1018 (a synthetic DNA) and the DNA present in DNA vaccines
function as TLR9 agonists via their CpG motifs, modified mRNA in RNA vaccines is an agonist of TLR7/8, AS04 (a mixture of
alum and monophosphoryl lipid A) is a weak activator of TLR4. BCG: Bacillus Calmette-Guérin; MMR: measles, mumps, and
rubella; PAMPs: Pathogen-Associated Molecular Patterns; TLR: Toll-like receptor.

A key priority for any prospective vaccine is the capacity to elicit robust humoral responses. Serum IgG
antibodies can rapidly neutralise pathogens, block their entry into cells, opsonise for uptake by phagocytes,
and promote their killing via complement activation. As memory B-cells are long-lived, humoral immunity
can last for years or even decades. All existing platforms are capable of achieving this when partnered with
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an appropriate adjuvant or delivery mechanism. However, while this form of immunity is useful for defence
against extracellular pathogens, it is not sufficient to clear viruses or other intracellular pathogens.
Immunity against such organisms depends instead on the activation of appropriate CD4* and CD8" T-cell
responses.

Efficient induction of CD4* T-cell responses is necessary to enable numerous elements of immune
defence. These include the affinity maturation and class switching of antibodies, the orchestration of a
cytokine response appropriate to the pathogen (broadly Th1 for intracellular pathogens, Th2 for parasite
defence, and Th17 for extracellular microbes), and contributions to the licensing of DCs to enable CD8* T-
cell priming. Typically, live attenuated, virally delivered, and nucleic acid vaccines tend to be the most
effective at inducing CD4" T-cell responses. Inactivated organisms and VLPs, with less capacity for uptake
by APCs and/or lower PAMP content, have intermediate capacity to do so. However, most subunit or
recombinant protein vaccines tend to be poor inducers of CD4" T-cell help, mainly because they are poorly
taken up by APCs and lack the capacity to activate them. As a result, they require administration with
powerful adjuvants to improve their immunogenicity. Flagellin fusion proteins are an exception to this rule,
since (as discussed above) they are self-adjuvanting and proven inducers of CD4" T-cell help to their
partner antigens [40, 66-68].

CD8" T-cell responses are necessary to confer efficient immunity against intracellular pathogens and
tumour cells. Their induction requires presentation of peptide on MHC-I molecules of suitably activated DCs
(i.e., expressing CD80/CD86), which in turn requires exposure to appropriate cytokines and, ideally, CD4"
T-cell help. This is readily achieved with most live attenuated, viral, and nucleic acid vaccines, since these
tend to be capable of either cytosolic expression of relevant antigens, and/or a type I interferon response.
However, recombinant proteins, toxoid vaccines, and inactivated organisms, being extracellular and
therefore requiring cross-presentation of their antigens, tend to elicit either weak or no CD8" T-cell
responses [1]. Flagellin is, once again, an exception to this general rule, since it has been shown to elicit
CD8" T-cell responses to its partner antigens in diverse preclinical models [40, 42, 73]. The mechanism of
this action remains unclear, but some evidence suggests it may relate to the capacity of flagellin to stimulate
NAIP/NLRC4 inflammasome signalling, which in turn reflects its ability to translocate into the cytosol of
APCs [11, 68, 169].

Another key desirable property is the potential for induction of mucosal immunity, since this can offer
high levels of protection against initial infection. Mucosal administration of vaccines, particularly via the
nasal route, is also desirable since this would lower the risk of needle-stick injury among healthcare
workers and may improve rates of vaccine acceptance among those with needle hesitancy. Live attenuated
vaccines and viral vectors are typically the most effective inducers of mucosal immunity. However, most
recombinant proteins, toxoids, and nucleic acid vaccines are not suitable for mucosal administration and
induce little or no mucosal immunity when administered via other routes. By contrast, flagellin is capable of
eliciting mucosal immunity to its fusion partners in numerous preclinical models, when given by intranasal,
oral, or rectal administration [35, 47, 81, 92, 93].

Next-generation vaccines should also exhibit excellent safety, particularly in the high-risk groups likely
to be recipients, such as elderly or immunocompromised patients. Most platforms meet these
requirements, although some early forms of live attenuated vaccine have the potential to cause illness in
such patients, or revert to a more virulent form by mutation to cause harm to healthy subjects [1]. Viral
vectors and DNA vaccines also bring a (very low) risk of accidental integration of exogenous genes into the
host chromosome. Usefully, flagellin is neither live nor DNA-based, and has a proven record of safe use
without major adverse events in hundreds of human volunteers in clinical trials [30, 78, 89, 95].

