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ABSTRACT
Phage therapy is a promising treatment of multi-drug resistant (MDR) bacterial infections but is
limited by the narrow host range of phage. To overcome this limitation, we developed a host range
expansion (HRE) protocol that expands the host range of Pseudomonas aeruginosa-specific phage by
cycles of co-incubation of phage with multiple P. aeruginosa strains. Application of the HRE protocol
to a mixture of 4 phages, using 16 P. aeruginosa strains for development, resulted in undefined phage
mixtures with greatly expanded host range. Individual phage clones derived from the undefined
mixture had expanded host ranges but no individual clone could lyse all of the strains covered by the
undefined mixture from which it was isolated. Reconstituting host range-characterized clones into
cocktails produced defined cocktails with predictable and broad host ranges. The undefined mixture
from the 30th cycle of the mixed-phage HRE (4fC30) showed a dose-dependent ability to prevent
biofilm formation by, and to reduce a pre-existing biofilm of, 3 P. aeruginosa clinical isolates that
produced high amounts of biofilm. A defined cocktail reconstituted from 3 host range-characterized
clones had activity on high biofilm-formers susceptible to the phage. Phage therapy was superior to
antibiotic therapy (levofloxacin) in a strain of P. aeruginosa that was resistant to levofloxacin. The HRE
protocol establishes a rapid approach to create libraries of phage clones and phage cocktails with
broad host range, defined composition and anti-biofilm activity.
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Introduction

Nearly a decade ago, the Infectious Diseases Society of
America released a series of policy statements calling
attention to the paucity of new antimicrobial drugs for
resistant bacterial pathogens.1,2 In 2013, the Centers
for Disease Control issued a white paper which indi-
cated that multidrug-resistant (MDR) organisms are a
significant threat to the population. They divided
organisms into 3 threat levels, classifying the agent
examined here (Pseudomonas aeruginosa) as a serious
threat.3 The lack of new drugs in the pipeline is espe-
cially acute for Gram-negative organisms,1 and has led
to increased interest in alternative therapeutics such as
bacteriophage (phage) therapy.

Since the work of d’Herelle in 1917,4 phage therapy
has been considered a possible therapy for treatment of
bacterial infections,5 but was largely ignored in the
West after antibiotics became available. With the rise
of antimicrobial resistance and paucity of new and
effective antibiotics, phage therapy was rediscovered.6,7

A major limitation to using phage as therapy is
their narrow host range; a specific phage is often
capable of lysing only one or a small number of
strains within a bacterial species. The resistance
can be intrinsic to the host cell or acquired after
exposure of the host cell to a phage to which it
was previously sensitive. Four approaches can be
used to overcome the narrow host range of phage
for therapy: (i) broad host range phage can be iso-
lated from the environment, 8,9 (ii) phage can be
genetically engineered to recognize new hosts,10,11

(iii) the host range of individual phage or mixtures
of phage can be expanded experimentally, 12 or (iv)
cocktails can be made in which the combination of
included phage have broad host range. The first
approach results in phage selected only on the basis
of their broad host range; more detailed informa-
tion would be necessary for such phage to be used
in clinical trials. The second approach requires
extensive knowledge of the phage and its life cycle
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plus the ability to rescue manipulated genomes into
infectious phage. While the manipulation of phage
is possible, the rescue of manipulated genomes into
infectious phage may be difficult and requires the
prior determination of the sequence of the parental
genome, a feasible but laborious approach. The
third approach, while requiring cloning of individ-
ual phages from an expanded host range mixture
and sequencing of the expanded host range deriva-
tive phages, has the advantage of allowing one to
begin with fully characterized and sequenced
parental phage, providing a scaffold for sequencing
and identification of mutations in the expanded
host range derivatives. The fourth approach is the
creation of broad host range phage cocktails from
individual broad host range phage clones. Here we
discuss a combination of approaches 3 and 4.

Theoretically, both antibiotic resistant cells and
persister cells are subject to killing by phage to
which they are sensitive.10,13-15 However, host cells
may acquire resistance to a specific phage, a sec-
ond limitation of phage therapy. Phage resistance
often arises from mutation of the host receptor for
the phage.16,17 Phage resistance may be overcome
with a cocktail (mixture) of phage targeting differ-
ent receptors on host cells because multiple host
mutations would be required for resistance to the
cocktail.

Here, we seek to develop a phage therapy that
will eradicate the P. aeruginosa biofilms thought
to be the source of resurgent infection after treat-
ment of MDR infections with antibiotics. We
describe a host range expansion (HRE) method
for phage specific to P. aeruginosa that results in
undefined phage mixtures containing phages with
the ability to lyse a greater number of P. aerugi-
nosa strains than the input (parental) phage. Indi-
vidual clones isolated from the mixture are
characterized and reconstituted into defined cock-
tails with expanded host range in which each
component can be thoroughly characterized (host
range, sequence, etc.). Expanded-host range mix-
tures and cocktails generated from the HRE are
demonstrated to be effective in reducing biofilm
formation and reducing pre-existing biofilms of
susceptible P. aeruginosa strains in vitro, including
MDR strains. Finally, the relative effectiveness of
phage cocktail and antibiotic are compared in bio-
film prevention and treatment.

