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additives known as adjuvants to enhance immunogenicity and protective efficacy. Assembly of the antigens into
virus-like nanoparticles (VLPs) is a better approach as it allows presentation of the epitopes in a more native con-
text. The repetitive, symmetrical, and high density display of antigens on the VLPs mimic pathogen-associated
molecular patterns seen on bacteria and viruses. The antigens, thus, might be better presented to stimulate host's

52{3;321& innate as well as adaptive immune systems thereby eliciting both humoral and cellular immune responses. Bac-
Virus like particle teriophages such as phage T4 provide excellent platforms to generate the nanoparticle vaccines. The T4 capsid
Bacteriophage T4 containing two non-essential outer proteins Soc and Hoc allow high density array of antigen epitopes in the
Phage display form of peptides, domains, full-length proteins, or even multi-subunit complexes. Co-delivery of DNASs, targeting
Phage assembly molecules, and/or molecular adjuvants provides additional advantages. Recent studies demonstrate that the
DNA packaging phage T4 VLPs are highly immunogenic, do not need an adjuvant, and provide complete protection against bac-
terial and viral pathogens. Thus, phage T4 could potentially be developed as a “universal” VLP platform to design
future multivalent vaccines against complex and emerging pathogens.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Vaccines are one of the most successful and cost-effective medical
interventions in the past 100 years. Millions of lives have been saved
by mass administration of vaccines [1, 2]. Some of the deadly patho-
gens such as the smallpox virus that caused millions of deaths have
been eradicated [3]. Despite the enormous successes, effective vac-
cines are still lacking for many complex pathogens that cause serious
diseases such as HIV/AIDS, tuberculosis, and malaria [4, 5].

Historically, vaccines were developed using the whole pathogen,
either the attenuated (live-attenuated vaccines) or the inactivated
(heat- or formalin-killed vaccines) organism [1, 2]. However, there
are many technical challenges in continuing these traditional ap-
proaches to develop whole pathogen vaccines [5]. Additionally, the
whole pathogen vaccines pose significant safety risks including re-
version to a pathogenic form, severe reactions in immunocompro-
mised hosts, and adverse effects such as allergic and autoimmune
responses [6].

Subunit vaccines containing only the well-defined antigenic parts of
the pathogens represent safer alternatives to the whole-pathogen vac-
cines and also provide unique opportunities to develop vaccines
where traditional approaches have failed [7-9]. However, subunit vac-
cines lack properties associated with whole pathogens and cannot effi-
ciently elicit immune responses needed for protection [8-10]. However,
thanks to recent advances, particularly the identification of components
capable of stimulating the immune system [11, 12] and efficient vaccine
delivery vehicles [13-15], it is possible to rationally design effective sub-
unit vaccines and also ensure long-term protective immunity [16-18].

The immune system has evolved many strategies to efficiently
recognize pathogens, such as viruses, and mount strong and protec-
tive immune responses to eliminate the infection. The key properties
of viruses that are responsible for eliciting such responses may be
used as a framework for vaccine design. These include: size, geome-
try, highly ordered and repeat structure, and multivalent display [18,
19]. Virus-like particles (VLPs) are nanometer scale particles con-
taining similarly assembled viral structural proteins but lack the
viral genome and hence the virulence [20, 21]. These nanoparticles
by mimicking the structure and organization of the authentic viruses
can simulate viral infection and stimulate robust immune responses
by the host to antigens associated with the particles [20-22]. Suc-
cessful VLP vaccines have been developed and commercialized
worldwide using this approach. Examples include the hepatitis B
vaccine and the human papillomavirus vaccine [20, 21].

A general VLP platform that could incorporate any antigen, or multi-
ple antigens, would greatly streamline the development of the subunit
vaccines against many pathogens. It would also dramatically reduce
the cost of licensing and manufacture and make the vaccines available
on a global scale. Although several viral and synthetic nanoparticles
have been under investigation, none has yet emerged as a “universal”
platform to assemble foreign antigens [14, 23-27]. Bacteriophages
(phages) are highly promising candidates to develop broadly applicable
VLP vaccine platforms because of their size, surface structure, safety, sta-
bility, biodegradability, and low cost of manufacture [28-33]. In this re-
view, we focus on the bacteriophage T4 which offers unique structural

advantages for the assembly of pathogen molecules, both proteins and
DNAs, into VLPs and have been shown to elicit potent immune
responses.

2. Basic pathways of vaccine-induced immunity

Vaccines stimulate the host immune system to build defenses
against a pathogen without a necessary prior exposure to the patho-
gen. The antigens in the vaccine formulation will be first recognized
by the innate immune system which then lead to the induction of
adaptive immune responses through the activation of antigen-pre-
senting cells (APCs) such as the dendritic cells (DCs) [10, 19]
(Fig. 1). The adaptive immune responses are capable of eliminating
the infections more efficiently and specifically than the innate im-
mune responses.

2.1. Innate immune responses

The innate immune system has evolved to recognize evolution-
arily conserved signatures present in pathogens, called pathogen-as-
sociated molecular patterns (PAMPs). Recognition occurs through
various pattern-recognition receptors (PRRs) expressed by cells in-
volved in innate immunity such as the macrophages, mast cells, neu-
trophils, and DCs [34-36]. Engagement of PRRs such as the Toll-like
receptors (TLRs) leads to activation of the innate immune cells and
creates an inflammatory microenvironment, which then leads to
the infiltration of immune cells from circulation to the site of infec-
tion, particularly neutrophils and APCs (Fig. 1, A and B) [37]. DCs
are professional APCs and widely distributed in all tissues, impor-
tantly at the mucosal surfaces and lymphoid organs [38]. Both the
tissue resident and migratory DCs efficiently detect pathogens
through PRRs and take up antigens from extracellular environment
by phagocytosis and micropinocytosis [39]. These lead to maturation
of DCs, which involves down-regulation of antigen internalization,
upregulation of antigen-processing machinery, and transportation
of antigen peptide-loaded major histocompatibility complex
(MHC) molecules from intracellular compartments to the surface of
the DCs [40]. DC maturation is essential for initiation of adaptive im-
mune responses [41]. Only the maturated DCs are able to induce
clonal expansion of antigen-specific naive T cells and their concomi-
tant differentiation into effector T cells [41].

Maturation of DCs results in changes in the surface expression of the
adhesion molecules and the chemokine receptors such as CCR7, CCR5,
CCR1, CXCR1, and CXCR4, which allow DCs to migrate to peripheral
lymphoid organs where adaptive immunity will be initiated (Fig. 1C
and D) [40]. The whole pathogen vaccines such as the live-attenuated
pathogens usually contain multiple PAMPs, hence can be efficiently rec-
ognized by PRRs resulting in the elicitation of strong innate immune re-
sponses [42]. On the other hand, (non-VLP) subunit vaccines containing
well-defined antigens lack the PAMPs, thus requiring the addition of
immunostimulators or adjuvants to stimulate strong adaptive immune
responses [10].
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Fig. 1. Schematic diagram showing potential ways the VLP-based vaccines can stimulate innate and adaptive immune responses. The basic framework of innate and adaptive responses by
the host immune system was adapted from Desmet et al. [36]. See text for details of specific advantages provided by VLP vaccines.

2.2. Adaptive immune responses

Adaptive immune responses, which mainly depend on T cells and B
cells, are initiated in the peripheral lymphoid organs in response to
antigens presented by DCs matured during the course of the inmate
immune response (Fig. 1C and D) [43]. Activation of T cells is the crucial
first step in adaptive immunity. Naive T cells circulating in the blood-
stream enter the peripheral lymph organs and sense the pathogen
antigens presented by DCs. Naive T cells that do not encounter their
specific antigen exit from the lymphoid tissue and return to circulation.
Generally, activation of the naive T cells relies on three signals: signal 1
is antigen specific and derived from the interaction of T cell receptor
(TCR) with its antigen peptide-MHC complex presented by DCs; signal
2, called the co-stimulatory signal, involves interaction of the co-stimu-
latory receptor CD28 constitutively expressed by naive T cells with its li-
gand, B7, expressed on DCs; and signal 3, a cocktail of cytokines secreted
mainly by DCs that direct the differentiation of T cells into subsets of ef-
fector T cells [44]. Naive T cells fall into two large groups, CD4+ and CD8
+ T cells, based on the presence of the co-receptors of the TCR. The CD8
+ T cells recognize antigen peptides presented by MHC class [ mole-
cules and differentiate into cytotoxic T lymphocytes (CTLs), which are
critical in defense against intracellular pathogens (Fig. 1F) [45]. Infection
by intracellular pathogens (e.g., viruses) leads to the expression of path-
ogen antigens inside cells, which will be processed and presented by
MHC class I molecules expressed by all nucleated cells and mainly pres-
ent peptides derived from cytosolic antigens [46]. CTLs can kill these
pathogen-infected cells by recognizing the surface-presented antigen
peptides in the context of the MHC-I molecules [45]. Inactivated or

subunit vaccines, which cannot infect and express antigens inside
cells, are considered as extracellular antigens. These vaccines are nor-
mally presented by MHC class Il molecules, which are expressed mainly
by professional APCs involved in the presentation of extracellular anti-
gens, thus having poor ability to prime CD8+- T cells [46, 47]. However,
it is possible that extracellular antigens, particularly the VLP vaccines
can be presented by MHC-I through “cross-presentation” to activate
CD8+ T cells (Fig. 1C and F) [48]. Many efforts have therefore been de-
voted to enhance the efficacy of subunit vaccines, particularly against
intracellular pathogens by increasing their cross-presentation proper-
ties [49].

