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Abstract: Pharmacogenetics is a concept designed to tailor medication based on genetic profile to improve efficacy and reduce
adverse effects. This personalized strategy shows considerable potential for populations facing complicated therapeutic challenges,
such as the coinfected Tuberculosis (TB)-HIV population. This systematic review analyses pharmacogenes related to antiretroviral and
anti-tuberculosis medications in the TB-HIV population. An analysis of 39 included studies indicated that efavirenz and CYP2B6*6 are
the most extensively researched antiretroviral therapy (ART) and gene, respectively. Isoniazid and N-acetyltransferase 2 (NAT2) are
the most extensively researched anti-TB drug and gene, respectively. Nevertheless, many studies relied solely on observational
research and the investigation of pharmacokinetic characteristics. Research evaluated both the drug concentration of individual gene-
drug interactions and the interactions between medications based on their genotypes. The NAT2 slow acetylator genotype is associated
with elevated isoniazid levels, consequently increasing efavirenz plasma concentrations. Arylacetamide deacetylase (44DAC) poly-
morphisms that increased rifapentine plasma levels could also reduce dolutegravir plasma concentrations. Specific genes linked to
significant outcomes in TB-HIV populations, such as pregnane X receptor (PXR) g.24087C>T, which increased the mortality rate.
Consequently, a holistic approach to pharmacogenetics in TB-HIV populations is essential, considering all drug-gene-disease
interactions. High-quality research, including randomized controlled trials (RCTs), is necessary for the implementation of pharmaco-
genetic testing in TB-HIV populations before it can be widely adopted in clinical practice, which is currently lacking.
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Introduction

The coinfection of tuberculosis (TB) and HIV (TB-HIV) imposes a significant burden on developing countries. In 2023,
TB infected 10.8 million individuals worldwide and resulted in 1.25 million deaths, of which 161,000 occurred in
patients with HIV." TB, which accounts for 99% of cases in low- and middle-income countries (LMICs), incurred a cost
of $10.9 billion in 2017 across 135 LMICs."** The estimated overall economic loss from 2020 to 2050 due to TB is
projected to be $30.0 trillion.’

Approximately 500,000 patients annually commence antiretroviral treatment (ART) concurrently with anti-
tuberculosis (anti-TB) therapy.* In this condition, a high quantity of medication, including a minimum of four anti-TB
drugs and three ART, may lead to drug interactions and an elevated risk of adverse effects. This phenomenon results in
a TB treatment success rate for HIV-positive individuals that is 47% lower than that of people without HIV.?

Anti-TB medications impart a unique property, which demonstrates that low anti-TB drug concentrations appear in
HIV-TB coinfected individuals with low body weight despite adequate dosage.® This data looks in contrast with typical
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medication pharmacokinetics in low body weight, hypothesizing that anti-TB drugs present a nonlinear relationship
between body weight and drug clearance.” This nonlinear relationship is further aggravated by the HIV disease state,
which typically causes malnutrition and affects drug pharmacokinetics.® HIV patients also exhibited decreased trans-
membrane efflux transporter P-glycoprotein (P-gp) pump function, reduced cytochrome P450 (CYP) expression, and an
impairment in drug clearance.” These alterations result in an interesting study in which CYP2D6 extensive metabolizers
(EM) HIV patients demonstrated a shift to a poor metabolizer (PM) CYP2D6 phenotype.'”

In the TB-HIV population, pharmacokinetic alterations occur alongside individual genetic variations that influence
drug metabolism, which known as pharmacogenetics. Certain genes are recognized for their involvement in anti-TB and
ART. The example of the NAT2 slow acetylator shows a reduced rate of isoniazid metabolism, resulting in elevated
isoniazid concentrations and an increased risk of hepatotoxicity.'' Furthermore, individuals identified as CYP2B6 poor
metabolizers exhibit elevated blood concentrations of efavirenz; therefore, it is advisable to reduce the initial dose of
efavirenz.'? Beside pharmacogenetics factors, isoniazid increases efavirenz concentration by inhibiting CYP1A2 and
CYP2AG, leading to complex drug-gene interactions in TB-HIV.'*'*

Drug-gene interactions are influenced by specific genes, referred to as drug-gene-disease interactions. Host genetic
determinants can affect susceptibility and treatment outcomes in patients with tuberculosis and HIV. Pharmacogenes,
genes which influence drug metabolism, can affect the metabolic rates of CYPs, UGTs, and NATs in the context of TB-
HIV. TB-HIV patients also exhibit various pharmacokinetic alterations that can affect the pharmacokinetics of anti-TB
and ART. Alterations in pharmacokinetics can result in supratherapeutic or subtherapeutic drug concentrations, poten-
tially increasing the risk of drug toxicity or treatment failure. Figure 1 illustrates the interaction between drugs, genes,
and diseases within the framework of TB-HIV pharmacogenetics.The disparity between the genotypes of TB-HIV
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Figure | Drug-gene-disease interaction in the context of tuberculosis and HIV.

