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Abstract

Background—New therapies are needed to shorten the time required to cure tuberculosis and to
treat drug-resistant strains. The fluoroquinolone moxifloxacin is a promising new agent that may
have additive activity to existing antituberculosis agents. We conducted a Phase 2 clinical trial to
determine the activity and safety of moxifloxacin in the initial stage of tuberculosis treatment.

Methods—We performed a randomized, double-blind trial of a moxifloxacin-containing regimen
in patients with sputum smear-positive tuberculosis in Brazil. All participants received isoniazid,
rifampin and pyrazinamide at standard doses and were randomized to receive either moxifloxacin
or ethambutol and matching placebos five days per week for eight weeks. The primary endpoint
was the proportion of patients whose sputum culture converted to negative by Week 8. Clinical
trial identifier: NCT00082173.

Results—One hundred seventy patients were enrolled, and 146 met all study eligibility criteria.
In an intention to treat analysis where missing results were considered treatment failures, 59
patients (80%) assigned to moxifloxacin converted their 8-week sputum culture to negative vs. 45
(63%) of those assigned to ethambutol (p=0.03). Among patients with available cultures at Week
8, conversion rates were 92% (59/64) for moxifloxacin vs. 72% (45/61) for ethambutol (p=0.006).
No differences in toxicity were observed. In a multivariate analysis, younger age (odds ratio 0.98,
p=0.05), heavy baseline sputum smear positivity (OR 0.45, p <0.001) and treatment with
moxifloxacin (OR 1.88, p<0.001) were significantly associated with sputum culture conversion.

Conclusion—Moxifloxacin significantly improves culture conversion in the initial phase of
tuberculosis treatment. Trials to assess whether moxifloxacin can be used to shorten the duration
of tuberculosis therapy are justified.

Introduction

The development of new drug regimens for tuberculosis is an urgent global health priority
(1). While so-called “short-course” therapy can effectively cure drug-susceptible
tuberculosis in six months, a large proportion of patients who are diagnosed with
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tuberculosis fail to complete a course of treatment (2). New drugs that could shorten the
duration of tuberculosis therapy would considerably improve treatment completion and
reduce the likelihood of recurrence and death due to inadequate therapy. In addition,
500,000 cases of tuberculosis occur each year with strains of Mycobacterium tuberculosis
that are resistant to the key first-line drugs isoniazid and rifampin, and agents that are active
in multidrug resistant tuberculosis are also needed (3).

Moxifloxacin is a fluoroquinolone that has potent in vitro activity against M. tuberculosis
(4,5). Early studies of moxifloxacin in murine models of tuberculosis showed that the drug
had good bactericidal activity that was additive to isoniazid (6,7). On the basis of these
studies, we designed a Phase 2 trial to test the hypothesis that the substitution of
moxifloxacin for ethambutol, an agent used primarily to prevent the emergence of drug
resistance, would significantly increase the proportion of patients with negative sputum
cultures after eight weeks of treatment. Eight-week sputum conversion has been
demonstrated to be a useful surrogate marker of the sterilizing activity of tuberculosis
regimens (8), and a substantial improvement in this endpoint would support evaluating
shortening the duration of treatment with a moxifloxacin-containing regimen in a phase 3
trial.

The study was a randomized, double-blind, double-dummy trial for patients with sputum
smear-positive tuberculosis with no prior history of treatment. Eligible patients were age 18
years or older who had clinical signs and symptoms of pulmonary tuberculosis, including an
abnormal chest radiograph, and at least one sputum smear with acid fast bacilli visible by
Ziehl-Neelsen staining. Potential study subjects underwent baseline screening that included
blood counts, liver enzymes and kidney function testing, HIV serology, chest radiograph and
culture and drug susceptibility testing for mycobacteria. Patients were excluded if they had a
hemoglobin <7 g/dL, aspartate or alanine aminotransferase levels >3 times the upper limits
of normal, serum creatinine >2 times the upper limit of normal, an electrocardiogram with a
QTc >450 ms, were pregnant or nursing, if they had silicotuberculosis, if they had a history
of severe adverse reactions to fluoroquinolones or any other study agent, or if they were
HIV seropositive and had a CD4 cell count <200 mm3, as this would be an indication for
antiretroviral therapy which could be affected by antituberculosis drug interactions. Initially
enrolled patients were subsequently excluded if their baseline culture failed to grow M.
tuberculosis or grew a strain of M. tuberculosis that was resistant to isoniazid, rifampin or
ethambutol

