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Abstract
Nonlinear mixed-effects modelling of drug-drug interactions between antiretroviral therapy
and tuberculosis treatment
Human immunodeficiency virus (HIV) remains a significant global health challenge that
affected approximately 39 million individuals in 2022, with majority residing in Africa. Among
people with HIV (PWH), co-infection with tuberculosis (TB) is a leading cause of death.
However, the concurrent treatment of HIV and TB often results in drug-drug interactions
(DDIs), mediated by especially by rifampicin, a key component of the TB regimen and potent
enzyme and transporter inducer. These DDIs may compromise treatment safety and efficacy,
potentially leading to therapeutic failure and increased risk of drug resistance.
In this thesis, we utilized non-linear mixed effects modelling and data from studies in PWH
and healthy volunteers to characterise DDIs between first- and second-line antiretroviral (ARV)
and anti-TB drugs. Additionally, we performed simulations to assess treatment target
attainment following current dosing recommendations in PWH.
Our pharmacokinetic model of standard- and high-dose rifampicin in PWH identified lower
bioavailability of the top-up capsule formulation as the cause of lower-than-expected drug
exposures in participants on high-dose rifampicin. Furthermore, the reduced dolutegravir
exposures in participants on concurrent high-dose rifampicin, compared to those on the
standard-dose, were attributed to reduced bioavailability rather than enhanced clearance.
Notably, our simulations demonstrated that doubling the dosing frequency of dolutegravir
effectively counteracted the DDI with both standard- and high-dose rifampicin.
Secondly, we characterized the DDI between ritonavir-boosted atazanavir (ATV/r) and
rifampicin, both in plasma and within peripheral blood mononuclear cells (PBMCs). Rifampicin

increased the clearance of ATV/r by threefold, and doubling the dosing frequency of ATV/r was
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sufficient to counteract this interaction and restore treatment target attainment. Notably,
rifampicin did not affect atazanavir equilibration or accumulation in PBMCs, suggesting that
plasma studies can reliably reflect intracellular processes. We also applied our model to an
external dataset, estimating a twofold decrease in atazanavir clearance, likely due to ritonavir
co-administration.

Lastly, we found clofazimine, a second-line drug resistant TB (DR-TB) drug, to increase the
clearance of levofloxacin by 15% but not affect the pharmacokinetics of cycloserine, linezolid,
or isoniazid. This confirmed that clofazimine can be safely co-administered with other DR-TB
drugs, as it poses minimal risk of significant DDIs.

In conclusion, non-linear mixed effects modelling can be used to evaluate DDIs, and we
recommend its incorporation in routine dose optimization and therapeutic drug monitoring

programs to enhance treatment outcomes.
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Chapter 1: Introduction

1.1.0 Global burden of HIV
In global public health, a few challenges are as significant as Human Immunodeficiency Virus
(HIV), the virus that causes the worldwide Acquired Immune Deficiency Syndrome (AIDS)
epidemic. In 2022, there were about 1.3 million newly infected with HIV globally, bringing the
total number of people with the virus to nearly 39 million (UNAIDS, 2023a). In the same year,
about 630,000 people were reported to have died due to AlIDS-related causes worldwide
(UNAIDS, 2023a). Although Sub-Saharan Africa (SSA) is home to just 10% of the world's
population, it sadly bears more than two-thirds of the global HIV burden (UNAIDS, 2023a).
Notably, women and girls represented 77% of all new infections in 2022 (UNAIDS, 2023a), with
South Africa recording the highest prevalence (18%) and hosting the world’s largest antiretroviral

treatment program (UNAIDS, 2019, 2022).

The adoption of highly effective combination antiretroviral therapy (ART) has played a crucial role
in the global fight against HIV, greatly lowering the risk of progression to severe disease and
associated mortality (UNAIDS, 2023a; Walensky et al., 2006). This progress has been further
strengthened by increased awareness of HIV infection and the widespread uptake of mass testing
initiatives, which have been crucial in identifying new cases and linking affected individuals to
essential care and support programs (Kumah et al., 2023). Consequently, new infections and AIDS-
related deaths have declined by approximately 59% and 69%, respectively, from their previous

peak levels (UNAIDS, 2023a).



1.1.1 HIV disease

Most of the global HIV/AIDS cases are attributed to the more pathogenic HIV-1 virus strain (Deeks
et al., 2015). In contrast, HIV-2, the other strain that shares a closer genetic relationship with the
simian immunodeficiency virus, is mostly prevalent in Western Africa (Brunton & Bjorn, 2022).
While both HIV-1 and HIV-2 generally respond to most antiretroviral (ARV) therapies, certain
classes of drugs, like the non-nucleoside reverse transcriptase inhibitors, are ineffective against

HIV-2 (Brunton & Bjorn, 2022).

The most common way HIV spreads is through exchange of bodily fluids, including blood, semen,
vaginal fluids and breast milk from infected individuals (Moir et al., 2011). Other less frequent
transmission routes include needle stick injuries (Abadie et al., 2024) and exposure to infected
blood or blood products via transfusion (Savarit et al., 1992). HIV transmission may also occur
from mother-to-child in utero via the placenta, during labour and delivery through exposure to
maternal blood and bodily fluids, or postpartum through breastfeeding (Ladner et al., 2013; Moir

et al., 2011).

Upon transmission, HIV rapidly replicates, peaking at 2-4 weeks and causing a transient reduction
in peripheral CD4+ T-lymphocytes. This is a hallmark of acute HIV infection (Moir et al., 2011).
During this phase, HIV ribonucleic (RNA) concentrations surge, and individuals often experience
nonspecific symptoms like fever, fatigue, and muscle aches (Brunton & Bjorn, 2022; Lin et al.,
2019). Over time, a quasi-steady state is reached, known as the "set point," determined by the
balance between the individual immune response and viral pathogenicity (Brunton & Bjorn, 2022;
Deeks et al., 2015). Without treatment, the host CD4+ T-lymphocyte count continues to decline

steadily, often falling below 200 cells/mm? of peripheral blood. This decline is known to increase
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the risk of catching opportunistic infections and other health complications, eventually
progressing to AIDS, which is defined by marked increase in susceptibility to infections and

cancers (Brunton & Bjorn, 2022; Lin et al., 2019).

Understanding HIV’s structural components and life cycle has paved way to the development of
targeted pharmacological therapies (Palmisano & Vella, 2011). The mature virion of HIV has a
spherical shape, with an internal nucleocapsid surrounded by an envelope made up of a lipid
bilayer derived from the host cell (Seitz, 2016). Embedded within the envelope are two
glycoproteins (Env), gp120 and gp41, which are critical for initiating the infection process. Gp120
facilitates attachment to host cells, while gp41 mediates the fusion process necessary for viral

entry (Zhu et al., 2006).

Inside the viral core, a cone-shaped protein shell encloses two RNA genomes and associated
proteins (Seitz, 2016). The HIV genome consists of three primary reading frames: Gag, Pol, and
Env. Gag encodes the structural polyproteins that form the virion, while Pol encodes essential
enzymes such as reverse transcriptase, protease, and integrase. Eny, the third frame, encodes the

transmembrane proteins necessary for cell binding and entry (Brunton & Bjorn, 2022).

HIV's life cycle includes several key stages, namely, binding, fusion, reverse transcription,
integration, replication, assembly, and budding. The virus begins by attaching to CD4 receptors
on immune cells such as T-helper cells, macrophages, and dendritic cells via the Env glycoprotein
(Brunton & Bjorn, 2022). Additionally, co-receptors like the chemokine receptor CCR5 or CXCR4,
found on macrophage-lineage cells, are required for successful viral entry (Greene & Peterlin,

2002).



Following binding to the host cell, the virus fuses with its membrane via the gp41 component of
the Env protein, allowing its RNA to enter the host cell's cytoplasm. Here, reverse transcription
occurs, where the viral RNA is converted into DNA by the reverse transcriptase enzyme, resulting
in a transient RNA-DNA duplex. This conversion is error-prone, leading to a variety of viral clones
even within a single individual (Stevenson, 2003). Subsequently, the newly formed viral DNA is

incorporated into the host chromosome by the viral integrase enzyme (Greene & Peterlin, 2002).

The integrated viral DNA may remain quiescent or produce viral RNA and proteins as the cell
divides until activation (Brunton & Bjorn, 2022). When actively dividing, the structural proteins
assemble around the full-length genomic RNA, forming a nucleocapsid, which buds off from the
host cell membrane, incorporating envelope proteins clustered in cholesterol-rich lipid rafts.
These budding events yield new enveloped HIV particles containing two complete single-stranded

RNA genomes (Greene & Peterlin, 2002).

During the process of budding, HIV protease plays a crucial role in enzymatically cleaving long
chains of polypeptides into mature viral proteins (Deeks et al., 2015). It processes the Gag and
Gag-Pol polyproteins, generating functional proteins like protease, reverse transcriptase, and
integrase (Deeks et al., 2015; Lv et al., 2015). This cleavage is essential for the virus to become
infectious and fully active. Over time, continuous viral replication depletes essential lymphocytes,

undermining immune function and driving the progression of HIV disease (Stevenson, 2003).

1.1.2 Treatment of HIV infection
A comprehensive understanding of HIV’s life cycle and pathogenesis has been critical in

identifying potential pharmacological targets, driving the development and approval of new ARV



drugs (Desai et al., 2012). Over time, HIV treatment strategies have advanced from single-drug
therapy using zidovudine (AZT) to more effective regimens combining multiple ARVs (Desai et al.,
2012). Modern ART combinations integrate drugs targeting various phases of the HIV life cycle
and have significantly improved disease management (Castellino et al., 2013). The widespread
adoption of ART has also improved patients' quality of life by improving their immune function
and effectively mitigating the morbidity and mortality that was associated with HIV infection
(Desai et al., 2012). Furthermore, early initiation of ART has had the important public health

benefit of reducing HIV-1 transmission rates through sexual contact (Cohen et al., 2011).

Currently, there are at least six ARV classes comprising over 25 approved drugs designed to target
four key viral components essential for HIV replication: the host receptor, reverse transcriptase,
integrase, and protease (Brunton & Bjorn, 2022). These drugs work collectively to inhibit different
stages of the viral life cycle. The primary classes of ARVs include nucleoside reverse transcriptase
inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors
(Pls), integrase strand transfer inhibitors (INSTIs), fusion inhibitors, and chemokine co-receptor

antagonists.

NRTIs were the pioneering class of ARVs approved for HIV treatment and remain important
components of first-line ART (Desai et al., 2012). These drugs act as analogues of natural
nucleosides/nucleotides and inhibit reverse transcriptase by incorporating into viral DNA and
terminating its synthesis (Deeks et al., 2015). Despite their efficacy, NRTIs present certain
drawbacks, such as a low genetic barrier to resistance and potential side effects including bone
marrow toxicity and mitochondrial damage (Desai et al., 2012). Currently recommended NRTIs

include tenofovir disoproxil fumarate (TDF), tenofovir alafenamide fumarate (TAF), abacavir,
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lamivudine (3TC), and emtricitabine. Older NRTIs like AZT and stavudine are largely obsolete due
to metabolic complications like lactic acidosis, hepatic steatosis, anaemia, and lipoatrophy (Deeks

et al., 2015).

NNRTIs function by binding to a distinct site on the reverse transcriptase enzyme, causing
conformational changes that inhibit its activity (Brunton & Bjorn, 2022; Deeks et al., 2015). Unlike
NRTIs, NNRTIs do not require intracellular activation and are ineffective against HIV-2 (Brunton &
Bjorn, 2022). Common NNRTIs include efavirenz (EFV) and nevirapine (NVP), though their use has
declined due to adverse effects. EFV is associated with central nervous system toxicity and an
elevated risk of depression (Deeks et al., 2015). NVP was widely used during pregnancy and in
newborns, but its popularity has also declined because of associated risk of fatal cutaneous
hypersensitivity and hepatotoxicity (Desai et al., 2012). Newer NNRTIs include etravirine,

doravirine, rilpivirine and delavirdine.

Pls are peptide-like chemicals that inhibit the HIV protease enzyme, preventing the formation of
mature, functional viral proteins and blocking a critical step in the virus's replication cycle
(Brunton & Bjorn, 2022; Deeks et al., 2015). When combined with two NNRTIs, Pls are highly
effective and have high genetic barrier to resistance development (Deeks et al., 2015; Desai et al.,
2012). Examples include saquinavir, indinavir, ritonavir (RTV), nelfinavir, amprenavir,
fosamprenavir, lopinavir, atazanavir (ATV), tipranavir, and darunavir. However, their use is often
limited by long-term side effects such as metabolic disorders like lipodystrophy, and cardio-
/cerebro-vascular complications (Lv et al., 2015). Due to their rapid liver metabolism and
subsequent first-pass effect, Pls are often co-administered with pharmacologic boosting agents

(enzyme inhibitors) like low-dose RTV or its analogue, cobicistat (Deeks et al., 2015).



INSTIs inhibit viral integrase, preventing the insertion of HIV DNA into the host cell genome (Deeks
etal., 2015). The integrase enzyme facilitates two key processes: the removal of a GT-dinucleotide
from viral DNA (3’ processing) and the formation of covalent bonds between host and viral DNA
(strand transfer) (Brunton & Bjorn, 2022; Smith et al., 2021). INSTIs have leapfrogged NNRTIs and
Pls as the preferred choice for initial ART due to their superior therapeutic index (Deeks et al.,
2015; Pommier et al., 2005). This is largely due to the absence of a host-cell equivalent to viral
integrase, ensuring that INSTIs are less likely to interfere with human cellular processes, thus
limiting their potential toxicity (Brunton & Bjorn, 2022; Pommier et al., 2005). Currently available

INSTIs include raltegravir, dolutegravir (DTG), elvitegravir, bictegravir, and cabotegravir.

Entry inhibitors block the processes involved in HIV fusion and entry into host cells. This category
includes chemokine receptor antagonists such as maraviroc and fusion inhibitors like enfuvirtide
(Brunton & Bjorn, 2022). Maraviroc binds to the CCR5 receptor, preventing gp120 binding in
CCR5-tropic HIV strains, and its proper use requires prior testing to confirm the absence of CXCR4-
tropic viruses (Deeks et al., 2015). Enfuvirtide is a synthetic peptide derived from the gp41 that
has limited use due to high production costs and the need for twice-daily subcutaneous
administration (Brunton & Bjorn, 2022). Recently novel classes of ARVs have been developed,
introducing new mechanisms of action against HIV-1. These include fostemsavir, a CDa4
attachment inhibitor (Heidary et al., 2024) and lenacapavir a long-acting capsid inhibitor (Naga &

Kumar, 2024).

1.1.3 Drug-drug interactions
Given the complexity of ARV regimens, people living with HIV frequently face the risk of drug-
drug interactions (DDIs). DDIs occur when medications influence each other's efficacy or safety,
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either by altering drug concentrations (pharmacokinetics) or modifying their effects
(pharmacodynamics) (Gabay & Spencer, 2021; Pai et al., 2006). Pharmacokinetic interactions
typically involve changes in absorption, metabolism, or elimination, while pharmacodynamic
interactions may produce additive, synergistic, or antagonistic pharmacological effects (Snyder et
al.,, 2012). The likelihood of DDIs increases with polypharmacy, when multiple drugs are
administered inevitably, like during the simultaneous management of HIV and tuberculosis (TB)

(Gabay & Spencer, 2021).

1.1.3.1 HIV and TB drug interactions.

Understanding, predicting, and mitigating DDIs presents significant challenges for drug
developers and clinicians, particularly in treating HIV and associated co-morbidities like TB
(Devanathan et al., 2019). The burden of simultaneously treating multiple diseases is often
unavoidable in SSA, where the HIV prevalence frequently overlaps with other infectious diseases
(Gwitira et al., 2018). Consequently, the prescription of complex drug regimens becomes
necessary, demanding careful drug selection to minimize the risk of unwanted DDIs (Piscitelli &

Rodvold, 2005).

Managing HIV and TB concurrently poses significant challenges, particularly due to interactions
between rifampicin—a key TB drug—and ARVs (World Health Organization, 2023). Rifampicin
induces cytochrome P450 (CYP) enzymes, notably CYP3A and CYP2C, as well as drug transporters
such as P-glycoprotein and breast cancer resistance protein (BCRP) (Niemi et al., 2003). This

induction reduces the concentrations of ARVs metabolized by these pathways. For instance,



rifampicin significantly decreases the exposure of TAF by 55% and ATV by over 75% (Department

of Health and Human Services, 2018).

Dose adjustments are often necessary to mitigate rifampicin’s effects. For example, doubling the
dosing frequency of DTG (Dooley et al., 2013, 2020) and ritonavir-boosted ATV to twice-daily (BID)
can successfully restore their plasma concentrations when administered with rifampicin (Gausi et
al., 2024). Likewise, maraviroc doses may need to be increased to 600 mg twice daily unless a
CYP3A inhibitor is co-administered (Department of Health and Human Services, 2018).
Conversely, isoniazid, another TB drug, inhibits CYP450 enzymes and can elevate concentrations
of certain drugs like carbamazepine and diazepam (Arbex et al., 2010). Additionally, due to its
inhibition of monoamine oxidase, isoniazid may cause adverse reactions when taken with

tyramine-rich foods like red wine and cheese (Arbex et al., 2010).

