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Latent tuberculosis infection (LTBI) constitutes an important public health problem because of risk of progression
to TB disease. Effective treatment of multi-drug resistant (MDR) LTBI would prevent progression to MDR TB
disease, which would improve patient and public health outcomes. The majority of MDR LTBI treatment studies
have focused on the use of fluoroquinolone-based antibiotic regimens. Options for and experience in the treat-
ment of fluoroquinolone-resistant MDR LTBI are limited in the published literature and not comprehensively
addressed in current guidelines. In this review, we share our experience with the treatment of fluoroquinolone-
resistant MDR LTBI with linezolid. We discuss treatment options for MDR TB that provide context for predicting
effective MDR LTBI treatment, with a focus on the microbiologic and pharmacokinetic properties of linezolid that
support its use. We then summarize the evidence for treatment of MDR LTBI. Finally, we present our experiences
treating fluoroquinolone-resistant MDR LTBI with linezolid with an emphasis on dosing considerations to opti-

mize efficacy and minimize potential toxicities.

1. Introduction

Mycobacterium tuberculosis is a major cause of morbidity and mor-
tality worldwide and is the leading cause of death from a single infec-
tious agent. In 2020, an estimated 1.3 million persons not infected with
HIV died of tuberculosis (TB) worldwide, and an additional 214,000
persons died among those co-infected with HIV [1]. With one-fourth of
the world’s population estimated to have latent TB infection (LTBI) and
5%-10% of infected persons expected to become ill with TB disease,
treatment of LTBI to prevent TB disease is a critical component of the
World Health Organization (WHO) End TB Strategy and is increasingly
recognized as an important strategy to accelerate the progress towards
TB elimination [2-5]. Approximately 13 million people in the United
States have LTBI, and untreated LTBI accounts for approximately 80% of
U.S. incident TB cases, highlighting the importance of treatment of LTBI
in the United States [6,7]. Multidrug resistant LTBI (MDR LTBI) also
represents a growing public health concern, with recent modelling
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estimating more than 19 million people with MDR LTBI worldwide and
children <15 years old twice as likely to have MDR LTBI [8].

The decision to treat LTBI must consider both treatment efficacy and
medication toxicity, balancing the benefits of avoiding disease pro-
gression with the risk of adverse effects stemming from treatment. For
drug-susceptible LTBI, the balance has long favored treatment, with the
Centers for Disease Control and Prevention (CDC), American Thoracic
Society (ATS), and National TB Controllers’ Association recommending
treatment to reduce the risk of reactivation and subsequent TB trans-
mission since the CDC’s published guideline in 2000 [9,10]. More
recently, studies have also demonstrated the benefits of treating MDR
LTBI, both in terms of reduction of reactivation rates as well as cost
effectiveness [11-13]. Relying on the growing evidence and expert
opinion, CDC, ATS, Infectious Diseases Society of America, and Euro-
pean Respiratory Society in 2019 updated guidelines with the recom-
mendation to treat MDR LTBI with a fluoroquinolone-based regimen
[14]. Additionally, the 2020 WHO guidelines provide a conditional
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recommendation for fluoroquinolone-based regimens for household
contacts and people living with HIV [15]. While these updated guide-
lines provide further clarity for the treatment of MDR LTBI, little evi-
dence is available to guide the treatment of fluoroquinolone-resistant
MDR LTBI. To address this gap in guidance, a careful consideration of
drugs with high efficacy against MDR TB can help in proposing regimens
for treatment of MDR LTBI.

2. Regimens for treating multidrug-resistant TB

MDR TB is caused by infection with a Mycobacterium tuberculosis
strain that is resistant to at least isoniazid and rifampicin [16]. In
addition to the complexity introduced by potentially resistant organ-
isms, TB treatment is challenging because of the drug tolerance of
nonreplicating M. tuberculosis, responsible for the lengthened treatment
course needed for effective cure. The addition of antimicrobials with
bactericidal activity against sporadically dividing mycobacteria (i.e.,
sterilizing effect) such as pyrazinamide or the rifamycins has led to
shortened duration of treatment for drug-susceptible TB disease [17,18].
For MDR TB, second-line therapies that provide this sterilizing effect are
attractive options to improve the likelihood of therapeutic success.
Consistent with this distinction, WHO re-categorized the second-line
drugs based on efficacy and safety in 2016 and 2018 (Group A, B, and
C) [19]. These recommendations placed bedaquiline, levofloxacin,
moxifloxacin, and linezolid in Group A, drugs with the highest level of
efficacy and safety in MDR TB treatment.

