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ABSTRACT Mpycobacteroides abscessus (Mab) is an emerging environmental microbe
that causes chronic lung disease in patients with compromised lung function such as
cystic fibrosis and bronchiectasis. It is intrinsically resistant to most antibiotics, therefore
there are only few antibiotics that can be repurposed to treat Mab disease. Although
current recommendations require daily intake of multiple antibiotics for more than a
year, cure rate is low and often associated with significant adverse events. Here, we
describe in vivo efficacy of T405, a recently discovered B-lactam antibiotic of the penem
subclass, in a mouse model of pulmonary Mab infection. Imipenem, one of the stand-
ard-of-care drugs to treat Mab disease, and also a B-lactam antibiotic from a chemical
class similar to T405, was included as a comparator. Probenecid was included with both
T405 and imipenem to reduce the rate of their renal clearance. T405 exhibited bacteri-
cidal activity against Mab from the onset of treatment and reduced Mab lung burden at
a rate similar to that exhibited by imipenem. The MIC of T405 against Mab was unal-
tered after 4 weeks of exposure to T405 in the lungs of mice. Using an in vitro assay, we
also demonstrate that T405 in combination with imipenem, cefditoren or avibactam
exhibits synergism against Mab. Additionally, we describe a scheme for synthesis and
purification of T405 on an industrial scale. These attributes make T405 a promising can-
didate for further preclinical assessment to treat Mab disease.
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ycobacteroides abscessus (Mab, also known as Mycobacterium abscessus) is an
emerging opportunistic pathogen whose incidence has been rising (1). It causes
a wide range of chronic infections whose clinical presentations can resemble disease
resulting from infection by Mycobacterium tuberculosis and nontuberculous mycobac-
teria such as Mycobacterium avium (2-4). Individuals with structural lung diseases such
as bronchiectasis, cystic fibrosis and chronic obstructive pulmonary disease are at
higher risk of developing lung disease from Mab infection (5). In these settings, Mab Copyright © 2022 Rimal et al. This is an open-
infections result in rapid decline in lung function and are difficult to cure with existing access article distributed under the terms of
treatment regimens (2-4). Although infections of the lungs comprise the majority of e Crztiive Cormmens Al uiiion 410
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Mab infections that require treatment, infections of the joints and soft tissue resulting e Yy

from surgical procedures have been described (6-9). Recent accounts have also Lamichhane, lamichhane@jhu.edu.
reported clusters of outbreaks, including in health care settings (10). Often infections The authors declare no conflict of interest.
are chronic and associated with unacceptably high rates of morbidity and mortality. Received 13 April 2022
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One of the primary reasons for the high morbidity and mortality rate is the lack of
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treat Mab infection. The existing treatments are comprised of repurposed antibiotics
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and recommended based on expert opinions. Since Mab is intrinsically resistant to
most available antibiotics, only a limited set can be called upon to treat this disease.
The treatments available to Mab patients are sub-optimal for the following reasons: (a)
need for prolonged treatment periods, (b) frequent adverse side effects, (c) compli-
cated logistics of long-term outpatient intravenous drug treatment, and (d) inability to
produce a stable cure (11-15). These treatments are associated with cure rates as low
as 30-50% (16) and sputum conversion rates as low as 25% (17). For these reasons,
Mab has been declared ‘an antibiotic nightmare’ (5) and ‘an environmental bacterium
turned clinical nightmare’ (18).

Historically, owing to the presence of native B-lactamases, B-lactams are seldom
considered for treatment of mycobacterial infections (19-21). In Mab, the chromoso-
mally encoded B-lactamase, Blay,,,,, exhibits strong inactivating activity against a broad
range of B-lactams (22). However, among the repurposed antibiotics to treat Mab dis-
ease, several belong to the B-lactam class and exhibit high efficacy. These include imi-
penem and cefoxitin, which are included in the ATS/IDSA treatment guidelines for Mab
disease (11, 23, 24). Other frequently considered B-lactams include doripenem, ceftazi-
dime-avibactam, imipenem-relebactam and meropenem-vaborbactam. In addition to
imipenem, which is already included in current treatment recommendations, other car-
bapenems such as biapenem and tebipenem-avibactam also exhibit low MICs against
Mab (25, 26). Additionally, several combinations of dual B-lactams with or without a
B-lactamase inhibitor exhibit synergy against a broad spectrum of Mab isolates both in
vitro and in vivo (27-32). This emerging evidence has rekindled interest in the potential
of B-lactams for treating Mab diseases.

T405 is a newly discovered B-lactam of the penem subclass (33). Its MIC against a
collection of Mab clinical isolates, including those classified as drug-resistant is 1 to
8 nug/mL. The MIC,, of T405 against Mab, 8 wg/mL, is significantly lower than the MIC,,
of imipenem and cefoxitin, 32 wg/mL, and 64 ug/mL, respectively, indicating a more
potent in vitro activity against Mab than these two B-lactams included in the current
recommendation. Moreover, T405 is highly resistant to Bla,., and exhibits favorable
pharmacokinetics as well as toxicity profile at elevated dosage in mice, making it an
excellent candidate for further preclinical evaluation (33).

In this study, we assessed the efficacy of T405 against Mab in a mouse model of pul-
monary Mab infection. Larger scale preparation of T405 was adapted from the previous
synthesis (33) to be more industrially applicable to allow for larger quantities to be pro-
duced in a formulation that is suitable for an in vivo model. We also determined if ex-
posure to T405 in the mouse lungs alters the MIC of T405 against Mab. As T405 exhibits
in vitro activity against Mab, we also assessed if a combination of T405 and another
B-lactam exhibits synergy against Mab.

RESULTS

Large scale synthesis of T405. The synthesis of T405 was redesigned to allow for its
multigram scale production (Fig 1). The new synthesis of T405 deviates at the common
intermediate 2 where the silyl protecting group is left intact on the alcohol while the oxida-
tion of the side chain sulfur is carried forward. This change results in the transient interme-
diate 3 which was found unnecessary to isolate before proceeding to the next reaction.
Consequently, the B-addition-elimination sidechain swap reactions could proceed on the
crude oil to form 4 in one overall step from 2. In addition to allowing for the removal of a
lengthy and costly silica-gel flash chromatography step, the silyl ether 4 allowed the mole-
cule to be triturated in higher purity. A similar strategy was developed in the industrial syn-
thesis of sulopenem (34). With compound 4 in hand, the silyl ether is removed to yield
compound 5, the common intermediate of the previously described synthesis.

When preparing drugs for animal efficacy studies the compound formulation must
be rid of heavy metal ion impurities and be in an appropriate salt form for the in vivo
study. To accommodate these restrictions the palladium-catalyzed deallylation and
subsequent purification of T405 was redesigned. The new synthesis utilizes a biphasic,
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FIG 1 Large-scale synthesis of T405. (a) Urea-H,0,, HFIPA, (b) DIPEA, CH,CN, 66% vyield over 2 steps,
(c) TBAF, AcOH, THF, 80% vyield, (d) CH,Cl,, H,O, Pd(PPh,),, benzene sulfenic acid, 58% yield.

palladium-catalyzed deallylation designed to keep palladium in the organic layer while
the product is partitioned into the aqueous layer. Moreover, the resulting product is
incubated with the palladium-scavenging macroporous polystyrene-bound trimercap-
totriazine (MP-TMT) resin to remove any residual heavy metal ions. A similar approach
was reported for the industrial synthesis of faropenem (35). Lastly, the compound was
purified on multigram scale using a reusable HP-20 resin and a gradient elution of
deionized water to ethanol yielding the zwitter ionic T405. This process differed from
the high-performance liquid chromatography that was used in the original synthesis,
which faced a scaling limitation and yielded product containing the toxic trifluoroace-
tate counter ion. Detailed information on synthetic steps, intermediates and their char-
acterizations are included in Supplementary Information.

