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Chapter 1
General introduction
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The family of mycobacteriaceae comprises a group of small, rod-shaped, acid fast 
bacilli and can be classified into 3 main groups: nontuberculous mycobacteria (NTM),  
Mycobacterium tuberculosis complex (including Mycobacterium tuberculosis) and Myco-
bacterium leprae. As one of the neglected tropical diseases, leprosy caused by M. leprae 
is a very distinct disease entity and is not addressed in this thesis. Although infections 
with NTM and M. tuberculosis differ with respect to epidemiology, transmission, clinical 
picture, diagnosis and treatment, they have overlapping features. As to treatment, both 
infections require long-term treatment with multiple antibiotics which is associated 
with drug toxicities, drug-drug interactions, patient incompliance and the emergence of 
drug resistance. There is a strong need to improve treatment efficacy of both infections 
which could include similar strategies.    

nonTuberculous MycobacTerIa (nTM)

NTM are ubiquitous in the environment, mainly in water and soil. So far, over 140 different 
NTM species have been identified with large differences in pathogenicity (1). Although 
there is considerable geographic diversity in distribution of NTM species, Mycobacterium 
avium is the most frequently isolated species worldwide (2). The global incidence of NTM 
infections is rising and is even exceeding the prevalence of tuberculosis in developed 
countries including the Netherlands (3). NTM can cause severe disseminated infections 
in immunocompromised patients and the widespread use of immunosuppressive 
agents is a major contributor to the increasing NTM incidence (4). Another important 
disease manifestation is pulmonary infection in patients with underlying structural lung 
diseases such as chronic obstructive pulmonary disease and cystic fibrosis (5). Other 
disease manifestations include lymphadenitis (mainly cervical adenitis in children) and 
skin, soft tissue and bone infections. In addition, it is important to consider NTM in the 
context of health care related infections, especially postoperatively.  As such, NTM infec-
tions should be part of the differential diagnosis in patients with persistent, refractory 
postoperative infections, particularly when related to cosmetic surgery. Early diagnosis 
is crucial to prevent long-term use of inappropriate antibiotics as well as too many un-
necessary radiological and surgical procedures (6). Several immune defects predispose 
to NTM infections, such as advanced infection with the human immunodeficiency virus 
(HIV) (7), the use of immunosuppressive agents (8) as well as Mendelian susceptibil-
ity to mycobacterial disease (MSMD) (3). MSMD comprises a rare group of primary im-
munodeficiencies with a defective interleukin 12 - interferon gamma (IFN-γ) signaling 
pathway, which is crucial for appropriate mycobacterial defense. Most of these defects 
are associated with some degree of impairment in IFN-γ production or responsiveness. 
So far, mutations in 9 different genes have been identified including Signal Transducer 
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and Activator of Transcription 1 (STAT1) 1 (3). Besides increased susceptibility to NTM 
infections, these patients are also at risk for infections with certain other pathogens 
including Salmonella spp, Histoplasma spp, Coccidioides spp and some viruses (3). 
Additionally, mutations in GATA2 as well as the acquisition of auto-antibodies against 
IFN-γ are associated with increased susceptibility to NTM infections (3). Recognition and 
identification of underlying defects in IFN-γ signaling is crucial as long-term, usually life-
long treatment with anti-NTM agents is required and a subset of these patients benefit 
from additional immunotherapy. In general, treatment of NTM infections is a major 
clinical challenge involving a complex interplay between host and pathogen factors. In 
patients with immune disorders, NTM infections usually persist as the immune system 
is unable to assist in the clearance of infection (3). In patients with structural lung dis-
eases, normal lung architecture is disrupted providing an optimal micro-environment 
for infection and persistence of NTM. Good penetration of anti-NTM agents into this 
compartment is difficult. With respect to the nontuberculous mycobacterial properties, 
the complex lipid architecture of the mycobacteria forms an effective permeability bar-
rier limiting anti-NTM drug efficacy, in this way contributing to the intrinsic resistance of 
NTM to many antibiotics (9). Additional factors complicating effective treatment design 
are the lack of correlation between in vitro antibiotic susceptibility of NTM and clinical 
response (10) as well as the lack of scientific evidence supporting the preferred use of 
one anti-NTM drug regimen over another (8). In addition, proper species identification 
is crucial as treatment options differ considerably between NTM species. Current anti-
NTM treatment is long-lasting containing multiple antibiotics, which is associated with 
drug-drug interactions, drug toxicities, the emergence of drug resistance and therapy 
failure. Although the introduction of macrolides as cornerstone agents in the treatment 
of the majority of NTM infections led to improved outcome, overall prognosis is still 
poor (5). This is especially the case for infections with Mycobacterium abscessus, which 
is one of the most difficult to treat species due to its multi-drug resistant character (2, 
11). Particularly complicated is the treatment of M. abscessus  subsp. abscessus, which is 
characterized by the presence of a functional erythromycin ribosomal methylase gene, 
erm (41), conferring inducible resistance to macrolides including clarithromycin, which 
negatively impacts treatment outcome (12). Therefore, novel treatment strategies for 
NTM are needed aiming for the enhancement of drug activity as well as the prevention 
of emerging drug resistance.  

MycobacteriuM tuberculosis 

Tuberculosis (TB) caused by M. tuberculosis (Mtb) is still a major global health problem 
with 9.6 million cases of active disease worldwide in 2014. Even nowadays TB is one of 
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the most fatal infectious diseases killing 1.5 million people each year (13). In contrast to 
NTM infections, TB spreads from person-to-person usually through inhalation of Mtb-
infected aerosols and is therefore contagious. TB can occur both in immunocompetent 
and immunocompromised patients, this latter category being at increased risk (14). 
Globally, 12% of TB patients are co-infected with HIV underlining the importance of HIV 
testing upon TB diagnosis (13). While pulmonary infection is the main disease manifesta-
tion of TB, infection can occur in all organs, especially in immunocompromised patients 
(15, 16). Current anti-TB treatment is complex requiring at least 6 months of duration 
with multiple anti-TB agents. The treatment duration of multi-drug resistant TB (MDR-
TB), comprising 3.3% of the new and 20% of the relapse cases, is even longer (around 20 
months) and less effective with only 50% of patients treated successfully (13). MDR-TB 
is defined as resistance to isoniazid and rifampicin, the most powerful first-line anti-TB 
drugs. Approximately 10% of patients with MDR-TB have extensively drug-resistant TB 
(XDR-TB), defined as MDR-TB plus resistance to at least one of the fluoroquinolones and 
at least one of the second-line injectables. The treatment outcome of XDR-TB is even 
worse with reported success rates of a measly 25% (13). To end the global TB epidemic, 
a shorter treatment duration resulting in higher patient compliance is of utmost im-
portance. Therefore, novel potent treatment strategies with increased sterilizing 
capacity are needed for improving cure rates and reducing the selection of anti-TB drug 
resistance and relapse of disease. Appropriate (preclinical) assessment of the activity of 
novel drugs and drug combinations is complex. Complicating factors are the alleged 
heterogeneity of the Mtb population at the infected sites representing Mtb with high 
and low metabolic activity as well as mycobacteria being present extracellularly and in-
tracellularly inside macrophages (17). Anti-TB drugs differ with respect to their preferred 
activity against highly- or low metabolically-active Mtb as well as the difference in their 
capacity to penetrate infected target cells. The optimal anti-TB drug regimen contains 
a variety of different anti-TB agents with combined activity against the heterogeneous 
Mtb population. Many different preclinical models exist to assess the in vitro activity 
and therapeutic efficacy of anti-TB drugs, but it is yet unclear which (combination of ) 
models are most predictive of clinical response during a full treatment course. This was 
recently illustrated by studies on the activity of moxifloxacin as anti-TB drug. The promis-
ing results from in vitro studies and animal models could not be translated into daily 
clinical practice as the expected shortening of anti-TB treatment duration in clinical 
trials was not found (18, 19). These observations make clear that optimizing preclinical 
modeling is crucial to achieve rapid and reliable identification of potential novel anti-TB 
drug regimens which can be translated into clinical practice. An important preclinical in 
vitro model that can be used to study the capacity of (novel) antimycobacterial drugs is 
the time-kill kinetics (TKK) assay (20). This assay provides unique information as to the 
concentration- and time-dependent mycobacterial killing capacity of antimycobacterial 
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agents alone and in combination as well as to the selection of drug resistance. As such, 
the TKK assay has been shown to detect differences in anti-TB drug activities that would 
not have been detected with the use of classical susceptibility assays, such as the Mini-
mal Inhibitory Concentration (MIC) determining only mycobacterial growth inhibition 
(21). Therefore, the in vitro TKK assay is used in three studies of this thesis to investigate 
the antimycobacterial drug activity of different antibiotics alone and in combination.

ThesIs ouTlIne

The studies described in this thesis are focused on three different topics, all related to  
improving antimycobacterial treatment success. 
The first topic involves the genetic predisposition to nTM infections (chapter 2). A 
novel autosomal dominant mutation in the SH2 domain of STAT1 is described in a pa-
tient with disseminated M. avium infection. Additionally, the functional consequences 
of this novel mutation in terms of IFN-γ and interferon alpha (IFN-α)-related immune 
response are shown (2.1). 
The second topic involves different strategies to increase antimycobacterial drug 
activity in nTM infections and Tb (chapter 3). The first study investigates the role of 
IFN-α treatment in patients with disseminated mycobacterial infections and describes 
the functional overlap between the different interferon pathways (3.1). The second 
study highlights a possible role of tigecycline as a novel agent in the treatment of M. 
avium infections (3.2). The third study concerns the role of colistin as membrane desta-
bilizer, in this way increasing the mycobacterial cell wall permeability and the activity 
of currently used anti-TB drugs. In this study, highly- and low metabolically-active Mtb 
populations are involved (3.3).  
The third topic of this thesis concerns the importance of optimization of preclinical 
anti-Tb drug modeling (chapter 4). Central theme is to underline the relevance of an 
in vitro assay investigating the concentration- and time-dependent killing activity of 
anti-TB agents over time instead of determination of mycobacterial growth inhibition as 
an endpoint (MIC). The role of the TKK assay as a component of a preclinical modeling 
framework predicting clinical anti-TB drug efficacy is discussed (4.1). 
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absTracT

STAT1 is a key component of interferon (IFN)-g and IFN-a signaling and mediates protec-
tion against mycobacterial, fungal and viral infections and against cancer. Dominant 
negative inhibitory as well as gain of function heterozygous STAT1 mutations demon-
strate that IFN-g driven cellular responses need to be tightly regulated to control infec-
tions. We describe an autosomal dominant mutation in the SH2 domain of STAT1 that 
disrupts protein phosphorylation, c.1961 T>A (M654K). The mutant allele does not per-
mit STAT1 phosphorylation, and impairs STAT1 phosphorylation of the wild type allele. 
Protein dimerization is preserved but DNA binding activity, IFN-g driven GAS-luciferase 
activity, and expression of IFN-g target genes are reduced. IFN-a driven ISRE response, 
but not IFN-a driven GAS response, are preserved when cells are co-transfected with 
wild type and the mutant STAT1 constructs. M654K exerts a dominant negative effect on 
IFN-g related immunity and is recessive for IFN-a induced immune function. 
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InTroDucTIon

Signal transducer and activator of transcription (STAT) family members are latent tran-
scription factors sharing a similar structure, containing N-terminal, central DNA binding, 
carboxy-terminal SH2-containing, and transactivation domains (1). STAT1 is critical to 
both interferon (IFN)-g and IFN-a signaling. Following IFN-g binding to its receptor, STAT1 
is phosphorylated resulting in homodimerization and nuclear translocation.  Binding to 
specific DNA sequences known as gamma-activating sequences (GAS) in the promoters 
of IFN stimulated genes induces transcription (2).  Binding of IFN-a to its receptor results 
in heterodimerization of phosphorylated STAT1 and STAT2 molecules followed by associa-
tion with another signaling molecule, Interferon Regulatory Family-9 (IRF9), or p48. This 
heterotrimer then translocates to the nucleus, and binds to specific DNA sequences, the in-
terferon stimulating response element (ISRE), and induces gene transcription (2). Although 
IFN-g and IFN-a signaling pathways seem quite distinct, there is considerable overlap (3).
Dominant negative mutations in STAT1 cause increased susceptibility to weakly virulent 
intracellular pathogens, such as Bacillus Calmette-Guérin (BCG) and nontuberculous 
mycobacteria (NTM) due to impaired IFN-g activity (4); patients with heterozygous mu-
tations that are dominant negative for GAS activation and recessive for ISRE activation, 
mostly present with only mycobacterial disease and the clinical course of their infections 
is usually milder (5, 6). On the other hand, autosomal recessive STAT1 mutations typically 
cause more profound defects in STAT1 and are therefore associated with impairment of 
both IFN-g and IFN-a related immunity.  The clinical picture of patients with recessive 
mutations is typically more severe and characterized by both viral and mycobacterial 
infections (7, 8). We report a novel autosomal dominant negative mutation in the SH2 
domain of STAT1 in a patient who presented with disseminated mycobacterial infection. 

MeThoDs

blood cell isolation and mutational analysis

All blood samples were collected under NIAID IRB-approved protocol. The parents of 
the patient provided written informed consent for study participation. Blood of healthy 
volunteers was obtained through the NIH Blood Bank (Dept. of Transfusion Medicine, 
National Institutes of Health, Bethesda, MD) in accordance with an NIAID IRB-approved 
protocol of the National Institutes of Health. For sequencing, genomic DNA and total 
RNA were extracted from EBV-transformed B cell lines or polymorphonuclear leuco-
cytes. Primers spanning exons and flanking splice sites of human STAT1 and full-length 
cDNA were designed using Primer Select (DNAstar Lasergene). Genomic amplification 
was performed with Platinum PCR Supermix High Fidelity (Invitrogen). Sequencing 
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was performed with Big Dye Terminators v3.1 (Applied Biosystems, Foster City, CA), run 
on an Applied Biosystems 3730XL sequencer and aligned to the consensus sequence 
NM_007315.3 using Sequencer software (Gene Codes). The mutation in the STAT1 cod-
ing sequence was created using a STAT1 expression vector (OriGene Technologies, Rock-
ville, MD) as template (BioInnovatise Inc., Rockville, MD). STAT1-Myc tag or GFP-tagged 
constructs were created from the untagged STAT1 expression vector (BioInnovatise). 
STAT1-FLAG tag (Addgene plasmid 8691) was purchased from Addgene, Cambridge, 
MA (deposited by Dr. Jim Darnell) (9). Plasmids encoding wild type (WT) STAT1 and the 
mutant constructs were isolated using the QIAprep maxiprep kit (QIAGEN) according to 
the manufacturer’s recommendations; all mutations were verified by sequencing.  

cell lines

EBV-transformed B cell lines derived from patients and normal donors were maintained 
in RPMI 1640 with 20% fetal calf serum (FCS; Gibco BRL, Carlsbad, CA), 2mM L-glutamine, 
penicillin 100U/ml, 100µg/ml streptomycin (Gibco), at 37oC in a humidified 5% CO2 
incubator.  STAT1 deficient U3A cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco) supplemented with 10% FCS, 2mM L-glutamine and antibiot-
ics. Transient transfection of U3A cells was done using the Amaxa nucleofector (Lonza, 
Walkersville, MD). Culture media were replaced 24 h post-transfection and cells were 
either left untreated or stimulated with IFNs as indicated. 

flow cytometry

To assay STAT1 activation, EBV transformed B cells or transfected U3A cells (Amaxa nu-
cleofector; Lonza, Walkersville, MD) were stimulated with IFN-g (R&D System, Minneapolis, 
MN) 400 IU/ml or IFN-a (IFN-a2b, PBL Biomedical Laboratories, Piscataway, NJ) 1000 IU/
ml for 15 min, when cells were recovered, fixed and permeabilized in methanol. Cells 
were stained for total (Alexa647 conjugated anti-STAT1) and phosphorylated tyrosine 
Y701 STAT1 (Alexa488 conjugated anti-pSTAT1; BD Biosciences). For U3A cells, the levels 
of phosphorylation were assessed in the cells gated for the expression of total STAT1. Data 
were collected using FACS Caliber (BD Biosciences) and analyzed using FlowJo (Treestar).

Immunoprecipitation and immunoblotting

For Western blot analysis (WB), EBV-B or transfected U3A cells, stimulated as described 
above, were lysed in buffer containing protease and phosphatase inhibitors (Calbio-
chem, Gibbstown, NJ). Samples were sonicated, equal amounts of proteins were run on a 
10% SDS polyacrylamide gel and subsequently transferred to a polyvinylidene difluoride 
(PVDF) membrane (Invitrogen).  After blocking, the membranes were incubated with the 
primary antibody, anti-pSTAT1 Tyr701 (Cell Signaling Technology, Danvers, MA) or anti-
pSTAT2 Tyr690 (Abcam, Cambridge, MA), as indicated. Membranes were washed, incu-
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bated in the horseradish peroxidase-conjugated secondary antibody and signal detected 
using an enhanced chemiluminescence system (ECL; Amersham Biosciences, Piscataway, 
NJ). Blots were stripped and re-probed with anti-total STAT1 (Cell Signaling) or STAT2 
(Millipore, Billerica, MA) antibodies, respectively, to assess protein loading.  For detection 
of dimerization, STAT1 co-immunoprecipitation (IP) was evaluated using U3A cells co-
transfected with FLAG- or myc-tagged WT or mutant STAT1 constructs and stimulated 
or not with IFN-γ (400 IU/ml, 30 min).  Cell lysates were then precipitated with anti-myc 
or anti-FLAG antibodies (Sigma-Aldrich, St. Louis, MO) followed by protein G-Sepharose 
binding and immunoblotting.  Blots were probed with anti-FLAG, anti-Myc or anti-STAT1 
antibodies. To evaluate STAT1/STAT2 association, transfected U3A cells (WT and M654K 
STAT1) were stimulated with IFN-a (1000 IU/ml, 30 min) and IP:WB STAT1:STAT2. 

confocal microscopy

U3A cells were seeded onto coverslips in the 12-well plates (Costar), followed by transfec-
tion of plasmids encoding WT STAT1 and/or its mutant M654K with lipofectamine (Invit-
rogen). The following day, culture media was replaced and cells were either untreated or 
treated with IFN-g (400 IU/ml, 15 min). Cells were fixed with 4% paraformaldehyde and 
permeabilized with 0.2% (w/v) Triton X-100 in PBS. Coverslips were incubated with the 
mouse anti-human STAT1 (BD biosciences), followed by a secondary staining with goat 
anti-mouse IgG conjugated to Alexa Flour-568. The nuclei were stained with 4,6-diamid-
ino-2-phenylindole (DAPI) (Invitrogen). Co-localization studies were done in a Leica SP5 
confocal microscope (Leica Microsystems, Exton, PA) using a 63×-oil immersion objective 
NA 1.4. The images were collected sequentially and the data were analyzed using Leica 
software. For data presentation, the images were assembled in Adobe Photoshop CS3.

nuclear extracts and nuclear complex binding

Nuclear extracts from transfected U3A cells stimulated or not with IFN-g (400 IU/ml) 
or IFN-a (1000 IU/ml), were prepared using the Panomics kit (Panomics, Fremont, CA).  
For determination of DNA binding activity, an ELISA-like colorimetric assay (TRANSAM, 
Active Motif, Carlsbad, CA) using a plate coated with a STAT1 binding oligonucleotide 
derived from the GAS sequence, was used according to the manufacturer’s protocol. 
Absorbance was measured on a spectrophotometer at 450nm.

reporter gene assay

U3A cells were transiently transfected with WT and/or mutant STAT1 expression con-
structs and a plasmid containing tandem IFN-response elements driving a luciferase 
reporter gene (1µg; HSV-thymidine kinase promoter; Panomics, Fremont, CA). A Renilla 
expression vector (0.03 µg/ml) was co-transfected to serve as an internal control for 
transfection efficacy. Following overnight incubation, media were replaced and cells 
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were stimulated or not with IFN-g or IFN-a (1000 IU/ml) for 6 h. Cells were resuspended 
in lysis buffer and luciferase activity was evaluated using a dual luciferase assay (Pro-
mega, Madison, WI).  Relative luciferase units were normalized to Renilla activity.  Data 
are expressed as fold increase in response to IFN over the non-stimulated samples. 

real time Pcr

Total RNA was extracted from cultured cells with the RNeasy mini kit (QIAGEN). For RT-
PCR, 1 µg of total RNA was reverse transcribed and the resulting cDNA amplified by PCR 
using the ABI 7500 Sequencer using Taqman expression assays (Applied Biosystems). 
GAPDH was used as normalization control. The data were analyzed using the 2-ΔΔCT 
method.

statistical analysis

Results are reported as mean ± standard deviation (SD) unless otherwise stated.  Differences 
between groups were assessed by the unpaired two-tailed Student’s t-test using GraphPad 
Prism Software (San Diego, CA). The statistical significance level adopted was p < 0.05.

