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The Gram-negative plague bacterium, Yersinia pestis, has historically been regarded as one of the deadliest
pathogens known to mankind, having caused three major pandemics. After being transmitted by the bite of an
infected flea arthropod vector, Y. pestis can cause three forms of human plague: bubonic, septicemic, and
pneumonic, with the latter two having very high mortality rates. With increased threats of bioterrorism, it is
likely that a multidrug-resistant Y. pestis strain would be employed, and, as such, conventional antibiotics
typically used to treat Y. pestis (e.g., streptomycin, tetracycline, and gentamicin) would be ineffective. In this
study, cethromycin (a ketolide antibiotic which inhibits bacterial protein synthesis and is currently in clinical
trials for respiratory tract infections) was evaluated for antiplague activity in a rat model of pneumonic
infection and compared with levofloxacin, which operates via inhibition of bacterial topoisomerase and DNA
gyrase. Following a respiratory challenge of 24 to 30 times the 50% lethal dose of the highly virulent Y. pestis
C092 strain, 70 mg of cethromycin per kg of body weight (orally administered twice daily 24 h postinfection
for a period of 7 days) provided complete protection to animals against mortality without any toxic effects.
Further, no detectable plague bacilli were cultured from infected animals’ blood and spleens following cethro-
mycin treatment. The antibiotic was most effective when administered to rats 24 h postinfection, as the animals
succumbed to infection if treatment was further delayed. All cethromycin-treated survivors tolerated 2 subse-
quent exposures to even higher lethal Y. pestis doses without further antibiotic treatment, which was related,
in part, to the development of specific antibodies to the capsular and low-calcium-response V antigens of Y.
pestis. These data demonstrate that cethromycin is a potent antiplague drug that can be used to treat

pneumonic plague.

There are 11 known yersiniae; however, only 3 species are
human pathogens, and, of the 3, Yersinia pestis is the most
notorious. Y. pestis has a complicated life cycle involving
growth in an arthropod vector, the flea, and a mammalian host.
The mammalian host is often a rodent (e.g., rats, squirrels, and
prairie dogs); however, in many instances, especially where
endemic rodent populations are high, infected fleas hungry for
a blood meal can feed on humans who are in close proximity to
the animal reservoirs (9). Historically, Y. pestis has caused
three major pandemics and is estimated to have killed over 200
million people (7, 14). Unfortunately, plague continues to
cause morbidity and mortality with 1,000 to 2,000 human in-
fection cases reported annually, primarily in parts of India and
China where rodent populations are high. Furthermore, Y.
pestis is ubiquitous and can be found within the United States
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in the Four Corners region where Arizona, Colorado, New
Mexico, and Utah meet, as well as in parts of California (6, 24).

Considering plague’s designation as a reemerging infectious
disease by the World Health Organization (WHO) (3, 13) and
the current relevance of multidrug-resistant Y. pestis strains as
a bioterror threat (2, 18), it is essential that novel antiplague
drugs be developed, evaluated, and marketed. This infection
manifests itself in septicemic (characterized by whole-body in-
volvement via spread of Y. pestis through the blood/or lymphat-
ics) and pneumonic (person-to-person transmission via Y. pes-
tis-charged respiratory droplets) forms, both of which lead to
very rapid death in humans if left untreated (50 to 90% mor-
tality). However, if the infecting strain is one that does not
possess the multidrug-resistant trait, mortality can be reduced
to approximately 15% if streptomycin or gentamicin is admin-
istered within 24 to 36 h of infection (http://www.cdc.gov
/ncidod/dvbid/plague/info.htm). Although the most common
form of plague is bubonic, which leads to swollen lymph nodes
or buboes and results in a mortality rate of 30 to 75% if
untreated, antibiotic intervention is usually highly effective if
started in time.

Unfortunately, antibiotic-resistant Y. pestis strains have
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already been isolated from human cases of bubonic plague
in Madagascar (8, 10). Such strains harbor genes encoding
chloramphenicol acetyltransferase, streptomycin-modifying
enzyme, and TEM-1 beta-lactamase, conferring resistance
to chloramphenicol, streptomycin, and penicillin derivatives,
respectively. These multidrug-resistant Y. pestis strains, includ-
ing those resistant to tetracycline and fluroquinolone, could
potentially find their way into the hands of bioterrorists (14).
Therefore, the development and marketing of novel chemo-
therapeutic agents are of paramount importance to counteract
potential Y. pestis bioweapon attacks.

Previously, we have characterized mouse, guinea pig, and
rabbit models of respiratory infections caused by category A
select agents such as Bacillus anthracis, Y. pestis, and Francisella
tularenesis (25). However, rat models may be preferred for
plague infection since, unlike mice, which do not typically
develop buboes, rats develop more human-like forms of bu-
bonic plague (15, 33). Rats have also been successfully used to
determine the kinetics of bubonic infection, as well as for
examining the host immune response to Y. pestis (4, 29). In
addition, rats are the zoonotic animal reservoir for Y. pestis
(29). We became one of the first groups to fully characterize
the rat model of pneumonic plague (1). Now, we wish to report
the efficacy of a novel chemotherapeutic, cethromycin (a ke-
tolide antibiotic currently in clinical trials for respiratory tract
infections), as an antiplague antimicrobial by using the rat
pneumonic plague model and comparing the activity of cethro-
mycin with that of levofloxacin. Although our earlier study
demonstrated efficacy of levofloxacin in the mouse plague
model (25), it was never tested in the rat model of infection.