Results

Pseudomonas aeruginosa strains and their
phenotypes

Characterization of the strains used in this study is
shown in Figure 1. The ability to form biofilms varied
greatly between strains, although the variation in met-
abolically active cells detected in the MTT assay was
much less than variation in the total biomass detected
in the crystal violet assay. All strains had some degree
of antibiotic resistance; 14 of the strains were resistant
to at least 2 of the anti-pseudomonal antibiotic classes
tested, 11 strains were MDR, and 1 strain was XDR.18

The strains were also variable for twitching and
swarming phenotypes which are associated with bio-
film formation. Strains BWT111 and DS38 formed
large amounts of alginates when incubated stationary
for 24 hours (data not shown). When biofilm produc-
tion, antibiotic resistance, and motility were taken
into consideration, every strain had a distinct
phenotype.

Host Range Expansion with a Mixture of Four
P. aeruginosa-specific Phage

Prior to the HRE protocol, 6 of the 16 development
strains (38%) were sensitive to the 1:1:1:1 mixture of
parental Pseudomonas aeruginosa-specific phage
(fKMV, fPA2, fPaer4, fE2005) (Fig. 2). By 5 cycles
of the HRE protocol, the sensitivity of the develop-
ment strains to the cocktail approached 75% and pla-
teaued at that level in the subsequent cycles. In
contrast, the sensitivity of the na€ıve test strains to the
parental phage mixture was initially 20% and
increased more slowly, reaching 100% by cycle 25
(Fig. 2). The specific development and test strains sen-
sitive to the expanded host range cocktail at 30 cycles
of expansion are shown in Figure 3 (group B).

Isolation of phage clones with expanded host range
from undefined mixtures

Isolation of plaques from cycle 30 of the HRE was per-
formed using different strains as host. Prior to picking
plaques, due to the small volume of the 4fC30 mixture,
it was passaged on strain DS38 a high biofilm former.
Passage on DS38 resulted in the loss of phage lysis on 4
strains (DS18, 21, 29, and 36) that were lysed by the
undefined 4fC30 mixture (4fC30 mixture to 4fC30-
DS38-P; Fig. 3). 108 plaques were picked from limited?
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dilutions of 4fC30-DS38-P plated on DS38 and plate
stocks were made (clones). The clones were tested for
host range by spotting a 10¡2 dilution on the develop-
ment and test strains. Overall, the 108 clones analyzed
could be divided into 30 different host range spectra
(Fig. 4, group D). Forty four of the clones shared a sin-
gle host range spectrum that lysed only 2 strains not
lysed by the parental phages. Clones with other host
range spectra were found in the following numbers: 17
spectra (spectrum nos. 14-30), with each clone lysing a
single spectrum; 7 spectra (7-13), each represented by 2
clones; 2 spectra (5-6), each represented by 3 clones; 1
spectrum (4), represented by 4 clones; 1 spectrum (3),
represented by 10 clones, and 1 spectrum (2) repre-
sented by 13 clones. Similar results were obtained
when clones were isolated from the 4fC30 mixture
propagated on strain DS22. The 76 clones represented
23 different host range spectra and a single spectrum
dominated the pool with 26 representatives (data not

Figure 1. Phenotypes of the Pseudomonas aeruginosa strains used in this study. Top Panel: Twenty-4 hour biofilm formation was deter-
mined as described in materials and methods and the amount of biofilm was quantified by MTT assay (living cells, black bars) and CV
assay (total biomass, white bars). Shown are means § SEM for 3 separate assays. Middle Panel: Antibiotic (Abx) sensitivity (�) was deter-
mined for the 8 classes of anti-pseudomonal antibiotics 18 as described. Sensitivity was classified as: R D Resistant, non-sensitive to �2
antimicrobial agents ; M D MDR D non-sensitive to � 1 agent in � 3 classes; X D XDR D non-sensitive to � 1 agent in all but � 2 clas-
ses. CLSI cut-off values were used to classify strains as sensitive (S), intermediate (I), or resistant (R) to each antibiotic. Bottom Panel:
Twitching and swarming phenotypes were determined. 19,20 Twitching activity (#) was defined as ¡ D � 25 mm2; C D � 25 mm2 and
� 100 mm2; CC D � 100 mm2. Swarming activity (��) was defined as ¡ D None; C D moderate, to within 2-4 cm of dish edge; and
CC D Strong, to within <1 cm of dish edge.

