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Colonization of the gastrointestinal tract with vancomycin-resistant Enterococcus faecium (VRE) has become
endemic in many hospitals and nursing homes in the United States. Such colonization predisposes the
individual to VRE bacteremia and/or endocarditis, and immunocompromised patients are at particular risk for
these conditions. The emergence of antibiotic-resistant bacterial strains requires the exploration of alternative
antibacterial therapies, which led our group to study the ability of bacterial viruses (bacteriophages, or phages)
to rescue mice with VRE bacteremia. The phage strain used in this study has lytic activity against a wide range
of clinical isolates of VRE. One of these VRE strains was used to induce bacteremia in mice by intraperitoneal
(i.p.) injection of 10° CFU. The resulting bacteremia was fatal within 48 h. A single i.p. injection of 3 X 10% PFU
of the phage strain, administered 45 min after the bacterial challenge, was sufficient to rescue 100% of the
animals. Even when treatment was delayed to the point where all animals were moribund, approximately 50%
of them were rescued by a single injection of this phage preparation. The ability of this phage to rescue
bacteremic mice was demonstrated to be due to the functional capabilities of the phage and not to a nonspecific
immune effect. The rescue of bacteremic mice could be effected only by phage strains able to grow in vitro on
the bacterial host used to infect the animals, and when such strains are heat inactivated they lose their ability

to rescue the infected mice.

Isolates of vancomycin-resistant Enterococcus faecium
(VRE) from patients in the United States, France, and En-
gland were first reported in 1989 (9, 19). By 1998, the U.S.
National Nosocomial Infections Surveillance System had re-
ported that 20% of nosocomial isolates of enterococci were
resistant to vancomycin (12). Individuals with compromised
immune systems, such as AIDS patients, cancer patients un-
dergoing chemotherapy, postsurgical patients, transplant re-
cipients, and the elderly in general, are particularly prone to
develop VRE infections. While the antibiotic quinupristin-
dalfopristin (Synercid; Rhone-Poulenc Rorer, Collegeville,
Pa.) has recently been licensed for clinical use, its efficacy for
VRE infections may be limited because (i) it is bacteriostatic,
and (ii) one of its two components is an analog of virginiamy-
cin, which has been used as an additive in hog and poultry feed
for the past 2 decades. Quinupristin-dalfopristin-resistant bac-
teria have been isolated from turkeys fed virginiamycin, sug-
gesting that the use of virginiamycin has created a reservoir of
enterococci resistant to the analog in quinupristin-dalfopristin
(5). Linezolid (Zyvox; Pharmacia and Upjohn), another re-
cently introduced antibiotic, is also described as bacteriostatic
for VRE, and resistance to it appeared during clinical trials
even though it is the first member of a new class of agents (the
oxazolodinones).

Early applications of antibacterial phage therapy (1920s to
1950s) were impeded by a number of factors. One factor was
the use of phage strains whose host range was too narrow, a
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problem we have largely overcome by selecting enterococcal
phages able to infect the vast majority of clinical isolates of
VRE. Another factor was the large load of endo- and exotoxins
in the bacterial debris present in the filter-sterilized but oth-
erwise unpurified phage lysates that past investigators admin-
istered parenterally as well as orally, a problem we have over-
come with cesium chloride density centrifugation and other
modern techniques of phage purification. A third factor was
sterilizing phage preparations by heat and/or by the addition of
mercurials and oxidizing agents, procedures that are now
known to inactivate phages and that we avoid. Finally, the
pharmacokinetics of phage therapy were essentially ignored in
clinical applications of phage therapy, the assumption being
that oral and parenteral administration would achieve concen-
trations at the sites of infection sufficient to induce a cure. A
pharmacokinetic study performed in 1973 demonstrated the
rapid clearance of phage from the bloodstream and accumu-
lation of phage particles in the spleen and other filtering or-
gans of the reticuloendothelial system, where they remain vi-
able for at least a week (7). This passive capture by and
sequestration in the filtering organs would prevent the vast
bulk of administered phage particles from reaching the infect-
ing bacteria, and it would add variability in therapeutic appli-
cations. To address this problem, serial passage methods have
been developed to select and enrich for phage strains whose
rate of clearance by the reticuloendothelial system is reduced.
The long-circulating phage strains produced have been shown
to be superior to the wild types from which they were derived
for rescuing animals from otherwise fatal bacteremias due to
Escherichia coli and Salmonella enterica serovar Typhimurium
(11). Following these studies, we chose to work with VRE
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because it is a clinically important, multidrug-resistant patho-
gen. In the present study we report the isolation of bacterio-
phage that are safe and effective as bactericidal agents for
animals with lethal VRE infections. The results warrant a
reexamination of the potential application of bacteriophages in
Western medicine.

