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a b s t r a c t 

Background: Meropenem in combination with β-lactamase inhibitors (BLIs) and other drugs was tested 

to identify alternative treatment regimens for multidrug-resistant tuberculosis (MDR-TB). 

Methods: The following were performed: (1) MIC experiments; (2) static time-kill studies (STKs) with 

different BLIs; and (3) a hollow fibre model system of TB (HFS-TB) studies with meropenem-vaborbactam 

combined with human equivalent daily doses of 20 mg/kg or 35 mg/kg rifampin, or moxifloxacin 400 

mg, or linezolid 600 mg vs. bedaquiline-pretonamid-linezolid (BPaL) for MDR-TB. The studies were per- 

formed using Mycobacterium tuberculosis ( M. tuberculosis ) H37Rv and an MDR-TB clinical strain (named 

M. tuberculosis 16D) that underwent whole genome sequencing. Exponential decline models were used to 

calculate the kill rate constant (K) of different HFS-TB regimens. 

Results: Whole genome sequencing revealed mutations associated with resistance to rifampin, isoniazid, 

and cephalosporins. The meropenem-vaborbactam MIC of M. tuberculosis was H37Rv 2 mg/L and > 128 

mg/L for M. tuberculosis 16D. Relebactam and vaborbactam improved both the potency and efficacy of 

meropenem in STKs. Meropenem-vaborbactam alone failed to kill M. tuberculosis 16D but killed below 

day 0 burden when combined with isoniazid and rifampin, with the moxifloxacin combination being 

the most effective and outranking bedaquiline and pretomanid. In the HFS-TB, meropenem-vaborbactam- 

moxifloxacin and BPaL had the highest K (log 10 cfu/mL/day) of 0.31 (95% CI 0.17–0.58) and 0.34 (95% CI 

0.21–0.56), while meropenem-vaborbactam-rifampin (35 mg/kg) had a K of 0.18 (95% CI 0.12–0.25). The 

K for meropenem-vaborbactam-moxifloxacin-linezolid demonstrated antagonism. 

Conclusion: Adding meropenem-vaborbactam could potentially restore the efficacy of isoniazid and ri- 

fampin against MDR-TB. The meropenem-vaborbactam-moxifloxacin backbone regimen has implications 

for creating a new effective MDR-TB regimen. 

© 2023 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved. 

∗ Corresponding author: Department of Medicine, School of Medicine, UT Health Science Center at Tyler, 11937 US Highway 271, Tyler, TX 75708, USA. 

E-mail address: Shashi.kant@uthct.edu (S. Srivastava) . 



1. Introduction 

Tuberculosis (TB), caused by Mycobacterium tuberculosis ( M. tu- 

berculosis ), remains a significant cause of mortality globally. The 

COVID-19 pandemic adversely affected TB detection and preven- 

tion efforts worldwide [1] . The World Health Organization esti- 

mated that nearly 10 million people developed TB in 2020; how- 

ever, 5.8 million cases were detected [2,3] . This reduced TB care 

due to the pandemic also resulted in an increased death rate, as 

evidenced by ca. 1.5 million TB-related deaths worldwide in 2020; 

this is the highest year-on-year increase in TB deaths since 2005 

[3] . 

