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ANTIBIOTICS

Semisynthetic guanidino lipoglycopeptides with potent
in vitro and in vivo antibacterial activity
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Gram-positive bacterial infections present a major clinical challenge, with methicillin- and vancomycin-resistant
strains continuing to be a cause for concern. In recent years, semisynthetic vancomycin derivatives have been
developed to overcome this problem as exemplified by the clinically used telavancin, which exhibits increased
antibacterial potency but has also raised toxicity concerns. Thus, glycopeptide antibiotics with enhanced anti-
bacterial activities and improved safety profiles are still necessary. We describe the development of a class of
highly potent semisynthetic glycopeptide antibiotics, the guanidino lipoglycopeptides, which contain a posi-
tively charged guanidino moiety bearing a variable lipid group. These glycopeptides exhibited enhanced in vitro
activity against a panel of Gram-positive bacteria including clinically relevant methicillin-resistant Staphylococcus
aureus (MRSA) and vancomycin-resistant strains, showed minimal toxicity toward eukaryotic cells, and had a low
propensity for resistance selection. Mechanistically, guanidino lipoglycopeptides engaged with bacterial cell
wall precursor lipid Il with a higher binding affinity than vancomycin. Binding to both wild-type p-Ab- p-Ah lpid

Il and the vancomycin-resistant p-Ala-p-Lac variant was confirmed, providing insight into the enhanced activity of
guanidino lipoglycopeptides against vancomycin-resistant isolates. The in vivo efficacy of guanidino lipoglyco-
peptide EVG7 was evaluated in a S. aureus murine thigh infection model and a 7-day sepsis survival study, both
of which demonstrated superiority to vancomycin. Moreover, the minimal to mild kidney effects at suprathera-
peutic doses of EVG7 indicate an improved therapeutic safety profile compared with vancomycin. These findings
position guanidino lipoglycopeptides as candidates for further development as antibacterial agents for the treat-

ment of clinically relevant multidrug-resistant Gram-positive infections.

INTRODUCTION

Antimicrobial resistance poses a major threat to human health and is
driven by the rise in multidrug-resistant bacteria coupled with the
steep decrease in antibiotic drug discovery (I, 2). Infections with
Gram-positive pathogens such as methicillin-resistant Staphylococcus
aureus (MRSA) are increasingly responsible for both community- and
hospital-acquired infections that result in substantial morbidity and
mortality (I-4). For decades, the glycopeptide antibiotic vancomycin
(1, fig. S1) has been used to effectively treat infections due to MRSA
and other Gram-positive pathogens. In recent years, however, a vari-
ety of vancomycin-resistant clinical isolates have been reported. These
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strains include vancomycin-intermediate S. aureus (VISA), with a
minimum inhibitory concentration (MIC) of 4 to 8 pg/ml; heterore-
sistant VISA, which is largely susceptible with a subpopulation of
resistant species; and vancomycin-resistant S. aureus (VRSA), with an
MIC of >16 pg/ml (3, 4). Also of note are organisms that exhibit mod-
erate reductions in vancomycin susceptibility (increased MIC from
<1to 1.5 to 2 pg/ml), a phenomenon known as MIC creep, for which
the associated impact on clinical outcomes remains a topic of debate
(4, 5). In addition to the increasing difficulties faced in treating
S. aureus infections, vancomycin-resistant enterococci (VRE) have
emerged as a serious clinical challenge against which vancomycin is of
no use. It is now estimated that 30% of all health care-associated en-
terococcal infections are resistant to vancomycin (2). As noted in a
2019 US Centers for Disease Control and Prevention (CDC) report,
infections due to MRSA and VRE total nearly 400,000 per year and
account for half of all antimicrobial resistance—associated deaths
in the United States (2). In Europe, MRSA and VRE cause approxi-
mately 170,000 infections annually and are implicated in 25% of an-
timicrobial resistance-related deaths (6). In more recent studies,
antimicrobial resistance accounted for 1.27 million deaths worldwide
in 2019, with drug-resistant Gram-positive species S. aureus and
Streptococcus pneumoniae alone being responsible for a combined
0.5 million annual deaths (7).

In susceptible strains, vancomycin targets the cell wall precursor
lipid IT by binding to the p-Ala-p-Ala terminus of the pentapeptide
by a defined network of five hydrogen bonds. This interaction
effectively sequesters lipid II and prevents it from being further
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incorporated into the growing peptidoglycan by bacterial trans-
peptidases and transglycosylases, which in turn leads to inhibition
of cell wall biosynthesis. This interference with peptidoglycan po-
lymerization results in compromised bacterial cell wall integrity
and subsequent cell lysis (8-11). High resistance to vancomycin is
achieved by target modification, wherein the p-Ala-D-Ala termini
of peptidoglycan intermediates are mutated to p-Ala-Dp-Lac/Ser.
The introduction of the corresponding depsipeptide motif in p-Ala-
D-Lac mutants results in loss of one hydrogen bond and repulsive
electrostatic interactions, which are associated with a >1000-fold
reduction in binding affinity, rendering vancomycin ineffective (12,
13). Resistance to vancomycin is predominantly due to acquisition
of the vanA and vanB gene clusters leading to p-Ala-p-Lac incor-
poration (14, 15). However, reduced vancomycin susceptibility
can also occur in the absence of a dedicated gene cluster. Such
vancomycin-intermediate and vancomycin-resistant strains are in-
stead characterized by a thickened cell wall and decreased autolytic
activity, leading to an increased abundance of p-Ala-p-Ala motifs
that effectively trap vancomycin, thereby allowing for continued
growth of the peptidoglycan layer (4, 8, 16, 17).

In response to the rise of vancomycin resistance, the lipopep-
tide daptomycin and the oxazolidinone linezolid were both intro-
duced to the clinic in the early 2000s. However, strains of MRSA
and VRE resistant to both antibiotics arose shortly thereafter (18-
21). In parallel, next-generation glycopeptide antibiotics were ac-
tively pursued, starting with the natural product teicoplanin (2)
(fig. S1), which was approved for use in Europe in 1998 but is not
used in the North American market (11). The structure of teico-
planin differs from that of vancomycin, most notably because of
the presence of a hydrophobic acyl tail that is associated with its
enhanced antibacterial activity. This in turn spawned interest in
semisynthetic lipoglycopeptides, including telavancin (3), dalba-
vancin (4), and oritavancin (5) (fig. S1), which were all subse-
quently developed and approved for clinical use between 2009 and
2014 (11). Although these semisynthetic glycopeptides exhibit
more potent antibiotic activity than vancomycin, telavancin was
recently issued a black-box warning from the US Food and Drug
Administration because of its associated toxicity concerns (22). In
addition, dalbavancin and oritavancin display unusual pharmaco-
kinetic (PK) properties with half-lives of multiple days, allowing
for once-weekly dosing (23). Furthermore, these semisynthetic li-
poglycopeptides are known to have poor aqueous solubility (24,
25), a practical yet important characteristic for clinically used
agents. Therefore, the development of glycopeptide antibiotics
with improved antibacterial activity and PK and safety profiles
continues to be of great importance (26).

Strategies have been described in recent years for pursuing gly-
copeptide antibiotics with enhanced properties (11, 27-47), rang-
ing from total synthesis approaches aimed at vancomycin backbone
modification to overcome resistance (40-46) to semisynthetic strat-
egies typically involving the introduction of positively charged mo-
tifs or hydrophobic moieties (29-40) as well as antibiotic hybrids
(27-29). In particular, the addition of positively charged functional
groups to vancomycin to improve antibacterial activity has been
described (31-34). Given our previous synthesis of biologically
active compounds containing substituted guanidine groups (48-51),
we hypothesized that the introduction of a guanidinium motif at the
vancosamine site in vancomycin might provide semisynthetic glyco-
peptides with enhanced properties. Here, we report the development

van Groesen et al., Sci. Transl. Med. 16, eabo4736 (2024) 7 August 2024

of guanidino lipoglycopeptides, a promising class of semisynthetic
vancomycin derivatives containing lipidated guanidine moieties that
show activity against a variety of Gram-positive bacteria in vitro as
well as in vivo, with low propensity for resistance and favorable toxic-
ity profiles.