Our detailed studies with levofloxacin and cethromycin were
conducted independently in the rat model; however, we in-
cluded the former in several cethromycin experiments as a
positive control for direct comparison. These two antibiotics
operate via different mechanisms. Levofloxacin inhibits bacte-
rial topoisomerase IV and DNA gyrase and thus inhibits DNA
replication, transcription, DNA repair, and recombination
(22). In contrast, cethromycin inhibits bacterial protein synthe-
sis by binding to the 23S ribosomal subunit portion of the 50S
subunit or depleting the ribosome as a whole. This binding
(through hydrophobic interactions) prevents the exit of nas-
cent peptides from the ribosomal complex, resulting in trans-
lation arrest (26).

A recent study has evaluated the in vitro activity of cethro-
mycin against the intrinsically multidrug-resistant Burkholderia
pseudomallei, an etiological agent of melioidosis, and was
found to be bactericidal at 4 times the MIC and bacteriostatic
at the MIC (23). In addition, the immunomodulatory and anti-
inflammatory effects of cethromycin have been documented. In
a murine model of pneumonia caused by Mycoplasma pneu-
moniae, therapy with oral cethromycin at 25 mg/kg of body
weight/day for 10 days demonstrated a statistically significant
improvement of not only microbiological, histological, and res-
piratory but also immunological markers of disease severity
(27). The effects of cethromycin on the release of cytokines and
chemokines may not only hasten the resolution of the acute
illness but also influence the type of adaptive immune response
at the later stages of infection, as well as in subsequent en-
counters with this microorganism. The modulation of innate
immunity against lung inflammation by cethromycin may con-
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fer additional benefits to the treatment of pneumonic plague.
Although the MIC for levofloxacin against Y. pestis was re-
ported to be 0.03 pg/ml (11, 25), cethromycin exhibited a MIC
of 1 pg/ml based on one report presented at the 2006 ICAAC
meeting (12). In this study, we reevaluated the MIC of cethro-
mycin against Y. pestis and found it to be 2.5 pg/ml. Finally, we
showed that infected rats rescued with cethromycin developed
significant antibodies to the capsular (F1) and low-calcium-
response V (LcrV) antigens of Y. pestis, which were partly
responsible for subsequent protection against Y. pestis rechal-
lenges.

MATERIALS AND METHODS

Bacterial strain and reagents. For all rat infections, the fully virulent Y. pestis
CO92 strain (obtained from the Biodefense and Emerging Infections [BEI]
Research Resources Repository, Manassas, VA) was used. The female Brown
Norway rats (75 to 100 g) were purchased from Charles River Laboratories
International Inc. (Wilmington, MA). Cethromycin is a ketolide antibiotic ini-
tially discovered by Abbott, designated as ABT-773, and licensed to Advanced
Life Sciences Inc. (Woodridge, IL) in 2004. The drug is currently in late-stage
clinical trials for treatment against community-acquired bacterial pneumonia.
Unless otherwise noted, cethromycin was administered orally either once daily
(q.d.) or twice daily (b.i.d.) 24 h after Y. pestis pneumonic challenge at the
indicated doses and length of time. The cethromycin solution (8 mg/ml) was
prepared by initially suspending the antibiotic in sterile water followed by drop-
wise addition of acetic acid until it was completely dissolved before making up
the volume with water. The antibiotic solution was kept in the dark at the
refrigeration temperature and was stable for 7 days. A sterile, injectable formu-
lation of levofloxacin (Janssen Pharmaceutica, N.V., Beerse, Belgium) was pur-
chased from the UTMB Pharmacy. The animals in this study were administered
levofloxacin by intraperitoneal (i.p.) injection or via the oral route at the indi-
cated concentrations. Finally, purified LerV (for performing enzyme-linked im-
munoabsorbent assay [ELISA] and Western blot analysis) was obtained from
BEI while F1 was available in our laboratory.

Animal infection and rechallenge studies. Once we developed the rat model of
pneumonic plague (1), it became obvious to us that we should evaluate the
efficacy of levofloxacin in the rat model system as a natural continuation of our
earlier levofloxacin efficacy studies performed in the mouse model of plague (25).
The 50% lethal dose (LDs) of Y. pestis CO92 was initially determined in the rat
model by intranasal (i.n.) inoculation and found to be in the range of 329 to 500
CFU. This LDs, for rats was very similar to that noted for the Swiss-Webster
mice (30). For all of our subsequent studies, 500 CFU of Y. pestis CO92 was
considered 1 LDs.

Since in our mouse model of pneumonic plague, we used 5 times the LDs, of
Y. pestis CO92, we decided to increase the dose of bacteria to be used for
challenge studies in the rat model, since we were convinced that any protective
effects of levofloxacin would not be compromised by using a higher dose of 7 to
14 times the LDs,. This increased dose also ensured that we would obtain 100%
death of animals in the control group, which did not receive antibiotic treatment.
This is an important consideration since, at times, lower doses of bacteria may
not kill all control animals.

