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Exebacase Demonstrates In Vitro Synergy with a Broad Range
of Antibiotics against both Methicillin-Resistant and
Methicillin-Susceptible Staphylococcus aureus
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ABSTRACT In vitro synergy between an antimicrobial protein lysin (cell wall hydro-
lase) called exebacase and each of 12 different antibiotics was examined against
Staphylococcus aureus isolates using a nonstandard medium approved for exebacase
susceptibility testing by the Clinical and Laboratory Standards Institute. In the check-
erboard assay format, fractional inhibitory concentration index values of =0.5, con-
sistent with synergy, were observed for the majority of interactions tested. Synergy
was further confirmed in time-kill assays.
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irect lytic agents, including lysins, represent a new modality to address the unmet

need arising from antibiotic resistance (1). Lysins are recombinantly produced cell
wall hydrolase enzymes that rapidly kill target bacteria via cell wall hydrolysis and
concomitant osmotic lysis. Notable features of the lysin class, in particular that of the
antistaphylococcal lysin exebacase, include rapid and species-specific bactericidal ef-
fects, potent antibiofilm activity, a low propensity for resistance, and synergy with
antibiotics (1-5). Importantly, exebacase recently became the first lysin to have results
reported from a phase 2 clinical trial, which demonstrated 42.8% higher clinical
responder rates with a single dose of exebacase used in addition to standard-of-care
antibiotics compared with standard of care alone for the treatment of methicillin-
resistant Staphylococcus aureus (MRSA) bacteremia, including endocarditis (6).

The synergistic capacity of lysins is particularly compelling and holds prospects
for extending the antimicrobial activities of coadministered agents to below their
single-agent MICs and, thereby, potentiating bactericidal effects (1, 2, 7). Previous
in vitro demonstrations of synergy with exebacase were limited to daptomycin and
vancomycin using antimicrobial susceptibility testing (AST) media approved for use
with these antibiotics, including cation-adjusted Mueller-Hinton broth (CAMHB) with
and without supplementation with Ca2™ to a final concentration of 50 ug/ml, respec-
tively (2, 8, 9). The effectiveness of exebacase added to daptomycin or vancomycin was
further confirmed in vivo in the neutropenic mouse thigh infection and rabbit infective
endocarditis models (2, 5). In the current work, analysis of in vitro synergy was extended
to a group of 12 antistaphylococcal antibiotics in both checkerboard and time-kill assay
formats, using a nonstandard AST medium-developed exebacase and comprised of
CAMHB supplemented with horse serum (Sigma-Aldrich) and pi-dithiothreitol (Sigma-
Aldrich) to final concentrations of 25% and 0.5 mM, respectively (4, 10). The medium,
referred to as CAMHB-HSD, was previously validated in a Clinical Laboratory and
Standards Institute (CLSI) M23-A3 quality control (QC) study, which demonstrated
the reproducibility of exebacase MICs and established QC ranges that were ac-
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TABLE 1 Mean FICI values of exebacase used in addition to antibiotics in CAMHB-HSD
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FICA scores with:?

