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ARTICLE INFO ABSTRACT

Pharmacokinetic/pharmacodynamic studies of anti-tuberculosis agents in animal models of tuberculosis are
hampered by the frequent necessity to perform sample bioanalysis outside the biosafety level-3 environment.
Thus, each specimen has to undergo tedious and time-consuming sample sterilization procedures that may also
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Methanol affect drug stability. Here, we tested treatment of Mycobacterium tuberculosis (Mtb) infected samples with me-
Pharmacokinetics . . . . . - .
PK thanol to sterilize samples while preserving drug integrity for further pharmacokinetic/pharmacodynamic

evaluations. Tissue samples harvested from Mtb infected mice were homogenized, incubated in methanol, and
tested for sterility. Once sterility was confirmed, the samples were used to determine concentrations of the anti-
tuberculosis drug spectinamide-1599 in lung homogenates using liquid chromatography coupled with mass
spectrometry. The results demonstrate that methanol sterilizes tissue samples harvested from Mtb infected mice
without altering the integrity of the drug in the tissue.

1. Introduction

Mycobacterium tuberculosis (Mtb) bacilli are the causative agent of
tuberculosis disease (TB) and are transmitted as aerosols via the pul-
monary route with only few bacilli needed to establish infection. After
infection, Mtb can survive for long periods of time within the granu-
loma formed in the lungs [1]. Chemotherapy is available to treat TB but
in the best-case scenario, a regimen of at least six-months of multidrug
treatment is required to successfully treat the infection. The protracted
treatment in many cases leads to patient non-adherence and contributes
to the emergence of multi-drug resistant Mtb (MDR) and extensively
drug resistant Mtb (XDR) strains [2]. In 2017, the World Health Or-
ganization reported 558,000 new cases of MDR (4.1% of all newly TB
reported cases) [3,4]. There is an urgent need for shorter, safer, and
more effective treatment options against Mtb infections. Multiple new
chemical entities are currently in the early drug discovery and devel-
opment stage. Understanding the pharmacokinetic and pharmacody-
namic (PK/PD) properties of novel anti-TB drug candidates is essential
to the development of more effective therapies for TB. While Mtb is
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classified as a biosafety level III (BSL-3) pathogen [5] and studies in
animal models of Mtb infection are performed under Animal Biosafety
Level 3 (ABSL-3), bioanalytical equipment used in pharmacology stu-
dies to quantify drug exposures is often outside of the BSL-3 environ-
ment. Thus, each specimen subjected to drug content analysis must
undergo a sterilization procedure that inactivates Mtb while preserving
the integrity of the drug present in each sample. The inability to ster-
ilize samples poses a major impediment to performing PK/PD studies in
animal models of TB.

Spectinamides are a new class of semi-synthetic analogues derived
from spectinomycin with anti-tuberculosis activity [6]. In preclinical
studies, Spectinamide-1599 has shown excellent killing activity against
Mtb, including MDR and XDR Mtb strains [7]. The antimycobacterial
activity of spectinamide-1599 is attributed to its ability to inhibit RNA
translation in Mtb and avoid the mycobacterial Rv1258 efflux pump
[8]. PK/PD studies are essential to evaluate the relationship between
drug exposure and Mtb killing of these new semisynthetic drugs. In
previous studies, liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) assays were used to determine spectinamide-
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1599 concentrations and resulting PK/PD and exposure-response
parameters in vitro [9], and in non-infected, naive animals [7]. How-
ever, studies in Mtb infected animals have been limited by the required
sample sterilization process prior to drug analysis. Here, we demon-
strate that treatment of Mtb infected tissues with methanol, a solvent
used in mass spectrometry, sterilizes samples and allows for further
analysis using LC-MS/MS assay methodology.