MATERIALS AND METHODS

Isolation and purification of phage strains. The strains of E. faecium used in
this study were a VRE strain isolated from a patient’s blood, designated CR-
MEN 44 in our nomenclature and (ii) vancomycin-susceptible E. faecium (VSE)
strain ATCC 19950 from the American Type Culture Collection. A strain of
Enterococcus faecalis was isolated from a patient’s fecal material and is desig-
nated CRMEN 19 in our nomenclature. The Enterococcus phages ENB6 and
C33 were isolated from raw sewage at a municipal sewage treatment plant. The
isolations, performed similarly but individually for each phage strain, were ac-
complished by adding salt (58 g of NaCl) to 1 liter of sewage followed by
centrifugation at 10,000 X g for 10 min. The supernatant was decanted into a
separate container and mixed with polyethylene glycol (PEG; molecular weight,
8,000) to provide a final concentration of PEG of 10% (wt/vol). The PEG-
containing supernatant was precipitated overnight at 4°C and centrifuged at
12,000 X g for 20 min. The resulting precipitate was dissolved in 5 ml of phage
dilution buffer (SM) and extracted once with an equal volume of chloroform. An
aliquot (300 wl) of this processed sewage was mixed with 200 pl of an overnight
culture of E. faecium ATCC 19950, incubated at 37°C for 20 min, mixed with 2.5
ml of molten top agar (0.6% agar) at 50°C, and poured on Streptococcus faecalis
agar plates (1.5% SF agar; see below). Plates were incubated overnight at 37°C.
Phage plaques were harvested from the plate and single plaques were purified
three times on E. faecium ATCC 19950 by the standard procedures described by
Sambrook et al. (14).

Phage ENB6, used in animal rescue experiments, was grown in a CRMEN 39
host to make high-titer stocks by standard procedures (11). Large-scale prepa-
rations and purifications of bacteriophage by cesium chloride density centrifu-
gation were performed as described by Sambrook et al. (14). Toxin levels in
phage preparations were measured by the Limulus amebocyte lysate assay (As-
sociates of Cape Cod, Inc., Woods Hole, Mass.). High-titer phage preparations
were filtered through a 0.22-pm filter (GS filter; Millex, Millipore Corp., Bed-
ford, Mass.) prior to animal inoculation. These filtrates, containing high-titer
phage, were stored at 4°C. The phage strain C33 was grown and purified in a
similar manner for use in animal experiments.