resulTs

case description and mutation

The patient was a 5-year-old boy, born to unrelated parents, who first presented at age 1 
week with recurrent pneumonia. At 1.5 years, he presented with cervical lymphadenitis, 
fever and respiratory complaints. Computed tomography (CT) of the chest indicated mas-
sive mediastinal lymphadenopathy. Mycobacterium avium complex (MAC) was isolated 
from the cultures of lymph nodes, lung and bone marrow.  Disseminated MAC infection 
was treated with ethambutol, azithromycin, rifampin, ciprofloxacin and amikacin.  Amika-
cin was subsequently discontinued due to ototoxicity. IFN-g was added by subcutaneous 
injection three times weekly. At 2.5 years he was referred to the National Institutes of 
Health (NIH) for further evaluation. His CT scan showed right bronchial mucus plug-
ging with atelectasis that improved on subsequent imaging; there was no significant 
lymphadenopathy.  Repeated mycobacterial blood cultures were negative. In addition to 
IFN-g injections, azithromycin, rifampin, and ciprofloxacin were continued.  Ethambutol 
was discontinued due to concern for optic neuritis. He has remained well. He has been 
hospitalized once for an asthma exacerbation and received additional antibiotics for bac-
terial pharyngitis and otitis media. He has had typical childhood viral infections without 
complications. He had normal lymphocyte numbers and quantitative immunoglobulins.
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Full length sequencing of STAT1 genomic and cDNA identified a heterozygous mutation 
c.1961 T>A in the SH2 domain, resulting in methionine to lysine at position 654 (M654K) 
(Figure 1). His parents were mutation free. 

figure 1. STAT1 dominant negative and loss of function mutations. The N-terminal domain, coiled-coil do-
main, DNA binding domain, linker domain, SH2 domain, tail segment domain (TS), and transactivation 
domain (TAD) are represented; Y701, site of tyrosine phosphorylation. The dominant negative mutants are 
indicated above the protein and all recessive or loss of function mutations are indicated below the protein. 
M654K is show in red.

sTaT1 phosphorylation and Dna binding

To investigate the ability of the M654K mutant to dimerize with WT STAT1 protein, 
U3A cells were co-transfected with Myc- and FLAG-tagged constructs followed by co-
immunoprecipitation and immunoblotting. Cells stimulated or not with IFN-g showed 
normal dimerization of the mutant protein to WT STAT1 (Figure 2a).
Activation of STAT1 was assayed in STAT1 deficient U3A cells. When transfected alone 
into the cells, M654K STAT1 was not phosphorylated (Tyr701) following stimulation 
with IFN-g whereas WT STAT1 was (Figure 2b). The previously described STAT1 mutation 
L706S STAT1, which disrupts tyrosine phosphorylation and predisposes to mycobacte-
rial disease [6], also inhibits STAT1 phosphorylation. Co-transfection of M654K and WT 
STAT1 constructs partially restored IFN-g responsiveness, consistent with this dominant 
mutant’s inhibition of WT STAT1 activity. These results were confirmed by flow cytom-
etry in the transfected cells (Figure 2c). Experiments using EBV-B cells, immunoblotting 
(Figure 2d) and flow cytometry (Figure 2e), showed STAT1 phosphorylation (Y701) after 
stimulation with IFN-g in the heterozygous patient cells (M654K; 27.2% positive cells) 
vs. healthy control cells (34.6%) as opposed to one patient with homozygous complete 
IFNGR1 deficiency (1.06%) (Figure 2e), who had disseminated mycobacterial disease 
(10). Activation of STAT1 in response to IFN-a occurred to similar extents in each group 
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(82.9%, 81.2% and 70.2%, respectively). STAT2 tyrosine (Tyr690) phosphorylation was 
preserved in patient cells (not shown). Interestingly, IFN-g induced nuclear translocation 
in the transfected cells was reduced when using the M654K construct alone, and it was 
detectable in co-transfection with WT STAT1 (Figure 3). 

figure 3. Evaluation of nuclear translocation.  Nuclear translocation of the mutant STAT1 proteins was as-
sessed in U3A cells transfected with WT STAT1 or M654K mutant, stimulated or not with IFN-g (400 IU/ml, 
15 min). The distribution of STAT1 in the nucleus was identified by primary staining against total STAT1 fol-
lowed by a secondary staining with Alexa Fluor 568, together with the nuclear DAPI. Following stimulation, 
WT and WT+M654K STAT1 but not the M654K alone were detected at the nucleus as shown in the overlay 
image.

← figure 2. Dimerization and activation of STAT1 protein. a  For evaluation of STAT1 dimerization, U3A cells 
were transfected with WT and patient M654K STAT1 constructs tagged with either Myc or Flag. Proteins 
obtained from non-stimulated (NS) or IFN-g stimulated (400 IU/ml) cells were co-precipitated with antibod-
ies against Myc or Flag and blotted for the detection of Myc or Flag. Blots were stripped and reprobed with 
anti-total STAT1 antibody; b For Western blot analysis, whole cell lysates obtained from transfected U3A 
cells stimulated or not (NS) with IFN-g were blotted with anti-phosphorylated STAT1 (pSTAT1).  Blots were 
stripped and reprobed with anti-STAT1 antibody;  c  Evaluation of U3A cells by flow cytometry confirmed 
the absent phosphorylation in the M654K transfected cells in response to IFN-g. Lower phosphorylation 
is sustained in the co-transfected cells (M654K+WT). Histograms from one representative experiment is 
presented (right panel). The bars represent mean fold change (±SEM) in mean fluorescence value (MFV) 
observed in the stimulated cells relative to the unstimulated controls (uns) (n=3). **p<0.01; ***p<0.001  
when compared to WT; d EBV transformed B cells obtained from healthy controls and from the STAT1 defi-
cient patient (M654K) were stimulated with IFN-g or IFN-a. Lysates were blotted with anti-phospho STAT1. 
Blots were treated as described above and are representative of three individual experiments. NS=non 
stimulated; e Flow cytometry assayed in EBV-B cells from patients (M654K STAT1 deficient and one patient 
with complete IFNGR1 deficiency) and two healthy donors. Histograms are included for each experimental 
condition (non-stimulated, NS; IFN-g 400 IU/ml; IFN-a 1000 IU/ml). One representative experiment out of 
three is presented. 
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DNA binding activity of M654K STAT1 to the GAS oligonucleotide was determined in 
lysates of U3A cells transfected with the M654K construct and stimulated with IFN-g 
or IFN-a. M654K showed markedly reduced GAS binding compared to WT (Figure 4a). 
The dominant negative effect of M654K was confirmed following co-transfection with 
WT STAT1, which sustained the reduced DNA binding in response to IFN-g and IFN-a 
stimulation.  

figure 4. Effect of STAT1 mutation on DNA 
binding and transcriptional activity. a  
STAT1 DNA-binding activity was assayed 
in nuclear extracts isolated from U3A cells 
transfected with STAT1 WT, STAT1 mutant 
(M654K) or STAT1 mutant co-transfected 
with WT (M654K+STAT1) and stimulated 
or not with IFN-g or IFN-a 1000U/ml (30 
min). Data are mean fold increase (± SD) 
detected in the stimulated cultures rela-
tive to the WT non-stimulated (NS) from a 
total of five experiments; b STAT1 expres-
sion vectors (STAT1 WT, mutant M654K, 
M654K+WT) were transiently co-infected 
with luciferase GAS reporter plasmids or 
c with luciferase ISRE reporter plasmids 
into U3A cells. Following stimulation with 
IFN-g or IFN-a, cells were harvested and 
assayed using the dual luciferase reporter 
assay. Experiments were done in tripli-
cate and results are mean fold increase (± 
SD) in the stimulated cells relative to the 
WT non-stimulated (NS) (n=4). **p<0.01; 
***p<0.001 when compared to WT.
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luciferase activity and gene induction

The transactivation activity of M654K STAT1 was evaluated in U3A cells co-transfected 
with WT and mutant constructs using GAS and ISRE response elements. In agreement 
with its diminished ability to bind DNA, the M654K construct alone showed no transac-
tivation activity on GAS reporter constructs after stimulation with IFN-g or IFN-a (Figure 
4b). The ISRE response was induced about 3-fold, indicating more preserved IFN-a than 
IFN-g responsiveness (Figure 4c).  When WT and M654K constructs were co-transfected, 
normal GAS-driven luciferase activity was diminished, whereas ISRE driven luciferase 
activity to IFN-a and IFN-g was essentially normal. Accordingly, experiments exploring 
STAT1/STAT2 association performed in transfected U3A cells showed preserved associa-
tion when comparing WT and M654K STAT1 constructs (Figure 5). 

In agreement with these data, mRNA expression of typical IFN-g target genes (CXCL-9 and 
CXCL-10), evaluated by qRT-PCR, was reduced in U3A cells transfected with the mutant 
construct alone or when co-transfected with the WT STAT1 and stimulated with IFN-g 
(400 IU/ml) or IFN-a (1000 IU/ml) for 3 h (Figure 6a). On the other hand, the expression 
of the typical IFN-a induced genes (MX-1 and OAS-2) was sustained in the heterozygous 
cells (Figure 6b).

figure 5. For evaluation of STAT1/STAT2 association, U3A cells were transfected with WT STAT1 or M654K 
mutant constructs, left non-stimulated (NS) or stimulated with IFN-a (1000 IU/ml) for 30 min when cell 
lysates were prepared and co-precipitated with anti-STAT1 antibody and blotted for STAT2. Blots were 
stripped and reprobed with anti-total STAT1. One representative experiment out of two is presented.
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DIscussIon 

We report a patient with a novel heterozygous mutation in the SH2 domain (M654K) of 
STAT1 associated with disseminated MAC infection. Transfection of U3A cells with the mu-
tant construct alone showed no STAT1 phosphorylation in response to IFN-g but preserved 
response to IFN-a and preserved STAT1:STAT2 association. In co-transfected U3A cells (WT 
+ mutant construct M654K), IFN-g induced STAT1 phosphorylation and activation was par-
tially affected, despite sustained capacity for protein dimerization and normal response to 
IFN-a. This phenotype is easily explained since STAT1 homodimers are formed in response 
to both IFN-g and IFN-a (2). Around 25% of STAT1 dimers formed in response to IFN-g 
stimulation are dimers between WT molecules. Therefore it is not surprising that some 
nuclear translocation and also other functional effects can be observed following stimula-
tion. In addition, 50% of the dimers formed between STAT1 and STAT2 in response to IFN-a 
are dimers containing WT-STAT1. These data reinforce the dominant negative effect of the 
mutation on IFN-g / GAS related immunity. Similarly, the ISRE driven luciferase activity fol-
lowing IFN-a was compromised in U3A cells transfected with the mutant construct alone. 
Co-transfection of mutant and WT constructs resulted in recovery of the IFN-a response. 
The SH2 domain of STAT1 is required for the recruitment of latent STAT1 molecules to 
the activated interferon receptors (11). In addition, the domain is thought to be crucial 

figure 6. Analysis of gene expression. U3A cells co-transfected with WT and/or patient construct (M654K)  
were stimulated or not with IFN-g or IFN-a for 3 h. Expression of IFN target genes, a CXCL9, CXCL10, b MX1, 
OAS2 was evaluated in the transfected cells by real time PCR. Results are expressed as mean fold induction 
(± SD) of four individual experiments.  *p <0.05;  **p < 0.01; ***p < 0.001 when compared to WT.
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for dimerization of activated STAT1 molecules via reciprocal interactions between SH2 
domains and phosphorylated Tyr701 residues (1). Following cell activation and nuclear 
translocation, STAT1 dimers trigger high affinity DNA binding and gene transcription 
(1). Accordingly, mutations in the SH2 domain of STAT1 have been associated with com-
promised STAT dimerization and nuclear translocation in vitro (11). Moreover, mutations 
affecting the SH2 domain of STAT3 have been reported to diminish tyrosine phosphory-
lation (12), confirming that this domain plays a crucial role in the activation of STATs. 
STAT1 mutations can lead to a wide range of clinical manifestations (4, 13). Recently, domi-
nant gain of function mutations in the coiled coil domain of STAT1 have been described as 
causing susceptibility to chronic mucocutaneous candidiasis (14, 15). On the other hand, 
the previously identified dominant negative or loss of function mutations comprise 10 
mutations in STAT1 reported in 13 patients, involving the tail segment (5), DNA binding 
domain (6), the coiled coil domain (16), and the N-terminal region (17). Another mutation 
is located between the SH2 domain and tail segment (18). The three previously reported 
recessive mutations in the SH2 domain, 1758_1759delAG, L600P, 1928insA (7, 8), and a re-
cently described STAT1 splicing mutation (19) were all associated with severe impairment 
of GAS and ISRE responses. In line with these observations, the clinical picture of those 
patients was characterized by mycobacterial as well as viral infections. Interestingly, one 
of the patients was able to clear the attenuated polio type II virus vaccine that was given 
at 2 months of age as well as a parainfluenza II and rhinovirus infections (8). 
We describe here the first autosomal dominant mutation in the SH2 domain of STAT1 
associated with a dominant negative effect on IFN-g related immunity but clinically 
adequate IFN-α induced immune function. The M654K mutation led to relatively mild 
mycobacterial infection responsive to antimycobacterial therapy with IFN-g supplemen-
tation. The patient cleared his usual childhood viral infections, including influenza A, 
which all ran benign clinical courses. 
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absTracT 

Patients with deficiency in the interferon gamma receptor (IFN-gR) are unable to respond 
properly to IFN-g and develop severe infections with nontuberculous mycobacteria 
(NTM). IFN-g and IFN-a are known to signal through STAT1 and activate many down-
stream effector genes in common. Therefore, we added IFN-a for treatment of patients 
with disseminated mycobacterial disease in an effort to complement their IFN-g signal-
ing defect. We treated four patients with IFN-gR deficiency with adjunctive IFN-a therapy 
in addition to best available antimicrobial therapy, with or without IFN-g, depending on 
the defect. During IFN-a treatment, ex vivo induction of IFN target genes was detected. 
In addition, IFN-a driven gene expression in patients’ cells and mycobacteria induced 
cytokine response were observed in vitro. Clinical responses varied in these patients. 
IFN-a therapy was associated with either improvement or stabilization of disease. In no 
case was disease exacerbated. In patients with profoundly impaired IFN-g signaling who 
have refractory infections, IFN-a may have adjunctive antimycobacterial effects. 
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InTroDucTIon 

Type I (IFN-a/b) and type II interferons (IFN-g) are important immunomodulatory cyto-
kines classically associated with protection against viruses and intracellular pathogens, 
respectively. In patients with defects in IFN-g signaling, M. tuberculosis (Mtb), environ-
mental nontuberculous mycobacteria (NTM), Bacillus Calmette-Guérin (BCG), dimorphic 
yeasts and Salmonella spp can cause infections which are typically extensive and can be 
fatal (1, 2). 
Although the signaling pathways and the immunological functions of type I and type 
II interferons are thought to be somewhat distinct, they overlap through the common 
use of Janus kinase (JAK) 2 and Signal Transducer and Activator of Transcription (STAT) 
1. Binding of IFN-g to its specific receptors (IFN-gR1 and IFNgR2) activates JAK1 and 
JAK2, leading to the phosphorylation of STAT1, the formation of active STAT1 homodi-
mers, and the induction of IFN-g target genes. Similarly, IFN-a/b bind to their shared 
receptors (IFNAR1 and IFNAR2) leading to activation of JAK1 and tyrosine kinase (Tyk) 
2, the phosphorylation of STAT1 and STAT2, and the formation of STAT1 homodimers 
and STAT1 / STAT2 heterodimers which activate both common IFN-g and IFN-a target 
genes, respectively (3). Interferon regulatory factor (IRF) 1 is important in regulating im-
mune responses and is commonly induced by type I and II interferons. The chemokines 
CXCL9 (monokine induced by interferon-gamma or MIG), CXCL10 (interferon-inducible 
protein-10, IP-10) and CXCL11 (interferon-inducible T cell alpha-chemoattractant, I-TAC) 
are structurally and functionally related molecules. CXCL10 and CXCL11 are induced by 
IFN-a/b as well as IFN-g, whereas CXCL9 induction is mostly restricted to IFN-g (4). These 
chemokines are best known for their roles in leucocyte trafficking, mainly on activated 
CD4+ Th1 cells, CD8+ T cells and NK cells. The enzyme indoleamine 2,3-dioxygenase 
(IDO) catabolizes the essential amino acid tryptophan and is induced by interferons. 
It plays a role in inhibiting replication of pathogens and also has immunoregulatory 
functions (5, 6).  
IFN-g is approved for prophylaxis in chronic granulomatous disease (CGD), osteopetrosis 
(7, 8), and has been used in patients with refractory mycobacterial diseases (1). IFN-a 
is approved for viral infections such as hepatitis (9), cystic hygroma (10) and chronic 
myelogenous leukemia (11). IFNs modulate the production of inflammatory cytokines, 
such as TNF-a, which has antimicrobial properties. The importance of this pathway is 
evidenced by anti-TNF therapies, which increase susceptibility to mycobacterial infec-
tions, such as Mtb, M. abscessus, M. avium, M. leprae and intracellular fungi (12-16). The 
IFN pathway also impacts on the IL-1 response (17, 18), and mice deficient in IL-1 suc-
cumb to Mtb infection (19, 20). 
We describe four patients with mutations in the IFN-g receptor whose disseminated 
mycobacterial infections were refractory to best available therapy. Adjunctive treat-
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ment with IFN-α was associated with variable clinical responses, some of which were 
extremely beneficial. Moreover, none had major toxicities or increased mycobacterial 
burdens while on IFN-a. Gene expression in vitro and ex vivo showed activation of both 
typical IFN-a and IFN-g inducible genes in response to IFN-a, as well as the sustained 
production of mycobacterium-induced TNF-a and IL-1b in vitro. IFN-a may be able to 
overcome some aspects of impaired IFN-g signaling and to confer clinical benefits to a 
selected group of patients.  

MaTerIals anD MeThoDs

subjects

All patients (Table 1) were followed and treated at the National Institutes of Health, 
NIH. Patients or their guardians provided informed consent on approved protocols of 
the National Institutes of Health. Whole blood was obtained from patients before and 
after IFN-α administration. Blood from healthy volunteers and elutriated monocytes 
were obtained under appropriate protocols through the Department of Transfusion 
Medicine, NIH. Alveolar macrophages (AM) were isolated from bronchoalveolar lavage 
fluid obtained from normal donors on NIAID IRB approved protocols.  

cell culture and stimulation

Peripheral blood mononuclear cells (PBMCs) obtained from whole blood by gradient 
density centrifugation (BioWhittaker, Walkersville, MD) and elutriated monocytes 
were plated in (3x10 6 cells/well) in RPMI 1640 with 5% human AB serum, (Gibco BRL), 
2mM L-glutamine, penicillin 100U/ml, 100μg/ml streptomycin, at 37°C. For monocyte 
differentiation, cells were kept in culture for 6-7 days, and allowed to differentiate into 
monocyte-derived macrophages (MDM). For AM, bronchoalveolar lavage fluid was im-
mediately cooled (4oC) and filtered through a cell strainer to remove particulate debris 
before centrifugation. Cells were counted and plated for stimulation as above. PBMCs 
were either left unstimulated or stimulated with human IFN- 400 IU/ml (R&D System, 
Minneapolis, MN) or IFN-a2b 1000 IU/ml (PBL Biomedical Laboratories, Piscataway, NJ). 
MDM and AM cultured in supplemented media without antibiotics were stimulated with 
live mycobacteria (M. avium, ATCC 35717) at a multiplicity of infection (MOI) of 5, in the 
presence or absence of IFN-g or IFN-a for 3 h (for evaluation of gene expression) or 20 
h (for detection of cytokine release).  Supernatants were recovered and frozen at -20oC 
until use. Ex vivo evaluation of gene expression was assayed in cells (PBMCs) obtained 
from patients before and after (14-20 h) IFN-α injection and left unstimulated.  
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cytokine determination

Culture supernatants were further analyzed for cytokine levels using a custom bead 
based cytokine assay for IL-1b, TNF-a and of the chemokine CXCL10/IP-10 (Bio-Plex 
assay, BioRad, Hercules, CA), processed according to the manufacturer’s specifications. 

real time Pcr

Total RNA was extracted from isolated cells with the RNeasy mini kit (QIAGEN). For 
RT-PCR, 1 µg of total RNA was reverse transcribed (Invitrogen) and the resulting cDNA 
amplified by PCR using the ABI 7500 Sequencer and Taqman expression assays (Applied 
Biosystems). GAPDH was used as a control for normalization. 
Data were analyzed using the 2-∆∆CT method and results expressed as mean fold induc-
tion.  

statistical analysis

Results are presented as mean ± standard deviation (SD).  Statistical comparisons were 
made using Student’s t-test (GraphPad Prism Software, San Diego, CA). The statistical 
significance level adopted was p < 0.05. 

resulTs

Patient 1 is a 22-year-old Caucasian woman born in the US to unrelated parents. Flow 
cytometry identified absent expression of IFN-gR1 on monocytes and lack of STAT1 
phosphorylation in response to IFN-g in vitro (not shown). She is compound heterozy-
gous for IFNGR1 mutations: paternal allele, 373(+1)g→t in intron 3 resulting in complete 
deletion of exon 3; maternal allele, 201(-1)g→c in intron 2 generating a cryptic splice 
site in the middle of exon 3 causing an in frame deletion of 34 aa. She presented at 
1 year with disseminated Mycobacterium avium complex (MAC) involving bone, bone 
marrow, lung, lymph nodes and liver. While on antimycobacterial therapy, she had recur-
rent lymphadenopathy and osteomyelitis growing MAC, M. kansasii and M. fortuitum. 
At age 17, persistent pulmonary and mediastinal MAC (Figure 1a) led to referral to the 
NIH and IFN-a2b, 3 million units three times weekly subcutaneously, was added. After 
three months on IFN-a, chest CT showed marked reduction of pulmonary disease, she 
reported increased energy, her temperature normalized, and after one year her lesions 
had resolved completely (Figure 1b). Two years later she presented with abdominal 
pain and increased retroperitoneal lymphadenopathy due to M. abscessus. IFN-a was 
stopped and antimycobacterial regimen included carbapenems and tigecycline result-
ing in clinical improvement. 
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figure 1. Patient 1. a CT chest showing necrotizing mediastinal lymphadenitis and extensive parenchymal 
disease due to refractory MAC infection; b After 1 year of treatment with IFN-a, cervical, mediastinal and 
parenchymal disease had resolved completely.