2. Materials and methods
2.1. Animal model of infection

This study used frozen lung tissue samples previously harvested
from Mtb infected mice. In brief, pathogen-free 8-10 week old female
Balb/c mice were purchased from Jackson Laboratories (Bar Harbor,
ME) and housed in the BSL-3 facility at Colorado State University.
Studies were performed in accordance with the NIH Guide for the Care
and Use of Laboratory Animals and were approved for use of female
Balb/c mice by the Colorado State University Institutional Animal Care
and Use Committee under protocol #16-6592A. Mice were infected
with a low dose aerosol of Mtb. The inoculum (2 x 10® CFU/5 ml) was
administered using the Glas-Col inhalation exposure system (Glas-Col,
Terre Haute, IN) for a targeted infection of 50-100 bacilli in the lungs of
each mouse. At day 1 and at 8 weeks post-infection, necropsies were
performed to harvest the lungs and determine bacterial burden. At the
time of necropsy the right and middle right lobes of the lungs were
frozen at —80 °C.

2.2. Sterilization of lung samples with methanol

Sample sterilization was investigated with two different methodol-
ogies, one for whole lung tissue (Method A), and one for lung tissue
homogenates (Method B). For Method A, frozen lung lobes from 10
mice were weighed and cut to have 500 mg tissue in each sample. The
tissue samples were placed in safe-lock tubes (Article #22363204,
Fisher Scientific, Waltham, MA) and thawed, then mixed with methanol
(Article #179957, Honeywell). Triplicate samples were placed in 0, 500
or 1000 pL of methanol and were incubated at 4 °C for 24 h. After the
incubation period each tube received three sterile beads (Article
#NC9084634, Fisher Scientific, Waltham, MA) and was homogenized
in the Next Advance Bullet Blender (Averill Park, NY) during 4 min at
800 rpm. For Method B, samples were treated with methanol after
homogenization of the lung tissue (in PBS at a ratio of 1:4). For this
purpose, triplicate samples of lung homogenates were mixed with me-
thanol at (v/v) ratios of 1:0, 1:1, 1:2, 1:4, 1:8 and incubated at 4 °C for
24 or 48 h. For both methods, after methanol treatment the samples
were centrifuged at 800 X g for 10 min and supernatant was removed.
The tissue pellet was resuspended in PBS. Thereafter, 100 pL of ten-fold
dilutions in sterile PBS of each lung homogenate was plated on 7H11
agar and incubated at 37 °C for 6 weeks and checked for bacterial
colony formation.

2.3. Sterility testing with mycobacteria growth indicator tube (MGIT)

Sterility of samples after methanol treatment was further verified
using the BACTEC MGIT 320 system (Becton-Dickinson Microbiology
Systems, Sparks, MD). Briefly, 200 uL of the lung homogenate from
each sample in triplicates (untreated or treated with methanol as in
Method B above) was added to the BACTEC MGIT. The BD BACTEC
MGIT barcoded 7 mL tubes (Becton-Dickinson, article #245122) con-
taining 4 mL of 7H9 broth with 0.25% glycerol were supplemented with
0.1 mL per vial of an antimicrobial mixture containing polymyxin B,
amphotericin B, nalidixic acid, trimethoprim, and azlocillin (PANTA).
Additionally, 0.5 mL of BD BACTEC MGIT 960 supplement kit (Becton-
Dickinson, article #245124) with oleic acid, bovine albumin, dextrose,
and catalase was added to each vial. Bacterial growth was determined

53

Tuberculosis 117 (2019) 52-55

via Time to Positivity (TTP in days) measured using the BACTEC/MGIT
system.

