
biomolecules

Review

Antibiotic Therapy of Plague: A Review

Florent Sebbane 1,* and Nadine Lemaître 1,2,*

����������
�������

Citation: Sebbane, F.; Lemaître, N.

Antibiotic Therapy of Plague: A

Review. Biomolecules 2021, 11, 724.

https://doi.org/10.3390/biom11050724

Academic Editor: Andrey P. Anisimov

Received: 1 April 2021

Accepted: 7 May 2021

Published: 12 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Univ. Lille, Inserm, CNRS, Institut Pasteur Lille, U1019—UMR 9017—CIIL—Center for Infection and
Immunity of Lille, F-59000 Lille, France

2 Laboratoire de Bactériologie-Hygiène, Centre Hospitalier Universitaire Amiens Picardie, UR 4294,
Agents Infectieux, Résistance et Chimiothérapie (AGIR), Université de Picardie Jules Verne,
F-80000 Amiens, France

* Correspondence: florent.sebbane@inserm.fr (F.S.); lemaitre.nadine@chu-amiens.fr (N.L.)

Abstract: Plague—a deadly disease caused by the bacterium Yersinia pestis—is still an international
public health concern. There are three main clinical forms: bubonic plague, septicemic plague,
and pulmonary plague. In all three forms, the symptoms appear suddenly and progress very
rapidly. Early antibiotic therapy is essential for countering the disease. Several classes of antibiotics
(e.g., tetracyclines, fluoroquinolones, aminoglycosides, sulfonamides, chloramphenicol, rifamycin,
and β-lactams) are active in vitro against the majority of Y. pestis strains and have demonstrated
efficacy in various animal models. However, some discrepancies have been reported. Hence, health
authorities have approved and recommended several drugs for prophylactic or curative use. Only
monotherapy is currently recommended; combination therapy has not shown any benefits in pre-
clinical studies or case reports. Concerns about the emergence of multidrug-resistant strains of Y.
pestis have led to the development of new classes of antibiotics and other therapeutics (e.g., LpxC
inhibitors, cationic peptides, antivirulence drugs, predatory bacteria, phages, immunotherapy, host-
directed therapy, and nutritional immunity). It is difficult to know which of the currently available
treatments or therapeutics in development will be most effective for a given form of plague. This is
due to the lack of standardization in preclinical studies, conflicting data from case reports, and the
small number of clinical trials performed to date.

Keywords: plague; antimicrobial chemotherapy; multidrug resistance; anti-virulence drugs; phage;
immunotherapy; predatory bacteria; host-directed therapies; vaccine strain; nutritional immunity

1. Introduction

Plague is one of the most infamous and most feared diseases because it has caused
three pandemics, with consequential disruption of the political, social, economic, cultural
and religious orders [1–8]. It has been estimated that plague caused more than 150 million
deaths across the world. However, the number of plague cases has decreased over time.
Plague killed hundreds of Europeans in the early 20th century, while it killed millions
in the Middle Ages. In France, the last known case was recorded in 1945. It is therefore
not surprising that many Europeans consider plague to be an ancient and extinct disease.
However, this is not the case; 11 countries in sub-Saharan Africa, Asia, and the Americas
reported around 3000 human cases of plague to the World Health Organization (WHO)
between 2013 and 2018 [9]. Of these, Madagascar and the Democratic Republic of Congo
accounted respectively for ~80% and ~15% of the world’s cases of plague.

It must be borne in mind that plague mainly circulates between rodents and their fleas;
~200 species of rodents and lagomorphs and ~80 fleas have been associated with plague,
but few are considered significant hosts or vectors (see [10] for a brief overview of plague
epidemiology). The geographical distribution of outbreaks in the animal reservoir differs
from that of outbreaks in humans. Of the 33 countries that contained a known animal
plague focus at some time in the last 30 years, only 10 reported human cases between
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2013 and 2018 [9]. Hence, the re-emergence of human plague after decades of silence in
certain areas where plague is considered extinct may indicate the presence of an ancient
animal reservoir that is active but relatively isolated from the human population. This
is one possible explanation for the re-emergence of human plague in Algeria and Libya
after an absence of 20 to 50 years [11–13]. In any case, the animal surveillance data and
the occurrence of human cases in previously disease-free areas suggest that the territories
occupied by plague are growing. In addition to this natural threat, the use of the plague
bacillus by individuals or states for warfare or terrorism (as has already occurred in the
past) is also of great concern [14]. Lastly, the threat of plague is compounded by the
emergence of strains resistant to the antibiotics of choice for disease control or the potential
use with harmful intent of strains that have deliberately been rendered resistant to our
entire therapeutic arsenal [15,16]. For this reason, several research groups are developing
antiplague strategies. Some of these therapeutic strategies are broad-spectrum, and others
are plague-specific. Here, we review the literature data on the current treatment of plague
and the therapeutic strategies in development. However, we will first briefly describe the
main clinical forms of plague.

2. The Different Clinical Forms of Plague

Bubonic plague, septicemic plague and pneumonic plague are the three main clinical
forms of this disease. Bubonic plague accounts for 70% to 90% of human cases, whereas
the septicemic and pneumonic forms respectively account for around 30% and less than
5% [17–22]. It is noteworthy that the septicemic form is mainly diagnosed in USA because
of the increasing standardized blood culture programs implemented in the country’s hos-
pital laboratories [23]. The incubation period for plague is usually 2 to 3 days, although
periods of 1 or even 5 days are not uncommon [17,24]. Regardless of the form of plague, the
symptoms (fever, headache, general malaise, etc.) appear suddenly in most cases [17,24].
Furthermore, the disease progression is very rapid and usually fatal. However, the death
rate is much lower for bubonic plague (40–60%) than for septicemic or pneumonic plague
(>90% in both cases) [17,23]. Less commonly diagnosed clinical manifestations of plague
included pestis minor (a benign form of bubonic plague), carbuncular plague with or with-
out palpable buboes, gastric plague, and meningitis [25–29]. These minor forms of disease
may reflect disease caused by atypical strains of Y. pestis or disease progression in immuno-
compromised patients and/or patients who receive inappropriate treatment [30–32].

