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Pharmacological Properties of NAI-603, a Well-Tolerated
Semisynthetic Derivative of Ramoplanin
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Matteo Simone,? Eleonora Gaspari,® Stefano Donadio®?
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NAI-603 is a ramoplanin derivative designed to overcome the tolerability issues of the parent drug as a systemic agent. NAI-603
is highly active against aerobic and anaerobic Gram-positive bacteria, with MICs ranging from 0.008 to 8 pg/ml. MICs were not
significantly affected by pH (range, 6 to 8), by inoculum up to 10® CFU/ml, or by addition of 50% human serum. Against staphy-
lococci and enterococci, NAI-603 was rapidly bactericidal, with minimum bactericidal concentration (MBC)/MIC ratios never
exceeding 4. The frequency of spontaneous resistance was low at 2X to 4X MIC (<1 X 10" °to <1 X 10~®) and below the detec-

tion limit (about <1 X 10™°) at 8 x MIC. Serial subcultures at 0.5X% MIC yielded at most an 8-fold increase in MICs. In a sys-
temic infection induced by methicillin-resistant Staphylococcus aureus (MRSA), the 50% effective dose (EDs,) of intravenous
(i.v.) NAI-603 was 0.4 mg/kg, lower than that of oral (p.o.) linezolid (1.4 mg/kg) and subcutaneous (s.c.) teicoplanin (1.4 mg/kg)
or vancomycin (0.6 mg/kg). In neutropenic mice infected with vancomycin-resistant enterococci (VRE), the ED;,s for NAI-603
were 1.1 to 1.6 mg/kg i.v., compared to 0.5 mg/kg i.v. of ramoplanin. The bactericidal activity was confirmed in vivo in the rat
granuloma pouch model induced by MRSA, where NAI-603, at 40 mg/kg i.v., induced about a 2- to 3-log,,-reduction in viable
bacteria in the exudates, which persisted for more than 72 h. The pharmacokinetic (PK) profiles of NAI-603 and ramoplanin at
20 mg/kg show similar half-lives (3.27 and 3.80 h, respectively) with the maximum concentration (C,,,,) markedly higher for
NAI-603 (207 pg/ml versus 79 pg/ml). The favorable pharmacological profile of NAI-603, coupled with the absence of local tol-

erability issues, supports further investigation.

In 2009, the WHO identified antibiotic resistance as one of the
greatest threats to human health (1). Indeed, figures are fright-
ening: in Europe about 25,000 patients die every year from infec-
tion with multidrug-resistant (MDR) bacteria, and such infec-
tions result in health care costs and lost productivity of at least
€1.5 billion per year. Methicillin-resistant Staphylococcus aureus
(MRSA) alone infects more than 94,000 people and kills nearly
19,000 in the United States every year, more deaths than are
caused by HIV/AIDS, Parkinson’s disease, emphysema, and ho-
micide combined (1). Despite that, we are witnessing the steady
rise of drug-resistant bacteria while the treatment of infection re-
mains an area where there have been few major advances in recent
years and while the number of companies in this area of research
has dropped off steadily. New, safe, and effective antibiotics are
therefore needed to limit the dramatic effects of increasing antibi-
otic resistance. Ramoplanin is a glycolipodepsipeptide antibiotic
obtained from fermentation of Actinoplanes ATCC 33076 (2). The
compound, discovered more than 20 years ago, is active against
multidrug-resistant Gram-positive aerobic and anaerobic bacte-
ria (3, 4). Its rapid bactericidal activity (5, 6) made ramoplanin a
promising candidate for treating serious, life-threatening infec-
tions. Ramoplanin is effective in systemic use in animal models of
infection although only a few studies have reported efficacy data
(7, 8). Such use, however, has been hampered by ramoplanin he-
molytic activity when the compound is administered intrave-
nously (i.v.). As a consequence of this limitation, ramoplanin has
been under clinical investigations for topical applications, includ-
ing as an oral (per os, p.o.), nonabsorbable antibiotic for the pre-
vention of infections by vancomycin-resistant enterococci (VRE)
and for the treatment of Clostridium difficile-associated diarrhea
(9, 10).

Because of ramoplanin’s favorable antibacterial properties, ef-
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forts have been made to generate ramoplanin analogs by total
synthesis (11-14) or by semisynthesis of the natural compound
(15). Alanine scanning experiments demonstrated that hydroxy-
phenylglycine in position 11 and the ornithine in position 10 are
essential for the antibiotic activity (11, 13), together with the pres-
ence of the fatty acid (11). After semisynthesis, removal of the
dimannosyl residue and guanylation of the amino groups of the
two ornithines maintained an antimicrobial activity comparable
to that of ramoplanin but did not improve tolerability. On the
contrary, modifications of the fatty acid chain influenced both
antibiotic and hemolytic activities. In particular, the transforma-
tion of the a,B-double bond in an aldehyde and its subsequent
conversion into an amine moiety allowed selective and smooth
removal of the original fatty acid chain and its replacement with a
set of different fatty acids. Among these compounds, the most
promising molecule is one in which ramoplanin’s di-unsaturated
fatty acid chain is replaced by a 2-methyl-phenylacetic acid resi-
due (15). This modification led to a significant reduction in he-
molytic activity, and testing a limited number of strains suggested
that this derivative retained the antibacterial spectrum and po-
tency of the parent compound. We report here the characteriza-
tion of this promising derivative, designated NAI-603, with re-
spect to its in vitro and in vivo properties and demonstrate that the
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compound maintains the favorable properties of the parent com-
pound, including a favorable pharmacokinetics (PK).

