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ABSTRACT

Background: Community-acquired pneumonia (CAP) is a significant global health concern. Pathogens causing CAP demonstrate increasing resistance to commonly
prescribed empiric treatments. Resistance in Streptococcus pneumoniae, the most prevalent bacterial cause of CAP, has been increasing worldwide, highlighting the need
for improved antibacterial agents. Lefamulin, a novel pleuromutilin, is a recently approved therapeutic agent highly active against many lower respiratory tract pathogens.
However, to date minimal data are available to describe the in vitro activity of lefamulin against bacterial isolates associated with CAP.

Methods: Common bacterial causes of CAP obtained from both lower respiratory and blood specimen isolates cultured by hospital laboratories across Canada were
submitted to the annual CANWARD study’s coordinating laboratory in Winnipeg, Canada, from January 2015 to October 2018. A total of 876 bacterial isolates were
tested against lefamulin and comparator agents using the Clinical and Laboratory Standards Institute (CLSI) reference broth microdilution method, and minimum inhibitory
concentrations (MICs) were interpreted using accepted breakpoints.

Results: All S. pneumoniae isolates tested from both respiratory (n = 315) and blood speci—mens (n = 167) were susceptible to lefamulin (MIC <0.5 ug/mL), including
isolates resistant to penicillins, clarithromycin, doxycycline, and trimethoprim—sulfamethoxazole. Lefamulin also inhibited 99.0% of Haemophilus influenzae isolates
(regardless of B-lactamase production) (99 specimens; MIC <2 ug/mL) and 95.7% of methicillin-susceptible Staphylococcus aureus (MSSA) (MIC <0.25 ug/mL;

70 specimens) at their susceptible breakpoints.

Conclusions: Lefamulin demonstrated potent in vitro activity against all respiratory isolates tested and may represent a significant advancement in empiric treatment
options for CAP.
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ABSTRAT

Historique : La pneumonie communautaire est une préoccupation sanitaire importante dans le monde. Les agents pathogénes qui en sont responsables démontrent
une résistance croissante envers des traitements empiriques souvent prescrits. La résistance du Streptococcus pneumoniae, la principale cause bactérienne de la
pneumonie communautaire, augmente au Canada et dans le monde, ce qui fait ressortir I'importance d’agents antibactériens nouveaux et améliorés. La léfamuline,
une nouvelle pleuromutiline, est un agent thérapeutique récemment homologué qui est trés actif contre de nombreux agents pathogenes des voies respiratoires
inférieures. Jusqu’a maintenant, peu de données sont toutefois disponibles pour décrire Iactivité in vitro de la |éfamuline contre les isolats bactériens associés a la
pneumonie communautaire.

Méthodologie : Les causes bactériennes courantes de la pneumonie communautaire déterminées a partir d'isolats des voies respiratoires inférieures et d’hémocultures
dans des laboratoires canadiens mis en culture par des laboratoires hospitaliers du Canada et soumis a I’étude de surveillance canadienne annuelle dans les services
hospitaliers du laboratoire coordonnateur de Winnipeg, au Canada, entre janvier 2015 et octobre 2018. Au total, les chercheurs ont testé 876 isolats bactériens au
regard de la Iémafuline et des agents comparatifs a I'aide de la méthode de référence de la microdilution dans un milieu de culture du Clinical and Laboratory Standards
Institute (CLSI) et ont interprété les concentrations minimales inhibitrices (CMI) d’apres les seuils acceptés.

Résultats : La totalité des isolats de S. pneumoniae testés a partir de prélevements des voies respiratoires (n = 315) et d’hémocultures (n = 167) était susceptible a la
léfamuline (CMI <0,5 ug/mL), y compris les isolats résistants aux pénicillines, a la clarithromycine, a la doxycycline, au triméthoprime-sulfaméthoxazole et a des isolats
multirésistants. La léfamuline inhibait également 99,0 % des isolats d’Haemophilus influenzae (quelle que soit leur production de B-lactamases; n = 99; CMI <2 ug/mL)
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et 95,7 % de ceux de Staphylococcus aureus susceptibles a la méthicilline (SASM; n = 70; CMI <0,25 ug/mL) a leurs seuils susceptibles. La léfamuline a dé-montré des valeurs de

CMI90 (concentration inhibant 90 % des isolats) de 0,25 ug/mL par rapport au SASM et au S. aureus résistant a la méthicilline (n = 130).

Conclusion : La léfamuline a démontré une puissante activité in vitro au regard de tous les isolats respiratoires testés et peut représenter une avancée importante des traitements

empiriques de la pneumonie communautaire.

MOTS-CLES

pneumonie communautaire, Haemophilus influenzae, 1éfamuline, pleuromutiline, Staphylococcus aureus, Streptococcus pneumoniae

BACKGROUND

Community-acquired pneumonia (CAP) is associated with
high morbidity, mortality, and economic burden [1-3]. Many
pathogens may give rise to CAP, with bacterial infections a
prominent cause [1,4]. Streptococcus pneumoniae remains the
leading cause of community-acquired bacterial pneumonia
(CABP) globally [1-4]. Other bacterial species associated with
CABP include Haemophilus influenzae, Moraxella catarrhalis,
Staphylococcus aureus, and the intracellular organisms
Mycoplasma pneumoniae, Chlamydia pneumoniae, and
Legionella pneumophila [1].