Bubonic plague is the oldest known form of the disease, as depicted in paintings of
Saint Roch showing a characteristic bubo on his groin. Although most buboes are located in
the inguinal lymph nodes, they can also occur in the axilla (in 20% of cases) and most rarely
in the neck (5%). The bubo appears after Y. pestis has been inoculated into skin, usually
after the bite of an infected flea [33]. At a certain point in the lymph node infection, the
bacterium escapes into the bloodstream [34]. Active replication in the circulation produces
severe bacteremia, so-called secondary septicemic plague since it occurs after colonization
of the lymph node. At the terminal stage of infection, all the organs are heavily colonized.
The patient or animal is ultimately killed by disseminated intravascular coagulation.

Primary septicemic plague is characterized by a fatal systemic infection in the absence
of bubo production. Hence, the clinical picture is nonspecific, with general organ system
failure. Histological and bacteriological analyses have revealed that 10% to 30% of mice
bitten by infected fleas succumb to fatal bacteremia without developing a bubo [21,31,32,35].
Thus, the flea transmits both bubonic plague and primary septicemic plague. The more
common bubonic plague results from the regurgitation of bacteria into the extravascular
part of the dermis, whereas the less frequent primary septicemic plague results from the
regurgitation of bacteria directly into the vascular part of the dermis and does not require
the additional factors involved in the production of bubonic plague.

A patient’s lungs may be colonized by Y. pestis disseminated in the blood. In 5%
of cases, this colonization produces secondary pneumonic plague, i.e., plague in which
septicemia is followed by pneumonia [17,24]. In a clinical examination, the patient has
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intense fever, cough, and chest pain when breathing, due to inflammation of the pleura
(pleurisy). The inflammatory foci are located in the middle lobe of the right lung or in
the upper lobes of both lungs. This characteristic pattern should prompt the physician to
suspect pneumonia of septicemic origin [36]. In most cases, the patient coughs up sputum
with increasing frequency and (before death) coughs up blood. Patients with secondary
pneumonic plague can also infect other people by breathing out Y. pestis-containing aerosols.
In this case, colonization of the lungs leads to sepsis and therefore deep organ colonization.
However, experiments in animal models suggest that systemic infection is not the cause
of death. In fact, the combination of rapid bacterial colonization, an intense inflammatory
response by the host and then exacerbation of this inflammatory response by Y. pestis
destroys the lung’s architecture and induces edema and hemorrhage. This pneumonia
(referred to as primary pneumonic plague) is fatal and highly contagious [37–40]. Clinically,
this form is characterized by the sudden onset of fever, severe headache, and vomiting,
followed by chest pain, shortness of breath, and delirium. The patient eventually falls into
a coma and dies [41].

3. Antimicrobial Chemotherapy

The premises of antibiotic therapy of infectious diseases go back a long way [42].
However, the idea of chemotherapy using purified or synthesized molecules only emerged
just over a century ago (in 1911), when arsphenamine was used to treat syphilis. After this
discovery and that of penicillin in 1928 [43], around 15 classes of antibiotics with different
modes of action were described between 1932 and 1987; the 1940s, 1950s, and 1960s
constituted the golden age of antibiotic discovery [44]. Although known compounds have
been improved since then, the most recent class of antibiotic with activity against Gram-
negative bacilli was introduced in the late 1980s [44].

It is undeniable that the advent of antibiotics has greatly reduced the death rate for
plague patients [22,26,45,46]. However, early administration remains essential. Even when
antibiotics known to be effective are given, patients who develop the bubonic form of
plague are most likely to survive: after treatment with antibiotics, around 10% of patients
with bubonic plague and 30% to 50% of patients with pneumonic or septicemic plague will
nevertheless die [22,23,45,47]. However, a recent meta-analysis of deaths associated with
pneumonic plaque and data from the large outbreak of pneumonic plague in Madagascar
in 2017 indicated that the death rate in patients with confirmed or probable pneumonic
plague was between 8–25% [48,49].

3.1. Data from In Vitro Experiments

In vitro, measurement of the minimum inhibitory concentration (MIC) in a microdilu-
tion assay that complied with the Clinical and Laboratory Standards Institute’s guidelines
for the Enterobacteriaceae revealed that tetracyclines, fluoroquinolones, aminoglycosides,
sulfonamides, and most of β-lactams are active against Y. pestis; the MIC90 ranged from
below 0.125 mg/L to 4 mg/L (Table 1) [50–71]. However, few studies have determined
the MICs in more than one strain, and most of the MIC assays were performed at Yersinia
optimal growth temperature (28 ◦C)—a temperature at which the lipooligosaccharide’s
structure is not the same as at 37 ◦C [72]. Consequently, antibiotics that are efficacious
at 28 ◦C might not be at 37 ◦C (and inversely) due to a change in membrane fluidity (as
observed for polymyxin) [72]. Along with in vitro MIC studies, the in vitro hollow-fiber
pharmacodynamic model can be used to simulate clinical regimens [62,65]. In some re-
spects, this model is better than small animal models for assess the true efficacy of certain
drugs. Indeed, drug half-lives in small animals are often shorter than those in humans. The
results of hollow-fiber studies suggest that ampicillin, meropenem, ciprofloxacin, moxi-
floxacin, and gentamicin are more efficacious than streptomycin [73]. The relatively low
efficacy of streptomycin is related to the easy acquisition of resistance by mutants in this
in vitro model, rather than to poor activity of the drug per se. Despite some advantages,
the hollow-fiber model prevents a full evaluation of the available panel of antibiotics, some
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of which are recommended by the US Food and Drug Administration for the treatment of
plague. Firstly, the hollow-fiber model does not include immune system components able
to eliminate bacteria weakened by exposure to bacteriostats like doxycycline [63]. Secondly,
this model cannot take into account certain pathophysiological aspects (such as necrosis
and the purulent aspect of infected tissues) that limit the action of certain antibiotics. For in-
stance, experiments with the hollow-fiber model suggest that gentamicin and ciprofloxacin
should be similarly effective in the treatment of Y. pestis infections in humans [73]. However,
although ciprofloxacin protects mice from bubonic plague as well as gentamicin does, only
ciprofloxacin eradicates Y. pestis from the lymph nodes and thus avoids the risk of relapse
after treatment cessation [74]. Taken as a whole, these data emphasize the limitations of
the hollow-fiber model and the need to evaluate drugs in animal models.

Table 1. Susceptibility of Yersinia pestis to conventional drugs.

