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Objectives: Fluoroquinolones are being used more frequently for the treatment of multidrug-resistant
(MDR) strains of Mycobacterium tuberculosis complex (MTB). This study was desighed to determine
the frequency of the emergence of fluoroquinolone-resistant strains in Taiwan and to assess whether
this might be due to use of fluoroquinolones for treatment of patients with MDR or because of increased
use of fluoroquinolones in the community for treatment of other infections. We also sought to determine
whether there might be clonal spread of fluoroquinolone resistance.

Methods: A total of 3497 clinical isolates of M. tuberculosis complex were obtained during 1995-2003, of
which 141 were selected. They consisted of 62 isolates fully susceptible to four first-line drugs, 33 isolates
resistant to rifampicin and isoniazid (MDR), and 46 isolates with a variety of any drug resistant patterns other
than MDR (combination group). The MICs were determined for ciprofloxacin, ofloxacin and levofloxacin.

Results: An increase in the MICy, and rates of resistance to ciprofloxacin, ofloxacin and levofloxacin
were noted only in the MDR group. The rates were higher among strains isolated between 1998-2003
compared with those obtained between 1995-1997 (rate of resistance, 20% versus 7.7%; MIC > 4 mg/L
versus 1-2 mg/L). Among the 10 fluoroquinolone-resistant isolates, five (50%) possessed mutations other
than S95T in the gyrA gene. No gyrB mutation was found in any of the clinical isolates.

Conclusions: These findings suggest that fluoroquinolone resistance is the result of treatment of patients
with MDR strains rather than from use in the general community in Taiwan. The emergence of fluoro-
quinolone resistance among MDR strains reinforces the need for routine fluoroquinolone susceptibility
testing whenever these drugs might be used.
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Introduction

Tuberculosis (TB) is one of the major causes of death worldwide.
Few antimicrobial agents are as highly active as isoniazid and
rifampicin against Mycobacterium tuberculosis complex (MTB).
The global emergence of multidrug-resistant (MDR) strains resis-
tant to isoniazid and rifampicin has made treatment of TB even
more difficult. Fluoroquinolones are now being used more often for
treatment of patients infected with MTB resistant to both isoniazid
and rifampicin.l_3 Ciprofloxacin, ofloxacin and levofloxacin
are highly active in vitro against MTB.*® They have excellent

pharmacokinetic profiles, achieve good tissue and cellular distri-
bution and have few adverse effects.®'° They have been shown to
be effective against experimental MTB infection in mice.'"'?
Clinical trials have demonstrated efficacy in combination with
other drugs for treatment of TB, including multidrug-resistant
TB strains (MDR-TB).*'? It is therefore critically important to
determine the potential for emergence of resistance to this class
of drugs.

Acquisition of fluoroquinolone drug resistance has been shown
to be mainly due to mutations in specific resistance-determining
regions of the genetic targets or activating enzymes. The gyrA'*"’
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and gyrB genes18 of the A and B subunits in the quinolone resis-
tance determining regions (QRDRs) of gyrase have been reported
to be associated with fluoroquinolone resistance.

Fluoroquinolones were introduced in Taiwan in 1986 for
treatment of mycobacterial and other bacterial diseases. There
are numerous reports on susceptibility of bacteria other than
MTB.'"*"* However, little is known about changes in the suscep-
tibility of MTB to fluoroquinolones.

This study was designed to determine the frequency of the
emergence of fluoroquinolone-resistant strains in Taiwan and to
assess whether this might be due to use of these drugs for treatment
of patients with MDR or because of increased use in the community
for treatment of other infections. We also examined the locus of
resistance at the gyrA and gyrB genes of the A and B subunits of the
QRDRs of gyrase by DNA sequencing of resistant strains.

Materials and methods

Selection of isolates

Kaoshiung Veterans General Hospital is a 1200-bed tertiary medical
centre located in southern Taiwan. MTB was identified either by the
p-nitro-ot-acetyl-amino-B-hydroxypropiophenone (NAP) test or the
BDProbeTec CTB assay (Becton Dickinson Microbiology Systems,
Maryland, USA).