Thus, for the levofloxacin experiments, Brown Norway rats (n = 6 to 9 per
group) were intranasally exposed to 7 to 14 times the 50% lethal dose (LDs,) of
Y. pestis CO92 in an animal biosafety level 3 (ABSL-3) facility at the Galveston
National Laboratory, UTMB. The animals were anesthetized with a mixture of
ketamine and xylazine by the i.p. route before infection as per the protocol
approved by the Institutional Animal Care and Use Committee (IACUC). For
bacterial inoculation, the desired number of organisms was delivered in a total
volume of 50 wl, with 25 l given in each naris followed by washing of both of the
nostrils with 25 pl of phosphate-buffered saline (PBS). Twenty-four hours fol-
lowing the Y. pestis CO92 pneumonic challenge, levofloxacin treatment (25) was
initiated at various doses (0.5 to 15 mg/kg/day) given by the i.p. route or a
selected oral dose (20 mg/kg/day) for 6 days. The animals were then observed for
clinical symptoms and mortality for 42 days postchallenge. On day 43, the
survivors from each group were rechallenged with Y. pestis CO92 (7 LDs), and
animals were monitored for an additional 17 days (until day 60). This study
allowed evaluation of levofloxacin-enhanced protection against Y. pestis chal-
lenge following an initial pneumonic plague exposure.

For the cethromycin experiments, the infection was performed as reported
above for the levofloxacin studies, with the exception that higher bacterial doses
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were used. Thus, Brown Norway rats (n = 9 per group) were intranasally exposed
to 24 to 30 times the LDs, of Y. pestis CO92. Our rat studies conducted with
levofloxacin allowed us to further increase the dose of bacteria in animal chal-
lenge experiments with cethromycin to better gauge its protective effects against
pneumonic plague.

Twenty-four hours following the Y. pestis CO92 pneumonic challenge, cethro-
mycin was administered to rats orally by using disposable animal feeding needles
(20G X 1.50 in.; Thermo Fisher Scientific, Pittsburgh, PA) at the following doses:
20 mg/kg, 60 mg/kg, 100 mg/kg, 120 mg/kg, and 140 mg/kg as single daily doses
(q.d.) or b.i.d. at 70 mg/kg. The aforementioned range of doses was given for
periods of 7, 10, or 14 days to determine the minimal/optimal drug kinetic dosing
scheme in the rat model. The animals were examined for mortality and other
clinical symptoms over a period of at least 3 weeks. The survivors were intrana-
sally rechallenged with Y. pestis CO92 at 32 LDy, on day 55 after the first
challenge. Subsequently, the survivors were challenged a third time with 90 LD5,
of CO92 on day 110 after the initial challenge. The subsequent second and third
challenges provided an indication of protection in animals possibly afforded by
the host immune response that was triggered by Y. pestis antigens (e.g., F1 and
LcrV), as no antibiotic treatment was given when rats were reinfected.

The control animals were infected with Y. pestis but not given any antibiotic.
Instead, the rats were provided with the vehicle. For drug toxicity controls, the
noninfected rats (n = 9 per group) were given cethromycin for the same duration
as the experimental groups and observed for clinical symptoms and mortality.
For some experiments (see Fig. 2 and 3), we included levofloxacin (given at a
dose of 20 mg/kg/day) as a positive control in Y. pestis-infected rats for our
cethromycin studies, since this was the lowest dose of the ketolide antibiotic that
we tested.

Bacterial load determination. After intranasal challenge with 24 times the
LDs, of Y. pestis CO92 and initiating cethromycin treatment 24 h after Y. pestis
exposure at a dose of 70 mg/kg b.i.d. for 7 days, 3 representative rats out of the
30 animals were bled via cardiac puncture under anesthetic in the ABSL-3 facility
each day for up to 7 days during the cethromycin treatment. Blood was evaluated
for bacterial load via by plating on 5% sheep blood agar plates (Becton Dick-
inson and Company, Franklin Lakes, NJ) and subsequent counting of viable
colonies. Another 9 rats were infected and given only the vehicle and observed
for mortality. In addition to blood, the spleens of infected animals were also
harvested on day 2 from the group that did not receive cethromycin and on days
2, 4, and 6 from groups that received the antibiotic treatment for evaluating
bacterial clearance.

Delayed antibiotic treatment. To evaluate the efficacy of levofloxacin when the
treatment was delayed, rats were infected (n = 9 per group) with 14 times the
LDs, of CO92. At time points 24, 36, 42, and 48 h postinfection, the animals were
given two different doses of levofloxacin (5 and 10 mg/kg/day via the i.p. route)
for 6 days. Animal survival was monitored and recorded for 33 days postchal-
lenge. On day 34, survivors from all groups were rechallenged with 12 times the
LDs, of Y. pestis CO92 and monitored through day 65.

In another set of experiments, rats (n = 9 per group) were infected with Y.
pestis at 24 times the LDs, of Y. pestis CO92 and received cethromycin treatment
at 70 mg/kg b.i.d. for a period of 7 days starting at either 24, 36, 48, or 60 h after
infection. The animals were observed for mortality for 64 days, and all of the
surviving animals were then rechallenged with 30 times the LDs, of Y. pestis
CO92 and observed for another 41 days for mortality. The control group of rats
(n = 9) were infected and treated only with the vehicle.