Treatment of CAP commonly begins with empiric therapy
[2,5,6]. First-line agents include macrolides (alone or
combined with B-lactams), respiratory fluoroquinolones, and
tetracyclines [2,7]. A systematic literature review published
in 2017 of studies that investigated S. pneumoniae resistance
in the United States reported that between 20% and 40%
of isolates were resistant to macrolides [5]. Resistances to
clindamycin and trimethoprim—sulfamethoxazole were
shown to be approximately 22% and 35%, respectively.
Respiratory fluoroquinolone resistance remains low, although
fluoroquinolone monotherapy is discouraged because of
possible adverse effects and the potential for resistance
selection, a commonly observed issue with most antibacterial
agents [8,9]. Other studies have also highlighted a growing
concern for doxycycline resistance in vitro among bacterial
pathogens causing CABP [2,10], which may be correlated
with penicillin resistance [5]. Resistance in respiratory isolates
of S. pneumoniae has followed a similar trend in Canada,
with decreasing susceptibility to penicillin, clarithromycin,
doxycycline, and trimethoprim-sulfamethoxazole from 2007
to 2016 [11]. During this time period, the percentage of
multi-drug resistance in respiratory isolates of S. pneumoniae
(average of 160 specimens yearly) has increased to 9.1% [11].

Even with the introduction of the pneumococcal vaccine,
CABP caused by S. pneumoniae and other common respiratory

bacterial pathogens remains a prominent health concern,
underscoring the need for new and improved antimicrobials
to treat this ever-evolving resistant pathogen [5,12]. Several
novel antibiotics have been described for treatment of CABP
over the past decade, including delafloxacin, omadacycline,
nemonoxacin, and solithromycin [13-17]. Currently, none of
these are available in Canada or have failed to receive US
Food and Drug Administration (FDA) approval because of
toxicity risks. An ideal antibiotic for empiric treatment of CABP
would possess characteristics that include high clinical efficacy
along with minimal adverse reactions and toxicity, a novel
mechanism of action (to reduce the potential for cross-resistance
with related agents) resulting in activity versus resistant CABP
pathogens, activity versus all the most common typical and
atypical CABP pathogens, and a high bioavailability that allows
for oral (and intravenous) administration.

Lefamulin is a first-in-class, semi-synthetic pleuromutilin
available for oral and intravenous administration to treat patients
with CABP [3]. The mechanism of action of lefamulin involves
inhibition of bacterial protein synthesis through interaction with
domain V of the 23S rRNA of the 50S subunit [14]. Lefamulin
offers a unique spectrum of activity, is effective as monotherapy
treatment for CABP, and is an attractive alternative to both
macrolide and fluoroquinolone therapies. Lefamulin has
demonstrated potent in vitro activity against pathogens causing
CABBP, particularly against S. pneumoniae, and it lacks cross-
resistance with other antimicrobial classes [18-20].

Lefamulin met predefined noninferiority end points of clinical
response for CABP compared with moxifloxacin = linezolid in
two phase Il trials (LEAP 1 and 2) [21,22]. Lefamulin (Xenleta™)
received FDA approval in 2019 and European Medicines
Agency and Health Canada approval in July 2020 for both the
intravenous and the oral formulations to treat CABP.

The current study was conducted to assess the in vitro activity
of lefamulin against common community-acquired respiratory
tract pathogens causing infections in Canada.
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The study included testing against penicillin-resistant,
clarithromycin-resistant, doxycycline-resistant, trimethoprim-
sulfamethoxazole-resistant, and multidrug-resistant (MDR)

S. pneumoniae as well as B-lactamase-positive H. influenzae,
methicillin-susceptible S. aureus (MSSA), and methicillin-resistant
S. aureus (MRSA).

METHODS

Bacterial isolates

A total of 876 bacterial isolates were tested in the current study.
Isolates chosen represented common bacteria associated with
CABP. Atypical pathogens known to cause CABP, including

M. pneumoniae, C. pneumoniae, and L. pneumophila, were not
collected or tested. Isolates were collected as part of the annual
CANWARD Surveillance Study from January 2015 to October
2018 by 15 sentinel hospital sites across 8 of the 10 provinces
in Canada [23]. CANWARD is an ongoing, national Canadian
Antimicrobial Resistance Alliance-Health Canada partnered
study assessing antimicrobial resistance patterns of pathogens
causing infections among patients receiving care at hospitals
across Canada. Isolates were submitted to the CANWARD
Surveillance Study coordinating laboratory (Winnipeg Health
Sciences Centre, Winnipeg, Manitoba, Canada). Each sentinel
hospital site was asked to collect and submit 100 consecutive
lower respiratory tract infection specimen pathogens per year as
deemed significant by their site. Laboratories collected isolates
non-selectively to obtain a representative sample of organisms
recovered from specific infection sites by each laboratory
during routine diagnostic work. Isolates were limited to one

per patient, and both inpatient and outpatient isolates were
accepted. Specimen sources included sputum, tracheal aspirate,
bronchoalveolar lavage, and bronchoscopy wash-protective
brush specimens. From this sample of lower respiratory tract
infection pathogens (CANWARD January 2015-October 2018
inclusive), all S. pneumoniae, H. influenzae, M. catarrhalis, and
S. aureus were selected for testing. In addition, all bacteremic
isolates of S. pneumoniae collected from CANWARD from
January 2015-October 2018 were also included. Species
identities were confirmed biochemically or by matrix-assisted
laser desorption-ionization time-of-flight mass spectrometry
(Bruker Daltonics; Billerica, Massachusetts, USA).