Patient 2 was a 19-year-old Pakistani male living in Norway whose cells had absent IFN-
gR1 surface expression and lack of responsiveness to IFN-g in vitro. He had homozygous 
IFNGR1 22delC leading to a frameshift and premature stop codon. He first presented to 
NIH at 4 years with a history of disseminated MAC (21). At 13 years new submandibular 
and axillary lymphadenopathy grew M. abscessus, which was persistent and dissemi-
nated despite antimycobacterial therapy.  After two years, with failure to thrive, weight 
loss and lymphadenopathy, linezolid was changed to tigecycline and IFN-a2b (3 million 
units three times weekly subcutaneously) was added. At age 18 he was re-admitted 
with increasing hepatomegaly and deteriorating liver function tests. Meropenem was 
introduced and short acting changed to pegylated IFN-a.  Blood cultures on pegylated 
IFN were reduced to <1 colony/ml M. abscessus. Three months later, new liver and lung 
lesions proved to be B-cell lymphoma; biopsies showed no mycobacteria. He died due 
to disseminated B-cell lymphoma at 20 years. No autopsy was performed. 
Patient 3 is a 7-year-old Chilean male who received BCG immunization at birth. At age two 
months he presented with hydrocephalus and cerebral lesions that grew M. bovis BCG 
with involvement of bone, lung and lymph nodes. At 2 years while on antimycobacte-
rial therapy, partial IFN-gR1 deficiency due to homozygous I87T (22) was diagnosed. Two 
months of IFN-g 150µg/m2 subcutaneously daily led to worsening hydrocephalus and 
fever. He was referred to the NIH at 3 years with severe failure to thrive, persistent hydro-
cephalus, intra-cerebral lesions (Figure 2a.1), a draining head wound at the site of brain 
biopsy (Figure 2a.2) and a large right pleural mass (Figure 2b). The pleural mass biopsy 
grew multidrug resistant M. bovis. IFN-γ was re-started (150µg/m2 subcutaneously) three 
times weekly. His antimycobacterial regimen was extended to levofloxacin, linezolid, clo-
fazimine, azithromycin and capreomycin. After three months, he remained ill and IFN-a2b, 
0.1 million units subcutaneously three times weekly, was alternated with IFN-g. On this 
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regimen, he started gaining weight, his head wound healed (Figure 2a.3, after 8 months 
on IFN-a therapy; Figure 2a.4, after 21 months), his pleural mass decreased (Figure 2b,2c) 
and laboratory parameters slowly improved.  He is now well without serious hospitaliza-
tions for over 3 years. His therapy has been reduced to azithromycin and IFN-g alone. 
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figure 2. Patient 3. a1. Multidrug resistant disseminated M. bovis BCG infection with intracerebral lesions; 
a2. A draining head wound; a3 and a4. The lesion progressively healed while on combined IFN-a and IFN-g 
therapy; b A large right pleural mass before IFN-a which (c) completely resolved on combined IFN-a and 
IFN-g treatment. 

Patient 4 is a 52-year-old Caucasian female with recurrent lymphadenopathy, rashes 
and hospitalizations since childhood. She has been treated with prolonged antibiot-
ics and intermittent corticosteroids. In her 20s M. fortuitum was isolated from a lymph 
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figure 3. Gene expression in vitro. PBMCs from normal donors (Nm) and IFN-gR deficient patients were 
stimulated with IFN-g (400 IU/ml) or IFN-a (1000 IU/ml) for 3 h and assayed for the expression of target 
genes a CXCL9, CXCL10, IRF-1 and b MX1, ISG15. *p<0.05 vs. the response observed in healthy controls; c 
Levels of CXCL10 protein were assayed in the 20 h culture supernatants.  Results are mean ± SD of five 
independent experiments.
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node. She was diagnosed with partially responsive IFNGR1 818del4 (23) after her son 
had osteomyelitis secondary to MAC and was found to have IFNGR1 818del4. Another 
son had died of disseminated MAC infection. At 50 years she presented with cervical 
and supraclavicular lymphadenopathy and her maxillary sinuses growing M. avium-X 
cluster. Therapy included doxycycline, clarithromycin, trimethoprim / sulfamethoxazole, 
rifampin and IFN-g 100µg/m2 subcutaneously three times weekly. At 52 years new skin 
lesions and a hard palate fistula arose. In view of persistent and progressive disease, 
IFN-a2b 3 million units subcutaneously was added three times weekly alternated with 
IFN-g. Her lymphadenopathy and skin infiltration improved and her fistula closed. Since 
that time she has had no new infections. She continues on both interferons and oral 
antibiotics. 

analysis of gene expression in primary human cells in vitro  

Cells from patients with partial or complete IFN-gR deficiency showed reduced or absent 
responses to stimulation with IFN-g. Expression of CXCL9 and CXCL10 was strikingly di-
minished in patients 1, 2, 3, and 4 compared to controls. Induction of IRF1 in response 
to IFN-g was about half normal (Figure 3a). On the other hand, stimulation of the same 
cells with IFN-a raised the expression of CXCL10 (except patient 4), CXCL9 and IRF1 to 
levels close to normal (Figure 3a). Induction of the more IFN-a specific target genes, 
MX1 and ISG15, was normal to high in patients’ cells (Figure 3b). CXCL10 protein levels in 
stimulated culture supernatants correlated with message (Figure 3c).  

ex vivo analysis of gene expression in patients’ cells following Ifn-α treatment 

Ex vivo mRNA expression was assayed in PBMCs from patients 1, 2 and 4 during treatment 
with IFN-a, looking at expression of ISG15, CXCL9, CXCL10, CXCL11 and IDO before and 
one day after injection. As expected, transcription of the typical IFN-a regulated gene 
ISG15 was enhanced after IFN-a injection (Figure 4). Induction of CXCL9 and CXCL10, 
which are typically impaired in response to IFN-g in patients with defective IFN-g signal-
ing, and of CXCL11 and IDO, genes modulated by both IFN-g and IFN-a, were robustly 
up-regulated in patients’ PBMCs 18-20 h following IFN-a injection (Figure 4). 
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figure 4. Gene expression ex vivo. Gene expression in freshly isolated unstimulated PBMCs obtained from 
IFN-gR deficient patients was assayed before and 20 h after IFN-a injection. Results for each patient repre-
sent mean fold induction ± SD of triplicate wells for each condition compared to samples obtained before 
IFN-a injection.

Mycobacteria induced cytokine response in vitro is sustained by Ifn-a

Evaluation of the effect of IFN-a on in vitro cytokine production was assayed in MDM 
obtained from healthy donors and patients following incubation with mycobacteria.  
M. avium-induced TNF-a and IL-1b secretion was modestly to markedly enhanced fol-
lowing stimulation with IFN-a (Figure 5a). Similar responses were observed when cells 
were stimulated with M. abscessus (not shown). In comparison to normals and to the 
findings on protein expression, patient 1 cells showed robust induction of IL-1b mes-
sage in response to mycobacteria, which was not much altered by IFN-a (Figure 5b). 
A similar effect of IFN-a on M. avium induced responses was also detected in alveolar 
macrophages (Figure 5c), suggesting that the modulatory action of IFN treatment may 
be active in the lung tissue environment.  
Macrophage differentiation is known to be modulated by many factors, such as GM-
CSF/CSF2, and M-CSF/CSF1, which lead to specific response profiles, cell morphologies 
and phenotypes (M1 and M2 macrophages, respectively) (24, 25). The induction of CSF2 
in MDM cultures (but not CSF1, not shown) triggered by the mycobacteria (M. avium, 
342 ± 98.1 fold induction) was remarkable and sustained by IFN-a (M. avium + IFN-a, 
756 ± 208).  
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figure 5. Gene expression following mycobacterial stimulation. a MDM obtained from patients were stim-
ulated with mycobacteria (myc = M. avium, MOI 5) and IFN-a (1000 IU/ml) added simultaneously to the 
wells. Supernatant levels (pg/ml) of TNF-a and IL-1b were assayed 20 h after culture stimulation; b Gene 
expression was evaluated  in MDM 3 h after stimulation; c Alveolar macrophages (AM) obtained from nor-
mal donors were plated, stimulated and assayed as above.  Results are mean ± SD of three independent 
experiments. *p<0.05 when compared to cells stimulated with mycobacteria alone.
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DIscussIon 

We hypothesized that IFN-a could bypass defective IFN-g signaling, since both use STAT1 
and induce phospho-STAT1 homodimers. Further, low dose IFN-g followed by IFN-a has 
been demonstrated to lead to STAT1 dependent up-regulation of typical IFN-g inducible 
genes, shifting the IFN-a response to a more pro-inflammatory phenotype (26, 27).   
IFN-α therapy seemed to be useful in our patients with IFN-g signaling defects who 
had resistant intracellular infections. These four IFN-gR deficient patients suffered from 
extensive refractory disseminated mycobacterial infections due to compromised IFN-g 
response. Although the extent of the clinical effect of IFN-a varied between patients, 
all showed some degree of clinical response with either improvement or stabilization. 
Importantly, in no case did IFN-a therapy exacerbate disease.  
Signaling through both the IFN-g and the IFN-a receptors is both specific and promiscu-
ous. In addition to the canonical STATs (STAT1, STAT2), others are activated following 
the same signals (STAT3, STAT4) (1, 28). The activation of STAT1 dependent genes is 
reinforced here since ex vivo mRNA expression after IFN-a injection in patients 1, 2, and 
4 clearly showed the induction of both common IFN genes and more classical IFN-g spe-
cific genes, supporting the hypothesis that IFN-a activation, at least at pharmacologic 
doses and administrations, overlaps molecularly to some extent with IFN-g activation. In 
vitro expression of IFN-g and IFN-a induced genes observed in these patients following 
IFN-a stimulation were similar to or higher than those levels induced in normals. It re-
mains unclear to what extent IFN-a can replace IFN-g in the setting of IFN-gR deficiency, 
but it clearly fails to do so spontaneously.  
Patient 1 showed marked clinical and radiological response to IFN-a within two months 
of treatment, followed by further improvement over the next year. It is unlikely that this 
effect was caused by the change of azithromycin for clarithromycin in her antimyco-
bacterial regimen. Interestingly, after two years on IFN-a therapy she developed dis-
seminated M. abscessus infection, suggesting that conventional dose IFN-a was able to 
control MAC but insufficient to prevent M. abscessus infection.  Patient 2 had persistent 
M. abscessus infection in the lung, blood and liver despite conventional IFN-a therapy. 
The use of pegylated IFN-a with its different pharmacokinetic and pharmacodynamic 
properties may have been effective in this condition, as it is in hepatitis B and C (29, 30). 
Following introduction of pegylated IFN-a, the patient’s liver biopsy and culture showed 
no mycobacteria and his last set of blood cultures were negative for MAC. Patient 3 had 
impaired IFN-g signaling, but had enough residual function that high dose daily IFN-
g led to fever, inflammation and hydrocephalus. We reduced his IFN-g to every other 
day, which he tolerated better and then added IFN-a because his extensive multidrug 
resistant BCG infection persisted despite aggressive antimycobacterial treatment with 
end organ toxicity. The combination of IFN-a and IFN-g treatment led to rapid and 
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sustained clinical improvement. Despite persistent infection over many years, patient 
4 had significant clinical improvement only following the combination of IFN-a and 
IFN-g therapy. Two other patients treated with IFN-a in the setting of IFN-gR deficiency 
have been previously reported (31-33). These patients showed mild transient clinical 
improvement even though IFN-a therapy was introduced late in the course of severe 
disseminated disease. 
Type I interferons are constitutively produced in a broad range of tissues and are critical 
mediators of the innate and adaptive immune responses and modulate macrophage 
function (18, 34). IL-1 has important proinflammatory effects and contributes to host 
defense. Moreover, macrophage differentiation and release of cytokines, such as TNF-a 
and GM-CSF, are critical for control and resolution of infection and are induced by my-
cobacteria. We found that MDM from normals and patients co-stimulated with M. avium 
and IFN-a (or IFN-g) showed no downregulation of TNF-a or IL-1 responses.    
The clinical impact of IFN-a therapy on these patients and the in vitro data are in sharp 
contrast to reports of enhanced Mtb growth in mice associated with induction of type I 
interferons (19, 20, 35). The use of the potent stimulator of IFN-a production, Poly-IC, led 
to suppression of IL-1 production in Mtb infected mice, arguing against a beneficial effect 
of IFN-a in mycobacterial control (19, 20). However, the differences between these stud-
ies and our observations include host and pathogen species, as well as the potentially 
complex nature of the Poly-IC itself. Other studies described enhanced mycobacterial 
growth with IFN-a administration (36) or enhanced IFN gene signature in patients with 
active tuberculosis (37, 38). Some studies have shown increased mycobacterial burden 
in IFN-a deficient mice (39), decreased mycobacterial burden in mice treated with IFN-b 
(40), and increased chemotaxis of T cells activated by IFN-a and mycobacterial infection 
(41). One recent publication showed that IFN-a was unable to up-regulate LPS-induced 
TNF-a secretion in human MDM and was not associated with in vitro killing of M. smeg-
matis (42). The effects of IFNs on macrophage responses will likely be dependent on 
cell differentiation and activation state. It is feasible to postulate that patients 1 and 2 
reported here had some baseline levels of IFN-g response in vivo, which allowed some 
effective clinical responses to IFN-a. The beneficial effects of 
IFN-a treatment may rely on the priming effects that IFN-g and IFN-a exert on each 
other in mutual responses (27). Recently, Bogunovic et al. (43) described patients with 
inherited ISG15 deficiency who had associated mycobacterial disease. ISG15 is induced 
by IFN-a and activates T and NK cells to more effective production of IFN-g, a mechanism 
that could also enhance control of mycobacterial disease in our setting. The investiga-
tion of mechanisms by which IFN-a helps these patients to control infection need to be 
extended to investigate the role of other cytokines and microbicidal assays.  
Since mycobacterial species can behave differently in their induction of inflammatory 
responses as well as their responses to treatment, adjunctive IFN-a therapy may drive 
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different effects depending on the type of mycobacteria and on the patient’s clinical 
condition. Despite the variability of response, IFN-a induces typical IFN-g responsive 
genes in vivo and may boost therapeutic antimycobacterial effects in patients with NTM 
infections caused by IFN-g signaling disorders. The mechanisms, optimal dosing regi-
men and optimum time to initiate this therapy remain to be determined. 

acKnoWleDGeMenTs

We are grateful to M.E. Hanks for technical assistance. The research was supported by 
the Division of Intramural Research of the National Institute of Allergy and Infectious 
Diseases, National Institutes of Health.   



Interferon alpha treatment for mycobacterial disease 53

references 

 1. boisson-Dupuis s, Kong Xf, okada s, cypowyj s, Puel a, abel l, casanova Jl. 2012. Inborn er-
rors of human STAT1: allelic heterogeneity governs the diversity of immunological and infectious 
phenotypes. Curr Opin Immunol 24:364-378.

 2. holland sM. 2001. Immunotherapy of mycobacterial infections. Semin Respir Infect 16:47-59.
 3. stark Gr, Darnell Je, Jr. 2012. The JAK-STAT pathway at twenty. Immunity 36:503-514.
 4. Mantovani a, sica a, sozzani s, allavena P, Vecchi a, locati M. 2004. The chemokine system in 

diverse forms of macrophage activation and polarization. Trends Immunol 25:677-686.
 5. fallarino f, Grohmann u, Puccetti P. 2012. Indoleamine 2,3-dioxygenase: from catalyst to 

signaling function. Eur J Immunol 42:1932-1937.
 6. heseler K, spekker K, schmidt sK, MacKenzie cr, Daubener W. 2008. Antimicrobial and im-

munoregulatory effects mediated by human lung cells: role of IFN-gamma-induced tryptophan 
degradation. FEMS Immunol Med Microbiol 52:273-281.

 7. Key ll, Jr., rodriguiz rM, Willi sM, Wright nM, hatcher hc, eyre Dr, cure JK, Griffin PP, ries 
Wl. 1995. Long-term treatment of osteopetrosis with recombinant human interferon gamma. N 
Engl J Med 332:1594-1599.

 8. Marciano be, Wesley r, De carlo es, anderson Vl, barnhart la, Darnell D, Malech hl, Gallin 
JI, holland sM. 2004. Long-term interferon-gamma therapy for patients with chronic granulo-
matous disease. Clin Infect Dis 39:692-699.

 9. Mchutchison JG, lawitz eJ, shiffman Ml, Muir aJ, Galler GW, Mccone J, nyberg lM, lee WM, 
Ghalib rh, schiff er, Galati Js, bacon br, Davis Mn, Mukhopadhyay P, Koury K, noviello s, 
Pedicone lD, brass ca, albrecht JK, sulkowski Ms, Team Is. 2009. Peginterferon alfa-2b or 
alfa-2a with ribavirin for treatment of hepatitis C infection. N Engl J Med 361:580-593.

 10. senoh D, hanaoka u, Tanaka y, Tanaka h, hayashi K, yanagihara T, hata T. 2001. Antenatal 
ultrasonographic features of fetal giant hemangiolymphangioma. Ultrasound Obstet Gynecol 
17:252-254.

 11. simonsson b, hjorth-hansen h, bjerrum oW, Porkka K. 2011. Interferon alpha for treatment of 
chronic myeloid leukemia. Curr Drug Targets 12:420-428.

 12. besada e. 2011. Rapid growing mycobacteria and TNF-alpha blockers: case report of a fatal 
lung infection with Mycobacterium abscessus in a patient treated with infliximab, and literature 
review. Clin Exp Rheumatol 29:705-707.

 13. lluch P, urruticoechea a, lluch J, Moll Mc, Matos M, benet JM, ene l, canete JD. 2012. De-
velopment of leprosy in a patient with rheumatoid arthritis during treatment with etanercept: a 
case report. Semin Arthritis Rheum 42:127-130.

 14. smith Ja, Kauffman ca. 2009. Endemic fungal infections in patients receiving tumour necrosis 
factor-alpha inhibitor therapy. Drugs 69:1403-1415.

 15. solovic I, sester M, Gomez-reino JJ, rieder hl, ehlers s, Milburn hJ, Kampmann b, hellmich 
b, Groves r, schreiber s, Wallis rs, sotgiu G, scholvinck eh, Goletti D, Zellweger JP, Diel r, 
carmona l, bartalesi f, ravn P, bossink a, Duarte r, erkens c, clark J, Migliori Gb, lange 
c. 2010. The risk of tuberculosis related to tumour necrosis factor antagonist therapies: a TBNET 
consensus statement. Eur Respir J 36:1185-1206.

 16. Winthrop Kl, chang e, yamashita s, Iademarco Mf, lobue Pa. 2009. Nontuberculous myco-
bacteria infections and anti-tumor necrosis factor-alpha therapy. Emerg Infect Dis 15:1556-1561.

 17. novikov a, cardone M, Thompson r, shenderov K, Kirschman KD, Mayer-barber KD, My-
ers TG, rabin rl, Trinchieri G, sher a, feng cG. 2011. Mycobacterium tuberculosis triggers 



54 Chapter 3.1

host type I IFN signaling to regulate IL-1beta production in human macrophages. J Immunol 
187:2540-2547.

 18. Trinchieri G. 2010. Type I interferon: friend or foe? J Exp Med 207:2053-2063.
 19. antonelli lr, Gigliotti rothfuchs a, Goncalves r, roffe e, cheever aW, bafica a, salazar aM, 

feng cG, sher a. 2010. Intranasal Poly-IC treatment exacerbates tuberculosis in mice through 
the pulmonary recruitment of a pathogen-permissive monocyte/macrophage population. J Clin 
Invest 120:1674-1682.

 20. Mayer-barber KD, andrade bb, barber Dl, hieny s, feng cG, caspar P, oland s, Gordon s, 
sher a. 2011. Innate and adaptive interferons suppress IL-1alpha and IL-1beta production by 
distinct pulmonary myeloid subsets during Mycobacterium tuberculosis infection. Immunity 
35:1023-1034.

 21. holland sM, Dorman se, Kwon a, Pitha-rowe If, frucht DM, Gerstberger sM, noel GJ, 
Vesterhus P, brown Mr, fleisher Ta. 1998. Abnormal regulation of interferon-gamma, inter-
leukin-12, and tumor necrosis factor-alpha in human interferon-gamma receptor 1 deficiency. J 
Infect Dis 178:1095-1104.

 22. sologuren I, boisson-Dupuis s, Pestano J, Vincent Qb, fernandez-Perez l, chapgier a, 
cardenes M, feinberg J, Garcia-laorden MI, Picard c, santiago e, Kong X, Janniere l, colino 
e, herrera-ramos e, frances a, navarrete c, blanche s, faria e, remiszewski P, cordeiro 
a, freeman a, holland s, abarca K, Valeron-lemaur M, Goncalo-Marques J, silveira l, 
Garcia-castellano JM, caminero J, Perez-arellano Jl, bustamante J, abel l, casanova Jl, 
rodriguez-Gallego c. 2011. Partial recessive IFN-gammaR1 deficiency: genetic, immunological 
and clinical features of 14 patients from 11 kindreds. Hum Mol Genet 20:1509-1523.