Multiple studies have demonstrated the importance of the Group A
drugs in shortening MDR TB treatment. With the NixTB and subsequent
ZeNix trials, patients were given 6-9 months of an oral treatment
regimen with bedaquiline, pretomanid, and linezolid (BPal) with
improved efficacy and tolerability compared to previous regimens
[20,21]. The TB Practecal trial, which combined BPal. plus moxi-
floxacin, was terminated early because superiority to the control
regimen was evident early in the trial [22]. Additionally, a 6-month
regimen containing bedaquiline, levofloxacin, and linezolid plus 2
other second line drugs was shown to be as effective as other regimens
used for 18-24 months [23]. More recently, the results of the STREAM 2
trial demonstrated that bedaquiline-containing regimens had superior
efficacy compared to the 9-month injectable-containing (STREAM 1)
regimen [24]. Delamanid-containing regimens for MDR TB are also
associated with high treatment-success rates [25]. Together, these re-
sults highlight that drugs with sterilizing effect can shorten TB regimens
while maintaining efficacy and minimizing toxicity.

3. Linezolid in MDR TB treatment

Linezolid, an oxazolidinone antimicrobial developed for its activity
against drug-resistant isolates of staphylococci, streptococci, and
enterococci, inhibits protein synthesis of bacteria by interfering with
translation. Linezolid binds to a site on the bacterial 23S ribosomal RNA
of the 50S subunit, which prevents the formation of a functional 70S
initiation complex [26]. Linezolid also has in vitro activity against
M. tuberculosis including MDR TB isolates resistant to fluoroquinolones
and rifabutin [27] as well as activity in murine models of treatment [28].
Consistent with this experimental susceptibility, clinical efficacy with
approximately 80% cure rate has been achieved in regimens including
linezolid for MDR TB management [29-32]. Linezolid also inhibits
mitochondrial protein synthesis, which is the proposed etiology of its
toxicity [33].

During infection, M. tuberculosis shifts between a variety of metabolic
states. Three of the most well studied are the log-growth phase, the acid-
growth phase, and the nonreplicative-persister phenotype. Log-phase
M. tuberculosis has the most rapid replication rate, while acid-phase
organisms have a prolonged doubling time. Nonreplicative-persister
(NRP)-phenotype M. tuberculosis doubles very slowly or not at all [34].
These phases have varying degrees of susceptibility to antibiotics, and
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the ability of linezolid to achieve effective antimicrobial activity in these
metabolic states has been assessed experimentally. First, activity against
rapidly dividing M. tuberculosis can be estimated by measurement of
early bactericidal activity (EBA) or by the fall in M. tuberculosis counts
per mL sputum per day [35]. In a study monitoring quantitative sputum
cultures of 30 patients treated with linezolid monotherapy, linezolid was
shown to have moderate EBA from days O to 2, supporting bactericidal
activity against rapidly growing TB bacilli with good permeation into TB
cavities (34). In this same study, linezolid was shown to have minimal
extended EBA from days 2 to 7, a property suggested to predict steril-
izing capacity in infected tissues. However, the ability to predict steril-
izing activity from EBA at days 2-7 has limitations as demonstrated by
the low extended EBA of pyrazinamide, a drug with demonstrable
sterilizing activity [36]. The bactericidal activity of linezolid against
acid growth phase and the non-replicative persister phenotype has been
demonstrated using an in vitro hollow fiber infection model. During in
vitro acid growth phase, linezolid demonstrated bactericidal activity
over a range of tested doses (33). Furthermore, in a streptomycin
auxotroph model of nonreplicative persistence, linezolid was still active,
demonstrating bactericidal activity at a variety of concentrations [34].

Linezolid has low protein binding and is highly bioavailable in the
bronchial mucosa and alveolar lining [37,38]. The minimum inhibitory
concentrations (MICs) against clinical M. tuberculosis isolates are
persistently low and an MIC of 1 mg/L is considered to represent the
clinical susceptibility breakpoint. [39-41]. For other pathogens, line-
zolid activity is sensitive to time and accumulation, and favorable
pharmacodynamics of linezolid can be predicted by measuring the time
above the MIC (T > MIC) as well as the area under the curve divided by
MIC (AUC/MIC). In a murine infection model, both AUC/MIC and T >
MIC predicted linezolid efficacy [42]. Prior modeling of optimal line-
zolid dosing for treatment of TB has used an AUC/MIC of >119 as the
pharmacokinetic/pharmacodynamic target [43]. However, separate
experiments using an in vitro hollow fiber model have demonstrated
sterilizing effect at lower AUC/MIC levels [44]. While the optimal
dosing of linezolid for treatment of LTBI and TB disease has not been
validated clinically, these in vitro and in silico modeling studies indicate
an attainable therapeutic window for linezolid in treating M. tuberculosis
infections.

