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ABSTRACT 
 

Background: Rifampicin-resistant tuberculosis (RR-TB) accounts for an expanding 

proportion of incident global TB cases and is a major barrier to global tuberculosis 

control. There is a need for more effective, safe, and well-tolerated drugs. Linezolid is 

a repurposed oxazolidinone antimicrobial with bactericidal activity against M. 

tuberculosis. Guidelines recommend linezolid as a preferred antituberculosis agent for 

RR-TB, and it is widely used in national programmes. The major drawback of linezolid 

is dose-related mitochondrial toxicity that may be treatment limiting. The incidence 

and risk factors for linezolid adverse events have not been systematically studied in 

TB programmes, particularly in populations from sub-Saharan Africa with high rates of 

HIV co-infection, which could increase the risk of toxicity. Exposure-response 

relationships for linezolid toxicity are also not well characterised. In addition, limited 

data exist on clinical associations and genotypic correlates of linezolid resistance in M. 

tuberculosis, needed to inform strategies for resistance testing. My thesis aimed to 

address these knowledge gaps to optimise use of this important agent in RR-TB. 

 

Methods: We conducted a prospective observational cohort study among patients 

with RR-TB across three sites in South Africa to characterise the pharmacokinetics 

(PK) and clinical toxicity of linezolid in programmatic settings with high HIV 

prevalence. Participants were followed for up to 24 months after linezolid initiation. We 

did monthly screening for peripheral and optic neuropathy, and collected clinical 

samples for toxicity outcomes, drug concentrations, and mitochondrial DNA analysis. 

Intensive PK sampling was performed on a subgroup of participants. Drug exposure 

was described using non-compartmental analysis and mixed effects modelling was 

used to analyse toxicity outcomes. For the resistance aims, we did a separate 

retrospective cohort study of patients with RR-TB and linezolid-based treatment failure 

at two TB referral hospitals in South Africa. Clinical information was extracted and 

recovered isolates underwent linezolid minimum inhibitory concentration (MIC) testing 

and targeted sequencing of rrl and rplC.  

 

Results: Among 30 participants enrolled in the intensive PK study, linezolid exposure 

was related to body weight and age, but not HIV positivity. The standard 600 mg dose 

achieved the PK efficacy target at wild type MIC values, but trough concentrations 
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were above the putative toxicity threshold in almost 60%. 151 participants, 63% HIV-

positive, were enrolled in the prospective cohort. Premature discontinuation of 

linezolid for toxicity was common but grade 3 or 4 adverse events occurred in 22 

(15%). Linezolid trough concentration, male sex, and age (but not HIV-positivity) were 

independently associated with a decrease in haemoglobin > 2 g/dL. Trough linezolid 

concentration of 2.5 mg/L or higher resulted in optimal model performance to describe 

changing haemoglobin and was strongly associated with treatment-emergent 

anaemia. Single nucleotide polymorphisms 2706A>G and 3010G>A in mitochondrial 

DNA were not associated with linezolid toxicity. Thirty-nine patients with linezolid-

based treatment failure were identified in the retrospective cohort, 13 (33%) of whom 

had phenotypic or genotypic linezolid resistance after a median duration of 22 months 

linezolid therapy. All isolates with phenotypic resistance were associated with known 

resistance mutations, most frequently due to the T460C substitution in rplC. 

 

Conclusions: Our PK analysis confirmed the narrow therapeutic index of linezolid 

and there was no effect of HIV on linezolid exposure. Severe adverse events were 

uncommon at the standard dose of 600 mg daily and HIV co-infection was not 

independently associated with linezolid toxicity. Linezolid trough concentration of 2.5 

mg/L should be evaluated as a target for therapeutic drug monitoring as a strategy to 

reduce toxicity. Resistance occurred late and was predicted by a limited number of 

mutations. Screening for genotypic resistance should be considered for patients with a 

positive culture after 4 months of linezolid therapy. These findings support current 

linezolid dosing in TB programmes. 
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CHAPTER 1  
Introduction 

 

Context and rationale 

Burden and treatment paradigm of tuberculosis 

Tuberculosis (TB) has long been the leading cause of death from a single infectious 

agent (expected to be displaced to second position by COVID-19 in 2020). Almost 10 

million people develop active TB disease every year worldwide with an estimated 1.5 

million deaths [1]. Declines in incidence are too slow, at less than 1% per year, to 

achieve World Health Organization (WHO) EndTB targets [2]. This severe global public 

health threat continues despite the existence of effective first-line antituberculosis 

agents.  

 

The recalcitrance of M. tuberculosis infection, affecting a substantial proportion of the 

global population, is related to its ability to persist and relapse, requiring long durations 

of chemotherapy to achieve long-term cure. Clinical investigations performed since 

discovery and introduction of the first antituberculosis drugs in 1946 established that 

treatment with combination therapy is required. An early trial of streptomycin 

monotherapy found that although patients experienced dramatic initial clinical and 

microbiological improvement, acquisition of resistance led to universal relapse and a 

similar mortality after 5 years to those who received no treatment [3, 4]. As other 

antituberculosis agents became available, subsequent trials showed that use of 

combination therapy eliminated drug resistance on treatment. However, use of early 

drugs such as streptomycin, para-aminosalicylic acid, and isoniazid required long 

durations of poorly tolerated therapy, up to 12 months, to avoid disease relapse [5].  

 

TB treatment was revolutionised in the 1970s when pivotal trials demonstrated that the 

newly discovered antimicrobials, rifampicin and pyrazinamide, could reduce relapse 

rates when combined with streptomycin and isoniazid for much shorter periods of 6 

months [5, 6]. Treatment shortening was possible because of rifampicin’s action against 

M. tuberculosis populations in stationary-growth phase and sterilizing activity 

throughout therapy, and the ability of pyrazinamide to kill extracellular bacilli in the early 

replicative stages of infection. The current paradigm for TB therapy was thus 
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established: use of drug combinations with early bactericidal activity (EBA) to rapidly 

reduce bacillary load to avoid clinical progression, transmission, and resistance 

emergence early in therapy, followed by agents with efficacy in chronic infection to 

eradicate persistent mycobacterial populations to achieve sterilisation and relapse-free 

cure. 

 

The ‘short-course’ regimen established almost 50 years ago comprising rifampicin, 

isoniazid, pyrazinamide, and ethambutol (substituted for streptomycin or thioacetazone 

to reduce toxicity and provide protection in case of isoniazid resistance) for 2 months 

followed by rifampicin and isoniazid for 4 months is still in use, with 85% treatment 

success in programmatic settings [1]. However, 6 months of daily dosing with multiple 

pills is burdensome, complicated by frequent hepatotoxicity and poor tolerability, and 

requires complex infrastructure for delivery [7-10]. Incomplete treatment is an inevitable 

consequence, leading to relapse and possibly contributing to acquired drug resistance 

[11, 12]. Transmission of drug-resistant strains is driving an epidemic of rifampicin-

resistant TB (RR-TB) [13], which represents a growing proportion of the global TB 

burden and numbers are expected to increase over the next two decades [14]. 

Emergence of RR-TB has threatened use of short-course antituberculosis therapy, 

driving a reversion to prolonged and toxic treatment durations used in the 1940s, with a 

major impact on global TB control.  

 

Poor outcomes of rifampicin-resistant TB with conventional second line therapy 

Until as recently as 2018, ‘conventional’ treatment regimens recommended by WHO for 

RR-TB included a backbone of pyrazinamide, an injectable agent (kanamycin, 

amikacin, or capreomycin), and fluoroquinolones in combination with at least one other 

second-line agent (para-aminosalicylic acid, ethionamide, and cycloserine) for a 

treatment duration of over 18 months (Table 1) [15]. This standardised drug regimen 

was inadequate for many patients in the context of high rates of background resistance 

to pyrazinamide and ethambutol [16], poorly effective second-line agents, and delayed 

results of second-line drug susceptibility testing to fluoroquinolones; one study showed 

that the pre-2018 standard empiric regimen included fewer than four effective drugs in 

47% of patients with a rifampicin resistant GeneXpert result [17]. Over half of patients 

with RR-TB experienced an adverse event on conventional RR-TB therapy, with 70% 

requiring a change in treatment [18], until recently with no alternatives. The overlapping 
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toxicity of antituberculosis drugs used for RR-TB and antiretroviral therapy (ART) further 

limited the use of these regimens, particularly in Southern Africa where the TB epidemic 

is driven largely by HIV and co-infection rates exceed 60% [1]. Because conventional 

therapy for RR-TB was more toxic [18, 19], less effective [19, 20], and much more costly 

[21, 22] than drug-susceptible TB, treatment success has been consistently lower than 

60% [19], and prior to widespread introduction of new drugs, RR-TB resulted in a quarter 

million deaths annually [23-25]. On conventional regimens, RR-TB had a case fatality 

ratio over 2.5-fold higher than in drug-sensitive TB [26], and although there is large 

variability by setting and comorbidities, overall mortality remains 25% and is higher 

among patients with HIV [27, 28]. The worst outcomes are seen with fluoroquinolone-

resistant TB which is estimated to occur in over 20% of RR-TB cases globally [29] and 

had an overall 2-year mortality approaching 50% in the pre-bedaquiline era [30]. In 

addition to other drawbacks, the use of conventional RR-TB drug regimens resulted in 

resistance amplification during therapy [31, 32], thereby worsening the problem of RR-

TB. 

 

There is a clear need for more effective, safe, and well-tolerated drugs to support shorter 

and injection-free treatment regimens, improve adherence, and interrupt the cycle of 

resistance amplification and transmission of RR-TB. Key strategies to achieve this 

include dose optimisation of approved drugs, clinical development of new and 

repurposed drugs, and design of novel combination regimens that are better tolerated 

and more effective at preventing transmission and relapse [33]. 

 

Table 1. Evolution and role of linezolid in RR-TB treatment guidelines.  

Year WHO classification Treatment 
guidance 

Linezolid guidance Evidence for 
linezolid 

1996 Classification system 
not yet implemented. 

First WHO guideline 
on drug-resistant 
TB. 

LZD not mentioned NA 

2000 Classification system 
not yet implemented. 

Standardised 
regimen not yet 
established. 
Recommendations 
based on expert 
reviews [34] 

LZD not mentioned NA 

2003 List of “essential 
antituberculosis drugs” 
introduced. Included 

Concept of 
standardised 

LZD not mentioned NA 
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rifampicin, isoniazid, 
pyrazinamide, 
streptomycin, 
ethambutol, 
thioacetazone 

treatment regimen 
introduced. 

2006 
and 
2008 

Group-based 
classification system 
introduced.  

Include injectable, 
FQ, PZA, EMB, and 
≥ 1 of PAS, Eto, 
Cs/Trd. Total 
treatment duration 
18 months after 
culture conversion 
(including at least 6 
months injectable 
agent). 

LZD listed in Group 5 
(with clofazimine, 
amoxicillin/clavulanate, 
clarithromycin). Not 
recommended for routine 
use in MDR-TB treatment; 
contribution to the efficacy 
of multidrug regimens 
unclear. 

No evidence 
presented. Based on 
“assessment of 
available evidence 
and best practice by a 
large group of TB 
specialists.” 

2011 Group-based 
classification 
unchanged. 

Include PZA, FQ, 
injectable, Eto, and 
Cs (or PAS). 
Treatment duration 
extended for 2 
months (8 months 
injectable, 20 
months total). 

LZD listed in Group 5. Not 
included among the drugs 
making up the standard 
regimen. 

Systematic review to 
summarise available 
evidence with GRADE 
review [20, 35]. LZD 
not analysed because 
of small number of 
cases treated. 

2014 Group-based 
classification 
unchanged. 

Initial phase of five 
drugs, including an 
injectable agent, for 
eight months. Oral 
agents continue for 
a minimum of 12 
months, for a total 
minimum treatment 
of 20 months. 

LZD listed in Group 5. 
Limited data on efficacy 
and/or long-term safety in 
the treatment of drug 
resistant TB. LZD 
considered one of the 
most effective Group 5 
agents and a key drug in 
XDR treatment regimens. 

In vitro and animal 
studies. Cited 
observational clinical 
studies and Korean 
RCT for XDR-TB. 

2016 Regrouping into 4 
categories based on 
effectiveness in IPD-
MA (mainly 
observational studies) 
[36, 37] and study-level 
meta-analysis.  

Standardised 
shorter (9 - 12 
month) MDR-TB 
regimen, still 
including an 
injectable agent, 
recommended under 
specific conditions. 
Conventional 
regimen included 
PZA plus four core 
second line drugs 
(FQ, injectable, plus 
either LZD, CFZ, 
Eto, or Cs) for 20 
months. 

LZD classified as core 
second line agent (Group 
C). Close monitoring for 
toxicity advised; if not 
possible, linezolid 
reserved for MDR-TB 
patients with additional 
drug resistance or who 
are intolerant to other 
components of the core 
regimen. 

Cited same evidence 
as previous guideline. 
Data from only 39 
patients included in 
the IPD-MA; numbers 
too small for definitive 
guidance. 

2018 Regrouped into three 
categories and ranked 
based on evidence 
from an updated IPD-
MA [38].  

More individualized 
approach to 
treatment. 
Standardised 
shorter regimen 
unchanged 

LZD designated Group A; 
recommended for 
inclusion in longer MDR-
TB regimens unless 
contraindicated. 

LZD use associated 
with improved 
treatment outcome 
and reduced mortality 
in IPD-MA. 
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(including injectable) 
based on STREAM 
trial and 
observational data 
[39, 40]. 

2019  Unchanged drug 
classification. 

Individualised longer 
regimen including all 
Group A agents 
(BDQ, FQ, LZD) 
plus ≥ 1 Group B 
agent (CFZ, Cs/Trd) 
to make up ≥ 4. 
active agents. Total 
treatment duration of 
18-20 months. 
Standardised 
shorter regimen 
unchanged (includes 
injectable) 

LZD Group A drug; strong 
recommendation for 
inclusion in longer MDR-
TB regimens. Suggested 
use for at least 6 months. 

Same evidence as 
2018 guideline. 

2021 
update 

Unchanged drug 
classification. 

Shorter all-oral 
regimen 
recommended for 
certain patients 
(BDQ substituted for 
injectable); does not 
include LZD. 

LZD Group A drug; strong 
recommendation for 
inclusion in longer MDR-
TB regimens. Conditional 
recommendation for use 
with BDQ/PMD (BPaL) for 
patients with MDR/RR-TB 
and additional FQ 
resistance only under 
operational research 
conditions. 

Same evidence as 
2018 guideline plus 
Nix-TB data [41]. 

Table 1. BDQ = bedaquiline, CFZ = clofazimine, FQ = fluoroquinolone, LZD = linezolid, PZA = 
pyrazinamide; IPD-MA = individual patient data meta-analysis. 

 

Repurposed drugs enable treatment shortening  

Repurposing existing antimicrobials for TB therapy is an attractive approach to fast-

track drug development and address the urgent need for better regimens. Discovery of 

repurposed agents with potent EBA and/or sterilising potential has changed the 

treatment landscape for RR-TB. Fluoroquinolones are the earliest example, deployed 

as core drugs for RR-TB since the late 1990s, and recently shown to enable treatment 

shortening to 4-months in drug-susceptible TB [42].  

 

Another repurposed drug, clofazimine, has emerged as a cornerstone of contemporary 

RR-TB regimens. First discovered in 1957, this riminophenazine antibiotic was used 

almost exclusively in combination therapy for leprosy but began entering small 

observational studies for TB in the early 2000s and was first listed as a so-called ‘Group 
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5’ agent in WHO treatment guidelines in 2006. The breakthrough for clofazimine in TB 

therapy came after publication of an observational study in Bangladesh which 

demonstrated improved outcomes for TB in a programmatic setting with a shorter 9-

month treatment regimen that included clofazimine [43]. In 2016, WHO issued a 

conditional endorsement of a standardised shorter (9 - 11 month) clofazimine-

containing regimen for RR-TB [44], based largely on observational studies in 

Bangladesh [43, 45] and West Africa [46, 47]. Definitive evidence for shorter therapy in 

RR-TB was provided by the STREAM-1 trial, the first ever phase 3 randomised 

controlled trial (RCT) for a RR-TB regimen, which demonstrated non-inferiority of a 

standardised shorter regimen (containing high dose moxifloxacin, clofazimine, 

ethambutol, and pyrazinamide administered over a 40-week period, supplemented by 

kanamycin, isoniazid, and prothionamide in the first 16 weeks) compared with 

conventional 20-month therapy [48]. An individual patient data meta-analysis found that 

the inclusion of clofazimine in treatment regimens for RR-TB resulted in a significantly 

increased odds of treatment success and survival [38]. These observations are 

supported by mouse models which consistently demonstrate treatment-shortening 

potential and sterilizing ability of clofazimine [49, 50], which is now classified as a core 

agent for RR-TB by WHO and is currently being evaluated in several clinical trials for 

RR-TB (Table 2).  

 

Bedaquiline and the transformation of RR-TB treatment 

Although introduction of shorter therapy was a major advance in RR-TB therapy, the 

standardized regimen still contained an injectable agent and required treatment 

durations of up to 12 months. Perhaps the most important contemporary advance in TB 

therapy has been the discovery and accelerated FDA approval of bedaquiline in 2012. 

A diarylquinoline, bedaquiline has a unique mechanism of action by inhibiting 

mycobacterial ATP synthesis [51, 52], and enables treatment shortening [53-55] due to 

potent antimycobacterial activity [56]. Clinical trials and programmatic data have shown 

that inclusion of bedaquiline in RR-TB regimens results in improved treatment outcomes 

[57-59], including survival [60]. As a result, WHO recommended bedaquiline as a 

preferred agent for RR-TB therapy in 2018 [61], replacing injectables in longer treatment 

regimens. Given the evidence of improved outcomes with the addition of bedaquiline to 

conventional RR-TB regimens, and the favourable performance of shorter injectable-

containing regimens, the South African National Department of Health departed from 
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WHO guidelines and implemented a 9-month regimen substituting bedaquiline for an 

injectable for the first 6 months of therapy. Use of an all-oral bedaquiline-containing 

shorter regimen was associated with higher treatment success rates (73%) compared 

with the standardized injectable-containing shorter regimen (60%) in programmatic data 

from South Africa [62]. Based on this, plus results from the Nix-TB trial, where 

bedaquiline (together with linezolid and pretomanid) enabled treatment shortening for 

fluoroquinolone-resistant TB [41], WHO made a conditional recommendation for use of 

an all-oral standardised shorter (9 - 12 month) regimen for RR-TB in 2019, 

revolutionising RR-TB treatment.   

 

Linezolid for RR-TB 

In parallel with the clinical development and implementation of clofazimine and 

bedaquiline in TB programmes, another repurposed agent, linezolid, was increasingly 

recognised as an important component of RR-TB regimens. As summarised in Table 1, 

linezolid first entered WHO guidelines as a drug of last resort in 2006, but quickly rose 

to prominence after 2012 when a landmark trial in Korea demonstrated its ability to 

achieve cure in patients with refractory extensively drug resistant (XDR)-TB [63, 64]. 

Linezolid is now recommended by WHO in longer regimens for RR-TB and is a 

component of several novel shorter RR-TB regimens under investigation (Table 2).  

 

Table 2. Current Phase 2/3 trials of linezolid for RR-TB. 

 Nitroimidazole Bedaquiline Clofazimine Linezolid Fluoroquinolone Pyrazinamide Other drugs 

Nix-TB (completed) 
NCT02333799 

PMD   1200    

ZeNiX 

NCT03086486 
PMD   

1200 vs 

600 
   

endTB 

NCT02754765 
DLM   

600 then 

300 

MFX 

LFX 
  

endTB-Q 

NCT03896685 
DLM   

600 then 

300 
   

TB-PRACTECAL 

NCT02589782 
PMD   

600 then 

300 
MFX   

BEAT-tuberculosis 

NCT04062201 
DLM   600 LFX   

NExT (completed) 
NCT02454205 

   600 LFX  
hdINH 

ETO 

STREAM-2 

NCT02409290 
    LFX  

hdINH, ETO, 

EMB 

SimpliciTB 

NCT03338621 
PMD    MFX   

Table 2. BDQ = bedaquiline, DLM = delamanid, ethambutol, LFX = levofloxacin, LZD = linezolid, MFX = 

moxifloxacin, PMD = pretomanid, ETO = ethionamide, hdINH = high dose isoniazid 
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Although linezolid is a repurposed drug with substantial treatment experience in Gram-

positive infection, there are major uncertainties around off-label use in TB treatment. 

These include safety of longer duration of therapy, sources of pharmacokinetic (PK) 

variability in TB patients, dosing that balances toxicity and efficacy in TB, and 

understanding resistance mechanisms. This thesis aims to delineate and address the 

key knowledge gaps that impede optimal use of this important antituberculosis agent. 

The following section provides an updated overview of linezolid use in RR-TB, 

complementing the detailed literature review in Chapter 2, providing context and 

rationale for the series of studies that follow.  

 

Linezolid improves outcomes in RR-TB 

Linezolid, developed in 1996, is the prototype member of the novel oxazolidinone 
antibiotic class. It has activity against a broad spectrum of Gram-positive bacteria and 

is approved for the treatment of serious infections caused by these pathogens at a dose 

of 600 mg twice daily [65, 66]. Linezolid also shows excellent activity against susceptible 

and resistant strains of M. tuberculosis, with minimum inhibitory concentrations (MICs) 

≤ 1 µg/ml [67], first reported from in vitro and murine models at the end of the last century 

[68-71]. Through its unique inhibition of the initiation phases of protein synthesis, 

linezolid is bacteriostatic against M. tuberculosis in mouse models [70, 72] and had 

modest EBA in a small clinical study [73]. Recently, however, a phase 2a dose-finding 

trial (n = 114) demonstrated unequivocal bactericidal activity over 14 days at doses 

ranging from 300 mg daily to 1200 mg daily, with a clear exposure-response relationship 

for antimycobacterial activity [74]. 

 

As described in Chapter 2, several observational studies and two RCTs have shown 

that the inclusion of linezolid in treatment regimens for RR-TB results resulted in 

markedly improved rates of sputum culture conversion and favourable clinical 

outcomes. WHO commissioned an updated individual patient data meta-analysis of 

observational and experimental studies published between 2009 and 2016 to inform 

use of individual drugs for RR-TB; 50 studies were included, providing data from 12,030 

patients. In this analysis, which included over 800 patients exposed to linezolid therapy, 

linezolid use was associated with significantly greater treatment success (crude odds 

ratio 1.5; 95% confidence interval (CI), 1.2 - 1.9) and lower mortality (crude odds ratio 

0.4; 95% CI, 0.3 - 0.5) [38]. The endTB multicountry observational cohort study recently 
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reported early outcomes for RR-TB patients treated with the new drugs bedaquiline or 

delamanid in programmatic settings. Among 1,109 patients with positive baseline M. 

tuberculosis culture, 82% of whom also received linezolid in their regimen, 939 (85%) 

experienced culture conversion within 6 months of treatment initiation [75]. As 

mentioned above, the single arm Nix-TB trial combined linezolid 1200 mg daily with 

bedaquiline and pretomanid (a nitroimidazole) in an all-oral 6-month regimen for 109 

patients with fluoroquinolone-resistant TB and complicated RR-TB, with 90% (95% CI, 

83 to 95) favourable outcome at 6 months of post-treatment follow-up. This response is 

comparable to contemporary programmatic experience with longer bedaquiline-

containing regimens [60, 76] and with first-line therapy for drug-susceptible TB. 

 

These observations confirm an important role for linezolid in the treatment of RR-TB 

and are the basis for its prominence in treatment guidelines and inclusion in trials of 

novel drug regimens for RR-TB. However, there are several important limitations and 

uncertainties that need to be addressed to inform expanding use in TB programmes.  

 

Toxicity with linezolid use in RR-TB 

Linezolid interferes with mitochondrial protein synthesis [77] by binding to conserved 

regions of mammalian mitochondrial RNA shared with its bacterial ribosomal targets 

[78], thus disturbing energy production in tissues highly dependent on oxidative 

phosphorylation. This may result in clinical adverse events such as myelosuppression, 

optic and peripheral neuropathy, and lactic acidosis, which occur more commonly with 

linezolid use beyond the approved 28 days [79]. The duration of linezolid therapy in RR-

TB usually exceeds 6 months (and may be continued for up to 24 months); this 

prolonged administration may lead to adverse events requiring treatment 

discontinuation and is a major concern to prescribers. In an analysis of provider 

consultations for RR-TB management in the United States, 4% of queries related to 

linezolid use, over 80% of which were for adverse events or dose reductions [80]. 

 

Despite widespread use and prescriber concerns, clinical toxicity has not been well 

characterised, particularly in programmatic settings where national registries are not 

designed to capture detailed patient-level data. The most recent systematic review was 

published in 2015 and included data from only 367 patients; the included cohorts were 

small, with only one study involving more than 50 patients [81]. Nearly half of patients 
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taking linezolid for RR-TB experienced adverse events; peripheral neuropathy and 

anaemia requiring discontinuation of therapy were reported in 31% and 27%, 

respectively. However, there was substantial heterogeneity in study population, 

definition of events, and linezolid dosing. Prevalence of adverse events were similar in 

a small Cape Town cohort where 60% of patients were HIV-positive, but severity and 

ascertainment were not reported. Linezolid toxicity was a major issue in the Nix-TB trial, 

which used a higher dose of 1200 mg daily. Among the 109 South African participants 

with complicated RR-TB, 50% of whom were HIV-positive, 25% permanently 

discontinued linezolid because of adverse events. Overall, grade 3 or higher adverse 

events occurred in 57%, mostly related to linezolid use; 88 (81%) participants reported 

symptoms of peripheral neuropathy and 40 (37%) developed anaemia of any severity. 

These findings may not be generalisable to programmatic settings where the 600 mg 

dose is used, linezolid is typically provided for longer durations, and there is less 

rigorous safety monitoring. However, the Nix-TB study raises important questions about 

linezolid use and optimal dosing in RR-TB therapy, and high-quality data on adverse 

events is needed for the standard 600 mg dose from programmatic settings. 

 

Risk factors for linezolid toxicity 

Mitochondrial toxicity is associated with reductions in the activity of mitochondrial 

complexes I, III, IV (cytochrome c oxidase), and V in experimental animals given 

linezolid [77]; key subunits of these complexes are encoded by mitochondrial DNA 

(mtDNA), raising the possibility that certain mtDNA polymorphisms may increase the 

risk of linezolid toxicity. Specific polymorphisms in 16S rRNA (A2706G and G3010A) 

have been described in case reports of patients with linezolid-induced lactic acidosis 

[82], but these are common in the general population and were not associated with 

adverse events in a cohort of 38 Korean patients given linezolid for XDR-TB [83]. 