Efficacy of T405 versus Mab lung infection in C3HeB/FeJ mice. Efficacy of T405
was assessed against the M. abscessus reference strain ATCC 19977 in a mouse model of
pulmonary infection (36) using a protocol identical to that used to evaluate the efficacy of
B-lactams from the carbapenem class against Mab (28). Mice were infected with ATCC
19977 via an aerosol route and randomized into three groups. Mice in the negative-control
group received 1x phosphate-buffered saline (PBS), which was used as solvent for imipe-
nem and T405. Imipenem, an antibiotic that is used in standard-of-care regimens to treat
Mab disease and also a B-lactam (24), was administered to mice in the positive-control
comparator group. The mice in the test group received T405. Based on a prior pharmacoki-
netics study of T405 in mice, imipenem and T405 were administered with probenecid, an
agent that inhibits renal clearance of B-lactams (33). PBS, imipenem and T405 were admin-
istered via subcutaneous injection into the rear dorsal flank, and probenecid was adminis-
tered via oral gavage. Mode and frequency of treatment administration and handling of
mice were identical among the three groups to ensure that treatment type was the only
variable.

As expected from prior studies (28) in mice treated with PBS, Mab lung burden gradu-
ally increased through the first 3 weeks following infection and thereafter decreased
slightly (Fig. 2). Overall, Mab burden was maintained in the lungs of mice during the course
of study and did not alter significantly as would be expected during a chronic Mab
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FIG 2 M. abscessus burden in the lungs of C3HeB/Fe) mice treated with T405+probenecid or
imipenem+probenecid or phosphate-buffered saline. Week —1 represents 1 day following infection.
Week 0 represents the day treatments were initiated. Weeks +2 and +4 represent 2 and 4 weeks
following treatment initiation. Data shown was derived from five mice per treatment group per
time point. Each dot represents Mab CFU in the lungs of a mouse. Each line represents mean Mab
CFU in the lungs of the corresponding treatment group. Vertical bars represent standard deviation
of the mean CFU at each time point. PBS, phosphate-buffered saline (negative-control comparator);
IMI, imipenem (positive-control comparator).

infection. In mice treated with imipenem+probenecid, the positive-control comparator
group, Mab lung burden gradually declined over the course of the experiment and repro-
duced prior observations of imipenem against Mab ATCC 19977 (28, 37). Similar to the effect
of imipenem, T405 also exhibited bactericidal activity throughout the treatment duration as
Mab lung burden in mice receiving T405+ probenecid gradually declined following the onset
of treatment. In comparison to the negative-control group, 2.66 log,, and 3.07 log,, reduction
in lung Mab CFU were associated with imipenem and T405 treatment, respectively. Although
the reductions in lung Mab burden in imipenem and T405 treated groups were statistically
not distinct, the mean Mab burden in mice treated with T405 was 0.42 log,, lower than in
mice treated with imipenem demonstrating that efficacy of T405+ probenecid was compara-
ble or superior to the standard-of-care, imipenem, combined with probenecid. The Mab
burden in the lungs of mice treated with T405+probenecid was significantly lower
than PBS-treated negative controls throughout the treatment period (P-value
0.0061, PBS versus T405, week four time point) thereby demonstrating efficacy asso-
ciated with T405 against Mab.

Lung pathology such as granulomas, bronchiectasis, brochiolectasis, and bronchioli-
tis are the most frequently observed hallmarks in humans with Mab lung disease (38)
and were, therefore, considered in our study as pathological endpoints. Two mice per
treatment group at the final time point were allocated for lung histopathological
assessments. Areas of cellular infiltration and consolidation resembling a granuloma
were observable in the lungs of mice treated with T405 and imipenem, but they were
more diffuse and disorganized, and clear alveolar spaces were more numerous com-
pared to the lungs of mice treated with PBS in which a more defined granuloma with
intense cellular infiltration was visible (Fig. S1). Mab bacilli were readily observable in
the lungs of mice that received PBS (Fig. S2). The majority of Mab bacilli appeared to
be intracellular but Mab that were not associated with lung cells were also not uncom-
mon. We were unable to observe Mab bacilli in the lung sections of mice treated with
T405 or imipenem.

MIC of T405 versus Mab is not altered following 4-week daily exposure in
mouse lungs. Although T405 exhibited a bactericidal activity and gradually reduced
lung burden of Mab, ~1 log,, surviving CFU were recovered at the end of the treat-
ment duration. We investigated whether the surviving Mab CFU were resistant to T405
and therefore would exhibit significantly higher T405 MIC. We randomly selected a
total of eight Mab colonies recovered from the lungs of all five mice sacrificed at the
final time point in the study. This time point was selected as it represents the longest
duration of exposure of T405 to Mab. Mab exhibits heterogeneous colony morphology
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TABLE 1 Activity of T405 in combination with imipenem, cefditoren or avibactam?

Fractional inhibitory concentration

index (FICI)
Drug combination Replicate 1 Replicate 2 Avg FICI Result interpretation
T405 + avibactam 0.266 0.266 0.266 Synergy
T405 + imipenem 0.281 0.266 0.274 Synergy
T405 + cefditoren 0.375 0.5 0.438 Synergy

9An average fractional inhibitory concentration index (FICl) was determined for each complex from two biological
replicates. FICI of =0.5 was interpreted as synergy, >0.5 to 4 as indifference, and >4 as antagonism (40).

with smooth and rough surfaces. The distribution of smooth versus rough colonies of
the input culture of Mab that was used to infect mice was 84% versus 16%, respec-
tively. We selected six colonies with smooth appearance and two with rough appear-
ance to represent the distribution of the smooth versus rough colonies in recovered
CFU. We determined MICs of T405 for these eight isolates and for the parent isolate
simultaneously (Table S1). The MICs of T405 against the eight isolates were in the
range of 0.5 to 1.0 ug/mL and hence indistinguishable from the MIC of T405 for the
parent isolate. Therefore, exposure to T405 in the lungs of mice for 4 weeks did not al-
ter its MIC against Mab.

T405 exhibits synergy with imipenem and cefditoren. We assessed if T405 exhibits
synergy, indifference or antagonism when combined with B-lactam antibiotics. The MICs of
T405 as well as nine cephalosporin, six carbapenem and one penem antibiotics against Mab
reference strain ATCC 19977 were determined. Cephalosporins included in this assessment
were cefadroxil, cefprozil, cefuroxime, cefixime, ceftibuten, cefdinir, cefditoren, cefpodoxime
and cefoxitin. Carbapenems included were ertapenem, meropenem, imipenem, doripenem,
biapenem and tebipenem. Faropenem, the only commercially available penem, was also
included. A checkerboard assay (39) was subsequently used to assess in vitro activity of T405
in combination with these B-lactams, as well as the B-lactamase inhibitor avibactam,
against the reference strain. The fractional inhibitory concentration index (FICl) was calcu-
lated for each combination of drugs that inhibited Mab growth at less than one-half the
MIC of each individual drug. The FICl is a mathematical representation of the activity con-
tributed by each drug in the combination. The most conservative interpretation of FICI was
used, in which =0.5 indicates synergism, >0.5 to 4 indicates indifference, and >4 indicates
antagonism (40).

Of the 16 combinations evaluated, three combinations exhibited synergy against
ATCC 19977. These synergistic combinations included T405 plus imipenem, T405 plus
cefditoren, and T405 plus avibactam (Table 1). However, the degree of the synergy dif-
fered between the paired combinations. The combinations of T405 and imipenem, as
well as T405 and avibactam, exhibited greater synergy compared to T405 plus cefdito-
ren. The FICIs of T405 in combination with cefadroxil or cefprozil or cefuroxime or
cefixime or ceftibuten or cefdinir or cefpodoxime or cefoxitin or ertapenem or merope-
nem or doripenem or biapenem or tebipenem against Mab ATCC 19977 were >0.5 to
4, and therefore, the activities of these combinations were indifferent.