The CD4+ T cells on the other hand recognize antigen peptides pre-
sented by MHC class Il molecules (Fig. 1G). Unlike the CD8+ T cells, CD4
+ T cells can differentiate into several different kinds of effector T cells
(T helper (Th) cells) such as Th1, Th2, Th17, follicular helper T cells
(Tfh), and regulatory T cells (Treg) driven by different cytokines [50,
51]. Th1 effector cells are involved in the elimination of intracellular
pathogens and triggered mainly by interleukin 12 (IL12) and interferon
v (IFN7y). Th2 cells are mainly against extracellular parasites and trig-
gered mainly by IL4 and IL2. Th17 cells, which are responsible for elim-
ination of extracellular bacteria and fungi, are differentiated mainly by
IL6, IL21, IL23, and TGF-p [50, 51]. Tth cells are located in follicular
areas of lymphoid tissue, where they participate in the development
of antigen-specific B-cell immunity [50, 51].

B cells, the precursor of antibody-secreting plasma cells, play central
roles in humoral immune responses that protect against extracellular
pathogens. The activation of B cells usually needs the help of effector
Th cells (Fig. 11). B cells and T cells locate in distinct zones of the
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lymphoid tissues, B cell zones (primary lymphoid follicles) and T cell
zones, respectively [52]. The circulating naive T cells that enter lym-
phoid tissues get trapped in the T cell zone by recognizing antigen pep-
tide presented by activated DCs and differentiate into Th cells [52]. The
circulating naive B cells also enter the T cell zone, where they are acti-
vated by Th cells and then migrate to B cell zones [52]. Generally, activa-
tion of B cells requires two signals, one from the pathogen antigen and
another from the Th cells. B cells can directly bind to pathogen antigen
through surface immunoglobulin (also called the B cell receptor or
BCR) by recognizing specific epitopes (Fig. 1H), which results in inter-
nalization, degradation, and presentation of pathogen peptide on B
cell surface through MHC-II molecules (signal 1). Recognition of the
peptides bound to MHC-II by Th cells provides the second signal,
which includes the interaction of CD40 on B cells with CD40L on Th
cells and cytokines secreted by Th cells. Activated B cells then migrate
to lymphoid follicles and form germinal centers, where B cells undergo
somatic hypermutation and affinity selection [53]. The selected B cells
exit germinal centers and differentiate into either the long-lived mem-
ory B cells circulating in the periphery or the plasma cells that secrete
antibodies [53].

3. Advantages of using bacteriophages as VLP vaccines

Since the report by George Smith in 1985 on the display of foreign
peptides on filamentous phage f1 as fusions of the minor capsid gene
product (gp) plll [54], a number of phages have been developed as an-
tigen delivery vehicles. These include in addition to M13 and related fil-
amentous phages [29], phages \ [28], T4 [55, 56], T7 [57], MS2 [33], Qp
[58], and others [59]. Phages are widely distributed and probably consti-
tute the largest proportion of the biomass on Earth [60]. >5000 phages
have been studied [61], providing a large pool of phages to choose
from for developing vaccine delivery vehicles. The basic principle in-
volves assembly of the targeted pathogen antigen(s) fused to a virus
structural protein into a virus-like particle (VLP), which simulates the
surface architecture of the mammalian viruses. When injected into a
mammalian host, the immune system may recognize the particle as
an “invading virus”, efficiently stimulating immune responses against
it by the mechanisms described above (Fig. 1). Another advantage of
the phage VLPs is that many features of phages could be exploited to en-
hance immune responses against the antigens, such as surface structure,
particle size, and incorporation of multiple targets.

3.1. Surface structure

The molecules found on the surface of most pathogenic viruses and
other microbes unlike that on mammalian cells tend to be repetitive
in nature [62]. These are recognized by the innate and adaptive immune
systems as pathogen-associated geometric patterns similar to PAMPs
[62]. The surface patterns found on phage virions are also repetitive in
nature and correspond to the subunits of the major capsid protein(s)
[63-65], similar to that seen on the surface of the pathogenic mamma-
lian viruses. Antigens fused to the capsid protein will also be exposed on
phage in a highly ordered and repetitive format [66]. Thus, phage VLPs
are good simulators of pathogenic viruses to stimulate the innate im-
mune system (Fig. 1, A and B). Furthermore, this pattern also allows ef-
ficient binding of their epitopes to natural IgM antibodies through high-
avidity interactions, leading to the recruitment and activation of com-
plement component 1q (C1q) and the classic pathway of the comple-
ment cascade [18]. This was demonstrated in the case of the phage QB
capsid, which is composed of 90 copies of the capsid protein (CP) di-
mers. The capsids could bind to natural IgM and fix Clq, leading to
their efficient deposition on follicular dendritic cells (FDCs) [67]. In con-
trast, the soluble CP dimer failed to activate this humoral innate im-
mune system and was not deposited on FDCs [67]. Antigen retention
on FDCs is essential for B cell activation and clonal selection within ger-
minal centers [68, 69].

Other properties of the phage surface [15, 18] such as size, shape,
charge, and hydrophobicity also mimic the properties of the pathogenic
viruses and enhance the efficiency of antigen uptake by APCs. Conse-
quently, phage VLP displayed antigens may be taken up efficiently by
the APCs. Barfoot et al. demonstrated that T4 phages can be as efficiently
taken up by DCs as the influenza virus [70]. Actually, phage has been
used as a model to study the uptake of particulate antigens by macro-
phages, the professional APCs, since 1960s [71, 72].

3.2. Antigen density

Repetitive and highly localized epitope density of the antigen on the
VLP is one important factor for B cell activation [73-75]. High-density
promotes cross-linking of the B cell receptors to antigens and facilitates
B-cell activation (Fig. 1H and I) [73, 74]. Studies indicate that displaying
60 epitopes per particle at 5-10 nm spacing is an ideal geometry for op-
timal B cell activation [73]. Indeed most of the licensed viral vaccines
contain high density of antigens on the particle surface [76], and low
density was suggested as one of the reasons why it has been difficult
to develop HIV vaccines [76, 77]. QB phage displaying high density of
a model peptide (D2) induced higher titers of peptide-specific IgG
than phages displaying medium or low density of the same peptide
[75]. Since phage capsids usually have hundreds of copies of the capsid
protein(s), high density of antigen can be achieved relatively easily. For
instance, the phage T4 capsid has 930 copies of major capsid protein
gp23, 870 copies of small outer capsid protein (Soc), and 155 copies of
highly antigenic outer capsid protein (Hoc) on the surface. Up to 860
copies of the gp41 envelope protein of HIV-1 virus could be displayed
on T4 capsid through Soc, which is equivalent to 60-120 times greater
density than that present on the HIV virion [78, 79]. Phage \ has 420
copies of the major capsid protein gpE and 405-420 copies of the
outer capsid protein gpD. All of the gpD molecules could be used for
displaying antigen epitopes.

3.3. Particle size

Adaptive immune responses are initiated in lymph nodes. Therefore,
vaccine antigens must be transported to lymph nodes from the site of
injection (Fig. 1E). This process is mediated by lymphatic drainage or
through immune cell-mediated transport and is dependent on the size
of the antigen [15, 18, 80]. Antigen particles that are <200 nm can effi-
ciently enter the lymphatic system by directly crossing lymphatic vessel
walls [81]. Upon reaching the lymph nodes, the particulate antigens
may be phagocytosed and processed by macrophages resident in sub-
capsular sinus (SCS) and are further transported to the B cell or T cell
zone. The small antigens such as soluble proteins may diffuse directly
from SCS to B cell or T cell zones via conduits [18, 80]. Particles with a
size of >200-500 nm do not efficiently enter the lymphatic system in
free form and require cellular transport by APCs, such as DCs to be deliv-
ered to the lymph nodes [18, 80]. The commonly used phage capsids for
vaccine delivery are <200 nm, such as QR (28 nm) [82], MS2 (26 nm)
[33], T7 (56 nm) [83], N (60 nm) [28], and T4 (120 x 86 nm) [84].
Therefore, phage VLP vaccines can efficiently enter the lymphatic sys-
tem and are transported to the lymph nodes to stimulate adaptive im-
mune responses.

