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Abstract

Tuberculous meningitis (TB meningitis) is the most devastating form of tuberculosis (TB) and 

there is a critical need to optimize treatment. Linezolid is approved for multidrug resistant TB 

and has shown encouraging results in retrospective TB meningitis studies, with several clinical 
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trials underway assessing its additive effects on high-dose (35 mg/kg/day) or standard-dose 

(10 mg/kg/day) rifampin-containing regimens. However, the efficacy of adjunctive linezolid to 

rifampin-containing first-line TB meningitis regimens and the tissue pharmacokinetics (PK) in 

the central nervous system (CNS) are not known. We therefore conducted cross-species studies 

in two mammalian (rabbits and mice) models of TB meningitis to test the efficacy of linezolid 

when added to the first-line TB regimen and measure detailed tissue PK (multicompartmental 

positron emission tomography [PET] imaging and mass spectrometry). Addition of linezolid did 

not improve the bactericidal activity of the high-dose rifampin-containing regimen in either animal 

model. Moreover, the addition of linezolid to standard-dose rifampin in mice also did not improve 

its efficacy. Linezolid penetration (tissue/plasma) into the CNS was compartmentalized with lower 

than previously reported brain and cerebrospinal fluid (CSF) penetration, which decreased further 

two weeks after initiation of treatment. These results provide important data regarding the addition 

of linezolid for the treatment of TB meningitis.
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1. Introduction

Tuberculous meningitis (TB meningitis) is the most devastating form of tuberculosis (TB) 

and is common in young and HIV-infected individuals, especially in TB endemic countries 

[1-3]. Current treatment regimens have been based on treatments for pulmonary TB and 

have not been adequately optimized for TB meningitis. Therefore, there is an urgent need 

to optimize treatment regimens for both drug-susceptible and multidrug-resistant (MDR) TB 

meningitis.

Many strategies to improve treatment focus on mycobacterial killing and include utilization 

of repurposed or novel antimicrobials as well as dosage optimization of current TB drugs. 

Linezolid, an oxazolidinone antimicrobial that inhibits protein synthesis, is a repurposed 

drug that was approved for MDR-TB by the World Health Organization (WHO) in 2019 

[4]. It was initially approved for Gram-positive infections but also has excellent activity 
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against Mycobacterium tuberculosis in culture [5] and animal models of pulmonary TB 

[6], and demonstrates early bactericidal activity in pulmonary TB patients [7]. Compared 

to some key TB drugs, such as rifampin, linezolid is thought to have excellent penetration 

into the central nervous system (CNS) with relatively high tissue/serum ratios reported 

in neurosurgical patients without infection (brain/serum = 44.66% and cerebrospinal 

fluid [CSF]/serum = 69.57%) [8] and in patients with staphylococcal ventriculitis (area 

under the curve [AUC]steady state CSF/plasma = 80%) [9]. However, linezolid causes side 

effects (i.e., myelosuppression and peripheral neuropathy), especially when administered 

at 1,200 mg/day doses [10, 11]. Despite these potentially dose-limiting side effects, 

there is interest in linezolid to treat TB meningitis based on retrospective studies from 

China, demonstrating improved clinical and neurological parameters in adults [12] and 

children [13]. Additionally, a recent small retrospective study of rifampin-resistant MDR-TB 

meningitis showed lower mortality in those treated with linezolid [14]. In fact, there are 

several clinical trials, NCT03927313 (LASER-TBM, recently completed), NCT04021121 

(ALTER), NCT03537495 (SIMPLE), NCT04145258 (INTENSE-TBM), utilizing linezolid 

with rifampin-containing first-line TB regimens to treat drug-susceptible TB meningitis [15, 

16], but only LASER-TBM has reported results which showed no difference in mortality or 

disability when linezolid was added but a worse cumulative proportion of adverse events and 

death when linezolid and aspirin were added [17].

Therefore, the efficacy of linezolid when added to the first-line TB regimens for TB 

meningitis or the tissue pharmacokinetics (PK) in the CNS requires further investigation. 