DISCUSSION

B-lactam antibiotics exert their antibacterial activity by interfering with the biosynthe-
sis and metabolism of bacterial cell wall peptidoglycan (41-43). The peptidoglycan of
mycobacteria is atypical as the majority of the interpeptide linkages are between meso-
diaminopimelic acid® of one stem peptide and meso-diaminopimelic acid® of an adjacent
stem peptide generated by L,b-transpeptidases (44-46). This enzyme class is distinct from
p,0-transpeptidases that generate interpeptide linkages between meso-diaminopimelic
acid® of one stem peptide and p-alanine* of an adjacent stem peptide (47-49). Recent
studies demonstrated that among B-lactams, carbapenems and penems are the most
potent inhibitors of mycobacterial 1,p-transpeptidases (29, 50-52). Among these, farope-
nem, a penem, inhibits Mab L,p-transpeptidases most effectively (52, 53). While faropenem
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exhibits favorable MICs against M. tuberculosis (25, 54), whether it has efficacy in treating
tuberculosis is unclear (55, 56). We leveraged precedents on M. tuberculosis L,o-transpepti-
dases and carbapenems/penems guided by crystal structures (52, 53, 57-62) to develop
improved inhibitors of M. tuberculosis L,p-transpeptidases with the hypothesis that unique
penems may exhibit improved potency against this microbe. Similar attempts at develop-
ing unique and potent inhibitors of Lb-transpeptidases using the B-lactam core have
been reported independently (63-65). While a select few new penems exhibited desirable
MICs against M. tuberculosis, we were gratified to find that one of these penems, T405,
had MICs lower than those of imipenem and faropenem against a collection of Mab isolates
(33). Since imipenem is currently considered a first-line drug for Mab disease (24) and farope-
nem is the only marketed member of the penem subclass, T405 has potential as a penem
with improved activity against mycobacteria and warrants further preclinical assessment.

Efficacy assessments comprise one of the first steps in the preclinical phase of drug de-
velopment. To generate large amounts of T405 required for this assessment in an animal
model of Mab disease, it was necessary to adapt the synthesis described in the initial report
(33). The scheme described here is industrially applicable and permits synthesis and purifi-
cation of T405 on large scale to enable in vivo testing. T405 is highly soluble in water and
can be readily administered to animals. To match the dosing frequency of the positive-con-
trol drug imipenem (24), T405 was administered twice daily, 7 days a week. The 300 mg/kg
dose of T405 used in this study was adapted from our prior pharmacokinetics assessment
of T405 in mice to optimize time above MIC as this aspect is known to be an important
driver of B-lactam efficacy (33). Twice daily subcutaneous administration of T405 dissolved
in 1x PBS, pH 7.4, was well tolerated by mice during the entire 4-week treatment duration.
There was no evidence of irritation at the site of T405 injection or other observable adverse
effects. As probenecid is often included to reduce the rate of renal clearance of imipenem
(66), we also included probenecid with imipenem and T405. Probenecid did not exhibit ac-
tivity against Mab ATCC 19977 in a MIC determination assay (MIC > 512 ug/mL), therefore,
it was not included with PBS in the efficacy study.

Microbiological and lung histopathological assessments were used to evaluate the
efficacy of T405 against Mab lung infection. Mab burden in the lungs of mice repre-
sented the microbiological endpoint. T405 exhibited bactericidal activity throughout
the 4-week treatment period. Although this period was insufficient to demonstrate if
T405 could sterilize the lungs of mice, the results were sufficiently clear to demonstrate
proof-of-concept of efficacy of T405. In PBS treated group, there was >3 log 10 differ-
ence between mice with the lowest and highest lung Mab burden. Similar observations
have been reported before in C3HeB/FeJ mice, but the lung CFU burden was particu-
larly variable for Mab strain ATCC 19977 (28, 37). Although cellular infiltration in the
lung lesions of PBS-treated negative-control mice was more intense, we only observed
one small necrotic granuloma in the lungs of mice representing this cohort despite
harboring ~3 log,, higher Mab burden compared to T405- or imipenem-treated mice.
In a prior study based on the identical protocol, the presence of a small granuloma at
3-week time point postinfection, and large organized histiocytic granulomas at 7-week
time point were described (36). The presence of only one small granuloma in the PBS-
treated mice is in agreement with the prior study. The lung parenchyma of mice
treated with T405, and imipenem did not appear remarkably different from those of
mice treated with PBS. There were areas of cellular infiltration and consolidation in the
lungs of mice treated with T405 and imipenem. As a longer infection period was
described to be necessary to observe large and distinct granulomas in the lungs of
Mab infected C3HeB/Fe) mice (36) and resolution of established lung pathology typi-
cally lags behind changes in bacterial viability in response to treatment, the 4-week
duration of our study with its primary focus on a microbiological endpoint was insuffi-
cient to differentiate tissue pathology between different treatment groups. As this is
the first investigation to assess efficacy of T405 against Mab, we limited the scope of
the study to proof-of-concept of T405 activity to treat Mab lung infection in a mouse
model of the disease.
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No acid-fast bacilli (AFB) were observed in the lung sections of mice treated with
T405 and imipenem while there were numerous AFB, both intracellular and extracellu-
lar in the lungs of mice that received PBS only. The following are two likely explana-
tions for this observation. It is most likely that the lung sections sampled did not
include the region that harbored Mab as on average only ~1 log,, CFU were recovered
from the lungs of mice in the T405 or imipenem treatment group. However, the possi-
bility that Mab bacilli existed in the sampled lung sections but could not be stained
with AFB stain cannot be ruled out. Imipenem and T405, as with other B-lactams, can
be expected to act on the Mab cell wall and may have modified it sufficiently to alter
incorporation of the AFB stain (54). Overall, both the microbiological and histopatho-
logical endpoints associated with T405 were not significantly different from those
observed with the standard-of-care treatment imipenem.

Synergy between two B-lactams, also known as dual B-lactam synergy, has been dem-
onstrated against Mab (27-31, 53) as well as other bacteria (67). These precedents were
the basis for assessing the combined activity of T405 and select B-lactams from the cepha-
losporin, carbapenem and penem classes against Mab. Penicillins could not be included
within the scope of the current study as the combinations would be numerous and
beyond the exploration aimed for this study. Therefore, combined activity of T405 and
penicillins against Mab can be evaluated in future studies. As T405 exhibited synergy with
imipenem and cefditoren, these combinations may provide a pathway for further improv-
ing potency of regimens to treat Mab disease. However, additional studies will be required
to determine if the combinations of T405 with imipenem or cefditoren act synergistically in
vivo and against a wide range of Mab isolates.

We also assessed the combined activity of T405 with avibactam, an agent known to in-
hibit Blay,, (68). Synergy between avibactam and B-lactams cefuroxime, ertapenem, imi-
penem, biapenem and tebipenem against Mab has been reported (27, 69). In our recent
study, we assessed the MICs of T405 alone and in combination with a fixed concentration
of 4 wg/mL avibactam against a panel of 10 Mab clinical isolates (33). As avibactam
reduced MIC of T405 by 4-fold against Mab strain ATCC 19977 but failed to significantly
reduce MICs against most other clinical isolates, we determined the FICI of T405 and avi-
bactam combination using a checkerboard assay. The FICl of 0.266 for T405 and avibactam
against ATCC 19977 confirms synergy against this isolate. Although it is likely that syner-
gism between T405 and avibactam is limited to a minority of Mab isolates, the MIC of T405
alone is sufficiently low and therefore may not require a companion B-lactamase inhibitor.
Overall, the efficacy of T405 in comparison to imipenem and its synergism with imipenem
and cefditoren make T405 a promising candidate for further preclinical development to
treat Mab disease.

There were additional practical limitations to our study. Only a single dose and dosing
frequency was assessed as >10 g of T405 would be necessary to consider two or more
dosing regimens. Synthesis of such amounts is rate-limiting in an academic setting. Mab
strains isolated from patients are known to exhibit heterogeneity in B-lactam susceptibility
(70). Therefore, efficacy assessments against a more diverse set of isolates would have gen-
erated additional insight into the usefulness of T405 against a spectrum of Mab clinical iso-
lates. However, as a proof-of-concept study, we limited the scope of the present study to
assessing efficacy and combination activity against the Mab reference strain ATCC 19977.
Similarly, we assessed in vitro activities of T405 in combination with representatives of
B-lactam subclasses as, including more agents from this class was beyond the scope of the
current study. Whether T405 exhibits synergy, indifference or antagonism with other antibi-
otics included in the current recommendations for treating Mab disease will also require
additional studies. We posit, however, that findings from this study provide a strong pre-
mise for assessing T405 against additional Mab isolates in future studies.

