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Abstract

Multidrug resistant tuberculosis (MDR TB), defined by resistance to the two most effective first-
line drugs, isoniazid and rifampin, is on the rise globally and is associated with significant
morbidity and mortality. Despite the increasing availability of novel, rapid diagnostic tools for
Mycobacterium tuberculosis (Mth) drug susceptibility testing (DST), the clinical applicability of
these methods is unsettled. Here, we review the mechanisms of action and resistance of Mtbto
isoniazid and rifampin as well as the utility, advantages, and limitations of the available Mt DST
tools. We place particular emphasis on molecular methods with rapid turn-around including line
probe assays, molecular beacon-based real time-polymerase chain reaction, and pyrosequencing.
We conclude that neither rapid molecular drug testing nor phenotypic methods are perfect in
predicting MTB drug susceptibility, and therefore must be interpreted within the clinical context
of each patient.
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INTRODUCTION

Multidrug-resistant tuberculosis (MDR TB), defined by resistance to the two most effective
antituberculous first-line drugs, isoniazid and rifampin, is on the rise globally. In 2008 the
World Health Organization (WHO) reported an estimated 390,000-510,000 new cases of
MDR TB constituting 3.6% (95% CI: 3.0-4.4) of all incident TB cases worldwide that year.
Mortality from MDR TB in 2008 was also high, with an estimated 150,000 attributable
deaths®. The prognosis for drug-resistant TB is especially poor in HIV-infected patients,
with a recent South African study reporting one-year mortality of 71% for MDR and 83%
for extensively drug-resistant TB (XDR TB, defined as MDR plus resistance to a
fluoroquinolone and an injectable second-line therapy); 40% of the MDR TB and 51% of
XDR TB HIV-coinfected cases died within 30 days of sputum collection2. The high global
MDR TB prevalence and mortality calls for timely DST and improved therapies.

To provide a framework for our review of the currently available diagnostic modalities for
the detection of MDR TB, we first review the mechanisms of resistance to isoniazid and
rifampin. In 1998 the circular genome of the best-characterized strain of Mth, H37Rv, was
elucidated and noted to consist of almost 4,000 genes and over 4 million base pairs34. A
large body of literature has since emerged, describing the association between specific gene
mutations and DST. The database with identified TB drug resistance mutations can be found
at http://www.tbdreamdb.com.

Isoniazid: Mechanism of action and resistance in Mycobacterium tuberculosis

Isoniazid is a prodrug that requires activation by the mycobacterial catalase peroxidase KatG
after it enters the cell by passive diffusion. The activated isoniazid targets two principal
enzymes that are involved in the elongation cycle of the fatty acid molecules, an enoyl-acyl
carrier protein reductase (inhA) and a beta ketoacyl-acyl carrier protein synthase, resulting
in thgﬁinhibition of synthesis of the mycolic acids necessary for the mycobacterial cell
wall>®,

Spontaneous mutations responsible for isoniazid resistance, in contrast to rifampin
resistance, are not concentrated within one gene. Drug resistance mutations in the 4a/G gene
result in loss of the ability of the catalase to activate the prodrug of isoniazid’. Mutations in
the /inhA gene or its promoters may alter the activated isoniazid binding site or increase
InhA production resulting in H resistance®. While katG mutations may confer high-level
isoniazid resistance, inhA mutation may cause low-level isoniazid resistance and cross
resistance to ethionamide. Although isoniazid mutations most frequently occur in the katG
and inhA genes, they also occur in other enzymes coding genes such as ndh, ahpC, and
furA 59, Between 31-97% of INH resistance has been attributed to katG mutations (at
codon 315), with higher frequencies occurring in TB-endemic countries1?, In a recent study
by Dalla Costa et al of 224 INH-resistant Mitb isolates from Argentina, Brazil, and Peru the
frequency of inhA mutations was 11%. Eighty-six percent had either a katG or inhA
mutation associated with INH resistance.!!

Rifampin: Mechanism of action and resistance in Mycobacterium tuberculosis

Rifampin inhibits transcription and thus protein synthesis by targeting one of the four
subunits, the B subunit, of the mycobacterial DNA-dependent RNA polymerase which is
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coded by the rpoB gene312. Certain mutations in the rpoB gene reduce the binding affinity
of rifampin for the RNA polymerase, resulting in drug resistance (see Figure 1)3-13,
Rifampin resistance is considered a major surrogate marker for MDR TB, since greater than
90% of isolates resistant to rifampin are also resistant to isoniazid'4-16. Over 95% of
mutations responsible for resistance to rifampin occur within an 81-base pair core region
(codon 507 to 533) of the rpoB gene, termed the Rifampin Resistance Determining Region
(RRDR)1217_ Furthermore, greater than 92% of the mutations occur at either codon 516
(which codes low-level resistance), 526, or 531 (which code for high-level resistance)?.