Establishing the MLD in the mouse model. One-month-old BALB/c female
mice (in groups of five, except where otherwise noted) were used for infection
experiments. Preparation of the infecting bacteria was as follows. VRE strain
CRMEN 44 was grown in SF medium (20 g of pancreatic digest of casein, 5 g of
glucose, 5 g of NaCl, 4 g of K,HPO,, and 1.5 g of KH,PO, in 1 liter of H,O, with
the pH adjusted to 6.1) at 37°C. Log-phase cultures of CRMEN 44 were grown
to an optical density at 600 nm of 1.1 (equivalent to 5 X 10% CFU/ml), followed
by centrifugation and resuspension in sterile phosphate-buffered saline (PBS) at
4°C. This log-phase preparation of bacteria was serially diluted in PBS for use in
animal infections. To determine the minimum lethal dose (MLD), serial dilu-
tions of CRMEN 44 were injected intrperitoneally (i.p.) into mice in 400-ul
aliquots. The animals were observed for 100 h. Mice inoculated with bacteria
were scored for their state of health on a scale of 5 to 0, based on progressive
disease states reflected by several clinical signs. A normal and unremarkable
condition was scored as 5; slight illness, defined as lethargy and ruffled fur, was
scored as 4; moderate illness, defined as severe lethargy, ruffled fur, and hunched
back, was scored as 3; severe illness, with the above signs plus exudative accu-
mulation around partially closed eyes, was scored as 2; a moribund state was
scored as 1; and death was scored as 0. While the experiments were not con-
ducted in a double-blind manner, all animals were evaluated by two or more
independent observers. These experiments established that 10° CFU of strain
CRMEN 44 is the MLD for 1-month-old BALB/c mice, with all mice that
received the MLD dose dying within 48 h (see Fig. 1). This MLD was used in all
the phage therapy experiments described in this study. A similar approach was
used to establish the MLD for E. faecalis strain CRMEN 19 as 3 X 10° CFU. This
strain was employed in experiments to determine the need for phage strains that
demonstrate in vitro lytic activity against the specific bacterial strain involved in
an infection.

Treatment with phage. The efficacy of phage therapy was evaluated in two
separate experiments using the VRE bacteremia mouse model. The first exam-
ined the effect of phage dose on the ability of phage to rescue mice from VRE
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bacteremia. The second studied the effect on the outcome of delaying treatment
for various periods. In the dose-ranging study, five groups of mice (five mice in
each) were challenged by i.p. injection of the MLD of CRMEN 44. Each of these
groups was treated with a single injection of phage ENB6, administered i.p. 45
min after the bacterial challenge at 3 X 10%,3 X 108, 3 X 10°,3 X 10*, and 0 PFU.
As an additional control, a sixth group (two mice) was not challenged with
bacteria, receiving only the injection of phage (at the highest dose). The state of
the health of these animals was monitored for 20 days.

In the delayed-treatment study, treatment (a single injection of phage at the
highest dose) was initiated at 5, 8, 12, 16, and 24 h after the bacterial challenge
with the MLD of CRMEN 44. The state of the health of these animals was also
monitored for 20 days.

Dependence of phage rescue on bacterial susceptibility. The capacities of
phage strains to rescue bacteremic mice were correlated with their ability or
inability to form plaques on the infecting bacterial strain. Mice were infected by
i.p. injection with the MLD (3 X 10° CFU) of E. faecalis CRMEN 19. Five
groups of mice (with 10 mice in each group) were compared. Two of the groups
were treated with a single i.p. injection of 9 X 10° PFU of phage, ENBG6 for one
group and C33 for the other, administered 90 min after the i.p. injection of 3 X
10° CFU of CRMEN 19. As a control, a third group of mice was injected i.p. with
PBS instead of phage 90 min after the i.p. injection of 3 X 10° CFU of CRMEN
19. Two additional control groups were not challenged with bacteria but received
a single i.p. injection of 9 X 10° PFU of phage strains ENB6 and C33, respec-
tively, administered 90 min after an i.p. injection of PBS.

Effects of heat-inactivated phage. An experiment was performed to determine
whether phage rescue of mice with VRE bacteremia requires phage that can
grow on the bacterial host or whether phage rescue might be associated with a
nonspecific immune activation response. A sample of phage ENB6 with a titer of
1.28 X 10'° PFU/ml was heat inactivated by incubation at 80°C. Phage that had
been heated for a total of 20 min, at which time no viable phage was detectable,
was used to determine whether phage rescue of mice with VRE bacteremia
requires functional phage or whether the rescue might be associated with non-
specific immune activation. The mice in this study were divided into three groups
of 10 mice each. All of the mice were challenged by i.p. injection of the MLD of
CRMEN 44. One group was treated with a single i.p. injection of 3 X 10° PFU
of phage ENB6 45 min after the bacterial challenge. The second group was
treated by i.p. injection with 3 X 10° PFU of heat-inactivated ENB6 phage
particles 45 min after the bacterial challenge. The third group, a control, received
a single injection of PBS instead of phage, administered i.p. 45 min after the
bacterial challenge.

