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Abstract: Protein assemblies provide unique structural features which make them useful as carrier
molecules in biomedical and chemical science. Protein assemblies can accommodate a variety of
organic, inorganic and biological molecules such as small proteins and peptides and have been
used in development of subunit vaccines via display parts of viral pathogens or antigens. Such
subunit vaccines are much safer than traditional vaccines based on inactivated pathogens which are
more likely to produce side-effects. Therefore, to tackle a pandemic and rapidly produce safer and
more effective subunit vaccines based on protein assemblies, it is necessary to understand the basic
structural features which drive protein self-assembly and functionalization of portions of pathogens.
This review highlights recent developments and future perspectives in production of non-viral
protein assemblies with essential structural features of subunit vaccines.

Keywords: protein assemblies; virus-like particles; non-viral proteins; vaccine applications; sub-
unit vaccines

1. Introduction

Self-assembled proteins with variable nanoscale structures such as cages, tubes, wires,
and rings have been used as platforms for applications in a wide range of biomolecular
engineering efforts and biomedical applications [1–3]. Due to their unique structural
features, symmetry and relative ease of modification, such proteins are versatile carriers for
delivery of molecules such as drugs and imaging agents and can be easily functionalized
with proteins, peptides, and synthetic molecules [1,3,4]. Development of vaccine candidates
based on protein assemblies is a powerful strategy because protein assemblies can be easily
fused with portions of inactivated pathogens or antigens to generate a safe molecular entity
which can be effectively delivered into cells to induce immune responses.

Traditional vaccines are based on live-attenuated or inactivated pathogens. These
entities have risk factors such as allergies, off-target responses, side effects, and short-
term or insufficient protection across mutating and complex pathogen strains [5,6]. To
avoid such issues, subunit vaccines have been developed which contain only parts of
pathogens or antigens (Figure 1a). These vaccines are recognized by cells as foreign
proteins and immune responses are triggered. Such vaccines are safer, simpler, and can be
more efficiently produced than vaccines based on inactivated pathogens despite the fact
that they have more advantages than disadvantages. Although subunit vaccines can induce
generation of memory helper T cells and B cells, memory killer T cells are not generated
because antigen presenting cells (APCs) are not infected [7]. This leads to insufficient long-
lasting protection in comparison to traditional vaccines. Thus, to improve vaccine efficiency,
one approach, which is particularly useful for small antigens (<10 nm), is to form larger
particles or aggregates with adjuvants to promote the immune response to antigens [5,8,9].
Another approach for subunit vaccine development is to modify carrier materials via
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biomolecular engineering [5,10,11]. In such an approach, the spike or membrane proteins
of a pathogen are displayed on the surface of a carrier or encapsulated within a carrier.
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In relatively recent developments, a range of protein and peptide biomaterials have
been used to increase the protective potency of subunit vaccines for prevention of infectious
diseases as well as cancer and autoimmune diseases. The common carrier molecules used
in engineered subunit vaccines are either virus-like particles or non-viral proteins such as,
de novo peptides or natural building blocks (Figure 1b). Although there are several articles
summarizing the development of protein-based vaccines, it is necessary to understand
basic criteria for selection of carriers such as shape, surface charge, hydrophobicity, and
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size, which are very important for effective interaction of the carriers with APCs [12–14].
The size of biomaterial carriers and antigens influence the uptake, processing, and transport
of antigens, as well as B cell (humoral immunity) and dendritic cell targeting [9,13]. In
this context, this review highlights significant recent advances in design of non-viral self-
assembled protein carriers for engineered subunit vaccines and perspectives in using such
carriers as building blocks for construction of promising vaccine candidates.

2. Virus-Like Particles (VLPs)

An interesting and useful aspect of virus-like particles in the context of vaccine devel-
opment is that they are particulate and have repetitive structures which can provide arrays
of the immunogenic antigens required for the induction of a potent antibody response.
VLPs are thus one of the most common platforms used in vaccine agents used in prevention
of infectious diseases, cancer, and brain diseases [10,14–18]. The immunogenicity achieved
by displaying antigens on VLPs is assumed to be similar to that of the natural virus particle
due to specific interactions with pattern recognition receptors of dendritic cells (DCs) [14].
Typical VLPs include bacteriophage P22 (P22), bacteriophage Qβ (Qβ), norovirus capsid,
and cowpea mosaic virus (CPMV), among others (Figure 2).
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Icosahedral and spherical structures of VLPs are effective in display antigens. The 
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covalent conjugation [19]. Based on the interaction between a surface-exposed polyhisti-
dine-tag and multivalent tris-nitrilotriacetid acid (trisNTA), the capsid surface was deco-
rated with trisNTA-conjugated fluorescent dye molecules and streptavidin-biotin. The 
potential of this VLP vaccine platform was also demonstrated in delivery of a surface-
displayed fluorescent dye into HEK293T cells [19]. Xia et al. employed the norovirus shell 
(S) domain of the norovirus capsid, which naturally builds the interior shell composed of 
60 subunits, known as S60. By introducing the rotavirus protein, VP8*, to the C-terminus 
of the S domain via a linker consisting of four histidine residues (HHHH), a modified 
version of the S60 nanoparticle displaying 60 VP8* proteins was constructed (S60-VP8*) 
(Figure 3) [20]. Mice immunized with the S60-VP8* particles exhibit a high IgG response, 
and the mouse antisera provide strong protection against rotavirus (RV) VP8* binding to 
glycan ligands. The vaccine nanoparticles also exhibit high neutralizing activity against 
RV infection in vitro. S60 has also been used to display other antigens [20]. 