PHENOTYPIC ASSAYS FOR DETECTION OF MDR TB

Despite its recognized limitations, conventional phenotypic DST remains the gold standard
for MTB DST. Liquid media is used more commonly for DST than solid media in resource-
rich countries (Table 1). Traditional solid media DST uses the agar proportion, absolute
concentration, or resistance ratio method on Lowenstein-Jensen (LJ) or Middlebrook
7H10/11 (MB7H10/MB7H11) media. The agar proportion method compares the number of
colonies growing on a drug-containing medium at a defined critical concentration to that
growing on a drug-free medium 19, For MB7H10 media the critical concentration for the
first-line drugs are: H 0.2 pg/mL (low-level resistance) and 1 pg/mL (high-level resistance),
R 1pg/mL, and E 10 pg/mL1°. The prolonged turn-around-time (TAT) of solid media for
culture from specimen collection was significantly shortened when liquid media replaced
solid media for DST in the USA (from 8-12 weeks to 3—7 weeks).

The original system using liquid media for DST was the BACTEC 460 TB system. Limited
by issues with handling and disposing of radioactive material, it was supplanted by the
BACTEC MGIT 960 system which used fluorescent light emission for detection of TB
growth. The sensitivity and specificity of the BACTEC MGIT 960 for detection of isoniazid
and rifampin resistance are over 95%72021, For the MGIT 960, the critical drug
concentrations for the first-line drugs are: H 0.1 pg/mL (low-level resistance) and 0.4 pg/mL
(high-level resistance), R 2ug/mL, and E 5 pg/mL1°. Another automated broth-based method
is the Versa TREK system which has the capacity to simultaneously detect mycobacterial
growth and conduct phenotypic DST to first-line drugs using measurement of oxygen
consumption.

Other novel rapid phenotypic methods include the colorimetric methods that use the color
change of a chemical dye (i.e., tetrazolium bromide and resazurin) for culture and DST, the
microscopic observation of drug susceptibility, and the nitrate reduction assays. Limitations
of rapid phenotypic methods include the uncertain reliability of conventional breakpoints,
decreased accuracy in cultures mixed with other mycobacteria, and the possibility of
reduced fitness and growth of mutant organisms, which may require a higher inoculum to
increase test sensitivity.

GENOTYPIC METHODS FOR DETECTING ISONIAZID AND RIFAMPIN
RESISTANCE
DNA Sequencing

While conventional DNA sequencing for detection of mutations associated with Mtb
resistance is not routinely available in the commercial setting due to expense, necessary
expertise, and time-consuming nature, it is available in some research and public health
laboratories and the CDC Molecular Detection of Drug Resistance (MDDR) service.
Conventional DNA sequencing utilizes a “chain-termination method” to sequence DNA
fragments. Specifically, it first binds a primer to a denatured single strand of DNA. DNA
extension then begins at the primer site using a DNA polymerase. It is eventually terminated
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because a dye-labeled dideoxynucleotide interrupts the phosphodiesterase bond between two
subsequent nucleotides. This cycle results in DNA fragments of various lengths, which can
be separated by electrophoresis and subsequently sequenced. Conventional DNA sequencing
remains the gold-standard of DNA sequencing, is highly accurate, and offers the advantage
of being able to read larger amounts of DNA. It is the foundation on which many of the
rapid molecular assays, (i.e., line probe assays, molecular beacon-based real time-
polymerase chain reactions (RT-PCR), and pyrosequencing) were developed (Table 2).
These assays have the capacity to both identify Mibisolates and evaluate for drug resistance
to isoniazid and rifampin.