Significant progress has been made in recent years to de- 

velop combination regimens to treat multidrug-resistant TB (MDR- 

TB) infections. Preclinical models such as the hollow fibre model 

of TB (HFS-TB) have played an increasing role in pharmacoki- 

netics/pharmacodynamics (PK/PD)-based design of treatment reg- 

imens for drug-susceptible and MDR-TB (i.e. pan-TB), including 

treatment shortening [4–11] . As an example, the linezolid PK/PD 

optimised dose for treatment of MDR-TB in the HFS-TB model was 

identified as 600 mg/day based on achieving PK/PD exposure tar- 

gets in 99% of patients, with < 20% of the patients predicted to en- 

counter serious adverse events [12] . To reiterate the translational 

applicability of preclinical model findings, results of the Nix-TB 

clinical trial (ClinicalTrials.gov Identifier: NCT02333799) compar- 

ing the safety and efficacy of linezolid 600 mg/day versus 1200 

mg/day have now been published [12–15] . This clinical trial tested 

the efficacy of a bedaquiline-pretonamid-linezolid (BPaL) combi- 

nation regimen to provide information on linezolid dose balanc- 

ing between efficacy and adverse events, especially given the long 

therapy duration for MDR-TB. Based on microbial outcomes, effi- 

cacy was 96% for 600 mg/day administered for 26 weeks, and se- 

vere adverse events were encountered in 20% of patients on 600 

mg/day [15] . Thus, the HFS-TB could accurately predict the clini- 

cal outcomes (efficacy and toxicity) of a drug or regimen, and such 

output could reduce the proportion of patients treated with toxic 

or suboptimal doses in clinical trials [12,15–18] . The results also 

mean that the BPaL regimen with linezolid 600 mg/day dose, while 

safer than 1200 mg/day, still has toxicity; moreover, acquired re- 

sistance to component drugs has recently been noted in the clinic 

[15] . 

β-lactam antibiotics, including carbapenems, are efficacious 

against MDR-TB in the HFS-TB model [14,19–23] . Mycobacterium tu- 

berculosis has an Ambler class A β-lactamase, BlaC, which are ser- 

ine hydrolase susceptible to several clinically available β-lactamase 

inhibitors (BLIs) such as clavulanate [24] . In a systematic litera- 

ture search, van Rijn et al. found that in vitro the activity of three 

carbapenems (imipenem, meropenem, and ertapenem) against M. 

tuberculosis improved when used in combination with clavulanate 

[25] . However, clavulanate is not commercially available alone 

and, therefore, impractical to prescribe for TB unless to use in 

combination with amoxicillin. In a 14-day early bactericidal ac- 

tivity (EBA) study of patients randomised to one of four intra- 

venous meropenem-based arms (all in combination with amoxi- 

cillin/clavulanate), the EBA (log 10 cfu/mL/day) was 0.22 for 2 g ev- 

ery 8 hours (TID), 0.12 for meropenem 2 g TID plus 20 mg/kg/day 

rifampin (indicating obvious rifampin vs. meropenem-clavulanate 

antagonism), and 0.059 for meropenem 1 g TID [26] . However, tol- 

erability was poor at all doses due to amoxicillin/clavulanate gas- 

trointestinal toxicity [26] . Fortunately, the M. tuberculosis BlaC has 

a wide binding pocket that accommodates many other BLIs beyond 

clavulanate, including the synthetic diazabicyclooctane avibactam, 

bridged bicyclic urea molecule relebactam, and boronic acid-based 

vaborbactam [27] . These BLIs are potentially less toxic than amox- 

icillin/clavulanate and have a higher binding affinity than clavu- 

lanate. 

This study tested the hypothesis that meropenem could restore 

the efficacy of isoniazid and rifampin against MDR-TB [25] . The fol- 

lowing were performed: (1) MIC experiments; (2) static time-kill 

studies (STKs) with meropenem alone or in combination with ei- 

ther avibactam or relebactam or vaborbactam; and (3) HFS-MDR- 

TB study with several meropenem-vaborbactam combination ex- 

perimental regimens compared with the BPaL regimen (positive 

control) recommended to treat MDR-TB in patients. Meropenem- 

vaborbactam was chosen for HFS-TB work since it is commercially 

available as a fixed-dose 1:1 combination [28] . 

2. Methods 

2.1. Bacteria, drugs, and other supplies 

Drug-susceptible M. tuberculosis H37Rv and one MDR-TB clinical 

strain (SAMRC-16D), herein designated M. tuberculosis 16D, were 

used in the experiments. Materials and culture methods are dis- 

cussed in detail in the Supplementary Methods. 

2.2. Whole genome sequencing of multidrug-resistant tuberculosis 

Mycobacterium tuberculosis 16D strain 

DNA was extracted and subjected to whole genome sequenc- 

ing (WGS) to confirm the mutations in the drug resistance genes 

in the MDR-TB clinical strain using the methods published else- 

where and described in the Supplementary Methods [12,29] . The 

sequencing reads were aligned to the reference M. tuberculosis 

genome (NC_0 0 0962) and single nucleotide variants (SNVs) made 

compared with the wild type. 

2.3. MIC experiments 

The MICs were determined using the broth microdilution 

method and Mycobacterial Growth Indicator Tube (MGIT) system 

[12,30] . Supplementary Methods include the details for the inocu- 

lum preparation and other experimental procedures. 