Figure 2. Comparison of the structure of viral protein cages. Space filling models showing the struc-
ture of bacteriophage P22, norovirus capsid, cowpea mosaic virus, and bacteriophage Qβ (Protein
Data Bank IDs: 2XYZ, 1IHM, 1NY7, and 1QBE, respectively). Subunit chains are distinguished by
different colors. All the structures were generated using UCSF ChimeraX.

Icosahedral and spherical structures of VLPs are effective in display antigens. The
norovirus capsid has also been used as a VLP platform for engineering a subunit vac-
cine [19,20]. In one example, Koho and co-workers modified the capsid by using a sim-
ple non-covalent conjugation [19]. Based on the interaction between a surface-exposed
polyhistidine-tag and multivalent tris-nitrilotriacetid acid (trisNTA), the capsid surface
was decorated with trisNTA-conjugated fluorescent dye molecules and streptavidin-biotin.
The potential of this VLP vaccine platform was also demonstrated in delivery of a surface-
displayed fluorescent dye into HEK293T cells [19]. Xia et al. employed the norovirus shell
(S) domain of the norovirus capsid, which naturally builds the interior shell composed of
60 subunits, known as S60. By introducing the rotavirus protein, VP8*, to the C-terminus
of the S domain via a linker consisting of four histidine residues (HHHH), a modified
version of the S60 nanoparticle displaying 60 VP8* proteins was constructed (S60-VP8*)
(Figure 3) [20]. Mice immunized with the S60-VP8* particles exhibit a high IgG response,
and the mouse antisera provide strong protection against rotavirus (RV) VP8* binding to
glycan ligands. The vaccine nanoparticles also exhibit high neutralizing activity against RV
infection in vitro. S60 has also been used to display other antigens [20].
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Electron microscopy images of the S60-VP8* particles. Reprinted with permission from [20]. Copy-
right (2018) American Chemical Society. 
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[23]. Such a method can elicit human IgE antibodies. The stability and assembly of HBc 
core protein are improved by introducing artificial covalent disulfide bridges and trans-
planting a rare spike region on the VLP, which has no anti-carrier responses in immunized 
mice [24]. HBc VLP was recently designed to display dual antigens against melanoma [25] 
and heterologous antigens from Neisseria meningitidis [26]. 

Bacteriophage Qβ was used to display a glycopeptide antigen known as MUC-1, 
which is overexpressed on many cancer cell types [27]. An alkyne-functionalized Qβ VLP 
was fused with high density of glycosylated and non-glycosylated azide-functionalized 
MUC-1 peptides (Qβ-MUC1) (Figure 4a). High valency copies of MUC-1 on capsid, Qβ-
MUC1 11, significantly elicited anti-MUC-1 antibody in comparison to Qβ-MUC1 14, 
which only have 30 copies of MUC-1. Furthermore, Qβ-MUC1 induced generation of 
killer T cells in vivo and elicits antigen-specific killing of tumor cells [27]. Qβ was also 
used in development of a vaccine for neurodegenerative diseases [16,28]. Maphis and co-
workers introduced Qβ VLP displaying pT181, an engineered tau peptide with phosphor-
ylated threonine 181 and replacement to provide two glycine residues and one cysteine 
residue (175TPPAPKpTPPSSGEGGC190), at the surface-exposed lysines via the bifunc-
tional cross-linker succinimidyl 6-[(beta-maleimidopropionamido) hexanoate] (SMPH) 
(Figure 4b) [16]. Both non-Tg and rTg4510 mice immunized with pT181- Qβ obtained a 
long-lasting anti-pT181 antibody response in sera and the brain tissue. 

Figure 3. The utilization of norovirus capsid as antigen carrier. (a) Scheme for the fusion S domain of
norovirus capsid with rotavirus VP8* protein and construction of the assembly structure. (b) Electron
microscopy images of the S60-VP8* particles. Reprinted with permission from [20]. Copyright (2018)
American Chemical Society.

There is a promising and highly immunogenic VLP formed by the core protein of hep-
atitis B virus surface antigen (HBsAg) which is used for the delivery of immunogens from
various diseases. For example, a chimeric HBsAg DNA immunogens was developed by
replacing the DNA encoding HBsAg-specific cytotoxic T cells (CTL) epitopes by DNA en-
coding foreign CTL epitopes which showed immunogenic responses [21]. It is also possible
to induce simultaneous responses if dual epitopes are combined to the recombinant HBsAg
DNA. Hepatitis B core protein (HBcAg) is also a powerful tool in biomolecular engineering.
Peyret et al. fused two HBcAg with a flexible GGG linker to form a dimer which can act
as a single polypeptide chain [22]. Such a tandemly fused HBsAg dimer can form VLP in
bacteria and plants and can enhance the capacity of accommodating foreign proteins at the
major insertion region (MIR). Similarly, a HBcAg carrier was developed by the assembly
of two polypeptide chains carrying an FG loop from a third domain of immunoglobulin
E (IgE) heavy chain which can efficiently form VLPs (SplitCore technology) [23]. Such a
method can elicit human IgE antibodies. The stability and assembly of HBc core protein are
improved by introducing artificial covalent disulfide bridges and transplanting a rare spike
region on the VLP, which has no anti-carrier responses in immunized mice [24]. HBc VLP
was recently designed to display dual antigens against melanoma [25] and heterologous
antigens from Neisseria meningitidis [26].