RESULTS

Design, synthesis, and in vitro evaluation of

guanidino lipoglycopeptides

The synthetic route devised for the preparation of guanidino lipo-
glycopeptides relies on selective modification of the vancosamine
nitrogen in vancomycin by reductive amination (fig. S2), which is
known to be an effective means of modifying this site (11, 31). The
aldehyde building blocks required to introduce the lipidated guani-
dine moiety were prepared using a robust and modular building
block approach. Specifically, the lipidated guanidino group was pre-
pared as the corresponding Alloc-carbamate protected species and
linked to an aromatic aldehyde providing the reactive handle for the
reductive amination step. After subsequent Alloc group removal,
the guanidino lipoglycopeptides were purified by high-performance
liquid chromatography (HPLC). In this way, guanidino lipoglyco-
peptides EVG6 to EVG20 were prepared incorporating a diverse
panel of lipid tails, including linear, branched, unsaturated, aromat-
ic lipids (Fig. 1). Representative chemical characterization of EVG7
is provided in fig. S3 and tables S1 and S2.

Antibacterial activities of EVG6 to EVG20 were assessed in broth
microdilution assays (Table 1). Growth medium was supplemented
with 0.002% polysorbate 80 (P80), as recommended for clinical
lipoglycopeptide antibiotics (such as dalbavancin and oritavancin)
(52-54). MICs determined in the absence of P80 confirmed the need
for P80 supplementation (table S3). Most compounds were highly ef-
fective against an initial panel of Gram-positive pathogens, with ac-
tivities superior to vancomycin and other clinically used glycopeptide
antibiotics. The most potent compounds were >100-fold more active
than vancomycin against methicillin-sensitive S. aureus (MSSA) and
MRSA and even >1000-fold more active against VISA. Furthermore,
against MRSA and VISA, the most active guanidino lipoglycopep-
tides exhibited MICs >8-fold and >30-fold lower than those observed
for the most potent clinically used glycopeptides (oritavancin and
telavancin, respectively). In addition, most candidates were >100-fold
more active than vancomycin against VRSA, with some showing en-
hancements as high as 2000-fold. In the case of VRE with the VanA
phenotype, the compounds showed increased potencies of up to
1000-fold compared with vancomycin and as high as 16,000-fold
against VanB-type VRE isolates. In addition, the most potent guanid-
ino lipoglycopeptides were >50-fold more active than vancomycin
against vancomycin-sensitive enterococci (VSE) and S. pneumoniae.
Candidate compounds were further assessed against a broader panel
of MRSA, VISA, VRSA, and VRE (Enterococcus faecalis) strains, again
demonstrating superior activity relative to vancomycin and equipo-
tent or superior activity to the other clinically relevant glycopeptides
(table S4). Six of the most potent candidates (EVG7, EVGS, EVGY,
EVG14, EVG16, and EVG18) were selected for further assessment
against 30 different VRE isolates, revealing MICs, and MICq, values
ranging from 0.031 to 1.0 and 0.5 to 8.0 pg/ml, respectively (table S5).
EVG7, EVG14, and EVG18 were further evaluated against a panel
of 30 genetically diverse MRSA and BORSA (borderline oxacillin-
resistant S. aureus) clinical isolates, including several LA-MRSA
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Compound R! R2 Whereas the C;q monosubstituted EVG10
Lipid(s) was more active than the C¢ monosub-
2 1 EVG6 n-CgHy3 H .
R? R stituted EVGS6, the trend was reversed
EVG7 n-C7Hss H for the bis-substituted analogs. In this
EVGS n-CgHy7 H case, the Cg bis-lipidated EVG14 was
gj Linker EVG9 n-CgHyg H much more potent than the Cjg bis-
EVG10 -CooHls H 11p1flated EVGI5, .w.1th the latter al.so
Vancomycin core having reduced activity compared with
EVG1 n-CyaHas H vancomycin. In addition to mono- and
EVG12 1-CaaHag H bis-substitution with linear aliphatic
a OH EVG13 n-C4Hg n-CqHq lipids, we explored the introduction of
° EVG14 n-CeHrs n-CeHis more exotic lipids including branched,
OH unsaturated, aromatic, and adamantyl-
o 4 o u EVG15 n-CoHaq n-CqoHa1 . ¥
N JU N NN based substituents (compounds EVG16
H Ho o ¢ EVG16 Ger H to EVG20). In general, these analogs
o \( EVG17 Far H were also highly active, with EVG16 to
NH, . .

EVG18 CH,-CBP H EVG18 performing particularly well

EVG19 TcD H against vancomycin-resistant strains.

Serum reversal and
Guanidino lipoglycopeptides EVG20 CHp-TCD H hemolytic activity

The activity of compounds containing

CH,-CBP

\(\M\
Ger

MM(HC'V@VQ

large hydrophobic groups can be af-
fected by nonspecific interactions with
serum proteins (55, 56). Thus, we ex-

CH,-TCD amined the antibiotic activity of gua-

Fig. 1. Structures of guanidino lipoglycopeptides EVG6 to EVG20 prepared in the present study. Guanidine

moiety (green) and the various lipid tails (blue) are shown.

(livestock-associated MRSA) and HO-MRSA (hospital-onset MRSA)
strains (table S6). We consistently found that guanidino lipoglycopep-
tides had superior activity (MICgy = 0.031 to 0.063 pg/ml) to vanco-
mycin (MICgy = 1 pg/ml) and equipotent activity to dalbavancin
(MICgy = 0.031 to 0.063 pg/ml). Against an expanded panel of VISA
and VRSA strains, EVG7, EVG14, and EVG18 were consistently more
active than vancomycin and equipotent or superior to telavancin
(table S7). Similarly to all clinically used glycopeptides, the guanidino
lipoglycopeptides exhibited no activity against Gram-negative bacte-
ria (table S8).

Structure-activity relationship

The results of the MIC assays indicate that guanidino lipoglycopep-
tides are highly active with marked enhancements in activity relative to
vancomycin (Table 1 and tables S4 to S7). Analogs containing straight
chain aliphatic lipid tails comprising seven to nine carbon atoms, as in
EVG7 to EVGY (heptyl-nonyl) were more potent against MRSA,
VISA, and vanB-type VRE strains, whereas the introduction of longer
lipid tails, such as for EVG10 and EVG11 (decyl, dodecyl) performed
better against VanA-type VRSA and VRE. However, when the lipids
became longer, such as for EVG12 (tetradecyl), activity was com-
promised, as reflected by reduced potency against MSSA and
MRSA. Conversely, the inclusion of shorter lipids, as in analog EVG6
(hexyl), resulted in a reduction in activity against vancomycin-resistant
strains. Thus, among the monosubstituted guanidino lipoglycopep-
tides, optimal potency appears to be achieved by incorporation of a
linear lipid moiety of 7 to 12 carbon atoms. We also examined the ef-
fect of including two lipid tails on the guanidino moiety, as in com-
pounds EVG13 to EVG15. Here, a slightly different trend was observed
compared with the monosubstituted guanidino lipoglycopeptides:

van Groesen et al., Sci. Transl. Med. 16, eabo4736 (2024) 7 August 2024

nidino lipoglycopeptides in the presence
of 50% sheep serum (Table 1). Clinically
used lipoglycopeptides 2 to 5 all had a
four- to eightfold reduction in activity in
the presence of serum, whereas the same
was not observed for guanidino lipoglycopeptides. For compounds
EVG6, EVG7, EVG10, EVGL]1, EVG13, EVG14, EVGL16, and EVG1S,
little to no change in antibacterial activity was observed upon addition
of serum to the media. For other compounds, addition of serum af-
fected activity, although not in a manner indicating a specific trend:
EVG8 and EVG9, bearing linear Cg and Cs lipids, respectively, showed
eightfold reduction in activity in the presence of serum, whereas MIC
values of EVG10 and EVG11, bearing linear Cyo and Cy; lipids, were
only increased by a factor of two. For EVG16 to EVG20 containing
structurally more diverse lipids, the farnesylated compound EVG17
experienced a 16-fold reduction of activity in the presence of serum,
whereas EVG16 and EVG18 to EVG20 experienced only 2- to 4-fold
increases in MIC.

