
Combinations of �-Lactam Antibiotics Currently in Clinical Trials Are
Efficacious in a DHP-I-Deficient Mouse Model of Tuberculosis Infection

Joaquín Rullas,a,f Neeraj Dhar,b,f John D. McKinney,b,f Adolfo García-Pérez,a,f Joël Lelievre,a,f Andreas H. Diacon,f,g

Jean-Emmanuel Hugonnet,c,d,e,f Michel Arthur,c,d,e,f Iñigo Angulo-Barturen,a,f David Barros-Aguirre,a,f Lluís Ballella,f

Diseases of the Developing World, GlaxoSmithKline, Tres Cantos, Madrid, Spaina; School of Life Sciences, Swiss Federal Institute of Technology in Lausanne (EPFL),
Lausanne, Switzerlandb; Centre de Recherche des Cordeliers, LRMA, Equipe 12, Université Pierre et Marie Curie-Paris 6, UMR S 872, Paris, Francec; Institut National
de la Santé et de la Recherche Médicale (INSERM), U872, Paris, Franced; Université Paris Descartes, Sorbonne Paris Cité, UMR S 872, Paris, Francee; Open
Collaborative Model for Tuberculosis Lead Optimisation (ORCHID) Consortiumf‡; Department of Medical Biochemistry, Stellenbosch University, Tygerberg,
South Africag

We report here a dehydropeptidase-deficient murine model of tuberculosis (TB) infection that is able to partially uncover the efficacy
of marketed broad-spectrum �-lactam antibiotics alone and in combination. Reductions of up to 2 log CFU in the lungs of TB-infected
mice after 8 days of treatment compared to untreated controls were obtained at blood drug concentrations and time above the MIC
(T>MIC) below clinically achievable levels in humans. These findings provide evidence supporting the potential of �-lactams as safe and
mycobactericidal components of new combination regimens against TB with or without resistance to currently used drugs.

The widespread assumption that �-lactams, one of the safest
types of antibiotics, are not adequate drugs for the treatment

of tuberculosis (TB) infection is grounded on (i) the constitutive
production of BlaC, a broad-spectrum class A �-lactamase that
protects Mycobacterium tuberculosis from �-lactam action (1), (ii)
the impermeable nature of the mycobacterial cell wall, rendering
most �-lactams weakly efficacious in vitro (2), (iii) their poten-
tially limited penetration into macrophages, (iv) their failure to
show significant levels of efficacy in commonly employed TB an-
imal models of infection (3, 4), and (v) the unconvincing clinical
proof of efficacy reported to date (5, 6). These arguments, together
with further limitations associated with the lack of active and
orally bioavailable �-lactams with long half-lives have profoundly
affected the state of opinions in the TB research and development
(R&D) community to the point where research in this area has
virtually stalled for the best part of the last 3 decades.

�-Lactams have a long-standing record of clinical safety and a low
potential for interaction with other antitubercular and antiretroviral
compounds. As a new class of antitubercular drugs, �-lactams would
be the ideal complement to other novel agents to form a completely
new antitubercular treatment regimen for treating multidrug-resis-
tant (MDR) or extensively drug-resistant (XDR) TB. In summary,
recently published data have produced the following findings. First,
they have shown that the combination of some �-lactam carbapen-
ems with clavulanate is efficacious (7) against M. tuberculosis in vitro
against both drug-sensitive and MDR-TB strains. Activity was also
shown against hypoxic M. tuberculosis cultures. Second, orally
bioavailable BlaC-resistant faropenem matches the combination
meropenem-clavulanate in terms of potency and bactericidal
behavior in vitro against M. tuberculosis (8). Third, a synthetic
lethality screen has shown how mycobacteria can become hyper-
susceptible to �-lactam action through a number of resistance
mechanisms commonly induced by current antitubercular ther-
apy (e.g., cell wall biosynthesis and efflux systems) (9). Last,
MDR-TB strains are hypersensitive to the meropenem-clavu-
lanate combination in vitro (10). Additionally, to date, it has not
been possible to isolate spontaneous mutants resistant to the com-
bination of meropenem and clavulanate or faropenem under lab-

oratory conditions, hinting at a low propensity for the develop-
ment of resistance. Finally, an increasing number of clinical
reports have shown that the combination of meropenem and cla-
vulanate contributes to sputum conversion and secession of symptoms
in MDR/XDR therapeutically destitute TB patients (11–13).