Abbreviations: CYPs, cytochrome P450 enzymes; UGTs, uridine diphosphate glucuronosyltransferases; NATs, N-acetyltransferases; HLA, human leukocyte antigen;
NRAMPI, natural resistance-associated macrophage protein |; CCR5, C-C chemokine receptor type 5; TB, tuberculosis; HIV, human immunodeficiency virus;
PK, pharmacokinetics; CYP450, cytochrome P450; anti-TB, antituberculosis; ART, antiretroviral therapy.
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patients and the current interpretations of those genotypes suggest that pharmacogenetic studies in TB-HIV populations
may yield intriguing and potentially unique findings compared to the general population. Such trials should be under-
taken more frequently, as research indicates that pharmacogenetic testing for isoniazid is cost-effective in three
developing countries: Brazil, South Africa, and India,'® highlighting the potential economic advantages of this test. In
addition, the existing Clinical Pharmacogenetics Implementation Consortium (CPIC) guidelines solely address CYP2B6
genotyping and efavirenz dose in the HIV community,'* underscoring the urgent necessity for research that encompasses
additional pharmacogenes, drugs, and TB-HIV populations.

Thus far, reviews have evaluated the interplay between TB-HIV,'® pharmacogenetics in TB,'” and pharmacogenetics
in HIV.'"® However, a review that concurrently assesses all three components together—pharmacogenetics, TB, and HIV
—is still lacking. The integration of the drug-gene-disease approach is a crucial strategy for optimizing individualized
treatment in TB-HIV. A comprehensive review of pharmacogenetic research in TB-HIV populations will enhances our
understanding of the distinct pharmacogenetic properties and interpretation of this group compared to populations with
only TB or HIV. Additionally, it identifies potential areas for further research. This systematic review is the first to
concurrently assess pharmacogenetics in the TB-HIV population, aiming to clarify the pharmacogenetic factors related to
ART and anti-TB medications in patients coinfected with TB and HIV.

Methods

This systematic review has been registered in the International Prospective Register of Systematic Reviews
(PROSPERO) under registration ID CRD420251057373 (www.crd.york.ac.uk/PROSPERO/view/CRD420251057373)
and adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) standards.
Studies involving TB-HIV patients who were evaluated for pharmacogenetic variation and who were administered anti-

TB and ART medications were included in this systematic review. Because it might not be able to infer a state of disease
and immunology of TB-HIV patients, we excluded studies that used anti-TB for prophylactic indication in HIV
individuals. The outcomes of interest in this systematic review were the effectiveness of treatment, adverse effects,
and blood drug concentration. We also excluded the study that had not compared the outcomes related to pharmacoge-
netic variance. Observational and clinical trial studies were incorporated into the analysis.

We performed a systematic search across three databases: PubMed, Scopus, and Web of Science, from their inception
to June 1, 2025, utilizing the keywords: “Tuberculosis” AND “HIV” AND “Pharmacogenetic.” Furthermore, we obtained
both ongoing and completed clinical studies from clinicaltrials.gov to incorporate the findings into our systematic review.
The specific keywords for each database are outlined in Supplementary Table 1. No language limitations were imposed.

Two authors (ZF and LEM) independently selected suitable papers according to established inclusion and exclusion
criteria. Further differences were resolved with the third author (HH). The risk of bias was assessed using the Risk of
Bias in Non-randomized Studies of Interventions (ROBINS-I),' employing the same authors as in the systematic
literature search methodology.

We collected information on genetic variance, anti-TB and ART medications, study demographics (country, race, and
gender), and treatment effectiveness and side effects, along with pharmacokinetics parameters. The data was extracted by
two different authors (ZF and LEM), and the third author (HH) discussed any discrepancies. We employed Web Plot
Digitizer (https://automeris.io/) to obtain accurate values from graphs lacking specific data points. We also acquired the

list of all anti-TB and ART medications, along with their interactions. All anti-TB and ART medications were sourced
from the 2021 WHO HIV guidelines®® and the 2022 WHO tuberculosis guidelines.”' A comprehensive list of interactions
between anti-TB and ART medications with CYP enzymes and transporter systems was obtained from the FDA drug
interaction database.”

Results

From a total of 1810 screened papers and registers, we identified 39 that met the inclusion and exclusion criteria. The
PRISMA flowchart illustrating the selection process is depicted in Figure 2. These included studies encompassed 29
pharmacokinetic studies, 8 population pharmacokinetic studies, and 2 studies that only evaluated drug-induced liver
injury related to TB-HIV drugs, without evaluating pharmacokinetic parameters.
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Figure 2 PRISMA flowchart.

Out of the 39 publications considered, 24 were conducted in Africa, 8 in Asia, 1 in South America, and the remainder
were carried out in various nations, either spanning multiple continents or lacking specific study locations. Thirty-five
studies evaluated drug pharmacokinetic properties, with the majority focusing on efavirenz pharmacokinetic factors (21
studies). However, only seven, six, and two studies assessed effectiveness, adverse effects, and mortality related to TB-HIV,
respectively. Comprehensive information regarding the characteristics of each study is presented in Supplementary Table 2.

We identified that 10 studies exhibit a serious risk of bias, 26 demonstrate a moderate risk of bias, and 3 present a low
risk of bias. Most of the bias originated from participant selection, which employed consecutive sampling, and
confounding bias due to the lack of stringent inclusion and exclusion criteria, resulting in differing baseline character-

istics between groups. Several studies also exhibited bias resulting from missing data, which was attributable to
a significant dropout rate. The risk of bias for each domain is illustrated in Supplementary Figure 1. Supplementary

Table 3 delineated the risk of bias across each domain for each study.

