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Abstract

The last decade has seen the emergence of multi-drug resistant pathogens as a leading
cause of deaths worldwide, reigniting interest in the field of phage therapy. Modern advances
in the genetic engineering of bacteriophages have enabled several useful results including host
range alterations, constitutive lytic growth, and control over phage replication. However, the
slow licensing process of genetically modified organisms clearly inhibits the rapid therapeutic
application of novel engineered variants necessary to fight mutant pathogens that emerge
throughout the course of a pandemic. As a solution to this problem, we propose the SpyPhage
system where a “scaffold” bacteriophage is engineered to incorporate a SpyTag moiety on its
capsid head to enable rapid post-synthetic modification of their surfaces with SpyCatcher
fused therapeutic proteins. As a proof of concept, through CRISPR/Cas-facilitated phage
engineering and whole genome assembly, we targeted a SpyTag capsid fusion to K1F, a
phage targeting the pathogenic strain Escherichia coli K1. We demonstrate for the first
time the cell-free assembly and decoration of the phage surface with two alternative fusion
proteins, SpyCatcher-mCherry-EGF and SpyCatcher-mCherry-Rck, both of which facilitate
the endocytotic uptake of the phages by a urinary bladder epithelial cell line. Overall, our
work presents a cell-free phage production pipeline for the generation of multiple phenotypically
distinct phage with a single underlying “scaffold” genotype. These phages could become the
basis of next-generation phage therapies where the knowledge-based engineering of numerous
phage variants would be quickly achievable without the use of live bacteria or the need to
repeatedly license novel genetic alterations.

1



1 Introduction
A major triumph for humanity has been the
discovery and widespread use of antibiotics to
fight bacterial infections. Indeed since their
first applications at the beginning of the last
century, antibiotics have revolutionised modern
medicine and been effective in saving millions
of lives.1 However, as we close in on the third
decade of the 21st century, the irresponsible
administration of antibiotics has led to the now
prevalent problem of antimicrobial resistance
(AMR).2 It is predicted deaths as a result of
AMR will reach 10 million by the year 2050,
threatening to usher in a post-antibiotic era.3
While a multifaceted approach to the present
problem is required, a key strategy in the fight
against this silent pandemic is the development
of new antimicrobial therapies. To this end,
in recent years there has been a resurgence in
the field of phage therapy, with research efforts
intensifying on the engineering, production and
testing of the antimicrobial efficacy of these
natural bacterial predators.4

Bacteriophages (phages) are viruses that in-
fect bacteria and are the most abundant organ-
ism on earth.5 They possess a relatively narrow
host range and in the case of lytic phages, have
the ability to cause rapid lysis and subsequently
kill their host.1 It is this natural predator:
prey phenomenon that modern phage therapy
attempts to harness in the treatment of an-
timicrobial resistant bacteria. While numerous
examples of successful clinical use of phage for
the treatment of AMR infections have now been
demonstrated, there remain significant techni-
cal challenges that must be overcome to enable
their widespread adoption.6−8 The unique phar-
macological properties of phage, the potential
for bacterial targets to develop resistance to
phage cocktails and the ability of the mam-
malian innate immune system to recognise and
clear viral particles present major challenges
in the administration of clinically effective
phage doses.6 Nonetheless, modern advances
in synthetic biology such as cell-free transcrip-
tion/translation (TXTL), CRISPR gene editing
and whole genome assembly, hold great promise
in enabling researchers to overcome the current

bottlenecks in phage therapy research.9
It has long been envisioned that the abil-

ity for researchers to generate whole phage
genomes from synthetic oligonucleotides could
allow for unprecedented reductions in time
and cost of the engineering of new phage
therapies.10−12 In addition, the ability to boot-
up bacteriophages from their genomes within
cell-free TXTL reactions would allow for the
production of high titre phage stocks with low
levels of contaminants.9 Further still, cell-free
TXTL systems produced from non-pathogenic
chassis organisms could be engineered to en-
able the in vitro assembly of phage which
naturally require pathogenic hosts for their
propagation.13 Nonetheless, in the ten years
since Noireoux and co-workers defined the mod-
ern gold standard protocols for TXTL-based
phage assembly, research thus far has primarily
focussed on defining the in vitro assembly
conditions for different phages and the use of
phage assembly as a benchmark of the power of
a particular in vitro TXTL system.14−16

In the present work, we demonstrate the
utility of cell-free TXTL for phage therapy by
outlining a generally applicable phage engineer-
ing pipeline for the creation of next-generation
phage-based therapies. As a proof of concept,
we focus on the rapid engineering of phage K1F
for the treatment of infection by the gram-
negative pathogen E. coli K1 which is responsi-
ble for a wide range of diseases including sepsis,
urinary tract infections, inflammatory bowel
disease and neonatal meningitis.17−19 The latter
is a particularly devastating disease with a 10%
mortality rate in affected infants, while 20-
50% of neonatal meningitis survivors develop
complications such as seizures, cognitive defi-
ciencies, and motor abnormalities.17