Figure 2. Host range expansion of a cocktail of 4 P. aeruginosa
phages. Equal titers of 4 P.aeruginosa-specifc phage (fKMV, fPA2,
fPaer4, fE2005) were mixed and subjected to the host-range
expansion protocol as described in Materials and Methods. Every
fifth cycle, spot tests were performed on lawns of each of the
development and test strains to determine the sensitivity of each
strain to the phage cocktail. The fraction of strains lysed is plotted
versus the number of cycles of the host-range expansion protocol.
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shown). Overall the clones isolated on DS22 showed
narrower spectra when compared to the clones isolated
on DS38, indicating that the host from which the

clones are isolated affects the spectra of clones isolated.
Defined cocktails of reconstituted mixtures of isolated
clones could be made that recapitulated the host range

Figure 3. Host Range of Parental Phage, HRE Mixtures, Isolated Clones, and Reconstituted Cocktails.
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of the original cocktail passaged in the isolation strain
(DS38) (Fig. 3, group E). No clones were isolated on
either strain DS22 or DS38 that lysed strains DS23 or
DS24. It is possible that phage clones lysing DS23 and/
or DS24 could be isolated by examining more clones or
performing additional cycles of the HRE protocol.
Alternatively, strains DS23 and DS24 may lack the
receptors used by the phage or have an internal resis-
tance mechanism.

Stability of the expanded host range phenotype

Three individual phage plaques were picked from the
HRE at cycles 2, 5, and 10 and passaged plate stock to
plate stock 10 times. The P0, P5, and P10 stocks from
each original plaques were then tested for host range
on the development and test strains (Fig. 4). The host
range of the clones changed when they were passaged
on a single strain. Surprisingly, of the 16 changes in
host range noted in the 3 passaged clones, only 2 were
loss of host range changes and 14 were gain of host
range changes. The gain of host range was unexpected
because the phages were passaged on a single P. aeru-
ginosa strain, which removed the selection for activity
on the other strains.

Expanded host range phage cocktails reduce the
formation of P. aeruginosa biofilms in vitro

Three clinical isolates (DS22, DS36 and DS38) that
formed high amounts of biofilm (Fig. 1), none of
which were lysed by any of the parental phage, were
chosen for examination in reduction of biofilm forma-
tion assays using the unfractionated 4fC30 mixture.
With 2 of the 3 strains (DS22 and DS36), phage signif-
icantly reduced biofilm formation in a dose-dependent
manner in 24 hour assays (Fig. 5). In the other strain
(DS38) statistically significant reduction was not
observed but there was a trend toward reduction. In
all 3 strains the phage titer at 24 hours was higher
than the phage titer at inoculation. In all cases, plank-
tonic cells were easily visible as haziness in the wells at
24 hours, suggesting ongoing multiplication of non-
susceptible planktonic cells; the non-susceptible cells
have had intrinsic resistance or have developed
reduced phage susceptibility, such as growth phase
changes, or mutation of the receptor for the phage.

In another set of assays, strains with lower biofilm-
forming abilities (DS19, DS20, and BWT111) were
examined in biofilm formation reduction assays using
a mixture from an earlier cycle of the HRE (4fC20).
Strain DS19 was lysed by none of the parental phage,

Figure 4. Stability of expanded host range with passage.
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DS20 was lysed by one (fPaer4) and BWT111 was
lysed by 2 (fPaer4 and fPA2). Strains DS19 and
DS20 exhibited a statistically significant phage dose-
dependent reduction in biofilm formation. No reduc-
tion in biofilm formation was observed for strain
BWT111 (data not shown).

Expanded host range phage cocktails have activity
against pre-existing biofilms

The three strains (DS22, DS36 and DS38) were also
tested in reduction of pre-existing biofilm assays using
the 4fC30 mixture. Statistically significant reduction of
pre-existing biofilms of all 3 strains was observed in
phage dose-dependent fashion (Fig. 5). Reduction of
pre-existing biofilm was accompanied by an increase in
phage titer. In no case was the biofilm totally eradicated.

In other experiments strains DS19, DS20 and
BWT111 were also tested in reduction of pre-existing
biofilm (treatment) assays using the earlier cycle
4fC20 mixture. Statistically significant dose-dependent
reductions in pre-existing biofilm were noted for all 3
strains (data not shown).