Antimicrobial susceptibility testing

Minimum inhibitory concentrations (MICs] for lefamulin and
comparator agents were determined using the Clinical and
Laboratory Standards Institute (CLSI] reference broth microdilution
method [24,25] with 96-well custom-designed microtitre plates
containing doubling dilutions of agents in volumes of 100 uL/well.
Quality control testing was performed each day on which clinical
isolates were tested, as specified by CLSI [24,25]. Colony

counts were performed periodically to confirm starting inocula.
Lefamulin MICs were interpreted using FDA interpretive criteria
[26]: S. pneumoniae, <0.5 ug/mL susceptible; H. influenzae,

<2 ug/mL susceptible; and MSSA, <0.25 ug/mL susceptible.
Ceftobiprole MICs were interpreted using interpretive criteria
obtained from the PrZEVTERA® product monograph [27]. MICs

to other agents for S. pneumoniae, H. influenzae, and S. aureus
were interpreted using 2020 CLSI M100 criteria [24]. Oral
penicillin breakpoints were used to determine sensitive

(<0.06 ug/mL), intermediate (0.12—1 ug/mL), and resistant

(=2 pg/mL) isolates. MICs for agents tested against M. catarrhalis
were interpreted using 2015 CLSI M45 criteria [28]. B-lactamase
was tested for H influenzae using a nitrocefin colourmetric
assay [29]. Methicillin susceptibility in S. aureus isolates was
determined according to CLSI criteria [24].

RESULTS
The 876 bacterial isolates (and their graded percentage)
that were identified and analyzed in this study included
S. pneumoniae (55.0%), S. aureus (22.8%), H. influenzae (11.3%),
and M. catarrhalis (10.9%).

The concentration of lefamulin inhibiting 50% (MIC50) and
90% (MIC90) of all S. pneumoniae isolates (n = 482) were
0.12 and 0.12 ug/mL, respectively (Table 1). Lefamulin MICs
ranged from <0.004 to 0.25 ug/mL, and all isolates tested as
susceptible to lefamulin. Lefamulin was also shown to have a
MIC50 of 0.12 and MIC90 of 0.12 ug/mL against penicillin-
susceptible (397) and penicillin-resistant (21) S. pneumoniae. The
penicillin-intermediate (64), clarithromycin-resistant (110), and
doxycycline-resistant (67) isolates had MIC90 values elevated
by one doubling dilution to 0.25 ug/mL. It should be noted that
higher-level penicillin resistance was not evaluated because even
these penicillin-resistant isolates displayed 100% sensitivity to
ceftriaxone and ceftobiprole. Trimethoprim-sulfamethoxazole-
resistant (MIC =4.0 ug/mL) (39; data not shown) and MDR
(resistant to =3 antimicrobial classes) [10] isolates were also
analyzed against S. pneumoniae, displaying 100% susceptibility to
lefamulin. Lefamulin was equally active against bacteremic (167)
and respiratory (315) isolates of S. pneumoniae, with identical
MIC50 values of 0.12 ug/mL (Table 2).

Lefamulin demonstrated MIC50 and MIC90 of 0.5
and 2.0 ug/mL, respectively, against all H. influenzae (99),
B-lactamase-positive (69) isolates, and B-lactamase-negative
isolates [30], with MICs ranging from <0.015 to >8.0 ug/mL;
99.0% of all isolates were susceptible to lefamulin (Table 3).
Lefamulin demonstrated MIC50 and MIC90 of 0.06 and
0.12 ug/mL, respectively, for M. catarrhalis (95) with an MIC
range of <0.015-0.12 ug/mL.

Lefamulin exhibited MIC50 and MIC90 of 0.12 and
0.25 ug/mL, respectively, against MSSA (70 specimens) with
a MIC range of 0.06 to >2.0 ug/mL with 95.7% susceptibility
(Table 4). Lefamulin also had MIC50 and MIC90 values of 0.12
and 0.25 ug/mL, respectively, against MRSA (130 specimens) with
an MIC range of 0.06 to >2.0 ug/mL (percent susceptibility
is unknown because FDA breakpoints for lefamulin do not
include MRSA).

DISCUSSION

The current study confirmed that lefamulin, a novel
pleuromutilin, is as active as or more active than (based on
percent susceptible rates) amoxicillin-clavulanate, cefuroxime,
ceftriaxone, ceftobiprole, clarithromycin, clindamycin,
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Table 1: In vitro activity of lefamulin and comparator antimicrobial agents against specific phenotypes of
Streptococcus pneumoniae

S. pneumoniae phenotype* MIC data, ug/mL MIC interpretation,’ %

(no. of isolates tested) and

antimicrobial agent MIC,, Range Susceptible  Intermediate Resistant
All isolates (482)

