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Bacteriophage-based vaccines can generate a protective immune response by safely introducing foreign antigens

displayed on, encapsidated within, or genetically encoded by phage. Here authors describe recombinants of

mycobacteriophage Bxb1 (a phage infecting Mycobacterium smegmatis) that covalently display and express antigenic

peptides of the SARS-CoV-2 Spike protein. Several of these vaccine candidates produced Spike-specific antibodies in

immunized mice, but the responses were not neutralizing. This mycobacteriophage-based vaccine platform can likely be

improved if delivery of larger antigens is achieved. 
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1. Introduction

The COVID-19 pandemic illustrates the need for flexibility in vaccine development, and the potential roles of platforms

such as those based on mRNA, adenovirus systems, and nanoparticles have been explored . Continued exploration of

phage-based systems offers the potential for new low cost, high production vaccines, and the global pandemic of SARS-

CoV-2 provides a context for such development.

Bacteriophage vaccine platforms include the single-stranded DNA filamentous phage M13 platform used primarily in

phage display technology  and several double-stranded DNA (dsDNA) tailed phage systems such as Escherichia
coli phages T4 , T7 , and lambda . Typically, the phage capsid of these dsDNA-tailed phages is used

to display a foreign protein or part of a protein, most commonly through non-covalent linkages . Several such

recombinant phage systems have been shown to stimulate strong immune responses, which can be protective through

neutralization of the infectious agent carrying the antigen . Notably, two recent publications  describe

innovative phage-based vaccine approaches for SARS-CoV-2, including phage display of antigens, delivery of phage

genomes encoding antigens within mammalian expression cassettes, and encapsulation of antigenic proteins within the

phage capsid. The evident advantages of such systems are the simplicity and relatively low cost of production, the

adjuvantal nature of the phages themselves , and the strong safety profile of bacteriophages demonstrated during

therapeutic use . However, there are potential limitations with the need to prevent lipopolysaccharide (LPS)

contamination from the E. coli host, growth and stability of the phages, and potential loss of antigen during purification .

Other phage systems are thus worth exploring, and a large number of phages of other bacterial hosts have been

described.

The largest collection of phages known to infect a single common bacterial host are those of Mycobacterium smegmatis
(referred to as mycobacteriophages). Over 10,000 have been isolated of which over 2000 genomes have been

sequenced and annotated . These are part of a larger collection of over 18,000 phages that infect various bacteria

within the phylum Actinobacteria, over 3000 of which are genomically characterized . Their genomes are highly diverse

but can be grouped according to overall sequence relationships into ‘clusters’ (Cluster A, B, C, etc.), some of which can be

readily divided into ‘subclusters’ (Subcluster A1, A2, A3, etc.) . Some of the phages have no close relatives and these

are referred to as ‘singletons’. The genetic diversity is such that even within these closely related clusters and subclusters

there is substantial sequence variation and there are few examples of the same phage being independently isolated .

SARS-CoV-2 is a new coronavirus that has been intensely studied since its discovery in late 2019. Vaccine development

efforts have focused on its spike (S) protein, which decorates the lipid membrane and makes direct contact with the

human angiotensin-converting enzyme 2 (ACE2) receptor . Vaccines developed by Moderna  and Pfizer  use

mRNAs coding for the S protein, although with mutations that promote expression of the pre-fusion S protein

conformation. The Oxford/AstraZeneca vaccine  delivers S protein DNA in an adenovirus vector, the Inovio vaccine 

gives S DNA by electroporation, and the Novavax  platform uses nanoparticles decorated with S protein. Structural
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studies and comparisons with SARS-CoV-1 show that a 197-amino acid Receptor Binding Domain (RBD) is required for

interaction with human ACE2, and that its 72-residue Receptor Binding Motif (RBM) makes direct contacts with ACE2 and

is a target for neutralizing antibodies .

Mycobacteriophages have been used therapeutically to treat Mycobacterium infections and have strong safety profiles

following intravenous administration . Many grow well to high titer, are readily purified, and are stably maintained.

Nonetheless, in immunocompetent patients extended intravenous application can elicit potent neutralizing antibody

responses . Understanding mycobacteriophage immunogenicity will therefore advance both their therapeutic use and

their potential in vaccine development. No mycobacteriophage-based vaccines have been reported previously, although

Mycobacterium-based vaccine platforms have been described, typically using mycobacteriophage-derived genetic tools

.