(This study was presented in part as posters at the 43rd Inter-
science Conference on Antimicrobial Agents and Chemotherapy,
Chicago, IL, 13 to 17 September 2003 [16, 39].)

MATERIALS AND METHODS

Bacterial strains and antimicrobials. The strains used in this study (154
Gram-positive aerobic strains and 40 Gram-positive anaerobes, all part of
the NAICONS strain collection) were laboratory strains or clinical isolates
collected from different sources, with over 60% of the isolates resistant to
antibacterial agents of common nosocomial use. NAI-603, which corre-
sponds to compound 48 in the study of Ciabatti et al. (15), and ramopla-
nin were prepared and used as described previously (15). Teicoplanin,
metronidazole, vancomycin, daptomycin, and linezolid, all from com-
mercial sources, were dissolved at 10 mg/ml in dimethyl sulfoxide and
diluted with the appropriate medium before use.

Media. Todd Hewitt broth (THB) and agar (THA), Mueller-Hinton
broth (MHB), brucella broth (BB), brain heart infusion (BHI) broth, and
antibiotic medium agar number 2 (AM2) were from Difco Labs (Detroit,
MI, USA). Cation-adjusted Mueller-Hinton broth (CAMHB), prepared
by adding 20 mg/liter CaCl, (50 mg/liter CaCl, for testing daptomycin)
and 10 mg/liter MgCl, to MHB, was used for all aerobic strains, except for
streptococci, which were grown in THB. Anaerobic bacteria were grown
in BB supplemented with hemin and vitamin K; (5 and 1 pg/ml, respec-
tively). Oxyrase (Oxyrase, Inc., Mansfield, OH, USA) was added to BB
(1:25, vol/vol) only for cultures of Clostridium spp.

Antibacterial activities. MICs were determined by the broth microdi-
lution method according to CLSI guidelines (17, 18) using inocula of 1 X 10°
to 5 X 10° CFU/ml and 24-h incubations at 35°C. Minimal bactericidal con-
centrations (MBCs) were determined according to CLSI guidelines (19). Af-
ter a 24-h incubation, cultures containing concentrations higher than the
MIC were serially diluted, and duplicate 0.01-ml aliquots were spread on
THA plates. Colonies were counted after 48 h at 35°C. The MBC was defined
as the concentration that killed =99.9% of the initial inoculum.

For determining the pH effect on MIC, CAMHB was adjusted to pH 6,
7, or 8 with appropriate volumes of 0.1 N HCl or 0.5 N NaOH. Inoculum
effects were determined in the range of 10° to 10° CFU/ml. The effect of
proteins on MICs and MBCs was investigated according to CLSI recom-
mendations (19), starting from an exponentially growing culture pre-
pared as follows. Several colonies from an overnight THA plate were
picked and inoculated into MHB supplemented with 50% human serum
(Sigma Chemical Co., St. Louis, MO, USA). Cultures were incubated un-
der shaking conditions at 35°C and subsequently diluted to 5 X 10°> CFU/
ml. MICs and MBCs were determined as previously described.

Resistance selection. The following strains were used: methicillin-
susceptible Staphylococcus aureus (MSSA) 819, methicillin-resistant S. au-
reus (MRSA) 1400, glycopeptide-intermediate S. aureus (GISA) 3797, and
vancomycin-resistant Enterococcus faecalis (VanA) A8. The occurrence of
spontaneous resistant mutants was evaluated by plating 25 .l of serial
dilutions of late-exponential-phase CAMHB cultures on Mueller-Hinton
agar (MHA) plates containing 2X, 4X, or 8 X MIC of NAI-603 or ramo-
planin. The number of colonies was determined after 2 to 5 days of incu-
bation at 35°C. Randomly selected colonies from each plate were tested to
confirm resistance and to determine the frequency of resistant colonies.
Experiments were made in duplicate.

The serial passage technique was employed using the same strains.
Briefly, 100-wl cultures containing about 1 X 10° CFU/ml and different
concentrations of either ramoplanin or NAI-603 were incubated for 24 h
at 35°C. For each compound, the culture grown at 0.5X MIC was diluted
to about 1 X 107 CFU/ml and supplemented with an equal volume of
fresh medium containing serial dilutions of compound for the following
passage. The procedure was repeated for up to 22 passages. Samples of
each passage were added with 20% glycerol and frozen at —20°C. To
control the variability of the MIC values at different days, MIC tests were
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performed on samples of first and last passage, frozen and thawed, on
three different days.