Name of the Drug
MIC (µg/mL) at 28 ◦C MIC (µg/mL) at 37 ◦C

References
Range CMI50 CMI90 Range CMI50 CMI90

Streptomycin

1–16
0.125–16

-
4–8

-
-

4
2
-
4
-
-

8
4
-
4
-
-

1–8
-

0.5–8
-

1–8
1.5–4

2
-
4
-
-
3

4
-
4
-
4
3

[54,58,59,64,66,67]

Amikacin 0.125–8
0.125–8

2
2

8
4

0.25–4
-

1
-

2
- [59,67]

Gentamicin

0.06–2
0.125–4

-
0.25–1

-
-

1
0.5
-

0.5
-
-

2
2
-
1
-
-

0.06–1
-

0.12–2
-

0.06–4
0.19–1

0.5
-

0.25
-
-

0.38

1
-

0.5
-
1

0.75

[54,58,59,64,66,67]

Doxycycline

0.06–0.5
0.125–2

-
0.25–1

-
0.25–0.5

-

0.25
0.5
-

0.5
-

0.5
-

0.5
1
-
1
-

0.5
-

0.06–2
-

0.12–1
-

0.12–4
-

0.125–2

0.5
-

0.5
-
-
-
1

1
-
1
-
2
-

1.5

[58–60,64,66,67]

Tetracycline

1–16
-

0.5–4
-

4
-
2
-

8
-
4
-

0.25–2
0.25–2

-
0.25–4

0.5
1
-
-

2
1
-
2

[54,64,66,67]

Trimethoprime/
Sulfamethoxazole

0.12/2–8/>64
0.25/4.7–2/38

-
0.5/2–1/32

-
-

0.5/16
1/19

-
0.5/8

-
-

2/>64
2/38

-
1/16

-
-

0.12/0.5–16/>64
-

0.03/0.6–0.25/4.75
-

≤0.015–0.25
0.012–0.047

0.5/16
-

0.06/1.19
-
-

0.023

8/64
-

0.12/2.38
-

0.06
0.032

[54,58,59,64,66,67]

Rifampin
1–64
2–8

-

2
4
-

16
8
-

0.25–4
-

2–32

2
-
8

4
-

16
[54,58,67]

Chloramphenicol

0.5–16
0.125–8

-
0.5–4

-

4
4
-
4
-

8
4
-
8
-

0.25–4
-

0.5–4
-

0.25–4

1
-
2
-

1.5

4
-
4
-
4

[54,58,59,66,67]
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Table 1. Cont.

Name of the Drug
MIC (µg/mL) at 28 ◦C MIC (µg/mL) at 37 ◦C

References
Range CMI50 CMI90 Range CMI50 CMI90

Amoxicillin 0.06–1
0.125–0.5

0.25
0.5

0.5
0.5

0.03–1
-

0.25
-

0.5
- [59,67]

Cefotaxime 0.004–0.015
<0.125–0.125

0.008
<0.125

0.015
<0.125

0.004–0.03
-

0.015
-

0.03
- [59,67]

Imipenem
0.06–1

0.125–0.5
-

0.25
0.25

-

0.5
0.5
-

0.12–1
-

0.0094- >32

0.25
-

0.5

0.5
-

>32
[58,59,67]

Levofloxacin
0.008–0.06

-
-

0.03
-
-

0.03
-
-

0.008–0.12
0.03–0.06
≤0.06

0.03
0.03

-

0.06
0.03

1
[64,66,67]

Ciprofloxacin

0.004–0.03
<0.125–0.125

-
0.008–0.062

-
0.016–0.031

0.008
<0.125

-
0.031

-
0.031

0.015
<0.125

-
0.062

-
0.031

0.008–0.12
-

0.03–0.12
-

≤0.03–0.5
-

0.015
-

0.03
-
-
-

0.03
-

0.03
-

0.12
-

[54,59,60,64,66,67]

3.2. Data from Animal Models

The efficacy of aminoglycosides, tetracyclines, fluoroquinolones, β-lactams, rifamycin,
chloramphenicol, sulfonamides and ketolides has been evaluated in rodent (rat and mouse)
models of plague and (less frequently) in non-human primate models of pneumonic plague
(Table 2) [17,52,56,61,63,69,75–112]. The resulting degree of protection against plague often
varies from one animal study to another. These discrepancies might be due to interstudy
differences in the Y. pestis strain, the bacterial growth conditions (known to impact gene
expression), the animal species, the animal strain, the rearing conditions (known to influ-
ence the immune response), the inoculation dose, the antibiotic administration route, the
time interval between Y. pestis inoculation and antibiotic administration, and the duration
of treatment (Table 2). For instance, a treatment based on doxycycline, ampicillin or cef-
operazone could be recommended on the basis of data obtained with the Y. pestis strains
typically used in animal models and which are characterized by the production of a protein
capsule (F1). However, treatment with any of these three antibiotics is less efficacious
in mice infected with a strain that lacks an F1 capsule [78,82,83,113]. This information
is particularly important because the F1 capsule is not essential for virulence and some
natural isolates lack the F1 capsule [31,78,82,83,114–118]. Similarly conflicting results have
been observed with the β-lactams. Third-generation cephalosporins (ceftriaxone) were
not efficacious in a mouse model of pneumonic plague [56]. A lack of in vivo efficacy of
ceftriaxone and carbapenems was also reported in a mouse model of septicemic plague [89].
In contrast, Bonacorsi et al. came to the opposite conclusion in a study of a mouse model
of septicemic plague. The researchers found that β-lactams such as cefotaxime (another
third-generation cephalosporin with the same bacterial spectrum of action as ceftriaxone)
were as bactericidal in vivo as fluoroquinolones and aminoglycosides [52]. These three
studies used different Y. pestis strains, mouse strains, administration routes for inoculation
and antibiotics, inoculation doses, and times to antimicrobial drug initiation. Given the
observed variability, it would be advisable to set up a standardized protocol based on
relevant criteria. However, even with the best standards and animal models, predicting the
efficacy of one treatment vs. another is complicated by the fact that drug half-lives are often
shorter in small animals than in humans [119], and there are few studies of non-human
primates. In other words, data from animal models can only indicate potential efficacy
in humans; clinical studies are required to establish the true efficacy of one treatment vs.
another. However, clinical studies in this field are very scarce.
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Table 2. Antibiotic treatment of experimental plague.