MIC determination. The MIC is the lowest concentration of an antimicrobial
agent that completely inhibits the growth of an organism. For cethromycin, it was
determined by using the broth macrodilution method as published by the Clinical
and Laboratory Standards Institute (5). Briefly, the Y. pestis CO92 culture was
adjusted to a 0.5 McFarland standard before adding the same volume of the
culture to a 2-fold serial dilution of the antibiotic (starting concentration of
cethromycin was 1 mg/ml) in 3 ml of cation-adjusted Mueller-Hinton broth.
Cultures were grown for 24 h with shaking at 35°C, and absorbance was read at
an optical density of 600 nm (ODy). Bacterial growth without the antibiotic or
with levofloxacin served as a negative or positive control, respectively, for the
MIC evaluation.

ELISA and Western blot analysis. For ELISA, 96-well microtiter plates (Ev-
ergreen Scientific, Los Angeles, CA) were coated with 10 ng/well of LerV or F1
antigen at 4°C overnight. Following blocking and washing (32), sera from naive
and infected rats were serially diluted and incubated with the affixed antigens in
the microtiter plates for 1 h at room temperature. Following several washes,
horseradish peroxidase (HRP)-conjugated goat anti-rat secondary antibodies
were added to the wells at a dilution of 1:10,000 for 1 h at room temperature,
followed by several washes and the addition of the substrate TMB (3,3',5,5'-
tetramethylbenzidine). Following a 20-min colorimetric development period, the
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FIG. 1. Evaluation of various doses of levofloxacin (Levo) in a
pneumonic rat model of infection. Groups of 6 rats were exposed to a
12 LD, of Y. pestis CO92 and administered levofloxacin at the indi-
cated doses. Additionally, 9 rats were infected and received PBS in-
stead of levofloxacin as a negative control. The duration of the drug
treatment is indicated by the red bar. The animals in the levofloxacin-
treated groups were rechallenged and monitored for lethality. P values
indicate statistical significance.

reaction was quenched by the addition of 2 N H,SO,, and plate/well absorbance
was read at 450 nm by using an ELISA reader.

For Western blot analysis, purified LerV and F1 antigens (3.5 pg) were sub-
jected to SDS-8-t0-16% gradient polyacrylamide gel electrophoresis and immu-
noblotting. The blots were probed with sera from Y. pestis-infected and cethro-
mycin-rescued as well as rechallenged rats at a dilution of 1:1,000, followed by
HRP-labeled goat anti-rat secondary antibodies at a dilution of 1:10,000. As
described in our earlier study (31), blots were developed by using a Super-Signal
West Pico chemiluminescent substrate (Pierce, Rockford, IL).

Statistical analysis. For all animal studies, we used log rank (chi-square test)
Kaplan-Meier survival estimates (by using the Prism program) to determine
statistical significance, and a P value of =0.05 was considered significant. The
ELISA data were analyzed statistically by using a 2-way analysis of variance
(ANOVA).

RESULTS

Protective effects of levofloxacin and cethromycin against
pneumonic plague in a rat model. (i) Dose-response study with
levofloxacin. Knowing that levofloxacin is a potent anti-pneu-
monic plague chemotherapeutic in a murine model of infection
(11, 25), it was further evaluated in rat dose-response infection
studies. As shown in Fig. 1, survival of the untreated control
rats (given 12 times the LDy, of Y. pestis CO92) reached 0% by
day 4. Animals in other groups were administered levofloxacin
at 24 h postinfection and continued to receive it for 6 consec-
utive days. The 0.5-mg/kg/day levofloxacin group of animals
showed a mortality rate similar to that of the challenge control
animals. The 1-mg/kg/day levofloxacin-treated rats exhibited
17% survival, while animals treated with 5 mg/kg/day had a
67% survival rate. Both the 10- and 15-mg/kg/day groups of
levofloxacin-treated rats were 100% protected by day 42 of the
study. Therefore, a 10- to 20-mg/kg/day dose of levofloxacin
can be used as a positive control in this model. In fact, the
20-mg/kg/day dose of levofloxacin was employed in some of
our subsequent experiments to mimic the lowest dose of
cethromycin for comparison purposes. In terms of clinical
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FIG. 2. Evaluation of dose-response effect of cethromycin in a
pneumonic rat model of infection. Groups of 9 rats were exposed to a
25 LDy, of Y. pestis CO92 and administered cethromycin at the indi-
cated doses. A negative control consisted of rats administered PBS
instead of cethromycin (Cethro), and as a positive control rats received
20 mg/kg/day of levofloxacin (Levo) either orally or intraperitoneally.
Drug treatments were administered for either 7 or 14 days, and ad-
ministration lengths are indicated by red and blue bars. P values indi-
cate statistical significance.

symptoms at 48 h postinfection, animals in the control chal-
lenge group and those dying in the levofloxacin-treated groups
were lethargic and dehydrated and had ruffled fur, hunched
backs, and sunken eyes.

On day 43 postchallenge, survivors in each group were re-
challenged with Y. pestis CO92, as indicated with a vertical line
on the survival graph (Fig. 1). All groups of animals main-
tained their original levels of survival, except for the 15-mg/kg/
day group, in which the survival rate declined from 100% to
67%, which was still statistically significant when compared
to that in the challenge control group. These data may indicate
that rats were capable of mounting an immune response
against Y. pestis that conferred resistance to subsequent infec-
tions. Indeed, sera obtained from animals following the pri-
mary challenge had specific antibodies to F1 and LerV of Y.
pestis (based on ELISA), which were likely responsible, in part,
for this protective effect (data not shown).