Linezolid is a promising candidate for treating MDR LTBI because of
its microbiological and pharmacokinetic properties and its clinical ef-
ficacy as a component of combination therapy for MDR TB. However,
long term use results in toxicities such as peripheral and optic neurop-
athy and myelosuppression [32,45], and can affect up to a third of pa-
tients [45] in a dose-dependent manner [43]. Measurement of linezolid
trough concentrations has been proposed as a strategy for lessening
these adverse events, with target trough serum drug concentration less
than 2 mg/L [46]. However, recent retrospective analysis from a cohort
of patients with MDR TB treated with linezolid 600 mg daily did not
show a significant association between trough concentration and
neurotoxicity [45], although the authors of this study did note that the
sample size was not adequately powered to identify differences.
Furthermore, a notable proportion of these patients had relevant
comorbidities including Hepatitis C, alcohol dependency, and etham-
butol use which may have contributed to neurotoxicity.

Reducing the dose of linezolid can also be used to prevent toxicity;
however, sufficient concentrations are required for antitubercular ac-
tivity. The dosing of linezolid 600 mg BID or 1200 mg daily is based on
the registered indication for treatment of gram-positive bacterial in-
fections. However, measurement of EBA at 0-2 days is similar when
comparing linezolid 600 mg given once and twice daily, which suggests
similar microbiological effect in this context [47]. For the treatment of
MDR TB, once-daily dosing of linezolid as a part of combination
chemotherapy for MDR TB was used with good results in limiting
toxicity [21]. Further efforts to optimize the dose of linezolid to promote
efficacy and limit toxicity have been employed in in vitro hollow fiber
infection models and pharmacokinetic/pharmacodynamic modeling. In
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general, these studies have predicted dose dependent toxicity that is
more likely to develop with dosing above 900 mg daily as well as
decreasing efficacy as dosing decreases below 600 mg daily [29,43,44].
Data on this topic are sparse, but some evidence suggests that even lower
doses of linezolid may still be effective. Modeling from Srivastava et al.
predicted that doses of 300 mg daily had high probability of target
attainment to a MIC of 0.5 mg/L [44]. Furthermore, Drusano et al.
demonstrated enhanced killing of M. tuberculosis within the hollow fiber
infection model system with 600 mg of linezolid every other day
compared to 300 mg daily, both at acid growth phase and in a model of
nonreplicative persistence [34]. Finally, pharmacodynamic studies in a
murine mouse model did demonstrate preserved activity with inter-
mittent dosing as infrequent as three times weekly during the chronic
phase of infection, which indicated that intermittent dosing of linezolid
may be yet another strategy to limit toxicity while maintaining efficacy
[42]. Consistent with this PD/PD modelling of low and intermittent
linezolid dosing, a case series of patients with MDR TB treated with
regimens containing linezolid demonstrated superior efficacy and
decreased toxicity at low (300 mg daily) or intermittent (600 mg less
than 5 times per week) dosing compared to 600 mg daily dosing [48].

4. Current MDR LTBI treatment regimens

Treatment of MDR LTBI is recommended to prevent progression to
TB disease and subsequent TB transmission. Treatment is supported by
studies demonstrating the benefits of treatment of MDR LTBI including
reduced MDR TB rates, reduced TB transmission and cost effectiveness
[11,14]. Treatment guidelines for MDR LTBI have focused on the use of
fluoroquinolone alone or with a second drug for 6-12 months based on
susceptibility testing of the M. tuberculosis from the source-case [14]. For
contacts with fluoroquinolone-resistant MDR LTBI, pyrazinamide plus
ethambutol has been used if the source case M. tuberculosis isolate is
susceptible, although this regimen is associated with increased risk of
hepatotoxicity [49]. If none of these options are available, some have
advocated for the use of two drugs with demonstrated susceptibility of
the source case [50]. Unfortunately, measuring LTBI treatment efficacy
is challenging without reliable biomarkers of therapeutic response, and
further trials with long-term clinical outcomes are needed to validate
MDR LTBI treatment options. Two such trials, VQUIN MDR and TB-
CHAMP are testing the efficacy of levofloxacin for 24 weeks [51,52].
Additionally, PHOENix MDR TB is investigating the use of isoniazid and
delamanid for 26 weeks [53]. Clinical experience beyond the use of
fluoroquinolones or pyrazinamide plus ethambutol for treatment of
MDR LTBI is limited, and further study is needed to expand the arsenal
of available treatments.