As with any phage therapy, the administra-
tion of K1F phage to treat the aforementioned
conditions would be followed by the rapid
clearance of the administered phage by the
innate immune mononuclear phagocyte system
(MPS) of the patient.9 In addition, it has
been hypothesised that the adaptive memory
antibody response may be implicit in prevent-
ing the re-administration of a particular phage
therapy cocktail within the same patient.20 As
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such, strategies to evade the MPS and allow
for long-circulating phage therapies are needed
to enable enhanced therapeutic efficacy. To
facilitate a simple solution to these problems,
we demonstrate the first known incorporation of
the SpyTag protein on to the capsid head of the
K1F phage via homologous recombination and
CRISPR/Cas9 mediated selection, as well as

through whole genome assembly. The SpyTag
protein is one-half of the powerful protein con-
jugation pair termed the SpyTag/SpyCatcher
system.21 The system is derived by splitting
the Streptococcus pyogenes fibronectin-binding
protein FbaB into two functional domains,
viz. SpyTag and SpyCatcher, that form a
spontaneous isopeptide bond between Lys and

Figure 1: SpyPhage Engineering Pipeline. A lead time of 1 week is allocated for the design
and synthesis of linear TXTL templates for therapeutic SpyCatcher decoration proteins as well
as a gene fragment coding for SpyTag fusion to the minor capsid protein of K1F phage (A).
Linear TXTL templates for capsid decoration proteins are PCR amplified from synthesised gene
fragment templates (B). Rapid phage engineering is enabled by an 8-piece whole genome assembly of
SpyTagged K1F using the ordered gene fragment and a further 7 fragments generated from the wild-
type K1F genome via PCR (C). SpyTagged K1F phage and capsid decoration proteins expressed
from cell-free TXTL reactions are combined to enable post-translational capsid decoration via
SpyTag-SpyCatcher (D). In this manner, the engineering pipeline generates multiple phenotypically
distinct phage with the same underlying scaffold genotype (E).
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Asp residues.22 This irreversible covalent inter-
action is an ideal method to attach therapeutic
proteins to the capsid head of SpyTagged K1F
phage and provides a method for simple and
efficient capsid decoration to create phenotyp-
ically distinct phage for clinical use without
further genetic engineering.

As validation of the utility of the phage
engineering pipeline proposed, we demonstrate
the assembly and capsid decoration of SpyTag
bearing K1F phage in an E. coli cell-free
TXTL system at clinically relevant titres of 109
PFU/mL. We focussed on creating variants of
SpyTagged K1F with post-translational capsid
decorations that could alter the mechanism
of phage entry into human cells and allow
for prolonged bioavailability in vivo. To this
end, we decorated the capsid head of cell-free
TXTL assembled SpyTagged K1F with epider-
mal growth factor (EGF) or the Salmonella
outer membrane protein Rck (resistance to
complement killing), each of which facilitated
the entry of phage via endocytosis through the
EGF receptor (EGFR). Starting from synthe-
sised DNA fragments for therapeutic proteins
and phage genome fragments, the engineering
pipeline described herein enabled the cost-
effective and time-saving production of three
phenotypically distinct phage in 5 working days
(Figure 1).

2 Results and Discussion
Engineering SpyTagged K1F Phage

The goal of this work was to combine modern
tools of genetic engineering with advances in
cell-free TXTL to create a platform technology
for the rapid engineering of bacteriophages for
targeted phage therapies.

To illustrate the benefits of our novel method,
we implemented the first known engineering of
K1F phage to incorporate SpyTag gene fusions
onto the capsid head via two distinct engineer-
ing methods. In the first instance, homologous
recombination and CRISPR/Cas9 selection was
used to insert the SpyTag gene onto the phage
head to enable simple capsid decoration of
K1F phage (Figure 2). We had previously

Figure 2: Phage engineering via homologous
recombination. K1F-GFP is further engineered
to incorporate a SpyTag fusion to GFP
on gene10b via homologous recombination
to create K1F-STG. CRISPR/Cas9 selection
is used to isolate K1F-STG from a mixed
population by cleaving the K1F-GFP genome.

demonstrated that the fusion of GFP to the
minor capsid protein to create a fluorescent
variant of K1F Phage (K1F-GFP) did not affect
the fitness of the engineered phage.19 Therefore,
we chose to further engineer K1F-GFP to in-
corporate SpyTag fused to GFP to create K1F-
GFP-SpyTag (K1F-STG). The new K1F-STG
phage carries the gene10b::GFP-SpyTag fusion
construct, whereby fusion of SpyTag to GFP is
mediated by a Gly-Ser-Gly-Glu-Ser-Gly semi-
flexible linker (Figure S2). These modifications
facilitate downstream post-translational capsid
modifications and simple visualisation under
fluorescence microscopy. Sequencing data for
K1F-STG clonal isolates are presented in Fig-
ure S11.