However, the 2706A>G transition lies very close to the peptidyl transferase centre, a 

key functional site of mitochondrial 16S rRNA, implying a potential relationship between 

this polymorphism and linezolid inhibition of protein synthesis [78]. This has not yet been 

explored in African populations, which may have different population mtDNA 

polymorphisms affecting predisposition to linezolid toxicity.  

 

Other risk factors for development of linezolid-associated adverse events are not well 

described, particularly for patients with TB. HIV positive patients are possibly at 
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increased risk because of underlying bone marrow dysfunction and peripheral 

neuropathy; use of nucleoside reverse transcriptase inhibitors may contribute to 

mitochondrial dysfunction [84]. In patients with Gram-positive infection older age, renal 

impairment, and baseline platelet counts have been associated with higher risk [85-89]. 

 

Linezolid pharmacokinetics and exposure-toxicity relationships in TB 

Homology between the human mitochondrial binding site and the efficacy target in M. 

tuberculosis results in a narrow therapeutic window - therapeutic exposures close to 

toxicity thresholds - which is influenced by PK variability [83, 90, 91]. There is a linear 

relationship between linezolid exposure and dose (although some studies have 

suggested non-linearity, possibly due to autoinhibition of metabolism because of 

mitochondrial toxicity [92, 93]), but large inter-individual PK variability has been 

observed [94, 95]. The PK profile of linezolid in TB patients is poorly characterised, 

particularly in HIV co-infection which could influence PK and pharmacodynamics (PD) 

of TB drugs [96-98]. In a recent systematic review of linezolid PK in TB therapy, only 2 

studies (n = 48) evaluated the standard dose of 600 mg daily; all patients were HIV-

negative, and data from a full PK profile were only available from 10 patients [99]. 

Additional PK and clinical data are also required to identify sources of PK variability in 

TB patients, needed to optimise linezolid dosing in relevant populations. For example, 

linezolid clearance is strongly influenced by body weight, age, severity of illness, renal 

function, and albumin concentrations in patients with Gram-positive infection, but this is 

not adequately studied in TB patients [100-104]. 

 

To determine the dose of linezolid, PK targets for efficacy and safety need to be 

established and the relationship between linezolid exposure and these targets defined 

in TB patients. Efficacy in TB appears to be driven by area under the concentration-time 

curve (AUC) [105, 106]; a free AUC/MIC target of 119 was derived from a hollow-fibre 

infection model that relates drug concentrations to mycobacterial killing, but not on 

clinical outcomes [107]. Establishing PK targets for clinical efficacy is challenging in the 

context of multi-drug regimens and outcomes in TB that are influenced by multiple non-

drug factors.  

 

Because adverse events associated with linezolid (haematological and neurological) do 

not overlap with other drugs used in RR-TB, it is less complex to delineate relationships 
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between drug exposure and toxicity (compared with efficacy). Trough concentrations 

have shown an inverse correlation with mitochondrial function [83] and clinical toxicity 

among patients with Gram-positive infection [108, 109]. A trough target threshold of 2 

mg/L for toxicity has been suggested based on the high proportion of clinical events 

observed above that concentration among Korean XDR-TB patients in a small RCT (n 

= 38) [63, 83, 110]. Although this threshold is now widely used in PK/PD analyses, the 

specificity is poor, and the target has not been validated in other cohorts. Linezolid PK-

toxicity targets have therefore not been adequately established for TB and have never 

been studied in populations from sub-Saharan Africa with high rates of HIV co-infection, 

a factor which could influence linezolid PK variability and toxicodynamic effects.  

 

The ability of the standard linezolid dose to attain provisional PK-efficacy and toxicity 

targets for TB is also uncertain. WHO recommendations for the 600 mg daily dose are 

based on a systematic review that included only 2 studies (n = 48) reporting PK data at 

that dose, with large heterogeneity in AUC0-24 and Cmin (trough) estimates, and without 

data from African patients [95, 99].  

 

Linezolid resistance in RR-TB 

There are concerns that widespread use of linezolid in RR-TB programmes, particularly 

with use of lower doses (necessitated by toxicity issues), may select out resistant 

strains. The risk and frequency of linezolid resistance in TB treatment is unknown. An 

updated systematic review of studies reporting linezolid resistance in TB was performed 

for this thesis (not including the study presented in Chapter 5). Search terms included 

‘mutation’, ‘rrl’, ‘rplC’, ‘L3 protein’, ‘23s rRNA’, ‘resistant’, ‘mycobacterium tuberculosis’, 

and ‘linezolid’; studies reporting genotyping for linezolid resistance in clinical isolates 

were included. As summarised in Table 3, linezolid resistance has only been described 

in 33 patients with TB (16 patients prior to 2019, when our study was performed). Only 

three published reports provided clinical data for patients with linezolid resistance, 

including data from only 27 patients [63, 111, 112].  

 
Table 3. Studies reporting linezolid resistance in clinical isolates. 

Mutation MIC range 

(mg/L) 

In vitro 

studies 

Clinical 

studies 

Unique 

patients 

Resistance-

conferring 
References 

rrl 
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G2814T 
(2576) 

4 – 16 2 4 6 Definite 
[63, 113-117] 

A2810C/T 
(2572) 

4 – 16  2 2 2 Definite [115, 116, 
118, 119] 

G2299T 
(2061) 

16 – 32  2 2 NR Definite [113, 117, 
120, 121] 

G2270C/T 
(2032) 

4 2 0 NA Probable 
[118, 119] 

A2689T 
(2451) 

NR 1 0 NA Probable 
[113] 

G2685T 
(2447) 

16 0 1 1 Definite 
[63] 

G2746A 
(2508) 

1 1 0 NA Possible 
[119] 

C2848A 
(2610) 

1 1 0 NA Possible 
[119] 

C1921T 
(1683) 

NR 0 1 1 Unlikely 
[114] 

G2294A 
(2056) 

NR 0 1 1 Possible 
[114] 

rplC 

T460C 

[Cys154Arg] 

2 - 32 6 7 22 Definite [63, 112-114, 

118-126] 

C463G  

[His155Asp] 

2 2 0 NR Possible 
[120, 121] 

rplD 

G377A 
[Arg126His] 

> 16 1 0 NR Probable 
[120] 

Table 3. E. coli numbering in parentheses; amino acid substitutions in square brackets. NR, not reported; 

NA, not applicable. Definitions of resistance conferring: 

Definite: MIC > 1-dilution above the critical concentration (CC) in more than 1 study or MIC > 1 mg/L plus 
evidence clinical failure 

Probable: MIC > 1-dilution above CC or MIC > 1 mg/L without evidence of clinical failure 

Possible: MIC 1 - 2 mg/L and near peptidyl transferase centre (PTC) without evidence of clinical failure 

or unknown MIC and near PTC with evidence of clinical failure  

Unlikely: MIC ≤ 1 or MIC 1 - 2 mg/L and distant from PTC 
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Genotypic correlates of linezolid resistance, needed for development of rapid molecular 

resistance testing, have also not been systematically studied. Figure 1 shows known 

resistance-associated mutations in 23S rRNA (encoded by rrl), identified in the 

systematic review. From limited published data, most isolates with phenotypic 

resistance are associated with a limited number of mutations in two M. tuberculosis 

genes, rrl and rplC, but a substantial minority had no detectable mutations (Table 3). It 

is necessary to characterise the mutations associated with linezolid resistance in 

isolates from patients with clinical treatment failure and determine the risk factors for 

linezolid resistance to support use in RR-TB programmes. 

 
Figure 1. Mutations associated with linezolid resistance in 23S rRNA, encoded by rrl. 

 
Figure 1. Secondary structure of the peptidyl transferase loop of domain V of 23S rRNA (M. smegmatis 

sequence in E. coli numbering in black text). Nucleotides that form the linezolid binding pocket are 

indicated with black triangles. Nucleotide positions where mutations confer linezolid resistance in any 

organism are marked with yellow circles. Sequence numbers in green or red text indicate mutations 

associated with M. tuberculosis (in M. tuberculosis numbering); red text indicates definite resistance; 
green indicates possible resistance (defined in Table 3 legend above). Figure adapted from Katherine 

S. Long and Birte Vester Antimicrob. Agents Chemother. 2012, 56(2):603.  

 

Research priorities for linezolid in RR-TB 
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Recognising the above challenges, WHO has called for “additional research on the 

optimal dose and duration of linezolid for use in DR-TB regimens” and listed the 

following research priorities in its latest guidelines [62]: 

• PK and safety studies to determine optimal drug dosing.  

• Rigorous reporting and patient predictors of adverse events. 

• Improved diagnostics and drug susceptibility testing for drugs without currently 

available rapid molecular methods. 

 

Objectives and specific aims of the PhD project 

The overarching objective of this PhD was to characterise the PK, frequency and 

predictors of adverse events, and correlates of linezolid resistance among South African 

patients with RR-TB and high rates of HIV co-infection to inform the expanded use of 

linezolid in TB programmes. To address this, a series of studies were undertaken with 

the following specific aims: 

 

1. Describe the PK of linezolid, explore the effect of key covariates on PK 

parameters, and estimate the probability of PK/PD target attainment corrected 

for the M. tuberculosis MIC distribution (Chapter 3).  

2. Determine the frequency and timing of linezolid-associated adverse events in a 

programmatic setting with high prevalence of HIV (Chapter 4). 

3. Explore the effect of linezolid exposure, clinical characteristics, and risk-

associated mtDNA single nucleotide polymorphisms (SNPs) (A2706G and 

G3010A in 16S rRNA) on adverse events, including peripheral and optic 

neuropathy, bone marrow suppression, and hyperlactataemia (Chapter 4).  

4. Identify mutations associated with phenotypic linezolid resistance in M. 

tuberculosis isolates from patients with treatment failure on a linezolid-based RR-

TB regimen (Chapter 5). 

5. Describe the clinical characteristics of patients with RR-TB treatment failure and 

linezolid resistance and explore the risk factors for the development of linezolid 

resistance (Chapter 5). 

 

Overview of study designs and settings 
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The PhD studies relating to Aims 1 - 3 were nested within two parent RR-TB cohorts; a 

retrospective study was done to address Aims 4 - 5. These are summarised below and 

described in detail in the relevant chapters.  

 

Design of parent studies 

The New Treatment Regimen for Patients with Multi-drug Resistant Tuberculosis 

(NExT) trial (NCT02454205) was an open-label RCT evaluating a novel 6 to 9-month 

injection-free regimen containing linezolid (600 mg daily, reduced to 300 mg in the event 

of toxicity), bedaquiline, levofloxacin, pyrazinamide, and ethionamide (or high dose 

isoniazid) compared with a conventional empiric injection-based regimen for RR-TB. 

The trial recruited adults with newly diagnosed RR-TB from five South African treatment 

facilities and associated decentralised primary care clinics, with enrolment commencing 

in 2015. Participants were followed for 24 months for the primary outcome of treatment 

success. The planned sample size was 300 participants, but the trial was discontinued 

prematurely in December 2020 after 154 participants were enrolled because of slow 

recruitment rate [127]. Consecutive participants randomised to the intervention arm at 

the Brooklyn Chest Hospital site in Cape Town were recruited between 2016 and 2017 

for the cross-sectional linezolid PK study presented in Chapter 3.  

 

PROBeX was an observational cohort study among adult patients receiving 

bedaquiline-based regimens for RR-TB, most of whom had fluoroquinolone resistance. 

The primary objectives were to determine the drug-drug interactions between 

bedaquiline and the antiretroviral protease inhibitor lopinavir/ritonavir and the effect of 

this on QT prolongation, as well as identifying genetic mechanisms of bedaquiline 

resistance [128]. The study enrolled 195 participants from three public sector TB referral 

hospitals in South Africa between 2016 - 2018, who were followed for up to 24 months. 

A subgroup of consenting PROBeX participants at the Brooklyn Chest Hospital site who 

were also receiving linezolid as part of their treatment were enrolled in the cross-

sectional linezolid PK study (Chapter 3); participants on linezolid-based therapy from 

all sites were included in the longitudinal linezolid toxicity analysis (Chapter 4). 

 

Study population 

Both prospective cohort studies included patients ≥ 18 years of age with known HIV 

status and newly diagnosed pulmonary RR-TB. The NExT trial excluded pregnant and 
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breastfeeding women, patients with a history of previous RR-TB treatment, and a 

Karnofsky performance score < 50. Potential participants were identified by local 

clinicians and referred to the respective study teams for screening and enrolment. 

Separate consent was obtained for intensive PK sampling; the protocol and consent 

procedures for longitudinal components of the linezolid analyses were fully aligned with 

the parent PROBeX study.  

 

For the linezolid resistance study (Chapter 5), patients over the age of 13 years with 

treatment failure on a linezolid-containing regimen were retrospectively identified from 

two public sector TB clinics until 2018: Brooklyn Chest Hospital in Cape Town and Jose 

Pearson Hospital in Port Elizabeth. Cases with reported treatment failure or phenotypic 

linezolid resistance were also identified from the National Tuberculosis Reference 

Laboratory at the National Institute for Communicable Diseases (NICD) from a national 

surveillance programme for second-line drug resistance. Case records and M. 

tuberculosis isolates were retrieved from eligible patients for analysis. 

 

All participants in PROBeX and the retrospective cohort were treated according to 

National TB Programme guidelines, which, during the recruitment period, were aligned 

to the conventional longer regimen recommended by WHO. Bedaquiline and linezolid 

(at 600 mg daily, reduced to 300 mg daily at clinician discretion) were offered to patients 

with fluoroquinolone-resistant TB (at that time termed pre-XDR or XDR-TB) or those 

with RR-TB and poor clinical response or drug intolerance. 

 

Figure 2. Overview of PhD studies. 

 
 

NExT trial PROBeX study

Retrospective cohortProspective studies

PK study
n = 30

(Chapter 3)

Toxicity study
n = 151

(Chapter 4)

Resistance  study
n = 39

(Chapter 5)

n = 21n = 9
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Study procedures 

PK study (Chapter 3) 

Consecutive participants enrolled in the intervention arm of the NExT trial and those on 

linezolid-based therapy in the PROBeX study were approached for participation in the 

linezolid PK study at Brooklyn Chest Hospital in Cape Town. After providing informed 

consent, participants underwent intensive venous sampling to characterise the steady 

state PK of linezolid over a 24-hour dosing interval on a single occasion around Month 

2 of linezolid therapy. Most participants in PROBeX were inpatients at the time of the 

intensive sampling visit and all NExT participants attended as outpatients. At the first 

visit, participants had a peripheral intravenous catheter inserted from which 

approximately 4 mL of blood was drawn prior to dosing, then at 1, 2, 3, 4, 5, 6, and 24 

hours after the observed dose (some participants in the PROBeX study had additional 

sampling at 8 and 48 hours) (Figure 3). Participants returned for a second visit the 

following morning to collect a single sample at 24 hours after the previous observed 

dose and before the next dose was taken. This was collected by single venepuncture. 

The blood samples were drawn into EDTA tubes, centrifuged within 30 minutes of 

sampling, and transported on dry ice or in a portable -80˚C freezer for storage until 

analysis. We obtained basic biometric data including sex, race, weight, and height, and 

recorded the exact timing of the previous dose, whether the pills were crushed, and the 

nature of meals taken around dosing. The use of other concomitant drugs was also 

documented. 

 
 
Figure 3. Intensive PK sampling schedule 

 
Figure 3. *Additional timepoints in the PROBeX study. hr = hour; mins = minutes. 

 

Toxicity study (Chapter 4) 

PROBeX participants completed up to 9 visits after enrolment: monthly through the first 

6 months of treatment then every 6 months for up to 24 months of follow up (Figure 4). 

The following information was captured at the baseline visit: sociodemographic 

information, medical co-morbidities, HIV status, TB history and details of index TB 
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episode, biometric data (weight, height), ethnicity, and details of concomitant drug 

therapy. Baseline and monthly screening for peripheral and optic neuropathy was 

conducted. The Brief Peripheral Neuropathy Screen (BPNS), a brief self-report tool that 

has been validated for the identification of sensory peripheral neuropathy in HIV [129], 

was used to screen for peripheral neuropathy. Bedside tests were done to assess visual 

acuity (using logMAR charts) and colour vision (using 14-plate Ishihara charts) to screen 

for optic neuropathy. Treatment adherence, regimen changes, and updated clinical 

information were documented at each follow up visit. 

 

Figure 4. Study schema for linezolid procedures in the PROBeX study. 

 
Figure 3. LZD = linezolid; BDQ = bedaquiline; PK = pharmacometric 

 

Phlebotomy was performed at study entry and monthly visits for full blood count and 

lactate quantification; these tests, as well as baseline CD4 count and HIV viral load, 

were performed by the National Health Laboratory Service (NHLS). Sparse PK 

sampling was conducted on three occasions at Months 1, 2, and 6; a single pre-dose 

sample was drawn at each of these visits, centrifuged on site, stored at -80˚C, and 

transported to the Division of Clinical Pharmacology at UCT for determination of 

linezolid concentrations. Whole blood was collected at study entry (from participants 

who provided explicit consent) and stored for mitochondrial DNA extraction and 

sequencing of the 16S rRNA gene; these assays were performed by the Centre for 

Proteomic and Genomic Research in Cape Town. 

 

Linezolid drug susceptibility testing (Chapters 3 and 5) 

Linezolid MIC values were determined on available M. tuberculosis isolates obtained at 

study entry for probability of target attainment analysis in the PK study (Chapter 3). 

0 1 2 6 12 18
Month

24

BDQ start
‘Baseline’

Study entry PK

LZD start and changes
Blood tests: haematological toxicity

3 4 5

Lactate
Peripheral and optic neuropathy screening

PKPK



 28 

These assays were performed at the South African Medical Research Council Centre 

for Tuberculosis Research at Stellenbosch University using the BACTEC MGIT 960 

system (BD Diagnostic Systems, Sparks, MD, USA) and continuous growth monitoring 

with Epicenter software [130].  

 

For the retrospective linezolid resistance study (Chapter 5), isolates retrieved from 

NHLS laboratories and the NICD were shipped in original liquid culture bottles to the 

BSL3 laboratory at the Institute of Infectious Disease and Molecular Medicine at the 

University of Cape Town for linezolid resistance testing. Phenotypic linezolid resistance 

was determined on sub-cultured isolates by MIC assessment using a microtitre assay 

[131]; DNA extraction and targeted Sanger sequencing was performed for genotypic 

resistance testing. Detailed descriptions of these methods are provided in the relevant 

chapters. 

 

Data collection and data curation 

Clinical information was obtained directly from study participants and from medical 

records. Clinical and routine laboratory data was captured on bespoke case report 

forms designed in REDCap. On completion of each study, the data were exported to 

Excel spreadsheets checked for accuracy and completeness using Stata software. 

Other data, including drug concentrations, MIC and genotypic resistance testing, and 

mtDNA polymorphisms, were imported directly into Stata and appended to relevant 

datasets. 

 

Overview of statistical analyses 

Detailed analytical approaches are described for each study in respective chapters. 

Data were analysed using Stata 14 and 17 (StataCorp) to address the main research 

questions: 

 

What are the sources of variability in linezolid PK among patients with RR-TB and a 

high prevalence of HIV, and what is the probability of PK/PD target attainment 

accounting for the measured MIC distribution? 

Intensive PK sampling was performed on a subgroup of participants in two cohort 

studies of RR-TB. Non-compartmental analysis was done to describe PK parameters 

from observed drug concentration data. Associations between clinically relevant 
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covariates and linezolid exposure were explored using linear regression. The proportion 

of participants with estimated PK exposures above defined efficacy and toxicity targets 

was computed and probability distributions plotted (Chapter 3).  

 

What is the frequency, timing, and risk of linezolid-associated adverse events in a 

programmatic setting with high prevalence of HIV?  

Longitudinal data analysis was conducted on a prospective cohort of patients treated 

with linezolid-containing regimens for RR-TB. Survival methods were used to describe 

and plot incidence of non-repeating events. Linear and logistic mixed-effects models 

were fitted to longitudinal data to quantify changes over time and explore individual risk 

factors for linezolid toxicity (Chapter 4). 

 

What is the frequency and risk factors for linezolid resistance among patients with 

treatment failure for RR-TB, and what are the genotypic correlates of linezolid 

resistance? 

Patients with RR-TB treatment failure on linezolid-based therapy were identified from 

medical and laboratory records, and M. tuberculosis isolates obtained. Bivariate 

analysis was done to compare clinical and treatment parameters between patients who 

developed linezolid resistance with those who did not. MIC distributions were plotted, 

stratified by presence of genotypic resistance mutations (Chapter 5). 

 

Ethical approval 

All studies were approved by the University of Cape Town Human Research Ethics 

Committee (UCT HREC), reference numbers 805/2016; 264/2015; 920/2015. 

Participants provided written informed consent prior to performance of any study 

procedure. 

 

Summary of thesis structure 

Chapter 2 is a systematic narrative review of linezolid use for RR-TB, providing detailed 

background on efficacy, safety, PK, and resistance. The review aimed to identify 

important research gaps as a scoping exercise to provide rationale for the studies in 

this PhD thesis.  

Chapter 3 presents findings of the non-compartmental analysis and probability of target 

attainment from the linezolid PK study. The study is published but presented in a format 
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consistent with the thesis document. Supplementary figures from the publication are 

included. 

Chapter 4 is a longitudinal analysis of linezolid toxicity from the main prospective cohort 

study. These findings are not yet published and are presented as a chapter, including 

data intended as supplementary material in the published version. 

Chapter 5 presents findings from the retrospective linezolid resistance study. The 

published study is presented in a format consistent with the thesis document, including 

supplementary material. 

Chapter 6 presents a summary of all the preceding chapters as conclusions to the 

thesis. 
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CHAPTER 2 
Linezolid in the treatment of drug-resistant tuberculosis: the 

challenge of its narrow therapeutic index 

 

ABSTRACT 

Introduction: Linezolid is an oxazolidinone with potent activity against M tuberculosis 

and improves culture conversion and cure rates when added to treatment regimens for 

drug resistant tuberculosis. However, linezolid has a narrow therapeutic window, and 

the optimal dosing strategy that minimises the substantial toxicity associated with 

linezolid’s prolonged use in tuberculosis treatment has not been determined, limiting the 

potential impact of this anti-mycobacterial agent. 

 

Areas covered: This paper aims to review and summarise the current knowledge on 

linezolid for the treatment of drug-resistant tuberculosis. The focus is on the 

pharmacokinetic-pharmacodynamic determinants of linezolid’s efficacy and toxicity in 

tuberculosis, and how this relates to defining an optimal dose. Mechanisms of linezolid 

toxicity and resistance, and the potential role of therapeutic drug monitoring are also 

covered. 

 

Expert commentary: WHO has recently upgraded the status of linezolid to a core 

second line agent, and it is likely to become a key component of treatment regimens for 

drug resistant tuberculosis in sub-Saharan Africa and other high burden regions. 

Prospective pharmacokinetic-pharmacodynamic studies are required to define optimal 

therapeutic targets and to inform improved dosing strategies that minimise the risk of 

toxicity and the emergence of linezolid resistance.  
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Introduction 

The pandemic of drug resistant tuberculosis is a major barrier to global tuberculosis 

control. While the number of drug-susceptible tuberculosis cases appears to be 

decreasing, the number with multidrug resistant (MDR) tuberculosis (resistance to both 

rifampicin and isoniazid) has remained virtually unchanged in recent years, and globally 

an estimated 3.3% of new tuberculosis cases and 20% of previously treated cases had 

MDR tuberculosis in 2014 [26]. This equates to almost half a million incident MDR 

tuberculosis cases with approximately 190,000 deaths, a case fatality ratio over 2.5-fold 

higher than for drug-susceptible tuberculosis [26]. The worst outcomes are seen with 

extensively drug resistant (XDR) tuberculosis (additional resistance to fluoroquinolones 

plus second line injectable agents), the prevalence of which is estimated to be 10% of 

MDR tuberculosis cases globally [26], which has an overall 5-year mortality of 70% [30].  

 

Under programmatic conditions only 50% of MDR tuberculosis cases have treatment 

success [26], driven by poor efficacy of second line tuberculosis drugs, prolonged 

duration of therapy with high rates of loss to follow up, and high rates of toxicity [26]. 

WHO has recently strengthened its standard 18-24 month MDR tuberculosis regimen 

with additional drug options [44] and has introduced a new short-course regimen of 9-

12 months for non-pregnant patients with pulmonary tuberculosis susceptible to 

aminoglycosides and fluoroquinolones [44], but the efficacy of this shortened regimen 

is not informed by randomized controlled trials. Overall, 30% of patients with MDR 

tuberculosis require removal of drugs from their regimen (particularly the 

aminoglycosides, which remain in the updated WHO MDR tuberculosis guidelines) 

because of adverse events [132] with no other effective treatment options until recently. 

The overlapping toxicity of anti-tuberculosis drugs used for drug-resistant tuberculosis 

and antiretroviral therapy (ART) further limits the use of current regimens, particularly 

in Southern Africa where the tuberculosis epidemic is driven largely by HIV and co-

infection rates exceed 60% [26]. In addition to being more toxic, less effective and much 

more expensive [15, 133] than the treatment for drug-susceptible tuberculosis, the use 

of standard drug-resistant tuberculosis treatment regimens results in resistance 

amplification during therapy [31, 32], thereby worsening the problem of drug-resistant 

tuberculosis.  
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There is thus a critical need for more effective, safe, and well-tolerated drugs in order 

to support shorter and injection-free treatment regimens, improve adherence, and 

interrupt the cycle of resistance amplification and transmission of drug-resistant 

tuberculosis. Linezolid, an oxazolidinone antibiotic initially developed to treat Gram-

positive bacterial infections, improves culture conversion and cure rates in complicated 

MDR as well as XDR tuberculosis [81], and has the potential to support injection-free 

regimens. Because of its anti-mycobacterial potency and impressive impact on 

outcomes in small clinical trials, linezolid is likely to become a key component of 

treatment regimens for drug-resistant tuberculosis. However, linezolid is not licensed as 

an anti-tuberculosis agent and its expanded use in tuberculosis therapy is limited by the 

substantial toxicity that occurs beyond the approved 28-day duration for Gram-positive 

infections. It is also unclear what dose of linezolid optimizes the delicate balance 

between adverse events, efficacy, and the suppression of resistance. The latest WHO 

MDR tuberculosis guidelines have included linezolid in the list of core second line 

agents (without dosing recommendations), but caution against its use where there are 

other available options or close toxicity monitoring is not possible. 