 23. Dorman se, Picard c, lammas D, heyne K, van Dissel JT, baretto r, rosenzweig sD, newport 
M, levin M, roesler J, Kumararatne D, casanova Jl, holland sM. 2004. Clinical features of 
dominant and recessive interferon gamma receptor 1 deficiencies. Lancet 364:2113-2121.

 24. lacey Dc, achuthan a, fleetwood aJ, Dinh h, roiniotis J, scholz GM, chang MW, beckman 
sK, cook aD, hamilton Ja. 2012. Defining GM-CSF- and macrophage-CSF-dependent macro-
phage responses by in vitro models. J Immunol 188:5752-5765.

 25. Martinez fo, Gordon s, locati M, Mantovani a. 2006. Transcriptional profiling of the human 
monocyte-to-macrophage differentiation and polarization: new molecules and patterns of gene 
expression. J Immunol 177:7303-7311.

 26. hu X, Ivashkiv lb. 2009. Cross-regulation of signaling pathways by interferon-gamma: implica-
tions for immune responses and autoimmune diseases. Immunity 31:539-550.

 27. Tassiulas I, hu X, ho h, Kashyap y, Paik P, hu y, lowell ca, Ivashkiv lb. 2004. Amplification 
of IFN-alpha-induced STAT1 activation and inflammatory function by Syk and ITAM-containing 
adaptors. Nat Immunol 5:1181-1189.

 28. casanova Jl, holland sM, notarangelo lD. 2012. Inborn errors of human JAKs and STATs. Im-
munity 36:515-528.

 29. aghemo a, rumi MG, colombo M. 2009. Pegylated IFN-alpha2a and ribavirin in the treatment 
of hepatitis C. Expert Rev Anti Infect Ther 7:925-935.

 30. Keating GM. 2009. Peginterferon-alpha-2a (40 kD): A review of its use in chronic hepatitis B. 
Drugs 69:2633-2660.

 31. Dorman se, holland sM. 1998. Mutation in the signal-transducing chain of the interferon-
gamma receptor and susceptibility to mycobacterial infection. J Clin Invest 101:2364-2369.



Interferon alpha treatment for mycobacterial disease 55

 32. rapkiewicz aV, Patel sy, holland sM, Kleiner De. 2007. Hepatoportal venopathy due to 
disseminated Mycobacterium avium complex infection in a child with IFN-gamma receptor 2 
deficiency. Virchows Arch 451:95-100.

 33. Ward cM, Jyonouchi h, Kotenko sV, smirnov sV, Patel r, aguila h, Mcsherry G, Dashefsky 
b, holland sM. 2007. Adjunctive treatment of disseminated Mycobacterium avium complex 
infection with interferon alpha-2b in a patient with complete interferon-gamma receptor R1 
deficiency. Eur J Pediatr 166:981-985.

 34. yarilina a, Ivashkiv lb. 2010. Type I interferon: a new player in TNF signaling. Curr Dir Autoim-
mun 11:94-104.

 35. Manca c, Tsenova l, bergtold a, freeman s, Tovey M, Musser JM, barry ce, 3rd, freedman 
Vh, Kaplan G. 2001. Virulence of a Mycobacterium tuberculosis clinical isolate in mice is deter-
mined by failure to induce Th1 type immunity and is associated with induction of IFN-alpha /
beta. Proc Natl Acad Sci U S A 98:5752-5757.

 36. bouchonnet f, boechat n, bonay M, hance aJ. 2002. Alpha/beta interferon impairs the ability 
of human macrophages to control growth of Mycobacterium bovis BCG. Infect Immun 70:3020-
3025.

 37. berry MP, Graham cM, Mcnab fW, Xu Z, bloch sa, oni T, Wilkinson Ka, banchereau r, skin-
ner J, Wilkinson rJ, Quinn c, blankenship D, Dhawan r, cush JJ, Mejias a, ramilo o, Kon oM, 
Pascual V, banchereau J, chaussabel D, o’Garra a. 2010. An interferon-inducible neutrophil-
driven blood transcriptional signature in human tuberculosis. Nature 466:973-977.

 38. ottenhoff Th, Dass rh, yang n, Zhang MM, Wong he, sahiratmadja e, Khor cc, alisjahbana 
b, van crevel r, Marzuki s, seielstad M, van de Vosse e, hibberd Ml. 2012. Genome-wide 
expression profiling identifies type 1 interferon response pathways in active tuberculosis. PLoS 
One 7:e45839.

 39. Kuchtey J, fulton sa, reba sM, harding cV, boom Wh. 2006. Interferon-alphabeta mediates 
partial control of early pulmonary Mycobacterium bovis bacillus Calmette-Guerin infection. Im-
munology 118:39-49.

 40. Denis M. 1991. Recombinant murine beta interferon enhances resistance of mice to systemic 
Mycobacterium avium infection. Infect Immun 59:1857-1859.

 41. lande r, Giacomini e, Grassi T, remoli Me, Iona e, Miettinen M, Julkunen I, coccia eM. 2003. 
IFN-alpha beta released by Mycobacterium tuberculosis-infected human dendritic cells induces 
the expression of CXCL10: selective recruitment of NK and activated T cells. J Immunol 170:1174-
1182.

 42. van de Wetering D, van Wengen a, savage nD, van de Vosse e, van Dissel JT. 2011. IFN-alpha 
cannot substitute lack of IFN-gamma responsiveness in cells of an IFN-gammaR1 deficient pa-
tient. Clin Immunol 138:282-290.

 43. bogunovic D, byun M, Durfee la, abhyankar a, sanal o, Mansouri D, salem s, radovanovic 
I, Grant aV, adimi P, Mansouri n, okada s, bryant Vl, Kong Xf, Kreins a, Velez MM, boisson 
b, Khalilzadeh s, ozcelik u, Darazam Ia, schoggins JW, rice cM, al-Muhsen s, behr M, Vogt 
G, Puel a, bustamante J, Gros P, huibregtse JM, abel l, boisson-Dupuis s, casanova Jl. 
2012. Mycobacterial disease and impaired IFN-gamma immunity in humans with inherited ISG15 
deficiency. Science 337:1684-1688.





Chapter 3.2
Tigecycline potentiates 
clarithromycin activity against 
Mycobacterium avium in vitro 

Hannelore I. Bax, Irma A.J.M. Bakker-Woudenberg, Marian T. ten Kate,  
Annelies Verbon and Jurriaan E.M. de Steenwinkel

Antimicrob Agents Chemother. 2016 Mar;60(4):2577-2579



58 Chapter 3.2

absTracT

The in vitro activities of clarithromycin and tigecycline alone and in combination against 
Mycobacterium avium were assessed. The activity of clarithromycin was time-dependent, 
highly variable and often resulted in clarithromycin resistance. Tigecycline showed 
concentration-dependent activity and mycobacterial killing could only be achieved at 
high concentrations. Tigecycline enhanced clarithromycin activity against M. avium and 
prevented clarithromycin resistance. Whether there is clinical usefulness of tigecycline 
in the treatment of M. avium infections needs further study.
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Although the introduction of macrolides improved the success of treatment of Mycobac-
terium avium infections, the overall prognosis is still poor (1). Therefore, new powerful 
treatment strategies are needed. Tigecycline has been shown to have good in vitro 
activity against rapidly growing nontuberculous mycobacteria (NTM) (2-4) and success 
in clinical use has been reported when the drug is combined with macrolides (5, 6). In 
contrast, little is known about tigecycline activity against slowly growing NTM including 
M. avium and in vitro activity has not been demonstrated so far (7). In the present study, 
the bactericidal activities of clarithromycin and tigecycline alone and in combination 
against M. avium were assessed.
Suspensions of M. avium complex (MAC) 101 strain (kindly provided by L.S. Young, 
Kuzell Institute for Arthritis and Infectious Diseases, San Francisco, CA) were cultured in 
Middlebrook 7H9 broth (Difco Laboratories, Detroit, MI), supplemented with 10% oleic 
acid-albumin-dextrose-catalase (OADC; Baltimore Biological Laboratories, Baltimore, 
MD), 0.5% glycerol (Scharlau Chemie SA, Sentmenat, Spain) and 0.02% Tween 20 (Sigma 
Chemical Co., St. Louis, MO) under shaking conditions at 96 rpm at 37ºC. Cultures on 
solid medium were grown on Middlebrook 7H10 agar (Difco), supplemented with 10% 
OADC and 0.5% glycerol, for 14 days at 37ºC with 5% CO2. The susceptibility of the M. 
avium strain in terms of MICs determined according to the guidelines of the Clinical and 
Laboratory Standards Institutes (CLSI) (8) were 2 mg/L for clarithromycin and 16 mg/L for 
tigecycline. The concentration- and time-dependent killing capacities of clarithromycin 
and tigecycline was determined as previously described (9, 10). Briefly, M. avium cultures 
were exposed to antimicrobial drugs at 4-fold increasing concentrations for 21 days at 
37°C under shaking conditions. At days 1, 3, 7, 10 and 21 during exposure, samples were 
collected, centrifuged at 14000xg and subcultured onto antibiotic-free solid medium. 
Subculture plates were incubated for 14 days at 37°C with 5% CO2 to determine the 
number of cfu. The lower limit of quantification was 5 cfu/mL (log 0.7). To assess selection 
of clarithromycin-resistant M. avium, subcultures were also performed on solid medium 
containing 32 mg/L of clarithromycin. The stabilities of clarithromycin and tigecycline 
in mycobacterium-free Middlebrook 7H9 broth at 37°C were determined using two test 
concentrations of clarithromycin and tigecycline (8 and 32 mg/L). Antimicrobial activity 
over time was assessed using the standard large-plate agar diffusion assay as previ-
ously described (11). In contrast to clarithromycin (showing no decline during 21 days of 
exposure), tigecycline concentrations fell to 20% of the original concentrations within 
the first 24 hours, and thus 80% of the original tigecycline concentrations was added 
daily. The two endpoints of this study were drug synergy and the prevention of the 
emergence of clarithromycin-resistance. Synergistic activity was defined as a ≥100-fold 
(2log10) increase in mycobacterial killing with the combination compared to the most 
active single drug or when the drug combination achieved elimination of M. avium after 
21 days of drug exposure, which was not achieved during single drug exposure (12, 13). 
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Clarithromycin showed time-dependent bactericidal activity toward M. avium (Figure 
1a). At the intermediate concentrations (2 and 8 mg/L) high inter-experimental vari-
ability was observed showing mycobacterial killing in 2 out of 4 experiments and 
mycobacterial regrowth in the other 2 experiments, which was associated with the se-
lection of clarithromycin resistance. Only at the highest concentration tested (32 mg/L) 
was ≥99% killing consistently observed. Tigecycline showed concentration-dependent 
bactericidal activity toward M. avium (Figure 1b). At tigecycline concentrations of ≥8 
mg/L, ≥99% killing was observed, and mycobacterial elimination was achieved only at 
the highest concentration tested (32 mg/L).  

                     






















 
 
 
 


 

 


 







                     






















 
 
 
 

 


 


 







figure 1. a Concentration- 
and time-dependent bacteri-
cidal activity of clarithromy-
cin (CLR) toward M. avium. b 
Concentration- and time-de-
pendent bactericidal activity 
of tigecycline (TGC) toward 
M. avium. The drug concentra-
tions are milligrams per liter.

A concentration-dependent enhancement of clarithromycin activity by tigecycline was 
observed (Figure 2 and Table 1). Whereas a low concentration of tigecycline (0.125 mg/L) 
effected synergy in combination with clarithromycin at ≥2 mg/L, tigecycline at 0.5 mg/L 
effected synergy with clarithromycin at ≥0.5 mg/L and tigecycline at 2 mg/L effected 
synergy with clarithromycin at ≥0.125 mg/L, except with clarithromycin 2 mg/L. All 
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tested tigecycline concentrations prevented the emergence of clarithromycin resistance 
when combined with clarithromycin at 0.125 to 8 mg/L. 

                     




















 
 
 
 
 
  
  
  

 


 







                     




















 
 
 
 
 
  
  
  

 


 







figure 2. a Concentration- 
and time-dependent bacteri-
cidal activity of clarithromy-
cin (CLR) at 2 mg/L combined 
with tigecycline (TGC) at 
various concentrations (mil-
ligrams per liter) toward M. 
avium. b Concentration- and 
time-dependent bactericidal 
activity of clarithromycin at 
8 mg/L combined with tige-
cycline at various concentra-
tions (milligrams per liter) 
toward M. avium.

no TGC TGC 0.125 TGC 0.5 TGC 2

Res Syn Res Syn Res Syn Res

CLR 0 1:4.5E7*

CLR 0.125    0.31% - 1:1.2E7* - 1:1.5E7* + 0%

CLR 0.5    0.06% - 1:1.0E7* + 0% + 0%

CLR 2       80% + nd      +(E) 0% - 0%

CLR 8       54%      +(E) 0% + 0% + 0%

Table 1. Synergistic activity (Syn) and prevention of selection of clarithromycin resistance (Res) in M. avium 
after 21 days of drug exposure. CLR, clarithromycin; TGC, tigecycline; *, spontaneous mutation frequency;  
+, synergy; -, no synergy; E, elimination (< 5 cfu/mL = limit of quantification); nd not determined.

To our knowledge, this is the first study showing that the addition of tigecycline to 
clarithromycin increased bactericidal activity against M. avium and prevented the 
selection of clarithromycin resistance. Recently, Huang et al. showed that tigecycline 
could potentiate clarithromycin activity against rapidly growing mycobacteria (RGM) in 
vitro (2) supporting the use of this combination in the treatment of infections caused 
by RGM. In humans, the steady-state maximum serum concentration at clinical dos-
ages of tigecycline is around 0.6 mg/L (14). Although this concentration is far below 
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the tigecycline concentrations needed to achieve mycobacterial killing in our in vitro 
study, it approximates the concentrations effecting synergy in combination with clar-
ithromycin in our study. Moreover, tigecycline has been shown to accumulate in tissues 
and human macrophages (14, 15). Further studies including macrophage-infection and 
pharmacodynamic/pharmacokinetic models, and in vivo models are needed to establish 
to what extent tigecycline can contribute to killing and elimination of M. avium and 
whether tigecycline can indeed effect synergy in combination with clarithromycin as we 
have shown in the present study. Although clarithromycin is considered the cornerstone 
agent in the treatment of M. avium infections, consistent mycobacterial killing was only 
seen at the highest concentration tested (32 mg/L). Importantly, at clinically relevant 
concentrations clarithromycin activity against M. avium was highly variable between ex-
periments, alternating mycobacterial killing and mycobacterial regrowth. These results 
might explain the fact that despite macrolide-containing regimens, overall treatment 
success of M. avium infections is still unpredictable and disappointing (1). The results of 
our study also illustrate that the dynamic time-kill kinetics assay can detect important 
differences in antibacterial drug behaviour that cannot be detected when static suscep-
tibility assays such as MICs are used. This is in line with our previous studies (10, 16) as 
well as with another recent study assessing the activities of several antibacterial drugs 
against Mycobacterium abscessus (17). The results of our in vitro study underline the need 
for potentiation of clarithromycin activity against M. avium. Whether tigecycline might 
be clinically useful when added to clarithromycin based regimens needs further study.
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objectives: The mycobacterial cell wall is an effective permeability barrier that limits 
intracellular concentrations of anti-TB drugs and hampers the success of treatment. We 
hypothesized that colistin might enhance the efficacy of anti-TB drugs by increasing 
mycobacterial cell wall permeability. In this study, we investigated the additional effect 
of colistin on the activity of anti-TB drugs against Mycobacterium tuberculosis in vitro.  
Methods: The concentration- and time-dependent killing activity of isoniazid, rifampi-
cin or amikacin alone or in combination with colistin against M. tuberculosis H37Rv was 
determined. Mycobacterial populations with both high and low metabolic activity were 
studied, and these were characterized by increasing or steady levels of ATP, respectively. 
results: With exposure to a single drug, striking differences in anti-TB drug activity were 
observed when the two mycobacterial populations were compared. The addition of 
colistin to isoniazid and amikacin resulted in sterilization of the mycobacterial load, but 
only in the M. tuberculosis population with high metabolic activity. The emergence of 
isoniazid and amikacin resistance was completely prevented by the addition of colistin. 
conclusions: The results of this study emphasize the importance of investigating my-
cobacterial populations with both high and low metabolic activity when evaluating the 
efficacy of anti-TB drugs in vitro. This is the first study showing that colistin potentiates 
the activity of isoniazid and amikacin against M. tuberculosis and prevents the emer-
gence resistance to anti-TB drugs. These results form the basis for further studies on the 
applicability of colistin as a potentiator of anti-TB drugs. 



Colistin potentiates anti-TB drug activity in vitro 69

InTroDucTIon 

TB is still a major global health problem, with 9.6 million people affected worldwide. It 
is the second most common cause of mortality related to infectious diseases, being re-
sponsible for 1.5 million deaths each year (1). Long-term treatment with multiple anti-TB 
agents is necessary and is often accompanied by drug toxicities, drug-drug interactions, 
a lack of patient compliance and the emergence of drug resistance. Powerful new treat-
ment strategies are needed that aim to improve the potency of antimycobacterial drugs 
and prevent the emergence of drug resistance while minimizing drug toxicities. 
The mycobacterial cell wall is known for its complex lipid architecture, forming an effec-
tive permeability barrier that contributes to the intrinsic resistance to multiple antimi-
crobial agents and limited efficacy of the currently used anti-TB drugs. In general, high 
concentrations of anti-TB drugs are needed to prevent the selection of drug-resistant 
mutants. In clinical practice, high dosing of anti-TB drugs is usually limited by toxic side 
effects. Increasing the permeability of the lipid bilayer in the mycobacterial cell wall 
could be a way to increase intrabacterial anti-TB drug concentrations. Different studies 
have shown that changes in the mycolate composition of the mycobacterial cell wall 
result in increased antimycobacterial drug susceptibility in both Mycobacterium tuber-
culosis (Mtb) and Mycobacterium avium (2, 3).
Colistin, a member of the polymyxin group of drugs, is currently used in the treatment 
of drug-resistant Gram-negative bacterial infections. The proposed mechanism of 
action of colistin is through interaction with the Gram-negative bacterial membrane 
(4). This includes electrostatic interactions between positively charged groups on the 
polymyxins and negatively charged components of LPS, as well as interactions between 
the polymyxin fatty acid tail and the lipids of the bacterial membrane (4). Destabiliza-
tion of the cytoplasmic bacterial membrane occurs, resulting in leakage of intracellular 
contents and apoptosis (4). Although the composition of the mycobacterial cell wall is 
different from that of Gram-negative bacteria, an interaction with colistin and colistin-
like particles has been shown, resulting in increased permeability (5, 6). We therefore 
hypothesized that colistin might enhance anti-TB drug efficacy by increasing mycobac-
terial cell wall permeability, allowing increased intracellular concentrations of anti-TB 
drugs.   
In the present study we investigated the activity of various combinations of anti-TB 
drugs and colistin against extracellular Mtb in vitro. We compared the activity against 
Mtb populations with high and low metabolic activity, as we previously showed that 
the activity of anti-TB drugs depends on the metabolic activity of the mycobacteria (7). 
In most in vitro studies, anti-TB drug activity is determined using the MIC assay, provid-
ing endpoint data and determining only the inhibition of mycobacterial growth. In the 
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present study, we used the time-kill kinetics assay, providing unique information on the 
concentration-dependent and time-dependent killing capacity of anti-TB drugs. 

MaTerIals anD MeThoDs

bacterial strain and culture

The Mtb strain used was Mtb H37Rv (ATCC 27294), a clinical isolate and reference strain 
commonly used in TB studies. Mtb suspensions were cultured in Middlebrook 7H9 broth 
(Difco Laboratories, Detroit, MI, USA), supplemented with 10% OADC  (Baltimore Biologi-
cal Laboratories, Baltimore, MD, USA), 0.5% glycerol (Scharlau Chemie SA, Sentmenat, 
Spain) and 0.02% Tween 20 (Sigma Chemical Co., St Louis, MO, USA), under shaking con-
ditions at 96 rpm at 37ºC. Vials with Mtb suspensions were stored at -80ºC. Cultures on 
solid medium were grown on Middlebrook 7H10 agar (Difco), supplemented with 10% 
OADC and 0.5% glycerol for 21 days at 37ºC with 5% CO2. The susceptibility of the Mtb 
strain in terms of MICs, determined at the Dutch National Reference Laboratory accord-
ing to the CLSI guidelines (8), was 0.125 mg/L for isoniazid, 0.125 mg/L for rifampicin, 2 
mg/L for amikacin and >1024 mg/L for colistin.

anti-Tb drugs and colistin

Isoniazid was purchased from Sigma Chemical Co., rifampicin was purchased from 
Aventis Pharma BV (Hoevelaken, the Netherlands), amikacin was purchased from Ho-
spira Benelux BVBA (Brussels, Belgium) and colistin sulphate was purchased from Spruyt 
Hillen (IJsselstein, the Netherlands, 20400 IU/mg). 