MATERIALS AND METHODS

Preparation of T405. T405 was synthesized, purified, and authenticated as described in the
Supplementary Information.
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Bacterial strains and in vitro growth conditions. M. abscessus strain ATCC 19977 was used as it has
been historically considered a reference in Mab studies (71). This strain was procured from the ATCC
(Manassas, VA) and authenticated by genome sequencing (30). Cation Adjusted Mueller-Hinton Broth
(CAMHB) (catalog no. 90922, Sigma-Aldrich) or Middlebrook 7H9 broth (catalog no. 271310, Difco), as
specified for an assay, was used to grow Mab. Middlebrook broth was supplemented with 0.5% glycerol,
10% albumin-dextrose-salt enrichment and 0.05% Tween 80 as described (72). Mab cultures were grown
in an orbital shaker at 220 RPM, 37°C. Imipenem was procured from Octagon Chemicals Limited.
Middlebrook 7H11 selective agar (catalog no. 283810, Difco), supplemented with 0.5% glycerol, 10% al-
bumin-dextrose-salt enrichment, 0.05% Tween 80, 50 ng/mL carbenicillin (catalog no. C46000, Research
Products International) and 50 ug/mL cycloheximide (catalog no. C7698, Sigma-Aldrich) was used to
recover Mab from mouse lungs. All other B-lactam antibiotics were procured from Sigma-Aldrich or
Octagon Chemicals. Probenecid was procured from Sigma-Aldrich (catalog no. P8761).

MIC determination. To determine the MIC of T405 against Mab isolates, the standard broth microdilu-
tion assay (73, 74) with parameters specified by the CLSI guidelines for Mab (75) was used. T405 was dis-
solved in sterile deionized water and passed through 0.22 um cellulose filter (catalog no. 8160, Costar,
Corning). Two-fold serial dilution of T405, from 64 to 0.06 ug/mL, was prepared in CAMHB, in 200 uL final
volume in each well in a round-bottom 96-well culture dish (catalog no. 229190, CellTreat). Each Mab isolate
grown in CAMHB broth to exponential phase was used to prepare a diluted suspension and 10° Mab CFU
was inoculated into each well. As negative and positive controls, two wells containing CAMHB broth alone
and two wells containing CAMHB broth inoculated with 10° CFU of corresponding Mab isolate, respectively,
were included and incubated at 30°C, 72 h in accordance with CLSI guidelines. To determine growth of Mab
or lack thereof, a Sensitive Manual Viewbox was used. The lowest concentration at which growth of Mab was
not observed was recorded as the MIC of T405. MIC assay was undertaken simultaneously for all eight Mab
isolates recovered from the lungs of mice and the parent isolate recovered at the beginning of the study.
This assay was repeated three times. The data shown in Table S1 represent three biological replicates. MIC of
probenecid against ATCC 19977 was determined using the identical protocol but 2-fold serial dilutions of
probenecid ranging from 512 to 1 ug/mL was used.

Checkerboard titration assay. This assay was performed as described previously (27, 39). To determine
the degree of synergy, two drugs were added to CAMHB broth in a 96-well plate, each starting at 2x MIC and
serially diluted 2-fold down to 1/64x MIC; therefore, all possible 2-fold dilution combinations from 2x to 1/
64x MIC were assayed. T405 was tested in combination with 16 B-lactam antibiotics (cefadroxil, cefprozil,
cefuroxime, cefixime, ceftibuten, cefdinir, cefditoren, cefpodoxime, cefoxitin, ertapenem, meropenem, imipe-
nem, doripenem, biapenem, faropenem, and tebipenem) and the B-lactamase inhibitor avibactam. Mab refer-
ence strain ATCC 19977 was grown in Middlebrook 7H9 broth to exponential phase as this broth permits
planktonic growth of Mab, and therefore provides more accurate enumeration of CFU. This culture was used
and diluted in CAMHB to 10° CFU/mL and 10° CFU was inoculated into each well, with positive and negative
controls as described above. Samples were incubated at 30°C for 72 h and evaluated for Mab growth by visual
inspection using a Sensititre Manual Viewbox. The fractional inhibitory concentration index (FICI) was calcu-
lated for each combination of drugs that inhibited Mab growth at less than one-half the MIC of each individual
drug. FICIs of =0.5 were interpreted as synergy, FICls of >0.5 to 4 as indifference, and FICIs >4 as antagonism,
according to the most conservative interpretation recommended (40). All combinations with FICIs of <0.5
were tested in duplicate to confirm reproducibility, and an average FICI was calculated and reported here.

Efficacy determination in mice. C3HeB/FeJ mice, 5 to 6 weeks old, female (Jackson Laboratories, Bar
Harbor, ME) were used as described in the protocol for a mouse model of pulmonary Mab infection (36) and
in studies in which efficacies of B-lactams related to T405 were assessed or used as the positive-control com-
parator (28, 37). Beginning 1 week prior to infection and continuing throughout the study, 5 mg/kg/day
dexamethasone (catalog no. D1756, Sigma-Aldrich) was dissolved in sterile 1x PBS, pH 7.4 (catalog no. 114-
058-101CS, Quiality Biologicals) was administered to each mouse, once daily, by subcutaneous injection in
0.1 mL volume into the hind dorsal flank using a 27-gauge needle (catalog no. 305620, Beckton and
Dickinson). Mab strain ATCC 19977 was grown to exponential phase in Middlebrook 7H9 broth and was used
to prepare a 10 mL infecting suspension at an optical density, Ay, = 0.1. All mice in the study, n = 46, were
infected simultaneously with an aerosolized suspension of Mab in an inhalation chamber according to manu-
facturer’s guidelines (Glas-Col, Terre Haute, IN). The infection cycle included preheating for 15 min, aerosol
nebulization for 30 min, and cloud decay for 30 min, followed by surface decontamination for 15 min. Five
mice were allocated for determination of Mab implantation following infection. Five additional mice were
allocated for determination of Mab burden at 1 week following infection, the time at which antibiotic treat-
ment was initiated. 1 week following infection, mice were randomly allocated into three groups of 12 mice
per group. Treatment was administered twice daily, and 0.2 mL bolus of each treatment was administered in
an identical way via subcutaneous injection in the rear dorsal flank. Mice in the negative-control group were
administered 1x PBS, pH 7.4, as this buffer was used as the solvent for T405 and imipenem. Mice in the posi-
tive-control comparator group were administered 200 mg/kg imipenem + 250 mg/kg probenecid. Mice in
the test group were administered 300 mg/kg T405 + 250 mg/kg probenecid. Based on a prior pharmacoki-
netics study of T405 (33), probenecid was included to inhibit renal clearance of T405 and imipenem.
Probenecid suspension was prepared in 1x PBS, pH 7.4, and administered via oral gavage. Mab burden in
the lungs of mice was determined at 24 h postinfection (designated week —1), 1 week following infection
(week 0), and at two- and 4-weeks following treatment initiation (week +2 and +4, respectively). Five mice
were sacrificed per time point per group. Lungs were homogenized in 1 mL final volume in 1x PBS, pH 7.4.
Three 10-fold serial dilutions were prepared and inoculated onto Middlebrook 7H11 selective agar. CFU
counts were recorded after incubation at 37°C for 5 d. CFU counts from each mouse lung were converted
into CFU per lung, comprising the average of three consecutive steps of a 10-fold dilution series of a given
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lung sample. Mean CFU = standard deviation in five mice per group per time point was plotted to determine
Mab burden in the lungs of mice. Statistical analyses (t-tests) were undertaken with Microsoft Excel’s data
analysis package for each time point for comparisons between treatment groups (Table S2).

Ethics. Animal procedures used in the studies described here were performed in adherence to the
Johns Hopkins University Animal Care and Use Committee and to the national guidelines.
Histopathological assessments. Among the 12 mice in each treatment group described above,
two mice per treatment group were allocated for histopathological analysis. These two mice, per group,
were sacrificed at the end of the study period, week +4 time point, to assess the histology of lung tissue.
Lungs were aseptically collected and incubated in 10% neutral buffered formalin solution (catalog num-
ber HT501128, Sigma-Aldrich) for 48 h as described (36). The fixed lungs were submitted to Johns
Hopkins Tissue Histology Core for embedding in parafilm blocks. The Core sectioned and prepared
standardized sections for unbiased sampling. These sections were stained with hematoxylin & eosin,
Ziehl-Neelsen and Masson Trichrome and digital images of the sections were generated. Reviewers of

the scanned images were blinded of the treatment group to remove any bias.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.

ACKNOWLEDGMENTS
This study was supported by NIH awards R01 Al137329 and RO1 Al155664.

We have no conflicts of interest to declare.

