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INTRODUCTION 

Tuberculosis (TB) has long existed as a disease among 
humans.1 Although there are pre-historical evidences that 
indicate its affliction of man’s early ancestors, it is only in 
fairly modern history that much of its impact on human 
health has become largely problematic.  Despite serious 
global efforts to control it, the number of TB cases 
continues to increase, especially among low-income 
countries such as the Philippines that are the least 
resourced to deal with it.  In many ways, the failure of efforts 
to effectively control drug-sensitive (DS) TB contributes 
significantly to the emergence of Multiple Drug-Resistant 
(MDR) TB, now posing as the new face of this global threat.  
According to the WHO, many countries with the largest 
number of TB cases like the Philippines also happen to be 
the ones with the largest number of MDR-TB.2 MDR-TB 
presents greater challenges that unless addressed soon 
and/or prevented can lead to bigger problems in the 
control of TB as a whole in the Philippines.   

DR-TB had been observed soon after the first drugs were 
used against TB.  One of the first drugs used against TB 
was streptomycin (SM), discovered in 1943 by Selman 
Waksman and Albert Schatz and used widely for TB soon 
thereafter in 1944.3 Even while these initial patients treated 
with SM got better, some of them were soon found to have 
recurrence – evidence that the bacilli eventually developed 
resistance to the drug.4,5 Almost at the same time, para-
aminosalicylic acid (PAS) was also found useful for TB.  
With the later discovery in 1951 of the more potent drug 
isoniazid or INH (also known as isonicotinic hydrazide), 
combination therapy with SM, PAS, and INH became the 
standard of treatment to address the development of drug 

resistance.6  Not too long after that, Rifampicin (RIF) was 
discovered in the late 1950s and widely used in patients 
starting in 1966.  It proved to be, even up to now, the most 
potent of the first-line anti-TB medications.  

Combination therapy of the various anti-TB drugs has 
therefore been the prevailing approach to address the 
problem of drug resistance in TB.  Since the time that 
several drugs have become available against TB, various 
permutations of the available drugs with varying durations 
of treatment have been tried. The institution of a four-drug 
regimen sometime in the early 1970s, consisting of INH, 
RIF, ethambutol (EMB), and pyrazinamide (PZA) – the last 
being given in the first two months of an intensive phase – 
over six months was later demonstrated effective in most 
cases of TB and able to prevent recurrence.6 Since then, up 
to now, this has been the standard treatment 
recommended by the WHO for DS-TB.   

Rather ironically, however, although intended to counter 
drug resistance, this combination of four drugs given for 
six months with its accompanying adverse events, have 
contributed inadvertently but surely to poor patient 
adherence and the subsequent increase of DR-TB.7 

This review is being conducted to gain a better 
understanding of this problem of increasing drug 
resistance in TB in the Philippines – and hopefully, how it 
can be reversed.  It consists of three parts: 1) looking at the 
extent and risk factors behind the emergence of DR-TB in 
the Philippines; 2) understanding genotypic mutations 
underlying DR-TB which may help in its quick 
identification, and 3) what could be a sustainable testing 
strategy in our country to identify DR-TB promptly. These 
factors are interrelated:  risk factors can help assess the risk 
for DR-TB and thus recommend to test for it.  The 
performance, accessibility, cost (in the private sector), and 
limitations of the test helps in choosing and interpreting 
the test.  
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METHODOLOGY 

Searches were conducted using online databases:  
Pubmed, Scopus, and Google Scholar. For background 
information on drug resistance in the Philippines, search 
terms used were: drug resistance AND MDR-TB AND 
Philippines.  The time frame was limited to 10 years (2010 
to 2020).  Only those with free full text available were used 
for the review. 

For the genotypic mechanisms and molecular testing, the 
following terms were used: [drug] mechanism of action, 
[drug] resistance, [drug] resistance testing, whereby [drug] 
was substituted for the drugs to be covered in this review: 
RIF, INH, EMB, PZA, SM, amikacin (AM), levofloxacin (LFX), 
moxifloxacin (MFX), linezolid (LZD), bedaquiline (BDQ), 
clofazimine (CFZ), delamanid (DLM), ethionamide (ETO), 
para-aminosalicylic acid (PAS), cyclo-serine (CS), 
imipenem-cilastatin (IPM-CLN), and meropenem (MEM).  
Priority was given to review articles published from 2015 to 
present with available free text.  Information gleaned from 
these sources are consolidated in this report. 

 

DISCUSSION 

I. MDR-TB in the Philippines 

Although drug resistance in TB has been observed almost 
from the outset of using drugs to treat it, the detection of 
drug resistance with the use of sensitivity testing has not 
been a standard practice even up to now in many 
countries.  With the expense and time involved in culture-
based (phenotypic) drug susceptibility testing (DST), plus 
the previous confidence that the use of four drugs in 
quadruple anti-TB therapy could address any emerging 
drug resistance, there was very little reason (and money) to 
look into it.  For example, early studies looking at initial 
resistance to INH and/or SM showed very little effect on the 
occurrence of treatment failures or relapses.8,9 However, 
those same studies already started to show that initial 
resistance to RIF, albeit small at that time, led to higher 
rates of failures and relapses.  

It was therefore not until the 1990s when increasing 
incidence of RIF resistance (RR) was being reported that 
the WHO started to systematically monitor resistance to 
anti-TB drugs.10 The WHO defined MDR-TB as the 
presence of resistance to RIF with concomitant resistance 
to INH. The resistance of the bacilli to still more of the other 
anti-TB treatments, on top of RIF and INH, was called 
extensively drug-resistant (or XDR) TB.  XDR-TB involves 
concomitant resistance to second-line drugs such as 
fluoroquinolones (FQs) and at least one of the three 
injectable drugs (AM, KAN, and CM). Pre-XDR TB is also 
mentioned by some as RR plus resistance to FQs. Lastly, 
total drug-resistant (TDR) TB means the bacilli are resistant 
to all available anti-TB drugs. 

MDR-TB was first described as a problem in the early 1990s 
and extensively drug-resistant (XDR-) TB in the early 
2000s.11 In its 2000 report, the WHO mentions MDR-TB as 
a problem in the Russian Federation and Peru.12 For the 
period 2016-2020, WHO reports some 30 countries, 
including the Philippines, with a high burden of MDR TB.2 

Burden of MDR-TB.  In 2018, an estimated 10.0 million 
people globally fell ill with TB, equivalent to 132 cases per 
100,000 population.2 The Philippines ranks fourth globally, 
contributing to 6% of the total number of global TB cases, 
and is exceeded only by India (27%), China (9%), and 
Indonesia (8%).  On a per-capita basis, however, the 
Philippines, with 554 TB cases per 100,000 population, is 
exceeded only by Lesotho – a small country in Southern 
Africa, with about 2% of the population of the Philippines – 
with 611 TB cases per 100,000 population.  The incidence 
of MDR-TB is also noted to be increasing in the Philippines.  
In 2019, the WHO estimates that the incidence of MDR-TB 
is 17 per 100,000 population in our country. In 2013, 2% of 
new cases were estimated to have MDR-TB.13 Five years 
later, in 2018, WHO estimates that 4% of new cases have 
MDR TB.2 In modeling studies, MDR-TB is predicted to 
continue its increase in the Philippines.14 These put the 
Philippines at high risk of failing to achieve the targets of 
the Global End TB Strategy and Sustainable Development 
Goals.15 

The baseline prevalence of TB is relevant in the discussion 
of MDR-TB given that the large numbers of TB cases can 
lead to an increased probability of drug-resistant strains to 
emerge due to spontaneous mutations alone (see below).  
Such huge numbers of cases also weigh down the national 
TB programs, potentially leading to treatment failures.  
These treatment failures then select further for resistant 
strains.  In 2018, of the 30 countries reported by the WHO 
with the highest TB burden, 20 countries, including the 
Philippines, have also a high MDR-TB burden.2 A recent 
study estimates that the Philippines spends more than USD 
900 for each incident case of DS-TB with the government 
spending more than 70% of that.16 In a 2019 WHO global 
study, the Philippines reports a USD 129 million funding 
gap for its National TB Program.2  

As mandated by the WHO End TB strategy, adequate case 
finding, as indicated by case notifications, is vital to start 
proper treatment.  The Philippines is again ranked fourth 
biggest in terms of the size of the gap between TB 
incidence and notified cases, although such notifications 
are reported to be improving significantly in recent years.2  
The Comprehensive Tuberculosis Elimination Plan Act of 
2016 (RA 10767) now mandates all public and private 
providers to notify the Department of Health (DOH) of 
every person with TB that they diagnose.17 It remains to be 
seen whether this would significantly improve case 
notification.  

However, even if such case notifications are now required 
by law, only 24% of previously treated cases who have 
bacteriologically confirmed TB are estimated to have been 
tested for RIF resistance in the Philippines.2 Rather than 
rationing DST to those with a so-called high-risk profile 
such as previous anti-TB treatment, studies suggest that 
this should be done at the outset because drug resistance 
can already be present in those consulting even for the first 
time.18-20  DR-TB cases who are inappropriately given 
standard DOTS treatment can only help select for more 
extensively resistant Mycobacterium tuberculosis (MTB).  
The need to test for MDR-TB for certain newly diagnosed 
TB cases need to be further evaluated in the local setting. 
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More importantly, only a little more than 60% of the 
estimated total cases of TB in the Philippines are thought 
to received adequate treatment coverage.  The landscape 
for MDR-TB treatment is even more bleak.  In 2012, the 
DOH reports that only 23% of estimated MDR-TB cases 
had been provided with quality assured second-line anti-
TB drugs.21 Another report states that only 17% of all 
estimated MDR-TB cases in the Philippines were treated in 
2015.22 For DS-TB cases who are treated properly, the 
Philippines reports a 91% success rate (vs the WHO target 
of 85%).  But for MDR-TB/RR-TB and XDR-TB cases, the 
success rate goes down to 58% and 20%, respectively. This 
is similar to the figures worldwide.23 More than 30% of 
MDR-TB cases undergoing treatment are also lost to 
follow-up.24  

Failure to treat cases, whether DS-TB or MDR-TB can lead 
not only to the persistence of these cases but also as 
possible sources of more widespread person-to-person 
transmission.  All of these emphasize not only the need to 
find MDR-TB cases at the outset but also to start and 
maintain proper treatment so that the further transmission 
of both DS and MDR-TB can be prevented. 

The financial impact of MDR-TB is also significant.  About 
70% of patients with MDR-TB in the Philippines are 
estimated to incur catastrophic costs (spending > 10% of 
their household income) – again failing to achieve 
milestones mentioned in the Global End TB Strategy.15  
The total drug costs for treating MDR-TB in the Philippines 
is more than three times compared to treating DS-TB.2 A 
local study reported that drugs alone for MDR-TB 
amounted to USD 3500 per patient.25  

Risk Factors.  Similar to resistance in other antimicrobial 
drugs, classification into primary and secondary types of 
MDR-TB can be made (Table 1).26 It is the secondary type 
of MDR-TB which is usually considered as a bigger 
problem in countries with a high TB prevalence such as the 
Philippines.27-30 Global studies of risk factors for MDR-TB 
have consistently revealed previous TB disease and 

treatment as the most important.31 In our country, MDR-TB 
is estimated to be present in about 16% of all TB cases with 
previous treatment; compared to only 1.7% without prior 
treatment.2 In 2014, according to the 2nd National Drug 
Resistance Survey on Tuberculosis in the Philippines, 
1.96% of new cases had MDR-TB, but it increases to 21.4% 
among previously treated TB patients.32 Another local 
study in 2011 involving treatment failures and relapses 
highlights that MDR-TB was present in 76% of 2438 
patients who still had positive cultures even after starting 
or finishing treatment.33 MDR-TB occurred most frequently 
among patients who failed treatment with the Category 2 
regimen (97%), those who did not demonstrate culture 
conversion after 3 months of Category 2 treatment (91%), 
and Category 1 failures (83%). MDR-TB rates were 78% and 
57% for Category 2 relapse and return after default (RAD), 
respectively; and 33% and 22% for Category 1 relapse and 
RAD, respectively.  

Drug resistance can be acquired even while undergoing 
treatment.  A multi-country study involving the Philippines 
showed that acquired resistance was worse than initial 
resistance to the same drugs.34 Increasing numbers of 
effective drugs, specific drugs, and specific program 
characteristics were associated with better outcomes and 
less acquired resistance. 