 

In this review, we aim to present the current evidence for the use of linezolid in the 

treatment of tuberculosis in adults. Our focus is on the anti-mycobacterial activity and 

pharmacokinetics (PK) of linezolid in tuberculosis treatment, and how this relates to 

efficacy and toxicity. We also explore the mechanisms of linezolid toxicity and 

resistance and discuss dosing strategies and other approaches to potentially reduce 

these complications and optimize the use of linezolid in tuberculosis therapy.  

 

Search strategy 

We performed a broad search in Pubmed combining the terms ‘linezolid’ and 

‘oxazolidinone’ with ‘tuberculosis,’ ‘pharmacokinetics,’ ‘resistance,’ ‘toxicity,’ 

‘mitochondrion,’ and ‘therapeutic drug monitoring.’ Search limits were set to only include 

studies published in English. We also hand searched bibliographies of all included 

articles for additional relevant publications. 

  

Mechanism of action 

Linezolid is the prototype member of the synthetic oxazolidinone antibiotic class. Like 

all oxazolidinones, linezolid inhibits initiation of bacterial protein synthesis through a 
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unique mechanism of action by binding to the 23S RNA peptidyl transferase centre 

(PTC) of the 50S subunit of the prokaryotic ribosome [134, 135]; it has also been shown 

to have downstream effects by binding the P (peptidyl) site on mature 70S initiation 

complexes [136]. These actions ultimately prevent translation of mRNA leading to 

bacteriostatic effects [137]. Although oxazolidinones interact with the peptidyl 

transferase inhibitors clindamycin and chloramphenicol by competing for overlapping 

binding sites on the 50S ribosomal subunit [138],  their mechanism of action is different 

and there is no cross resistance between these antibiotics [139], or with any anti-

tuberculosis drugs. 

 

Pharmacokinetic (PK) profile and drug-drug interactions 

The general pharmacokinetics of linezolid have been thoroughly reviewed [140-142]. 

Peak serum concentrations of 10.3 – 14.7 mg/L are reached after ~2 hours following 

oral administration of 600 mg 12-hourly, with an elimination half-life of 4.8 – 5.5 hours. 

Linezolid has good tissue penetration [143, 144], including into the cerebrospinal fluid 

[145]. Several PK characteristics of linezolid are favourable for treating pulmonary 

tuberculosis: There is almost complete oral bioavailability with good pulmonary 

penetration [146-148], the median sputum-to-serum linezolid concentration ratio is 1.0 

(range, 0.7 to 1.5) [149], and oral dosing achieves linezolid concentrations above the 

wild type minimum inhibitory concentration (MIC) of M tuberculosis in epithelial lining 

fluid [148, 150], and within alveolar macrophages [143, 147].  

 

About 65% of an administered dose undergoes non-enzymatic oxidative metabolism 

[142] resulting in the formation of two inactive metabolites. This process contributes to 

the substantial inter-individual variability observed with this lipophilic drug [100, 140]. 

Urinary excretion is the major elimination route for non-metabolized drug, with ~30% of 

the dose appearing unchanged in the urine, and ~50% excreted as inactive metabolites 

[151]. Dose adjustment is not recommended in renal impairment [140, 142] but a 

number of studies have found reduced creatinine clearance to be a risk factor for 

haematological adverse events [85-88]. The association between renal impairment and 

linezolid toxicity requires further investigation, but may have implications for its use in 

sub-Saharan Africa, where renal impairment commonly accompanies HIV-associated 

tuberculosis due to HIV-associated nephropathy [152]. 
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The cytochrome P450 isoenzyme CYP3A4 has a minor role in linezolid metabolism 

[153]. It has been suggested that linezolid is a substrate of the membrane efflux 

transporter P-glycoprotein [154, 155], but this has not been confirmed. Co-

administration with clarithromycin, which inhibits P-glycoprotein and CYP3A4, results in 

increased linezolid exposure [156], with up to a 50% increase in linezolid concentrations 

[154]. Ritonavir, an HIV protease inhibitor used as a pharmacological booster in ART, 

which is also an inhibitor of P-glycoprotein and CYP3A4, will likely also increase 

linezolid exposure. Linezolid exposures are modestly reduced when co-administered 

with rifampicin (32% reduction in linezolid AUC and 21% reduction in Cmax), a potent 

inducer of P-glycoprotein and CYP3A4 [153, 155]; this effect may persist for up to 3 

weeks after discontinuation of rifampicin [157]. 

 

Linezolid is a reversible non-selective inhibitor of monoamine oxidase (MOA), and 

cases of serotonin toxicity have been uncommonly reported during co-administration 

with selective serotonin reuptake inhibitors and other agents that increase serotonin 

concentrations in the central nervous system [79, 158-161]. MOA inhibition by linezolid 

may also lead to potentiation of vasopressor effects of sympathomimetic and adrenergic 

agents [162]. A single study demonstrated an antagonistic effect between linezolid and 

levofloxacin in a macrophage model of M tuberculosis [163]. The clinical consequences 

of this are unknown, but reassuringly, 3-drug combinations involving these two agents 

were as effective against M tuberculosis isolates as first line therapy in vitro [164]. 

Finally, there is a theoretical risk of combined mitochondrial toxicity when linezolid is co-

administered with other antimicrobials (such as aminoglycosides, chloramphenicol, and 

clindamycin) that impair mitochondrial function. 

 

Activity against M. tuberculosis 

Linezolid was developed for its activity against multidrug resistant staphylococci, 

streptococci, and enterococci, and was approved in 2000 for the treatment of serious 

infections caused by these pathogens at a recommended dose of 600 mg twice daily 

for up to 28 days [65, 66]. It also has potent in vitro activity against M tuberculosis. The 

MICs against clinical M tuberculosis isolates are consistently lower than for Gram-

positive pathogens, ranging from ≤ 0.125 to 1 mg/L [67, 165, 166], and an 

epidemiological cut-off (ECOFF) value of 0.5 mg/L has been suggested [167]. Although 
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critical concentrations have not been firmly established [168], an MIC of 1 mg/L is widely 

considered to represent the clinical susceptibility breakpoint.  

 

In keeping with its mechanism of action, linezolid is bacteriostatic against M tuberculosis 

in vitro and in mice at doses equivalent to 300 mg daily in humans and weakly 

bactericidal at higher doses [70, 72, 169]. In a clinical study involving 29 HIV-uninfected 

adults with smear-positive pulmonary tuberculosis, linezolid demonstrated modest early 

bactericidal activity (EBA) at both 600 mg daily and twice daily doses, with very little 

further effect after 5 days [73]. Linezolid’s limited bactericidal activity only occurred 

during the exponential growth phase in one in vitro study [169], implying a lack of 

sterilizing ability. However, recent clinical evidence suggests that linezolid may 

contribute to tuberculosis cure, particularly in the context of novel drug regimens [170]. 

Linezolid has been shown to have potent bactericidal activity against non-replicating 

bacilli in vitro and in mice [171], and its addition to various tuberculosis regimens in a 

murine experiment led to significant reductions in lung quantitative cultures at 2 months, 

and resulted in lung sterilization in combination with second line anti-tuberculosis drugs 

[172]. Strikingly, in a recently published series of murine experiments, linezolid 

significantly enhanced the bactericidal and sterilizing ability of a 3-drug regimen that 

included the new anti-tuberculosis agents bedaquiline and pretomanid. Furthermore, 

this combination showed superior sterilizing activity compared to first line agents for 

drug-susceptible M tuberculosis strains [173].  

 

Improved clinical outcomes with linezolid use in drug-resistant tuberculosis 

Linezolid’s potent anti-mycobacterial activity has translated into clinical efficacy. A 

number of observational studies and two small randomized controlled trials (RCTs) 

have shown that the inclusion of linezolid in treatment regimens for drug-resistant 

tuberculosis resulted in improved rates of sputum culture conversion and more 

favourable clinical outcomes [81]. There has been no systematic comparison of linezolid 

dosing regimens in tuberculosis treatment, and a range of doses have been used in 

these studies. Linezolid therapy is often continued until treatment completion, which in 

drug-resistant tuberculosis can take up to 24 months. Because of the recognition of 

increased linezolid toxicity with prolonged use of 600 mg twice daily (the approved dose 

for Gram-positive infections), the most widely used dosing strategy in tuberculosis is 

600 mg daily with a reduction to 300 mg daily in the event of adverse events. At these 
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reduced doses linezolid exposures may exceed the MIC of M tuberculosis, and the 

addition of linezolid to the treatment of drug resistant tuberculosis has resulted in 

improved outcomes.  

 

In a Korean RCT, which randomized 39 HIV-negative patients with intractable XDR 

tuberculosis to the delayed or immediate addition of linezolid, significantly more 

participants in the immediate-start group converted to a negative sputum culture by 4 

months (79 vs 35%, P = 0.001). After 6 months of linezolid treatment, 87% of all patients 

had negative sputum cultures, including the subgroup who underwent a second 

randomization to a 300 mg daily dose. This effect was durable, with 71% remaining 

cured at 1 year after completion of treatment [63, 64]. These results are surprising, given 

that linezolid was added as a single drug to failing regimens, a strategy that usually fails 

in tuberculosis treatment. Similar impacts outcomes were seen in the second small RCT 

conducted in China (n = 65), where doses of 600 mg twice daily were used initially for 

up to 6 weeks, followed by a reduction to 600 mg or 300 mg daily depending on weight 

[174]. These results are consistent across studies and settings. The most recent meta-

analysis reported that 83% of patients with drug-resistant tuberculosis (46% of whom 

had XDR tuberculosis) had successful outcomes (cured or completed) on linezolid-

based therapy, and there was a pooled culture conversion rate of almost 90% [81]. At 

the time of this review, in the only reported data from sub-Saharan Africa, where there 

are high rates of HIV co-infection, the addition of linezolid (plus bedaquiline in some) to 

treatment regimens for patients with pre-XDR and XDR tuberculosis in a large township 

in Cape Town, South Africa, led to more rapid culture conversion (hazard ratio (HR) 

3.33, 95% confidence interval (CI) 1.10–10.20) [175], higher culture conversion rates 

(64 versus 40%, p = 0.002), and a trend towards lower mortality (20 versus 31%) and 

treatment failure (11 versus 21%) at 9 months [176].  

 

Taken together, these findings suggest an important role for linezolid in the treatment 

of drug-resistant tuberculosis and are the basis for its expanding use in clinical practice 

for complicated drug-resistant tuberculosis cases, and its inclusion in trials of novel drug 

regimens for MDR and XDR tuberculosis. However, published reports of linezolid use 

for drug resistant tuberculosis include outcomes data for only 367 patients worldwide; 

fewer than 10% of these were HIV-infected and only 55 cases have been reported from 

Africa [175, 176]. The two RCTs involved just 74 patients of Asian origin with a low 
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mean body weight, all of whom were HIV-uninfected. This may limit generalizability 

because linezolid exposure is inversely related to body weight [103, 177] and HIV 

infection is known to be a cause of PK variability in anti-tuberculosis drugs [98]. 

Additionally, these studies had designs where participants underwent dose reduction 

after an initial period on higher doses, and also lacked detailed PK analyses, making it 

difficult to compare the efficacy of different dosing strategies. Finding the lowest 

effective dose of linezolid is a priority in tuberculosis therapy and is necessitated by the 

occurrence of serious linezolid-associated adverse events. 

 

The mitochondrial toxicity of linezolid 

To minimize host toxicity, antimicrobials should be designed to selectively bind to 

microbial targets. The specificity of target binding is more difficult to achieve for 

antibiotics that interfere with bacterial protein synthesis as the molecular machinery for 

these processes have deep evolutionary roots that are a common feature of life. 

Bacterial protein synthesis inhibitors can cause toxicity in humans through binding to 

conserved homologous structures in mammalian mitochondrial RNA [78], which are 

largely encoded by mitochondrial DNA that originated from a eubacterial ancestor [178]. 

Inhibition of mitochondrial protein synthesis can lead to disruptions of the electron 

transfer chain and impairment of oxidative phosphorylation, resulting in tissue-specific 

dysfunction related to differential dependence on mitochondrial energy, or “threshold 

capacity” [179]. This manifests as clinical phenotypes similar to those seen in inherited 

mitochondriopathies, with myelosuppression, neuropathy, and hyperlactatemia 

predominating.  

 

The selective activity of linezolid is compromised because of binding to conserved 

regions of mammalian mitochondrial ribosomes. The primary binding site for linezolid is 

the central loop of domain V of bacterial ribosomal 23S RNA (the PTC) [180], which has 

a high degree of homology with mammalian mitochondrial 16S rRNA. The areas of 

greatest similarity map to key functional domains, and the inhibition of bacterial protein 

synthesis by linezolid thus also results in inhibition of mitochondrial protein synthesis, 

particularly of key subunits of mitochondrial respiratory complexes which are translation 

products of mitochondrial ribosomal 16S RNA [78, 181]. This is depicted in Figure 1. 

 

 



 39 

 

 

Figure 1. Shared binding sites of linezolid in M tuberculosis and human mitochondria 

and the downstream effects of inhibition of protein synthesis. 

 
Figure 1. In M tuberculosis, linezolid prevents the formation of the 70S protein initiation complex by 

binding to the peptidyl transferase centre (PTC) in 23S RNA of the 50S ribosomal subunit, leading to its 

anti-mycobacterial activity. Linezolid toxicity occurs because of binding to homologous structures in 

human mitochondrial 16S sRNA, resulting in reduced synthesis of key components of respiratory chain 

complexes I, III, IV and ATP synthase, and impairment of oxidative phosphorylation. These domains in 

the mitochondrial PTC are partly encoded by mitochondrial DNA, and mutations in the 16S rRNA gene 

(A2706G and G3010A) have been associated with linezolid-induced mitochondrial toxicity. Complex II 
is encoded in the nucleus and synthesised by cytoplasmic ribosomes, and thus not affected by linezolid 

exposure [77, 137, 182]. 

 

Multiple lines of evidence support a causal relationship between linezolid’s activity and 

mitochondrial toxicity [77, 183, 184], which shows a dose-response effect [90] and is 

time-dependent [77, 185]. The degree of mitochondrial protein inhibition is more 

pronounced with increasing oxazolidinone antibacterial potency [90]. Using complex II 

(which is synthesized by cytoplasmic ribosomes) as a control, De Vriese and colleagues 

demonstrated significantly reduced activity of complex IV (cytochrome oxidase, a critical 
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component the electron transfer chain) in tissue samples from a patient with 

hyperlactatemia and optic neuropathy who had been treated with a prolonged course 

of linezolid. This selective decrease in complex IV (and other mitochondrial-derived 

respiratory chain complexes) was replicated in a rat model where the effect was time- 

and dose-dependent. This study showed a specific impairment in mitochondrial protein 

synthesis, as mitochondrial mass appeared to be preserved, reflected in similar citrate 

synthase activity to controls [77]. Other studies have shown a reduced ratio of complex 

IV to complex II in the peripheral blood mononuclear cells from patients who had 

developed symptomatic hyperlactatemia during prolonged linezolid therapy [183, 184], 

and that mitochondrial protein synthesis recovers within two weeks after withdrawal of 

linezolid [184]. A direct link between oxazolidinone-induced inhibition of mitochondrial 

protein synthesis and inhibition of cell proliferation has also been demonstrated, 

clarifying the role of linezolid in myelosuppression [185].  

 

Of clinical importance, the linezolid concentration that inhibited 50% of mitochondrial 

protein synthesis (IC50) in the tissue of experimental animals was 3.37 – 5.26 mg/L [90], 

which overlaps with the range of serum trough concentrations after a standard 600 mg 

12-hourly dose used in adults with Gram-positive infections (1 – 6 mg/L) [184]. In a 

hollow fibre infection model, even a reduced dose equivalent to 600 mg daily led to 

major reductions in complex IV [105], implying a risk of toxicity even with the use of this 

dose, particularly with the longer courses required for tuberculosis. 

 

Mitochondrial toxicogenomics 

The homology of the conserved regions in the PTC of mitochondrial ribosomal RNA 

with those found in the prokaryote determines the risk of toxicity by enhancing antibiotic 

mitochondrial ribosomal binding. For example, aminoglycoside antibiotics are 

associated with a higher risk of ototoxicity in individuals with A1555G or C1494T 

mutations in the mitochondrial 12S rRNA gene. These polymorphisms are at sites which 

encode key functional regions of mitochondrial 12S rRNA, and result in alterations at 

these sites which are homologous to bacterial 30S rRNA aminoglycoside targets [186]. 

 

Although there is a direct relationship between linezolid exposure and the development 

of mitochondrial toxicity, its incidence and severity is variable, suggesting the possibility 

of a genetic predisposition. The 16S RNA mitochondrial ribosomal subunit is encoded 
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by mitochondrial DNA (mtDNA), and mutations in this region could confer susceptibility 

to linezolid toxicity. Single nucleotide polymorphisms (SNPs) in the 16S rRNA gene 

(A2706G and G3010A) have been described in case reports of patients with linezolid-

induced lactic acidosis [82, 187], but these SNPs are relatively frequent in the general 

population [188] and were not associated with adverse events in a cohort of 38 Korean 

patients given linezolid for XDR tuberculosis [83]. However, the substitutions are 

situated very close to the PTC, and the A2706G mutation lies in an exposed position on 

the 16S rRNA that could enhance its interaction with linezolid [82]. These factors imply 

a potential relationship between these SNPs and linezolid inhibition of mitochondrial 

protein synthesis [78]. Genetic associations with adverse events should be explored on 

a larger scale, particularly in African populations, who may have different population 

mtDNA polymorphisms affecting predisposition to linezolid toxicity.  

 

Clinical impact of mitochondrial toxicity 

The effect of cumulative linezolid dose on mitochondrial toxicity has been seen in clinical 

practice, where serious adverse events such as myelosuppression, optic and peripheral 

neuropathy, and lactic acidosis, occur more commonly with linezolid use beyond 28 

days, which is the FDA-approved maximum duration [79]. The duration of linezolid 

therapy in drug resistant tuberculosis usually exceeds 6 months (and may be continued 

for up to 24 months); this prolonged administration frequently leads to adverse events 

requiring treatment discontinuation or dose reduction.  

 

In the most recent systematic review of linezolid use in drug resistant tuberculosis [81], 

which included 367 patients from 15 studies, 55% experienced adverse events and over 

a third (35%, 95% CI 22 – 47) suffered major toxicities requiring discontinuation of 

therapy. Even at daily doses ≤ 600 mg, major adverse events occurred in 25%. The 

most common adverse events were peripheral neuropathy and anaemia, occurring in 

31% (95% CI 19 – 42) and 25% (95% CI 15 – 34) respectively. Fortunately, these effects 

are usually reversible on discontinuing linezolid or with dose reductions, but cases of 

fatal lactic acidosis [189], and persistent peripheral neuropathy [190, 191] have been 

described. Neurological complications appear to be duration-dependent [192], usually 

developing after 2 months on therapy, even with lower doses, while haematological 

toxicity usually occurs within the first 2 months of therapy, is reversible, and is 

associated with higher doses [63, 81, 174]. The timing of mitochondrial toxicity thus has 
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important implications for designing linezolid treatment regimens, emphasizing the need 

to evaluate the efficacy of shorter courses. 

 

As noted above, there are limited data on the use of linezolid for drug-resistant 

tuberculosis in HIV-infected patients. In a retrospective cohort study involving 34 

patients with drug-resistant tuberculosis from Cape Town and Mumbai, there was a 

trend towards more frequent linezolid-related adverse events amongst the 17 HIV-

infected patients (HR 2.9, 95% CI 0.9 – 9.4) [175]. Potential contributing factors for this 

increased toxicity include (1) overlapping toxicity with ART, particularly the non-

nucleoside reverse transcriptase inhibitors, which can cause mitochondrial toxicity by 

inhibiting gamma polymerase which controls mtDNA replication [193], (2) pre-existing 

HIV-associated peripheral neuropathy and anaemia, and (3) direct mitochondrial 

dysfunction from HIV itself [194].  

 

There is a direct correlation between linezolid dose, trough concentrations and the 

development of clinical toxicity [63, 64, 83, 110]. In the Korean RCT [83], patients who 

were randomized to continue the 600 mg linezolid dose had significantly higher toxicity 

risk and earlier occurrence of adverse events compared to those changed to 300 mg 

(HR 3.1, 95% CI 1.23 – 7.86). Although linezolid use was associated with a decline in 

mitochondrial translational capacity (measured by cytochrome c oxidase/citrate 

synthase ratio) in all participants, the effect was significantly greater in those continuing 

to take the 600 mg dose. There was a linear relationship between dose and linezolid 

trough concentrations, with a 2-fold increase in risk of clinical toxicity for every 1 mg/L 

increase in trough concentration [83]. Because of the shared mechanisms of anti-

mycobacterial activity and mitochondrial toxicity, attempts to increase potency with dose 

increase will predictably be accompanied by greater toxicity, but it is unclear what 

impact dose reductions for toxicity have on efficacy or the risk of linezolid resistance.  

 

Resistance 

Mutational linezolid resistance in Gram-positive bacteria is difficult to select in vitro 

[137]. Although resistant strains of Gram-positive pathogens have emerged during 

therapy, surveillance programs have demonstrated sustained susceptibility, with 

linezolid resistance prevalence consistently below 0.5% and no evidence of ‘MIC creep’ 

[195]. Linezolid therefore appears to have a relatively high barrier to resistance; possible 
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explanations for this include the fact that it is a chemotherapeutic agent rather than an 

antibiotic, the lack of cross-resistance with other ribosomal agents, and the presence of 

multiple copies of genes that encode its primary binding site [196]. 

 

Resistant M tuberculosis strains are also not easily generated in vitro after exposure to 

sub-inhibitory concentrations of linezolid [117, 169]. However, the first clinical strains 

with linezolid resistance were reported soon after its introduction as an anti-tuberculosis 

agent, as early as 2007, from 4 patients with MDR tuberculosis and prior linezolid 

exposure [111]. In these strains with MICs ranging from 4 to 8 mg/L, no mutations were 

identified in 23S rRNA (rrl) or other putative target genes coding for ribosomal proteins 

surrounding the binding site (L4 and L22) or involved in the protein initiation complex 

(23S rRNA methyltransferase). But, when the same investigators sequenced the 23S 

rRNA gene from 10 linezolid-resistant strains selected in vitro, they found mutations 

resulting in G ® T base pair exchanges at nucleotide position 2061 in four strains with 

MICs of 32 mg/L and at position 2576 in one strain with an MIC of 16 mg/L. The 

association of these mutations with reduced linezolid potency is unsurprising given their 

proximity to the linezolid PTC binding site [197], and their association with such elevated 

MICs would likely to contribute to treatment failure. In contrast, the remaining 5 strains 

with lower MIC values of between 4 and 8 µg/mL showed no mutations in the 23S rRNA 

gene [117]. The molecular mechanism that underlies this low-level resistant phenotype 

was subsequently demonstrated to be a mutation in the rplC gene (T460C) from both 

in vitro selected mutants and clinical isolates with MICs of 2 to 16 mg/L [122]. The 

position of the rplC T460C mutation corresponds with a linezolid binding site on part of 

the ribosomal L3 protein that extends into the PTC, and has been associated with 

linezolid resistance in Gram-positive bacteria [197]. Its role in M tuberculosis resistance 

to oxazolidinones was recently confirmed by demonstrating increased MICs of linezolid 

and another oxazolidinone, sutezolid, against recombinant M tuberculosis strains with 

overexpressed rplC T460C mutations [124]. The emergence of rplC T460C during 

therapy in patients with acquired linezolid resistance [122] is further evidence that it 

contributes to treatment failure. Thus, it appears that mutations in the 23S rRNA gene 

mediate higher levels of resistance to linezolid in M tuberculosis, and that rplC mutations 

are responsible for lower-level resistance. However, 23S rRNA mutations have been 

found in clinical isolates with lower MIC values [63], raising the possibility of an 

associated fitness cost. 
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Only five published studies [63, 111, 117, 121, 122], summarized in Table 1, have 

evaluated the mechanisms of linezolid resistance in M tuberculosis, and there may be 

additional as yet unidentified mutations or non-ribosomal mechanisms that account for 

resistance. Highlighting this point, in a recent laboratory surveillance study, 12 out of 17 

(70%) linezolid-resistant strains (including those with MICs of 16 and 32 mg/L) lacked 

mutations in targeted genes (rrl, rplC and rplD) [121]. The inherent resistance of Gram-

negative bacteria to linezolid results from active extrusion by an efflux pump, and this 

may be a possible non-ribosomal resistance mechanism in M tuberculosis strains with 

moderately elevated MICs but no mutations in ribosomal 23S RNA or L3 [111, 198, 

199]. Another non-ribosomal mechanism may be related to cell wall thickness in XDR 

tuberculosis strains, reducing permeability to linezolid [200], but these potential 

mechanisms require further investigation.    

 

The risk and frequency of linezolid resistance in tuberculosis treatment is largely 

unknown. In the Chinese laboratory-based study cited above [121], 10% of screened 

isolates had elevated linezolid MICs, but the drug exposures and clinical details of these 

patients were not reported, and so the true denominator is ill defined. In this study 

linezolid resistance was significantly associated with the Beijing genotype (the dominant 

circulating strain in high tuberculosis burden countries [32, 201]) and was more frequent 

among XDR isolates. Of concern, a trend of increasing linezolid MICs (0.5 to 2 mg/L) 

amongst selected clinical MDR strains has been seen in China since 1995, even from 

patients with no prior linezolid exposure [202]. In the Korean RCT [63], where linezolid 

was added onto a failing regimen and this constituted effective ‘monotherapy,’ 4 

participants (11%) developed acquired linezolid resistance (MIC range 2 to 16 mg/L) 

with associated rrl and rplC mutations. Three of these participants had been randomized 

to the reduced 300 mg dose, and trough concentrations of linezolid were lower than the 

isolate MICs in 9 of the 16 participants assigned this group. By contrast, trough 

concentrations of linezolid were above the isolate MICs for almost all participants taking 

a 600 mg daily dose. 
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Table 1. Mutations found in linezolid-resistant M tuberculosis strains. 