According to the FDA’s drug interactions list, CYP3A4 and CYP2B6 are the primary CYPs involved in interactions
with TB-HIV medications. Efavirenz is the sole substrate of CYP2B6, also functioning as an autoinducer, whereas
rifampin can also stimulate CYP2B6. Several protease inhibitors (saquinavir, tipranavir, and darunavir), in addition to
rilpivirine and maraviroc, are substrates of CYP3A4. Rifampin, efavirenz, and etravirine serve as inducers of CYP3A4
enzyme. Several TB-HIV pharmacotherapies also stimulated CYP2C19, 2C9, 1A2, 2C8, and 2D6 enzymes. TB-HIV
medications additionally inhibit various transporter systems, including OATP1B1, OATP1B3, and OCT2.
A comprehensive list of interactions between TB-HIV treatments and CYP enzymes, as well as transporters, is presented
in Table 1. The complete results of the interactions between TB-HIV therapies and CYP enzymes are presented in

Supplementary Table 4.

Genetic Variation Influencing Antiretroviral Response in TB-HIV Populations

We identified four antiretroviral agents that have been investigated for their association with genetic variation in TB-HIV
coinfection: efavirenz, nevirapine, zidovudine, and dolutegravir. Efavirenz is the most studied drug in pharmacogenetic
research within TB-HIV populations, involving three CYP genes (CYP2B6, CYP1A2, and CYP2A6) and the ABCB/ in its
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Table | CYP Enzymes or Transporters Associated with Tuberculosis or HIV Medications According to the FDA Drug Interactions List

No | Enzymes or Transporters Inducers Inhibitors Substrates
CYP Enzymes
| CYP2B6 Rifampin (Moderate) Tenofovir (Weak) Efavirenz (Moderate)
Efavirenz (Moderate)
Nevirapine (Weak)
Ritonavir (Weak)
2 CYP3A4 Rifampin (Strong) Ritonavir (Strong) Saquinavir (Sensitive)
Efavirenz (Moderate) Elvitegravir (Strong) Tipranavir (Sensitive)Maraviroc (Sensitive)Rilpivirine
Etravirine (Moderate) Cobicistat (Strong) (Moderate)Darunavir (Moderate)
3 CYP2CI9 Rifampin (Strong)
Efavirenz (Moderate)
Ritonavir (Weak)
4 CYP2C9 Rifampin (Moderate)
Ritonavir (Weak)
5 CYPIA2 Rifampin (Moderate)
6 CYP2C8 Rifampin (Moderate)
7 CYP2D6 Cobicistat (Weak)
Transporter systems
8 OATI Tenofovir
9 OATPIBI Rifampin
AtazanavirRitonavir
10 | OATPIB3 Rifampin
AtazanavirRitonavir
11 OCT2 Dolutegravir

Notes: Strong, moderate, and weak CYP inhibitors are classified based on their ability to elevate the AUC of sensitive substrates by 25-fold, between 2 to 5-fold, and
between 1.25 to 2-fold, respectively. Strong, moderate, and weak CYP inducers are classified based on their ability to decrease the AUC of sensitive substrates by 280%,
between 50 to 80%, and between 20 to 50%, respectively. Sensitive and moderately sensitive substrates are drugs that exhibit an increase in AUC of 25-fold and 2 to 5-fold,
respectively, when exposed to significant inhibitors.

response. N-acetyltransferase 2 (NAT2), recognized for its role in isoniazid acetylation, polymorphism also contributes to
the increased concentration and decreased oral clearance of efavirenz.>

We identified seven CYP2B6 variants that affect efavirenz drug concentration levels, with CYP2B6*6 (c.516G>T)
being the most extensively studied in TB-HIV populations. Eighteen studies indicated that the CYP2B6*6 polymorphism

23.24.26-41 whereas four studies demonstrated a reduction in efavirenz oral

may elevate plasma efavirenz concentrations,
clearance.”>*%4%43 A study also indicated that the CYP2B6*6 elevates efavirenz levels in cerebrospinal fluid (CSF).40
Studies have also evaluated pharmacokinetic parameters in children and pregnant women, revealing similar results
concerning the CYP2B6*6 polymorphism.*>>3%

In comparison to the CYP2B6*6 with GG genotype, the GT genotype appears to elevate efavirenz levels by varying
degrees, with the maximum increase being 1.8 times.*® Nevertheless, two studies did not see any rise in efavirenz
concentration.’®** The inconsistency is also apparent in the area under curve (AUC) increment, as one in five studies
which assessed AUC did not observe a significant increase for the GT genotype compared to the GG genotype.*®
However, all studies evaluating the TT genotype demonstrated significant higher plasma efavirenz levels relative to the
GG genotype, ranging from 2.8 to 9.8 times. The AUC is also higher by 2.5 to 6.9 times. Several studies evaluated

concentration and AUC at two distinct time points (after short-term and long-term treatment) and found no significant
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differences between the two groups.’’*%2**! The details of research evaluating pharmacokinetic parameters in
CYP2B6*6 polymorphism within TB-HIV patients are included in Supplementary Table 5.