2.4. Evaluation of different β-lactamase inhibitors on the efficacy of 

meropenem against M. tuberculosis 

Several β-lactam antibiotics have previously been tested for 

efficacy against M. tuberculosis [14,19–23,31] . Here, M. tuberculo- 

sis H37Rv was co-cultured with meropenem alone or in com- 

bination with avibactam (15 mg/L) [20] or relebactam (6 mg/L) 

or vaborbactam. The meropenem concentrations ranged 0.125–16 

mg/L in a two-fold dilution. A commercially available combina- 

tion of meropenem-vaborbactam (herein abbreviated V) was used 

for vaborbactam [28] . The inoculum preparation was the same as 

described for the MIC experiments. After 7 days of co-incubation 

with drugs at 37 °C under shaking conditions, the cultures were 

washed twice with normal saline to remove the carry-over drug, 

serially diluted, and spread on Middlebrook 7H10 agar supple- 

mented with 10% OADC. Cultures were incubated for 28 days be- 

fore the cfu/mL with each drug concentration was recorded. 

2.5. Meropenem-vaborbactam combination static time-kill studies 

Since the treatment of TB requires combination therapy, the 

next set of experiments was performed to determine which other 

drugs could be combined with V with drug-susceptible M. tubercu- 

losis H37Rv. Supplementary Table 1 lists all the drugs and the con- 

centration achieved with the human equivalent standard clinical 

dose of each drug used in the experiments. The inoculum was pre- 

pared as described above. The cultures were incubated for 7 days 

at 37 °C, after which the cultures were washed twice with normal 

2 



Table 1 

Mutation profile of the multidrug-resistant tuberculosis clinical strain Mycobacterium tuberculosis 16D using whole genome sequencing. 

Gene Description Coding region change Amino acid change Non-synonymous 

rpoB DNA-directed RNA polymerase subunit beta NP_215181.1:c.1349C > T NP_215181.1:p.Ser450Leu Yes 

rpoB DNA-directed RNA polymerase subunit beta NP_215181.1:c.1690T > C NP_215181.1:p.Tyr564His Yes 

katG catalase-peroxidase-peroxynitritase T NP_216424.1:c.944G > C NP_216424.1:p.Ser315Thr Yes 

embB indolylacetylinositol arabinosyltransferase NP_218312.1:c.916A > G NP_218312.1:p.Met306Val Yes 

gidB 16S rRNA methyltransferase NP_218436.1:c.299C > T NP_218436.1:p.Ser100Phe Yes 

gidB 16S rRNA methyltransferase NP_218436.1:c.47T > G NP_218436.1:p.Leu16Arg Yes 

pncA pyrazinamidase NP_216559.1:c.416T > G NP_216559.1:p.Val139Gly Yes 

gyrA DNA gyrase subunit A NP_214520.1:c.61G > C NP_214520.1:p.Glu21Gln Yes 

gyrA DNA gyrase subunit A NP_214520.1:c.284G > C NP_214520.1:p.Ser95Thr Yes 

gyrA DNA gyrase subunit A NP_214520.1:c.739G > A NP_214520.1:p.Gly247Ser Yes 

gyrA DNA gyrase subunit A NP_214520.1:c.2003G > A NP_214520.1:p.Gly668Asp Yes 

ponA1 bifunctional penicillin-binding protein 1A/1B YP_177687.1:c.1891C > T YP_177687.1:p.Pro631Ser Yes 

saline to remove the carry-over drug, serially 10-fold diluted, and 

spread on agar to enumerate the bacterial burden with each drug 

alone or in combination. The colonies were counted after 28 days 

of incubation at 37 °C. Next, the experiment was repeated with M. 

tuberculosis 16D. This strain was randomly selected from a library 

of 30 clinical isolates subjected to WGS to confirm the phenotypic 

susceptibility [21] . 

2.6. Efficacy of meropenem-vaborbactam combination against 

multidrug-resistant tuberculosis in the hollow fibre model system of 

TB 

Next, an HFS-TB model study was performed to determine 

whether the same V efficacy could be achieved with fluctuating 

drug concentrations; meropenem and vaborbactam have an identi- 

cal half-life (t 1/2 ), and in the fixed-dose combination are mixed 1:1 

[9] . The peripheral compartment of each HFS-TB unit was inocu- 

lated with 20 mL logarithmic phase growth cultures of M. tubercu- 

losis 16D. The systems were treated with each different two-drug 

or three-drug combination of meropenem-vaborbactam once daily 

for 28 days, one HFS-TB unit per regimen except two units for the 

nontreated controls; the PKs used for the design are shown in the 

Supplementary Methods. Given the high MIC against the MDR-TB 

clinical strain, V alone was not tested in the HFS-TB. The exper- 

imental drug combination regimen and human equivalent doses 

were consistent with clinically acceptable dosing strategies as de- 

tailed: Regimen 1: combination of V 4 g plus moxifloxacin 400 

mg; Regimen 2: combination of V 4 g plus rifampin 20 mg/kg; 