(ii) Dose-response study with cethromycin. In determining
the in vitro MIC of cethromycin for Y. pestis CO92, the dem-
onstrated 2.5 pg/ml seemed somewhat higher than the previ-
ously reported MIC (12). Despite the aforementioned dispar-
ity, we initially tested various doses of orally administered
cethromycin, ranging from 20 to 100 mg/kg/day, in rats for
either 10 or 14 days 24 h following a 25-times LD, Y. pestis
CO92 challenge. Cethromycin administered at 100 mg/kg/day
protected 78% of Y. pestis-challenged rats following either a
10- or 14-day dosing regimen, in contrast to only 44% survival
of rats receiving 60 mg/kg/day of cethromycin (Fig. 2). All
animals dosed with 20 mg/kg/day of cethromycin died by day 7.
Thus, the highest dose tested of cethromycin was not as effec-
tive in promoting rat survival as was a 20-mg/kg/day dose of
levofloxacin administered either orally or via the i.p. route,
which resulted in 100% survival of animals (Fig. 2). By includ-
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FIG. 3. Evaluation of higher oral doses of cethromycin in a pneu-
monic rat model of infection and subsequent protection from 2 Y.
pestis rechallenges. Groups of rats were exposed to a 30 LDs, of Y.
pestis CO92 and administered cethromycin (Cethro) at the indicated
doses. As a negative control, rats were administered PBS instead of
cethromycin, while as a positive control, rats received 20 mg/kg/day of
levofloxacin (Levo) orally. Drug treatments were administered for 6,
10, or 14 days, and administration lengths are indicated by different
colored bars. Survivors were rechallenged twice following the first Y.
pestis infection. As toxicity controls, uninfected rats were administered
either 120 mg/kg or 140 mg/kg/day for 14 days. P values indicate
statistical significance.

ing levofloxacin as a control in the aforementioned study, we
clearly demonstrated differences in the efficacies of levofloxa-
cin and cethromycin in providing protection to rats against Y.
pestis. Importantly, protection provided by 100-mg/kg q.d. dos-
ing of cethromycin was statistically significant compared to that
of the control challenge group.

Based on these results, it appeared that in order to achieve
levofloxacin-like levels of rat survival, a higher dose of cethro-
mycin would be required. In addition, it was prudent to inves-
tigate if dosing duration would affect animal survivability. As
shown in Fig. 3, a 140-mg/kg/day oral cethromycin dose for 14
days resulted in 100% protection of Y. pestis-infected rats. At a
dose of 120 mg/kg/day for 14 days, the animals were 67%
protected, which was statistically significant when compared to
the control challenge group. In contrast, the differences be-
tween cethromycin doses ranging from 100 to 140 mg/kg/day
were not statistically significant, nor were the differences be-
tween 10 and 14 days of drug administration.

Even though the 140-mg/kg/day cethromycin dose (admin-
istered for 14 days) resulted in optimal protection from an i.n.
Y. pestis CO92 challenge, this dose appeared somewhat toxic,
resulting in the death of 1/9 (11%) animals. However, the
lower 120-mg/kg/day cethromycin dose appeared well toler-
ated by all animals, resulting in no toxicity-induced death (Fig.
3). Interestingly, cethromycin-treated toxicity control animals
(at doses of 100 to 140 mg/kg q.d.) were asymptomatic up to
48 h, but, after 72 h, the animals were cool to the touch, had
ruffled fur, sunken eyes, and dried mucus or blood in their
mouths and noses, and were dehydrated. By day 4, the animals
began recovering, and by day 8, animals were no longer symp-
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FIG. 4. Evaluation of 70 mg/kg b.i.d. of cethromycin in a pneu-
monic rat model of infection. Groups of rats were exposed to a 24 LDy,
of Y. pestis CO92 and administered cethromycin (Cethro) at 70 mg/kg
b.i.d., resulting in a total daily dose of 140 mg/kg. As a negative control,
rats were administered PBS instead of cethromycin. A total daily dose
of 140 mg/kg for 7 days was also carried out to evaluate any drug-
induced animal toxicity.

tomatic. These data indicated that cethromycin is somewhat
toxic to rats at higher doses ranging from 100 to 140 mg/kg.

More importantly, however, surviving rats (treated with ei-
ther 100, 120, or 140 mg/kg/day of cethromycin) were 100%
protected from both second and third i.n. Y. pestis CO92 re-
challenges (Fig. 3). The animals were monitored for 30 days
after the third and final challenge. These data clearly demon-
strated that cethromycin was not only effective as an antiplague
chemotherapeutic that could be administered to control the
plague bacilli but also helped promote a lasting immunity (in
part by inducing antibodies to F1 and LcrV antigen of Y. pestis;
see Fig. 8 and Discussion) that was protective upon secondary
and tertiary exposures to Y. pestis.