The capacity of guanidino lipoglycopeptides to lyse erythrocytes
was evaluated to assess general membrane disruptive properties
(Table 1). Most guanidino lipoglycopeptides exhibited minimal he-
molytic activity when tested up to 1000-fold MIC (MIC values based
on activity against MRSA). Derivatives with shorter lipids (EVGS6,
EVG7, EVG13, and EVG19) induced little to no hemolysis at the
highest concentrations tested (64 pig/ml), whereas clinically used ori-
tavancin caused 53% hemolysis at the same concentration (table S9).
Likewise, a number of guanidino lipoglycopeptides containing large
hydrophobic groups (EVG10 to EVG12, EVG15, EVG17,and EVG18)
caused hemolysis similar to oritavancin at 64 pg/ml (table S9).

Microbiological characterization

Building on the above findings, the guanidino lipoglycopeptides
EVG?7 and EVG18 were taken forward for further evaluation. Time-
kill kinetics of these compounds against VanA-type VRE (Fig. 2A)
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Table 1. In vitro antibacterial activity against Gram-positive strains and hemolytic activity. N.D., not determined; Ger, geranyl; Far, farnesyl; CBP, 4-chloro-

1,1’-biphenyl; TCD, tricyclo[3.3.1.13,7]decane or adamantane.

MIC (pg/ml)*

Hemolysis (%)"

MRSA¥ +50%
serum

MSSA  MRSA VISA VRSA

VSE VRE

(VanA)

VRE
(VanB)

VSSP 100x MIC 1000x MIC

Clinical (lipo)glycopeptide antibiotics

Telavancin (3) 0125 0125 1 025 4 0016 4 <0008 <0008 <1 <1
s s
Oritavancin (5) 025 0063 025 1 o5 Wo063‘”'Wmdléwww 0125 W<oooswf.é;b‘.'ién U agras
R GuamdmoIlpoglycopepndes s o EDIS  AeERS
e 025 . 0031‘,‘,..‘.‘,‘,‘,‘é‘,m,‘,‘,..‘ e
i i : e e
EVGE T<0008 o T <
P ..‘<0008‘ S—— <0008 e e 1 A e
EVGI0  -CiHa 0016 0063 T o2 0016 0063 0016 025 <0008H ""26'665”""28+0059' Casro083
EVGI1  -CiHys 0125 os o 05 0125 "“0125 0125 0031 <0008 4014 96+15H o
e s 05 i 92+27 ND e
T o e e <1 s
EVG14  (CeHhz)a  <0.00 oos 0063 0063 <0008 025 W<o 008 T <0008 <0008 <1 91 +1 1” o
e s s A e e e
T A e Bits ,..‘34+050...‘ e
e e e e e
e . buo'ié“ E— . ‘ .‘,.< e
P e e e
e e

*MIC determined by broth microdilution assay in tryptic soy broth (TSB) supplemented with 0.002% P80. MIC values represent the median of a minimum of
triplicates. MIC, MICsg, and MICyg values on extended panel of strains are in tables S4 to S7. Bacterial strains: MSSA ATCC29213; MRSA USA300; VISA NRS36 (LIM
2); VRSA VRS3b (HIP 13419); VSE (vancomycin-sensitive E. faecium) E980; VRE (VanA) (vancomycin-resistant E. faecium) E155; VRE (VanB) (vancomycin-resistant E.

faecium) E7314; and VSSP (vancomycin-sensitive S. pneumoniae) 153 (ATCC6305).

concentrations 100- and 1000-fold above the respective MICs for MRSA USA300. Data are mean + SD of a minimum of triplicates.

growth inhibition of MRSA USA300 in the presence of 50% sheep serum.

and MRSA (fig. S4) were evaluated in comparison with clinically
used vancomycin, telavancin, and daptomycin. The guanidino lipo-
glycopeptides had a slow bactericidal effect against VRE and MRSA,
similar to vancomycin and telavancin. Time-kill data confirmed the
results of the broth microdilution assays (Table 1), with lower con-
centrations of guanidino lipoglycopeptides being required to achieve
the same reduction in bacterial titer as clinically used glycopeptide
antibiotics. In addition, EVG7 showed superior activity compared
with daptomycin, commonly used to treat MRSA infections. Al-
though daptomycin (5 pg/ml) administration led to an initial drop
in MRSA colony-forming units (CFU), a high bacterial titer was
again present 24 hours later (fig. S4). By comparison, no colonies
were detected after 24 hours when the more potent EVG7 was used
(at 0.156 pg/ml). To characterize the pharmacodynamic characteris-
tics of EVG7, we performed extensive time-kill studies with vanco-
mycin as comparator using two MSSA and MRSA luminescent
reporter strains (57, 58) for a wide range of concentrations and time

van Groesen et al., Sci. Transl. Med. 16, eabo4736 (2024) 7 August 2024

tHemolysis of sheep erythrocytes after incubation with antibiotic at
$Serum reversal MIC for

points (fig. S5), finding an approximately fivefold increased slope and
a twofold reduced median effective concentration for EVG7 in com-
parison with vancomycin, with negligible differences in the maxi-
mum drug effect parameter. A steep slope indicates that there is a
more extensive increase in bacterial killing as antibiotic concentra-
tions are increased, in line with antibiotics that may have an area
under the curve above the MIC (AUC/MIC) as the pharmacokinet-
ics/pharmacodynamics (PK/PD) target (59).

Resistance studies

We also investigated the propensity for guanidino lipoglycopeptides
to select for resistance. When VanA-type VRE was serially passaged
over 30 days in sublethal antibiotic concentrations, EVG7 and
EVG18 bearing C; or chloro-bisphenyl lipids, respectively, resulted
in little to no resistance (Fig. 2B). By comparison, greater resistance
was selected for against daptomycin, with a 128-fold increase in
MIC. These daptomycin-selected isolates did not exhibit cross-
resistance to EVG7 (table S10). Similarly, serial MRSA passage
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Time kill for guanidino lipoglycopeptides
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EVG18 (0.63 pg/ml, 5% MIC)
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Fig. 2. Microbiological characterization. (A) Time-kill assay. Bactericidal activity against VanA-type VRE (E. faecium) E155 as measured by the logig CFU per milliliter.
Graphical data represent the mean, with error bars showing SD for biological duplicates with technical duplicates. Gray dashed lines represent the limit of detection.
(B) Resistance selection by serial passage. Change in daily median MIC for VRE (E. faecium) E155 compared with day 0 upon continuous exposure to increasing sublethal
concentrations of antibiotic. Data are median value (technical triplicate) of a representative biological replicate (n = 2). (C) Biofilm formation inhibition and eradication of
preformed biofilm in MSSA ATCC25923. Data are mean =+ SD of biological duplicates with technical quadruplicates. Minimum biofilm inhibitory concentration (MBIC) and
minimum biofilm eradication concentration (MBEC) are the median of a minimum of triplicates.

assays revealed minimal resistance for compounds EVG7 and EVG18,
whereas resistance to daptomycin rapidly developed (fig. S6). Next,
the mutation frequency leading to antibacterial resistance in a
VanA-type VRE strain was evaluated (table S11). Resistant mutants
were not found for EVG7 at 4x MIC, consistent with a frequency of
resistance (FoR) below 6.1 X 1078, within the acceptable range for
candidate antibacterial agents (60). Breakthrough colony formation
was observed at lower (2x MIC) dosing of EVG7 after 48 hours, but
subculturing showed that these colonies were not authentic resistant
mutants. By comparison, an innate FoR of 1.9 x 107° was observed
for daptomycin at 5x MIC.