Regimen 3: combination of V 4 g plus rifampin 35 mg/kg; Regi- 

men 4: combination of V 4 g plus linezolid 600 mg; Regimen 5: 

combination of V 4 g plus moxifloxacin 400 mg plus linezolid 600 

mg; Regimen 6 : WHO-recommended BPaL regimen (bedaquiline 

400 mg, pretonamid 20 0 mg, and linezolid 60 0 mg) for MDR-TB 

[32,33] as a comparator (positive control); and Regimen 7 : non- 

treated control (negative control). Sampling times and processing 

of samples for drug PKs and M. tuberculosis burden are further de- 

scribed in the Supplementary Methods. 

2.7. Drug concentration measurements and data analysis 

With the exception of meropenem and vaborbactam, previ- 

ously published methods were used to measure isoniazid, rifampin, 

moxifloxacin, linezolid, bedaquiline, and pretomanid in the HFS- 

TB samples [11,34–36] . Supplementary Methods give details of the 

drug concentration assays. 

2.8. PK/PD analyses and modelling 

The PK analysis is described in the Supplementary Methods and 

Supplementary Tables 2 and 3 [37] . Using the measured drug con- 

centration, noncompartmental analysis using Phoenix WinNonlin 

(Certara, v8.1) was performed as described in the Supplementary 

Methods [37] . The PD analyses were performed using the four- 

parameter inhibitory sigmoid E max model: 

Effect 
(
lo g 10 cfu / mL 

)
= E con − E max × IC 

H / 
(
IC 

H + C 

H 
50 

)
(1) 

Where E con is the M. tuberculosis burden in non-treated controls, 

E max (cfu/mL) is E con minus the bacterial burden in the concen- 

tration mediating maximal effect (E max defines efficacy), and IC 50 

is the concentration associated with 50% of E max ; it defines po- 

tency. H is the Hill slope, which gives information on the antibi- 

otic’s (meropenem) binding sites (and thus mechanism) [38,39] . 

3. Results 

3.1. Whole genome sequencing 

Whole genome sequencing of the clinical strain M. tubercu- 

losis 16D, isolated from a South African patient, was performed 

to confirm the phenotypic drug susceptibly results. The clinical 

isolate demonstrated mutations shown in Table 1 . The isolate 

had rpoB Ser450Leu (rifampin), katG Ser315Thr (isoniazid), gidA 

Ser100Phe (streptomycin), embB Met306Val (ethambutol), pncA 

Val139Gly (pyrazinamide), and ponA1 Pro631Ser (cephalosporins), 

indicating high-level resistance to all first-line drugs, aminoglyco- 

sides, and the β-lactam class of third-generation cephalosporins. 

Specifically, there were no mutations in the following genes: blaC 

(BLI resistance), or rrs and rplC (associated with linezolid resis- 

tance) [40] , or atpE , Rv0678, pepQ (associated with bedaquiline re- 

sistance) [40,41] , or fbiD (associated with pretonamid resistance) 

[42] . 

3.2. MICs of drugs against M. tuberculosis H37Rv and clinical isolate 

The meropenem MIC for M. tuberculosis H37Rv alone was 16 

mg/L, which changed to 4 mg/L in combination with avibactam 

and 2 mg/L in combination with either relebactam or vaborbac- 

tam. The MICs of other drugs against M. tuberculosis H37Rv were 

as follows: isoniazid 0.064 mg/L, rifampin 0.016 mg/L, moxifloxacin 

0.016 mg/L, linezolid 0.5 mg/L, tedizolid 0.25 mg/L, bedaquiline 

0.03 mg/L, and pretomanid 0.06 mg/L. The MIC of meropenem- 

vaborbactam against the MDR-TB clinical strain M. tuberculosis 16D 

was > 128 mg/L. Other drug MICs were as follows: isoniazid > 

1mg/L, rifampin 32 mg/L, moxifloxacin 0.125 mg/L, linezolid 0.5 

mg/L, tedizolid 0.25 mg/L, bedaquiline 0.25 mg/L, and pretomanid 

0.125 mg/L. 