The uptake and processing of antigens by APCs are also affected by
particle size. Soluble antigens are normally presented by MHC class II
molecules and have poor ability to be presented by MHC class I mole-
cules [85]. On the other hand, particulate antigens are more likely proc-
essed through cross-presentation pathways to activate both CD4+ and
CD8+ T cells [85]. Display of soluble antigens on phage, therefore can
lead to efficient presentation of the antigen by both MHC class I and
class I molecules (Fig. 1C). For instance, p24-specific CD8+ T cells
were seen in both spleen and lymph node cells of mice immunized
with phage T4 displayed with HIV-1 p24 antigen [86]. On the other
hand, significantly lower or no p24-specific CD8+ T cells were
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identified in mice immunized with soluble p24 [86]. Similarly, immuni-
zation of mice with T4 phage displayed with F1mutV antigen of Yersinia
pestis (Y. pestis) showed both Th1 and Th2 immune responses whereas
immunization with the soluble antigen was biased towards primarily
the Th2 responses [55]. This was also directly demonstrated in the
case of phage fd where confocal microscopy of B lymphocytes showed
that the FITC-labeled fd phage entered both the MHC class I and class
Il processing pathways [87].

3.4. Co-delivery of antigen and adjuvant

DCs can be activated directly through interaction of pathogen PAMPs
with PRRs, or indirectly by exposure to inflammatory mediators. How-
ever, while the DCs activated indirectly by inflammatory mediators
alone supported CD4+ T cell clonal expansion, it failed to direct T helper
cell differentiation [88]. Thus, optimal activation of DCs also seems to re-
quire direct stimulation by danger signals imparted by the PAMPs.
Linking an antigen to an adjuvant ensures simultaneous delivery of
both the components to the same immune cells, such as the APCs and
B cells. Therefore, the immune cells will recognize and process the anti-
gens while receiving costimulatory signals from the adjuvant, which
could significantly enhance the immune responses. Gomes et al. re-
ported that the E7 protein from human papilloma virus induced higher
IgG responses when E7 protein was displayed on phage QR VLPs pack-
aged with CpG, a ligand for TLR9, compared with a simple mixture of
E7 and TLR9 packaged Qp VLPs [89].

The intact phage itself has the ability to stimulate innate immune re-
sponse [72], potentially acting as a natural adjuvant. For example, T4
phages induced significant levels of interferon in mice when 2 x 10!
phage particles were injected intravenously. Phage A20/R has a costim-
ulatory effect on murine splenocytes activated by suboptimal concen-
tration of concanavalin A [90]. Display of antigens on phages therefore
appears to link the antigen to an adjuvant-loaded vaccine delivery sys-
tem, leading to robust immune responses without any externally added
adjuvant. This was supported by a number of studies in which antigens
displayed on T4 capsid elicited much stronger immune responses when
compared to their soluble counterparts [55].

Furthermore, different parts of the phage could be used to link the
antigen and the adjuvant to the same VLP. In phages such as \ [91]
both the capsid and the tail have been engineered to deliver foreign
molecules. Phage T4 has two outer capsid proteins, Soc and Hoc, both
of which can be used to simultaneously display two different foreign
molecules, one an antigen and another an adjuvant (e.g. flagellin, the li-
gand of TLR5). Recently, we have developed a novel vaccine delivery
system using only the T4 capsid shell with no tails, which can simulta-
neously deliver not only two different proteins through Hoc and Soc dis-
play, but also DNA molecules packaged inside the capsid [92]. This
system therefore has the ability to co-deliver multiple PAMPs and acti-
vate multiple innate immune pathways, potentially making it a very ro-
bust VLP vaccine delivery system [42, 93]. This was also evident in the
live attenuated yellow fever vaccine 17D, one of the most effective vac-
cines available. This vaccine activates multiple TLRs on DCs to elicit a
broad spectrum of innate and adaptive immune responses [93] proba-
bly because of the activation of the DC subsets containing different
TLRs. The CD103 ™ DCs mainly expressing TLR3 could only be effectively
activated by TLR3 agonist, while CD11b" DCs mainly expressing TLR7
could only be effectively activated by TLR7 agonist [94]. VLPs containing
multiple PAMPs thus might activate all DC subsets containing different
PRRs, eliciting a broad spectrum of innate and adaptive immune
responses.

3.5. Targeting DCs
DCs play key roles in connecting innate and adaptive immune re-

sponse (Fig. 1) [38]. Recognition, processing, and presentation of anti-
gens, as well as trafficking of DCs to lymph nodes are key factors that

affect vaccine efficacy. Targeting of antigens to DCs, therefore, is one of
the promising strategies to enhance vaccine efficacy [95, 96]. An advan-
tage of the phage VLPs is that phages do not have tropism to host cells.
Hence, they can be targeted to DCs by displaying a DC-specific targeting
molecule along with the antigen molecules. Phage T4 provides one of
the best examples because of the flexibility in engineering the capsid
using two different capsid proteins with different properties. Our stud-
ies show that the T4 nanoparticles could be targeted to DCs by
displaying a monoclonal antibody (mAb) attached to Hoc against the
DC-specific receptor DEC-205 [92, 97], which is expressed at high levels
on lymphoid tissue DCs [98]. Alternatively, phages can be targeted to
DCs by displaying a single chain variable fragment of antibody (scFV)
against the DEC-205. Sartorius et al. have demonstrated enhanced re-
ceptor-mediated uptake of fd phage particles expressing the anti-DEC-
205 scFV [99]. Furthermore, many DC targeting peptides were identified
by phage display screens, making it possible to target antigen delivery to
DCs using these peptides [100-102].

Targeting leads to efficient binding of VLPs to DCs which then leads
to enhanced endocytosis [99]. However, endocytosis alone does not in-
duce DC maturation [41]. As discussed above, only matured DCs are able
to initiate the adaptive immune response. Triggering of PRRs on DC by
danger signals (e.g. PAMPs present on pathogens) is thought to be crit-
ical for DC maturation [103]. Since phage structures resemble PAMPs,
targeting of phage-based vaccines to DCs not only enhances antigen up-
take but also facilitates DC maturation. This was supported by the obser-
vation that the phage fd particles displaying the scFV against the DEC-
205 induced DC maturation both in vitro and in vivo, while the WT fd
particle or fd particles displaying a control scFV (no targeting) could
not [99]. Therefore, targeting of phage-based vaccines to DCs can lead
to further enhancement of the immune responses through facilitation
of DCs maturation. Indeed, a recombinant phage fd displaying an oval-
bumin peptide at the NH2-terminus of the pVIII protein and a scFV
against the DEC-205 through the plIl protein induced stronger antibody
responses when compared to the phage lacking the scFV targeting mol-
ecule [99]. Further subsequent studies indicated that DC targeting in-
duced proinflammatory cytokines and type I interferon, which was
MyD88 mediated and TLR9 dependent (MyD88 is a universal adapter
protein in innate immune signaling used by almost all TLRs) [104].
This might be because the fd phage particles containing a single-strand
DNA genome rich in CpG motifs were able to trigger the activation of
TLR9, thereby enhancing the immunogenicity of the displayed antigen
[104].

3.6. Safety

Live attenuated vaccines are probably the most effective vaccines
but have significant safety concerns. For instance, in the case of the at-
tenuated oral polio vaccine (OPV), only a small number of mutations
(2 to 10 nucleotides depending on the strain) control the attenuated
phenotype [105] and the mutation sites seem to be under strong nega-
tive selection [106, 107]. Reversion back to virulent strain was also seen
in the attenuated porcine reproductive and respiratory syndrome
(PRRS) vaccine [108]. This question does not arise with phage VLP vac-
cines as they lack the ability to infect mammalian cells [109]. In numer-
ous pre-clinical animal testing including mice [55, 86, 92, 110], rats [55,
92], rabbits [111], and rhesus macaques [112], we found no adverse ef-
fects due to immunization with phage T4 particles by intramuscular, in-
tranasal, intravenous, or oral routes. Importantly, no side effects were
reported in a human trial where T4 phage was given orally [113]. Simi-
larly, no adverse reactions to phages were reported in human trials
where T4-like coliphage cocktail was given orally to healthy Bangla-
deshi children [114, 115]. Indeed, phages have been used to treat path-
ogenic bacterial infections by deHerelle in 1919 and although this
practice did not continue widely after the discovery of antibiotics, it
has been in use in Poland, Georgia, and Russia for nearly a century, indi-
cating the overall safety of phage therapy to humans [116, 117].
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4. Bacteriophage T4

The tailed phage T4 has served as a model for >80 years to elucidate
the basic mechanisms in molecular biology. At the same time, intensive
work on its genetics, biochemistry, and structure has generated deep
understanding of the mechanisms involved in head and tail assembly
|65, 118], DNA packaging [119], and genome injection [120]. Coupled
with this basic knowledge, its unique capsid architecture makes T4
phage a powerful VLP vaccine platform.