Lefamulin 0.12 0.12 =0.004-0.25 100 — —
Amoxicillin-clavulanate <0.06 0.12 <0.06-8.00 97.5 2.1 0.4
Cefuroxime =0.25 =<0.25 =0.25-8.00 91.5 2.1 6.4
Ceftriaxone =0.12 0.25 =0.12-1.00 100 0 0
Ceftobiprole =0.03 0.06 =0.03-0.50 100 0 0
Clarithromycin =<0.03 4.00 =0.03->32.00 74.9 2.3 22.8
Clindamycin =<0.12 0.25 =0.12->64.00 91.3 0.2 8.5
Doxycycline =<0.25 4.00 =0.25->16.00 85.3 0.8 13.9
Ertapenem <0.06 0.12 <0.06-2.00 99.5 0.5 0
Linezolid 1.00 2.00 =<0.12-2.00 100 — —
Moxifloxacin 0.12 0.25 =<0.06-2.00 99.8 0.2 0
Penicillin =<0.03 0.25 <0.03-4.00 82.4 13.2 4.4
TMP-SMX 0.25 1.00 =0.12->8.00 86.7 5.2 8.1
Vancomycin 0.25 0.25 <0.12-1.00 100 — —
Penicillin susceptible (397)

Lefamulin 0.12 0.12 =0.004-0.25 100 — —
Amoxicillin-clavulanate =<0.06 =<0.06 =<0.06-0.12 100 0 0
Cefuroxime =<0.25 =<0.25 =<0.25-2.00 99.7 0.3 0
Ceftriaxone =0.12 =<0.12 =0.12-0.50 100 0 0
Ceftobiprole =0.03 =<0.03 =<0.03-0.06 100 0 0
Clarithromycin =0.03 2.00 =<0.03->32.00 83.9 1.7 14.4
Clindamycin =<0.12 =<0.12 <0.12->64.00 98.5 0 1.5
Doxycycline <0.25 <0.25 =0.25-16 95.7 0.3 4.0
Ertapenem <0.06 <0.06 <0.06-0.12 100 0 0
Linezolid 1.00 2.00 =<0.12-2.00 100 — —
Moxifloxacin 0.12 0.25 <0.06-1.00 100 0 0
Penicillin =<0.03 <0.03 =<0.03-0.06 100 0 0
TMP-SMX =0.12 0.5 =0.12->8.00 90.7 55 3.8
Vancomycin 0.25 0.25 <0.12-1.00 100 — —
Penicillin intermediate (64)

Lefamulin 0.12 0.25 0.008-0.25 100 — —
Amoxicillin-clavulanate 0.12 2.00 =<0.06-2.00 100 0 0
Cefuroxime <0.25 4.00 <0.25-4.00 70.3 14.1 15.6
Ceftriaxone =<0.12 0.50 =<0.12-1.00 100 0 0
Ceftobiprole =<0.03 0.25 =<0.03-0.50 100 0 0
Clarithromycin 2.00 >32.00 | =0.03->32.00 37.5 6.3 56.2
Clindamycin =<0.12 >64.00 <0.12->64 65.6 0 34.4
Doxycycline 2.00 16.00 <0.25->16 43.8 4.6 51.6
Ertapenem =0.06 1.00 =0.06-1.00 100 0 0
Linezolid 1.00 2.00 0.25-2.00 100 — —
Moxifloxacin 0.12 0.25 =<0.06-2.00 98.4 1.6 0
Penicillin 0.12 1.00 0.12-1.00 0 100 0
TMP-SMX 0.25 8.00 <0.12->8.00 76.6 3.1 20.3
Vancomycin 0.25 0.25 =<0.12-0.50 100 — —
Penicillin resistant (21)

Lefamulin 0.12 0.12 0.06-0.25 100 — —
Amoxicillin-clavulanate 4.00 4.00 1.00-8.00 42.9 47.6 9.5

Continued
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Table 1: In vitro activity of lefamulin and comparator antimicrobial agents against specific phenotypes of
Streptococcus pneumoniae

S. pneumoniae phenotype* MIC data, ug/mL MIC interpretation,’ %

(no. of isolates tested) and

antimicrobial agent Range Susceptible  Intermediate Resistant
Cefuroxime 4.00 8.00 4.00-8.00 0 0 100
Ceftriaxone 1.00 1.00 0.25-1.00 100 0 0
Ceftobiprole 0.25 0.25 0.12-0.50 100 0 0
Clarithromycin 32.00 >32.00 | =0.03->32.00 19.0 0 81.0
Clindamycin >64.00 >64.00 | =0.12->64.00 33.3 4.8 61.9
Doxycycline 4.00 16.00 <0.25-16.00 14.3 0 85.7
Ertapenem 1.00 2.00 =0.06-2.00 84.6 15.4 0
Linezolid 1.00 2.00 0.25-2.00 100 — —
Moxifloxacin 0.25 0.25 0.12-0.50 100 0 0
Penicillin 2.00 2.00 2.00-4.00 0 0 100
TMP-SMX 4.00 >8.00 0.25->8.00 429 4.7 52.4
Vancomycin 0.25 0.25 0.25-0.50 100 — —
Clarithromycin resistant (110)