Animal
Model

Y. pestis
Strain

Route of Challenge
and Infective Dose Antibiotics

Route of Drugs
Administration
and Duration in

Days

Post Challenge
Initiation of
Antibiotic
Regimen

Death Rates in % Ref.

Mouse NA Subcutaneous
75–150 CFU

PEN
STR

Sulfathiazole
Sulfapyridine
Sulfadiazine

Sulfamerazine
Sulfamethazine

Subcutaneous
5 to 10 days

48 h

100
0

10
100
50
30
30 [75]

PEN
STR

Sulfathiazole
Sulfapyridine
Sulfadiazine

Sulfamerazine
Sulfamethazine

72 h

100
10
30

100
60
30
30

Mouse CO92 Subcutaneous
1.9 × 104 to 2.85 × 104

STR
CRO

Intraperitoneal
(5 days)

24 h
42 h
48 h
54 h
24 h
42 h
48 h
54 h

0
30
75
55
30

100
100
100

[56]

Mouse GB Subcutaneous
1.08 × 106

CIP
GAT
MXF

Oral (7 days)

1 h
6 h

18 h
24 h

0 for all antibiotics
0 for all antibiotics
17 (CIP), 11 (GAT),

45 (MXF)
72 (CIP), 28 (GAT),

67 (MXF)

[61]

Mouse CO92 Intradermal
~ 100

GEN
CIP

GEN + CIP
GEN
CIP

GEN + CIP

Intravenous
(5 days)

44 h
56 h

15
0
0

17
12
0

[74]

Mouse CO92 Aerosol
2.3 × 106 ± 1.15 × 106

CIP
OFL
STR
GEN
NET
CRO
CAZ
AMP
RIF

Intraperitoneal
(5 days)

24 h

0
0
0

20
0
0

15
15
10

[56]

CIP
OFL
STR
GEN
NET
CRO
CAZ
AMP
RIF

42 h

38
40
41
15
40
98

100
95
80

Mouse GB
C092

Aerosol
8.4 × 105 ± 4.2 × 104

1.9 × 105 ± 7.4 × 103

CIP
DOX

Subcutaneous
(5 days)

24 h
48 h
24 h
48 h

0
10079 (GB) and-86

(CO92)
100

[90]
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Table 2. Cont.

Animal
Model

Y. pestis
Strain

Route of Challenge
and Infective Dose Antibiotics

Route of Drugs
Administration
and Duration in

Days

Post Challenge
Initiation of
Antibiotic
Regimen

Death Rates in % Ref.

Mouse GB Aerosol
6 × 108

CIP
GAT
MXF

Oral (7 days)

6 h
18 h
30 h
48 h

0 for all antibiotics
0 for all antibiotics
0 for all antibiotics
94 (CIP), 67 (GAT)

56 (MXF)

[61]

Mouse CO92 Aerosol
4.6 × 105

DOX
LVX
GEN

Intraperitoneal
(5 days) 24 h

10
0

10–20
[63]

Mouse CO92 Aerosol
8.5 × 103 LVX Intraperitoneal

(6 days)

24 h
36 h
48 h

0 with dose ≥
5 mg/kg/day

10 with dose ≥
5 mg/kg/day

80–90 with dose ≥
5 mg/kg/day

[111]

Mouse CO92 Aerosol
1.36 × 106

IPM
CAZ

CIPIPM
CAZ
CIP

Intraperitoneal
(5 days)

24 h
42 h

10
10
070
90
50

[108]

Mouse CO92 Aerosol
2 × 106

OMC
DOX
CIP

Intraperitoneal
(7 days) 24 h

10
10
0

[69]

Rat C092
Aerosol
7 × 103

1.25 × 104

LVX
Cethromycin

Intraperitoneal
(6 days)

Oral (7 days)

24 h
36 h
42 h
48 h
24 h
36 h
48 h
60 h

0
0
0

56
0

56
56

100

[107]

Non-
human

primates
CO92 Aerosol

~3.5 × 104 LVX Intravenous
(10 days)

Within 6 h of the
appearance of fever
≥ 39 ◦C more than

1 h

0 [106]

Non-
human

primates
CO92 Aerosol

3.5 × 104 ± 1.75 × 104 PLZ Intravenous
(10 days)

Within 6 h of the
appearance of fever
≥39 ◦C more than

1 h

8 (dose of
25/mg/kg) [109]

Non-
human

primates
CO92 Aerosol

~3.43 × 104

GEN
CIP
LVX
DOX

Intravenous
(10 days)

Intravenous
(10 days)

Intravenous
(10 days)

Intravenous or oral
(10 days)

Within 6 h of the
appearance of fever
≥39 ◦C more than

1 h

20 to 40 according
dose

0 to 10 according
dose

6
25 to 100 according
dose and route of

administration

[112]

Mouse GB Intraperitoneal
7.3 × 102

TVA
GRX Oral (7 days)

24 h
48 h
72 h
24 h
48 h
72 h

0
20
30
10
50
50

[100]
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Table 2. Cont.

Animal
Model

Y. pestis
Strain

Route of Challenge
and Infective Dose Antibiotics

Route of Drugs
Administration
and Duration in

Days

Post Challenge
Initiation of
Antibiotic
Regimen

Death Rates in % Ref.

Mouse GB

Intraperitoneal
2.28 × 10 to 2.28 × 106

Intraperitoneal
2.94 × 102 to 2.94 × 105

CIP
DOX

Subcutaneous
(5 days) 24 h

0 at 2.28 × 10 –
2.28 × 102 CFU
20 at 2.28 × 103

CFU
60 to 100 at

>2.28 × 103 CFU
80 to 100 at ≥2.94
×102 CFU

[86]

Mouse 6/69 Intravenous
1000 ± 200

CHL
STR

Intramuscular
2 days
3 days
4 days

Subcutaneous
2 days
3 days
4 days

24 h
24 h

100
100
20
20
0
0

[91]

PEN: penicillin, STR: streptomycin, CRO: ceftriaxone, CIP: ciprofloxacin, GAT: gatifloxacin, MXF: moxifloxacin, GEN: gentamicin, OFL:
ofloxacin, NET: netilmicin, CAZ: ceftazidime, AMP: ampicillin, RIP: rifampin, DOX: doxycycline, LVX: levofloxacin, IPM: imipenem, OMC:
omadacycline, PLZ: plazomicin GRX: grepafloxacin, CHL: chloramphenicol.