Two studies specifically addressed the dosage recommendations for efavirenz in relation to the CYP2B6*6 poly-
morphism within the TB-HIV group. A study in the Thai population indicated that efavirenz dosages should be 800, 600,
and 200 mg daily for TB-HIV co-infected patients with GG, GT, and TT genotypes, respectively.*> A separate study with
Ugandans indicated that the recommended dosages are 450 mg daily for GG or GT genotypes and 250 mg daily for TT
genotypes.>”

Besides CYP2B6*6, the CYP2B6*18 (c.983T>C) is the second most researched in the TB-HIV population, with five
studies indicating it can elevate plasma efavirenz concentrations.”*?***333% In addition to elevating plasma concentra-
tion, certain variations may also reduce plasma concentration, including CYP2B6*11 (c.136A>G) and CYP2B6
2.18492T>C 2313244 Of note, three studies did not find a correlation between the CYP2B6 polymorphism and HIV-
RNA copies or CD4 counts.?**%** A study assessed the side effects and concluded that CYP2B6 was not linked to drug-
induced hepatotoxicity; however, this finding warrants further scrutiny due to the limited sample size of 32 subjects.>*
Another study evaluating the incidence of drug-induced liver injury (DILI) indicated that patients with the CYP2B6
¢.516G>T TT genotype are 2.05 times more susceptible to DILI than those with the GG genotype. Nonetheless, it did not
evaluate efavirenz concentrations.*

In addition to elevating efavirenz concentrations, nevirapine concentrations are also heightened in patients possessing
the CYP2B6*6 polymorphism. Nonetheless, akin to the trend observed in efavirenz concentration, it was only significant
in week 6, not in week 12. The CYP2B6*6 polymorphism exhibited no significant difference in median CD4 levels
during efavirenz treatment; however, there was a tendency for CD4 values to decline in patients with the TT genotype
who received nevirapine. Notably, there is no significant difference in the prevalence of plasma HIV-1 RNA <50 copies/
mL among patients with the CYP2B6*6 polymorphism.*' A further investigation into pharmacokinetic parameters in
children revealed that the AUC, C,;,, and C..x of nevirapine are significantly elevated in individuals with the
CYP2B6*6 TT genotype compared to those with the GG and GT genotypes. Interestingly, the AUC in the TB-HIV
population is significantly lower than that in the HIV-only population across the genotype.*® A separate study on ABCB-1
¢.3435C>T indicated that this polymorphism does not influence nevirapine concentration; however, it affects virologic
outcomes, with the TT genotype exhibiting a lower percentage of individuals achieving plasma HIV-1 RNA levels below
50 copies/mL."’

Additional studies have been performed on various ART, including UGT2B7*Ic (c.735A>G), which has been
significantly correlated with increased zidovudine clearance, resulting in reduced plasma concentrations.*® A study
evaluating dolutegravir pharmacokinetics demonstrated that UGTIA1*80 (c.-364C>T) and arylacetamide deacetylase
AADAC*2 (c.841G>A) significantly correlated with plasma dolutegravir concentrations, with the UGT141 C allele and
AADAC A allele identified as risk alleles for lower dolutegravir plasma levels.** A separate study indicated that the
UGTI1A1*28 polymorphism exhibited no significant correlation with dolutegravir plasma concentration.>
Comprehensive studies on single nucleotide polymorphisms (SNPs) in genes encoding cytochromes, transporters, and
nuclear receptors significantly associated with ART response in the TB-HIV population are presented in Table 2.

Genetic Variation Influencing Anti-Tuberculosis Response in TB-HIV Populations

Four anti-TB medications have been assessed for pharmacogenetic variants in the TB-HIV population: rifampin,
rifabutin, isoniazid, and ethambutol. Isoniazid was the most extensively researched medicine, with several genes
implicated in its treatment effectiveness and side effects, including NAT2, Solute Carrier Organic Anion Transporter
Family Member 1B1 (SLCOI1BI), and pregnane X receptor (PXR). NAT2 was the most thoroughly investigated, with four
variants (*5, *6, *13A, and *14) associated with an elevated risk of hepatotoxicity. The increased risk of hepatotoxicity
in slow acetylators may be attributed to lower clearance capacity, resulting in higher isoniazid concentrations and AUC,
as demonstrated in the included studies.”’ > A study showed that no increased risk of mortality was reported across TB-
HIV patients with various NAT2 genotypes. However, rapid acetylators exhibited a 2.39-fold increase in mortality risk
(95% CI: 0.94-6.07) compared to intermediate acetylators. This insignificant finding may stem from a limited sample
size (30 in rapid acetylators and 50 in intermediate acetylators).>*
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Table 2 Single Nucleotide Polymorphisms (SNPs) in Genes Encoding Cytochromes, Transporters, and Nuclear Receptors Significantly
Associated with the Antiretroviral Response in the TB-HIV Population, Along with the Expected Effects of Loss of Function Alleles

(LOF) Relative to Reference Alleles (Ref)

Drugs Gene | Variant rs Named Ref. LOF Expected LOF Allele Effect on References
Number Allele Allele | Allele TB-HIV Population
Efavirenz CYP2B6 c516 rs3745274 *6 G T Decrease EFV oral clearance [25,28,42,43]
(EFV)
Increase plasma EFV concentration [23,24,26-41]
Increase CSF EFV concentration [40]
Increase ALT value [51]
Increase risk of hepatotoxicity [45]
c.785 rs2279343 *4 A G Increase plasma EFV concentration [29,36]
g.21563 | rs8192719 C T Increase plasma EFV concentration [29]
c.983 rs28399499 | *18 T C Increase plasma EFV concentration [23,24,34,35,38]
g.15582 | rs4803419 *|5 C T Increase plasma EFV concentration [23,24,38]
g.18492 | rs2279345 T C Decrease plasma EFV concentration [29,44]
c.136 rs35303484 | *I1 A G Decrease plasma EFV concentration [31,32]
CYPIA2 | c-739 rs762551 *|E T G Increase plasma EFV concentration [26]
CYP2A6 | c.1093 rs28399454 | *17 G A Decrease plasma EFV concentration [26]
ABCBI c.4046 rs1045642 A G Increase EFV bioavailability [32]
NAT2 *5 kG *7 *|4 Increase EFV concentration [23-25]
Nevirapine CYP2B6 | c.516 rs3745274 *6 G T Increase NVP concentration [41,46]
(NVP)
ABCBI c.3435 rs1045642 C T Increase HIV-1 RNA level [47]
Zidovudine UGT2B7 | c.735A rs28365062 | *Ic A G Increase AZT oral clearance [48]
(AZT)
Decrease plasma AZT concentration [48]
Dolutegravir | UGTIAI | c.-364 rs887829 *80 C T Increase plasma DTG concentration [49]
DTG
( ) AADAC c841 rs1803155 *2 G A Decrease plasma DTG concentration | [49]