G.L, CAT., and E.L.N. conceived the overall study. B.R. undertook microbiology,
analyzed efficacy data, and prepared a draft manuscript. HR.B. and C.A.T. developed
schema for T405, H.R.B. synthesized and purified T405 and wrote relevant portions of the
manuscript. E.S.-R. performed checkerboard studies. Mouse infection and treatments
were undertaken by CM.P., CT, and G.L. B.R, and C.T. undertook histology studies. B.R.,
E.S-R. and G.L. analyzed data. B.R,, HRR.B., ES-R,, ELN, CAT., and G.L. prepared the final
draft of the manuscript.

REFERENCES

1.

Boudehen Y, Kremer L. 2021. Microbe of the month: Mycobacterium
abscessus. Trends in Microbiology 29:951-952. https://doi.org/10.1016/j
.tim.2021.06.006.

. Griffith DE, Aksamit T, Brown-Elliott BA, Catanzaro A, Daley C, Gordin F,

Holland SM, Horsburgh R, Huitt G, lademarco MF, Iseman M, Olivier K,
Ruoss S, Von Reyn CF, Wallace RJ, Winthrop K, Infectious Disease Society
of America. 2007. An official ATS/IDSA statement: diagnosis, treatment,
and prevention of nontuberculous mycobacterial diseases. Am J Respir
Crit Care Med 175:367-416. https://doi.org/10.1164/rccm.200604-571ST.

. Esther CR, Esserman DA, Gilligan P, Kerr A, Noone PG. 2010. Chronic Myco-

bacterium abscessus infection and lung function decline in cystic fibrosis.
J Cyst Fibros 9:117-123. https://doi.org/10.1016/j.jcf.2009.12.001.

. Benwill JL, Wallace RJ. 2014. Mycobacterium abscessus: challenges in diag-

nosis and treatment. Curr Opin Infect Dis 27:506-510. https://doi.org/10
.1097/QC0.0000000000000104.

. Nessar R, Cambau E, Reyrat JM, Murray A, Gicquel B. 2012. Mycobacterium

abscessus: a new antibiotic nightmare. J Antimicrob Chemother 67:810-818.
https://doi.org/10.1093/jac/dkr578.

. Eid AJ, Berbari EF, Sia IG, Wengenack NL, Osmon DR, Razonable RR. 2007.

Prosthetic joint infection due to rapidly growing mycobacteria: report of
8 cases and review of the literature. Clin Infect Dis 45:687-694. https://doi
.org/10.1086/520982.

. Lee M-C, Sun P-L, Wu T-L, Wang L-H, Yang C-H, Chung W-H, Kuo A-J, Liu T-P,

Lu J-J, Chiu C-H, Lai H-C, Chen N-Y, Yang J-H, Wu T-S. 2017. Antimicrobial re-
sistance in Mycobacterium abscessus complex isolated from patients with
skin and soft tissue infections at a tertiary teaching hospital in Taiwan. J Anti-
microb Chemother 72:2782-2786. https://doi.org/10.1093/jac/dkx212.

. Spanyer JM, Foster S, Thum-DiCesare JA, Kwon Y-MM, Burke DW, Nelson

SB. 2018. Mycobacterium abscessus: a Rare Cause of Periprosthetic Knee
Joint Infection. Am J Orthop 47. https://doi.org/10.12788/ajo.2018.0077.

. Malhotra R, Bala K, Gautam D, Bhattacharya A, Xess AB, Pandey P, Verma

S, Singh UB. 2019. Mycobacterium abscessus Periprosthetic joint infection
following bilateral Total Knee arthroplasty. IDCases 17:€00542. https://doi
.org/10.1016/j.idcr.2019.e00542.

June 2022 Volume 66 Issue 6

10.

Bryant JM, Grogono DM, Rodriguez-Rincon D, Everall |, Brown KP, Moreno
P, Verma D, Hill E, Drijkoningen J, Gilligan P, Esther CR, Noone PG,
Giddings O, Bell SC, Thomson R, Wainwright CE, Coulter C, Pandey S,
Wood ME, Stockwell RE, Ramsay KA, Sherrard LJ, Kidd TJ, Jabbour N,
Johnson GR, Knibbs LD, Morawska L, Sly PD, Jones A, Bilton D, Laurenson
I, Ruddy M, Bourke S, Bowler ICJW, Chapman SJ, Clayton A, Cullen M,
Dempsey O, Denton M, Desai M, Drew RJ, Edenborough F, Evans J, Folb J,
Daniels T, Humphrey H, Isalska B, Jensen-Fangel S, Jénsson B, Jones AM,
et al. 2016. Emergence and spread of a human transmissible multidrug-
resistant nontuberculous mycobacterium. Science 354:751-757. https://
doi.org/10.1126/science.aaf8156.

. Floto RA, Olivier KN, Saiman L, Daley CL, Herrmann JL, Nick JA, Noone PG,

Bilton D, Corris P, Gibson RL, Hempstead SE, Koetz K, Sabadosa KA, Sermet-
Gaudelus I, Smyth AR, van Ingen J, Wallace RJ, Winthrop KL, Marshall BC,
Haworth CS. 2016. US Cystic Fibrosis Foundation and European Cystic Fibro-
sis Society consensus recommendations for the management of non-tuber-
culous mycobacteria in individuals with cystic fibrosis. Thorax 71:i1-i22.
https://doi.org/10.1136/thoraxjnl-2015-207360.

. Flume PA. 2016. US Cystic Fibrosis Foundation and European Cystic Fibrosis

Society consensus recommendations for the management of non-tubercu-
lous mycobacteria in individuals with cystic fibrosis. J Cyst Fibros 15:139-140.
https://doi.org/10.1016/51569-1993(16)00018-7.

. Haworth CS, Banks J, Capstick T, Fisher AJ, Gorsuch T, Laurenson IF, Leitch A,

Loebinger MR, Milburn HJ, Nightingale M, Ormerod P, Shingadia D, Smith D,
Whitehead N, Wilson R, Floto RA. 2017. British Thoracic Society guidelines for
the management of non-tuberculous mycobacterial pulmonary disease
(NTM-PD). Thorax 72:ii1-ii64. https://doi.org/10.1136/thoraxjnl-2017-210927.

. Jeon K, Kwon 0OJ, Lee NY, Kim B-J, Kook Y-H, Lee S-H, Park YK, Kim CK,

Koh W-J. 2009. Antibiotic treatment of Mycobacterium abscessus lung
disease. Am J Respir Crit Care Med 180:896-902. https://doi.org/10
.1164/rccm.200905-07040C.

. Daley CL, laccarino JM, Lange C, Cambau E, Wallace RJ, Andrejak C, Bottger

EC, Brozek J, Griffith DE, Guglielmetti L, Huitt GA, Knight SL, Leitman P,
Marras TK, Olivier KN, Santin M, Stout JE, Tortoli E, van Ingen J, Wagner D,
Winthrop KL. 2020. Treatment of nontuberculous mycobacterial pulmonary

10.1128/aac.00536-22 9


https://doi.org/10.1016/j.tim.2021.06.006
https://doi.org/10.1016/j.tim.2021.06.006
https://doi.org/10.1164/rccm.200604-571ST
https://doi.org/10.1016/j.jcf.2009.12.001
https://doi.org/10.1097/QCO.0000000000000104
https://doi.org/10.1097/QCO.0000000000000104
https://doi.org/10.1093/jac/dkr578
https://doi.org/10.1086/520982
https://doi.org/10.1086/520982
https://doi.org/10.1093/jac/dkx212
https://doi.org/10.12788/ajo.2018.0077
https://doi.org/10.1016/j.idcr.2019.e00542
https://doi.org/10.1016/j.idcr.2019.e00542
https://doi.org/10.1126/science.aaf8156
https://doi.org/10.1126/science.aaf8156
https://doi.org/10.1136/thoraxjnl-2015-207360
https://doi.org/10.1016/S1569-1993(16)00018-7
https://doi.org/10.1136/thoraxjnl-2017-210927
https://doi.org/10.1164/rccm.200905-0704OC
https://doi.org/10.1164/rccm.200905-0704OC
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00536-22

A New Penem and Its Efficacy against M. abscessus

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

disease: an Official ATS/ERS/ESCMID/IDSA clinical practice guideline. Clin
Infect Dis 71:e1-e36. https://doi.org/10.1093/cid/ciaa241.

