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ABSTRACT    
The occurrence of diseases caused by rapidly growing mycobacteria (RGM) is increasing in Taiwan. In this study, in vitro antimicrobial activities of tigecycline, minocycline, tetracycline, and doxycycline were evaluated against 160 clinical RGM isolates, including 34 M. abscessus sensu stricto, 44 M. massiliense, 1 M. bolletii, 58 M. fortuitum and 23 M. chelonae. Clarithromycin and amikacin were tested for synergistic effect with tigecyline.Both amikacin and tigecycline showed excellent activities against the RGMs. More than 85% each of the five RGM species isolates showed susceptibility to the two drugs. The MIC50s and MIC90s of amikacin were 1-4 mg/L and 2-8 mg/L, respectively, while those of tigecycline were 0.125-1 mg/L and 0.5-2 mg/L, respectively. Clarithromycin had only moderate activity, with >42.9% but <87.5% of each RGM species isolates showing susceptibility. The other four drugs had limited or no antimicrobial activities, with <40% of each RGM species showing susceptibility. Combined with clarithromycin, tigecycline had synergistic activity against 92.9%, 68.8%, 100%, 36%, and 46% of M. abscessus sensu stricto, M. massiliense, M. bolletii, M. fortuitum, and M. chelonae isolates, respectively. However, tigecycline combined with amikacin had synergistic activity against <15% but antagonistic activity against >18% of each RGM species. Thus, tigecycline alone may be an alternative for treating RGM diseases in patients who are intolerant to cefoxitin, imipenem or amikacin. However, it should be used with caution or not used in combination with amikacin for RGM diseases.  
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INTRODUCTION    (word : 3363)
Rapidly growing mycobacteria (RGM), including Mycobacterium abscessus, M. fortuitum and M. chelonae, cause a wide spectrum of diseases such as pulmonary disease, lymphadenopathy, and soft tissue infection[1,2,3]. In Taiwan, RGM diseases have increased in recent years and become emerging infectious diseases [1]. Because of the antibiotic resistant phenotype difference, Mycobacterium abscessus groups were further divided into three closely related species: M. abscessus sensu stricto, M. massiliense, and M. bolletii[4].  
As recommended in the American Thoracic Society guidelines for non-tuberculosis mycobacteria (NTM), treatment for the RGM diseases includes oral, parenteral medication and surgery [3]. However, some RGM diseases, particularly M. abscessus complex diseases, are very difficult to treat by antibiotic therapy [5]. Detailed antibiotic therapy composed of two parenteral agents (i.e., cefoxitin and amikacin, or imipenem and amikacin) and three oral medications, including one macrolide (clarithromycin or azithromycin), one fluoroquinolone (levofloxacin, moxifloxacin, or ciprofloxacin), and one tetracycline (tetracycline, doxycycline, or minocycline) has been suggested for treatment of M. abscessus complex [6]. However, intravenous medications lead to frequent adverse effects and longer hospitalization. Nonetheless, treatment outcome is quite good against M. fortuitum diseases although only moderately effective against M. abscessus complex diseases [7]. There is a great need to develop new treatment regimens for the RGM diseases, especially the M. abscessus complex diseases.   
Tigecycline is a glycylcycline antibiotic that is structurally related to tetracycline. It reportedly has good in vitro activity against RGMs [8,9,10], as well as many drug resistant Gram-positive and Gram-negative bacteria, including methicillin-resistant Staphylococcus aureus, vancomycin-resistant Enterococcus, penicillin-resistant Streptococcus pneumoniae, multi-drug resistant Acinetobacter baumanii, and the New Delhi metallo-β -lactamase 1 (NDM-I) drug-resistant strains of Enterobacteriaceae, anaerobes and atypical bacteria [10]. Colistin is effective against multi-drug resistant and the NDM-1 drug-resistant strains of A. baumanii [11]. Because RGM isolates have a high prevalence of antimicrobial resistance in Taiwan [12, 13] , thus we want to evaluate whether tigecycline and colistin have the potential of inhibitory activity against RGMs. This study evaluated the in vitro activities of amikacin, clarithromycin, tigecycline, tetracycline, doxycycline, and minocycline, and colistin against RGM isolates in Taiwan. The synergistic effects of tigecycline with clarithromycin or amikacin were also examined. 
MATERIALS AND METHODS
Bacterial isolates
A total of 160 clinical non-duplicate RGM isolates, including 79 M. abscessus complex, 58 M. fortuitum, and 23 M. chelonae were collected between November 2006 and July 2010. They were identified to the species level by conventional biochemical methods like the growth character, morphology of micro-colonies, arylsulfatase test, nitrate reduction test, and 5% NaCl tolerance test, and by PCR-restriction enzyme analysis (PRA) of the 65-kDa hsp gene using the method described by Telenti et al. [14]. 
The M. abscessus complex isolates were further identified into either M. abscessus sensu stricto, M. massiliense, and M. bolletii according to Choi’s classification [15]. Briefly, duplex PCR was performed using genomic DNA of the isolate as template plus primer pair Mab1-F (5’-CCTCGAGCCCAAGATCTGTC) and Mab1-R (5’-ATACCGGGATACGCCAAGAT), and primer pair Mab2-F (5’-AAGGGACTGGGACTGATCG) and Mab2-R(5’-CCGGAGACCGACCTCTTC). The PCR products were analyzed by 2% agarose gel electrophoresis. If one PCR fragment of 393 bp was detected, the isolate was identified as M. massiliense. If two PCR fragments with one 393 bp and the other between 196 and 238 bp were detected, the isolate was identified as M. bolletii. If two PCR fragments but not 393 bp, the isolate was identified as M. abscessus sensu stricto. These isolates were stored in 7H9 broth containing 15% glycerol at -70°C until use.