Measuring the immune response to the phage. At various time points follow-
ing i.p. injection of phage ENB6 (10'° PFU), mouse serum was prepared, and
indirect enzyme-linked immunosorbent assays were performed, as described by
Harlow and Lane (8). For these assays, twofold serial dilutions of serum were
prepared in 96-well polystyrene microtiter plates precoated with 1.7 X 10° PFU
of phage ENB6. Immunoglobulins were detected with goat anti-mouse immu-
noglobulin M (IgM)- or IgG-specific antibodies conjugated to peroxidase and
tetramethylbenzadine (TMB) peroxidase substrate (Kirkegaard and Perry Lab-
oratories, Gaithersburg, Md.).

Electron microscopy. Phage ENB6 was grown in a VSE host (ATCC 19950) by
standard procedures and purified by cesium chloride density centrifugation. The
preparation was then spread on an electron microscope grid and negatively
stained with uranyl acetate.

RESULTS

Phage strain antibacterial activity. Of the phage strains
isolated in these experiments, one (ENB6) was found to form
plaques on 57% of the VRE clinical isolates, and it inhibited
bacterial growth of an additional 22% of the strains, thus
exhibiting an antibacterial effect against 79% of the strains in
our collection. The inhibition of bacterial growth in strains that
the phage could not form plaques on is most likely due to
partial expression of the phage genome, sufficient for killing
but not enough for phage production at a level necessary for
plaque formation. As the phage preparations were purified by
CsCl, as mentioned earlier, it is unlikely that the observed
inhibition of bacterial growth of the additional 22% of the
strains was due to activity of lysins produced by bacterial lysis.



206 BISWAS ET AL.

N W A~ O,
T

State of Health

| L

0 2 5 8 14 18 24 48
Hours

FIG. 1. Lethality of the MLD of VRE in this model. Mice were
inoculated i.p. with 10° CFU of VRE strain CRMEN 44. A score of 5
indicates normal health, while 0 indicates death (see the text for a full
description of the scale). Each bar indicates the state of health of a
single BALB/c mouse. All animals were dead within 48 h.

Lethality of VRE bacteremia. As seen in Fig. 1, all mice
inoculated i.p. with the MLD (10° CFU) of the clinical isolate
VRE strain CRMEN 44 died within 48 h.

Ability of the phage preparation to rescue mice from VRE
bacteremia. A single dose of phage ENB6 was administered
i.p. 45 min after the challenge with the MLD of bacteria. By
24 h a dose effect on the state of health of the infected animals
was clearly visible. At higher doses of phage, which achieved
multiplicities of infection of 0.3 and 3.0, 100% of the animals
survived, and only minimal signs of illness (mild lethargy) were
seen (in the first 24 h). As the phage dose decreased, resulting
in lower multiplicities of infection (0.003 and 0.03), the animals
became critically ill, with survival rates of 40 and 60%, respec-
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tively, at day 6 and beyond (Fig. 2). The two-by-five chi square
comparing the survival rates at day 6 was statistically signifi-
cant: chi square = 13.8, df = 4, P < 0.008. In addition, the
Armitage test for the trend in survival rates indicates a statis-
tically significant decreasing trend in survival rates (P <
0.0005) (3). All of the mice that were alive and healthy at day
6 remained so for an additional 20 days, at which point the
experiment was terminated.