Time-kill kinetics assay

The concentration-dependent and time-dependent killing capacity of the different anti-
TB drugs alone or in combination with colistin was determined as previously described 
(7). Mtb populations with high and low metabolic activity were prepared for testing the 
activity of anti-TB drugs. The metabolic activity of the Mtb cultures was assessed in a 
previous study by measuring the ATP level using the firefly luciferase bioluminescence 
assay (7). The Mtb population with high metabolic activity, starting at a density of 
7.2x105 cfu/mL (range 5.2-10x105), showed a 6-fold increase in ATP concentration per 
viable Mtb after 3 days of incubation. Mtb cultures with low metabolic activity obtained 
after 4 days of incubation started at a density of 1.8x107cfu/mL (range 0.8-3.4x107) and 
showed steady ATP levels. Mtb cultures with high and low metabolic activity were ex-
posed to anti-TB drugs and/or colistin for 6 days at 37°C under shaking conditions at 96 
rpm at 2-fold increasing concentrations, ranging from 0.031 to 1024 mg/L for isoniazid, 
rifampicin and amikacin, and from 1 to 1024 mg/L for colistin. On days 1, 2, 3 and 6 
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during exposure, samples were collected. These were centrifuged at 14000xg to avoid 
drug carry-over and subcultured onto solid media. The plates were incubated for 21 
days at 37°C with 5% CO2 to determine the number of cfu representing viable bacteria. 
The lower limit of detection was 5 cfu/mL (log 0.7). 

selection of drug-resistant Mtb

In order to assess the selection of drug resistance after 6 days of drug exposure, sub-
cultures were also performed on solid media containing anti-TB drugs (7). The drug 
concentrations in the subculture plates were 4-fold the critical concentrations, i.e. 0.8 
mg/L isoniazid, 4 mg/L rifampicin and 20 mg/L amikacin (8). 

endpoints

The two endpoints of this study were (i) synergy between the anti-TB drug and colistin; 
and (ii) the prevention of the emergence of anti-TB drug resistance. Synergistic activity 
of a drug combination was defined as ≥99% killing compared with the killing obtained 
with the most active single drug or when the drug combination achieved sterilization of 
Mtb after 6 days of drug exposure that was not achieved during single-drug exposure 
(9). 

resulTs

concentration- and time-dependent bactericidal activity of anti-Tb drugs and 
colistin at single-drug exposure in relation to the metabolic activity of the 
mycobacteria 

As shown in Figures 1-4 (all tested concentrations are depicted in Figures S1-S4, avail-
able as Supplementary data at JAC online), the anti-TB drugs and colistin differed with 
respect to their concentration-dependent and time-dependent killing capacity. In the 
absence of anti-TB drugs or colistin, the Mtb population with high metabolic activity 
showed an average increase from 7.7x105 cfu/mL to 6.1x107 cfu/mL within 6 days of 
incubation. The Mtb population with low metabolic activity showed only a modest 
increase (on average from 2.1x107 to 7.2x107 cfu/mL) within 6 days. 
Isoniazid showed a concentration-dependent effect on the Mtb populations with 
high and low metabolic activity (Figure 1 and Figure S1), and ≥99% killing was rapidly 
achieved at low concentrations in the Mtb population with high metabolic activity. Ster-
ilization was observed only at extremely high concentrations (≥128 and ≥256 mg/L, 
respectively). Both Mtb populations became 100% isoniazid resistant at concentrations 
ranging from 0.031 to 64 mg/L and 0.125 to 128 mg/L, respectively.
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Rifampicin showed a concentration-dependent effect, particularly in the Mtb popula-
tion with high metabolic activity (Figure 2 and Figure S2). In both Mtb populations, 
mycobacterial killing was less rapid than with isoniazid. Sterilization was achieved at ≥8 
mg/L in the Mtb population with high metabolic activity and at 1024 mg/L in the Mtb 
population with low metabolic activity. Rifampicin-resistant mutants were selected only 
in the Mtb population with low metabolic activity, and resistance increased slowly over 
concentrations ranging from 0.25 to 512 mg/L. 

Amikacin showed a strong concentration-dependent effect on the Mtb population with 
high metabolic activity (Figure 3 and Figure S3). In both Mtb populations, ≥99% killing 
was rapidly achieved. Sterilization was observed at ≥1 mg/L in the Mtb population with 



      




















   
      
      
          
             
             
           
       
       

  


 









      




















   
      
      
          
             
             
           
         
       

  


 







figure 1. Concentration-dependent and time-dependent bactericidal activity of isoniazid against the Mtb 
population with high metabolic activity (HA-Mtb) and the Mtb population with low metabolic activity (LA-
Mtb). Mtb cultures were exposed to 2-fold increasing isoniazid concentrations for 6 days at 37 °C under 
shaking conditions. On day 1, 2, 3 and 6, samples were collected, centrifuged and subcultured onto antibi-
otic-free and isoniazid-containing solid media and incubated for 21 days at 37 °C with 5% CO2 to determine 
the cfu count.  INH, isoniazid; R, isoniazid-resistant mutants.



      




















   
       
       
           
              
            
          
        
        

  


 









      




















                    
       
       
           
              
              
            
          
          

  


 







figure 2. Concentration-dependent and time-dependent bactericidal activity of rifampicin against the 
Mtb population with high metabolic activity (HA-Mtb) and the Mtb population with low metabolic activ-
ity (LA-Mtb). Mtb cultures were exposed to 2-fold increasing rifampicin concentrations for 6 days at 37 °C 
under shaking conditions. On day 1, 2, 3 and 6, samples were collected, centrifuged and subcultured onto 
antibiotic-free and rifampicin-containing solid media and incubated for 21 days at 37 °C with 5% CO2 to 
determine the cfu count. RIF, rifampicin; R, rifampicin-resistant mutants.
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high metabolic activity and at 1024 mg/L in the Mtb population with low metabolic 
activity. Amikacin-resistant mutants were selected only in the Mtb population with low 
metabolic activity, and resistance increased slowly over concentrations ranging from 1 
to 512 mg/L.

The effect of colistin on Mtb was modest in both Mtb populations (Figure 4 and Figure 
S4). In the two populations, ≥99% killing was achieved only at high concentrations and 
sterilization never occurred.



      




















   
      
      
          
           
           
         
       
       

  


 









      




















   
       
       
           
              
              
            
          
          

  


 







figure 3. Concentration-dependent and time-dependent bactericidal activity of amikacin against the Mtb 
population with high metabolic activity (HA-Mtb) and the Mtb population with low metabolic activity (LA-
Mtb). Mtb cultures were exposed to 2-fold increasing amikacin concentrations for 6 days at 37 °C under 
shaking conditions. On day 1, 2, 3 and 6, samples were collected, centrifuged and subcultured onto antibi-
otic-free and amikacin-containing solid media and incubated for 21 days at 37 °C with 5% CO2 to determine 
the cfu count. AMK, amikacin; R, amikacin-resistant mutants.



      





















 
 
 
 
 

  


 









      





















 
 
 
 
 

  


 







figure 4. Concentration-dependent and time-dependent bactericidal activity of colistin against the Mtb 
population with high metabolic activity (HA-Mtb) and the Mtb population with low metabolic activity (LA-
Mtb). Mtb cultures were exposed to 2-fold increasing colistin concentrations for 6 days at 37 °C under shak-
ing conditions. On day 1, 2, 3 and 6, samples were collected, centrifuged and subcultured onto antibiotic-
free solid media and incubated for 21 days at 37 °C with 5% CO2 to determine the cfu count. CST, colistin 
sulphate.
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Tables 1 and 2 summarize the comparative bactericidal activity of the anti-TB drugs and 
colistin at single-drug exposure.

effect of colistin on the concentration- and time-dependent bactericidal 
activity of anti-Tb drugs in relation to the metabolic activity of the 
mycobacteria

The colistin concentrations used in the combination experiments were 8 and 32 mg/L, 
based on the activity against Mtb at single-drug exposure. Colistin at 8 mg/L showed 
no activity against Mtb and colistin at 32 mg/L showed only a modest, inhibitory effect 
on mycobacterial growth (Figure 4). The anti-TB drug concentrations in the combination 
experiments studying the Mtb population with high metabolic activity were based on the 
MIC values of the anti-TB drugs. Because sterilization was achieved at the MIC of amikacin, 
a lower amikacin concentration was used (1/8x MIC). In the combination experiments 
studying the Mtb population with low metabolic activity, we also used higher concentra-

Lowest concentration (mg/L) resulting in ≥ 99% killing of Mtb

day 1 day 3 day 6

HA-Mtb        LA-Mtb HA-Mtb        LA-Mtb HA-Mtb        LA-Mtb

Isoniazid 1 32 0.125 0.063 0.031 0.063

Rifampicin 32 128 2 0.5 0.031 0.25

Amikacin 2 4 0.5 2 0.25 1

Colistin >1024 >1024 256 1024 64 512

Table 1. Concentration-dependent bactericidal activity (≥ 99% killing) against the Mtb population with 
high metabolic activity (HA-Mtb) and the Mtb population with low metabolic activity (LA-Mtb) during 6 
days of exposure to anti-TB drugs or colistin. 

Lowest concentration (mg/L) resulting in sterilization (100% killing) after 6 days of drug exposure

HA-Mtb LA-Mtb

Isoniazid 128 256

Rifampicin 8 1024

Amikacin 1 1024

Colistin >1024 >1024

Table 2.  Concentration-dependent sterilizing activity against the Mtb population with high metabolic 
activity (HA-Mtb) and the Mtb population with low metabolic activity (LA-Mtb) after 6 days of exposure to 
anti-TB drugs or colistin. Sterilization was defined as < 5 cfu/mL as this was the lower limit of detection of 
our time-kill kinetics assay.



Colistin potentiates anti-TB drug activity in vitro 75

tions of anti-TB drugs, which were associated with the selection of drug resistance after 
single-drug exposure (isoniazid and amikacin, 4x MIC; rifampicin, 8x MIC). 
The concentration- and time-dependent killing capacities of isonazid, rifampicin, and 
amikacin combined with colistin are depicted in Figures 5-7. 
In the Mtb population with high metabolic activity, a synergistic effect was observed 
when high colistin concentrations (32 mg/L) were combined with low concentrations 
of isoniazid (0.125 mg/L) or amikacin (0.25 mg/L), resulting in sterilization (Figures 5 
and 7). In the presence of colistin, isoniazid and amikacin achieved sterilization at lower 
concentrations (0.125 and 0.25 mg/L, respectively) compared to isoniazid and amikacin 
at single-drug exposure (128 and 1 mg/L, respectively). Synergy was not observed when 
colistin was combined with rifampicin (Figure 6). In the Mtb population with low meta-
bolic activity, there was no synergistic effect of colistin and anti-TB drugs (Figures 5-7). 



      




















                                    
                       
 
 
           
       

  


 









      




















                                   
    
                          
 
 
          
        
              
            

  


 







figure 5. Concentration-dependent and time-dependent bactericidal activity of isoniazid combined with 
colistin against the Mtb population with high metabolic activity (HA-Mtb) and the Mtb population with 
low metabolic activity (LA-Mtb). Mtb cultures were exposed to isoniazid or colistin alone or in combination 
for 6 days at 37 °C under shaking conditions. On day 1, 2, 3 and 6, samples were collected, centrifuged and 
subcultured onto antibiotic-free and isoniazid-containing solid media and incubated for 21 days at 37 °C 
with 5% CO2 to determine the cfu count. INH, isoniazid; CST colistin sulphate; R, isoniazid-resistant mutants.



      




















    
 

                                   

           

 

         

  


 









      




















                                    
                       
                              
 
 
            
          
                   
                 

  


 







figure 6. Concentration-dependent and time-dependent bactericidal activity of rifampicin combined with 
colistin against the Mtb population with high metabolic activity (HA-Mtb) and the Mtb population with low 
metabolic activity (LA-Mtb). Mtb cultures were exposed to rifampicin or colistin alone or in combination for 
6 days at 37 °C under shaking conditions. On day 1, 2, 3 and 6, samples were collected, centrifuged and sub-
cultured onto antibiotic-free and rifampicin-containing solid media and incubated for 21 days at 37 °C with 
5% CO2 to determine the cfu count. RIF, rifampicin; CST colistin sulphate; R, rifampicin-resistant mutants.
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Tables 3 and 4 summarize the effect of colistin on the bactericidal activity of the anti-TB 
drugs.

selection of drug resistance after exposure to anti-Tb drugs combined with 
colistin

The selection of isoniazid resistance observed after single-drug exposure was com-
pletely prevented by the addition of high-dose colistin in the Mtb population with high 
metabolic activity and was reduced in the Mtb population with low metabolic activity 
(Tables 3-4). There was no amikacin resistance after single-drug exposure in the Mtb 
population with high metabolic activity. In the Mtb population with low metabolic activ-
ity, the addition of colistin to amikacin completely prevented the selection of amikacin 
resistance (Table 4). Rifampicin resistance did not occur after single-drug exposure in 
the Mtb population with high metabolic activity. In Mtb population with low metabolic 
activity, colisitin was not able to prevent the selection of rifampicin resistance (Table 4). 



      




















                                  

 

 

                      

           
       

  


 









      




















                             
                      
                      
 
 
           
         
           
         

  


 







figure 7. Concentration-dependent and time-dependent bactericidal activity of amikacin combined with 
colistin against the Mtb population with high metabolic activity (HA-Mtb) and the Mtb population with low 
metabolic activity Mtb (LA-Mtb). Mtb cultures were exposed to amikacin or colistin alone or in combination 
for 6 days at 37 °C under shaking conditions. On day 1, 2, 3 and 6, samples were collected, centrifuged and 
subcultured onto antibiotic-free and amikacin-containing solid media and incubated for 21 days at 37 °C 
with 5% CO2 to determine the cfu count. AMK, amikacin; CST colistin sulphate; R, AMK-resistant mutants.

HA-Mtb

no CST CST 8 CST 32

day 6 day 1 day 2 day 3 day 6 day 1 day 2 day 3 day 6

Res(%) Syn Syn Syn Syn Res(%) Syn Syn Syn Syn Res(%)

INH   0.125 100 - - - - 100 - - - + (S) 0

RIF   0.125 0 - - - - 0 - - - - 0

AMK 0.25 0 - - + - 0 - - - + (S) 0

Table 3. Synergistic activity (Syn) and prevention of selection of drug resistance (Res) in the Mtb population 
with high metabolic activity (HA-Mtb). CST, colistin sulphate; INH, isoniazid; RIF, rifampicin; AMK, amikacin; 
+, synergy; -, no synergy; S, sterilization.
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DIscussIon

In this study, we assessed the concentration- dependent and time-dependent activity 
of anti-TB drugs in combination with colistin against Mtb. We identified two new potent 
anti-TB drug combinations that induced strong and rapid killing of Mtb and prevented 
the emergence of drug resistance. To our knowledge, this is the first study to provide 
evidence that colistin can potentiate the activity of isoniazid or amikacin against Mtb in 
vitro. The addition of colistin to low concentrations of  isoniazid and amikacin resulted 
in sterilization of the mycobacterial load, which is one of the main goals in TB treat-
ment. Interestingly, synergy was only achieved in Mtb population with high metabolic 
activity. In addition, in the presence of colistin, the emergence of isoniazid resistance 
was completely prevented in the Mtb population with high metabolic activity, but not 
in the Mtb population with low metabolic activity. Colistin combined with amikacin 
completely prevented the emergence of amikacin resistance in the Mtb population with 
low metabolic activity. The results of our study emphasize the importance of investi-
gating Mtb populations with both high and low metabolic activity when evaluating 
anti-TB drug activity in vitro as these drugs can behave differently depending on the 
metabolic activity of the mycobacteria. This is supported by striking differences in the 
anti-TB drug activities of isoniazid, rifampicin and amikacin at single-drug exposure as 
well as differences in the emergence of anti-TB drug resistance between the two Mtb 
populations. The observation that the potentiating effect of colistin on isoniazid and 

 LA-Mtb

no CST CST 8 CST 32

day 6 day 1 day 2 day 3 day 6 day 1 day 2 day 3 day 6

Res(%) Syn Syn Syn Syn Res (%) Syn Syn Syn Syn Res (%)

INH  0.125 100 - - - - 92 - - - - 62

INH  0.5 100 - - - - 99 - - - - 51

RIF  0.125 0 - - - - 0 - - - - 0

RIF  1 5.7 - - - - 4.6 - - - - 8.5

AMK 2 5 - - - - 0 - - - - 0

AMK 8 14 - - - - 0 - - - - 0

Table 4. Synergistic activity (Syn) and prevention of selection of drug resistance (Res) in the Mtb population 
with low metabolic activity (LA-Mtb). CST, colistin sulphate; INH, isoniazid; RIF, rifampicin; AMK, amikacin; 
-, no synergy.
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amikacin activity was only observed in the Mtb population with high metabolic activity 
might be related to the fact that higher drug concentrations were needed to achieve 
sterilization of the Mtb population with low metabolic activity. It can be speculated that 
these concentrations cannot be achieved even with the addition of colistin, explain-
ing the lack of synergy when studying the Mtb population with low metabolic activity. 
Distinguishing between the two different Mtb populations might be clinically relevant 
as the Mtb population with high metabolic activity is supposed to be responsible for 
spreading of TB, whereas the Mtb population with low metabolic activity better repre-
sents Mtb that is present in deep-seated tissue infection, which is probably responsible 
for TB relapse. Our study also showed pronounced differences in strength and rate of 
mycobacterial killing when comparing the different anti-TB drugs, which is in line with 
our previous results (7).  
It is surprising that, in the present study, the addition of colistin did not result in enhanced 
efficacy of rifampicin; neither did it prevent the emergence of rifampicin resistance. An 
explanation might be that the influence of colisitin on anti-TB drug activity depends 
on the lipophilicity of the anti-TB drug. It has been suggested that the lipophilicity of 
antimycobacterial agents is correlated with their ability to invade the mycobacterial 
cell wall and therefore with antimycobacterial drug activity (10). Rifampicin is known 
for its lipophilic properties, whereas isoniazid and amikacin are hydrophilic agents (11, 
12). It has been shown that the activity of isoniazid against M. avium can be improved 
by using a more lipophilic isoniazid derivate (12), strengthening the hypothesis that a 
lipophilic nature is associated with increased efficacy. The pronounced ability of rifam-
picin, compared with isoniazid and amikacin, to cross the mycobacterial lipid bilayer 
might explain the fact that the increasing mycobacterial cell wall permeability brought 
about by colistin was not beneficial when it was combined with rifampicin. In addition, it 
has been proposed that cationic peptides, such as colistin, form micelle-like aggregates 
spanning the cytoplasmic membrane and providing water channels for the movement 
of ions and hydrophilic molecules across the bacterial membrane (4). This mechanism 
might also contribute to the synergistic effect observed with colistin and hydrophilic 
compounds such as isoniazid and amikacin as opposed to the lipophilic rifampicin. How-
ever, our results are in contrast to the findings of Korycka-Machala et al., which showed 
increased susceptibility to rifampicin in Mycobacterium vaccae treated with polymyxin 
B nonapeptide (PMBN), which was linked to changes in the lipid composition of the 
mycobacterial cell wall (5). Since the cell wall of M. vaccae is known to be different from 
that of most other mycobacterial species, it is unclear whether similar results would have 
been obtained with Mtb or whether structural differences between PMBN and colistin 
account for these differences. The study by Yuan et al. also showed that changes in cell 
wall lipid composition of a mutant Mtb strain were associated with increased rifampicin 
susceptibility, whereas susceptibility to isoniazid remained unchanged (3). Although 
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colistin has been shown to increase the permeability of the mycobacterial cell wall (6), 
a role for other mechanisms in colistin’s potentiation of anti-TB drug activity cannot 
be excluded.  For instance, colistin has recently been shown to induce hydroxyl radical 
production (13). The hypothesis that colistin causes increased  intramycobacterial drug 
concentrations needs to be confirmed by measuring intramycobacterial anti-TB drug 
concentrations. 
In the present study, the concentration of colistin that was needed to potentiate anti-TB 
drugs was relatively high, at 32 mg/L. When used intravenously, colistin is administered 
as the prodrug colistin methane sulfonate (CMS), which is rapidly converted to its active 
component in vivo. It has been reported in two studies in critically ill patients that intra-
venous clinical dosages of CMS resulted in suboptimal maximum plasma concentrations 
of active colistin of 2.21 ± 1.08 and 2.93 ± 1.24 mg/L (14, 15). Colistin concentrations 
were undetectable in the bronchoalveolar lavage fluid (14). These concentrations in 
serum and bronchoalveolar lavage fluid are far below the colistin concentration that ef-
fected synergy in vitro in the present study. In relation to this,  administration of colistin 
via inhalation should achieve attention. Colistin administered by inhalation is already 
successfully used in current clinical practice for the treatment of pneumonia caused 
by resistant Gram-negative bacteria in patients with cystic fibrosis and in patients with 
(ventilator-associated) pneumonia (16). The potential advantage of inhalation therapy 
is that higher local concentrations can be achieved while minimizing systemic drug 
concentrations and associated drug toxicities. It has recently been shown that colistin 
sulphate nebulization in rats resulted in concentrations in the pulmonary epithelial 
lining fluid that were around 1800 times higher than those achieved by intravenous 
colistin administration (17). Another recent study confirmed these findings in patients 
with cystic fibrosis, showing that dry powder nebulization of CMS resulted in colistin 
sputum concentrations of ≥128 mg/L in 38% of patients. Importantly, minimal systemic 
exposure was observed with inhalation therapy (18). However, whether the pulmonary 
colistin concentrations that can be achieved via inhalation are high enough to achieve 
synergy in combination with anti-TB drugs remains to be determined, especially since 
pulmonary surfactant has been shown to impair in vitro colistin activity (19). 
Based on the results obtained in the present study we suggest that inhalational colistin 
when combined with anti-TB drugs could be a potential new strategy for the treatment 
of TB. In general, the concept of pulmonary drug delivery of anti-TB drugs is very at-
tractive and has recently been attracting interest. In addition to achieving enhanced 
anti-TB drug efficacy against susceptible Mtb while minimizing systemic drug toxicity, 
the increase in local drug concentrations at the primary infected site could overcome 
drug resistance in (extensively) drug-resistant TB (20) and perhaps decrease the conta-
giousness of the disease (21). Several anti-TB drugs have already been studied in animal 
models for pulmonary delivery, including the first line agents isoniazid, rifampicin and 
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pyrazinamide; the results have been promising (22-25). However, the translation of 
these experimental animal data to clinical practice remains to be determined as data 
on clinical efficacy and safety in humans are scarce (26). Further studies are needed to 
assess the clinical applicability of anti-TB drug inhalation, and the additional value of 
colistin. 
In conclusion, this is the first study to show that colistin potentiates the activity of iso-
niazid and amikacin against Mtb in vitro and prevents resistance to anti-TB drugs. These 
results form the basis for further studies on the applicability of colistin as a potentiator 
of anti-TB drug activity against intracellular Mtb hiding inside macrophages. 
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absTracT