Author, 

year 
Description Gene(s) sequenced Mutations 

MIC 

range 

(µg/mL) 

Richter 

2007 [111] 

4/210 clinical 

isolates 

23S rRNA (rrl), L4, 

L22, 23S rRNA 

methyltransferase 

None 

found 
4 – 8  

Hillemann 

2008 [117] 

10 isolates 

selected in vitro  
23S rRNA 

G2061T 32 

G2576T 16 

Beckert 

2012 [122] 

Clinical and in 

vitro isolates 
L3 (rplC) T460C 4 – 16 

Lee 2012 

[63] 

4/38 isolates 

from a clinical 

trial 

23S rRNA (rrl) 
G2447T 16 

G2576T 4 

L3 (rplC) T460C 2 – 4  

Zhang 2014 

[121] 

17/ 158 clinical 

isolates 

23S rRNA (rrl) G2061T 32 

L3 (rplC) T460C 16 - 32 

 

These observations suggest a relationship between dose, trough concentrations, and 

risk of resistance, which has implications for designing linezolid-based regimens for 

tuberculosis. There have been conflicting findings regarding the impact of dosing 

regimens on resistance suppression. Supporting once-daily dosing are findings from a 

pharmacodynamic (PD) model of B anthracis, where this approach both optimized 

bacterial kill and minimized the probability of resistance amplification compared with 12-

hourly regimens [203]. However, in a hollow-fibre M tuberculosis infection model the 

relationship between linezolid exposure and the size of resistant sub-populations 

followed an “inverted U-shaped” curve, where resistant sub-populations emerged 

rapidly with increasing doses, reaching a peak at 600 mg daily dose equivalent 

exposures [105]. Although the standard 600 mg daily dose for tuberculosis is likely to 

achieve concentrations above the published mutant prevention concentration (MPC) of 

1.2 mg/L [204],  the hollow fiber model raises concerns that further dose reductions 

(necessitated by toxicity issues) may select out resistant strains during tuberculosis 

treatment, particularly in the context of a weak background regimen. Indeed, in the two 

published reports that have provided clinical data on linezolid resistance, all patients 

were treated with background regimens of questionable efficacy [63, 111]. 
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What is the lowest effective dose and shortest duration of linezolid for 

tuberculosis that prevents the emergence of resistance? 

Understanding the correlation between PK parameters and clinical outcomes is 

necessary to determine the optimal dose for linezolid, particularly as a component of 

multidrug tuberculosis regimens where PK variability of drugs is frequently high, and 

individuals with lower exposures are at risk of the emergence of drug resistance and 

treatment failure [205, 206]. Linezolid activity is both time- and concentration-

dependent, and recommended target PK parameters for efficacy in Gram-positive 

bacterial infections are a free area under the 24-hour concentration–time curve to MIC 

(AUC0-24/MIC) ratio > 100 and a time above MIC (T > MIC) of more than 85% [102, 207-

209]. Besides a murine study showing that AUC0-24/MIC is the best PD predictor of 

efficacy in tuberculosis [72], PK/PD targets for linezolid in tuberculosis treatment have 

not been adequately established, and current dosing practices are not based on 

prospectively collected data which integrate drug exposures derived from PK/PD 

models with clinical outcomes data or MICs from clinical isolates. What has been clearly 

established, though, is that linezolid’s shared mechanism of anti-mycobacterial activity 

and mitochondrial toxicity leads to dose- and duration-related adverse events, which is 

a major limitation of linezolid use in tuberculosis treatment. This has forced clinicians to 

use lower doses of linezolid in tuberculosis treatment, but in the absence of well-defined 

PK targets for efficacy, the impact of this on efficacy and resistance suppression is 

unclear. 

 

Linezolid PK/PD targets for tuberculosis have been extrapolated from its use in Gram-

positive infections and inferred from in vitro and small clinical PK/PD studies in 

tuberculosis. It has been estimated that when treating M tuberculosis strains within the 

wild-type MIC distribution, a half-standard linezolid dose of 600 mg daily would translate 

into AUC/MIC ratios exceeding 109, achieving the PD target for S. aureus [167]. The 

widespread adoption of the 600 mg daily dose in tuberculosis treatment is based largely 

on this estimation, plus other limited clinical data [210], and on the assumption that PD 

efficacy parameters are similar in M tuberculosis.  

 

However, as described above, even this dose is associated with substantial toxicity, and 

it may not achieve optimal efficacy. In an EBA study involving patients with drug-

susceptible tuberculosis, although linezolid 600 mg daily exhibited comparable M 
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tuberculosis killing to twice daily dosing, the daily dosing schedule resulted in lower 

exposures and resulted in T > MIC values below Gram-positive targets [73]. 

Furthermore, the traditional PK/PD parameters used for Gram-positive infections 

(AUC/MIC and T>MIC) may not be ideal as linezolid targets in tuberculosis treatment. 

A hollow fibre model suggested that trough concentrations (trough/MIC) may be a key 

efficacy parameter by showing that a 300 mg 12-hourly equivalent had better kill rates 

than the 600 mg daily dose equivalent [105]. And, in a phase I trial comparing the 

bactericidal activity of linezolid with sutezolid, the maximal bactericidal effect occurred 

at peak concentrations above 2 times the MIC, supporting a concentration-dependent 

effect. Using this concentration-activity relationship, the authors predicted that a 600 mg 

daily dose of linezolid would achieve levels associated with peak bactericidal effect for 

only ~60% of the dosing interval [211].  

 

In attempts to further minimize toxicity, daily linezolid doses of 300 mg have been used, 

but this appears to lead to an even greater loss of potency and efficacy in vitro. In the 

hollow fibre experiment referred to above, the 342 mg linezolid dose equivalent (-1 

standard deviation below a mean 600 mg dose equivalent) killed substantially less than 

exposure to the 600 mg dose equivalent [105]. Similarly, a modelling study (using PK 

data from adults without tuberculosis) estimated that for M tuberculosis isolates at the 

suggested susceptibility breakpoint (1 mg/L) a 300 mg daily linezolid dose would result 

in lower median T > MIC values than 600 mg daily, and that both would fall below the 

recommended range for Gram-positive infections (median 56% [IQR 36 – 100] vs 78% 

[51 – 100], respectively) [212].  

 

A limited number of studies have assessed clinical outcomes with various linezolid 

dosing regimens, and these are summarized in Table 2. To date, clinical data for the 

600 mg daily linezolid dose have been reported for only 202 patients with tuberculosis 

[81, 174-176, 213, 214]. The most recent systematic review (which included efficacy 

data from just 117 patients) found differences in culture conversion (84.6% versus 66%, 

P = 0.771) or cure (64.9% versus 53.1%, P = 0.066) between those taking ≤ 600 mg 

and those on total daily doses > 600 mg, but this was not statistically significant [81]. 

More treatment failure and deaths occurred in the lower dose group, although the 

reasons for this are unclear and may be confounded by patient factors such as HIV 
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status, disease severity, and degree of drug resistance [81]. Two studies involving 67 

patients have specifically evaluated a 300 mg daily dose [63, 215].  

 

Table 2: Clinical outcomes of different linezolid dosing regimens for drug resistant 

tuberculosis. 

 
300 mg daily 600 mg daily 

>600mg 

daily 

Author, year Koh, 

2012 
[215] 

Lee, 

2012 
[63] 

Zhang, 

2015 
[81] 

Zang, 

2014 
[213] 

Tang, 

2015 
[174] 

Hughes, 

2015 
[175] 

Liu, 

2015 
[216] 

Zhang, 

2015 
[81] 

Denominator 51 See 
legendc 

See 
legendd 

15 33 34 16 See 
legendf 

Proportion 

XDR (%) 

51 100 53.6 100 100 50 100 41.2 

Median time to 

culture 

conversion 

(days) 

55  75 57.7 NR NR NR NR 106.6 

Proportion 

with culture 

conversion (%) 

78.4 87 90.3e 60 78.8 50  
(n = 28) 

87.5 86 

Curea (%) 73.3 71 57.6e NR 51.5 NR 84.6  

(n = 
13) 

53.1 

Major adverse 

eventb (%) 

27 18 25e NR NR 5.9 12.5 31.9 

Table 2. NR not reported. a According to WHO definition; b Requiring interruption/discontinuation of 

linezolid therapy; c 38 patients received linezolid, 16 were initially randomised to 300 mg (13 additional 

patients had dose reductions to 300 mg during therapy). Data includes all 38 patients who received 
linezolid, 29 of whom were on the 300 mg dose at some stage during therapy; d Systematic review of all 

published studies of linezolid use in TB treatment. Denominators for culture conversion 117, cure 111, 

and adverse events 151; e Calculated without data from Koh, et al; f Systematic review of all published 

studies of linezolid use in TB treatment. Denominators for culture conversion 121, cure 128, and 

adverse events 216 

 

Unfortunately, in one of these, a clinical trial, the efficacy outcomes of the subgroup of 

patients randomized to reduce dose to 300 mg/day were not reported, and these could 

be affected by the prior exposure to 600 mg daily in all participants. The retrospective 
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study by Koh and colleagues included 51 Korean HIV-negative drug resistant 

tuberculosis (50% XDR) patients who were failing therapy and provided linezolid 300 

mg daily from the start of treatment. Despite being added to a weak background regimen 

(containing only 2 other agents to which the isolates were susceptible) linezolid 300 

mg/day resulted in culture conversion after a median duration of 55 days and favourable 

outcomes (cure or completion of treatment after culture conversion) in 78%. 

Disappointingly, major adverse events requiring discontinuation of linezolid still 

occurred in 27%, but withdrawal of linezolid did not influence treatment success rates.  

 

These observations support the possibility of limiting the duration of higher dose 

linezolid therapy to reduce the cumulative exposure and minimize toxicity; this requires 

formal evaluation. A recent mouse model provided additional support for this strategy 

by showing that the sterilizing activity achieved by linezolid-containing regimens was 

not reduced when the duration of high dose therapy was shortened to 1 month [173]. 

An important consideration, however, is the impact of lower doses on linezolid 

resistance, and in the modelling study discussed above, a daily dose of 300 mg was 

predicted to achieve a median T > MPC under 60% [212]. 

 

Other dosing approaches have been tried, including intermittent dosing and a 300 mg 

twice daily regimen. The latter achieves favourable efficacy exposures [210, 212], but 

mitochondrial protein synthesis appears to be sensitive to more frequent dosing 

intervals [105], and trough concentrations exceed the IC50 for mitochondrial toxicity 

more than 50% of the time [212]. Once-daily dosing may thus be preferable in terms of 

enhancing treatment adherence and lowering the risk of linezolid-induced toxicity.  

 

A Chinese study prospectively evaluated an intermittent dosing schedule of linezolid in 

10 patients with pre-XDR and XDR tuberculosis, most of whom had failed treatment. 

Linezolid was initially dosed at 800 mg daily for up to 4 months and switched to 1,200 

mg thrice weekly after culture conversion or intolerance; the dose was further reduced 

to 600 mg thrice weekly in 6 patients who developed toxicity. Adverse events were 

observed less frequently during intermittent dosing, and all patients achieved cure by a 

median of 18 months. During the 1,200 mg thrice weekly schedule, serum linezolid 

concentrations were below the lower IC50 limit for mitochondrial toxicity for 34 – 62% of 

the dosing time interval, above the MIC susceptibility breakpoint for 60 – 100%, and 
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over 4-fold the MPC value for 34 – 61% [149]. These findings suggest a time-dependent 

effect of linezolid in tuberculosis treatment and lend support to the use of a higher dose 

‘induction’ followed by dose reduction after culture conversion. Intermittent dosing 

during this ‘maintenance’ phase may reduce toxicity by allowing periods where there 

may be minimal or no exposure of mitochondria to drug.  

 

These dosing strategies need to be confirmed by larger studies that are able to define 

the optimal targets within linezolid’s narrow therapeutic window: In the Korean RCT, 

adverse events occurred in all patients with mean linezolid trough concentrations >2 

μg/mL [83], and on the other hand, exposures ≥ 2 µg/mL were required to achieve 

maximal bactericidal activity in a whole-blood human infection model [217] that 

correlates with 2-month culture status [218] (but not necessarily relapse-free cure). An 

optimal linezolid dosing regimen that achieves consistent exposures above the MIC and 

MPC for the M tuberculosis wild type distribution, and remains below the IC50 for 

mitochondrial toxicity, may be unachievable, but the clinical utility and safety of linezolid 

could possibly be optimized with better defined PK/PD targets and by the use of 

therapeutic drug monitoring (TDM). 

 

Therapeutic drug monitoring for linezolid 

TDM may be an important tool in the management of tuberculosis because of the high 

degree of PK variability of many anti-tuberculosis agents (including linezolid), and the 

potential for treatment failure and resistance for patients at the lower end of the PK 

distribution [205, 206]. Evidence is emerging that TDM has a role in reducing adverse 

events and improving outcomes in patients who have poor response to therapy in drug-

susceptible tuberculosis [219], and it is being used routinely in some centres in the 

management of drug-resistant tuberculosis [146].  

 

The use of TDM for linezolid is appealing because of its narrow therapeutic range and 

wide inter-individual variability [220]. Because linezolid trough concentrations correlate 

linearly with AUC [100, 220] and clinical toxicity [83], TDM could be used to guide dosing 

if the PK relationship with toxicity and efficacy in tuberculosis is better defined. TDM-

guided dose adjustment has been used successfully to predict [221, 222] and reduce 

[109] thrombocytopenia in patients on long-term linezolid for Gram-positive infections. 

There have been no published reports on the impact of linezolid TDM on clinical 



 51 

outcomes in tuberculosis treatment, but two important factors support the feasibility of 

this practice. First, linezolid concentrations in oral fluid have an excellent correlation with 

serum AUC0-12 and AUC0-24/MIC values [223], and second, dried blood spot analysis 

[224] which could be performed in resource-limited settings shows good agreement with 

linezolid plasma concentrations [225]. A potential limitation of the use of TDM is the 

non-linearity between linezolid dose and exposure [210, 226]; more PK/PD data are 

needed to inform predictive models for individualized dosing to support routine use of 

TDM in drug-resistant tuberculosis therapy. 

 

Other oxazolidinones 

The limitations of linezolid, together with the recognition of the anti-mycobacterial 

activity of oxazolidinones as a class, have spurred the development of more potent and 

less toxic analogues. To date, two other oxazolidinones, sutezolid and AZD5847 

(posizolid), have been clinically assessed for anti-mycobacterial activity. Although 

AZD5847 demonstrated superior bactericidal activity against M tuberculosis compared 

to linezolid in vitro [123] and a significant decline in M tuberculosis quantitative sputum 

cultures in a phase 2a trial [227], a substantial number of patients treated with AZD5847 

experienced severe or life-threatening hepatic and haematological events, halting 

further development [228]. Sutezolid, on the other hand, may have a promising future 

role in tuberculosis therapy. Despite having a similar MICs to linezolid against M 

tuberculosis, it is significantly more potent in vitro [229] and in mouse models [70], even 

at lower exposures [230], suggesting that lower dosing may be possible with lower risk 

of toxicity. Sutezolid also has superior bactericidal activity against non-replicating M 

tuberculosis bacilli [171], and its use greatly enhances the bactericidal and sterilizing 

effect of combination therapy in mice [173]. In a phase 1 study, sutezolid showed 

superior ex vivo anti-mycobacterial activity compared to linezolid, independent of peak 

concentrations [211], and has also demonstrated EBA in patients with drug-sensitive 

pulmonary tuberculosis [231]. It was safe and well-tolerated in these human studies, 

and importantly, no clinically significant haematological abnormalities were detected 

after 28 days of therapy at a dose of 600 mg twice daily [232]. This favourable toxicity 

profile is likely a result of mean concentrations remaining below the IC50 for 

mitochondrial toxicity across a range of doses up to that dose [232], but may also be 

due to improved anti-mycobacterial selectivity. Despite these apparent advantages over 

linezolid, there appear to be no planned trials of sutezolid 2 years after publication of 
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the single phase 2a trial, creating uncertainties about its future clinical development. 

Other highly selective oxazolidinones are at various stages in the development pipeline. 

 

Expert commentary 

Linezolid is the only licensed oxazolidinone that is recommended in patients with drug-

resistant tuberculosis. It has substantial potency against M tuberculosis and there is a 

growing evidence base for its efficacy in drug resistant tuberculosis treatment. Until 

recently there have been few therapeutic options for pre-XDR and XDR tuberculosis, 

and linezolid has become an essential addition to treatment regimens for these 

infections [170, 175].  

 

However, no adequately powered clinical PK/PD studies have been conducted to 

address the uncertainties of linezolid dosing for tuberculosis. The available PK/PD data 

of different dosing regimens for tuberculosis are summarized in Table 3. None of these 

studies have found associations between PK parameters and clinical efficacy, but all 

have lacked sufficient power to do so. Although the data from in vitro and clinical studies 

are limited, a number of observations can be made: (1) there is a high degree of PK 

variability between studies and between patients, (2) there is a non-linear relationship 

between dose and exposure, but trough concentrations correlate well with toxicity and 

possible efficacy targets, (3) the 600 mg twice daily dose is likely to achieve PK/PD 

targets set for Gram-positive infections but results in exposures that carry a high risk for 

toxicity, (4) the 600 mg daily dose may not reach PK/PD targets in all patients, especially 

at M tuberculosis MICs near the clinical breakpoint of 1 mg/L, and is associated with 

exposures that may lead to substantial toxicity, and (5) the 300 mg daily dose does not 

achieve adequate exposures for efficacy and resistance suppression, but has trough 

concentrations below the IC50 for mitochondrial toxicity. The uncertainties regarding the 

optimal dose of linezolid and use in HIV-associated tuberculosis require further study to 

support its expanded use. 

 

Table 3: PK/PD data for linezolid from patients with tuberculosis and from a modelling 

study [212] using PK data from patients without tuberculosis. 

Dose Author, year fAUC0-24 

(mg×h/L) 

fAUC0-

24/MIC 

T>MIC (%) Cmin 

(mg/L) 

efAUC/MPC90 
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600 mg 

12-

hourly 

McGee, 
2009 [233] 

(n = 9) 

160.7 
(134.4–

225.8) 

243.2 
(159.7–

283.2) 

100 (100 – 
100) 

NR 133.9 

Alffenaar, 

2010 [210] 
(n = 12) 

123.8 

(100.9–
152.5)b 

720 (347 – 

2880) 

NR 4.4 (2.7–

7.5) 

103.2 

Dietze, 2008 
[73] 
(n = 9) 

232.9 
(100.8–
394.4) 

465.8 100  NR 194.1 

600 mg 

daily 

McGee, 

2009 [233] 
(n = 10) 

66.8 (33.0–

99.2) 

116.2 

(71.0–
138.4) 

62.8 

(54.6–
77.0) 

NR 55.7 

Dietze, 2008 
[73] 
(n = 10) 

96.9 (47.8–
143.7) 

193.8 NR NR 80.75 

Lee, 2012 
[63] 

(n = 17) 

126.3 (63.7 
– 188.6)c 

252.6d NR NR 150.3 

Barry, 2014a 

[212] 

85.8 171.6d 98 (65-

100)d 

NR 71.5 

300 mg 

12-

hourly 

Bolhuis, 

2013 [154] 
(n = 7) 

63.9 (47.8–

83.8)b 

277 (260–

517) 

NR 2.2 (1.5–

4.2) 

53.3 

Alffenaar, 
2010 [210] 

(n = 14) 

51.8 (41.8–
65.9)b 

235 (92-
829) 

NR 1.7 (0.9–
2.5) 

43.2 

300 mg 

daily 

Lee, 2012 

[63] 
(n = 16) 

63.8 (33.7–

93.9)c 

127.6d NR NR 75.9 

Koh, 2009 
[91] 

(n = 10) 

NR NR NR 2.1 (0.8–
3.4)  

NR 

Barry, 2014a 

[212] 

42.3 84.6d 77 (50-

100)d 

NR 35.3 

Table 3. Data are median (IQR) unless otherwise specified. NR not reported, AUC area under the 

serum concentration-time curve, MIC minimum inhibitory concentration, T time, Cmin trough 

concentration, MPC mutant prevention concentration. MICs were median values from study isolates 

unless otherwise specified. All parameters have been adjusted for free drug concentrations (f), 

assuming linezolid protein binding of 30%. a Modelling study, data from non-TB patients; b AUC0-12;  
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c Mean (SD); d Using MIC of 0.5 mg/L (suggested ECOFF) [167]; e Calculated values using MPC90 1.2 
mg/L [204] 

 

Five-year view 

There are several planned or active phase 2/3 trials assessing the role of linezolid in 

drug resistant tuberculosis [228]; these are summarized in (Table 4). PK/PD studies are 

essential tools in informing the optimal use of tuberculosis drugs [234, 235], and a 

feasible approach to generate data that will better define linezolid dosing is to undertake 

observational PK/PD studies nested in existing trials and large observational cohorts, 

using the data to model the relationships between dose and exposure, and safety, 

efficacy, and resistance.  

 

Table 4: Ongoing phase 2 and 3 clinical trials of linezolid for drug resistant 

tuberculosis. 

Trial Phase Patients Design Primary endpoint 

NExT 

(NCT02454205) 

Phase 

2-3 

MDR-TB, 

adults 

n = 300 

Open label RCT of an 

injection-free regimen 

including linezolida and 

bedaquiline (plus 

standard drugs without 

kanamycin) for 6 – 9 

months compared with 

WHO standard 

regimen 

Favourable outcome 

at 24 months 

Nix-TB 

(NCT02333799) 

Phase 3 MDR- 

and 

XDR-TB, 

adults 

n = 200 

Open label, single arm 

evaluation of 

bedaquiline and 

pretomanid plus 

linezolidb for 6 – 9 

months 

Bacteriologic or 

clinical failure at 24 

months 

endTB 

(NCT02754765) 

Phase 3 MDR-TB, 

adults 

n = 750 

Open label RCT of 5 

all-oral experimental 

regimens compared 

with standard of care. 

Favourable outcome 

at 18 months 
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Experimental regimens 

contain bedaquiline 

and/or delamanid 

together with 4 

companion drugs, 

including linezolidc 

TB-

PRACTECAL 

(NCT02589782) 

Phase 

2-3 

MDR-TB, 

adults 

n = 630 

Open label RCT 

comparing 3 novel 

regimens including 

bedaquiline, 

pretomanid, and 

linezolidd, plus 

moxifloxacin or 

clofazimine for 6 

months with WHO 

standard of care 

Culture conversion 

and 

discontinuation/death 

at 8 weeks, 

unfavourable 

outcome at 72 weeks 

MDR-END 

(NCT02619994) 

Phase 3 MDR-TB, 

adults  

n = 238 

Open label RCT 

comparing a 9 – 12 

month regimen of 

delamanid, linezolide, 

levofloxacin, and 

pyrazinamide with 

WHO standard or care 

Treatment success 

at 24 months 

Table 4. a 600 mg daily with a dose reduction to 300 mg daily in the event of toxicity; b 600 mg twice 

daily with a dose reduction in the event of toxicity; c Dose not specified; d 600 mg daily for 16 weeks 

then 300 mg daily (or 600 mg x3/week); e 600 mg daily for 8 weeks, then 300 mg until the end of 

treatment 

 

It is likely that future drug regimens for drug resistant tuberculosis will be both shorter 

and injection-free. The development of potent new anti-tuberculosis agents with unique 

mechanisms of action has changed the treatment landscape by supporting completely 

new regimens which are potentially more effective and have a higher barrier to 

resistance. Linezolid has an important place in these future regimens if the right balance 

can be achieved between efficacy and mitochondrial toxicity. Its therapeutic window is 

so narrow that maintaining a single dose throughout therapy is unlikely to be possible 
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for the majority of patients. With more PK/PD modelling data it may be possible to 

provide personalized dosing based on weight, renal function, isolate MICs, and trough 

concentrations. However, this may not be practical in resource-limited settings, where 

standardized linezolid dosing regimens will need to be continued for cost and 

programmatic reasons. Based on the limited available data presented in this review, it 

appears that a strategy for standardized linezolid dosing in the context of new drug 

regimens may be a short and intensive ‘induction’ course with higher doses (possibly 

up to 1,200 mg/day) followed by low dose (300 mg/day) or intermittent dosing 

‘maintenance’ therapy after culture conversion (or in the event of toxicity) to provide 

ongoing bacteriostatic support to effective partner drugs in a resistance suppression 

role. This suggestion, as well as current practice, needs be informed by data from 

adequately powered PK and outcomes studies.  

 

Finally, it is important to recognize that the high cost of brand-name linezolid represents 

the major barrier to access. Although there are initiatives in some countries by groups 

like Médecins Sans Frontières (MSF) to procure affordable generic linezolid, more 

needs to be done to lower prices and get linezolid onto approved drug lists of national 

tuberculosis programs [236], so that the battle against drug resistant tuberculosis can 

be fought with the best available weapons.  
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CHAPTER 3 
Linezolid pharmacokinetics in South African patients with drug 

resistant tuberculosis and a high prevalence of HIV co-infection 

 

ABSTRACT  

WHO recently recommended linezolid should be prioritized in treatment regimens for 

drug-resistant tuberculosis (TB), but there are limited data on its pharmacokinetics (PK) 

in this population. We conducted an observational study to explore covariate effects on 

linezolid PK and to estimate the probability of PK/pharmacodynamic target attainment 

in South African patients with drug-resistant TB. Consecutive adults on linezolid-based 

regimens were recruited in Cape Town and underwent intensive PK sampling at steady-

state. Non-compartmental analysis was performed. Thirty participants were included: 

15 HIV-positive, 26 on the initial dose of 600 mg daily and 4 participants on 300 mg 

daily after dose reduction for linezolid-related toxicity. There was a negative correlation 

between body weight and exposure with 17.4% (95% confidence interval [CI], 0.1 to 

31.7) decrease in area under the concentration-time curve (AUC0-24) per 10 kg weight 

increment after adjustment for other covariates. Age was an independent predictor of 

trough concentration, with an estimated 43.4% (95% CI, 5.9 to 94.2) increase per 10-

year increment in age. The standard 600 mg dose achieved the efficacy target of free 

AUC/minimum inhibitory concentration (MIC) > 119 at wild type MIC values (≤ 0.5 mg/L), 

but the probability of target attainment dropped to 61.5% (95% CI, 40.6 to 79.8) at the 

critical concentration of 1 mg/L. When dosed at 600 mg daily, trough concentrations 

were above the toxicity threshold of 2 mg/L in 57.7% (95% CI, 36.9 to 76.6). This 

confirms the narrow therapeutic index of linezolid and alternative dosing strategies 

should be explored. 
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Introduction 

Drug-resistant TB is an ongoing global public health crisis; there were over half a million 

incident cases in 2017 with a case fatality ratio of approximately 40%, more than double 

that of drug-sensitive TB [23]. New and repurposed drugs offer the hope of improved 

outcomes. One such agent, the oxazolidinone linezolid, has an impressive impact on 

treatment outcomes when added to multidrug regimens for multidrug- (MDR) and 

extensively drug-resistant (XDR) TB [63, 81]. As a result, linezolid has been promoted 

to the list of priority ‘Group A medicines’ in the new WHO antituberculosis drug 

categorization [237] and is included in the experimental arms of multiple trials of novel 

regimens for drug-resistant TB. However, linezolid use is limited by dose- and duration-

related toxicity, and the optimal dosing strategy that balances efficacy and toxicity is 

unknown [238].  