3.3. Treatment Administration Modes

Antibiotics can be given orally, subcutaneously, intravenously or by inhalation. In
cases of plague, the choice of the administration route is influenced by the patient’s clinical
profile and the form of the disease. The dermal route is not recommended, whereas
the intravenous (IV) route is widely recommended for patients with late-stage disease.
Indeed, IV injection circumvents the barriers encountered during oral or subcutaneous
administration and allows faster delivery of the molecules to the infected tissues; this rapid
action is essential for the treatment of a fast-progressing disease like plague. However,
IV administration is affected by clearance mechanisms, and the drug is diluted in the
circulation. As a result, only a small proportion of the injected antibiotic molecules reaches
the lungs. This is why the value of inhaled antibiotics in the treatment of respiratory
diseases has been investigated; lower total doses of antibiotics can be used to achieve high
local concentrations in the lungs, reduce systemic exposure and thus diminish the risk
of adverse events. Following the marketing authorization of inhaled tobramycin in 1997,
this approach was used to successfully treat patients with cystic fibrosis infected with
Pseudomonas aeruginosa [120]. A comparative study of mice intranasally infected with
pulmonary plague showed that inhalation of an aminoglycoside antibiotic (gentamicin)
was more efficacious than subcutaneous injection [110]. Interestingly, the researchers results
suggested that although subcutaneously injected antibiotics reached and protected deep
organs, the drugs did not necessarily reach the lungs (depending on differences in diffusion
properties, e.g., ciprofloxacin vs. gentamicin): hence, protection in the lungs might be
mediated solely by the host’s immune system. Elimination of bacteria from the lungs takes
much longer—perhaps because the quantities of antibiotic reaching these organs are too
low. In fact, a combination of inhaled and injected antibiotic treatment by subcutaneous
route rapidly eliminated the bacteria from all the infected organs [110]. The superiority
of the latter treatment (a combination of inhalation and subcutaneous inoculation) over
24 h/24 h intravenous injection is questionable. Nevertheless, the combination can be
administered more easily by most medical staff.

3.4. Data from Clinical Cases and Studies

The clinical data indicate that many classes of antibiotics (i.e., aminoglycosides, tetracy-
clines, fluoroquinolones, sulfonamides, phenicols, and β-lactams) have been administered
to patients with the different forms of plague [22,75,121–123]. A review of published case
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reports found that aminoglycosides, tetracyclines, and fluoroquinolones (but not sulfon-
amides) were most consistently effective in the treatment of pneumonic plague. However,
the higher case fatality rate of pneumonic plague associated with sulfonamides drugs
might be due to bias since ancillary care was less effective when the drug was introduced
in the 1930s [22,75].

The analysis of case report data showed that patients (i) are not necessarily treated at
the same time after infection, (ii) do not necessarily receive the same drug, as a function of
their symptoms, and (iii) have different dose levels and dosing frequencies even when the
same drug is administered. Furthermore, the exact patient’s clinical background other than
plague symptoms (e.g., diabetes, obesity, immunodeficiencies) was often unknown. These
differences result in significant bias in selecting the most effective treatment [23] and em-
phasize the importance of performing randomized clinical trials. Unfortunately, only two
comparative clinical studies have been published: one compared sulfonamide drugs with
streptomycin in bubonic plaque, and the other compared streptomycin with gentamicin
(alone or combined with tetracycline) in all three main clinical forms of plague [75,121].
The data did not indicate that one class of antibiotic was superior to the others. Lastly, in
response to Madagascar’s 2017 plague epidemic, a randomized clinical trial of the efficacy
of ciprofloxacin alone vs. streptomycin followed by ciprofloxacin is ongoing [122].

Although the scarcity of relevant clinical data makes it difficult to determine the supe-
riority of one treatment over another [22,121,123,124], the antibiotics’ pharmacodynamic
and pharmacokinetic properties can be taken into account when selecting treatments. For
example, fluoroquinolones might (like tetracyclines) be more efficacious than aminoglyco-
sides because they accumulate in the cell and diffuse more readily into necrotic tissues, such
as the bubo [125–127]. Consistently, ciprofloxacin (a fluoroquinolone) is more efficacious
than gentamicin (aminoglycoside) in killing Y. pestis in the lymph nodes of mice with
late-stage bubonic plague [74].

Several patients have received combinations of antibiotics [128]. In a few cases, this
approach (e.g., a combination of streptomycin and chloramphenicol) was warranted be-
cause the patients lived in an area in which a streptomycin-resistant isolate had been
documented [128]. In other cases, patients received a combination because the drugs’
potentially additive or synergistic effects might have increased the likelihood of survival.
However, most patients received an empirical combination of antimicrobials for the treat-
ment of a life-threatening infection, i.e., prior to the diagnosis of plague. Even though
these combinations have been administered to a large number of patients, none appear
to be more effective than the other. For example, the survival rate was no greater for a
combination of aminoglycosides and tetracycline than for tetracycline alone [22]. It should
also be bear in mind that combining antibiotics can increase the incidence of side effects and
drug interactions. An accumulation of toxic effects or antagonism within certain antibiotic
combinations might have a negative effect and actually worsen the patient’s outcome.

In conclusion, the current guidelines on the treatment of plague are based on preclini-
cal and clinical data (which are not fully reliable) and on the availability of antimicrobial
drugs in the country concerned [23,24,129,130]. In the USA and France, streptomycin
and tetracycline (recommended by the WHO) have been replaced with gentamicin and
doxycycline, respectively [22].