We then decided to evaluate the protective role of a total
140 mg/kg/day of cethromycin administered b.i.d. as 70-mg/kg
increments for a period of 7 days (Fig. 4). The choice of a 7-day
treatment period was based on the observation from our pre-
vious study that no additional animals died after 7 days (Fig. 3).
We also reasoned that administering a halved dose b.i.d. might
be less toxic (or not toxic) to the animals compared to the
single 140-mg/kg/day dose. Indeed, by using the aforemen-
tioned 70-mg/kg b.i.d. dosing regimen for 7 days, 100% pro-
tection of rats intranasally challenged with 24 LDy, Y. pestis
CO92 was achieved with no drug toxicity-induced animal
deaths (Fig. 4). Importantly, when whole blood from experi-
mental animals was evaluated for bacterial loads, not a single
CFU was detected from three representative animals tested for
the 7 days of treatment. This was not the case for three rep-
resentative PBS control animals which did not receive any
cethromycin; all three of those animals contained between
4.1 X 10® and 5.9 X 10® CFU/ml of blood, as evidenced by
viable blood agar plate counts (Table 1). Similarly, spleens
from Y. pestis-infected animals contained 2.9 X 107 to 1.0 X 10°
CFU of bacteria 2 days following infection. However, these
organisms were rapidly cleared from rats after cethromycin
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TABLE 1. Ability of cethromycin to kill Y. pestis CO92 (24 LDss)
in the blood and spleens of rats®

CFU/ml in:
Day Blood Spleen
Rat 1 Rat 2 Rat 3 Rat 1 Rat 2 Rat 3

Control

Day 1 0 0 0

Day2 4.1 x 10° 59 x 10% 55 x 10° 1.2 x 10° 1.0 X 10° 2.9 X 107
Cethro

Day 1 0 0 0

Day 2 0 0 0 0 0 0

Day 3 0 0 0

Day 4 0 0 0 0 0 0

Day 5 0 0 0

Day 6 0 0 0 0 0 0

Day 7 0 0 0

“ Three control and cethromycin (Cethro)-treated and Y. pestis-infected rats
were evaluated for either 2 or up to 7 days, respectively, for CFU in the blood.
All of the control animals died by day 3. The spleens from Y. pestis-infected and
cethromycin-treated and infected rats were examined for CFU on days 2, 4, and
6 postinfection.

treatment (Table 1). Moreover, animals treated with this dose
regimen of cethromycin did not show any symptoms of disease
at any time.

Finally, to establish whether the b.i.d. schedule could be
effective by using even lower doses of cethromycin for a 7-day
treatment period, we evaluated the following doses: 100 mg/
kg/day (50 mg/kg b.i.d.), 50 mg/kg/day (25 mg/kg b.i.d.), and 25
mg/kg/day (12.5 mg/kg b.i.d.). Unlike the 70-mg/kg b.i.d. (for 7
days) cethromycin dosing, which provided 100% protection to
rats, all of the above-mentioned lower b.i.d. doses failed to
protect animals from an i.n. Y. pestis CO92 challenge (Fig. 5).
In fact, 1 day after the initiation of the b.i.d. dosing, there were
no surviving rats that had received either 50 mg/kg/day (25
mg/kg b.i.d.) or 25 mg/kg/day (12.5 mg/kg b.i.d.) of cethromy-
cin, mirroring the outcome of PBS control animals that re-
ceived no drug (Fig. 5). Animals that received the test dose of

—@— PBS Control

—W¥— Cethro, 50 mg/kg b.i.d.
90 —E— Cethro, 25 mg/kg b.i.d.

—O— Cethro, 12.5 mg/kg b.i.d.
80 -

Percent Survival
()]
o
!

0O 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

CethraiBoss: iFidays Days Post Infection

FIG. 5. Evaluation of lower oral b.i.d. doses of cethromycin in a
pneumonic rat model of infection. Groups 9 rats were exposed to a 30
LD, of Y. pestis CO92 and administered cethromycin (Cethro) at the
indicated doses. As a negative control, rats were administered PBS
instead of cethromycin. The duration of the drug treatment is indi-
cated by the red bar. P values indicate statistical significance.
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FIG. 6. Evaluation of delayed administration of various doses of
levofloxacin in a pneumonic rat model of infection. Groups of rats
exposed to a 12 LDs, of Y. pestis CO92 and 24 to 48 h following Y.
pestis infection were i.p. administered levofloxacin (Levo) at the indi-
cated doses. As a negative control, 9 rats were infected and adminis-
tered PBS. The solid black vertical line indicates rechallenging of the
surviving animals. A group of 9 naive rats was infected and served as
rechallenge control. P values indicate statistical significance.

cethromycin at 100 mg/kg/day (50 mg/kg b.i.d.) did not fare
much better. By day 15, only 33% of Y. pestis CO92-challenged
animals survived (Fig. 5). Taken together, it appeared that
70-mg/kg b.i.d. cethromycin treatment for a 7-day period was
well tolerated (resulting in no drug-induced animal toxicity)
and 100% protective in rats challenged with Y. pestis CO92
(Fig. 5).

(iii) Delayed levofloxacin treatment study. As expected, all
of the rats (n = 9) belonging to the untreated challenge control
group expired due to Y. pestis CO92 infection by day 6. The
remaining groups of animals were dosed (i.p.) with 5 or 10
mg/kg/day of levofloxacin, but the initiation of treatment
ranged from 24 to 48 h postinfection. As the survival graph
indicates (Fig. 6), delaying levofloxacin therapy up to 42 h
postchallenge did not affect the survival of the animals, with all
rats remaining 100% protected. These levels were statistically
significant compared to those of the challenge control group
beginning on day 4 postchallenge. However, the 48-h delay
made a difference because animals dosed with 5 or 10 mg/kg/
day each exhibited only 44% survival, a level still statistically
significant relative to that for the challenge control group.