Biofilm activity

We next investigated guanidino lipoglycopeptides’ anti-biofilm ac-
tivity. Biofilm formation is a challenge in the treatment of bacterial
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infections, wherein bacteria form a protective layer capable of
blocking antibiotic and immune system activity (61). Persistent in-
fections in patients are largely caused by clinical isolates that are
strong biofilm producers, with S. aureus being one of the main cul-
prits (62, 63). Therefore, we determined the minimal biofilm in-
hibitory concentration (MBIC) and minimal biofilm eradication
concentration (MBEC) against S. aureus American Type Culture
Collection (ATCC) 25923, a strain reported to form strong biofilms
(Fig. 2C) (64). EVG7 had an 8- and 16-fold lower MBIC compared
with dalbavancin and oritavancin, respectively, and was also a po-
tent biofilm eradicator, with an MBEC of 2 pg/ml, representing a
two- and eightfold improved value compared with dalbavancin and
oritavancin. Given its potent antibacterial and anti-biofilm activity
coupled with its propensity for minimal resistance selection and

50f17

¥202 ‘9T Jequeosq uo A1seAlun uspe e 610°80us 105" MMmM//:sdny LWoJ) pepeojumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

low hemolytic activity, EVG7, in which the guanidino moiety is
substituted with the linear C; lipid, was prioritized for subse-
quent studies.

Mechanistic studies

Our mechanistic investigations of the guanidino lipoglycopeptides
began by examining their capacity to affect the bacterial cell wall.
It is well established that vancomycin interferes with late-stage cell
wall biosynthesis (65), an effect detectable by accumulation of uri-
dine diphosphate (UDP)-MurNAc-pentapeptide (the final soluble
precursor in the bacterial cell wall synthesis cycle) upon treatment
with cell wall-active antibiotics such as glycopeptides (65-67).
Treatment of S. aureus with guanidino lipoglycopeptides also in-
duced UDP-MurNAc-pentapeptide accumulation (Fig. 3A and
fig. S7), confirming inhibition of cell wall biosynthesis. Light mi-
croscopy was used to image Bacillus subtilis in response to antibi-
otic treatment. Bacterial cells treated with vancomycin, oritavancin,
or EVG7 at 5x MIC showed similar cell deformations, with disin-
tegration of the peptidoglycan layer inducing formation of mem-
brane blebs (fig. S8).

We next investigated the impact of guanidino lipoglycopeptides
on the cell division regulator MinD in B. subtilis. MinD activity is
modulated by the membrane potential, and it has been shown that
under normal conditions, a green fluorescent protein (GFP)-MinD
construct localizes to septum and cell poles. However, once the
membrane potential is dissipated, GFP-MinD rapidly delocalizes
(68). The lipid II-dependent membrane disruptor nisin causes dis-
sipation of the membrane potential, which is visible as a spotty pat-
tern associated with the GFP-MinD construct in the fluorescent
microscopy read-out. Contrary to nisin, EVG7 and oritavancin did
not induce delocalization of membrane potential-driven GFP-MinD
in early exponential phase cultures of B. subtilis (Fig. 3B).

Given that lipoglycopeptides exhibit membrane targeting prop-
erties (11, 69-72), we used membrane-selective fluorescent dyes to
determine whether the guanidino lipoglycopeptides also cause
membrane disruption. Studies using dipropylthiadicarbocyanine
iodide [diSC3(5)]—a probe that resides on hyperpolarized mem-
branes and is released upon disruption of the membrane potential
(73)—showed that membrane depolarization was not induced
by guanidino lipoglycopeptides (1.5 pg/ml), whereas the known
membrane-disrupting and lipid II-targeting antibiotic nisin caused
membrane depolarization at the same concentration (fig. S9). In
general, EVG7 showed little effect on membrane polarization, even
at 16 pug/ml. By comparison, clinically used oritavancin dissipated
membrane potential at 16 pg/ml, in keeping with previous reports
(74, 75). Membrane perturbation was examined using propidium
iodide (PI), a DNA binding dye that can enter cells and fluoresce
after pore formation (76). In this assay, EVG7 was again found to be
less membrane active relative to oritavancin (fig. S10), which is
known to induce PI fluorescence in bacterial cells (75).

The effect of EVG7 on VRE (strain E155) growth and bacterial
cell morphology was examined using scanning electron microscopy
(SEM) (Fig. 3C). Treating overnight cultures with EVG7 increased
cell clustering, filaments, and lysis. In line with an antibacterial
mechanism involving interference with bacterial cell wall biosyn-
thesis, SEM images revealed that EVG7 induced severe membrane
damage including perforation-like holes in the cell surface, includ-
ing ghosts of lysed cells indicative of a bactericidal effect (77). By
comparison, vancomycin treatment did not cause cell death, as
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expected for a vancomycin-resistant strain, although it should be noted
that there were more nondividing cells in the vancomycin-treated ver-
sus the untreated group (fig. S11). Furthermore, we examined the
growth and bacterial cell morphology of a vancomycin-sensitive
MRSA (strain USA300) (fig. S12), observing a reduction in bacterial
cell count along with an increase in cluster size in cultures treated with
EVG?7 or vancomycin. In both treatment groups, bacterial mem-
branes were affected, resulting in cell lysis. These findings confirm
that EVGY7 interferes with cell wall biosynthesis in VRE and MRSA,
eliciting its bactericidal effect.

Lipid Il binding studies

The manner in which vancomycin inhibits cell wall biosynthesis in-
volves sequestration of the cell wall precursor lipid II (8-10, 78). A
well-defined network of hydrogen bond interactions enables vanco-
mycin to specifically bind to the p-Ala-D-Ala terminus of the lipid II
pentapeptide, in turn preventing cell wall cross-linking (8-11). The
binding affinity of vancomycin to lipid II is enhanced by cooperative
dimerization (69, 79). Using a lipid II antagonization assay, we con-
firmed that guanidino lipoglycopeptides retained this lipid II-p-Ala
(LII-p-Ala)-dependent mechanism of action. Addition of exoge-
nous LII-p-Ala effectively antagonized the activity of the com-
pounds at 8x MIC, indicating strong lipid II binding (table S12).

