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Apramycin Kills replicating
and non-replicating
Mycobacterium tuberculosis
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Bharathkumar K.*, Mayas Singh®, Sven N. Hobbie ®*,
Radha Krishan Shandil* and Shridhar Narayanan™

'Foundation for Neglected Disease Research, Bengaluru, India, ?University Hospital Basel,
Basel, Switzerland

Introduction: Mycobacterium tuberculosis (Mtb) has the capability to dodge the
immune system by escaping into alternate physiological forms by forming drug
tolerant populations under the immune pressure in the host. New drugs are
urgently needed to treat these non-replicating persisters. In the past,
aminoglycoside antibiotics have played a pivotal role in TB chemotherapy.

Methods: Here, we explored the therapeutic potential of a monosubstituted
deoxystreptamine aminoglycoside, apramycin (APR) which is different in its
chemical structure from the other clinically relevant aminoglycoside antibiotics
that are all disubstituted, e.g., amikacin (AMI). We determined the APR MIC as
0.25-1 pg/ml for sensitive and multidrug-resistant Mtb (MDRTB), including
amikacin (AMI) resistant strains.

Results: In standard time-kill kinetic assays, the bactericidal activity of APR was
similar to that of AMI demonstrating dose-dependent killing of planktonic Mtb.
However, in biofilm and macrophage intracellular killing assays, APR appeared
significantly more potent than AMI. Further, APR monotherapy was efficacious in
a mouse chronic TB lung infection model (~0.92 log;o CFU/lung reduction). APR
combination therapy with the current 1% line standard of care (SoC) antibiotic
combination of isoniazid (H), rifampicin (R), ethambutol (E), and pyrazinamide (Z)
was found to be additive (HREZ=1.88 vs. HREZ-APR=2.78 log;oCFU/
lung reduction).

Discussion: The results indicate the potential of apramycin-based combinations
for the treatment of human tuberculosis.
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Introduction

Mycobacterial infections are relatively complicated to treat and
remain one of the major global health problems (40). This is partly
due to the ability of Mycobacterium tuberculosis (Mtb) to exist in
multiple phenotypes in the human host under immune or drug
pressure. The non-replicating phenotypes are relatively drug-
tolerant and refractory to treatment, which is why the treatment
of tuberculosis (TB) is complex and involves the use of multidrug
regimens (40). The emergence of multidrug-resistant (MDR) and
extensively drug-resistant (XDR) strains has further derailed the
treatment outcomes in TB. The first- and second-line TB drug
regimens have nearly failed and have led to MDR- and XDR-TB (1).
A few years ago, data on the treatment success rates of
approximately 54% in MDR-TB and only 13% in XDR-TB
patients were alarming (2). Hence, there is a definitive need to
develop new therapeutic options with better differentiated
mechanism of action (MOA) to tackle MDR-TB (42). In this
study, we explored the potential of a veterinary aminoglycoside
drug, apramycin (APR), which is an aminocyclitol antibiotic
(Supplementary Figure S1) produced by Streptomyces tenebrarius
(3). Aminoglycosides such as streptomycin have been a mainstay as
the first-line treatment for TB, while amikacin (AMI) and
kanamycin (KAN) are the second-line regimens for the treatment
of MDR-TB. The caveat is that they are injectables and are not good
for long-term treatment. In addition, irreversible ototoxicity issues
in 90% of patients under long-term treatment remain a major
clinical challenge (40, 3, 4). Moreover, TB is also rampant in
immunocompromised hosts with underlying lung diseases, such
as chronic obstructive pulmonary disease (COPD), HIV/viral
diseases, leukemia, and organ transplant (5). TB drug resistance is
rapidly evolving (42, 40). The new all-oral and shorter drug
combination of bedaquiline, pretomanid, and linezolid (BPaL) has
been developed and proven to treat 91% of MDR-TB cases in a mere
6 months vs. 18-24 months (42, 6). However, toxicity still remains
an issue (6). Another regimen, which comprises bedaquiline,
pretomanid, linezolid, and moxifloxacin (BPaLM), is
recommended programmatically in place of 9- or 18-month
regimens in patients with MDR-/RR-TB (rifampicin-resistant TB)
(7). The development of the BPaL-based combination has certainly
revolutionized the treatment of TB in recent years and has opened
the possibility of a significantly shortened TB treatment by targeting
new mechanisms. In addition to new drugs, the repurposing of old
drugs from other indications with known safety profiles is an
alternate viable option (8, 9) for the treatment of TB, particularly
for drug-resistant cases.