Line probe assays (PCR-based)

Line probe assays involve DNA extraction, amplification of a predefined gene region
associated with resistance, and reverse hybridization of the PCR products with standard,
immobilized probes for gene mutations associated with resistance?2. For example, the
INNO-LipA® Rif.TB assay contains wild-type “S” probes as well as “R” probes that detect
resistance mutations in the RRDR of the rpoB region. The non-detection of one of the “S”
probes implies rifampin resistance?3. At present the only three commercially available line
probe assays for the detection of first-line drug resistance of Mtb are the INNO-LipA®

Rif. TB (Innogenetics, Belgium), Genotype® MTBDR, and second-generation Genotype®
MTBDRplus (Hain LifeScience GmbH, Germany). While rpoB gene mutations responsible
for rifampin resistance are detected by all three assays, Genotype® MTBDR additionally
detects katG mutations and Genotype® MTBDRplus detects both katG and inhA
mutations??,

Two recent meta-analyses evaluating the accuracy of the line probe assays have
demonstrated sensitivity in detecting rifampin resistance mutations to be 94-100% and
specificity to be 99-100% in clinical specimens and laboratory isolates?2:25, The first meta-
analysis, which evaluated the accuracy of the INNO-LipA® Rif.TB assays compared to
susceptibility results obtained from either BACTEC 460 or agar proportion method, was
conducted using 15 studies and 1,738 specimens from several countries and body sites.
Although the sensitivity on the cultured isolates was greater than 95%, it demonstrated
higher variability (range 80%-100%) of the assay on direct clinical specimens. The second
meta-analysis was similar, but evaluated the accuracy of the Genotype® MTBDR assay (as
determined by comparison to the agar proportion method, BACTEC 460, and/or BACTEC
MGIT 960), and was comprised of 10 articles and 3,349 laboratory isolates and clinical
specimens from various geographic areas. The pooled sensitivity and specificity of the
Genotype® MTBDR assay was only 84.3% (76.6%—-89.8%) and 99.5% (97.5%-99.9%),
respectively, for detecting of INH resistance. The TAT for the line probe assays ranged from
1to 2 days.

A few studies have conducted a head-to-head comparison of INNO-LipA® Rif.TB to the
Genotype® MTBDR in their ability to accurately detect MDR TB. One such study
compared the two line probe assays with DST and conventional sequencing on 52 Mtb
clinical isolates from Finland and Russia. The two assays had a 100% concordance rate in
detecting rifampin resistance, each detecting 51/52 (98.1%) of rifampin resistance detected
by DST. The Genotype® MTBDR and INNO-LipA® Rif.TB detected 92.3% and 96.2%,
respectively, of the rpoB mutations found by DNA sequencing?®.

Thus, although not FDA-approved, line probe assays are rapid and accurate tools for the
detection of rifampin resistance provided that the mutations responsible for resistance are
within the RRDR of the rpoB gene, as occurs in greater than 95% of rifampin resistant
strains. They have less clinical utility in detecting isoniazid resistance, because of the limited
number of INH resistance-incurring mutations represented in the assay. Other major
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limitations of the line probe assays include their inability to differentiate between resistance-
inducing and silent mutations and their insensitivity in detecting novel mutations, because
they do not rely on DNA sequencing technology. Variability in assay sensitivity can be in
part explained by regional differences in rifampin and INH resistance mutation
frequencies?®.

Molecular beacon-based real time-polymerase chain reaction (RT-PCR)

Another commercially available hybridization method for the detection of MDR TB is the
GeneXpert® MTB/RIf TB assay (Cepheid, CA). This real-time PCR assay uses the
molecular beacons, probes for hybridization to different target segments within a region of
the gene of interest. When there is exact nucleotide concordance between the probe and
target sequence, the beacons emit fluorescent signals. The absence of signaling suggests a
mutation in the corresponding surveyed segment of the region.

Molecular beacon-based RT-PCR methods have been tested in countries with high and low
MDR TB prevalence?’-33, Sensitivity and specificity in detection of rifampin resistance in
clinical specimens range from 86—-100% and 95-100%, respectively, with higher sensitivity
in smear-positive cases33. Sensitivity and specificity in detection of isoniazid resistance in
clinical isolates range from 76%-94% and 100%, respectively. Reduced sensitivity is often
due to presence of drug-resistance incurring mutations outside of the surveyed region, poor-
quality sputum specimens, and smear-negative and mixed mycobacterial populations.

Major advantages of molecular beacon-based RT-PCR assays include their high sensitivity
and specificity in detection of MDR TB, rapid TAT (of less than 2 hours), hands-free
processing, near-patient technology, and high throughput?9:33, Cross-contamination is
virtually eliminated because amplification, hybridization, and analysis occur within one
closed well31, Additionally, these assays are not limited to detection of pre-determined
mutations; they have the capacity to detect previously unrecognized mutations within a
given region. The major limitations to their use include the cost of equipment, inability to
detect resistance-incurring mutations outside of specified target region, and the detection of
silent mutations which are falsely interpreted as conferring resistance.