Novel treatment strategies for tuberculosis are urgently needed. Many different preclini-
cal models assessing anti-tuberculosis drug activity are available, but it is yet unclear 
which combination of models is most predictive of clinical treatment efficacy. The aim 
of this study was to determine the role of our in vitro time kill-kinetics assay as an asset 
to a predictive preclinical modeling framework assessing anti-tuberculosis drug activity. 
The concentration- and time-dependent mycobacterial killing capacities of six anti-
tuberculosis drugs were determined during exposure as single drugs or in dual, triple 
and quadruple combinations towards a Mycobacterium tuberculosis Beijing genotype 
strain and drug resistance was assessed. 
Streptomycin, rifampicin and isoniazid were most active against highly metabolically ac-
tive Mycobacterium tuberculosis. Isoniazid with rifampicin or high dose ethambutol were 
the only synergistic drug combinations. The addition of rifampicin or streptomycin to 
isoniazid prevented isoniazid resistance. In vitro ranking showed agreement with early 
bactericidal activity in tuberculosis patients for some but not all anti-tuberculosis drugs. 
The time-kill kinetics assay provides important information on the mycobacterial killing 
dynamics of anti-tuberculosis drugs during the early phase of drug exposure. As such, 
this assay is a valuable component of the preclinical modeling framework.  
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InTroDucTIon

Although the incidence and mortality of tuberculosis (TB) are declining worldwide, the 
actual numbers are still impressive with over 9 million new cases and 1.5 million deaths 
in 2014 (1). To end the global TB epidemic, a shorter treatment duration is required (1). 
Therefore, novel treatment strategies with increased sterilizing capacity are needed to 
improve cure rates and to reduce the emergence of anti-TB drug resistance and disease 
relapse. The correct (preclinical) assessment of the activity of novel drugs and drug 
combinations is complex. Many different preclinical models to determine the activity 
and therapeutic efficacy of anti-TB drugs are available, but it is yet unclear which combi-
nation of models are most predictive of clinical treatment response with an acceptable 
cost-effectiveness. Optimizing preclinical modeling is important, enabling rapid and 
reliable identification of novel potentially powerful anti-TB regimens and their transla-
tion into clinical practice.
PreDiCT-TB is a European multidisciplinary consortium focusing on anti-TB drug devel-
opment (www.predict-tb.eu). The main goal of PreDiCT-TB is to find the combination 
of preclinical models that is most representative of response in TB patients. As a first 
step, PreDiCT-TB focuses on studying the most important anti-TB drug combinations in 
a number of preclinical models, the results of which are compared to historical clinical 
efficacy data. In this way, an integrated modeling framework will be constructed, serv-
ing as a reliable method to study novel anti-TB drug regimens and forming the basis 
for clinical trial design. In the context of the PreDiCT-TB consortium the present study 
determined the concentration- and time-dependent killing activity of six anti-TB drugs 
alone and in combination in vitro. The aim of this study was to establish the role of our 
in vitro time kill kinetics assay as an asset to a predictive preclinical modeling framework 
assessing anti-TB drug activity and therapeutic efficacy.

MeThoDs 

bacterial strain and culture

The Mycobacterium tuberculosis (Mtb) genotype strain Beijing VN 2002-1585 (BE-1585) 
was cultured in Middlebrook 7H9 broth (Difco Laboratories, Detroit, MI, USA) supple-
mented with 10% oleic acid-albumin-dextrose-catalase enrichment (OADC, Becton, 
Dickinson and Company (BD), Sparks, MD, USA ), 0.5% glycerol (Scharlau Chemie SA, 
Sentmenat, Spain) and 0.02% Tween 20 (Sigma Chemical Co., St Louis, MO, USA), under 
shaking conditions at 96 rpm at 37ºC. Vials with Mtb suspensions were stored at -80°C. 
Cultures on solid medium were grown on Middlebrook 7H10 agar (Difco), supplemented 
with 10% OADC and 0.5% glycerol for 28 days at 37ºC with 5% CO2. Antibiotic suscepti-
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bility in terms of Minimal Inhibitory Concentration (MIC) was determined according to 
the guidelines of the Clinical and Laboratory Standards Institutes (CLSI) (2). The BE-1585 
strain was found to be susceptible to isoniazid (MIC 0.125 mg/L), rifampicin (MIC 0.25 
mg/L), streptomycin (MIC 2 mg/L), ethambutol (MIC 5 mg/L), and para-amino salicylic 
acid (MIC 0.125 mg/L). The BE-1585 strain was also found to be susceptible to pyrazin-
amide, which was tested by the radiometric method (MIC <100 mg/L). 

anti-Tb drugs 

All anti-TB drugs were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Time-kill kinetics assay

The concentration- and time- dependent killing capacities of isoniazid, rifampicin, strep-
tomycin, ethambutol, para-amino salicylic acid and pyrazinamide were determined as 
previously described (3). In brief, highly metabolically active (exponential phase) Mtb 
cultures were exposed to anti-TB drugs at 4-fold increasing concentrations for 6 days 
at 37°C under shaking conditions at 96 rpm. The metabolic activity of the mycobacteria 
was assessed in a previous study by determination of the adenosine-5’-triphosphate 
(ATP) level using the firefly luciferase bioluminescence assay (3). The anti-TB drug 
concentrations ranged from 0.01 to 40 mg/L for isoniazid, from 0.002 to 32 mg/L for 
rifampicin, from 0.02 to 96 mg/L for streptomycin, from 0.008 to 32 mg/L for etham-
butol and para-amino salicylic acid and from 0.02 to 80 mg/L for pyrazinamide. The 
tested concentrations were based on the maximum free drug concentrations (fCmax) 
of the individual anti-TB drugs ranging from 1/1024x fCmax to 4x fCmax comprising a 
representative range of clinically achievable drug concentrations for studying in vitro 
drug activity. As for rifampicin, a concentration of 16x fCmax was added considering 
the high protein binding of this agent.  When pyrazinamide was included, the medium 
pH was reduced from 6.6 to 5.6, which is considered to be essential for detection and 
evaluation of pyrazinamide activity (4, 5). At various time intervals during antibiotic 
exposure, samples were collected, centrifuged at 14000xg to avoid drug carry-over and 
subcultured onto solid medium. Plates were incubated for 28 days at 37°C with 5% CO2 
to determine colony forming units (cfu) counts. The lower limit of detection was 5 cfu/
mL. All experiments were performed in duplicate. The bactericidal activity of the anti-TB 
drugs is expressed as the lowest concentration resulting in ≥ 99% killing of Mtb and as 
the mean daily fall in log 10 cfu/mL during the first two days and during six days of drug 
exposure, which is an approach similar to calculation of the early bactericidal activity 
(EBA) in TB patients (6). The in vitro sterilizing activity of the anti-TB drugs is expressed as 
the lowest concentration resulting in 100% killing of Mtb.  
In the combination experiments, the anti-TB drugs were tested using combinations of 
isoniazid 0.01, 0.63 and 40 mg/L, rifampicin 0.002, 0.125 and 8 mg/L, streptomycin 0.02, 
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1.5 and 96 mg/L, ethambutol and para-amino salicylic acid 0.008, 0.5 and 32 mg/L and 
pyrazinamide 0.02, 1.25 and 80 mg/L. These concentrations were based on 1/1024x, 
1/16x and 4x fCmax, which was considered an appropriate range of concentrations for 
synergy testing. In the dual combinations, isoniazid was combined with rifampicin, strep-
tomycin, ethambutol or pyrazinamide. Rifampicin was also combined with ethambutol 
or pyrazinamide. In the triple combinations, isoniazid and rifampicin were combined 
with streptomycin, ethambutol or pyrazinamide. The other triple combinations analysed 
were isoniazid - streptomycin - para-amino salicylic acid and  streptomycin - ethambutol 
- pyrazinamide. In the quadruple combinations, isoniazid, rifampicin and pyrazinamide 
were combined with streptomycin or ethambutol. 

selection of drug-resistant Mtb

In order to assess selection of drug resistant mutants after 6 days of drug exposure, 
subcultures were also performed on solid media containing anti-TB drugs (3). The drug 
concentrations in the subculture plates were a 4-fold of the critical concentrations, i.e 
0.8 mg/L for isoniazid, 4 mg/L for rifampicin, 40 mg/L for streptomycin, 20 mg/L for 
ethambutol, and 8 mg/L for para-amino salicylic acid (2). Pyrazinamide resistance was 
not determined due to technical issues related to the reduced medium pH required for 
pyrazinamide activity. 

endpoints for assessment of the activity of anti-Tb drug combinations  

The two endpoints were 1) synergy and 2) prevention of the emergence of drug resis-
tance. Synergistic activity was defined as a ≥100-fold (2log10) increase in mycobacterial 
killing with the 2-drug combination compared to the most active single drug (or with 3- 
and 4-drug combinations compared to 2-drug and 3-drug combinations, respectively). 
The definition of synergy was also met when a 2-drug combination achieved elimination 
of Mtb after 6 days of drug exposure which was not achieved during single drug expo-
sure (or 3-drug and 4-drug combinations compared to 2-drug and 3-drug combinations, 
respectively) (7, 8).

resulTs

concentration- and time-dependent bactericidal activity of anti-Tb drugs at 
single drug exposure

Tables 1-3 summarize the comparative bactericidal and in vitro sterilizing activity of the 
anti-TB drugs at single drug exposure. Tables 1 and 2 illustrate that although isoniazid 
showed the highest mycobacterial killing rate, this agent failed to achieve elimination 
of Mtb at a concentration of 1x fCmax (10 mg/L). The killing rate of rifampicin was less 
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rapid, but elimination of Mtb at day 6 was achieved at a concentration of 1x fCmax (2 
mg/L). Streptomycin was the only agent showing both rapid killing and elimination 
of Mtb at concentrations far below 1x fCmax (< 24 mg/L). The bactericidal activity of 
ethambutol was moderate and no elimination was achieved. Both para-amino salicylic 
acid and pyrazinamide showed little activity. Lowering the pH of the medium from 6.6 to 
5.6 as required for pyrazinamide activity resulted in inhibition of mycobacterial growth 
of the unexposed control sample (from 7.9x105 to 2.6x105cfu/mL in 6 days) compared 
to the growth of the control sample at a normal pH (from 6.2x105 to 3.2x107cfu/mL in 
6 days). Ranking based on mean daily fall in cfu count at 1x fCmax (Table 3) confirmed 
that streptomycin, rifampicin and isoniazid had the most prominent anti-TB drug activ-
ity at the end of drug exposure (day 6) with particularly rapid bactericidal activity (day 2) 
observed for streptomycin and isoniazid.  

Lowest concentration (mg/L) resulting in ≥ 99% killing of Mtb during drug exposure

day 1 day 3 day 6

Isoniazid 0.63 0.16 0.63

Rifampicin 32* 0.5 0.008

Streptomycin 1.5 0.38 0.38

Ethambutol >32* 8 2

PAS >32* >32* >32*

Pyrazinamide >80* >80* >80*

Table 1. Concentration- and time-dependent bactericidal activity (≥ 99% killing) of anti-TB drugs against 
Mycobacterium tuberculosis BE-1585 (Mtb) at 4-fold increasing concentrations during 6 days of drug expo-
sure. Results shown are from experiments in duplicate. 
*maximum concentration tested; PAS para-amino salicylic acid.

Lowest concentration (mg/L) resulting in elimination after 6 days of drug exposure

Isoniazid >40*

Rifampicin 2

Streptomycin 0.38

Ethambutol >32*

PAS >32*

Pyrazinamide >80*

Table 2. Concentration-dependent sterilizing activity (100% killing) of anti-TB drugs against Mycobacte-
rium tuberculosis BE-1585 (Mtb) at 4-fold increasing concentrations after 6 days of drug exposure. Elimina-
tion was defined as < 5 cfu/mL as this was the lower limit of detection of our time-kill kinetics assay. Results 
shown are from experiments in duplicate. 
*maximum concentration tested; PAS para-amino salicylic acid.
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Selection of drug resistance only occurred upon single drug exposure to isoniazid at 
concentrations ranging from 0.04-40 mg/L. Regarding the other anti-TB drugs, single 
drug exposure did not result in selection of drug-resistant mutants. 

concentration- and time-dependent bactericidal activity of anti-Tb drugs in 
dual combinations

The value of the addition of anti-TB drugs to isoniazid is shown in Table 4a,4b and Figure 
1. Rifampicin was the only agent achieving synergy when added to isoniazid at low 
concentrations. Additionally, both rifampicin and streptomycin prevented the selection 
of isoniazid resistance. Ethambutol achieved synergy when combined with isoniazid 
and prevented the emergence of isoniazid resistance, but only at a high ethambutol 
concentration of 4x fCmax (32 mg/L) (data not shown). Regarding other dual combina-
tions of anti-TB drugs, rifampicin combined with ethambutol or pyrazinamide showed 
no synergistic activity at the required experimental conditions.

BA 0-2 BA 0-6

Isoniazid 10 mg/L 1.79 0.70

Rifampicin  2 mg/L 0.75 0.95

Streptomycin 24 mg/L 2.87 0.96

Ethambutol  8 mg/L 1.04 0.61

PAS  8 mg/L 0.07 0.17

Pyrazinamide 20 mg/L 0.05 0.15

Table 3.  Bactericidal activity of different anti-TB drugs against Mycobacterium tuberculosis BE-1585 based 
on the mean daily fall in log10 cfu/mL at 1x fCmax (in vitro bactericidal activity, BA) during the first 2 days 
(BA 0-2) and during 6 days (BA 0-6) of drug exposure. Results shown are from experiments in duplicate. 
PAS para-amino salicylic acid.
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figure 1. Concentration- and time-dependent bactericidal activity of isoniazid (H) combined with rifampi-
cin (R) towards highly metabolically active Mtb. Mtb cultures were exposed to H or R alone or in combina-
tion for 6 days at 37°C under shaking conditions. On day 1, 2, 3 and 6 samples were collected, centrifuged 
and subcultured onto antibiotic-free and H- and R-containing solid media and incubated for 28 days at 37 
°C with 5% CO2 to determine colony forming units (cfu). Results shown are from experiments in duplicate. 

none Rifampicin 0.002 Rifampicin 0.125 Rifampicin  8 

Res Syn Res Syn Res Syn Res

Isoniazid 0.01 * - * - * - *

Isoniazid 0.63 31% - 0% +(e) 0% - 0%

Isoniazid 40 80% - 0% - 0% - 0%

Table 4a. Synergistic activity (Syn) and prevention of selection of isoniazid resistance (Res) after 6 days of 
drug exposure in Mycobacterium tuberculosis BE-1585. Results shown are from experiments in duplicate. 
Isoniazid and rifampicin concentrations in mg/L. 

* spontaneous mutation frequency of isoniazid (1.6x105); +, synergy; -, no synergy; e, elimination.

none Streptomycin 0.02 Streptomycin 1.5 Streptomycin 96 

Res Syn Res Syn Res Syn Res

Isoniazid 0.01 * - * - * - *

Isoniazid 0.63 3% - 0% - 0% - 0%

Isoniazid 40 100% - 25% - 0% - 0%

Table 4b. Synergistic activity (Syn) and prevention of selection of isoniazid resistance (Res) after 6 days of 
drug exposure in Mycobacterium tuberculosis BE-1585. Results shown are from experiments in duplicate. 
Isoniazid and streptomycin concentrations in mg/L.

* spontaneous mutation frequency of isoniazid (0.98x105); -, no synergy. 
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concentration- and time-dependent bactericidal activity of anti-Tb drugs in 
triple and quadruple combinations

In none of the tested triple or quadruple combinations, the addition of a third or fourth 
agent resulted in synergy (data not shown). 

DIscussIon

In the present in vitro study, the concentration- and time-dependent bactericidal activi-
ties of six anti-TB drugs against the Mtb genotype strain Beijing 1585 were investigated 
at single drug exposure or in 2-, 3- or 4-drug combinations. At single drug exposure, we 
observed important differences in strength and rate of anti-TB drug activity between 
the different drugs. This is in line with previous in vitro studies and is confirming the dis-
tinctive added value of using the time-kill kinetics assay measuring bactericidal activity 
throughout the duration of drug exposure over classical in vitro susceptibility tests, such 
as the determination of the MIC assay measuring the bacteriostatic activity at the end 
of drug exposure (3, 9). Ranking based on strength and rate of mycobacterial killing in 
vitro showed that streptomycin, rifampicin and isoniazid were the most powerful anti-TB 
drugs. Streptomycin and isoniazid showed the most rapid bactericidal activity, while 
streptomycin and rifampicin showed sterilizing capacity against highly metabolically 
active, extracellular Mtb. Isoniazid plus rifampicin was the only combination showing 
synergistic activity at clinically relevant concentrations, whereas in none of the other 
dual, triple or quadruple drug combinations synergy was achieved in this model. Both 
rifampicin and streptomycin were able to prevent the selection of isoniazid-resistant 
mutants at clinically achievable concentrations.
Most of the previous studies assessing the in vitro activity of anti-TB drugs used the Mtb 
H37Rv/a genotype strain (3, 9-12), whereas the present study was conducted with the 
globally emerging Beijing genotype strain. The genetically distinct Beijing family of 
strains compared to other Mtb strains differ with respect to antibiotic susceptibility and 
the selection of anti-TB drug resistant mutants (13, 14). In this context, Beijing genotype 
TB infections have been associated with large outbreaks, increased virulence and a less 
favourable treatment outcome related to (multi)drug resistance. Our study is unique 
in testing the activities of six different anti-TB drugs against the Mtb Beijing genotype 
strain not only at single drug exposure, but also in multiple dual, triple and quadruple 
drug combinations. This is important for proper evaluation of the value of the time-kill 
kinetics assay as an asset to a preclinical modeling framework assessing the potency of 
anti-TB drugs. Our data obtained with single drug exposure in the Beijing genotype Mtb 
strain are in agreement with our previous studies using the H37Rv Mtb strain indicating 
that the activity of isoniazid, rifampicin and ethambutol behave similarly in both strains 
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under the conditions of high metabolic activity (3, 9). However, the existence of any Mtb 
strain-related differences regarding anti-TB drug activity of 2-, 3- and 4-drug combina-
tions using the present or other preclinical models remains to be determined (13).  
To evaluate the predictive value of our in vitro drug activity data for drug efficacy during 
treatment in TB patients, we consider early bactericidal activity (EBA) the most appropri-
ate parameter for comparison. The EBA is calculated as the mean daily fall in Mtb cfu 
count during the first two days of therapy (EBA 0-2) (6, 15). The EBA 0-2 is thought to 
represent early bactericidal activity against rapidly growing, highly metabolically active, 
predominantly extracellular Mtb in the first phase of infection, which is also the Mtb 
population studied in the present in vitro assay. 
Comparing the data at single drug exposure, the most striking similarity is the rapid 
bactericidal activity of isoniazid observed both in vitro and in EBA 0-2 (6, 15). In addition, 
isoniazid could not achieve elimination of Mtb in vitro, in contrast to both rifampicin 
and streptomycin. These in vitro observations seem in line with the observations in EBA 
2-14, which is believed to investigate the next phase of infection requiring the activity 
of anti-TB drugs against Mtb with lower metabolic activity, which possibly represents 
sterilizing capacity in the clinical setting (15). It cannot be excluded that low active Mtb 
subpopulations are also present in our in vitro assay. As to rifampicin, higher bactericidal 
activity compared to isoniazid was observed in vitro, but its activity was less rapid which 
is in agreement with its EBA 0-2 (6, 15). The most striking discrepancy between our in vi-
tro activity data and EBA 0-2 data is the activity of streptomycin. Although streptomycin 
was the only anti-TB drug with (extremely) rapid bactericidal activity in vitro, including 
elimination of Mtb, the EBA 0-2 of streptomycin was low (6, 15). In general, the poor 
intracellular penetration capacity of aminoglycosides is well known (16), however can-
not explain the discrepancy between our in vitro data and the EBA 0-2 data as in both 
studies predominantly extracellular Mtb is targeted. Possibly the poor penetration of 
aminoglycosides in the infected lung tissue after intravenous administration contrib-
utes to the discrepancy in streptomycin activity in vitro compared to clinical EBA 0-2 (17). 
Regarding pyrazinamide, it can be concluded that the present assay is unsuitable for 
studying pyrazinamide activity against the highly active Mtb subpopulation as lowering 
the pH required for pyrazinamide activity compromised mycobacterial growth. It could 
be argued that studying pyrazinamide activity against this particular Mtb subpopula-
tion is not desirable as pyrazinamide is believed to lack activity against highly active 
Mtb, which is in line with its EBA 0-2 (5, 6). However, a recent study using continuous 
cultures in chemostats showed similar pyrazinamide activity in both highly and low ac-
tive Mtb subpopulations at a constant pH of 6.3 (18), suggesting that studying both Mtb 
subpopulations might provide useful information. As to the limited activity of pyrazin-
amide observed in the present study, this is in line with previous in vitro studies showing 
that pyrazinamide activity was highest in 3-months old static cultures underlining the 
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importance of selecting the proper Mtb subpopulation when studying different anti-TB 
drugs (4, 19). Finally, ethambutol performed better in our in vitro assay compared to its 
EBA 0-2 (6, 15). Interestingly, increasing the ethambutol dose of 15 mg/kg to 25 mg/
kg resulted in a substantial increase in EBA 0-2. Further exploration of clinical dosing is 
required to establish whether the currently recommended dose of ethambutol requires 
adjustment. The observations described above emphasize that detailed knowledge on 
drug characteristics and mode of action as well as on mycobacterial growth rate is cru-
cial for optimal design of in vitro studies to evaluate the activity of novel anti-TB drugs. 
This means that the decision to discard the potential of novel anti-TB drugs should not 
be based solely on disappointing results of in vitro assays.
Comparing the data obtained with anti-TB drug combinations, there was no correlation 
between the results of our in vitro study and the results on EBA 0-2. Probably the strong 
EBA 0-2 of isoniazid does not leave room for improvement with other anti-TB drugs. 
Observations regarding prevention of the emergence of anti-TB drug resistance could 
not be compared as in EBA studies, no drug resistance was observed at single drug 
exposure, in contrast to the selection of isoniazid resistance in vitro.
When evaluating the predictive value of preclinical models assessing different combina-
tion anti-TB drug regimens, the outcome of clinical trials are ultimately the most reliable 
comparators. In clinical trials, combination drug regimens are investigated during the 
different phases of a full treatment course requiring multiple anti-TB drugs with distinct 
properties and activities against Mtb subpopulations with both high and low metabolic 
activity. The main outcome parameters in these clinical studies are the prevention of 
the emergence of drug resistance, the percentage of culture negative sputum samples 
after two months of therapy and the prevention of disease relapse (cure), the latter 
two parameters reflecting the sterilizing capacity of anti-TB drug regimens (20). In the 
present in vitro assay, bactericidal activity against highly metabolically active Mtb was 
determined, reflecting drug activity during the first days of anti-TB treatment in the 
clinical setting while not measuring drug activity against low metabolically active Mtb 
more likely associated with sterilization. In that respect, in vitro activity against Mtb with 
low metabolic activity and non-replicating Mtb might provide important additional 
information, which has already been shown in previous studies (3, 9, 11, 12). 
In summary, our in vitro assay provides valuable information as to the bactericidal activ-
ity of anti-TB drugs during the first (early) phase of therapy. The results emphasize the 
relevance of investigating anti-TB drug activity at single drug exposure or in dual combi-
nations only. By generating data on anti-TB drug activity, suitable for incorporation into 
a predictive modeling framework, the time-kill kinetics assay may serve as the basis for 
preclinical anti-TB drug development.
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suMMarIZInG DIscussIon