Addressing and managing these interactions requires careful planning and monitoring by
healthcare professionals to optimize treatment outcomes and minimize adverse drug reactions

(ADRs) for individuals with HIV and TB.

1.1.4 Pharmacology of dolutegravir

DTG is a second-generation INSTI (Rathbun et al., 2014; Smith et al., 2021) widely recommended
as part of first line ART for HIV-1 by the World Health Organization (WHO) (ViiV Healthcare, 2021,
World Health Organization, 2021a). Additionally, its combination with either rilpivirine or
lamivudine may replace existing ART regimens in adults who have suppressed HIV on stable
therapy for at least six months (Gibas et al., 2022; ViiV Healthcare, 2021). DTG-containing ART

regimens have gained worldwide acceptance because of the drug's safety, superior efficacy (Van



Lunzen et al., 2012), tolerability, and convenient once-daily (QD) dosing schedule (Cottrell et al.,

2013; Scarsi et al., 2020).

DTG inhibits HIV integrase and blocks the integration of viral DNA into the host genome, a critical
step in viral replication. It binds on to the enzyme’s active site and effectively halts the viral strand
transfer process (Min et al., 2010; Smith et al., 2021; Taha et al., 2015). Once bound to integrase
enzyme, the dissociative half-life of dolutegravir could be as long as 71 hours (Hightower et al.,
2011). This prolonged interaction with the nucleoprotein complex is thought to be a significant
contributor to its distinctive high barrier to genetic resistance (DeAnda et al., 2013). DTG is very
potent against HIV-1 in peripheral blood mononuclear cells and was found to have a protein
adjusted 90% inhibitory concentration (PA-ICq) of about 0.064 mg/L (Min et al., 2010). Although
not properly investigated, the in vivo minimum trough concentration (Ciough) target for DTG is
widely considered to be 0.3 mg/L. This was largely derived from the median Cirough of the smallest
dose (10 mg QD) of dolutegravir investigated in earlier dose determination studies reported by

Zhang et al. and Van Lunzen et al. (Van Lunzen et al., 2012; Zhang et al., 2015).

The recommended adult dose of DTG when used in ART combinations of treatment-naive and -
experienced patients is 50 mg QD (ViiV Healthcare, 2021; World Health Organization, 2021a). Its
dosing frequency may be doubled administered alongside enzyme inducers like rifampicin
(Dooley et al., 2013; World Health Organization, 2021a). Similarly, if a treatment-experienced
patients is suspected or confirmed to harbor HIV strains with INSTI-associated resistance
substitutions, doubling the dosing frequency is also recommended (ViiV Healthcare, 2021). DTG
is also conveniently formulated in child friendly 5mg dispersible tablets that can be administered

based on weight (ViiV Healthcare, 2021).
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1.1.4.1 Absorption

DTG absorption is rapid upon oral administration (Min et al., 2010), resulting in peak
concentrations 2 to 3 hours after the dose (ViiV Healthcare, 2021). Food increases the extent of
DTG absorption, with high fat-containing meals augmenting its area under the concentration
curve (AUC) by 66% (Song et al., 2012). Notably, treatment guidelines do not specify a preference
regarding DTG intake with or without food as this was considered moderate and clinically
unsignificant (ViiV Healthcare, 2021). DTG exposure increases in a less than dose proportional
manner (Min et al., 2010; ViiV Healthcare, 2021), and this may be an indication that its absorption
is saturable (Wang et al.,, 2019). Although the absolute bioavailability of DTG has not been
determined, Castellino et al. (Castellino et al., 2013) estimated that over 70% of the oral dose
could be absorbed.

1.1.4.2 Distribution

DTG exhibits extensive (~Y99%) plasma protein binding (ViiV Healthcare, 2021) onto albumin and
alpha-1 acid glycoprotein (Rathbun et al., 2014). It readily distributes to many body parts,
including the central nervous system where concentrations mirror unbound plasma levels
(Letendre et al., 2014). DTG also appreciably distributes into semen (Imaz et al., 2016), breast

milk (Dickinson et al., 2021a) and crosses the blood-placenta barrier (Schalkwijk et al., 2016).

1.1.4.3 Metabolism and elimination

DTG metabolism occurs primarily through glucuronidation (19%) by UGT-1A1, with minor
contributions from CYP3A4-mediated (7.9%) oxidation and glutathione substitution (1.8%)
(Castellino et al., 2013; ViiV Healthcare, 2021). DTG is a substrate for transport proteins like P-

glycoprotein and BCRP (ViiV Healthcare, 2021). About 64% of the oral dose is excreted unchanged
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in faeces, while 31% is eliminated as metabolites in urine (ViiV Healthcare, 2021), representing
both unabsorbed material and biliary secretion of the drug (Castellino et al., 2013). The drug’s
elimination half-life is approximately 14 hours (ViiV Healthcare, 2021), with steady-state

concentrations reached after five daily doses (Min et al., 2010).

1.1.4.4 Adverse drug reactions

DTG is well tolerated compared to other ARV medication (Deeks et al., 2015; Taha et al., 2015;
Van Lunzen et al., 2012). Most of the reported adverse effects of DTG like nausea, diarrhoea, and
sleep disturbances, are neither considered serious and nor associated with DTG blood levels (Taha
et al.,, 2015; Van Lunzen et al.,, 2012). Neuropsychiatric events like headache, dizziness,
depression, and insomnia are rare but noteworthy (Scarsi et al., 2020). DTG-based ART was
initially associated with neural tube defects when used around the time of conception, prompting
caution during pregnancy (Scarsi et al., 2020; ViiV Healthcare, 2021). However, more recent

surveillance data has provided evidence to the contrary (Gill et al., 2025).

DTG use has been associated with reversible mild increase in serum creatinine that is due to
inhibition of the renal organic cation transporter (OCT2), involved in tubular creatinine secretion
(Brunton & Bjorn, 2022; ViiV Healthcare, 2021). Emerging concerns include rare cases of impaired
glucose control (Hirigo et al., 2022; Namara et al., 2022) and weight gain, particularly when
combined with TDF (Hirigo et al., 2023; Huszar et al., 1997). The mechanism behind weight gain
remains debated, though recent evidence suggests it does not involve significant MC4 receptor

inhibition (McMahon et al., 2020).
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1.1.4.5 Interactions

DTG has minimal effects on major drug-metabolizing enzymes and transporters, reducing the
likelihood of significant DDIs (Cada et al., 2014; Podany et al., 2020; ViiV Healthcare, 2021).
However, it inhibits OCT2 and the multidrug and toxin extrusion transporter-1 (Cada et al., 2014;
Reese et al., 2013; ViiV Healthcare, 2021), increasing exposure of substrate drugs like metformin
and dofetilide (Song et al., 2016). Chelation interactions with divalent and trivalent metal cations
(e.g., calcium and iron supplements) can reduce DTG absorption, and can be mitigated by

appropriately timing administration of the two drugs (Song et al., 2015; ViiV Healthcare, 2021).

Metabolic inducers like rifampicin decrease dolutegravir exposure, necessitating dose
adjustments (Dooley et al., 2013; Kawuma et al., 2022). Conversely, certain Pls like ritonavir-
boosted ATV counteract the effects of CYP3A4 inducers, maintaining dolutegravir efficacy (Song

et al., 2011).

1.1.4.6 Resistance

Drug resistance can be defined as the capacity of a pathogen to avoid destruction by the drug
(Brunton & Bjorn, 2022). The commonest mechanisms by which drugs develop resistance to
medications include alteration of drug targets, reduction in drug accumulation and inactivation

(or activation failure) of the drug (Hughes & Andersson, 2015; Santajit & Indrawattana, 2016).

DTG has a high genetic barrier to resistance compared to earlier INSTIs like raltegravir (Cottrell et
al., 2013). This may be partly due to its flexible structure which allows for effective binding even
in the presence of mutation induced target alterations (Cottrell et al., 2013). Furthermore, DTG

demonstrates prolonged binding to its target, and this reduces viral replication that could
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potentially generate additional mutations (Hightower et al., 2011). While resistance-associated
treatment failures remain rare, ongoing vigilance is essential given the adaptive nature of HIV

(ViiV Healthcare, 2021) and widespread use of DTG in resource-limited settings.

1.1.5 Pharmacology of atazanavir

ATV is a second-generation azapeptide inhibitor of HIV-1 protease approved for treatment of HIV
infection (FDA & CDER, 2003). It binds to the HIV-1 protease enzyme and prevents maturation of
viral particles by inhibiting the processing of gag and gag-pol precursor polyproteins (Busti et al.,
2004). This blockade results in the release of immature and non-infectious virions (Dewolf et al.,

2000).

With a PA-ICy of 0.014 mg/L (FDA & CDER, 2003; Gausi et al., 2024), ATV is among the most
potent Pls, and its exposure can even be enhanced further by co-administration with RTV (Dewolf
et al.,, 2000; Gianotti & Lazzarin, 2007). ATV's widespread use in resource-limited settings is
attributed to its superior safety profile, extended half-life allowing for QD dosing, and a unique
resistance profile (Busti et al., 2004; FDA & CDER, 2003; Gianotti & Lazzarin, 2007; Havlir &

O’marro, 2004).

Ritonavir-boosted ATV (ATV/r) is a common component of the preferred WHO second-line ART
regimen (FDA & CDER, 2003; World Health Organization, 2021b). Recommended adult dosage for
ATV/r is 300/100 mg. For paediatric patients, the doses vary: 150/100 mg for those weighing 15—
20 kg and 200/100 mg for those between 20 and 40 kg (FDA & CDER, 2003). Although not
extensively studied, a Ciough greater than 0.15 mg/L has been used for therapeutic drug

monitoring of ATV (Back et al., 2006).
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1.1.5.1 Absorption

ATV is rapidly absorbed following oral administration, with peak plasma concentrations observed
approximately 2.5 hours post-dose (Busti et al., 2004; FDA & CDER, 2003). Its pharmacokinetics are
nonlinear, as dose increases beyond the 200-800 mg range yield more-than-proportional
increases in drug exposure. Steady-state concentrations are achieved within 4 to 5 days, with an

accumulation factor of about 2.3 (FDA & CDER, 2003).

Food significantly enhances ATV absorption, increasing AUC by 70% and peak concentrations by
57% compared to fasting conditions (FDA & CDER, 2003). This effect is attributed to bile salt
secretion, which promotes solubilization of lipophilic drugs (Kis et al., 2014). Additionally,
coadministration of ATV/r with food reduces variability in its pharmacokinetics (FDA & CDER,
2003). As a substrate for transport proteins like P-glycoprotein and the organic anion transporting

polypeptide, ATV's bioavailability can be increased by their inhibition (Kis et al., 2013).

The aqueous solubility and gut permeability of ATV is sensitive to changes in gut pH (FDA & CDER,
2003; Kis et al., 2014). Acidic environments reduce its P-glycoprotein-mediated efflux, enhancing
drug absorption (Kis et al., 2014). Conversely, drugs such as proton pump inhibitors and antacids,
which elevate gut pH, decrease ATV plasma concentrations and should be avoided during ATV

therapy (FDA & CDER, 2003; Kis et al., 2014).

1.1.5.2 Distribution
ATV exhibits moderate plasma protein binding (~86%), with equal affinities for albumin and alpha-
1 acid glycoprotein (Busti et al., 2004). Its binding profile remains stable across varying drug

concentrations (FDA & CDER, 2003. ATV distributes significantly to various tissues, with evidence
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showing significant penetration into the central nervous system and semen (Busti et al., 2004;

FDA & CDER, 2003).

1.1.5.3 Metabolism and elimination

ATV undergoes extensive liver metabolism, primarily mediated by CYP3A4/5, yielding three
metabolites that mainly lack activity against HIV or enzyme inhibiting properties (Alvarellos et al.,
2018; FDA & CDER, 2003). It also competitively inhibits CYP3A and UGT1A1, resulting in a benign
elevation of unconjugated bilirubin (Havlir & O’marro, 2004). At the initial 400 mg once daily dose,
ATV exhibits a half-life of approximately 6 hours, which increased to over 11 hours when

administered as 300 mg boosted with RTV (Busti et al., 2004; FDA & CDER, 2003).

ATV is primarily eliminated by biliary route resulting in 79% of the drug being eliminated mainly
as metabolites in faeces (FDA & CDER, 2003). Dose adjustments are generally unnecessary except
in cases of severe hepatic impairment, where data remain inconclusive (Busti et al., 2004; FDA &

CDER, 2003).

1.1.5.4 Adverse drug reactions

ATV/r is generally well tolerated (FDA & CDER, 2003; Gianotti & Lazzarin, 2007), and results in
much fewer side effects than other Pls (Busti et al., 2004). The most common adverse effect is
asymptomatic hyperbilirubinemia, attributed to UGT inhibition by ATV (FDA & CDER, 2003;
Gianotti & Lazzarin, 2007). This condition affects fewer than 2% of patients and rarely necessitates

discontinuation (FDA & CDER, 2003).

Other rare adverse reactions include gastrointestinal disturbances (nausea, vomiting, diarrhoea),

headache, rash, and peripheral neuropathy (Busti et al., 2004; FDA & CDER, 2003). Dyslipidemia
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has been observed with ATV, but it occurs at lower rates compared to other Pls, such as darunavir,

and may have limited clinical significance (FDA & CDER, 2003; Gianotti & Lazzarin, 2007).

1.1.5.5 Interactions

ATV, as a substrate of CYP3A4 and inhibitor of both CYP3A and UGT1A1, exhibits extensive DDIs
(FDA & CDER, 2003). At higher doses, ATV has also been shown to inhibit the p-glycoprotein
transporter (Busti et al., 2004). Co-administration with drugs metabolized by these enzymes can
lead to altered drug levels and increased risk of adverse effects. Concomitant use of ATV with
medications like midazolam, triazolam, ergot derivatives, cisapride, and pimozide is

contraindicated due to potential toxicity (Busti et al., 2004).

Data about the interaction between TDF with ATV is conflicting. Mirochnick eta al. found TDF
coadministration to be associated with reduced ATV AUC and trough concentration in pregnancy
(Mirochnick et al., 2011). This effect of TDF on ATV AUC was also reportedly found by Taburet et
al. in treatment-experienced patients (Taburet et al., 2004). However, a larger matched drug
interaction study amongst patients at steady state found no significant interaction between TDF
and ritonavir-boosted ATV (Von Hentig et al., 2007). TDF is an oral prodrug of tenofovir, a NRTI
that is neither a substrate nor inducer of most CYP isoenzymes except CYP1A and CYP2B (Kearney
et al., 2004). Tenofovir does not alter the functioning of the p-glycoprotein transporter (Kearney
et al., 2004). Current guidelines recommend that when given with TDF, ATV should always be

boosted with RTV (FDA & CDER, 2003).
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1.1.5.6 Resistance

Studies on HIV-1 resistance reveal that mutations such as 184V, 150L, N88S, A71V, and M46l are
associated with reduced susceptibility to ATV (FDA & CDER, 2019). These mutations, often linked
to changes in protease cleavage sites, do not confer resistance to other Pls and may even enhance
susceptibility to some (Busti et al., 2004; FDA & CDER, 2003). Despite ATV’s unique resistance
profile, cross-resistance to non-boosted ATV remains a concern in cases of multi-PI resistance

(Busti et al., 2004).

1.1.5.7 Pharmacokinetic boosting of atazanavir

Pharmacokinetic boosting involves deliberately co-administering a drug with another that inhibits
its metabolism, thereby increasing its plasma concentration and possibly enhancing its efficacy
(Deeks, 2014). This has been successfully applied through the co-formulation of Pls with RTV or
cobicistat, both of which inhibit their metabolism, enabling the use of lower, less frequent doses
while maintaining efficacy (Deeks, 2014; Hull & Montaner, 2011). Besides enhancing patient
adherence through less frequent dosing, pharmacokinetic boosting also prevents resistance

development by maintaining consistently high plasma drug exposures (Loos et al., 2022).

1.1.5.7.1 Ritonavir

RTV was one of the first four HIV Pls approved for combination use in ART for HIV treatment (Hsu
et al., 1998). It is a peptidomimetic inhibitor of HIV-1 protease that disrupts the viral life cycle by
preventing the processing of the gag-pol precursor protein. This inhibition halts the production
of mature infectious HIV particles, leading to the release of immature, non-infectious virions (FDA
& CDER, 2019). When it was used to treat HIV-1, the recommended dose of RTV was 600 mg BID

for adults and 350-400 mg/m? of body surface area for paediatric patients (FDA & CDER, 2019).

18



The early utilization of RTV as a standalone component of ART encountered significant challenges.
RTV had poor systemic bioavailability because of its high first-pass metabolism by CYP3A and
efflux by P-glycoprotein into bile (Loos et al., 2022). To achieve therapeutic efficacy, doses
exceeding 1000 mg per day were required, resulting in frequent gastrointestinal side effects and
elevated risks of other drug toxicities (FDA & CDER, 2019; Loos et al., 2022). Moreover, high-dose
RTV was linked to interactions with the pregnane-X receptor (PXR) signalling pathway, inducing
multiple CYP enzymes, UGT, and P-glycoprotein, leading to an even more complex drug
interaction profile (Loos et al., 2022). Furthermore, RTV monotherapy often led to the rapid

emergence of resistance and diminished efficacy (Loos et al., 2022).