Although homologous recombination and
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Figure 3: Whole genome assembly. K1F-STB was created via an 8-piece Gibson assembly of the
entire phage genome. This versatile method for phage engineering results in the production of only
SpyTagged K1F phage, negating the need for downstream selection.

CRISPR/Cas9 selection is a useful tool
for the engineering of bacteriophages,
each modification requires the creation of
a modification-specific set of donor and
CRISPR/Cas9 selection plasmids. In
contrast, rationally designed whole genome
assembly offers a greater versatility through
which multiple modifications can be made
simultaneously, thereby reducing the costs and
the time required in phage engineering.23For
this reason, we attempted the whole genome
assembly of a K1F phage bearing SpyTag on
the minor capsid protein via Gibson assembly,
and transformation of the assembly mix into E.
coli to produce engineered phage (Figure 3).

The design of the assembly ensures that
gene10 of the K1F genome resides within the
5th fragment of an 8-fragment genome assembly
(Figure 3). By limiting the size of the 5th
fragment to less than 3000 base pairs in length,
desired modifications can be made to gene10
and the entire fragment can be commercially
synthesised as a gene fragment to be used

directly in the assembly reaction. Follow-
ing Gibson assembly reaction completion, and
transformation of the assembly mix into a DH5a
cell line, engineered phage can be booted up
from the newly assembled genome in vivo.
This enabled us to create K1F-gene10b::SpyTag
(K1F-STB) via whole genome assembly within
2 working days (Figure S4). Sequencing data
for K1F-STB clonal isolates generated from
whole genome assembly are presented in Figure
S12.

As fragment 5 was synthesised and all other
fragments were gel extracted following a PCR
amplification from the wild-type genome (Fig-
ure S3), our method resulted in no carry over
of wild-type genome into the Gibson assembly
reaction. Hence, all phages synthesised are
only as a result of a successful whole genome
assembly and all contain the desired genetic
modification. Interestingly, we found that
a successful phage genome assembly can be
achieved with gel extracted fragments using
the GeneArt Gibson Assembly EX system
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but not using the NEBuilder HiFi Gibson
Assembly Master Mix. We believe that this
is a result of the higher sensitivity of the
NEBuilder kit to inhibitory agents carried over
from the gel extraction procedure and due to
the overall higher efficiency of the two-step
assembly process in the GeneArt System.24 The
design of the whole genome assembly to isolate
the entirety of the gene to be modified on
to a single commercially synthesised fragment
enables a user-defined plug and play approach
for the incorporation of any gene of interest into
a phage genome using a rapid 2-day protocol.

While the above described method is indeed
useful for the rapid engineering of recombinant
phage with desired modifications, it still relies
on an initial in vivo propagation step to ob-
tain engineered phage. To bypass this step,
attempts were made to boot up K1F-STB from
the newly assembled genome within a TXTL
reaction. In such instances, the concentrated
and purified assembly mix was used as the
template for a phage assembly TXTL reaction,
though these attempts were unsuccessful (data
not shown). It was thought that the efficiency
of the Gibson assembly did not lead to suf-
ficiently high levels of fully assembled phage
genomes to enable TXTL-based boot up of
engineered phage. The optimisations of such
strategies would merit future work to facilitate
a complete in vitro phage engineering pipeline.
Nonetheless, as with K1F-STG engineered by
homologous recombination, K1F-STB phage
engineered by whole genome assembly were
genetically stable as evidenced by the ability
to repeatedly propagate the engineered phage
without the loss of the recombinant sequence.

Cell-Free TXTL Assembly of K1F
We report the first known demonstration

of the assembly of K1F phage variants in a
TXTL system. A salient feature of this result
is that the time reductions are achieved by
preparing genomic templates for TXTL from
PEG-purified phage instead of using CsCl-
purified phage. As a benefit, it ensures that
there is no carryover of CsCl, which can be
toxic, into phage therapy.25

The expression of genome-sized DNA pro-
grams for phage production in TXTL is initi-

ated by endogenous sigma factors present in
the prepared extract.26 In the case of K1F
phage, the genome encodes a K1F-specific RNA
polymerase (RNAP) under the control of both
a sigma factor promoter and a downstream
K1F RNAP promoter. Once expressed, the
K1F RNAP is available to transcribe phage-
specific genes located throughout the ~40 kb
genome, as well as to regulate the transcription
of the K1F RNAP gene itself.27 The reliance on
host sigma factors for the initiation of phage
gene transcription requires the production of
a powerful cell extract rich in sigma factors.
To achieve this, we established an E. coli
crude extract preparation method that com-
bined three different lysis methods (autolysis,
lysosome-assisted lysis and sonication) for the
reproducible production of crude cell extract
with a concentration of 35 mg/mL (Figure
S5).28−31