2. Mycobacteriophage phiTM45 as a Vaccine Platform Candidate

All of the mycobacteriophages described to date are dsDNA-tailed phages with genomes ranging from 40–160 kbp. Most

have isometric capsids with icosahedral symmetry, although there is considerable sequence variation among the

morphogenic genes . The capsids typically are constructed from pentameric and hexameric capsomers arranged with

quasi-symmetry, and there are several examples of chainmail-like interlinking of the capsomers . The tails are 130–350

nm long and composed of an abundant tail tube protein, a central tape measure protein, and an additional 6–10 minor tail

proteins, including the receptor binding proteins.

We previously noted an unusual feature of mycobacteriophage Bxb1 virions (Figure 1A), in which both the capsid and the

tail tube subunits contain C-terminal regions (~90 amino acids) that are sequence-related to each other but absent from

closely related phages (Figure 1B) . Because these C-terminal ‘extensions’ are absent from related phages they are

presumably not essential for virion assembly. The similarity of the capsid protein to the well-studied HK97 suggests that

the capsid extensions are present on the outside of the shell . The specific role of these extensions is not known, but

we note that this general relationship is seen with some other mycobacteriophages (e.g., Wildcat) where the extensions

contain Ig-like motifs, as described for many other phages . We reasoned that these protein segments could be

replaced by antigens of choice, on either the capsid, tail tube, or both, and that dozens of different phages could be

exploited in this way. A phage such as Bxb1 has a T = 7 symmetry, facilitating presentation of 415 copies of an antigen on

a single capsid, and a tail of 130 nm length with ~270 copies of the tail tube protein . We therefore explored whether

these capsid and tail proteins could be exploited for antigen display.

Figure 1. Design of Bacteriophage Displaying Antigens of SARS-CoV-2 (BaDAS) recombinant phages. (A) Alignment of

phage Bxb1 (Subcluster A1) and LittleGuy (Cluster A4) virion structural genes. Genomes are represented as horizontal
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tracks with the predicted rightwards-transcribed genes shown as colored boxes above each genome. Gene names are

shown in each box and genes are colored to indicate similarity. Spectrum colored shading between genomes shows

pairwise BLASTN nucleotide alignment (violet strong similarity, red weakest similarity above threshold of BLASTN E-value

of 10 ); amino acid identities (%) between genes are also shown. Green and purple vertical arrows indicate the Bxb1

capsid and tail tube C-terminal extensions. (B) Alignment of Bxb1 and LittleGuy capsid and tail tube proteins; shared

capsid and tail tube protein segments are colored pale green and yellow, respectively, and the Bxb1 gp14 and gp19

extensions are shown in blue. Percent amino acid identities (%) are shown. (C) Schematic representations of Bxb1

recombinant phages. phiFW1 and phiFW2 lack the gp14 C-terminal extension, and BaDAS-1–BaDAS-7 have C-terminal

SARS-CoV-2 RBM additions; red (RBM30) and orange (N-term RBM30) C-terminal additions correspond to the SARS-

CoV-2 Spike protein regions in panel E. (D) Schematic representation of Bxb1 gp19 recombinant phages, colored as

above. (E) SARS-CoV-2 Spike protein domain organization. Domains are depicted as described previously , with the

Receptor Binding Domain (RBM) shown in red, and its sequence  shown below. The RBM segments displayed in

BaDAS constructs (N-term RBM30 and RBM30, denoted with orange and red arrows, respectively) span residues binding

to ACE2  (gray highlighted residues) or various neutralizing antibodies, denoted with colored dots (see refs 

 for details). BaDAS-1, 3, 5, and 6 contain a disulfide bond stabilizing the RBM (indicated with an arc). The

constructions containing regions RBM18, RBM36, and RBM72 (18, 36 and 72-residues, respectively, shown with gray

labelled lines) were unsuccessful.

3. SARS-CoV-2 S Protein Epitopes for Display

We chose to display segments of the SARS-CoV-2 S RBM because it is both a critical component in viral infection as well

as a vulnerable target for vaccines (Figure 1E). Several residues within the RBM form hydrogen bonds with the N-

terminal helix of the human ACE2 , the receptor for SARS-CoV-2 infection . Furthermore, many neutralizing

antibodies against SARS-CoV-2 isolated from convalescent patient sera  bind to epitope residues within the

RBM. The RBM is therefore a suitable component of SARS-CoV-2 to target for vaccine development. The ACE2-binding

residues and neutralizing antibody epitope residues of the RBM are shown in Figure 1E. The segments chosen for

constructing phage-based vaccine candidates span these critical residues.

4. Construction of the BaDAS Series of Vaccine Candidates

To engineer phage genomes we used the previously described CRISPY-BRED strategy . In this approach, phage

genomic DNA and a synthetic DNA substrate are electroporated into a recombineering strain of M. smegmatis to yield a

mixture of parental and mutant phage progeny. These are then plated onto a strain expressing Cas9 and a single guide

RNA (sgRNA) targeting the parental but not the mutant phage. The CRISPR-counter selection is typically sufficiently

efficient that phage survivors are either the desired recombinants or CRISPR escape mutants (CEMs) with mutations in

the targeted protospacer or associated PAM site . The approach facilitates efficient construction of the desired

recombinants, but also strongly indicates if a desired recombinant is non-viable, as then only CRISPR escape mutants are

recovered among the progeny.