5. Linezolid in fluoroquinolone-resistant MDR LTBI
management

While linezolid has been shown to have promising microbiological
and pharmacokinetic properties as well as clinical efficacy as part of
multidrug regimens for MDR TB, its use as monotherapy for MDR LTBI
has not been reported. We describe three separate instances when pa-
tients were diagnosed with fluoroquinolone-resistant MDR LTBI and
treated with linezolid alone, where individualized dosing regimens were
used to create an improved adverse events profile.

5.1. Case report #1

A 65-year-old woman travelled from Mexico to the Midwestern
United States. Three weeks later, she was found dead in her bedroom
with evidence of massive hemoptysis. Autopsy showed cavitary TB
which on susceptibility testing was determined to be MDR TB. Contact
tracing led to testing 16 persons, with three grandchildren found to have
positive results from an interferon-gamma release assay (IGRA). The
three contacts who tested positive were a 13-year-old girl, 18-year-old
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woman, and a 20-year-old man, all previously healthy. Notably, each
of these grandchildren was born in the United States with no known
prior TB exposure risk factors: as such, these positive IGRA results were
concerning for LTBI with MDR M. tuberculosis. Because of the significant
drug resistance of the index TB case strain (Table 1), including broad
fluoroquinolone resistance, a compassionate use request for delamanid
was submitted but denied based on the parent company (Otsuka)
compassionate use program protocols, focused only on TB disease
treatment and excluding patients with LTBI. A regimen of ethambutol
and cycloserine was considered, but given the bacteriostatic nature of
that regimen, the decision was made to instead use linezolid. The three
persons were treated with linezolid 600 mg daily for 2 weeks followed
by 600 mg every other day for a total duration of 9 months. During the
treatment course, dosing modifications and therapeutic drug monitoring
to help guide dosing were discussed, but all three patients declined.

Blood counts were monitored at two weeks after treatment initiation
and then monthly throughout the course of treatment without cytopenia
(Fig. 1). The 13-year-old girl developed mild diarrhea and subjective
shortness of breath and the 18-year-old woman developed nausea
initially while on treatment, but both were able to remain on therapy
and the symptoms resolved within 1 to 2 months (Table 2). All three
patients completed the full 9 months of therapy with at most 8 doses
missed over the 9-month course (Table 2). In the 4 years since beginning
treatment, none has had symptoms of TB disease.

5.2. Case report #2

A 36-year-old woman from Columbia was diagnosed with infectious
cavitary pulmonary TB. The strain was resistant to all first line agents,
isoniazid, rifampin, pyrazinamide, ethambutol, and fluoroquinolones.
She was treated using BPaL. She had two household contacts, her 9-year-
old daughter was negative on serial TB testing. Her 35-year-old fiancé
had a positive IGRA result and was assessed to have fluoroquinolone-
resistant MDR LTBI. He was treated with linezolid 600 mg daily for
24 weeks. After the first 3 weeks, linezolid serum trough levels were
measured to be less than 2 mcg/ml. No dose adjustments were made. A
complete blood count and comprehensive metabolic panel were also
obtained and normal. No further laboratory monitoring was performed
during treatment. The treatment was well tolerated and no adverse drug
reactions developed during the 24-week period. He remains asymp-
tomatic 2 years after treatment completion.

Table 1

Antibiotic susceptibility testing of index M. tuberculosis strain from case series
#1. Numbers in parentheses indicate concentration(s) of antibiotic tested in
mcg/mL.

First-Line Agents

Isoniazid Resistant (0.1, 0.2, 1)
Rifampin Resistant (1)
Rifabutin Resistant (2)
Pyrazinamide Resistant (100)
Second Line Agents

Group A

Moxifloxacin* Resistant (>4)
Linezolid* Susceptible (0.5)
Bedaquiline* Susceptible (0.12)
Group B

Clofazimine* Susceptible (0.06)
Cycloserine Susceptible (30)
Group C

Ethambutol Susceptible (5, 10)
Amikacin Susceptible (4, 6)
Streptomycin Resistant (2, 10)
p-aminosalicylic acid Resistant (2)
Ethionamide Susceptible (5, 10)

*Indicates drug testing performed by broth microdilution.
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Fig. 1. Complete blood count monitoring during therapy in case series #1. White blood cell count (WBC), Hemoglobin, and platelet count remained normal
throughout therapy. Blood counts were monitored at two weeks and then monthly throughout the course of treatment without any evidence of cytopenia. A
comprehensive metabolic panel was performed 4 months into therapy without evidence of impaired renal function or liver inflammation.