 

The pharmacokinetics (PK) that underpins linezolid dosing is poorly defined in patients 

with TB, particularly at the most commonly used dose of 600 mg daily and amongst 

patients in sub-Saharan Africa where there is a high burden of HIV co-infection [99]. 

Understanding linezolid PK is important for several reasons. First, PK variability of 

antituberculosis agents has been associated with unsuccessful treatment outcomes 

[206], which may also lead to treatment-emergent drug resistance where drug exposure 

falls below PK/pharmacodynamic (PD) targets [205]. Population-specific factors, 

including genetic polymorphisms, may influence drug disposition and drug effects [239], 

and it is therefore essential to perform PK studies in diverse populations. Second, the 

myelosuppression and neuropathy associated with linezolid use, which is often 

treatment-limiting [81], correlates with dose and trough concentrations [83]. Linezolid 

toxicity may be increased amongst HIV-positive patients [175], which is especially 

relevant in sub-Saharan Africa where up to 60% of patients with drug-resistant TB are 

co-infected with HIV. Third, linezolid has limited selectivity for its ribosomal target in 

bacteria and binds to a homologous site in human mitochondria [77]. Because of these 

shared linezolid targets in the pathogen and host, there is a narrow therapeutic window 

for which the optimal PK targets and dose have not been defined [238], but which is 

likely to be sensitive to PK variability. Finally, efficacy targets of antituberculosis drugs 

are influenced by minimum inhibitory concentration (MIC) distributions for M 

tuberculosis, but there are limited data on linezolid MICs in populations with drug-

resistant TB [240]. Applying observed linezolid drug exposures to putative PK/PD 
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parameters for efficacy and toxicity may inform policy decisions around dose 

optimization until more robust clinical targets are defined.  

 

We aimed to describe the PK of linezolid in a population of patients with drug-resistant 

TB and a high burden of HIV in South Africa. We also explored the effect of key 

covariates on PK parameters and estimated the probability of PK/PD target attainment 

corrected for the M tuberculosis MIC distribution in this cohort. 

 

Materials and methods 

Study population 

We conducted a prospective observational PK/PD study of linezolid in adults treated 

with linezolid containing regimens for drug-resistant TB in South Africa. We enrolled 

participants from two studies: an observational cohort study of patients with pre-XDR 

and XDR-TB on bedaquiline containing regimens (PROBeX); and from the intervention 

arm of an open label clinical trial examining a shortened injection-free regimen for MDR-

TB (NExT; ClinicalTrials.gov NCT02454205). The initial dose of linezolid used in both 

studies was 600 mg daily but was reduced to 300 mg daily in the event of toxicity at the 

discretion of local clinicians or trial staff. Consecutive participants enrolled in the 

intervention arm of the NExT trial and those receiving linezolid as part of standard of 

care in PROBeX were approached to provide informed consent for intensive PK 

sampling. Eligible participants were over the age of 18 years, had a known HIV test 

result, and had culture-confirmed drug-resistant TB. Most of the participants in PROBeX 

were inpatients at the time of the intensive sampling visit, and all of the NExT 

participants attended as outpatients.  

 

The study was approved by the ethics committees at the University of Cape Town (refs 

264/2015 and 920/2015) and Albert Einstein College of Medicine (ref 2014-4348). 

 

Data collection 

Participants underwent PK sampling on a single occasion pre-dose and at 1, 2, 3, 4, 5, 

6, and 24 hours after a standardized meal and observed linezolid administration. Some 

participants in the PROBeX cohort had an additional sample taken at 8 and 48 hours 

as part of other study procedures. The sampling visit was scheduled at Month 2 of 

linezolid treatment and was thus performed at steady-state. Blood draws were done 
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through a peripheral intravenous catheter placed for the duration of the first day of the 

visit. Samples were collected into 10 mL K3EDTA Vacutainer tubes and centrifuged 

(1,500 x g for 10 minutes) within 30 minutes of collection. At least 1.5 mL of plasma was 

pipetted into polypropylene tubes and immediately frozen at -80°C. Linezolid 

concentrations were measured in Division of Clinical Pharmacology at the University of 

Cape Town using a validated liquid chromatography-tandem mass spectrometry (LC-

MS/MS) assay. Using a deuterated internal standard, the LC-MS/MS method for 

linezolid was validated over a calibration range of 0.100 mg/L to 30 mg/L. Over the 

period of sample analysis (n = 8 batches), a mean percentage accuracy of 98.8 was 

achieved, with a mean precision of 5.93 (%CV).   

 

Because the 24-hour dose was unobserved and may have been administered prior to 

the 24-hour sample, concentration-time profiles were inspected for each subject to 

compare pre-dose and 24-hour concentrations. The 24-hour concentration was 

considered highly unlikely to represent the true trough value where it exceeded the pre-

dose concentration and was > 50% of the concentration at the prior sampling time point 

(6- or 8-hours). This was based on the published elimination half-life of linezolid of ~6 

hours [210, 241], and the assumption that the 24-hour concentration would therefore 

fall below the 6- or 8-hour concentration in the absence of additional dosing. In these 

cases, the 24-hour concentration was imputed from either the pre-dose concentration 

or the mean of the pre-dose and 48-hour concentrations where available (and when the 

48-hour concentration satisfied the same criteria in relation to the pre-dose value). Pre-

dose concentrations reported as below the limit of assay quantification (BLQ) were 

imputed as 50% of the lower limit of detection (i.e. 0.05 mg/L), unless there was a history 

of missed doses prior to the PK visit, in which cases BLQ was replaced by a value of 

‘0.’  

 

Demographic and clinical data were collected from participants at the time of the PK 

visit, as well as from other visits as part of the parent studies. Data included HIV status, 

linezolid dose and duration, concomitant antituberculosis drugs and antiretrovirals, and 

most recent serum creatinine. Timing of administration of linezolid and other 

antituberculosis drugs was recorded.  
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Linezolid MIC testing was performed on M tuberculosis isolates collected at the time of  

entry into the parent studies using the mycobacterial growth indicator tube (MGIT) 

system and continuous growth monitoring with Epicenter software [130]. Dilutions 

ranged from 0.25 mg/L to 2 mg/L based on the epidemiological cut off (ECOFF) value 

of 0.5 mg/L [167] and the critical concentration of 1 mg/L [240]. 

 

Analysis 

Demographic and clinical characteristics were summarized and compared using the 

Wilcoxon rank-sum test for continuous variables and c2 test for dichotomous variables. 

Non-compartmental analysis was used to estimate linezolid PK parameters from 

observed concentrations. The area under the concentration-time curve over the 24-hour 

dosing period (AUC0-24) was computed using the cubic splines method. The trough 

concentration was defined as the plasma concentration 24 hours after observed intake 

(actual or imputed as described above). The elimination rate constant (ke) was assessed 

by linear regression analysis of the last three concentrations in the terminal log-linear 

period. The apparent clearance of the drug (CL/F) and the volume of distribution after 

oral administration (Vd/F) were calculated using standard equations.  

 

We performed linear regression to explore associations between clinically relevant 

covariates and linezolid exposure. AUC0-24 and trough concentrations were log-

transformed and regressed versus weight, age, sex, ethnicity, HIV status, estimated 

creatine clearance (calculated using the Cockcroft-Gault formula), and concurrent use 

of ritonavir-boosted lopinavir. This latter parameter was included to explore a possible 

drug-drug interaction with linezolid, which may be a substrate of the drug transporter P-

glycoprotein [154] that is inhibited by HIV protease inhibitors. Parameters with a P value 

< 0.5 were retained in the multivariable model, using a backward stepwise approach. 

Regression coefficients were exponentiated and transformed into a value reflecting 

percentage change ((eb - 1)∙100) for ease of interpretation. 

 

The PK/PD target for efficacy was defined as free AUC0-24/MIC (fAUC/MIC) of 119, 

based on findings from a hollow fiber infection model [107]. Protein binding of 30% was 

used to calculate fAUC [241]. The PK/PD parameter for toxicity was a trough 

concentration of 2 mg/L, based on clinical data showing increased mitochondrial and 

clinical linezolid toxicity above this threshold [83]. The probability of target attainment 
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was calculated as the proportion of subjects with PK exposures above the efficacy and 

toxicity targets. Probability distributions were constructed using kernel densities of PK 

parameters, stratified by MIC. Statistical analysis, including non-compartmental 

analysis, was performed using Stata version 14.2 (StataCorp). 

 

Results 

Study population 

Thirty-eight participants were screened between June 2016 and April 2018, and 30 

underwent intensive PK sampling. Reasons for exclusion were discontinuation of 

linezolid prior to the sampling visit (n = 4), withdrawal of consent (n = 2), loss to follow 

up (n = 1), and failed intravenous access (n = 1). The demographic and clinical 

characteristics at the time of linezolid sampling are summarized in Table 1. All 

participants were ambulant at the time of evaluation, including the 21 participants 

hospitalised for the PROBeX study. Five participants were on lopinavir-ritonavir-based 

ART. Four participants were on 300 mg daily after undergoing dose reduction for 

suspected linezolid-related toxicity, one of whom was switched to the 300 mg dose on 

the day of the study visit and therefore was not at steady state. 

 

PK parameters 

Trough concentrations were imputed for 6 participants due to extreme outlying results 

from presumed unobserved dosing prior to the 24-hour sample. The pre-dose 

concentration was BLQ in 4 participants. The full dataset showing original and imputed 

linezolid concentrations is available in the supplementary material (Table S1), along 

with the respective concentration-time profiles for each subject (Figures S1a and S1b).   

 

Table 1. Demographic and clinical characteristics. 

Variable N = 30 

Age, years 33 (27 – 44) 

Male sex 19 (63) 

Weight, kg 58.5 (49.8 – 67.6) 

Height, cm 164.5 (158 – 172) 

BMI, kg/m2 20.2 (18.1 – 25.5) 
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Ethnicity 

Black 

Mixed 

 

14 (47) 

16 (53) 

Baseline resistance pattern 

MDR-TB 

XDR-TB 

 

9 (30) 

21 (60) 

HIV positive 

Current ART 

Current LPV/r 

15 (50) 

15 (100) 

5 (33) 

Creatinine, µmol/L 65 (53 – 71) 

Creatinine clearance, mL/min 116 (103 – 139) 

Duration on linezolid, days 59 (55 – 63), range (20 – 95) 

Daily dose 600 mg 26 (87) 

Dose, mg/kg 10.0 (8.3 – 11.5) 

Table 1. Data are median (IQR) or n (%). BMI, body mass index; ART, antiretroviral therapy; LPV/r, 

lopinavir-ritonavir. 

 

Figure S1a. Individual concentration-time profiles using original data. 
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Figure S1b. Individual concentration-time profiles using imputed data. 

 
Figure S1a/b. Note that 24-hour concentrations were imputed for the following participants using the 

approach described in the text of the manuscript: 8034, 8037, 8051, 8052, 8056, 8057. 

 

As shown in Figure 1, concentration-time profiles demonstrated high inter-individual 

variations in plasma concentrations, with an overall coefficient of variation (%CV) of 

40.1%.  There was a rapid attainment of peak concentrations, which was similar for both 

doses, but concentrations at early time points appeared to be highly variable. Table 2 

summarizes the estimated PK parameters from observed linezolid concentrations, 

disaggregated by linezolid dose. Clearance was significantly lower amongst subjects 

who had undergone dose reduction to 300 mg daily (1.8 L/h (IQR 1.7 to 21) versus 3.1 

L/h (IQR 2.4 to 4.3) in those remaining on 600 mg daily; P = 0.012), which resulted in a 

longer half-life in the 300 mg group. There was a linear correlation between linezolid 

trough concentrations and AUC0-24; ρ = 0.5, P = 0.005 (Figure S2). 

 

Table 2. PK parameters. 

Variable 600 mg 

(n = 26) 

300 mg 

(n = 4) 

Overall 

(n = 30) 

AUC0-24, mg∙h/L 

CV (%) 

200.2 (139.9 – 250.8) 

41.0 

165.8 (144.3 – 173.7) 

13.2 

178.9 (139.9 – 244.4) 

40.1 



 65 

Ke, h-1 0.08 (0.07 - 0.11) 0.06 (0.06 – 0.09) 0.08 (0.07 – 0.11) 

T1/2, h 8.4 (6.3 – 9.8) 11.2 (8.6 – 11.9) 9.1 (6.3 – 10.3) 

Cmax, mg/L 14.6 (13.4 – 18.1) 8.4 (8.2 – 9.8) 14.0 (12.0 – 17.4) 

Tmax, h 3 (2 – 4) 2 (2 – 2) 3 (2 – 4) 

Trough, mg/L 3.4 (1.6 – 5.1) 

74.0 

2.4 (1.9 – 2.6) 

47.7 

2.9 (1.6 – 5.1) 

73.0 

CL/F, L/h* 

CV (%) 

3.1 (2.4 – 4.3) 

69.4 

1.8 (1.7 – 2.1) 

14.7 

2.6 (2.3– 4.1) 

71.4 

Vd/F, L# 37.8 (24.4 – 54.8) 31.2 (21.6 – 35.9) 36.8 (25.4 – 45.3) 

Table 2. Data are median (IQR). AUC0-24, area under the 24-hour concentration-time curve; Ke, 

elimination constant; T1/2, elimination half-life; Cmax, maximum concentration; Tmax, time of maximum 

concentration; Trough, 24-hour/pre-dose concentration; CL/F. clearance; Vd, volume of distribution; CV, 
coefficient of variation. *Dose/AUC, #CL/ke 

 

Figure 1. Plasma free concentration-time data for 30 subjects on linezolid. 

 
Figure 1. The grey lines represent concentration-time profiles for individual subjects; green dotted line is 

the median for the 600 mg dose, blue dotted line is the median for the 300 mg dose. The horizontal red 

line on the y-axis represents the critical concentration of linezolid of M tuberculosis (1 mg/L). 
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Figure S2. Linezolid trough concentrations versus log-AUC0-24. 

 
Figure S2. Black circles represent linezolid concentrations of individual subjects; the solid red line is a 

regression line fitted to the data. 

 

Covariate effects on PK parameters 

Linear regression only included participants receiving the 600 mg dose (n = 26) since 

the sample size of those receiving 300 mg (n = 4) was too small to allow for a meaningful 

evaluation at that dose. There was no association between HIV infection or the use of 

lopinavir-ritonavir and linezolid exposure on univariable or multivariable analysis. The 

final multivariable model described 33% of the variability associated with AUC0-24 (Table 

3). After adjustment for age, sex, race, and HIV status, there was a negative correlation 

between body weight and linezolid exposure, with an estimated 17.4% (95% CI, 0.1 to 

31.7) decrease in AUC0-24 per 10 kg increment. Age was significantly associated with 

higher trough concentrations, and remained an  independent predictor on multivariable 

analysis, with an estimated 43.4% (95% CI, 5.9 to 94.2) increase in trough 

concentrations per 10-year increment in age (Table 4).  
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Table 3. Univariable and multivariable linear regression models describing associations 

between the AUC0-24 for linezolid 600 mg daily and selected covariates. 

 
Univariable Multivariable 

n = 26 AUC0-24 change*  

% (95% CI) 
P value 

AUC0-24 change*  

% (95% CI) 
P value 

Male sex -13.0 (-42.2 – 

30.9) 

0.488 -24.9 (-49.9 – 

12.6) 

0.156 

Age 

Per 10-year 

increase 

7.3 (-11.2 – 29.6) 0.452 18.7 (-2.1 – 43.9) 0.078 

Black African 9.6 (-26.5 – 63.5) 0.641 -17.3 (-33.1 – 2.2) 0.075 

Weight 

Per 10 kg increase 

-11.9 (-25.8 – 4.4) 0.136 -17.4 (-0.1 – -31.7) 0.049 

BMI, kg/m2 -1.6 (-5.9 – 2.9) 0.458 
 

HIV positive -14.3 (-42.3 – 

27.5) 

0.430 -27.2 (-53.5 – 

13.8) 

0.154 

Current LPV/r -18.9 (-50.9 – 

43.1) 

0.399 
 

Dose, mg/kg 7.5 (-2.3 – 18.2) 0.132 
 

Creatinine 

clearance, mL/min 

-0.5 (-1.1 – 0.1) 0.108 
 

Table 3. *Percentage change in AUC0-24 calculated as [(eb - 1)∙100]. BMI, body mass index. BMI, body 

mass index; LPV/r, lopinavir-ritonavir. Variables were excluded from the final multivariable model due to 

collinearity or as a result of backward elimination after exceeding the P-value inclusion threshold. 
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Table 4. Univariable and multivariable linear regression models describing associations 

between linezolid 600 mg daily trough concentrations and selected covariates. 

 
Univariable Multivariable 

n = 26 Trough change  

% (95% CI) 

P 

value 

Trough change  

% (95% CI) 

P 

value 

Male sex 10.7 (-41.5 – 109.9) 0.744 
 

Age 

Per 10-year 

increase 

37.4 (5.4 – 79.2) 0.021 43.4 (5.9 – 94.2) 0.022 

Black African 26.1 (-31.9 – 133.3) 0.445 -13.8 (-37.4 – 18.7) 0.346 

Weight 

Per 10 kg increase 

9.3 (-17.1 – 43.9) 0.514 
 

BMI, kg/m2 1.0 (-5.8 – 8.4) 0.770 
 

HIV positive 16.1 (-37.7 – 116.2) 0.625 -27.9 (-66.9 – 56.4) 0.389 

Current LPV/r 11.5 (-49.4 – 145.5) 0.778 37.1 (-42.9 – 229.6) 0.463 

Dose, mg/kg -4.3 (-17.9 – 11.6) 0.560 
 

Creatinine 

clearance, mL/min  

-0.2 (-1.2 – 0.8) 0.650   

Table 4. *Percentage change in trough concentrations calculated as [(eb - 1)∙100]. BMI, body mass 

index; LPV/r, lopinavir-ritonavir. Variables were excluded from the final multivariable model due to 

collinearity or as a result of backward elimination after exceeding the P-value inclusion threshold. 

 

Probability of PK/PD target attainment 

MIC results were available for the baseline isolates of 16 participants. The median MIC 

was 0.5 mg/L, range 0.25 to 0.5 mg/L. At this MIC distribution, the probability of efficacy 

target attainment, defined as a fAUC/MIC of 119, was 100% (95% CI, 87 to 100) for the 

600 mg dose of linezolid. This finding was consistent after performing a sensitivity 

analysis using the original outlier trough concentrations. The fAUC distributions across 

four MIC strata are shown in Figure 2. Although the PK/PD target would be achieved in 
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almost all subjects at the ECOFF value of 0.5 mg/L, only 61.5% (95% CI, 40.6 to 79.8) 

of patients would exceed an fAUC/MIC of 119 at the critical concentration of 1.0 mg/L 

[240]. Trough concentrations exceeded the toxicity threshold of 2 mg/L in 57.7% (95% 

CI, 36.9 to 76.6) of those on 600 mg daily, and in 75% (95% CI, 19.4 to 99.4)  of those 

who had undergone dose reduction to 300 mg daily. In a sensitivity analysis the 

proportions exceeding the toxicity threshold were similar when original trough 

concentration data were used: 67.7% (95% CI, 47.1 to 82.7) versus  60% (95% CI, 40.6 

to 77.3) with imputed data at all doses. 

 

Figure 2. Probability density distributions for efficacy target attainment of linezolid for 

subjects on 600 mg daily. 

 

Figure 2. The solid vertical line on the x-axis represents the experimentally derived efficacy target 

fAUC/MIC0-24 of 119. Note the log-scale on the x-axis. 

 

Discussion 

We characterized the PK of linezolid in 30 South African participants with drug-resistant 

TB and a high prevalence of HIV co-infection. We showed that age and weight were the 

most important predictors of linezolid exposure. A major finding was that the standard 

600 mg dose resulted in exposures that reached efficacy targets, but a substantial 
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proportion of individuals were exposed to concentrations exceeding the known toxicity 

threshold. Of concern, at the critical concentration (1 mg/mL) efficacy targets would only 

be achieved in 61.5%, which has implications for the programmatic use of linezolid as 

resistance is expected to increase with more widespread use. 

 

Despite its growing importance as a key drug for the treatment of drug-resistant TB, the 

optimal dose and duration of linezolid for this indication is unknown. There are very 

limited published PK data for linezolid in TB patients to help inform an effective dosing 

strategy that minimizes both mitochondrial toxicity and the emergence of resistance. 

Eight clinical studies reporting linezolid PK in TB treatment were identified in a recent 

systematic review [99] but these studies had four different dosing strategies and mostly 

did sparse sampling PK schedules, limiting their generalizability. Only two studies (n = 

48) [63, 73] have evaluated linezolid PK at the standard dose for TB of 600 mg daily; all 

were HIV-negative and full PK profiles were only done in 10 participants [73]. Our study 

provides a comprehensive description of plasma linezolid concentrations at the 

recommended dose of 600 mg daily for drug-resistant TB and is the first to include HIV-

positive patients. 

 

We found high interindividual PK variability, as has been observed in patients with 

Gram-positive infections [94], particularly at early sampling time points, suggesting 

variable absorption delay. Most of the PK variability was unexplained by the covariates 

included in the regression model and was likely due to stochastic effects; however, this 

needs to be quantified with formal population PK modelling, possibly incorporating an 

absorption lag phase. Linezolid clearance was lower amongst participants who 

underwent dose reduction to 300 mg, which could be explained by channeling bias, as 

patients with lower linezolid clearance would have higher exposure and be more 

susceptible to toxicity, necessitating a dose reduction. Although the sample size was 

small, the median trough concentration with the reduced 300 mg daily doses exceeded 

the toxicity threshold of 2 mg/L in three of four participants. This finding emphasizes the 

need for toxicity monitoring with linezolid therapy, even after dose reduction for adverse 

events.  

 

The median trough concentrations were higher in our cohort compared with the two 

previous studies of linezolid 600 mg daily in TB therapy [63, 73]. Although there is 
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substantial interstudy heterogeneity in linezolid PK parameters [99], our finding may 

suggest a longer terminal half-life with an attendant increased risk of toxicity in our 

population. A small clinical study found a trend towards an association between HIV 

infection and higher rates of linezolid toxicity [175]; if this association is confirmed in 

larger prospective cohorts, it is likely to be explained by predisposition to the high 

prevalence of neuropathy and limited bone marrow reserve in people with advanced 

HIV disease rather than higher linezolid exposure, which we did not find. We explored 

the potential PK drug-drug interaction between linezolid and lopinavir-ritonavir as an 

additional contributing factor to increased linezolid exposures and toxicity in HIV. An 

association between the use of lopinavir-ritonavir and linezolid trough concentrations 

was not detected in our cohort, but this needs confirmation with a larger sample size.  

 

In a previous study, increasing age accounted for a small reduction (2%) in linezolid 

clearance in patients with Gram-positive infection [242], but did not contribute to the 

development of a population PK model of linezolid in TB [233], and did not influence 

linezolid exposures in a study of healthy volunteers [243]. By contrast, we showed a 

significant correlation between increasing age and linezolid trough concentrations, 

where every 10-year increment in age was associated with 43% higher trough 

concentrations; this finding needs to be validated in similar populations. We also found 

a significant association between weight and lower linezolid exposure in the 

multivariable model, an association previously reported [103]. These observations have 

implications for dose selection and could inform therapeutic drug monitoring (TDM) 

strategies for linezolid; for example, by targeting TDM to older patients and those with 

lower weights to prevent toxicity.  

 

PK targets for efficacy have not been established for linezolid in TB treatment. Although 

Cmax/MIC [211] and trough/MIC [105] have been associated with bacterial killing using 

ex vivo and in vitro models, the PK/PD index most consistently linked to linezolid activity 

in M tuberculosis is the fAUC0-24/MIC ratio [72, 107, 244]. A hollow-fiber infection model, 

which recapitulates human drug exposure, showed that optimal mycobacterial kill was 

achieved at a fAUC0-24/MIC ratio of 119 [107]; this was used as the PK/PD parameter 

in a recent simulation of published linezolid PK data to determine the probability of 

efficacy target attainment at wild type MIC values [99]. Using data from 10 patients with 

full PK profiles, with an estimated median AUC0-24 of 98.6 mg.h/L [233], those 
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simulations predicted that 45% would fail to achieve the target at a daily dose of 600 

mg. Reassuringly, in our participants linezolid exposures were higher (median AUC0-24 

200.2 mg.h/L), translating into probability of target attainment of 100% across the MIC 

distribution in baseline isolates and 96% at the population wild type MIC cut-off of 0.5 

mg/kg, supporting the efficacy of the 600 mg daily dose. However, linezolid exposures 

did not exceed the putative efficacy threshold at the critical concentration of 1 mg/L in 

38% of our subjects. With the expanding use of linezolid for TB treatment it will be 

essential to monitor for evidence of ‘MIC creep’ in the population.  

 

Unlike the PK/PD parameter for efficacy, the linezolid toxicity threshold is relatively well-

defined as a trough concentration of 2 mg/L, supported by clinical evidence [83] as well 

as data from pre-clinical models showing that mitochondrial toxicity is related to trough 

concentrations [105]. Although a 600 mg daily dose was likely to reach the efficacy 

target in our cohort, almost 58% also exceeded this threshold concentration for linezolid 

toxicity,  clearly illustrating the narrow therapeutic window of linezolid. In murine models, 

linezolid’s sterilizing ability is dose-related and can occur within 2 months of effective 

combination therapy [172, 173]. In TB patients, neurological toxicity tends occur late, 

usually after 2 months of therapy [110]. Based on these observations, an appealing 

dosing strategy could be to provide higher linezolid doses (1,200 mg daily) for an initial 

‘intensive phase’ of treatment, followed by either discontinuation, dose reduction, or 

intermittent dosing [149] that allows longer periods within the PK safety window. This 

strategy needs to be evaluated in prospective studies. 

 

We acknowledge a number of limitations of our study, including the inability of non-

compartmental analysis to assess intra-individual PK variability, evaluation at only a 

single time point during treatment, an incomplete PK profile and non-steady state dosing 

for one participant each, and small numbers of participants receiving the reduced 300 

mg dose. Importantly, we had to impute the trough concentrations for six participants 

due to extremely high values after suspected unobserved dosing prior to the 24-hour 

sample. If anything, inclusion of the original data would have biased the results towards 

higher trough concentrations and overall exposures. Thus, our reported findings may 

represent a conservative estimate of both efficacy and toxicity target attainment.  