Antimicrobial agents  
Tigecycline was given by Pfizer, Inc., Taiwan, while amikacin, clarithromycin and minocycline, tetracycline and doxycycline were purchased from Sigma Chemical Co., St. Louis, MO, USA. Colistin was donated by TTY Biopharm Co., Taiwan. 
Susceptibility testing
Broth micro-dilution MIC testing of seven antimicrobial agents, i.e., tigecycline, minocycline, tetracycline, doxycycline, colistin, clarithromycin, and amikacin, was performed according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [16]. Briefly, the RGM isolates were sub-cultured on trypticase soy agar plates with 5% sheep blood (BBL Microbiology Systems) at 30°C and kept in ambient air for 72 hours. The inoculum suspensions were prepared by sweeping the confluent proportion of growth on the agar plate and adjusted to the final inoculum (5 × 105 CFU/ml) with cation-supplemented Mueller-Hinton broth (Difco, Detroit, MI, USA). Serial double dilutions of the tested antimicrobial agents were prepared and the concentrations in the wells ranged from 0.25 mg/L to 128 mg/L. The inoculated trays were incubated at 30°C in ambient air and interpreted after 72 h [12,16]. These three-day incubations did not include extended incubation as recommended for detection of isolates with inducible resistance due to a functional erm(41) gene [17,18] . 
The minimal inhibitory concentration (MIC) was defined as the lowest concentration of the drug capable of inhibiting the visible growth of tested isolates. The MIC50 and MIC90 were defined as drug concentrations at which 50% and 90%, respectively, of the tested isolates did not show any visible growth. According to the CLSI guidelines, susceptibility breakpoints were set at ≤2 mg/L for clarithromycin, ≤16 mg/L for amikacin, and ≤1 mg/L for doxycycline, minocycline, tetracycline, and tigecycline [16]. As the susceptibility interpretive criteria for colistin was not included in the CLSI guideline, this study used ≤5 mg/L as the cut-off level for RGMs, according to Rastogi et al. for M. avium complex [19]. The reference strains Staphylococcus aureus ATCC 29213 and M. peregrinum ATCC 700686 were included as controls, with acceptable ranges of MIC recommended by CLSI for Staphylococcus aureus ATCC 29213 at 1-4 mg/L for amikacin and 0.12-0.5 mg/L for clarithromycin.  The acceptable MIC ranges for M. peregrinum ATCC 700686 were ≤1-4 mg/L for amikacin and ≤0.06-0.5 mg/L for clarithromycin. In this study, all of the quality control results were within the acceptable ranges. 

Testing of synergistic effect

A total of 31 clinical M. abscessus complex(14 M. abscessus sensu stricto, 16 M. massiliense,1 M. bolletii ), 14 M. fortuitum and 13 M. chelonae strains were randomly chosen for testing of the synergistic effect of combined tigecycline and either clathromycin or amikacin, according to the method described by Shen et al. [20]. Briefly, for each isolate tested, 100 μL of half of the MIC concentration of tigecycline in cation-supplemented Mueller-Hinton broth was first added to the 96-well plate. Serial doubling dilutions of clarithromycin or amikacin were then prepared with cation-supplemented Mueller-Hinton broth. Mycobacterial suspension in cation-supplemented Mueller-Hinton broth was added to the drug dilutions to make a final concentration of 5 × 105 CFU/mL. Subsequently, 100 μL of this drug/mycobacteria mixture was added to the wells containing 100 μL of the tigecycline solution. The final concentration of tigecycline in the wells was one-quarter of the original MIC whereas the concentrations of clarithromycin or amikacin ranged from 0.0625 to 128 mg/L. If the MIC of clarithromycin or amikacin was <0.0625 mg/L, another plate with clarithromycin or amikacin concentrations ranging from 0.0078 to 16 mg/L were tested. The in vitro activity of the clarithromycin in combination with tigecycline at 25% MIC was prolonged incubation to 14 days. 
The fractional inhibitory concentration index (FICI) was determined by the formula according to De Logu et al. [21], as:  

FICI = (MICa combination / MICa alone) + (MICb combination / MICb alone)   

where ‘a’ represented tigecycline and ‘b’ represented amikacin or clathromycin. An FICI ≤0.5 was defined as synergism between a and b, FICI >0.5 to 4 as no interaction (indifference), and FICI >4 as antagonism [22]. 
erm(41) sequencing: The erm(41) sequencing was performed with the primer MC8-22f (5-GAGCGCCGTCACAAGATGCACA-3) and MC8-27r (5-GTGCTGGTGATCAGGCGGCGC-3) by the Bastian et al recommendation (ref). 
The Numbering system of erm(41), with the GTG start codon as 1. If the nucleotide at position 28 was thymidine, it was termed as T28. If the nucleotide at position 28 was cytosine, it was termed as C28. 