We next used isothermal titration calorimetry (ITC; fig. S13) to
study lipid II binding to the guanidino lipoglycopeptides. Our ini-
tial studies used large unilamellar vesicles (LUVs) composed of 1:3
dioleoylphosphatidylglycerol (DOPG) and dioleoylphosphatidyl-
choline (DOPC) mimicking the negatively charged bacterial cell
surface. When purified LII-p-Ala was included in these LUVs, a
strong binding signal was observed for both vancomycin and EVG?7,
resulting in dissociation constant (Kg) values of 172 and 15 nM, re-
spectively (table S13). EVG7 had a more than 10-fold higher affinity
for LII-p-Ala, which is attributable to its lipidated guanidine motif.
To further study the effect of this positively charged moiety, we per-
formed binding studies with blank LUV (not containing lipid II),
which showed no interaction with vancomycin but marked binding
by EVG7 (see table S13 for full thermodynamic parameters and
fig. S14 for all triplicate titrations). To dissect lipid II binding from
electrostatic membrane binding effects, we conducted binding stud-
ies using neutral LUVs lacking DOPG. Control titrations of blank
DOPC LUVs into the sample cell-containing solutions of vancomy-
cin or EVG7 revealed no measurable interaction (fig. S15). When
LII-p-Ala-containing vesicles were titrated into the antibiotics,
well-defined thermograms were obtained for both vancomycin and
EVG7, with Kq values of 1170 and 120 nM, respectively (Fig. 4A and
table S14). Although the K4 values obtained using neutral LUVs
were higher than those resulting from the use of negatively charged
LUVs, the 10-fold tighter binding affinity of EVG7 for LII-p-Ala
was maintained.

To further examine how EVG7 maintains potent antibacterial
activity against vancomycin-resistant strains, we performed binding
studies with a mutated p-Ala-p-Lac form of lipid IT (LII-p-Lac), which
is known to reduce vancomycin’s antibacterial activity (12, 13). ITC
studies with neutral LUVs containing LII-p-Lac revealed complete
loss of vancomycin binding (Fig. 4B, right). In contrast, titration of
neutral LUV containing LII-D-Lac into a solution of EVG7 produced
a marked indication of binding, with a measured K4 value of 813 nM
(Fig. 4B, left). Although this indicates a nearly sevenfold reduction
in binding affinity relative to wild-type LII-D-Ala, in absolute terms,
EVG7 exhibited a higher binding affinity for mutant LII-p-Lac than
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A Bacterial cell wall biosynthesis interference (MSSA)

UDP-MurNAc-5P

50 — .
Dalbavancin

Telavancin
Teicoplanin
EVG18

EVG7

Vancomycin

Absorbance (AU)

04 Untreated

R, (min)

Untreated Oritavancin

Phase

GFP-MinD

Merge

Fig. 3. Interference with bacterial cell wall biosynthesis and membrane integrity. (A) UDP-MurNAc-
pentapeptide accumulation assay in MSSA ATCC29213. HPLC traces assessing accumulation of UDP-MurNAc-
5P upon treatment with (lipo)glycopeptide antibiotic (5 pM) and in untreated control. Full HPLC traces are
shown in fig. S7. AU, arbitrary units. (B) Microscopic analysis of the membrane potential-dependent localiza-
tion pattern of GFP-tagged MinD in B. subtilis upon treatment (15 min) with membrane-disrupting agent ni-
sin, oritavancin, or EVG7. Scale bars, 2 um. Images are representative of biological triplicates. (C) Structural
changes in vancomycin-resistant E. faecium E155 upon treatment with EVG7. Scanning electron micrographs
of (left) untreated bacterial cultures and (right) cultures treated with EVG7 (at 1x MIC) at x50,000 magnifica-
tion. More details in fig. S11.
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vancomycin did for native LII-p-Ala (see ta-
ble S14 for full thermodynamic parameters and
fig. S16 for all triplicate titrations).

We next evaluated the capacity for EVG7
to induce cell wall stress responses using bio-
luminescent reporter strains of S. aureus and
B. subtilis (80-82). We found that S. aureus
VraRS-lux and B. subtilis Lial-lux bioreport-
ers were both activated in a dose-dependent
manner by EVG7 (fig. S17A). These stress
responses are known to be up-regulated by
treatment with cell wall-active antibiotics
(80-82). To specifically probe lipid II bind-
ing, we examined whether these antibiotic-
induced stress responses were antagonized by
addition of exogenous LII-p-Ala or LII-p-
Lac. Induction of the B. subtilis stress re-
sponse was fully antagonized by LII-p-Ala at
a 2:1 lipid II:antibiotic ratio for vancomcyin,
EVG7, and oritavancin (Fig. 4C). Furthermore,
LII-p-Lac also antagonized the EVG7-induced
stress response, albeit at higher concentrations.
These findings further substantiate the binding
of guanidino lipoglycopeptides to both native
D-Ala and mutant p-Lac forms of lipid II as
indicated by our ITC studies. Full antagoniza-
tion by LII-p-Lac is achieved at a 8:1 lipid
ILEVGY ratio (Fig. 4C), similar to oritavancin,
which is also known to interact with LII-p-Lac
(83). By comparison, LII-p-Lac showed little
antagonization of the cell wall stress response
induced by vancomycin (Fig. 4C), as expected.
To confirm the p-Ala-p-Ala motif as the pri-
mary target of the guanidino lipoglycopep-
tides, we performed antagonization studies
using wild-type lipid I and the lipid I/II phos-
pholipid carrier undecaprenyl pyrophosphate
(CssPP) (fig. S17B). As expected, lipid I ef-
fectively antagonized the B. subtilis Lial-lux
stress response induced by EVG7, whereas
C55PP did not.

We also examined the ability of EVG7 to
block various enzymatic processes associated
with cell wall synthesis using LII-p-Lac as
substrate. Specifically, using TLC-based as-
says, we studied the capacity for EVG7 to
bind and sequester LII-p-Lac leading to inhi-
bition of enzymatic amidation and transgly-
cosylation of lipid II (84). EVG7 exhibited a
dose-dependent effect on the activities of
MurT/GatD (Fig. 4D), which amidates lipid
II at the stem peptide Glu residue and pen-
icillin-binding protein 2 (PBP2) (Fig. 4E),
which catalyzes lipid II transglycosylation.
In general, both enzymatic transformations
of LII-p-Lac were fully inhibited at a 10-fold
excess of EVG7 . By comparison, PBP2-mediated
transglycosylation of wild-type LII-p-Ala was
nearly fully inhibited at an equimolar ratio of
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Fig. 4. Mechanism of action studies. (A) ITC binding studies. Representative binding thermograms for purified lipid Il variant in DOPC LUVs titrated into antibiotic solu-
tion. Graphical data are representative for triplicate measurement. Thermodynamic parameters are in table S14. Triplicate titrations are provided in fig. S16. Left: LIl-p-Ala
(200 pM) in DOPC LUVs (10 mM) titrated into vancomycin (10 pM). Right: LIl-p-Ala (100 pM) in DOPC LUVs titrated into EVG7 (20 uM). DP, differential power. (B) Left: LII-p-Lac
(200 pM) in DOPC LUVs titrated into vancomycin (10 pM). Right: Lll-p-Lac (200 pM) in DOPC LUVs titrated into EVG7 (20 uM). (C) Antagonism of Luciferase cell wall stress
response in B. subtilis 168 reporter strain TMB1617. Cell wall stress response indicated by luminescence upon treatment with vancomycin, oritavancin, or EVG7, with an-
tagonism by exogenous addition of cell wall precursor (purified Lll-o-Ala or Lll-o-Lac). Data shown are representative of duplicate. (D) Inhibition of MurT/GatD-catalyzed
LIl-o-Lac amidation. TLC shown is representative of three independent experiments. (E) Inhibition of PBP2-catalyzed LlI-p-Lac transglycosylation evidenced by reduced
formation of Css-PP. TLC shown is representative of three independent experiments.
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EVG?7, indicating a stronger binding interaction (fig. S18). The ca-
pacity for the guanidino lipoglycopeptides to form stable com-
plexes with either wild-type LII-p-Ala or mutant LII-p-Lac was also
assessed using a TLC-based assay. This indicated that EVG7, vanco-
mycin, and oritavancin all formed extraction-stable complexes with
LII-p-Ala at a 2:1 molar ratio (glycopeptide:LII) (fig. S19), indicating
potential dimerization, which is not uncommon for glycopeptide an-
tibiotics (69, 79). In contrast, EVG7 did not form an extraction-stable
complex with LII-p-Lac, nor did vancomycin or oritavancin.