. Jarand J, Levin A, Zhang L, Huitt G, Mitchell JD, Daley CL. 2011. Clinical

and microbiologic outcomes in patients receiving treatment for Mycobac-
terium abscessus pulmonary disease. Clin Infect Dis 52:565-571. https://
doi.org/10.1093/cid/ciq237.

. Diel R, Ringshausen F, Richter E, Welker L, Schmitz J, Nienhaus A. 2017.

Microbiological and clinical outcomes of treating Non-Mycobacterium
Avium complex nontuberculous Mycobacterial pulmonary disease: a sys-
tematic review and meta-analysis. Chest 152:120-142. https://doi.org/10
.1016/j.chest.2017.04.166.

. Lopeman RC, Harrison J, Desai M, Cox JAG. 2019. Mycobacterium absces-

sus: environmental bacterium turned clinical nightmare. Microorganisms
7:90. https://doi.org/10.3390/microorganisms7030090.

. Wang F, Cassidy C, Sacchettini JC. 2006. Crystal structure and activity

studies of the Mycobacterium tuberculosis B-lactamase reveal its critical
role in resistance to B-lactam antibiotics. Antimicrob Agents Chemother
50:2762-2771. https://doi.org/10.1128/AAC.00320-06.

Tremblay LW, Hugonnet JE, Blanchard JS. 2008. Structure of the covalent
adduct formed between Mycobacterium tuberculosis B-lactamase and clavu-
lanate. Biochemistry 47:5312-5316. https://doi.org/10.1021/bi8001055.
Kumar G, Galanis C, Batchelder HR, Townsend CA, Lamichhane G. 2022.
Penicillin binding proteins and B-lactamases of Mycobacterium tuberculo-
sis: reexamination of the historical paradigm. mSphere 7:€0003922.
https://doi.org/10.1128/msphere.00039-22.

Soroka D, Dubée V, Soulier-Escrihuela O, Cuinet G, Hugonnet JE, Gutmann L,
Mainardi JL, Arthur M. 2014. Characterization of broad-spectrum Mycobacte-
rium abscessus class A B-lactamase. J Antimicrob Chemother 69:691-696.
https://doi.org/10.1093/jac/dkt410.

Lavollay M, Dubée V, Heym B, Herrmann JL, Gaillard JL, Gutmann L,
Arthur M, Mainardi JL. 2014. In vitro activity of cefoxitin and imipenem
against Mycobacterium abscessus complex. Clin Microbiol Infect 20:7-10.
Griffith DE, Daley CL. 2022. Treatment of Mycobacterium abscessus pulmo-
nary disease. Chest 161:64-75. https://doi.org/10.1016/j.chest.2021.07
.035.

Kaushik A, Makkar N, Pandey P, Parrish N, Singh U, Lamichhane G. 2015.
Carbapenems and Rifampin exhibit synergy against Mycobacterium tuber-
culosis and Mycobacterium abscessus. Antimicrob Agents Chemother 59:
6561-6567. https://doi.org/10.1128/AAC.01158-15.

Kaushik A, Gupta C, Fisher S, Story-Roller E, Galanis C, Parrish N, Lamichhane
G. 2017. Combinations of avibactam and carbapenems exhibit enhanced
potencies against drug-resistant Mycobacterium abscessus. Future Microbiol
12:473-480. https://doi.org/10.2217/fmb-2016-0234.

Story-Roller E, Maggioncalda EC, Lamichhane G. 2019. Select B-Lactam
Combinations Exhibit Synergy against Mycobacterium abscessus In Vitro.
Antimicrob Agents Chemother 63:€02613-18. https://doi.org/10.1128/
AAC.02613-18.

Story-Roller E, Maggioncalda EC, Lamichhane G. 2019. Synergistic efficacy
of B-lactam combinations against Mycobacterium abscessus pulmonary
infection in mice. Antimicrob Agents Chemother 63:€00614-19. https://
doi.org/10.1128/AAC.00614-19.

Kumar P, Chauhan V, Rogério J, Silva A, Lameira J, D’andrea FB, Li S-G,
Ginell SL, Freundlich JS, Alves CN, Bailey S, Cohen KA, Lamichhane G.
2017. Mycobacterium abscessus L,D-transpeptidases are susceptible to
inactivation by carbapenems and cephalosporins but not penicillins. Anti-
microb Agents Chemother 61. https://doi.org/10.1128/AAC.00866-17.
Story-Roller E, Galanis C, Lamichhane G. 2021. B-lactam combinations
that exhibit synergy against Mycobacteroides abscessus clinical isolates.
Antimicrob Agents Chemother 65:202545-20. https://doi.org/10.1128/
AAC.02545-20.

Pandey R, Chen L, Manca C, Jenkins S, Glaser L, Vinnard C, Stone G, Lee J,
Mathema B, Nuermberger EL, Bonomo RA, Kreiswirth BN. 2019. Dual
B-lactam combinations highly active against Mycobacterium abscessus
complex in vitro. mBio 10:1-14. https://doi.org/10.1128/mBi0.02895-18.
Lopeman RC, Harrison J, Rathbone DL, Desai M, Lambert PA, Cox JAG.
2020. Effect of Amoxicillin in combination with Imipenem-Relebactam
against Mycobacterium abscessus. Sci Rep 10:928. https://doi.org/10.1038/
$41598-020-57844-8.

Batchelder HR, Story-Roller E, Lloyd EP, Kaushik A, Bigelow KM,
Maggioncalda EC, Nuermberger EL, Lamichhane G, Townsend CA. 2020.
Development of a penem antibiotic against Mycobacteroides abscessus.
Commun Biol 3:741. https://doi.org/10.1038/s42003-020-01475-2.

Brenek SJ, Caron S, Chisowa E, Delude MP, Drexler MT, Ewing MD,
Handfield RE, Ide ND, Nadkarni DV, Nelson JD, Olivier M, Perfect HH,

June 2022 Volume 66 Issue 6

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Antimicrobial Agents and Chemotherapy

Phillips JE, Teixeira JJ, Weekly RM, Zelina JP. 2012. Development of a Prac-
tical and Convergent Process for the Preparation of Sulopenem. Org Pro-
cess Res Dev 16:1348-1359. https://doi.org/10.1021/0p300131e.

Huang J-P, Chen X-X, Gu S-X, Zhao L, Chen W-X, Chen F-E. 2010. An effi-
cient method for removal of residual palladium from organic solution of
faropenem sodium in the Pd(ll)-catalyzed cleavage of allyl faropenem.
Org Process Res Dev 14:939-941. https://doi.org/10.1021/0p100094p.
Maggioncalda EC, Story-Roller E, Mylius J, lllei P, Basaraba RJ, Lamichhane
G. 2020. A mouse model of pulmonary Mycobacteroides abscessus infec-
tion. Sci Rep 10:1-8. https://doi.org/10.1038/541598-020-60452-1.

Nicklas DA, Maggioncalda EC, Story-Roller E, Eichelman B, Tabor C, Serio AW,
Keepers TR, Chitra S, Lamichhane G. 2022. Potency of omadacycline against
Mycobacteroides abscessus clinical isolates in vitro and in a mouse model of
pulmonary infection. Antimicrob Agents Chemother 66:e0170421. https://
doi.org/10.1128/AAC.01704-21.

Choi S, Potts KJ, Althoff MD, Jimenez G, Bai X, Calhoun KM, Cool CD, Chan
ED. 2021. Histopathologic analysis of surgically resected lungs of patients
with non-tuberculous mycobacterial lung disease: a retrospective and hy-
pothesis-generating study. Yale J Biol Med 94:527-535.

Hsieh MH, Yu CM, Yu VL, Chow JW. 1993. Synergy assessed by checker-
board. A critical analysis. Diagn Microbiol Infect Dis 16:343-349. https://
doi.org/10.1016/0732-8893(93)90087-n.

Odds FC. 2003. Synergy, antagonism, and what the chequerboard puts
between them. J Antimicrob Chemother 52:1-1. https://doi.org/10.1093/
jac/dkg301.

Strominger JL, Blumberg PM, Suginaka H, Umbreit J, Wickus GG. 1971.
How penicillin kills bacteria: progress and problems. Proc R Soc London
Ser B, Biol Sci 179:369-383.