Efficacy of a defined phage cocktail relative to
antibiotic in biofilm prevention and treatment

Three high biofilm forming P. aeruginosa strains
(DS22, DS36, and DS38) were used to compare the effi-
cacy of a defined phage cocktail to that of antibiotic
(levofloxacin) in biofilm prevention and treatment
assays. A defined phage cocktail was reconstituted by
mixing equal volumes of expanded host range clones
derived from cycle 30 of the 4fC30 HRE. The cocktail
contained spectrum 8 (clone 8), spectrum 23 (clone
67), and spectrum 30 (clone 99) (see Fig. 3, group E).
With respect to levofloxacin, the P. aeruginosa strains
used varied in their susceptibility to levofloxacin, being
susceptible (strain DS22), intermediate (strain DS38)
or resistant (strain DS36). As shown in Fig. 6, the levo-
floxacin-sensitive strain, DS22, had a similar response
to phage cocktail or levofloxacin being significantly
reduced by both agents. The effect of the phage cocktail
on the highly resistant strain, DS38, was significant,
while levofloxacin failed to prevent or treat biofilm
formed by this strain. The strain showing intermediate
levofloxacin susceptibility, DS36, was not susceptible to
any of the phage clones in the cocktail used and was
unaffected by phage or antibiotic treatment in either
assay, although substantial phage replication occurred.

Discussion

The results presented here indicate that (i) the host
range of a mixture of phages can be expanded by
the host range expansion protocol (HRE) described.
(ii) Individual phage clones isolated from the HRE-
generated mixtures have expanded host range and
(iii) those expanded host ranges generally are stable
or continue to increase upon passage in a single P.
aeruginosa strain. (iv) Defined cocktails can be
reconstituted from multiple individual expanded
host range clones and have predictable host range.
(v) Expanded host range mixtures and defined
cocktails are active in reduction of biofilm forma-
tion or reduction of pre-existing biofilm assays
against P. aeruginosa strains sensitive to the mix-
ture or defined cocktail. (vi) Defined, expanded
host range cocktails are more effective than antibi-
otic when the MIC of the target strain is high. (vii)
Phage replication occurred in all cases where signif-
icant reductions in biofilm formation or reduction
of pre-existing biofilms occurred, indicating that
phage kill the target cells. In the case of the DS38
biofilm prevention assay (Fig. 5), substantial phage
replication occurred, and a. We note non-signifi-
cant trend toward biofilm reduction was observed.
These results indicate that the HRE protocol
described here can be used to generate a bank of
expanded host range phage clones active against
the P. aeruginosa strains present in a given clinical
facility

The HRE protocol described here utilizes multiple P.
aeruginosa strains for development of the expanded
host range phage. Mixing the output phage from all the
bacterial strains, tests all possible host range expansion
events on each of the strains at subsequent cycles of the
HRE. At each cycle the parental bacterial strains are
exposed to the phage mixture, so that phages are tested
against an unchanging baseline of development strains.
The mixing of output phage resulted in rapid expansion
of host range on the development strains; maximal levels
of expansion were attained within 5 cycles (Fig. 2). The
expansion of host range to the test strains occurred
more slowly, requiring 25 cycles for maximal expansion.
The slower expansion on the test strains most likely
results from lack of selection, so that spontaneous, unse-
lected changes extending the host range to the test
strains accumulate more slowly. We do not currently
understand the mechanism by which the changes
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Figure 5. A 4fC30 mixture is active in prevention and treatment of Pseudomonas aeruginosa biofilms. Prevention of biofilm formation
and treatment of pre-existing biofilm assays were performed using P. aeruginosa clinical isolates DS22 and DS36 and DS38, the strains
forming the greatest amount of biofilm as detected by MTT assay (see Fig. 1). Phage challenge doses are shown on the upper X-axis
and the phage yield is shown on the lower X-axis. Biofilm prevention (left column): 24 hour biofilm formation assays were performed in
the presence of serial 10-fold dilutions of the 4fC30 mixture, washed, and biofilm determined with the MTT assay Treatment of pre-exist-
ing biofilm assays (right column): biofilms were formed for 24 hours, washed, and challenged with serial 10-fold dilutions of the 4fC30

mixture. After 6 hours in the presence of phage, the wells were washed and biofilm determined by MTT assay. All data are the mean
SEM of 3 independent determinations. Student’s t-test, (P D<0.05) was used to compare the control and phage treated OD-ODc values
for each phage dose.
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resulting in host range expansion occur. The use of a
mixture of 4 different phages in the HRE suggests that
the expansion of host range could result from mutation,

recombination, or both.31,32 This hypothesis is currently
under test by sequencing parental and expanded host
range phages.