RTV strongly inhibits CYP3A, with an ICso of 0.034 uM (~0.0245 mg/L), as shown by Loos et al. in
2022, based on its effect on testosterone 6B hydroxylation (Hsu et al., 1998; Loos et al., 2022).
Unlike ketoconazole, RTV is a suicide inhibitor of the CYP3A and P-glycoprotein in the gut and liver
(Loos et al., 2023). This means that when RTV disables CYP3A, its activity will only be restored
after new enzyme synthesis which typically takes a couple of days (Loos et al., 2022). Although
there is no universal agreement on the duration of this recovery period, Katzenmaier et al.

estimated CYP3A activity to return after 3 days of discontinuing RTV (Katzenmaier et al., 2011).

Several mechanisms have been suggested to explain the irreversible inhibition of CYP3A by RTV.
These include: (I) formation of a metabolic intermediate complex; (Il) strong attachment of
unchanged RTV to the heme iron; (lll) destruction of heme; and finally, (IV) establishment of a
covalent bond between RTV's reactive intermediate and the CYP3A polypeptide (Loos et al.,
2022). Among the mentioned mechanisms, those involving the creation of a reactive or

metabolite intermediate that subsequently remains bound to the active site, impeding further
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interaction with new substrate molecules, constitute mechanism-based inactivation (Loos et al.,

2022).

This inhibition results in increased absorption and reduced metabolism of coadministered CYP3A
substrates like ATV (Alvarellos et al., 2018; Hull & Montaner, 2011). For example, when ATV is
coadministered with RTV, its pharmacokinetics is notably improved, and variability is reduced.
Consequently, low dose RTV (typically 100 mg), or its analogue cobicistat (Deeks, 2014), are co-
formulated with ATV and Pls to leverage their "pharmacokinetic boosting" effects. Prescribing
ATV alone is strongly discouraged and only reserved for specific circumstances aiming to reduce
pill burden, enhance treatment adherence, or mitigate RTV-induced toxicities (Alvarellos et al.,

2018).

Absorption: RTV exhibits an estimated absolute bioavailability between 60% and 80% in humans
(Hsu et al., 1998). When administered with food, liquid RTV formulations showed a 23% reduction

in peak concentrations and a 7% decrease in AUC (FDA & CDER, 2019; Hsu et al., 1998).

Distribution: Approximately 99% of RTV binds to plasma proteins, including albumin and alpha-1
acid glycoprotein (Hull & Montaner, 2011). This high binding capacity is not saturable within
therapeutic concentration ranges and remains unaffected by salicylate, ibuprofen, or

clarithromycin (Hull & Montaner, 2011).

Metabolism and elimination: RTV is primarily metabolized by CYP3A with minor contribution of
CYP2D6 (FDA & CDER, 2019). Its main metabolite, the isopropyl-thiazole oxidation product (M2),
retains comparable antiviral activity to the parent compound (FDA & CDER, 2019; Hsu et al.,

1998). Following oral administration, 86% of the drug is recovered in faeces, with 34% excreted
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as unchanged drug (FDA & CDER, 2019; Hsu et al., 1998). RTV exhibits a half-life of 3 to 5 hours,
induces its own metabolism, and reaches steady-state concentrations after approximately two

weeks of continuous dosing (Hsu et al., 1998).

Adverse drug reactions and interactions: RTV’s adverse effects commonly include
gastrointestinal symptoms (diarrhoea, nausea, vomiting, and abdominal pain), neurological
disturbances, skin rash, and fatigue/asthenia (FDA & CDER, 2019). Due to its enzyme inhibiting
properties, RTV interacts with most substrates of CYP3A especially those with high intrinsic
clearance and significant first-pass metabolism (Hsu et al., 1998). This necessitates careful dose

adjustment and monitoring when RTV is combined with most medications.
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1.2.0 Global burden of tuberculosis

Despite significant global efforts, TB remains a major public health threat and a leading cause of
illness and death worldwide. The WHQ's 2024 global TB report reveals that roughly 10.8 million
individuals were diagnosed with TB in 2023, with an estimated 1.25 million deaths, making it the

leading cause of death worldwide (World Health Organization, 2024).

TB is caused by the bacillus Mycobacterium tuberculosis (M. tuberculosis), which spreads through
airborne droplets when individuals with active TB expel bacteria by coughing or other respiratory
activities (Raja, 2004a; World Health Organization, 2024). Global estimates suggest that about
one-quarter of the world’s population is infected with the latent form of TB (Cohen et al., 2019;
Houben & Dodd, 2016). While TB can affect anyone, the highest burden was found in adult men,

constituting 55% of the estimated global cases in 2023.

1.2.1 TB Disease

TB primarily affects the lungs (pulmonary TB) but may also spread to other parts of the body
(extrapulmonary TB). Common symptoms of active pulmonary TB include persistent coughing,
chest pain, weight loss, fever, and night sweats (Brunton & Bjorn, 2022). Although only a small
proportion of infected individuals develop active TB, those with risk factors such as HIV,
malnutrition, alcohol use disorder, smoking, or diabetes face a much higher likelihood of disease

progression (Raja, 2004b).

M. tuberculosis is a slow-growing acid-fast bacillus that primarily spreads through the respiratory
route. Transmission occurs when airborne droplets containing the bacteria are inhaled by another

person (Raja, 2004b). Once inhaled, the bacilli settle in the distal alveoli, where they are engulfed
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by immune cells like macrophages (Philips & Ernst, 2012; Raja, 2004b). Different immune cells,
such as neutrophils and dendritic cells, may also migrate to the site and ingest the mycobacteria,

potentially influencing the course of infection (Philips & Ernst, 2012).

Phagocytic immune cells contain dense granules that fuse with phagosomes to degrade engulfed
material (Armstrong & Hart, 1971; Philips & Ernst, 2012). However, M. tuberculosis can inhibit
phagosome-lysosome fusion by releasing substances that block maturation, allowing it to access
nutrients and evade the hostile lysosomal environment (Armstrong & Hart, 1971; Philips & Ernst,
2012; Raja, 2004b). This enables M. tuberculosis to acquire nutrients like iron via recycling
endosomes while evading the acidic, degradative environment of the lysosome (Philips & Ernst,
2012). The bacillus also employs additional immune evasion strategies, such as interfering with
antigen presentation, neutralizing reactive oxygen species, and escaping from lysosomal

compartments (Raja, 2004b).

Once inside macrophages, M. tuberculosis replicates and attracts more macrophages to the site
of infection, forming aggregates that mark the early stages of granuloma development (Philips &
Ernst, 2012). This recruitment leads to aggregation and organization, marking the initial stages of
granuloma formation. Upon host cell death, the bacilli are released and ingested by surrounding
macrophages, enabling bacterial spread (Philips & Ernst, 2012). Some infected macrophages
migrate to other tissues, initiating secondary infections, while others remain in granulomas,

resisting immune elimination (Philips & Ernst, 2012).

In latent infections, the bacteria within granulomas may exist in a dormant or controlled

replicative state, contained by the immune system (Raja, 2004b). Breakdown of this immune
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containment can trigger reactivation, leading to tissue necrosis and disease progression (Raja,

2004b).

1.2.2 Treatment of tuberculosis

Tuberculosis, a disease that has afflicted humanity for centuries, underwent a transformation
with the discovery of antibiotics in the mid-20th century (Murray et al., 2015). The discovery of
streptomycin and para-amino salicylic acid (PAS) marked the beginning of effective TB treatment
(Murray et al., 2015; Schatz et al., 2005; Todd M, 1953). Initially, using these drugs individually
resulted in adverse effects and drug resistance. However, subsequent combination of the two
drugs proved more effective and was adopted (Murray et al., 2015). The later discovery of
isoniazid, a more potent and less toxic drug, led to the development of a triple therapy regimen

involving isoniazid, PAS, and streptomycin (Murray et al., 2015).

The WHO currently recommends a 6-month treatment regimen for drug-susceptible TB,
consisting of rifampicin, isoniazid, pyrazinamide, and ethambutol (WHO, 2024). Treatment is
divided into two phases: an intensive 2-month phase with all four drugs, followed by a 4-month

continuation phase with rifampicin and isoniazid (WHO, 2024).

Despite its effectiveness, TB treatment is lengthy and complex, posing challenges for both
patients and healthcare systems globally (World Health Organization, 2022b). Patient adherence,
critical to preventing drug resistance, is often hindered by drug toxicity and interactions,
particularly in individuals co-treated for conditions like HIV (Arbex et al., 2010; Laurenzi et al.,
2007). The emergence of drug-resistant TB strains remains the greatest obstacle to global TB

eradication efforts (World Health Organization, 2022a).
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1.2.2.1 Drug resistant tuberculosis

Drug-resistant TB (DR-TB) arises when M. tuberculosis becomes resistant to one or more standard
TB treatments (World Health Organization, 2022a). Acommon form is rifampicin-resistant TB (RR-
TB), characterized by resistance to rifampicin alone. When the bacilli resist both rifampicin and
isoniazid, the condition is termed multi-drug-resistant TB (MDR-TB). Extensively drug-resistant TB
(XDR-TB) involves resistance to rifampicin, isoniazid, one fluoroquinolone (levofloxacin or
moxifloxacin), and at least one Group A drug bedaquiline or linezolid (World Health Organization,

2022a).

1

Resistance can be intrinsic or acquired. Intrinsic resistance may result from M. tuberculosis
structural features, such as its thick cell wall, which impedes drug entry, or mutations affecting
key transport proteins (Heidary et al., 2022). Acquired resistance, however, arises from genetic
mutations that alter drug targets, reduce drug binding affinity, or inhibit drug activation (Heidary
et al., 2022). These mutations, though random, can become widespread when selective pressure
from prolonged drug exposure favours resistant strains (Singh et al., 2020; Smith et al., 2012).
Factors such as patient non-compliance (Nguyen, 2016; Smith et al., 2012), suboptimal drug
regimens, or variations in patient pharmacokinetics also contribute to resistance development

(Denti, Wasmann, Francis, et al., 2022).

In 2023, the WHO estimated that 3.2% of all new TB cases and 16% of previously treated TB cases
were either MDR-TB or RR-TB (World Health Organization, 2024). Treating these forms of TB
poses substantial challenges due to prolonged treatment durations, higher costs, and lower

success rates (Heidary et al., 2022; World Health Organization, 2024). Treatment regimens are
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often more toxic and require strict adherence, impacting patient quality of life (Heidary et al.,

2022).

To standardize treatment, the WHO categorizes DR-TB drugs into groups: Group A includes
levofloxacin, moxifloxacin, bedaquiline, and linezolid; Group B comprises clofazimine and
cycloserine/terizidone; Group C contains ethambutol, delamanid, pyrazinamide,
imipenem/meropenem, amikacin/streptomycin, ethionamide/prothionamide, and PAS (World
Health Organization, 2022a). When possible, treatment regimens should include all Group A
agents and at least one Group B agent. Group C drugs are used when necessary to complete the

regimen (World Health Organization, 2022a).

Current preferred treatments for MDR TB include the 6-month BPaLM regimen—comprising
bedaquiline, pretomanid, linezolid, and moxifloxacin—due to its promising efficacy and improved
compliance rates (Van Deun et al., 2010; World Health Organization, 2022a). Alternatively, a 9-
month regimen is recommended for patients with confirmed rifampicin resistance but no

fluoroquinolone resistance (World Health Organization, 2022a).
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1.2.3 Pharmacology of rifampicin

Rifampicin is a semisynthetic antibiotic derivative of rifamycin SV, originally isolated from
Streptomyces mediterranei (Brunton & Bjorn, 2022; FDA & CDER, 2010). It binds to the beta
subunit of bacterial RNA polymerase, forming a stable complex that blocks RNA elongation,
ultimately causing bacterial cell death (Brunton & Bjorn, 2022). Rifampicin remains a cornerstone
of modern active TB treatment and prevention therapy due to its potent activity against both
replicating and dormant forms of M. tuberculosis (Gumbo et al., 2007; World Health Organization,

2024).

1.2.3.1 Resistance

Most cases of rifampicin resistance arise primarily from mutations in the beta subunit of
mycobacterial RNA polymerase, particularly the Ser531Leu substitution, which reduces drug
binding affinity (Goldstein, 2014). These mutations result in varying degrees of resistance,

underscoring the complex nature of rifampicin resistance (Wehrli, 1983).

1.2.3.2 Absorption

Rifampicin is rapidly absorbed on an empty stomach, reaching peak plasma levels within 2-4
hours after oral administration (Acocella, 1978). Acidic conditions significantly enhance
absorption, while co-administration with food or alkaline substances like sodium bicarbonate
reduce bioavailability (Acocella, 1978; FDA & CDER, 2010). First-pass metabolism in the liver plays
a central role in rifampicin's pharmacokinetics, with dose escalation beyond 600 mg yielding a
more than proportional increase in drug exposure due to metabolic saturation (Acocella, 1978)
Saturation of this process results in a more than dose-proportional increase in the drug’s

exposure when the rifampicin dose is escalated from the therapeutic 600 mg dose (Acocella,
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1978). Upon repeated administration, autoinduction of metabolism reduces drug exposure,

stabilizing after approximately 21 days (Chirehwa et al., 2016a).

1.2.3.3 Distribution
Rifampicin distributes widely across body tissues and fluids, including cerebrospinal fluid, and
binds approximately 88% to plasma proteins, predominantly albumin (Alghamdi et al., 2018). Its

unbound fraction diffuses freely into tissues, maintaining therapeutic activity.

1.2.3.4 Metabolism and elimination

The liver metabolizes rifampicin through deacetylation into desacetylrifampicin, an active
metabolite, which is excreted in bile and urine (Acocella, 1978). Following a single 600 mg dose,
the elimination half-life is approximately 3.4 hours, extending to 5 hours at higher doses.
However, with repeated administration, half-life decreases to 2-3 hours due to autoinduction

(FDA & CDER, 2010).

1.2.3.5 Enzyme induction and drug interactions

Rifampicin is known to induce metabolizing enzymes including its own, a process known as auto-
induction (Gorski, 2003). This process is mediated through binding and activation of an orphan
nuclear receptor called PXR (Bolt, 2004). The rifampicin-PXR complex forms a heterodimer with
the retinoid X receptor, which then binds to a DNA response element. This results in increased
DNA transcription of genes that encode several transport proteins and metabolizing enzymes
(Niemi et al., 2003). As a result, rifampicin reduces the efficacy of numerous drugs, including oral

midazolam, simvastatin, and PlIs, by accelerating their metabolism.
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1.2.3.6 High dose rifampicin

To address the persistence of M. tuberculosis and shorten TB treatment duration, higher doses of
rifampicin have been explored (Dickinson & Mitchison, 1981; Philips & Ernst, 2012). Boeree et al.
demonstrated that increasing the dose of rifampicin to 35 mg/kg reduced time to sputum culture
conversion from 62 to 48 days compared to the standard 10 mg/kg dose (Boeree et al., 2017a).
Other studies have also supported the efficacy and relative safety of doses exceeding 20 mg/kg,
particularly in severely ill patients (Seijger et al.,, 2019; Wasserman et al.,, 2021). The
implementation of higher-dose rifampicin in routine care remains subject to regulatory and

economic considerations.

1.2.3.7 Adverse effects
The therapeutic use of rifampicin has been associated with gastrointestinal disturbances like
nausea, vomiting, and diarrhoea, as well as hepatotoxicity and thrombocytopenia (FDA & CDER,

2010). Less frequent effects include dizziness, headaches, and fatigue.

1.2.4 Pharmacology of Isoniazid

Isoniazid (isonicotinyl hydrazine, INH) is an important antimycobacterial agent predominantly
used in combination therapies for treatment of drug-susceptible TB (FDA & CDER, 2016a; Klein et
al., 2016; World Health Organization, 2022b). Administered at a standard adult dose of 300 mg,
INH exhibits potent bactericidal activity against replicating intracellular and extracellular M.
tuberculosis (FDA & CDER, 2016a). It has the highest early bactericidal activity among TB drugs,
achieving an initial kill rate of greater than 90% of M. tuberculosis within the first 48 hours of

treatment (Donald & Diacon, 2008; Mitchison, 2000). INH is also indicated for treatment of latent
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TB, preventive TB therapy for high-risk populations, and some forms of DR-TB (World Health

Organization, 2022b, 2022a).

1.2.4.1 Mechanism of action

INH is a pro-drug that passively diffuses into M. tuberculosis (Brunton & Bjorn, 2022). Within the
cells, it is activated by catalase-peroxidase (KatG), an enzyme encoded by the mycobacterial katG
gene. This activation produces reactive isonicotinoyl radicals (Argyrou et al., 2007), which interact
with cellular pyridine nucleotide coenzymes (nicotinamide adenine dinucleotide (NAD) and
nicotinamide adenine dinucleotide phosphate (NADP) to form isonicotinoyl-NAD(P) adducts
(Argyrou et al., 2007). Among these adducts, the acyclic 4S isomer inhibits enoyl acyl carrier
protein reductase (InhA) and B-ketoacyl-ACP synthase (KasA), thereby disrupting mycolic acid
synthesis, an essential component of the mycobacterial cell wall (Argyrou et al., 2007; Brunton &
Bjorn, 2022). This process leads to cell death. Additionally, the 4R isomer of the nicotinoyINADP
adduct inhibits mycobacterial dihydrofolate reductase, interfering with nucleic acid synthesis
(Argyrou et al., 2007). Other products of KatG-mediated activation like superoxide, hydrogen
peroxide, and nitric oxide, may also contribute to the bactericidal effects of INH (Timmins &

Deretic, 2006).