Acute lethal infection model in mice. Female ICR mice (Harlan It-
aly), 23 to 25 g, were used. Cultures from frozen vials were incubated for
24 h at 35°C and then appropriately diluted with 5% bacteriological mu-
cin (Difco Labs, Detroit, MI, USA) in BHI broth. Immunocompetent
mice were infected intraperitoneally (i.p.) with about 10° CFU of MRSA
3817, while neutropenic mice were infected i.p. with about 10° CFU of E.
faecalis VanA A533 or Enterococcus faecium VanA 569, in a final volume of
0.5 ml. In all experiments, these inocula resulted in 100% mortality in
untreated controls within 48 to 72 h from infection. Neutropenia was
induced as described previously (20), with minor modifications. Cyclo-
phosphamide (Endoxan-Asta; Asta Medica) was administered i.p. on days
—4 (200 mg/kg of body weight) and —1 (100 mg/kg) before infection.
This schedule was found to be optimal for establishing the desired tran-
sient neutropenia (<100 polymorphonuclear leukocytes per mm® of
blood) for at least 4 days after the last dose of cyclophosphamide.

Eight mice per group were treated at each dose level with 0.25 ml of a
single-dose regimen of test compound. Treatments started within 10 to 15
min after infection and were intravenous (i.v.) for NAI-603 and ramopla-
nin, subcutaneous (s.c.) for NAI-603, daptomycin, teicoplanin, and van-
comycin, and oral (p.o.) for linezolid. Doses of comparator treatments
were selected to mimic therapeutic exposures obtained in patients and
were also based on dose regimens used in other animal models of infection
(21, 22). Linezolid was dosed orally because of its complete bioavailability
following this route of administration (23). Mortality was recorded daily.
Mice surviving after 7 days of treatment were euthanized. The 50% effec-
tive doses (ED5ys) and 95% confidence limits were calculated by the
Spearman-Kirber method from the animals surviving to 7 days at each
dose. This method was also used to calculate the 50% lethal dose (LD5,) of
each infecting organism (24).

Rat granuloma pouch model. Sprague-Dawley rats (Harlan Italy, S.
Pietro al Natisone, Italy) of both sexes, weighing 150 to 200 g, were used in
the granuloma pouch model as described by Dalhoff (25). Briefly,
pouches were produced in five to six rats per group by injecting 30 ml of
sterile filtered air followed by injection of 0.5 ml of 0.5% croton oil in
sesame seed oil deep into the loose connective dorsal tissue. Two days
later, approximately 10 ml of air was withdrawn, and after 2 to 3 more
days, 2 ml of 1% peptone and 0.35% agar in saline solution were injected
in the pouch. On day 10, rats were infected with 10° CFU of MRSA 1400
suspended in 1.5 ml of THB containing 2.5% gastric mucin and 0.35%
agar. Single intravenous (i.v.) treatments with 20 to 40 mg/kg of NAI-603
or intramuscular (i.m.) treatment with 100 mg/kg of vancomycin started
3 h after infection. The selected dose of vancomycin has been shown to
achieve plasma peak and trough vancomycin concentrations in rats com-
parable to those achieved in humans following i.v. administration of 1 g
(26). Samples (0.2 ml) of infected exudates were withdrawn before and 24,
48, 72, and 96 h after treatment and plated on THA by inclusion in soft
agar to determine bacterial titers, which were expressed as the average
log,, CFU/ml of exudates from five or six rats per treatment group. The
detection limit of the method was 40 CFU/ml. Infected exudates were
collected from pouches using heparinized syringes, followed by centrifu-
gation at 5,000 X g for 5 min. The concentration of NAI-603 in the result-
ing supernatants was determined by agar diffusion on AM2 using Bacillus
subtilis ATCC 6633 as the test organism. The limit of quantification was
0.2 pg/ml, and the calibration curve was in the range of 0.2 to 3.2 pg/ml.
When needed, samples were properly diluted to fit within the range of the
calibration curve.

Pharmacokinetics. Sprague-Dawley rats (Harlan Italy, S. Pietro al
Natisone, Italy) of both sexes, weighing about 300 g, were used. NAI-603
at 5 and 20 mg/kg i.v. and 20 mg/kg s.c. and ramoplanin at 20 mg/kgi.v.,
both dissolved in saline, were administered to six rats/dose. Blood samples
(0.2 to 0.4 ml) were collected, under light halothane anesthesia, from the
retro-orbital sinus into heparinized tubes. Blood samples were centri-
fuged at 2,000 X g for 10 min at room temperature, and the resulting
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TABLE 1 MICs of NAI-603 and other antimicrobial agents against aerobic bacteria