RESULTS
Antimicrobial susceptibility testing  
Among the seven antimicrobial agents (i.e., tigecycline, tetracycline, doxycycline, minocycline, colistin, clarithromycin, and amikacin) tested for antimicrobial activities against the M. abscessus complex (n=79) isolates, including M. abscessus sensu strict (n=34), M. massiliense (n=44), M. bolletii (n=1), M. fortuitum (n=58), and M. chelonae (n=23) isolates, tigecycline had the best inhibitory activity. Its MIC ranges were 0.25-2 mg/L for M. abscessus sensu strict, 0.125-4 mg/L for M. massiliense, 0.0625-2 mg/L for M. fortuitum, and 0.125-2 mg/L for M. chelonae. The MIC50s and MIC90s of tigecycline against these RGM species were 0.125-0.5 mg/L and 0.5-2.0 mg/L, respectively (Table 1). The MIC for the only one M. bolletii isolate was 0.25 mg/L. By using the susceptible breakpoint of ≤1 mg/L [18], 97.1% M. abscessus sensu strict, 86.4% M. massiliense, 100% M. bolletii , 98.3% M. fortuitum, and 91.3% M. chelonae isolates were susceptible to tigecycline. 
Amikacin also showed excellent inhibitory activity against the five RGM species. Its MIC ranges were 1-8 mg/L for M. abscessus sensu strict, 1-128 mg/L for M. massiliense, 0.5-4 mg/L for M. fortuitum, and 1-16 mg/L for M. chelonae. The MIC of amikacin for the M. bolletii was 2 mg/L. The MIC50 and MIC90 were 4 and 8 mg/L, for M. abscessus sensu strict, M. massiliense and M. chelonae; and 1 and 2 mg/L for M. fortuitum, respectively. Using the susceptibility breakpoint of ≤16 mg/L [18], 100%,93.8%,100%, 100%, and 100% of M. abscessus sensu strict, M. massiliense, M. bolletii ,M. fortuitum, and M. chelonae isolates, respectively, were susceptible to amikacin. 
However, clarithromycin only showed moderate antimicrobial activity. Its MIC ranges were 0.125-16 mg/L for M. abscessus sensu strict and M. massiliense, 0.0625-32 mg/L for M. fortuitum, and 0.125-32 mg/L for M. chelonae, while its MIC50 and MIC90 were 2 and 4 mg/L, respectively, for M. abscessus sensu strict; 0.25 and 8 mg/L, respectively, for M. massiliense and 4 and 32 mg/L, respectively, for M. fortuitum and M. chelonae (Table 2). The MIC of clarithromycin for M. bolletii was 2 mg/L. Using the susceptibility breakpoint of ≤2 mg/L for clarithromycin [16], 71.4%, 87.5%,100%,42.9% and 46.2% of M. abscessus sensu strict, M. massiliense, M. bolletii, M. fortuitum, and M. chelonae isolates, respectively, were susceptible to clarithromycin.
The inhibitory effects of the three tetracycline antibiotics, i.e., minocycline, tetracycline, and doxycycline, were not good. The MIC ranges of minocycline were 0.5 to >128 mg/L for M. abscessus sensu strict, 0.125 to >128 mg/L for M. massiliense. The MIC ranges of doxycycline were 0.125 to >128 mg/L for M. abscessus sensu strict, 2 to >128 mg/L for M. massiliense. The MIC ranges of minocycline and doxycycline were 0.125 to >128 mg/L for M. fortuitum and M. chelonae, whereas those of tetracycline were 8->128 mg/L for M. abscessus sensu strict, 2 to >128 mg/L for M. massiliense and M. fortuitum, and 1 to >128 mg/L for M. chelonae. The MIC50s and MIC90s of the three agents were 64 to >128 mg/L against these RGMs (Table 1). The MIC of the three tetracycline antibiotics for M. bolletii were all>128 mg/L.Using the susceptibility breakpoint of ≤1 mg/L for the three drugs [16] , the susceptibility rates of M. abscessus sensu strict, M. massiliense, M. bolletii, M. fortuitum, and M. chelonae were 11.8%,11.4%, 0%,32.8%, and 13%, respectively, to minocycline; 0%, 0%, 0%, 0%, and 4.4%, respectively, to tetracycline; and 11.8%, 9.1%,0%,31%,and 4.4%, respectively, to doxycycline. Thus, minocycline, tetracycline, and doxycycline had only limited inhibitory activity (<40%) against RGMs (Table 1). 
The MIC50s and MIC90s of colistin for the RGMs were >128 mg/L. Using the susceptibility breakpoint of ≤5 mg/L [19], colistin had no inhibitory activity against the RGMs (Table 1). 
Synergistic effect of tigecycline combined with clarithromycin