Poor appreciation by patients of the need to adhere to 
their prescribed therapy is a major cause of treatment 
failure. This is a confluence of various factors including 
poor education, lack of sufficient explanation by 
healthcare workers, and most importantly the presence of 
significant adverse effects due to the medications 
themselves.  A local study reported that most patients 
report fear of side effects as the primary reason for failure 
to follow-up.35 This was further supported by findings in the 
2016 National TB Prevalence Survey (NTPS) where 20.4% 
of respondents reported side effects as the reason for 
stopping medications.36  

 
Table 1.   Primary and Secondary MDR-TB (adapted from US CDC Core Curriculum on Tuberculosis:  What the Clinician 

Should Know.  Available at:  https://www.cdc.gov/tb/education/corecurr/index.htm) 
 

PRIMARY MDR TB 
(Infected with Drug-Resistant MTB) 

SECONDARY MDR TB 
(Acquired or developed Drug Resistance) 

Caused by person-to-person transmission of drug-resistant 
MTB 

Develops during TB treatment 

Exposure to a person who 
Has known drug-resistant TB 
Had prior treatment for TB (treatment failure or 
relapse and whose susceptibility test results are not 
known) 
Is from an area in which there is a high prevalence of 
drug resistance 
Continues to have positive smears and cultures after 2 
months of combination chemotherapy 
Travel in areas with a high prevalence of drug-resistant 
TB disease 

Develops because the patient was not treated with the 
appropriate treatment regimen 

OR 

Did not follow the treatment regimen as prescribed 
Took the drugs incorrectly 
Took the drugs irregularly 

Malabsorption 
Drug-drug interactions causing low serum level 

 

https://www.cdc.gov/tb/education/corecurr/index.htm
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Despite the anti-TB treatment being provided at no cost by 
the Philippine government, financial challenges outside of 
drug costs still appear to be common among MDR-TB 
patients. In a local survey of MDR-TB who were lost to 
follow up (LTFU), the patients’ readiness to return to 
treatment was investigated.37  When asked if they would 
consider restarting MDR-TB treatment, only 3% of the 89 
participating patients reported that they had already 
restarted, while 34% indicated that they wanted to restart, 
33% had not considered restarting, 28% were undecided, 
and 2% had decided against restarting. Patients who 
wanted to restart treatment were more likely to report 
having borrowed money for TB-related expenses (OR 5.97, 
95% CI 1.27-28.18), and were less likely to report being 
self-employed (OR 0.08, 95% CI 0.01-0.67), or perceive 
themselves at low or no risk for TB relapse (OR 0.30, 95% 
CI 0.08-0.96) than patients who did not indicate an interest 
in restarting treatment.  

In another local study of MDR-TB patients, interviews were 
conducted with 182 patients who were undergoing or had 
completed treatment and 91 LTFU patients.38 The top 
themes were the need for transportation assistance or 
improvements to the current transportation assistance 
program (63%), food assistance (60%), and difficulties 
patients encountered related to their medications (32%).  

In the Philippines, the private sector plays a significant part 
in the treatment of TB.  Based on the market size of the anti-
TB drugs sold in the private sector from 2004-2009, as 
much as 86% of the estimated new TB cases in a given year 
can be treated with a full, daily 6 to 8 month regimen.39 The 
2016 NTPS revealed that 36% of patients included in the 
survey initiated care in the private sector.36,40 There is also 
evidence that proper treatment at the outset is not being 
prescribed.41,42 Private healthcare providers in the 
Philippines were reported to use inappropriate regimens 
89% of the time. All these data should be considered in the 
light of what has been described as the contribution of the 

private sector to the problem of MDR-TB.43 Therefore, 
strengthening the treatment of TB in the private sector in 
the Philippines must be a key component in helping 
address the continued rise of DR-TB.  In this regard, early 
and affordable access to DR TB testing (such as Xpert 
MTB/Rif™) plays an important role in helping such private 
physicians decide on the appropriate treatment for TB 
cases they see in their clinics. 

Treatment of MDR-TB in the Philippines can only be done 
in public Programmatic Management of Drug-Resistant TB 
(PMDT) treatment centers by law (AO 2016-0040).44  This 
is to help ensure that treatment is done properly.45 
However, this needs to be closely monitored as this can 
result in private physicians resisting to transition their 
patients as they will be losing control of their patients and 
the income from professional fees. Lack of easy access to 
affordable testing for MDR-TB can be used to rationalize 
failure to refer such patients. For lack of access to other 
second-line anti-TB drugs, these physicians can just opt to 
treat with conventional quadruple anti-TB therapy at best 
and further select for resistant strains (see below). 

In high-burden countries, the spontaneous mutation of TB 
bacilli can give rise to the emergence of DR-TB even 
without prior exposure to anti-TB drugs.46 However, it is the 
use of an inadequate number of drugs and/or dosages 
that may provide the selection pressure or amplification for 
further progression of DR- and MDR-TB.  Amplification of 
drug resistance patterns through repeated inappropriate 
courses of DOTS chemotherapy can be a major driving 
force of the epidemic in many parts of the world that do 
not have the resources to diagnose or treat DR-TB correctly 
or early enough.47 This is certainly a situation we may have 
in the Philippines, thus highlighting further the need to 
look into having an affordable and accessible diagnostic 
test for MDR-TB even for newly diagnosed cases. 

Increasing rates of MDR- and XDR-TB in patients who have 
never undergone treatment as highlighted in recent 

Table 2.  WHO TB Drugs Classification 

GROUP (2011) Drugs GROUP (2019) 82 Drugs 

1 First line oral anti-TB 
drugs 

Isoniazid (INH) 
Rifampicin (RIF) 
Ethambutol (EMB) 
Pyrazinamide (PZA) 

A Priority Drugs Levofloxacin 
Moxifloxacin 
Bedaquiline (BDQ) 
Linezolid (LZD) 

2 Injectable anti-TB 
drugs 

Streptomycin (SM) 
Amikacin (AM) 
Kanamycin (KM) 
Capreomycin (CM) 

B Preferentially 
used Drugs 

Clofazimine (CFZ) 
Cycloserine (CS) 
Terizidone (TRD) 

3 Fluoroquinolones Levofloxacin (LFX) 
Moxifloxacin (MFX) 
Gatifloxacin 
Ofloxacin 

C Other drugs Ethambutol 
Delamanid (DLM) 
Pyrazinamide 
Imipenem–cilastatin (IMI/CIS) 
Meropenem (MEM) 
Amikacin/Streptomycin, 
Ethionamide (ETO)/ 

prothionamide (PTO) 
p-aminosalicylic acid (PAS) 
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molecular studies could be an important indication of the 
increasing risk of person-to-person transmission of DR-
TB.48-50  Increasing numbers of MDR-TB cases in countries 
with an otherwise low burden of TB has been attributed to 
in-migration of persons with DR-TB causing person-to-
person transmission.51-53 However, more recent reports 
have also pointed to person-to-person transmission as a 
mechanism for the increase in MDR-TB in high-burden 
countries.54-56 A study in Russia, who has a high prevalence 
of both DS and MDR TB, reported that as much as 73.9% 
of the new TB cases had MDR TB even though they have 
not undergone previous TB treatment.326 A local study 
using genotypic fingerprinting found that the spread of 
DS-TB appears to be more due to community transmission 
rather than from an index case in the household.57 It is not 
far-fetched therefore to imagine that such person-to-
person transmission of MDR-TB in the Philippines can also 
become a major consideration with an increasing 
incidence of MDR-TB in the community.   

This is even further complicated by recent findings which 
show that a single patient can harbor heterogeneous 
populations of MTB.58 Thus, a patient with previous DS-TB 
– and undergoing treatment – could eventually get MDR 
TB, not because of treatment failure or spontaneous 
mutation, but because of acquiring a new MDR TB strain as 
a result of person-to-person transmission. More studies of 
this phenomenon, especially in the community setting and 
not just among household contacts, are needed in our 
country to better define the dynamics of DS-TB and MDR-
TB transmission.  This way, a more appropriate national TB 
control program can be implemented.  

Although we have focused on previous treatment and 
social determinants as important risk factors for causing 
DR-TB, other items such as differences in drug 
pharmacokinetics among patients including variable 
penetration of the drug into tuberculous lesions, co-
morbid host factors such as diabetes mellitus and HIV, 
larger MTB load among cavitary and smear-positive cases, 
as well as repeated use of standardized (DOTS) regimens 
in the presence of undiagnosed drug resistance may also 
drive an increase in MDR TB.59,60 The last point is 
particularly relevant to our next discussion as we try to look 
at the genotypic mechanisms of drug resistance.  
Hopefully, such knowledge and insights will allow us to 
diagnose drug resistance in TB early, quickly and at low (or 
no) cost.   

II. Genotypic Mechanisms of TB Drug Resistance 

In general, drug resistance in TB is believed to be 
mediated mostly by chromosomal mutations, which affect 
either the drug target itself (RIF, INH, EMB, SM, AM, ETO, 
and FQ) or bacterial enzymes that activate the prodrugs 
(INH, PZA, and ETO).11,61  Acquisition of resistance 
plasmids or transposons, common resistance mechanisms 
in other bacterial species is not known to occur in MTB.62  
Other non-genetic mechanisms such as efflux pumps may 
also play a role but remain incompletely defined.22, 63,64 
Fitness cost of drug resistance as well as compensatory 
mutations are also an important phenomenon that can 
influence the emergence of resistance and need to be 
investigated further.65 However, for this review, we will 

discuss mostly the genotypic mechanisms in the 
development of drug resistance as it will help in 
understanding the molecular tests that can potentially help 
in early identification of DR-TB.   

Studies that have examined the progressive development 
of drug resistance using whole-genome sequencing 
(WGS) have shown the initial acquisition of isoniazid 
resistance, followed by resistance to RIF or EMB, then 
resistance to PZA, and finally, resistance to second- and 
third-line drugs.62,66 Estimated probabilities for the 
acquisition of resistance by spontaneous mutation are ∼1 
in 108 bacilli for RIF, to ∼1 in 106 bacilli for INH, SM, and 
EMB.62 Thus, in general, the higher the MTB load, the 
greater the chances for developing drug resistance 
spontaneously.67   

Studies also report that the rate of mutations causing drug 
resistance varies according to the lineage to which the 
strain belongs. As an example, the Beijing strain family, 
which is strongly associated with DR-TB in many settings, 
has demonstrated increased mutation rates in vitro.68,69 In 
the Philippines, the so-called Manila strain family appears 
predominant, but its association with the tendency to 
develop drug resistance remains to be defined.70-72  

Studies of MDR-TB patients are also starting to show the 
increasing problem of drug resistance to second-line 
drugs (SLD).22 Among over 1200 MDR-TB patients, 43.7% 
showed bacillary resistance to at least one SLD, 20% to at 
least one second-line injectable drug (SLID), and 12.9% to 
at least one FQ, with 6.7% of cases meeting the definition 
for XDR-TB. Previous treatment with SLDs was consistently 
the strongest risk factor for resistance to these drugs, with 
a four-fold increased risk for XDR-TB.  Thus, just as we 
currently use RR-TB (as detected by Xpert MTB/RIF) to 
indicate MDR-TB; in the same token MDR-TB can also be a 
further indication to test for XDR-TB. This needs to be 
investigated further as an approach in the Philippines. 

There are emerging causes of drug resistance that may not 
be detected in the more widely available commercial tests 
as some mutations have shown geographic predilection.73 
Defining therefore the actual mutation profile in our 
country can allow configuration of the local diagnostic 
strategy that is most relevant.74,75 For example, a local study 
involving 10 DR-TB isolates using WGS showed that some 
of the more common mutations (katG Ser315Thr and inhA 

promoter for INH resistance, rpo Ser450Leu for RIF 
resistance, embB Met306Val for EMB resistance, pncA for 
PZA resistance, and gyrA for FQ resistance) are indeed 
present in our country.76 Bigger and wider scope studies 
like these will need to be conducted in our country to 
better define the landscape of mutations causing DR TB. 

In the longer term, a better understanding of molecular 
mechanisms underlying drug resistance in MTB can also 
potentially allow identifying novel drug targets and/or 
effective drug combinations to better treat drug-resistant 
cases.77,78  

For this review, we will only be discussing the WHO 2011 
Group 1 first-line drugs and the WHO 2019 Groups A to C 
drugs (see Table 2).79,80 Group 1 drugs are the mainstay in 
quadruple therapy for DS-TB. Identifying resistance to 
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these drugs should be the top priority since they are the 
ones that are most commonly used.  SM (and by extension, 
AM) will also be discussed as it is part of Category II 
treatment (retreatment of RIF sensitive cases).81 They are 
part of Group C drugs as well. 