4.1. Capsid structure

T4 phage consists of three major components; head (or capsid), tail,
and tail fibers (Fig. 2). Each of these are assembled by independent
pathways and then joined together to form the infectious virion [63].
Application of T4 phage to vaccine development as a VLP platform
mainly involves the head. The head is an elongated (prolate) icosahe-
dron, 120 nm long and 86 nm wide, and built with three essential capsid
proteins; 930 copies of the major capsid protein gp23* (“*” represents
the cleaved form), which form the hexagonal capsid lattice, 55 copies
of the vertex protein gp24*, which form pentamers at eleven of the
twelve vertices, and 12 copies of the portal protein gp20, which form
the unique dodecameric portal vertex [63]. The portal vertex is a ring
structure with a central channel having a diameter of 3.5-4 nm through
which DNA enters the capsid during packaging and exits during infec-
tion [121]. Packaged inside the capsid is a 171 kb linear dsDNA genome,
the density of which approaches that of the crystalline DNA [122].

Phage capsids are highly stable structures, a very useful property for
designing VLP vaccines. The phage T4 capsid protein gp23* consists of
HK97 fold (Fig. 3A), a fold found in all the phage capsid protein struc-
tures determined thus far. It has three domains: axial (A), peripheral
(P), and insertion (I) domains [84]. The inter-A domain interactions as-
semble gp23 into hexameric capsomers (Fig. 3B). The subunits are glued
together by [ domains that cross-link the A domains through a network
of noncovalent interactions with the A and P domains of adjacent gp23*
subunits. The I-domain is flanked by long linkers that form extensive
intra- and inter-capsomer interactions that stabilize the capsid lattice.
The inter-capsomer contacts are further reinforced by electrostatic in-
teractions between the P domains of gp23* subunits from adjacent
capsomers. Furthermore, the NH2-terminal regions of gp23* interact
extensively with four neighboring subunits belonging to two different
capsomers (Fig. 3B). These interactions greatly stabilize the capsid
structure and allow it to withstand the high internal pressure of the

Capsomer

\—» Tail fiber

Fig. 2. Structural model of bacteriophage T4. The enlarged capsomer shows the major
capsid protein gp23* (cyan; “*” represents the cleaved form) (930 copies), Soc (blue,
870 copies), and Hoc (yellow; 155 copies). Yellow subunits at the five-fold vertices
correspond to gp24*. The unique portal vertex (not visible in the picture) connects the
head to the tail. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

g

tightly packed genome inside (~25 pN; 2.5 times the pressure in a
champagne bottle) [84, 123].

The T4 head also contains two non-essential outer capsid proteins
(Figs. 2 and 3), the small outer capsid protein (Soc) and the highly anti-
genic outer capsid protein (Hoc) [124]. Hoc is a 39 kDa protein contain-
ing a string of four Ig-like domains. Shaped as a linear fiber, it binds at
the center of each gp23* hexameric capsomer as a monomer (Fig. 3C)
[84]. Consequently, 155 copies of symmetrically arranged Hoc fibers
emanate from the surface of the T4 head (Figs. 2 and 3D). As the
COOH-terminal domain of Hoc contains the capsid binding site, this do-
main is closest to the capsid wall whereas the NH2-terminus is
projected away at ~170 A distance from the capsid [125]. Soc is a 10
kDa tadpole-shaped molecule and exists as a monomer in solution
[126]. However, since it binds to two gp23* molecules between the ad-
jacent capsomers, three molecules of Soc occupy the quasi three-fold
axes (Fig. 3C). This arrangement brings the COOH-terminal acidic and
basic residues into close proximity. These inter-digitate through electro-
static interactions resulting in trimerization of Soc at the three-fold axes.
Consequently, 870 copies of Soc form a molecular cage around the cap-
sid shell and reinforce the capsid by clamping adjacent capsomers (Fig.
3D and E) [126]. This further stabilizes an already stable head and allows
it to withstand a harsh external environment in which the phage may
be exposed to denaturing agents, high temperature, or extremes of pH
(e.g., pH 11) [126]. However, Soc cannot bind between gp23* hexamers
and gp24* pentamers at the vertices. Therefore, the vertices do not have
Soc reinforcement and hence are structurally the weakest regions of the
T4 capsid.

Both Hoc and Soc proteins are non-essential and can be deleted
without affecting phage viability or infectivity under laboratory condi-
tions. However, when exposed to pH 11 or higher, the wild-type (WT)
phage survives whereas the Soc- phage is unstable and loses viability
[126]. Hoc on the other hand provides marginal additional stability to
the capsid. Its main function appears to be to sense the external envi-
ronment and/or adhere to surfaces using its long flexible fiber and Ig-
like domains. The latter might increase the efficiency of binding of the
phage to bacterial surface thereby facilitating the long tail fibers to cap-
ture the receptors on the cell surface [127]. Hoc is also reported to facil-
itate the binding of phage T4 to mammalian cells, which might be a
useful feature for vaccine delivery [128-131]. Additionally, its acidic
(pl 4.7) nature creates a highly negatively charged capsid surface that
might aid in preventing aggregation and dispersal of phage particles
[131].

The above architecture of T4 capsid, decorated with Soc and Hoc,
provides several unique features to engineer capsid surface as a VLP vac-
cine platform. First, it provides a high density of attachment sites, a total
of 1025 per capsid, 870 Soc sites and 155 Hoc sites, to display foreign an-
tigens [110, 132]. Second, since the sites are symmetrically distributed
on the capsid lattice [84], the surface of T4 phage resembles the
PAMPs of the mammalian viruses and probably other pathogenic organ-
isms recognized by the innate immune system. Third, both the NH2-
and COOH-termini of Soc and Hoc are exposed to the aqueous medium
[125, 126], i.e., not buried in the structure, which allows attachment of
antigen molecules without perturbing the structure and folding of the
capsid proteins [110, 132]. Fourth, since Soc and Hoc bind to capsid
with exquisite specificity and nanomolar affinity, antigens fused to
Hoc and Soc can be stably displayed on the capsid surface with high af-
finity and specificity [55, 110, 126]. Fifth, multiple antigens belonging to
one or different pathogens can be displayed on the same capsid to de-
sign multivalent vaccines [55, 110, 132]. Finally, the NH2-terminus of
the Hoc fiber projected at 170 A away from the capsid wall provides a
platform to display molecules that can target the T4 nanoparticles to
specific APCs such as the DCs, and/or co-deliver a molecular adjuvant
[92, 125].
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A domain

P domain
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Fig. 3. Various assembled states of the major capsid protein gp23*; monomer (A), hexameric capsomer (B), and three capsomers (C) of the hexagonal capsid lattice showing Soc subunits
(magenta) bound at the interfaces of adjacent capsomers. Hoc monomers (orange) are located at the center of each capsomer. The structures are derived from the cryo-EM structure of the
isometric phage T4 capsid [84]. The monomer (A) shows key domains of gp23* that associate through an intricate network of interactions to form the capsomer (B) and the capsid lattice
(C). The structure is reinforced by trimeric Soc clamps at the quasi three-fold axes forming a molecular cage around the capsid (D). The capsid subunits are masked in E to depict the Soc
molecular cage. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.2. The DNA packaging machine

Assembly of phage head is initiated by the portal assembly formed
by twelve molecules of the portal protein gp20 [63]. In phage T4, this oc-
curs on the inner membrane of Escherichia coli (E. coli) with the help of a
membrane-bound “chaperone” protein gp40. The major capsid protein
gp23 and the major scaffolding protein gp22 along with other scaffold-
ing proteins such as the internal proteins IPI, IPII, and IPIII, gp21 prote-
ase, gp68 and gp69 co-assemble to produce the immature prehead
[65]. The prehead, thus, is an icosahedral shell formed around a scaffold-
ing core, the shape and size of which is determined by both the shell and
the core. The portal remains at the special portal vertex of the assembled
head whereas pentamers of the vertex protein gp24 assemble at the
other 11 vertices [65]. Most of the inner scaffolding core is degraded
by the gp21 protease which is activated once a prehead of precise di-
mensions is assembled [65]. The protease also cleaves the NH2-terminal
regions of gp23 and gp24 subunits at a specific glu-ala peptide bond to
generate the mature gp23* and gp24* proteins [65]. The cleaved head
with the empty space created inside by scaffold removal is now released
into the cytosol.