In vivo efficacy studies

The performance of EVG7 in the above mechanistic and in vitro
cell-based assays led to its further evaluation in in vivo models.
Initial tolerability studies in mice revealed that EVG7 was well tol-
erated at doses up to 100 mg/kg administered subcutaneously (SC)
and 30 mg/kg administered intravenously (iv) (table S15). When
dosed at 3 mg/kg sc or iv, PK analysis indicated that EVG7 has a
clearance half-life of 1.2 and 0.90 hours, respectively (Table 2,
fig. S20, and table S16). Blood concentrations of EVG7 were
maintained above MIC (against MRSA USA300) for >8 hours
for subcutaneous dosing and >4 hours for intravenous dosing,
indicating good exposure (fig. S20).

Subsequently, in vivo efficacy was assessed using an established
MRSA murine thigh infection model (85). Immunosuppressed
mice were infected with MRSA and subsequently treated with ve-
hicle, EVG7 (3, 10, 30, or 100 mg/kg SC, q6h), or vancomycin (25 mg/
kg, iv, q12h) as a clinical comparator antibiotic (Fig. 5A). The lowest
dose evaluated for EVG7 (3 mg/kg, SC, q6h, total cumulative dose
of 12 mg/kg) resulted in a near 6-log reduction in bacterial titer
compared with vehicle treatment. This response compares well with
that seen in the vancomycin group, which was treated with a much
higher dose (25 mg/kg, iv, q12h, total cumulative dose of 50 mg/
kg). Furthermore, when EVG7 dosing was increased to 10, 30, or
100 mg/kg (sc, q6h, total cumulative dose of 40, 120, or 400 mg/kg),
an even greater reduction in bacterial load was achieved. Overall,
EVG?7 displayed a dose-dependent effect and was bactericidal at all
tested doses, reducing bacterial burden significantly (P < 0.0001)
(Fig. 5A and tables S17 and S18). Given these findings, we next
evaluated intravenous efficacy with the same dosing frequency as
the vancomycin comparator (Fig. 5B). In this case, a pronounced
and similar effect was observed at all doses tested (3, 10, and 25 mg/
kg, iv, q12h). The lowest EVG7 treatment group (3 mg/kg) resulted
in a 6-log reduction of bacterial thigh burden compared with ve-
hicle control and a significant (P < 0.0001) reduction compared
with vancomycin control (Fig. 5B and tables S19 and S20). These
findings mirror the result of the MIC assays (Table 1), demonstrat-
ing that EVG7 activity is superior to vancomycin both in vitro
and in vivo.

The capacity for guanidino lipoglycopeptides to treat systemic
infection in vivo was next investigated in a 7-day sepsis survival
study using immunocompetent mice intravenously infected with
S. aureus NCTC8178. One hour postinfection, treatment over a
24-hour period commenced with EVG7 dosed at different regi-
mens, vancomycin (25 mg/kg, iv, q12h), or vehicle, after which
survival was monitored for a total of 169 hours (Fig. 5C). Mice
receiving vehicle only survived 51.3 hours on average, whereas
vancomycin-treated mice had a mean survival of 131.5 hours, with
only 1 of 10 mice surviving to the end of day 7. In contrast, in the
EVG7-treated group dosed according to the same regimen as the
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vancomycin group (25 mg/kg, iv, q12h, total cumulative dose of
50 mg/kg), all mice survived to the end of the study (>169 hours
survival). When administered at lower doses, EVG? still outperformed
vancomycin. In the groups treated with EVG7 at 10 mg/kg (sc, q6h,
total cumulative dose of 40 mg/kg) or 3 mg/kg (sc, q6h, total cumu-
lative dose of 12 mg/kg), 10 of 10 mice and 9 of 10 mice, respec-
tively, survived to the 7-day endpoint (tables S21 to S23). Building
on these findings, we also examined the organ-specific effect of
EVG?7 in reducing S. aureus NCTC8178 bacterial burden. This in-
volved a sepsis model wherein immunocompetent mice were in-
travenously infected with S. aureus, after which they were treated
with either vehicle or antibiotic for 24 hours and monitored for an
additional 25 hours. The animals were then euthanized, and the
bacterial burden in the spleen, kidneys, and heart was assessed
(Fig. 5D). The bacterial burden in the spleens of the mice that re-
ceived no antibiotic was reduced by approximately 3-log compared
with pretreatment, an effect ascribed to the immune systems of
the mice. Vancomycin (25 mg/kg, iv, q12h) did not reduce the
spleen burden relative to the vehicle treated group, whereas EVG7
administered at the same dose and frequency reduced bacterial
burden approximately 1-log fold (Fig. 5D and tables S24 and S25).
In the kidneys, the bacterial burden in the vehicle-treated group
increased, whereas an antibiotic effect was observed for both van-
comycin and EVG7. Vancomycin treatment (25 mg/kg, iv, q12h)
resulted in a near 4-log decrease in bacterial burden relative to
vehicle. By comparison, the same dosing of EVG7 more effectively
reduced the kidney burden, resulting in an almost 6-log decrease
compared with vehicle. Furthermore, a lower total dose of EVG7
(10 mg/kg, sc, q6h) outperformed vancomycin, reducing the kidney
burden >1-log fold more (Fig. 5D and tables S24 and S26). In the
heart, vancomycin (25 mg/kg, iv, q12h) and EVG7 (dosed at either
25 mg/kg, iv, q12h, or 10 mg/kg, SC, q6h) caused similar reductions
in bacterial burden (~3-log fold compared with vehicle) (Fig. 5D and
tables S24 and S27).

In vitro toxicity and pharmacology

EVG7 was further evaluated in cytotoxicity screens using HepG2
and human embryonic kidney (HEK) 293 cells (Table 2). EVG7 was
not cytotoxic up to the highest concentration tested (100 pM), even
when using only 1% fetal bovine serum (FBS) to ensure low plasma
protein binding and therefore high compound availability (86).
EVG7 was found to be notably less toxic in these cell-based assays
than the clinically used lipoglycopeptides telavancin and oritavancin
(fig. S21).

The mutagenic potential of EVG7 was assessed in an Ames re-
verse mutation assay in the absence and presence of S9 metabolic
activation (Table 2 and table S28). EVG7 exhibited no mutagenic
potential in Salmonella typhimurium TA98 (detection of frameshift
mutations) and TA100 (detection of base-pair substitutions), up to
the highest concentration tested (1.1 mM, 2 mg/ml). Next, genotox-
icity was evaluated in an in vitro micronucleus test in the human
lymphoblast cell line TK6. In this assay, treatment with genotoxic
agents results in the formation of micronuclei within daughter cells
after cell division, an effect that was not observed for EVG7 at any
of the concentrations tested (Table 2 and tables S29 and S30).