In 2019, WHO reorganized the anti-TB drugs into three 
groups, Group A priority drugs (LFX or MFX, BDQ, LZD), 
Group B preferentially used drugs (CFZ, cycloserine CS or 
terizidone TRD), and Group C other drugs (EMB, 
delamanid DLM, PZA, imipenem-cilastatin IPM-CLN or 
meropenem MEM administered with clavulanic acid CLV, 
AM or SM, ethionamide ETO or prothionamide PTO and 
PAS.80  

The WHO recommends various combinations of these 
drugs in Group A to C depending on certain drug-
resistance patterns.80,82 In summary, WHO recommends an 
injection-free therapy consisting of 5 drugs from Groups A 
and B at the initiation of MDR-TB treatment. Group C 
agents (oral and parenteral) should be administered when 
groups A and B drugs cannot be used. The commonly 
used second-line injectable drugs KAN and CAP were 
associated with worse outcomes and were no longer 
recommended by the WHO, as well as by the DOH for the 
treatment of MDR-TB. AM and SM may be administered 
only if DST confirms susceptibility.83  WHO also informed 
countries and stakeholders that a regimen containing 
BDQ, pretomanid (PRT), and LZD – BPaL regimen – may be 
used under operational research conditions conforming to 
WHO standards for the treatment of XDR-TB patients.84 We 
will not be discussing further the comparative risk-benefit 
profiles of these drugs and their possible permutations 
and/or combinations for the treatment of MDR-TB.  These 
are constantly being reviewed and revised and it is 
important to keep updated.  The reader is referred 
elsewhere for this purpose.80,82,85-89 

A summary of the clinically important drugs that will be 
covered in this review and their associated mechanisms of 
drug resistance is presented in Table 3. To understand the 
resistance mechanisms better, we precede our discussions 
with a short narrative of the known mechanism(s) of action 
of these drugs. A more comprehensive list of these 
molecular mechanisms can also be seen in other 
references.90 This second part of the review will mostly 
focus on the genotypic mechanisms of drug resistance.  
Other important non-genotypic mechanisms can also 
affect the development of drug resistance in MTB but will 
not be discussed in detail here.62,63,91-94  

Rifampicin 

Mechanism of action.  The bactericidal activity of RIF is due 
to the inhibition of bacterial RNA polymerase. RNA 
polymerase is important in synthesizing mRNA during MTB 
DNA transcription.  This is a prelude to a translation that 
leads to the synthesis of the amino acid chain of MTB 
proteins.  RNA polymerase holoenzyme consists of an α 
dimer and β, β′, and ω subunits.95 

RIF binds in a pocket of the RNA polymerase  subunit 

(rpo) deep within the DNA/RNA channel, but more than 
12 Å away from the actual DNA binding active site. This 
indicates that RIF acts by directly blocking the path of the 

elongating RNA when the transcript becomes 2 to 3 
nucleotides long.96 This effect is thought to be dose-
related but non-linear.97 

Drug resistance.  RIF has long been considered the most 
potent of the first-line anti-TB drugs.  As such, although 
resistance to the other anti-TB drugs has long been 
described, it was not until the problem with RIF resistance 
became significant that concerns about MDR-TB were 
raised.  

Missense mutations in the rpo gene, particularly in 
codons S531 (serine in codon 531), H526 (histidine in 
codon 526), and D516 (aspartate in codon 516) have been 
described as the mechanism for RIF resistance in 95% of 
cases.  This gene encodes the RNA polymerase b subunit.  

The majority of the mutations in rpo gene are found 
within an 81-base pair (codon 507 to 533) length called the 
RIF resistance determining region (RRDR).98,99 Fewer 
mutations are occurring outside of the RRDR causing RIF 
resistance.  The point mutation S531T (serine is replaced 
by threonine in codon 531) is the most common globally. 
Such non-synonymous mutations are more common than 
insertions, deletions, and frameshift mutations. 

A study looked into the x-ray crystal structures of 
Escherichia coli RNA polymerase containing the most 
clinically important mutations causing RIF resistance: 
S531L, D516V, and H526Y. The structures reveal that the 
S531L mutation imparts subtle if any structural or 
functional impact on RNA polymerase in the absence of 
RIF. However, upon RIF binding, the S531L mutant exhibits 
a disordering of the RIF binding interface, which effectively 
reduces the RIF affinity. In contrast, the H526Y mutation 
reshapes the RIF binding pocket, generating significant 
steric conflicts that essentially prevent any RIF binding. 
While the D516V mutant does not exhibit any such gross 
structural changes, the electrostatic surface of the RIF 
binding pocket is dramatically changed, likely resulting in 
the decreased affinity for RIFs. The authors concluded that 
analysis of interactions of RIF with the three common RIF 
resistant mutant RNA polymerases suggests that 
modifications to the RIF molecule may recover its efficacy 
against RR-TB.100 

Some mutations in the rpo gene can confer resistance to 
RIF but remain susceptible to rifabutin (RBT) or rifapentine 
(RPT), newer rifamycins being investigated for efficacy in 
RRTB.13,95,100 Both RBT and RPT share structural similarities 
to RIF.  As suggested by the studies mentioned in the 
previous paragraph, more studies seeking a deeper 
understanding of how RIF binding is affected in the 
presence of RIF resistance mutations may be needed.  
Such knowledge may provide leads to the development of 
new molecules, possibly by starting to modify the 
rifamycins.101,102 

Similar to isoniazid, efflux pumps have also been 
investigated as an explanation in RIF resistant isolates with 

no mutation in the rpo gene.103 However, so far, it is not 
clear if indeed efflux pumps play an important role in 
clinical RIF resistance. 

RIF monoresistance is rare as RR occurs in conjunction with 
resistance to other drugs, most commonly INH, making RIF 
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targets a surrogate marker of the MDR-TB phenotype.62 
Thus, as a   minimum, a positive test for RR is considered 
sufficient in most resource-poor countries like the  

Philippines to consider starting a patient on MDR-TB 
regimen.80   

This approach however may need to be closely monitored 
as the resistance landscape can quickly change. 

WGS analysis demonstrated mutations in the rpo and 

rpo genes, which encode the a and b’ subunits, 
respectively, of the RNA polymerase as compensatory 
mechanisms in isolates that have mutations in the 

rpo gene. These mutations are associated with increased 
fitness and transmissibility of resistant strains.62,104 
However, the clinical relevance of this observation remains 
to be defined. It has been hypothesized that such 
compensatory mutations have stabilized the epidemic of 
resistant strains following their primary emergence.7 There 
is concern that these compensatory mutations confer 
greater virulence and/or transmissibility of MTB and 
should be studied further. 

Related to these are observations of so-called RIF 
dependent or enhanced strains of MTB in some MDR-TB 
strains.22 For as yet unclear reasons, certain MTB grows 
better in culture in the presence of RIF.  This has been 
reported in as much as 39% of MDR-TB cases and seems 
to be related to previous repeated treatment with RIF.  This 
has implications in future decisions related to the use of 
stronger rifamycins such as rifabutin which might provoke 
further worsening of MDR-TB. 

Isoniazid 

Mechanism of action.  Although discovered as far back as 
1912 and used for TB since 1944, it was surprisingly not 
until the mid-1990s when the precise mechanism of action 
of isoniazid was elucidated.105 It is now known to inhibit 
mycolic acid synthesis and thus works best in dividing MTB 
cells.  Isoniazid does not affect MTB which are in the 
stationary phase or growing under anaerobic conditions.  
INH tolerance in non-growing organisms may be caused 
by mycobacterial DNA-binding protein 1 (MDP1), a 
histone-like protein, which downregulates katG 
transcription and could lead to tolerance to INH.106 

Mycolic acids are extremely long-chained, b-unsaturated, 
branched fatty acids that form the major component of the 
cell wall of MTB.107 They make the organism more resistant 
to chemical damage and dehydration and limit the 
effectiveness of hydrophilic antibiotics and biocides. 
Mycolic acid in MTB is responsible for failure to stain with 
Gram stain – and thus the term acid-fast.  It also allows the 
bacterium to grow inside macrophages, effectively hiding 
it from the host immune system. Mycolic acid is 
responsible for the cord-forming, serpentine characteristic 
of TB bacilli in culture.  Mycolate biosynthesis, therefore, is 
crucial for survival, virulence, and antibiotic resistance of 
MTB.  

Inside MTB, INH inhibits an enzyme called nicotinamide 
adenine dinucleotide hydrogen (NADH)-dependent trans-
2-enoyl-ACP reductase (also called InhA) involved in 
mycolic acid synthesis.  However, INH needs to be 

activated first by the enzyme catalase peroxidase (KatG) to 
form an adduct with NAD before it can inhibit InhA.107 KatG 
binds with INH and cleaves it into isonicotinyl radical and 
diazene. Subsequently, isonicotinyl radicals combine with 
NAD+ and form isonicotinyl-NAD adduct which further 
binds with InhA.  This results in the inhibition of this enzyme 
needed in mycolic acid synthesis.  Inhibition of mycolic 
acid synthesis eventually leads to MTB cell death.108  

Other enzymes involved in mycolic acid synthesis such as 
beta-ketoacyl ACP synthase (KasA), arylamine N-
acetyltransferases (NATs), and acetyl carboxylases 
(Accase) have also been described as affecting INH 
activity.  NATs convert INH to acetyl-INH which is inactive.  
Accase can be upregulated in the presence of INH.  Such 
bypass activities can give rise to resistance to INH. They can 
also be future drug targets.63 

INH may also have effects on MTB outside of mycolic acid 
synthesis.109 Activation of INH results in the formation of 
various potent free radical species that are capable of 
disabling many cellular processes in MTB, including 
synthesis of nucleic acids, proteins, lipids, and 
carbohydrates. Also, INH has been proposed to affect 
NAD+ metabolism. 

Drug resistance.  Of all drug-resistant strains, INH resistant 
strains are considered to be the most widely occurring.108 
In a local community-based study, 15.7% of 210 isolates 
showed INH resistance, with 1.9% showing MDR-TB.110 
Among the four first-line drugs, mutations giving rise to 
INH resistance is also probably the most complex.   

Mutations in the katG codon 315 (S315T) have been 
described as the cause of resistance to INH in about 64% 
of all observed phenotypic isoniazid resistance.108,111 This 
mutation alters the ability of INH to bind with the KatG 
enzyme, failing to activate INH. Non-activated INH is 
unable to inhibit InhA, allowing the continuous synthesis of 
mycolic acid, and the TB bacilli continue to thrive.  High TB 
burden regions are known to harbor a higher prevalence 
of the S315T mutation (serine in codon 315 of the katG 
gene is changed to threonine) in INH resistant isolates 
compared to low TB burden areas.112-114 S315T mutation is 
found in about 70 – 95% of INH resistant isolates while 
other mutations scattered along with the gene account for 
less than 10%.61,111 

The katG gene is situated in a highly variable region of the 
genome that contains repetitive DNA sequences; this may 
be the reason for the instability of the region and the high 
frequency of mutations seen in INH resistant strains. Point 
mutations are more frequent than deletions in katG. 
Defects in katG can cause either low or high-level 
resistance.109 Novel mutations in phenotypic INH resistant 
isolates including those in the Philippines that involve katG 
gene outside of codon 315 continue to be described.115 
This further highlights the need to continue monitoring the 
genotypic landscape to ensure that molecular testing for 
katG mutation remains relevant.About 25% of INH 
resistant strains are reported to have a mutation in the inhA 
promoter, mostly in region -15 involving the substitution of 
cytosine with thymidine.  This leads to overexpression of  
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of INH: ETO.  A less frequent mutation can occur in region 
-8 of the inhA promoter. 

A third mechanism, involving a mutation of inhA itself, is 
found in 5-19% of phenotypically INH resistant isolates. 
Normally, a ternary complex is formed with activated INH 
(isonicotinyl radical), NADH, and InhA.  This causes 
blockage of the synthesis of mycolic acid.  However, 
mutations in inhA can occur, involving amino acid 
substitutions in the NADH binding site, particularly in 
codons 21, 94, and 194 of the inhA gene.111 This results in 
reduced InhA affinity for NADH and failure to form the 
ternary complex. In this situation, mycolic acid synthesis 
can continue as InhA remains active.  

There is wide variation in the occurrence of inhA mutation 
across geographic regions and is described to be more 
common among Southeast Asian immigrants.117 Because 
ETO has a mechanism of action involving inhA, mutation 
of this gene can also confer resistance to ETO.  This is 
relevant in a decision whether to include ETO (Group C 
drug) in second-line therapy for MDR-TB with INH 
resistance due to inhA mutation.118 

A fourth site of mutation occurs in the ahpC-OxyR 
intergenic region.111 Mutations in the ahpC-oxyR 
intergenic region have been reported at positions -10, -46, 
and -6 in just over 1 – 5% of phenotypically INH resistant 
isolates. However, the mutation at position -46 of ahpC-
oxyR intergenic region was also reported in 0.9% of 
susceptible isolates as well making it a nonspecific marker 
of INH resistance.111 The enzyme AhpC (alkyl hydro 
peroxidase) coded by ahpC gene can degrade H2O2 

released by macrophages, thus helping the TB bacilli to 
survive.  In the absence of the functional KatG protein 
(giving rise to INH resistance), compensatory mutations in 
the ahpC gene result in the overexpression of AhpC.119,120 
This helps the TB bacilli to survive in a setting with INH 
resistance.  OxyR is a transcription factor that is sensitive to 
peroxide-induced stress and regulates the expression of 
ahpC and katG.   