As with any cell-free reaction (CFR), the

Figure 4: Cell-Free TXTL Assembly of K1F
Variants. K1F-WT and K1F-STG were
assembled in TXTL reactions with maximum
phage titres of 109PFU/mL being reached
within 5 hours for both phages (A). Phage
assembled in cell-free reactions incubated for 12
hours were able to kill its bacterial host E. coli
EV36 to the same effect as that propagated and
purified from bacteria (in vivo K1F-WT) (B).
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quality of the DNA template is a principal
factor in the successful expression and assembly
of bacteriophages in vitro.32 Classical protocols
require the generation of highly pure phage
stocks using either CsCl or sucrose gradi-
ent purification, from which high concentra-
tion genome stocks are extracted.30 This trend
in using gradient purified phage for genomic
DNA extraction is common due to its use
for the preparation of highly pure samples for
metagenomic sequencing.25 However, the isola-
tion of bacteriophages using such methods re-
quire complex gradient setup and long-duration
high-speed ultracentrifugation.25 To simplify
this workflow, we propagated K1F phage to
obtain phage lysates which were purified using a
robust PEG precipitation protocol (Supporting
Information S5). PEG-purified phage were
subsequently treated with an equal volume of
chloroform and genomic DNA was extracted
using phenol:chloroform. Our method enabled
the reproducible generation of high concentra-
tion K1F genomic stocks which were free from
bacterial and phage contaminants (Table S8).

We set the additive concentrations of our
CFRs for K1F phage assembly to match that
of previously established parameters for T7
phage due to their structural similarities.16In
this manner, we utilised our cell-free system
(CFS) for the concurrent expression of 58
different proteins and their assembly into vir-
ulent K1F phage particles at clinically relevant
titres of 109PFU/mL without further additive
optimisations.33 This titre was comparable to a
maximum titre of 1011PFU/mL achieved using
the highly optimised commercially available
myTXTL kit. We observed that both K1F
wild type (K1F-WT) and K1F-STG followed a
similar time course of assembly, with virulent
particles detectable in the CFR after 1 hour
and maximum viral titre being reached within
5 hours (Figure 4A). The ability of cell-free
assembled K1F-WT and K1F-STG to kill their
host was comparable to the same phage pro-
duced and purified from bacteria (Figure 4B).

Altering the Mechanisms of Phage
Entry into Human Cells

Following the engineering of SpyTagged K1F
variants and determination of their assembly

conditions in our CFS, their utility as a scaffold
phage for use in phage therapy was explored.
The method described herein facilitates an easy
to implement strategy for the TXTL-based
capsid decoration of SpyTagged scaffold phage
to produce multiple phenotypically distinct
phage with the same underlying genotype. As
a result, it may be hoped that regulatory
approval would be easier to obtain for it.
In this instance the SpyTagged K1F phage
acts as a scaffold to which other proteins
of interest fused to SpyCatcher can be post-
translationally coupled, thereby allowing for
the rapid screening of therapeutic proteins
without the need to further engineer the phage.
This is of particular importance due to the
difficulty in engineering the capsid of phage
to incorporate large proteins, whereas the en-
gineering of a scaffold phage i.e. a phage
incorporating a SpyTag sequence on its capsid
head is comparatively easier due to the small
size of the SpyTag protein.34 As a demon-
stration of the utility of cell-free TXTL-based
phage engineering as a platform technology for
phage-based therapies, we chose to decorate
the capsid head of cell-free TXTL assembled
K1F-STG with TXTL expressed SpyCatcher
fusion proteins that could alter the mechanism
of phage entry into human cells.

We had previously demonstrated that the
phage K1F-GFP invades human T24 epithelial
cells via phagocytosis and are subsequently de-
graded via LC3-assisted phagocytosis.19 How-
ever, in order to increase the success of phage
therapy, it is advantageous to direct phage en-
try into human cells via the endocytic pathway
such that phage that enter human cells are able
to evade phagocytic degradation and thereby
increase their bioavailability.35−37 A potential
mechanism to enable endocytic entry is through
the capsid decoration of phage with epidermal
growth factor (EGF), a 7 kDa cytosolic protein
that plays a critical role in cell growth, signal
transduction and differentiation.35 EGF exerts
its mitogenic effect via binding to its cognate
receptor, the EGF receptor (EGFR), where the
binding of the EGF ligand to EGFR is highly
specific and induces a conformational change of
the receptor at the cell membrane.38 The resul-
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tant binding induces receptor dimerization via
trans-autophosphorylation of tyrosine residues
of the opposed intracellular domains, and the
receptor/ligand complex is subsequently inter-
nalized via clathrin-mediated endocytosis.39

In addition to EGF, the outer membrane
protein Rck of Salmonella, can also bind to
the EGF receptor.40 Indeed, the Rck protein is
implicit in the induction of Salmonella entry
into human cells as it mimics natural host
cell ligands and triggers engulfment of the
bacterium via the zipper mechanism of entry
through the EGF receptor.41Furthermore, it

has been demonstrated that the Rck protein
plays a role in the intracellular virulence of
Salmonella through conferring serum resistance
as a result of the binding of Rck to complement
regulatory protein factor H (fH).42−44 We there-
fore hypothesised that the post-translational
capsid decoration of K1F-STG with EGF or
Rck would allow entry into human cells via the
EGF receptor, with Rck decoration providing
the added benefit of serum resistance by pre-
venting opsonisation of the administered phage.