Secondary pharmacology of EVG7 was further evaluated against
a commercial panel of common antitargets (87), resulting in identi-
fication of five hits upon treatment with EVG7 at 10 pM (Table 2,
table S31, and fig. S22). Four of the five hits are predominantly
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Table 2. ADMET properties for guanidino lipoglycopeptide antibiotic EVG7. CCsg, half-maximal cytotoxicity concentration; KOP, kappa opioid receptor; NET,
norephinedrine transporter; CYP, cytochrome P450; t'4, half-life; CLin, intrinsic clearance rate; Cax, maximum serum concentration; CL, clearance rate.
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(Continued)

Experiment Parameter

Rat (3 mg/kg) Y5 (hours)

CL (ml/min/kg)

found in the central nervous system and therefore unlikely to have
clinical implications given that glycopeptide antibiotics are gener-
ally not blood-brain barrier permeable and have poor penetration
into the cerebrospinal fluid (88). The fifth hit was the cardiac potas-
sium channel hERG, a well-established antitarget that is also com-
monly identified as a target of second-generation lipoglycopeptide
antibiotics (89, 90). A similar in vitro effect on hERG was previ-
ously reported in the preclinical assessment of oritavancin [half-
maximal inhibitory concentration (ICsp) = 22 pM] (91) that was
subsequently found to pose no serious clinical cardiotoxicity risk
(90, 91). Further assessment of EVG7 against a panel of human car-
diac ion channels revealed the hERG effect to be most prominent,
with an ICs of 16 pM (28 pg/ml), with comparatively lower effects
on the other cardiac ion channels tested (Table 2 and fig. S23). Last,
the impact of EVG7 on cytochrome P450-mediated metabolism was
examined by monitoring isoform-specific metabolites in human
liver microsomes (HLMs). EVG7 showed low to no inhibition of
most hepatic CYP450 isoenzymes (Table 2 and fig. S24) and mild
inhibition of CYP2D6 in a concentration-dependent manner, with
an IC5q of 4 pM (7 pg/ml).

EVG?7 in vitro plasma stability, microsomal stability, and plas-
ma protein binding were next assessed in plasma and liver micro-
somes of mouse, rat, dog, and human origin. EVG7 showed high
plasma stability, with half-lives exceeding 3 hours in all species
(Table 2 and fig. S25). In vitro assessment of microsomal clearance
revealed a species-dependent effect (Table 2 and fig. S26). In the
presence of HLMs, EVG7 showed high stability, with a %2 greater
than 6 hours, whereas for mouse, rat, and dog liver microsomes, the
t¥2 was ~1.5 hours. EVG7 was found to exhibit high plasma protein
binding in plasma from all species tested (Table 2 and fig. S27), in
line with reported protein binding for lipoglycopeptide antibiotics
(34, 92).

In vivo toxicity

Last, the toxicity of EVG7 was investigated in rats in comparison
with vancomycin. Study doses and route of administration were de-
signed after confirmation of exposures in a rat PK study (Table 2,
fig. S28, and table S32). This showed a plasma half-life of 1.11 hours
for EVG7 (3 mg/kg, single intravenous dosing), similar to the
1.6-hour half-life reported for vancomycin (10 mg/kg, single intra-
venous dosing) (34). EVG7 was evaluated for toxicity in a 7-day repeat
dose study in comparison with vancomycin in rats with twice daily
intravenous bolus injection. Both compounds were tested at two
doses: EVG7 was administered at 3 mg/kg per dose (6 mg/kg per
day) and 15 mg/kg per dose (30 mg/kg per day), with vancomycin
dosed at 40 mg/kg per dose (80 mg/kg per day) and 200 mg/kg per
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dose (400 mg/kg per day). The low dose for EVG7 corresponded
to the lowest effective dose in the murine thigh infection model.
The higher vancomycin dose was selected on the basis of previ-
ous reported experience of kidney effects induced by vancomy-
cin in renal toxicity studies (93). In a 7-day repeat dose study in
rats, EVG7 up to 30 mg/kg per day had no effect on body weight,
was well tolerated (table S33), and showed no kidney adverse ef-
fects, with minimal to mild tubular necrosis (fig. S29 and tables $34
and S35). In contrast, vancomycin at 400 mg/kg per day induced
changes in serum biomarkers of renal function (creatinine and
urea) at day 8 (fig. S30), accompanied by severe acute tubular
necrosis (fig. S29 and table S35).

DISCUSSION

In recent years, semisynthetic lipoglycopeptides such as clinically
approved telavancin, dalbavancin, and oritavancin have proven im-
portant additions to this arsenal, particularly in light of growing
vancomycin resistance (11, 94). We here report a class of highly ac-
tive semisynthetic lipoglycopeptides containing a basic guanidino
group bearing a lipid tail. In most cases, guanidino lipoglycopeptide
MIC values were much lower than for vancomycin, typically trans-
lating to 100- or 1000-fold increases in activity. Serum addition had
little impact on the activity of most guanidino lipoglycopeptides,
predictive of good availability in vivo (54-56, 95-98). EVG7 does
not display nonspecific membrane activity, as evidenced by its low
propensity to cause membrane permeabilization or depolarization.
The absence of such effects is typically seen as favorable, given that
antibacterial agents that function via membrane disruption are of-
ten linked to perturbation of mammalian cell membranes, leading
to off-target effects and toxicity (71, 99).

Guanidino lipoglycopeptides display enhanced antibacterial ac-
tivity, but this is not due to accelerated killing kinetics as indicated
by their similarity with the time-kill curves obtained with glycopep-
tides vancomycin (100, 101), teicoplanin (100), telavancin (101),
and dalbavancin (101). Pharmacodynamic characterization in vitro
of EVG?7 indicated that the slope for the concentration-effect rela-
tionship of EVG?7 is substantially steeper than that of vancomycin.
Also, given that AUC/MIC is the PK/PD target for all clinically used
glycopeptide antibiotics (102-104), it is expected that the same will
be true for EVG7. The future determination of the specific fAUC/
MIC target exposure for EVG7 will serve to guide dose selection in
clinical studies.

Mechanistically, the guanidino lipoglycopeptides maintain the
lipid IT-dependent mechanism of action common to all glycopep-
tides causing inhibition of late-stage cell wall biosynthesis. Of note
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Fig. 5. In vivo efficacy studies. Samples with bacterial burden below limit of detection (LOD) were assigned a value of 1 colony-forming unit per gram homogenized
tissue (CFU/qg) for graphical and statistical purposes. Groups were compared by Kruskal-Wallis test using the Conover-Inman test (to make all pairwise comparisons be-
tween groups). (A) Murine thigh infection model with EVG7 subcutaneous administration. One hour postinfection with MRSA strain NRS384 (USA300-0114), immunocom-
promised mice were treated with antibiotic at concentration and dosing indicated (n = 6 per group) and euthanized 23 hours postinfection. Data show bacterial burden
in each individual thigh, with a line at the geometric mean (n = 12; two thighs per mouse). Details and statistical analysis are in tables S17 and S18. (B) Murine thigh infec-
tion model with intravenous administration of EVG7. One hour postinfection with MRSA strain NRS384 (USA300-0114), immunocompromised mice were treated with
antibiotic (n = 5 per group) and euthanized 21.5 hours postinfection. Graphical data show bacterial burden in each individual thigh, with a line at the geometric mean
(n=10; two thighs per mouse). Details and statistical analysis are in tables S19 and S20. (C) Murine sepsis survival study. Kaplan-Meier plot for survival ofimmunocompe-
tent CD1 mice infected with MSSA NCTC8178. One hour postinfection, mice were treated with antibiotic for 24 hours (n = 10 per group), and survival was monitored for
7 days. Details and statistical analysis are in tables S21 to S23. (D) Murine sepsis burden study. Bacterial burden in spleen (left), kidney (middle), and heart (right) tissue of
immunocompetent CD1 mice after infection with MSSA NCTC8178, treatment with antibiotic for 24 hours, and euthanasia 49 hours postinfection. Graphical data show
bacterial burden for each mouse, with a line at the geometric mean (n = 5). Details and statistical analysis are in tables 524 to S27.*P = 0.1 t0 0.01, **P =0.01 t0 0.001, and
#xkkp < 0,0001. ns, not significant.
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is that in LUVs mimicking the bacterial membrane, the binding af-
finity of EVG7 for LII-D-Ala was nearly 10 times greater than that of
vancomycin and EVG7 also maintained strong binding to mutant
lipid IT (LII-p-Lac), which is commonly associated with vancomy-
cin resistance, providing an explanation for its increased antibacte-
rial activity. These findings suggest that the lipidated guanidino
motif of EVG7 provides a combination of productive electrostatic
interactions and membrane anchoring with the negatively charged
bacterial cell surface, thereby compensating for the reduced binding
affinity associated with the p-Ala to p-Lac mutation.