The fluoroquinolone susceptibility of the isolates obtained from
respiratory specimens was analysed in three consecutive 3 year time
periods. The strains were further subdivided according to susceptibility
to standard drugs. These consisted of strains that were (i) susceptible,
fully susceptible to the four first-line drugs (isoniazid, rifampicin,
streptomycin and ethambutol); (i) MDR, resistant to rifampicin and
isoniazid;26 (iii) combinations, other combinations of resistance
patterns.

Because the MDR and the combination groups accounted for only
2.4-4.5% and 12.3-15.5%, respectively, of the strains collected during
the 9 year study period, the isolates were enriched by adding approxi-
mately every one in fifty isolate within the susceptible group, every
fourth MDR isolate and every tenth isolate within the other resistant
group. A total of 141 isolates were selected. These included 62 fully
susceptible isolates, 33 MDR and 46 combinations.

Fluoroquinolones

The drugs were obtained as pure chemicals from their manufacturers or
supply houses: ciprofloxacin (Bayer, Wuppertal, Germany), ofloxacin
(Sigma-Aldrich Co., St Louis, MO, USA), and levofloxacin (Daiichi
Pharmaceutical Taiwan Ltd).

MICs

The range of concentrations tested was 0.03—4 mg/L. The MICs were
determined by serial dilution on agar plates. Bacteria from Lowenstein-
Jensen slants were subcultured in Middlebrook 7H9 broth (Becton
Dickinson and Company, Sparks, MD, USA). Once growth had
reached a turbidity equivalent to that of a 0.5-1 McFarland standard,
the broth was diluted 1:100 to provide an inoculum of 10* cfu to drug-
containing solid Middlebrook 7H11 agar medium (Becton Dickinson).
Controls were diluted 1:10 000 in 0.02% Tween/0.1% albumin for
inoculation onto antibiotic-free medium. Plates were incubated for
3 weeks. The MIC was defined as the lowest concentration showing
growth <1% of that of the initial inoculum on the drug-free plate.
Resistance was defined as an MIC of >2 mg/L for ciprofloxacin
and ofloxacin, and >1 mg/L for levofloxacin.?”**

DNA sequencing

DNA was extracted with the Qiagen MinElute PCR purification kit
(Qiagen, Valencia, CA, USA), according to the manufacturer’s instruc-
tions, and stored at 4°C. Regions of gyrA and gyrB were amplified by
PCR with the forward and reverse primers as published by Siddigi
et al?® A GeneAmp system 9600 thermocycler (Perkin-Elmer Corp.,
Foster City, CA, USA) was used for target amplification with the
following parameters: 5 min at 4°C, followed by 30 cycles of 60 s
at94°C, 30 s at 58°C for gyrA and 56.5°C for gyrB, and 60 s at 72°C and
terminated with a final extension step at 72°C for 10 min. The PCR
products were purified with the Qiagen MinElute PCR purification kit,
according to the manufacturer’s instructions. Amplified PCR products
were sequenced with the use of forward and reverse primers, the Taq
Dye-Deoxy terminator cycle sequencing kit (Applied Biosystems, Inc.,
Foster City, CA, USA), and an automated sequencer, ABI PRISM 310
Genetic Analyzer (ABI). Sequence data were compared with those
published.

Statistical analysis

The confidence intervals for the proportion resistant to fluoro-
quinolones in each group in the 3 year periods were determined by
the exact confidence limits for the population proportion p method.*

Results

MDR-TB and susceptibility to fluoroquinolones

A total of 3497 isolates of MTB (one isolate per patient) were
obtained from clinical specimens during 1995-2003. The sites
included the respiratory tract, body fluids, tissues, wound, pus
and skin. There were 2883 susceptible strains, 122 MDR strains
and 492 strains with other resistance patterns.

The experience in this hospital for all MTB isolated over the
9 year period from 1995-2003 according to drug susceptibility
pattern is shown in Table 1. There were no significant differences
in the frequency of strains that were susceptible, MDR or combi-
nations during the 3 year intervals.