APR is a different aminoglycoside, isolated in 1967, from
nebramycin, an aminoglycoside antibiotic complex (3, 10)
approved for the treatment of infections in veterinary medicine.
APR is not orally bioavailable. It exhibits broad-spectrum activity
and is currently being explored for the treatment of human
infections, including Gram-negative infections and pneumonia
(6). We explore the possibility of developing APR as an option
for the treatment of TB. APR has a unique structure compared with
other clinically relevant aminoglycosides. It has a bicyclic sugar
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moiety and a monosubstituted deoxystreptamine (unlike AMI and
other aminoglycosides, which are disubstituted). It binds to the
deep groove of 16S ribosomal RNA and blocks translocation to
inhibit protein synthesis in bacteria, including Mtb. In addition,
APR could also bind to the eukaryotic decoding site despite several
differences in the key residues required for APR recognition by the
bacterial target. Resistance to aminoglycosides is driven by the
chemical inactivation of the drug by aminoglycoside-modifying
enzymes (AMEs), reducing its affinity for the bacterial ribosome.
However, in the case of Mtb, mutations in the 16S ribosomal RNA
and rpsL gene have been reported, leading to “pan-aminoglycoside
resistance” (11-15). APR is an aminoglycoside with a unique octa-
diose core [molecular weight (MW) = 539.58] (Supplementary
Figure S1) and, thus, works against most aminoglycoside
resistance mechanisms known so far. Its distinct structure is not
affected by any of the pathogen’s innate aminoglycoside resistance
mechanisms or the multidrug resistance regulator (e.g., WhiB7)
(25). Subcellular fractionation of several aminoglycosides such as
streptomycin, gentamycin, kanamycin, and AMI has shown their
preferential localization into lysosomes, but not into phagosomes
where intracellular pathogens reside (16). This was attributed to be
the reason for the poor intracellular bacterial killing of
aminoglycosides. However, APR has previously been shown to be
efficacious in an acute TB lung infection mouse model, while AMI
was merely bacteriostatic (17). Furthermore, APR showed a better
dose-response efficacy than AMI and linezolid (LNZ) in the blood
and kidney in a Staphylococcus aureus septicemia model (17). The
efficacy of APR in mouse infection models of TB and S. aureus has
illustrated its potential clinical utility.

In the present study, we investigated the anti-TB potential of the
APR drug formulation against i) the “standard” bacterial
phenotypes (e.g., planktonic Mtb and drug-sensitive Mtb); ii)
phenotypic resistance/drug tolerance associated with specific
bacterial physiological states and lifestyles (e.g., biofilm and
intracellular Mtb); and iii) genotypically resistant strains with
mutations (i.e., drug-resistant Mtb). We further substantiated the
in vitro results by demonstrating the in vivo efficacy of APR against
chronic Mtb infection in a mouse model of TB. These studies
provided preclinical evidence that APR can be repurposed for the
development of a new parenteral combination regimen for the
treatment of TB. However, the detailed pharmacokinetic-
pharmacodynamic (PK-PD) relationship of APR needs to be
explored further.

Materials and methods
Mtb strains and growth conditions

The Mtb strain H37Rv (ATCC 27294) and various drug-
resistant Mtb strains were used in the present study
(Supplementary Table S1). All of the Mtb strains were cultured in
Middlebrook 7H9 broth or 7H10 agar complete medium [albumin,
dextrose, and catalase (ADC)/oleic acid plus ADC (OADC)
supplemented], 0.2% glycerol and 0.1% Tween-80, at 37°C with
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5% CO,. All of the experiments with Mtb were conducted at the
Foundation for Neglected Diseases Research (FNDR) in a BSL-3
facility. The biofilm of Mtb H37Rv and the planktonic cultures of
different strains of Mtb were grown at 37°C in the presence of 5%
CO,. A tight and consistent biofilm formation was observed only
when the cultures were grown in the presence of 5% CO,.

Antibiotics, drugs, chemicals, and media

Pharmaceutical grade APR was manufactured as a crystalline
monohydrate (EBL-1003) (18). APR was assessed in the in vitro
assays and for in vivo efficacy in a chronic TB infection mouse
model. As reference antibiotics, AMI, rifampicin (RIF),
moxifloxacin (MOX), isoniazid (INH), ethambutol (EMB),
pyrazinamide (PZA), ofloxacin (OFX), and thioacetazone (THZ),
pretomanid (Pa), LNZ and menadione (MEN) were procured from
Sigma-Aldrich (Merck, Rahway, NJ, USA) or were received as gifts
from Lupin Pharmaceuticals (Mumbai, India). Bedaquiline (BDQ)
was obtained through the National Institutes of Health (NIH), as
HIV Reagent Program, Division of AIDS, NIAID, NIH: Bedaquiline
Fumarate (BDQ) ARP-12702, contributed by Janssen
Pharmaceuticals. The media and the supplements used in this
study included Middlebrook 7H9 broth base and Middlebrook
7H10 agar base, ADC supplements obtained from BD/Difco
(Franklin Lakes, NJ, USA), and Tween-80 purchased from Merck
(Rahway, NJ, USA). The stock solutions (12.8 mg/ml) of the test
compounds and the reference drug controls (e.g., RIF and MOX)
were prepared separately in dimethyl sulfoxide (DMSO), while INH
was prepared in water. Working solutions were freshly prepared at
the time of experimentation. The choice of antibiotics was dictated
by the drug resistance profiles of the clinical isolates and the
aminoglycoside comparator of APR (i.e., AMI). APR was
compared for biofilm inhibition potential against the first-line
(HRE) and new regimen (BPaLM) drug treatments for TB. MEN
was used as a known cytotoxic control drug.