Lefamulin 0.12 0.25 0.008-0.25 100 — —
Amoxicillin-clavulanate =<0.06 2.00 <0.06-8.00 90.9 7.3 1.8
Cefuroxime =<0.25 4.00 =<0.25-8.00 71.8 5.5 22.7
Ceftriaxone <0.12 1.00 =<0.12-1.00 100 0 0
Ceftobiprole <0.03 0.25 <0.03-0.50 100 0 0
Clarithromycin 4.00 >32.00 1->32.00 0 0 100
Clindamycin =0.12 >64.00 <0.12->64.00 62.7 0.9 36.4
Doxycycline <0.25 16.00 =<0.25->16.00 52.7 0.9 46.4
Ertapenem <0.06 1.00 <0.06-2.00 97.8 2.2 0
Linezolid 1.00 2.00 0.25-2.00 100 — —
Moxifloxacin 0.12 0.25 =0.06-2.00 99.1 0.9 0
Penicillin 0.06 2.00 =<0.03-4.00 51.8 32.7 15.5
TMP-SMX 0.25 8.00 =0.12->8.00 66.4 13.6 20.0
Vancomycin 0.25 0.25 <0.12-0.50 100 — —
Doxycycline resistant (67)

Lefamulin 0.12 0.25 0.015-0.25 100 — —
Amoxicillin-clavulanate 0.12 4.00 <0.06-8.00 85.1 11.9 3.0
Cefuroxime =<0.25 8.00 =0.25-8.00 59.7 6.0 34.3
Ceftriaxone 0.25 1.00 =<0.12-1.00 100 0 0
Ceftobiprole 0.06 0.25 =0.03-0.50 100 0 0
Clarithromycin 32.00 >32.00 | =0.03->32.00 16.4 7.5 76.1
Clindamycin 32.00 >64.00 =0.12->64.00 43.3 1.5 55.2
Doxycycline 8.00 16.00 1->16.00 0 0 100
Ertapenem <0.06 1.00 <0.06-2.00 98.1 1.9 0
Linezolid 1.00 2.00 0.25-2.00 100 — —
Moxifloxacin 0.12 0.25 =<0.06-2.00 98.5 1.5 0
Penicillin 0.25 2.00 =0.03-4.00 23.9 49.2 26.9
TMP-SMX 0.25 8.00 =0.12->8.00 71.6 3.0 25.4
Vancomycin 0.25 0.50 =0.12-0.50 100 — —

Note: Dashes indicate no data available.

* Penicillin susceptible was defined as MIC <0.06 ug/mL, penicillin intermediate as MIC 0.12-1 ug/mL, penicillin resistant as MIC =2 ug/mL, clarithromycin resistant as MIC
=1 ug/mL, and doxycycline-resistant as MIC =1 ug/mL.

t Percent susceptibility was determined according to Clinical and Laboratory Standards Institute 2020 breakpoints, with the exceptions of those for lefamulin, for which US
Food and Drug Administration breakpoints were applied, and ceftobiprole, for which Health Canada-approved breakpoints were used.

MIC = Minimum inhibitory concentration; TMP-SMX = Trimethoprim-sulfamethoxazole
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Table 2: In vitro activity of lefamulin and comparator antimicrobial agents against Streptococcus pneumoniae isolates from
RTI and blood sources

MIC data, ug/mL MIC interpretation,* %

S. pneumoniae phenotype*

(no. of isolates tested) and

antimicrobial agent MIC,, Range Susceptible Intermediate Resistant
RTI sources (315)

Lefamulin 0.12 0.25 0.008-0.25 100 — —
Amoxicillin-clavulanate <0.06 0.25 <0.06-8.00 97.5 2.2 0.3
Cefuroxime =0.25 2.00 =0.25-8.00 89.8 2.6 7.6
Ceftriaxone <0.12 0.25 <0.12-1.00 100 0 0
Ceftobiprole =0.03 0.12 =0.03-0.50 100 0 0
Clarithromycin <0.03 32.00 | <0.03->32.00 73.7 2.5 23.8
Clindamycin <0.12 16.00 | <0.12->64.00 89.2 0.3 10.5
Doxycycline <0.25 4.00 <0.25->16.00 82.5 0.7 16.8
Ertapenem =0.06 0.25 =0.06-2.00 99.6 0.4 0
Linezolid 1.00 2.00 =<0.12-2.00 100 — —
Moxifloxacin 0.12 0.25 <0.06-2.00 99.7 0.3 0
Penicillin <0.03 0.50 <0.03-4.00 77.8 17.4 4.8
TMP-SMX 0.25 1.00 <0.12->8 87.3 3.8 8.9
Vancomycin 0.25 0.25 <0.12-0.50 100 — —

Blood (167)
Lefamulin 0.12 0.12 =<0.004-0.25 100 — —
Amoxicillin-clavulanate <0.06 <0.06 <0.06-8.00 97.6 1.8 0.6
Cefuroxime <0.25 <0.25 <0.25-8.00 94.6 1.2 4.2
Ceftriaxone =0.12 <0.12 =<0.12-1.00 100 0 0
Ceftobiprole <0.03 <0.03 <0.03-0.25 100 0 0
Clarithromycin =<0.03 4.00 =0.03->32.00 77.2 1.8 21
Clindamycin <0.12 <0.12 | =0.12->64.00 95.2 0 4.8
Doxycycline =<0.25 =<0.25 <0.25-16.00 90.4 1.2 8.4
Ertapenem <0.06 <0.06 <0.06-2.00 99.2 0.8 0
Linezolid 1.00 2.00 <0.12-2.00 100 — —
Moxifloxacin 0.12 0.25 <0.06-1.00 100 0 0
Penicillin <0.03 0.06 <0.03-2.00 91.0 5.4 3.6
TMP-SMX 0.25 2.00 <0.12->8.00 85.6 7.8 6.6
Vancomycin 0.25 0.25 =0.12-1.00 100 — —

Note: Dashes indicate no data available.