Figure 6. Comparison of a defined cocktail and antibiotic in prevention and treatment of Pseudomonas aeruginosa biofilms. Prevention
of biofilm formation and treatment of pre-existing biofilm assays were performed as before, using clinical isolates DS22, DS36 and
DS38, the strains forming the greatest amount of biofilm as detected by MTT assay (see Fig. 1). The defined cocktail used contained the
following phages (Fig. 3): clone 88 (spectrum 8), clone 67 (spectrum 23) and clone 99 (spectrum 30). The prevention and treatment pan-
els are as in Figure 4, except that 4 doses of phage cocktail are compared to 4 doses of levofloxacin (0.0, 0.5, 1.0, and 2.0 mg/ml). All data
are the mean § SEM of 3 independent determinations. Student’s t-test, ( D P < 0.05) was used to compare the control and phage
treated OD-ODc values for each phage and antibiotic dose.
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Individual phage clones with expanded host range
could be isolated from the output mixture of the HRE
protocol. It is important to note that no individual
clone completely recapitulated the host range spec-
trum of the phage mixture from which it was isolated
(Fig. 3). This indicates that minor components of the
mixture contribute significantly to its host range.
When >100 clones were generated from a mixture,
they represented 30 different spectra of host range on
the development and test strains (Fig. 3, group D).
One host range spectrum dominated among the
clones, and it was expanded by only 2 strains when
compared to the parental 4-phage mixture. Numerous
clones were isolated that had a host range spectrum of
14-16 strains compared to 7 strains for the parental
phage mixture. Two or 3 clones with unique spectra
could be mixed to reconstitute a cocktail that recapitu-
lated the host range spectrum of the phage mixture
from which the clones were isolated; 19 of 26 strains
were lysed by the defined, reconstituted cocktail
(Fig. 3, group D). The spectra of clones isolated
depended on the P. aeruginosa isolation strain (Fig. 3
and data not shown). Expanded host range phage
mixtures or clones could not be isolated that targeted
2 of the P. aeruginosa strains (DS23, DS25; Fig. 3,
groups B–E). It is possible that phage active on these
strains could be isolated if more clones were screened,
a different isolation strain was used, or if more cycles
of the HRE were performed. However, it also possible
that these strains are insensitive to the phages used
because they lack the appropriate receptor or, alterna-
tively, they possess an intracellular mechanism that
renders them insensitive.33-35 Surprisingly, serial pas-
sage of individual clones on the laboratory P. aerugi-
nosa strain PAO1 tended to maintain the expanded
host range of the clones; of 16 host range changes
observed on passage, 2 represented loss of host range
and 14 were gain of host range (Fig. 4). This observa-
tion suggests that the expanded host range is stable
enough to allow generation of large amounts of a
phage clone.

Undefined phage mixtures directly from the HRE
protocol (Fig. 5), or cocktails reconstituted from mul-
tiple individual clones (Fig. 6), had significant activity
in reduction of biofilm formation and reduction of
pre-existing biofilm assays. The assays utilized the 3
highest biofilm forming strains from our collection
(DS22. DS36, DS38; Figs. 5 and 6) none of which were
sensitive to the parental phages, and 3 moderate

biofilm forming strains (DS19, DS20, BWT111; data
not shown). A dose-response was observed for the
phage mixtures or cocktails, with statistically signifi-
cant reduction occurring at higher phage inocula. In
no case was reduction of biofilm formation or reduc-
tion of pre-existing biofilms complete. However the
significant reductions observed may be great enough
that the host immune system could complete clear-
ance of the bacteria. The undefined phage mixtures
were not active against strains DS38 and BWT111 in
the reduction of biofilm formation assay (Fig. 5 and
data not shown). These two strains produce the great-
est amounts of alginate of any strains in our collection
and we speculate that the accumulation of alginate
over the 24 hour course of the assay prevented activity.
In contrast in the reduction of pre-existing biofilm
assays, the phage mixture was active against both
DS38 and BWT111, under conditions where alginates
were washed away immediately before phage infec-
tion. Strain DS36 (Fig. 6) is not sensitive to the defined
cocktail used so the lack of activity is not surprising.
However, the results did indicate that active phage
were necessary for reduction of biofilm formation or
reduction of pre-existing biofilm. Finally, P. aerugi-
nosa non-susceptible to phage were isolated from the
reduction of biofilm formation and reduction of pre-
existing biofilm assays, suggesting that phage therapy
may be of limited utility in protecting against biofilm
resurgence. However, non-susceptibility may carry a
fitness cost36 or reduce virulence of the non-suscepti-
ble bacteria.37”

Comparison of defined cocktails and antibiotic in
reduction of biofilm formation and reduction of pre-
existing biofilm assays (Fig. 6) revealed that the cock-
tail was significantly active against a highly levofloxa-
cin-resistant strain (DS38). In strain DS38
(MIC�8mg/mL) the antibiotic was significantly active
in treatment of pre-existing biofilm at 2mg/mL. The
reason for this is unknown, but we note that MICs as
determined by the micro-titer dilution method are
notoriously difficult to align with biofilm MICs.32 No
difference was noted between cocktail and antibiotic
for the levofloxacin-sensitive strain DS22 (MICD1mg/
mL). This result suggests that cocktails reconstituted
from individual clones will be effective against MDR
P. aeruginosa strains, or strains highly resistant to sin-
gle antibiotics. As noted above, the intermediate MIC
strain DS36 (MICD4mg/mL) was not sensitive to the
cocktail used nor to levofloxacin. Although DS36 is
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not sensitive to any of the component phage of the
cocktail used, the phage replicated. The basis of this
replication is not understood but we speculate that
replication occurred on planktonic Pseudomonas cells
that may have gained sensitivity to the cocktail.