MIC 1
Resistance No. of range (ug/ml)
Microorganism phenotype? isolates NAI-603 Ramoplanin Vancomycin Teicoplanin
Staphylococcus aureus MRSA 17 0.06-0.25 0.03-0.25 1-4 1->16
GISA 5 0.25-1 0.06-2 1-8 2-8
MSSA 10 0.12-1 0.03-0.25 0.12-1 0.12-2
Staphylococcus epidermidis MRSE 10 0.06-1 0.015-0.25 1-2 0.25-16
Streptococcus pneumoniae PS 17 0.004—-0.06 =0.0006—-0.06 0.25-1 =0.008-0.03
PI 7 0.008-0.03 0.002-0.008 =0.06-0.50 0.015-0.03
Streptococcus pyogenes wild type 1 =0.03 =0.03 0.5 0.12
Enterococcus faecium VanA 10 1-1 0.03-0.12 >128 >128
VanB 10 0.5-2 0.015-0.25 32->128 0.25-4
Enterococcus faecalis VanA 14 0.25-1 0.03-0.12 64—>128 8-—>128
VanB 10 0.5-2 =0.008-0.5 8—>128 0.12-32
VanS 10 0.12—4 =0.008-0.5 0.5—4 =0.06-0.5
Enterococcus gallinarum VanC 10 0.06-1 =0.008-0.125 4-64 0.25-1
Enterococcus durans VanA 5 0.12-0.5 0.015-0.03 >128 >128
VanS 0.06-8 =0.008-1 0.5-2 0.25-1
Enterococcus hirae wild type 10 0.06-8 =0.008-1 0.25-8 =0.06-1

“ PS, penicillin susceptible; PI, penicillin intermediate; MRSE, methicillin-resistant Staphylococcus epidermidis.

plasma samples were stored at —20°C until analysis. Compound concen-
trations were determined by agar diffusion as described above. Pharma-
cokinetic parameters were determined by noncompartmental analysis
(WinNonlin, version 3.1pro; Pharsight).

All in vivo procedures were approved by the Animal Care and Use
Committee at Vicuron Pharmaceuticals.

RESULTS

MIC and MBC determinations. In previous work, NAI-603 was
found to be active against a few strains of S. aureus, Streptococcus
pyogenes, and Enterococcus spp., with MICs generally comparable
to those of ramoplanin (15). These results were expanded and
confirmed in the present work, as shown in Table 1. Overall, the
NAI-603 MICs are comparable to or lower than those of reference
compounds against all of the 102 tested aerobic strains. All Staph-
ylococcus spp. were susceptible to NAI-603, irrespective of resis-

tance to methicillin, with MICs ranging between 0.06 and 1 pg/ml.
Streptococcus pyogenes and Streptococcus pneumoniae, including
strains with intermediate resistance to penicillin, were highly sus-
ceptible to NAI-603 and ramoplanin, with both compounds
showing MIC values significantly lower than those of the reference
compounds. Against the tested enterococci, the MIC range of
NAI-603 was 0.06 to 2 pg/ml, irrespective of the species and of the
vancomycin resistance phenotype, and was comparable to previ-
ously reported ramoplanin activity (27).

Anaerobic Gram-positive bacteria (Propionibacterium acnes,
Clostridium difficile, and other clostridia) were also highly suscep-
tible to NAI-603, which displayed against all tested organisms
MIC values equal to or lower than those of reference compounds
vancomycin, metronidazole, and clindamycin and comparable to
those of ramoplanin (Table 2). This result indicates that, also for

TABLE 2 MICs of NAI-603 and other antimicrobial agents against anaerobic bacteria

MIC range (jg/ml)

No. of

Microorganism isolates NAI-603 Ramoplanin Vancomycin Metronidazole Clindamycin
Clostridium spp.

C. perfringens 3 0.015-0.12 =0.008-0.03 0.5-1 0.5-8 =0.06-0.5

C. beijerinckii 5 =0.008-0.12 =0.008-0.12 1-4 0.25-1 2-8

C. difficile 10 0.06-0.25 0.06-0.25 0.5-2 0.12-1 4->64

C. ramosum 4 0.03-0.25 =0.008-0.015 4-8 0.5-2 8

C. septicum 2 0.015 =0.008 1 1 1

C. butyricum 2 0.015 <0.008 1 0.5-2 0.5->64

C. clostridioforme 1 2 1 0.5 0.12 2
Peptostreptococcus prevotii 1 =0.008 =0.008 1 0.12 0.12
Propionibacterium acnes 10 0.06-0.25 =0.008-0.03 0.06-0.5 128->128 =0.06->16
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TABLE 3 In vitro activity of NAI-603 and ramoplanin in the absence or presence of 50% human serum

Bactericidal activity (pg/ml)