Altogether, mutations involving katG, inhA, and promoter 
as well as the ahpC-oxyR intergenic region, cause about 
90% of the global phenotypic INH resistance.  More than 
one mutation can occur in the katG and inhA genes and 
ahpC-oxyR intergenic region.  Furthermore, katG, inhA, 
and ahpC-oxyR mutations can occur with each other.111  

Mutations in other genes present in isolates with INH 
resistance such as kasA, ndh, iniABC, fadE, furA, NATs, 
accD6, fbpC, and fabD have been described using 
WGS.121 However, we will not discuss these anymore as 
they are not common and the mechanisms involved are 
not well clarified.111   

Because of the involvement of several genes, testing for 
INH resistance is more complicated compared to RIF 
resistance.61 In a local study that looked at the prevalence 
of mutations in the katG, inhA and ahpC-oxyR genes 
involving 81 INH resistant MTB isolates, 54.3% had 
mutations in the katG gene, 22.2% had mutations in the 
inhA locus region, 8.6% had mutations in both regions and 
6.2% had mutations in the ahpC-oxyR operon. The 
remaining roughly 10% had no reportable mutations 

involving any of the three that were looked into.122 Given 
the complexity of testing for INH resistance, RIF resistance 
is often taken to mean INH resistance as well since it is rare 
for TB strains to be resistant to RIF without also being 
resistant to INH.123 Because INH resistance can antedate 
development of RIF resistance, some have suggested the 
reverse and using the katG S315T mutation instead as a 
marker of the pre-MDR-TB phenotype.124  

Another mechanism being investigated is the contribution 
of so-called efflux pumps in causing INH resistance. Some 
large studies have reported that as much as 34% of 
phenotypically INH resistant isolates were not associated 
with any genotypic (katG, inhA, kasA, ahpC, ndh) 
mutations.  It has been suggested that efflux pumps may 
contribute towards INH resistance in such cases of 
phenotypically resistant isolates that do not have any 
accompanying genotypic mutation.109,125 Efflux pumps 
remove the drug from inside the bacteria preventing its 
interaction with its point of action.  Several studies have 
demonstrated that the presence of INH causes the 
overexpression of some of these genes coding for efflux 
pumps.  However, the exact role of efflux pumps in INH 
resistance still needs to be defined further.63,125 

Ethambutol 

Mechanism of action.  EMB is a bacteriostatic antimicrobial 
that interferes with the biosynthesis of MTB cell wall 
arabinogalactan by inhibiting arabinosyl transferase. EMB 
is a structural analog of arabinose.  Arabinosyl transferase 
is encoded by the embB gene. The genes embC, embA 
and embB are organized as an operon leading to the 
synthesis of arabinosyl transferases. embB and embC have 
molecular masses of 118,021 Da and 117,490 Da, 
respectively, and gene sizes of 3,297 bp and 3,285 bp, 
respectively.90  

Drug resistance.  Mutations in the embB codon 306, 
particularly Met306Val and Met306Leu, cause EMB 
resistance through alterations in the drug-protein binding 
site.126 However, in 30% of EMB-resistant MTB strains, there 
was no mutation in embB, alluding to the need to 
intensively search for other mechanisms of EMB 
resistance.90 In another study, 70% of the mutations were 
found in 306, 406 or 497 codons, 13% were outside the 
three regions between codons 296 and 426 and 15% in 
the embC-embA intergenic region among the total 98% of 
mutations in the embCAB locus.127  

Mutations in ubiA (Rv3806c), a gene encoding for 
decaprenylphosphoryl-5-phosphoribose (DPPR) synthase 
located upstream of arabinosyl transferase in the 
arabinogalactan synthesis pathway, were recently 
described to be associated with high levels of EMB 
resistance.128 Mutations in ubiA cause its overexpression 
and result in higher levels of the arabinogalactan precursor 
decaprenylphosphoryl-d-arabinose (DPA).  This effectively 
overcomes the EMB inhibition of arabinosyl transferase.  
This mutation also commonly occurs separately from 
embB mutations.323  

DNA sequencing to detect embCAB operon mutations is 
currently used to detect EMB resistance.129 The Hain® 
GenoType MDRDRsl v1.0 is capable of testing for embB 
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mutations but is reported to have very low sensitivity (57%) 
relative to DNA sequencing.130,131

 There have also been 
reported discordance between culture-based DST and 
DNA sequencing which needs further investigation.132  

Pyrazinamide 

Mechanism of action.  PZA is a nicotinamide analog that 
has significantly reduced the duration of DS-TB treatment 
to 6 months.133 It was first made in 1936, but did not come 
into wide use as an anti-TB drug until 1972. It has poor 
activity against growing MTB. However, combined with 
other anti-TB drugs, PZA shows a remarkable therapeutic 
effect because of its unique sterilizing activity to kill semi-
dormant or persistent MTB which are not killed by other 
anti-TB drugs.134 However, despite its long history, PZA’s 
mechanism of action continues to be a case for continued 
study.135 

PZA is a prodrug that is activated to pyrazinoic acid (POA) 
by an enzyme inside MTB called 
pyrazinamidase/nicotinamidase (PZase), which is in turn 
encoded by the pncA gene. POA is released into 
extracellular space by an efflux system, where it is 
protonated to HPOA provided that the extracellular 
environment is acidic. External HPOA diffuses back across 
the membrane of MTB through an electrical potential 
gradient, releasing the proton in the cytosol. The 
combination of POA accumulation and protonation of the 
cytosol produces a lethal effect through the disruption of 
membrane permeability and transport of nutrients as well 
as the reduced membrane potential.136 However, a recent 
study showed that the acidic environment is not necessary 
for PZA action.137  

PZA effects on energy production, anaerobic and hypoxic 
conditions, ribosomal protein S1, and fatty acid synthase I 
have all been mentioned as possible additional sites of 
action.22,133 The 481-amino acid-long 30S ribosomal 
protein S1 is encoded by rpsA, which plays a significant 
role in mRNA translation (involving a short shine-dalgarno 
(SD) purine-rich sequence), and in trans-translation, a 
unique process that utilizes tmRNA molecules to rescue 
stalled ribosomes. In this process, the stalled mRNA is 
displaced by the transfer messenger RNA (tmRNA), which 
encodes a short peptide that is tagged to the stalled 
protein for subsequent degradation by specific proteases. 
PZA is thought to interfere with this trans-translation by 
binding to the ribosomal protein RpsA and competing 
with tmRNA.136 Structural studies indicate that POA binds 
to rpsA through residues Lys303, Phe307, Phe310, and 
Arg357.138,139  

POA also appears to promote the degradation of 
aspartate decarboxylase (PanD) by the caseinolytic 
protease CIpC1-ClpP. ClpC1 encodes an ATP-dependent 
ATPase which is involved in protein degradation by 
forming a complex with protease ClpP1 and ClpP2.141 On 
the other hand, PanD is an enzyme involved in β-alanine 
metabolism, a pathway for Coenzyme A synthesis.140-143 
Other studies allude to the action of POA as a competitive 
inhibitor of PanD.144   

An ineffective efflux pump may also result in the 
accumulation of protonated POA during acidic conditions 

resulting in bacterial cell damage.145 A new report 
describes PZA affecting the bifunctional enzyme 
guanosine pentaphosphate synthetase 
(GpsI)/polyribonucleotide nucleotidyltransferase (PNPase) 
or Rv2783. PNPase catalyzes the metabolism of RNA and 
single-stranded DNA in MTB as well as the metabolism of 
the hyperphosphorylated guanine ribonucleotide 
(ppGpp), an important signal transducer involved in the 
stringent response in bacteria.146,147  

Drug resistance.  As the mechanism of action of PZA 
continues to be described, mechanisms of PZA resistance 
also continue to be expanded.136  Mutations in the pncA 
gene and its promoter region are the most common 
mechanisms mediating resistance to PZA.148-150 The 
mutations identified within this gene are diverse, with 600 
unique mutations in 400 positions reported to date, 
accounting for 72%–99% of PZA resistance.  MDR-TB, RR-
TB, and retreatment were found to be risk factors for PZA-
R.134  

The nature of the identified pncA mutations are largely 
missense mutations causing amino acid substitutions and 
in some cases nucleotide insertions or deletions, nonsense 
mutations in the pncA structural gene, or the putative 
promoter region of pncA (e.g. at −11 position). The pncA 
mutations are highly diverse and scattered along the gene.  
Fully understanding the importance of these diverse types 
of pncA mutations has been complicated by the uncertain 
performance of phenotypic testing for PZA drug resistance 
in MTB.151 

Despite the highly diverse and scattered distribution of 
pncA mutations, there is some degree of clustering at 
three regions of pncA; namely codons 3–17, 61–85, 132–
142.  The three regions where pncA mutations appear to 
cluster correspond to three of the four loops that 
contribute to the scaffold of the active site.   They happen 
to contain catalytic sites and metal-binding sites of the 
pncA enzyme.   

Mutations in rpsA gene have also been shown to correlate 
with PZA phenotypic resistance where it was found in 7.5% 
of 161 PZA-resistant isolates.152 The mutations in rpsA were 
scattered but mainly localized from the N-terminus to 
amino acid 130 and the C-terminus.  Deletion of alanine, 
resulting from a GCC deletion at 438 bp (C-terminus) of 
rpsA, was found in PZA-resistant strains lacking mutations 
in pncA gene. Such mutation was thought to induce 
resistance against POA and, accordingly, an increased 
level of resistance was observed after overexpression of 
rpsA.90 

Mutations in panD gene have also been described as 
being found in 2.5% of PZA-resistant isolates.152 panD 
mutations cluster near codons that code for loops that lay 
on top of the aspartate carboxylase active site. These show 
reduced affinity and residence time of POA consistent with 
a model where resistance occurs by destabilizing the 
closed conformation of the active site.144  

A single unique mutation in clpC1 gene (rv3596c), G296T, 
causing an amino acid change has also been described to 
cause resistance to PZA.141 
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Some other proteins such as ppsA encoding polyketide 
synthase involved in phthiocerol dimycocerosate 
synthesis, cell division protein FtsH, TetR family 
transcriptional regulator (3R)-hydroxyacyl-ACP 
dehydratase subunit HadC, phosphate ABC transporter 
permease protein PstC2 and transmembrane transport 
protein MmpL4 have also been reported to be responsible 
for PZA resistance.141 Other factors like ROS-induced 
mutagenesis, selective treatment pressure or immune 
evasion genes have also been mentioned.153 

Nearly all PZA resistant isolates can be explained by 
mutations in pncA, rpsA, or panD.  Furthermore, rpsA and 
panD mutations were only found in isolates with no pncA 
mutations.  Therefore, testing for rpsA or panD mutations 
can be done in isolates without pncA mutations when 
screening for PZA resistance. 

Phenotypic DST for PZA is technically challenging and 
unreliable owing to the acidic pH required for the culture 
to test particularly for PZA resistance.  On the other hand, 
the diversity of SNPs across the pncA gene further 
complicates the development of rapid molecular 
diagnostics for PZA resistance and there are no 
commercially available molecular testing kits for PZA.152 
There continue to be more mutations being identified in 
different geolocations (for example Peru vs. Asia) which 
can complicate this situation even further.136 Nevertheless, 
the moderate correlation of molecular testing to 
phenotypic testing provides the opportunity to rapidly and 
more consistently detect PZA resistance and is therefore 
preferred in many settings.22,133 In a local study, the 
prevalence of resistance to PZA, as determined by pncA 
sequencing, was low among new cases (0.7%) and RIF-
susceptible cases (0.4%). The majority of PZA-resistant 
cases were found among those that are RIF resistant, with 
a prevalence of PZA resistance of 7.2% (95% CI 1.1–13.4%) 
among this group – although this is contradicted by other 
data (see below).154   

Because of the generally low levels of resistance, PZA is a 
key component of all current regimens undergoing 
evaluation in Phase II and III clinical drug trials for the 
treatment of DR-TB. In some studies, PZA-R appears to 
occur in a significant number of new TB cases.134 These 
PZA-R cases were regarded as primary drug resistance 
caused by remote or recent person-to-person transmission 
of PZA-R strains.  For this reason, PZA DST needs to be 
regularly conducted to determine the utility of including 
PZA in MDR-TB regimens.  A recent report also echoes the 
same warnings because they showed that more than half 
of all MDR-TB cases may be resistant to PZA globally.148 As 
in INH resistance, PZA resistance is strongly associated 
with RIF resistance.155  

Streptomycin and Amikacin 

As per WHO Guidelines, and mandated by local policy, KM 
and CM are no longer recommended among the Group B 
anti-TB drugs.80,156 Only SM and AM are therefore currently 
relevant in the discussion of the traditional SLIDs.  
Although SM has been one of the earliest anti-TB drugs 
and AM has strictly been a second-line drug, they do share 
a common mechanism of action and even toxicities (most 

prominently ototoxicity and nephrotoxicity) that make 
sense to discuss together. 