The trends in MICqgs of the fluoroquinolones according to the
categories of susceptible, MDR and combinations during the 3 year
periods are shown in Table 2. The only significant increase in
MICyy was seen for the MDR strains. This was noted between
the baseline period of 1995-1997 and the two subsequent 3 year
periods. There was no further increase in MICqq from 1998-2000 to
2001-2003. The trends in the proportion of fluoroquinolone-
resistant strains, according to the same categories, are shown in

Table 1. M. tuberculosis complex isolated in 1995-2003
(one single isolate per patient)

No. of isolates (%)

Year (no.) susceptible® MDR" combinations®
95-97 (1066) 863 (81.0) 48 (4.5) 155 (14.5)
98-00 (1191) 978 (82.1) 28 (2.4) 185 (15.5)
01-03 (1240) 1042 (84.0) 46 (3.7) 152 (12.3)

“Susceptible, fully susceptible to isoniazid, rifampicin, streptomycin and
ethambutol.

hMDR, resistant to isoniazid and rifampicin.

“Combinations, other combinations of resistance patterns.
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Table 2. Trends in the MICygs of fluoroquinolones for M. tuberculosis complex

ciprofloxacin ofloxacin levofloxacin
susceptible® MDR" combinations®  susceptible MDR combinations  susceptible MDR combinations
Year (no.) (n=62) (n=33) (n = 46) (n=62) (n =33) (n = 46) (n =62) (n =33) (n = 46)
95-97 (38) 2 2 2 2 1 1 1 1 1
98-00 (43) 2 >4 2 2 >4 2 1 >4 1
01-03 (60) 2 >4 2 2 4 2 1 4 1
“Susceptible, fully susceptible to isoniazid, rifampicin, streptomycin and ethambutol.
PMDR, resistant to isoniazid and rifampicin.
“Combinations, other combinations of resistance patterns.
Table 3. Trends in resistance of M. tuberculosis complex to fluoroquinolones
Resistant no./total no. (%)

ciprofloxacin ofloxacin levofloxacin
Year (no.)  susceptible® MDRP combinations®  susceptible MDR combinations susceptible MDR combinations
95-97 (38)  1/16 (6.3) 1/13 (7.7) 0/9 (0.0) 1/16 (6.3) 1/13 (7.7) 1/9 (11.1) 1716 (6.3) 1/13 (7.7) 1/9 (11.1)
98-00 (43) 1/23 (4.3) 2/9 (22.2) 1/11 (9.1) 0/23 (0.0) 2/9 (22.2) 0/11 (0.0) 0/23 (0.0) 2/9 (22.2) 0/11 (0.0)
01-03 (60)  0/23 (0.0) 2/11 (18.2) 0/26 (0.0) 0/23 (0.0) 2/11 (18.2)  0/26 (0.0) 0/23 (0.0) 2/11 (18.2) 1/26 (3.8)
Total (141) 2/62 (3.2) 5/33 (15.2) 1/46 (2.2) 1/62 (1.6) 5/33 (15.2)  1/46 (2.2) 1/62 (1.6) 5/33 (15.2)  2/46 (4.3)

“Susceptible, fully susceptible to isoniazid, rifampicin, streptomycin and ethambutol.

bMDR, resistant to isoniazid and rifampicin.
“Combinations, other combinations of resistance patterns.

Table 3. Once again an increase in resistant strains was statistically
significant only in the MDR group. The proportion resistant
to fluoroquinolones was 7.7% (95% CI, 7.14-14.3%) in the
1995-1997 group and 22.2% (95% CI, 20.0-30.0%) in the
1998-2000 group. There was cross-resistance among the three
fluoroquinolones.

Sequence studies

Regions of the gyrA and gyrB genes of fluoroquinolone-resistant
strains as well as susceptible strains were analysed. Almost all
isolates tested, regardless of their MIC, had an S95T substitution
in the gyrA gene. Four fluoroquinolone-resistant isolates had
undergone an additional point mutation (one A90V and three
D94G). One isolate had a double mutation (G88A and B94Y).
Among the 10 fluoroquinolone-resistant isolates, five (50%) pos-
sessed mutations other than the S95T substitution in the gyrA gene.
No mutations in the gyrB loci were found in the clinical isolates in
this study.

Discussion

Some investigators®' > have noted slightly higher fluoroquinolone
activity, against fully susceptible MTB isolates than resistant
(MDR) strains. Others”** have disputed these findings. These

differences might be explained by when the studies were conducted
in relation to the time fluoroquinolones were introduced for treat-
ment of TB and to differences in the geographical regions from
which the strains were isolated.