Consenting patients were stratified by HIV serostatus and randomly assigned to treatment
with one of two study regimens using permutated blocked randomization with treatment
allocation concealed and allocation slips sealed in opaque envelopes opened after
enrollment. Patients received either moxifloxacin 400 mg with an ethambutol placebo or
moxifloxacin placebo plus ethambutol 15-20 mg/kg. The study was designed to ensure that
all patients received an effective regimen for tuberculosis regardless of the contribution of
the two experimental agents, moxifloxacin and ethambutol, and therefore all patients
received isoniazid 300 mg, rifampicin 450 mg (weight <50 kg) or 600 mg (weight >50 kg),
and pyrazinamide 20-25 mg/kg by directly observed therapy. Patients, study clinicians and
study staff were unaware of the treatment assignments of patients, with the exception of the
pharmacist who dispensed medication packets. All therapy was given by direct supervision
either in the hospital clinic or in the community by study personnel, five days per week. At
the end of eight weeks, all patients were placed on open-label treatment with isoniazid and
rifampin three times weekly to complete another four months of therapy. Moxifloxacin and
matching placebo was provided by Bayer Healthcare (West Haven, CT, USA) and
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ethambutol, ethambutol placebo, isoniazid, rifampin and pyrazinamide were provided by
Farmanguinhos, Rio de Janeiro, Brazil. All study agents were produced under Good
Manufacturing Process.

Patients had weekly clinic visits to assess clinical status and to monitor for adverse
reactions. Liver enzymes, serum creatinine levels and complete blood counts were
performed monthly, and an electrocardiogram was obtained at Weeks 2, 4, 6 and 8. A
sputum specimen (spontaneous or induced) was obtained weekly for smear and culture.
Sputum specimens were digested and decontaminated using the N-acetyl-L-cysteine-sodium
hydroxide (NALC-NaOH) method (9,10). Pellets were resuspended in a final volume of 2
ml and used immediately for inoculation of Lowenstein-Jensen culture medium.
Lowenstein-Jensen slants were prepared from a commercial powder medium base (BD,
Sparks, MD, USA), according to the manufacturer’s instructions. Two hundred microliters
of each decontaminated respiratory specimen was inoculated onto each of two slants. Slants
were incubated at 37°C in ambient CO2 and examined visually for growth twice weekly for
8 weeks. Growth on slants was quantified by number of visible colonies, and then examined
by acid-fast staining to confirm the presence of mycobacteria; isolates were speciated using
standard biochemical tests (10). Drug susceptibility testing of all baseline cultures growing
Mycobacterium tuberculosis was performed using the proportions method (10).

The primary endpoint of the study was the proportion of patients with negative sputum
cultures after eight weeks of treatment. We assumed that the conversion rate in the control
arm (ethambutol) would be 65% (8), and that moxifloxacin would increase this by 20% to
85%. To achieve a power of 0.8 with an alpha of 0.05, we needed 70 evaluable patients in
each arm of the trial. We aimed to enroll 85 per arm to allow for exclusions based on
negative initial culture, growth of nontuberculous mycobacteria, or baseline drug resistance.
The primary endpoint of the trial, culture conversion, was assessed in a modified intention to
treat analysis where those whose baseline cultures were either negative, contaminated or
contained drug-resistant M. tuberculosis were excluded and where all missing week-8
results were considered to be failures (missing=failure). We also analyzed all patients with
available Week 8 cultures (evaluable analysis). Multivariate logistic regression was
performed using treatment allocation, selected baseline characteristics as covariates and
culture conversion as the dependent variable. Time to conversion of sputum cultures to
negative was estimated by the Kaplan-Meier method and the difference in median times was
compared using the log-rank test. All analyses were performed using STATA Version 9
(STATA Corp., College Station, TX, USA).