Mechanism of action.  As aminoglycosides, both SM and 
AM target the actively growing bacteria by hindering the 
translation during protein synthesis.90 More precisely, 
aminoglycosides interact with formyl-methionyl-tRNA to 
bind the 30S subunit of the ribosome at the S12 ribosomal 
protein (RpsL) and inducing codon misreading, as well as 
inhibiting translocation. RPsL protein is encoded by rpsL 
gene and is involved in the initiation step of RNA 
translation.  The aminoglycosides also bind to the 16S 
rRNA encoded by rrs gene preventing the normal 
functioning of the ribosome. Most 2-deoxystreptamine 
aminoglycosides like SM and AM lock the ribosome in a 
conformation that is prone to introducing erroneous 
aminoacyl-tRNAs. The accumulation of aberrant proteins 
in the bacteria results in cell death.157 The rpsL gene is very 
small, only 375-bp, while rrs gene is much larger.90 In 
addition, methylation of the G527 loop of the 16S rRNA is 
needed for aminoglycoside binding. This is made possible 
by a specific methylguanosine methyltransferase enzyme 
encoded by the gene gidB.158 

The optimal dosage for AM has been investigated in the 
light of recently described PK/PD (pharmacokinetic and 
pharmacodynamic) principles.159 Using PK/PD data, 
maximum concentration (Cmax) was shown to be also 
applicable in predicting the efficacy of the 
aminoglycosides in MTB as it is for non-MTB. Treatment is 
administered by IM injection, which is painful for patients. 
If toxicity is a limiting factor for the use of AM and MTB 
remains susceptible, the administration could be by 
nebulization.160,161 

Drug resistance.  Resistance to AGs results mainly from 
mutations of the ribosome components that prevent the 
drugs from inhibiting its function. This is because most 
mycobacterial species have either one (like 
Mycobacterium tuberculosis) or two (like Mycobacterium 
fortuitum) ribosomal operons, hence making dominant 
those mutations acquired in their components.157 

Although SM and AM share similarities in their mechanism 
of action, because of the actual differences in their 
molecular structure, differing mutations in the rpsL and rrs 
genes also confer different resistance patterns between 
the two.   

The main mechanism of resistance to SM is believed to be 
mediated via mutations in the rpsL and rrs genes, 
encoding the ribosomal protein S12 and the 16S rRNA, 
respectively, accounting for 60%–70% of SM resistance. 
The most commonly reported mutation in rpsL is the 
replacement of lysine into arginine at positions 43 and 88. 
For rrs, it is mutations around nucleotides 530–915. 
Recently, mutations in the 675 bp gidB gene, through an 
A80P mutation, have been implicated in low-level SM 
resistance. Such mutations cause the loss of activity of the 
enzyme methylguanosine methyltransferase that 
methylates the G527 loop of 16S rRNA. 158 This prevents 
binding of SM and other aminoglycosides.162 WGS has 
also demonstrated a 130 bp deletion within the gidB gene 
possibly mediating SM resistance.62 Three gidB mutations, 
A276C, A615G, and G330TT, were described in a study in 
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Thailand.163 A study in the Philippines using WGS showed 
8 novel mutations in gidB associated with phenotypic 
resistance to SM.72  

In another study in Thailand, the mutations at codons 43 
and 88 in rpsL gene were identified in more than 60% of 
SM-resistance cases, while 17% contained rrs mutations 
and 14% were observed with mutations in gidB, in a panel 
of 161 SM-resistant isolates.164  

Some SM-resistant MTB strains also conferred cross-
resistance to AM. Mutations in codon A1401G in the rrs 
gene and at positions 1400, 1401, and 1483 bp were 
associated with high-level resistance to AM. Moreover, 
mutations in the promoter region of the whiB7 gene, with 
a role in transcriptional mechanisms, were shown to be 
associated with resistance to an array of antibiotics. 
Increased expression of the efflux enhanced by atpE (see 
BDQ below) and the eis promoter region was also 
observed.90 

Further, the genes eis and tlyA (1,209 bp and 807 bp in 
size, respectively) were also found to have putative roles in 
aminoglycoside resistance. The gene eis (abbreviation for 
enhanced intracellular survival) encodes an 
aminoglycoside acetyltransferase that acetylates multiple 
amine groups of aminoglycosides using acetyl coenzyme 
A as an acetyl donor, thereby inactivating them.157 A similar 
phenomenon occurs in INH (see above) and PAS (see 
below). The Eis protein has also been implicated in the 
inflammatory response to MTB.165 

Mutation at position −10 and −35 of the eis promoter has 
also been associated with the low-level resistance to KM. 
Expression of eis was previously found to be regulated by 
the MDR transcription regulator WhiB7.7 The mutations 
increased eis transcription by 180-fold. It has been 
suggested that isolates with eis promoter mutations have 
consistently lower resistance levels to AM, KM, and CM 
than isolates with the rrs A1401G mutation.166 

On the other hand, tlyA encodes rRNA methyltransferase, 
specifically for 2′-O-methylation of ribose in rRNA. A 
common resistance mutation A1408G in 16S ribosome is 
accompanied by a physiological change that involves 
increased expression of the tlyA gene. This gene encodes 
an enzyme that methylates neighboring 16S rRNA position 
C1409, and as a result of increased tlyA expression, the 
fitness cost of the A1408G mutation is significantly 
reduced. This finding suggests that in MTB, a non-
mutational mechanism (i.e., gene regulatory) can restore 
fitness to genetically resistant bacteria.7  

Overexpression of Rv0148 protein and ferritin 
(Rv3841/bfrB) were also described to play a vital role in a 
three-fold increase in MIC of AM but the mechanism 
remains to be determined.167,168   

A local study reports the prevalence of drug resistance to 
any SLI as 1.5% in new cases and 1.1% in previously treated 
cases.153 Among RR cases, the prevalence is 5.9%.  

Fluoroquinolones 

Mechanism of action.  Fluoroquinolones belong to the 
WHO Group A drugs for MDR-TB. They have become the 

mainstay for treating MDR-TB.  Fluoroquinolones are 
bactericidal drugs that kill bacterial cells by inhibiting DNA 
replication, transcription, and repair. These antibiotics 
bind DNA gyrase or topoisomerase in their complexes 
with DNA, thereby stabilizing breaks while inhibiting 
resealing of the DNA strands. These events eventually 
result in DNA degradation and cell death.7 DNA gyrases 
are encoded by the gyrA and gyrB genes.62   

Drug resistance.  Mutations in the quinolone resistance-
determining region (QRDR) of gyrA (74–113 codons) and 
gyrB (codon 500–540) in MTB are largely responsible for 
generating the resistance to FQ's as a group.169  The most 
commonly found mutations at position Ala-74, Gly-88 Ala-
90, Ser-91, and Asp-94 of gyrA generally result in high-
level resistance against FQ. A study in Morocco reported 
that 21% (19/90) among the MDR strains already had gyrA 
mutations.170 In a study of 57 isolates with MDR-TB in 
Botswana, 7% were additionally resistant to FQs and 5% 
were resistant to both FQs and SLIDs.171 In another study 
of DR-TB in Hebei province, China, 37.7% isolates were 
resistant to fluoroquinolones and 24.5% isolates were 
resistant to second-line injectable drugs. Mutations in 
genes gyrA, gyrB, rrs, eis promoter and tlyA were detected 
in 73 (75.3%), 7 (7.2%), 24 (38.1%), 5 (7.9%), and 3 (4.8%) 
isolates, respectively. Mutations in rrs, eis promoter, and 
tlyA genes explain the resistance to SM and AM (see 
above). The most prevalent mutations were the D94G 
(23.7%) in gyrA gene and the A1401G (33.3%) in rrs gene. 
A combination of gyrA, rrs and eis promoter mutations can 
act as a valuable predictor for XDR phenotype. These 
results highlight the development of rapid diagnosis as 
effective ways for the control of XDR-TB.172 

Usually, mutations in gyrB (10–15%), being less commonly 
found among clinical isolates, induce low-level resistance 
to FQ's. However, the synchronized mutations in both gyrA 
and gyrB, such as Ala543Val (gyrB)-Asp94Asn/Asp94Gly 
(gyrA) and Asn538lle (gyrB)-Asp94Ala (gyrA) resulted in 
very high resistance against FQ's. Similarly, most of the 
mutations in the gyrA Asn538Asp and Asp500His in gyrB 
are shown to be associated with cross-resistance among 
the FQs, whereas in gyrB the mutation Arg485His does not 
confer any resistance.  

Intrinsic resistance to FQs has been described and 
attributed to a pentapeptide repeat protein called MfpA.7 
It was found to closely resemble the 3D structure of a DNA 
double helix with tandems of pentapeptide repeats coiling 
around in a right-handed helix of the same width as DNA. 
It was proposed that MfpA sequesters fluoroquinolones in 
the mycobacterial cytoplasm by mimicking the DNA 
structure, thus freeing DNA from the drug’s action. The 
physiological function of MfpA and its clinical significance 
in FQ resistance remain unknown. 

Resistance to levofloxacin was found to be very low in a 
local study.153 Only two resistant cases out of 991 isolates 
were detected, one of which was RS and the other RR. 
However, the article cautions that further studies may be 
needed as the isolates came only from public hospitals 
where the patients may have financial barriers in using 
levofloxacin for bacterial respiratory infections.  
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Other countries have reported a higher resistance rate to 
FQs.173 In South Korea, for example where the use of FQs 
are more widespread, of a total of 129 patients with MDR 
TB, 90 (69.8%) cases were FQ-sensitive (FQ-S) and 39 
(30.2%) were FQ-R.174

  

Drug efflux mechanisms or changes in the membrane 
permeability to agents might constitute alternative 
resistance mechanisms regarding FQ resistance in MTB. 
Some studies have shown that as much as 30% of FQ's-R 
strains do not harbor any mutation in the QRDRs of both 
gyrA and gyrB genes and could be due to these efflux 
pumps.173  

Bedaquiline 

Mechanism of action. BDQ is the first drug in a new class 
of agents, the diarylquinolines, to be used for TB 
treatment. It is the only drug approved for TB in the last 45 
years.  BDQ is highly selective and specifically inhibits ATP 
synthase activity in replicating and dormant MTB thus 
inhibiting energy production. The rotor ring of the 
organism's F0F1 ATP synthase is the target, specifically 
binding to the C subunit.175 MTB survives in a 
nonreplicating state using a pool of ATP that is used to 
maintain an energized membrane produced by the F0F1 
ATP synthase. The drug is therefore active against dormant 
bacilli.62,90 The subunit C of AtpE (lipid-binding protein or 
dicyclohexylcarbodiimide-binding protein), a complex 
structure that generates the ATP needed by the 
mycobacterial cell, is encoded by the atpE gene. In a WHO 
study conducted in the Philippines, the addition of BDQ to 
the background regimen was associated with increased 
successful outcomes from 17.85% to 28.69%.176 

BDQ is a large lipophilic drug that is subject to CYP3A4 
metabolism and has been noted to have PK drug-drug 
interactions with the CYP3A4 inducer RIF, which decreases 
its activity. BDQ has been associated with QT-prolongation 
and must be carefully combined with other drugs that 
share this risk, including FQs, CFZ, or drugs that inhibit 
CYP3A4.177 

Drug resistance. Target-based mutations in the atpE gene 
described in strains selected in vitro have been associated 
with high-level resistance to BDQ, with up to a four-fold 
increase in MIC.178 The first occurrence of atpE D28N and 
A63V mutations in two clinical isolates of MTB were 
recently described.179 Non-target-based mutations, such 
as the presence of mutations in rv0678, result in the 
upregulation of the MmpL5 efflux pump, resulting in low-
level BDQ resistance and cross-resistance to CFZ.180  These 
mutations have been associated with at least a 4-fold 
increase in MIC and appear to be the most common 
mechanism associated with increased BDQ MICs. A 
mutation M139T in rv0678 that resulted in a 16-fold 
increase in MIC after treatment including BDQ has also 
been described.181 The same study reported a double 
nucleotide deletion at positions 18–19 and insertion at 
position 140 of rv0678.  