Cost is also a significant consideration, especially in the context of rollouts in developing nations.
Vaccines should therefore be easy to manufacture at scale and amenable to simple formulation. Synthesis
or expression of nucleic acid vaccines, flagellin, and other recombinant proteins is simple and scalable.
However, formulation can be complex for mRNA and DNA platforms, which require additional factors, such
as liposomal encapsulation, to permit their entry into target cells. Viral vectors are also complex to
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manufacture, and sometimes difficult or expensive to scale. Most platforms, particularly subunit vaccines,
toxoids, and VLPs, require formulation with a separate adjuvant. However, flagellin’s capacity for self-
adjuvanting raises the prospect of a greatly simplified formulation.

Being able to quickly modify a vaccine to target new or emerging threats, ideally by replacing “plug and
play” antigen coding inserts, would also be highly desirable. This would be challenging for live attenuated
vaccines, but is readily achieved with nucleic acid vaccines and recombinant proteins, including flagellin.
Such utility will be essential for cancer vaccines, which must be rapidly modifiable to target the tumours of
individual patients. However, a key limitation of peptide and nucleic acid vaccines for cancer is that they are
not specifically targeted to the cell types that present antigen correctly, so risk inducing T-cell anergy.
Flagellin offers the opportunity to deliver antigen specifically to DCs by tagging with appropriate DC-
specific binding proteins [90, 169]. It can also code for multiple peptide epitopes in one recombinant
protein and brings both adjuvant and antigen into the same endosomal compartment—a necessary event
for optimal cross-presentation and CD8* T-cell priming [11]. This property is notably absent from existing
peptide-based cancer vaccines, which also exhibit poor pharmacokinetics [169].

Another desirable property is good thermal stability and shelf-life. Live attenuated, viral vectors and
mRNA vaccines commonly require robust cold chains for delivery and storage, which may be challenging to
support in the developing world. As flagellin has high thermal stability and is readily lyophilised, it has
potential for shipping and storage at ambient temperature.

However, there are four key disadvantages of the flagellin platform that may benefit from further
development. The first is that, unlike the nucleic acid or viral delivery platforms, it does not induce
expression of type I interferon, so it is unlikely to elicit CD8* T-cell responses as robustly as these
competitors. The second is the fact that the target antigen may not always fold correctly as a fusion partner,
particularly when attempting to display the antigen within the central hypervariable region of the molecule.
This can be mitigated by expression at the N- or C-terminal ends, but the resulting construct may not be as
immunogenic as with HV placement. Third, there will always be a requirement to choose which antigen is
best to target from the respective pathogen or tumour cell. This can present a difficult bioinformatics
challenge that is not necessary when using, for example, killed vaccines, live attenuated organisms, or
whole tumour cell lysates. A further disadvantage, shared by other recombinant protein platforms, relates
to the method of manufacture. While expression in E. coli is a cost-effective and well-established platform, it
brings the risk of contamination of the protein product with other PAMPs, such as the TLR4 agonist LPS
(endotoxin). However, this can be mitigated by expression in yeast, insect, or mammalian cells, as used for
some other forms of recombinant vaccine, such as the HBV, HPV, and recombinant Zoster vaccines, albeit at
a greater cost per unit.

Conclusions

Evidence from numerous approaches supports the potential of flagellin to serve as an effective adjuvant
and carrier for vaccines targeting diverse infectious diseases and cancer. Fusion proteins incorporating
flagellin induce a range of key protective immune responses to their partner antigens, including serum IgG,
CD4* and CD8" T-cell responses, and mucosal IgA secretion. They are capable of eliciting protective
responses in numerous preclinical models of bacterial, viral, and parasitic diseases, and exhibit many of the
key properties desired of next-generation vaccine platforms, including ease of manufacture, self-
adjuvanting properties, and potential for mucosal delivery.

Among potential applications of the platform, seasonal influenza vaccination appears to be the most
advanced. This application has received the most attention in pre-clinical and phase [ human trials to date,
and flagellin-based constructs may address several limitations of existing influenza vaccines, including
production timelines, egg dependency, and reduced efficacy in older adults, while avoiding the risks
associated with live-attenuated formulations.
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Personalised cancer vaccines also represent a promising area of development. Flagellin fusion proteins
have the potential to enable rapid production of patient-specific therapies with simplified formulation,
improved DC targeting, and intrinsic immunostimulatory capacity. They have shown promising results in
tumour cell xenograft models, eliciting CD8" T-cell responses to tumour antigens and conferring protection
in numerous preclinical studies.

Overall, the reviewed studies support the utility of flagellin as a carrier and adjuvant for diverse
vaccine applications. Great potential likely remains from exploiting the properties of this remarkable
protein lying so uniquely at the crossroads of innate and adaptive immunity.
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