Bacteriophage Qβ was used to display a glycopeptide antigen known as MUC-1,
which is overexpressed on many cancer cell types [27]. An alkyne-functionalized Qβ VLP
was fused with high density of glycosylated and non-glycosylated azide-functionalized
MUC-1 peptides (Qβ-MUC1) (Figure 4a). High valency copies of MUC-1 on capsid, Qβ-
MUC1 11, significantly elicited anti-MUC-1 antibody in comparison to Qβ-MUC1 14, which
only have 30 copies of MUC-1. Furthermore, Qβ-MUC1 induced generation of killer T
cells in vivo and elicits antigen-specific killing of tumor cells [27]. Qβ was also used in
development of a vaccine for neurodegenerative diseases [16,28]. Maphis and co-workers
introduced Qβ VLP displaying pT181, an engineered tau peptide with phosphorylated
threonine 181 and replacement to provide two glycine residues and one cysteine residue
(175TPPAPKpTPPSSGEGGC190), at the surface-exposed lysines via the bifunctional cross-
linker succinimidyl 6-[(beta-maleimidopropionamido) hexanoate] (SMPH) (Figure 4b) [16].
Both non-Tg and rTg4510 mice immunized with pT181- Qβ obtained a long-lasting anti-
pT181 antibody response in sera and the brain tissue.
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gated in vaccine development for several diseases such as cancer [33], tularemia [34] and 
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Abbreviations: E, exon; PRD: protein rich domain; M: microtubule-binding domain. Reproduced
with permission from Springer Nature (Creative Commons Attribution 4.0 International License) [16].

Plant viral nanoparticles are highly ordered and multivalent protein capsids, which
are ideal carriers for surface display of antigens [17,29]. Cowpea mosaic virus (CPMV)
is a 60-subunit nanoparticle assembled from a 42-kDa (large) coat protein and a 24-kDa
(small) coat protein to form a 30-nm assembly (Figure 2). Filamentous potato virus X
(PVX) is a flexible 515-nm long and 13-nm wide filament which contains 1270 identical
subunits of a 25-kDa capsid protein. These two morphologically distinct plant VLPs were
chosen to display human epidermal growth factor receptor 2 (Her2) for humoral response
targeting. Morphological contributions were investigated. The antigens were chemically
conjugated to VLPs using the heterobifunctional N-hydroxysuccinimide-PEG4- maleimide
linker SM-PEG4. These antigens were 70% more effectively internalized via PVX than
CPMV, but the CPMV vaccines were more effectively transported into the draining lymph
node and had greater uptake by APCs [30].

Some approved vaccines have high humoral immune responses but weak cellular
immune responses. Thus, adjuvants are employed to elicit cellular immunity [31]. In recent
investigations of P22, Schwarz and co-workers were able to induce infection-protective T
cell responses via APC interactions without any adjuvant. The matrix and matrix 2 proteins
of respiratory syncytial virus (RSV) as two protein antigens were co-encapsulated into the
P22 VLP. The resulting nanoparticle exhibits CD8+ and CD4+ T cell responses [32].

In addition to VLPs with spherical and filament morphology, a hollow tubular VLP
has been employed as a versatile platform for displaying target antigens and pathogens.
One of the most useful platforms is tobacco mosaic virus (TMV), which has been investi-
gated in vaccine development for several diseases such as cancer [33], tularemia [34] and
malaria [35]. TMV has been developed as a delivery platform for vaccine applications
because it can carry antigen and stimulate cellular responses without requiring additional
adjuvants, and because it is not a human pathogen. McCormick and co-workers demon-
strated that T-cell mediated immunogenicity and tumor protection could be achieved by
chemical conjugation of synthetic peptides to TMV without any additional adjuvant [36].
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Banik et al. created a novel multivalent TMV-based delivery carrier by adding a mixture
of proteins. The multivalent subunit vaccine contains a mixture of Francisella tularensis
protective antigens: OmpA-like protein (OmpA), chaperone protein DnaK and lipoprotein
Tul4. TMV can be used as a basis for monoconjugate and multiconjugate vaccines to
provide highly efficient humoral responses (Figure 5) [34].
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3. Protein Cages

Similar to VLPs, non-viral protein cages are formed of symmetric, self-assembled
nanosized subunits which are capable of repetitive antigen display. Nanoparticles based
on prokaryotic and eukaryotic protein cages have been investigated in biocatalysis, nano-
material synthesis, and molecular transport [10]. A number of protein cages derived
from proteins such as ferritin, vault, and E2 have been recently investigated in vaccine
development.