 



 73 

In conclusion, we found substantial variability in linezolid drug concentrations in this 

cohort of patients with drug-resistant TB and a high prevalence of HIV infection. Much 

of this variability was unexplained, but age and weight were identified as predictors of 

trough concentrations and exposure, respectively. The standard 600 mg dose is likely 

to achieve efficacy targets for M tuberculosis isolates with linezolid wild type MICs. The 

clinical impact of this needs to be evaluated by linking linezolid PK to toxicity and 

efficacy endpoints. In the meantime, the expanding use of linezolid 600 mg daily for 

drug-resistant TB should be supported by programmatic surveillance of MICs and 

adverse events. Alternative dosing strategies and TDM should be explored to optimize 

the use of this important but toxic antituberculosis agent. 
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CHAPTER 4 
Linezolid toxicity in patients with drug-resistant tuberculosis: a 

prospective cohort study 

 

ABSTRACT 

Background: Linezolid is recommended for treating drug-resistant tuberculosis. 

Adverse events are a concern to prescribers but have not been systematically studied 

at the standard dose, and the relationship between linezolid exposure and clinical 

toxicity is not completely elucidated. 

 

Patients and Methods: We conducted an observational cohort study to describe the 

incidence and determinants of linezolid toxicity, and to determine a drug exposure 

threshold for toxicity, among patients with rifampicin-resistant tuberculosis in South 

Africa. Linezolid exposures were estimated from a population pharmacokinetic model. 

Mixed-effects modelling was used to analyse toxicity outcomes. 

 

Results: 151 participants, 63% HIV-positive, were enrolled and followed for a median 

of 86 weeks. Linezolid was permanently discontinued for toxicity in 32 (21%) 

participants. Grade 3 or 4 linezolid-associated adverse events occurred in 21 (14%) 

participants. Mean haemoglobin concentrations increased with time on treatment (0.03 

g/dL per week; 95% CI, 0.02 to 0.03). Linezolid trough concentration, male sex, and age 

(but not HIV-positivity) were independently associated with a decrease in haemoglobin 

> 2 g/dL. Trough linezolid concentration of 2.5 mg/L or higher resulted in optimal model 

performance to describe changing haemoglobin and treatment-emergent anaemia 

(adjusted odds ratio 2.9; 95% CI, 1.3 to 6.8). Single nucleotide polymorphisms 2706A>G 

and 3010G>A in mitochondrial DNA were not associated with linezolid toxicity.  

 

Conclusions: Permanent discontinuation of linezolid was common, but linezolid-

containing therapy was associated with average improvement in toxicity measures. HIV 

co-infection was not independently associated with linezolid toxicity. Linezolid trough 

concentration of 2.5 mg/L should be evaluated as a target for therapeutic drug 

monitoring.  
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Introduction 

Rifampicin-resistant tuberculosis (RR-TB) accounts for an expanding proportion of 

incident global TB cases and is an ongoing threat to EndTB targets. [29] Linezolid is a 

repurposed oxazolidinone antimicrobial with bactericidal activity against M. tuberculosis 

[74]. Inclusion of linezolid in treatment regimens for RR-TB is associated with treatment 

success and mortality reduction [38, 63]; as a result, WHO guidelines now recommend 

linezolid as a preferred agent for RR-TB [61]. 

 

The major drawback of linezolid is binding to human mitochondrial 16S ribosomal RNA 

(rRNA), which has a homologous structure to the M. tuberculosis target site [77], 

resulting in dose-related mitochondrial toxicity that manifests most commonly as bone 

marrow suppression and peripheral neuropathy. These toxic effects may be treatment-

limiting [41, 81]. The incidence and risk factors for linezolid toxicity have not been 

systematically studied in TB programs [245], particularly in populations from sub-

Saharan Africa with high rates of HIV co-infection, which could increase the risk of 

toxicity [175]. Factors possibly associated with linezolid toxicity include age, sex, and 

polymorphisms in mitochondrial DNA (mtDNA) [82, 109, 246]. Estimating frequency and 

identifying risk profiles for serious linezolid toxicity will support deployment of this drug 

in programmatic settings.  

 

An approach to mitigate toxicity is through optimized linezolid dosing, which requires 

characterization of the exposure-toxicity relationship [238]. Standard linezolid dosing in 

RR-TB (600 mg daily) is likely to achieve an in vitro efficacy target for M tuberculosis 

and reduce the emergence of resistance [95]. Trough concentrations are inversely 

correlated with mitochondrial function, [83] haemoglobin concentration in mouse 

models, [247, 248] and clinical toxicity among patients with Gram-positive infection. 

[108, 109] Pharmacokinetic (PK)-toxicity targets have been suggested from small 

clinical studies, but these are not adequately established for patients with TB. [83, 109] 

Linezolid trough concentrations correlate with area under the concentration-time curve 

(AUC, the target PK parameter for efficacy) [249], suggesting a potential role for 

therapeutic drug monitoring (TDM) if a concentration threshold target for clinical toxicity 

is defined [250]. 
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We aimed to describe the incidence and determinants of linezolid toxicity, and to 

determine a drug exposure threshold for toxicity, among patients with RR-TB in a 

programmatic setting with a high HIV burden.  

 

Patients and methods 

Design and population 

This analysis was nested in a prospective observational cohort study (PROBeX) 

conducted at 3 drug-resistant TB referral hospitals in South Africa. The parent PROBeX 

study recruited 195 adults with known HIV status and culture-confirmed RR-TB who 

were initiating treatment with a bedaquiline-containing regimen between April 2016 and 

March 2018 [128]. During the study period local treatment guidelines recommended an 

18- to 24-month regimen. Linezolid was provided at a dose of 600 mg daily, with 

reduction to 300 mg daily at the discretion of treating clinicians if toxicity developed. 

Linezolid was recommended for the full treatment course if tolerated, but the duration 

was determined by treating clinicians. Treatment decisions were informed by clinical 

assessments and routine toxicity screening which included monthly full blood counts; 

linezolid TDM was not performed. 

 

Procedures  

Participants were followed until 6 months after completion of therapy, or up to 24 months 

after study entry, at the start of bedaquiline therapy. Study visits occurred monthly 

during the first 6 months of therapy, then 6-monthly until study exit. Phlebotomy was 

performed at every visit for full blood count and lactate; results of these tests performed 

in routine care outside of study visits were also obtained. The modified Brief Peripheral 

Neuropathy Scale (BPNS) was used to screen for peripheral neuropathy. [129] We 

assessed visual acuity using logMAR charts and colour vision using 14-plate Ishihara 

charts to screen for optic neuropathy. Neuropathy screening was done at every study 

visit. Mitochondrial DNA (mtDNA) was extracted from stored whole blood and the 16S 

rRNA gene sequenced to detect two SNPs (2706A>G and 3010G>A) previously 

associated with linezolid-induced mitochondrial toxicity [82]. 

 

PK data 

We did intensive PK sampling (pre- and at 1, 2, 3, 4, 5, 6, and 24 hours post-dose) on 

a subgroup of 21 participants at month 2 and sparse (pre-dose) PK sampling for the full 
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cohort at months 1, 2, and 6 after initiation of linezolid therapy. Linezolid concentrations 

were measured in the Division of Clinical Pharmacology at the University of Cape Town 

using a validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay 

[249]. We developed a population PK model using these data and derived average 

linezolid area under the concentration-time curve over 24 hours (AUC0-24) and trough 

values for individual participants, based on body weight and time-varying linezolid dose 

[251]. 

 

Outcome definitions 

The main outcome was linezolid toxicity measured by cytopenia, peripheral and optic 

neuropathy, and hyperlactatemia. We defined anaemia, thrombocytopenia, leukopenia, 

and hyperlactatemia according to Division of AIDS (DAIDS) Table for Grading the 

Severity of Adult and Pediatric Adverse Events; Version 2.1. Peripheral neuropathy was 

graded according to the modified BPNS score. [252] Optic neuropathy was defined as 

an increase of 0.3 on the logMAR score in either eye [253] or a reduction in colour vision 

score of > 2 [254]. We performed exploratory data analysis to identify thresholds for 

toxicity measures by observing distribution and trends of haematological parameters 

and lactate over time and relationship with baseline values. Early discontinuation of 

linezolid was defined as a permanent stop prior to 6 months of therapy.  

 

Analysis 

Kaplan-Meier survival curves were computed to analyse and plot the timing of event 

onset; median times were reported for participants who experienced events.  The 

primary outcome of interest was change in haemoglobin concentration from baseline. 

The key covariates were linezolid exposure, duration on linezolid, age, sex, and HIV 

status. Effect of risk-associated mtDNA SNPs was also explored. To describe changing 

continuous outcomes, we fitted linear mixed-effects regression models incorporating 

baseline controlling variables and time-varying covariates (linear time effect and 

linezolid exposure). We used conditional logistic regression for repeated toxicity events 

and computed marginal probabilities to represent risk; this approach was selected to 

incorporate multiple recuring events and account for within-individual correlation 

through inclusion of participant-specific random effects [255]. Internal model validation 

was performed using a k-fold cross-validation procedure [256]. We performed a 

piecewise (broken stick) regression procedure to identify the optimal threshold value of 
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linezolid exposure that predicted clinical toxicity based on best model fit of linear 

regression models as measured by Akaike Information Criteria at multiple values of 

linezolid trough concentrations [257, 258]. 

 

The study was not formally powered as the predictors of linezolid toxicity or PK-

pharmacodynamic relationships are not well characterized. A post hoc power 

calculation showed that a sample size of around 150 participants would have > 95% 

probability of detecting a 95% confidence interval with precision (width) of at least 0.18 

for anaemia, given a standard deviation of 0.51 in our sample. 

 

All analyses were performed with Stata/BE 17.0 (Statacorp). 

 

Ethics 

This study was approved by the Human Research Ethics Committee at the University 

of Cape Town (437/2016), Albert Einstein College of Medicine, and Emory University. 

All participants provided written informed consent prior to performance of study 

procedures. The study was conducted and reported according to STROBE guidelines. 

 

Results 

Characteristics of study population 

We included 151 participants out of 195 enrolled in the parent cohort; 44 were excluded 

because of no documented linezolid prescription (n = 38) or absent toxicity measure 

after starting linezolid (n = 6). Baseline characteristics are shown in (Table 1); 63% were 

HIV-positive, and 66% had fluoroquinolone-resistant TB. In addition to linezolid, all 

participants received bedaquiline; clofazimine, levofloxacin, pyrazinamide, terizidone, 

and para-aminosalicylic acid were provided to over 95%; and ethambutol was 

prescribed for 74 participants (49%). Prior to starting linezolid, the median haemoglobin 

was 11.8 g/dL (range 6.4 – 17.9). Median follow up from start of linezolid therapy was 

86 weeks (range 3 - 183). A single A>G substitution at position 2706 was detected in 

124 (87%) participants; no SNPs were detected at position 3010. 

 

Table 1. Baseline characteristics. 
 

n (%) or median (IQR) Denominator 

Age, yrs 34 (28-42) 151 
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Female sex 84 (56%) 151 

Ethnicity 
 

151 

   Black 127 (84%) 
 

   Mixed race 22 (15%) 
 

   Other 2 (1%) 
 

Weight, kg 53 (47-60) 150 

BMI, kg∙m-2 20 (18-22) 149 

HIV-positive 95 (63%) 151 

   CD4 count, cells/mm3 212 (111-438) 91 

   Antiretroviral therapy 81 (85%) 95 

Previously treated TB 111 (74%) 151 

Resistance pattern of baseline isolate 
 

141 

   MDR 12 (9%)   

   Pre-XDR (injectable) 36 (26%) 
 

   Pre-XDR (fluoroquinolone) 32 (23%) 
 

   XDR 61 (43%) 
 

Creatinine, µmol/L 62 (51-71) 150 

Creatinine clearance, mL/min 105 (88-125) 149 

Haemoglobin, g/dL 11.8 (10.4 – 13.2) 

Range: 6.4 – 17.9 

148 

White blood cell count (x 109 cells/L) 7.3 (5.3 – 9.5) 

Range: 1.4 – 27.1 

148 

Platelets (x 109/L) 345 (271 - 489) 

Range: 132 - 1131 

148 

Venous lactate, mmol/L 1.7 (1.3 – 2.3) 

Range: 0.8 – 6.5 

115 

BPNS grade 
 

121 

   0 100 (83%) 
 

   1 17 (14%) 
 

   2 4 (3%) 
 

LogMAR score (right) 0 (range 0 - 1.0) 113 

LogMAR score (left) 0 (range 0 - 0.8) 111 

Ishihara score 6 (6-6) 123 
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mtDNA 16S rRNA polymorphism   

   2706A>G 124 (87%) 142 

   3010G>A 0 (0) 142 

Table 1. BMI, body mass index; MDR, multi-drug resistant (resistance to rifampicin plus isoniazid); 
XDR, extensively drug resistant (additional resistance to fluoroquinolones and injectable agents); pre-

XDR (additional resistance to either fluoroquinolones or injectable agents); BPNS, modified brief 

peripheral neuropathy score. 

 

Linezolid therapy and PK 

The starting linezolid dose was 600 mg daily in 148 participants and 300 mg in three. 

The median duration of linezolid therapy, excluding treatment interruptions, was 336 

days (IQR 159 – 506; range 6 - 862). Linezolid dose was reduced for 31 (21%) 

participants at a median time of 69 days (IQR 36 – 147). Linezolid was permanently 

discontinued in 32 (21%) participants at a median time of 60 days (IQR 20 - 99); 10 

(31%) patients had either dose reduction or interruption prior to early discontinuation 

(Table 2 and Figure 1).  

 

Table 2. Details of linezolid interruption. 

Parameter n = 151 

Linezolid changes 

 - Dose reduction  

 - Interruption then dose reduction 

 - Interruption then same dose 

 - Early discontinuation 

 

31 (21%) 

6 (4%) 

10 (7%) 

32 (21%) 

Linezolid duration 

 - Until first interruption/change 

 - Duration of interruption 

 - Until early discontinuation 

 - Total duration  

 

69 days (IQR 36 – 147; range 4 – 530) 

42 days (IQR 28 – 85; range 5 – 315) 

60 days (IQR 20 – 99; range 12 – 179) 

336 days (IQR 159 – 506; range 6 - 862) 

Table 2. Data are number (percent) or median (interquartile range). Early discontinuation defined as 
permanent discontinuation before 6 months. 10 (31%) patients had either dose reduction or interruption 

prior to early discontinuation. Total duration excludes time off linezolid during treatment interruptions. 
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Figure 1. Time to early discontinuation of linezolid at 52 weeks. 

 
Figure 1. Kaplan-Meier plot with survival estimates for early discontinuation of linezolid, defined as 

permanent stop prior to completing 6 months of therapy. 

 

The individual PK parameters were derived from a population PK model based on 

observed concentrations for 95 participants and were predicted (based on weight and 

dose) for the other 56 participants with no measured linezolid concentrations. Median 

linezolid AUC0-24 was 168.9 mg∙h/L (IQR 143 – 194) and trough concentration was 2.1 

mg/L (1.8 – 2.3) for the 600 mg dose (Figure 2). There was an exponential relationship 

between AUC and trough concentrations, which were highly correlated (Figure 3).  

 

Figure 2. Linezolid secondary pharmacokinetic parameters, by dose. 

 

Figure 2. Distribution of linezolid area under the concentration-time curve (AUC), left panel, and trough 
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concentrations, right panel, by dose. Estimates derived from population pharmacokinetic model. Open 
circles are individual values for each study visit, boxes indicate median and interquartile ranges, 

whiskers indicate upper adjacent value (1.5x IQR). Dashed red line indicates trough value of 2 mg/L, 

the putative toxicity threshold derived elsewhere. 

 

Figure 3. Correlation between linezolid AUC and trough concentrations. 

  

Figure 3. Secondary pharmacokinetic parameters derived from population pharmacokinetic model. 

AUC, area under the concentration-time curve; 95% CI, confidence interval. 

 

Linezolid toxicity events 

Cumulative incidence of any new grade anaemia or peripheral neuropathy DAIDS event 

at 6 months was 39% (95% CI, 31 – 47) and 20% (95% CI, 14 – 27), respectively, with 

similar median time to experiencing the event: 11 weeks (IQR 7 - 17) for anaemia and 

10 weeks (IQR 7 - 23) for neuropathy (Figure 4). New grade 3 or 4 events occurred in 

21 participants: cumulative incidence 14% (95% CI, 9 - 21) at 6 months. 16 participants 

had reductions in visual acuity with a cumulative incidence of 12% (95% CI, 8 – 20) at 

24 months; median time to onset was 10 weeks (range 5 - 79 weeks). Linezolid was 

dose-reduced or permanently discontinued in 5 participants with reduced visual acuity. 

Only one participant experienced reduction in colour vision (Table 3). 
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Figure 4. Time to development of any grade adverse event for anaemia or peripheral 

neuropathy. 

 
Figure 4. Kaplan-Meier plot with superimposed individual survival estimates for anaemia and 

neuropathy. Anaemia defined as any new grade on DAIDS grading and neuropathy defined as any new 

grade on BPNS score. AE, adverse event. 

 



Table 3. New adverse events after starting linezolid. 
 

Number of 
participants with 
any event  
(n = 151) 

Grade 1 Grade 2 Grade 3 Grade 4 Cumulative 
incidence of any 
grade at 6 months 
(95% CI) 

Event rate (per 100 
person-weeks) 
(95% CI) 

Anaemia  58 25 (17) 14 (9) 13 (9) 6 (4) 39% (31 – 47) 0.8 (0.6 – 1.0) 

Thrombocytopenia 10 8 (5) 2 (1) 0 0 6% (3 – 11) 0.1 (0.0 – 0.2) 

Leukopenia 6 5 (3) 0 1 (0.6) 0 4% (2 – 9) 0.1 (0.0 – 0.2) 

Peripheral 
neuropathy 

37a 32 (26) 4 (3) 0 1 (0.8) 20% (14 – 27) 0.4 (0.3 – 0.5) 

Reduced visual 
acuity 

16b - - - - 9% (5 – 15) 0.1 (0.1 – 0.2) 

Worsening colour 
vision 

1c - - - - - - 

Hyperlactatemia 51d 43 (37) 8 (7) - - 31% (24 – 40) 0.6 (0.5 – 0.8) 

a n = 121, b n = 119, c n = 123, d n = 115 

Table 3. These data are for the highest-grade adverse event experienced by individual participants; percentages with event from total number of participants in 

parentheses. Anaemia, thrombocytopenia, leukopenia, and hyperlactatemia were defined according to Division of AIDS (DAIDS) Table for Grading the Severity 
of Adult and Pediatric Adverse Events; Version 2.1. Data on grade 3 or 4 hyperlactatemia was not collected as associated symptoms were not ascertained and 

pH was not measured. Peripheral neuropathy was graded according to the modified BPNS score. Optic neuropathy was defined as an increase of 0.3 on the 

logMAR score in either eye or a reduction in color vision score of > 2 on a 14-plate Ishihara chart.



Additional toxicity outcomes were defined based on the observed data: anaemia, 

haemoglobin reduction > 2 g/dL; thrombocytopenia, platelet reduction > 250 x 109/L; 

leukopenia, white cell count reduction > 4 cells x 109/L; and hyperlactatemia, lactate 

increase > 1.5 mmol/L (Table 4). Using these definitions, cumulative incidence of 

anaemia at 6 months was 33% (95% CI, 26 - 41), thrombocytopenia 16% (95% CI, 11 

- 23), leukopenia 20% (95% CI, 14 - 28), and hyperlactatemia 15% (95% CI, 10 - 22). 

 

Table 4. Toxicity outcomes defined from observed data. 

Toxicity outcome Measure Absolute 

change 

Percentile Percentage 

change  

Percentile 

Anaemia Haemoglobin, 

g/dL 

- 2 25 -20 10 

Thrombocytopenia Platelet count, 

x109/L 

-250 10 -50 10 

Leukopenia White cell 

count, x109/L 

-4 10 -50 10 

Hyperlactataemia Lactate, 

mmol/L 

+1.5 5 +25 10 

 

Relationship between linezolid exposure and toxicity 

A linezolid trough concentration of 2.5 mg/L resulted in optimal model fit to describe 

association with change in haemoglobin compared to other breakpoint values using   

piecewise regression (Table 5 and Figure 5).  

 

Table 5. Akaike Information Criteria (AIC) estimates for range of linezolid trough spline 

terms in mixed-effects linear regression model for change in haemoglobin (Hb). 

Model (trough cut off) AIC 

No spline term 3805.219    

1.0 mg/L 3801.814    

1.1 mg/L 3801.091    

1.2 mg/L 3800.48    

1.3 mg/L 3800.344    

1.4 mg/L 3800.467    

1.5 mg/L 3800.643    
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Table 5. Trough value 2.5 mg/L had the lowest AIC and discriminated best for observed events (Fig. 3). 

 

Figure 5. Change in haemoglobin from baseline values by linezolid trough 

concentration. 

  

1.6 mg/L 3800.698    

1.7 mg/L 3800.362    

1.8 mg/L 3800.5    

1.9 mg/L 3800.615    

2.0 mg/L 3800.682    

2.1 mg/L 3800.333    

2.2 mg/L 3800.411    

2.3 mg/L 3800.11    

2.4 mg/L 3799.834    

2.5 mg/L 3799.797    

2.6 mg/L 3800.131    

2.7 mg/L 3800.434    

2.8 mg/L 3800.706    

2.9 mg/L 3800.949    

3.0 mg/L 3801.048    
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Figure 5. Mixed-effects linear regression model fit for change in haemoglobin with spline term for 

trough concentration at 2.5 mg/L, demonstrating model fit to the data. Blue dots indicate observed 

values, solid line indicates locally weighted smoothing, dashed lines indicate model-predictions.  

 

There was a clear time trend for the onset of anaemia, defined as a drop in haemoglobin 

> 2 g/dL, during the first 6 months of linezolid therapy: of the 47 participants who 

experienced anaemia, 43 (91%) events occurred within 120 days. 8 out of 9 (89%) 

participants with a linezolid trough concentration above 2.5 mg/L in this period had 

anaemia; 38% (21/55) with trough concentrations below this threshold had no anaemia 

(Figure 6).  

 

Figure 6. Observed relationship between anaemia events and linezolid trough 

concentrations during the first 6 months of linezolid therapy. 

  
Figure 6. Events defined as reduction in haemoglobin > 2 g/dL in red circles; censoring at 6 months 

without anaemia, and for lost to follow up, and death in blue circles. Dashed line indicates trough 

concentration of 2.5 mg/L. 

 

For trough concentrations below 2.5 mg/L, the median fAUC was 113 (IQR 98 - 128) 

and 40% of fAUC estimates were above the putative efficacy threshold of 119 with 

linezolid dosing at 600 mg (Figure 7). 
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Figure 7. Linezolid fAUC if trough concentrations < 2.5 mg/L. 

 
Figure 7. Dashed red line indicates efficacy target of fAUC/MIC 119. Open circles indicate observed 

values for fAUC. 

 

Factors associated with linezolid toxicity measures  

Platelet counts decreased over time on average; there was a negative correlation with 

baseline values (rho -0.65, p < 0.001) and increasing hemoglobin (Rho -0.26, p < 0.001), 

suggesting platelet reductions were related to positive treatment effect (Figures 8 and 

9). 
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Figure 8. Relationship between change in haemoglobin and change in platelet count. 

  
Figure 8. Dots indicate observed values, red solid line is fitted regression line, blue dashed line is 

locally weighted smoother. Data show that platelet count goes down as haemoglobin increases, 

suggesting positive treatment effect. 

 

Figure 9. Relationship between change in platelet count and baseline platelet count. 

  
Figure 9. Dots indicate observed values, blue dashed line is locally weighted smoother. Demonstrates 

greater reduction in platelet counts with higher baseline values (rho -0.65, p < 0.001).  

 

Mean haemoglobin was predicted to increase with time on treatment (0.03 g/dL per 

week; 95% CI, 0.02 to 0.03) and with a higher pre-treatment haemoglobin (0.6 g/dL; 
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95% CI, 0.5 to 0.7); and to decrease with increasing linezolid trough concentrations (-

0.2 g/dL per 1 mg/L; 95% CI, -0.3 to -0.1), HIV-positivity (-0.5 g/dL; 95% CI, -1.0 to -

0.1), and age (-0.3 g/dL per 10 years; 95% CI, -0.5 to -0.1) (Figures 10 and 11A). 31% 

of total variability was due to inter-individual variability. Model-predicted haemoglobin at 

4 weeks was 8.2 g/dL (95% CI, 7.8 to 8.8) for an HIV-positive participant with the lowest 

pre-treatment haemoglobin of 6.4 g/dL (at observed values of other parameters).  

 
Figure 10. Predictors of longitudinal haemoglobin measures over the study period. 

  
Figure 10. Estimates of mean effects on haemoglobin from the mixed-effects linear regression model. 

Dots indicate point estimate; black lines indicate 95% confidence interval; dashed red line indicates no 

effect. 

 

Average platelet count, white blood cell count, and lactate decreased over time when 

adjusted for baseline values, HIV status, age, gender, and linezolid trough 

concentrations (supplement S4B-D). Lactate increase was associated with linezolid 

trough concentrations (0.08 mmol/L increase per 1 mg/L linezolid trough, 95% CI 0.01 

to 0.2). There was an inverse association between linezolid trough concentrations and 

both platelet count (-11.4 × 109/L, 95% CI -19.7 to -3.1) and white cell count (-0.2 cells 

× 109/L, 95% CI -0.3 to -0.02). Sensitivity analysis was done for all outcomes including 

only PK estimates from measured concentrations, without substantial change in 

parameter estimates. 
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Figures 10 (A - D). Change in toxicity measures over time. 

 
Figure 10 (A). Haemoglobin 

 

 
Figure 10 (B). Platelet count 
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Figure 10 (C). White blood cell count 

 

 
Figure 10 (D). Lactate 
Figures 10 A - D. Teal lines indicate observed values, dark blue line indicates model-predicted trend 

(adjusted for covariates), blue shading indicates 95% confidence interval. 

 

Factors independently associated with anaemia, defined as a reduction in haemoglobin 

> 2 g/dL, were linezolid trough concentration (aOR 1.4 per 1 mg/L increase, 95% CI 1.1 
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to 1.8), male sex (aOR 3.4, 95% CI 1.5 to 8.1) and age (aOR 1.7 per 10-year increase, 

95% CI 1.2 to 2.3). HIV-positivity was not a significant predictor (aOR 1.2, 95% CI 0.5 

to 2.9). There was large inter-individual variability (rho = 0.47). Marginal predictions for 

probability of anaemia are shown in Figure 5. A linezolid trough concentration ≥ 2.5 

mg/L was associated with 2.9-fold increased odds (95% CI, 1.3 to 6.8) of anaemia in 

the adjusted model.  

 
Figure 11. Predicted probability of anaemia by sex. 

  
Figure 11. Marginal predictions from mixed-effects logistic regression model for probability of anaemia, 

defined as reduction in haemoglobin (Hb) ≥ 2 g/dL. Coloured lines indicate age ranges, defined in the 

legend. 