3.3. Meropenem concentration versus effect studies 

Supplementary Figure 1 shows the bacterial kill with different 

meropenem concentrations alone or in combination with the three 
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Table 2 

Effect of β-lactamase inhibitors on efficacy and potency of meropenem against Mycobacterium tuberculosis . 

Meropenem plus No BLI Avibactam Relebactam Vaborbactam 

E con (log 10 cfu/mL) 6.75 (6.60–7.00) 6.80 (6.57–7.04) 6.68 (6.60–7.13) 5.26 (5.03–5.50). 

E max (log 10 cfu/mL) 2.48 (1.81–4.07) 6.09 (5.28– 7.42) 6.65 (5.82–7.34) 4.00 (3.49–4.52) 

p-value meropenem alone vs BLI: E max – 0.029 0.039 0.052 

IC 50 (mg/L) 14.25 (6.13–40.14) 9.44 (6.20–13.79) 1.52 (0.96–2.0) 3.75 (2.37–6.59) 

p-value meropenem alone vs BLI: IC 50 – 0.486 0.018 0.008 

r 2 0.85 0.95 0.91 0.97 

BLI, β-lactamase inhibitor 

BLIs (avibactam, relebactam, and vaborbactam), based on Eq. 1 . 

In the first or initial analyses, the 95% CI for H all crossed 1.0, 

which meant [1] that they were similar for meropenem alone and 

meropenem plus BLI, and thus the relevant binding sites for micro- 

bial kill were those of meropenem and not BLI [2] . Since the Hill 

coefficient was 1.0, it is proof of meropenem (ligand) binding to a 

single target (“receptor”); therefore, for comparisons of E max and 

IC 50 and estimates of EC 50 , E max , and E con , H was fixed at 1.0 and 

the null hypothesis that E max and IC 50 were the same for all tested 

datasets. Results are shown in Table 2 . First, each of the three 

BLIs improved the efficacy of meropenem. However, only relebac- 

tam (9.38-fold) and vaborbactam (3.80-fold) improved the potency 

(IC 50 ) of meropenem against the drug-susceptible M. tuberculosis 

H37Rv. Thus, relebactam and vaborbactam can potentially improve 

microbial kill while reducing the amount of meropenem required 

several-fold because of improvement in IC 50 . Since meropenem- 

vaborbactam are commercially available, this drug combination 

was chosen in subsequent studies. 

3.4. Meropenem-vaborbactam plus different drug combinations in 

static time-kill studies 

The results of bacterial kill below day 0 or stasis (i.e. log 10 

cfu/mL on day 0 minus log 10 cfu/mL on day 7) for V in combina- 

tion with several anti-TB drugs against the drug-susceptible M. tu- 

berculosis H37Rv are shown in Figure 1 A. The results are arranged 

by M. tuberculosis log 10 cfu/mL, with the least effective on the left 

and the most effective on the right. V killed 1.37 log 10 cfu/mL be- 

low stasis, consistent with the good MIC. The most effective combi- 

nations were V-rifampin, V-rifampin-isoniazid, and V-moxifloxacin, 

which reduced the M. tuberculosis below limits of quantitation ( > 

5.77 ± 0.13 log 10 cfu/mL below stasis). 

Figure 1 B shows the results of the same combinations in the 

MDR-TB strain, M. tuberculosis 16D. The results are arranged by 

M. tuberculosis log 10 cfu/mL below stasis, with the least effective 

on the left and the most effective on the right. V on its own 

had no effect, and microbial kill equalled the non-treated controls; 

thus, bacteria grew above day 0 (negative kill). V-pretomanid was 

similar to the non-treated controls, despite the good MIC of pre- 

tomanid. The addition of rifampin to V resulted in the combina- 

tion holding M. tuberculosis at stasis, thus reversing both rifampin 

and V resistance. V-bedaquiline resulted in < 1 log 10 cfu/mL kill, 

which was statistically similar to V-rifampin. V-INH demonstrated 

remarkable microbial kill in this isoniazid-resistant strain. In com- 

mon with the M. tuberculosis H37Rv ( Figure 1 A), the most effec- 

tive combination for the MDR-TB strain was V-moxifloxacin, which 

killed 3.45 ± 0.88 log 10 cfu/mL, suggesting that this would be a 

good regimen to test vs. the BPaL regimen used in MDR-TB, as was 

performed in the HFS-TB. 