Prior to testing the proposed EGF and Rck
decorations, it was first necessary to investigate

Figure 5: Capsid decoration proof of concept. Immunocytochemistry fluorescence microscopy of
bacteria assembled K1F variants (green) decorated with SpyCatcher-mCherry (red) in T24 human
urinary bladder epithelial cell line stained with DAPI (blue) and antiEGFR (grey). K1F-WT and
K1F-GFP does not covalently bind with SpyCatcher-mCherry due to the lack of SpyTag on the
capsid head (Panel A and B). K1F-STG covalently binds SpyCatcher-mCherry and carries capsid
decoration into human cells (Panel C). SpyCatcher-mCherry decorated K1F-STG does not interact
with EGF receptor.
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any trophic effect of SpyCatcher-mCherry alone
to the EGF receptor. This is an impor-
tant consideration due to the fact the Spy-
Tag/SpyCatcher system is itself derived from
the second immonoglobulin-like collagen ad-
hesion domain (CnaB2) of FbaB, a protein
that facilitates the uptake of S. pyogenes by
endothelial cells.45 For these experiments, all
variants of K1F (WT/GFP/STG) were prop-
agated and PEG purified from E. coli EV36
bacterial lysates and capsid decoration was
attempted using purified SpyCatcher-mCherry
from E. coli. Following their creation, deco-
rated phage were used to infect T24 human
urinary bladder epithelial cells stained with a
primary antibody for the EGF receptor. As
expected, SpyCatcher-mCherry did not couple
to K1F-WT or K1F-GFP as they lack the
SpyTag protein fusion on their capsid head
(Figure 5A, 5B). In both instances, occa-
sional diffuse signals (background fluorescence)
for the mCherry channel was observed, thus
demonstrating the specificity of the interac-

tion of SpyCatcher to its fusion partner Spy-
Tag. In contrast, clear evidence of post-
translational coupling of SpyCatcher-mCherry
to the capsid head of K1F-STG and subsequent
translocation of coupled phage into T24 human
urinary bladder epithelial cells was observed
(Figure 5C). In such instances, fluorescence
microscopy revealed punctate and co-localised
signals of GFP and mCherry from GFP-SpyTag
fused to gene10b on the K1F-STG capsid
and SpyCatcher-mCherry post-translationally
coupled to GFP-SpyTag on gene10b, respec-
tively. Notably, the decoration of K1F-STG
with SpyCatcher-mCherry alone did not confer
tropism of the decorated phage to the EGF
receptor (Table 1).

Next, we sought to alter the mechanism of
entry of K1F-STG by decorating its capsid with
EGF or Rck. To this end, linear DNA templates
were designed to encode SpyCatcher-mCherry
fusions to EGF or Rck proteins under the con-
trol of the p70a promoter (Figure S6). These
linear DNA templates were PCR amplified from

Figure 6: Altering mechanism of phage entry with SpyCatcher-mCherry-EGF capsid decoration.
Immunocytochemistry fluorescence microscopy of cell-free TXTL assembled K1F-STG (green)
decorated with SpyCatcher-mCherry-EGF (red), to enable activation of the EGF receptor (grey)
in a T24 human bladder epithelial cell line stained with DAPI (blue). White arrows indicate the
interaction of EGF decorated phage with EGFR (A). Activation of EGFR leads to endocytic entry
as demonstrated by the presence of endosomes in the cytosol (B).
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Figure 7: Altering mechanism of phage entry with SpyCatcher-mCherry-Rck capsid decoration.
Immunocytochemistry fluorescence microscopy of cell-free TXTL assembled K1F-STG (green)
decorated with SpyCatcher-mCherry-Rck (red), to enable activation of the EGF receptor (grey)
in a T24 human bladder epithelial cell line stained with DAPI (blue). White arrows indicate
interaction of Rck decorated phage with EGFR (A). Activation of EGFR leads to endocytic entry
as demonstrated by the presence of endosomes in the cytosol (B).

commercially synthesised gene fragments, and
used directly in linear template TXTL reac-
tions, thereby avoiding laborious cloning and
plasmid DNA template preparation steps (Fig-
ure S7).46 Following reaction completion, the
SpyCatcher fusion proteins were purified out
of the TXTL reaction using small scale immo-
bilised metal affinity chromatography (IMAC)
purification. In parallel, the scaffold K1F-
STG phage was expressed from its purified
genome in separate TXTL reactions prior to
purification using a 100 kDa MWCO filtration
unit. The purified SpyCatcher fusion proteins
and K1F-STG phage were combined to allow
the SpyTag and SpyCatcher to form a covalent
interaction. This covalent interaction results in
the post-translational decoration of the capsid
head of the phage with either SpyCatcher-
mCherry-EGF or SpyCatcher-mCherry-Rck. In
this manner, it was possible to generate two
phenotypically distinct bacteriophage with the
same underlying genotype, thereby proving the
simplicity of this capsid modification method.