A total of 31 clinical M. abscessus complex (14 M. abscessus sensu stricto, 16 M. massiliense and 1 M. bolletii), 14 M. fortuitum, and 13 M. chelonae isolates were randomly chosen and tested for the synergistic effects of tigecycline and clarithromycin. 
Combined with tigecycline at 25% MIC, the MIC ranges of clarithromycin in M. abscessus sensu stricto, M. massiliense, M. fortuitum and M. chelonae changed from 0.125-16, 0.125-16, 0.0625-32, and 0.125-32 mg/L, respectively to 0.03125-0.5, 0.03125-0.25, 0.125-32, and 0.03125-16 mg/L, respectively. The MIC50 of clarithromycin decreased from 2, 0.25, 4, and 4 mg/L to 0.03125, 0.03125, 0.5, and 0.5 mg/L, respectively, while its MIC90 changed from 4, 8, 32, and 32 mg/L to 0.25, 0.25, 32 and 16 mg/L, respectively (Table 2). Except for its MIC90 against M. fortuitum, which remained unchanged, the combination of clarithromycin with tigecycline at 25% MIC decreased the MIC50s and MIC90s of clarithromycin against the four RGM species by two-to–sixteen-fold. The MIC of clarithromycin for M. bolletii also decrease 32 fold from 2 mg/L to 0.0625 mg/L while combined with 25% MIC of tigecycline.
Combined with tigecycline at 25% MIC, the susceptibility rates of clarithromycin for M. abscessus sensu stricto, M. massiliense, M. bolletii, M. fortuitum, and M. chelonae increased from 71.4%, 87.5%, 100%,42.9%, and 46.2%, respectively, to 100%, 100%, 100%, 50%, and 76.9%, respectively (Table 2).  
Tigecycline and clarithromycin demonstrated a synergism of inhibitory effects against 92.9%, 68.8%, 100%, 35.8%, and 46.2% of the M. abscessus sensu stricto, M. massiliense, M. bolletii, M. fortuitum, and M. chelonae isolates, respectively. The two drugs had indifference against 7.1%, 31.2%, 0%, 57.1%, and 46.2%, respectively, and antagonism against 0%, 0%, 0%, 7.1%, and 7.7%, respectively, of the five RGM species (Table 3).  

Synergistic effect of tigecycline combined with amikacin

Synergistic inhibitory effects of combined tigecycline and amikacin against the same 31 clinical RGM isolates were also tested. Combined with tigecycline at 25% MIC, the MIC ranges of amikacin for M. abscessus sensu stricto, M. massiliense, M. fortuitum, and M. chelonae changed from 1-8, 1-128, 0.5-4, and 1-16 mg/L, respectively, to 0.5-16, 0.5-128, 1-4, and 0.5-16 mg/L, respectively. The MIC50 of amikacin increased from 4, 4, 1, and 4 mg/L to 8, 4, 4, and 8 mg/L, respectively, while its MIC90 increased from 8, 8, 2, and 8 mg/L to 16, 16, 4, and 16 mg/L, respectively (Table 2). Although still in the therapeutic range(≦16 mg/L), the MIC50 and MIC90 of amikacin against the four RGMs increase by two-to-four fold while combined with tigecycline at 25% MIC. The MIC of amikacin for M. bolletii also increase two fold from 2 mg/L to 4 mg/L while combined with 25% MIC of tigecycline. 
In combination with tigecycline at 25% MIC, the susceptibility rate of the five RGMs to amikacin remained unchanged (Table 2). Tigecycline and amikacin had synergism of the inhibitory effect against 7.1%, 18.8%, 0%, 0%, and 23.1% of M. abscessus sensu stricto, M. massiliense, M. bolletii, M. fortuitum and M. chelonae isolates, respectively. The two drugs demonstrated indifference against 57.1%, 62.5%, 100%, 71.4%, and 53.8%, respectively, of the five RGM species isolates and antagonism against 35.7%, 18.8%, 0%, 28.6%, and 23.1%, respectively, (Table 3).