Thirty-four days following the initial infection, survivors
were rechallenged with Y. pestis CO92 and monitored for an
additional 31 days (Fig. 6 [data shown only up to 52 days]).
Impressively, levofloxacin-treated rats from the 24-h post-ini-
tial infection groups remained 100% protected from the re-
challenge. Survival of the 36-h delay groups dropped to 89%
for both levofloxacin doses tested. Similarly, the two 42-h delay
groups experienced 89% survival. Finally, the group that re-
ceived 5 mg/kg/day levofloxacin beginning at 48 h post-initial
infection demonstrated only a 33% survival rate following re-
challenge, while the 10-mg/kg/day 48-h delay group of animals
showed 44% survival. Additionally, a group of 9 naive rats was
included in the study, serving as the rechallenge control group

CETHROMYCIN AGAINST PNEUMONIC PLAGUE IN RATS 5039

Rechallenge with 30 LDy,

100 \AA4/\AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA AL/
p<0.0001
90 1 —e— Water, 24 h
80 —w— Cethro, 70 mg/kg b.i.d., 24 h
—&— Cethro, 70 mg/kg b.i.d., 36 h
_ 704 —O— Cethro, 70 mg/kg b.i.d., 48 h
g —aA— Cethro, 70 mg/kg b.i.d., 60 h
S 604
=
i”_, 50 4 p=0.0356
. [0 09
© 404
o)
& 30
20 A
10 +
0 <
0 5 10 1560 65 70 75 80 8 90 95 100

Days Post Infection

FIG. 7. Evaluation of delayed administration of cethromycin in a
pneumonic rat model of infection. Groups of rats were exposed to a 30
LDs, of Y. pestis CO92 and administered cethromycin (Cethro) at 70
mg/kg/b.i.d. at 24 to 60 h following Y. pestis infection. As a negative
control, rats were infected and administered water. The solid black
vertical line indicates when the surviving animals were rechallenged
with Y. pestis. P values indicate statistical significance.

that did not receive levofloxacin treatment but consisted of rats
of the same age, group, and batch. Survival for this group
plummeted to 0% by day 5, ensuring that a successful intrana-
sal infection was achieved during the rechallenge phase.

Results from this study indicated that there was a narrow
time frame (approximately 42 h) in which levofloxacin should
be administered in order to achieve high levels of protection in
this model. Delaying administration of the drug beyond 42 h
dramatically reduced rat survival from a plague infection. The
animals belonging to the groups that were treated with levo-
floxacin 42 h or earlier postinfection also remained protected
(89 to 100% survival) upon rechallenge, again seeming to in-
dicate that rats were capable of generating protective immunity
specific for Y. pestis. These data also indicated that delays in
levofloxacin treatment led to Y. pestis-induced damage in var-
ious animal organs resulting in mortality despite antibiotic
treatment.

(iv) Delayed cethromycin treatment study. Similar to the
levofloxacin study, rats were treated with 70 mg/kg of cethro-
mycin b.i.d. at 24, 36, 48, and 60 h after Y. pestis CO92 infec-
tion. All of the animals in the control infected group died by
day 3 (Fig. 7). Only in the group of animals treated with
cethromycin 24 h postinfection was 100% protection achieved.
As antibiotic treatment was delayed to 36 and 48 h postinfec-
tion, a greatly reduced 44% protection of the animals was
observed. When the drug treatment was further delayed to
60 h, no rats survived. Unlike what was found for levofloxacin,
in which treatment delay up to 42 h did not negatively impact
rat survival, cethromycin treatment must be initiated within
24 h of infection to achieve the same protection against plague.
However, similar to our results with levofloxacin treatment,
cethromycin-treated animals were also completely protected
from a Y. pestis rechallenge, indicating development of Y. pes-
tis-specific immunity.
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FIG. 8. Y. pestis-infected and cethromycin-rescued rats developed antibodies to F1 and LerV. Significant antibody titers to both F1 and LerV
were developed in rats after the first Y. pestis infection (top) and after rechallenge (bottom) based on ELISA. We used sera from infected rats
(those described above for Fig. 7) that received cethromycin 24 h postinfection and were rechallenged (n = 9). The ELISA titers (shown as average
means * standard deviations [SD]) were statistically significant compared to naive rat sera. The inset in this figure shows that rechallenge sera
contained specific antibodies to LerV (lane 1; 37 to 38 kDa) and F1 (lane 2; 15 to 16 kDa) based on Western blot analysis.

(v) Y. pestis-specific immunity in rats following cethromycin
treatment. To characterize the humoral immune response gen-
erated in Y. pestis-infected animals rescued by cethromycin
treatment, we determined IgG titers to F1 and LerV antigen of
Y. pestis in rat sera both before rechallenge and after the final
rechallenge before the animals were sacrificed. As shown in
Fig. 8, significant antibody titers to both Y. pestis antigens were
detected in animal sera. These antibodies also reacted with the
correct size of LerV and F1 antigens as evidenced by immu-
noblotting (Fig. 8, inset).