3.1. Ferritin

Ferritin, a protein cage that serves as an ion storage protein, is found in essentially
all living organisms. With a molecular weight of ~450 kDa, ferritin consists of 24 self-
assembled subunits that form a spherical cage-like structure [37,38] (Figure 6a). The
inner and outer dimensions are 8 and 12 nm, respectively. The ferritin cage reversibly
disassembles in acidic (pH 2–3) or basic (pH 10–12) environments [39]. This feature has been
investigated with respect to drug loading and preparation of bionanomaterials [38,40–45].
Moreover, the unique symmetrical structure of ferritin has been used to display various
antigens related to infectious diseases such as influenza [46–48], human immunodeficiency
virus type-1 (HIV-1) [49,50], hepatitis B virus (HBV) [51], hepatitis C virus [52], and Epstein–
Barr virus [53].
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The three-fold axis channels of the apo-ferritin cage, a ferritin with a hollow cage,
are well suited to provide surfaces to conjugate with antigens whose trimeric structures
required stabilization to induce immune responses. Kanekiyo et al. presented influenza
virus haemagglutinin (HA) on the surface of 24-subunit apo-ferritin to obtain nanoparticles
containing eight trimeric viral spikes which spontaneously assemble because the distance
between two Asp 5 residues on the three-fold axis is 28 Å (Figure 6b) [46]. This distance
is essentially identical to the distance between the central axes of each HA subunit, HA2
of trimeric HA. This nanoparticle vaccine improves the potency and breadth of influenza
virus immunity. The three-fold axis has also been applied in presentation of the trimeric
structure of gp120, a receptor-binding protein on the envelope (Env) glycoprotein of HIV-1.
A region known as V1V2 of Env, which ranges from 50 to 90 residues in length, was
presented in a native-like conformation around the threefold axes on the surface of the
apo-ferritin cage [49].

Wei and co-workers also recognized the utility of the three-fold axis channels in a
recent study, by employing an apo-ferritin, to encapsulating influenza virus nucleoprotein
(NP) antigen peptides within apo-ferritin [48]. NP is expected to play an important role
in influenza virus infection via viral genome packaging and replication. An apoferritin–
haemagglutinin (HA-AFr) nanoparticle was created with interior NPs. Heating at 50 ◦C
over 45 min causes the AFr cage to expand the spaces between subunits, enabling penetra-
tion of NP molecules. Next, the HA antigens were displayed on the surface of apoferritin
via chemical conjugation which connect HA and apoferritin via a heterobifunctional PEG
cross-linker to form HA-AFr+NP particles. These nanoparticles induce both HA and
NP-specific antibodies and provide complete protection in viral challenge. Another dual-
targeting nanoparticle vaccine using the ferritin nanoparticle has recently been developed
against hepatitis B virus (HBV) [51] via a “plug-and-display” system known as SpyTag-
SpyCatcher, a spontaneous isopeptide bond formation tool [54]. This nanoparticle vaccine
has high potential for specific myeloid cell targeting when preS1 is successfully delivered
to T follicular helper cell activator (SIGNR1+ dendritic cells) and B cell activator (lymphatic
sinus-associated SIGNR1+ macrophages) [51].

3.2. Other Self-Sssembled Protein Structures

In addition to the widely used VLPs and ferritins, there are examples of self-assembled
structures in vaccine development which include an oligomerizing domain known as
IMX313, which is based on chicken complement inhibitor C4b-binding protein with seven
subunits. Li et al. have fused Pfs25, the leading malaria transmission-blocking target to
IMX313 to form heptameric protein nanoparticles [55]. By comparison, monomeric Pfs25
provides less immunogenic and transmission-reducing activity than the Pfs25- IMX313
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nanoparticle vaccine. To increase the amount of antigen conjugated to the self-assembled
proteins as an alternative to the 8 or 24 units provided by ferritin or the 7 units provided by
IMX313, several researchers have employed lumazine synthase for HIV vaccination [56,57].
Lumazine synthase can display 60 units of gp120, an envelope glycoprotein of HIV-1.

Allen and Perham isolated E2 protein from the E2 core domain (dihydrolipoamide
acetyltransferase) of the pyruvate dehydrogenase complex derived from Bacillus stearother-
mophilus [58]. The E2 cage has a diameter of 25 nm and contains 60 subunits forming a
pentagonal dodecahedral cage with icosahedral symmetry. Multiple foreign peptides and
proteins can be linked to surface of this protein cage [59]. Caivano et al. decorated the
N-terminus of E2 protein derived from Geobacillus stearothermophilus with HIV-1 Gag(p17)
protein [60]. The Gag(p17)-E2 60-mer particles stimulate a strong and well-preserved
antibody response in immunized mice. Despite the absence of IFNγ-producing CD4+ T
cells, the nanoparticle vaccine can evoke production and activity of antibody- and antigen-
specific cytotoxic T cells (CTL). These results indicate that the E2 cage can induce strong
humoral and cellular immune responses. The E2 cage has also been utilized to deliver a com-
bination of two human cancer-testis peptide epitopes, NY-ESO-1 epitope (SLLMWITQV)
and MAGE-A3 epitope (FLWGPRALV) with an adjuvant to obtain significantly enhanced
cellular immune responses [61].