Designation® Resistance  DAP VAN NAF OXA CFZ TLV AZM CLI GEN LNZ LVX SXT

ATCC BAA-1718  MSSA 0.500 0.250 0.375 0.500 0.250 0.500 0.375 0.500 1.031 0.500 1.000 0.508
NRS 107 MSSA 0.500 0.500 0.500 0.375 0.500 0.500 0.312 0.375 0.508 0.750 0.516 1.031
NRS 143 MSSA 0.500 0.500 0.500 0.500 0.750 0.500 0.312 0.500 1.031 0.503 1.000 1.031
NRS 112 MSSA 0.750 0.250 0.500 0.312 0.500 0.250 0.500 0.375 1.031 0.625 1.031 0.625
NRS161 MSSA 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.750 0.500 0.625 0.750
NRS111 MSSA 0.500 0.625 0.250 0.375 0.500 0.500 0.375 0.500 0.625 0.375 1.000 0.750
ATCC 29213 MSSA 0.375 0500 0312 0.312 0.500 0.750 0.500 0.375 1.031 0.625 0.750 0.516
ATCC 49521 MSSA 0.500 0.500 0.375 0.500 0.500 0.500 0.500 0.375 0563 0.500 0.750 1.031
JMI 2559 MSSA 0.375 0500 0.250 0.315 0.500 0.500 0.500 0.500 0.500 0.625 0.563 1.031
JMI 3126 MSSA 0.500 0.625 0.250 0.375 0.500 0.625 0.375 0.500 0.500 0.625 1.031 1.031
NRS 271 MRSA 0.254 0.500 0.250 0.563 0.500 0.500 0.313 0.375 1.063 0.531 0.625 1.031
NRS 100 MRSA 0375 0500 0313 0500 0.500 0.500 0.313 0.375 0.375 0.500 1.031 0.750
ATCC 43300 MRSA 0.500 0375 0375 0375 0313 0500 ND 1.031 1.031 0.750 1.031 0.531
ATCC BAA-44 MRSA 0.500 0.500 0.375 0375 0.375 1.031 0.375 0.500 1.031 0.750 0.500 0.750
CAIRD 456 MRSA 0.500 0.500 0375 0.313 0.313 0.500 0.500 0.250 0.500 0.500 0.563 0.750
JMI 227 MRSA 0.500 0.281 0375 0375 0.500 0.500 0.500 0.375 0.508 0.625 1.000 0.750
JMI 1280 MRSA 0375 0313 0500 0.156 0.188  0.750 ND 0.500 1.000 0.500 1.000 1.000
JMI 4789 MRSA 0.375  0.281 0375 0375 0.500 0.500 0.375 0.375 0508 0.500 0.750 0.504
Mw2 MRSA 0.500 0.515 0.250 0.375 0.500 1.031 0.375 0.500 0.750 0.625 1.000 1.031
ATCC 33591 MRSA 0.500 0.500 0.500 0.500 0.250 0.504 ND 0.500 1.000 0.375 1.000 0.508

aMean FIC| values were calculated based on the individual FICI values observed by row over at least 3 consecutive rows on each checkerboard panel. The FICI values
are consistent with the following interactions: synergy, =<0.5 (bold); additivity, >0.5 to =1 (italic); no interaction (indifference) >1 to =4 (shaded); antagonism, >4.

ND, not determined; DAP, daptomycin; VAN, vancomycin; NAF, nafcillin; OXA, oxacillin; CFZ, cefazolin; TLV, telavancin; AZM, azithromycin; CLI, clindamycin; GEN,

gentamicin; LNZ, linezolid; LVX, levofloxacin; SXT, sulfamethoxazole-trimethoprim.
bThe bacterial strains are described in Table S2 in the supplemental material.

cepted by CLSI in January 2017 (11; https://clsi.org/education/microbiology/ast/ast
-meeting-files-resources/).

To inform concentration selection in synergy assays, MICs of each agent were first
determined by broth microdilution against each of 10 methicillin-susceptible S. aureus
(MSSA) and 10 MRSA strains. Exebacase MICs in CAMHB-HSD ranged from 0.25 to
1 ng/ml for all strains tested (see Table S1 in the supplemental material), including
the S. aureus QC strain ATCC 29213, for which a QC range of 0.25 to 2 ug/ml was
previously determined in the CLSI M23-A4 studies (11). For the antibiotics, MICs were
determined in both CAMHB-HSD and the standard AST medium described in CLSI
documents M100-A28 and M07-A11 (8, 9). Each antibiotic was active in CAMHB-HSD
(see Fig. S1 in the supplemental material); and, for all strains tested, the MICs of
daptomycin, vancomycin, nafcillin, oxacillin, cefazolin, gentamicin, linezolid, levofloxa-
cin, and sulfamethoxazole-trimethoprim were identical to or within one 2-fold dilution
of values determined in the standard media (Table S1). Importantly, all antibiotic MICs
against QC strain ATCC 29213 were within CLSI-acceptable QC ranges (9). For telavancin
and clindamycin, activity was diminished in CAMHB-HSD compared with standard
media (by greater than two 2-fold dilutions); azithromycin, on the other hand, was more
active in CAMHB-HSD than in standard media (by less than two 2-fold dilutions).