. . No HS” +50% HS
Microorganism
(resistance phenotype)” Strain no. Compound MIC MBC MIC MBC
S. aureus (GISA) 4061 NAI-603 0.25 0.25 1 1
Ramoplanin 0.12 0.12 1 1
S. aureus (GISA MRSA) 3797 NAI-603 1 2 2 2
Ramoplanin 1 1 4 4
S. aureus (MSSA) 3906 NAI-603 0.06 0.13 0.06 0.5
Ramoplanin 0.03 0.03 0.06 1
819 NAI-603 0.12 0.12 0.5 0.5
Ramoplanin 0.12 0.12 0.5 1
S. aureus (MRSA) 1400 NAI-603 0.25 0.25 1 1
Ramoplanin 0.12 0.12 1 1
S. haemolyticus (MRSA) 3902 NAI-603 0.12 0.5 0.03 0.25
Ramoplanin 0.03 0.03 0.03 0.03
E. faecium (VanA) B518 NAI-603 0.5 1 1 4
Ramoplanin 0.03 0.03 0.5 2
F524 NAI-603 0.25 0.25 1 1
Ramoplanin 0.03 0.03 0.5 0.5
D561 NAI-603 0.5 0.5 1 1
Ramoplanin 0.03 0.06 4 4
560 NAI-603 0.5 0.5 1 1
Ramoplanin 0.03 0.06 1 1
E. faecalis (VanA) 569 NAI-603 0.5 0.5 2 2
Ramoplanin 0.03 0.06 4 4
J1 NAI-603 0.25 1 0.5 0.5
Ramoplanin 0.03 0.06 0.5 0.5
A8 NAI-603 0.25 0.5 0.5 4
Ramoplanin 0.03 0.06 0.5 0.5

@ S. haemolyticus, Staphylococcus haemolyticus.
? HS, human serum.

anaerobic strains, replacement of the ramoplanin acyl chain with
2-methyl-phenylacetic acid does not adversely impact the MICs.

An important feature of ramoplanin is its high bactericidal
activity (5, 6). As shown in Table 3, NAI-603 retained this prop-
erty against different strains of S. aureus and Enterococcus spp.,
with MBC/MIC ratios never exceeding 4, similarly to ramoplanin.
The presence of 50% human serum increased NAI-603 MICs by 2-
to 4-fold, while the MBC/MIC ratio was not affected. In compar-
ison, ramoplanin’s MICs and MBC/MIC ratios were more influ-
enced by the presence of human serum (Table 3). It should be
noted that our results indicate a limited effect of human serum on
ramoplanin’s MBC against Enterococcus spp., a result that con-
trasts with a previous report on the lack of bactericidal activity
against this genus in the presence of 50% serum from an unspec-
ified source (28).

The MICs of NAI-603 against Staphylococcus or Enterococcus
spp. were only marginally affected by pH in the range of 6 to 8 by
or inoculum size between 10° to 10® CFU/ml, a behavior similar to
that observed with ramoplanin (Table 4).

Selection or induction of resistant strains. Using one MSSA
strain, one MRSA strain, and one E. faecalis VanA strain with
different susceptibilities to NAI-603 (MIC range, 0.25 to 4 pg/ml),
the efficiency of plating decreased rapidly with increasing multi-
ples of the MIC and was below the detection limit (about =1 X
107%) at 8X MIC (Table 5). When colonies grown at 2X or 4X
MIC were retested for NAI-603 susceptibility, their MICs were
unaltered with respect to the parent strain, suggesting a popula-
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tion effect at small multiples of the MIC (data not shown). These
results indicate that the frequency of resistant mutants for all
tested strains is below 10~°. Identical results were observed with
ramoplanin, consistent with previous data (7).

The same three strains and two additional strains (one S. au-
reus GISA and one E. faecium VanA), were also tested for emer-
gence of resistance by exposure to subinhibitory concentrations of
NAI-603. The results, illustrated in Fig. 1, indicate that up to 22
serial subcultures at 0.5X MIC yielded at most an 8-fold increase
in the MICs against one MRSA and one VRE strain. Similar results
were obtained in a parallel experiment with ramoplanin (data not
shown).

These results confirm that NAI-603 retains the low propensity
of ramoplanin to select for resistance, a result expected from a
compound that acts by binding to the peptidoglycan intermediate
lipid II (2, 29).

In vivo efficacy. The efficacy of NAI-603, ramoplanin, and
comparators in acute lethal infections in mice is reported in Table
6. In immunocompetent mice infected with MRSA 3817, NAI-603
was highly effective, with EDs of 0.4 and 0.5 mg/kg when admin-
istered i.v. and s.c., respectively. Such efficacy is comparable to
that of teicoplanin and higher than that of linezolid and vancomy-
cin. In infections induced by vancomycin-resistant E. faecalis
A533 and E. faecium 569 in neutropenic mice, NAI-603 adminis-
tered by i.v. route was 2 to 3 times less effective than ramoplanin,
consistent with the respective in vitro activities, and both drugs
were always comparable or superior to reference compounds. The
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TABLE 4 Effect of pH and inoculum on the MICs of NAI-603 and ramoplanin against Staphylococcus spp. and Enterococcus spp.