Noteworthy discovery identified in PXR g.24087C>T. Patients with the PXR TT genotype had a 15.7% increase in
neurotoxicity compared to those with the CC genotype, with an odds ratio of 2.9. The PXR TT genotype also exhibited
a 12.5% increase in mortality rate, with an odds ratio of 4.6. This result might be derived from higher plasma isoniazid
concentration observed in the TT genotype.”’ Another gene potentially implicated in isoniazid metabolism is SLCOIBI
2.38664C>T; the TT genotype reduces plasma isoniazid levels and diminishes the risk of hepatotoxicity.”' This gene is
also implicated in rifampin, which exhibits a lower concentration in TT genotypes.”> Additional genes have been
examined for rifampin utilisation in TB-HIV populations, including SLCOIB3 ¢.334T>G, which increased
bioavailability,*® and CYP2C19*17 (c.-806C>T), which doubled clearance rate.>® Another rifampin derivative, rifabutin,
has been examined in a population pharmacokinetic research, which indicated that SLCOIBI*14 (c.463C>A) CC
genotypes enhance rifabutin bioavailability by 30%.’

Ethambutol, another anti-TB medication, demonstrated that the CYP1A42 ¢.2159G>A variant was linked to a 50%
decrease in relative bioavailability, necessitating a larger dosage for individuals with the GA or AA genotype.’® Detailed
studies on single-nucleotide polymorphisms (SNPs) in genes encoding cytochromes, transporters, and nuclear receptors
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Table 3 Single Nucleotide Polymorphisms (SNPs) in Genes Encoding Cytochromes, Transporters, and Nuclear Receptors Significantly
Associated with the Anti-Tuberculosis Response in the TB-HIV Population, Along with the Expected Effects of Loss of Function Alleles
(LOF) Relative to Reference Alleles (Ref)

Drugs Gene Variant rs Named Ref. LOF Expected LOF Allele Effect on | References
Number Allele Allele | Allele TB-HIV Population

Rifampin (R) SLCOIBI | g.38664 | rs4149032 C T Decrease plasma R concentration [55]
SLCOIB3 | c.334 rs4149117 T G Increase R bioavailability [56]
CYP2CI9 | c-806 rs12248560 | *17 C T Increase R oral clearance [52]
ABCBI c.3435 rs1045642 C T Increase DILI [45]
Rifabutin (Rfb) SLCOIBI | c463 rs1 1045819 | *14 C A Increase Rfb bioavailability [57]
Isoniazid (H) NAT2 c.341 rs1801280 *5 T C Increase risk of hepatotoxicity [60]
590 rs1799930 *6 G A Increase plasma H concentration [51]

Increase risk of hepatotoxicity [60,61]
c.282 rs1041983 *13A C T Increase risk of hepatotoxicity [61]

*5, %6, *7, *14 Increase H oral clearance [52,53]
Increase risk of hepatotoxicity [45]
SLCOIBI | g.38664 | rs4149032 C T Decrease plasma H concentration [51
Decrease risk of hepatotoxicity [51
PXR 2.24087 | rs2472677 C T Increase plasma H concentration [51]
Increase risk of hepatotoxicity [51]
Worsening peripheral neuropathy [51]
Increase mortality rate [51]
Ethambutol (E) CYPIA2 c2159 rs2472304 G A Decrease E bioavailabilty [58]

significantly associated with anti-TB response in the TB-HIV population are presented in Table 3. Additionally, research
evaluated the pharmacogenetic factors associated with hepatotoxicity in the TB-HIV population without measuring drug
levels, revealing that HLA-B*57, HLA-B*14, and ABCBI ¢.3435C>T elevated the risk of hepatotoxicity by 30.1, 7.5, and
5.3 times, respectively.*>>® The complete results of each investigation pertaining to the examined gene are included in
Supplementary Table 6.

Upon examining clinicaltrial.gov, we identified one active non-RCT, the PHINX trial (Pharmacogenetics-guided
Isoniazid Dosing in TB-HIV; NCT05124678). This study will employ an isoniazid dosage of 10 mg/kg/day for fast/
intermediate acetylators and 5 mg/kg/day for slow acetylators. The dose adjustment will occur solely during the intensive
phase and revert to 5 mg/kg/day in the continuation phase. We compiled a summary of all pharmacogenetic research in
the TB-HIV community, categorized by study type and outcome (changing pharmacokinetics or clinically significant), as
illustrated in Figure 3.