3.5. Hollow fibre model system of TB experiments 

Figure 2 represents the concentration-time profile of the drugs 

achieved in the HFS-TB. PK modelling revealed the elimination rate 

Figure 1. Mycobacterium tuberculosis kill below stasis with meropenem- 

vaborbactam alone or in combination with other anti-tuberculosis drugs in 

static concentration time-kill studies. (A) Mycobacterium tuberculosis H37Rv, V-RIF, 

V-INH-RIF, and V-MOX, mean and standard deviation estimates look the same 

because they reduced M. tuberculosis burden below the assay limits. The extent of 

killing with INH, TZD, BDQ, and P was not different from each other. (B) For the 

MDR-TB Mycobacterium tuberculosis 16D strain, V alone had no effect, but the best 

combinations were for V-MOX. V-INH-RIF effect was statistically equal to V-MOX. 

Abbreviations: V, meropenem-vaborbactam; INH, isoniazid; RIF, rifampin; MOX, 

moxifloxacin; TZD, tedizolid; BDQ, bedaquiline; P, pretonamid. 
∗P < 0.05, ∗∗P < 0.01, P < 0.0 01, and ∗∗∗P < 0.0 0 01 compared with non-treated 

controls. Error bars are standard deviations. 

constant (Ke), half-life (t 1/2 ), and 0-24 hour AUC (AUC 0-24 ) for the 

drugs used in different combination regimens to treat MDR-TB 

in the HFS-TB model are shown in Table 3 . Since the circulating 

medium in the HFS-TB did not contain any protein, the drug con- 

centrations reported here represent the free fraction of the drugs. 

Figure 3 A shows the results of the HFS-TB study, with MDR- 

TB clinical strain, using the TTP readouts (the higher the TTP, 

the lower the bacterial burden). As shown in Figure 3 A, both 

high-dose rifampin combinations with V were able to kill the 
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Table 3 

Pharmacokinetic parameters, as calculated by noncompartmental analysis, in the hollow fibre model system of TB. 

Drug T max (hr) C max (mg/L) AUC 0-24 (mg ∗hrL −1 ) Ke (L/hr) V (L) t 1/2 (hr) 

Meropenem 3.8 10.983 ± 2.683 111.083 ± 30.221 0.337 ± 0.083 1.263 ± 0.307 3.180 ± 0.153 

Vaborbactam 3.4 68.80 ± 10.91 715.22 ± 197.22 0.05 ± 0.01 0.29 ± 0.02 4.36 ± 1.31 

Rifampin 1 1.652 and 5.162 12.536 and 39.176 0.068 ± 0.034 0.696 ± 0.024 4.749 ± 0.345 

Moxifloxacin 1 3.188 ± 0.089 51.652 ± 3.866 0.012 ± 0.002 0.408 ± 0.010 19.657 ± 2.606 

Linezolid 1 9.832 ± 1.829 115.083 ± 30.221 0.041 ± 0.015 0.0541 ± 0.100 9.893 ± 0.153 

Abbreviations: Ke, elimination rate constant; t 1/2 , half-life; AUC 0-24 , 0-24 hour AUC; V, meropenem-vaborbactam 

Figure 2. Concentration-time profiles of drugs achieved in the hollow fibre model system of TB. (A) Rifampin, (B) Moxifloxacin, (C) Linezolid, (D) Meropenem. R1–R6 

represents different drug combination regimens. 

Figure 3. Meropenem-vaborbactam alone or in combination with other anti-tuberculosis drugs against multidrug-resistant tuberculosis clinical strain in the hollow fibre 

model system of TB. (A) Changes in the TTP with different treatment regimens. The higher the TTP, the lower the bacterial burden. Both VR combinations killed multidrug- 

resistant tuberculosis, the VM combination showed similar efficacy as with the BPaL regimen, and the VM combination was as effective as the high-dose rifampin combina- 

tion. However, when linezolid and moxifloxacin were used together, VML failed to sterilise the systems. (B) Time-kill curves with each V combination and the BPaL regimen 

using the cfu/mL readouts. Similar to the TTP results, except VML combination, all other regimens sterilised the HFS-TB units. However, the time to sterilisation differed 

between the regimens. 

Abbreviations: V, meropenem-vaborbactam; R, rifampin; M, moxifloxacin; L, linezolid; B, bedaquiline; P, pretonamid. 