MIC (pg/ml) under the indicated condition”

. . pH Starting inoculum (CFU/ml)

Microorganism

(resistance phenotype) Strain no. Compound 6 7 8 10° 10* 10° 10° 107 10®

S. aureus (GISA) 4061 NAI-603 0.25 0.25 0.5 0.12 0.25 0.25 0.25 0.5 1
Ramoplanin 0.12 0.03 0.12 =0.01 =0.01 0.03 0.03 0.03 0.06

S. aureus (GISA MRSA) 3797 NAI-603 1 2 2 NT NT NT NT NT NT
Ramoplanin 2 2 2 NT NT NT NT NT NT

S. aureus (GISA MRSA) 3798 NAI-603 2 2 2 0.5 0.5 1 1 2 2
Ramoplanin 1 0.25 0.25 0.12 0.12 0.12 0.25 0.25 0.5

S. aureus (MSSA) 4064 NAI-603 0.5 1 2 0.5 0.5 0.5 1 1 4
Ramoplanin 0.5 0.25 0.5 0.06 0.06 0.06 0.12 0.25 2

S. aureus (MRSA) 1400 NAI-603 0.06 0.12 0.5 0.25 0.25 0.25 0.25 0.5 1
Ramoplanin 0.008 0.03 0.03 0.015 0.03 0.03 0.06 0.06 0.12

E. faecium (VanA) B518 NAI-603 NG 1 2 0.25 0.25 0.25 0.5 0.5 0.5
Ramoplanin NG 0.015 0.015 =0.01 =0.01 =0.01 0.03 0.03 0.06

E. faecium (VanA Lnz")? A6349 NAI-603 0.5 0.5 1 0.5 0.5 0.5 1 1 1
Ramoplanin 0.06 0.03 0.0125 =0.01 0.03 0.03 0.03 0.03 0.06

E. faecalis (VanA) A6345 NAI-603 0.5 1 1 0.5 0.5 0.5 1 0.5 1
Ramoplanin =0.03 0.008 0.008 =0.01 =0.01 =0.01 =0.01 0.03 0.06

E. faecalis (VanA) A533 NAI-603 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.5
Ramoplanin 0.03 0.015 0.015 =0.01 =0.01 =0.01 0.03 0.06 0.06

E. faecalis (wild type) A6350 NAI-603 0.25 0.25 0.5 0.12 0.12 0.12 0.25 0.5 1
Ramoplanin 0.008 0.008 0.008 =0.01 =0.01 =0.01 0.03 0.12 0.12

“ Lnz", linezolid resistant.
?'NT, not tested; NG, not grown.

EDg, values observed with NAI-603 when it was administered i.v.
or s.c. suggest a good exposure of the compound after subcutane-
ous administration (Table 6).

Next, we determined the in vivo bactericidal effect of single 20
or 40 mg/kg i.v. NAI-603 doses in an MRSA 1400 infection in rat
granuloma pouches in comparison with single i.m. 100 mg/kg
vancomycin. In this model, 40 mg/kg NAI-603 reduced the viable
cell counts in pouch exudates soon after administration, and this
effect lasted for 72 h (Fig. 2). Vancomycin or 20 mg/kg NAI-603
reduced bacterial counts up to 48 h although subsequent growth
was observed, resulting at 96 h in a bacterial load similar to that
present at time zero (Fig. 2). Importantly, the MRSA colonies
(about 6 to 8 colonies/rat) isolated after 96 h from rats treated with
20 mg/kg NAI-603 had the same susceptibility to NAI-603 as the
original challenge strain (data not shown), suggesting that bacte-
rial growth at longer times occurred because of washout of the
antibiotic and not because of the emergence of resistant mutants
in vivo.

The mean NAI-603 concentrations observed in infected pouch
exudates are shown in Fig. 3. Highest concentrations were 3.88
and 4.98 pg/ml following 20- and 40-mg/kg doses, respectively,
with elimination phases in the range of 20 to 27 h. The exudate

levels of NAI-603 were above the MBC for MRSA 1400 (Table 3)
for up to 24 h following single 20 and 40 mg/kg i.v. doses. Thus, the
in vivo bactericidal activity is consistent with the in vitro data.

Pharmacokinetics. Following 5 and 20 mg/kg i.v. doses,
plasma concentrations of NAI-603 were determined (Fig. 4). Peak
concentrations measured 3 min from dosing were 27 * 4 and
207 * 42 pg/ml at 5 and 20 mg/kg, respectively. In both cases, a bi-
exponential elimination phase was observed, with compound still
detectable in plasma after 24 h at 20 mg/kg. Noncompartmental
analysis showed a substantially linear profile in the analyzed range.
Comparison of NAI-603 parameters with those achieved with
ramoplanin at 20 mg/kg showed that, while the half-lives re-
mained similar at 3.27 and 3.80 h, respectively, the C,,,, was mark-
edly higher for NAI-603 than for ramoplanin (207 pg/ml and 79
pg/ml, respectively). The volume of distribution at steady state
was lower for NAI-603 (0.3 versus 0.77 liters/kg), suggesting a
different early distribution phase.