Minimal inhibitory concentration of APR
against planktonic Mtb

The minimal inhibitory concentration (MIC) of APR was
determined against a replicating/planktonic population of Mtb as
recommended by the Clinical and Laboratory Standards Institute
guidelines M24 (36, 19, 41) and the previously described procedures
for Mtb, with appropriate modifications (20). Briefly, the test
compounds were dissolved in DMSO and serially double-diluted
in a 10-concentration dose-response (10c-DR) ranging from 64 to
0.125 pg/ml in 96-well plates. Middlebrook 7H9 broth
(supplemented with 10% ADC) complete medium was used for
the assay. Mtb cultures were added at 200 pl in each well to all
columns, except for the medium control (200 pl of medium was
added) column to give a final inoculum of 3-7 x 10° colony forming
unit (CFU)/ml. The quality control (QC) included the following:
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medium controls, growth controls, and the reference antibiotics e.g.,
AMI, RIF, and MOX). The assay plates were incubated at 37°C, and
the results were noted on day 6 for Mtb using a turbidometric
readout. Clear wells indicate inhibition of growth, while turbid wells
indicate uninhibited growth. MIC is the minimum concentration of
molecules that completely inhibited the turbidometric growth of
bacteria/colorimetric readout. The MIC assays were conducted
in triplicate.

Determination of the minimum bactericidal
concentration of APR

The minimum bactericidal concentration (MBC) was
determined using a procedure we have previously reported (19,
21, 41) from a parallel set of MIC plates. Each dilution of the
inhibited culture wells from the MIC plate (25 pl) was plated in
triplicate onto Middlebrook 7H9 agar supplemented with 10%
OADC and incubated at 37°C for different Mtb strains. The CFU
was enumerated after the respective incubation period. MBC was
taken as the lowest concentration that killed 99% of the initial
Mtb inoculum.

Killing kinetics of APR against Mtb

The killing kinetics on the replicating Mtb phenotype was
determined as described previously (22, 23). The Mtb (H37Rv)
culture was inoculated at ~3-8 x 10" CFU/ml in fresh Middlebrook
7H9 complete medium containing varying concentrations of APR
and the reference drug AMI (1, 4, 8, 32, and 128 pg/ml). The
cultures were incubated at 37°C at different time intervals. CFU
enumeration was conducted by plating aliquots of cultures (from
107" to 107® dilutions) containing different concentrations of the
compounds on days 3, 7, and 14. Data were analyzed and plotted as
log;o CFU per milliliter on days 3, 7, and 14 as a function of the
concentration of APR using Prism v9.0 software to calculate the
killing potential of APR.

Cytotoxicity against mammalian cell lines

The cytotoxicity of APR was evaluated against different cell
lines: the HepG2, A549, Vero, and PMA-activated THP-1
macrophage cell lines (22). Briefly, HepG2 (ATCC HB-8065),
A549 (ATCC CCL-185), Vero (ATCC CCL-81), or THP-1
monocytes (ATCC TIB-202) were maintained in RPMI 1640
medium supplemented with 2 mM L-glutamine and 10% heat-
inactivated fetal bovine serum (FBS) at 37°C in a humidified
atmosphere of 5% CO,. FBS was obtained from Life Technologies
(Carlsbad, CA, USA). Resazurin and trypan blue were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Furthermore, THP-1
cells in the RPMI medium were activated using 50 nM of phorbol
12-myristate 13-acetate (PMA) for 48-72 h at 37°C with 5% CO,.
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HepG2 and A549 cells were grown as a monolayer. Post-
maturation, THP-1 macrophages, along with the HepG2, Vero,
and A549 cells, were exposed to the test compound APR (twofold
dilutions, 256-0.5 ug/ml) and incubated at 37°C with 5% CO, for 48
h. Post-incubation, resazurin dye was added at 0.125 mg/ml
concentration with an equal volume of the RPMI medium and
further incubated for 24 h. The colorimetric readings were taken 24
h after the addition of resazurin dye (22, 23).

Intracellular efficacy of APR in THP-
1 macrophages

The THP-1 (tumor macrophage-derived) cell line was used to
examine the efficacy of APR against Mtb in the intracellular
compartment. The assay was performed as biological triplicates.
THP-1 cells were grown in RPMI medium (Gibco-BRL Life
Technologies, Gaithersburg, MD, USA) and supplemented with
100 mM sodium pyruvate, 200 mM L-glutamine, 3.7 g/L sodium
bicarbonate (Sigma, St. Louis, MO, USA), and 10% fetal calf serum
(Gibco-BRL Life Technologies, Gaithersburg, MD, USA) without
any antibiotics. The viable macrophages were seeded
(approximately 5 x 10° cells/well) in 96-well plates (Nunc,
Roskilde, Denmark) with complete RPMI medium, incubated
overnight, induced with 50 nM PMA to achieve macrophage
differentiated phenotypes, and incubated again at 37°C for 48-72
h in 5% CO, atmosphere. After 48 h of activation, the THP-1
macrophages were infected with the Mtb H37Rv strain at a
multiplicity of infection (MOI) of 1:10 and then incubated for 2 h
at 37°C with 5% CO, (22, 23). The macrophage monolayers were
washed with 3 ml of phosphate-buffered saline (PBS) (Ca** and
Mg*") to remove the free bacteria. These monolayers were further
treated with AMI (15 pg/ml) for 2 h to kill extracellular bacteria
(24), washed again, and then replenished with fresh complete
RPMI medium.