A terminase complex containing two packaging proteins, the motor
protein gp17 and the regulator protein gpl6, recognizes the
concatemeric viral genome and makes a double stranded cut to gener-
ate an end (or terminus, hence the name terminase) [119]. The gp17
terminase-DNA complex then assembles on the portal vertex as a
pentamer (gp16 is not essential in vitro to form this complex) (Fig. 4)
[133]. Two symmetry mismatches are thus created, one between the
five-fold capsid vertex and the dodecameric portal and another be-
tween the portal and the pentameric packaging motor [119]. Impor-
tantly, a DNA packaging machine consisting of the motor, the portal,

and the shell is assembled with one end of the DNA inserted into the
portal channel (Fig. 4). Packaging is initiated by the motor complex
with the DNA getting translocated into the head at the expense of ATP
hydrolysis [134]. After about 10-25% of the genome is translocated,
the head “expands” in size, by about 15% in both long and short

Motor | ADP + Pi
(gp17);
1

Fig. 4. The bacteriophage T4 DNA packaging machine. (A) Structural model of the phage
T4 DNA packaging machine. (B) Ribbon model of the pentameric motor (cyan)
assembled at the dodecameric portal vertex (dark red). The motor fills the capsid with
the phage genome, ~171 kb DNA, utilizing the energy from ATP hydrolysis. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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dimensions as a result of a major conformational change in the capsid
protein subunits [84, 119]. Expansion is a critical maturation step for
several reasons. It increases the inner volume of the capsid by about
50% which is essential i) to accommodate the entire genome, ii) to sta-
bilize the capsid structure, and iii) to create binding sites for Soc and Hoc
which, upon binding of Soc and Hoc, further reinforce the capsid struc-
ture [65, 119]. Consequently, the capsid can withstand the internal pres-
sure of the tightly packed genome, even under harsh environmental
conditions such as pH 11. After about 102-103% of genome is packaged
(one “headful”), packaging is terminated when the motor complex
makes another cut and dissociates from the packaged head. The
motor-DNA complex can then attach to another empty head and con-
tinue DNA packaging in a processive fashion whereas the packaged
head is sealed off by the attachment of neck and tail proteins at the por-
tal [119].

We have been able to reconstitute the DNA packaging machine in
vitro using purified components, empty proheads and gp17 (Fig. 4; see
below) [134]. Empty proheads are produced from E. coli infected with
mutants that are defective in DNA packaging and tail assembly (e.g.,
17am18am; gene 18 codes for the tail sheath protein). Alternatively,
the DNA packaged heads can be prepared using mutants that are defec-
tive in neck and tail assembly (e.g., 10am13am; gene 10 codes for a base-
plate protein and gene 13 for a neck protein) and the packaged DNA
being unstable can be emptied and digested with DNAse 1 [135]. Re-
markably, these emptied head shells can re-package DNA in vitro as
well as the nascent proheads [92, 135]. In fact, these mature phage
heads are better for VLP vaccine delivery because these can be produced
in much larger quantities and exhibit greater stability than the
proheads. A distinct advantage of the T4 packaging system is that its
motor protein gp17 alone can function as well as, or better than, when
the regulatory protein gp16 is present in vitro and it does not require a
specific sequence to initiate or terminate DNA packaging. When mixed
with heads, gp17, and ATP, any linear (or circular) DNA can be
encapsidated [92, 135]. It could be a single piece of genome length
DNA (~171 kb), or a shorter plasmid DNA, or even oligonucleotides as
short as 30 bp. In the case of short DNAs, multiple DNA molecules will
be packaged inside the same head [92]. This means that, for vaccine de-
livery, the T4 head-motor complex can be used as a nanoscale vacuum
to “stuff” the head with multiple copies of multiple pathogen genes
encoding vaccine antigens.

4.3. In vivo versus in vitro display

The T4 head structure, assembly, and DNA packaging provide ex-
traordinary opportunities for developing a vaccine delivery platform
by engineering the surface with antigen proteins and the interior with
antigen encoding genes. The first reports of this system used in vivo dis-
play wherein short pathogen peptides fused to Hoc or Soc expressed in
E. coli cells either from recombinant phage genome or a recombinant
plasmid were displayed on phage particles produced in the same cells
by hoc~soc™ mutant infection. Ren et al. showed that a 43-residue V3
loop peptide of HIV-1 envelope protein gp120 or 312-residue of the po-
liovirus VP1 capsid protein fused to the COOH-terminus of Soc bound to
T4 phage [136]. Jiang et al. showed that a 36-residue peptide from the
PorA protein of Neisseria meningitides fused to the NH2-terminus of ei-
ther Hoc or Soc was displayed on T4 [137]. These studies demonstrated
that both the NH2- and/or COOH-termini of Soc could be used to display
pathogen peptides on the capsid surface without compromising its abil-
ity to bind to the capsid. Subsequent studies using a variety of antigens
fused to Soc further confirmed these results [55, 138, 139]. Indeed, in
one study, both the NH2- and COOH- termini of Soc were used at the
same time to fuse two different antigens and the dual fusion product
was efficiently displayed on the phage capsid, essentially doubling the
copy number of the displayed antigens [55, 132]. In the case of Hoc,
however, although both the NH2- and COOH-termini can be used to dis-
play antigens [86], the COOH-terminus is less desirable because the

COOH-terminal domain of Hoc has the capsid binding site [125]. There-
fore, the fused antigen creates steric interference for accessing the cap-
sid binding site. Consequently, poor binding was observed for the
antigens fused to the NH2-terminus of Hoc [140]. These results were
supported by structure determinations of Soc and Hoc [125, 126]
which showed that the NH2- and COOH-termini of Soc and the NH2-
terminus of Hoc are accessible to solvent and can be effectively used
for molecular display.

The in vivo phage display, a hallmark of all phage display systems has
certain fundamental limitations, particularly for the development of VLP
vaccines. First, the gene for the antigenic peptide fused to Soc or Hoc
flanked by several hundred bp of genome must be inserted into a plas-
mid vector in order to allow for homologous recombination between
the T4 genome and the plasmid upon infection with a hoc”soc™ phage
mutant [136, 137]. The recombinant frequency relative to parental
phage background is very low, on the order of ~10~#-107>, even for a
highly recombinogenic phage T4. Hence, it requires a complicated selec-
tion protocol to identify the recombinant phages, as reported by Ren et
al. [136]. The recent demonstration of recombinant generation using the
CRISPR-Cas genome editing strategy might alleviate this problem by
eliminating the parental phage background [141, 142]. Second, the fu-
sion protein is expressed from a T4 promoter upon infection of E. coli
and the resultant protein is displayed on hocsoc™ phage in vivo. The
phages purified from these infected cells thus contain the displayed an-
tigen and can be used as a VLP vaccine. However, since the fusion pro-
tein is produced as part of phage infection, there is no control over the
quality of the antigen that is displayed. For instance, truncated or aggre-
gated proteins might assemble on the capsid. Third, the copy number of
the displayed antigen cannot be controlled by in vivo phage display.
Since different foreign proteins are expressed to different extents, the
copy number of the antigen on the VLP could vary greatly and between
experiments. Therefore, it would be difficult to control the quality of the
manufactured vaccine. Fourth, it would be very difficult to generate
multivalent vaccines or to customize the nanoparticle by incorporating
different Hoc- and Soc-fused proteins. Finally, since the in vivo display
relies entirely on the protein expression in E. coli, it is unable to display
proteins that could not fold properly or require certain post-transla-
tional modification such as glycosylation for folding and/or antigenicity.

To overcome these problems, we have developed a defined in vitro
phage assembly system (Fig. 5) [55, 86, 110, 132]. The Soc- or Hoc-
fused antigens with an affinity tag at the NH2- or COOH-termini are
expressed in E. coli from a strong promoter such as the phage T7 pro-
moter and purified by a single-step affinity chromatography (Fig. 5A).
This could very well be done using a mammalian expression system, es-
pecially for antigens requiring specific post-translational modifications.
The purified proteins are then functionally and/or antigenically charac-
terized and displayed on phage by mixing the recombinant protein with
the purified hocsoc™ T4 phage (Fig. 5B). This approach has many advan-
tages. First, it allows a critical step, i.e., biochemical characterization of
the antigen, before the display of the antigen on the phage capsid. Con-
sequently, the expression and purification systems can be optimized
such that only a pure, functionally well-defined antigen that is most ef-
fective in eliciting potent immune responses can be displayed on the
phage nanoparticle. For example, we have demonstrated that only the
HIV gp41 envelope protein trimers, but not the monomers or nonspe-
cific oligomers, could be selectively displayed using this approach [79].
Second, the composition of the in vitro assembly mixture can be ad-
justed to generate multivalent vaccines and to control the copy number
(Fig. 5C). For example, by adding two different anthrax antigens fused to
Soc, LFn-Soc and Soc-PA4, to the reaction mixture, we could generate T4
phage nanoparticles simultaneously displaying both the antigens on the
same capsid, and the copy number of each antigen was proportional to
the ratio of the proteins to the binding sites added to the binding reac-
tion [132]. Third, large full-length proteins can be displayed on the T4
capsid (Fig. 6). Examples include the 83 kDa protective antigen (PA)
[132], 90 kDa lethal factor (LF) [132], 89 kDa edema factor (EF) [140],
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Fig. 5. Schematic of phage T4 in vitro display system. The affinity-purified Soc-fused antigen
(s) (A) are assembled on purified hoc ~soc ™ T4 phage (B) by mixing the two at 4 °C for 45 min
to generate the VLPs [138, 139]. The capsid can be displayed with one antigen (C) or a
mixture of different antigens (D; shown in different colors). The same principle is used for
the display of Hoc-fused antigens or targeting molecules [86, 92].