* Percent susceptibility was determined according to Clinical and Laboratory Standards Institute 2020 breakpoints, with the exceptions of those for lefamulin, for which US
Food and Drug Administration breakpoints were applied, and ceftobiprole, for which Health Canada—-approved breakpoints were used.

RTI = Respiratory tract infection; MIC = Minimum inhibitory concentration; TMP-SMX = Trimethoprim-sulfamethoxazole
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Table 3: In vitro activity of lefamulin and comparator antimicrobial agents against Haemophilus influenzae and Moraxella
catarrhalis isolates

Bacterial pathogen, phenotype MIC data, ug/mL MIC interpretation,* %

(no. of isolates tested), and

antimicrobial agent Susceptible  Intermediate Resistant

H. influenzae (99)
Lefamulin 0.50 2.00 =<0.015-8.00 99.0 — —
Amoxicillin-clavulanate 1.00 2.00 0.12-8.00 99.0 — 1.0
Cefuroxime 1.00 2.00 =<0.25-8.00 99.0 1.0 0
Ceftriaxone <0.06 <0.06 <0.06-0.12 100 — —
Ceftobiprole 0.06 0.12 <0.03-0.25 NA NA NA
Clarithromycin 8.00 16.00 0.12->32.00 88.9 10.1 1.0
Doxycycline 0.50 1.00 <0.25-1.00 NA NA NA
Ertapenem 0.06 0.25 <0.03-2.00 98.5 — —
Moxifloxacin 0.03 0.06 <0.015-0.06 100 — —
TMP-SMX <0.12 8.00 <0.12->8.00 65.7 8.0 26.3

H. influenzae, B-lactamase-positive* (69)
Lefamulin 0.50 2.00 <0.015->8.00 98.6 — —
Amoxicillin-clavulanate 1.00 2.00 0.12-400 100 — 0
Cefuroxime 1.00 2.00 <0.25-8.00 100 0 0
Ceftriaxone <0.06 <0.06 <0.06-0.12 100 — —
Ceftobiprole 0.06 0.12 <0.03-0.25 NA NA NA
Clarithromycin 8.00 16.00 0.5->32.00 88.4 10.2 1.4
Doxycycline 0.50 1.00 <0.25-1.00 NA NA NA
Ertapenem 0.06 0.25 =0.03-0.50 100 — —
Moxifloxacin 0.03 0.06 <0.015-0.06 100 — —
TMP-SMX <0.12 > 8.00 <0.12->8.00 62.3 7.3 30.4

H. influenzae, B-lactamase-negative (30)
Lefamulin 0.50 2.00 =<0.015-2.00 100 — —
Amoxicillin-clavulanate 0.50 2.00 0.12-8.00 96.7 — 3.3
Cefuroxime 2.00 4.00 0.5-8.00 96.7 33 0
Ceftriaxone <0.06 <0.06 <0.06-2.00 100 — —
Ceftobiprole 0.06 0.12 <0.03-0.25 NA NA NA
Clarithromycin 8.00 16.00 0.12-16.00 90.0 10.0 0
Doxycycline 0.50 1.00 <0.25-1.00 NA NA NA
Ertapenem 0.06 0.25 <0.03-2.00 95.0 — —
Moxifloxacin 0.03 0.03 <0.015-0.03 100 — —
TMP-SMX <0.12 8.00 <0.12-8.00 73.3 10.0 16.7

M. catarrhalis (95)
Lefamulin 0.06 0.12 <0.015-0.12 NA NA NA
Amoxicillin-clavulanate 0.12 0.25 <0.06-0.50 100 — 0
Cefuroxime 1.00 200 <0.25-2.00 NA NA NA
Ceftriaxone 0.25 0.50 <0.06-1.00 100 — —
C|arithr0mycin 0.06 0.12 <0.03-0.25 100 — —
Doxycycline <0.25 <0.25 <0.25 NA NA NA

Note: Dashes indicate no data available.

* Percent susceptibility was determined according to CLSI 2020 breakpoints, with the exceptions of those for lefamulin, for which U.S. Food and Drug Administration
breakpoints were applied; ceftobiprole, for which Health Canada-approved breakpoints were used; and antimicrobial agents for M. catarrhalis, for which CLSI M45

2015 breakpoints were applied.

t[J-lactamase production for H. influenzae was analyzed according to the 2016 Clinical Microbiology Procedures Handbook.

MIC = Minimum inhibitory concentration; NA = Not applicable (there are no MIC breakpoints defined for this antimicrobial agent or there were <30 isolates tested and an
MIC,, and MIC,, could not be generated); TMP-SMX = Trimethoprim—sulfamethoxazole; CLSI = Clinical and Laboratory Standards Institute
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Table 4: In vitro activity of lefamulin and comparator antimicrobial agents against specific phenotypes of
Staphylococcus aureus isolates

MIC data, ug/mL MIC interpretation,* %

S. aureus phenotype
(no. of isolates tested)
and antimicrobial agent

Range Susceptible Intermediate Resistant

Methicillin-susceptible* (70)