Blumberg PM, Strominger JL. 1974. Interaction of penicillin with the bac-
terial cell: penicillin binding proteins and penicillin sensitive enzymes.
Bacteriol Rev 38:291-335. https://doi.org/10.1128/br.38.3.291-335.1974.
Kitano K, Tomasz A. 1979. Triggering of autolytic cell wall degradation in
Escherichia coli by B-lactam antibiotics. Antimicrob Agents Chemother
16:838-848. https://doi.org/10.1128/AAC.16.6.838.

Lavollay M, Fourgeaud M, Herrmann JL, Dubost L, Marie A, Gutmann L,
Arthur M, Mainardi JL. 2011. The peptidoglycan of Mycobacterium absces-
sus is predominantly cross-linked by L,D-transpeptidases. J Bacteriol 193:
778-782. https://doi.org/10.1128/JB.00606-10.

Lavollay M, Arthur M, Fourgeaud M, Dubost L, Marie A, Veziris N, Blanot D,
Gutmann L, Mainardi JL. 2008. The peptidoglycan of stationary-phase
Mycobacterium tuberculosis predominantly contains cross-links generated
by L,D-transpeptidation. J Bacteriol 190:4360-4366. https://doi.org/10
.1128/JB.00239-08.

Gupta R, Lavollay M, Mainardi JL, Arthur M, Bishai WR, Lamichhane G. 2010.
The Mycobacterium tuberculosis protein Ldt,,, is a nonclassical transpepti-
dase required for virulence and resistance to amoxicillin. Nat Med 16:
466-469. https://doi.org/10.1038/nm.2120.

Sanders AN, Wright LF, Pavelka MS. 2014. Genetic characterization of myco-
bacterial L,D-transpeptidases. Microbiology (Reading) 160:1795-1806. https://
doi.org/10.1099/mic.0.078980-0.

Tolufashe GF, Sabe VT, Ibeji CU, Ntombela T, Govender T, Maguire
GEM, Kruger HG, Lamichhane G, Honarparvar B. 2020. Structure and
Function of L,D- and D,D-transpeptidase Family Enzymes from Myco-
bacterium tuberculosis. Curr Med Chem 27:3250-3267. https://doi.org/
10.2174/0929867326666181203150231.

Aliashkevich A, Cava F. 2021. LD-transpeptidases: the great unknown
among the peptidoglycan cross-linkers. FEBS J https://doi.org/10.1111/
febs.16066.

Dubée V, Triboulet S, Mainardi JL, Etheve-Quelquejeu M, Gutmann L,
Marie A, Dubost L, Hugonnet JE, Arthur M. 2012. Inactivation of Mycobac-
terium tuberculosis L,D-transpeptidase Ldt,,,, by carbapenems and cepha-
losporins. Antimicrob Agents Chemother 56:4189-4195. https://doi.org/
10.1128/AAC.00665-12.

Cordillot M, Dubée V, Triboulet S, Dubost L, Marie A, Hugonnet J-E, Arthur
M, Mainardi J-L. 2013. In vitro cross-linking of Mycobacterium tuberculosis
peptidoglycan by L,D-transpeptidases and inactivation of these enzymes
by carbapenems. Antimicrob Agents Chemother 57:5940-5945. https://
doi.org/10.1128/AAC.01663-13.

Steiner EM, Schneider G, Schnell R. 2017. Binding and processing of B-lac-
tam antibiotics by the transpeptidase Ldt,,,, from Mycobacterium tubercu-
losis. FEBS J 284:725-741. https://doi.org/10.1111/febs.14010.

Kumar P, Kaushik A, Lloyd EP, Li SG, Mattoo R, Ammerman NC, Bell DT,
Perryman AL, Zandi TA, Ekins S, Ginell SL, Townsend CA, Freundlich JS,
Lamichhane G. 2017. Non-classical transpeptidases yield insight into new

10.1128/aac.00536-22 10


https://doi.org/10.1093/cid/ciaa241
https://doi.org/10.1093/cid/ciq237
https://doi.org/10.1093/cid/ciq237
https://doi.org/10.1016/j.chest.2017.04.166
https://doi.org/10.1016/j.chest.2017.04.166
https://doi.org/10.3390/microorganisms7030090
https://doi.org/10.1128/AAC.00320-06
https://doi.org/10.1021/bi8001055
https://doi.org/10.1128/msphere.00039-22
https://doi.org/10.1093/jac/dkt410
https://doi.org/10.1016/j.chest.2021.07.035
https://doi.org/10.1016/j.chest.2021.07.035
https://doi.org/10.1128/AAC.01158-15
https://doi.org/10.2217/fmb-2016-0234
https://doi.org/10.1128/AAC.02613-18
https://doi.org/10.1128/AAC.02613-18
https://doi.org/10.1128/AAC.00614-19
https://doi.org/10.1128/AAC.00614-19
https://doi.org/10.1128/AAC.00866-17
https://doi.org/10.1128/AAC.02545-20
https://doi.org/10.1128/AAC.02545-20
https://doi.org/10.1128/mBio.02895-18
https://doi.org/10.1038/s41598-020-57844-8
https://doi.org/10.1038/s41598-020-57844-8
https://doi.org/10.1038/s42003-020-01475-2
https://doi.org/10.1021/op300131e
https://doi.org/10.1021/op100094p
https://doi.org/10.1038/s41598-020-60452-1
https://doi.org/10.1128/AAC.01704-21
https://doi.org/10.1128/AAC.01704-21
https://doi.org/10.1016/0732-8893(93)90087-n
https://doi.org/10.1016/0732-8893(93)90087-n
https://doi.org/10.1093/jac/dkg301
https://doi.org/10.1093/jac/dkg301
https://doi.org/10.1128/br.38.3.291-335.1974
https://doi.org/10.1128/AAC.16.6.838
https://doi.org/10.1128/JB.00606-10
https://doi.org/10.1128/JB.00239-08
https://doi.org/10.1128/JB.00239-08
https://doi.org/10.1038/nm.2120
https://doi.org/10.1099/mic.0.078980-0
https://doi.org/10.1099/mic.0.078980-0
https://doi.org/10.2174/0929867326666181203150231
https://doi.org/10.2174/0929867326666181203150231
https://doi.org/10.1111/febs.16066
https://doi.org/10.1111/febs.16066
https://doi.org/10.1128/AAC.00665-12
https://doi.org/10.1128/AAC.00665-12
https://doi.org/10.1128/AAC.01663-13
https://doi.org/10.1128/AAC.01663-13
https://doi.org/10.1111/febs.14010
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00536-22

A New Penem and Its Efficacy against M. abscessus

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

antibacterials. Nat Chem Biol 13:54-61. https://doi.org/10.1038/nchembio
2237.

Dhar N, Dubée V, Ballell L, Cuinet G, Hugonnet J-E, Signorino-Gelo F,
Barros D, Arthur M, McKinney JD. 2015. Rapid cytolysis of Mycobacterium
tuberculosis by faropenem, an orally bioavailable B-lactam antibiotic.
Antimicrob Agents Chemother 59:1308-1319. https://doi.org/10.1128/
AAC.03461-14.

Gurumurthy M, Verma R, Naftalin CM, Hee KH, Lu Q, Tan KH, Issac S, Lin
W, Tan A, Seng K-Y, Lee LS-U, Paton NI. 2017. Activity of faropenem with
and without rifampicin against Mycobacterium tuberculosis: evaluation in
a whole-blood bactericidal activity trial. J Antimicrob Chemother 72:
2012-2019. https://doi.org/10.1093/jac/dkx081.

Gumbo T, Sherman CM, Deshpande D, Alffenaar J-W, Srivastava S. 2021.
Mycobacterium tuberculosis sterilizing activity of faropenem, pyrazinamide
and linezolid combination and failure to shorten the therapy duration. Int J
Infect Dis 104:680-684. https://doi.org/10.1016/}.ijid.2021.01.062.

Erdemli SB, Gupta R, Bishai WR, Lamichhane G, Amzel LM, Bianchet MA.
2012. Targeting the cell wall of Mycobacterium tuberculosis: structure and
mechanism of L,D-transpeptidase 2. Structure 20:2103-2115. https://doi
.org/10.1016/j.5tr.2012.09.016.

Kim HS, Kim J, Im HN, Yoon JY, An DR, Yoon HJ, Kim JY, Min HK, Kim SJ,
Lee JY, Han BW, Suh SW. 2013. Structural basis for the inhibition of Myco-
bacterium tuberculosis |,d-transpeptidase by meropenem, a drug effective
against extensively drug-resistant strains. Acta Crystallogr D Biol Crystal-
logr 69:420-431. https://doi.org/10.1107/S0907444912048998.