Another study looking into BDQ exposed and non-
exposed isolates also reported MIC change driven by 
mutations in rv0678 and atpE genes.182 Substitutions in 
codon 63 of AtpE were likely associated with a higher 

bedaquiline MIC although substitutions G25S, D28G, 
D28N, E61D, and A63P were also observed in vivo.  The 
authors further called out that standardization of 
bedaquiline phenotypic susceptibility testing is urgently 
needed based on observed discrepancies in their study 
and previous studies and differences in solid and liquid 
media MIC determinations.  This is further supported by a 
study that reports mutations in rv0678 that are not 
associated with prior use of bedaquiline or clofazimine, 
and in the majority of cases do not lead to bedaquiline 
MICs above the provisional breakpoint. The authors 
concluded that only phenotypic drug-susceptibility 
methods can currently be used to assess bedaquiline 
susceptibility.183 In another study in Australia, involving 517 
isolates, only 14% of isolates identified with bedaquiline 
resistance were also demonstrated to have elevated MICs 
to bedaquiline.184  

Mutations in a second non-target mechanism, pepQ, were 
reported with the association of low-level BDQ resistance 
and cross-resistance to CFZ. Similar to rv0678, mutations 
in pepQ result in modest increases of BDQ and CFZ 
MICs.185 However, other studies were not able to 
document pepQ mutations in clinical isolates with 
confirmed resistance to BDQ or CFZ.179,181,186 

Linezolid 

Mechanism of action.  LZD, an oxazolidinone, is the first 
antibiotic in its class to be approved for the treatment of 
TB. Recent studies have found that treatment outcomes 
with regimens containing LZD for complicated cases of 
MDR-TB are equal to or better than those reported for 
uncomplicated MDR-TB and better than those reported 
among patients treated for XDR-TB. LZD acts through 
binding of the assembly initiator protein directly near the 
3′-end of 23S rRNA (V domain), where nucleation of the 
assembly of the 50S subunit is performed, thereby 
inhibiting an early step in protein synthesis.62,90 

Drug resistance.  Resistance to LZD has been associated 
with mutations in the 3138 bp long 23S rRNA (rrl) gene 
which alters the LZD binding site.62,187

 Various mutations 
(G2061T, G2572T, G2576T, G2294A, C1921T, and 
A2572C) in the rrl gene have been reported to cause 
resistance.  A mutation in the 654 bp long rplC gene 
encoding the 50S ribosomal L3 protein has also been 
described in resistant cases, with the most frequent one 
being a C154R mutation.188,189   

Efflux pumps have also been suggested to be involved in 
the development of LZD resistance.94 

Clofazimine 

Mechanism of action.  CFZ is conventionally used for the 
treatment of leprosy. Owing to the increasing prevalence 
of drug resistance in MTB, the drug emerged as a 
candidate for the treatment of DR-TB.  CFZ is now a part of 
the new standardized short-course regimen proposed by 
WHO for the treatment of DR-TB.82 The precise mechanism 
of action of CFZ is unknown. However, studies conducted 
in Mycobacterium smegmatis revealed that it is probably a 
prodrug, which is reduced by NADH dehydrogenase, to 
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release reactive oxygen species upon re-oxidation by 
oxygen.190  

Drug Resistance. Resistance to CFZ has been attributed to 
non-target mutations in rv0678, leading to the efflux of the 
drug. As mentioned above, resistance to CFZ has been 
linked to cross-resistance with BDQ.179 The pepQ and the 
rv1979c genes have also been recently described as 
additional mechanisms associated with CFZ resistance.191 
Xu et al. recently identified 5 CFZ-resistant isolates from a 
cohort of patients with previous treatment for pre-XDR and 
XDR-TB. Four of the five patients with cross-resistance to 
BDQ had mutations in the rv0678 gene. The remaining 
isolate with no cross-resistance to BDQ had a mutation in 
the rv1979c gene.192 

Delamanid 

Mechanism of action.  DLM, similar to INH and ETO, 
inhibits mycolic acid synthesis. DLM is a derivative of nitro-
dihydro-imidazooxazole and acts by impeding the 
synthesis of mycolic acid distinctly compared to INH, as it 
only inhibits methoxy- and keto-mycolic acid synthesis 
while INH also inhibits α-mycolic acid.90 Similar to INH and 
ETO, it is a pro-drug. Its anti-tuberculous activity requires 
the activation by the deazaflavin (F420)-dependent 
nitroreductase (Ddn).  Ddn itself requires other enzymes 
for its synthesis: fgd1, fbiA, fbiB, and fbiC.193 fbiA/B/C is a 
complex/operon of 3 genes with 996, 1,347, and 2,571 bp 
gene sizes, respectively. These 3 genes are mainly 
required for coenzyme F420 production for the 
biosynthesis of proteins FbiA, FbiB, and FbiC sequentially 
The active intermediates of DLM have not been fully 
characterized.194 When added to regimens for DS- or 
MDR-TB, it accelerates the killing of MTB bacilli and the 
time to achieve culture negativity.  Studies continue to be 
done to examine the correct usage of DLM especially in 
combination with the other anti-TB drugs for MDR/XDR-
TB.194-196 

Drug resistance.  Mutations in any of the genes involved in 
DLM activation are potential causes of resistance to the 
drug.  Published susceptibility testing results from 744 
clinical isolates from DLM-naïve patients indicate that the 
natural resistance rate to DLM is very low (1.3%).194 

Studies of mutations in these isolates have identified 
mutations in 4 of the 5 genes: ddn, fgd1, fbiA, and fbiC. 
Out of the 10 primary resistant isolates, 5 are MDR-TB 
isolates with a nonsynonymous mutation on ddn (one with 
a single missense mutation, one with a 14 amino acid 
deletion, and 3 with a nonsense mutation), one XDR-TB 
isolate with a nonsense mutation on fbiA, and 2 XDR-TB 
clinical isolates with a single amino acid substitution on 
fbiC. More studies are needed on a larger number of 
clinical DLM resistant isolates to determine whether 
mutations in ddn, fgd1, fbiA, fbiB, and fbiC genes are the 
only causes of resistance to DLM.194,197 

Ethionamide 

Mechanism of action.  ETO or 2-Ethylthioisonicotinamide 
is derived from nicotinic acid and has a similar structure to 
INH. ETO was first synthesized in 1956 and is used now to 
treat MDR-TB. It remains important in the treatment of TB 

meningitis in children.198 ETO is also a pro-drug, activated 
by the NADPH specific flavin adenine dinucleotide-
containing monooxygenase (EthA).  The enzyme is 
encoded by the 1,470-bp long ethA gene.199 EthA is 
negatively regulated by the transcriptional repressor EthR. 
Once activated, the mode of action of ETO is very similar 
to INH. The active form of ETO reacts with NAD+ to yield 
an ETO-NAD adduct, which inhibits InhA, leading to 
inhibition of mycolic acid biosynthesis.116,200   

Drug resistance. The mechanisms of resistance to ETO are 
mutations in genes encoding its activator (ethA), its target 
(inhA), or the ethA regulator (ethR).116 So far, 85 ethA 
mutations have been identified, although some were also 
found in drug-susceptible or partially ETO-resistant MTB 
strains. Mutations have been identified throughout the 
length of the coding region. Approximately two-thirds of 
the nucleotide changes are missense mutations that result 
in amino acid changes, while the remaining mutations are 
insertions, deletions, or nonsense mutations. Unlike the 
katG (S315T) variant, which can be present in up to 94% of 
the INH-resistant clinical isolates, no dominant ethA 
mutation occurs in ETO-resistant clinical isolates.    

−15C to −15T mutation in the promoter region of inhA and 
S94A (serine to alanine) and I194T (isoleucine to 
threonine) mutations in the gene product InhA were found 
to confer high-level resistance against INH and ETO in 
MDR-TB. Furthermore, mshA, a gene encoding a 
glycosyltransferase involved in mycothiol biosynthesis, has 
also been considered as a possible resistance target for 
ETO.90 

Imipenem–cilastatin 

Mechanism of action. IMI, like MEM (see below), belongs 
to a class of b-lactam antibiotics called the carbapenems.  
Just like the penicillins, its main site of action is by 
inhibiting cell wall synthesis. Early studies of penicillins 
showed it was ineffective against MTB, but later 
generations, more specifically the carbapenems showed 
as much as 80% effectivity against extensively drug-
resistant MTB.201-203 Combining  imipenem with cilastatin 
prevents its breakdown in the kidneys as the latter inhibits 
renal dehydropeptidase. 

MTB has an unusually thick cell wall composed of complex 
long-chain sugars, fatty acids, and lipid molecules.204 β‐
lactams exert their activity by inhibiting synthesis and 
metabolism of peptidoglycan, a critical component of the 
bacterial cell wall. Peptidoglycan is a three‐dimensional 
exoskeleton that encapsulates the plasma membrane and 
provides bacterial cells their shapes and rigidity. It also 
serves as an anchor for many molecules that are present 
on the cell wall. In MTB, components of the cell wall, such 
as arabinogalactans (the target of EMB), are covalently 
linked to the peptidoglycan.205 The final reaction in 
peptidoglycan synthesis involves linking of two amino 
acids in adjacent peptide chains with a transpeptide bond 
generated by transpeptidases – the target of the b-lactam 
antibiotics. By mimicking D-alanyl-D-alanine, which is 
similar to the free end of the peptide side chains before 
they are cross-linked, b-lactams covalently bind to the 
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transpeptidases and prevent it from synthesizing 
peptidoglycans.  

Recent evidence indicates that MTB possesses two types 
of transpeptidases: D,D-transpeptidases (DDTs) – the 
classical target of penicillins aka penicillin-binding protein 
– which creates 4→3 linkages; and the L,D-transpeptidases 
which creates 3→3 linkages.206,207 While penicillin and 
cephalosporins can inhibit DDTs, carbapenems are also 
effective against LDTs, which is why they have proven to be 
more effective against MTB even in the absence of b-
lactamase inhibitors.208  

Drug resistance. MTB is intrinsically resistant to penicillin 
and other b-lactam antibiotics, including carbapenems 
because they have b-lactamases.  As a class, carbapenems 
are more resistant to the b-lactamases than earlier 
penicillins and cephalosporins. Aside from BlaC, MTB have 

been described to possess other types -lactamases, like 

Rv0406, Rv3677, and CrfA.205,209 The role of these other -
lactamases to explain MTB resistance to imipenem is not 
fully defined. 

Meropenem 

Mechanism of action. Just like IMI, MEM binds to several 
targets involved in peptidoglycan synthesis, including 
DDTs and LDTs (see above).210 MEM is more effective 
against MTB than IMI because it is more resistant to the b-
lactamase (BlaC) that is found in MTB.211 Nonetheless, 
when using MEM in MTB it is recommended to be given 
along with a b-lactamase inhibitor such as clavulanic acid 
or sulbactam.80 Concerns about costs and medium to 
long-term alteration of the host microbiome limit the 
broader use of this antibiotic.177 

Drug resistance. Similar to the case in IMI, MTB is 
intrinsically resistant to MEM because of MTB b-lactamase 
(BlaC) which breaks down meropenem. However, efficacy 
can be recovered upon the addition of different b 
lactamase inhibitors.211 For MEM the best efficacy against 
MTB is achieved by combing it with sulbactam. A 
combination with clavulanic acid has also been shown to 
have some efficacy.212 Since there is no standalone 
clavulanic acid available commercially, meropenem is 
usually given in combination with co-amoxiclav.  The 
added advantage of this is that amoxicillin is a more potent 
inhibitor of DDTs than meropenem and therefore adds to 
the efficacy.213,214  

The genotypic basis for meropenem resistance in MTB, 
other than through BlaC remains to be defined further. 

Para-aminosalicylic acid 

Mechanism of action. PAS, an analog of para-
aminobenzoic acid (PABA), was one of the first antibiotics 
used in the treatment of TB together with INH and SM.  
Although it has been available for almost 70 years, it is only 
recently that its mechanism of action is being fully 
elucidated.  PAS is a prodrug targeting dihydrofolate 
reductase (DHFR). DHFR is needed by MTB to synthesize 
folate, a co-factor needed in the biosynthesis of purines, 
thymidylate, serine, and methionine.  PAS is incorporated 
into the folate pathway by dihydropteroate synthase 
(DHPS) and dihydrofolate synthase (DHFS) to generate a 

hydroxyl dihydrofolate antimetabolite, which in turn 
inhibits DHFR enzymatic activity. This leads to a depletion 
of tetrahydrofolates essential for protein synthesis, 
resulting in inhibition of bacterial growth and death.215 
DHFS is encoded by the gene folC while DHFR is encoded 
by the gene dfrA.  