Lefamulin 0.12 0.25 0.06—>2.00 95.7 — —
Amoxicillin-clavulanate 0.50 1.00 0.12-2.00 NA NA NA
Ceftriaxone 4.00 4.00 2.00-8.00 NA NA NA
Ceftobiprole 0.50 0.50 0.25-0.50 100 — —
Clarithromycin 0.25 >32.00 0.12->32.00 72.9 1.4 25.7
Clindamycin =<0.12 0.25 =0.12->8.00 91.4 0 8.6
Doxycycline <0.12 2.00 <0.12-16.00 97.1 1.5 1.4
Ertapenem 0.25 0.50 0.12-0.50 NA NA NA
Linezolid 2.00 4.00 0.50-4.00 100 — 0
Moxifloxacin <0.06 0.25 <0.06->16.00 91.4 0 8.6
TMP-SMX <0.12 <0.12 <0.12->8.00 95.7 — 4.3
Vancomycin 0.50 1.00 0.50-1.00 100 0 0

Methicillin resistant (130)

Lefamulin 0.12 0.25 0.06->2.00 NA NA NA
Amoxicillin-clavulanate 16.00 32.00 1.00->32.00 NA NA NA
Ceftriaxone >64.00 >64.00 8.00->64.00 NA NA NA
Ceftobiprole 1.00 2.00 0.50-2.00 100 — —
Clarithromycin >32.00 >32.00 0.12->32.00 15.4 0 84.6
Clindamycin <0.12 > 8.00 <0.12->8.00 60.0 0 40.0
Doxycycline <0.12 1.00 <0.12-8.00 98.5 1.5 0
Ertapenem 16.00 >32.00 1.00->32.00 NA NA NA
Linezolid 2.00 4.00 0.50-4.00 100 — 0
Moxifloxacin 2.00 >16.00 <0.06->16.00 19.2 3.1 77.7
TMP-SMX <0.12 <0.12 <0.12-8.00 98.5 — 1.5
Vancomycin 1.00 1.00 0.50-2.00 100 0 0

Note: Dashes indicate no data available

* Percent susceptibility was determined according to CLSI 2020 breakpoints, with the exceptions of those for lefamulin, for which US Food and Drug Administration
breakpoints were applied, and ceftobiprole, for which Health Canada-approved breakpoints were used

1 Methicillin susceptibility for S. aureus isolates was tested according to 2020 CLSI standards

MIC = Minimum inhibitory concentration; CLSI = Clinical and Laboratory Standards Institute; NA = Not applicable (there are no MIC breakpoints defined for this
antimicrobial agent or there were <30 isolates tested and an MIC,  and MIC, could not be generated); TMP-SMX = Trimethoprim-sulfamethoxazole
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doxycycline, ertapenem, moxifloxacin, penicillin, and
trimethoprim-sulfamethoxazole in vitro against common
bacterial pathogens associated with CABP obtained from across
Canada by the CANWARD surveillance study from January 2015
to October 2018. Increasing resistance to -lactams and other
first-line empiric antibacterial agents among pathogens causing
CABBP particularly in S. pneumoniae because it is responsible

for the majority of cases, is a growing concern worldwide
[5,14,21,22]. Lefamulin was shown in the current study to
retain its potency in vitro against both penicillin-susceptible and
penicillin-resistant phenotypes of S. pneumoniae, with MIC50
and MIC90 values ranging from 0.12 to 0.25 ug/mL. Three other
in vitro studies have each reported analogous values for MIC50
and MIC90 of 0.06 and 0.12 ug/mL, respectively [30-33].

The susceptibility of S. pneumoniae isolates to clarithromycin
correlates directly with penicillin resistance, with an MIC50
value of =0.03 ug/mL for penicillin-susceptible isolates
compared with 32.0 ug/mL for penicillin-resistant isolates.

The same trend was found for doxycycline, with MIC50

values varying from <0.25 ug/mL (penicillin-susceptible) to

4.0 pug/mL (penicillin-resistant) against isolates of S. pneumoniae.
Lefamulin potency was also retained when tested against

S. pneumoniae isolates resistant to clarithromycin, doxycycline,
and trimethoprim—sulfamethoxazole. Overall, at a MIC value

of <0.5 ug/mL, the FDA-approved breakpoint, all phenotypes
of S. pneumoniae were shown to be 100% susceptible to
lefamulin (Table 5).

H. influenzae, another well-established cause of CABP,
was shown in the LEAP 1 clinical trial to account for 34% of
all respiratory pathogens in patients with a baseline pathogen
detected [21]. In this study, lefamulin demonstrated MIC50 and
MIC90 values of 0.5 ug/mL and 2.0 ug/mL, respectively,
against H. influenzae (Table 3). A similar in vitro study in 2019
reported corresponding data, with MIC50 and MIC90 values of
0.5 pg/mL and 1.0 ug/mL, respectively [32]. B-lactamase-
positive isolates of H. influenzae demonstrated an MIC range
that was slightly elevated for B-lactamase-negative isolates
(<0.015-2.0 ug/mL) compared with B-lactamase-positive isolates
(<0.015-8.0 ug/mL). Nevertheless, 99% of all H. influenzae
isolates were susceptible to lefamulin (Table 5). Clarithromycin
again showed a dependence on penicillin susceptibility, with
B-lactamase-positive isolates of H. influenzae having an elevated
MIC range. M. catarrhalis was shown to have low MIC50 and
MIC90 values for lefamulin at 0.06 ug/mL and 0.12 ug/mL,
respectively (Table 3). These values are identical to those from
a similar study in 2018 that tested 667 M. catarrhalis isolates
obtained globally from the SENTRY Antimicrobial Surveillance
Program 2015-2016 [32].