Following their creation, the EGF and Rck

decorated phage were used to infect T24 hu-
man urinary bladder epithelial cells stained
with a primary antibody for the EGF recep-
tor. As stated previously, coupling between
K1F-STG phage and the SpyCatcher-mCherry-
[EGF/Rck] fusion was visible as punctate co-
localised signals of GFP and mCherry respec-
tively (Figure 6 and 7). The frequency of
this co-localisation was much higher for the
EGF decoration than for Rck. We attributed
this to the higher levels of expression of EGF
in our TXTL system compared to Rck. As
such, when capsid decorations were performed,
the SpyCatcher-mCherry-Rck protein concen-
tration was not sufficient to saturate all avail-
able SpyTag proteins on the head of K1F-
STG phage (Figure S8). Nonetheless, both
phenotypes showed a strong affinity with the
EGF receptor as seen by the localisation of
the GFP and mCherry signals with the signal
for the EGFR antibody at the periphery of
human cells (Figure 6A and 7A). Subsequent
activation of EGFR facilitated the endocytic
entry of EGF/Rck decorated phage, evidenced
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Figure 8: Quantitative analysis of decoration efficacy. Quantitative analysis of microscopy data was
performed to determine the increase in phage entry into human cells when the decoration targets
the phage to EGFR. To quantify the efficacy of the K1F derivatives, a total of 20 field-of-view
images were taken, in which the efficacy was calculated as the total number of GFP and mCherry
positive cells in comparison to the total number of cells. At least 200 cells were enumerated per
condition. The error bars represent the standard deviation between two biological replicates, in
which the data points are the average number of positive cells of each replicate. A two-tailed, paired
T-test revealed a statistically significant difference (P≤0.05) between the SpyCatcher-mCherry
and SpyCatcher-mCherry-EGF decorations (*). No significant difference was observed between
SpyCatcher-mCherry-EGF and SpyCatcher-mCherry-Rck decorations.

S

by the presence of phage-containing cytosolic
endosomes inside human cells (Figure 6B and
7B). Furthermore, as EGF and Rck decorated
phage are specifically targeted for endocytic en-
try, they enter human cells at much higher rates
compared to phage decorated with SpyCatcher-
mCherry alone (Figure 8). This quantitztive
analysis of phage entry illustrate how the
decoration of the phage with either EGF or Rck
targets the phage to the EGFR resulting in 2-
fold greater internalisation of phage compared
to those decorated with SpyCatcher-mCherry
alone. Once inside, EGF/Rck decorated phages
are protected inside endosomes and would be
able to persist for longer inside human cells
(Table 1). It is also expected that the com-
plement resistance effect imparted by the Rck

decoration will further enhance the bioavailabil-
ity, though further work is needed to quantify
this phenomenon.

Importantly, TXTL assembled and capsid
decorated phage produced using the above-
described method had comparable endotoxin
levels to undecorated CsCl purified K1F-STG
phage (data not shown). The low endotoxin
levels were also evidenced by the fact that the
infected human cells did not elicit an immune
response visible by microscopy. These levels
were below the recommended levels for in
vivo administration of phage thereby ensuring
the applicability of this method for phage
therapy.33
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Table 1: Summary of Microscopy Data

Scaffold
Phage

Decoration Observed Signals/New Phenotype

K1F-WT SpyCatcher-mCherry
(40.3 kDa)

• No mCherry signal inside human cells
• K1F-WT cannot be decorated due to lack of
SpyTag
• No new phenotype

K1F-GFP SpyCatcher-mCherry
(40.3 kDa)

• No mCherry signal inside human cells
• K1F-GFP signal inside human cells
• K1F-GFP does not interact with EGFR
• K1F-GFP cannot be decorated due to lack of
SpyTag
• No new phenotype

K1F-STG
(1)

SpyCatcher-mCherry
(40.3 kDa)

• Co-localisation between mCherry and GFP due
to covalent attachment of SpyCatcher-mCherry
to K1F-STG and subsequent translocation into
human cells.
• mCherry decorated K1F-STG does not interact
with EGFR
• New Phenotype: mCherry fluorescence

K1F-STG
(2)

SpyCatcher-mCherry-EGF
(47.7 kDa)

• Co-localisation between mCherry and GFP due
to covalent attachment of SpyCatcher-mCherry-
EGF to K1F-STG and subsequent translocation
into human cells
• mCherry and GFP signals co-localised with anti-
EGFR signal, demonstrating tropism to EGFR
• Early endosomes containing phage inside human
cells demonstrate endocytic entry
• New Phenotypes: mCherry fluorescence,
EGF capsid decoration, endocytic entry and
increased cellular uptake