In the current study, we found that the MICs of fluoroquinolones
were increased only in MDR-TB isolates. Therefore, exposure to
fluoroquinolones for treatment of other bacterial diseases in the
community does not appear to be responsible for the increasing
trend of resistance. The emergence of MDR-TB is strongly asso-
ciated with poor or intermittent compliance with anti-TB therapy
and AIDS.”

The possibility of clonal spread of MDR-fluoroquinolone-
resistant strains appears to be remote based on the findings of
different antimicrobial resistance patterns and sequencing of the
resistant isolates. We observed that almost all isolates tested,
regardless of their MIC, carried an S95T substitution in the
gyrA gene. This is consistent with the previously reported finding
that S95T is a marker for evolutionary genetics and does not cor-
relate with drug resistance.*® Five of the resistant isolates had
undergone additional point mutations or double mutation. This
finding does not exclude the presence of any other additional resis-
tance mechanisms. Gyrase B mutation was reported to be associ-
ated with a low level of resistance, but was only found in a
laboratory-selected fluoroquinolone-resistant mutant of an MTB
H37Ra isolate.'® No mutations in the gyrase B loci were found in
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the clinical isolates in this study. For the five fluoroquinolone-
resistant isolates without gyrA or gyrB mutations that correlate
with drug resistance, it appears that they have acquired resistance
to fluoroquinolones due to mutations elsewhere in the target genes
or via other mechanisms, e.g. active efflux which has been reported
in a quinolone-resistant isolate of Mycobacterium smegmatis
mc?-155.%" Further studies are needed.

Several studies provide the relationship between the mutations
and the phenotypic resistance profiles of clinical MTB isolates.
The rate of mutations in the gyrA gene found in fluoroquinolone-
resistant MTB was 10.3% in India,® 55.2-58.2% in Hong
Kong38’39 and up to 89.5% in Italy and Abkhazia.*® Our results
(50%) were similar to the rates reported from Asia.

Although fluoroquinolone-resistant MTB isolates are still rare
in Taiwan, it is alarming that the rate of resistance to fluoro-
quinolones significantly increased with time, indicating the capa-
bility of these isolates to survive under selection pressure. Thus we
suggest fluoroquinolones should be preserved as the last-line ther-
apy when no other agents are active or tolerable. By doing so,
emergence of resistance could be delayed. In addition, suscepti-
bility tests to fluoroquinolones should be performed before treating
patients infected with MDR-TB, so that the most optimal agents
can be prescribed.

TB caused by drug-resistant isolates of MTB poses a therapeutic
challenge to select the most appropriate antimicrobial agents. The
trend in fluoroquinolone resistance among MDR-TB isolates
emphasizes the need for susceptibility testing particularly for
MDR strains.

Acknowledgements

We thank Daiichi Pharmaceutical Taiwan Ltd for providing
levofloxacin, and Shu-Nuan Chen and Pai-Fang Lee for technical
assistance. We thank Dr Christine Chiou for her critical review of the
manuscript prior to submission. This study was supported by
Kaoshiung Veterans General Hospital grant VGHKS 9447 and
National Health Research Institutes grant CL-094-PP-07.

Transparency declarations

None to declare.

References

1. Gillespie SH, Kennedy N. Fluoroquinolones; a new treatment for
tuberculosis? Int J Tuberc Lung Dis 1998; 2: 265-71.

2. Infectious Diseases Society of the Republic of China; Society of
Tuberculosis, Taiwan; Medical Foundation in Memory of Dr. Deh-Lin
Cheng; Foundation of Professor Wei-Chuan Hsieh for Infectious Diseases
Research and Education; C Y Lee’s Research Foundation for Pediatric
Infectious Diseases and Vaccines. Guidelines for chemotherapy of
tuberculosis in Taiwan. J Microbiol Immunol Infect 2004; 37: 382—-4.

3. American Thoracic Society, Centers for Disease Control and
Prevention, Infectious Diseases Society of America. Treatment of
tuberculosis. Am J Respir Crit Care Med 2003; 167: 603-62.