1.2.4.2 Resistance

Resistance to isoniazid mostly arises from spontaneous mutations in several mycobacterial genes,
including katG, inhA, kasA and ahpC (Brunton & Bjorn, 2022; FDA & CDER, 2016a). These
mutations can be rapidly selected and amplified by monotherapy. Mutations involving deletion

or alteration of katG, particularly the serine-to-asparagine substitution at position 315, are the
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most prevalent in clinical isolates and confer high-level resistance (Brunton & Bjorn, 2022;

Vilchéze & Jacobs, 2014).

Overexpression of inhA and compensatory mutations in the ahpC promoter region, which
enhance bacterial survival under oxidative stress, are associated with low-level resistance
(Brunton & Bjorn, 2022). Additional mechanisms, such as changes in drug activator expression,
redox imbalances, drug inactivation, and efflux pump activation, have also been proposed as

contributors to INH resistance (Vilcheze & Jacobs, 2014).

1.2.4.3 Absorption

INH is rapidly and completely absorbed (Weber & Hein, 1979), with peak plasma concentrations
reached within 1-2 hours (Klein et al., 2016; Weber & Hein, 1979). Absorption primarily occurs in
the small intestine and remains largely unaffected by partial surgical resections of the
gastrointestinal tract (Klein et al., 2016). However, concomitant use of antacids delays gastric
emptying (Weber & Hein, 1979). Similarly, food, particularly sugar-containing meals, can convert

INH to less absorbable hydrazone derivatives (Klein et al., 2016; Weber & Hein, 1985).

1.2.4.4 Distribution

INH is extensively distributed throughout body fluids and tissues (FDA & CDER, 2016a). It has very
low plasma protein binding (Weber & Hein, 1979) of about 14% (Alghamdi et al., 2018). The drug
readily crosses the blood-brain barrier, achieving therapeutic concentrations in the cerebrospinal
fluid (Donald, 2010). INH also appreciably penetrates lung tissue, pleural fluid, and caseous
lesions (Weber & Hein, 1985). Furthermore, it crosses the placenta and is minimally excreted in

breast milk (Singh et al., 2008; Weber & Hein, 1985).
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1.2.4.5 Metabolism and excretion

Metabolism of INH predominantly occurs in the liver and intestines (FDA & CDER, 2016a; Weber
& Hein, 1979), through N-acetylation, catalysed by N-acetyltransferase-2 (NAT2), which converts
INH to N-acetylisoniazid (AcINH) (Klein et al., 2016). AcINH undergoes further biotransformation
to isonicotinic acid and monoacetylhydrazine. Isonicotinic acid is conjugated with glycine and
excreted via the kidneys, while monoacetylhydrazine is converted to diacetylhydrazine (Weber &
Hein, 1979). Approximately 80% of INH and its metabolites are excreted in urine, with about 10%

eliminated through faeces (FDA & CDER, 2016; Klein et al., 2016; Weber & Hein, 1979).

1.2.4.5.1 Pharmacogenetics of isoniazid and acetylator status

The NAT2 gene, which encodes NAT2 enzyme, exhibits significant polymorphism, resulting in
three major acetylator phenotypes: slow, intermediate, and rapid (McDonagh et al., 2014).
Variability in NAT2 function is attributed to single nucleotide polymorphisms (SNPs) that affect
enzyme stability, substrate affinity, or proteasome degradation targeting (McDonagh et al., 2014;
Weber & Hein, 1985).

Although there are many more identified SNPs, Hein and Doll recently used a four-SNP genotype
panel of rs1801279 (191G>A), rs1801280 (341T>C), rs1799930 (590G>A), and rs1799931
(857G>A) to infer NAT2 acetylator phenotype with high accuracy (Hein & Doll, 2012). Participants
were categorized as rapid acetylators if they were homozygous for the common allele of all four
SNPs (i.e., GG, TT, GG, GG, respectively). Those who were heterozygous for only one of the four
SNPs were categorized as intermediate acetylators, and those who were heterozygous for two or
more SNPs, or homozygous for the variant allele for any of the SNPs, were categorized as slow

acetylators (Hein & Doll, 2012; McDonagh et al., 2014).
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The elimination half-life of INH exhibits bi-modal distribution, ranging from 35 to 110 minutes in
rapid acetylators and 110 to 400 minutes in slow acetylators (Weber & Hein, 1979).

1.2.4.6 Adverse drug reaction

The most frequent ADRs to INH are neurologic and hepatic in nature (FDA & CDER, 2016a).
Peripheral neuropathy, characterized by paraesthesia in extremities, is the commonest neurotoxic
effect, particularly at high INH doses. It occurs more frequently in malnourished, diabetic, or
alcoholic patients, as well as in slow acetylators (FDA & CDER, 2016a; Klein et al., 2016). Other
neurotoxic manifestations include seizures, memory impairment, optic neuropathy, and toxic
psychosis, often resembling symptoms of vitamin B6 deficiency. These effects can be mitigated

by co-administration of vitamin B6/pyridoxine (FDA & CDER, 2016a).

Hepatotoxicity is the other major ADR to INH, manifesting as elevated serum transaminase levels,
bilirubinaemia, jaundice, and, in severe cases, hepatitis (FDA & CDER, 2016a). Hepatic side effects
typically emerge within the first three months of treatment and are often self-limiting, though

some cases necessitate drug discontinuation (FDA & CDER, 2016a).

1.2.4.7 Interactions

INH inhibits several CYP enzymes, histaminase, and monoamine oxidase (Self et al., 1999). This
inhibition can lead to food-drug interactions with tyramine- and histamine-rich foods, such as
cheese and red wine, causing symptoms like headache, flushing, and hypotension (FDA & CDER,

2016a3; Self et al., 1999).

Due to its CYP inhibition properties, INH increases serum concentrations and toxicity risks of drugs

such as phenytoin and carbamazepine at standard doses, and theophylline and warfarin at higher
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doses (Self et al., 1999). Although primarily recognized as a CYP inhibitor, INH also induces
CYP2E1, contributing to the generation of toxic metabolites from acetaminophen (FDA & CDER,

2016a; Self et al., 1999).

1.2.5 Pharmacology of clofazimine

Clofazimine is a lipophilic substituted riminophenazine dye with notable anti-inflammatory and
anti-mycobacterial properties (FDA & CDER, 2016b; Islam et al., 2023). Initially used for leprosy
treatment alongside rifampicin and dapsone (Mirnejad et al., 2018), its role in TB management
gained renewed interest after Van Deun et al. demonstrated its efficacy in shorter MDR-TB
regimens (Van Deun et al., 2010). The WHO currently classifies clofazimine as a Group B drug for

second-line DR-TB therapy (World Health Organization, 2022a).

1.2.5.1 Mechanism of action

Clofazimine exerts antimycobacterial effects by targeting bacterial membranes, disrupting
respiration, and ion transport systems (FDA & CDER, 2016b). Its redox cycling generates reactive
oxygen species such as superoxide and hydrogen peroxide (FDA & CDER, 2016b; Mirnejad et al.,
2018). Additionally, it stimulates bacterial phospholipase A2, releasing toxic lysophospholipids
that impair membrane integrity and K+ uptake (FDA & CDER, 2016b; Islam et al., 2023; Mirnejad
et al., 2018). The drug may also bind selectively to DNA guanine, interfering with DNA functions
in M. tuberculosis, and potentially disrupting some M. tuberculosis DNA functions (Mirnejad et

al., 2018).
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1.2.5.2 Resistance

Although not fully understood, clofazimine resistance has been linked to mutations in the Rv0678,
Rv1979c, and Rv1453 genes (Islam et al., 2023; Sonnenkalb et al., 2023). Mutations in Rv0678,
which regulates the mmpS5/L5 efflux pump, lead to pump overexpression and increased
resistance to clofazimine and bedaquiline (Poulton et al., 2022; Sonnenkalb et al., 2023).
Additionally, mutations in the pepQ gene are implicated in efflux-mediated resistance (Brunton &

Bjorn, 2022).

1.2.5.3 Absorption

Clofazimine shows variable oral absorption, estimated at around 20%, which can be enhanced to
approximately 70% by a microcrystalline suspension formulation (Holdiness, 1989). Absorption is
also increased by a high-fat meal and decreased when taken with orange juice or antacids (Nix et

al., 2004). Peak plasma levels are typically achieved (FDA & CDER, 2016b; Holdiness, 1989).

1.2.5.4 Distribution

Because of its high lipophilicity, clofazimine accumulates in fatty tissue (Holdiness, 1989). It can
also be engulfed by macrophages and cells of the reticuloendothelial system throughout the body
(FDA & CDER, 2016b). Clofazimine crystals were found predominantly in the mesenteric lymph
nodes, adrenals, subcutaneous fat, liver, bile, gall bladder, spleen, small intestine, muscles, bones,
and skin. It does not cross an intact blood brain barrier in therapeutically significant
concentrations (Holdiness, 1989). Clofazimine also binds to alpha- and beta-lipoproteins in serum

and negligibly to gamma-globulin and albumin (FDA & CDER, 2016b).
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1.2.5.5 Metabolism and excretion

Clofazimine undergoes limited metabolism, with three urinary metabolites identified: one from
hydrolytic dehalogenation and two from glucuronidation (Holdiness, 1989). Clofazimine is
retained in the body for long and is excreted slowly, primarily as unchanged drug in faeces
(Holdiness, 1989). A pharmacokinetic model proposed by Abdelwahab et al. (Abdelwahab,
Wasserman, et al., 2020) described clofazimine disposition via a three-compartment

pharmacokinetic model, reporting a shorter half-life (30 hours) than earlier estimates of 70 hours.

1.2.5.6 Adverse drug reactions

Common side ADRs to clofazimine include skin, mucosal, and body fluid discoloration,
gastrointestinal disturbances, and gastric intolerance (FDA & CDER, 2016b). Clofazimine
deposition in the gastrointestinal tract may cause bleeding and obstruction. Prolonged QT
intervals, linked to inhibition of the hERG K+ channel (Wallis, 2016), pose a risk of fatal
arrhythmias such as torsades de pointes (Abdelwahab, Court, et al., 2021), regular necessitating

ECG monitoring.

1.2.5.7 Interactions

Clofazimine is a moderate-to-strong inhibitor of CYP3A4/5 and weakly inhibits CYP2C8 and
CYP2D6 (Sangana et al., 2018). It strongly inhibits membrane transporters like P-glycoprotein and
breast cancer resistance protein (Te Brake et al., 2016). Despite reports of the above interactions,

clinical evidence of significant clofazimine induced DDIs remains limited.
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1.2.6 Pharmacology of levofloxacin

Levofloxacin is the more active and efficacious isomer of fluoroquinolone antibiotic ofloxacin
(FDA & CDER, 2018; Fish & Chow, 1997; Ji et al., 1995). Levofloxacin is classified by the WHO as
Group A drugs, recommended for MDR-TB unless resistance is identified (World Health

Organization, 2022a).

1.2.6.1 Mechanism of action

Levofloxacin inhibits bacterial DNA replication and transcription by attaching to the A subunit of
the type Il topoisomerase enzyme, DNA gyrase, and blocking DNA replication (Fish & Chow, 1997).
At higher concentrations, it also disrupts topoisomerase IV activity, further impairing bacterial
DNA processes (Brunton & Bjorn, 2022). Levofloxacin greatly penetrates cells and is effective

against both gram-positive and gram-negative bacteria Fish & Chow, 1997).

1.2.6.2 Resistance

Resistance primarily arises from chromosomal mutations that alter DNA gyrase and diminish its
affinity for the drug (Van Bambeke et al., 2005). Mutations, mostly due to transcription error, in
the gyrA, gyrB, parC, and parE genes clustered in the quinolone resistance-determining region,
contribute greatly to development of resistance to fluroquinolones (Van Bambeke et al., 2005).
Additional mechanisms include decreased membrane porin expression and upregulated efflux
pumps, which lower intracellular drug concentrations. Mutations in the norA gene are linked to

increased fluroquinolone efflux in staphylococci (Wimer et al., 1998).
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1.2.6.3 Absorption

Levofloxacin is well absorbed orally, bioavailability reaching 99% (FDA & CDER, 2018; Wimer et
al., 1998). Peak plasma concentrations occur between 1 and 2 hours after an oral dose (Fish &
Chow, 1997). Coadministration of levofloxacin with food results is slower absorption and lower

peak concentrations without significant changes in the extent of absorption (Fish & Chow, 1997).

1.2.6.4 Distribution

Levofloxacin distributes rapidly and widely into most body tissues including breast milk and the
blood-placenta barrier. The two important exceptions to this excellent penetration are the central
nervous system and aqueous humour where concentrations achieved may be insufficient to treat
infections (Fish & Chow, 1997). It effectively penetrates phagocytic cells and is therefore active
against intracellular pathogens. Approximately 38% binds to plasma proteins, predominantly

albumin (Fish & Chow, 1997).

1.2.6.5 Metabolism and excretion

Levofloxacin undergoes limited metabolism in humans, with 87% excreted as unchanged drug in
urine and 4% in faeces (FDA & CDER, 2018). Its clearance involves both glomerular filtration and
tubular secretion, necessitating dosage adjustments in patients with renal impairment (Wimer et
al., 1998). Less than 5% of levofloxacin is eliminated as the desmethyl- and N-oxide metabolites

in urine (Fish & Chow, 1997) and its terminal half-life is about 7.6 hours (FDA & CDER, 2018).

1.2.6.6 Adverse drug reaction
Levofloxacin is generally well tolerated, with gastrointestinal symptoms such as nausea,

diarrhoea, vomiting, and abdominal pain being the most common. Central nervous system
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effects, though less frequent than with other fluoroquinolones, include anxiety, agitation, and
nervousness. The drug may increase seizure risk and should be avoided in susceptible individuals

(FDA & CDER, 2018; Fish & Chow, 1997).

1.2.6.7 Interactions

Multivalent cation containing products like antiacid, and supplements chelate levofloxacin and
result in decreased absorption by up to 50% and should not be taken within 2 hours of an oral
dose (FDA & CDER, 2018). Cimetidine and probenecid reduce renal clearance, slightly increasing
drug exposure, though the clinical impactis limited (FDA & CDER, 2018; Fish & Chow, 1997). Minor
interactions with theophylline, warfarin, and digoxin may may warrant monitoring for toxicity

(FDA & CDER, 2018; Fish & Chow, 1997).

1.2.7 Pharmacology of linezolid

Linezolid is a synthetic antibiotic and the first member of the oxazolidinone class (Hashemian et
al., 2018). It is highly effective against gram-positive bacteria, including strains resistant to
standard treatments, such as streptococci, staphylococci, and enterococci (Stalker & Jungbluth,
2003). The WHO recommends linezolid as a Group A drug for DR-TB management (World Health

Organization, 2022a).

1.2.7.1 Mechanism of action

Linezolid uniquely targets the bacterial ribosome, a crucial apparatus for initiation of protein
synthesis (FDA & CDER, 2013; Stalker & Jungbluth, 2003). It inhibits bacterial protein synthesis by
binding to the 23S ribosomal RNA of the 50S subunit, preventing the formation of a functional

70S initiation complex (FDA & CDER, 2013; Hashemian et al., 2018). This disruption interferes
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with tRNA binding and halts bacterial translation. The drug is bacteriostatic against enterococci

and staphylococci but bactericidal for streptococci (FDA & CDER, 2013).

1.2.7.2 Resistance

Linezolid’s uniqgue mechanism of action limits cross-resistance with other antibiotics (FDA & CDER,
2013). Resistance to linezolid is linked to a point mutation in the 23S rRNA, specifically the
substitution of thymine for guanine at position 2576 (FDA & CDER, 2013; Hashemian et al., 2018).
In staphylococci, resistance may also arise through the cfr gene, which encodes a
methyltransferase enzyme and can be transferred between bacteria via plasmids (FDA & CDER,

2013).

1.2.7.3 Absorption

Linezolid has nearly 100% bioavailability after oral administration, with peak concentrations
reached within 1 to 2 hours (FDA & CDER, 2013). Although a high-fat meal may delay absorption
and reduce peak concentrations by 17%, the overall AUC mostly remains unchanged (Dryden,
2011). Additionally, antacids containing magnesium and aluminium hydroxide do not impact the

pharmacokinetics of linezolid and can be safely used concurrently (Dryden, 2011).

1.2.7.4 Distribution

Linezolid distributes well to highly perfused tissues (FDA & CDER, 2013), and its volume of
distribution is approximately equivalent to the volume of total body water (Stalker & Jungbluth,
2003). It exhibits relatively low protein binding (~31%), which is concentration-dependent (FDA

& CDER, 2013; Stalker & Jungbluth, 2003).
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1.2.7.5 Metabolism and excretion

Linezolid undergoes minimal metabolism, mainly through morpholine ring oxidation, producing
two inactive metabolites: aminoethoxyacetic acid (via CYP2J2 and CYP4F) and hydroxyethyl
glycine (via non-enzymatic oxidation) (FDA & CDER, 2013). Its plasma elimination half-life is

approximately 3.4 to 7.4 hours (Dryden, 2011).