Additionally, some data from studies of pulmonary TB suggest that addition of linezolid to 

the first-line TB regimens may not be beneficial. For instance, the addition of linezolid to 

the standard-dose rifampin-containing first-line TB regimen was antagonistic, with higher 

bacterial burden and failure to cure, in a mouse model of pulmonary TB [18]. Similarly, a 

phase II, multicenter, randomized trial substituting linezolid for ethambutol in the first-line 

TB regimen for pulmonary TB failed to improve 4-week culture conversion (−1.1%) [19]. 

Furthermore, current data from clinical studies on antibiotic PK is limited to sampling 

blood and CSF [20], since access to brain samples is rare due to the inherent risks of 

brain biopsies [8]. Additionally, sampling is generally limited to a single time-point, even 

in animal studies. We have therefore utilized noninvasive, molecular imaging technologies 

to perform cross-species animal and firstin-human studies to measure detailed concentration-

time PK of existing and new antibiotics [21], measure changes in tissue penetration during 

treatment [22-24], and also identify key factors governing tissue penetration of antibiotics 

[24]. Here, we investigate the contribution of linezolid (at human equipotent dosing of 

1,200 mg/day) to the treatment efficacy of high-dose or standard-dose rifampin-containing 

first-line TB regimens for drug-susceptible TB meningitis in two mammalian (rabbits and 

mice) models of TB meningitis (Fig. 1). We also measure detailed linezolid tissue PK 

(multicompartmental positron emission tomography [PET] imaging and mass spectrometry) 

in the CNS.
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2. Material and methods

2.1. Study design

The overall goal of this study was to investigate the contribution of linezolid (at human 

equipotent dosing of 1,200 mg/day) to the treatment efficacy of high-dose or standard-

dose rifampin containing first-line TB regimens for drug-susceptible TB meningitis in 

two mammalian (rabbits and mice) models of TB meningitis. We also measured detailed 

linezolid tissue PK using multicompartmental PET imaging, and postmortem direct 

measures (mass spectrometry) in the CNS. All protocols were approved by the Johns 

Hopkins University Animal Care and Use (RB19M417, MO19M382), Radiation Safety and 

Biosafety committees.

2.2. Animal studies

Male and female New Zealand White rabbits (5-7 day old, Robinson Services Inc.; 

Supplemental Fig. 1) were infected intraventricularly (titrated frozen stock with ~6.5 log10 

of M. tuberculosis H37Rv) via the bregma using a 30-gauge insulin syringe as described 

previously [21,22, 24, 25]. The infection was allowed to incubate for 21 days. Rabbits 

were weighted at least weekly and death or early sacrifice secondary to symptomatology 

prior to terminal time-points were noted. Female C3HeB/FeJ mice (7-8 weeks old, Jackson 

laboratories) were infected intraventricularly (titrated frozen stocks with ~6.5 log10 CFU 

of M. tuberculosis H37Rv) via a burr hole using a Hamilton syringe (Hamilton, 88000) 

and stereotaxic instrument (David KOPF instrument, model 900) as described previously 

[21,24]. The infection was allowed to incubate for 14 days. Bacterial burden (CFUs) in 

whole brain tissue (rabbits and mice) and spleen/lung (rabbits only) were quantified at two 

(rabbits and mice) and six weeks (mice only) after treatment initiation using 7H11 plates. 

Untreated animals were utilized as controls.

2.3. Antimicrobial treatments

All drugs were administered via oral gavage (except dexamethasone in mice), five days a 

week at human equipotent dosing: rifampin (10 or 35 mg/kg/day), isoniazid (10 mg/kg/day), 

pyrazinamide (25 mg/kg/day), linezolid (1,200 mg/day) [21, 24] and dexamethasone (0.4 

mg/kg) [26-29]. Dexamethasone was administered via the intraperitoneal route in mice [24, 

26-29]. Supplemental Table 1 shows human equipotent dosing used in rabbits and mice 

[13, 19, 24, 30-33]. Experimentally-infected animals were randomly allocated to treatment 

groups.