Guanidino lipoglycopeptides also showed enhanced aqueous
solubility relative to clinically used lipoglycopeptides, an effect at-
tributable to their highly basic guanidine motif; at physiological
pH, the guanidine moiety is fully protonated, thus providing a
highly delocalized positive charge that promotes increased aque-
ous solubility. EVG7 was found to have excellent stability in both
plasma and liver microsomes along with high plasma protein bind-
ing, as is typical for lipoglycopeptides (92). Pharmacological eval-
uation of EVG7 showed low-to-no affinity for common antitargets
and CYP enzymes. The observed blockage of hERG by EVG7 was
anticipated given previous reports of similar effects among clin-
ically approved lipoglycopeptide antibiotics (89, 90). The ICsy of
EVG?7 for hERG was more than 30-fold higher than the Cy,. (free)
for single dosing mice at 3 mg/kg iv or sc, providing a therapeutic
window that is expected to avoid clinical cardiotoxicity (105). The
enhanced antibacterial activity observed for guanidino lipoglyco-
peptides may allow for lower dosing, which, along with their favor-
able toxicity profile, suggests that they may provide an alternative to
current clinically used glycopeptides. Investigation of the organ-
specific effects of EVG7 also shows it to be superior to vancomycin
in reducing the infection burden in the spleen, kidney, and heart.
The effectiveness of EVG7 in clearing S. aureus infection in the
heart indicates that guanidino lipoglycopeptides may potential-
ly be useful in treating infective endocarditis (IE)—a condition
commonly related to S. aureus biofilm formation (63) that EVG7
was able to successfully inhibit/eradicate in vitro. Clinically, the
treatment of IE presents a major challenge, with a 20% morbidity
rate in the first 30 days of disease (106). Although glycopeptide
therapy with dalbavancin has recently been reported as a promis-
ing treatment option for IE (107, 108), nonsusceptible strains and
glycopeptide-induced IE have also been reported (109, 110), un-
derscoring the need for additional effective treatments.

Clinical use of vancomycin is complicated by the potential to
cause acute kidney injury at therapeutically relevant doses, espe-
cially in critically ill patients with serious infections, restricting
both dose and concomitant use of other nephrotoxic agents (111).
We found minimal to mild kidney effects in rats in a repeat dose
study for EVG7 at the supratherapeutic dose of 30 mg/kg per day in
comparison with a dose of vancomycin at 400 mg/kg per day, where
(severe) acute tubule injury was apparent, which may indicate an
improved therapeutic safety profile of EVG7.

There are limitations in our study worthy of mention. Despite
showing efficacy against various Gram-positive pathogens, the
in vivo efficacy data presented are limited to two murine infection
models. Furthermore, the in vivo nephrotoxicity data presented are
based on a single 7-day repeat dose study in rats. EVG7 is likely
subject to renal clearance, and future studies should therefore pay
specific attention to its potential to cause kidney effects at high
doses. In addition, to enable preclinical estimates for the efficacious
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dosing of EVG7 in humans, key parameters such as the PK/PD driv-
er, biodistribution, and tissue penetration will need to be established
in (larger) animal models. Last, the clinical potential of EVG7 can-
not be fully realized until safety and efficacy are demonstrated in
human clinical trials.

In summary, we report the development of the guanidino li-
poglycopeptides, a promising class of semisynthetic glycopep-
tide antibiotics. These compounds, specifically EVG7, showed
potent antibacterial activity and promising toxicity profiles. Fur-
ther assessment using advanced in vivo models will be the next
step toward a more complete characterization of their toxicity and
PK/PD profiles as well as establishment of their clinical potential
for the treatment of serious Gram-positive infections.

MATERIALS AND METHODS

Study design

The objective of this work was to evaluate the in vitro and in vivo
efficacy and safety of the guanidino lipoglycopeptides. The in vivo
studies were designed to investigate antibacterial efficacy (S. aureus
murine thigh infection and murine sepsis survival/burden), PK
profile (PK in mice and rats), and (nephro)toxicity (7-day repeat
dose study in rats). Sample sizes were determined on the basis of
prior studies to achieve statistical significance. No animals were ex-
cluded from analysis. No documented method of randomization
was used, with animals randomly assigned to groups on arrival in
the animal facility. All animal procedures at Evotec Ltd. (UK) were
performed under UK Home Office Licence PA67E0BAA, with local
ethical committee clearance. Colony counting and data analysis
were performed with the operator blinded to the treatment of each
animal. Animal procedures at Pharmacology Discovery Services
Taiwan Ltd. (Taiwan) were performed in general accordance with
the “Guide for the Care and Use of Laboratory Animals: Eighth
Edition” (112) under Office of Laboratory Animal Welfare (OLAW)
assurance F16-00213 (A5890-01), with local ethical committee
(Institutional Animal Care and Use Committee) clearance. Animal
procedures at Pharmaron, Beijing (China) were performed under
non-GLP conditions with local ethical committee clearance, Animal
Use Protocol number: IVP-Tox-04232024. Additional materials and
methods can be found in the Supplementary Materials.

Bacterial strains

All ATCC reference strains were commercially obtained or provided
by Leiden University Medical Center (LUMC, Leiden, the Netherlands).
MRSA USA300 is a clinical isolate from the Texas Children’s Hospital.
The E. faecium and E. faecalis strains were provided by the laboratory
for medical microbiology at the University Medical Center Utrecht
(Utrecht, the Netherlands). The S. aureus clinical isolates in the ex-
tended panel of MRSA and BORSA strains were retrieved from
the collection of the clinical microbiology laboratory at the LUMC
(Leiden, the Netherlands). The other S. aureus clinical isolates (MRSA,
VISA, and VRSA) were supplied by the Network on Antimicrobial
Resistance in S. aureus (NARSA) via Biodefense and Emerging Infec-
tions Research Resources Repository, National Institute of Allergy and
Infectious Diseases (NIAID), National Institutes of Health (NTH).

Statistical analysis
Data plotting and fitting were performed in GraphPad Prism v9.0.0.
For the murine efficacy studies, data analysis from the culture
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burdens was performed with StatsDirect software v3.2.8 using
appropriate nonparametric statistical models (Kruskal-Wallis using
Conover-Inman to make all pairwise comparisons between groups)
and compared with vehicle-treated animals. For the PK study in rats,
PK parameters were reported from noncompartmental analysis of the
plasma data using WinNonlin (best-fit mode). For the 7-day repeat
dose study in rats, group comparisons were performed in GraphPad
Prism v10.1.2 using nonparametric (unpaired) Mann-Whitney tests,
with two-tailed P values < 0.05 considered statistically significant,
without further correction.

Supplementary Materials
This PDF file includes:

Materials and Methods

Figs. S1to S30

Tables S1 to S35

References (113-142)

Other Supplementary Material for this manuscript includes the following:
Data file S1
MDAR Reproducibility Checklist
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