Ethical review of the protocol was obtained from the Johns Hopkins Medicine Institutional
Review Board and the Ethics Committee of the Federal University of Rio de Janeiro, the
National Ethics Committee of the Ministry of Health (CONEP), Brasilia and the Agencia
Nacional de Vigilancia Sanitaria (ANVISA), Brazil.

Role of the Funding Source

The study was funded by the Office of Orphan Product Development, United States Food
and Drug Administration and was registered as a clinical trial at Clinicaltrials.gov.
Additional support for training was provided by the Fogarty International Center of the
National Institutes of Health, and a career development grant helped support Dr. Chaisson’s
participation. None of the funding agencies was involved in the design, conduct or analysis
of the study. The Investigational New Drug Office of the Food and Drug Administration
reviewed the protocol and made suggestions regarding the study design prior to initiation of
the trial, but this was unrelated to any funding decisions. The decision to publish was made
solely by the authors and the funding agencies did not review or approve the manuscript.
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Bayer Healthcare donated moxifloxacin and matching placebo for the trial, but had no input
into the study design, execution or analysis.

From October 2004 through March 2007, one-hundred-ninety seven patients were screened
for participation, 27 of whom were found to ineligible. One-hundred-seventy patients were
entered into the trial and evenly randomized to the two treatment arms (Figure 1). Eleven
patients in the moxifloxacin arm and 13 in the ethambutol arm were excluded from analysis
because of baseline resistance to study drugs, growth of nontuberculous mycobacteria or
contaminated cultures. Baseline characteristics of the patients are shown in Table 1. Most
patients were young adults, with a mean age of 32 years, and 55 (38%) were female. HIV
serology was obtained for all patients, and only five were positive, three in the moxifloxacin
arm and two in the ethambutol arm. All patients had pulmonary infiltrates on their baseline
chest radiograph, and 65 (45%) had bilateral pulmonary disease. A higher proportion of
patients assigned to moxifloxacin had cavitation on their chest x-ray than those assigned to
ethambutol (81% vs. 57%). Baseline sputum smears were graded according to the number of
acid fast bacilli seen per high power field (Table 1): 30% of patients (44) had >10 bacilli per
high power field, with no differences between study arms. Patients assigned to moxifloxacin
also had an approximately 4 kg lower median baseline weight than those assigned to
ethambutol. There were no other differences in baseline clinical characteristics between the
two treatment arms.

The primary outcomes of the study are shown in Table 2. By modified intention to treat
analysis considering missing values as treatment failures, the proportions converting were
80% for moxifloxacin (59/74) and 63% for ethambutol (45/72; p=0.03). Of patients who had
evaluable culture data at Week 8 (evaluable analysis), 92% of those treated with
moxifloxacin (59/64) converted to negative vs. 74% of those receiving ethambutol (45/61; p
<0.01). Patients treated with moxifloxacin became culture-negative more rapidly than those
treated with ethambutol. After only one week, 9 of 69 patients receiving moxifloxacin (13%)
had negative sputum cultures compared with 2/68 patients receiving ethambutol (3%;
p=0.03). As shown in Figure 2, at every weekly interval after enrollment patients treated
with moxifloxacin had a higher rate of culture conversion than those randomized to
ethambutol, and this difference was significant at each time point except Weeks 6 and 7.
Patients in the moxifloxacin arm converted sputum cultures to negative more rapidly than
those treated with ethambutol, as well. The median time to consistently negative cultures
was 35.5 days for moxifloxacin patients vs. 48.5 days for ethambutol patients (log-rank p =
0.005).