4. Baohong J, Lounis N, Maslo C et al. In vitro and in vivo activites of
moxifloxacin and clinafloxacin against Mycobacterium tuberculosis.
Antimicrob Agents Chemother 1998; 42: 2066-9.

5. Berlin OGW, Young LS, Bruckner DA. In vitro activity of six fluori-
nated quinolones against Mycobacterium tuberculosis. J Antimicrob
Chemother 1987; 19: 611-5.

6. Gillespie SH, Billington O. Activity of moxifloxacin against myco-
bacteria. J Antimicrob Chemother 1999; 44: 393-5.

7. Hoffner SE, Gezelius L, Olsson-Liljequist B. In-vitro activity of fluo-
rinated quinolones and macrolides against drug-resistant Mycobacterium
tuberculosis. J Antimicrob Chemother 1997; 40: 885-8.

8. Alangaden GJ, Lerner SA. The clinical use of fluoroquinolones
for the treatment of mycobacterial diseases. Clin Infect Dis 1997; 25:
1213-21.

9. Garcia-Rodriguez JA, Garcia ACG. In-vitro activities of quinolones
against mycobacteria. J Antimicrob Chemother 1993; 32: 797-808.

10. GrassiC. Newdrugs fortuberculosis. Exp Opin Investig Drugs1997;
6: 1211-26.

11. Ji B, Lounis N, Truffot-Pernot C, Grosset J. In vitro and in vivo
activities of levofloxacin against Mycobacterium tuberculosis. Antimicrob
Agents Chemother 1995; 39: 1341—4.

12. Klemens SP, Sharpe CA, Rogge MC et al. Activity of levofloxacin
in a murine model of tuberculosis. Antimicrob Agents Chemother 1994;
38: 476-9.

13. Yew WW, Au KF, Lee J et al. Levofloxacin in treatment of drug-
resistant tuberculosis. Intect J Tuberc Lung Dis 1997; 1: 89.

14. Alangaden GJ, Manavathu EK, Vakulenko SB et al. Characteriza-
tion of fluoroquinolone-resistant mutant isolates of Mycobacterium tuber-
culosis selected in the laboratory and isolated from patients. Antimicrob
Agents Chemother 1995; 39: 1700-3.

15. Cambau E, Sougakoff W, Besson M et al. Selection of a gyrAmutant
of Mycobacterium tuberculosis resistant to fluoroquinolones during treat-
ment with ofloxacin. J Infect Dis 1994; 170: 479-83.

16. Takiff HE, Salazaar L, Guerrero C et al. Cloning and nucleotide
sequence of Mycobacterium tuberculosis gyrAand gyrBgenes and detec-
tion of quinolone resistance mutations. Antimicrob Agents Chemother
1994; 38: 773-80.

17. Williams KJ, Piddock LJV. gyrA of ofloxacin-resistant clinical
isolates of Mycobacterium tuberculosis from Hong Kong. J Antimicrob
Chemother 1996; 37: 1032—4.

18. Kocagoz T, Hackbarth CJ, Unsal | et al. Gyrase mutations in
laboratory-selected, fluoroquinolone-resistant mutants of Mycobacterium
tuberculosis H37Ra. Antimicrob Agents Chemother 1996; 40: 1768-74.

19. Cardinale E, Dromigny JA, Tall F et al. Fluoroquinolone
susceptibility of Campylobacter isolates, Senegal. Emerging Infect Dis
20083; 9: 1479-81.

20. Chen FJ, Lauderdale TL, McDonald LC et al. Molecular epidemiol-
ogy of emerging reduced susceptibility to fluoroquinolones in Escherichia
coli. J Med Microbiol 2004; 53: 85—6.

21. Chen JY, Siu LK, ChenYH et al. Molecular epidemiology and muta-
tions at gyrA and parC genes of ciprofloxacin-resistant Escherichia coli
isolates from a Taiwan medical center. Microb Drug Resist2001; 7: 47-53.

22. Chen JY, Fung CP, Wang CC et al. In vitro susceptibility of six
fluoroquinolones against invasive Streptococcus pneumoniae isolated
from 1996 to 2001 in Taiwan. Microb Drug Resist 2003; 9: 211-7.