Pyrosequencing

Pyrosequencing is a rapid, automated DNA sequencing technique that has recently been
used to detect mutations associated with drug resistance in M. tuberculosis'834-38 Its
“sequencing by synthesis” methodology involves synthesizing a strand of DNA
complementary to the DNA segment of interest via a DNA polymerase. When the DNA
polymerase integrates a nucleotide complementary to a base pair on the template of the
study strand, ATP is generated and provides energy for the light-generating luciferase
reaction3,

Like conventional sequencing, pyrosequencing can provide exact DNA sequences, thus
detecting both previously known and novel mutations. Advantages of pyrosequencing over
conventional DNA sequencing include reduced cost, speed and simplicity of processing,
ease of interpretability, and relative high throughput. A major drawback of pyrosequencing
is its inaccuracy in reading contiguous, long sequences (i.e., greater than 50 nucleotides)3®.
It has great utility in detecting rifampin resistance-associated mutations (sensitivity 92—
100%, specificity 92-100% among clinical and laboratory specimens). Its utility in detecting
isoniazid resistance is poorer (sensitivity 64%-81%, specificity 100% among clinical and
laboratory isolates) because many INH-resistance mutations remain unknown and lie outside
of the normally studied regions of katG and inhA genes!8:34-39,
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CONCLUSIONS

The high global prevalence of MDR TB and its associated worldwide morbidity and
mortality necessitate rapid DST. Diagnostic methods must not only have high accuracy in
detecting rifampin and isoniazid resistance, rapid TATS, and high through-put, but also be
available at low cost in low-income, MDR TB-endemic countries.

Rapid molecular diagnostics are well-suited for confirmation of suspected MDR TB and
provide a valuable adjunct to conventional phenotypic testing. At present, however, neither
rapid molecular drug testing nor phenotypic methods are perfect in predicting MTB drug
susceptibility4%4, Clinicians must consider treating patients at high risk for MDR until
phenotypic susceptibility results are known even if rapid molecular tests do not predict
resistance. DNA sequencing should be reserved for suspected drug-resistant MTB isolates in
which phenotypic susceptibility and rapid molecular testing yield discrepant results. Lastly,
future guidelines should address a diagnostic algorithm to aid clinicians and clinical
laboratories in the management and detection of MDR TB.
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Figure 1.

the distribution of known mutations in the Mtb rpoB gene associated with rifampin
resistance (Figure adapted from: Sandgren A, Strong M, Muthukrishnan P, Weiner BK,
Church GM, Murray MB. (2009) Tuberculosis Drug Resistance Mutation Database. PLoS
Med 6(2): €1000002. doi:10.1371/ journal.pmed.1000002. Written permission was
obtained).

Am J Med Sci. Author manuscript; available in PMC 2014 February 01.




1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Kalokhe et al.

Table 1

Page 10

Most commonly used phenotypic assays for Mycobacterium tuberculosis drug susceptibility testing

Methods

DST turn around time

Advantages

Disadvantages

Conventional phenotypic methods

Solid media (L owenstein-Jensen or Middlebrook 7H10/11 media)

Proportion method

Resistance ratio

Absolute concentration

8-12 weeks from sample
collection

Time-consuming
Labor-intensive

Broth-based methods

BACTEC 460 TB system (radiometric)

BACTEC MGIT 960 TB (non-
radiometric)

VersaTREK

3-7 weeks from sample
collection

Commercially available

Requires radiation safety
protocol
Cumbersome inoculation

Automated

Automated

Rapid phenotypic methods

Microscopic Observation Drug
Susceptibility (MODS)

2 — 4 weeks from
sample collection

Low cost
SN 92-96%; SP 96%

Labor-intensive (frequent exams)

Can perform directly on sputum
specimens

Requires inverted microscope
Bio-safety concerns
Difficulty distinguishing Mtb
from NTMs

Colorimetric redox indicator
methods

L] Tetrazolium bromide
assay

L] Resazurin microtitre
assay

1-2 weeks after Mto
isolated

SN=91-100%, SP=98-
100%

Performed on culture plates
Bio-safety concern
Not standardized

Nitrate reductase assay
(based on GRIESS method)

1-4 weeks from sample
collection

SN>94%; SP=100%
Low cost

Can perform directly on
smear-positive
specimens

False positive reaction by other
nitrate-producing organisms
Accuracy limited by
mycobacterial metabolic
activity

Cannot detect nitrate reductase-
negative Mib strains

DST=drug susceptibility testing; SN=sensitivity; SP=specificity; Mth=Mycobacterium tuberculosis, NTMs=non-tuberculous mycobacteria
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