2.4. PET imaging
18F-Linezolid was synthesized in-house using methods previously described by us [34]. 
18F-FDG was purchased from Sofie Co. Live M. tuberculosis-infected rabbits (n = 4) were 

imaged in transparent biosafety level 3 (BSL-3)-compliant containers able to sustain animals 

with an anesthetic-O2 mixture as previously reported [21, 35]. NanoScan PET/CT (Mediso) 

was used to acquire PET/CT after an ear vein injection as follows: dynamic PET for 60 min 

after injection of 18F-linezolid (5.5 ± 1.5 MBq) or 15 min static PET, 45 min after injection 

of 18F-FDG (8 ± 3.4 MBq). Imaging was performed at least two weeks after infection 
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and prior to initiation of treatment with high-dose rifampin plus linezolid (HR35ZL). 18F-

Linezolid and 18F-FDG PET were performed on the same rabbits on consecutive days. 

Given a 109 min physical half-life for F-18, the first tracer would completely decay the day 

after, and at the time of the second tracer imaging. VivoQuant 2020 (Invicro) was utilized 

to co-register and analyze PET/CT images. Three-dimensional volumes of interest (VOIs) 

were drawn to calculate AUC as described previously [21,22, 24]. Plasma was calculated 

from whole blood VOIs using standard rabbit hematocrit (0.5) [21] but also corrected for red 

blood cell partition coefficient of linezolid [33].

2.5. Mass spectrometry

For the mouse studies, samples were collected 30 min after oral gavage. For the rabbit 

studies, linezolid was administered intravenously 30 min prior to sacrifice as described 

previously [22, 24]. Intravenously administered linezolid (human equipotent dosing 12.5 

mg/kg in rabbits) was prepared using Kolliphor HS 15 (Sigma-Aldrich) for solubility. 

Linezolid levels in plasma, CSF and brain tissues from M. tuberculosis-infected animals 

were quantified using tandem mass spectrometry (LC-MS/MS) and ultra-high-performance 

liquid chromatography (UPLC) by the Infectious Diseases Pharmacokinetics Laboratory of 

the University of Florida (standard curves from 30.00 to 0.03 μg/mL) [21].

2.6. Statistical analysis

Data were analyzed using Prism 9.2 (GraphPad Software Inc.) and presented as median 

± IQR except bacterial burden (CFU) that is on a logarithmic scale (base 10) and weight 

which were presented as mean ± SD. PET-derived AUCs were calculated using the linear 

trapezoidal rule. Comparisons were made using a t-test (parametric distribution) or Mann-

Whitney U test (nonparametric distribution). P values ≤ 0.05 were considered statistically 

significant.

3. Results

3.1. Bacterial burden

Cross-species studies to evaluate the addition of linezolid (L, at human equipotent dosing 

of 1,200 mg/day) to the first-line TB regimens were performed in rabbits and mice 

with experimentally-induced TB meningitis and were conducted as part of our prior 

studies investigating high-dose rifampin-containing regimens [24]. Dexamethasone was 

administered for all regimens as it is the standard of care for the first six weeks of treatment 

of TB meningitis [36, 37]. Since most clinical trials for TB meningitis are evaluating 

the addition of linezolid to the high-dose rifampin-containing first-line TB regimen, this 

was evaluated first. Addition of linezolid did not improve the bactericidal activity of the 

high-dose rifampin-containing first-line TB regimen (HR35Z) in either rabbits or mice. Two 

weeks after initiation of treatment, the brain bacterial burden was 3.44 ± 0.05 log10 colony 

forming units (CFU)/g and 4.02 ± 0.81 log10CFU/g in rabbits treated with the HR35Z and 

HR35ZL regimens, respectively (P = 0.28) and 3.51 ± 0.31 log10CFU/g and 4.10 ± 0.50 

log10CFU/g in mice, respectively (P = 0.05) (Fig. 2). This trend was retained at six weeks 

after treatment initiation in mice, with brain bacterial burdens of 1.85 ± 0.26 log10 CFU/g 

and 2.36 ± 0.50 log10 CFU/g treated with the HR35Z and HR35ZL regimens, respectively 
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(P = 0.08) (Fig. 2C-E). Similar experiments were performed in mice with standard-dose 

rifampin-containing first-line TB regimens, where addition of linezolid not only did not 

improve but potentially worsened bactericidal activity, with brain bacterial burdens of 4.34 ± 

0.16 log10 CFU/g and 4.84 ± 0.28 log10 CFU/g in mice treated with the HR10Z and HR10ZL 

regimens, respectively at two weeks (P < 0.01), and 2.96 ± 0.18 log10 CFU/g and 3.22 ± 

0.19 log10 CFU/g respectively at six weeks (P < 0.05) after treatment initiation (Fig. 2C-E).