The 792-bp long thyA gene, encoding thymidylate 
synthase A, also has an important role in 
deoxyribonucleotide biosynthesis, by providing the sole 
de novo source of dTMP through the conversion of 
deoxyuridine monophosphate (dUMP) to deoxythymidine 
monophosphate (dTMP). It requires folate as a co-factor 
for this function.  Interacting with folate metabolism is 
essential, especially involving tetrahydrofolate as a 
“methyl” donor.  

Drug resistance. A study in southwestern China showed 
that PAS resistance is mainly caused by mutations in folC, 
thyA, and ribD, among which folC was the most frequent 
mutation.216 Some mutation hotspots exist in the three 
genes, which accounts for about 80% of total mutations. 
Chemical inhibition of DHPS or mutation in folC which 
encodes DHFS prevents the formation of the PAS 
antimetabolite that inhibits DHFR.  

Mutations in thyA gene which encodes thymidylate 
synthase were also associated with resistance to PAS.90 As 

thymidylate synthase is a major consumer of reduced 

folates, mutations in thyA are likely to cause a decrease in 

the utilization of tetrahydrofolate derivatives. Thus, more 

reduced folates become available for other essential one-

carbon addition reactions, leading to increased bacterial 

survival. Some studies have affirmed Thr202Ala in thyA as 

the most common mutation associated with PAS-

resistance, though a few susceptible isolates containing 

the same mutation have also been observed.217 In another 

study, only 37% of PAS-resistant strains had mutations in 

thyA, suggesting that other mechanisms of PAS would 

need to be explored. 

Also, overexpression of a bifunctional enzyme riboflavin 
biosynthesis protein (RibD), a putative functional analog of 
DHFR, can compensate for inhibition of DHFR. The A11G 
mutation in ribD, resulting in overexpression of the gene, 
was detected in 91.7% of clinical isolates.218 

Outside of folate biosynthesis, investigations have also 
been done on the role of arylamine N-acetyltransferase 
(NAT) in PAS resistance.219  Similar to what happens in INH, 
NAT can transfer the acetyl group from Acetyl CoA to PAS 
which results in the formation of acetylated PAS (4-
acetamidosalicylic acid).  This is less active than PAS.  
However, its exact role in causing PAS resistance outside 
of the laboratory is unclear. 

A recent study presented two other possible mechanisms 
of PAS resistance:  1) Reduced PAS uptake via the 
decreasing membrane proteins, especially ABC 
transporters (efflux pumps) and 2) Overexpression of DfrA 
and ingesting exogenous methionine.220  
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D-cycloserine 

Mechanism of action. DCS is the cyclic analog of D-alanine.  
The absolute target of DCS in MTB is still not fully 
identified. However, according to some prior studies, 
overexpression of D-alanine racemase (AlrA) triggered 
resistance to DCS in recombinant mutants of 
Mycobacterium smegmatis.  AlrA, encoded by alrA is 
required for the conversion of L-alanine to D-alanine. D-
alanine, in turn, participates in the production of 
peptidoglycan important in cell wall formation in bacteria 
through the enzyme D-alanine D-alanine ligase (DdlA).  CS 
is known to inhibit Alr, L-alanine dehydrogenase (Ald) and 
(DdlA).78,90 

Drug resistance. As mentioned above, mutations resulting 
in overexpression of AlrA results in CS resistance.  Another 
study also reported that loss-of-function mutations in ald 
(Rv2780), encoding L-alanine dehydrogenase, were also 
associated with resistance to DCS.221 Another gene cycA, 
of 1,671 bp in size, encodes a D-alanine transporter. The 
point mutation in cycA has been considered a possible 
cause for resistance in M. bovis against CS.90  

 

III. Testing for MDR-TB 

Diagnosis of MDR-TB is best done at the outset, 
particularly for high-risk patients (such as those with 
treatment failures or relapses).  Therefore, DST and its 
accessibility are important components in discussing how 
to address the MDR TB problem.  However, DST for MTB 
is still mainly performed according to the resources 
available rather than the drug-resistance rates. Phenotypic 
culture-based methods, utilizing either or both solid 
(Lowenstein-Jensen) and liquid (Middlebrook) media, 
remain the gold standard.  These are more commonly 
used in high-income countries to confirm drug 
susceptibility as well as treatment response. WHO also 
strongly recommends the use of culture-based tests to 
monitor patient response to MDR-TB treatment.80 In low-
income countries like the Philippines, molecular testing 
methods screening particularly for mutations causing RIF 
resistance (such as the subsidized Xpert MTIB/RIF®) are 
more accessible (but perhaps not always affordable), as 
well as being generally easier and faster to perform.    

Phenotypic Tests.  Because of the slow growth rate of MTB, 
culture-based methods require more time, needing up to 
6 to 8 weeks in solid media and 2 to 6 weeks in liquid 
media to produce results.222 Getting information on drug 
resistance can present further delay depending on 
whether indirect or direct inoculation is done for DST. 
Although direct methods are faster, it is also associated 
with more uninterpretable results.223 While awaiting 
results, initial treatment can be inadequate and can allow 
person-to-person transmission. Although DST was 
established in the 1960s, there is no consensus reference 
method for MIC determination against which the 
numerous DST-MTB techniques can be compared.224,285,325   
This information is necessary for assessing in vitro activity 
and setting breakpoints for future anti-tuberculosis agents. 
Culture-based DST is most useful for INH and RIF, and less 
accurate for EMB, PZA and SM.225 DST of PZA is especially 

problematic because the activity of this drug requires an 
acidic media that impairs MTB growth. 

Aside from the long turn-around time required to get 
phenotypic test results, there is a biosafety constraint when 
conducting this type of testing.  WHO currently 
recommends the use of BSL 3 facility with a biosafety 
cabinet to culture MTB, a key requirement for phenotypic 
testing.325 The same guidelines recommend a lower BSL 1 
facility without a biosafety cabinet for Xpert MTB/RIF assay, 
although a higher biosafety level (BSL 2) is also 
recommended for line probe assays (LPAs). Non-
availability of such higher-level facilities with the proper 
equipment and trained staff can provide serious obstacles 
to putting up a phenotypic DST service for testing MTB.   

Automated systems using liquid media, such as the 
Beckton Dickinson BACTEC 960/MGIT™ (Mycobacteria 
Growth Indicator Tube) system that utilizes a fluorescence 
principle and the BACTEC 460™ that employs radiometric 
technology to detect MTB growth promise a shorter 
turnaround time than traditional solid media. There are 
also other automated systems utilizing liquid media.  In a 
meta-analysis of 10 studies, with solid media as a gold 
standard, the BACTEC 960/MGIT™ and BACTEC 460™ 
systems showed sensitivity and specificity in detecting 
Mycobacteria sp. of around 81.5 and 99.6% and 85.8 and 
99.9%, respectively.16,226 The BACTEC 960/MGIT™ system 
also showed an overall performance profile similar to the 
MTBDRplus® LPAs.227,228 

Time to detection for BACTEC 960/MGIT™ and BACTEC 
460™ systems is about 11.7 and 11.6 days, respectively for 
smear-positive specimens and 16.5 and 18.0 days, 
respectively for smear-negative specimens. This 
represents a significantly faster turn-around time 
compared to solid media.  These systems are however very 
expensive to acquire, technically difficult to operate, 
require BSL 3 facilities, and in the case of the radiometric 
system, need to have proper disposal of radioactive 
materials. There is also heterogeneity of performance 
reported across locations, most commonly attributed to 
contamination of the specimens.  Agreement between 
solid and liquid culture media is reported to be only 
moderate (Kappa value = 0.59).229 However, a study in 
Brazil showed that opting for the BACTEC 960/MGIT™ 
system led to more clinically useful decisions compared to 
solid media.230 Both solid and liquid culture-based 
methods are however recommended whenever possible, 
particularly for reference laboratories.225 

Genotypic tests.  Molecular detection of resistance to 
antituberculosis drugs on the other hand is a significantly 
faster approach compared to phenotypic methods.  It has 
reduced the turnaround time for detecting drug resistance 
from several weeks to as short as 2 hours.111 Since 2011, 
WHO has recommended the Cepheid Xpert MTB/RIF® as 
a frontline molecular diagnostic assay for the detection of 
drug resistance.21 WHO recommends that it should be the 
initial diagnostic test to be done on individuals suspected 
to have MDR-TB, rather than microscopy or culture and 
DST.231 Sensitivity and specificity has been reported to be 
in the region of 96.8% and 99.3%, respectively.232-234 These 
are lower in smear-negative pulmonary and extra-
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pulmonary specimens.  In the Philippines, it is the most 
widely available commercial molecular test and has shown 
a faster increase in usage as compared to sputum AFB 
smears.235  

Furthermore, it is recommended that the test is done in 
conjunction with a first morning AFB smear and culture 
(thus requiring that such culture facilities be still available); 
except when there is a true clinical suspicion of TB where it 
can be done by itself.236 The test uses five overlapping 
molecular beacon probes complementary to the RRDR 
region (codons 507 to 533) associated with RR.237 It was 
found to be the most cost-effective among the 
commercially available molecular tests in a recent meta-
analysis.238 Its biggest drawback is that it only tests for RIF 
resistance within the RRDR region and none for the other 
Group 1 or Group A drugs.239,240 For example, a study in 
Iran showed a relatively high proportion of INH 
susceptibility (as much as 33.3%) among isolates with RIF 
resistance identified by GeneXpert®.241 In these settings, 
INH can still be used as part of the combination therapy.  
The authors therefore still recommended simultaneous 
detection of INH resistance by other DST methods to 
establish the diagnosis of MDR-TB.  The lack of other 
components like training, maintenance, quality assurance 
as part of the programmatic implementation have also 
curtailed the full benefit of using GeneXpert.242 

Despite its limitations, Gene Xpert® continues to be 
recommended, especially in low resource settings like the 
Philippines as important (and most likely the only test) in 
the approach to MDR-TB.243 A new product, the Xpert 
MTB/RIF Ultra®, was recently launched and is reported to 
improve the performance of the current instrument.244-247  

Two amplification targets (IS6110 and IS1081), 25 different 

RRDR mutations covering almost the entire rpo RRDR 
from codons 510 to 533, and other technical 
enhancements to reduce the limits of detection from 112.6 
CFU/mL of sputum to 15.6 CFU/mL were introduced.  For 
tuberculosis case detection, the sensitivity of Xpert 
MTB/RIF Ultra® was superior to that of Xpert MTB/RIF in 
patients with paucibacillary disease and patients with HIV. 
However, this increase in sensitivity came at the expense of 

a decrease in specificity.244,248 Some reported rpo 
mutations such as IIe491Phe are still not detected by Xpert 
MTB/RIF Ultra®.244 The WHO currently recommends Xpert 
MTB/RIF Ultra®.249  Cepheid has also announced a 
portable version of their machine, GeneXpert Omni which 
uses the same Xpert MTB/RIF® cartridge, as well as another 
cartridge Xpert XDR® for testing of resistance to INH, FQs, 
and aminoglycosides.250 

In addition to the Xpert MTB/RIF, the WHO also endorses 
the use of the Hain® LPA and the Nipro Corporation 
NTM+MDRTB detection kit 2® to diagnose XDR-TB.242 

Current versions of the Hain® LPAs include the Genotype 
MTBDRplus® and the Genotype MTBDRsl-v2.0®, which 
collectively detect resistance to INH, RIF, FQs and SLIDs.  
Results are available after 5 hours.  Published performance 
data of the tests shows suboptimal sensitivities for EMB, 
but better for FQ and SLIDs.251-253  Diagnostic performance 
is also inferior in direct smear-negative sputum 
samples.254,322 It was shown to be less expensive than 

culture-based tests, but much more expensive than the 
Xpert MTB/RIF® test – although offering more resistance 
information especially of the drugs in WHO Group 1.255 
LPAs also require BSL 2 facilities.230 WHO recommended 
the use of the GenoType MTBDRsl 2.0 assay as an initial 
test, instead of phenotypic DST to detect FQ and SLID 
resistance in confirmed RR and MDR-TB  patients.256  The 
cost of Genotype MTBDRsl v2.0® remains an issue for the 
screening of second-line drug resistance from low-income 
countries with a high burden of MDR-TB.257 

LPAs have very limited availability in the Philippines.  
Because resistance to the other drugs aside from RIF might 
impact the choice of the appropriate drugs to use in MDR-
TB, it may be necessary to investigate whether full 
resistance profiling upfront is a better approach in the 
Philippines as is being proposed in other countries.258  
Whether commercial kits like the Hain® LPAs are better as 
compared for example, to WGS (see below) in terms of 
performance and costs, needs to be fully explored. 