66 kDa plague F1mutV [55], and 129 kDa -galactosidase [92]. Further-
more, the antigens could be assembled sequentially to display macro-
molecular complexes on the T4 capsid. For example, the entire
tripartite anthrax toxin complex with a molecular size of 600 kDa
could be assembled (Fig. 6A to C) [66, 143]. In one sequence, LFn-Soc
was first displayed on hoc “soc™ phage. Trypsin-nicked PA63 was then
assembled as heptamers through specific interaction with the displayed
LFn domain. EF was then attached to the unoccupied sites of PA63
heptamers, completing the assembly of the tripartite anthrax toxin.
Fourth, in vitro display allows for the preparation of VLPs with targeting
capability. As mentioned above, the Hoc fiber with a reach of 170 A can
be used to target the VLP to specific cells such as the antigen presenting
DCs by attaching a ligand to the tip of the fiber. This was demonstrated

by displaying the DC targeting ligands, DEC205 mAb or CD40, through
Hoc (Fig. 7) [92]. Finally, display can be accomplished using empty cap-
sids instead of phage particles [92]. Capsids devoid of packaged DNA
and tails might be better alternatives when compared to the phage par-
ticles and furthermore, capsids have the additional advantage of filling
the empty space with foreign DNA by in vitro DNA packaging. Such par-
ticles containing both proteins and DNAs can serve as protein-prime
and DNA-boost vaccines.

44. T4 VLP vaccines

The above principles and the basic knowledge on T4 structure and
assembly have been applied to develop VLP vaccines against a number
of pathogenic bacteria and viruses (Table 1), such as Bacillus anthracis
[111,112], Y. pestis [55, 138], HIV-1 [86], foot-and-mouth disease virus
(FMDV) [144], classical swine fever virus (CSFV) [145], and bursal dis-
ease virus [146].

4.4.1. Anthrax vaccine

Anthrax, caused by B. anthracis, is a deadly disease and listed as a tier
1 biothreat agent by the United States Center for Disease Control (CDC).
The major virulence factors of B. anthracis are the tripartite anthrax
toxins [147] consisting of protective antigen (PA; 83 kDa), lethal factor
(LF, 90 kDa), and edema factor (EF, 89 kDa). Of these, PA has been the
principal target for anthrax vaccine development [148]. It has been
well demonstrated that antibodies against PA alone are sufficient to
completely protect animals against lethal, aerosolized B. anthracis
Ames spore challenge [112, 148]. Although there is a licensed anthrax
vaccine (AVA, BioThrax), it is a culture filtrate of PA produced from a
non-lethal B. anthracis bacterium adsorbed to Alum adjuvant, which
produces significant reactogenicity in vaccinated individuals and is not
recommended for general use [149]. Therefore, a safe and effective re-
combinant subunit vaccine is needed to protect the public against this
biothreat.

To construct a T4 VLP vaccine against anthrax, PA was fused to the
NH2-terminus of Hoc (PA-Hoc) and assembled on T4 capsid by in vitro
display using the hoc ~soc™ T4 phage nanoparticles [110]. A maximum
copy number of ~155 PA-Hoc molecules per capsid was achieved.
When intramuscularly injected into mice, the T4 displayed PA without
any added adjuvant elicited 6.5-fold higher PA-specific IgG and 4.7-
fold higher lethal toxin (LeTx) neutralizing antibody titers compared
to those immunized with soluble PA [110]. Similarly, PA was fused to
Soc through either the NH2-terminus or the COOH-terminus of Soc
and both could be efficiently displayed on T4 phage by in vitro display
[132]. The maximum copy number was 350 PA-Soc molecules per cap-
sid. All the 870 binding sites for Soc could not be filled, probably because
of the close proximity of Soc to the capsid wall which created steric

Fig. 6. Assembly of anthrax toxin complexes and plague antigens on phage T4. Negatively stained images of hoc “soc™ T4 phage (A) decorated with anthrax toxin complexes by in vitro
display (B). Cryo-electron micrograph of (B) showing rings of anthrax toxin complexes decorating the T4 capsid (C). (D) Cryo-electron micrograph of phage T4 decorated with
F1mutV fused to Soc. Due to the small size of Soc-F1mutV relative to anthrax toxin complex, the displayed antigen molecules are seen as a layer of fuzzy projections around the
perimeter of the capsid. Some of the displayed anthrax toxin complexes and F1mutV molecules are marked with arrows.

(2018), https://doi.org/10.1016/j.addr.2018.06.025

Please cite this article as: P. Tao, et al., Bacteriophage T4 nanoparticles for vaccine delivery against infectious diseases, Adv. Drug Deliv. Rev.



https://doi.org/10.1016/j.addr.2018.06.025

10

P. Tao et al. / Advanced Drug Delivery Reviews xxx (2018) xXx-Xxx

ATP ADP+Pi

3\ \Ny J

Hoc Soc™ head

assembled

e a@ntigen
£ TP

) ] DNAs Antigens
Packaging machine packaged displayed Targeting or

(8

Soc-fused

Hoc-fused
molecule

adjuvant molecules
displayed

Fig. 7. Schematic of the assembly of prime-boost T4 nanoparticles. The DNA packaging machine is assembled by binding of gp17 motor at the portal of hoc “soc ™ phage T4 empty head (the
cut-out of the head shows both the exterior and the interior) (A). Using the energy from ATP hydrolysis the motor packages DNA molecules into the head (B). Soc-fused antigens (C) and

Hoc-fused targeting molecules (D) are then displayed on the heads.

interference. However, the copy number could be increased by sequen-
tial binding of both PA-Hoc and PA-Soc onto the same capsid [111]. This
T4-PA VLP vaccine with no adjuvant was highly immunogenic in New
Zealand White rabbits inducing high titers of PA-specific antibodies,
with endpoint titers of ~10° after two immunizations [111].

The T4-PA VLP vaccine displaying both PA-Hoc and PA-Soc (355 PA
molecules per capsid) was tested for its vaccine efficacy in the rhesus
macaque model [112]. The animals were intramuscularly injected
with the T4 nanoparticles (50 pg T4 displayed PA per dose) three
times at 4-week interval. Four weeks after second immunization (i.e.,
after one boost), the T4 VLPs induced significant amount of PA-specific
IgG, which was further increased to about 500 pg/ml after the second
boost. The PA- specific and LeTx-neutralizing titers of T4-VLPs without
adjuvant were comparable to the soluble PA adjuvanted with
Alhydrogel (aluminum hydroxide gel) but lower than that induced by
PA mixed with liposomes containing monophosphoryl lipid A. Impor-
tantly, the T4-VLPs provided 100% protection when challenged with
aerosolized B. anthracis Ames strain spores (up to 85 LD50), and no
side effects due to T4 VLP vaccination were observed [112].

4.4.2. Plague vaccine

Plague, caused by Y. pestis, is one of the deadliest infectious diseases
known to mankind. It is also classified as a tier 1 biothreat agent by the
CDC. Currently, there is no FDA approved plague vaccine for public use.
Two Y. pestis virulence factors, the capsular protein (Cafl or F1; 15.6
kDa) and the low calcium response V antigen (LcrV or V; 37.2 kDa)
are the main targets for plague vaccines [150]. However, the polymeric
nature of F1 with its propensity to aggregate affects vaccine efficacy and
generates varied immune responses in humans [151]. We have

constructed a mutant F1 antigen that exists as a monomer in solution
(Fimut) and was equally effective as an immunogen [55, 138]. Fimut
was then fused to the V antigen to generate a bivalent FimutV which
also exists as a monomer [55, 152].

To generate a T4 VLP vaccine against plague, the FimutV was fused
to the NH2-terminus of Soc and assembled on T4 capsid using our in
vitro display system (Fig. 5). About 660 copies of FImutV decorated
the capsid (Fig. 6D) [138]. These T4 VLPs with no adjuvant when immu-
nized in mice elicited strong F1V-specific antibodies and the titers were
higher than the soluble counterparts adjuvanted with Alhydrogel [55].
Of particular interest is that the T4 VLP vaccine induced both Th1 and
Th2 immune response, whereas the soluble FimutV vaccine showed a
strong bias towards Th2 immune responses and elicited poor Th1 re-
sponses, consistent with the potential advantages of VLPs in eliciting in-
nate and adaptive immune responses as described earlier (Fig. 1). This
was further supported by the observation that the T4 VLP vaccine in-
duced higher levels of IFN-y than that of the soluble FImutV vaccine
[55]. Importantly, the T4 VLP vaccine provided 100% protection in
mice and brown Norway rats (natural host for Y. pestis) against intrana-
sal challenge with the most lethal Y. pestis CO92 strain up to as high
~5000 LDsq dose [55]. Most recently, we have combined the anthrax
and plague T4 VLP vaccines to produce a dual vaccine formulation that
is efficacious against both inhalation anthrax and pneumonic plague
challenges (unpublished).