Since linezolid has not been previously evaluated in rabbit models of TB, we also measured 

lung and spleen bacterial burdens in the same animals to monitor dissemination to the 

lung and the spleen which has been previously described after brain infection (albeit 

generating a much lower bacterial burden) [22, 24]. Consistent with previously published 

data in the mouse model of pulmonary TB [18], the addition of linezolid did not improve 

the bactericidal activity in lungs or spleens. The lung and spleen bacterial burdens of 

rabbits treated with the HR35ZL regimen were 0.69 ± 1.55 log10 CFU/g and 1.20 ± 1.86 

log10 CFU/g, respectively at two weeks after treatment initiation (Supplemental Fig. 2). In 

contrast, no bacteria could be cultured from the lungs and spleens of the rabbits treated 

with the HR35Z regimen, without linezolid. Finally, we monitored total body weight of the 

rabbits, as a clinical readout, which did not show improvement when linezolid was added to 

the regimen (Supplemental Fig. 3).

3.2. Linezolid pharmacokinetics

3.2.1. 18F-Linezolid PET—Next, we performed dynamic 18F-linezolid PET imaging 

to measure multicompartmental time-concentration PK in live rabbits with TB meningitis 

(Fig. 3). Since linezolid contains a fluorine atom, 18F-linezolid is chemically identical to 

linezolid, and the radioisotope is retained by the major metabolite [34]. The computed 

tomography (CT) was used as a guide to draw three dimensional VOIs, which were applied 

to the dynamic 18F-linezolid PET to measure time activity curves over 60 min and calculate 

PET-derived area under the curve (AUCtissue/plasma) ratios for brain lesions and unaffected 

brain tissues (Fig. 3C-D). These data demonstrated a median AUCtissue/plasma ratio for 

brain lesions and unaffected brain of 0.28 (interquartile range [IQR], 0.27-0.29) and 0.20 

(IQR 0.19-0.21; P < 0.01), respectively. 18F-Fluorodeoxyglucose (18F-FDG) PET was also 

performed in these animals to confirm the presence and location of brain lesions.

3.2.1. Linezolid mass spectrometry—We also performed direct tissue measures of 

linezolid concentration by mass spectrometry in both the rabbit and the mouse models of TB 

meningitis (Fig. 4). Key findings in rabbits included that linezolid levels were higher in brain 

lesion versus the unaffected brain before treatment initiation (P = 0.01) and that linezolid 

levels in all compartments decreased significantly, two weeks after initiation of treatment 

(linezolid concentration over time [week 0 to 2]; brain lesion P = 0.06, unaffected brain P 
= 0.01, combined brain (lesion plus unaffected) P < 0.05, and CSF P < 0.01; Fig. 4A-B). 

Importantly, the linezolid penetration into all CNS compartments (tissue/plasma) decreased 

after two weeks of treatment, indicating that decreased plasma levels at two weeks (likely 

due to drug-drug interations in the rabbits) alone did not account for the decrease in linezolid 

levels in the CNS (linezolid tissue/plasma over time [week 0 to 2]; brain lesion P = 0.06, 

unaffected brain P = 0.05, combined brain P = 0.01, and CSF P = 0.06; Fig. 4C-D). Mass 
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spectrometry in the mouse model of TB meningitis also showed a significant decrease in 

CNS penetration of linezolid, two weeks after initiation of treatment (linezolid brain/plasma 

ratio over time [week 0 to 2]; P < 0.05; Fig. 4E-F).