APR (at 32-2 pg/ml) and the control drugs MOX and AMI (at
32-0.5 ug/ml) were added to the infected THP-1 macrophages in
triplicate. Cultures were sampled from the untreated infection
control, and the wells were treated with different concentrations
of APR, MOX, and AMI. These were plated on D-0 (infection
control), D-3, and D-7 and were enumerated for residual viable
numbers of intracellular Mtb. The intracellular mycobacterial
killing curves were generated by plotting the log;, CFU per
milliliter against different drug concentrations (in micrograms
per milliliter).

MIC of APR against the clinical isolates of
Mtb strains

The MIC of APR was determined against a total of 10 clinical
isolates of Mtb with known sensitivity and drug resistance profiles
in parallel to a wild-type (WT) strain, as per the method described
in the “Minimal inhibitory concentration of APR against planktonic
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Mtb” (36, 19-21) and the CLSI breakpoints. The 10 TB clinical
isolates included strains that were WT-sensitive (n = 1), clinical
isolate-sensitive (n = 1), double drug-resistant (DDR; n = 3), and
MDR (1 = 6).

Development of Mtb biofilms

There are several methods available in the literature for the
production of biofilms of different microbes. We developed stable
and visibly strong biofilms of Mtb in a 96-well format (37). The Mtb
strain H37Rv (ATCC 27294) was grown for biofilm formation in
Sauton’s medium (+10% ADC) at 37°C for 3 weeks to reproducibly
obtain well-formed biofilms every time (37). The cultures were
diluted to 3-7 x 10° CFU/ml in the respective media and were
dispensed into assay plates (96-well plates, 300 pl/well). The 96-well
plates containing the respective cultures were tightly wrapped in
parafilm so that the culture plates were airtight. The plates were
incubated for 4-6 weeks for biofilm formation.

Activity of APR on Mtb biofilm

Once biofilm formation was achieved, the compounds were
diluted as a four-concentration DR (fourfold) with final
concentrations of 64x, 16x, 4x, and 1x the MIC values of the
planktonic Mtb. The MICs of APR and the reference drugs (e.g.,
AMI, HRE, and BPaLM) were evaluated by exposing the preformed
biofilms of Mtb to different concentrations of APR in a dose-
response manner. The plates were again wrapped airtight and
incubated at 37°C for 3 weeks. At the end of the incubation time,
Tween-80 (0.1%) was added to the wells and the plates incubated at
room temperature (RT) for 15 min. The biofilm and the entire
contents were transferred into 15-ml tubes and were pelleted by
centrifugation (3,000 rpm for 20 min). The cell pellet was
resuspended in fresh media, and the residual CFU was
enumerated on 7H10 agar plates. The MIC was taken as the first
concentration showing a CFU reduction >0.2 log;, reduction in the
drug-treated samples compared with the growth control (without
drug treatment). The MICs of APR and the reference drugs against
the biofilm and planktonic forms were plotted as CFU log;,
reduction for comparison. However, the biofilm biomass could
not be estimated during this study due to technical challenges.

In vivo efficacy of APR in a mouse model of
Mtb infection

Animal studies

An animal infection and efficacy study was carried out in strict
accordance with the recommendations of the Institutional Animal
Ethics Committee (IAEC), registered with the Committee for the
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Control and Supervision (CCSEA), Government of India
(registration no. 48/GO/Re-SL/BiS/99/CPCSEA). All of the
experimental protocols involving the use of animals were
reviewed and approved in advance by the IAEC.

BALB/c mice aged between 6 and 8 weeks, with an average body
weight of 25-30 g, were used. The animals were housed in
individually ventilated cages (IVCs) in the BSL-3 facility and were
randomly assigned to cages and allowed to acclimatize for 1 week
before the experiments. Feed and water were provided ad libitum.

In vivo efficacy of APR: chronic (non-replicating)
model of Mtb infection

BALB/c mice were infected via aerosol inhalation in a Glas-Col
chamber (Glas-Col, Terre Haute, IN, USA) calibrated to deliver
~100-200 CFU of Mtb H37Rv (ATCC 27294) in the BSL3 facility
(22). Infected mice were housed in IVC isolators (Allentown
Technologies, Allentown, PA, USA) during the entire period of
experimentation. Treatment began 4 weeks post-infection. APR
(200 mg/kg) was administered once daily through the subcutaneous
(S/C) route in PBS 6 days a week, for a period of 4 weeks. A
standard-of-care (SoC) four-drug combination regimen
(Hy5R5E 99Z150) formulated in 0.5% HPMC + 0.1% Tween-80
was administered orally either without APR (H;5RsE;00Z;50) or in
combination with APR (H;5RsE;00Z150 + APRyg0). All of the groups
had n = 5, except for the post-drug control (n = 3). On completion
of dosing, the animals were sacrificed 48 h later through CO,
narcosis. The lungs were then removed, homogenized, and plated
for the enumeration of Mtb CFU/lung on Middlebrook 7H11 plates
supplemented with OADC and PANTA (polymyxin B,
amphotericin B, nalidixic acid, trimethoprim, and azilocillin BD-
245114). The plates were incubated at 37°C with 5% CO, for 3
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weeks prior to reading of the bacterial CFU counts. The data were
analyzed and the graphs were plotted using Prism v9.0 software.