In vitro activity of prolonged incubation of the clarithromycin in combination with tigecycline at 25% MIC and erm(41) sequencing
  After 7 days incubation, only 21.4% (3/14) still showed susceptible (≦2mg/ L) to clarithromycin for M. abscessus sensu stricto but there were still 100% for M. massiliense(16/16) and M. bolletii(1/1). Till the 14 days incubation, only 14.3% (2/14) still susceptible to clarithromycin for M. abscessus sensu stricto but still had 93.8%(15/16)susceptibility rate for M. massiliense and 100% for M. bolletii(1/1). Only one M. abscessus sensu stricto showed C28 genotype and did not show clarithromycin resistance even prolonged incubation to 14 days. All M. massiliense was truncated T28. Non of the M. massiliense isolates showed resistance to clarithromycin in day 7 incubation and only 6.25% (1/16) developed resistance in day 14 incubation. Our one M. bolletii did not develop clarithromycin resistance in day 7 or day 14 incubation in combination with tigecycline at 25%MIC although T28 genotype was found.        
DISCUSSION   
Rapidly growing mycobacteria (RGM) are one of the most drug-resistant mycobacterial species. They are naturally resistant to the first-line medications for M. tuberculosis, such as isoniazid, rifampicin, ethambutol, and pyrazinamide. The M. abscessus complex diseases, in particular, are very difficult to treat since the bacteria is a true intracellular pathogen that can grow inside the human lungs [4]. M. abscessus is a new antibiotic nightmare due to the intrinsic and acquired resistance (Nessar et al). Currently M. abscessus had been divided into three closely species: M. abscessus sensu stricto, M. massiliense and M. bolletii. Although the drug resistance profile of M. massiliense and M. bolletii were similar to M. abscessus sensu stricto, the clarithromycin susceptibility is different. M. massiliense is intrinsically susceptible to clarithromycin and did not develop resistance even prolonged inculation. The C28 polymorphic erm(41) gene of M. abscessus sensu stricto was shown to be clarithromycin susceptible, whereas T28 polyphorphism was resistant as our result and Nessar et al showed. Most (92.9%) of our M. abscessus sensu stricto isolates was T28 and will develop clarithromycin resistant in day 7. The official American Thoracic Society / Infectious Diseases Society of America statement (2007) for the nontuberculous mycobacteria comment regarding the disease that “At present, there is no reliable or dependable antibiotic regimen” [3]. Because no further subspecies identification and erm(41 sequencing were done at that time.  Multiple antibiotics therapy, in addition to surgical resection of focal lesions, has been recommended as treatment of RGM diseases [3,4]. 
Jeon et al. treated patients with M. abscessus lung diseases with amikacin 15 mg/kg/day and cefoxitin 200 mg/kg/day intravenously for the first month of admission, plus three oral medications (clarithromycin 100 mg/day, ciprofloxacin 100 mg/day, and doxycycline 200 mg/day) for at least 12 months [6]. However, only 58% patients had sputum conversion from acid-fast-stain (or mycobacterial culture) positive to negative and maintained negative for more than one year. Worse, the patients could only tolerate cefoxitin for an average of 22 days and imipenem 750 mg three times per day was used as an alternative for the side effects or toxicity of cefoxitin [6]. The same regimen was used in Taiwan for treating M. abscessus complex pulmonary diseases except ciprofloxacin was replaced by levofloxacin. At the end of the 12th month of treatment, there was 27.3% clinical treatment failure (i.e., persistent symptoms and signs, recurrent infection, or death related to M. abscessus infection), 36.3% indeterminate outcome and 31.8% microbiological persistence [23] . It was later found that 32.5% and 12.5% of M. abscessus complex isolates initially recovered from these pulmonary patients were susceptible to cefoxitin and imipenem, respectively [23]. 
In another study, Lyu et al. used amikacin for a median of 230 days (range, 60-601 days) and cefoxitin or imipenem for 83 days (range, 25-288 days), for a total antibiotic treatment of 511 days (range, 164-1249 days), respectively, to treat patients with the same diseases [24] . The success rate increased to 80.5% but adverse effects like drug-induced liver injury, neutropenia, tinnitus, or hearing impairment developed in 43.9% of the patients [24] . 
It is therefore imperative to discover more drugs that can be used for a longer duration, with fewer side effects, alone or in combination with amikacin or clarithromycin for treating RGM diseases. A previous study reports good in vitro effects of clofazimine alone against RGMs and good synergistic activity when combined with amikacin [20]. In the present study, tigecycline has very good in vitro activity against RGMs but has antagonistic activity against RGMs when combined with amikacin (Tables 1 and 3). More than 90% each of the five RGM species isolates tested were susceptible to tigecycline (MIC ≤1 mg/L) and none were resistant to tigecycline (MIC >4 mg/L) (Table 1). Wallace et al. and Esteban et al. also report good in vitro activities of tigecycline against RGMs [8,9] . The results here are consistent with previous studies except that susceptibility breakpoint of ≤1 mg/L instead of 4 mg/L is used here [16] . 
Tigecycline is a glycylcycline antibiotic that has a very wide spectrum of antibacterial effects against many Gram-positive and Gram-negative bacteria, and can be used as an intravenous parenteral agent. The N-acetyl glycylamide side chain at the carbon 9 position of tigecycline can increase its lipid solubility, create a steric hindrance to prevent efflux out the cell by most membrane-bound efflux proteins, and increase its affinity to the binding site of ribosome [25]. Its ribosomal binding affinity is five-times higher than that of tetracycline [25]. Tigecycline have been used for treatment of multi-drug resistant Acinetobacter baumanii [11]. Its half-life (t1/2) is 27 hours after a single 100 mg drug dose and 42 hours after infusion of multiple 50 mg doses per 12 hours [25]. Tigecycline is good in tissue penetration and is well-distributed in the lungs, liver, heart, skin, meninges, bones, and body fluids. Its peak plasma concentration (Cmax) is 0.8-1 mg/L [25] and common side effects include nausea and vomiting (1-10%), which are usually mild [26]. Other serious adverse effects include sepsis, peritonitis, and serious secondary infection, but are rare (0.1-1%) [27]. Tigecycline also appears to be a very good long-term antibiotic. Al-Benwan et al. report a native valve endocarditis due to M. abscessus in a hemodialysis patient successfully treated (to be afebrile) after therapy with tigecycline alone for two weeks [28]. Garrison et al. report three M. abscessus infections in solid organ transplant recipients that, along with surgical intervention in two of the cases, improved clinically with tigecycline monotherapy or combined with clarithromycin for 8.5-14 months [29], without significant side effects.  