Rescue is associated with a significant decrease in bacterial
titer. In a similar experiment, blood was obtained by cardiac
puncture during a rescue experiment, in order to compare
bacterial titers from two groups of 10 mice, 20 h after i.p.
inoculation with 3 X 10° CFU of CRMEN 44. Forty-five min-
utes after the bacterial inoculation of the first group, 300 pl of
PBS was injected i.p. as a control. The mean bacterial titer in
the blood 20 h after bacterial inoculation for this group of mice
was 2.03 X 107 = 1.10 X 10" CFU/ml (mean = standard error).
Forty-five minutes after bacterial inoculation of the second
group, the mice were injected i.p. with 9 X 10° PFU of phage
ENB6. The mean bacterial titer in the blood 20 h after bacte-
rial inoculation for this group was 8.74 X 10* = 6.03 x 10*
CFU/ml. Phage therapy thus resulted in a 200-fold decrease
(compared to the control group) in blood bacterial titers at
20 h. This reduction in bacterial titers was reflected in the
lower morbidity and mortality observed in the treated group.
Whereas at the 20-h time point the control group had a median
health score of 2 (severe illness), with scores ranging from 0
(one death) to 4, in contrast the phage-treated group had a
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FIG. 2. Dose effect of phage ENB6 in rescuing mice from lethal VRE bacteremia. The mice were scored for their state of health as described
in the text. Each bar indicates the state of health of mice after i.p. administration of the MLD of VRE followed by a single dose of phage at the
indicated concentration 45 min after the bacterial challenge.The group on the far right (four mice) was an untreated control, given SM buffer i.p.
instead of phage. The group on the far left (two animals) was a phage control, injected only with phage (at the high dose) and not infected with
bacteria, in order to determine if the phage preparation itself produces adverse effects in mice.
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FIG. 3. Delayed phage treatment of bacteremic mice. A single i.p.
injection of the highest dose of the phage preparation (3 X 10° PFU)
was administered to bacteremic mice at the indicated times after bac-
terial challenge. The mice were scored for their state of health as
described in the text. Black and gray bars show their condition at the
time of phage treatment and following phage treatment, respectively.
When treatment was delayed for 24 h, all the animals were moribund,
but approximately half of them not only survived but also went on to
recover completely as a result of the single dose of phage.

median health score of 3 (moderate illness), with no deaths
and scores ranging from 2 to 5. In both groups there was a
correlation between the state of health of the mice and the
concentration of bacteria in the blood. Mice with bacterial
titers of 10’ CFU/ml or more had a score of 1 (moribund
condition), while titers in the range of 10° to 10* CFU/ml
resulted in a score of 2. Mice with 10* to 10° CFU of bacte-
ria/ml in their blood displayed a score of 3, and mice with titers
of 10> CFU/ml or less had scores of 4 to 5 (mild illness or no
signs of illness, respectively). This relationship between bacte-
rial concentration and the state of the health of the mice had
an overall Pearson correlation of —0.931 and a Spearman rank
correlation of —0.921.

Effect of delay in treatment on the ability of the phage
preparation to rescue mice from VRE bacteremia. In this ex-
periment, the MLD of VRE strain CRMEN 44 was injected
i.p. to induce fatal bacteremia. At various intervals thereafter,
ranging from 2 to 24 h, the mice received a single i.p. injection
of the high dose (3 X 10° PFU) of phage ENB6. The results of
treatment at the time points 5, 18, and 24 h time points are
illustrated in Fig. 3. The state of health of these mice was
monitored for 20 days following bacterial infection. The exper-
iments demonstrate that (i) a single injection of phage can
rescue 100% of the animals, even when treatment is delayed
until 5 h after lethal bacterial challenge, and (ii) if treatment is
delayed beyond that point, morbidity increases and mortality
begins to appear. However, even with delays of 18 and 24 h, at
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which point all the mice are moribund, approximately 50% of
the animals are rescued and go on to recover completely.
Using linear regression, where survival rates were compared
with the time of survival following the initial bacterial infec-
tion, we found that the upper 95% confidence limit on the
window of time for treatment after infection may possibly be
extended to 7 h and still maintain 100% survival (6).