Univariate and multivariate logistic regression modeling was done using baseline
characteristics and treatment group using sputum conversion as the dependent variable.
Using the as-treated and the modified intention-to-treat definitions showed extremely similar
results, and the modified intention to treat analysis is shown in Table 3. Treatment with
moxifloxacin was associated with a 1.88-fold increase in the odds of being culture negative
at Week 8 in multivariate analysis (p<0.001). Sex and baseline weight were not associated
with culture conversion, but age was significantly associated with conversion, as patients
with positive cultures were significantly older than those who converted to culture-negative
(39.3 years vs. 32.6 years, adjusted P=0.03).. Cavitation on chest x-ray was not significantly
associated with the likelihood of conversion. Patients who remained culture positive at 8
weeks were more likely than those who converted to negative to have had baseline sputum
smears with >10 bacilli per high power field (11/27, 40.7% vs. 36/119, 30.3%; multivariate
OR 0.45, p <0.001).
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Toxicities in the study did not differ by treatment arm. There were 16 serious adverse events
in 12 patients, 8 in the moxifloxacin arm and 8 in the ethambutol arm; one grade 3
cutaneous reaction requiring hospitalization in the ethambutol arm was judged to be related
to study drugs by the treating physicians who were blinded to treatment assignment. All
other serious adverse events were considered not related to medications. A listing of serious
adverse events is shown in Table 4. Eight patients died during the study, three in the
moxifloxacin arm and five in the ethambutol arm, including one in each arm who were still
receiving study phase treatment. No death was attributed to study treatment. Only five
patients discontinued treatment due to toxicities; two patients in the moxifloxacin arm
stopped due to Grade 2 nausea and vomiting and one due to Grade 2 parasthesias and ataxia.
Three patients in the ethambutol arm stopped due to Grade 2 rash and pruritis (2) and Grade
3 peripheral neuropathy (1). No clinically or statistically significant changes in the QTc
interval were observed in patients on either arm of the trial.

Patients were followed for at least 12 months after completion of their 6-month course of
treatment, consisting of the 2-month experimental arms and a further 4 months of isoniazid
and rifampin. A total of 7 patients (5%) experienced a recurrence of tuberculosis confirmed
by positive culture and compatible clinical symptoms; 4 patients in the ethambutol arm (at 6,
7, 22 and 32 months after completing treatment) and 3 patients in the moxifloxacin arm (at
11, 16 and 27 months after completion). Six of seven isolates were tested for drug
resistance, and all remained susceptible to isoniazid and rifampin. DNA fingerprinting data
on these isolates, to distinguish relapse from reinfection, is not available.

Discussion

We found that moxifloxacin significantly increased the conversion of sputum cultures to
negative in patients with pulmonary tuberculosis in this Phase 2 trial. Patients who received
moxifloxacin instead of ethambutol had a greater likelihood of being culture negative after
only one week of treatment, and this difference continued through the eight weeks of
intensive phase therapy. Whether analyzed by intention-to-treat or as-treated, patients
randomized to moxifloxacin had an absolute difference in culture conversion after eight
weeks of just under 20%. By comparison, the addition of rifampin to tuberculosis regimens
in the 1970s increased culture conversion rates at two months by 15-20% and allowed the
duration of treatment to be reduced from 18 months to six-to-nine months (11,12). In
subsequent years, the addition of pyrazinamide to regimens containing isoniazid, rifampin
and ethambutol or streptomycin increased the 8-week sputum conversion rate by 13% and
permitted treatment to be shortened from nine to six months (13). Our data suggest that the
improvement in sterilization provided by moxifloxacin could permit the shortening of
tuberculosis treatment by one or several months, based on reductions in treatment duration
achieved by similar improvements in 2-month culture conversion with pyrazinamide (13). In
addition, treatment shortening to three or four months using moxifloxacin has been possible
in murine models of tuberculosis therapy in studies published since this trial was initiated
(14,15).

Moxifloxacin has been shown to have potency in two other trials carried out during the same
time period as this study. The Tuberculosis Trials Consortium Study 27 also substituted
moxifloxacin for ethambutol and found that culture conversion occurred more rapidly with
moxifloxacin, but the proportions with negative cultures were equivalent after eight weeks
(16). Study 27 was a multicenter trial and had a factorial design wherein half of all patients
where treated with a thrice-weekly regimen and the other half with daily treatment. In
addition, the culture methods used were not standardized in the participating laboratories,
and more sensitive liquid culture media were used. In our study, the well-validated
Loéwenstein-Jensen culture method was used, and all cultures were performed in a single
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laboratory using a standard protocol. While a single center study is more efficient and
ensures standardization of laboratory methods in a Phase 2 trial, the results from a single
population may not be generalizable to all populations.