The combinational activity of clofazimine with amikacin has been evaluated in another previously study, which showed good synergistic activity against RGMs [20].  The combined activities of imipenem with clarithromycin or amikacin against M. abscessus complex have also been studied before. Imipenem shows a good synergistic effect with clarithromycin (in 43% isolates) and indifference with amikacin (in 90% isolates) [30]. In the present study, the combination activities of tigecycline with clarithromycin or amikacin are evaluated. In the combination of tigecycline and amikacin, synergism is observed in 7.1% M. abscessus sensu stricto, 18.8% M. massiliense,0% M. bolletii, 0% M. fortuitum, and 23.1% M. chelonae, but antagonism in 35.7 M. abscessus sensu stricto, 18.8% M. massiliense, 28.6% M. fortuitum, and 23.1% M. chelonae isolates (Tables 2 and 3). In contrast, the combination of tigecycline and clarithromycin shows synergistic effects in 92.9%% M. abscessus sensu stricto, 68.8% M. massiliense,100% M. bolletii, 35.8% M. fortuitum, and 46.3% M. chelonae isolates, with low antagonistic effects (0%, 0%, 0%, 7.1%, and 7.8%, respectively). Thus, tigecycline does not have a good synergistic effect in RGMs when combined with amikacin, but is good when combined with clarithromycin. 
To date, this is the first report regarding the combined activities of tigecycline with clarithromycin or amikacin against RGMs. Based on the results, tigecycline may be combined with clarithromycin for treatment of the five RGM species, especially M. abscessus complex, and may be used as an alternative or sequential medication for the amikacin-based regimen for treating RGMs.  
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Table 1. In vitro activity of tigecycline, minocycline, tetracycline, and doxycycline and colistin against rapidly growing mycobacteria clinical isolates#
　
	
	MIC (mg/L)
	Percent of isolates (%)

	RGM/ Antibiotic
	Range
	50%
	90%
	Susceptible*


	Intermediate**


	Resistant***



	M. abscessus complex (n=79)
	
	
	
	
	
	

	---M. abscessus sensu strict (n=34)
	
	
	
	
	
	

	Tigecycline
	0.25-2
	0.5
	1
	97.1%(33/34)
	2.9%(1/34)
	0

	Minocycline
	0.5->128
	128
	>128
	11.8%(4/34)
	0
	88.2%(30/34)

	Tetracycline
	8->128
	>128
	>128
	0
	0
	100%(34/34)

	Doxycycline
	0.125- >128
	>128
	>128
	11.8%(4/34)
	0
	88.2%(30/34)

	---M. messiliense (n=44)
	
	
	
	
	
	

	Tigecycline
	0.125-4
	1
	2
	86.4%(38/44)
	13.6% (6/44)
	0

	Minocycline
	0.125- >128
	128
	>128
	11.4%(5/44)
	22.7%(10/44)
	65.9%(29/44)

	Tetracycline
	2->128
	>128
	>128
	0
	4.5%(2/44)
	95.5%(42/44)

	Doxycycline
	2->128
	>128
	>128
	9.1(4/44)
	0
	90.1%(40/44)

	---M. bolletii (n=1)
	
	
	
	
	
	

	Tigecycline
	0.25
	
	
	100%(1/1)
	0
	0

	Minocycline
	>128
	
	
	0
	0
	100%(1/1)

	Tetracycline
	>128
	
	
	0
	0
	100%(1/1)

	Doxycycline
	>128
	
	
	0
	0
	100%(1/1)

	M. fortuitum (n=58)
	
	
	
	
	
	