Results
MIC of APR against clinical Mtb isolates

The MIC and MBC of APR in wild-type H37Rv were found to
be 0.5-1 and 4 pg/ml, respectively (Table 1). APR demonstrated
MIC activity against all 10 clinical isolate strains of Mtb (MIC =
0.25-0.5 pg/ml) with different sensitivity and resistance profiles,
including the MDR strains (Table 1). The antibiogram of the drug-
resistant strains was confirmed by respective QC drugs. More
specifically, APR inhibited the aminoglycoside-resistant Mtb
strains such as the streptomycin- and AMI-resistant strains, thus
confirming that APR is a different aminoglycoside drug and should
work on aminoglycoside-resistant strains.

Killing kinetics of APR against
replicating Mtb

Studies on the in vitro killing kinetics determine the PK-PD drivers
of antibacterial activity by measuring the maximum efficacy (E,.)
upon exposure to various drug concentrations (22, 23). The killing
kinetics were investigated over 14 days of exposure to the drugs using
concentrations between 1 and 128 ug/ml against Mtb H37Rv. The
bacterial CFU were enumerated, the data were compiled, and the kill
curve graphs were generated by plotting the log;y CFU per milliliter
values against time (in hours) with GraphPad Prism v9.0 (Figure 1).
APR displayed strong bactericidal effects, and the E, ., values were 5.20

B Killing Kinetics of AMI vs. Mtb
101
9 —e— Untreated Control
8-
-El 71 —— 1ug/mL  (4XMIC)
E ¢
§
N
o 4
S
3 —— 4ug/mL  (16XMIC)
2 prms —— 8ug/imL  (32XMIC)
E 5.28 —= 32ug/mL (128XMIC)
1 e 128pg/mL (512XMIC)
S
9 9 F &

Time kill kinetics of apramycin (APR) and amikacin (AMI) against Mycobacterium tuberculosis (Mtb) H37Rv. Symbols [residual logyo colony forming
unit (CFU) per milliliter] are uniform across the graphs of APR (A) and AMI (B). Filled black circles denote day O (D-0) control culture unexposed to
the drug; filled red diamonds represent drug exposure at 1 pg/ml; blue inverted triangle denotes 4 ug/ml; green upright triangle represents 8 pg/ml;
filled pink square represents 32 ug/ml; and cyan open circles denote exposure to 128 pug/ml. The assay was performed with three biological
replicates (n = 3). Data represent the mean + SD of three biological replicates. Enax (l0g1o CFU reduction per milliliter at the maximum concentration
tested) upon APR exposure vs. the D-0 control culture: APR Epaxizs = 5.2; AMI Eaxiog = 5.28. Statistical significance was evaluated using one-way
ANOVA (Dunnett's test) compared with the untreated (bacteria only) control. ****p < 0.0001.
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TABLE 1 Minimal inhibitory concentration (MIC) of apramycin (APR) against Mycobacterium tuberculosis (Mtb) wild type (WT) and Mtb
clinical isolates.

MIC (ug/ml)
Mtb strain H37Rv 11291 11178 8531 7524 11138 11236 11033 10899 8673
Sensitive SDR MDR
Apramycin F 0.5-1° 05 025 05 05 0.25 0.25 05 0.25 05 0.25
Amikacin 025 0.25 025 4 2 0.25 0.125 0.25 2 2 2
Streptomycin 025 0.25 025 05 025 0.125 4 >32 05 0.25 05
Isoniazid 0.06 0.06 16 0.12 2 4 8 0.12 2 2 2
QC Rifampicin 0.015 0.007 >32 0.03 0.03 >32 0.06 >32 >32 >32 0.06
Ethambutol 1 05 1 1 05 2 1 1 16 1 1
Ofloxacin 0.06 0.12 0.12 8 0.25 0.25 0.25 0.25 0.25 0.25 4
Thiacetazone 0.03 0.03 025 0.125 0.25 8 >32 16 05 32 8

The clinical isolates had different levels of drug resistance: one drug-sensitive Mtb clinical isolate apart from the WT-Mtb, double drug-resistant (DDR; n = 3), and multidrug-resistant (MDR; n =
6) strains from the FNDR collection of Mtb strains. The MICs of APR were identical (0.25-1 ug/ml) across all the Mtb isolates with different resistance profiles.

“MBC = 4 pg/ml.
Bold numbers indicate resistance.

and 5.28 log;o CFU/ml for APR and AMI at 32 pg/ml, respectively
(Figures 1A, B). APR demonstrated an increased kill with increasing
concentrations and longer time durations and displayed an exposure-
dependent killing profile.