There are other techniques available for the molecular 
diagnosis of MDR-TB.250,259 Given the broad variety of 
molecular principles underlying these tests and their 
varying performance depending on who and where it is 
done, as well as their availability in the Philippines, they will 
not be discussed anymore.  For low-resource settings, 
having such varied alternatives can unnecessarily 
complicate the effective implementation of a national TB 
control program. At best, they can be used in research 
and/or academic settings seeking to validate disease 
epidemiology and molecular tests.   

In a local study conducted in a tertiary military hospital in 
Manila, Xpert MTB/RIF® was recommended as a first-line 
diagnostic tool to identify MTB and detect RR among 
presumptive TB cases instead of direct sputum smear 
microscopy (DSSM ZN).260 Their data showed that since 
DSSM sensitivity greatly varied depending on MTB load, 
Xpert MTB/RIF® proved to have better performance across 
the cases. They also predicted that molecular testing, 
including WGS (see below) will become more widespread 
for resistance typing.61  

Although molecular testing has shown general good 
correlation with phenotypic testing, there can still be some 
differences seen in individual patients that may translate to 
the wrong choice of treatment.261-263 Some have even 
suggested that molecular testing can falsely report 
elevated RR-TB true rates.264 For EMB, culture-based tests 
tend to underestimate resistance as reported by molecular 
tests.132,262 Various recommendations have therefore been 
made regarding the approach to individual patients when 
there is discordance between their phenotypic and 
molecular testing results.265-268 The guidance from the 
European Respiratory Society is particularly useful as it 
offers recommendations on which drugs to use for 
individual patients depending on the actual molecular and 
phenotypic testing results.269  These will not be discussed 
further here, but it is highly recommended that the reader 
who needs to make decisions for individual patients – 
rather than just epidemiologic data – should take special 
note of this guidance.   
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Also, a big caveat is that for these genotypic tests to 
accurately identify all clinically important resistant MTB 
phenotypes, the genes and specific mutation locations 
associated with resistance must be known and included in 
these molecular diagnostic tests. For example, using WGS, 
a study that included the Philippines was able to identify as 
many as 22 novel katG mutations associated with INH 
resistance.270 Local frequency and distribution of drug 
resistance-conferring MTB mutations would therefore 
need to be systematically examined in the pathogen 
population to ensure the relevance of whichever molecular 
testing is adapted.111  

Whole Genome Sequencing.  WGS is being promoted 
currently as one of the best ways to simultaneously test for 
drug resistance molecularly as it is possible to map out all 
the relevant mutations with a single specimen.271-282 It is 
even described as being able to do this more accurately 
and faster compared to liquid culture testing.283-285  Other 
studies have also shown better performance compared to 
LPAs.286,287 Another distinct advantage of WGS is its ability 
to detect SNPs occurring outside established resistance 
genes with uncertain mechanisms of resistance; estimated 
to occur in 10 – 40% of cases.288 Other than doing 
numerous targeted genotypic studies, WGS may be the 
only single alternative for testing drug resistance for many 
MDR and XDR anti-TB drugs such as PZA, CFZ, LNZ, CS, 
TZ, ETO, PTO, BDQ, DMD, PAS, IPM-CLN, and MEM.59 

The Philippines, through the Philippine Genome Center 
and other sites, has shown an early capability to conduct 
WGS studies in MTB.72,76,289 A study reported that strain 
identification by WGS was 99% accurate, and concordance 
between drug resistance profiles generated by WGS and 
culture-based DST methods was 96% for 8 drugs (RIF, INH, 
FLQ, PZA, KAN, EMB, STR, ETH), with an average 
resistance-predictive value of 93% and susceptible-
predictive value of 96%.290  

A study from China also reported on overall sensitivity and 
specificity, respectively, for WGS as follows: 99.0 and 
100.0% for INH, 99.0 and 100.0% for RIF, 94.8 and 65.3% 
for EMB, 86.2 and 84.4% for PZA, 95.6 and 95.6% for LFX, 
89.5 and 65.3% for MFX, 91.3 and 95.1% for SM, 90.9 and 
99.0% for KAN, 90.9 and 100.0% for AM, 88.9 and 98.0% 
for CAP, 87.0 and 85.1% for PTO, 85.7 and 99.0% for PAS, 
and 66.7 and 95.9% for CLZ.276  

It has been suggested that WGS can also be used for 
contact tracing with a cut-off value of < 6 SNPs between 
isolates as indicative of transmission.72,291 A recent 
systematic review revealed that WGS had high sensitivity 
(78.5–100%) compared to conventional epidemiological 
tools and had higher discriminatory power than 
conventional genotyping to differentiate clusters of MTB 
strains.292 In MDR-TB, for example, this can be useful in 
defining person-to-person transmission in households and 
communities, crucial information in helping design TB 
control programs. 

Doing WGS may make more sense clinically as it can be 
theoretically possible to identify the specific combination 
of drugs to use for an individual patient by identifying 
potentially all the possible resistance mutations – a fully 

targeted approach.  Although at this time the need for 
culture isolates to work on delays the timeliness of WGS 
results, some studies have started looking at direct 
processing of clinical specimen such as sputum as a way to 
address this limitation.293-295 For WGS to be fully useful, 
additional bioinformatics tools to facilitate interpretation of 
results are needed.288,296  Additional efforts should also be 
made to scrutinize the value that these tools can provide 
as well as the availability of the correct expertise.297-299 
Based on using WGS in Thailand for MDR and XDR TB, 
good performance was seen for first-line drugs but less so 
for second-line drugs.  They also add that the mutation 
database, especially for FQs and the analysis pipeline 
affected the performance of WGS-based drug-
susceptibility testing, with variable reproducibility of 
phenotypic tests, potentially affecting phenotypic-WGS 
concordance.300 

WGS in combination with phenotypic DST, could also help 
identify novel mutations that can be used to design new 
molecular diagnostic tests.  Some have proposed that 
WGS in conjunction with protein structural modeling can 
be used for this purpose even without phenotypic 
testing.301  However, based on the experience in other 
countries, further studies are still needed in the Philippines 
to validate if WGS can truly perform better and more 
economically for individual patients than culture-based 
tests.302,303 

A diverse range of portable, sensitive, and rapid 
biosensors based on different signal transducer principles 
and detection capabilities for different biomarkers have 
also been proposed for MTB detection.304  Some of these 
offer the possibility of being done at the point of care.305,306  
Most of these have not reached actual clinical application 
and will not be covered in this review.307,308 There is also 
the anticipated announcement of an Xpert XDR® which will 
detect resistance to INH, MFX, and other anti-TB drugs.309 

Summary.  In the end, therefore, it is not so much a 
mandatory choice between molecular tests and 
phenotypic tests.  As the above discussions should show, 
both are needed to help validate each other.  Phenotypic 
and genotypic approaches are complimentary for 
obtaining high sensitivity and specificity for detecting drug 
resistances and susceptibilities to accurately predict 
MDR/XDR cure and to gather relevant data for resistance 
surveillance.310 Well-designed systematic surveys, WGS, as 
well as other molecular and bioinformatics tools, are 
needed to identify and/or predict mutation frequencies in 
different locations since regional variation in the frequency 
of individual mutations may limit the sensitivity of 
molecular diagnostic tests.62,311,312 False positives, or 
mutations that have uncertain or low levels of phenotypic 
drug resistance, can also be worrisome – artificially 
eliminating the usefulness of certain drugs.  In the end, 
because phenotypic testing still remains as the gold 
standard to follow up treatment success, (no MTB growth) 
it should not be forgotten that these culture-based 
laboratories will remain important – time-consuming as 
they might be.313  

An equally important aspect on top of the technical 
considerations for diagnostic tests is their programmatic 
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implementation.  The provision of community-based 
diagnostic tests, without mandatory admission to a 
hospital, as recommended by the WHO, should both 
increase access to appropriate treatment and reduce 
delays.314 Genotypic testing in an ambulatory treatment 
setting can provide the least delays from diagnosis to 
initiation of appropriate treatment, but may still be less 
than ideal in certain settings.315-317 Delays in reporting 
results to clinics and in contacting patients are potential 
contributing factors even if there is a short turnaround time 
for the molecular tests itself. Programmatic factors such as 
sample transport and results communication could also be 
improved. Lastly, although several studies reported 
relatively rapid times to treatment (< 30 days), not all of the 
diagnosed patients (<70%) were started on treatment.315 
All these factors on top of a rapid test for drug resistance 
would need to be considered as well in successfully 
implementing an effective TB control program.  WHO 
recommends the formation of a multidisciplinary team (TB 
Consilium) at local, regional, and/or national levels 
including experts (e.g., clinicians, microbiologists, public 
health officers) with different professional 
backgrounds.318,319  The Global Laboratory Initiative (GLI), 
is a welcome development as it is dedicated to 
accelerating and expanding access to quality-assured 
laboratory services in response to the diagnostic 
challenges of TB, notably HIV-associated and drug-
resistant TB.327 

 

CONCLUSION 
 
This review was conducted to understand the MDR TB 
situation in the Philippines particularly its risk factors, 
molecular mechanisms, and testing.  It is believed that only 
by considering these together as closely interrelated 
domains can the problem of DS TB and DR TB be better 
controlled.  Patient factors to be considered in assessing 
the risk, deciding to test because of the assessed risk, and 
finally choosing the right drugs to use based on the results 
of resistance, are all important decisions a physician, 
especially those in the private sector, need to make.   

Previous incomplete treatment with anti-TB drugs remains 
the most common risk factor so that ensuring that 
treatment is successful the first time around is a good way 
to prevent an increase in MDR TB.  The presence or even 
fear of side effects constitute the most common reason for 
discontinuing treatment.  However, even in the setting of 
supervised therapy with free drugs, such as DOTS, 
financial factors such as lack of transportation and conflict 
with jobs remain common.  More intensive education, 
particularly concerning possible side effects and 
additional financial assistance aside from free drugs may 
need to be incorporated so that TB control can be more 
successful. 

The private sector remains an important participant in 
treating TB patients.  Unfortunately, access to diagnostic 
tests for DR TB remains difficult and unaffordable to many 
patients.  In the absence of such tests, DS TB quadruple 
regimen is continued which creates additional pressure for 
the emergence of MDR TB.  Therefore, making such tests 

more accessible and affordable (even free) to the larger 
community of doctors can help identify these patients 
earlier.   

Although Xpert MTB/RIF® testing is free in the public 
sector in the Philippines, among six high burden countries 
who provided pricing information (Kenya, India, Pakistan, 
Philippines, Bangladesh, and Afghanistan), the Philippines 
reported the highest price in the private sector.328 Through 
the efforts of various local and international agencies and 
aid groups, led by the Philippine Coalition Against 
Tuberculosis (PhilCAT) the Philippine Private Sector 
Diagnostics Consortium was recently launched to increase 
access to quality, affordable, and globally-endorsed rapid 
diagnostic tests in the private sector.329,330 Hopefully, such 
efforts would help address this situation. 

Among the anti-TB drugs, rifampicin remains the most 
potent and effective.  Thus, most testing, such as Xpert 
MTB/Rif™ is targeted to identify rifampicin resistance due 

to common rpo gene mutations.  The presence of RR TB 
is generally considered to be a predictor of INH resistance 
as well and such patients are automatically labeled as MDR 
TB.  However, INH resistance is known to occur even in the 
absence of RR.  The same is true for EMB and PZA.  
Therefore, the real landscape of drug resistance to these 
other first-line drugs, in the absence of RR, needs to be 
described better and monitored regularly in our country to 
validate whether testing for RR is enough.   

As the number of MDR TB cases increase, the evaluation 
also needs to be done to see whether primary drug 
resistance due to person-to-person transmission, 
particularly in the community setting and not only among 
household contacts, is becoming more common.  Such 
data can inform us if we need to do DR testing in all 
patients being considered for anti-TB treatment regardless 
of a history of previous treatment. 

Molecular testing for resistance to INH and PZA is quite 
complex and may not be doable outside of the research 
setting. The same is true for most of the other second-line 
drugs. Whole genome sequencing (WGS) offers the 
potential to identify all potential mutations that can be 
associated with drug resistance.  However, given the 
expense currently of doing WGS, as well as the relatively 
long turn-around time needed, this technology may be 
more useful for epidemiologic research rather than a 
routine clinical test, especially in a resource-challenged 
country such as ours.  Nonetheless, such data are 
invaluable in guiding the choice of drug combinations to 
treat MDR TB. 
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