Dependence of phage rescue on bacterial susceptibility. We
compared the capacities of two different phage strains to res-
cue mice that were made bacteremic by i.p. injection with 3 X
10° CFU of E. faecalis CRMEN 19. This bacterial strain is
resistant in vitro to the phage ENB6 at the concentrations used
in this study, but it is susceptible to phage C33, a strain with a
wider host range than ENB6. ENB6 displayed no plaque-form-
ing ability on CRMEN 19 at the concentrations used in this
experiment, while another phage strain with a wider bacterial
host range, C33, does form plaques on this bacterial strain.
Treatment of bacteremic animals with phage C33 (group D)
resulted in a 100% survival rate (similar to that observed in the
healthy mice injected with phage [groups A and B]) 20 days
after infection, compared with a survival rate of 50% in the
untreated control mice (group E) (Fig. 4). Post hoc testing
using Fisher’s exact test indicates that group E (50% survival)
is statistically significantly different from each of the 100%
survival groups (groups A, B, and D; P < 0.03).

In contrast, treatment with phage ENB6 resulted in a 20%
survival rate in group C, which was lower than that in the
untreated controls. Post hoc testing using Fisher’s exact test
indicates that group C (20% survival) is statistically signifi-
cantly different from each of the 100% survival groups (groups
A, B, and D; P < 0.0007). The two-by-five chi square compar-
ing the survival rates at day 20 was statistically significant: chi
square = 28.7, df = 4, P < 0.00001. The comparison of group
C (20% survival) to group E (50%) had a Fisher P value of
<0.2.

The lower survival rate observed in mice with E. faecalis
CRMEN 19 bacteremia treated with ENB6 phage was depen-
dent on the amount of phage used. In additional experiments
(not illustrated), CRMEN 19 bacteremic mice treated with the
phage ENB6 preparation at 9 X 10%, 9 X 107, and 9 X 10° PFU
had 6-day survival rates of 30, 30, and 40%, respectively. It
should be noted that phage preparations of ENB6 and C33
were purified to the same degree by CsCl density centrifuga-
tion followed by dialysis with PBS. No adverse effects were
noted when healthy mice were inoculated i.p. with the highest
dose, 9 X 10° PFU, of either phage, as illustrated by the data
for groups A and B in Fig. 4.

Effects of heat-inactivated phage. An experiment was per-
formed to determine whether phage rescue of mice with VRE
bacteremia requires functional phage or whether phage rescue
might be associated with a nonspecific immune activation re-
sponse. Heat-inactivated phage were used to test whether a
functional phage and not a nonspecific immune response is
responsible for the rescue of mice inoculated with a lethal dose
of VRE. Heating at 80°C for 5 min decreased the phage titer
by 1,000-fold, and no viable phage was detected after heating
for 15 or 20 min. As illustrated in Fig. 5, only mice inoculated
with plaque-forming phage had enhanced survival, with 80%
survival at 4 days, while only 10% of the PBS control mice and
10% of the mice injected with heat-inactivated phage survived.
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FIG. 4. Comparison of phage strains ENB6 and C33, which cannot
and can form plaques in vitro on VRE strain CRMEN 19, respectively,
with their ability to rescue mice that are bacteremic with CRMEN 19.
Groups A and B were healthy mice treated with a single i.p. injection
of 9 X 10° PFU of ENB6 and C33, respectively. Groups C and D were
treated with 9 X 10° PFU of ENB6 and C33, respectively, 90 min after
bacterial infection. Group E was an untreated control, injected i.p.
with PBS buffer 90 min after the bacterial challenge instead of phage.
Treatment with phage strain C33 resulted in 100% recovery from
bacteremia. This recovery rate is significantly better than the survival
rates of 20 and 50% for the infected mice treated with ENB6 and with
PBS, respectively.