Following a single 20 mg/kg s.c. administration of NAI-603, a
Cpnax 0f 5.0 = 1.2 pg/ml was reached 4 h after dosing, while inte-
grating the observed concentrations from time zero to infinity
yielded 114 mg - h liter ™", corresponding to a bioavailability of

TABLE 5 Frequency of naturally resistant mutants to ramoplanin or NAI-603 determined by efficiency of plating

Frequency of resistant mutants with:

. . Ramoplanin NAI-603
Microorganism
(resistance phenotype) Strain no. 8X MIC 4X MIC 2X MIC 8X MIC 4X MIC 2X MIC
S. aureus (MSSA) 819 <4x107? <4x107° 34X 1078 <22X107° <22X10°% 22X 1077
S. aureus (MRSA) 1400 2.86 X 107° 47 X108 29X 1077 <1x10°%® 37X 10°° 1 X107
E. faecalis (VanA) A8 <1.5X107° 1.52 X 10~° 9.8 X 1077 <2.6 X107° <2.6 X107° <2.6 X107°
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FIG 1 MIC changes of NAI-603 against various pathogens after serial passages
at subinhibitory concentrations. —, S. aureus MSSA; *, S. aureus MRSA; A, S.
aureus GISA; O, Enterococcus faecium VanA; B, E. faecalis VanA.

about 52%, consistent with the efficacy observed in murine infec-
tions after s.c. administration (Fig. 4 and Table 6).

DISCUSSION

Although treatment of multidrug-resistant systemic infections
has received substantial attention, of the six antimicrobials ap-
proved over the past 12 years (quinupristin-dalfopristin, linezolid,
daptomycin, tigecycline, telavancin, and ceftaroline), only two
represent new chemical classes endowed with new mechanisms of
action. Resistance to some of these new antibiotics is already
showing up in the clinical setting (30-33), making imperative the
search of new chemical classes not affected by existing and emerg-
ing resistance mechanisms (34, 35).

Ramoplanin disrupts bacterial cell wall synthesis by binding
the peptidoglycan intermediate lipid II at a site different from
glycopeptides (2). As a result, it shows no cross-resistance with
vancomycin or with B-lactams. The rapid bactericidal activity
against all Gram-positive aerobic and anaerobic pathogens makes
this antibiotic an ideal candidate for prevention and treatment of
infections caused by these important pathogens. However, the
systemic use of ramoplanin has been limited by the absence of

Properties of Ramoplanin Derivative NAI-603

Log;, cfu/mL exudate
S = N W A U1 N 0 0

t(h)

FIG 2 Efficacy of NAI-603 at 20 (A) and 40 () mg/kgi.v. in comparison with
100 mg/kg s.c. vancomycin (@) and untreated control (M) in the rat granu-
loma pouch model induced by MRSA 1400.

bioavailability following oral administration and by poor local
tolerability after i.v. injection. Attempts at overcoming these lim-
itations by protecting formulations have appeared in the patent
literature (36, 37); however, injectable formulations of ramopla-
nin have yet to enter clinical development. Ramoplanin has been
under investigation for a decade for the treatment of Clostridium
difficile-associated diarrhea (10).

A well-tolerated ramoplanin derivative might represent an in-
novative antibacterial agent for the systemic treatment of serious
nosocomial infections caused by multidrug-resistant Gram-posi-
tive bacteria, including VRE and MRSA. Previous studies carried
out on the isolated three main components of ramoplanin com-
plex showed that the hemolytic effect was modulated by the length
of the fatty acid chain, suggesting that tolerability could also be
modulated by the length and nature of the fatty acid residue. Based
on this assumption, a program targeting the synthesis of a ramo-
planin derivative with the same antibacterial properties of the par-
ent compound but coupled with an improved tolerability profile

TABLE 6 Efficacy of NAI-603 and comparators in murine systemic infections

Mouse group and organism Route of 95% Confidence
(resistance phenotype) Compound MIC (n.g/ml) administration EDg, (mg/kg) limits (mg/kg)
Immunocompetent mice
S. aureus 3817 (MRSA) NAI-603 0.12 iv. 0.4 0.4-0.5
s.C. 0.5 0.4-0.6
Linezolid 2 p-o. 1.4 1.2-1.7
Vancomycin 0.5 s.C. 1.4 1.2-1.7
Teicoplanin =0.125 s.C. 0.6 0.5-0.8
Neutropenic mice
E. faecium 569 (VanA) NAI-603 1 iv. 1.6 1.3-1.9
s.C. 4.0 3.2-5.0
Daptomycin 4 s.C. 1.4 1.1-1.9
Ramoplanin 0.06 iv. 0.5 0.4-0.6
Linezolid 2 p.o. 11.3 9.5-13.4
Vancomycin >128 s.C. >90
E. faecalis A533 (VanA) NAI-603 0.5 iv. 1.1 1.0-1.4
s.C. 1.6 1.3-2.0
Daptomycin 2 s.C. 1.4 1.2-1.7
Ramoplanin =0.03 iv. 0.5 0.4-0.5
Linezolid 2 p.o. 12.7 10.9-14.7
Vancomycin >128 s.C. >90
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FIG 3 NAI-603 levels in pouch exudates after single i.v. administration of 5
(M), 20 (O), and 40 (A) mg/kg.