4. Discussion

Given its excellent activity against M. tuberculosis and good penetration into the CNS, 

there is substantial interest in using linezolid for treating TB meningitis. In fact, several 

TB regimens with addition of linezolid to first-line TB treatment are currently being tested 

in ongoing clinical trials investigating efficacy and PK profiles, the majority of which use 

high-dose rifampin (35 mg/kg/day) [15, 16]. However, in our studies, linezolid did not 

improve the bactericidal activity of the high-dose rifampin-containing first-line TB regimen 

(HR35Z) in either rabbits or mice. In fact, in both animal models, there was a trend toward 

worse bactericidal activity with the addition of linezolid. These results are consistent with 

the results of the LASER-TBM clinical trial that showed no mortality benefit with the 

addition of linezolid to high-dose rifampin, and worse cumulative outcome (death and 

adverse events) with linezolid and aspirin [17]. Given these paradoxical results, and since 

several original retrospective studies used standard-dose rifampin [12, 13] in combination 

with linezolid, we also tested the addition of linezolid to standard-dose rifampin-containing 

first-line TB regimens in mice and found the same results. That is, addition of linezolid 

did not improve but potentially worsened bacterial killing of the first-line TB regimen. 

Importantly, a recent pilot randomized control trial in TB meningitis also showed no 

mortality benefit when linezolid was added to standard-dose rifampin, although there was a 

slight improvement in disability [38]. This study and the LASER-TBM study results should 

be interpreted with caution given their small samples sizes. Although, several factors could 

be contributing to this paradoxical effect of linezolid, previous studies in the mouse model of 

pulmonary TB have shown similar antagonism when linezolid was added to the first-line TB 

regimen, with higher bacterial burden and failure to cure [18]. Importantly, this antagonism 

was also noted in a phase II clinical trial where linezolid was used instead of ethambutol 

in the first-line TB regimen for pulmonary TB did not improve (and slightly worsened) the 

4-week culture conversion [19].

The reasons for the lack of additive effects of linezolid to high-dose or standard-dose 

rifampin containing first-line regimens are not clearly understood. Importantly, this finding 

is not isolated to the CNS, as addition of linezolid did not improve the bactericidal activity 

in lungs or spleens of rabbits in this study, and as noted above, this antagonism is noted 

in the treatment of pulmonary TB in both mice and human studies. One explanation is that 

drug-drug interactions may alter antibiotic activity or PK. Rifampin and linezolid target 

RNA and protein synthesis, respectively, and thus could in theory interact with each other. 

However, in vitro [39] and animal studies [39-41] demonstrate that addition of rifampin 

to linezolid improves the activity of the combination. Nonetheless, co-administration of 

rifampin can decrease linezolid plasma levels [42, 43], which were also noted in the 

rabbit studies after two weeks of treatment despite intravenous administration prior to PK 

sampling. Although it can be hypothesized that myelosuppression secondary to linezolid 

may affect bacterial burden, linezolid has been effective in neutropenic animals and in 

pulmonary TB in regimens without rifampin [18, 44, 45].
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Additionally, our studies demonstrate that CNS penetration of linezolid is substantially 

lower (AUCbrain/plasma ratio of 20-29% and CSF/plasma ratio of 52-65% using direct, single 

time-point measurements) than expected from previously published studies in neurosurgical 

patients without infection (45-70%) or those with staphylococcal ventriculitis (CSF/plasma 

80%) [8, 9], where sampling was also generally limited to a single time-point. The 

postmortem direct linezolid measurements in both mice and rabbits were supportive of 

the PET data, although the magnitude varied and which could be explained by sampling 

differences. For instance, brain/plasma ratios were more variable and generally higher 

in rabbits than in mice, especially at treatment initiation. While daily antibiotic doses 

were administered orally in rabbits and mice, for PK studies, linezolid was administrated 

intravenously in rabbits (but orally in mice) in accordance with our prior studies [22], due to 

the unique digestive physiology in rabbit leading to variable Tmax (time to reach maximum 

concentration). Therefore, at the time of sampling (30 min after intravenous dose) plasma 

values are likely underestimated, overestimating tissue/plasma ratios in the rabbit studies. 