Infections with nontuberculous mycobacteria (NTM) and tuberculosis (TB) are distinct 
mycobacterial diseases with clear differences in epidemiology, transmission, clinical 
picture, diagnosis and therapy. Nevertheless, they share several characteristics includ-
ing the complexity of treatment. Improving treatment success of mycobacterial infec-
tions requires a multifactorial approach, including recognition of underlying genetic or 
acquired host predispositions (chapter 2) as well as different treatment strategies to 
increase antimycobacterial drug efficacy (chapter 3). In this context, it is crucial to com-
pose an optimal predictive preclinical modeling framework, allowing rapid and reliable 
identification of the potency of novel antimycobacterial agents and their translation 
into clinical practice. Such a modeling framework is currently under construction for 
anti-TB drugs (chapter 4). 
In chapter 2 (2.1) a novel genetic defect in Signal Transducer and Activator of Transcrip-
tion 1 (STAT1) is described in a patient suffering from disseminated Mycobacterium avium 
infection. STAT1 is a key component of interferon gamma (IFN-g) and interferon alpha 
(IFN-a) signaling and mediates protection against intracellular pathogens including my-
cobacteria and NTM in particular (1). A novel, autosomal dominant mutation in the SH2 
domain of STAT1 is described with a dominant negative effect on STAT1 phosphorylation 
and DNA binding activity reducing IFN-g driven gene expression, while preserving IFN-a 
related immunity. The importance of unravelling the underlying genetic defect in this 
patient is illustrated by the fact that with adequate and ongoing antibiotic therapy as 
well as with IFN-g supplementation, no recurrence of NTM disease occurred. 
The SH2 domain of STAT1 is important for the recruitment of STAT1 molecules to the 
activated IFN-g receptors and for dimerization of activated STAT1 molecules and subse-
quent binding to particular DNA sequences resulting in gene transcription (2). Although 
homozygous mutations in the SH2 have been described compromising both IFN-g and 
IFN-a responses (3), in 2.1 we described the first heterozygous mutation in the SH2 
domain compromising IFN-g responses, but preserving responses to IFN-a. After this 
publication, two other heterozygous, dominant negative mutations in the SH2 domain 
were identified affecting STAT1 phosphorylation and DNA binding activity and thereby 
reducing IFN-g induced responses while preserving responses to IFN-a (4). Recently, 
the first heterozygous gain-of-function mutation in the SH2 domain of STAT1 was de-
scribed enhancing STAT1 phosphorylation, nuclear translocation and STAT1-driven 
gene expression and protein production (5). This hyper-responsiveness to IFNs inhibits 
differentiation of T helper 17 cells explaining the association with chronic mucocutane-
ous candidiasis, which is the main disease manifestation (6). In addition, STAT1 gain-of-
function mutations have been associated with viral and disseminated fungal infections 
(7) as well as with clinical pictures resembling IPEX (immune dysregulation, polyendocri-
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nopathy, enteropathy, X-linked) (8). In patients with disseminated fungal infections and 
STAT1 gain-of-function mutations, other potential explanatory mechanisms have been 
described, including lower STAT1 methylation, enhanced STAT1/PIAS1 (protein inhibitor 
of activated STAT1) association and an impaired response to IFN-g re-stimulation (7).  
In chapter 3, we focused on several strategies for improving the success of antimyco-
bacterial treatment. 
In 3.1 we described four patients suffering from refractory disseminated mycobacterial 
infections due to mutations in the IFN-g receptor, who were treated with IFN-a. Although 
the extent of the clinical response varied between patients, IFN-a treatment was associ-
ated with either disease improvement or disease stabilization. Importantly, in no case 
did IFN-a exacerbate the infection. We showed in vitro and ex vivo, that IFN-a stimulated 
both classically IFN-a and more classically IFN-g regulated genes. In addition, sustained 
mycobacteria-induced cytokine production was observed in vitro. Although the signaling 
pathways and immunological functions of IFN-g and IFN-a are thought to be distinct, they 
overlap through the common use of signal transducers Janus kinase (JAK) 2 and STAT1, 
both forming STAT1 homodimers and activating some of the same genes (1). Interestingly, 
it has been shown that low dose IFN-g followed by IFN-a stimulation leads to upregulation 
of typical IFN-g inducible genes, shifting the IFN-a response to a more pro-inflammatory 
phenotype (9). Furthermore, ISG15 deficiency in patients has been associated with 
mycobacterial infections (10). ISG15 is induced by IFN-a and activates T- and NK cells to 
produce IFN-g, supporting valuable crosstalk between both IFNs with regards to myco-
bacterial defense. We concluded that IFN-a may overcome some aspects of impairment 
in IFN-g signaling and may confer clinical benefits in a subset of patients with refractory 
disseminated mycobacterial infections related to impaired IFN-g signaling. Our results are 
in agreement with several other studies supporting a beneficial role of IFN-a or interferon 
beta (IFN-b) (both comprising the group of type 1 IFNs) in antimycobacterial defense. A 
few small studies in TB patients showed clinical resolution when conventional anti-TB 
drug regimens were accompanied by IFN-a supplementation (11, 12). In vitro, IFN-b has 
been shown to promote dendritic cell maturation and IL-12p70 production in response to 
infection with Mycobacterium bovis bacillus Calmette Guérin (BCG) (13). In Mycobacterium 
tuberculosis (Mtb) infected mice, a protective role of type 1 IFNs against TB was shown by 
limiting the number of recruited Mtb infected macrophages (14). Similarly, other studies 
in mice confirmed the importance of type 1 IFNs for the protection against infections 
with M. avium and M. bovis BCG (15, 16). In contrast to these observations, it should be 
recognized that there are multiple studies arguing against a beneficial role of IFN-a in 
mycobacterial defense. From a clinical perspective, several reports were published on the 
association of active TB and IFN-a treatment in the context of hepatitis C (17). However, 
the lack of a control group of hepatitis C patients not on treatment impedes drawing 
definite conclusions regarding a causal relationship. In fact, hepatitis C and active TB 
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share several risk factors such as homelessness, alcoholism, incarceration and infection 
with the human immunodeficiency virus (HIV). In addition, hepatitis C as well as advanced 
liver disease have been identified as independent risk factors for active TB (18, 19). In line 
with these observations, a recent cohort study comparing hepatitis C patients with and 
without IFN-a treatment did not demonstrate a significant association between IFN-a 
treatment and active TB (20). An insignificantly higher TB incidence rate in patients on 
IFN-a was reported, but confidence intervals were wide. Interestingly, a type 1 IFN tran-
scriptional signature in patients with active TB has been described, suggesting a role for 
these cytokines in TB control (21, 22). It should be noted that in one of these studies IFN-g 
related genes were also upregulated. In connection with this it could be argued that gene 
upregulation during active infection does not necessarily prove causality, but could also 
reflect induction of responsive defense mechanisms (21). Besides clinical reports, several 
preclinical studies reported on type 1 IFNs inhibiting IFN-g induced signaling. As such, in 
vitro studies have shown that type 1 IFNs significantly reduced IFN-g induced expression 
of CD64 and CD54 as well as production of the cytokines IL-1b, TNF-a and IL12p40, which 
are believed crucial for mycobacterial defense (23, 24). Similarly, type 1 IFNs were shown 
to inhibit the ability of human macrophages to control the growth of M. bovis BCG and M. 
avium (25, 26). Studies in mice treated with type 1 IFN (or polyinosinic-polycytidylic acid, 
polyIC, a potent type I IFN inducer) showed aggravation of TB and improved control in 
IFN-a receptor knock out mice (27, 28). Possible mechanisms underlying this antagonism 
postulated are IFN-g downregulation, prevention of STAT1 homodimer formation and 
induction of the STAT1 inhibitor PIAS1 (23). The question arises why the data on the role of 
IFN-a in mycobacterial defense are contradictory. Some of the discrepancies in preclinical 
studies could be explained by differences in experimental design, such as the type and 
activation state of cells and the mycobacterial species investigated, since these factors 
have been shown to influence immune responses (29, 30). In addition, both pro- and anti-
inflammatory properties of type I IFNs during TB infection have been demonstrated (14). 
The transition from pro- to inflammatory effects has been shown to be time-dependent 
and influenced by the balance between IFN-a and IFN-g production. As such, the effect 
of IFN-a on mycobacterial defense has been shown to be different in early versus late 
infection (16, 31). In this respect, it has been shown that mice lacking both the IFN-g 
and the IFN-a receptors died significantly earlier from TB compared to mice lacking the 
IFN-g receptor alone (14). It could be speculated that the effect of IFN-a supplementation 
depends on the specific patient population (with or without proper IFN-g signaling) as 
well as on the particular mycobacterial species involved. Considering the conflicting data 
it should be concluded that IFN-a treatment seems not advisable in the vast majority of 
patients with mycobacterial infections. 
In 3.2 we investigated the in vitro potentiation of the activity of the macrolide clarithro-
mycin against M. avium. Clarithromycin is the cornerstone drug in the treatment of many 
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NTM infections, including infections with M. avium (32). Although the introduction of 
macrolides including clarithromycin improved the success of treatment of M. avium in-
fections, the overall prognosis is still poor (33). We investigated whether the addition of 
tigecycline could enhance the activity of clarithromycin. Tigecycline is a broad-spectrum 
glycylcycline antimicrobial agent already used in clinical practice for other indications 
(34). Remarkably, our study showed that at clinically relevant concentrations, clarithro-
mycin activity against M. avium was highly variable, was unable to achieve mycobacterial 
elimination and often resulted in clarithromycin resistance. These observations might 
explain the currently unpredictable and disappointing efficacy of macrolide treatment 
of M. avium infections (33). The results also make quite clear that our dynamic in vitro 
time-kill kinetics assay, determining the drug concentration-dependent mycobacterial 
killing over time, can detected important differences in antibacterial dug behavior that 
cannot be detected when using static susceptibility assays such as determination of the 
Minimal Inhibitory Concentration (MIC). This is in line with our previous observations 
(35-37). Interestingly, we showed that tigecycline enhanced clarithromycin activity 
against M. avium and prevented clarithromycin resistance. To assess the value of the 
potentiating effect of tigecycline in the treatment of M. avium infections, further studies 
including pharmacokinetic/pharmacodynamic models, intracellular infection models as 
well as in vivo mouse models are needed. 
In 3.3 another strategy for potentiating antimycobacterial drug activity was investigated 
in vitro in Mtb. In this study we focused on increasing intracellular concentrations of 
anti-TB drugs by using colistin, which is known for its destabilizing effect on the bacte-
rial membrane. The complex lipid architecture of the mycobacterial cell wall forms an 
effective permeability barrier limiting the efficacy of current anti-TB drugs. Colistin, a 
member of the polymyxin group of drugs is already used in clinical practice for the treat-
ment of drug-resistant Gram-negative bacterial infections. The proposed mechanism of 
action of colistin is through interaction with the Gram-negative bacterial membrane 
resulting in destabilization and leakage of intracellular contents and apoptosis (38). 
Although the mycobacterial cell wall composition is different from Gram-negative bac-
teria, its interaction with colistin and colistin-like particles has been shown to result in 
increased permeability (39, 40). Therefore we hypothesized that colistin might enhance 
anti-TB drug activity by increasing the mycobacterial cell wall permeability allowing 
increased intramycobacterial concentrations of anti-TB drugs. In order to enhance the 
clinical relevance of our in vitro studies, drug activity against Mtb with high as well as 
low metabolic activity was investigated. Several important observations came from 
this study. First, we identified two new potent anti-TB drug combinations inducing 
rapid and strong killing of Mtb. It is the first study providing evidence that colistin can 
indeed potentiate the activity of isoniazid as well as amikacin in vitro. We also showed 
that colistin could prevent the emergence of isoniazid and amikacin resistance. The 
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results of our study have recently been confirmed by another study showing that the 
prodrug colistin methanesulfonate could enhance isoniazid activity against Mtb in vitro 
(41). Ultrastructure analyses showed disruption of the outer polysaccharide layer of 
Mtb supporting the hypothesis that the effect of colistin could be mediated by increas-
ing intramycobacterial anti-TB drug concentrations (41). This hypothesis needs to be 
confirmed by measuring intramycobacterial drug concentrations. A second important 
observation from this study is that the degree of drug activity in terms of mycobacterial 
killing and prevention of the emergence of drug resistance depended on the metabolic 
state of Mtb, which is in line with previous studies (36, 42, 43). Interestingly, the poten-
tiating effect of colistin was only observed in the Mtb population with high metabolic 
activity. These observations emphasize the importance of investigating mycobacterial 
subpopulations with different metabolic activities when assessing the activity of anti-TB 
drugs in vitro.  Distinguishing between the different Mtb populations might be clinically 
relevant as Mtb with high metabolic activity is supposed to be responsible for spreading 
of TB, whereas Mtb with low metabolic activity better represents Mtb that is present in 
deep-seated tissue infection and is probably responsible for relapse of TB. In view of 
our observation that relatively high colistin concentrations were needed to potentiate 
anti-TB drugs, and data from literature that colistin concentrations in broncheoalveloar 
lavage fluid are rather low after intravenous administration (44), we discuss the potential 
advantage of the administration of colistin via inhalation. Colistin inhalation is already 
successfully used in clinical practice for the treatment of pneumonia by resistant Gram-
negative bacteria in patients with cystic fibrosis and (ventilator associated) pneumonia 
(45). Through inhalation, higher local drug concentrations at the primary infected site 
can be achieved while minimizing systemic drug toxicity. This could not only lead to 
enhanced activity against drug-susceptible Mtb, but the increased local drug concentra-
tions might also exhibit activity against less susceptible Mtb strains (46).
In chapter 4, the need of developing novel treatment strategies against mycobacterial 
infections, and the challenge to establish which preclinical models are most predictive 
of clinical efficacy are discussed for anti-TB drugs. Although many different preclinical 
models determining the activity and therapeutic efficacy of anti-TB drugs are available, 
it is yet unclear which models provide the highest translational value. PreDiCT-TB is a 
European multidisciplinary consortium focusing on anti-TB drug development (www.
predict-tb.eu). The main goal of PreDiCT-TB is to find the combination of preclinical 
models that is most representative of response in TB patients. As such, the results of the 
PreDiCT studies are back-validated using historical clinical data on the most important 
drug combinations in TB patients. In this way, an integrated modeling framework will 
be constructed, serving as a reliable method to study novel anti-TB drug regimens and 
forming the basis for the clinical trial design. 
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In 4.1 we studied the role of the in vitro time-kill kinetics assay as an asset to a predictive 
preclinical modeling framework assessing anti-TB drug activity. The concentration- and 
time-dependent killing capacities of six anti-TB drugs used in clinical practice alone or 
in combination against a Beijing genotype Mtb strain were determined in vitro. Ranking 
based on rate and strength of mycobacterial killing showed that streptomycin, rifampi-
cin and isoniazid were most active against Mtb with high metabolic activity. Isoniazid 
in combination with rifampicin or high dose ethambutol were the only synergistic drug 
combinations. The addition of a third or fourth anti-TB drug did not result in further syn-
ergy. Both rifampicin and streptomycin were able to prevent the selection of isoniazid 
resistance. The challenging question is how to relate these data on in vitro anti-TB drug 
activity to historical clinical data on therapeutic drug efficacy. In this respect, the results 
of clinical trials are ultimately the most reliable comparators when evaluating the predic-
tive value of preclinical models assessing different combination anti-TB drug regimens. 
It is well known that during TB treatment, different phases can be distinguished (47). 
The first days of therapy are characterized by a rapid reduction of rapidly growing my-
cobacteria. The next phase is characterized by a much slower decrease in mycobacterial 
load in which the persisting mycobacteria with a lower replication rate, including those 
mycobacteria that are non-replicating (dormant), are killed, which process is referred to 
as sterilization (47). In anticipation of this fact, anti-TB treatment requires a combination 
of drugs showing activities against Mtb with both high and low metabolic activity as 
well as non-replicating Mtb. Clinical trials investigate combination anti-TB drug regimens 
during different phases of a full treatment course. The main outcome parameters are the 
prevention of the emergence of drug resistance, the percentage of negative sputum 
samples after two months of therapy and disease relapse, the latter two parameters 
reflecting the sterilizing capacity of anti-TB drug regimens. The present in vitro assay 
evaluates drug activity during the first few days of TB treatment in the clinical setting by 
assessing the bactericidal activity against highly metabolically active (rapidly growing) 
Mtb, while not measuring drug activity against Mtb with low metabolic activity, related 
to sterilization. In that respect, determination of in vitro activity against Mtb with low 
metabolic activity and non-replicating Mtb may provide important additional informa-
tion, which has already been shown in previous studies (36, 42, 43). Moreover, during a 
full course of anti-TB drug therapy, other factors not included in our in vitro assay play a 
role in clinical success, such as drug penetration into macrophages harbouring intracel-
lular Mtb and into TB lesions (48) as well as drug tissue distribution, pharmacokinetic/
pharmacodynamic properties and host-pathogen interactions. We concluded that the 
time-kill kinetics assay provides important information on the mycobacterial killing 
dynamics of anti-tuberculosis drugs during the early phase of drug exposure. As such, 
this assay is a valuable component of the preclinical modeling framework
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fuTure PersPecTIVes

I. Infections with nontuberculous mycobacteria (nTM)

One of the most important findings of our in vitro study on drug activity against Myco-
bacterium avium (3.2) is that the activity of the current cornerstone drug clarithromycin 
is unreliable, underlining the importance of investigating novel strategies to improve 
anti-NTM drug activity against M. avium, especially since this is the leading cause of NTM 
disease worldwide. Besides M. avium, there is a strong need to identify novel treatment 
strategies for Mycobacterium abscessus as this is one of the most difficult to treat NTM 
species due to its multi-drug resistant character. 
One of the major challenges in current anti-NTM treatment is to achieve appropriate 
drug levels at the site of infection. Improving drug efficacy should include strategies 
to increase drug concentrations within mycobacteria, in infected target cells (macro-
phages) as well as in the lung compartment. These strategies could be used to improve 
the activity of the current cornerstone drugs as well as the activity of novel anti-NTM 
drugs. Several strategies are worthwhile exploring based on studies performed by our 
research group as well as by others.   