Using the CRISPY-BRED strategy we attempted to construct recombinant phages displaying antigenic peptides of SARS-

CoV-2 on the surface of phiTM45, a lytic derivative of phage Bxb1 (Figure 1C,D and Figure 2A; Table 1); these are

referred to as Bacteriophages Displaying Antigens of SARS-CoV-2 (BaDAS) vaccine candidates. We first demonstrated

that the native C-terminal extensions on the capsid and tail tube proteins are nonessential by truncating them to form

phages phiFW1 and phiFW2, respectively (Figure 1C,D). The sgRNA counter selection against parent phages is efficient

(Figure 2B) and the constructions were uncomplicated, confirming that both derivatives are viable. Next, we attempted to

replace the native C-terminal extensions with SARS-CoV-2 peptides of varying lengths (RBM72rep, RBM36rep, and

RBM18rep, containing 72, 36, and 18 amino acids, respectively). Surprisingly, we were unable to recover any of these,

and only CEMs were isolated among all the phage derivatives recovered and tested. Thus, although these extensions are

not required for viability, they cannot be readily replaced by non-phage sequences in the way we had hoped. Nonetheless,

when characterizing the CEMs that were recovered during attempted capsid engineering, we identified a mutant with a

single base pair deletion in the protospacer that introduces a frameshift mutation near the 3′ end of the capsid gene,

resulting in addition of 30 amino acids encoded in the -1 reading frame at the capsid protein C-terminus. This suggested

that although the native capsid protein extension is dispensable—yet irreplaceable—that it could be extended by at least

30 residues. Based on this observation we made three recombinants (BaDAS-1, 3, and 4; for clarity, BaDAS-2 is the

same as BaDAS-3, but contained a SNP and was not analyzed further) in which 30 amino acid segments of the SARS-

CoV-2 RBM are added to the capsid C-terminus (Figures 1C and 2A,C); BaDAS-1 and BaDAS-3 have the RBM C-

terminal residues added with slightly different junction sequences, and BaDAS-4 has the RBM N-terminal residues
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(Figure 1E). Similar constructions were attempted for the tail protein but were not able to be made (Figure 1D). However,

the use of CRISPR to select against the 3′ end of the tail tube gene in this attempt yielded CEMs with truncated

extensions of the tail tube, giving phages BaDAS-5, 6, and 7 (Figures 1C and 2D). The resulting six variants of

genetically modified phages display > 400 antigenic peptides on the capsid surface, without evident interference of virion

assembly or structure (as supported by viability). All phage derivatives were confirmed by Sanger sequencing in the

region of the mutation; BaDAS-1 was completely sequenced.

Figure 2. Construction of BaDAS recombinant phages. (A) Modification of the Bxb1 capsid and tail tube subunits.

Locations of the sgRNA (green line) targeting either the capsid or tail tube subunit genes (gene 14 and 19, top and

bottom, respectively), and the synthetic DNA substrates (blue lines) carrying RBM sequences (red lines) are shown. (B)

CRISPR-mediated counter selection. Plasmids with inducible expression of Cas9 and sgRNAs targeting the 3′ junctions of

phage Bxb1 genes 14 or 19 (and its derivative phiTM45) were transformed into M. smegmatis mc  155. Cells were plated

with or without ATc inducer (as indicated) and 10-fold serial dilutions of Bxb1, phiTM45, and a control phage,

BuzzLyseyear, were spotted onto the lawns. sgRNA induction reduces Bxb1 (and phiTM45) plaquing by at least four

orders of magnitude. Top panel, targeting capsid gene 14; Bottom panel, targeting tail tube gene 19. (C) Primary plaques

(left panel) recovered from CRISPY-BRED engineering were screened by PCR using primers flanking gene 14, and a

candidate recombinant (candidate 3) was plaque purified and secondary plaques re-screened by PCR; all candidates are

recombinant. (D) Primary plaques (left panel) recovered from CRISPR selection against wild type gene 19 were screened

by PCR using primers flanking gene 19, and a candidate recombinant (candidate 5) was plaque purified and secondary

plaques re-screened by PCR (right panel); all candidates are recombinant.