Approximately 84% of the administered dose of linezolid is excreted in urine, with 30% as
unchanged linezolid, 40% as hydroxyethyl glycine, and 10% as aminoethoxyacetic acid (Dryden,
2011; FDA & CDER, 2013). Faecal excretion is minimal, with no parent drug recovered and only

small amounts of the metabolites detected (Dryden, 2011; FDA & CDER, 2013).

1.2.7.6 Adverse drug reaction

The most common ADRs to linezolid are diarrhoea, nausea, and vomiting (Dryden, 2011).
Linezolid is also associated with peripheral and ocular neuropathy, thrombocytopenia, anaemia,
hyperlactatemia, and reticulocytopenia. Anaemia is attributed to the drug’s direct effect on bone

marrow red cell production (Hashemian et al., 2018).

1.2.7.7 Interactions
As areversible, nonselective inhibitor of monoamine oxidase, linezolid may cause life-threatening
serotonin toxicity when combined with other monoamine oxidase inhibitors such as phenelzine

or isocarboxazid (Hashemian et al., 2018).

1.2.8 Pharmacology of cycloserine / terizidone
Cycloserine (D-4-amino-3-isoxazolidone) is a broad-spectrum antibiotic produced by

Streptococcus orchidaceous (Brunton & Bjorn, 2022; Lowther et al., 2010). Terizidone is a
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derivative of cycloserine and consists of two cycloserine molecules combined with terephthalic
dialdehyde (Zitkova & Tousek, 1974). After administration, it rapidly undergoes pre-systemic
hydrolysis, converting back into cycloserine, through which it primarily exerts its pharmacological
activity. Terizidone is favoured over its parent drug due to its improved tolerability and toxicity
profile (Mulubwa & Mugabo, 2019). Both are classified as Group B drugs in the WHO-

recommended DR-TB regimen (World Health Organization, 2022a).

1.2.8.1 Mechanism of action

Cycloserine is structural analogue of D-alanine, a critical component of the peptide chains that
cross-link the polysaccharide chains in peptidoglycan (Azam & Jayaram, 2016; Brunton & Bjorn,
2022). It inhibits two critical enzymes: L-alanine racemase, which converts L-alanine to D-alanine,
and D-alanine:D-alanine ligase, which forms the peptidoglycan precursor D-alanyl-D-alanine

(Brunton & Bjorn, 2022; Prosser & De Carvalho, 2013).

1.2.7.2 Resistance

The molecular target and mode of action of cycloserine distinguish it from other antibiotic classes,
preventing cross-resistance with other antibiotics (Prosser & De Carvalho, 2013. Resistance is
linked to mutations in the alr gene, which encodes alanine racemase (Brunton & Bjorn, 2022).
Recent findings by Chen et al. suggest that D-cycloserine resistance mechanisms are complex and
potentially involve genes associated with lipid metabolism, stress response, and

methyltransferase (Chen et al., 2017).
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1.2.7.3 Absorption
Cycloserine is rapidly absorbed (70—-90%) after oral administration (Neon Healthcare Ltd, 2023),
reaching peak plasma concentrations within 45 minutes on an empty stomach. However, a fatty

meal may delay attainment of peak concentrations to over 3 hours (Brunton & Bjorn, 2022).

1.2.7.4 Distribution

Cycloserine exhibits minimal binding to plasma proteins and extensively distributes throughout
various tissues and bodily fluids, including cerebrospinal fluid, amnionic fluid and breast milk.
Additionally, it readily crosses the placental barrier, resulting in foetal blood concentrations

equivalent to those in the maternal circulation (Neon Healthcare Ltd, 2023).

1.2.7.5 Metabolism and excretion

Terizidone is hydrolysed in the Gl tract to cycloserine and terephthalaldehyde (Zitkovad & Tousek,
1974). Notably, there is no evidence of in vivo antimicrobial activity of terephthalaldehyde.
Approximately 35% of cycloserine is metabolized into unspecified metabolites. Up to 70% of an
administered dose is excreted unchanged in the urine within 24 hours. Accumulation can occur
in renal failure patients and cause toxicity (Brunton & Bjorn, 2022). The half-life of cycloserine

ranges from 8 to 12 hours (Neon Healthcare Ltd, 2023).

1.2.7.6 Adverse drug reaction

Neuropsychiatric symptoms are prevalent among patients receiving cycloserine, affecting
approximately 50% of individuals on a daily dosage of over 1 gram. Manifestations of these
symptoms vary widely, ranging from minor complaints like headache and drowsiness to severe

conditions including psychosis, seizures, and suicidal ideations (Brunton & Bjorn, 2022).
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1.2.7.7 Interactions
Alcohol particularly increases the risk of seizure in patients taking cycloserine and because of this,
other treatment options should be considered in patients with a history of epilepsy and

depression (Neon Healthcare Ltd, 2023).

1.3 Study Justification

Despite continued global efforts to curb the HIV pandemic, both new infections and AIDS-related
fatalities remain persistently high (UNAIDS, 2023b). In SSA, the situation is worsened is worsened
by concurrent prevalence of other infectious diseases like malaria and TB, with TB standing out
as a leading cause of death among people living with HIV (UNAIDS, 2023b). For individuals co-
infected with TB and HIV, prompt and simultaneous treatment initiation is essential for improving
survival rates and enhancing quality of life (Odone et al., 2014; Salim, 2010; The INSIGHT START

Study Group, 2015).

The challenge becomes more complex in cases involving drug-resistant TB, which requires
treatment with second-line medications often associated with increased adverse effects (Shean
et al., 2013). Treatment regimens for both HIV and TB rely on combinations of three or more
carefully selected drugs to maximize effectiveness, minimize toxicity, and limit the emergence of
resistant strains (Mitchison, 2005; Scourfield et al., 2011). Since these treatments are
administered over long periods, maintaining adherence is crucial to achieving successful

outcomes (Singh et al., 1999; Paterson et al., 2000).

A significant challenge in managing TB and HIV coinfection lies in the drug-drug interactions

between the medications used for each condition. These drugs often affect each other’s
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pharmacokinetics due to overlapping and opposing effects on metabolic enzymes (Mukonzo et
al.,, 2019). For instance, rifampicin, a key drug for treating drug-susceptible TB, is known to
potently induce CYP enzymes, which can reduce the exposure of co-administered drugs (Niemi et
al., 2003). Moreover, higher doses of rifampicin have been investigated to improve TB outcomes
and shorten treatment duration which may further complicate pharmacokinetic interactions
(Boeree et al., 2017b). Consequently, when combined with ARV drugs like DTG and Pls, dose
adjustments are required to sustain effective drug levels and therapeutic efficacy (Dooley et al.,

2013, 2020; Gausi et al., 2024).

Given the need to maintain therapeutic drug exposure during HIV-TB co-treatment, accurately
guantifying the extent and effects of drug-drug interactions becomes critical. This evaluation is
essential to assess the adequacy of current treatment strategies and to support evidence-based

approaches for optimizing co-treatment outcomes.
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1.4 Aim
The overall aim of this thesis is to use population pharmacokinetic modelling to characterize
drug-drug interactions between antiretroviral and anti-TB medication to optimize their

concurrent use in people with HIV.

Objectives

1. To describe the population pharmacokinetics of standard- and high-dose rifampicin when
taken with dolutegravir- or efavirenz-based ART.

2. To investigate the effect of high-dose rifampicin and UGT1A1l polymorphism on
dolutegravir pharmacokinetics and simulate treatment target attainment in different
rifampicin dosing strategies.

3. To characterize the drug-drug interaction between rifampicin and ritonavir-boosted
atazanavir and simulate the probability of target attainment with different regimen
scenarios.

4. To investigate the pharmacokinetic interactions between clofazimine and isoniazid,

linezolid, levofloxacin, and cycloserine in adults with DR TB.
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Chapter 2: Methodology

2.1 Study designs and data description

2.1.1 SAEFRIF study

SAEFRIF stands for Pharmacokinetics, SAfety/tolerability, and EFficacy of high-dose RIFampicin in
TB-HIV co-infected patients on efavirenz- or dolutegravir-based ART. It was a randomised, open-
label, phase llb clinical trial carried out among TB patients coinfected with HIV attending an
outpatient clinic in Kampala, Uganda. Participant recruitment was carried out at the Infectious
Disease Institute of Makerere University, and ethical approval was obtained from the Joint Clinical
Research Center research and ethics committee (JC2218) in Kampala, Uganda (Nabisere et al.,

2020).

Participants: The study recruited newly diagnosed TB patients with HIV. The main inclusion
criteria included adults aged 18 years or older, with confirmed diagnoses of HIV and
drug-susceptible TB. Female participants were excluded if they were pregnant or refused birth
control during the study period. Individuals with decompensated liver disease as indicated by
abnormal liver function tests, or poor renal function, defined as a glomerular filtration rate less

than 50 ml/minute, were also excluded.

Study procedures: Upon recruitment, participants were randomised to take anti-TB regimens
containing either the high- (35 mg/kg) (35RHZE) or the standard- (10 mg/kg) dose rifampicin
(10RHZE). All other anti-TB drugs (isoniazid, ethambutol, and pyrazinamide) were given at their

standard dose for weight bands using the fixed dose combination (FDC) tablets supplied by the
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National TB Control Program. Participants in the 35RHZE arm had their rifampicin doses

supplemented by 300 mg rifampicin capsules to complement that in the FDC.

Two weeks after starting TB treatment, ART-naive participants were started on ART and randomly
assigned the recommended first-line regimens containing either dolutegravir or efavirenz,
together with tenofovir and lamivudine. Those who were already on ART at enrolment continued
the same ART regimen. The dose of participants in the dolutegravir arm was doubled to 50 mg
twice daily by administering an additional 50 mg dolutegravir-only tablet in the morning, in

addition to the nightly dose taken with the rest of their ART.

At the end of the intensive phase of TB treatment, all participants were given the standard
continuation phase treatment of isoniazid and rifampicin. The dolutegravir dose was restored to
the standard 50 mg once-daily dose two weeks after the discontinuation of rifampicin containing
TB treatment. Participants were also assessed for toxicities at each visit, and TB and HIV treatment

outcomes were evaluated at the end of TB treatment at week 24.

Pharmacokinetic sampling: Blood sampling for PK analysis was performed six weeks after
initiation of TB treatment as is illustrated below in Figure 1. During the study visit, participants
came to the clinic in the morning after an overnight fast. Intake of the TB drugs and the morning

dose of dolutegravir was observed.
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Figure 1: SAEFRIF study design

Blood samples to measure rifampicin and dolutegravir concentrations were drawn just before
drug intake (0 h), and at 1-, 2-, 4-, and 8-hours after intake of the anti-TB drugs. These blood
samples were immediately placed in a dark cooler box and transported to the laboratory within
30 minutes of collection. The samples were then centrifuged, aliquoted, batched, and frozen at -

80 °C until quantification of the drug concentration was carried out.

Drug assays: Dolutegravir concentrations were determined at Infectious Disease Institute
Translational Laboratory, by reverse phase high performance liquid chromatography (HPLC) mass
spectrometry using a modified version of a previously published method (Bennetto-Hood et al.,
2014). The assay was validated, and the lower limit of quantification (LLOQ) was 0.05mg/L while
the upper limit was 10 mg/L. The inter-day precision (percent coefficient of variation [CV%])
based on quality control samples was between 1.8% and 10.88%, and accuracy (percent bias) was

between —1.0% and 10.0%.

Total plasma rifampicin concentrations were analysed by validated high-performance liquid
chromatography with ultraviolet detection (HPLC-UV), at the same laboratory. Analysis was
carried out on an LC-2010C HT system (Shimadzu, Kyoto, Japan), equipped with a controller, a

qguaternary gradient pump, an ultraviolet detector, an autosampler, a column oven, an on-line
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degasser and was remotely operated by class VP software. The assay was internally validated and
performed well in an external international quality control (QC) programme; accuracy of the QC
samples ranged from 94% to 102% depending on the concentration, and the intra- and inter-assay
CV% ranged from 2.9 to 3.6% and 3.4 to 4.8% respectively. The calibration curve for rifampicin in
plasma covered a range from 0.25 to 15 mg/L. Samples with concentrations above the upper limit

of quantitation were diluted with blank plasma before re-analysis.

2.1.2 DERIVE study

DERIVE is an acronym for Dose Escalation study to determine the pharmacokinetics of Atazanavir
administered with RIfampicin to HIV positive adults on sEcond-line ART regimen with suppressed
HIV-1 viral load. It was an open-label, single-arm, doe-escalation study (NCT04121195, EDCTP)
with ethical approval from; the Joint Clinical Research Center (JCRC) Ethics Committee, National
Drug Authority, and Uganda National Council of Science and Technology.

Participants: Study participants were enrolled from the outpatient clinic of JCRC located in
Kampala, Uganda. Adults with HIV aged 18 to 65 years, who had been receiving a second-line ART
regimen containing ATV/r and two NRTIS for at least six months, were recruited. Participants were
excluded if their liver enzymes and renal function were not in the normal range. Other exclusion
criteria included patients with active TB, detected by X-Ray or clinical history/examination,
hepatitis B, or on concomitant medication known to interact with study drugs. Women who were
breast feeding, pregnant or not on effective contraception were also excluded from the study.
Study procedures: Upon recruitment, standard doses of NRTIs were maintained throughout the
study. Treatment was open-label and study drugs were administered for 42 days and in five
different study periods. The first 7 days after enrolment comprised period 1 and steady-state
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pharmacokinetic sampling (PK1) was carried out on the last day. From day 8, participants'
regimens were supplemented with 600 mg of rifampicin once daily and 50 mg of dolutegravir
twice daily to prevent the development of drug resistance due to potentially sub-therapeutic
levels of atazanavir. A follow-up pharmacokinetic evaluation was conducted after 14 days on day
21 (PK2). Subsequently, the dose of ATV/r was increased to the PBPK model-predicted dose of
300/100 mg twice daily (Montanha et al., 2022), and another pharmacokinetic evaluation was
carried out one week later, on day 28 (PK3). Following the third pharmacokinetic visit, the
rifampicin dose of the participants was doubled to 1200 mg once daily for an additional seven
days, with a final pharmacokinetic evaluation conducted on day 35 (PK4). Rifampicin was then
discontinued, and the ATV/r reduced to 300/100 mg once daily. However, the dolutegravir 50 mg
twice-daily dose was continued for an additional two weeks until day 49 to allow the residual
effect of rifampicin to diminish. Participants were monitored for safety up to day 60, at which

point they exited the study. Figure 2 below illustrates the study design of the DERIVE study.
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Figure 2: DERIVE study design

Pharmacokinetic sampling: During each of the pharmacokinetic visits, participants received
study medications in the morning after fasting overnight for at least 8 hours. A total of 4 mL blood
samples were collected just before dosing and 0.5-, 1-, 2-, 4-, 6-, 8-, and 12-hours post observed
dose. An additional 24-hour sample was collected during PK1, and all trough (24 and 12h) samples
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were collected in duplicate. The blood samples were immediately centrifuged at 1900g to
separate plasma and stored at -80°C until being shipped for assay.

Drug assays: All samples were transferred for assay to the Clinical Pharmacokinetics Laboratory
in the Division of Clinical Pharmacology of the University of Cape Town. Rifampicin assay was
carried out by High-performance liquid chromatography with tandem mass spectrometry
detection. The calibration range was 0.117-30.0 mg/L, with inter-day accuracy 101-107%, and
precision coefficient of variation (%CV) 2.70-13.7.

A validated multiplex assay was utilized to analyse the plasma concentrations of atazanavir and
ritonavir. This assay involved liquid-liquid extraction followed by high-performance liquid
chromatography with tandem mass spectrometry detection. During validation, the calibration
ranges were as follows: 0.030 mg/L (LLOQ) to 10.0 mg/L for atazanavir and dolutegravir, and 0.005
to 2.50 mg/L for ritonavir. The accuracy and precision of the low, medium, and high-quality

controls ranged between 99.7% and 109%, with a coefficient of variation below 8.80%.

2.1.3 ISA-DRPK study

The India-South Africa Drug Resistance Pharmacokinetic study was a non-interventional,
prospective cohort study among DR-TB patients who were about to begin clofazimine-based
treatment. This study took place at the Klerksdorp/Tshepong Hospital Complex in North West
Province, South Africa, and received ethics approval from the Human Research Ethics Committee
of the University of Witwatersrand (REF: 171115B).

Participants: Eligible participants were newly diagnosed, adults with confirmed pulmonary DR-TB
scheduled to start clofazimine-containing therapy. Given clofazimine's delayed onset of action,
the attending physician evaluated whether delaying its administration for the first two weeks of
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treatment would pose a significant risk to the patient. If such a risk was identified, the patient
was excluded from the study. Additional exclusion criteria included pregnancy, isoniazid mono-
resistance, a poor prognosis at enrolment, prior treatment with bedaquiline or clofazimine within
the last two years, and refusal to undergo HIV testing.