These results were statistically significant. The chi square with
2 degrees of freedom is 14.7 (P < 0.0006). These statistical
results are the same for the observations made on days 2 and
3 as well, since the data pattern is the same at days 2, 3, and 4.
The animals were monitored for an additional 20 days, and no
changes in their state of health were noted.

Immune response to phage ENB6. After the third in a series
of five monthly injections of phage ENB®6, titers of IgG and
IgM raised against the phage increased above background
3,800-fold and 5-fold, respectively (Fig. 6). IgG levels did not
change substantially after the third injection. No anaphylactic
reactions, changes in core body temperature, or other adverse
events were observed in the mice over the course of these
multiple injections of phage.

Electron microscopy. As seen in Fig. 7, phage ENB6 has a
moderately elongated head, 99.7 nm long and 84.4 nm wide,
and a contractile tail (199.1 nm long). The phage is of the A2
morphotype (1), as observed by negative staining with uranyl
acetate.

INFECT. IMMUN.

DISCUSSION

VRE bacteremia is often lethal for immunocompromised
patients. The bacteria gain entry to the bloodstream from
various sites, e.g., by translocating from (otherwise asymptom-
atic) intestinal colonization, by entry from an infected urinary
tract or from infected skin, and as a result of intra-abdominal
abscesses. We developed an animal model to determine the
potential of phage to cure such VRE bacteremias.

The results obtained in the present experiments are encour-
aging: a single i.p. injection of either of the two higher dosages
of phage ENB6 used in this study (10° and 10® PFU) rescued
100% of VRE bacteremic mice, even if treatment was delayed
up to 5 h. Moreover, even when phage treatment (with the
highest dose) was delayed until all animals were moribund,
approximately half the animals were rescued and went on to
recover completely. The ability of phage to rescue bacteremic
animals was a phage function and not a nonspecific immune
response activation, since rescue was observed with heat-inac-
tivated phage. Furthermore, by comparing phage strains (C33
and ENB6) that can and cannot form plaques in vitro on E.
faecalis CRMEN 19, respectively, it was found that rescue of
CRMEN 19 bacteremic mice was limited to C33, which dis-
played in vitro lytic activity against that bacterial host. The
lower survival rate observed in CRMEN 19 bacteremic mice
treated with phage ENB6 indicates that stressed animals are
more sensitive to various factors, in this case either the phage
itself or trace amounts of endo- and exotoxins present in the
phage preparations. Healthy animals displayed no apparent
reaction to these factors, as shown by the lack of any adverse
effect in the control group inoculated with a high dose of the
ENBG6 phage preparation (Fig. 4).

Each of the above experiments independently demonstrates
the requirement for active phage, that is, phage that are capa-
ble of growing in and lysing the infecting bacterial strain, for
the rescue of animals that are bacteremic with that bacterial
strain. This conclusion was further strengthened by observa-
tions concerning the fate of the bacteria during infections. In
these experiments we observed a 200-fold decrease in blood
bacterial titers in mice treated with phage therapy compared
with blood bacterial titers from the PBS-treated control mice
20 h after initiation of the experiment. In addition, we found
that the blood bacterial titers correlated with the morbidity and
mortality observed in these groups.

The present experiments extend previous studies from our
laboratory, in which a single i.p. injection of the appropriate
phage rescued mice with bacteremic due to E. coli or S. enterica
serovar Typhimurium (11). These experiments also tend to
corroborate a study by Smith and Huggins in which mice were
inoculated with lethal intramuscular or intracerebral injections
of E. coli and a single injection of a coliphage preparation
rescued the animals (15). Interestingly, that study demon-
strated that a single intramuscular dose of phage was more
effective than multiple intramuscular injections of antibiotics,
such as tetracycline, ampicillin, chloramphenicol, or tri-
methoprim plus sulfisoxazole. Levin and Bull extended the
Smith and Huggins study in a population dynamics model
which demonstrated that it was the exponential growth in num-
bers of phage particles that enabled a single injection of phage
to be superior to multiple injections of antibiotics (10). In still
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FIG. 5. Comparison of the ability of phage and nonfunctional heat-inactivated phage to rescue bacteremic mice. One group of 10 mice was
treated with functional (plaque-forming) phage, while the other two groups were treated either with no phage or heat-inactivated phage. Eighty
percent of the bacteremic mice treated with functional phage survived, while only 10% of the mice in each of the other two groups survived. The
animals were monitored for 20 more days, and no changes in their state of health were noted.