The goal of these studies is to generate broad host
range phage that can be used to prevent formation of
biofilms or reduce pre-existing biofilms in P. aerugi-
nosa biofilm infections. Numerous studies examined
the activity of phage on planktonic P. aeruginosa but
relatively few papers have focused on P. aeruginosa
biofilms in vitro or in vivo infections associated with
biofilms.25,39,40 In the future we plan to utilize defined
cocktails generated as demonstrated here for the treat-
ment of catheter-associated urinary tract infections
(CAUTI), where in vivo attempts at phage therapy are
nonexistent. Phage therapy for P. aeruginosa has been
studied in a number of infection models such as sep-
sis,41 ocular keratitis,42 cystic fibrosis and other lung
infections,43,44 and burn wound infections23,45 with
some success. In addition, a clinical trial to treat
chronic otitis caused by MDR P. aeruginosa with
phage therapy was successfully concluded. 46 These
results suggest that similar approaches may be appli-
cable to CAUTI.

We propose that libraries of expanded host range
phage can be developed against the contemporary
strains of P. aeruginosa or other MDR pathogens
found in a given clinical setting. Such cocktails used in
combination with traditional antimicrobial agents
might reduce the load of pathogens to a level where
the host immune response could clear the infection,
while the anti-biofilm properties of the phage might
prevent resurgence of the infection after cessation of
traditional antimicrobial agents. The HRE protocol
represents an advance for overcoming the limitation
of phage’s highly specific host range.

Materials and methods

Bacterial strains and phage

Pseudomonas aeruginosa clinical isolates (DS series)
were obtained from the clinical microbiology labora-
tory at the Veterans Affairs Medical Center, Houston,
TX. We designated 14 isolates, all resistant to at least
one antibiotic class including 8 MDR, and 1 extremely
drug resistant (XDR),18 from our collection as “devel-
opment strains” to be used for generation of phage
mixtures with expanded host range (Fig. 1).

Additionally, 2 laboratory strains (PAO1 (BWT121)
and BWT111) were used as development strains
known to support growth of the 4 parental phage.15

Ten additional clinical isolates (3 MDR) from our col-
lection were used as naive “test strains” to test the host
range of phage on strains that were not used for host
range expansion. Bacterial stocks were stored in Luria
Broth with 15% glycerol at¡80�C. Overnight bacterial
cultures were inoculated from glycerol stocks and
propagated in Luria Broth at 225 rpm, 37�C.

All P. aeruginosa strains used were characterized for
the ability to form biofilms in vitro, antibiotic resistance,
twitching motility and swarming motility (Fig. 1).
Twenty-four hour biofilms were formed by diluting an
overnight culture 1:100 in tryptic soy broth (TSB), inoc-
ulating the wells of a 96-well plate with 100 ml, and
incubating at 37�C as static cultures. Twenty-four hours
later the wells were washed 3 times with PBS and the
biofilm content of each well determined using the MTT
assay (below) or the standard crystal violet staining
assay. Antibiotic resistance (Clinical and Laboratory
Standards Institute standards) was determined using
VITEK2 (bioMerieux) for Penicillins (ampicillin, ampi-
cillin/sulbactam, piperacillin/tazobactam), Cephalo-
sporins (cefazolin, ceftazidime, ceftriaxone, cefepime),
Carbapenems (imipenem), Aminoglycosides (amikacin,
gentamicin, tobramycin) and Fluoroquinolones
(ciprofloxacin, levofloxacin). Etest strips (bioMerieux)
were used to determine resistance to Monobactams
(aztreonam), Phosphonic Acids (fosfomycin) and Poly-
mixins (colistin). Resistance phenotypes were classified
according to Magiorakos et al.18 Twitching motility was
determined by stabbing colonies into 1% agar as
described by Kazmierczak et al19 and swarmingmotility
by spot testing liquid culture onto 0.5% agar swarming
plates as described by Tremblay.20

Four phages were used in this work. fKMV, is fully
sequenced21 and utilizes Type IV pili as its host recep-
tor.22 fPA2 (ATCC 14203-B1) has not been
sequenced, was previously tested in a mouse burn
model of phage therapy23 and is genetically similar to
fLIT1 which uses Type IV pili as the host receptor,24

suggesting that fPA2 may also use Type IV pili.
fPaer425 was obtained from R. Donlan (CDC), and
has not been sequenced or characterized for host
receptor usage. fE2005-24-39 (hereafter called
fE2005), obtained from R. Donlan (CDC), has not
been sequenced or characterized for receptor usage
but was used in prior biofilm eradication studies on
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urinary catheters.15 All 4 phages are members of
Podoviridae and were chosen for their expected small
genomes and robust physical structure.