4. Antibiotic Resistance

For many years now, various Y. pestis strains resistant to the recommended antibi-
otics have been isolated from both patients and rodents [50,131–136]. Genetic studies have
indicated that this antibiotic resistance is mediated by three distinct conjugative plasmids
(pIP1203, pIP2180H and pIP1202). The pIP1203 and pIP2180H encode monoresistance to
streptomycin and doxycycline, respectively [131,132]. The third plasmid (pIP1202) confers
resistance to eight antibiotics including all the drugs used for the first-line curative and
preventive treatment of plague (streptomycin, tetracycline, chloramphenicol, and sulfon-
amides) [15,137]. Although the exact origin of these plasmids, their acquisition route and
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the date of acquisition by Y. pestis have not been determined, the source may have been En-
terobacteriaceae in the flea gut. Indeed, the pIP2180H is homologous to pB71 from Salmonella
enterica which belongs to the IncH1 group of plasmids. Additionally, the pIP1202 has
sequence homology with IncA/C plasmids found in various Enterobacteriaceae (Escherichia.
coli, Klebsiella spp., and Salmonella spp.) involved in the contamination of farmed meat in
the USA as well as in the fish pathogen Yersinia ruckeri [137]. Furthermore, pIP1202 transfers
readily from E. coli to Y. pestis in the flea midgut [138]. Therefore, the abundant reservoir of
a MDR conjugative plasmid (pIP1202-like) in farm animals and the potential high transfer
rate in infected tissues (such as the flea midgut) raise concerns about the possible emer-
gence, spread and maintenance of multidrug-resistant Y. pestis strains in endemic areas.
The Mongolian Y. pestis strain is even more of a cause for concern than a pIP1202-harboring
strain because it shows resistance to all currently administered antibiotics other than the
fluoroquinolones [16]. However, the exact nature of the multi-resistance mechanism has
not been determined. Lastly, one cannot rule out the use of engineered multidrug-resistant
(MDR) Y. pestis strains in warfare or terrorism. Hence, there is an urgent need for new
therapeutic strategies that can protect populations from natural or deliberate infection with
Y. pestis.

5. Potential New Antibiotics and Antivirulence Factors

Historically, the search for antibiotics has focused on drugs that kill bacteria or in-
hibit their growth in vitro. This strategy led to the production of novel antibiotics with
new bacterial targets that are not affected by current resistance mechanisms and which
constitute a means of fighting MDR pathogens. Over the last decade, however, a new
branch of research has sought to produce molecules that inhibit essential virulence factors
in bacterial pathogenesis [139–142]. Accordingly, these new compounds are referred to as
antivirulence drugs.

5.1. Novel Antibiotics
5.1.1. LpxC Inhibitors

More than 20 years ago, it was reported that Gram-negative bacterial infections
could be countered by targeting enzymes involved in biosynthesis of the bacterial mem-
brane [143]. Consequently, several research groups have engineered molecules that in-
hibit uridine diphosphate-3-O-(R-3-hydroxymyristoyl)-N-acetyl-D-glucosamine deacety-
lase (LpxC), the enzyme that catalyzes the first irreversible step in lipid A biosynthe-
sis [144–148]. Several LpxC inhibitors have been synthesized and were found to be effica-
cious in vitro against a broad panel of Gram-negative clinical isolates, including several
multi-resistant and extremely drug-resistant strains involved in nosocomial infections.
Some of the LpxC inhibitors are also active in vitro against Y. pestis at low concentra-
tions (MICs ≤0.8 µg/mL) [148–150]. Furthermore, the biphenyldiacetylene-based LPC-069
was shown to cure bubonic plague in mice and to be as efficacious as doxycycline [149].
However, the regimen requires to cure the disease was quite drastic: an IV injection of
200 mg/kg LPC-069 every 8 h. In other words, LpxC inhibitors clearly have the potential
to treat plague but more potent molecules must be developed and tested, notably against
MDR strains. Furthermore, the LpxC inhibitors’ ability to treat pneumonic plague has yet
to be tested.

5.1.2. Cationic Antimicrobial Peptides

Cationic antimicrobial peptides of natural origin or synthetic versions based on natural
structures have been proposed to treat MDR infections [151]. Synthetic peptides are more
active than the natural peptide LL-37 against Y. pestis and other bacterial species and so
could be considered in the treatment of plague [152]. Furthermore, in vitro studies indicate
that a combination of broad-spectrum antimicrobial peptides with antibiotics (tetracycline,
minocycline or tigecycline) is effective against Y. pestis [153]. However, the therapeutic
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efficacy of peptides (alone or in combination with other drugs) against plague remains to
be proven in appropriate animal models.

5.2. Antivirulence Drugs
5.2.1. Drugs Targeting Type Three Secretion Systems and the Yersinia Outer
Membrane Proteins

Antivirulence drug development has focused on type 3 secretion systems (T3SSs) and
their associated toxins [154]. T3SSs are heteromultimer protein complexes produced by
many Gram-negative bacteria, including Y. pestis [155–157]. In Y. pestis, the T3SS exports
toxic Yersinia outer proteins (Yops) from the bacterium into the phagocyte. Once in the host
eukaryotic cell, the Yops interact with various signaling pathways to inhibit both phagocy-
tosis and the development of an appropriate immune response [158,159]. Loss of the T3SS
makes the bacterium avirulent, and some Yops have a crucial role in virulence. Therefore,
several researchers have looked for drugs that inhibit the expression or assembly of T3SSs
or even the translocation of effector proteins into the host cell [155,160,161]. In the case of Y.
pestis, reduced T3SS expression can result from deregulation or a low copy number of the
virulence plasmid (pYV) carrying all genes that encode the T3SS and its exotoxins [155,162].
The screening of a library of tens of thousands of molecules identified less than 10 that
inhibited the secretion of Y. pestis Yops at a micromolar concentration [163]. This type of
screening also detected molecules that directly impacted the T3SSs of enteropathogenic
Yersinia (Yersinia pseudotuberculois and Yersinia enterocolitica); these T3SSs are very similar
to those of Y. pestis [155,162,164]. Lastly, the screening of molecule libraries against T3SSs
from other bacterial species also revealed drugs that inhibited Yersinia’s T3SSs [165]. These
included several classes of inhibitors such as salicylidene acylhydrazides, benzimidazoles,
2,2′-thiobis-(4-methylphenol), (-)-hopeaphenol, acylated hydrazones of various salicy-
laldehydes, monoanionic squaric acids, α-ketocarboxylic acids, and sulfonamides. Some
inhibitors affect the assembly or structure of T3SSs, whereas others modify the expression
of loci encoding structural proteins. The screening experiments also revealed compounds
(such as N-hydroxybenzimidazole) that modify the lcrF master regulator of T3SS expres-
sion or directly block LcrF’s DNA binding domain [155,166–168]. In addition to research
targeting the secretory apparatus, other programs are developing inhibitors of the tyrosine
kinase YopH or the GTPase-activating protein YopE—both of which that are important
for pathogenesis [169–178]. Although the administration of small-molecule inhibitors of
LcrF is associated with a greater survival rate in a mouse model of Y. pseudotuberculosis
pneumonia [167], it remains to be seen whether the inhibitors specifically targeting T3SS
and/or its Yops is an effective treatment for experimental plague.