Discussions

Our analysis of 39 included studies indicated that the interpretation of pharmacogenetic results in TB-HIV populations
may differ from that in patients with only TB or HIV. For instance, rifampin acts as an inducer of CYP2B6, while the
polymorphism of CYP2B6 influences the dosage of efavirenz. This necessitates a higher dosage in TB-HIV populations
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Clinical trials Actionable PGx

Observational studies

Altering PK Clinical
parameters significance

Pharmacogenes can be
applied in patients with

TB-HIV co-infection.
Non-RCT RCT

» Efavirenz — CYP2Bé, * Efavirenz —~ CYP2Bé Ongoing:
CYPIA2, CYP2A6,ABCBI, * Nevirapine < ABCBI PHINX trial;
NAT2 * Isoniazid — NAT2, NCTO05124678
* Nevirapine «— CYP2B6 PXR, SLCOIBI * NAT2 < isoniazid

* Zidovudine < AADAC

* Dolutegravir —~ UGT2B7

* Rifampin < SLCOIBI,
SLCOIB3, CYP2CI9

* Rifabutin < SLCOIBI

¢ Isoniazid < NAT2, PXR,
SLCOIBI

* Ethambutol — CYPIA2

Rifampin — ABCBI

Figure 3 Schematic overview of the current progress in pharmacogenetics among TB-HIV coinfected populations. Actionable pharmacogenetic (actionable PGx) in clinical
practice should be supported by high-quality evidence, such as clinical trials or robust observational studies.
Abbreviations: PK, pharmacokinetics; RCT, randomized controlled trial.

for each variant of CYP2B6*6, as demonstrated in the simulated suggested doses by Chaivichacharn et al.** The
efavirenz dosage required is merely 400, 300, and 100 mg for HIV monoinfected individuals, whereas it escalates to
800, 600, and 200 mg in TB-HIV coinfected patients for GG, GT, and TT genotypes, respectively. The recommendation
for GG genotypes in TB-HIV populations exceeds the HIV guidelines, which indicate that 400 mg of efavirenz is
adequate in HIV treatment.?’

This dosage recommendation, derived from a study, may necessitate caution before being used for all TB-HIV
groups. A study including Ugandans revealed that the suggested dosages are substantially lower, specifically 450 mg
daily for GG or GT and 250 mg daily for TT genotypes.*? The variation in dose recommendations may be attributed to
many characteristics that influence efavirenz concentration. A study identifying potential factors influencing varying
efavirenz concentrations revealed a significant inverse correlation between body weight and body mass index with
efavirenz concentration.®> The recommended dosage derived from pharmacokinetic modelling should also be imple-
mented cautiously while considering additional factors. For instance, efavirenz 400 mg is regarded as more tolerable due
to its lower incidence of neurotoxicity and smaller tablet size relative to the 600 mg tablet.®’

The use of pharmacogenetic testing results in clinical practice may be more complicated than it appears. For instance,
the recommended 450 mg dose is complex, as it necessitates patients to consume three tablets (eg, two 200 mg tablets
and one 50 mg tablet), potentially reducing adherence to ART. To date, the most fixed-dose combination of efavirenz
available in LMICs is the 600 mg preparation. Consequently, guidelines from countries such as South Africa and India
continue to recommend 600 mg efavirenz as the appropriate initial dosage.®**> Therefore, the pharmacogenetic approach
should be applied carefully, considering the factor of drug availability and preparation. The use of alternative ART
regimens, such as dolutegravir, which is currently recommended as first-line therapy, is advised for patients with
polymorphisms in CYP2B6.

The interaction between anti-TB and ART medications is elucidated in Table 1. CYP3A4 is the most interacting
enzyme in TB-HIV individuals. In pharmacogenetics, CYP3A4 is not the main concern due to the unimodal distribution
of enzyme activity and the extensive variability in hepatic protein expression.®® However, CYP344*22 has garnered
greater interest recently due to its high minor allele frequencies (3—5%) and considerably influences the pharmacokinetics
of various medications.®’ This variance has also been examined in ART, such as tenofovir, which can elevate tenofovir
alafenamide plasma levels by 39%.°® Consequently, studies evaluating CYP344*22 in the TB-HIV group may be
necessary.
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The FDA drug interaction list only incorporated the significant in vivo interactions. Moreover, several in vitro drug
interactions remain unproven in vivo, such as ethambutol, which markedly inhibit CYP1A2 and CYP2E1 % An included
study indicated that the ethambutol CYPIA42 c.2159G>A variant was associated with a 50% reduction in relative
bioavailability, which could not be elucidated by the mechanism theory.”® This sporadic outcome raises the hypothesis
that CYP1A2 polymorphism may be linked with another unknown genetic variant contributing to reduced ethambutol
bioavailability. However, this remains speculative and requires further investigation.

The FDA list has also not mentioned the interaction between efavirenz and isoniazid, as demonstrated by this study.
We identified three studies that showed the association between NAT? slow acetylator and elevated efavirenz
concentrations.”> *> NAT2 slow acetylator will result in elevated isoniazid concentrations in persons possessing this
trait. Isoniazid is an in vitro inhibitor of CYP1A2, 2A6, 2C19, and 3A4. At the same time, the metabolism of efavirenz to
8-OH-EFV is reliant on CYP2B6, followed by CYP1A2, 3AS5, and 3A4.13'* The metabolism of efavirenz to 7-OH-EFV
is also contingent upon CYP2A6 and CYP2B6.'* The interaction of isoniazid, a CYP1A2 and 2A6 inhibitor, with
efavirenz, a substrate of these enzymes, will result in elevated efavirenz concentrations in individuals with NAT2 slow
acetylator.