Table 2
Patient outcomes during therapy from case series #1.

Patient Side effects reported during ~ Total Doses ~ Weight Change
therapy (duration) Missed During Therapy
13-year-old Diarrhea (1-2 months) 8 81.5 to 88 Ibs. (48"
girl Shortness of Breath to 46 percentile)
(1 week)
18-year-old Nausea (1 month), 6 138 to 136 Ibs.
woman improved with taking pills
with meal
20-year-old None 6 252 to 243 1bs.
man

5.3. Case report #3

A 36-year-old woman from China was diagnosed with cavitary pul-
monary TB. She had a history of pulmonary TB treated 10 years earlier in
China. Her AFB smear was 4 + and the strain was found to have rpoB,
katG, embB, pncA, gyrA, and eis mutation indicating resistance to all first
line agents as well as fluoroquinolones and potentially, aminoglyco-
sides. Two household contacts were identified, her husband and 8-year-
old son. The only contact with a positive IGRA result was her son. The
son weighed 27 kg, and was started on Linezolid 300 mg daily (11 mg/
kg) for 24 weeks. No therapeutic drug monitoring was performed during
the course of treatment. A complete blood count and comprehensive
metabolic panel were obtained after initiation of linezolid and normal.
No further laboratory monitoring was performed during treatment. The
treatment was well tolerated and completed. He has remained asymp-
tomatic 4 years after treatment completion.

6. Discussion

In cases of fluoroquinolone-resistant MDR LTBI, linezolid offers a
therapeutic option with attractive microbiological and pharmacokinetic
properties. However, a key limitation to its use is the potential of sig-
nificant toxicity. In this series of five patients treated with three different
dosing strategies, linezolid was successfully used without serious
adverse events. The tolerability of linezolid within this case series sup-
ports the further study of its efficacy in treatment of MDR LTB. The
dosing of linezolid must balance both tolerability and efficacy of treat-
ment. The dosing strategies used in this case series all fall within the
range of doses used in PK/PD modeling studies as discussed previously,
with the lower dosing in case report #1 predicted to have higher
tolerability while the regimens in case reports #2 and #3 predicted to
have higher efficacy. In case report #2, despite the higher dose of 600
mg daily, trough serum concentrations were measured below the target
of 2 mg/L at 3 weeks, and in both case report #2 and #3 the regimens
were well tolerated despite using a relatively higher dose. Whether
lower doses of linezolid lead to increased risk of development of

linezolid-resistant subpopulations of M. tuberculosis is an important area
of further study. Notably, the PK/PD studies that have informed the
dosing strategies used in this case series were designed to mimic treat-
ment conditions of pulmonary TB, a potential limitation to their appli-
cation to the treatment of LTBI. Further studies using therapeutic drug
monitoring of linezolid during LTBI treatment would help validate
optimal linezolid dosing. Based on currently available data, using line-
zolid at 600 mg daily if tolerated seems most prudent.

New drug trials evaluating several combinations of drugs and regi-
mens are underway to find the shortest, most effective and tolerated
MDR TB treatments. Next generation oxazolidinones like sutezolid and
delpazolid may maintain the efficacy of linezolid with fewer toxic ef-
fects, and their effectiveness in M. tuberculosis management is being
reviewed [54]. A randomized trial to evaluate the efficacy, duration,
dosing, and safety of linezolid and newer oxazolidinones in latent MDR
TB infections should also be considered to contribute to a standardized
practice guideline for MDR LTBI treatment.

7. Conclusions

Linezolid has been shown to have treatment success in MDR TB
treatment and has favorable microbiologic and pharmacokinetic prop-
erties that support its utility as an agent for MDR LTBI with close
monitoring for adverse events. While the clinical data are limited at
present, here we describe the use of linezolid to treat fluoroquinolone-
resistant MDR LTBI in 5 persons with good tolerability. Further study
of the efficacy and tolerability of linezolid for the treatment MDR LTBI
could validate its use and provide a much-needed tool to work toward
WHO’s end-TB strategy.
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