2.4. Integrity of drug concentrations in methanol sterilized samples

Spectinamide-1599 was synthesized and provided by Dr. Richard
Lee (St. Jude Children's Research Hospital, Memphis TN) as previously
described [8]. Lung homogenates (200 puL) of untreated Balb/c mice
were spiked with spectinamide-1599 for final concentrations of 0, 0.5,
5, or 50 pg/mL. Samples for each concentration were prepared in tri-
plicate. Lung homogenates containing spectinamide-1599 and their
respective controls were then mixed with 800 pL of 99.6% methanol
(containing 10 ng/mL spectinamide 1329 [(3’-Dihydro-3’-deoxy-3’(R)-
(pyridin-2yl) acetylamino spectinomycin] as internal standard) and
incubated for 24hat 4°C according to Method B. To confirm ster-
ilization of the samples after methanol treatment, one tenth of each
sample was plated on 7H11 agar plates and incubated at 37 °C during 6
weeks as described above. The remaining volume in each sample was
frozen at —80 °C until the results from the sterility test were available.

2.5. LC-MS/MS quantitation of spectinamide-1599

Samples with demonstrated absence of colony forming units in the
sterility test were moved outside of the BSL-3 environment for LC-MS/
MS analysis. After thawing, vortexing and centrifugation at 10,000 x g
and 4°C for 10 min, the supernatant was chromatographically sepa-
rated on a HILIC 3.5pum, 100 mm X 4.6 mm column (Phenomenex,
Torrance, CA) using a Shimadzu Nexera XR liquid chromatograph
(Shimadzu Corporation, Columbia, MD) consisting of two pumps, on-
line degasser, system controller and an auto sampler. A mobile phase
consisting of (a) water with 5mM ammonium formate buffer and (b)
methanol with 5 mM ammonium formate buffer was used at a flow rate
of 0.4 mL/min in gradient mode. Detection of the analyte and internal
standard was achieved by an API 4500 triple quadruple mass spectro-
meter (AB-Sciex, Foster City, CA) equipped with a turbospray ion
source operated in positive ion mode. The characteristic mass transfers
for spectinamide-1599 (487.2—207.1) and internal standard
(453.0 — 247.1) were monitored in multiple reaction monitoring mode
with a declustering potential of 45V and collision energy of 25 eV. Data
were acquired and processed with Analyst software version 1.6.2 (AB-
Sciex, Foster City, CA). Spectinamide-1599 concentrations were de-
termined by comparing peak area ratios between spectinamide-1599
and internal standard for unknown samples to a previously established
calibration curve. The accuracy was on average = 3.8% over the entire
range of the calibration curve, and the precision (coefficient of varia-
tion) of the assay was 3.2%, with a lower limit of quantitation of 1 ng/
mL.

3. Results and discussion

Since the lungs are the major site of Mtb infection in tuberculosis
disease, our study focused on sterilization of lung tissues from mouse
models of Mtb infection. Sterility of Mtb infected lungs after methanol
treatment was demonstrated by culturing lung homogenates on 7H11
agar plates followed by incubation at 37 °C for 6 weeks. Fig. 1 (A-C)
shows that whole lung (Fig. 1A) or lung homogenates (Fig. 1B) if left
untreated when plated on 7H11 agar plates and cultured at 37 °C during
4-6 weeks yielded 5.27 or 4.6 log,o CFU ( = SEM 0.01) respectively.
When samples were incubated with methanol at 4 °C for 24 h as ex-
plained in the material and methods section and then cultured onto
7H11 agar plates as above, no CFU were observed after incubation at 4
or 6 weeks (Fig. 1A-C). These studies were repeated for two additional
times with the same results.