Vault proteins exist in essentially all eukaryotic cells. Recombinant vault cages consist
of 96 subunits from the major vault protein (MVP) and have dimensions of approximately
70 nm × 40 nm × 40 nm. These hollow barrel shaped cage-like proteins are assembled
from 13-MDa ribonucleoproteins [62,63]. By decorating the N-terminus of MVP with
different tags, the recombinant vault proteins were used to target specific cells via cell
surface receptors [64]. A membrane lytic peptide derived from adenovirus protein VI (pVI)
was fused to the N-terminus of the major vault protein to form recombinant vault proteins
known as pVI-vaults. Higher levels of transfection efficiency were achieved with fewer
vault cages [65]. Kelly and coworkers engineered vault proteins to contain major outer
membrane protein (MOMP), an enriched T- and B-cell epitopes antigen. By fusing MOMP
with minimal interaction protein, MOMP is allowed to pack within the vault proteins.
Vaccines based on this platform stimulate adaptive immune responses and protective
immunity [66]. Similarly, ovalbumin (OVA) was encapsulated within vault cages to pro-
duce vaccines which efficiently elicit robust CD8+, CD4+ memory T cell responses and
OVA-specific antibodies. These results indicate that the utilization of vault cages as subunit
vaccine carriers can generate both cellular and humoral immune responses [67]. Another
study from Kelly’s group has promoted the protective capacity of vault cage vaccines in the
absence of additional adjuvants when a peptide from polymorphic membrane protein G-1
(PmpG) of Chlamydia muridarum is encapsulated within the vault cages [68]. Despite the
versatility of natural protein cages, misfolding may occur during expression of a mixture
of protein cage and components to be encapsulated. Thus, computationally designed
artificial nanoparticles with cage structures have been investigated. A platform known
as i301, formed of 60 subunits with porous dodecahedral architecture, was designed by
Hsia et al. [69]. Brunn and co-workers investigated a SpyCatcher fusion of mi3, an i301 mu-
tant, and an antigen of interest linked to the SpyTag peptide (Figure 7) [70]. The resulting
computationally designed cage vaccine generates a high avidity immunity, which is com-
parable to immunity produced by phage-derived VLPs. Another useful computationally
designed platform is I53-50 [71]. I53-50 is an assembly of two different component proteins:
20 trimeric “A” components and 12 pentameric “B” components to provides a total of 120
subunits aligned along five-fold and three-fold icosahedral symmetry axes (Figure 8a) [71].
Two distinct oligomeric protein components can be expressed and purified separately and
assembled efficiently into highly ordered, homogenous icosahedral particles with diame-
ters ranging from 24 to 40 nm. This platform with a highly repetitive surface has recently
been employed in vaccinations against infectious diseases such as and respiratory syncytial
virus (Figure 8b) [72] and HIV-1 (Figure 8c) [73]. These nanoparticle vaccines generate
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monodisperse immunogens with high efficiency [72], and are particularly efficacious as
priming immunogens which improve the quality of the antibody response [73].
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Figure 8. The utilization of I53-50 cage in vaccine design. (a) Design of I53-50 cage composed with 120
subunits of two component proteins. Modified from [71]. Reprinted with permission from American
Association for the Advancement of Science (AAAS). (b) The utilization of I53-50 as a carrier for
respiratory syncytial virus antigen (DS-Cav1) conjugation; and (c) HIV-1 antigen (BG505 SOSIP)
conjugation with negative stain electron microscopy (EM) images on the right side, respectively.
Reproduced with modification from [72] and [73].

4. De Novo Peptides

De novo peptides are not based on any natural self-assembled proteins. Design of
de novo peptides includes construction of secondary structures promoting self-assembly
via hydrophobic or electrostatic interactions. An advantage of de novo peptide design
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for vaccine applications is to avoid anti-carrier responses [74]. Complications remain in
engineering efforts and design strategies.

De novo peptides form unstructured hydrophobic assemblies such as amphiphilic
assemblies or aggregates. The amphiphilic micelles have potent self-adjuvanting vaccine
properties. The micelle size and charge have an influence on bioactivities such as lymph
node accumulation, cell uptake ability, and immunogenicity [75].

Despite significant achievements in design to date, such unstructured assemblies have
resulted in fewer applications than structured and ordered assemblies including β-sheets
and α-helices.

4.1. β-Sheet Fiber

Two common β-sheet domains, Q11 (QQKFQFQFEQQ) and KFE8 (FKFEFKFE), have
been employed in vaccine development. The engineered Q11 domain can assemble into
nanofibers following conjugation with a peptide antigen at its N-terminus via a short
linker. The self-assembled nanofibers are stacked assemblies displaying target antigen
outward. This method has been applied to display epitopes from infectious disease viruses.
The malarial peptide epitope from Plasmodium falciparum circumsporozoite (CS) protein,
(NANP)3, was linked to form (NANP)3-Q11 [76]. In another example, an epitope from
influenza acid polymerase (PA) (PA224–233, SSLENFRAYV) was linked to create PA224–
233-Q11 fibers [77]. One of the most outstanding advantages of the Q11 domain is its
capacity to conjugate to different kinds of epitopes. The self-assembled Q11 nanofibers
form easily by mixing, and the ratio of epitopes displayed on Q11 fibers can be controlled
via intermixed and separately assembled methodologies in a concentration-dependent
manner [78]. For instance, there are reports of fibrils displaying both B cell epitope and T
cell epitope on the outer surface of Q11 fibers [79,80]. Despite the absence of additional
adjuvants, these materials induce antibody responses against autologous TNF (tumor
necrosis factor) in mice. The strength of the anti-TNF antibody response is adjustable via
the epitope content in the nanofibers [80]. Moreover, surface charges of epitopes correlate
with immune responses via uptake of APCs. Wen et al. investigated the correlation via a
range of physicochemical properties of fibrillized peptide biomaterials including negatively
and positively charged peptides. The negative surface charge prevents the uptake of APCs
and display of epitope peptide in the major histocompatibility class II molecules of APCs,
which leads to prevention of T cell and antibody responses. However, the positive surface
charge increases uptake of fibrillized peptides by APCs [81].