Intracellular efficacy of APR in THP-
1 macrophages

APR exhibited a good dose-dependent intracellular efficacy (IE)
against Mtb in THP-1 macrophages. The bacterial kill increased

with time from day 3 to day 7. APR exhibited a net E,x of 1.15
log;o CFU/ml (Figure 2A) reduction. The positive control drug RIF
showed a 1.81 log;o CFU/ml reduction, while AMI did not show any
kill of intracellular TB, as expected (Figure 2B).

Killing potential of apramycin against
biofilm forms of Mtb

The Mtb biofilm was formed as a thick leathery pellicle layer in
96-well plates. The activity against biofilms was determined by
measuring the reduction in bacterial CFU per milliliter following a

A Intracellular Efficacy (IE) of APR vs. Mtb B Intracellular Efficacy (IE) of AMI vs. Mtb
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FIGURE 2

Intracellular efficacy (IE) of apramycin (APR) and amikacin (AMI) against Mycobacterium tuberculosis (Mtb) H37Rv in THP-1 macrophages. IE was
determined for APR (A) along with the reference drugs rifampicin (RIF) and AMI (B) as biological triplicates from 32 ug/ml as twofold of a six-

concentration dose—response (DR) (1, 2, 4, 8, 16, and 32 pg/ml) vs. the no drug control in THP-1 macrophages infected with Mtb. Symbols [residual
log;o colony forming unit (CFU) per milliliter after days 0, 3, and 7) are uniform across the graphs of APR, AMI, and RIF. Filled black circles denote the
day 0 (D-0) control culture unexposed to drugs, while filled red diamonds represent drug exposure at the first concentration, blue inverted triangle
the second concentration, green upright triangle the third, filled pink square the fourth, cyan open circles the fifth, and orange half open circle the
sixth highest concentration tested. Brown half-open square with a brown line denotes exposure to RIF at 16 pg/ml. Data represent the mean + SD
of three biological replicates. The E .y (l0g10 CFU reduction per milliliter at the maximum concentration tested) for APR was 1.4 at 64X minimal
inhibitory concentration (MIC) and for AMI was —0.09 (growth) until 512x MIC compared with the D-0 control culture. Statistical significance was
evaluated using one-way ANOVA (Dunnett’s test) compared with the untreated (bacteria only) control. ****p < 0.0001.
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FIGURE 3

Activity of apramycin (APR), amikacin (AMI), and other reference drugs against Mycobacterium tuberculosis (Mtb) H37Rv biofilms. Preformed biofilms
(A) were treated with APR, AMI, moxifloxacin (MOX), isoniazid (INH), rifampicin (RIF), and ethambutol (EMB) (biological replicates, n = 3). Black bars,
growth control; dark green bars, APR; red bars, AMI; dark blue bar, MOX; yellow bars, INH; purple bars, RIF; pink bars, EMB. (B) Treatment with APR,
AMI, bedaquiline (BDQ), pretomanid (PRT), linezolid (LNZ), and moxifloxacin (MOX) (biological replicates, n = 3). Dark green bars, APR; red bars, AMI;
cyan blue bar, BDQ; light green bars, PRT; purple bars, LNZ; and dark blue bars, MOX. APR, AMI, and MOX (highlighted in orange box) were the
technical replicates from (A, B). The drugs were tested at four different doses of X minimal inhibitory concentration (MIC) (1x, 4%, 16x, and 64x). The
assay plates were incubated at 37°C along with an untreated control. This was followed by colony forming unit (CFU) counts post-treatment. The
graphs (A, B) represent the residual log;g CFU per milliliter of Mtb. MICyoim is the first concentration showing growth inhibition or CFU reduction
>0.2 logyp in the drug-treated samples vs. the growth control. Error bars indicate the mean + SD of biological triplicates (n = 3). Statistical
significance was evaluated using one-way ANOVA (Dunnett's test) compared with the untreated (bacteria only) control. ****p < 0.0001. APR showed
approximately 1.07 and 1.02 log;o CFU/ml reduction at 64x MIC vs. the untreated control. AMI did not show good activity against the Mtb biofilm
(0.28 and 0.2 log;g CFU/mU). All the other drug controls showed CFU reduction as Epnax: MOX = 0.76, INH = —-0.09, RIF = 0.67, and EMB = 0.28 (A)

10.3389/fitd.2024.1413211

and BDQ = 0.73, PRT = 0.22, LNZ = 0.4, and MOX = 0.65 (B) CFU log;o CFU/ml reduction of Mtb in biofilm. The order of CFU reduction is as
follows: APR (1.07 and 1.02) > BDQ (0.73) > MOX (0.76 and 0.65) > RIF (0.67) > LNZ (0.4) > EMB (0.28) > AMI (0.28 and 0.2) > PRT (0.22) >

INH (-0.09).

3-week drug exposure. The activity of APR and the SoC drugs AMI
and MOX examined at 1x, 4x, 16x, and 64x MICs showed good
dose-dependent bacterial reduction (Figures 3A, B). APR showed
equally good potency against the Mtb biofilm (Supplementary Table
S2 and Figure 3A), but the CFU reduction was better than that of
AMI and MOX. The E,;,x (log;o CFU per milliliter reduction) was
in the order of APR (1.07) > MOX (0.70) > AMI (0.28), as depicted
in Supplementary Table S2 and Figures 3A, B.