Study procedure: Study participants were hospitalized for the initial two weeks of treatment,
during which they received their DR-TB medications under direct observation, accompanied by a
meal. The daily oral dosages were: 100 mg for clofazimine, 450/600 mg for high-dose isoniazid,
600 mg for linezolid, 750/1000 mg for levofloxacin, and 750 mg for terizidone.

Pharmacokinetic sampling: Pharmacokinetic sampling was done on day 14 (visit 1).
Subsequently, clofazimine was added to their regimen, and a second pharmacokinetic sampling
(visit 2) was conducted 21 days later. At both visits 1 and 2, blood samples for pharmacokinetics
evaluation were collected just before dosing and at 2, 4, 6, 8, and 10 hours after the observed
dose, as summarised in the Figure 3 below.

After collection, blood samples were immediately placed on ice, transferred to an on-site
laboratory, and centrifuged at 1500G to separate the plasma. The plasma was aliquoted and
stored at —80°C until it was batched and transferred for analysis at the University of Cape Town's

Division of Clinical Pharmacology laboratory.
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Figure 3: ISA-DRPK study design

Drug assays: In the initial participants, visit 2 samples were tested for clofazimine, with additional
drugs assayed opportunistically based on the participants' prescribed regimens. Concentrations
of pyrazinamide and ethambutol were not measured due to their unlikely interaction with
clofazimine (Arbex et al., 2010). Similarly, bedaquiline was not included due to its long terminal
half-life (Khoshnood et al.,, 2021) and slow accumulation, complicating data interpretation
between the two study visits. Plasma concentrations were quantified using previously validated
liquid chromatography-tandem mass spectrometry assays with the following LLOQ: 0.00781 mg/L
for clofazimine (Abdelwahab, Wasserman, et al., 2020), 0.105 mg/L for isoniazid (Abdelwahab,
Leisegang, et al., 2020), 0.100 mg/L for linezolid (Abdelwahab, Wasserman, et al., 2021), 0.0781
mg/L for levofloxacin (Denti et al., 2018), and 0.313 mg/L for cycloserine (Court et al., 2018).

Other details are presented in Table 1 below.
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Table 1: Inter-day accuracy, precision ranges and lower limits of quantification of the

pharmacokinetic analysis methods for the assayed drugs in the ISA-DRPK study.
Drug analyzed Range of inter-day accuracy (%)

Clofazimine 102 -103
Isoniazid 95.3-100
Linezolid 90.1-98.1
Levofloxacin 94.5-98.6
Cycloserine 89.9-97.0

LLOQ; lower limit of quantification.

2.50-5.00
5.70-6.50
3.50-3.60
2.40-3.00
3.30-15.3

Range of precision (%) LLOQ (mg/L)

0.00781
0.105
0.100

0.0781
0.313

NAT2 Phenotype: Additional consent for genetic studies was obtained. Genomic DNA was

isolated as previously described (Longmire et al., 1987), and genotyping was performed using

Sanger sequencing of the NAT2 gene following amplification with the primers 5

ATTAACTGACATTCTTGAGC 3’ and 5" GCACATAAGTTGATAATTAG 3'. Acetylator status was assigned

based on the genotype of four single nucleotide polymorphisms (SNPs): rs1801279 (c.191G>A),

rs1801280 (c.341T>C), rs1799930 (c.590G>A), and rs1799931 (c.857G>A) (Gausi et al., 2021; Hein

& Doll, 2012). Participants were categorized as rapid acetylators if they were homozygous for the

common allele of all four SNPs (GG, TT, GG, GG). Those heterozygous for only one of the SNPs

were categorized as intermediate acetylators, and those heterozygous for two or more SNPs, or

homozygous for the variant allele for any SNP, were categorized as slow acetylators (Gausi et al.,

2021; McDonagh et al., 2014).
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2.2 Data analysis

2.2.1 Exploratory data analysis

Study data was made available in multiple spread sheets obtained from information collected
using study case report forms. A comprehensive data management and manipulation process was
then conducted, which included compiling, cleaning, and formatting the raw data files into an
analysis-ready dataset using R software (Andy Bunn, 2008; Crawley, 2010). During this process,
the data was also explored by generating graphical and tabular summaries to investigate
informational content relative to potential models to be evaluated. This data exploration
highlighted important trends, identified outliers and extreme values that required prior exclusion,

and determined potential covariates.

2.2.2 Pharmacometrics

Pharmacometrics is a field of clinical pharmacology where drug and disease characteristics are
guantified using mathematical and statistical models, to aid efficient drug development,
regulatory decision-making and provide guidelines for drug dose optimization (FDA, 2021;
Gobburu, 2010). It involves developing models to characterize, understand, and predict a drug’s

pharmacokinetic, pharmacodynamic, and biomarker-outcome behaviour (Barrett et al., 2008).

Pharmacokinetics is the study and characterization of the time course of drug absorption,
distribution, metabolism, and elimination, as well as their relationship to the intensity and time
course of therapeutic and adverse effects (Burton, 1986). Pharmacokinetics has also been
described as what the body does to the drug. Conversely, pharmacodynamics is the study of the

biochemical and physiological effects of drugs on the body, their mechanisms of action, and the
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relationship between drug concentration and effects (Maxwell, 2024). This has also been referred
to as what the drug does to the body.

Population pharmacokinetics

Population pharmacokinetics (PopPK) is the study of variability in plasma drug concentrations
between individuals in a population when standard doses are administered (Aarons, 1991).
Variability in the pharmacokinetics can arise due to demographic, pathologic or therapeutic
characteristics of individuals and may in turn affect the drug’s dose-response relationship
(Aarons, 1991; Holford & Sheiner, 1982). PopPK analysis seeks to identify significant predictors of
drug exposure and pharmacokinetics, and to determine the necessary dose adjustments to

maintain optimal drug exposure that ensures the best therapeutic outcome.

Unlike the traditional non-compartmental (NCA) approaches like the two-stage approach that
summarizes individual pharmacokinetic parameters, PopPK modelling involves studying the
entire population together (Menger, 2006; Wright, 1998). NCA analysis relies on straightforward
mathematics, making it easy to implement. However, it necessitates more intensive sampling and
strict adherence to study design (Owen & Fiedler-Kelly, 2014). Additionally, NCA has limited
flexibility in describing complex kinetics and predicting unobserved scenarios (Wright, 1998).
Nonlinear mixed-effects modelling

Nonlinear mixed effects (NLME) modelling is a tool used to account for different levels of
variability in PopPK data (Menger, 2006). Nonlinearity in NLME models arises because dependent
variables, such as drug concentration, change in a nonlinear manner with respect to independent
variables, like time (Mould & Upton, 2013). Mixed-effects modelling involves the

parameterization of models to include fixed effects (parameters that remain constant across
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individuals) and random effects (parameters that vary across individuals) (Mould & Upton, 2013).
A NLME PopPK model comprises three major aspects, namely the structural model, stochastic

model, and covariate model.

2.2.2.1 Structural model

The structural model aims to describe the typical time course of the response/dependent
variable. The structural elements of a PopPK model, such as clearance and volume, are
represented by fixed effect parameters, usually designated Greek letter THETA (68,,), where n is
an integer index defining a particular element in the vector of all THETA parameters in the model

(Owen & Fiedler-Kelly, 2014).

For pharmacokinetic data, the structural model should satisfactorily describe the typical plasma
concentration-time profile of the drug within the observed population. In the case of
pharmacodynamic data, an appropriate model should explain how the drug exposure or
concentration effects changes in relevant response/biomarker over time. For example, the
structural model for a one-compartment pharmacokinetic model with first-order absorption and
elimination (Figure 2) may be mathematically defined by Equation 1 below (Owen & Fiedler-Kelly,

2014).

Dose * F

~N

Absorption 1 kq Central
Compartment J Compartment

lke

Figure 4: One compartment model with first order absorption and elimination
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k, » F x Dose
C = —_— e_ke* ti _ e_ka* L
pred,i % (ka _ ke) ( )

Equation 1: One-compartment model with first-order absorption and elimination
where k, is the first-order absorption rate constant, V is the volume of distribution, k,, is the first-
order elimination rate constant, and F is the bioavailability. C,..q; represents the
model-predicted concentration/observation at the i*" time point following the administration of
a single dose (Dose).
2.2.2.2 Statistical model
The statistical component of a PopPK model describes variability in the structural model (Mould
& Upton, 2013). Variability in PopPK models can be characterised with random effect parameters
that quantify the magnitude of unexplained variability in parameters (Level 1), and the error in
model predictions (Level 2) (Owen & Fiedler-Kelly, 2014).
Level 1 random effects describe the magnitude of the difference in parameter values between
subjects (i.e., between-subject variability, BSV) or between occasions (doses) within the same
subject (i.e., between-occasion variability, BOV) (Owen & Fiedler-Kelly, 2014; Mould & Upton,
2013). Some datasets may also support the inclusion of between visit variability (BVV) which
accounts for parameter differences across different study visits of an individual that may not be
captured by the ones described above.
Level 1 random effects in the model are generally denoted by the Greek letter ETA (1), and the
vector containing an individual subject’s estimates of these random errors is termed as the ETA
vector (1; ,), where i denotes a particular individual and 7 is an index variable representing a

specific element (parameter) of the vector. Level 1 parameters of the population are assumed to
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follow a normal distribution with a mean of zero and a standard deviation of OMEGA (w,,). The
Level 1 random parameter that is estimated in most PopPK models is the variance, w2, which is
the square of the standard deviation (Owen & Fiedler-Kelly, 2014). For example, if clearance (fixed
effect) is denoted THETA (1) and its Level 1 random error is ETA (1), it follows that the model

predicted clearance of any individual subject would be written as shown in Equation 2, below:

CL = THETA (1) = EXP (ETA(1))

Equation 2: An expression of the fixed and random effects of clearance (CL)

Since the random effects are assumed to arise from a log-normal distribution, the variance
estimate is also in the log-domain. Equation 3 below is then used to convert the variance to
coefficient of variation, CV%, which in the same magnitude/domain as the THETA values (Mould
& Upton, 2013).

CV% = exp(w?) —1+100%

Equation 3: Percentage coefficient of variation

Level 2 random effects describe the magnitude of unexplained differences between the predicted
and observed values of the dependent variable, after controlling for other sources of variability
(Owen & Fiedler-Kelly, 2014; Mould & Upton, 2013. This error is also called the residual
unexplained variability (RUV) and may arise from multiple sources including errors in sample
collection, assay variability and model misspecification (Mould & Upton, 2013).

In any PopPK model, the difference between observed (C, ;) and model-predicted (Cpy.4) plasma
concentration, at time t, in the i*" individual, is the RUV and can be calculated as shown in

Equation 4:
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Cobs(t)i = Cpred(t)i + Ei
Equation 4: Residual unexplained variability

where ¢; is RUV which is also assumed to be normally distributed with a mean of zero and
standard deviation of SIGMA, o. Level 2 random effects are usually reported as variance, which is

the square root of the SIGMA, (g2) (Owen & Fiedler-Kelly, 2014; Mould & Upton, 2013).

2.2.2.3 Covariate model

A covariate is an independent variable that may contain information on the variability in a
parameter of interest (Joerger, 2012). Covariates may include variables that change over time
(time-variant), such as age and weight, or constants like the patient's sex or race.

Covariate models in PopPK explain variability in pharmacokinetic parameters that can be
predicted by subject characteristics (Mould & Upton, 2013). Covariate analysis involves screening
for participant characteristics which when included may reduce unexplained variability in
pharmacokinetic parameters. Incorporation of these covariates in models may explain variability
and facilitate dose adjustment decision. This helps identify patient subpopulations at risk of
toxicity or therapeutic failure, and hence facilitating lifesaving therapeutic adjustments (Joerger,
2012).

Covariates can be categorical, such as sex and race, or continuous, such as age and weight. A
categorical covariate can also be created by combining two or more characteristics into a
composite covariate. The relationship between parameters and covariates is typically expressed
and interpreted relative to reference value of the covariate.

Various functional forms can be explored to describe the relationship between a covariate and a

model parameter of interest. Categorical covariate effects can be introduced into the PopPK
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model by assigning a different factor for each subgroup. Conversely, continuous covariates may
be included using various functional forms depending on the shape of their relationship with the
parameter of interest. These functional forms include linear, power, Emax, exponential or “broken
stick” functions as described by Mould and Upton (Mould & Upton, 2013).

2.2.2.4 Software

PopPK analyses in this this thesis were performed using the first order condition estimation with
interaction (FOCEI) or stochastic approximation expectation maximization methods (SAEM) in
NONMEM 7.5.1 (Beal, Boeckmann and Sheiner, 2017). FOCEI estimates the model parameters by
minimizing an objective function value (OFV) using maximum likelihood estimation. The OFV is
expressed as minus twice the log of the likelihood which is a singe number that provides the
overall summary of how closely the model predictions match the data (Mould & Upton, 2013).
On the other hand, the SAEM method includes stochastic estimation which refines estimates
partially iterative “trial and error” (Mould & Upton, 2013).

Other software that were used to support model development in NONMEM include
Perl-speaks-NONMEM (PsN) v5.2, Pirana v3.0.0, and Xpose in RStudio (Keizer et al., 2013).
2.2.2.5 PopPK model development

The general procedure of developing a PopPK model to estimate pharmacokinetic parameters of
a given drug typically began by identifying a suitable structural model. This involved sequentially
testing various disposition models, such as one-, two-, or three-compartment model, with either
linear or nonlinear / semi-mechanistic (liver) elimination. To describe drug absorption, first-order

absorption with or without a lag was initially tested. More complex models, such as the transit
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compartment model of absorption, were then considered whenever necessary (Savic et al.,

2007).

The variability in the model was accounted for by testing different random effects at various
levels. To account for Level 1 random effects, we tested variability at the subject, occasion (each
dose), or visit (each pharmacokinetic sampling visit) levels, assuming these followed lognormal
distribution. RUV was included to characterize Level 2 random errors using either additive,

proportional, or combined error models (Mould & Upton, 2013).

Potential covariates were identified based on prior knowledge, biological plausibility, study design
and objectives, as well as exploration of raw data plots. Initially, the effect of body size on
disposition parameters was accounted for with allometric scaling, using different descriptors of
body size like total body weight or fat-free mass (Anderson & Holford, 2008; Holford & Anderson
2017). Subsequently plausible covariates were added to the model in stepwise approach (Wahlby

et al., 2002).

The model development process was guided by assessing the change in the objective function
value (AOFV) for nested models or the Akaike information criterion for non-nested models (Mould
& Upton, 2013). The AOFV was assumed to follow x2-distribution, with a drop of 3.84 in OFV
being significant at p<0.05 for one additional parameter (1 degree of freedom, df). Additionally,
model development decisions were informed by examining a series of diagnostic plots like the

goodness of fit plots, and visual prediction checks (VPCs).

The VPC is a key model evaluation tool used for model external validation in PopPK modelling. It

involves simulating multiple datasets using the final model, with variability introduced through
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stochastic sampling from the OMEGA (interindividual variability) and SIGMA (residual error)
matrices (Joel & Fiedler-Kelly, 2014). The distributions of simulated predictions are then
compared to observed data using summary statistics (e.g., medians and prediction intervals),
allowing assessment of the model’s ability to reproduce key features of the observed data
(Holford & Karlsson, 2005). Physiological plausibility and clinical relevance of the results were also
considered during model development. Finally, model parameter uncertainty and confidence

intervals were mostly estimated by using sampling importance resampling (Dosne et al., 2016).
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Chapter 3: Unexpectedly low drug exposures among Ugandan patients with TB and HIV

receiving high dose rifampicin.

3.1 Abstract

We characterized the pharmacokinetics of standard- and high-dose rifampicin in Ugandan adults
with tuberculosis and HIV taking dolutegravir- or efavirenz-based ART. A liver model with
saturable hepatic extraction adequately described the data and the increase in exposure between
high and standard doses was 4.7-fold. This was lower than what previous reports of dose-
exposure nonlinearity would predict and was ascribed to 38% lower bioavailability of the

rifampicin only top up formulation compared to the fixed-dose combination.

3.2 Introduction

Rifampicin is an essential component of the first-line treatment of drug-susceptible tuberculosis
(Bonnett et al., 2017a) that has a dose-dependent bactericidal effect (Te Brake et al., 2021). It
undergoes hepatic extraction, which displays saturation kinetics even at the current 10 mg/kg
dose (Acocella, 1978) and induces its own and other drug-metabolizing enzymes and transporters
(Chen & Raymond, 2006; Niemi et al., 2003). Promising results support increasing rifampicin dose
beyond the current clinical practice, as this may reduce time to sputum conversion (Boeree et al.,
2015; Veldsquez et al., 2018) and support shorter treatment regimens (Boeree et al., 2015,
2017b), possibly enhancing adherence and improving treatment outcomes (Mitchison, 2005;
Svensson et al., 2020). Although the efficacy and safety of high-dose rifampicin in the intensive
treatment phase has been reported (Cresswell et al., 2021; Sekaggya-Wiltshire et al., 2022;

Wasserman et al., 2021), there is limited information about its clinical pharmacokinetics and
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interaction with co-administered antiretroviral therapy (ART). We described the population
pharmacokinetics of standard- and high-dose rifampicin when taken with dolutegravir- or

efavirenz-based ART.