4.2. α-Helix

Although the β-sheet is a useful platform for presentation of multiple types of epitope-
bearing peptides, the resulting structures have some shortcomings with respect to control
of assembly and disassembly kinetics; insufficient structural precision in topology of
individual β-strands, and control of lengths and interactions between nanofibers [82,83]. A
self-assembly peptide known as Coil29 (QARILEADAEILRAYAR- ILEAHAEILRAQ), has
a predominant α-helix structure and a long axis directed toward perpendicular α-helical
nanofibers (Figure 9). The N-terminus extension is directed outward toward the surface
of the nanofiber. This provides an advantage for Coil29 in conjugation to cargo proteins,
indicating that this structure should be investigated as a potential candidate for a vaccine
platform [84]. When Coil 29 is decorated with various epitopes of B cells and T cells
such as a cancer B-cell epitope from the epidermal growth factor receptor class III variant
(EGFRvIII), a universal CD4+ T-cell epitope PADRE, and a model CD8+ T-cell epitope
SIINFEKL, the nanofibers induce a strong antibody response and are readily incorporated
into antigen presenting cells. Immunized mice demonstrate CD4+ T-cell and CD8+ T-cell
responses without supplemental adjuvants [84]. In a similar manner, self-adjuvanted
self-assembling protein nanoparticles (SAPNs) were generated by exhibition of the two
conserved influenza antigens M2e and Helix C in their native oligomerization states with
incorporation of the TLR5 agonist flagellin into the SAPNs [85]. Chickens vaccinated with
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the self-adjuvanted SAPNs generate high levels of antibodies with high cross-neutralizing
activity in comparison with a commercial inactivated virus vaccine. These results indicate
the potential for development of a universal influenza vaccine based on SAPNs.
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5. Natural Building Blocks

Other than the protein assemblies described above, supramolecular proteins con-
sisting of different protein assemblies are also attracting attention as candidates for the
development of vaccine platforms. Several bacteriophages have been investigated [86].
Bacteriophage T4, one of the best known assemblies of supramolecular proteins, has been
studied extensively in terms of its function as a molecular machine [87]. The component
proteins of bacteriophage T4 have also been investigated in context of developing vaccine
carriers.

Bacteriophage T4 (T4) is constructed from more than 40 different protein building
blocks forming a head structure, a tail structure, and fibers attached to the distal end of the
baseplate [88]. The fibers recognize the host cell surface and then the entire supramolecular
structure of T4 promotes the motion required to inject the DNA into the cell [88]. The tail
can serve as a constricting tube for delivering the T4 DNA from the head into the host
cell. Its unique architecture provides T4 bacteriophage with useful features for developing
a powerful vaccine platform. For instance, the head provides a high repetitive surface
with thousand protein molecules; the foldon domain from the fiber is commonly used to
stabilize trimeric proteins. Protein engineering efforts have focused on the head and on the
foldon domain for vaccine carrier applications (Table 1).

Table 1. Bacteriophage T4 building blocks as carriers for vaccines against infectious diseases.

Carriers Target Disease(s) Antigen(s) References

fibritin HIV-1 Uncleaved, soluble gp140 glycoproteins [89]
fibritin HIV-1 a noncleavable gp140 envelope protein [90]
foldon HIV-1 gp140 [91–93]
foldon influenza HA [94,95]
foldon influenza HA stem domain [96]
foldon influenza HA1 [97,98]
foldon RSV RSV fusion (F) glycoprotein [99,100]
foldon MERS-CoV Receptor-binding domain (RBD) [101]
foldon MERS-CoV MERS-CoV-S1, SARS-CoV-2-S1 [102]
soc Foot-and-mouth disease (FMD) P1, proteinase 3C [103]
soc Anthrax, plague Anthrax PA, plague F1mutV [104]

Abbreviations: HA, haemagglutinin; RSV, respiratory syncytial virus; MERS-CoV, middle east respiratory
syndrome coronavirus; PA, protective antigen.

The building block of T4 has been used to stabilize an assembled subunit. There
is a 53-nm long fiber encoded by the wac gene, which is known as fibritin [105]. Its
trimer structure is stabilized by the foldon domain with 30 residues at the C-terminus
(Figure 10). Trimer structures of collagen, the gp26 fiber from bacteriophage P22, and the
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gp5 needle protein from bacteriophage T4 were stabilized by fusing them to the foldon
domain [106–108]. The function of foldon has been applied to construct subunit vaccines
including target trimer subunits as antigens of HIV-1, RSV, influenza virus, middle east
respiratory syndrome coronavirus (MERS-CoV), and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2).
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Figure 10. Model structure of fibritin E (from Glu368 to Ala486 of fibritin) from PDB ID: 1AA0. The
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Foldon was used to stabilize the protein trimer of envelope glycoprotein in HIV-1 [89].
It was reported that soluble gp140, a glycoprotein composed of un-cleaved external do-
mains of gp120 and gp41, form a trimer fused by the GCN4 motif [109]. When foldon
was used as the C-terminal domain of gp140 instead of GCN4, the solubility and thermal
stability of the gp140 trimer were improved while maintaining the antigenicity of gp120.