4.4.3. Viral vaccines

In addition to bacterial vaccines, the T4 phage has also been used to
develop viral vaccines. Sathaliyawala et al. have displayed the HIV-1
capsid protein, p24-gag, on T4 capsid through Hoc fusion [86]. The T4

Table 1

Pre-clinical studies of T4 nanoparticle vaccine candidates.
Organism Antigens (kDa) Animal model Capsid proteins References
Bacillus anthracis PA(83 kDa), LF (89 kDa), Toxin complex (710 kDa) None Soc [132, 139, 143]
Bacillus anthracis PA(83 kDa), LF (89 kDa), EF (89 kDa) Mouse Hoc [110, 140]
Bacillus anthracis PA(83 kDa) Rabbit Hoc, Soc [111]
Bacillus anthracis PA(83 kDa) Rhesus macaque Hoc, Soc [112]
Yersinia pestis LerV (37 kDa), Caf1 (16 kDa), YscF (11.8 kDa) Mouse, Rat Soc [55,92,138]
Neisseria meningitidis PorA peptide (16.9 kDa) None Hoc, Soc [137]
HIV-1 p24 (26 kDa), Nef (31 kDa), gp41 (21 kDa) Mouse Soc [86]
HIV-1 gp41 (39 kDa) None Soc [79]
HIV-1 V3 loop of gp120 (5 kDa) None Soc [136]
Foot-and-mouth disease virus P1 (89 kDa), proteinase 3C (24 kDa) Mouse, Pig Soc [144]
Classical swine fever virus E2 (44 kDa) Mouse Hoc, Soc [145]
Bursal disease virus VP2 (40.0 kDa) Chicken Soc [146]
Poliovirus VP1 (34.5 kDa) None Soc [136]
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displayed p24 induced robust and long-lasting anti-p24 antibodies (end-
point titers ranging from 64,000 to 72,000) with just 100 ng of p24
whereas the soluble p24 antigen induced poor antibody responses (rang-
ing from 4000 to 9000) even with 10 pg of p24 [86]. Strikingly, the T4-p24
VLPs also induced strong CD4+ and CD8+ T-cell responses as opposed to
soluble p24 which elicited poor responses [86]. Together with the results
described above, it is clear that the immune responses elicited by T4 VLPs
exhibit a distinct pattern when compared to that of the soluble antigens,
both in quality and quantity, and includes both humoral and cellular re-
sponses. This is beneficial for protective immunity against any pathogen,
but particularly so for intracellular pathogens that generally require both
antibodies and cellular responses for complete protection. Supporting
these findings is another study by Ren et al. using T4 VLPs against the
FMDV [144] and CSFV [145]. In the FMDV study, the capsid precursor
polyprotein P1 and proteinase 3C were fused to Soc and assembled on
T4 capsid by in vivo display. Mice immunized with a mixture of T4 VLPs
decorated with P1 or 3C either subcutaneously or orally induced complete
protection against FMDV challenge [144]. This study also showed that the
T4 VLPs could be used as an oral vaccine, a highly desired property for
generating mucosal vaccines [153].

4.5. Prime-boost vaccines

“Prime-boost” immunizations are essential to generate strong im-
mune responses. Two prime-boost strategies have been in use [154],
homologous and heterologous. In the homologous approach, the same
vaccine formulation is used for both the prime and the boost, whereas
in the heterologous prime-boost, the antigen in different forms is
used, e.g., prime with the DNA that can stimulate antigen production
by host cells, then boost with the protein antigen that is manufactured
outside the host. The heterologous approach is powerful as it can gener-
ate broader immune responses and has been successfully used in clini-
cal trials including the recent RV144 HIV-1 vaccine trial that showed a

modest ~30% protection [154]. The T4 VLP system offers a unique plat-
form wherein both the protein and the DNA components can be incor-
porated into the same nanoparticle allowing co-delivery in a single
immunization (Fig. 7). Here, the delivered protein is expected to act as
a “prime” and the DNA as “boost” since the latter expresses the antigen
continuously and boosts the immune system for weeks to months. We
have developed a simple in vitro assembly system to customize the
preparation of prime-boost T4 nanoparticles by sequentially incorporat-
ing DNA and protein into VLPs [92]. The DNA corresponding to the anti-
gen gene such as the FImutV was cloned into a plasmid under the
control of the strong CMV promoter and packaged into T4 head using
the DNA packaging machine. The F1imutV protein fused to the NH2-ter-
minus of Soc was then displayed by adding the protein to the same re-
action mixture. The nanoparticles can then be decorated with a
targeting molecule such as the DC-targeting DEC205 mADb attached to
Hoc. Such prime-boost nanoparticles by a single immunization elicited
strong antibody and cellular responses in mice. A single intramuscular
immunization ~5 x 10'" particles per mouse packaged with ~25 ug of
F1mut-V DNA and displayed with ~30 pg of F1mut-V protein and ~100
copies per head of DEC205mAb (no adjuvant) induced strong antibody
responses. Further, splenocytes isolated from the immunized animals
showed high IFN-y response even without stimulation with the F1-V
antigen probably because targeted DNA delivery into DCs induced the
expression and presentation of F1-V antigen for a long period leading
to continuous stimulation of T cells. These results provide the proof of
concept that a single dose prime-boost T4 VLP vaccine can stimulate
both arms of the immune system, which can be exploited in future for
designing effective multivalent vaccines.

5. Other bacteriophages

Besides T4, phages such as M13 and other filamentous phages, \, T7,
MS2, and QP were also used to develop VLP vaccines (Fig. 8). These

Bacteriophage M13 T7 A T4 MS2 QB
Capsid size (nanometer) 900 X 9 56 60 120 X 86 26 28
Phage protein(s) used for  pVIII (2700) gplOB (415) gpD Hoc (155) CP (180) Al (3-5) orits
display (copies/capsid) plII(5) (405-420) Soc (870) mutant (86)
Preferred molecule for in Peptide Peptide Peptide Full length Peptide Peptide
vivo display protein,
Peptide
Maximum copy number 2700 415 420 1025 180 86
Main display scheme In vivo In vivo In vivo In vivo In vivo In vivo
In vitro In vitro
Co-delivery of DNA No No Possible Yes No No
(capacity) and protein (up to 48-Kb) (up to 170-Kb)
High density multiple No No Possible Yes No No
antigen display (In vitro)
Targeted delivery of Yes No No Yes No No
antigen
Adjustable copy number No No Possible Yes No No
(In vitro) (In vitro)
Display of mammalian No No Possible Yes No No
expressed antigen (In vitro) (In vitro)

Fig. 8. Properties of various bacteriophages used in the development of VLP vaccines.
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phages with different sizes, topology, and/or outer capsid proteins may
offer certain advantages for generation of vaccines against particular
pathogenic bacteria and viruses.

5.1. Filamentous phages

Filamentous phages M13, fd, and f1 are highly related and have been
extensively used for display of short random peptide libraries. These
phages have also been used, though to a limited extent, as vaccine plat-
forms to deliver peptide antigens fused to the coat proteins [29]. The
~900 nm long filamentous phage contains approximately 2700 copies
of the major coat protein pVIIL. One end of the filament contains 5 copies
each of the minor capsid proteins plll and pVI, while the other end con-
tains 5 copies of pVII and pIX. Although all the 5 phage proteins could be
used to display proteins, pVIII is often used to deliver antigen peptides
due to its high copy number. Peptides from >20 pathogens have been
displayed and tested for their immunogenicity in different animal
models, reporting the induction of strong humoral and cellular immune
responses [29, 155, 156]. However, since the filamentous phage assem-
bly requires extrusion of the pVIII capsid protein through the E. coli en-
velope, display is sensitive to the size of the peptide. Generally, short
peptides ~8 amino acid residues containing B-cell or T-cell epitopes
are optimal for display [30]. However, larger peptides, domains, or
even large full-length antigens could be displayed, but the copy number
will be quite low as these need to be assembled along with the WT cap-
sid protein that forms the bulk of the capsid structure [157]. Both the pliI
and pVIII capsid proteins could be used for display, however the very
low copy number of plll makes it less desirable for the purposes of vac-
cine delivery.

5.2. Phage A

The 60 nm icosahedral capsid of N\ phage is composed of 420 copies
of the essential major capsid protein gpE, which forms the hexagonal
capsid lattice as well as eleven of the twelve pentameric vertices. In ad-
dition, the capsid is decorated with 405-420 copies of gpD, which forms
trimers at the quasi three-fold axes [28, 31]. Unlike the phage T4 Soc,
gpD is essential to stabilize the capsid against the internal pressure of
the packaged 48.5 kb phage genome inside [158]. However, gpD can
be dispensable for capsids carrying shorter genomes [158, 159] and
has been extensively used for peptide display [160]. Although both the
NH2- and COOH-termini could be used for fusion of antigen peptides
[28, 31, 161], the apparent interaction of the NH2-terminus with gpE
makes it less desirable [162]. Thus, the COOH-terminus is mainly used
for peptide/protein display [163, 164]. Gamage et al. showed that N\
phage VLPs displaying four immunodominant regions of porcine
circovirus 2 capsid protein through fusion to the COOH-terminus of
gpD elicited humoral as well as cellular immune responses in pigs
[164]. Although display is carried out in vivo, gpD can also be assembled
on gpD-minus capsids in vitro [161]. However, folding, proteolysis, and
aggregation problems associated with in vivo display and instability of
gpD-minus capsids for in vitro display pose limitations for using phage
N as a vaccine delivery platform. For example, Zanghi et al. found that
no phage particles could be recovered from infection of E. coli express-
ing the gpD fusion protein from a plasmid with gpD-deficient phage \
[165]. However, co-expression of both WT gpD and gpD-fusion protein
resulted in the recovery of mosaic phages displaying both the WT gpD
and the gpD fusion protein [165], suggesting that the fusion protein in-
terfered with phage assembly or prevented the formation of stable
phage particles in the absence of the WT gpD protein.