K1F-STG
(3)

SpyCatcher-mCherry-Rck
(56.2 kDa)

• Co-localisation between mCherry and GFP due
to covalent attachment of SpyCatcher-mCherry-
Rck to K1F-STG and subsequent translocation
into human cells
• mCherry and GFP signals co-localised with anti-
EGFR signal, demonstrating tropism to EGFR
• Early endosomes containing phage inside human
cells demonstrate endocytic entry
• New Phenotypes: mCherry fluorescence,
Rck capsid decoration, endocytic entry, and
increased cellular uptake
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Conclusions and Future Directions
The proposed strategy thus aims to

streamline the research workflow to enable
rapid screening of multiple protein candidates
through post-translational decoration of a
single engineered phage using a cell-free TXTL
system, in less than two working days. It
may be postulated that a limitation of the
methods described in this work is the loss of the
capsid decoration after a single infection event.
However, in the context of phage therapy, a
transient capsid decoration could still serve to
help the initially administered phage to evade
the human immune system, enter target cells
via a preferred receptor-mediated pathway or
provide an auxiliary antimicrobial mechanism
to the phage itself.

Taking inspiration from advances in can-
cer immunotherapy, decoration strategies could
also enable the creation of personalised phage
therapies whereby SpyTagged phage cocktails
are decorated with patient-specific proteins
that are designed to suppress an immune re-
sponse against the phage, thus providing a sim-
ple solution for enabling the re-administration
and reuse of specific phage cocktails (Fig-
ure 9).47−50More broadly, the impact of the
SpyPhage platform could also benefit applica-
tions of engineered phage beyond their simple
use as antimicrobial agents. Recent efforts
have utilised phage for a myriad of different
functions from tumor targeting bacteriophages,
vectors for gene therapy and rapid vaccine
development.51 The real world impact of all
such applications could be sped up by simpli-
fying the engineering pipeline through the use
of a single engineered scaffold phage decorated
with a desired post-translational capsid modi-
fication and may allow researchers to overcome
regulatory obstacles currently holding back the
clinical use of bacteriophages.52

Despite the promise of the SpyPhage plat-
form, its incorporation into a future phage ther-
apy production pipeline would require a number
of technical challenges to be met. Firstly,
future research efforts must focus on develop-
ing methods that omit the use of hazardous
chemicals such as chloroform in the preparation
of phage therapies.53 Chloroform was used in

our method to denature crude extract proteins
following assembly of K1F-STG phage in a
CFR. As K1F is chloroform resistant, this
method was a simple solution to purify the
phage from the TXTL reaction. Nonetheless,
the capsid decoration method described does
also allow for direct SpyTag/SpyCatcher based
purification of TXTL assembled phage using
Ni-NTA magnetic beads pre-loaded with His6-
tagged SpyCatcher fusion protein (Supporting
Information S9). However, we found the direct
purification method led to poorly decorated
phage as observed by lower co-localised signal
intensities visible under microscopy (data not
shown). As such, direct affinity based purifica-
tion strategies of capsid decorated phage from
CFRs need further refinement and development
in the coming years.

Next we foresee the need to engineer the
next generation of cell-free TXTL systems
geared solely towards the production of bacte-
riophages for phage therapy. The development
of a minimal CFS, potentially through the
rational re-engineering of the PURE TXTL
system to enable phage production, would not
only serve to overcome regulatory hurdles but
also aid in illuminating a complete bottom-
up mechanistic understanding of phage repli-
cation in vitro.54Such systems would function
as heterologous expression platforms, contain-
ing phage specific transcription factors, that
would enable the production of a variety of
different phage within a single minimal CFS
derived from a non-pathogenic host (Figure
9B).55 Further still, achieving concurrent whole
genome assembly of an engineered genome
within a minimal CFS capable of expressing
virulent phage particles from the newly assem-
bled genome, is a significant milestone yet to
be reached.56−58These strategies would forego
the need for cultivation of pathogenic bacterial
hosts in a future phage engineering pipeline.

Finally, the cost-effective and rapid produc-
tion of future phage therapies will require
centralised infrastructure pertaining to the aca-
demic understanding of phages, their clinical
use and methods for their engineering into
effective therapies.59 Key to this will be the
creation of phage bio-foundries that aim to
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Figure 9: Future phage therapy production pipeline. Whole genome assembled SpyTag phage
genome bank and automated expression and purification of SpyTag phage in a heterologous PURE
TXTL system will eliminate the use of pathogenic bacteria (A-D). Efficacy testing and centralised
data collection through phage foundry networks will help create patient and application-specific
phage therapies in the near future (E-H).

fill the knowledge and technological gaps in
phage therapeutics.60 By combining such co-
ordinated efforts with cutting-edge synthetic
biology, rational therapeutic design and au-
tomation, generally applicable tools for rapid
phage engineering can be built to enable the
next generation of phage therapies.