The highly pathogenic avian influenza (HPAI) H5N1 virus can infect humans with
a high mortality rate. Influenza virus hemagglutinin (HA) is known as a target for the
subunit vaccines. HA is a homo-trimeric membrane glycoprotein on the surface of the
virus. The HA monomer is first synthesized as a precursor and then the host protease
cleaves the monomer into two fragments known as HA1 and HA2 [97]. Du and co-workers
prepared HA1 -fused human IgG1 Fc (Fc) and foldon to maintain the trimer structure
and immunogenicity because Fc is known to significantly improve the immunogenicity of
subunit vaccines [97]. The fusion protein has adjuvant properties in inducing the humoral
immune response and a strong antibody response via the mucosal pathway. This result
showed that proteins capable of maintaining the natural trimer structure of HA could elicit
a stronger immune response than monomers.

RSV is a severe disease for children. Palivizumab (Synagis) is a therapeutic antibody
against RSV-fused (F) glycoproteins which prevents the disease by passive prophylaxis.
It was found that the main target of RSV neutralizing antibodies induced by natural
infection is the prefusion conformation of RSV F. To enhance induction of potent antibodies,
McLellan designed a soluble mutant of RSV F with a stable exposed antigen site Ø [99].
Foldon was added to the C-terminus of the RSV F external domain for structural analysis.
The stable presentation of the antigenic site Ø was retained with the C-terminal trimerized
domain and other modifications, such as introduced disulfide bonds and hydrophobic
interactions. Over 100 fusion glycoprotein variants were designed, evaluated for antibody
reactivity, and analyzed for their ability to elicit a protective response. This structural
vaccinology approach provides an immunogen that elicits an improved protective response
relative to the post-fusion form of fused glycoprotein in one of the RSV vaccine candidates.

MERS-CoV was first identified in 2012. The native spikes (S) of MERS-CoV are
enveloped glycoproteins presented as viral surface trimers which are cleaved into S1 and
S2 subunits by host cell proteases during viral infection. S1 is involved in the process of
binding of MERS-CoV to host cells that express the viral receptor dipeptidyl peptidase 4
(DPP4) because it contains the receptor-binding domain (RBD). A recombinant trimer RBD
protein was synthesized as an antigen by fusing the RBD sequence in S1 of MERS-CoV
with foldon [101]. The trimer recognizes RBD-specific antibodies and binds strongly to
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monoclonal antibodies targeting MERS-CoV RBD-specific conformational epitopes and
the MERS-CoV receptor DPP4. The trimer can elicit highly effective IgG antibodies via
Th2-based IgG1 and Th1-based IgG2 antibody responses. These results show that the
MERS-CoV RBD trimer maintains original immune functions by stabilization via foldon.
In addition, construction of a recombinant trimer of RBD for SARS-CoV-2S1 by fusing
SARS-CoV-2S1 with foldon has recently been reported [102].

In addition to foldon domain, the head of T4 is capable of efficiently presenting
subunits of target viruses as antigens. The head structure includes more than 2000 protein
molecules and has a molecular mass of 82 MDa [110]. The characteristic structure is a
prolate icosahedron with one unique portal vertex to which the tail is connected. The
head has a hexagonal surface lattice constructed of hexamers of gene product (gp)23* and
pentamers of gp24*. The outer surface is formed of highly antigenic outer capsid protein
(hoc) and small outer capsid protein (soc) [110]. Jiang et al. have developed a phage display
system that enables fusion of foreign proteins using a unique DNA cloning site at the 5’
end of hoc or soc. A 36-amino acid PorA peptide from Neisseria meningitidis was fused to
the N-terminus of hoc or soc. PorA-hoc and PorA-soc fusion proteins were presented on
the head surface by enzyme-bound immunoadsorption while maintaining reactive activity
with a particular monoclonal antibody [111].

A T4 head surface gene-protein display system (T4-S-GPDS) was used to create a foot-
and-mouth disease virus (FMDV) vaccine in FMDV O serotype (FMDV/O) [103]. FMDV
capsid precursor polyprotein (P1, 755 aa) or proteinase 3C (213 aa) was genetically fused
into soc, which is exposed on the outer shell of the head but not essential for stabilizing
the head. Mixing the T4 mutants with porcine anti-CD-10 IgG resulted in phage immuno-
precipitation (Figure 11). This indicates that P1 displayed on the surface of the T4 head can
also be treated with the 3C proteinase displayed on T4. This immunogen is recognized by
an FMDV/O-specific antibody. When mice were immunized via oral administration or
injection with a mixture of T4_P1 and T4_3C particles without the addition of adjuvants,
they were protected from the disease. This investigation of T4-S-GPDS has shown that
various types and subtypes of unstructured viral proteins of FMDV can be labeled on T4 as
reporter antigens in development of diagnostic methods.
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Figure 11. The head of bacteriophage T4 as a pathogenic display system. (a) Negatively stained image
of the recombinant T4-3C phage particles (scale bar: 50 nm, magnification 12kx); (b) aggregation–
precipitation of phages due to the addition of pig anti- foot-and-mouth disease (FMDV)-O antibody
into the mixture of E. coli BL21 (DE3) infected phage T4-P1 and recombinant T4-3C phage particles
(scale bar: 500 nm, magnification 12kx). Reprinted from [103], copyright (2008), with permission
from Elsevier.