In vivo efficacy of APR in a chronic model
of Mtb infection

APR was assessed in a chronic Mtb infection mouse model via
the S/C dosing route for 4 weeks either alone or in combination
with HREZ (Figure 4). APR at 200 mg/kg (S/C) was found to be
efficacious, with a 0.92 log; o CFU/lung kill (p < 0.0001), while HREZ
alone exhibited 1.88 log;o CFU/lung kill (p < 0.0001) vs. untreated
control mice. Since the bacterial loads at the beginning of treatment
(4 weeks post-infection) in the chronic infection model are usually
as high as 10° CFU/lung, there was enough window following
HREZ treatment to show the magnitude of kill. As envisaged, the
addition of APR to the HREZ regimen significantly (p < 0.0001)
increased the Mtb kill to 2.78 log;y CFU/lung. The combination
regimen was well tolerated, and none of the animals exhibited any
adverse effects during the 4 weeks of drug treatment. There was no
antagonism observed. APR exhibited an additive killing in
combination with HREZ, the SoC drug regimen for TB.

Frontiers in Tropical Diseases

Cytotoxicity against mammalian cell lines

APR did not demonstrate any toxicity to THP-1, HepG2, and
A549 cells up to 256x MIC (256 pg/ml). MOX (MIC = 0.06 pg/ml)
and AMI (MIC = 0.5 pg/ml), which were used as controls, also had
no cytotoxicity up to 64x MIC, while MEN (the cytotoxic drug
control) showed cytotoxicity at 8 ug/ml.

Discussion

Aminoglycosides are widely used as powerful antibiotics in the
clinic. However, emerging drug resistance and the ototoxicity
associated with this class have presented unsurmountable challenges
(6). New drugs with a novel MOA and better safety profiles are
needed. The antibacterial activity of APR has been successfully
dissected from ototoxicity. The cytotoxicity data from a variety of
cell lines in the present study clearly ruled out the cytotoxicity issues of
APR up to >256 pg/ml, indicating that APR with a differentiated
MOA and a lower cytotoxic potential deserves development for the
treatment of many infections (25). APR works against almost all
known preexisting aminoglycoside resistance mechanisms in Gram-
negative and mycobacterial pathogens (Table 1) (13, 25-27).

APR was found to be highly potent in bloodstream Gram-
negative pathogens resistant to other aminoglycosides,
carbapenems, third-generation cephalosporins, and colistin from
Southeast Asia (28). More importantly, all of the Acinetobacter
baumannii and Pseudomonas clinical isolates tested were sensitive
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FIGURE 4

In vivo efficacy of apramycin in mouse models of Mycobacterium tuberculosis (Mtb) infection. (A) Schematic of the experimental design and
timelines. (B) In vivo efficacy of apramycin tested against Mtb in a chronic lung infection BALB/c mouse model (all n = 5, except for the late control,
n = 3) for inhibition and colony forming unit (CFU) reduction at different doses, along with an untreated control. Light blue bar with border denotes
pre-drug growth control, while light blue bar represents post-drug growth control. Apramycin-200 mg/kg via the subcutaneous (S/C) route is
shown as light green bar, HREZ (isoniazid, rifampicin, ethambutol, and pyrazinamide) is shown as gray bar, and apramycin-200 + HREZ is shown as
light beige bar. In the chronic Mtb infection BALB/c mouse model, treatment with apramycin 200 mg/kg (S/C route) over 4 weeks showed a
significant 0.92 log;o CFU kill, whereas apramycin in combination with HREZ exhibited 2.78 log;o CFU kill. HREZ alone exhibited 1.88 log;o CFU kill.
The addition of apramycin significantly increased the kill (2.78 log;o CFU/lung). Apramycin did not demonstrate any antagonistic effect; rather, an
additive effect was observed in combination with HREZ, the standard-of-care (SoC) drug regimen for tuberculosis (TB). Error bars indicate +SD of
the biological replicates. Statistical significance was evaluated using one-way ANOVA (Dunnett’s test) compared with the untreated (bacteria only)
control. ****p < 0.0001. Symbol ** is P value < 0.001, indicates statistical significance.

to APR, including ~94 colistin-resistant isolates. This suggested that
APR is a potential aminoglycoside drug candidate for the treatment
of MDR Gram-negative systemic infections. In addition, APR
indeed exhibited much better efficacy than AMI and CLA in
Mpycobacteroides abscessus infection models (6, 17, 29), thus
making it an ideal candidate for the treatment of difficult-to-treat
non-tuberculous mycobacterial (NTM) lung infections. APR is
currently in clinical development for the treatment of M.
abscessus (6, 18). Juvabis has successfully completed phase 1
human safety clinical trials (6) and is now further exploring its
development as an infusion (APRIVIN) and inhalation drug
(APRINAH) for the treatment of M. abscessus infections.