3.3 Methods / results / discussion

Data were available from an approved study (SAEFRIF: NCT03982277) conducted in Kampala,
Uganda (Nabisere et al., 2020). Participants with tuberculosis and HIV were randomized to receive
a standard 10 (10RHZE) or higher 35 mg/kg (35RHZE) rifampicin dose, alongside standard doses
of isoniazid, pyrazinamide, and ethambutol. In the 35RHZE arm, the Macleods (Macleods, India)
FDC was topped up with Rifacos (Cosmos, Kenya) (Table 5) rifampicin-only capsules (RifCaps) to
make 35 mg/kg (Sekaggya-Wiltshire et al., 2022). ART-experienced participants continued their
treatment while ART-naive participants were started on medication, doubling the dose of
dolutegravir as per guidelines (World Health Organization, 2021). After 6 weeks of tuberculosis
treatment, pharmacokinetic samples were drawn at pre-dose, 1-, 2-, 4-, and 8-h following an
observed dose (Sekaggya-Wiltshire et al., 2022). Rifampicin concentrations were quantified using
a previously reported HPLC method with LLOQ and upper limits of quantification of 0.25 and 15
mg/L, respectively (Cresswell et al., 2021).

Nonlinear mixed-effects modelling with stochastic approximation expectation maximization
method was implemented, in NONMEM (v7.5.0) (Beal, Boeckmann, and Sheiner, 2017), to
perform population pharmacokinetic analysis of the rifampicin data (Mould & Upton, 2013). One-
and two-compartment models with first-order absorption (with lag time or transit
compartments) and elimination were considered. A previously published well-stirred liver-model
with saturated hepatic extraction (Chirehwa et al., 2016b) (Figure 6) was tested, fixing the liver
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volume (Vu), hepatic blood flow (Qu), and the free rifampicin plasma concentration fraction to
literature values of 1 L, 90 L/h (Zhu et al., 1999), and 0.2 (Acocella, 1978), respectively.
Considering an occasion to be the period from one dose to the next, log-normally distributed BOV
and BSV were tested, as were additive and/or proportional residual error models. Allometric
scaling of clearance and volume parameters (Holford & Anderson, 2017), alongside other
covariates like age and rifampicin dose/formulation were tested. Improvement in OFV,
goodness-of-fit plots, and the VPC guided model development (Mould & Upton, 2013). The final
model was used to estimate rifampicin maximum concentration (Cmax), the 24-h AUC (AUCo-24)
and make simulations of unobserved dosing scenarios. Data will be made publicly available upon
publication and upon request for peer review.

Of the 111 (62% male) participants in the pharmacokinetic phase of the SAEFRIF study (Sekaggya-
Wiltshire et al., 2022), 54 (49%) received 35RHZE, 63 (57%) were ART-experienced, and 53 (48%)
were on efavirenz. Their median (interquartile range, [IQR]) age and weight were 36 (31-43) years
and 53 (47-60) kg, respectively. These characteristics were balanced between study arms and are
presented below in Table 3. 77 (14%) of the 538 samples were below the LLOQ and predominantly
pre-dose.

A 1-compartment model with first-order absorption via transit compartments (AOFV = -18.7, 1
degree of freedom [df], P<0.001 compared with lag time), and elimination was initially fit to the
data. It predicted a 48% slower clearance for the 35HRZE cohort (AOFV = -22.7, 1 df, P<0.001)
compared with the 10HRZE cohort, which was consistent with saturation.

A previously published well-stirred liver model with saturable hepatic extraction (Chirehwa et al.,

2016b) was then applied and it fit the 10RHZE but not 35RHZE data (AOFV =-20.3, 1 df, P<0.021).
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The best explanation that our model found for the lower-than-expected exposure in the 35RHZE
arm was 38% lower bioavailability of the top up RifCaps versus the FDC (AOFV = -35.1, 1 df,
P<0.001). Allometric scaling by fat-free mass (AOFV = -32.7) best fit the data, and there was no
difference between the rifampicin pharmacokinetics in participants on dolutegravir- and
efavirenz-based ART. The final model estimated a maximum intrinsic clearance (CLintmax) of 133
(109-165) L/h and Michaelis-Menten constant (km) of 8.00 (5.32-10.9) mg/L (Table 4), and the VPC
in Figure 5 shows an adequate fit.

Rifampicin AUCo.24 and Cmax (IQR) for the 10RHZE cohort were estimated to be 32.3 (28.7-36.7)
mg-h/L and 8.1 (6.6-9.2) mg/L, respectively, and were like previous reports (Boeree et al., 2017b;
Chirehwa et al., 2016b Corresponding values for the 35RHZE cohort were 153 (138-175) mg-h/L
and 25.2 (21.4-26.9) mg/L, respectively. This 4.7-fold increase (Table 2) in AUCo-24 of the high-dose
cohort was lower than the 6.8- to 8.93-fold increase reported by other studies (Boeree et al.,
2015, 2017b; Cresswell et al., 2021; Wasserman et al., 2021), despite receiving the same 35 mg/kg
dose and the certificate of analysis of our top up formulation showing acceptable quality. Cases
of inferior rifampicin formulations have been reported (Mcllleron et al., 2002, 2016a; Moses et
al.,, 2013; Sekaggya-Wiltshire et al., 2019), and Mcllleron et al. partly attributed this to less
favourable drug absorption (Mcllleron et al., 2016b).

Rifampicin is a Biopharmaceutic Classification System class 1l (low solubility and high
permeability) drug (Gordon L. et al., 1995) and is therefore not a candidate of waivers for in vivo
bioequivalence studies (FDA et al., 2017). It shows pH-dependent solubility which affects
absorption from the gut and is known to adsorb to other pharmaceutical excipients (Panchagnula

& Agrawal, 2004) which results in different rates and extent of absorption of pharmaceutically
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equivalent solid oral formulations. When the top-up RifCaps and FDC in the 35RHZE cohort were
assumed to be bioequivalent, the median (IQR) AUCo.24 was predicted to increase to 230
(160-334) mg-h/L, representing a more in-line 7.2-fold increase from that of the 10RHZE.

Our model validates the utility of previously described rifampicin models of saturable hepatic
extraction and predicts a similar concentration at which saturation happens (Chirehwa et al.,
2016b; Denti et al., 2022). We also confirm previous reports that steady-state rifampicin
pharmacokinetics is not affected by concomitant dolutegravir- / efavirenz-based ART (Bhatt et al.,
2014; Mcllleron et al., 2012). As the advantages of high-dose rifampicin in tuberculosis treatment
emerge and the use of top-up rifampicin-only formulations becomes common, stringent
bioequivalence studies are recommended to ensure achievement of targeted rifampicin

exposures.
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Table 2: Comparative exposures of high-dose rifampicin reported by different studies.

STUDY
- . Chirehwa et al.
Characteristic RifT (13) LASER-TBM (13) Boeree et al. (7) Boeree et al. (8) (18) Current study
Day of pharmacokinetic sampling Day 2 Day 3 Day 14 Week 4 Week 4 Week 6
Rifampicin dose (mg/kg) 10 35 10 35 10 35 10 35 10 10 35 35%
Number of participants (n) 20 21 17 15 8 15 123 63 61 54 57 -
Rifafour + Rimcure + Rifafour Macleods +
Brand name of rifampicin formulation Macleods Macleods + Rifadin Rifafour Rimactane Rifafour Rifafour + Rifadin Rimcure Svizera / Antib-4 Macleods Macleods + Rifacos bioequivalent
/ Eremfat RifCaps
Coadministered ART regimen DTG/TDF/3TC AZT/TDF/EFV -3TC/FTC/ABC No ARTt No ARTt EFV/3TC/AZT AZT/TDF/DTG/EFV-3TC/FTC/ABC
Weight (kg) 50 51 64 60 56.9 57.0 54 52 55.2 51.7 53.0 .
Median (IQR/range) * (45-55) (50-55) (54-77) (53-80) (47-50) (41-74) (49-59) (47-59) (34-90) (46-60) (47-60)
Age (yr) 34 325 38 41 27.5 37.0 34 33 32 38 34 .
Median (IQR/range) # (27-36) (27-39) (34-47) (36-45) (19-49) (21-59) (26-41) (23-40) (18-47) (32-43) (30-42)
AUCox (mg:h/l) 42,9 327 42,9 295 263 235 242 170 39.3 323 153 230
Geometric mean/median
(-fold change) in AUCo.24 ® - 7.6 - 6.9 - 8.9 - 7.0 - - 4.7 7.1
Crnax (Mg/L)
Geometric mean/median 6.04 29.3 6.9 34.7 7.4 35.2 5.8 26.7 6.9 8.07 25.2 38.2
(-fold change) in Crax © - 4.9 - 5.0 - 4.8 - 4.6 - - 3.2 4.7

AUCo-24, 24-h area under the curve; Cmax, maximum concentration; IQR, interquartile range; ART, antiretroviral; TDF, tenofovir diphosphate; 3TC, lamivudine; DTG,
dolutegravir; EFV, efavirenz; AZT, zidovudine; FTC, emtricitabine; ABC, abacavir; RifCaps, Top up rifampicin-only formulation.

*This is the 35mg/kg dose assuming bioequivalence of the fixed dose combination and top-up rifampicin-only formulation (RifCaps).

®The fold change presented is a ratio of the geometric means/medians of the parameter of the high to standard-dose rifampicin cohorts.

TART regimen of participants with HIV was withheld for the period of the trial or not reported.

*We present IQR/range as presented in the original publication.
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Figure 5: Visual predictive check stratified by rifampicin dose.

The solid and dashed lines represent the 50th, 5th, and 95th percentiles of the observed data (open circles), while the shaded areas
represent the model-predicted 95% confidence intervals
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3.4 Supplementary material

Results

Table 3: SAEFRIF study participant characteristics

Characteristic

Number of participants (%) @

Male (%) @

Age (yr) ®

Height (cm) ®

Weight (kg) °

Fat-free mass (kg) °

Participants on efavirenz (%) @
Antiretroviral therapy experienced (%) @

2 Data presented as number (percent).
b Data presented as median (interquartile range, IQR)

Rifampicin dose

10 mg/kg
57 (51)
35 (51)

38 (32 - 43)
162 (157 — 172)
52 (46 — 60)
42 (36 - 48)
29 (55)

32 (51)

35 mg/kg
54 (49)
34 (49)

34 (30 - 42)
164 (160 — 172)
54 (48 — 54)
43 (37 - 48)
24 (45)

31 (49)

Total

111 (100)
69 (62)

36 (31-43)
163 (158 — 172)
53 (47 - 60)
42 (36 - 48)
53 (48)

63 (57)
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Table 4: Pharmacokinetic parameter values for rifampicin in adults with tuberculosis and HIV infection

Parameter Typical value (95% CI)®*  Variability as CV% © (95% ClI)
Maximum intrinsic clearance, Clintmax (L/h) 2 133 (109 - 165) BSV: 25.0 (12.2-31.9)
Michaelis-Menten constant, km (mg/L) 8.00(5.32-10.9)

Volume of distribution, V (L) @ 45.2 (38.6 —48.7)

Hepatic volume, V4 (L) @ 1 fixed

Hepatic blood flow rate, Qu (L/h) 2 90 fixed

Unbound fraction of rifampicin, f, (fraction) 0.2 fixed

Absorption rate constant, ka (/h) 1.76 (1.04 — 2.39) BOV: 85.0 (49.6 — 110)
Mean transit time (h) 0.505 (0.299 — 0.669) BOV: 88.1 (59.0 — 121)
Number of transit compartments (n) 16.8 (11.4-21.5)

Relative bioavailability, F (fraction) @ 1 fixed BOV: 27.0 (20.8 —32.1)
Change in F of top-up rifampicin capsules (%) -38.4 (-48.6 —-26.0)

Scaling factor for BOV of data from unobserved dosing (-fold) © 2.82(1.71-3.29)

Proportional error (%) 21.3 (18.0-25.0)

Additive error (mg/L) 0.05, fixed to 20% of LLOQ

All the parameters refer to a typical 53 kg person in the study whereas the hepatic flow and volume are for a typical 70 kg adult.
2This parameter has been adjusted by allometric scaling, and the values reported here refer to a subject with a fat-free mass (FFM) of 42 kg. i.e., for subject i:
3

cL; =TveL - (£

WHSpax- HT? - WT
WHSgo - HT2 + WT’
bThe values in the parentheses are empirical 95% confidence interval (Cl) generated from sampling importance resampling (SIR).

¢The parameter variability was included either as between-subject variability (BSV) or between-occasion variability (BOV), assuming a lognormal distribution. It
is reported here as the percent coefficient of variation (CV) calculated as %CV = Vw? x 100.

4This is the relative bioavailability of the standard-dose rifampicin fixed dose combination administered.

€ This is a multiplicative factor increasing the BOV of absorption parameters for pre-dose concentrations following an unobserved dose. LLOQ, lower limit of
guantification.

)Z and V, = Tvv-(ﬂ).

42

FFM = where: HT, height; WT, weight; WHSso and WHSmax are sex dependent parameters (Holford & Anderson, 2017).

73



Table 5: Details of the brands of rifampicin formulations used in the SAEFRIF study.

Drug Brand name Manufacturer Batch number
Fixed dose combination (RHZE)  Macleods  Macleods, India NRG937A
Fixed dose combination (RHZE)  Macleods  Macleods, India NRG8187A
Rifampicin capsules Rifacos Cosmos, Kenya 81223

Rifampicin capsules Rifacos Cosmos, Kenya 90967
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Figure 6: Schematic representation of the rifampicin model.

V, volume of observation compartment; MTT, mean transit time; NN, number of transit compartments; ka, absorption rate constant
Vu, liver volume; Qu, hepatic plasma flow rate; CLint, intrinsic clearance; CLintmax, maximum CLint; km, Michaelis-Menten constant; F,
relative bioavailability; fu, fraction of unbound rifampicin in plasma; FDC, fixed dose combination; RifCaps, top-up rifampicin only

formulation.
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Chapter 4: Dolutegravir pharmacokinetics in Ugandan patients with TB and HIV receiving
standard- versus high-dose rifampicin.

4.1 Abstract

Higher rifampicin doses may improve tuberculosis treatment outcomes. This could however
exacerbate the existing drug interaction with dolutegravir. Moreover, the metabolism of
dolutegravir may also be affected by polymorphism of UGT1A1, a gene that codes for uridine
diphosphate glucuronosyltransferase. We used population pharmacokinetic modelling to
compare the pharmacokinetics of dolutegravir when coadministered with standard- versus high-
dose rifampicin in adults with tuberculosis and HIV and investigated the effect of genetic
polymorphisms. Data from the SAEFRIF trial, where participants were randomized to receive first-
line tuberculosis treatment with either standard- 10 mg/kg or high-dose 35 mg/kg rifampicin,
alongside antiretroviral therapy were used. The dolutegravir model was developed with 211
plasma concentrations from 44 participants. The median (IQR) rifampicin AUC in the standard-
and high-dose arms were 32.3 (28.7-36.7) and 153 (138-175) mg-h/L, respectively. A 1-
compartment model with first-order elimination and absorption through transit compartments
best described dolutegravir pharmacokinetics. For a typical 56 kg participant, we estimated a
clearance, absorption rate constant, and volume of distribution of 1.87 L/h, 1.42 h'!, and 12.4 L,
respectively. Each 10 mg-h/L increase in the AUC of coadministered rifampicin from 32.3 mg-h/L
led to a 2.3 (3.1-1.4) % decrease in dolutegravir bioavailability. Genetic polymorphism of UGT1A1
did not significantly affect dolutegravir pharmacokinetics. Simulations of trough dolutegravir

concentrations show that the 50 mg twice-daily regimen attains both the primary and secondary
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therapeutic targets of 0.064 and 0.3 mg/L, respectively, regardless of the dose of coadministered

rifampicin, unlike the once-daily regimen.

4.2 Introduction

Thanks to its superior efficacy, safety, and high genetic barrier to resistance (Cottrell et al., 2013;
DeAnda et al., 2013; Hightower et al., 2011), dolutegravir-based combination ART was rolled out
as first-line treatment for HIV infection (World Health Organization, 2021b). Dolutegravir is an
integrase strand transfer inhibitor, mainly metabolized by UGT, but also a substrate of CYP3A4
and P-glycoprotein (Castellino et al., 2013; Min et al., 2010). UGT1A1, the gene that codes for
UGT, is polymorphic (Z. Chen et al., 2014; Vukovic et al., 2018) and increase in the number of TA,
repeats in its promoter region from TAs (UGT1A1*1) to TA; (UGT1A1*28) results in reduced
activity (Gammal et al., 2016). This has been associated with increased dolutegravir exposure
(Chen et al., 2014) and higher incidence of neuropsychiatric adverse events (Yagura et al., 2017).
Rifampicin is a key first-line drug for drug-susceptible TB (Dickinson & Mitchison, 1981), a
common comorbidity among people with HIV (World Health Organization, 2021). Early initiation
and coadministration of ART during TB treatment is recommended, and their efficacy and
tolerability are important (World Health Organization, 2021b). Increasing the daily rifampicin
dose from 10 to 35 mg/kg has been investigated as a potential component of strategies to shorten
TB treatment duration (Boeree et al., 2015, 2017a; Cresswell et al., 2021; Seijger et al., 2019;
Sekaggya-Wiltshire et al., 2022; te Brake et al., 2021) and improve efficacy (Boeree et al., 20173;
Bun Ng et al., 2015; Svensson et al., 2020).