We further tested sterility in lung specimens after methanol treat-
ment using a BACTEC-MGIT system. Lung homogenates were diluted in
7H9 media at 1:1, 1:5, 1:8, and 1:10 ratios. Samples had previously
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Fig. 1. CFU growth of lung specimens after methanol
sterilization. Panel A shows CFU growth of untreated whole
lung compared to 1:1 and 1:2 tissue to methanol (mg/ul).
Panel B shows CFU growth of untreated lung homogenate
compared to 1:1 and 1:2 tissue to methanol (v/v). Panel C
shows CFU growth of lung homogenate on 7H11 agar after 6
weeks incubation at 37 °C and diluted ten-fold. Homogenate
was treated with O pl of methanol or 1:1, 1:2, 1:4, or 1:8 (v/
v) of methanol as shown.
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Fig. 2. Integrity of spectinamide-1599 in lung
specimens after methanol sterilization. Panel A
shows nominal versus actually measured concentra-
tions for lung homogenates spiked with three dif-
ferent known concentrations of spectinamides-1599.
The homogenates have undergone the methanol
sterilization methodology as described (n = 3 per
concentration). Panel B shows measured spectina-
mide-1599 concentrations in lung homogenates ob-
tained from Balb/c mice infected with Mtb and
treated with doses of either 0, 10 or 50 mg/kg three
times weekly for four week by intrapulmonary
aerosol delivery. The specimens were obtained 72h
after administration of the last dose (n = 3 per dose
level).
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been incubated in 1:1 or 1:2 ratios of methanol, spun down, and re-
suspended in PBS as previously described. Samples without methanol
treatment were also included as controls. Thereafter, 200 puL of each
sample or their respective controls was added to a BACTEC barcoded
vial and placed in the BACTEC-MGIT system for 42 days. Positive
growth in this system was determined as Time to Positivity (TTP in
days). As expected, positive control samples demonstrated TTP at 3, 7
and 17 days whereas none of the samples treated with methanol had
TTP positivity during 42 days of culture in the BACTEC-MGIT system.
We concluded that the methanol treatment of lung tissues infected with
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Mtb sterilizes these samples.

To ensure that the sterilization procedure of lung tissue homo-
genates with methanol does not affect the stability of spectinamide-
1599, we spiked lung homogenate specimens with three different
concentrations of spectinamide-1599, performed the methanol ster-
ilization step, verified the sterility of each sample, and quantified the
drug concentration in each specimen. Since none of the samples showed
colony forming units after 6 weeks of incubation, they were moved out
of the BSL-3 facility and were analyzed for drug concentrations by LC-
MS/MS. A comparison of the actually measured concentrations with the
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nominal concentrations (Fig. 2A) indicates good agreement within the
limits of the accuracy of the applied LC-MS/MS assay. These results
suggest that integrity of the spectinamide-1599 was maintained during
the methanol sterilization step. This observation was expected since
sample treatment with methanol for protein denaturation in prepara-
tion of LC-MS/MS analyses has been used routinely for spectinamide-
1599 without detectable impact on estimated concentrations [7,10]. In
addition, spectinamide-1599 has shown good chemical stability in
aqueous solution over 96 h at 37 °C [9].

We further demonstrated the feasibility of the sterilization of Mtb-
infected lung homogenates by determining the spectinamide con-
centrations in lung samples (n = 3 per dose group) taken 72h after
termination of a 4 week-long treatment of Mtb-infected mice with trice
weekly administration of 0, 10, or 50 mg/kg spectinamide-1599 as in-
trapulmonary aerosol delivery as previously described [10]. The ob-
served lung concentrations [Fig. 2B] increased in a dose-dependent
manner and were within the range of expected exposure after therapy
with such a dosing regimen based on the extensively assessed lung
exposure profiles of spectinamide-1599 in healthy, uninfected Balb/c
mice after intrapulmonary aerosol administration [unpublished data].

In summary, we have presented a simple sterilization methodology
for lung homogenates of Mtb infected mice that is amenable to sub-
sequent specimen analysis by LC-MS/MS and thus facilitates the per-
formance of PK/PD studies for anti-tubercular drug candidates without
the need to have bioanalytical equipment in the BSL-3 environment.
Each laboratory should establish its own protocol for sterilization of
samples. Our recommended guidelines for sterilization of samples is
mixing of Mtb infected samples with methanol at 1:1 ratio and in-
cubation at 4 °C during 24hr. To confirm sterility, one tenth of each
sample should be plated on 7H11 agar plates and incubated 4-6 weeks
prior removal from BSL-3 and PK analysis.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tube.2019.06.002.
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