 

There was also a significant association between linezolid trough concentration and 

thrombocytopenia and hyperlactatemia (Tables 6 and 7), but not with neuropathy (Table 

8). There was no effect modification with inclusion of the mtDNA A2706G mutation in 

any model (data not shown). Model performance and parameter estimates were similar 

for all toxicity outcomes when AUC0-24 was tested instead of trough concentration 

(data not shown). 
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Table 6. Conditional logistic regression model outputs for thrombocytopenia, defined 

as reduction in platelet count by ≥ 250 x109/L. 

Parameter Adjusted odds ratio  

(95% confidence interval) 

P-value 

Linezolid trough concentration  

(per 1 mg/L increase) 

1.4 (1.2 - 1.9) 0.004 

Time on linezolid (per week) 1.0 (1.0 - 1.1) < 0.001 

Male sex 1.6 (0.3 - 8.1) 0.596 

Age (per year increase) 1.0 (0.9 - 1.1) 0.926 

HIV positive 0.5 (0.1 - 2.4) 0.397 

Rho 0.755 

 
Table 7. Conditional logistic regression model outputs for hyperlactatemia, defined as 

increase in lactate concentration by ≥ 1.5 mmol/L. 

Parameter Adjusted odds ratio  

(95% confidence interval) 

P-value 

Linezolid trough concentration  

(per 1 mg/L increase) 

1.9 (1.3 - 2.6)  < 0.001 

Time on linezolid (per week) 0.9 (0.9 - 1.0) 0.309 

Male sex 0.5 (0.2 - 1.2) 0.121 

Age (per year increase) 1.0 (0.9 - 1.0) 0.982 

HIV positive 0.8 (0.3 - 1.7) 0.531 

Rho 0.193 

 
Table 8. Conditional logistic regression model outputs for peripheral neuropathy, 

defined as any new Grade increase on Brief Peripheral Neuropathy Score. 

Parameter Adjusted odds ratio  

(95% confidence interval) 

P-value 

Linezolid trough concentration  

(per 1 mg/L increase) 

1.1 (0.9 - 1.3)  0.493 

Time on linezolid (per week) 1.01 (1.00 - 1.03)  0.026 

Male sex 2.1 (0.8 - 5.9) 0.145 

Age (per year increase) 1.04 (1.0 - 1.1) 0.048 

HIV positive 0.8 (0.3 - 2.2) 0.731 

Rho 0.404 
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Discussion 

In this cohort of South African RR-TB patients with an HIV prevalence of 63%, mild 

anaemia and peripheral neuropathy occurred frequently, and linezolid was prematurely 

discontinued in a fifth of patients. However, severe adverse events were infrequent, and 

on average, linezolid use in a multidrug regimen was associated with a positive 

treatment effect on haemoglobin over time. We identified a trough concentration 

threshold that predicted higher risk of anaemia, the most specific measure of linezolid 

toxicity, which, if validated, could be used for TDM.  

 

Linezolid-associated haematological and neurological toxicity is a major concern for 

prescribers [80]. The most recent systematic review, published in 2015, summarized 

data from 14 retrospective studies and 1 randomized controlled trial; all but one study 

included fewer than 50 patients, and there was large heterogeneity in outcome 

definitions and treatment. The pooled proportion of adverse events leading to linezolid 

discontinuation was 29%, with anaemia and peripheral neuropathy reported in 31% and 

27%, respectively [81]. Importantly, none of the included studies were conducted in 

Africa where high rates of HIV co-infection and limited monitoring capability may 

exacerbate the risk of linezolid toxicity [175]. A recent small prospective study (n = 63) 

among South African patients with RR-TB and a high HIV prevalence described similar 

proportions with anaemia and neuropathy at the 600 mg dose, with linezolid interruption 

or discontinuation in 35%, but severity was not reported, and it is unclear how outcomes 

were ascertained [245].   

 

To obtain more reliable estimates of toxicity we defined haematological events using 

the established DAIDS grading system and used the validated BPNS scale to screen 

for peripheral neuropathy. We identified incident severe (Grade 3 or 4) adverse events 

in 15% of our participants. Anaemia followed by mild peripheral neuropathy were the 

most common adverse events, which is in line with other TB studies [41, 63]. Most 

adverse events occurred within the first 4 months of therapy, with similar timing of onset 

for anaemia and neuropathy at a median of around 10 weeks. Neuropathy has occurred 

relatively later than myelosuppression in some studies, leading to suggestions of a 

duration-dependent effect for neurotoxicity [63, 174, 192]. However, these studies were 

limited by small size and lack of consistent outcome definitions, and there is no clear 

biological explanation for this hypothesis. The onset of peripheral neuropathy in the Nix-
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TB trial, which used a higher dose of linezolid, occurred mainly in the initial 3 months of 

treatment, consistent with our findings [41]. Cumulative incidence of reduced visual 

acuity was 12% at 24 months in our cohort, the earliest detected at 5 weeks after starting 

linezolid. This is within the range reported from other studies [81] but is likely an 

overestimate of true linezolid-induced optic neuropathy because visual acuity testing 

lacks specificity [259], and many participants were on concomitant ethambutol which 

can also cause ocular toxicity. In the Nix-TB trial optic nerve disorders were suspected 

in 11.9% by bedside testing but confirmed optic neuropathy only occurred in 2 (<2%) 

participants [41, 260]. 

 

There were no Grade 3 or 4 thrombocytopenia events in our cohort. Platelets are acute 

phase reactants, increasing in response to systemic inflammation, including from TB 

[261, 262], while haemoglobin changes in the opposite direction [263]. The negative 

correlation between platelet counts and haemoglobin over time in our data suggests 

that reductions in platelets represent reduction in systemic inflammation due to 

treatment rather than linezolid toxicity. Therefore, platelets are not a good 

pharmacodynamic marker for linezolid toxicity in tuberculosis. 

 

We modelled change in haemoglobin as the primary toxicity outcome because of its 

relative specificity (a reduction is not expected with effective therapy) and large number 

of events. Random effects were included to account for latent (unmeasured) individual 

propensity to experience toxicity plus the interdependency among repeated 

observations within participants. Average haemoglobin increased over time after 

adjustment for other factors. HIV positivity was independently associated with reduced 

haemoglobin but not with anaemia (reductions > 2 g/dL). This effect was likely related 

to underlying HIV-related myelosuppression, as only 2 participants were on zidovudine. 

In the Nix-TB trial there was also no increase in linezolid-associated adverse events 

among HIV-positive participants [41]. Independent predictors of anaemia in our cohort 

were age, male sex, and linezolid trough concentrations, which have been associated 

with linezolid toxicity in patients with Gram-positive infections [109, 246]. In our cohort, 

the predicted probability of substantial haemoglobin reduction was ~10% for male 

participants at the median values of age and linezolid trough concentrations (Fig. 11), 

indicating relative safety of the 600 mg daily dose in our population. Despite this, 

linezolid was interrupted, dose reduced, or discontinued early in over half of 
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participants, suggesting either the presence of unmeasured adverse events or a low 

threshold by clinicians to alter or stop therapy due to concerns about toxicity potential 

[80]. 

 

Hyperlactatemia is a complication of linezolid therapy due to mitochondrial injury [184], 

and there have been case reports of lactic acidosis [189, 264]. Data is scarce on the 

incidence of hyperlactatemia in cohort studies. In the Nix-TB trial there were only 8 

cases (3 had lactic acidosis), much lower than the 30% incidence in our study [41, 260]. 

Possible reasons for this discrepancy include technical issues relating to sample 

processing, a sicker population in our study, and different definitions of hyperlactatemia. 

Nonetheless, there were relatively few severe events, with only 12 Grade 2 episodes 

and 15% with increases > 1.5 mmol/L at 6 months; on average, lactate decreased over 

time on linezolid therapy.  

 

The presence of SNPs at positions 2706 and 3010 in mitochondrial 16S rRNA have 

been reported in association with hyperlactatemia during linezolid therapy and are 

hypothesized to confer genetic susceptibility to linezolid toxicity through enhanced 

binding to mitochondrial structures [82]. The G3010A SNP was not detected in any of 

our participants and the presence of A2706G was not associated with any toxicity 

measure, corroborating findings from a trial among Korean DR-TB patients [83].  

 

Linezolid is a good candidate for TDM in RR-TB because of its narrow therapeutic 

margin and large inter-individual variability [249, 251]. Linezolid trough concentrations 

are consistently associated with haematological toxicity measures [83, 100, 109, 247, 

248], including in our cohort. A trough threshold of 2 mg/L has been suggested based 

on the high proportion of clinical events observed above that value among Korean XDR-

TB patients in a small trial (n = 38) [83]. Although this target is now widely applied in 

PK/PD analyses, it has not been validated in other cohorts. Using a model-based 

approach we found that a range of trough concentrations around 2.5 mg/L described 

change in haemoglobin better than other tested values and had a large effect on risk of 

significant haemoglobin reduction after adjustment for other factors. Specificity of this 

value for predicting clinically significant anaemia was excellent (89%), but the sensitivity 

is poor. This suggests potential use for TDM to identify patients at risk of anaemia when 

trough concentrations exceed 2.5 mg/L, but not at lower values. Where TDM is 
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unavailable close clinical and haematologic (especially haemoglobin) monitoring could 

trigger linezolid dose reductions once toxicity develops [265]. 

 

There are limitations to consider when interpreting our findings. Other studies have 

linked linezolid interruption to adverse events, which may strengthen inferences about 

causality. We were unable to capture this relationship because of decentralisation of 

care in the TB programme. For the same reasons we did not measure resolution of 

peripheral neuropathy, but the low total number of severe events suggests progression 

was rare. There was no planned phlebotomy or neuropathy screening in the first month 

of our study, which may have contributed to the low event rate observed within the first 

few weeks of linezolid. Although we obtained all full blood count results from routine 

care, bedside haemoglobin testing was not captured, neither were blood transfusions, 

potentially masking more severe anaemia. However, a strength of our study is that it 

reflects real world practice and outcomes. The observational nature of the study 

resulted in unbalanced visits and missing observations, but random effects models are 

valid under flexible missing data assumptions, including missingness at random [266], 

supporting our conclusions. Linezolid concentrations were missing for a third of 

participants and individual drug exposures were predicted from a population PK model 

based on measured body weight and dose. The model was developed using rich data 

from a subgroup of participants our cohort and, on sensitivity analysis, inclusion of 

sparse concentrations did not alter model performance. A limitation of using trough 

values is that they are strongly influenced by other model parameters, plus uncertainty 

in dosing timing. We addressed this by including separate additive error and additive 

lag variability relative to reported time of the dose to account for uncertainty in 

unobserved dosing (affecting sparse samples) [251]. Additionally, there was no effect 

modification on parameter estimates when only values with observed concentrations 

were included in toxicity outcome models. Finally, our study was not formally powered, 

influencing the precision of our estimates and ability to detect relationships with smaller 

effects. There were relatively few observations above our identified toxicity 

concentration threshold of 2.5 mg/L, emphasizing the need to validate this finding. 

However, our sample size is larger than that used in previous studies which successfully 

identified PK/PD relationships for first-line TB treatment [267, 268] and for other studies 

evaluating linezolid toxicity [83, 245].  
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In summary, we characterized linezolid toxicity in a DR-TB treatment program among 

patients with high HIV prevalence. Severe events were uncommon at the standard dose 

of 600 mg daily in this setting and overall, linezolid use was associated with 

improvement haemoglobin and other toxicity measures. A trough concentration 

threshold of 2.5 mg/L should be further evaluated as a potential target for TDM of this 

important TB drug. 
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CHAPTER 5 
Linezolid resistance in patients with drug-resistant tuberculosis and 
treatment failure in South Africa 
 

ABSTRACT  

Objectives: Limited data exist on clinical associations and genotypic correlates of 

linezolid resistance in Mycobacterium tuberculosis. We aimed to describe mutations 

and clinical factors associated with phenotypic linezolid resistance from patients with 

drug-resistant tuberculosis at two public sector facilities in South Africa.  

 

Methods: Adults and adolescents with treatment failure (culture positivity ≥ 4 months) 

on a linezolid-containing regimen were retrospectively identified. Phenotypic resistance, 

as defined  by a linezolid minimum inhibitory concentration  (MIC) > 1 mg/L, was 

assessed on retrieved isolates using  broth microdilution. Targeted sequencing of rrl 

and rplC was performed, irrespective of growth on subculture.  

 

Results: Thirty-nine patients with linezolid-based treatment failure were identified, 13 

(33%) of whom had phenotypic or genotypic linezolid resistance after a median duration 

of 22 months (range 7 - 32) linezolid therapy. Paired MIC testing and genotyping was 

performed on 55 unique isolates. All isolates with phenotypic resistance (n = 16) were 

associated with known resistance mutations, most frequently due to the T460C 

substitution in rplC (n = 10); rrl mutations included G2814T, G2270C/T, and A2810C. 

No mutations were detected in isolates with MICs at or below the critical concentration.  

 

Conclusions: Linezolid resistance occurred in a third of patients with drug-resistant 

tuberculosis and treatment failure. Resistance occurred late and was predicted by a 

limited number of mutations in rrl and rplC.  Screening for genotypic resistance should 

be considered for patients with a positive culture after 4 months of linezolid therapy in 

order to optimise treatment and avoid the toxicity of ineffective linezolid therapy.  



 

 

101 

Introduction 

Drug-resistant tuberculosis has a major impact on health outcomes and costs in high-

burden countries [25], and is expected to increase over the next two decades [14]. 

Linezolid, the prototype oxazolidinone, improved outcomes of drug-resistant 

tuberculosis in clinical trials [63, 174]. An individual patient data meta-analysis showed 

that linezolid use increased odds of treatment success 3-fold with a significantly lower 

mortality [38]. Based on these data, WHO recommended linezolid as a preferred agent 

for all patients with drug-resistant tuberculosis in 2018 [237]. Linezolid therefore has an 

important role as an antituberculosis agent and its introduction into national tuberculosis 

programs will be scaled up.  

 

Linezolid resistance has been reported in clinical isolates from a limited number of 

patients with drug-resistant tuberculosis and treatment failure [63, 111]. Limited 

evidence suggests that population-level resistance to linezolid may be increasing in TB 

programs [202]. Linezolid shares key binding sites and displays cross-resistance with 

other oxazolidinones, including promising new agents in clinical development, such as 

sutezolid [113] and delpazolid [269]. Mutations in genes encoding the 23s rRNA (rrl) 

linezolid peptidyl transferase centre (PTC) binding site and the L3 protein (rplC), which 

extends into the binding site, have been identified as the dominant molecular 

mechanisms underlying linezolid resistance from in vitro and clinical studies [63, 113, 

118, 121-124, 126, 269-272]. There are limited data on the association between 

genotypic and phenotypic linezolid resistance in clinical isolates. The few published 

studies describing linezolid resistance in treatment programs have not integrated MIC 

values with genotyping and have not explored important clinical parameters such as 

duration of linezolid exposure [272].  

 

There are two potential risk factors for linezolid resistance. First, linezolid dosing is 

frequently reduced due to mitochondrial toxicity [238], which may lead to suboptimal 

exposures for efficacy and resistance suppression, driving the selection of resistant 

mutants [238]. Second, there are limited treatment options for drug-resistant 

tuberculosis and linezolid may be added to a failing or inadequate regimen, 

exacerbating the risk of acquired resistance.  
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A better understanding of the clinical predictors and genotypic correlates of linezolid 

resistance is critical to inform strategies to preserve this important antituberculosis 

agent. We conducted a retrospective cohort study of patients with drug-resistant 

tuberculosis and linezolid-based treatment failure at two tuberculosis referral hospitals 

in South Africa with the following objectives: (i) to determine the prevalence of linezolid 

resistance in this at-risk population, (ii) to identify the mutations associated with 

phenotypic linezolid resistance in clinical Mycobacterium tuberculosis isolates, and (iii) 

to describe clinical factors associated with linezolid resistance.  

 
Patients and methods 

Setting and study population  

Adult and adolescent patients (≥ 13 years old) with treatment failure on a linezolid-

containing regimen were retrospectively identified from two public sector tuberculosis 

facilities in South Africa: Jose Pearson Hospital in Port Elizabeth and Brooklyn Chest 

Hospital in Cape Town. These facilities manage both in- and outpatients with drug-

resistant tuberculosis and use linezolid routinely in their treatment regimens for pre-

XDR (defined as resistance to rifampicin and isoniazid, plus fluoroquinolones or second 

line injectables) and XDR-TB (as for pre-XDR but with resistance to both 

fluoroquinolones and second line injectables). Treatment failure, and eligibility for 

inclusion in the analysis, was defined as a persistently positive sputum culture for M. 

tuberculosis or culture reversion after a negative culture in a patient who had received 

at least 4 months of linezolid-based therapy for tuberculosis.  

 
Clinical cases 

Registers of patients with possible linezolid-based treatment failure are maintained by 

facility staff members; these medical records were screened by a study investigator. 

Clinical data were extracted and captured directly onto electronic case report forms in 

REDCap [273]. The index tuberculosis episode was defined as receipt of continuous 

treatment (with < 3 months’ interruption) for rifampicin-resistant tuberculosis. We 

quantified the number of likely effective agents in the regimen by applying a scoring 

system according to resistance profile, prior exposure, and known clinical effectiveness 

(Table S1) [274]. 
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Table S1. Rules for rating likely effectiveness of drugs in background regimen. 

Drug Context/rationale Score 

Pyrazinamide Baseline resistance in MDR/XDR TB is ~60% [275] 0.5 

Fluoroquinolones XDR or pre-XDR with FQ resistance 

All other circumstances 

0 

1 

Injectable agents XDR or pre-XDR with injectable resistance 

All other circumstances 

0 

1 

Ethambutol Baseline resistance in MDR/XDR TB is ~45% [275] 0.5 

Isoniazid inhA mutation 

Dual inhA/katG mutations or katG mutation alone 

0.5 

0 

Ethionamide Dual inhA/katG mutations or inhA mutation alone 

All other circumstances 

0 

1 

Clofazimine If previous XDR or pre-XDR-TB treatment (likely 

exposed) 

No previous XDR or pre-XDR-TB treatment (no 

exposure) 

0.5 

1 

PAS If previous XDR or pre-XDR-TB treatment (likely 

exposed) 

No previous XDR or pre-XDR-TB treatment (no 

exposure) 

0.5 

1 

Terizidone If previous MDR-TB treatment (likely exposed) 

No previous MDR-TB treatment (no exposure) 

0.5 

1 

Macrolides No clinical efficacy 0 

Amoxicillin-

clavulanate 

No clinical efficacy 0 

Bedaquiline No previous exposure 1 

Rifabutin No previous exposure, and susceptible by 

genotyping 

1 

Delamanid No previous exposure 1 
Table S1. Molecular and/or phenotypic drug susceptibility testing results from routine testing were 

available for rifampicin, isoniazid (including the presence of inhA and katG mutations), fluoroquinolones, 

and second line injectables for at least one isolate from each patient. 
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Microbiological data 

Sputum culture results from routine testing performed at the study sites are linked to the 

National Health Laboratory Services (NHLS) database, which was used to identify M. 

tuberculosis isolates from identified cases. All previous isolates were requested from 

both local NHLS laboratories and from the National Institute of Communicable Diseases 

(NICD), which on clinician request performs extended drug susceptibility testing (DST). 

Available isolates were shipped in original liquid culture bottles to the BSL3 laboratory 

at the Institute of Infectious Disease and Molecular Medicine at the University of Cape 

Town for linezolid resistance testing.  

 

Isolate selection and culture conditions 

Subculture was done for all samples from the first batch of retrieved isolates (n = 57); 

in subsequent batches, only paired isolates (the earliest and most recent) from each 

patient with linezolid-based treatment failure underwent subculture (n = 46). M. 

tuberculosis isolates were initially cultured in the BACTEC Mycobacteria Growth 

Indicator Tube (MGIT) 960 system (Becton, Dickinson and Company, Sparks, MD, 

USA) according to the manufacturer’s instructions. Subsequently, 100 µL of each MGIT 

culture was inoculated onto Lowenstein-Jensen (LJ) medium slants (Becton, Dickinson 

and Company, Sparks, MD. USA) and incubated at 37oC for 4-6 weeks with continuous 

aeration. Colonies were scraped from LJ slants with visible bacterial growth and 10% 

glycerol stocks were made. Subcultures were initiated by inoculating 100 µL of the 10% 

glycerol stock in 10 mL Middlebrook 7H9 broth (Sigma-Aldrich) supplemented with 0.2% 

(v/v) glycerol, 0.1% Tween 80 and 10% (v/v) OADC and were incubated at 37oC until 

an optical density at 600 nm (OD600) value of 1 was reached.  

 
Determination of linezolid minimum inhibitory concentration (MIC) 

Phenotypic linezolid resistance was determined by MIC assessment using a resazurin 

microtitre assay [131]. Two-fold serial dilutions of linezolid (range 64 mg/L to 0.0625 

mg/L) were made in 7H9 medium supplemented with 0.1% casitone, 10% OADC and 

0.5% glycerol in 96-well U-bottomed plates. The enriched 7H9 broth containing 

retrieved M. tuberculosis isolates was diluted 1:1000 and inoculated into the linezolid-

containing plates. Plates were incubated at 37°C for 14 days before adding 20 μL of 

0.025% (w/v) resazurin (Sigma-Aldrich), followed by incubation for an additional 24 to 

48 hrs. The MIC value was defined as the lowest linezolid concentration that inhibited 
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growth, indicated by a colour change from blue to pink (Figure 1). Positive (M. 

tuberculosis isolate only) and negative (7H9 medium only) controls were included for 

each assay. Phenotypic resistance was defined by an MIC > 1 mg/L, the recognized 

critical concentration for linezolid [240]. 

 
Figure 1. Microtitre assay for linezolid MIC determination. 

 
 

DNA extraction, PCR amplification and sequencing  

DNA was extracted from all MGIT cultures, including those without growth on LJ slopes, 

using the Chelex method [276]. Primers were designed to amplify coding and flanking 

regions for rrl as well as an 814 bp product covering rplC (Table S2). These targets 

were selected because they encode regions in or near the 23s rRNA binding site [197, 

277], and have been associated with linezolid resistance in clinical and laboratory-

generated M. tuberculosis isolates [278]. We also planned to sequence rplD (which 

encodes a putative resistance target in the L4 protein) [269] in isolates with MIC > 1 

mg/L and no detectable mutations in rrl and rplC, but this was not required. Primer 

design was based on the genome sequence of the M. tuberculosis H37Rv reference 

strain (http://genolist.pasteur.fr/TubercuList) and performed using Primer 3 software 

version 0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/). 

 
Table S2: Primer sets used for the amplification and sequencing of rplC, rrl and rplD.  

Primer Sequence 5’ to 3’ Fragment length 

(bp) 
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rplC F CACAAGCGGTTGATCGACAT 814 

rplC R GCGTCTTGACGTCGATTTTG 

rrl (1) F AGTTGGCCACCAACACACTG 944 

rrl (1) R TGGGTCGCCCTATTCAGACT 

rrl (2) F GGTTAACCCGTGTGGGGTAG 1101 

rrl (2) R TTCTTGGCAGCAGAGGATCA 

rrl (3) F CGATGGACAACGGGTTGATA 1016 

rrl (3) R GGCGCCTCCGTTACATTTTA 

rrl (4) F CGAAATTCCTTGTCGGGTAAG 1017 

rrl (4) R ACGGATGTGGTTGCGAGTTT 

rplD F TTGGTGCATAAGGTCGATGC 941 

rplD R TGACGGCAAAAATCTTCTCG 
 

PCR reactions were performed under the following thermocycling conditions: 15 

minutes (min) denaturation at 95oC followed by 35 amplification cycles (each cycle: 

94oC for 1 min, 62oC for 1 min, 1 min extension at 72oC) and the final elongation step 

of 10 min at 72oC. Successful PCR amplification was confirmed by gel electrophoresis. 

PCR products underwent Sanger sequencing at Central Analytical Facilities, 

Stellenbosch University, South Africa. Mutations were detected using CLC Main 

Workbench, Version 7.7.3 (Qiagen, CA, USA) by aligning the reference H37Rv strain 

(ATCC 27294) sequence to the sequence from the clinical isolates. Genotypic 

resistance was defined as the presence of single nucleotide substitutions  in rrl or rplC 

previously identified to be associated with linezolid resistance,[278] as well as newly-

identified polymorphisms in close proximity to the linezolid binding pocket and 

associated with elevated MICs.  

  

Analysis 

MIC distributions of isolates that underwent phenotypic DST were plotted. We used 

bivariate analysis to compare demographic profile, treatment history, and linezolid 

exposures between patients who developed linezolid resistance (phenotypic or 

genotypic) with those who did not. Wilcoxon rank-sum testing was performed for 

comparisons of continuous variables and c2 tests for categorial variables. A Kaplan-

Meier survival plot was constructed for time to the detection of linezolid resistance, 

censored for death, loss to follow-up, and at 36 months post-linezolid initiation. 
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Ethics 

This study was approved by the University of Cape Town Human Research Ethics 

Committee (reference 805/2016); the requirement for informed consent was waived for 

collection and analysis of stored M. tuberculosis isolates and retrospective clinical data. 

 

Results 

Linezolid MIC distribution and associated resistance mutations 

We screened 131 patients with drug-resistant tuberculosis and suspected linezolid-

based treatment failure (Figure 2); 103 M. tuberculosis culture isolates were available 

from 39 eligible patients (34 in Port Elizabeth and 5 in Cape Town) collected between 

May 2010 and September 2017.  

 
Figure 2. Flow diagram showing numbers of patients and isolates included. 
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Paired MIC testing and genotyping was performed on 55 unique isolates that grew on 

subculture, demonstrating a clear bimodal distribution around the critical concentration 

of 1 mg/L (Figure 3). All isolates with MIC > 1 mg/L (phenotypic resistance, n = 16) were 

associated with known resistance mutations in either rrl or rplC; conversely, no 

resistance-conferring mutations were detected in isolates with MICs at or below the 

critical concentration (Table 1).  

 
Figure 3. Distribution of M. tuberculosis linezolid MIC values for 55 clinical isolates with 

paired MIC and sequencing results.  

 
Figure 2. The vertical dashed line represents the critical concentration value for linezolid (1 mg/L). 

None of the isolates had dual mutations. 