5.2.2. The Yersiniabactin Iron Acquisition System

Yersiniabactin (Ybt) is a siderophore that allows Y. pestis to acquire iron (as Fe3+)
from the outside environment when the metal is scarce [179–181]. This uptake system is
essential; in fact, Ybt’s presence is critical for the production of bubonic and pneumonic
plague [180,181]. As part of efforts to develop new antimicrobials, it has been suggested
that compounds with some of the structural similarities to Ybt might inhibit the growth
of Y. pestis [182]. Indeed, a dozen synthetic structural analogues have demonstrated a
degree of activity against the bacterium. However, only one (a (2E)-2-benzylidene-N-
hydroxyhydrazine carbo(ox/thio/oximid)-amide derivative) has a MIC low enough to
be of interest [183]. In addition to compounds with some of the structural similarities to
Ybt, aryl sulfamoyl adenosine derivatives have been synthesized as putative inhibitors of
the enzyme YbtE, which is essential in the biosynthesis of Ybt [184,185]. Only the arylic
acyl adenylate analogue 59-O-[N-(salicyl)-sulfamoyl] has been tested against Y. pestis; it
was found to inhibit bacterial growth in an iron-deficient medium. Although molecules
inhibiting the Ybt system might be of value, they appear to be limited to prophylactic use
and might not be therapeutically effective in some cases because the Ybt system is not
required for colonization of the blood and deep organs [179,180,186,187]. Furthermore,
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Y. pestis spreads rapidly into the blood from the lungs, and the flea regurgitates bacteria
directly into the blood in 10 to 30% of cases [32,38].

5.2.3. Inhibition of Cell Adhesion

To produce an infection, Y. pestis must attach to host cells. In experiments with human
respiratory cell lines, Y. pestis attaches to oligosaccharide structures [188–190]. Further-
more, the bacterium must be able to attach to phagocytes before injecting its Yops via the
T3SS [191]. Therefore, the disruption of Y. pestis’ attachment to host cells might have thera-
peutic value. Several compounds have been found to inhibit adhesion to various respiratory
cell lines, and galactosucrose oligosaccharides were found to be the most potent [188–190].
Despite these encouraging findings, the approach has not been investigated further.

6. Other Innovative Approaches That Might Protect against Plague
6.1. The Unexpected Role of the Vaccine Strain EV76 and the F1 Subunit

Surprisingly, the Y. pestis vaccine strain EV76 might also have value as a prophylactic
treatment [192,193]. Indeed, concomitant injection of EV76 with a virulent strain of Y. pestis
(either at the same injection site or at two separate sites) confers a degree of protection
against both bubonic and pneumonic plague. This prophylaxis might be due to the EV76′s
ability to induce “nutritional immunity” to iron (i.e., the host’s limitation of iron’s availabil-
ity to pathogenic microbes) through the heme- and iron-binding proteins hemopexin and
transferrin. However, greater survival is only observed in a bubonic plague model; inocu-
lation with a dose as high as 104 CFUs of EV76 protects more than 60% of the animals from
bubonic plague but only delays bacterial colonization in pneumonic plague. Nevertheless,
all the mice treated with cephalosporin (ceftriaxone) 48 h after concomitant inoculation
of the vaccine strain EV76 and the virulent strain survived. This is especially interesting
because although cephalosporin is active in vitro against Y. pestis [67], it confers almost
no protection against pneumonic plague in vivo [56,193]. It is noteworthy that the F1
antigen (making up the protein capsule) can be administered prophylactically in the same
way as EV76 [103]. The highly immunogenic F1 antigen protects mice against bubonic
plague when administered within 5 h of infection. It is unlikely that the prophylactic effect
observed with EV76 is related solely to the production of its capsule. However, if this is the
case, it should be bear in mind that (i) the F1 antigen is not essential for the virulence of Y.
pestis, and (ii) strains not producing this antigen have been described in the literature and
can be selected in animals vaccinated with this antigen [31,114–118].

6.2. Predatory Bacteria

Another alternative to antibiotics would be the use of predatory bacteria, i.e., bac-
teria whose survival necessarily depends on predation of Y. pestis [194–196]. It has been
suggested that the Gram-negative predatory bacteria Bdellovibrio bacteriovorus and Mi-
cavibrio aeruginosavorus can fight bacterial infections—especially those caused by MDR
strains. Predatory bacteria have a broad spectrum of action and have been found to be
safe in different animal models, with rapid elimination from the tissues regardless of
the inoculation route [197–201]. Inoculation with B. bacteriovorus might protect against
pulmonary plague [195,196]. Indeed, early and repeated intranasal injection of very high
doses (109 PFUs) of B. bacteriovorus after the intranasal inoculation of Y. pestis significantly
reduced the load of plague bacillus in the lungs 24 h post-infection [195,196]. Further
experiments have shown that pre-exposure then repeated injection of B. bacteriovorus after
systemic challenge with Y. pestis provided some protection in SKH-1 mice [202]. However,
such treatment did not protect Balb/c mice in a preliminary study, presumably because
SKH-1 and Balb-C mice respond differently to the treatment and/or infection [202]. In
other words, the application of predatory bacteria was protective due to active predation
and/or their impact on the host’s response to the infection.
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6.3. Phages and Phage Endolysins

It has been known for more than a century that bacteriophages that infect and some-
times kill bacteria have the potential to treat bacterial infections in vivo [203,204]. More
than a dozen phages are known to be active against Y. pestis [205]. The first successful
phage therapy of plague was reported in 1925; the injection of a phage preparation directly
into the bubo saved four sick patients [206]. However, the subsequent treatments were less
successful [207–210]. These discrepancies might have been due to major methodological
differences [211–213]. Nevertheless, a standardized phage preparation might be a therapeu-
tic alternative to antibiotics. Indeed, intraperitoneal injection of the phage ϕA1122 delayed
death and protected several animals that had received a high dose of Y. pestis [205,214].
Although these results are encouraging, it is important to bear in mind that (i) phage
resistance is frequent and (ii) phages can carry genetic material that accentuates virulence
and antibiotic resistance [215,216]. Hence, phage therapy will necessarily involve the use
of a genetically well-defined cocktail of phages.