5.3. Phage T7
The 56 nm T7 capsid with 40 kb genome packaged inside contains

two forms of the major capsid protein gp10, gp10A (345 amino acids,
36 kDa) and gp10B (398 amino acids, 41 kDa) [83, 166]. The gp10B is

a variant of gp10A produced by —1 frame-shift at the COOH-terminus
of the 10A reading frame [83, 166]. However, gp10B is not essential
for capsid assembly. Hence, 10B has been used for phage display by fu-
sion of antigen peptides to the COOH-terminus [57, 167, 168]. This sys-
tem can display antigen peptides up to ~50 amino acids long at a density
of up to 415 copies per capsid. Tan et al. have demonstrated that a 46-
amino acid immunodominant peptide of the hepatitis B virus small sur-
face antigen displayed on T7 phage is highly immunogenic in rabbits
[169]. Xu et al. have shown that T7 phage displaying 40-amino acid G-
H loop peptide (a major neutralizing epitope) of the FMDV VP1 protein
is highly immunogenic and provided 80% protection against virulent
homologous virus challenge in pigs [170]. Similarly, the ectodomain
(24 amino acids) of the influenza virus channel protein M2 (M2e)
displayed on T7 without an adjuvant induced strong humoral and T
cell responses that protected mice against both HIN1 (PR8) and H3N2
(X47) virus challenges [171]. The T7 system has also been used to dis-
play a library of proteome-wide peptides (56-residue peptide tiles
with 28 residue overlaps) from all known human viruses which was
then used for serological profiling of human populations exposed to var-
ious viruses during their lifetime [168]. Such profiles might hold poten-
tial for future vaccine designs [168]. While the above examples illustrate
the usefulness of the T7 phage for peptide display, it would be difficult
to display large polypeptides and proteins using the T7 system. Al-
though proteins as large as 1200-amino acid protein can be displayed
using phage T7, the copy number is greatly reduced, to 0.1-15 copies
per capsid [167].

54. Phage MS2

With a capsid size of 26 nm and packaging 3.57 kb single stranded
RNA genome, the MS2 phage is one of the smallest icosahedral bacterio-
phages. The capsid is composed of 180 copies of the major coat protein,
CP, which alone is sufficient to self-assemble into capsids both in vivo
and in vitro [33]. Hence, it provides a simple and convenient system to
incorporate antigen peptides into VLPs. Since both the NH2- and
COOH-termini are essential for CP assembly, the surface exposed [>-
hairpin (amino acids 11-17 of CP) of the CP was used for insertion of an-
tigen peptides [172-174]. However, the CP assembly is quite sensitive
to the position at which the foreign peptide is inserted. Insertion of a
10-amino acids peptide at residue 11 of CP disrupted self-assembly
[172, 175]. This can be overcome by covalently joining two CP mono-
mers into a “two-domain” monomer rather than a CP dimer. Then, as-
sembly could tolerate one peptide insertion per CP dimer [172, 175].
Alternatively, insertion of a 25-amino acid peptide between residues
15 and 16 of the CP did not disrupt the CP assembly [173, 176].

Both the above approaches have been used successfully to deliver
antigen peptides. Using the “two-domain” strategy, Peabody et al.
showed that the MS2 phage displaying a 10-amino acid V3 loop peptide
of HIV envelope protein by the two-domain strategy is highly immuno-
genic [175]. Similarly, 15-amino acid peptides spanning a cross-neutral-
izing epitope from the minor capsid protein L2 of human papilloma
virus (HPV) serotype 16 displayed on MS2 phage induced cross-neu-
tralizing antibodies and protected mice against genital and cutaneous
infection by highly diverse HPV pseudovirus types [177]. However, in
some cases, the sequence of the inserted peptide affected CP assembly.
Basu et al. reported that five of six potential B-cell epitopes (ranging
from 11 to 22 amino acids) of the Zika virus envelope protein could
not assemble MS2 VLPs because insertion of these peptides disrupted
CP assembly [178]. Using the second insertion strategy, Heal et al.
showed that the MS2 capsid displaying a protective epitope T1 of the
malaria parasite Plasmodium falciparum elicited strong immune re-
sponses in mice [176] and Dong et al., showed that MS2 VLPs displaying
the FMDV epitope peptide (EP141_160) Was highly immunogenic in mice,
guinea pigs, and swine, and induced high-titers of neutralizing antibod-
ies [179]. Though the above examples illustrate the usefulness of MS2
VLPs for delivering short antigen peptides, it is apparent that the MS2
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system is not suitable for delivering large domains or full-length
antigens.

5.5. Phage QB3

Another small bacteriophage, QR, has also been used to deliver anti-
gen peptides [180]. The capsid of QB phage is 28 nm in diameter and
composed of 180 copies of the major coat protein, CP [82]. It packages
4.2 kb single stranded RNA genome. The infectious QP virion in addition
contains three to five copies of A1 protein, which contains a large 196-
amino acid extension at the COOH-terminus of CP as a result of infre-
quent read-through at the termination codon [82]. Foreign peptides
can be displayed on the capsid by fusing the peptide to the read-though
domain of A1 [58, 181]. Vasiljeva et al. showed that truncation of the
read-though domain to just 6 amino acids at the COOH-terminus in-
creased the copy number of A1 up to 86 copies per capsid [182]. Alter-
natively, antigens peptides and domains can be chemically coupled to
Qp capsid [75, 183]. QB phage displayed antigens were also found to
be highly immunogenic [75, 183, 184]. Intranasal immunization of Q3
VLPs displaying the ectodomain of the influenza virus M2 protein elic-
ited strong M2-specific IgG and IgA responses in both serum and bron-
chus-associated lymphoid tissue in a mouse model and completely
protected the mice against a lethal challenge with the influenza virus
[184]. In addition, QB has been extensively used to generate vaccine
candidates targeted to non-infectious diseases such as nicotine addic-
tion, hypertension, cancer, diabetes, allergies, and Alzheimer's disease
[185]. Six of these candidates have completed Phase I or Phase II clinical
trials [185].

6. Concluding remarks

Development of vaccines against infectious diseases has been, and
still remains, an empirical exercise. However, there is a clear shift
from the whole-pathogen vaccines to recombinant subunit vaccines be-
cause the latter are equally efficacious but safer and less reactogenic. Re-
cent development of the recombinant shingles and chickenpox vaccines
are good examples of this continuing trend. The recombinant vaccines
however require the inclusion of a strong adjuvant or an efficient deliv-
ery system in order to achieve robust immune responses and superior
efficacy. Although adjuvants such as the lipid-based formulations have
been enormously successful, design of VLP platforms, particularly
those that can be universally employed with any recombinant antigen
might provide better, cheaper, and safer alternatives in the future.

Although numerous VLP platforms from viral, bacterial, and syn-
thetic sources have been developed or under investigation, a phage-
based platform might be an ideal candidate for “universal” vaccine de-
livery. Phage VLPs have high stability and can be manufactured rela-
tively easily and cost-effectively. They are safer than their mammalian
counterparts and there is no pre-existing immunity in humans. Further-
more, the rich understanding of the genetics, biochemistry, and struc-
ture of phages provides enormous advantages for effective vaccine
designs.

As described above, many phage VLP platforms have been described
and offer different advantages and limitations (Fig. 8). However, most
are designed, or primarily suitable, for display of short peptides but
not large domains or full-length proteins. Phage T4 by far provides the
best option as a universal vaccine delivery vehicle for several reasons.
First, the large size of its capsid provides a platform for high density
array of antigen molecules. Second, two outer different capsid proteins
Soc and Hoc can be used to display antigen molecules of different
sizes; peptides, domains, full-length proteins, or multi-subunit com-
plexes. Third, co-delivery of multiple antigens, DNAs, targeting mole-
cules and/or molecular adjuvants provides unique advantages. Finally,
research has already demonstrated that phage T4 VLPs provide com-
plete protection against the deadly anthrax and plague infections in an-
imal models including the nonhuman primates.

In conclusion, development of a single universal VLP platform such
as phage T4 that can generate vaccines against current and emerging
pathogens could greatly accelerate vaccine development in the future.
It could reduce time, efforts, and resources as well as streamline the
downstream clinical trials, FDA approval, and vaccine manufacture.
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