MDR-TB. However, the TTP was 14 days with the 35 mg/kg ri- 

fampin combination compared with 21 days with the 20 mg/kg 

combination. The VM combination was as effective as the high- 

dose rifampin combination. However, when linezolid and moxi- 

floxacin were combined, VML failed to sterilise the systems, indi- 

cating antagonism at the tested dose combination. The TTP with 

the VM combination and BPaL regimen was virtually the same. 

Figure 3 B is the same data but using log 10 cfu/mL readout. First, 

non-treated controls in this M. tuberculosis MDR-TB strain ini- 

tially demonstrated a decline in bacterial burden, likely because it 

took time for this strain (not used in HFS-TB till now) to adapt 

to the HFS-TB environment. Second, V combinations were active 
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Figure 4. Exponential decline models for combination regimens in hollow fibre 

model system of TB. (A) Based on log 10 CFU/mL/day, VM had similar kill rates to 

BPaL. (B) Based on TTP, VML had a lower kill rate constant than either VM or VL, 

demonstrating antagonism. 

Abbreviations: V, meropenem-vaborbactam; R, rifampin; M, moxifloxacin; L, line- 

zolid; B, bedaquiline; P, pretonamid 

Error bars are 95% confidence intervals of the kill slopes. 

despite the 128 mg/L V MIC. Third, all treatment regimens (ex- 

cept V-moxifloxacin-linezolid) eventually sterilised the HFS-TB by 

day 28. 

When microbial kill was analysed using exponential decline 

models of bacterial burden vs. time, the kill rate constants were 

identified as shown in Figure 4 . Figure 4 A shows the kill rate 

constants based on cfu/mL readout; the r 2 for all regressions 

was > 0.98 in all regimens. The null hypothesis that K was the 

same for V-moxifloxacin vs. the rest of the regimens was rejected 

for V-rifampin (both) and V-linezolid but not for V-moxifloxacin- 

linezolid ( P = 0.171) and BPaL ( P = 0.699), based on the log 10 

cfu/mL readout. Figure 4 B is based on time-to-positive based kill 

rates; r 2 for all regressions ranged from 0.95 to > 0.99 in all reg- 

imens. Figure 4 B shows that the null hypothesis that K was the 

same for V-moxifloxacin vs. the rest of the regimens was rejected 

( P < 0.0 0 01), except with BPaL ( P = 0.9947). In addition, a com- 

parison of K for V-linezolid vs. V-moxifloxacin-linezolid revealed 

that K was lower with V-moxifloxacin-linezolid ( P < 0.0 0 01). Over- 

all, the best kill rates were encountered with the V-moxifloxacin 

combination, which was statistically equal to the BPaL regimen 

by both readouts. The V-rifampin combinations (both 20 mg/kg 

and 35 mg/kg) had better kill rates than non-treated controls 

( P < 0.0 0 01) for both readouts, although this was lower than V- 

moxifloxacin and BPaL combinations. However, this is still con- 

sistent with reversing rifampin-resistance in this MDR-TB strain. 

Linezolid demonstrated antagonism to the V-moxifloxacin-linezolid 

regimen, in the HFS-TB. 

4. Discussion 

This study showed that similar to the prior observations of car- 

bapenem efficacy against M. tuberculosis in the combination of the 

BLI clavulanic acid, meropenem alone killed drug-susceptible M. 

tuberculosis , but potency (IC 50 ) was enhanced by the BLIs relebac- 

tam and vaborbactam, at the same time improving E max (potency), 

which resulted in better efficacy [25] . The finding that the Hill 

slope was 1.0 gave partial insight into how BLIs work, in this case, 

reducing hydrolysis of the active compound meropenem, and the 

efficacy likely reflects a single binding site/protein that is inhib- 

ited by meropenem. It is unclear why E max improved, since the 

number of these binding sites was not increased and saturable 

[25,43] . Conversely, the V MIC against the MDR-TB strain com- 

pared with the drug-susceptible laboratory strain was multiple- 

fold higher; however, there was no BlaC mutation on WGS. In any 

case, V microbial efficacy was restored by other drugs such as ri- 

fampin (in the presence of rpoB Ser450Leu mutation) and isoni- 

azid (in the presence of a katG Ser315Thr mutation) in static time- 

kill studies, suggesting that the high V MIC was not due to mu- 

tations in the meropenem target. Thus, if MIC is the sole deter- 

minant of the drug’s efficacy and a decision for clinical use, the 

meropenem-vaborbactam combination may not be included in the 

MDR-TB treatment regimens. 