The OFLOTUB study, carried out at several sites in South Africa, compared several
fluoroquinolones to ethambutol and found that moxifloxacin and gatifloxacin resulted in
higher culture conversion rates on solid media after eight weeks, whereas ofloxacin did not
(17). Modeled data from quantitative cultures also suggested that moxifloxacin resulted in
more rapid culture conversion, although solid media data were not presented for earlier time
points. Our results confirm that moxifloxacin significantly improves culture conversion
compared to ethambutol and document that the effect of moxifloxacin occurs early in
treatment, after only one week.

In multivariate analysis, assignment to moxifloxacin, heavy baseline sputum smear
positivity (>10 bacilli per high power field) and age were associated with culture
conversion. Older age has been associated with poorer treatment responses in several trials
of tuberculosis therapy (16,18). Significantly more patients assigned to moxifloxacin had
cavities on chest radiographs, but this was not associated with reduced efficacy. By contrast,
several recent studies have reported lower culture conversion rates in patients with cavitary
lesions on chest x-rays, though another large clinical trial did not find such a difference
(16,18-20). If the presence of cavities is truly associated with slower time to culture
conversion, then the results of this study might underestimate the potency of moxifloxacin,
given the higher proportion of cavities (81% vs. 57%) in patients assigned to receive the
drug. Interestingly, baseline sputum smear grade was significantly associated with culture
conversion, and heavy smear positivity (>10 organisms per high power field) was equally
distributed in the two study arms. Both cavitation on x-ray and sputum smear positivity are
semi-quantitative measures that are subject to observer bias and may have inter-observer
variability. The number of patients with HIV infection, found to be associated with poorer
outcomes in the Tuberculosis Trials Consortium trial (16), was too small for meaningful
analysis in this study.

Moxifloxacin was well tolerated and not associated with increased risk of adverse reactions
or clinical complications compared with ethambutol, a drug generally considered to be very
safe. In particular, we found no change in the QTc interval on serial electrocardiograms
taken during the trial (data not shown). QTc prolongation is a reported toxicity of other
fluoroquinolones, but has not been noted with moxifloxacin during shorter durations of
treatment. Because tuberculosis treatment is lengthier than treatment of community acquired
pneumonia, the primary clinical usage for moxifloxacin, the finding of no important adverse
events is reassuring and suggests that moxifloxacin could be safely used for even longer
periods of time, though this needs to be confirmed in additional studies that are large enough
to detect small but important rates of toxicity.

The results of our trial have considerable implications for future trials. Firstly, the
significantly improved culture conversion rates found after eight weeks indicate that
moxifloxacin, in combination with other first line antituberculosis drugs, could shorten the
time required to cure tuberculosis by several months. Reducing the duration of tuberculosis
therapy would substantially improve treatment outcomes, as treatment default is directly
related to the length of therapy. In addition, shorter regimens for treating tuberculosis would
substantially reduce workloads for overburdened tuberculosis control programs, particularly
in high-incidence countries. Secondly, the demonstration of marked microbiological activity
with moxifloxacin treatment indicate that this agent can be used to treat tuberculosis caused
by organisms with resistance to first line antituberculosis agents, including isoniazid and
rifampin. Given its clinical effectiveness and superior in vitro potency against M.
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tuberculosis compared with other fluoroquinolones (4), moxifloxacin might be considered
the preferred fluorogquinolone for treating multidrug resistant tuberculosis; gatifloxacin may
be as active but is associated with a risk of dysglycemia when used for community-acquired
pneumonia in the elderly (21).

Our data add to a growing body of evidence suggesting that moxifloxacin could
substantially shorten tuberculosis therapy by increasing the initial killing of organisms and
improving the sterilizing activity of combination drug regimens (14-16,22-25). Animal
models also suggest that when moxifloxacin is substituted for isoniazid it is even more
potent than when substituted for ethambutol (14), but human studies have not borne this out
to date (26). The results of our trial support the undertaking of clinical trials evaluating
whether shorter courses of moxifloxacin-containing regimens can cure tuberculosis as well
or better than the current six-month regimen. Such trials are currently underway and their
results are eagerly awaited.
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Figure 2.