This is a limitation of single time-point sampling and likely contributed to the higher tissue/

plasma ratio in mass spectrometry data compared to AUC ratios from PET data. Unlike 

mice where whole brain was used for drug quantification, the rabbit brain was dissected to 

separate brain lesions from the unaffected brain and these sampling differences also likely 

affected drug levels. Data from our prior 18F-linezolid PET studies [34], as well as direct 

linezolid measurements from another study assessing the BPaL (bedaquiline, pretomanid, 

linezolid) regimen for TB meningitis in mice, are consistent with the current studies, and 

demonstrate low brain tissue and CSF linezolid levels [21]. Importantly, in a recently 

completed sub-study of a phase II clinical trial (LASER-TBM), adults with HIV associated 

TB meningitis receiving high-dose rifampin (35 mg/kg) and linezolid (1,200 mg/day for 28 

days, then 600 mg/day) with or without aspirin, underwent sampling on day 3 and 28. In 

this sub-study (currently a preprint), pharmacokinetic modeling showed that linezolid CSF 

penetration (CSF/plasma) was only 30% [46], correlating with our data. Finally, our studies 

also demonstrate that absolute linezolid levels as well as CNS penetration (tissue/plasma 

ratio) substantially decreased by two weeks after treatment initiation in both rabbits and 

mice. We hypothesize that CNS penetration decreases, at least in part, due to healing of the 

blood-brain barrier with antibiotic treatments as well as dexamethasone administration, and 

we have previously described the same phenomenon for rifampin [22, 24]. Importantly, data 

from the LASER-TBM trial is also supportive of this finding as linezolid levels correlated 

well with CSF protein levels, which decreased with treatment [46]. This is an important 

finding, especially given the fact that treatment duration for TB meningitis is 12 months 

and also because most clinical studies do not perform repeat sampling to measure antibiotic 

penetration after initiation of treatment.

Our study has some limitations. While following bacterial burden is the standard in 

determining treatment efficacy in pulmonary TB, TB meningitis is accompanied by 

neuroinflammation and neurological deficits, thus treatment efficacy needs to account for 

factors other than bacterial killing. Although we did not measure markers of inflammation 

with adjunctive linezolid, we previously did not find differences with different rifampin 

regimens [24]. While rabbit studies utilized both males and females, only female mice 

were used, and future studies with both males and females would be required to investigate 
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how biological sex may affect linezolid PK. The PET studies administered microdoses 

(ng-μg) of 18F-linezolid per animal but current evidence suggests that microdosing is a 

reliable predictor of the drug biodistribution at therapeutic doses [47, 48]. Moreover, mass 

spectrometry drug levels were measured at Tmax and represent a single time-point, and 

not time-concentration curves (AUC) as measured by PET. Finally, although a healing 

blood-brain barrier supports the decreased CNS penetration of linezolid by two weeks of 

treatment initiation, other mechanisms (e.g., efflux pumps) may be at play, and further 

research is needed.

5. Conclusion

In conclusion, the results of our cross-species studies in two mammalian (rabbits and mice) 

models of TB meningitis demonstrate that the addition of linezolid does not improve the 

bactericidal activity of high-dose (35 mg/kg/day) or standard-dose (10 mg/kg/day) rifampin 

containing first-line TB regimens. Furthermore, our data demonstrate that CNS penetration 

of linezolid is more restricted than previously thought and decreases further after two weeks 

of treatment. Although the reasons for the lack of an additive effect of linezolid are not 

clearly understood, it is likely that drug-drug interactions specific to rifampin or other drugs 

in the first-line TB regimen may be at play. Our studies re-emphasize the added value of 

animal models and advanced imaging technologies for detailed characterization of novel 

and existing antibiotics and to accelerate the development and prioritization of promising 

treatments that takes years in clinical trials.
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Highlights

• Adjunctive linezolid does not improve activity in animal models of TB 

meningitis

• Linezolid penetration into the CNS is compartmentalized and lower than 

expected

• Linezolid penetration decreased within two weeks after initiation of 

treatments

Tucker et al. Page 13

Int J Antimicrob Agents. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 1. Experimental schematic.
Cross-species studies were performed in rabbits and mice to understand the added effect of 

linezolid to high-dose or standard-dose rifampin containing first-line TB regimens for TB 

meningitis. Animals were infected with M. tuberculosis intraventricularly. After a 2-3 weeks 

incubation, M. tuberculosis-infected animals were randomly allocated into treatment groups. 

Isoniazid (H), rifampin (R; standard [R10] or high-dose [R35]), pyrazinamide (Z) with or 

without linezolid (L, at human equipotent dosing of 1,200 mg/day) were administered orally. 