The FDA list does also not mention nevirapine’s role as a substrate of CYP3A4 and CYP2B6. The concurrent use of
anti-TB and ART medications results in a reduction of nevirapine AUC by 44.2%, 31.9%, and 46.9% in GG, GT, and TT
genotypes, respectively, when compared to patients receiving only ART.*® Isoniazid acts as an inhibitor of CYP3A4;
however, it only partially mitigates the induction effect of rifampin on CYP3A4 during combination therapy. Rifampin
has the potential to decrease the AUC of nevirapine by 46%, whereas isoniazid induces an increase of only 24%.”%"!
Therefore, TB-HIV patients are likely to exhibit significantly lower nevirapine concentrations, suggesting a potential
need for an increased dosage in those with the GG genotype.

The connection among drug, gene, and disease has also occurred in the context of 44DAC polymorphism and
dolutegravir plasma concentration. A4DAC is accountable for the deacetylation of the rifampin drug class, which
includes rifapentine. The A4DAC*2 (c.841G>A) variant markedly elevated plasma levels of rifapentine, a strong inducer
of CYP3A4.”>7 Due to dolutegravir’s role as a minor substrate of CYP3A4,”* plasma levels of dolutegravir were
markedly reduced in patients with TB-HIV undergoing rifapentine-based tuberculosis treatment. No notable variations in
plasma dolutegravir levels were seen when the patient abstained from rifapentine consumption, irrespective of their
AADAC genotype.*® This finding underscores the necessity of evaluating patients holistically, considering additional
disorders rather than solely focusing on the gene relevant to a medication.

Pharmacogenetic testing should not only influence drug plasma levels but also improve efficacy and diminish adverse
reactions. Certain drugs may exhibit variations in drug levels due to polymorphism; nevertheless, these alterations are
insufficient to affect their efficacy or safety profile. Notably, three included studies on efavirenz pharmacogenetics found
no connection between CYP2B6 polymorphism and HIV-RNA copies or CD4 counts.”***** Our findings may have
differed from the current CPIC efavirenz genotyping guidelines, which recommend CYP2B6 testing.'? The disparity
could result from TB-HIV populations that also consumed rifampin, a known CYP2B6 inducer. The administration of
a CYP inducer may result in people exhibiting a greater metabolizer phenotype, referred to as the phenoconversion
phenomenon.”” However, three included cohort studies with limited sample sizes may be inadequate to establish
conclusions concerning CYP2B6 testing recommendations in TB-HIV groups. Consequently, additional studies with
larger sample sizes and higher quality should be undertaken.

Besides the well-known genes, such as CYP2B6 and efavirenz, further analysis of lesser-studied genes is warranted.
The PXR g.24087C>T variant was a notable discovery in the TB-HIV individuals, since it heightened the risk of
hepatotoxicity, exacerbated peripheral neuropathy, and elevated mortality rates.”’ PXR is a ligand-dependent transcrip-
tion factor that modifies the heme production pathway during rifampin-isoniazid treatment, leading to an elevation of the
endogenous hepatotoxin protoporphyrin IX in the liver.”® The PXR polymorphism has significant appearance, with CT
and TT genotypes seen at 51.1% and 13.6%, respectively.’' Several treatments have been investigated in vitro for
rifampin-isoniazid hepatotoxicity mediated by PXR, including ursolic acid and oleanolic acid; however, no clinical trials

have been conducted.”””®
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Certain PXR mutations exert an opposing effect, reducing DILI associated with anti-TB, such as rs3814055 and
1s7643645.7%%° PXR is the key receptor involved in the autoinduction of rifampin and efavirenz, where both compounds
function as substrates and inducers of CYP. The receptor is activated by binding with rifampin and efavirenz,
translocating into the nucleus, and binds to the promoter regions of the CYP2B6, 344/5, and 246 genes, leading to
autoinduction.®' The process of autoinduction does not occur over a short duration; it may take up to 16 weeks with
efavirenz.® Interestingly, this autoinduction process is significant only in HIV patients without TB. A study indicated
that there were no significant differences in efavirenz concentrations between short-term (4 weeks) and long-term
(16 weeks) treatment in TB-HIV individuals.>® The results indicate that CYP2B6 has been induced by rifampin, and
the autoinduction of efavirenz did not provide additional induction of CYP2B6.

Another study indicated that HLA-B*57 and *14 significantly elevated the incidence of DILI in patients receiving
anti-TB and ARV by 30.1 and 7.5 times, respectively. This study also demonstrated an association between HLA-B*57
and mild-to-moderate liver injury, in addition to an association between HLA-B*14 and severe liver injury.”® Although
HLA-B*57 is associated with abacavir hypersensitivity, this study’s antiretroviral regimen does not incorporate abacavir,
hence eliminating the potential for abacavir-related hypersensitivity.*> The study showed that the predominant pattern of
DILI in TB-HIV was cholestatic, contrasting with the hepatocellular pattern typically observed in DILI among
tuberculosis patients;** thus, antiretroviral agents are likely the primary contributors to DILI in TB-HIV populations.
The cholestatic pattern of DILI appeared to have a lesser severity compared to the hepatocellular pattern.®** Consequently,
it appears that HLA-B*57 is associated with ART, while HLA-B*14 is linked to anti-TB medication; nevertheless, this
assertion requires validation through additional research focusing on these HLAs.