A. Increasing mycobacterial cell wall permeability
Studies with different mycobacterial species including M. avium have shown that 
changing or destabilizing the mycobacterial cell wall resulted in increased mycobacte-
rial drug activity (49, 50). Based on our previous results in 3.3, showing that colistin 
could potentiate the activity of two anti-tuberculosis (anti-TB) drugs, it is interesting to 
investigate the potential of colistin to increase the activity of  anti-NTM drugs towards 
M.avium and M. abscessus in vitro. Next, the most promising combinations should be 
further studied in our intracellular infection model as well as in our mouse model of 
disseminated NTM infection (51). When successful, we might consider the application of 
colistin for pulmonary NTM infections which step would be relatively uncomplicated as 
inhalational colistin is already used in current clinical practice (45). 

B. Inhibition of mycobacterial efflux pumps
Another potential strategy increasing the potency of antimycobacterial drugs and 
decreasing the emergence of drug resistance is the use of efflux pump inhibitors (EPIs). 
Accumulating evidence suggests an important role for mycobacterial efflux pumps in 
the extrusion of antimycobacterial drugs before reaching their target (52). In Mycobac-
terium tuberculosis (Mtb) overexpression of mycobacterial efflux pumps is considered a 
major factor leading to drug resistance (53, 54). It has been shown that EPIs inhibit the 
expression of genes encoding efflux pumps in Mtb, and thereby also reduce the activ-
ity of existing efflux pump proteins (53, 55). As such, EPIs have been shown to reduce 



anti-TB drug resistance (56-60) and to increase the activity of current as well as novel 
anti-TB drugs both in vitro and in in vivo mouse models (56, 60-62). Only a few studies 
investigated efflux pumps and EPIs in the context of NTM. Knocking out the efflux pump 
gene lfrA resulted in accumulation of ethidium bromide and increased susceptibility 
and decreased resistance to ethambutol and ciprofloxacin in Mycobacterium smegmatis 
(63, 64). Similarly, EPIs have been shown to increase ethidium bromide accumulation 
in M. avium which was associated with reduced macrolide resistance (65). Between the 
different EPIs investigated, verapamil is of particular interest. Verapamil has been shown 
to be a potent mycobacterial EPI increasing the activity of multiple anti-TB drugs in vitro 
and in intracellular infection models (56, 66) and was also used in M. avium studies (65). 
Verapamil is already approved by the Food and Drug Administration (FDA) for the treat-
ment of certain cardiovascular diseases facilitating clinical application in mycobacterial 
infections. Moreover, verapamil has been shown to accumulate in lung tissue in experi-
mental animals (67), which is an attractive property for the intended use in pulmonary 
mycobacterial infections. Recently, an inhalable dry power consisting of verapamil 
combined with the anti-TB drug rifapentin was shown to increase mycobacterial killing 
capacity against Mtb inside macrophages (68). The data obtained further promote vera-
pamil as a candidate in the examination of the role of EPIs in increasing anti-NTM drug 
activity. However, we should keep in mind that the calcium channel blocking property of 
verapamil making it a useful drug in the treatment of cardiac arrhythmia’s, is undesirable 
in terms of safety and tolerability when used in  patients with mycobacterial infections. 
Importantly, the efflux pump blocking effects of verapamil have been suggested to be 
unrelated to its calcium blocking activity (66, 69) stimulating further investigation of the 
applicability of verapamil derivates with decreased calcium blocking activity, such as 
R-verapamil or norverapamil (66). 
Next to verapamil, other EPIs should be explored as well such as thioridazine, which 
has been extensively studied in the context of Mtb (53). Although thioridazine toxic 
side effects are a major drawback, current studies are exploring strategies to reduce 
toxicity in this way reinstating thioridazine as a candidate EPI (70, 71). In the presence 
and absence of EPIs, the activity of different anti-NTM drugs against M. avium and M. 
abscessus should be assessed. Next, the most promising drug combinations should be 
selected and further investigated in our intracellular infection model and in our mouse 
NTM infection model.   

C. Increasing drug concentrations in infected tissues and infected macrophages 
Besides increasing antimycobacterial drug concentrations of anti-NTM drugs, future 
attempts should focus on increasing drug concentrations in the infected lung compart-
ment (through inhalation) as well as inside infected macrophages. As to enhancing 
intra-macrophage drug concentrations, the use of nanocarriers encapsulating antimy-
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cobacterial drugs is of potential interest, as nanoparticles are effectively phagocytized 
by macrophages (72). In addition, following encapsulation, the drugs will be protected 
from degradation and the release (slow versus fast) can be influenced depending on the 
type of nanoparticles, which factors are all contributing to increased efficacy (73, 74). Al-
though most published studies using nanocarriers were performed with Mtb, also for M. 
avium the beneficial effect of nanocarrier formulations regarding anti-NTM drug activity 
has been demonstrated in intracellular infection models and in in vivo animal models 
(51, 75-77). Nanocarriers can also be used to exploit the synergistic interaction of a spe-
cific drug combination by co-encapsulation of the drugs in the same nanocarrier (78). 
In this way, parallel distribution in tissues or cells of both drugs may be ensured and the 
synergistic activity at the infectious focus guaranteed. In this respect, co-encapsulation 
of antimycobacterial drugs in nanocarriers may open new perspectives in the treatment 
mycobacterial infections. 

To support the efforts of increasing intramycobacterial concentrations of anti-NTM 
drugs, tools to measure those concentrations are needed. In this context, the use of 
confocal fluorescence microscopy as an innovative tool for measuring intramycobacte-
rial drug concentrations should receive attention. An important subject of research is to 
investigate whether increased anti-NTM drug activity as observed in extracellular and 
intracellular mycobacteria can be related to increased drug concentrations in mycobac-
teria and in infected macrophages, respectively. In addition, fluorescence recovery after 
photobleaching (FRAP) might be used to determine efflux rates of anti-NTM drugs when 
investigating the effect of different EPIs. Super resolution microscopy might provide 
information on the specific localization and accumulation of different anti-NTM drugs 
within infected macrophages in our intracellular infection model. Preliminary results 
generated in a collaborative project with the Erasmus MC Optical Imaging Centre showed 
that different anti-NTM drugs could be visualized in labeled extracellular M. avium. In-
tramycobacterial antibiotic concentrations can now be quantified in the presence and 
absence of different drug potentiators, such as EPIs and perhaps in a later stage cell wall 
destabilizers, such as colistin. Recently obtained data showed that although increased 
anti-NTM drug activity in the presence of EPIs was observed in vitro, this could not be 
linked to increased intramycobacterial drug concentrations by fluorescence microscopy. 
This might be due to the fact that the antibiotic concentrations needed to achieve a 
substantial fluorescent signal were much higher than the concentrations used in our in 
vitro assay. In future studies we should proceed with fluorescent-labeling of antibiotics, 
enabling the investigation of much lower (clinically relevant) anti-NTM drug concentra-
tions with and without different potentiating agents. 
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In summary, future NTM research should focus on improving anti-NTM drug efficacy 
by increasing exposure of mycobacteria to anti-mycobacterial drugs at three different 
levels: 1) the infected tissue, 2) the extracellular mycobacteria and 3) the intracellular 
mycobacteria inside macrophages. These strategies could be used to increase the 
activity and therapeutic efficacy of the current cornerstone anti-NTM drugs as well as  
potential novel anti-NTM compounds. 

II. Tuberculosis (Tb)

The main reason for the current lengthy TB treatment duration is the difficulty to 
eradicate the non-replicating (or dormant) Mtb subpopulation, which is responsible for 
disease persistence and relapse. In order to shorten treatment duration, anti-TB drug 
development should focus on improving drug activity against the Mtb subpopulation 
in the low metabolic state. For this purpose, identifying the dormant Mtb subpopula-
tion in different preclinical models is important, allowing appropriate investigation 
of the required properties of novel anti-TB drugs, which is sterilizing activity against 
this particular Mtb subpopulation. This could significantly add to the predictive value 
of preclinical models as illustrated by our main finding in 4.1 demonstrating that the 
predictability of our current in vitro time-kill kinetics assay assessing drug killing activity 
against actively multiplying mycobacteria is limited to the early phase of TB treatment 
in the clinical setting. However, identification of dormant Mtb in preclinical models 
is difficult as so far, this subpopulation could not be cultured in vitro. In this context, 
investigating the potential of resuscitating promoting factors (RPFs) to help revival of 
the non-replicating Mtb subpopulation should receive attention. RPFs are a family of 
proteins produced by Mtb acting on the mycobacterial cell wall and stimulating growth 
of dormant, otherwise non-culturable Mtb in in vitro and in mouse models of TB as 
well as in sputum samples of TB patients (79, 80). However, the methods used in these 
studies are complex, time-consuming using one read-out only based on estimates of 
mycobacterial load. Therefore, different techniques for investigating the potential of RPF 
to revive the non-replicating Mtb subpopulations should be used and compared includ-
ing mycobacterial staining, determination of the time to positivity (TTP), molecular 
detection as well as traditional mycobacterial cultures. If successful, the combination 
of assays might be used to compare current and novel anti-TB drugs for their activity 
against the dormant Mtb subpopulation. In addition, further insight could be gained 
by assessing the sterilizing activity of anti-TB drugs in the RPF knockout Mtb strain (81). 
Proper identification of the dormant Mtb subpopulation in vitro allows further research 
in our intracellular infection model and in our mouse TB model (82, 83). 
Other strategies focusing on the dormant Mtb subpopulation include the use of a 
streptomycin-dependent Mtb strain or the use of potassium depletion. The streptomy-
cin-dependent Mtb strain 18b typically requires streptomycin for its growth (84). Im-
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portantly, the strain maintains viability when kept in streptomycin-free culture medium 
and growth is recovered when streptomycin is added, which approach has been shown 
to mimic dormancy in animal TB models (84). Potassium depletion has recently been 
shown to trigger Mtb dormancy in vitro, which could be reverted by potassium repletion 
and as such could be an elegant way to study dormancy (85). 
Besides focusing on the dormant Mtb population, it is also informative to establish the  
activity of anti-TB drugs in the culturable Mtb population with high versus low metabolic 
activity. In addition, most helpful in improving predictability of preclinical models is to 
include the hollow fiber system model of TB as a novel tool, approved both by the FDA 
and the European Medicines Agency (EMA). This pharmacokinetic/pharmacodynamic 
model has been shown particularly suitable for determining optimal drug exposure in 
terms of dosage and time in anticipation of clinical use in TB patients (86).      
Regarding novel treatment strategies, as discussed in the NTM section, efflux pumps 
are interesting targets to increase intramycobacterial drug concentrations, also in the 
context of Mtb. As such, efflux pump inhibition has already been investigated by our re-
search group and should be further explored (60, 87). The concept of the use of colistin 
as a potentiator of anti-TB drug activity should be further substantiated in our models 
of intracellular infection, hollow fiber system and mouse TB infection. Other strate-
gies worthwhile exploring are optimization of drug dosing schedules (82, 88) as well 
as mode of administration, including antibiotic inhalation and nanocarrier medicated 
drug targeting. Next to a better use of existing anti-TB drugs, investigating the potential 
of novel compounds is crucial with particular interest in targeting the dormant Mtb 
subpopulation. 

In summary, future TB research should focus on improving the sterilizing capacity of 
anti-TB drug regimens in order to shorten treatment duration. To that aim, identification 
and targeting the dormant Mtb subpopulation in different preclinical models is crucial, 
thereby improving their predictive value and forming a reliable basis for future clinical 
trial design. 
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Infecties met non-tuberculeuze mycobacteriën (NTM) en tuberculose (TB) zijn twee  
verschillende ziektebeelden, maar worden beiden gekenmerkt door een complexe 
behandeling. Dit is het resultaat van een nauwgezet samenspel tussen de gastheer (de 
patiënt) en de ziekteverwekker (mycobacteriën). Het verbeteren van de behandeling 
van mycobacteriële infecties vereist een multifactoriële aanpak waarvan verschillende 
facetten in dit proefschrift worden belicht. Enerzijds is het van belang om patiënt ge-
relateerde factoren te identificeren, die van invloed kunnen zijn op het succes van de 
behandeling. Zo is het herkennen en aantonen van verschillende predisponerende fac-
toren van belang waarvan er een in hoofdstuk 2 wordt besproken. Anderzijds is het van 
belang om strategieën te ontwikkelen die leiden tot verbetering van de effectiviteit van 
de huidige antibiotica tegen mycobacteriën. In hoofdstuk 3 worden drie verschillende 
strategieën besproken. Dat verbetering van therapie noodzakelijk is, wordt algemeen 
onderkend. Het is op dit moment echter nog onduidelijk welke combinatie van preklini-
sche modellen om antibiotica activiteit tegen mycobacteriën te onderzoeken, het beste 
voorspelt hoe effectief deze middelen daadwerkelijk zijn in patiënten met mycobacte-
riële infecties. Dit komt in hoofdstuk 4 aan bod. De bevindingen van de verschillende 
studies worden hier kort uiteengezet.    
In hoofdstuk 2 (2.1) wordt een nieuwe mutatie in het Signal Transducer and Activator 
of Transcription 1 (STAT1) beschreven in een patiënt met een gedissemineerde NTM 
infectie. Het STAT1 gen codeert voor een eiwit, dat essentieel is voor de werking van 
interferon gamma (IFN-γ) en van belang is voor de afweer tegen verscheidene bacte-
riën, waaronder mycobacteriën, virussen en schimmels/gisten. Een nieuwe, autosomaal 
dominante mutatie in het SH2 bindend domein van STAT1 wordt geïdentificeerd, die 
geassocieerd is met gestoorde STAT1 fosforylering en binding van STAT1 aan het DNA 
in de celkern van geïnfecteerde cellen resulterend in verminderde transcriptie van IFN-g 
gereguleerde genen. Het belang van identificatie van deze onderliggende immuunde-
ficiëntie wordt onderstreept door het feit dat met langdurig antibiotica gebruik als ook 
IFN-g suppletie, de infecties van deze patiënt over de jaren goed onder controle zijn 
gebleven. 
In hoofdstuk 3 worden verschillende strategieën besproken om de effectiviteit van 
antimycobacteriële therapie te verbeteren. 
In 3.1 beschrijven we vier patiënten met gedissemineerde mycobacteriële infecties 
door mutaties in de IFN-g receptor, die met interferon alfa (IFN-a) behandeld werden. De 
klinische respons op IFN-a behandeling varieerde, maar resulteerde bij alle patiënten 
in verbetering danwel stabilisatie van het ziektebeeld. Hoewel de signaal transductie 
routes en immunologische functies van IFN-g en IFN-a verschillend zijn, is er overlap 
door de gemeenschappelijke activatie van de signaal transductie moleculen Janus 
kinase (JAK) 2 en STAT1. We tonen zowel in vitro als ex vivo aan dat IFN-a zowel genen 
stimuleert die met name door IFN-a aangezet worden, als ook genen, die voornamelijk 
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door IFN-g aangezet worden. We concluderen dat IFN-a mogelijk gedeeltelijk kan com-
penseren voor het tekort aan IFN-g. Bovendien stellen we dat IFN-a gunstig zou kunnen 
zijn voor een geselecteerde groep patiënten met gedissemineerde, therapie resistente 
NTM infecties met een onderliggend defect in de functie van interferon gamma. 
In 3.2 onderzoeken we de potentiëring van de activiteit van claritromycine tegen Myco-
bacterium avium in vitro. Claritromycine is een macrolide antibioticum en de hoeksteen 
van de behandeling van vele NTM infecties, waaronder infecties met M. avium. We on-
derzoeken de rol van het toevoegen van tigecycline, een breed spectrum antibioticum 
behorend tot de groep van glycylcyclines, dat in de klinische praktijk reeds gebruikt 
wordt voor andere indicaties. Opvallend genoeg blijkt de in vitro activiteit van claritro-
mycine zeer variabel bij klinisch relevante concentraties. Dit speelt wellicht een rol in het 
feit dat het succes van de behandeling van M.avium infecties nog steeds marginaal en 
onvoorspelbaar is. Onze resultaten laten zien dat onze dynamische in vitro time-kill kine-
tics assay waardevolle informatie oplevert over de concentratie- afhankelijke activiteit 
van antimycobacteriële middelen in verloop van de tijd. Deze informatie wordt niet ver-
kregen wanneer klassieke gevoeligheidsbepalingen worden ingezet, zoals de minimaal 
inhiberende concentratie (MIC). Er wordt bovendien aangetoond dat de toevoeging van 
tigecycline leidt tot toegenomen claritromycine activiteit tegen M. avium. Ook wordt 
door deze toevoeging het selecteren van claritromycine resistentie voorkomen. Of clari-
tromycine daadwerkelijk klinisch toepasbaar is in de behandeling van M.avium infecties 
zal verder onderzocht moeten worden in verschillende preklinische modellen. 
In 3.3 wordt een andere strategie onderzocht om de in vitro activiteit van antimyco-
bacteriële middelen te verbeteren tegen Mycobacterium tuberculosis (Mtb). Er wordt 
gekeken naar het effect van het verhogen van intramycobacteriële concentraties door 
colistine. De ingewikkelde samenstelling van de mycobacteriële celwand beperkt de 
doorlaatbaarheid voor antibiotica aanzienlijk. Hierdoor kunnen antimycobacteriële 
middelen niet goed doordringen in mycobacteriën zoals Mtb waardoor hun werkzaam-
heid vermindert. Colistine behoort tot de polymyxine antibiotica en wordt klinisch reeds 
toegepast in de behandeling van infecties met resistente Gram-negatieve bacteriën. 
Colistine dankt de werking aan de interactie met de bacteriële membraan waar het 
zorgt voor membraan destabilisatie, lekkage van de intracellulaire inhoud en celdood. 
Hoewel de samenstelling van de mycobacteriële celwand anders is dan die van Gram-
negatieve bacteriën, is interactie met colistine en op colistine gelijkende middelen 
beschreven leidend tot een toegenomen doorlaatbaarheid. Hierop is onze hypothese 
gebaseerd dat colistine de activiteit van antimycobacteriële middelen kan verbeteren 
door verhoging van de intramycobacteriële concentraties. Dit onderzoeken we in een 
Mtb populatie met hoge en lage metabole activiteit. Deze studie heeft een aantal 
belangrijke bevindingen. Ten eerste ontdekken we twee nieuwe potente combinaties 
van middelen met een snelle en sterke bactericide werking tegen Mtb. Voor het eerst 
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laten we zien dat colistine de in vitro activiteit van twee antimycobacteriële middelen, 
isoniazide en amikacine, tegen Mtb kan versterken en resistentie voorkomt. Of verho-
ging van de intramycobacteriele antibiotica concentraties hieraan ten grondslag ligt 
zal onderzocht moeten worden door het meten van intramycobacteriële concentraties. 
Ten tweede laten we aanzienlijke verschillen zien in in vitro activiteit van de verschil-
lende antimycobacteriële middelen in de Mtb populatie met hoge versus lage metabole 
activiteit. Bovendien treedt de potentiëring door colistine alleen op in de Mtb populatie 
met hoge metabole activiteit. Deze resultaten illustreren het belang van het bestuderen 
van Mtb populaties met verschillende metabole activiteit wanneer de activiteit van 
(nieuwe) antimycobacteriële middelen onderzocht wordt. We bespreken de toediening 
van colistine per inhalatie. Dit wordt reeds succesvol toegepast in de klinische praktijk 
bij patiënten met een pneumonie veroorzaakt door resistente Gram-negatieve bacte-
riën bij patiënten aan de beademing of met cystic fibrosis. Het voordeel van inhalatie is 
dat lokaal hogere concentraties bereikt kunnen worden van de antimicrobiële middelen 
terwijl de systemische bijwerkingen beperkt blijven. 
In hoofdstuk 4 wordt het belang van preklinisch modelleren besproken. 
In 4.1 onderzoeken we de in vitro activiteit van zes antimycobacteriële middelen te-
gen Mtb met hoge metabole activiteit. Deze studie is uitgevoerd in het kader van het 
PreDiCT-TB consortium. Dit is een Europees consortium, dat als doel heeft om te bepa-
len welke (combinatie van) preklinische modellen de beste voorspellende waarde heeft 
voor hoe effectief antimycobacteriële middelen zijn in TB patiënten. Binnen PreDiCT-TB 
worden verschillende preklinische modellen bestudeerd waarvan de resultaten verge-
leken worden met historische data die beschikbaar zijn over de effectiviteit van deze 
middelen in TB patiënten. Op deze manier wordt een geïntegreerd model gecreëerd 
waarmee op een betrouwbare manier de activiteit van potentiële nieuwe middelen 
en combinaties van middelen preklinisch onderzocht kunnen worden. We hebben de 
in vitro activiteit van de verschillende middelen gerangschikt waarbij streptomycine, 
rifampicine en isoniazide het meest actief zijn. Isoniazide in combinatie met rifampi-
cine of hoge dosis ethambutol zijn de enige synergistische combinaties. Rifampicine 
en streptomycine kunnen isoniazide resistentie voorkomen. De vraag is hoe we deze 
resultaten kunnen relateren aan historische gegevens over de effectiviteit van deze 
middelen in TB patiënten. We concluderen dat ons in vitro model belangrijke informatie 
levert over de activiteit van antimycobacteriële middelen in de eerste (vroege) fase van 
de behandeling als ook over voorkomen van resistentie. Hiermee is onze in vitro assay 
een belangrijk onderdeel van een geïntegreerd preklinische model voor het bestuderen 
van antimycobacteriële activiteit en effectiviteit. 
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