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ABSTRACT We evaluated the efficacy of escalating doses of exebacase adminis-
tered with subtherapeutic daptomycin exposures against 8 Staphylococcus aureus
isolates in a neutropenic murine thigh infection model. Daptomycin alone resulted
in mean growth of 0.39 � 1.19 log10 CFU/thigh. When administered with daptomy-
cin, exebacase resulted in a mean log10 CFU/thigh reduction of �1.03 � 0.72 (range,
�0.77 � 0.98 to �1.20 � 0.59) across evaluated doses (15 to 90 mg/kg), indicative of
potential in vivo synergy.
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Staphylococcus aureus is a highly opportunistic pathogen associated with increasing
antimicrobial resistance, complicating medical treatment (1, 2). As a result, the

development of alternative strategies to treat these infections is welcome. Exebacase
(formerly, CF-301) is a novel bacteriophage-encoded lysin that achieves rapid bacteri-
cidal activity against S. aureus isolates via D-Ala-Gly endopeptidase activity, resulting in
cell wall hydrolysis (3, 4). Lysins are of great interest because, in nature, as the lytic
enzyme of bacteriophages (i.e., viruses that specifically infect bacteria), they have
evolved to be pathogen specific without disturbing normal flora and have a low
propensity for emergence of resistance (5, 6). Exebacase is manufactured as a purified
protein and is being developed as an adjunctive agent to standard-of-care antibiotics
to treat both methicillin-susceptible (MSSA) and methicillin-resistant (MRSA) S. aureus
bacteremia and endocarditis (NCT03163446) (7). In parallel, robust preclinical testing of
this compound in animal models is a valuable step in characterizing its antimicrobial
activity. The present study was designed to determine the in vivo efficacy of exebacase
alone and in combination with daptomycin against S. aureus isolates in a murine thigh
infection model.

Eight S. aureus (1 MSSA, 7 MRSA) clinical isolates were utilized in the studies (Table
1). The MICs of daptomycin were determined in triplicate using CLSI broth microdilu-
tion methodology (8). The MICs of exebacase were determined in both 100% human
and 100% ICR mouse (non-heat inactivated) serum for all isolates, as previously
described (9). Notably, the impact of serum on exebacase activity has been observed to
be similar with and without heat inactivation. Daptomycin MICs ranged from 0.25 to
0.5 �g/ml; all isolates demonstrated in vitro susceptibility according to CLSI breakpoints
(8). Exebacase MICs of the isolates ranged from 0.5 to 2 �g/ml in human serum and
from 16 to 128 �g/ml in mouse serum.

The neutropenic murine thigh model study was conducted as previously published
(10). Female ICR mice (Envigo RMS, Inc., Indianapolis, IN) were utilized in the study, and
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the protocol was approved by the Hartford Hospital Institutional Animal Care and Use
Committee. Untreated control mice (3 per group) were sacrificed 2 h postinoculation to
assess initial bacterial burden. Two hours postinoculation, treated mice (3 per group)
received daptomycin alone, daptomycin plus 6 escalating doses of exebacase (15 to
90 mg/kg), or exebacase alone (90 mg/kg) subcutaneously. To ascertain the impact of
dosing frequency on exebacase efficacy, dose fractionation studies were conducted
using exebacase total daily doses of 75 and 90 mg/kg; doses were administered once
(q24h) or three (q8h) times over a 24-h period. Control animals received the diluent
vehicle (saline) with the same volume and schedule as those for the most frequently
dosed regimen. Treated and 24-h control mice (3 per group) were sacrificed at the end
of the study period, and thighs were harvested aseptically.

A previously developed human-simulated murine dosing regimen of daptomycin
was utilized (10). This regimen in mice provided an area under the free drug
concentration-time curve (AUC) over 24 h (fAUC0 –24) similar to those achieved in
healthy volunteers receiving daptomycin 6 mg/kg daily as described in the daptomycin
package insert (11). In the current study, use of daptomycin alone resulted in significant
bacterial reductions among all isolates given their susceptible MICs. To obtain a
daptomycin regimen appropriate for evaluating synergy, daptomycin dose-ranging
studies were performed to obtain a regimen that yielded stasis or growth of the isolates
at 24 h. The relationship between daptomycin fAUC0-24/MIC and efficacy was deter-
mined for each isolate using the sigmoidal maximum effect (Emax) inhibitory model
(WinNonlin version 5.0.1; Pharsight Corp., Mountain View, CA). The final daptomycin
regimen provided a fAUC0 –24 equivalent to 5% to 8% of that achieved in humans
receiving daptomycin 6 mg/kg daily and was administered alone or in combination
with exebacase in subsequent studies. Efficacy was quantified by the change in
bacterial density in log10 CFU/thigh obtained in the mice after 24 h relative to that in
0-h control mice. Student’s t test was used to compare antimicrobial efficacy between
regimens, and a P value of �0.05 was defined as statistically significant.