	Tigecycline
	0.0625-2
	0.125
	0.5
	98.3%(57/58)
	1.7%(1/58)
	0

	Minocycline
	0.125- >128
	128
	>128
	32.8%(19/58)
	1.7%(1/58)
	65.5%(38/58)

	Tetracycline
	2->128
	>128
	>128
	0
	15.5%(9/58)
	84.5%(49/58)

	Doxycycline
	0.125- >128
	>128
	>128
	31%(18/58)
	1.7%(1/58)
	67.2%(39/58)

	M. chelonae (n=23)
	
	
	
	
	
	

	Tigecycline
	0.125-2
	0.5
	1
	91.3%(21/23)
	8.7%(2/23)
	0

	Minocycline
	0.125- >128
	64
	128
	13%(3/23)
	4.4%(1/23)
	82.6%(19/23)

	Tetracycline
	1->128
	>128
	>128
	4.4%(1/23)
	4.4%(1/23)
	91.3%(21/23)

	Doxycycline
	0.125- >128
	>128
	>128
	4.4%(1/23)
	8.7%(2/23)
	87%(20/23)


#The isolates included M. abscessus sensu strict (n=34), M. messiliense (n=44), M. bolletii (n=1), M. fortuitum (n=58), and M. chelonae (n=23). 

*The susceptibility breakpoints were set at ≤1 mg/L for doxycycline, minocycline, tetracycline, and tigecycline according to CLSI [18], and ≤5 mg/L for colistin according to Rastogi et al. [19].

**Intermediate was set at 2 and 4 mg/L for doxycycline, minocycline, tetracycline, and tigecycline according to CLSI [18], but no definition was set for colistin. 
***Resistance breakpoints were set at ≥8 mg/L for doxycycline, minocycline, tetracycline, and tigecycline according to CLSI [18] and >5 mg/L for colistin according to Rastogi et al. [19].
Table 2. In vitro activity of clarithromycin and amikacin alone and in combination with tigecycline at 25% MIC against selected rapidly growing mycobacteria isolates#
	
	Clarithromycin 
	Amikacin 

	
	MIC Range (mg/L)
	MIC50 (mg/L)
	MIC90 (mg/L)
	Susceptibility rate*
	MIC Range (mg/L) 
	MIC50 (mg/L)
	MIC90 (mg/L) 
	Susceptibility rate**

	Alone 

	M. abscessus complex (n=31)
	0.125-16
	0.5
	4
	80%
	1-128
	4
	8


	97.5%

	---M. abscessus sensu stricto (n=14)
	0.125-16
	2
	4
	71.4%
	1-8
	4
	8


	100%

	---M. massiliense (n=16)
	0.125-16
	0.25
	8
	87.5%
	1-128
	4
	8
	93.8%

	---M. bolletii (n=1)

	2
	
	
	100%
	2
	
	
	100%

	M. fortuitum (n=14)
	0.0625-32
	4
	32
	42.9%
	0.5-4
	1
	2
	100%

	M. chelonae (n=13)
	0.125-32
	4
	32
	46.2%
	1-16
	4
	8
	100%

	In combination with tigecycline at 25% MIC

	M. abscessus complex (n=31)
	0.03125-0.5
	0.03125
	0.25
	100%
	0.5-128
	8
	16
	97.5%

	---M. abscessus sensu stricto (n=14)
	0.03125-0.5
	0.03125
	0.25
	100%
	0.5-16
	8
	16
	100%

	---M. massiliense (n=16)
	0.03125-
0.25
	0.03125
	0.25
	100%
	0.5-128
	4
	16
	93.8%

	---M. bolletii (n=1)

	0.0625
	
	
	100%
	4
	
	
	100%

	M. fortuitum (n=14)
	0.125-32
	0.5
	32
	50%
	1-4
	4
	4
	100%

	M. chelonae (n=13)
	0.03125-16
	0.5
	16
	76.9%
	0.5-16
	8
	16
	100%


#These include M. abscessus complex (n=31), including M. abscessus (sensu strict, n=14) and M. massiliense (n=16), M. bolletii (n=1), M. fortuitum (n=14), and M. chelonae (n=13) isolates.

*The susceptible breakpoint for clarithromycin was ≤2 mg/L according to the CLSI [18].

**The susceptible breakpoint for amikacin was ≤16 mg/L according to the CLSI [18].

Table 3. Percentages of selected rapidly growing mycobacteria isolates# on which tigecycline in combination with clarithromycin or amikacin had synergism, indifference or antagonism 

	Tigecycline in combination with clarithromycin

	
	Synergism
	Indifference 
	Antagonism

	M. abscessus complex 
(n = 31)
	80% (24/30)
	20% (6/30)
	0

	---M. abscessus sensu stricto (n=14)
	92.9% (13/14)
	7.1% (1/14)
	0

	---M. massiliense (n=16)
	68.8% (11/16)
	31.2% (5/11)
	0

	--- M. bolletii (n=1)
	100%(1/1)
	0
	0

	M. fortuitum (n=14)
	35.8% (5/14)
	57.1% (8/14)
	7.1% (1/14)

	M. chelonae (n=13)
	46.2% (6/13)
	46.2% (6/13)
	7.7% (1/13)

	Tigecycline in combination with amikacin

	
	Synergism
	Indifference 
	Antagonism

	M. abscessus complex

(n = 31)
	13.3% (4/30)
	60% (18/30)
	26.7% (8/30)