was initiated (15). Many of the resulting ramoplanin derivatives
showed antimicrobial activity similar to that of the natural com-
pound coupled with an improved local tolerability. Among them,
the derivative in which the 2-methylphenylacetic acid has replaced
the di-unsaturated fatty acid side chain (NAI-603 herein and com-
pound 48 in reference 15) was selected as the most interesting
compound: when administered intravenously into rats, no hema-
turia was observed at a dose of 20 mg/kg, either after single or
repeated injections, and no macroscopic lesions, such as dark tail
at injection sites, were observed (15).

In this study, we show that NAI-603 possesses a similar anti-
bacterial spectrum as the parent compound, covering all MDR
Gram-positive aerobic and anaerobic pathogens, with somewhat
lower activity against vancomycin-susceptible and -resistant en-
terococci (MIC range, 0.06 to 2 mg/liter). The two compounds
share the same properties, including rapid bactericidal activity
and no significant pH or inoculum effect or reduction in potency
in the presence of serum. Moreover, the lack of cross-resistance
with other cell wall-inhibiting antibiotics and the low propensity
of developing resistance represent added values for a drug that
may find application in severely ill and hospitalized patients. In-
deed, the frequency of natural resistance for NAI-603, determined
on clinically relevant pathogens like MRSA, GISA, and VRE, was
very low (about =1 X 10~°) at concentrations easily attainable in
vivo at therapeutic doses (Table 5).

At the time of the discovery of ramoplanin, its in vitro proper-
ties led to the suggestion of this antibiotic as the drug of choice for
treating systemic infections by Gram-positive bacteria (38). How-
ever, we were able to find only two reports of in vivo efficacy: one
in the patent literature, in which EDs, values ranging from 1 to 5
mg/kg for mouse septicemia induced by S. aureus or E. faecium
were reported (36), and the other in a peer-reviewed journal,
where efficacy in rabbit endocarditis was observed only in combi-
nation with penicillin (8). Several publications commented on
instability of ramoplanin in animal serum (1, 12) although we
could not find any data substantiating such a claim. The data
reported in Table 6 indicate that, with a half-life of 3 to 4 h, ramo-
planin is sufficiently stable, at least in rat plasma. Similar values are
observed also for NAI-603, suggesting that this compound is
equally stable.
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FIG 4 Plasma levels (ug/ml) in rats treated with 20 mg/kg i.v. ramoplanin
(@), 20 mg/kg i.v. NAI-603 (M), 5 mg/kg i.v. NAI-603 (A), and 20 mg/kg s.c.
NAI-603 (®).

NAI-603 possesses an interesting antibacterial profile, covering
all MDR Gram-positive pathogens, as well as a rapid and potent
bactericidal activity. These data have been substantiated by differ-
ent models of experimental infections caused by these difficult
pathogens, as documented by the present work. In an acute mu-
rine lethal infection induced by MRSA or VRE, the efficacy of
intravenously administered NAI-603 was comparable to the effi-
cacies of reference compounds administered in dosages and by
routes that reflect the exposures attained in humans at therapeutic
doses. NAI-603 was more effective when administered i.v. than
s.c., suggesting limited bioavailability by the latter route (Table 6).
The rapid bactericidal effect observed for NAI-603 in the rat gran-
uloma pouch model induced by MRSA is consistent with its high
potency and suggests good tissue penetration. Interestingly, 20
mg/kg NAI-603 was sufficient to produce the same reduction of
bacterial counts achieved by 100 mg/kg i.m. vancomycin. How-
ever, while in the vancomycin and 20 mg/kg NAI-603 groups bac-
terial regrowth was observed starting 72 h after treatment, a low
bacterial titer was maintained for up to 96 h in the 40 mg/kg
NAI-603 group (Fig. 3).

Comparison of NAI-603 parameters with those achieved with
ramoplanin at 20 mg/kg shows that, while half-lives remained
similar at 3.27 and 3.80 h, respectively, the C,,,, was markedly
higher for NAI-603 than for ramoplanin (207 pwg/ml and 79 g/
ml, respectively). The volume of distribution at steady state was
lower for NAI-603 (0.3 versus 0.77 liters/kg), suggesting a differ-
ent early distribution phase. Investigation of the PK/pharmacody-
namic (PD) properties of NAI-603 are ongoing.

In conclusion, the data reported here indicate that NAI-603,
with its high activity against MDR Gram-positive pathogens,
rapid bactericidal activity, efficacy in multiple models of infection,
and favorable pharmacokinetic profile, together with the good
tolerability previously reported (15), is a compound worthy of
further investigation.
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