Based on the single-agent MIC values determined in CAMHB-HSD, exebacase was
tested in addition to each of 12 antibiotics against the 10 MSSA and 10 MRSA strains
using a standard checkerboard assay format (2, 12). Mean fractional inhibitory concen-
tration index (FICI) values were calculated based on the individual FICI values observed
by row over at least three consecutive rows on each checkerboard panel examined. The
activity inferred from the resulting FICI values was assessed according to the following
criteria: synergy, =<0.5; additivity, >0.5 to =1; no interaction (indifference), >1 to =4;
antagonism, >4. Synergy was the primary interaction observed for exebacase in
addition to daptomycin, vancomycin, nafcillin, oxacillin, cefazolin, telavancin, linezolid,
azithromycin, or clindamycin (Table 1). For this group, 87% (154/177) of the interactions
tested were synergistic, 11.3% were additive (20/177), and 1.7% (3/177) were indiffer-
ent. For exebacase in addition to gentamicin, levofloxacin, or sulfamethoxazole-
trimethoprim, the primary interaction observed was additivity. For this group, 6.7%
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TABLE 2 FICI values of exebacase used in addition to antibiotics in human serum
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FICI scores with:?

Designation Resistance DAP VAN NAF OXA CFZ TLV AZM CLI GEN LNZ LVX SXT

NRS111 MSSA 0.375 0.500 0.563 0.625 0.375 0.500 0.500 0.500 0.625 0.500 0.500 1.031
ATCC 29213 MSSA 0.375 0.500 0.500 0.313 0.500 0.500 0.375 0.250 1.000 0.500 0.375 1.000
ATCC 49521 MSSA 0.375 0.375 0.500 0.507 0.500 0.500 0.375 0.250 0.508 0.375 0.500 0.750
JMI 2559 MSSA 0.375 0.375 0.500 0.500 0.313 0.375 0.375 0.250 1.000 0.375 0.500 1.031
JMI 3126 MSSA 0.500 0.375 0.500 0.500 0.500 0.375 0.375 0.313 1.000 0.375 0.500 1.031
ATCC 43300 MRSA 0.250 0.500 0.625 0.500 0.375 0.500 0.500 ND 0.750 0.500 0.500 1.031
JMI 227 MRSA 0.375 0.500 0.563 0.250 0.500 0.500 0.500 0.375 1.000 0.500 0.500 1.000
JMI 1280 MRSA 0.313 0.375 ND ND ND 0.375 0.500 ND 0.750 0.500 0.500 0.625
JMI 4789 MRSA 0.250 0.375 0.375 0.375 0.313 0.375 0.375 0.313 0.625 0.375 0.563 1.000
MW2 MRSA 0.375 0.500 0.313 0.250 0.313 0.5 0.375 0.500 1.000 0.5 0.563 1.000

aMean FIC| values were calculated based on the individual FICI values observed by row over at least 3 consecutive rows on each checkerboard panel. The FICI values
are consistent with the following interactions: synergy, =0.5 (bold); additivity, >0.5 to =1 (italic); no interaction (indifference) >1 to =4 (shaded); antagonism, >4.

(4/60) of the interactions were synergistic, 60% (36/60) were additive, and 33.3% (20/60)
were indifferent. Importantly, no antagonism was observed. Furthermore, we observed
no overall differences in activities against the MSSA and MRSA isolate sets. For the 10
MSSA isolates, 66.6% (80/120) of the interactions tested were synergistic, 24.2% (29/
120) were additive, and 9.2% (11/120) were indifferent. For the 10 MRSA isolates, 66.6%
(78/117) of the interactions were synergistic, 23.1% (27/117) were additive, and 10.3%
(12/117) were indifferent.