The in vitro activity of lefamulin was additionally evaluated
against another cause of CABP, S. aureus (Table 4). Lefamulin
had 95.7% susceptibility toward MSSA, with MIC50 and MIC90
values of 0.12 and 0.25 ug/mL, respectively. MIC breakpoints
do not currently exist for MRSA, but the MIC values generated
in the current study for MRSA were identical to those for MSSA.
Resistance has rarely been observed for lefamulin among
its target pathogens; mechanisms of resistance to lefamulin

have been shown to be spontaneous and to be related to
modification of 23S rRNA ribosomal target proteins [34-36].
Most commonly, the genes rplC and rplD have been shown
to facilitate single-point mutations in the ribosomal proteins,
leading to a conformational change that hinders the ability of
lefamulin to properly bind [34]. If patients require a longer
duration of hospital admission, nosocomial bacteria including
Klebsiella pneumoniae and Pseudomonas aeruginosa may lead
to more severe outcomes. Lefamulin has been shown to be
relatively inactive against these bacterial species, similar to what
is seen for other first-line CABP antibacterial agents [6,14].
Nevertheless, two other studies have reported results similar to
ours, with MIC50 and MIC90 values of 0.06 and 0.12 ug/mL,
respectively [31,32]. In contrast, moxifloxacin, a common first-
line fluoroquinolone used in CABP treatment, has been shown
to demonstrate a marked MIC90 increase, with a reduction in
susceptibility from 91.4% (MSSA) to 19.2% (MRSA). Lefamulin
exhibited an MIC90 (0.25 ug/mL) against MSSA that was 128
times more potent than clarithromycin and eight times more
potent than doxycycline. Interestingly, doxycycline exhibited
minimal variation in susceptibility between MSSA and MRSA.
Thus, it has been speculated that a role in empiric treatment of
CABP due to S. aureus could involve an approach that involves
a combination of both doxycycline and lefamulin, with in vitro
data suggesting a potential for synergy [35,37].

This current study also outlined the in vitro activity
of lefamulin against possible systemic infection with
S. pneumoniae, because respiratory tract infections have been
well characterized as possibly increasing the risk of bacteremia
[37]. Potency against S. pneumoniae isolates from both
respiratory tract infections and blood sources was maintained
(Table 2), suggesting potential activity of lefamulin for severe and
systemic downstream effects of CABP. Of note is the fact that
most other antimicrobials tested displayed general increased
susceptibility for blood isolates (Table 2). This can be partly
attributed to the resistance patterns seen across Canadian
hospitals, which was outlined in a 2019 CANWARD report [11].
Since the introduction of the pneumococcal conjugate vaccine
between 2002 and 2005, the serotypes commonly associated
with penicillin resistance have decreased [11]. However,
serotype 19A, a significant source of respiratory disease
in Canada, has been shown to be associated with higher
penicillin resistance [11].

CONCLUSION

The intent of this work was to add to the limited in vitro

data regarding the potency of lefamulin against common
bacterial causes of CABP. With bacterial resistance to

S. pneumoniae on the rise, the need for new and improved
antibiotics is paramount. Lefamulin, a novel pleuromutilin,
exhibited excellent in vitro activity against all S. pneumoniae
isolates (blood or respiratory origin) tested with 100% of
isolates susceptible to lefamulin (MIC values <0.5 ug/mL),
including isolates of S. pneumoniae resistant to penicillins,
cephalosporins, clarithromycin, doxycycline, and trimethoprim-
sulfamethoxazole, as well as MDR isolates. In addition, 99% of



Canadian Journal of Infection Control | Spring 2022 | Volume 37 | Issue 1 | 30-41

Table 5: Lefamulin MIC distributions for isolates of individual species and phenotypes

Bacterial MIC, ug/mL, no. of isolates (cumulative % of isolates)
pathogen,
phenotype

(no. of isolates  _4 004  0.008 0.015
tested)

Streptococcus pneumoniae

All isolates 1 10 11 42 134 242 42
(482) (0.2) (2.3) (4.6) (13.3) (41.1) (91.3) (100)
sPlTsncIZl”tlir;)le 1 9 9 38 115 193 32
P (0.3) (2.5) (4.8) (14.4) (43.3) (91.9) (100)
(397)
:D:tzlrcr;”el(:iate ! 2 4 14 34 9
(1.6) 4.7) (10.9) (32.8) (85.9) (100)
(64)
Penicillin- 15 1
resistant (21) >(23.8) (95.2) | (100)
Haemophilus 1 1 1 11 43 30 11 1
influenzae (99) (1.0)* (2.0) (3.0) (14.1) | (57.6) | (87.9) | (99.0) (100)*
Moraxella 5 7 39 44
catarrhalis (95) (5.3)* | (12.6) (53.7) (100)
et 7 o5t e 1
- +
susceptible 70) (10.0) (82.9) (95.7) | (98.6) (100)
i 9 | 60 | 49 | 1 1
- +
resistant (130) (6.9) (53.1) (90.8) | (99.2) (100)

* Lowest concentration tested, actual MIC may be lower
1 Highest concentration tested, actual MIC may be higher MIC = Minimum inhibitory concentration
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