The host range expansion (HRE) protocol

The HRE protocol is based on the work of Burrowes. 12

To initiate the HRE, serial dilutions of a mixture of
parental phage were incubated with each of the bacte-
rial development strains in a 96-well format. Progeny
phage from wells at the lowest phage concentration in
which lysis occurred were pooled, and this mixture of
progeny phage was used as the inoculum for the next
cycle of HRE (Fig. 7). The phage inoculum for the first
cycle of the HRE was a 1:1:1:1 mixture of the 4 parental
phages (fKMV, fPA2, fPaer4, and fE2005). The
phage inoculum (100 mL) was added to the first well of
each row of the culture plate then serially diluted 1:10
across 10 columns, leaving columns 11 and 12 as bacte-
rial and media controls, respectively. Bacterial inocula
for each cycle of the HRE were the 16 P. aeruginosa
development strains (Fig. 1). Overnight cultures were
normalized to an OD600D0.2-0.3 and then diluted
1:100 in LB broth. Then, wells 1-11 of each row were
inoculated with 90mL bacterial inoculum, one develop-
ment strain per row. The plate was incubated overnight
at 225 rpm, 37�C. After incubation, the wells were
inspected for lysis. The highest phage dilution well
showing complete lysis and the next dilution at which
lysis was incomplete were pooled (from all bacterial
strains; boxes, Fig. 7). If no lysis was seen for a specific
strain, the well with undiluted phage and 10¡1dilution
was added to the pool. The pooled lysate was treated
with 10mL chloroform, vortexed, aliquoted into micro-
centrifuge tubes, and centrifuged at 14,000 rpm for 2
minutes. The aqueous phase was passed through a
0.22 mm filter and stored at 4�C until it was used as
inoculum for the next cycle of the HRE. Thirty cycles of
the HRE were performed. The host range of the pooled
cocktail was tested every 5 cycles by spot testing 26 on
lawns of the development strains and the test strains.
Spot tests were performed with several dilutions of each
phage mixture to avoid complications from lysis from
without on the various strains.27,28

Isolation of phage clones from undefined mixtures
and preparation of stocks

Phage mixtures obtained directly from the HRE proto-
col were considered undefined because they contained

a mixture of phage with many unique host ranges. To
enable the creation of defined cocktails, we isolated
clones and tested their host ranges. We use “defined”
to indicate that the cocktail is composed of individual,
isolated clones that we have characterized for host
range. To isolate clones, we first expanded the unde-
fined cocktails by making plate stocks on each of 2 P.
aeruginosa clinical isolates (DS22 and DS38). Plate
stocks were generated by plating 100 mL bacterial host
with 100 mL phage mixture in 1% top agar and incu-
bating overnight at 37�C. Phage was collected from
plates with confluent or near-confluent lysis by scrap-
ing the top agar into 4.0 mL LB broth, pelleting the
agar, and collecting the supernatant as the stock. The
stock was treated with chloroform to lyse any remain-
ing cells. The lysate was then terminally diluted on the
same bacterial strain. One hundred well-isolated pla-
ques were picked into 1.0 mL phage storage buffer
(100 mM NaCl, 6.7 mM Tris-HCl, 3.2 mM Tris-Base,
10 mM MgSO4�7H2O). Each picked plaque repre-
sented a clone derived from a single phage in the

Figure 7. Host Range Expansion () Protocol. A 96-well plate is
inoculated with the appropriate P. aeruginosa strains (one strain
per row) and dilutions of single phages or phage cocktails (col-
umns). The plate is incubated at 37�C for 18 hours. The contents
of the well with the highest phage dilution showing complete
lysis and the next well showing partial or no lysis (black boxes)
are pooled across the plate. In this way the phage from the high-
est phage dilution showing complete lysis and the next well
showing partial or no lysis are pooled for all the strains into a sin-
gle tube. The contents of that tube constitute the mixture of
phages used to inoculate the next plate (cycle) with the same
phage dilutions and P. aeruginosa strains. This process is reiter-
ated for the desired number of cycles. At various cycle numbers
the host-range of the phage mixture is determined by spotting
on lawns of a number of P. aeruginosa strains
(development strains and test strains).
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original undefined mixture. One half mL of each pla-
que solution was used to generate plate stocks of the
plaque-isolated clone on the same strain from which it
was originally isolated. Serial dilutions of the plate
stocks were used to test host range of the individual
phage clones by spot tests on the development and
test strains.

Stability of the host range phenotype

Clones from the HRE cycle and clone number indi-
cated were subjected to limit dilution and plated on
strain PAO1. An individual plaque was picked into
1.0 mL phage storage buffer and 0.5 mL of the
picked plaque suspension was plated on PAO1 and
a plate stock was generated. This process was
repeated 10 times for each original plaque. The
host ranges of the resulting stocks were tested by
spot test on the development and test strains at
passages 1, 5 and 10.