5. Construction of DEaDAS-1 Recombinant Vaccine Candidate

Bacteriophages can also be used to deliver DNA encoding targets for immune responses, as ‘DNA vaccines’ . To

explore whether these mycobacteriophages could be used similarly, we used the CRISPY-BRED approach to construct a

recombinant carrying the S protein’s 197-residue RBD (Figure 1E) expressed from the cytomegalovirus (CMV) promoter

(pCMV, Figure 3A). A 2495 bp mammalian expression cassette was amplified from pcDNA3-SARS-CoV-2-S-RBD-8his 

(Addgene plasmid #145145, coordinates 138–2632) and ligated between two 250-bp gene blocks with homology to

BaDAS-1, immediately upstream and downstream of gene 35 (Figure 3A). In a CRISPY-BRED experiment, the synthetic

substrate and BaDAS-1 genomic DNA were co-electroporated into recombineering cells, and plaques were recovered on

a sgRNA-expressing strain that counterselects against the parent phage (Figure 3B). Screening of primary plaques

identified a desired recombinant (DNA Encoded and Displayed Antigens of SARS-CoV-2, DEaDAS) which was purified

and confirmed by PCR and full genome sequencing (Figure 3C).
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Figure 3. Construction of a DNA Encoded and Displayed Antigens of SARS-CoV-2 (DEaDAS) recombinant phage. (A)

The integrase gene (blue) of phage phiTM45 was replaced with a mammalian expression cassette (gray box) containing

the RBD of SARS-CoV2 (aqua) driven by a CMV promoter (pCMV). The location of the sgRNA target selecting against

parent phiTM45 (green) is indicated. Regions of homology between the synthetic substrate and phiTM45 are indicated

(blue line), and the structure of recombinant phage DEaDAS-1 is shown below. (B) sgRNA induction for selection against

the integrase gene reduces Bxb1 and phiTM45 plaquing by at least two orders of magnitude. (C) Primary plaques (left

panel) recovered from CRISPY-BRED engineering were screened by PCR, and a candidate recombinant (candidate 2)

was plaque purified and secondary plaques (right panel) re-screened by PCR; all candidates are recombinant.

6. Characterization of Recombinant Phages

Recombination to make the desired phages seemingly occurred with relatively low frequency compared to other

constructions . This may be due to a minor growth defect, which is indicated by the difference in plaque sizes between

the wild type and recombinant phages. While phiTM45, phiFW1, and phiFW2 all produce large plaques, BaDAS-1,-3, and

-4 and DEaDAS-1 each form smaller plaques and produce raw lysates of slightly lower titer compared to phiTM45 (Figure
4A). Similarly, BaDAS-5,-6, and -7 exhibit plaque sizes slightly smaller than their full-length tail counterparts (Figure 4A).
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Figure 4. Characterization of BaDAS and DEaDAS recombinant phages. (A) phiTM45 and derivatives phiFW1 and

phiFW2 form large plaques on M. smegmatis, whereas all other derivatives form somewhat smaller plaques. (B)

Thermostability of high titer, highly purified preparations of phiTM45 and vaccine candidates were assessed by

determining the titer after incubation at ~4 °C for different times. All phages were stable for ~100 days of simple

refrigeration. (C) SDS-PAGE of virion proteins shows the impact of modifications of capsid and tail tube subunits.

The choice of phage Bxb1 and its derivative phiTM45 as scaffolds for exploring vaccine construction was predicated in

part because these can readily be grown to high titer and are stable when stored at 4 °C. To characterize the impact of

virion modifications on phage stability, we incubated phiTM45, BaDAS-1, BaDAS-3, BaDAS-4, and DEaDAS-1 at ~ 4 °C

and determined the phage titers at intervals up to at least 100 days (Figure 4B). All the phage preparations showed little

or no reduction in titer over the 100-day period when stored cold at high (~1 × 10  pfu/mL) concentration. These are

encouraging parameters for potential vaccine development, especially in the context of a global pandemic where cold

chain interruptions can spoil vaccines that must remain frozen.

Analysis of phage virion proteins confirmed the structures of the recombinant phages (Figure 4C). Phage phiTM45 has

the expected profile with the most prominent bands being the tail tube subunit (predicted MW 30.1 kDa) and both

pentameric and hexameric covalently interlinked capsid capsomers (predicted MW 209 and 250 kDa, respectively; Figure
4C) . Phages phiFW2, BaDAS-5, BaDAS-6, and BaDAS-7 all have truncations of the tail tube gene and the major tail

subunits are smaller as predicted, with molecular weights of ~23.5 kDa (Figure 4C). The truncation of the capsid subunit

in phiFW1 and phiFW2 reduces the sizes of the capsid capsomers as expected (MW 164 and 197), and the small capsid

additions in all BaDAS and DEaDAS phages have relatively little effect on capsid protein mobilities (Figure 4C).
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