A multivalent vaccine against both anthrax and plague was developed using a modifi-
cation of the T4 head [104]. It is known that both the N-terminus and C-terminus of soc are
exposed on the surface of the T4 head. Target antigens were fused to both ends, and dual
recombinant proteins can be efficiently displayed. Anthrax PA (83 kDa) and plague F1mutV
(56 kDa) were fused to soc at the N-terminus and C-terminus, respectively (Figure 12). The
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modified soc proteins were assembled in vitro on the T4 head. The high-affinity between
soc and the head provides tight anchoring of the antigens in a symmetrical arrangement
in the icosahedral lattice. The dual valent vaccine elicits high titers of antigen-specific
antibodies against both anthrax and plague antigens. In addition, the double anthrax
plague vaccine elicits a strong immune response against both antigens in the absence of
adjuvant.
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form) (930 copies), soc (magenta) (870 copies), and hoc (yellow) (155 copies). (b) In vitro assembly of
Soc-fused antigen (blue) molecules on hoc_ soc_ T4 phage capsid. Reprinted from [104].

Zhu and coworkers developed a hybrid viral vector in which the T4 head is ligated to
adeno-associated virus (AAV) via an avidin–biotin interaction with soc or hoc. Creating
the largest hybrid vector capable of delivering exogenous lengths of DNA up to 170 kb
and up to 1025 protein molecules into human cells [112]. The T4 head encapsulating
luciferase DNA (~6.2 kb), displaying E. coli-derived β-galactosidase (116 kDa) ~250 copies
via soc and GFP-packaged AAV via hoc, were delivered to HEK293 cells. The expected
fluorescence of luciferase, GFP and activity of β-galactosidase were confirmed. The hybrid
vaccine, which incorporates the HA DNA and displays the F1mutV antigen from Y. pestis,
induces an immune response against the influenza virus and the Y. pestis pathogen.

6. Perspectives

Subunit vaccines are safe, simple, and capable of rapidly inducing immunogenicity
but are fragile with respect to immunological memory induction. Engineered subunit
vaccines including biomaterial carriers for antigen display have helped in addressing this
challenge with successes in improvement of humoral and cellular immune responses, along
with their modifiable structures. In this review, we have discussed a variety of protein
assembly structures as building blocks which have provided promising results in subunit
vaccine development. Although organic or polymeric nanoparticles can deliver pathogenic
fragments, there are several advantages of using protein assemblies: (1) self-assembly
enables retention of multiple pathogenic units within a single assembly structure keeping
the original activity of the assembly; (2) their sizes enhance lymph node trafficking and
delivery of pathogenic portions into the cell to increase the efficacy of the vaccine; and
(3) they can prevent the aggregation of the pathogenic portions and can be re-designed to
alter the orientation of the pathogenic portions. Protein assemblies can include viral-like
particles and non-viral self-assembled proteins including ferritin, E2 cage, vault cage, com-
putationally derived cage-like structures, de novo peptides, and foldon from bacteriophage
T4, among others. Therefore, protein assembly structures are considered as useful plat-
forms for developing subunit-based vaccines. Despite the promises of such protein-based
subunit vaccines with respect to safety, it remains challenging to establish efficacy and
to efficiently select pathogen portions to be fused with the subunits to provide optimal
activity.
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VLPs, which resemble viral capsid structures and do not contain genetic materials,
have advantages such as the ability to display monovalent or multivalent target antigens.
VLPs can be engineered to precisely target immune cells (DCs for T-cell activation) and anti-
gen presentation of VLPs can be improved by using linkers with different properties [14].
These structures are mimicked from viral structures. However, development of efficient
design strategies remains challenging with respect to selection of VLP candidates according
to the type of immune response for universal vaccine applications [14,86]. On the other
hand, non-viral proteins include natural and artificial peptides and protein assemblies
representing a library of platforms with precise design and controllable structures. For
instance, display of epitopes on Q11 fibrils is adjustable and protein cages can be modified
to exhibit pathogenic portions on their surfaces or encapsulate them within hollow cages.
Together with the advantages of both VLPs and non-VLPs, the head and foldon domain of
bacteriophage T4 provide additional natural building blocks. Bacteriophage T4 is highly
stable and can be efficiently manufactured, making it a promising candidate as a universal
vaccine delivery vehicle for prevention of infectious diseases [86].

In an effective response to a pandemic, rapid production of an effective and safe
vaccine is essential. Subunit vaccines based on protein assemblies are useful in such efforts
because their original assembly structures and properties such as cellular delivery char-
acteristics and tolerability are known. Other than the natural building blocks or related
assemblies, computational and structural biology can provide additional guidance in rapid
design, development and screening of a large number of protein assembly candidates.
Additionally, screening linkers may help present target antigens in the APCs more effec-
tively. We are hopeful that this review will provide useful background information and
guidance in computational design efforts to produce new protein assemblies based on
natural building blocks. Artificial platforms constructed by rational design from viral
proteins providing stable and functional building blocks, are promising candidates for the
development of vaccines against infectious disease.
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