	---M. abscessus sensu stricto (n=14)
	7.1% (1/14)
	57.1% (8/14)
	35.7% (5/14)

	---M. massiliense (n=16)
	18.8% (3/16)
	62.5% (10/16)
	18.8% (3/16)

	--- M. bolletii (n=1)
	0
	100%(1/1)
	0

	M. fortuitum (n=14)
	0
	71.4% (10/14)
	28.6% (4/14)

	M. chelonae (n=13)
	23.1% (3/13)
	53.8% (7/13)
	23.1% (3/13)


# These include M. abscessus complex (n=31), including M. abscessus sensu strict, n=14) and M. massiliense (n=16), M. bolletii (n=1), M. fortuitum (n=14), and M. chelonae (n=13) isolates.
Table 4. In vitro activity of prolonged incubation of the clarithromycin in combination with tigecycline at 25% MIC against M. abscessus sensu strict(A), M. massiliense (B)and M. bolletii(C) and the erm(41) gene polymorphism.
(A). 

	M. abscessus

sensu stricto isolate
	Tigecycline
 alone (mg/L)
	Clarithromycin
 alone (mg/L)
	in combination
	

	
	
	
	Tigecycline (mg/L)
	Clarithromycin

(mg/L)
D 3
	D 7 
	D14
	erm(41)

	  V139
	2
	16
	0.5
	0.03125
	>128
	>128
	T28

	AC1
	1
	1
	0.25
	0.25
	>128
	>128
	T28

	X51
	1
	0.25
	0.25
	0.03125
	0.25
	0.5
	C28

	X40
	1
	1
	0.25
	0.125
	2
	2
	T28

	X6
	1
	1
	0.25
	0.125
	8
	8
	T28

	V206 
	0.5
	4
	0.125
	0.03125
	16
	128
	T28

	X42

	0.5
	4
	0.125
	0.03125
	16
	128
	T28

	X48
	0.5
	2
	0.125
	0.03125
	8
	128
	T28

	X74
	0.5
	2
	0.125
	0.03125
	8
	128
	T28

	X88
	0.5
	2
	0.125
	0.03125
	8
	64
	T28

	T45
	0.25
	4
	0.0625
	0.25
	16
	128
	T28

	X3
	0.25
	2
	0.0625
	0.5
	>128
	>128
	T28

	V133
	0.25
	0.125
	0.0625
	0.03125
	2
	8
	T28

	X1
	0.5
	0.25
	0.125
	0.25
	16
	128
	T28


(B).

	M. massiliense

isolate
	Tigecycline
 alone (mg/L)
	Clarithromycin
 alone (mg/L)
	in combination  
	
	
	

	
	
	
	Tigecycline (mg/L)
	Clarithromycin

(mg/L)
D3
	D7
	D14
	erm(41)

	X72
	2
	16
	0.5
	0.03125
	0.25
	0.25
	T28

	X73
	2
	0.25
	0.5
	0.03125
	0.125
	0.25
	T28

	V44
	2
	0.25
	0.5
	0.03125
	0.5
	0.5
	T28

	X19
	2
	0.125
	0.5
	0.03125
	0.5
	1
	T28

	X14
	1
	8
	0.25
	0.25
	2
	4
	T28

	V150
	1
	1
	0.25
	0.25
	1
	1
	T28

	X38
	1
	0.125
	0.25
	0.03125
	1
	1
	T28

	X16
	1
	0.25
	0.25
	0.03125
	0.25
	0.5
	T28

	X21
	1
	0.25
	0.25
	0.03125
	2
	2
	T28

	X34
	1
	0.5
	0.25
	0.125
	0.5
	1
	T28

	X38
	1
	0.125
	0.25
	0.03125
	1
	1
	T28

	X71
	4
	0.25
	1
	0.125
	0.5
	0.5
	T28

	V184
	2
	0.5
	0.5
	0.25
	1
	2
	T28

	V60
	1
	0.125
	0.25
	0.0625
	0.25
	0.5
	T28

	X7
	1
	0.125
	0.25
	0.0625
	0.25
	0.25
	T28

	V30
	0.125
	0.125
	0.03125
	0.125
	025
	1
	T28


(C)
	M. bolletti
isolate
	Tigecycline
 alone (mg/L)
	Clarithromycin
 alone (mg/L)
	in combination  
	
	
	

	
	
	
	Tigecycline (mg/L)
	Clarithromycin

(mg/L)
D3
	D7
	D14
	erm(41)

	X13
	2
	0.5
	0.5
	0.0625
	0.5
	0.5
	T28
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