other studies, preparations of the appropriate phage have been highly empirical and counterproductive approach that had
able to protect mice and guinea pigs against systemic infections been used by phage practitioners in the early era. In the mod-
with strains of Pseudomonas aeruginosa and Acinetobacter bau- ern era (1980s and 1990s), some rigorously controlled animal
manii and have been able to inhibit the rejection of skin grafts experiments have been conducted (15-17), but the clinical
caused by P. aeruginosa infections (16, 17).

Although phages were discovered nearly a century ago,
Western medicine’s interest in them as therapeutic agents was
relatively short-lived, in part because of the eventual discovery
and immediate success of antibiotics and in part because of the
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FIG. 6. Antibody responses in mice to repeated injections of phage
ENB6. Phage were injected i.p. at the indicated time points. The FIG. 7. Electron micrograph of phage ENB6 negatively stained
resulting titers of anti-ENB6 IgG (@) and IgM (O) antibodies are with uranyl acetate. The phage head is elongated, with a length of 99.7
indicated. nm and width of 84.4 nm. The contractile tail is 199.1 nm in length.
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reports in this same era have been of an anecdotal nature
rather than describing controlled studies (2). The experiments
in the present study represent solutions to many of the prob-
lems that hindered the prior applications of phage therapy. For
example, the relatively narrow host range of most phages,
which caused many of the early attempts at phage therapy to
fail, can be overcome by isolating phages that have a broad
host range within the species being targeted. For example,
phage ENB6 forms plaques on more than 50% of the VRE
isolates tested and inhibits growth of an additional 20%, thus
providing an antibacterial effect against more than 70% of
approximately 100 clinical isolates of VRE taken from diverse
geographic regions in the United States. Reduction of harmful
bacterial debris (containing endo- and exotoxins) often present
in phage preparations was achieved by using cesium chloride
density centrifugation to purify the phage preparations.

While phage ENB6 invokes an immune response in mice,
the antibodies raised over the course of several months of
repeat injections were not associated with anaphylaxis or other
adverse reactions. In any case, these experiments were de-
signed as a model for acute human infections, in which anti-
biotics are no longer effective and a single course of phage
treatment might rescue the patient. If phage are to be em-
ployed repeatedly, e.g., for chronic infections, it may be pos-
sible to use selection and phage display to derive phage vari-
ants that are less prone to induce an immune response.

With the emergence of antibiotic-resistant bacteria, such as
VRE and methicillin-resistant Staphylococcus aureus, there is a
need to explore the potential therapeutic applications of bac-
teriophages. That exploration is facilitated by knowledge
gained during the development of the science of molecular
biology about the mechanisms of phage interactions with bac-
teria. This knowledge, coupled with rigorously controlled ani-
mal models and clinical trials, should permit the rational de-
velopment of phage therapy. In this regard, the inocula of
bacteria used in the animal experiments described in this study
are higher than those normally encountered in clinical situa-
tions. However, the ability of phage to rescue animals infected
with these high titers of bacteria is especially convincing of the
potential of phage as an antibacterial therapeutic agent. Given
the encouraging results of these initial experiments, it may be
useful to develop more sophisticated experiments that portray
normal clinical situations.

The potential of phage therapy has been the subject of
several recent reviews (2, 4, 13, 18), and the present study
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reinforces the view that this potential is worth exploring. We
focused our efforts on VRE because we anticipated that pos-
itive results would demonstrate the potential of this form of
therapy in situations where few alternatives are available to-
day.
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