Phage endolysin (an enzyme that cleaves peptidoglycan) has also been proposed
as a therapeutic alternative to the whole phage. However, this approach is problematic
for the treatment of Gram-negative bacteria, in which the peptidoglycan is protected by
an outer membrane. In order to circumvent this problem, researchers have developed
a chimeric fusion protein that enables the phage lysin T4 lysozyme to cross the outer
membrane [217–219]. This idea was based on the observation that Y. pestis produces a
muramidase (pesticin) whose bactericidal action involves its passage through the outer
membrane of bacteria via the FyuA transporter [220]. Thus, the fusion protein comprises
the FuyA-binding region of pesticin and the muramidase region of lysozyme T4. Al-
though this type of chimeric protein might have therapeutic value, its bioavailability
in the various organs colonized by Y. pestis has not been determined with regard to the
administration mode and dose. However, delivery to the lungs might protect against
pneumonic plague.

6.4. Immunotherapy

Passive immunization has long been used as a means of prophylaxis against infec-
tious diseases. In fact, plague serum was used to control plague more than a century
ago [221,222]. The discovery of hybridomas in the early 1970s led to the development
of a new class of therapeutic: the monoclonal antibody [223–225]. Several monoclonal
antibodies have been suggested as plague treatments, including those against virulence
factors like the T3SS, Yops [226–237] and the F1 capsule [234,238,239]. Indeed, antibodies
against the T3SS components (LcrV, YopB, and YopD) inhibit the secretion of Yop exo-
toxins into the phagocytes and thus restrict Y. pestis’ ability to deactivate these immune
cells [226–231,238]. However, targeting YopB and YopD might only be efficacious against
Y. pestis strains that do not produce the F1 capsule [231]. Targeting the Yops has been
suggested because (i) some Yops are also present on the bacterial cell surface [240], and
(ii) one of these, YopE, is a crucial virulence factor. However, antibodies against YopE
do not provide satisfactory protection [231]. Lastly, a mixture of polyclonal anti-F1 anti-
bodies and a monoclonal antibody against the lipooligosaccharide or the murine toxin
Ymt has also been shown to protect against the disease [241], and anti-F1 and anti-LcrV
monoclonal antibodies may be synergistic [232,238]. More importantly, humanized mon-
oclonal anti-F1 and anti-LcrV antibodies protect against bubonic plague in mice [238].
Although the most efficacious monoclonal antibodies (anti-F1 and anti-LcrV) are an
attractive alternative to today’s plague treatments, there is a risk of therapeutic failure;
F1-negative strains have been described in the literature, the F1 capsule is not essential
for plague, and polymorphism in the LcrV antigen is likely [31,114–117,236,242,243].
Another limitation of antibodies is their low oral bioavailability and the fact they would
probably have to be injected intravenously.
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6.5. Host-Directed Therapies

Recently, a number of anti-infective research programs have focused on the develop-
ment of molecules targeting host mechanisms/channels that are exploited by the infecting
pathogen [244–246]. Relative to molecules that target the infectious agent, host-directed
therapeutics are much less likely to prompt the development of resistance and so could
be used to treat infections by MDR bacteria. It has been suggested that antagonizing the
adenosine A1 receptor with the compound L-97-1 can protect against pneumonic plague.
The antagonist would prevent the release of immunomodulatory substances that kill en-
dothelial cells after Y. pestis lipooligosaccharide interacts with the adenosine A1 receptor
and that lead to acute lung injury [247–249]. However, L-97-1 was efficacious against pul-
monary plague in the rat only when co-administered with an [underdosed] antibiotic [249].
Another immunomodulator (glutoxim) has been tested as a plague prophylactic [41]. How-
ever, it only protected half the mice inoculated with a small number of bacteria, and so has
not attracted further interest. Among with the molecules identified on the basis of our
current hypotheses, other drug candidates have been discovered through the hypothesis-
free, high-throughput screening of compound libraries. In one study, three molecules (the
phenothiazine antipsychotic trifluoperazine, the respiratory stimulant doxapram, and the
tricyclic antidepressant amoxapine) inhibited Y. pestis’ ability to kill macrophages, but none
was bactericidal, bacteriostatic, or capable of inhibiting the secretion of Yops into the envi-
ronment [250]. However, the bacterium’s inability to translocate Yops into the host cell was
not evaluated. Interestingly, phenothiazine, doxapram, and amoxapine protected 40–60%
of the animals in a model of pulmonary plague; however, they did not provide the total
protection obtained with a quinolone antibiotic (levofloxacin) [250]. Lastly, prophylaxis
with lovastatin gave some protection in a model of primary septicemic plague though an
as-yet unidentified host mechanism [101]. It remains to be seen whether this treatment
protects against bubonic or pulmonary forms of plague.

6.6. Reducing an Excessive Immune Response

Antibiotic therapy affords little protection during the late stage of plague. This is
presumably because the host is unable to control a detrimental inflammatory response as-
sociated with the rapid dissemination of Y. pestis throughout the host. Therefore, inhibiting
the inflammatory process might be a means to improve the survival of plague patients.
However, this inhibition has to be moderate since the immune response is required for
effective bacterial clearance [251]. Levy et al. tested the above idea using a mouse model
of bubonic plague [252]. They reported that a mild corticosteroid treatment combined
with the administration of anti-Y. pestis antibodies had a real beneficial effect, whereas the
anti-inflammatory molecule by itself did not confer protection against Y. pestis.

7. Conclusions

The data obtained in vitro and from animal models, case reports and the few pub-
lished clinical trials show that several treatments approved by the health authorities have
prophylactic or therapeutic activity against plague in humans. Along with our current
arsenal of effective antibiotics, new classes of antibiotics and new strategies for plague
treatment have emerged in response to the advent of MDR strains of Y. pestis. Some of these
novel strategies are in late-stage clinical development and appear to have therapeutic value.
However, it is difficult to predict which treatments will be most effective for each of the
different forms of plague. This is due to the small number of clinical trials that have been
conducted and the lack of standardization in animal models. In the future, the use of stan-
dardized human tissues and/or microfluidic organoids could be a new way to predict what
treatments should be effective. However, it should be bear in mind that standardization
does not mean restriction. For instance, testing a range of regimens, dose levels, inoculation
routes, bacterial strains, bacterial growth conditions, animal species, and animal strains
will it be possible to determine the most effective treatment for further investigation in a
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clinical trial—the only way of reaching a definitive conclusion. Nevertheless, clinical trials
in the context of plague raise obvious ethical concerns.
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