In the STK test tube experiments, V restored rifampin and iso- 

niazid activity in a highly resistant strain (with multiple mutations 

in katG and rpoB genes) in the MDR-TB strain; this is exciting but 

the mechanistic basis is still unclear. In the HFS-TB, the rifampin 

effect was enhanced in a dose-dependent fashion (hold the dose 

of V constant); this observation will require further testing in the 

HFS-TB and animal models to determine the potential clinical util- 

ity. Given the limited options of effective drugs against MDR-TB, 

reversing rifampin resistance and using this time-honoured drug 

could be helpful. The findings of reversing resistance are also im- 

portant for rifampin dosing. While clinical studies support the ef- 

ficacy of higher rifampin doses and being safe, there is still some 

reservation on increased doses [44–46] . On the other hand, the ad- 

dition of pretomanid to V in the susceptible drug strain was mod- 

erate, but in MDR-TB resulted in an effect indistinguishable from 

non-treated controls. In contrast, the addition of bedaquiline to V 

had a moderate effect in both the drug-susceptible M. tuberculosis 

strain and MDR-TB strain. Thus, these drugs are not ideal compan- 

ions for V in combination. 

The STK studies overestimate the efficacy of a drug because the 

concentration does not change over time. In people, the drug con- 

centrations decline with a half-life of ca. 2.5 hours for meropenem 

and vaborbactam, and around the same for isoniazid and rifampin. 

That means that over 24 hours, the total exposures (e.g. measured 

as AUC) are multiple folds in patients, and drugs stay 100% above 

the MIC, which is why a combination of preclinical models and 

methodologies are used [12,14,19–23,31,34,35,47–54] . One strength 

of the HFS-TB model is to multiplex different drug PKs in a com- 

bination to simulate in vivo kinetics on lung lesions. In its quali- 

fication opinion, the EMA recommended that the HFS-TB be used 

for five purposes, including: "to provide preliminary proof of con- 

cept for developing a specific drug or combination to treat tu- 

berculosis” and “to provide data to support PK/PD analyses lead- 

ing to initial dose selection for non-clinical and clinical studies”

[9,10] . The combination of V with several other drugs—such as 

moxifloxacin, pretomanid, bedaquiline, and linezolid—were com- 

pared with BPaL, using PKs of these drugs encountered in hu- 

man lung lesions, and in the case of rifampin using two different 
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doses. Consistent with STK experiments, the V-moxifloxacin reg- 

imen was the most effective and equalled the standard of care 

for MDR-TB of BPaL. Linezolid antagonised V and V-moxifloxacin 

when combined at 600 mg dose. The V-rifampin data suggest 

that the meropenem-rifampin antagonism noted in EBA studies 

could be overcome using higher doses. However, the BLI used in 

that study was clavulanate, not vaborbactam, and thus not directly 

comparable. 

This study had several limitations. First, all models were in 

vitro , and some in vivo support of these observations will be 

required. Second, more M. tuberculosis strains than tested here 

will be needed to better generalise these findings. Third, while 

meropenem-vaborbactam is reported as a promising agent to po- 

tentially restore the efficacy of isoniazid and rifampin against 

MDR-TB, the drug in its current formulation can only be adminis- 

tered intravenously; therefore, utility outside ambulatory care may 

be limited. On the other hand, the meropenem-vaborbactam was 

administered once a day, which may make administration more 

amenable compared with the three times a day schedule. The 

fourth limitation was a lower than intended C max of meropenem 

in the HFS-TB. One possible explanation could be that the drug 

syringes were changed every 72 hours. An earlier study by Watt 

et al. [55] , while developing a meropenem dosing schedule for the 

treatment of TB, described that meropenem was unstable at 37 °C, 

where a loss of 50% potency was reported after 24 hours followed 

by 25% every additional day for the drug in solution. Similarly, loss 

of potency for ertapenem, another carbapenem, was also reported 

elsewhere [31] . Therefore, in the HFS-TB study where the drug sy- 

ringes were changed every 72 hours with fresh drug, the instability 

may result in lower than expected V efficacy than if the drug was 

prepared each day. 

In summary, meropenem-vaborbactam restores the efficacy 

of first-line drugs against MDR-TB. These findings suggest that 

meropenem-vaborbactam in combination with moxifloxacin could 

be a potential candidate as a backbone to create a pan-TB regimen. 
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