In addition to efficacy and adverse effects, cost is a crucial consideration in the implementation of pharmacogenetics
in LMICs. Cost-effectiveness studies have been performed for numerous TB and HIV medications, including efavirenz
and isoniazid; however, no research has specifically examined the TB-HIV population.'>**#¢ Genotyping for efavirenz
can decrease total expenses by recommending reduced dosages for individuals with IM and PM phenotypes, as these
lower doses maintain comparable efficacy while minimizing adverse effects.*® Genotyping for isoniazid is cost-effective
in three developing countries: Brazil, South Africa, and India, with incremental cost-effectiveness ratios (ICER) of $476,
$1,780, and $546, respectively.'” The ICER value is relatively low and can likely be applied in other LMICs, given that
the willingness to pay is determined by the gross domestic product (GDP) per capita of each country.®” Cost-
effectiveness studies of pharmacogenetic testing in TB-HIV patients should be conducted to ascertain the precise
value of the ICER for this testing in this TB-HIV population.The implementation of pharmacogenetic testing in
LMICs is significantly hindered by the lack of national policies, inadequate reimbursement for testing, and a poorly
developed healthcare system for incorporating pharmacogenetic data.®® High-quality research, such as randomized
controlled trials in pharmacogenetic testing of a gene, is crucial in advocating for government implementation,
particularly in TB-HIV communities where it remains insufficient. High-quality research on pharmacogenes, such as
CYP2C19, in LMICs remains limited, despite its prevalence and frequent examination in developed nations.®
Consequently, LMICs should be encouraged to do high-quality research to tackle pertinent challenges and to push for
implementation.

The highest quality of pharmacogenetic research is the randomized controlled trials (RCTs) in pharmacogenetics-
based therapy, which involves one group receiving the standard TB-HIV dosage and another group receiving a dosage
determined by pharmacogenetic testing. This research has been conducted on isoniazid dosing according to NAT2
genotype in tuberculosis patients without HIV, yielding significant results.”® Nonetheless, research in TB-HIV popula-
tions is lacking, likely due to challenges in sampling and ethical concerns. A study closely related to this high standard is
the ongoing PHINX trial which has been explained in the result section.

The implementation of isoniazid dosage in clinical practice should be deferred until the results of the PHINX trial are
obtained. Additionally, the application of other TB-HIV drugs based on pharmacogenetic testing should rely on this type
of research. The correlation between increased or decreased AUC in a gene polymorphism and the corresponding success
rate or side effects in an individual may not exhibit consistency. Moreover, variations in success rates or side effects
associated with different polymorphisms should not guide adjustments in drug dosage. Variations in drug dosage may
result in differing side effects and success rates due to distinct mechanisms of action.”’ Observational studies may
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provide insights into the gene of interest related to a drug; however, application should rely on clinical trials utilizing
various drug dosages, with RCTs serving as the gold standard for implementation. Prospective trials demonstrating
clinical utility may offer an acceptable substitute for integrating a gene into clinical practice as a clinically significant
gene.””

This systematic review presents multiple limitations. First, high heterogeneity is observed due to the inclusion of
various races, as the implementation of pharmacogenetic studies in countries with differing racial demographics presents
significant challenges. Second, many studies have not evaluated the drug’s effectiveness and side effects, resulting in
uncertainty regarding the implementation of dosage recommendations. Third, many studies exhibit a low participant,
likely attributable to challenges in sample recruitment and obtaining funding. Therefore, high-quality studies are
necessary for TB-HIV populations.

The limited number of participants may result in broad confidence intervals, making it challenging to achieve
statistically significant outcomes. A study involving TB-HIV patients indicated that rapid acetylators had a 2.39-fold
increase in mortality risk (95% CI: 0.94-6.07) relative to intermediate acetylators.>® This result may be integrated
through meta-analysis with subsequent research exhibiting comparable outcomes and tested genes. However, some
pharmacogenetic studies may be poorly executed, preventing the conduct of a meta-analysis that could enhance sample
size and increase the power to detect significant associations. Our included studies demonstrate that some do not specify
race, while others fail to categorize outcomes by genotype. Additional pharmacogenetic studies adhering to the STROPS
(Strengthening the Reporting of Pharmacogenetic Studies) guidelines are necessary for enhanced conduct and reporting
in the field of pharmacogenetics.”

Additional pharmacogenes, apart from the link between CYP2B6 genotype and efavirenz that has been stated in the
CPIC guideline, warrant investigation in TB-HIV populations according to this systematic review. Research evaluating
NAT?2 and its association with mortality risk, investigations into newer antiretroviral and anti-tuberculosis medications
like dolutegravir and rifapentine, as well as studies on lesser-explored genes with relevance to our systematic review,
such as PXR and AADAC, should be pursued. Additional novel genes associated with medication efficacy and adverse
drug reactions in TB-HIV populations can also be identified by genome-wide association studies (GWAS), which are
lacking in all studies included in this systematic review.

Conclusions

The CYP2B6 polymorphism associated with efavirenz medication and the NAT2 polymorphism related to isoniazid
treatment were the most extensively researched drug-gene interactions in the TB-HIV group. CYP2B6 polymorphism
primarily affected efavirenz plasma concentrations, whereas the NAT2 polymorphism was associated with an increased
incidence of hepatotoxicity. Various drug plasma levels are influenced by their interactions with other plasma drug levels.
For instance, efavirenz plasma levels could shift due to NAT polymorphisms affecting isoniazid levels, while dolutegravir
plasma levels can be altered by 44DAC polymorphisms that impact rifapentine plasma levels. Certain genes associated
with notable outcomes in TB-HIV populations, such as PXR g.24087C>T, which elevated the mortality rate. Thus far,
research on TB-HIV populations is exclusively reliant on observational data; high-quality studies, such as RCTs, must be
conducted prior to the implementation of pharmacogenetic testing in clinical practice and guidelines.
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