 

Table 1. Mutations in rrl and rplC with corresponding MIC values detected from all 

retrieved M. tuberculosis isolates that underwent phenotypic and/or genotypic 

resistance testing (n = 73)  

Participant 

ID 

Isolate 

number 

Duration on 

linezolid, 

months* 

Linezolid 

MIC (mg/L) 
rrl mutation 

rplC 

mutation 

2007 XD00813360 10 8 G2814T WT 
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[2576] 

1007 UH00774544 18 4 
(G2270T) 

[2032] 
WT 

1008 UH00806598 25 8 WT T460C 

1010 YA00027930 12 2 
(G2270C) 

[2032] 
WT 

1011 

UH00751414 23 4 
G2814T 

[2576] 
WT 

UH00768146 24 4 
G2814T 

[2576] 
WT 

1013 
UH00760075 13 8 WT T460C 

UH00830976 18 4 WT T460C 

1014 UH00812719 22 8 
G2814T 

[2576] 
WT 

1015 

UJ00479546 8 8 WT T460C 

UJ00506756 10 8 WT T460C 

UJ00519199 11 8 WT T460C 

1023 
UH00754483 13 No growth# 

A2384C 

[2146] 
T460C 

TRL0118476 5 8 WT T460C 

1032 UH00873025 26 4 WT 
T460C; 

G546A 

1043 TRL0118350 10 8 WT T460C 

1050 UH00962529 23 8 WT T460C 

1057 UH00820877 25 No growth# 
A2810C 

[1942] 
WT 

Table 1. Nucleotide positions are given according to the sequence of M. tuberculosis strain H37Rv 

(GenBank accession No. NC_000962.3) with corresponding E. coli positions reported in [square] 

brackets below. Mutations shown in parentheses were identified in the heteroresistant state. WT, wild 

type. *Linezolid exposure from time of initiation to collection of the isolate. #No growth in LJ culture 

 

Single nucleotide polymorphisms associated with phenotypic resistance to linezolid 

Sequencing of both rplC and rrl was done on 73 unique isolates (including isolates that 

failed to grow on subculture) from the 39 clinical cases with linezolid-based treatment 

failure. Mutations and corresponding MIC values from 13 patients (18 isolates) with 

phenotypic and/or genotypic resistance are listed in Table 1. Resistance mutations in 
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rplC (n = 11) were detected more frequently than in rrl (n = 7); none of the isolates 

harboured dual resistance-conferring mutations. The 2814G®T substitution was the 

most frequently detected mutation in rrl (present in 4 out of 7 isolates), followed by point 

mutations in two isolates at position 2270 (G ® C/T) and one isolate with a A2810C 

mutation. The G2270C/T alleles were present with wild-type alleles as mixed 

populations from two unique patients, and were not detected in strains recovered 1 and 

6 months earlier, respectively (Figure 4). We detected the following additional 

polymorphisms in rrl, which were not considered to represent resistance mutations due 

to distance from the PTC and because they were not associated with elevated MICs 

(MIC 0.25 mg/L for all): A2384G (n = 3), A2384C (n = 5), G2399A (n = 1), and mixed 

G2399A/A2384C (n = 3).  

 
Figure 4. Timing of linezolid initiation and results of phenotypic and genotypic testing 

in relation to start of antituberculosis therapy for three patients with sequential isolates 

demonstrating evolution of linezolid resistance. 

 
Figure 4. WT, wild type; MIC, minimum inhibitory concentration. Inset numbers are study patient 

identifiers. Mutations shown in parentheses were identified in the heteroresistant state. 

 

rplC resistance mutations (n = 11) were exclusively due to T460C. We found a non-

resistance conferring polymorphism G546A (MIC 0.5 mg/L) in two isolates: as a single 

mutation in one isolate and mixed with T460C in another isolate with an elevated MIC. 

A GCC insertion at position 466 was identified in one isolate which failed to grow on 

subculture and consequently no MIC result was available; however, this insertion was 

not detected in a sequential isolate collected 6 months later.  
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Clinical characteristics of the study population  

Demographic and clinical characteristics of all included cases with linezolid-based 

treatment failure are shown in Table 2, disaggregated by the presence of linezolid 

resistance. Overall, twenty-three (61%) patients were HIV-positive, and the majority (n 

= 28, 72%) had XDR-TB. There were a median of 4 (3.5 – 5) likely effective agents in 

addition to linezolid at the time of treatment failure; only 8 (21%) patients had isolates 

that were fully susceptible to fluoroquinolones, and bedaquiline and/or delamanid were 

included in the regimen for only 9 (23%) patients. Linezolid initiation was delayed for a 

median of 7 months (IQR 2 – 17, range 1 – 30) after the start of therapy for the index 

tuberculosis episode and was administered for a median of 16 months (IQR 12 – 23, 

range 5 – 44) until the last obtained culture result. The standard dose for linezolid was 

600 mg daily, reduced to 300 mg daily in 20 (51%) patients. 
 

Table 2. Clinical characteristics of patients with linezolid-based treatment failure.  

 Resistant 

n = 13 

Susceptible 

n = 26 

P-value 

Age, years 35 (30 – 45) 36 (28 – 42) 0.83 

Male sex 6 (46) 13 (50) 0.82 

Weight at treatment 

initiation, kg 

48 (39 – 62)a 45 (35 – 54)b 0.32 

HIV positive 7 (54) 16 (64) 0.54 

Number of previous TB 

episodes 

1 (1 – 2) 1 (1 – 2) 0.41 

Baseline resistance 

pattern 

- MDR 

- Pre-XDR (Inj) 

- Pre-XDR (FQ) 

- XDR 

 

 

1 (8) 

1 (8) 

0 (0) 

11 (85) 

 

 

1 (4) 

5 (19) 

3 (12) 

17 (65) 

 

 

0.40 

Delay in linezolid start 

after initiation of therapy, 

months 

8 (2 – 13) 3 (0 – 9) 0.24 

Record of poor adherence 6 (67) 12 (67) 1.0 
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Linezolid dose reduction 6 (46) 14 (61) 0.39 

Duration on linezolid, 

monthsc  

18 (10 – 23) 16 (12 – 21) 0.89 

Number of other drugs 10 (9 – 11) 8 (7 – 10) 0.04 

Number of likely effective 

drugs at time of treatment 

failure 

4.0 (4.0 – 4.5) 4.0 (3.5 – 5.0) 0.95 

Bedaquiline exposured  3 (23) 9 (35) 0.46 

Duration of bedaquiline 

exposure, monthse 

5 (1 – 10) 10 (6 – 12) 0.19 

Outcome within 48 

months of study 

- In care 

- Died 

- LTFU 

- Palliation 

- Unknown 

 

 

6 (46) 

6 (46) 

0 (0) 

0 (0) 

1 (8) 

 

 

8 (31) 

9 (35) 

2 (8) 

3 (12) 

3 (12) 

 

 

0.55 

Table 2. Data are n (%) or median (IQR). Resistant is defined as MIC > 1 mg/L and/or presence of 

previously published resistance-conferring mutation. 

a. n = 12 

b. n = 23 

c. Defined as the time from linezolid initiation until the first culture showing linezolid resistance or the 

last culture obtained in those without linezolid resistance (n = 39). 

d. The number of patients with bedaquiline exposure before the first culture showing linezolid 

resistance or the last culture obtained in those without linezolid resistance. 

e. Defined as the time from bedaquiline initiation until the first culture showing linezolid resistance or 

the last culture obtained in those without linezolid resistance (n = 12). 

 

Clinical associations with linezolid treatment failure and resistance 

Linezolid resistance was detected by either phenotypic or genotypic methods in 13 

(33%, n = 39) patients with linezolid-based treatment failure. The earliest detected 

occurrence of resistance was 7 months after initiating linezolid, with the latest at 27 

months (Figure 5). Neither linezolid dose reduction (P = 0.39) nor overall duration (18 

months for those with resistance versus 16 months without; P = 0.89) were associated 

with linezolid resistance (Table 2). Bedaquiline exposure prior to treatment failure did 
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not appear to be protective for linezolid resistance in this cohort; 3 (23%) with resistance 

versus 9 (35%) without resistance received bedaquiline; P = 0.46. The only significant 

difference between those with and without resistance on bivariate analysis was the total 

number of antituberculosis drugs received, which was higher in the group with linezolid 

resistance (median 10 versus 8 drugs, P = 0.04). There was trend towards a longer 

delay in linezolid initiation in the group with resistance (8 months versus 3 months), but 

this was not significant (P = 0.24). Overall mortality was 38% (n = 15) during the 42-

month observation time. 

 

Figure 5. Kaplan-Meier plot showing time to detection of linezolid resistance, censored 

for death and loss to follow up (n =39).  

 
 

Discussion 

We retrospectively identified 39 patients with drug-resistant TB and linezolid-based 

treatment failure from two geographically distant treatment facilities in South Africa. 

Most patients had XDR-TB and were unable to obtain early access to new 

antituberculosis agents. Consequently, background drug regimens at the time of 

linezolid introduction were likely suboptimal resulting in effective linezolid monotherapy 
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for prolonged periods of time. Linezolid resistance was detected in over 30% of 

individuals and only after a median of 18 months of exposure, which is somewhat 

surprising given the highly conducive conditions for resistance selection. In one respect 

this observation is reassuring, because it confirms linezolid’s high barrier to resistance 

seen under similar conditions in a clinical trial [63] as well as in vitro where very low 

mutation frequencies are achieved relative to other antituberculosis drugs [113, 118]. 

However, our finding also illustrates a fundamental reality underlying the large-scale 

expansion of linezolid for tuberculosis treatment: despite its high barrier to resistance, 

with sufficient selection pressure the emergence of linezolid resistance in tuberculosis 

treatment programs is inevitable. Of concern, there have been suggestions of a trend 

towards increasing population-level resistance in countries with a long history of 

linezolid use [202]; and linezolid resistance has been associated with the Beijing 

genotype [121], the dominant circulating M. tuberculosis strain in the Eastern Cape 

Province [32] where most of our cases were identified. Increased vigilance and active 

surveillance are clearly needed as linezolid is introduced into national tuberculosis 

treatment programmes.  

 

Published data on linezolid resistance from patients with tuberculosis are scarce; in a 

literature review we identified nine studies that investigated linezolid resistance in 

clinical isolates, reporting on a total of 24 unique patients. Our study, involving 39 

patients with linezolid-based treatment failure, likely provides the largest and most 

detailed series linking MIC values with molecular testing and clinical and treatment data. 

There are several notable findings which build on existing knowledge in this area. 

 

Our strategy to perform targeted sequencing of rrl and rplC was based on the 

mechanism of linezolid action and observations from clinical and in vitro reports. It is 

unsurprising that mutations in 23s rRNA, particularly in proximity to the PTC binding 

site, predictably lead to MIC elevations and clinical resistance. The most frequently 

reported mutation in rrl, the 2814G ®T nucleotide substitution [63, 113, 115-117, 272], 

was detected in isolates from more than half of patients with linezolid-resistance and rrl 

mutations, and associated with MIC values of up to 8 mg/L. We also detected G2270C/T 

mutations in isolates from two unique patients which, to our knowledge, is the first report 

in clinical strains. These mutations were associated with lower MICs (2 - 4 mg/L) in our 

cohort (as well as in previous in vitro studies [118, 271]) which may be related to the 
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position outside the PTC and the fact that in both cases the mutations were identified in 

the presence of the susceptible allele (heteroresistant state). We did not detect the 

resistance allele in prior isolates from either of these patients (collected 1 month and 6 

months earlier, respectively), suggesting the evolution of linezolid resistance with 

ongoing selection pressure.  

 

The third rrl mutation we identified, A2810C, has been previously described in isolates 

from patients with treatment failure [115, 116]. Although we were unable to determine 

the MIC associated with this mutation, this nucleotide substitution is in relative proximity 

to the PTC and its previous detection in isolates with phenotypic resistance suggest that 

it could confer a linezolid resistance phenotype.   

 

Overall, the T460C mutation in rplC was the underlying cause for linezolid resistance in 

the majority (7/13, 54%) of our cases; its dominance has also been noted in other 

settings [113, 118, 123, 270-272]. This mutation results in an amino acid exchange from 

cysteine to arginine at position 154 in the L3 protein that extends into the linezolid 

binding site [277], resulting in MIC ranges of 2 – 32 mg/L [63, 113, 118, 121-124, 126, 

269-272]. The rplC T460C mutation has been associated with lower MICs and a lower 

fitness cost [113], than mutations affecting 23s rRNA. Interestingly, in our cohort, the 

converse was found, with higher MICs linked to rplC mutations; this has also been 

described for in vitro mutants [118, 271], reinforcing the importance of this key 

mechanism for linezolid resistance. It is difficult to interpret the significance of the GCC 

insertion at position 466 found in one isolate because we were unable to determine the 

MIC; this has not been previously associated with linezolid resistance, including in 

bacteria other than M. tuberculosis, and is likely not to be resistance-conferring. 

 

Genotyping had excellent accuracy and discriminative value for predicting phenotypic 

resistance (MIC > 1 mg/L) in the 55 isolates with both sequencing and MIC results. It 

appears that sequence mixes in rrl and rplC have low diversity and there are a limited 

number of mutations that underlie linezolid resistance. This raises the possibility of 

translation into rapid molecular diagnostics, which are needed to support linezolid rollout 

into national tuberculosis programs where phenotypic testing is not widely available. 

Furthermore, molecular testing could be class-based because of cross resistance with 
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other oxazolidinones [113, 123, 269], and has the advantage of detecting low-frequency 

mutations supporting early identification of resistance. 

 

We found that the number of background agents to which patients were exposed during 

the index tuberculosis episode was significantly higher amongst those with linezolid 

resistance. This could reflect a tendency of clinicians to add more drugs to failing 

regimens, leading to a paradoxically higher risk of linezolid monotherapy with more 

background drugs. The observed trend in longer delays to linezolid initiation in patients 

with linezolid resistance supports this. Although there is no direct cross-resistance 

between linezolid and other antituberculosis drug classes, one study has demonstrated 

an association between linezolid MIC elevations and the use of other second-line 

antituberculosis drugs, specifically fluoroquinolones and kanamycin.[202] This may be 

due to induction of efflux pump expression from antimycobacterial drug exposure which 

initiates a pathway leading to subsequent high-level mutation-related resistance [279]. 

Regardless of the presence of linezolid resistance there was an extremely high mortality 

amongst this cohort of patients with linezolid-based treatment failure. This emphasizes 

the need for early inclusion of new drugs such as bedaquiline to strengthen treatment 

regimens and reduce the risk of treatment failure [280] and mortality [60]. 

 

Our retrospective study had a number of important limitations. By definition, we had to 

rely on data that were collected in the clinical service and not originally intended to 

address the aims of this study. We therefore had to accept risks of major biases when 

describing and comparing patients with linezolid-based treatment failure. We are 

confident, however, that our strategy to screen and identify cases from hospital registers 

was sufficiently rigorous to avoid excluding important outliers. The accuracy of clinical 

data extracted from medical records was imperfect and also may have influenced the 

robustness of our findings, particularly in relation to antituberculosis drug exposures, 

treatment adherence, and assessment of regimen effectiveness. However, the key 

parameters of linezolid duration and bedaquiline use were well documented. A 

substantial proportion of isolates were either not available from local laboratories (due 

to being lost or discarded; 73/131 screened patients, 56%) or were not viable on 

subculture (18/73 retrieved isolates, 25%). This has two potential consequences. First, 

sequential isolates demonstrating the transition to linezolid resistance were not 

available for the majority of included patients. The time-to event analysis could therefore 
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have overestimated the delay in the development of linezolid resistance. Second, 

isolates with linezolid resistance may be associated with fitness cost [113] and failure 

to grow, biasing our results. To address this, we sequenced all isolates, regardless of 

culture viability, and found a resistance mutation in only two isolates without MIC data. 

Sanger sequencing itself has imperfect sensitivity, particularly for the detection of mixed 

strain genotypes [281]; it is possible that we may have identified additional or novel 

mutations using next generation sequencing [282], an approach that should be 

considered in future studies.  

 

In conclusion, we have shown that linezolid resistance occurred in a third of patients 

from this high-risk cohort in South Africa. Phenotypic resistance was detected late and 

was predicted by a limited number of mutations in rrl and rplC.  Screening for genotypic 

resistance should be considered for patients with a positive culture after 4 months of 

linezolid therapy in order to optimise treatment and avoid the toxicity of ineffective 

linezolid therapy. 
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CHAPTER 6  
Conclusions 
 

Until recently, treatment for RR-TB required a reversion to pre-rifampicin regimens with 

toxic and poorly effective drugs administered over at least 18 months of therapy. 

Consequently, treatment outcomes have been dismal, with devastating impacts on 

affected communities and driving ongoing transmission. Introduction of new and 

repurposed drugs has been transformative, enabling shorter all-oral regimens and 

treatment outcomes that compare favourably to drug-susceptible TB. Linezolid has 

been a cornerstone of this treatment revolution and is likely to remain a key component 

of future RR-TB regimens for years to come. Despite inclusion in treatment guidelines 

and widespread deployment in TB programmes, the optimal use of linezolid in RR-TB 

is unknown. Its narrow therapeutic window, resulting from shared efficacy and toxicity 

targets, is a challenge for optimised dosing. The standard 600 mg dose has been 

inadequately studied, particularly in programmatic settings with high HIV burden, and 

was selected based limited empirical PK and clinical toxicity data [95]. Evidence-based 

linezolid dosing is needed to support continued use. Furthermore, the frequency and 

genetic correlates of linezolid resistance in TB programmes are poorly described, but 

essential to inform strategies for resistance testing and development of rapid drug 

susceptibility testing as use expands. This thesis presents a series of studies designed 

to address these knowledge gaps around linezolid use in programmatic settings.  

 

Chapter 3 reports non-compartmental analysis describing linezolid PK among 30 South 

African patients with RR-TB and HIV prevalence of 50%. Consistent with other studies 

[99], there was large inter-individual variation in linezolid plasma concentrations, with 

an overall coefficient of variation (%CV) of 40.1%. Much of the observed variability was 

unexplained, although age and weight were identified as significant predictors of trough 

concentrations and AUC0-24, respectively. Importantly, linezolid exposures were not 

different among HIV-positive participants. Similar values for clearance and central 

volume of distribution were estimated from a population PK model using the same data, 

which also did not find a significant association between HIV and linezolid PK exposure 

[251]. Data presented in Chapter 3 confirm several PK characteristics that make 

linezolid well-suited for TDM, a potential strategy to reduce toxicity if target thresholds 
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can be established: large inter-individual variability, rapid attainment of steady state, 

linear relationship between AUC and trough concentrations supporting limited sampling, 

and proportional dose-exposure relationships. 

 

A probability of target attainment analysis was performed using observed PK exposures 

and MIC distributions from the study population. All participants were predicted to 

achieve the in vitro efficacy target (fAUC/MIC 119) at the 600 mg dose, providing indirect 

support for potential clinical efficacy at wild-type MICs. However, the proportion 

decreased to only 61.5% (95% CI, 40.6 to 79.8) at the linezolid critical concentration of 

1.0 mg/L. Over half of participants had trough concentrations exceeding a toxicity 

threshold of 2 mg/L, illustrating the narrow therapeutic window. This target, which is not 

externally validated, was established among a small HIV-negative Korean cohort [83], 

emphasising the need for clinical evaluation of the standard 600 mg dose in other 

settings.  

 

Building on these findings, Chapter 4 presents a prospective observational cohort study 

to characterise clinical linezolid toxicity among 151 patients in the South African RR-TB 

treatment programme. A major strength of the study was integration of linezolid PK 

parameters in models to explore predictors of adverse events and identify a 

concentration threshold for clinical toxicity. Linezolid was frequently interrupted or 

prematurely discontinued by clinicians, reflecting widespread perception of serious 

toxicity and a low threshold to stop this important drug during TB therapy. Mild adverse 

events also occurred frequently, dominated by grade 1 anaemia and peripheral 

neuropathy, in keeping with reports from other settings. However, cumulative incidence 

of new grade 3 or 4 events was less common, with an incidence of 14% (95% CI, 9 - 

21) at 6 months; there were only six grade 4 anaemia events and one grade 4 peripheral 

neuropathy event.  

 

Thrombocytopenia, widely used as a measure of linezolid toxicity in Gram-positive 

infection and TB studies, was a poor pharmacodynamic marker because of the non-

specific nature of platelet reduction from improvement of acute phase response during 

treatment. In contrast, decreased haemoglobin concentration is more specific for 

linezolid toxicity and was selected as the primary outcome measure. There was an 

increase in average haemoglobin over time, after adjustment for time-varying linezolid 
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concentrations, HIV status, age, sex, and baseline haemoglobin values. These findings 

suggest a positive overall treatment effect of linezolid-based antituberculosis therapy 

and supports use of the 600 mg dose in TB programmes with high rates of HIV co-

infection. Preliminary findings from the ZeNix trial provide additional evidence for use of 

the standard 600 mg dose, reporting equivalent clinical efficacy and reduced adverse 

events compared with higher doses [283]. 

 

Factors associated with clinically significant haemoglobin reductions (> 2 g/dL) included 

linezolid trough concentration, male sex, and age. HIV-positivity was not a significant 

predictor. This may help to select patients at high risk for anaemia and develop a more 

targeted approach to monitoring. A trough threshold of 2.5 mg/L resulted in optimal 

model fit to describe change in haemoglobin and was strongly associated with risk of 

anaemia, after adjustment for other factors. The specificity of this cut off for anaemia 

events was excellent - 8 out of 9 (89%) participants with a linezolid trough concentration 

above 2.5 mg/L developed anaemia, defined as a drop in haemoglobin > 2 g/dL, within 

the first 4 months of therapy - with potential for use in therapeutic drug monitoring (TDM) 

to reduce risk of adverse events, either by triggering more intensive monitoring or dose 

reduction. This finding requires external validation and clinical evaluation as a strategy 

for toxicity reduction if confirmed. 

 

Even if shown to accurately predict toxicity, it is unclear whether a TDM strategy for 

linezolid will lead to meaningful reductions in adverse events given the low proportion 

of patients with values above the 2.5 mg/L cut off (a trial to test this will require a large 

sample size to show an effect). It is also unknown how dose reductions with TDM will 

impact efficacy; only half of fAUC estimates for trough concentrations < 2.5 mg/L were 

above the putative efficacy threshold of 119 with linezolid dosing at 600 mg (assuming 

an MIC of 1 mg/L), but the relationship between this PK target and clinical outcomes is 

not established. Linezolid is stable on dried blood spots which are simple to obtain and 

could be centrally tested [225, 284], but limited availability of linezolid drug assays in 

high TB burden settings is major drawback of TDM. Semiquantitative measurements 

using mobile spectroscopy devices on non-invasive specimens such as saliva may 

facilitate programmatic implementation of TDM [285]. This approach, in combination 

with rapid genotypic testing as a surrogate for MIC, may be an attractive intervention to 

test for feasibility and effectiveness in a prospective study. Other strategies to identify 
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patients at high risk for adverse events could be effective. Pharmacodynamic modelling 

of data from the Nix-TB trial (where linezolid was dosed at 1200 mg daily) showed that 

a 10% reduction in haemoglobin had good accuracy for predicting severe anaemia and 

could be useful as a trigger for dose reduction [265].  

 

Impact of linezolid dose reduction on resistance was part of the rationale for the study 

presented in Chapter 5, which described the clinical phenotype and genotypic 

correlates of linezolid resistance among 39 patients with treatment failure on linezolid-

based therapy for RR-TB. Despite prolonged therapy with linezolid - median 16 months 

until the last culture - and weak background regimens, linezolid resistance was detected 

in only a third of patients and occurred late (range 7 to 27 months after initiating 

linezolid). Linezolid dose reduction to 300 mg was not associated with resistance. These 

clinical observations are in keeping with the high in vitro genetic barrier to resistance 

[113, 118] and provide reassurance for programmatic use, particularly in combination 

with potent new agents like bedaquiline. The other major finding was that phenotypic 

linezolid resistance was predicted by a limited number of mutations in two genes, rrl and 

rplC, most of which are previously reported in both clinical and laboratory M. 

tuberculosis isolates. Importantly, there appears to be a class effect for key linezolid 

resistance mutations [113, 123, 269]. This provides strong rationale for development of 

molecular diagnostic tests, such as line probe assays, to support programmatic 

deployment of linezolid and new oxazolidinones. With the inevitable rise in prevalence 

of population-level resistance with expanded use, screening for genotypic resistance 

should be considered for patients with a positive culture after 4 months of linezolid 

therapy.   

 

This thesis sought to address key knowledge gaps in the use of linezolid for RR-TB, 

with the objective of informing treatment practice. The series of studies presented here 

contribute to the evidence base for continued use of the 600 mg dose in TB treatment 

programmes, demonstrating attainment of PK-efficacy targets in a population with high 

HIV prevalence, characterising the clinical toxicity profile and confirming an exposure-

response relationship for toxicity, and describing genotypic correlates of linezolid 

resistance. Important uncertainties remain, however, including the role of 1200 mg 

dosing and optimal duration of linezolid therapy that optimises efficacy and minimises 

toxicity, and use of linezolid in extra-pulmonary forms of TB. The phase 3 ZeNix trial 
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(NCT03086486), mentioned above, is evaluating four different linezolid dosing 

strategies as part of an all-oral shorter regimen for pulmonary RR-TB. Preliminary 

results suggest that 600 mg dosing had similar outcomes compared with 1200 mg when 

combined with new antituberculosis agents, but with fewer adverse events [283]. 

Linezolid did not contribute improved culture conversion in a phase 2b trial for drug-

susceptible TB [254] - a drug-drug interaction may have contributed to suboptimal 

linezolid exposure [153] - and is unlikely to be used as a component of rifampicin-based 

regimens in pulmonary TB.  

 

Linezolid is an attractive agent for intensified antimicrobial therapy in TB meningitis 

because of excellent penetration into cerebrospinal fluid [286-288], and several trials 

are underway to investigate use in this setting. New oxazolidines with greater M. 

tuberculosis selectivity and that are less toxic to mammalian mitochondria are in 

development. Clinical development of sutezolid (PNU-100480) was delayed after 

showing promising results in phase 1 and 2 evaluation, but it has now entered a dose-

finding study as part of novel combination therapy for drug-susceptible TB 

(NCT03959566). The highly-potent contezolid (MRX-4/MRX-1) [289] and TBI-223 

(NCT03758612) compounds are in phase 1 development, and delpazolid [269] has 

entered phase 2 testing (NCT02836483). It is unknown whether the favourable 

preclinical characteristics of novel oxazolidinones will translate into improved safety in 

patients, and it will likely take several years to define the role for these agents. In the 

meantime, linezolid will continue to be widely prescribed as a component of RR-TB 

regimens. Building on the body of work in this thesis, future research priorities should 

include individualised risk reduction strategies for adverse events, clinical evaluation of 

TDM-based dosing, and development of rapid molecular diagnostic tests for linezolid 

resistance. 
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