Decades of impressive history of aminoglycoside use in the
treatment of TB, despite their ototoxicity, prompted us to study a
veterinary drug, i.e., APR, with a differentiated MOA and a lower
ototoxic potential for the treatment of TB (25). APR is a broad-
spectrum antibiotic. Several studies (e.g., MIC, MBC, activity
against drug-resistant/MDR strains, and activity against biofilms)
have been performed and reported on Mtb, NTM, and Gram-
positive and Gram-negative pathogens (Supplementary Table S4)
(27, 30-34). However, our studies have been extended in order to
show activity against more complex models of replicating and non-
replicating Mtb (e.g., in macrophages and biofilms). Furthermore,
we demonstrated the efficacy of APR in combination with HREZ on
non-replicating bacilli in chronic infection mouse models of Mtb.
APR is a potent bactericidal agent and has resulted in a dose-
dependent multi-log kill of Mtb in vitro and in macrophages
(Figures 1A, 2A).
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APR, as opposed to several other aminoglycosides such as AMI
(Figure 2B), resulted in >1 log,, kill of intracellular TB in a
concentration-dependent manner (Figure 2A). AMI is known to
be ineffective against intracellular TB and is indeed used to pretreat
cellular monolayers in order to kill extracellular bacteria in such
experiments (38, 30). The differential cellular penetration of APR
and the killing of intracellular TB in macrophages might be
explained by its unique structural differences and its ability to
localize in phagosomes compared with AMI (18).

Studies on the cellular penetration of aminoglycosides such as
streptomycin, gentamycin, kanamycin, and AMI have shown that
these drugs localize into lysosomes, but not into phagosomes where
intracellular pathogens reside, thus explaining the poor intracellular
bacterial killing of aminoglycosides in general (16, 24).

Keeping in mind the potent antibacterial activity of APR, we
evaluated its activity against drug-sensitive and drug-resistant Mtb
clinical isolates and its killing kinetics on replicating and non-
replicating TB in macrophages and biofilms. Most of the reported
studies on APR have been against planktonic mycobacteria, but
none against Mtb in the biofilm phase (25, 26).

We observed that APR penetrated the Mtb biofilms (non-
replicating phenotype) and, at 64 pg/ml, showed an E,,, of 1.07
(log;o CFU/ml reduction), which is a well-tolerated, safe, and
efficacious concentration based on available data (cytotoxicity
data from the present study). APR has a comparatively lower
toxicity than other aminoglycosides of the disubstituted
deoxystreptamine drug class (13). The ability of APR to penetrate
the lung tissue by ~88% and kill replicating TB in an acute infection
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mouse model has been previously demonstrated (35, 17). APR
monotherapy at the 200-mg/kg dose exhibited ~1 log,, CFU/lung
reduction, while AMI was merely bacteriostatic. We further
substantiated the in vivo efficacy of APR in a chronic infection
mouse model (representing non-replicating TB) as a monotherapy
and in combination with the HREZ regimen. APR reduced the Mtb
bacterial load by 0.92 log;, CFU/lung at a 200-mg/kg dose given for
4 weeks. However, our study lacked the lung histopathology data.
Furthermore, combination studies with HREZ showed that APR is
safe, and it was well tolerated in the 4-week dosing regimen. The
lung bacterial counts showed that APR acts additively with HREZ
and increased the efficacy of HREZ alone from 1.88 to 2.78 log;,
CFU/lung reduction. We hypothesized that the addition of APR to
HREZ could present an opportunity to treat larger populations
(about 90% of the drug-susceptible vs. only the drug-resistant
patients). This unique combination regimen might help 1)
prevent the development of resistance in Mtb by virtue of hitting
yet another target mechanism and 2) possibly shorten the treatment
duration from 6 months to a shorter period. The in vitro and
preclinical results of APR demonstrated that it is suitable for the
HREZ-based combination regimen.

However, the outcomes of the combination of APR with the
second-line and new anti-TB drugs in the clinic/pipeline
(bedaquiline, pretomanid, delamanid, and linezolid, among
others) remain to be established.

Shortening the duration of therapy is a major goal of all TB
discovery and development programs. However, no new drugs for
TB have been discovered and reached the clinic between 1970 and
2010. The most recent therapies for TB, i.e., the bedaquiline-based
regimens BPaL and BPalLM, have been proven to shorten the
duration of TB treatment to 6 months, or lesser, vs. 24 months
(7). Many more new clinical candidates, including pretomanid,
delamanid, new oxazolidinones, BTZ-43 and TBA-7371, and others
(39), are in various stages of clinical trials. We envision that there is
a strong possibility that drug candidates such as APR, which have
high bactericidal activity on replicating and non-replicating TB
phenotypes including biofilms and MDR strains, could help in the
development of the next level of combinations to further shorten
the treatment of TB to less than 6 months. However, APR, being a
broad-spectrum antibiotic and an injectable drug, might pose
some challenges.

In summary, our in vitro and in vivo studies suggest that APR is
a comparatively safer aminoglycoside drug candidate with potent
bactericidal activity against replicating and non-replicating
phenotypes of Mtb and against MDR-Mtb and Mtb in biofilms,
macrophages, and in vivo in mice. APR holds significant promise
for development as a therapeutic option for the exploration of more
potent combinations that could further shorten the duration of
TB treatment.
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