Proportions of patients in each treatment arm with negative cultures by week of treatment.
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Table 1
Baseline characteristics of study participants
Variable Moxifloxacin  Ethambutol All
N 74 72 146
Age (years) — mean(SD) 32.5(11.7) 35.7 (12.0) 34.1(11.9)
Sex
Male 41 (55%) 50 (69%) 91 (62%)
Female 33 (45%) 22 (31%) 55 (38%)
Race
Non-white 44 (59%) 40 (56%) 84 (58%)
White 30 (41%) 32 (44%) 62 (42%)
HIV Seropositive 3 (4%) 2 (3%) 5 (3%)
Socio-economic status
Mean income (SD) 636 (550) 847 (724) 738 (647)
(reais/month)

Formal employment 35 (47%) 41 (57%) 76 (52%)
Weight (kg) — mean(SD) 54.3 (9.6) 58.2 (9.9) 56.2 (9.9)
Baseline Sputum Acid
Fast Bacilli Smear

<1 per hpf* 42 (57%) 33 (46%) 75 (51%)
1-10 per hpf 10 (14%) 17 (24%) 27 (18%)
>10 per hpf 22 (30%) 22 (31%) 44 (30%)
Baseline x-ray
Infiltrate 74 (100%) 72 (100%) 146 (100%)
Bilateral disease 34 (46%) 31 (43%) 65 (44.5%)
Cavitation 60 (81%) 41 (57%) 101 (69%)
Adenopathy 8 (11%) 11 (15%) 19 (13%)
Pleural effusion 4 (5%) 7 (10%) 11 (8%)
Baseline Symptoms
Productive Cough 59 (80%) 57 (79%) 116 (79%)
Hemoptysis 25 (34%) 20 (28%) 45 (31%)
Fever 59 (80%) 58 (81%) 117 (80%)
Night Sweats 61 (82%) 57 (79%) 118 (81%)
Weight loss 66 (89%) 70 (97%) 136 (93%)
Current or past smoker 29 (39 %) 37 (51%) 66 (45%)
Mean days of treatment 6.4 (3.2 5.6 (2.5) 6.0 (2.9)

before enrollment (SD)
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Variable Moxifloxacin ~ Ethambutol All
Baseline Blood results —
mean(SD)
White Blood Cells (/ml) 9324 (2961) 9728 (3921) 9523 (3462)
Hematocrit (%) 36.4 (5.7) 36.9 (5.1) 36.7 (5.4)
Hemoglobin (g/dL) 12.3(1.8) 12.3(1.8) 12.3(1.8)
Neutrophils (/ml) 6784 (2530) 7072 (3398) 6926 (2983)
Alkaline Phosphatase ~ 116.4 (62.3) 121.2(49.2) 118.7 (56.1)
(VL)
ALT (U/L) 35.8 (22.3) 35.6 (18.9) 35.7 (20.6)
AST (U/L) 27.8 (16.3) 26.8 (14.4) 27.3 (15.4)
Total Bilirubin (mg/dL) 0.55 (0.35) 0.49 (0.26) 0.5(0.3)
GGT (U/L) 72.6 (50.5) 96.1 (89.3) 84.2 (73.0)
Creatinine (mg/dL) 0.8 (0.2) 0.8(0.1) 0.8(0.2)

*
hpf = high power field
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Primary efficacy outcome of the trial.

Table 2

Outcome Moxifloxacin Ethambutol Difference (95% CI) | P Value
Culture -/N (%) | Cluture-/N (%)

Modified Intent 59/74 (80%) 45/72 (63%) 17.2 (2.8-31.7) 0.03

To Treat

(Missing=Failure)

Evaluable 59/64 (92%) 45/61 (74%) 18.4 (5.6, 31.3) 0.006

patients

(Culture done and

evaluable)
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