Checkerboard assays were performed using 100% human serum as the AST medium
against 5 MRSA and 5 MSSA strains. Human serum (from pooled male type AB plasma,
U.S. origin, sterile filtered; Sigma-Aldrich) was used to confirm synergy in a physiolog-
ically relevant medium, considering the intended clinical use of exebacase as an
intravenously administered antimicrobial agent (5). We have previously shown that S.
aureus AST can be performed in human serum, providing MIC determinations by broth
microdilution with clear endpoints (4, 5; https://clsi.org/education/microbiology/ast/ast
-meeting-files-resources/). MICs determined in human serum are, furthermore, equiv-
alent to those determined in CAMHB-HSD (5, 13). The mean FICI values for exebacase
plus each of 12 antibiotics, determined in human serum, are described in Table 2 and
are consistent with synergy in 92.6% (88/95) of checkerboards (92.6%) with daptomy-
cin, vancomycin, nafcillin, oxacillin, cefazolin, telavancin, azithromycin, clindamycin,
linezolid, and levofloxacin. Exebacase used with gentamicin and sulfamethoxazole-
trimethoprim were additive in 100% (20/20) of checkerboards tested, with FICI values
of 0.508 to 1.031. Synergy was detected for 78.3% (47/60) of the assays tested against
MSSA and 74.5% (41/55) of the assays tested against MRSA. No antagonism was
observed.

As an independent confirmation of synergy, we examined the activity of exebacase
added to two of the antibiotics, daptomycin and vancomycin, against a set of five S.
aureus isolates following the time-kill assay format described by CLSI (10), with the
exception of using CAMHB-HSD as the testing medium. The addition of 0.25X MIC
exebacase to 0.25X MIC of either daptomycin or vancomycin resulted ina =2-log;,
decrease in CFU/ml compared with combined single-agent values for all strains tested
(Fig. 1). The findings were consistent with synergy in each case and consistent with
results from the checkerboard titrations.

Overall, this study provides the first description of the notable breadth of synergy for
exebacase with a wide range of antibiotics. Our results support the concept of using
direct lytic agents, such as exebacase, in addition to antibiotics as a novel treatment
paradigm to address the unmet need for more effective antimicrobial strategies in an
environment of increasing antibiotic resistance. The clinical effectiveness of exebacase
added to standard-of-care antibiotics (primarily vancomycin and daptomycin) may
certainly be attributable to the notable synergy observed in the current report. Al-
though the exact mechanisms of synergy remain to be identified, it is notable that the
strongest synergy was observed for exebacase plus antibiotics targeting the cell
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FIG 1 Time-kill curves for S. aureus strains NRS 271, ATCC 43300, ATCC 33591, CAIRD 456, and NRS 161 using exebacase (EXE) plus daptomycin (DAP) or
vancomycin (VAN), as indicated. Each agent was tested alone and in combination at 0.25X the MIC value determined in CAMHB-HSD. In each experiment,

the threshold of detection was 2.2 log,, CFU/ml. All data points were an average of duplicate time points within an experiment, and the assay was repeated
at least twice independently.

envelope, including daptomycin, vancomycin, nafcillin, oxacillin, cefazolin, and telavan-
cin. Based on the cell wall hydrolytic activity of exebacase and our previous observa-
tions of enhanced labeling of staphylococci with BODIPY-daptomycin in the presence
(but not absence) of exebacase (2), synergy may be the result of lysin-mediated
destabilization of the cell wall and concomitant improvement of antibiotic access to
and/or activity at cell wall targets.

Importantly, no differences were noted in the synergy observed with MSSA or MRSA
isolate groups. Of particular note was the synergy between exebacase and the B-lactam
antibiotics (i.e., nafcillin, oxacillin, and cefazolin) against MRSA strains, which are
resistant to these antibiotics. Such synergy may reflect a potential “resensitizing effect,”
i.e, lowering of the MRSA B-lactam MICs into the CLSI susceptible range. Such a
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resensitizing effect against MRSA will be examined in future in vitro and in vivo
experiments.
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