Only recently, a European Development Clinical Trials Part-
nership (EDCTP)-funded early bactericidal activity (EBA) study
on the use of different �-lactam combinations in drug-sensitive
TB patients in South Africa was initiated (https://clinicaltrials.gov
/ct2/show/NCT02349841) (14). In order to be able to support the
previously mentioned meropenem- or faropenem-amoxicillin-
clavulanate clinical study (14), we chose to focus our efforts on the
development of a mouse model of TB infection that could allow a
closer reproduction of the human blood pharmacokinetic profiles
of �-lactams in mice. The model should be able to address the
ubiquitous and high-level expression of dehydropeptidase-I
(DHP-I) (15), one of the main enzymes responsible for the cleav-
age of the lactam ring and hence the extremely quick clearance of
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�-lactam antibiotics in rodent tissues (including lungs) in com-
parison to that in humans (16).

The lack of significant efficacy encountered in different animal
models of TB infection (4, 5, 17) has been a great source of frustration
among TB researchers and is one of the reasons accounting for the
very limited number of translational studies published to date in sup-
port of an eventual clinical evaluation. Such a model would need to
address one of the main limitations associated with the use of rodent
species for TB efficacy studies, i.e., the high activity and high level of
expression of dehydropeptidase-I, an enzyme that acts as a major
contributor to lactam ring cleavage in most tissue types of mice, rats,
guinea pigs, and rabbits (16). The model should also be able to sustain
both acute and chronic infections and generate significant and robust
�-lactam efficacy responses to allow eventual drug-to-drug compar-
isons. While never specifically used for the purpose of antibacterial
drug discovery, such a model has been reported to be deficient in
membrane-bound dipeptidase (MBD) (EC 3.4.13.19, also known as
DHP-I), an enzyme hypothetically responsible for the conversion of
leukotriene D4 (LTD4) to leukotriene E4 (LTE4) (18). This same
enzyme was also shown to be responsible for the cleavage of cystinyl-
bis-glycine (cys-bis-gly), and its null mutation led to the absence of
�-lactamase activity in the lungs, kidneys, small intestines, and hearts
of mice.

A preliminary evaluation of the model in terms of its capacity to
sustain a viable M. tuberculosis H37Rv infection and improve the
whole-blood exposure levels of meropenem showed how the pro-
gression of disease in terms of lung CFU counts was identical to