Dexamethasone (D) was administered for all regimens, as it is the standard of care for the 

first six weeks of treatment of patients with TB meningitis. Treatment efficacy was assessed 

by measuring brain bacterial burden (colony forming units, CFU). Dynamic 18F-linezolid 

PET/CT imaging in live animals as well as postmortem direct measures of linezolid (mass 

spectrometry, LC MS/MS) were performed to characterize levels in brain lesions, unaffected 

brain, cerebrospinal fluid and plasma. *Standard-dose rifampin with linezolid regimen was 

tested in mice only.
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Fig 2. Addition of linezolid to rifampin containing first-line TB regimens.
(A-B) Three weeks after infection, M. tuberculosis-infected rabbits were randomly 

allocated to the treatment groups (standard-dose [R10], high-dose rifampin [R35] or high-

dose rifampin plus linezolid [R35L] in addition to isoniazid [H], pyrazinamide [Z] and 

dexamethasone [D]). Two rabbits remained untreated. (A) Bacterial burden overtime and 

(B) after two weeks of treatment (n = 3-5 rabbits/group). (C-E) Two weeks after infection, 

M. tuberculosis-infected mice were randomly allocated to the treatment groups, including 

standard-dose plus linezolid [R10L]. Four mice remained untreated. (C) Bacterial burden 

overtime and (D) after two and (E) six weeks of treatment (n = 4-10 mice/group). Bacterial 

burden is shown as colony forming units (CFU) represented as mean ± SD on a logarithmic 

(base 10) scale. Statistical comparisons were made using two-tailed t-test.
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Fig 3. Dynamic 18F-linezolid PET/CT in live rabbits.
18F-Fluorodeoxyglucose (18F-FDG) and 18F-linezolid PET/CT imaging was performed in 

M. tuberculosis-infected rabbits two weeks after infection and before the initiation of 

treatment. (A) Dynamic 18F-linezolid maximum intensity projection (MIP) PET/CT images 

at 5-10 min after tracer injection in a representative rabbit showing blood activity in the ear 

vein and heart. (B) Transverse (left), coronal (middle) and sagittal (right) 18F-FDG PET/CT 

showing increased signal at the site of the brain lesions (yellow arrow). (C) 18F-linezolid 

time-activity curve (TAC) for plasma, brain lesion and unaffected brain (n = 4 rabbits). (D) 
PET-derived area under the curve (AUCtissue/plasma) ratios comparing unaffected brain (n = 

7 volumes of interest [VOIs]; n = 4 rabbits) and brain lesions (n = 7 VOIs; n = 4 rabbits; P 
< 0.01). Each dot represents a VOI. PET data are represented as median ± IQR. Statistical 

comparisons were made using two-tailed Mann-Whitney U test.
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Fig 4. Linezolid mass spectrometry.
M. tuberculosis-infected animals were randomly allocated to receive high-dose rifampin 

[R35] with linezolid [L] in addition to isoniazid [H], pyrazinamide [Z] and dexamethasone 

[D]) for two weeks. (A-D) Rabbits, n = 7. (A-B) Linezolid tissue concentration (μg/mL) in 

(A) plasma, brain lesion (P = 0.06), unaffected brain (P = 0.01) and CSF (P < 0.05) and (B) 
combined brain samples (P < 0.01) at initiation of treatments (week 0) (n = 4 rabbits, 4-7 

samples/group) and two weeks after treatment imitation (n = 3 rabbits, 2-3 samples/group) 

are shown. (C-D) Tissue/plasma ratios in (C) plasma, brain lesion (P = 0.06), unaffected 

brain (P = 0.05) and CSF (P = 0.06) and (D) combined brain samples (P = 0.01) at initiation 

of treatments (week 0) (n = 4 rabbits, 4-7 samples/group) and two weeks after treatment 

imitation (n = 3 rabbits, 2-3 samples/group) are shown. (E-F) Mice, n = 10. (E) Linezolid 

mass spectrometry concentration (μg/mL) at week 0 (n = 4-5 samples/group) and week 2 

(n = 5 samples/group). (F) Mass spectrometry-derived linezolid concentration ratios (tissue/

plasma) at week 0 (n = 4 samples/group) and week 2 (n = 5 samples/group; P = 0.03). Mass 

spectrometry data are represented as median ± IQR. Statistical comparisons were made 

using one-tailed Mann-Whitney U test.
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