Biofilm prevention assays

These assays were performed with the undefined 4
phage cycle 30 mixture (4fC30) and P. aeruginosa
clinical isolates DS22, DS36, and DS38, the highest
biofilm formers among our strains as determined by
the MTT assay (Fig. 1). The biofilm prevention assay
was performed in 96-well flat-bottomed polystyrene
microtiter plates (Costar 3585). Plate columns 2-8
were inoculated with 100 ml of the desired P. aerugi-
nosa strain (1:100 dilution of overnight culture in
TSB); plate columns 1 and 10 were left blank, and
plate columns 11 and 12 received 100 ml sterile TSB.
Immediately after placing the bacterial host cells in
the wells, rows A-D of columns 2-8 were inoculated
with 10 ml of serial dilutions of the 4fC30 mixture
(ranging from 10¡1 in column 2 to 10¡7 in column 8).
Rows E-H of columns 2-8 were not inoculated and
served as controls for biofilm formation. The plates
were incubated for 24 hours at 37�C as stationary cul-
tures. Twenty-four hours after inoculation, the media
from the phage infected wells were pooled (column by
column) for determination of phage titer by spot test.
24 The remaining media was flicked from the wells,
and the wells were washed 3 times with 150 mL PBS
and then refilled with 100 mL of PBS. To each well
10 ml of a 5 mg/ml solution of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma)
was added and the plate was incubated 4 hours at

37�C. In this assay, only metabolically active cells able
to reduce MTT to the formazan product are detected,
unlike crystal violet staining, which detects total bio-
mass. 29,30 The MTT assay was used because we were
interested in determining the metabolically active cells
that survived phage treatment and were capable of
resurgence from biofilm. After incubation with MTT,
100 ml of extraction solution (20% SDS, 50% N,N,-
Dimethylformamide) was added to each well to solu-
bilize the formazan, and the plates were incubated
overnight at 37�C. The plates were read at 560 nm in
an automated plate reader. The wells from columns 11
and 12 which originally received only sterile TSB
served as the negative control. The cutoff of the assay
(ODc) was calculated as the mean optical density
(OD) for the negative control wells plus 3x the stan-
dard deviation of the mean of the negative control
wells. The OD-ODc (optical density minus cutoff) val-
ues of the wells from the columns receiving phage
were averaged. These values represented the metaboli-
cally active biofilm formed in the presence of phage.
The OD-ODc of the wells from the columns not
receiving phage represented biofilm formation in the
absence of phage. Assays were replicated 3 times for
each P. aeruginosa strain tested. The OD-ODc values
for the 3 plates were averaged, and the data presented
as the mean § the standard error of the mean. Stu-
dent’s t-test was performed to compare biofilm optical
density for wells treated with phage and untreated
wells for each phage dilution.

Treatment of pre-existing biofilm assays

The treatment of pre-existing biofilm assays were
performed as for the biofilm prevention assays with
the following changes. (i) Following inoculation of
cells into columns 2-8 and sterile TSB into columns
11 and 12, the plates were incubated for 24 hours
at 37�C as stationary cultures to allow biofilm for-
mation. (ii) Twenty-4 hours after plate inoculation,
the media was flicked from the wells, the wells
were washed once with PBS, and re-filled with
100 mL TSB. At this time rows A-D of columns 2-
8 of the plate were inoculated with 10 mL of a 10-
fold dilution series of phage cocktail as above. The
plates were incubated at 37�C for 6 hours to allow
phage to act on the pre-formed biofilm. In some
cases, removal of the medium present during bio-
film formation also removed alginates formed by
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certain P. aeruginosa strains. Thus, the biofilm
treatment assays were initiated in the absence of
alginates. The experiments were repeated 3 times
each with P. aeruginosa strains DS22, DS36, and
DS38, and the data were analyzed in identical fash-
ion to that described for the biofilm reduction
assay.

Comparison of phage and antibiotic therapies

Assays to compare the efficacy of phage therapy and
antibiotic therapy on biofilm formation (prevention)
and on pre-existing biofilms (treatment) were per-
formed as described above except that only 4 doses of
phage (defined cocktail consisting of 3 characterized
phage clones) were used so that the other half of the
plate could be used for 4 doses of antibiotic. The
experiments were repeated 3 times each with P. aeru-
ginosa strains DS22, DS36, and DS38, and the data
were analyzed in identical fashion to that described
for the biofilm reduction assay. The antibiotic used
was levofloxacin. With respect to levofloxacin, the P.
aeruginosa strains were susceptible (strain DS22, MIC
D 1 mg/ml), intermediate (strain DS38, MIC D 4 mg/
ml) and resistant (strain DS36, MIC � 8 mg/ml) as
determined by VITEK.
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lium bromide
OD Optical Density
ODc Control Optical Density
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