that in the reference mouse strain C57BL/6 (see Fig. S1 in the
supplemental material). Additionally, significant increases of
meropenem both in terms of the maximum concentration of drug
(Cmax) and area under the concentration-time curve (AUC) (Ta-
ble 1) were measured. Most importantly, based on single-dose
pharmacokinetic (PK) parameters, the time above the MIC
(T�MIC) simulated in the DHP-I knockout (KO) mice increased
significantly for the three considered meropenem MIC scenarios
(0.23, 0.62, and 1.25 �g/ml) (Fig. 1). Once the principles of re-
duced �-lactam degradation and viability of the infection in vivo
had been validated, a quick and preliminary evaluation of the
effectiveness of �-lactam combination treatment to control TB
infection in DHP-I-deficient mice was performed in a survival
efficacy study (see Fig. S2 in the supplemental material). These
combinations were selected while keeping in mind the clinical trial
design that was implemented in the ongoing EDCTP-sponsored
�-lactam phase IIa study (14) and previous knowledge regarding
the in vitro antitubercular activities of their main components
(MICs, 0.3, 1.25, 2.5, and 1.25 �/ml for meropenem-clavulanate,
faropenem, cefdinir, and amoxicillin-clavulanate, respectively)
(9). The experiment resulted in an increased mean survival time
(�39 versus 17.3 days) for �-lactam-treated groups of mice up to
the time of final sacrifice (see Fig. S3 in the supplemental mate-
rial). These experiments, while providing only qualitative evi-
dence of the potential efficacy of �-lactams in a DHP-I-deficient
murine model, were used as a basis for further evaluation of the
model for the quantitative generation of efficacy signals. This sec-
ond goal was addressed through the establishment of a new exper-
imental design (see Fig. S4 in the supplemental material). This
model showed how different �-lactam combination regimens
gave raise to robust and significant CFU reductions in the lungs of
infected DHP-I-deficient mice, with faropenem medoxomil
showing the most significant reductions (�2 log CFU), followed
by meropenem (�1.7 log CFU) and cefdinir (�1.3 log CFU), in
comparison to the untreated control (Fig. 2). These results are in
contrast to previously reported data for the meropenem-clavu-
lanate combination (4, 5), albeit under different administration
schedules. Most importantly, once-a-day treatment with the faro-
penem medoxomil-containing regimen was also able to produce a
1.3-log CFU reduction, further highlighting the benefits associated
with DHP-I deficiency in terms of decreased pharmacokinetic clear-
ance (Table 1). This observation also addresses one of the shortcom-
ings thought to limit the potential of �-lactams for the treatment of
human TB, i.e., the likely requirement for multiple daily administra-

TABLE 1 Whole-blood pharmacokinetic AUC and Cmax parameters of
meropenem after subcutaneous administration of 300 mg/kg of body
weight in combination with amoxicillin-clavulanate (s.c. at 200/50 mg/
kg) in three different murine genetic backgroundsa

Mouse genetic background Cmax (�g/ml)
AUC
(�g · h/ml) T�MIC (h)b

TF3157 1.1 1.7 73, 36, 0
C57BL/6 0.03c 0.05c 0, 0, 0
TF 3157 DHP-I KO 6.6 8.8 66, 49, 39
a All groups were pretreated with probenecid (orally [p.o.] at 200 mg/kg). s.c.,
subcutaneous.
b Results shown are for MICs 1 to 3, which are 230 ng/mol, 625 ng/mol, and 1,250 ng/
mol, respectively. The time over MIC (T�MIC) was calculated taking as a reference the
simulated profile of the compound after 3-times-a-day administration for 8 days, and
simulation was extended to 200 h.
c The concentration measured was close to the threshold of detection. The wild-type
and DHP-I KO mouse strains corresponded to a TF3157 genetic background.

FIG 1 Whole-blood pharmacokinetic profiles simulated from a monocompartmental model after fitting of single-dose profiles of meropenem in TF3157 (a) and
C57BL/6 (b). (c) A bicompartmental model was used for TF 3157 DHP-I KO mice. conc, concentration.
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tions covering extensive periods of time (T�MIC) to drive efficacy.
The benefits of the DHP-I-deficient model were further confirmed by
the lack of observable �-lactam antitubercular effect in the reference
C57BL/6 strain under the same experimental design (see Fig. S5 in the
supplemental material).

In summary, based on the preliminary evidence presented
here, we have been able to show how a DHP-I-deficient TF3157
murine model capable of sustaining significant �-lactam com-
pound blood concentrations can be applicable to �-lactam drug
discovery against TB. This model gives robust and significant ef-
ficacy signals measured as CFU reductions after treatment and can
be used to discern between different �-lactam drugs. We believe
that these data can modestly contribute to countering some of the
past objections to the antitubercular potential of �-lactams. These
results pave the way for the systematic in vivo characterization of
both old and novel �-lactams as antitubercular leads and for the
selection and eventual inclusion of safe and efficacious �-lactam
drug components in clinical trials as potential combination part-
ners in novel TB regimens.

All animal studies were reviewed and carried out in accordance
with European Directive 2010/63/EU and the GSK Policy on the
Care, Welfare, and Treatment of Animals.
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