Both D, Steiner EM, Stadler D, Lindqvist Y, Schnell R, Schneider G. 2013.
Structure of Ldt,,,, an L,D-transpeptidase from Mycobacterium tubercu-
losis. Acta Crystallogr D Biol Crystallogr 69:432-441. https://doi.org/10
.1107/50907444912049268.

Correale S, Ruggiero A, Capparelli R, Pedone E, Berisio R. 2013. Structures
of free and inhibited forms of the L,D-transpeptidase Ldt,,,, from Myco-
bacterium tuberculosis. Acta Crystallogr D Biol Crystallogr 69:1697-1706.
https://doi.org/10.1107/S0907444913013085.

Basta LAB, Ghosh A, Pan Y, Jakoncic J, Lloyd EP, Townsend CA,
Lamichhane G, Bianchet MA. 2015. Loss of a functionally and structurally
distinct LD-transpeptidase, Ldt,,s, compromises cell wall integrity in
Mycobacterium tuberculosis. J Biol Chem 290:25670-25685. https://doi
.org/10.1074/jbc.M115.660753.

Bianchet MA, Pan YH, Basta LAB, Saavedra H, Lloyd EP, Kumar P, Mattoo
R, Townsend CA, Lamichhane G. 2017. Structural insight into the inactiva-
tion of Mycobacterium tuberculosis non-classical transpeptidase Ldt,,, by
biapenem and tebipenem. BMC Biochem 18:8. https://doi.org/10.1186/
512858-017-0082-4.

Martelli G, Pessatti TB, Steiner EM, Cirillo M, Caso C, Bisognin F, Landreh M,
Monte PD, Giacomini D, Schnell R. 2021. N-thio- B-lactams targeting L,D-trans-
peptidase-2, with activity against drug-resistant strains of Mycobacterium tu-
berculosis. Cell Chem Biol 28:1321-1332.e5. https://doi.org/10.1016/j.chembiol
.2021.03.008.

June 2022 Volume 66 Issue 6

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

75.

Antimicrobial Agents and Chemotherapy

Gupta R, Al-Kharji NMSA, Alqurafi MA, Nguyen TQ, Chai W, Quan P,
Malhotra R, Simcox BS, Mortimer P, Brammer Basta LA, Rohde KH, Buynak
JD. 2021. Atypically Modified Carbapenem Antibiotics Display Improved
Antimycobacterial Activity in the Absence of B-Lactamase Inhibitors. ACS
Infect Dis 7:2425-2436. https://doi.org/10.1021/acsinfecdis.1c00185.
Jadhav R, Gallardo-Macias R, Kumar G, Daher SS, Kaushik A, Bigelow KM,
Nuermberger EL, Lamichhane G, Freundlich JS. 2021. Assessment of car-
bapenems in a mouse model of Mycobacterium tuberculosis infection.
PLoS One 16:€0249841. https://doi.org/10.1371/journal.pone.0249841.
Miller AK, Celozzi E, Pelak BA. 1977. The enhancement of B-lactam antibi-
otic therapy by novobiocin. J Antibiot (Tokyo) 30:983-986. https://doi
.org/10.7164/antibiotics.30.983.

Jiao Y, Moya B, Chen M-J, Zavascki AP, Tsai H, Tao X, Sutaria DS, Louie A,
Boyce JD, Deveson Lucas D, Kim TH, Tsuji BT, Bonomo RA, Drusano GL,
Bulitta JB. 2019. Comparable efficacy and better safety of double B-lac-
tam combination therapy versus B-Lactam plus aminoglycoside in Gram-
negative bacteria in randomized, controlled trials. Antimicrob Agents
Chemother 63. https://doi.org/10.1128/AAC.00425-19.

Soroka D, Ourghanlian C, Compain F, Fichini M, Dubée V, Mainardi JL,
Hugonnet JE, Arthur M. 2017. Inhibition of B-lactamases of mycobacteria
by avibactam and clavulanate. J Antimicrob Chemother 72:1081-1088.
https://doi.org/10.1093/jac/dkw546.

Le Run E, Arthur M, Mainardi J-L. 2019. In Vitro and Intracellular Activity of
Imipenem Combined with Tedizolid, Rifabutin, and Avibactam against
Mycobacterium abscessus. Antimicrob Agents Chemother 63. https://doi
.org/10.1128/AAC.01915-18.

Davidson RM, Hasan NA, Reynolds PR, Totten S, Garcia B, Levin A,
Ramamoorthy P, Heifets L, Daley CL, Strong M. 2014. Genome sequencing
of Mycobacterium abscessus isolates from patients in the United States
and comparisons to globally diverse clinical strains. J Clin Microbiol 52:
3573-3582. https://doi.org/10.1128/JCM.01144-14.

Moore M, Frerichs JB. 1953. An unusual acid-fast infection of the knee
with subcutaneous, abscess-like lesions of the gluteal region. J Invest Der-
matol 20:133-169. https://doi.org/10.1038/jid.1953.18.

Larsen M. 2000. Some common methods in mycobacterial genetics, p
313-320. In Hatfull GF, Jacobs W. RJ (ed), Molecular Genetics of Mycobac-
teria. American Society for Microbiology, Washington, DC.

Tilton RC, Lieberman L, Gerlach EH. 1973. Microdilution antibiotic suscep-
tibility test: examination of certain variables. Appl Microbiol 26:658-665.
https://doi.org/10.1128/am.26.5.658-665.1973.

. Cynamon MH, Speirs RJ, Welch JT. 1998. In vitro antimycobacterial activity

of 5-chloropyrazinamide. Antimicrob Agents Chemother 42:462-463.
https://doi.org/10.1128/AAC.42.2.462.

CLSI. 2018. Performance standards for susceptibility testing of mycobac-
teria, Nocardia spp., and other aerobic actinomycetes. In Woods GL (ed),
M24 Supplement (M62). Clinical and Laboratory Standards Institute.
Wayne, PA.

10.1128/aac.00536-22 11


https://doi.org/10.1038/nchembio.2237
https://doi.org/10.1038/nchembio.2237
https://doi.org/10.1128/AAC.03461-14
https://doi.org/10.1128/AAC.03461-14
https://doi.org/10.1093/jac/dkx081
https://doi.org/10.1016/j.ijid.2021.01.062
https://doi.org/10.1016/j.str.2012.09.016
https://doi.org/10.1016/j.str.2012.09.016
https://doi.org/10.1107/S0907444912048998
https://doi.org/10.1107/S0907444912049268
https://doi.org/10.1107/S0907444912049268
https://doi.org/10.1107/S0907444913013085
https://doi.org/10.1074/jbc.M115.660753
https://doi.org/10.1074/jbc.M115.660753
https://doi.org/10.1186/s12858-017-0082-4
https://doi.org/10.1186/s12858-017-0082-4
https://doi.org/10.1016/j.chembiol.2021.03.008
https://doi.org/10.1016/j.chembiol.2021.03.008
https://doi.org/10.1021/acsinfecdis.1c00185
https://doi.org/10.1371/journal.pone.0249841
https://doi.org/10.7164/antibiotics.30.983
https://doi.org/10.7164/antibiotics.30.983
https://doi.org/10.1128/AAC.00425-19
https://doi.org/10.1093/jac/dkw546
https://doi.org/10.1128/AAC.01915-18
https://doi.org/10.1128/AAC.01915-18
https://doi.org/10.1128/JCM.01144-14
https://doi.org/10.1038/jid.1953.18
https://doi.org/10.1128/am.26.5.658-665.1973
https://doi.org/10.1128/AAC.42.2.462
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00536-22

	RESULTS
	Large scale synthesis of T405.
	Efficacy of T405 versus Mab lung infection in C3HeB/FeJ mice.
	MIC of T405 versus Mab is not altered following 4-week daily exposure in mouse lungs.
	T405 exhibits synergy with imipenem and cefditoren.

	DISCUSSION
	MATERIALS AND METHODS
	Preparation of T405.
	Bacterial strains and in vitro growth conditions.
	MIC determination.
	Checkerboard titration assay.
	Efficacy determination in mice.
	Ethics.
	Histopathological assessments.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