In vivo, 0-h control mice displayed a mean log10 CFU/thigh � standard deviation of
5.77 � 0.25, which increased to 8.28 � 0.47 log10 CFU/thigh at 24 h, across all 8 isolates
examined. Relative to that in 0-h controls, the mean bacterial growth at 24 h across all
isolates in the daptomycin monotherapy treatment group was 0.39 � 1.19 log10 CFU/
thigh. Exebacase 15 mg/kg alone resulted in a mean growth of 0.76 � 1.24 log10

CFU/thigh, whereas exebacase 90 mg/kg alone resulted in a �0.26 � 1.25-log10 CFU/
thigh reduction. The addition of exebacase 15 mg/kg to daptomycin resulted in a
�1.03 � 0.75-log10 CFU/thigh reduction, and higher exebacase doses did not yield
further killing, with a mean log10 CFU/thigh reduction of �1.03 � 0.72 (range,
�0.77 � 0.98 to �1.20 � 0.59 log10 CFU/thigh reduction) across the range of doses.
Bacterial density results for each isolate are depicted in Fig. 1. Overall, varying the

TABLE 1 Phenotypic profiles of S. aureus isolates utilized in in vivo efficacy studies

Organism Strain

MIC (�g/ml) for:

Daptomycina

Exebacase in:

Murine serumb Human serumc

STA 513 MRSA/LRSAd 0.5 64 0.5
STA 514 MRSA 0.5 16 0.5
STA 516 MRSA 0.5 128 1
STA 517 MRSA 0.5 32 2
STA 518 MRSA 0.25 64 0.5
STA 520 MRSA 0.5 128 0.5
STA 521 MRSA 0.5 128 0.5
STA 523 MSSA 0.5 128 0.5
aDetermined in Mueller-Hinton broth supplemented with calcium to a final concentration of 50 �g/ml.
bSource: Envigo, pooled, female ICR murine serum (lot FLD170029).
cSource: Sigma-Aldrich, pooled, male, type AB, from plasma (lot SLBS3701).
dLRSA, linezolid-resistant Staphylococcus aureus.
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exebacase dosing frequency had no impact on efficacy, as shown in Table 2, consistent
with AUC/MIC being the pharmacodynamic driver of exebacase efficacy (12).

The results of our in vivo study support reports demonstrating exebacase synergistic
activity (13–15). In a MRSA septicemia model in which a high bacterial inoculum was
chosen to render doses of standard-of-care antibiotics minimally efficacious, mice were
inoculated intraperitoneally with 1 � 109 CFU and treated 2 h later with exebacase,
daptomycin, or a combination of the drugs. At the 72-h endpoint, treatment with
exebacase alone resulted in 17% to 50% survival, whereas treatment with daptomycin
alone resulted in 7% to 31% survival. In contrast to these monotherapies, the addition
of exebacase to daptomycin improved survival to 82% to 90% (14). In a recently
completed checkerboard assay, exebacase demonstrated synergy when added to
either daptomycin or vancomycin against isolates utilized in the current study (15).

Exebacase activity has been found to be potentiated by host serum factors, resulting
in more enhanced bactericidal activity in some species (i.e., humans and rabbits) than
in others (i.e., mice and rats), and may reflect a complex interaction of lysin and host
albumin, lysozyme, and lipids (16). Indeed, exebacase exhibited substantially greater in
vitro potency (32- to �100-fold) in human, rabbit, and dog serum than with conven-
tional Mueller-Hinton broth and rodent serum (16). For in vivo validation, Indiani et al.
(16) demonstrated that �100-fold-higher doses (exebacase 10 mg/kg) were required in
the rat infective endocarditis model than in the rabbit model (exebacase 0.09 to

FIG 1 Mean change in log10 CFU/thigh � SD at 24 h relative to that of 0-h controls with daptomycin alone (DAP), exebacase alone (EXE), and escalating
exebacase doses plus daptomycin.

TABLE 2 Efficacy of fractionated doses of exebacase plus subtherapeutic daptomycin humanized exposure at 24 h versus that in 0-h
controls in infected mice

Isolate

Change (mean log10 CFU/thigh � SD) with exebacase
dose of:

Change (mean log10 CFU/thigh � SD) with exebacase
dose of:

25 mg/kg q8h 75 mg/kg q24h P value 30 mg/kg q8h 90 mg/kg q24h P value

STA 513 �1.69 � 0.44 �1.49 � 0.3 0.379 �1.72 � 0.36 �1.37 � 0.34 0.114
STA 514 �1.12 � 0.34 �1.12 � 0.13 1.000 �1.04 � 0.14 �0.87 � 0.26 0.189
STA 516 �1.17 � 0.72 �0.57 � 1.39 0.370 �1.51 � 0.35 0.13 � 1.2 0.009a

STA 517 �1.5 � 0.08 �1.23 � 0.7 0.370 �1.27 � 0.24 �1.45 � 0.24 0.223
STA 518 �0.59 � 1.03 �1.13 � 0.27 0.242 �1.02 � 1.2 �1.01 � 1.25 0.989
STA 520 �0.26 � 1.41 �0.95 � 0.15 0.261 0.6 � 1.17 0.13 � 1.28 0.522
STA 521 �1.09 � 0.39 �0.84 � 0.15 0.174 �1.16 � 0.24 �1.1 � 0.22 0.661
STA 523 �0.93 � 0.92 �0.7 � 0.97 0.682 �0.4 � 1.13 �0.59 � 0.98 0.762
aStatistically significant.
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0.18 mg/kg) to demonstrate comparable efficacy, consistent with doses utilized in the
current murine study. Studies are under way to further elucidate this novel synergistic
mechanism among species.

Our findings are significant because S. aureus remains a primary cause of life-
threatening infections (2). Exebacase, a potential first-in-class antimicrobial agent, used
in combination with daptomycin was synergistic against S. aureus in a murine thigh
infection model. These data support a role for adjunctive treatment in the management
of S. aureus infections.
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