DISCUSSION

With Y. pestis being recently reclassified as a reemerging
pathogen by the WHO (3, 13) and the increasingly likely
chance of a weaponized Y. pestis bioterrorist attack, the scien-
tific community is being forced to once again contend with an
etiological agent that has significantly shaped human history
(7, 14, 18). Since there is currently no available Y. pestis vaccine
(28), the only alternative option is to develop novel chemo-
therapeutics to help manage this bacterial pathogen since
drug-resistant Y. pestis strains have already been isolated from
human clinical infections (8, 10). Furthermore, in the event of
a bioterrorist attack, it is likely that a weaponized multidrug-

resistant strain of Y. pestis will be used. As a result, it has
become imperative to develop and test novel chemotherapeu-
tic agents for their potential antiplague activity in various an-
imal models of infection.

We have extensive experience in using a rat model of plague
infection and were one of the first groups to characterize the
kinetics of pneumonic plague infection in rats (1). We chose to
employ the rat as a study model because of its ability to de-
velop an infection closely emulating that in humans and by
virtue of the rat being the more typical zoonotic reservoir. In
this body of work, we evaluated whether cethromycin, a novel
ketolide antibiotic that is currently in late-stage clinical trials
for the treatment of community-acquired bacterial pneumonia,
was able to protect rats from a pneumonic plague challenge.
We included levofloxacin within our studies as a positive con-
trol and determined that it was not quite as potent in the rat
model as it in the mouse model. For instance, 5 mg/kg/day of
levofloxacin provided 90 to 100% protection in mice (25),
while only 67% of the rats were protected. However, the 10-
and 15-mg/kg/day dosing provided 100% protection in the rats,
which was similar to the results in the mouse model (Fig. 1).
Additionally, orally administered cethromycin at a dose of 70
mg/kg b.i.d. 24 h following a respiratory challenge of Y. pestis



VoL. 55, 2011

was able to protect 100% of the infected animals with no
drug-induced host cytotoxicity. Additionally, all cethromycin-
treated survivors were resistant to 2 subsequent exposures to
even higher lethal Y. pestis doses without further antibiotic
treatment, which may indicate that cethromycin-treated and Y.
pestis-rescued rats developed lasting immunity by generating,
in part, F1 and LcrV-specific antibodies. Indeed the current
subunit vaccines under clinical trials are based on these two
antigens (28). These findings are very significant in developing
countermeasures against plague.

Thus, cethromycin produced promising results, and our data
strongly suggest that cethromycin could be manufactured as a
novel antiplague chemotherapeutic agent. However, the drug
kinetics and efficacy still need to be worked out in a nonhuman
primate model of infection; an appropriate model to utilize
could be the cynomolgus macaque (Macaca fascicularis), which
has often been used as an animal model of respiratory plague
infection in the past (17). Ultimately, cethromycin alone will
likely be insufficient as a “silver bullet” antimicrobial to combat
the formidable plague pathogen. Development and testing of
additional chemotherapeutics are needed to thwart a multidrug-
resistant plague offensive. Without a currently available plague
vaccine (28), all avenues of antiplague treatments should be eval-
uated for their merit as putative antiplague treatments. It will
take aggressive research efforts into novel chemotherapeutic
development, phage therapy, and continued vaccine develop-
ment to nullify the Y. pestis threat.

Finally, the MIC of cethromycin against Y. pestis CO92 was
found to be 2.5 pg/ml in contrast to the previously observed
MIC of 1 pg/ml (12). This difference could possibly be attrib-
uted either to strain variation or to the method of organism
cultivation. Interestingly, the MIC of cethromycin for B. pseu-
domallei strains was found to be in the range of 4 to 64 pg/ml
(23). Even though there have been no detailed pharmacoki-
netics/pharmacodynamic (PD) studies of cethromycin against
Y. pestis, the murine pneumococcal pneumonia model demon-
strated that all of the three PD parameters of cethromycin, i.e.,
T>MIC, maximum concentration in serum (C,,,,)/MIC and
area under the curve (AUC)/MIC, significantly correlated with
changes in log,, CFU/lung, with C, ,/MIC and AUC/MIC
better correlating with viable Streptococcus pneumoniae counts
(16). In the current study, the fact that both 140-mg/kg/day q.d.
and 70-mg/kg b.i.d. doses of cethromycin were equally effective
in providing optimal protection to rats against Y. pestis suggested
that an AUC/MIC ratio may be the key PD predictor, consistent
with the general observation that macrolides and ketolides are
usually AUC-driven drugs. Finally, in a clinical setting, one must
analyze carefully the option of q.d. versus b.i.d. dosing of cethro-
mycin in humans. This is because of the fact that q.d. treatment
may lead to the development of antibiotic-resistant variants of Y.
pestis, specifically if the half-life of the antibiotic is short. This will
allow Y. pestis to be exposed for a longer duration of time to below
the MIC dose of the drug, which may result in the emergence
of antibiotic resistance and failure of the therapy (19-21).
Although the proposed clinical dose of cethromycin for com-
munity-acquired bacterial pneumonia is 300 mg q.d. for 7 days
(FDA briefing document for anti-infective drugs advisory com-
mittee meeting, June 2, 2009; http://www.fda.gov/downloads
/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs
/Anti-Infective Drugs AdvisoryCommittee/UCM161847 .pdf)
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the effective dose of cethromycin in context of pneumonic
plague in humans still needs to be evaluated in other animal
models such as the nonhuman primate model of infection.
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