23. Hamer DH, Gill CJ. From the farm to the kitchen table: the negative
impact of antimicrobial use in animals on humans. Nutr Rev 2002; 60:
261-4.

24. Hsueh PR. Ciprofloxacin-resistant ~ Salmonella  enterica
Typhimurium and Choleraesuis from pigs to humans, Taiwan. Emerging
Infect Dis 2004; 10: 60-8.

25. Hsueh PR, Chen ML, Sun CC et al. Antimicrobial drug resistance
in pathogens causing nosocomial infections at a University Hospital in
Taiwan, 1981-1999. Emerging Infect Dis 2002; 8: 132-7.

26. Kent PT, Kubica GP. Public Health Mycobacteriology: A Guide for
The Level lll Laboratory. Centers for Disease Control, Atlanta, GA, USA,
1985.

27. Chen CC, Shih JF, Lindholm-Levy PJ et al. Minimal inhibitory con-
centrations of rifabutin, ciprofloxacin, and ofloxacin against Mycobac-
terium tuberculosis isolated before treatment of patients in Taiwan. Am
Rev Respir Dis 1989; 140: 987-9.

1061



Huang et al.

28. Heifets LB. Drug susceptibility tests in the management of
chemotherapy of tuberculosis. In: Heifets LB, ed. Drug Susceptibility In
the Chemotherapy of Mycobacterial Infections. Boca Raton: CRC Press,
1991; 89—-122.

29. Siddigi N, Shamim M, Hussain S et al. Molecular characterization of
multidrug-resistant isolates of Mycobacterium tuberculosis from patients
in North India. Antimicrob Agents Chemother 2002; 46: 443-50.

30. Bozeman L, Burman W, Metchock B et al. Fluoroquinolone suscep-
tibility among Mycobacterium tuberculosisisolates from the United States
and Canada. Clin Infect Dis 2005; 40: 386—91.

31. Neter J, William Wasserman W, Whitmore GG. Applied Statistics.
Boston: Allyn and Bacon, Inc., 1998.

32. Ruiz-Serrano MJ, Alcala L, Martinez L et al. In vitro activities of six
fluoroquinolones against 250 clinical isolates of Mycobacterium tubercu-
losis susceptible or resistant to first-line antituberculosis drugs. Antimicrob
Agents Chemother 2000; 44: 2567-8.

33. Yew W, Piddock L, Li M et al. In vitro activity of quinolones and
macrolides against mycobacteria. J Antimicrob Chemother 1994; 34:
343-51.

34. Rastogi N, Labrousse V, Goh KS. In vitro activities of fourteen
antimicrobial agents against drug susceptible and resistantclinical isolates
of Mycobacterium tuberculosis and comparative intracellular activities

against the virulent H37Rv isolate in human macrophages. Curr Microbiol
1996; 33: 167-75.

35. Loddenkemper R, Sagebiel D, Brendel A. Strategies against
multidrug-resistant tuberculosis. Eur Respir J 2002; 20: 66S—-77S.

36. Sreevatsan S, Pan X, Stockbauer KE et al. Restricted structural
gene polymorphism in the Mycobacterium tuberculosis complex indicates
evolutionary recent global dissemination. Proc Natl Acad Sci USA 1997;
94: 9869-74.

37. Liu J, Takiff HE, Nikaido H. Active efflux of fluoroquinolones in
Mycobacterium smegmatis mediated by LfrA, a multidrug efflux pump.
J Bacteriol 1996; 178: 3791-5.

38. Cheng AFB, Yew WW, Chan EWC et al. Multiplex PCR amplimer
conformation analysis for rapid detection of gyrA mutations in fluoro-
quinolone-resistant Mycobacterium tuberculosis clinical isolates. Antimi-
crob Agents Chemother 2004; 48: 596—601.

39. Yew WW, Chan E, Chan CY et al. Genotypic and phenotypic resis-
tance of Mycobacterium tuberculosis to rifamycins and fluoroquinolones.
Int J Tuberc Lung Dis 2002; 6: 936-8.

40. Giannoni F, lona E, Sementilli F et al. Evaluation of a new line probe

assay for rapid identification of gyrA mutations in Mycobacterium tuber-
culosis. Antimicrob Agents Chemother 2005; 49: 2928-33.

1062