3 Materials and Methods
CRISPR/Cas9-based Engineering of K1F

K1F-gene10b::GFP-SpyTag (K1F-STG)
phage was engineered using plasmid based
homologous recombination, facilitated by
CRISPR/Cas9 selection, as described
previously.15 Briefly, K1F-STG was engineered
by growing the K1F-GFP phage (carrying
g10b::GFP) on E. coli EV36/pUC-GFP-ST.

The resulting phage mix was enriched on E.
coli EV36 + pCas9GFP-ST for three rounds,
followed by a plaque assay and plaque PCR to
screen for engineered phage. The engineered
segments of the phage were PCR-amplified
for verification by Sanger sequencing. Donor
cassette design and sequence of pUC-GFP-ST
is provided in Supporting Information Figure
S2 and Table S3 respectively. Detailed protocol
is provided in Supporting Information S2.

Whole Genome Assembly
As an alternative approach to the CRISPR-

based phage engineering method, K1F-
gene10b::SpyTag (K1F-STB) was created
through whole genome assembly. Briefly,
the K1F genome was split into 8 fragments
with approximately 40bp of homology between
adjacent fragments. All fragments (except
fragment 5) were PCR amplified using Phusion
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Polymerase (NEB) from the wild-type genome
and gel extracted, while fragment 5 was
commercially synthesised (IDT) to code for
SpyTag insertion into gene10b, and used
directly in the Gibson assembly. Fragment
5 sequences for SpyTag fusion to gene10b can
be found in Table S4. Whole genome Gibson
assembly was performed using the GeneArt
Gibson Assembly EX System (Invitrogen) and
ethanol precipitated prior to transformation
into DH5a cells (Invitrogen). Following
overgrowth of the transformation, cells were
lysed with chloroform to release entrapped
phage. Lysates were plaque assayed and
SpyTag insertion was confirmed via PCR as
previously described. Detailed whole genome
assembly protocol can be found in Supporting
Information S3.

Crude Extract Preparation
Crude extract was prepared by growing E.

coli Rosetta 2 Cells (Novagen) harbouring
pAD-LyseR plasmid (Addgene #99244) at
37◦C until to OD600 of 1.8. Cells were pelleted
and washed in S30A buffer and frozen at -80◦C.
Cell pellets were thawed to room temperature
to facilitate lysis via lambda endolysin gene R
expressed by the pAD-LyseR plasmid during
growth. Thawed cells were subsequently
treated with lysozyme and sonicated before
proceeding to post-lysis processing as described
in Supporting Information S4.

Cell-Free TXTL Phage Assembly and
Capsid Decoration

All cell-free TXTL reactions used in this
study had a volume of 20 µL and contained
additive components at concentrations as de-
tailed in Supplementary Information S7. Lin-
ear DNA templates for the expression of fu-
sion proteins in TXTL were PCR amplified
from synthesised gene fragments using Phusion
polymerase (NEB) and PCR purified using
Monarch DNA Clean up Kit (NEB). For a
typical capsid decoration experiment, indepen-
dent TXTL reactions expressing a K1F phage
variants or capsid decoration proteins were set
up and incubated for 5 hours at 29◦C. Capsid
decoration proteins were purified from TXTL
reactions by IMAC using NEBExpress Ni-NTA
Magnetic Beads (NEB). Capsid decorations of

phage were performed by combining 100 µL
of decorative protein in PBS with an equal
volume of TXTL assembled and purified phage
in PBS and incubated at 29◦C for 2 hours
to allow for coupling of SpyCatcher fused
decoration protein to SpyTag on phage head.
A 100 kDa MWCO filtration unit (Millipore)
was used to remove any uncoupled fusion
protein and to concentrate the capsid decorated
phage into a final volume of 100 µL. Following
their preparation, capsid decorated phage were
used immediately in downstream human cell
infection experiments. Detailed protocols for
purification from TXTL reactions and capsid
decoration can be found in Supporting Infor-
mation S8 and S9.

Immunocytochemistry and Fluores-
cence Microscopy

Immunocytochemistry and fluorescence mi-
croscopy was undertaken in order to visualise
the association between the K1F-STG and
SpyCatcher-mCherry fusions that were post-
translationally coupled to the capsid head of
the phage. Typically, 107 PFU/mL of capsid
decorated phage were added to T24 human
bladder epithelial cells and incubated for 1
hour. Capsid decoration was visualised within
human cells as the co-localisation of GFP and
mCherry signals from the phage and capsid
decoration protein respectively. The ability
of EGF/Rck capsid decoration to alter the
mechanism of phage entry into human cells was
visualised as the co-localisation of the GFP
and mCherry signal with the EGF receptor, as
stained for by an EGFR antibody. Detailed
experimental procedures are provided in Sup-
porting Information S10.
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