Rifampicin, though, is an inducer of CYP3A4, UGT, P-glycoprotein (Bolt, 2004; Niemi et al., 2003),
and significantly lowers dolutegravir’s exposure (Cottrell et al., 2013). Consequently, the dose of
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dolutegravir must be doubled from 50 mg once- (QD) to twice-daily (BID) (Dooley et al., 2013,
2020) when coadministered with rifampicin. Currently, the PA-ICy of HIV-1 (0.064 mg/L) is
considered the primary therapeutic target dolutegravir trough concentration (Ctrough) (Cottrell et
al., 2013; Min et al., 2010). The geometric mean Ciough Of the least efficacious dose in the SPRING-
1 trial (Van Lunzen et al., 2012; Zhang et al., 2015) of 0.3 mg/L has also been adopted as a
secondary target.

Non-compartmental analysis of data from the Safety/tolerability, And EFficacy of high-dose
RIFampicin (SAEFRIF) trial (Nabisere et al., 2020) showed a decrease in dolutegravir Cirough Of
participants who received 35 mg/kg compared to those on standard-dose of rifampicin
(Sekaggya-Wiltshire et al., 2022). Using population pharmacokinetic modelling, we investigated
the effect of high-dose rifampicin and UGT1A1 polymorphism on dolutegravir pharmacokinetics.
We also performed simulations to predict target attainment in a large cohort of in silico

individuals using different dosing strategies.

4.3 Methods

4.3.1 Study design. SAEFRIF was a clinical trial conducted at the Infectious Diseases Institute of
Makerere University in Kampala, Uganda. Pharmacokinetic data were collected from enrolled
participants with TB and HIV who received efavirenz- or dolutegravir-based ART (Nabisere et al.,
2020). The protocol was approved by a local research and ethics committee, registered at
clinicaltrials.gov (NCT03982277) and all participants provided written informed consent.

A detailed description of the design and inclusion/exclusion criteria of SAEFRIF has been reported
(Nabisere et al., 2020; Sekaggya-Wiltshire et al., 2022). Newly diagnosed adults with TB and HIV
were randomized to either receive 10 mg/kg (10RHZE) or 35 mg/kg (35RHZE) rifampicin dose-
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containing regimen in the intensive phase of TB treatment. ART-naive participants were randomly
assigned to start either dolutegravir- or efavirenz-based ART, two weeks into TB treatment, while
those already on ART continued with their existing medications. The TB treatment consisted of
RHZE programmatic Macleods (Macleods, India) fixed-dose combination (FDC) and top up Rifacos
(Cosmos, Kenya) rifampicin-only capsules in the 35RHZE arm (Kengo et al., 2023). The dolutegravir
dose was doubled to 50 mg BID during and up to two weeks after completion of TB treatment.
Participants were excluded if they were pregnant, had rifampicin-resistant TB, or impaired
liver/renal function.

4.3.2 Specimen collection and processing. Pharmacokinetic sampling was done after at least 4
weeks of ART. An observed dose of ART and anti-TB medication was given, and blood samples
drawn at pre-dose, then 1-, 2-, 4- and 8-hours post dose. The samples were centrifuged within 30
minutes of collection, and plasma stored at -80 °C until bioanalysis.

Dolutegravir plasma concentrations were determined by reverse-phase HPLC-mass spectrometry
using a previously published method with modifications (Bennetto-Hood et al., 2014). The assay
was calibrated over a range of 0.05 (LLOQ) to 10 mg/L with inter- and intra-day precision of 8.2
to 10.9% CV and 1.9 to 7.5% CV, respectively. Quality control samples were prepared and stored
at concentrations of 0.06, 0.6, and 6 mg/L, and based on their analysis, the bias (% relative error)
ranged from 1.0 to 10.0%.

DNA was extracted from the participant’s blood samples, using QIAmp DNA mini kit (QIAGEN)
following the manufacturer's protocol with minor modifications. DNA quantification and quality
control were done using the NanoDrop 2000c (ThermoScientific). Polymerase chain reaction

(PCR) targeting the UGT1A1 gene was performed using primer sets. The success of the
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amplification was determined, and following confirmation of amplification, the amplicons were
cleaned for Sanger sequencing using ExoSAP-IT™ (Applied Biosystems). Cycle sequencing chain
termination PCR was then set up with the forward primer. The cycle sequencing products were
then cleaned up and sequenced. The variants were called from the Sanger traces using a mutation
surveyor.

4.3.3 Pharmacokinetic analysis. Population pharmacokinetic modelling of dolutegravir plasma
concentrations was performed using NONMEM software (v7.5.0) (Beal, Boeckmann, and Sheiner,
2017). PsN (v5.2.6) was used to execute various model development and evaluation methods.
Pirana (v3.0.0) was used to track model development and Xpose4, together with RStudio
(v1.4.1106), used to perform model diagnostics and post-modelling analysis (Keizer et al., 2013).
Several structural models were tested to describe the pharmacokinetics of dolutegravir; one-and
two-compartment models with first-order elimination and absorption with or without lag time or
a chain of transit compartments (Savic et al., 2007). We also tested elimination using a well stirred
liver model (Cherkaoui-Rbati et al., 2017; Yang et al., 2007). Log-normally distributed BOV was
tested on absorption parameters whereas BSV was tested on disposition parameters (Karlsson &
Sheiner, 1993). A combined proportional and additive error was used to model residual
unexplained variability (Mould & Upton, 2012), with lower bound of the additive component fixed
to 20% of the LLOQ (0.05 mg/L). Concentrations below the LLOQ (0.05 mg/L) were imputed to
LLOQ/2, except for consecutive values during the elimination phase which were excluded from
the fit as described in Beal’s M6 method (Beal, 2001; Denti et al., 2016).

Allometric scaling by total body weight or fat-free mass (FFM) (Holford & Anderson, 2017;

Janmahasatian et al.,, 2005), was applied to account for body size effects on disposition
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parameters, with exponents on clearance and volume fixed to 0.75 and 1, respectively (Anderson
& Holford, 2008). To investigate the effect of the dose of coadministered rifampicin, 2 different
approaches were tested. First, the effect was tested categorically (i.e., 10RHZE vs 35RHZE) and
then continuously using rifampicin 24-hour area under the concentration curve (AUCo-24)
determined separately (Kengo et al., 2023). Other covariates like UGT1A1 genotype and age were
also investigated. Model development was guided by evaluation of change in minimum value of
OFV and inspection of diagnostics plots like the VPC. The changes (A) in OFV were assumed to
follow a chi-square distribution whereby, for hierarchical models, a AOFV of at least 3.84 points
was considered significant at P<0.05 for 1 degree of freedom (df). Sampling importance
resampling procedure was used to assess parameter uncertainty and generate 95% Cl (Dosne et
al., 2016; PSN 5.3.0, 2019). The final model was used to estimate participants’ steady-state
dolutegravir AUCo.12 for comparison with previous reports.

4.3.4 Simulations. We used the final dolutegravir model estimates to perform Monte Carlo
simulations to evaluate proportions of individuals who would attain treatment targets. The
targets used were a Ciough above the PA-ICq and 0.3 mg/L (Min et al., 2010; Van Lunzen et al.,
2012). A suitable dataset was generated using demographic characteristics of 1225 participants
with TB from pharmacokinetic studies carried out in West Africa and South Africa as described
previously (Chirehwa et al., 2020). The different dosing scenarios simulated were: dolutegravir 50
mg QD or BID, with standard- or high-dose rifampicin containing TB regimen. With our model we
also explored a scenario of higher rifampicin exposures in the 35RHZE. Data will be made publicly

available upon publication and upon request for peer review.
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4.4 Results

4.4.1 Study participants. Of 111 participants in the pharmacokinetic phase of the SAEFRIF study,
58 (52%) were randomized to the dolutegravir arm. Of these, 14 (5 on 10RHZE and 9 on 35RHZE)
were not included in the pharmacokinetic analysis because they were considered non-adherent
to medication. Their exclusion did not significantly change participant characteristics as shown by
Table 9 in the supplement materials.

A total of 211 dolutegravir plasma concentrations from 44 (76%) participants were used to
develop the pharmacokinetics model: 28 (64%) were male and 19 (43%) received 35RHZE. Their
median (inter-quartile range, IQR) weight and age were 56 (47-61) kg and 36 (31-43) yr,,
respectively (Table 6). Rifampicin pharmacokinetic data were analysed separately (Kengo et al.,
2023), and the median (IQR) rifampicin AUCo-24 for the standard- and high-dose cohorts were 32.3
(28.7-36.7) and 153 (134-175) mg-h/L, respectively. Of note, the high-dose exposures were lower
than previously reported and this was attributed to lower relative bioavailability of the top-up
rifampicin-only formulation used together with the RHZE FDC. Using the model to adjust for this
effect and predict exposures assuming full bioequivalence of the 2 formulations, the median
rifampicin AUCo-24 (IQR) was 230 (160-334) mg-h/L.

4.4.2 UGT genotypes: Of the 44 participants included in the dolutegravir pharmacokinetic
analysis, 9 (20%) were not genotyped because of failed DNA amplification. Results were therefore
available for 35 individuals: 3 (7%) were heterozygous for UGT1A1*36 (TA)s, 19 (43%) were
homozygous for UGT1A1*1 (TA)s, 11 (25%) were heterozygous for UGT1A1*28 (TA)7, and 2 (5%)

were homozygous for UGT1A1*28 (TA)7 (Table 6).
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4.4.3 Dolutegravir pharmacokinetic model: Dolutegravir pharmacokinetics was adequately
characterized by a 1-compartment model with first-order elimination and absorption through a
series of transit compartments (AOFV =-6.5, 1 degree of freedom (df), p=0.011 compared to lag).
A second compartment did not improve the model fit and neither did the well-stirred liver model
(Table 10). Clearance and volume were best allometrically scaled (Holford & Anderson, 2017) by
FFM (AOFV =-3.96) and normalized to the median FFM of 43 kg. A 1.56-fold scaling factor on the
BOV of absorption parameters was added to account for the uncertainty in dosing information
(AOFV =-5.2, 1 df, p=0.023).

When investigating the effect of high-dose rifampicin by comparing study arms, participants on
35RHZE were found to have 31% decreased dolutegravir bioavailability (AOFV = -6.9, 1 df,
p=0.009) compared to those on 10RHZE. When the effect was tested on clearance, a 17% increase
was detected but the model fit was worse (AOFV = -4.02, 1 df, p=0.046). A model including both
effects was not better than having the effect on bioavailability alone (AOFV =-0.40, 1 df, p=0.527).
Alternatively, we tested the rifampicin effect on dolutegravir bioavailability as a continuous
covariate using the individual values of rifampicin AUCo-24. This produced better improvement in
the model fit (AOFV=-12.1, 1 df, p<0.001) and predicted that, for each 10 mg-h/L increase in AUCo-
24 of rifampicin from the median 10RHZE AUCo-24(32.3 mg-h/L), dolutegravir bioavailability would
reduce by 2.3% (3.1-1.4). This continuous effect of rifampicin AUCo.24 on dolutegravir
bioavailability is presented in Figure 9 and was preferred in the final model as it provides an
opportunity to predict the effect of the interaction within therapeutic exposures of rifampicin.
UGT1A1 genotype effects were neither statistically significant on dolutegravir clearance nor

bioavailability when tested separately. UGT1A1*28 was associated with a non-significant 6%
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increase in bioavailability (AOFV=-0.394, 2 df, p=0.821), resulting in similar dolutegravir
exposures.

The VPC (Figure 8) shows that the final model adequately described the data as median, 5™ and
95t percentiles all fell within their respective model predicted 95% Cl. The estimated typical
values of clearance and volume of dolutegravir were 1.87 L/kg and 12.4 L, respectively (Table 7).
The terminal half-life of dolutegravir was estimated to be 4.41 and 4.49 h in the 10RHZE and
35RHZE arms, respectively. The geometric mean (IQR) of the model-derived dolutegravir AUCo.12,
and Cirough for participants in the 10RHZE arm were 21.6 (18.8-24.2) mg-h/L and 1.07 (0.866-1.47)
mg/L, respectively. These values decreased to 15.2 (13.6-16.0) mg-h/L and 0.744 (0.527-1.00)
mg/L in the 35RHZE arm.

4.4.4 Simulations. Results of the simulations, displayed in Figure 9, show predicted Ciough after
different dosing strategies. With the 50 mg BID dolutegravir regimen, everyone (99% in 35RHZE
arm) attained the PA-ICg and 0.3 mg/L. The proportion who attained 0.3 mg/L reduced to 92%
when higher 35RHZE exposures were given. When dolutegravir 50 mg QD with rifampicin was
administered, 92% and 18% of simulated population in the 10RHZE arm attained the PA-ICyo and
0.3 mg/L targets, respectively. These proportions reduced to 83% and 8%, respectively, in the
35RHZE cohort. When the higher 35RHZE rifampicin exposure was tested, only 65% and 2%

attained PA-1Cq and 0.3 mg/L target, respectively.

4.5 Discussion

We developed a population pharmacokinetic model to describe the effect of standard- versus
high-dose rifampicin on dolutegravir pharmacokinetics in adults with TB and HIV and performed
simulations to demonstrate how different doses of rifampicin affect exposure across different

84



weight bands. We found that rifampicin coadministration lowers dolutegravir bioavailability but
doubling its dose to 50 mg BID is sufficient to maintain exposures above therapeutic targets, even
when high-dose rifampicin exposures were higher than what we observed. We could not find an
effect of UGT1A1 gene polymorphism on dolutegravir pharmacokinetics.

We found that increasing rifampicin exposure affects dolutegravir bioavailability and that this
relationship was best described in our data using a linear function (Figure 7). Each 10 mg-h/L
increase in the AUCo-24 of coadministered rifampicin decreased dolutegravir bioavailability by
2.3%, thus causing a 31% decrease between the typical patient on 10RHZE and 35RHZE in our
study. When trying to extrapolate what this reduction would be at rifampicin concentrations
reported in other studies of high-dose rifampicin (AUC of 230 mg-h/L), the reduction was 45%.
Because of the direct relationship between bioavailability and AUC (Rescigno, 2000), rifampicin
coadministration is predicted to similarly effect dolutegravir AUC. This finding is consistent with
the fact that rifampicin is an inducer of drug metabolizing enzymes (Niemi et al., 2003) and
previous findings that rifampicin coadministration lowers dolutegravir exposure (Dooley et al.,
2013, 2020; Kawuma et al., 2022).

To contextualise our results and compare them with previous studies, we summarized them and
previous findings in Table 8. As previously reported, dolutegravir AUCo-24 of the 10RHZE arm was
lower than that achieved with 50 mg QD in absence of rifampicin (Zhang et al., 2015) and
comparable to previous reports where dolutegravir was coadministered BID with rifampicin
(Dooley et al., 2013). A further reduction in dolutegravir AUCo-24 was observed in the high-dose
rifampicin cohort, and this was attributed to reduced bioavailability of dolutegravir, and not

increased clearance and this is evident in terminal elimination phase of the VPC. This is an
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interesting observation that may be due to maximal induction of hepatic enzyme activity that has
been reported at standard doses of rifampicin (Acocella, 1978; Xu et al., 2011). Possibly, maximal
induction may not have been achieved in the gut with standard doses and higher rifampicin doses
resulted in additional induction of gut enzymes and/or transport proteins, causing more
pre-systematic elimination of dolutegravir (Castellino et al., 2013; Cottrell et al., 2013; Niemi et
al., 2003).

As consensus builds about the most appropriate clinical dolutegravir therapeutic target, the 50
mg BID dose maintained Cirough above the higher 0.3 mg/L target, irrespective of rifampicin dose
in the coadministered anti-TB regimen. Conversely, the 50 mg QD dose was predicted to achieve
Ctrough generally lower than 0.3 mg/L, but mostly above the PA-ICq of 0.064 mg/L, at least when
rifampicin is coadministered at 10 mg/kg. Consistent with this, recent findings in Botswana
showed that participants who took the once-daily dolutegravir 50 mg dose with a standard dose
rifampicin-containing anti-TB regimen achieved viral suppression like those whose dolutegravir
dose was doubled (Modongo et al., 2019). This seems to point towards the validity of the lower
target. Moreover, dolutegravir has a long dissociative half-life from viral integrase of about 71
hours (Hightower et al.,, 2011), which may provide protection against drug concentrations
temporarily falling below the PA-1Cqo. Taking all this into perspective, it seems plausible that the
efficacy of dolutegravir could be maintained at lower concentrations than currently targeted, and
this question deserves further investigation.

A one-compartment model adequately described dolutegravir pharmacokinetics, like that
reported by Zhang et al. (Zhang et al., 2015), Barcelo et al. (Barcelo et al., 2019), and Parant et al.

(Parant et al., 2019). This however deviates from the two-compartment model that was reported
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by Kawuma et al. (Kawuma et al., 2021), and Dickinson et al. (Dickinson et al., 2021b). This
divergence in structural model may be due to differences in study design and sampling schedule,
since in the latter studies all participants were sampled over 24 hours after dose, whereas those
in our study were sampled over 8 hours. Dolutegravir clearance in the 10RHZE cohort was more
than twice as high as that reported in studies of dolutegravir alone (average of 0.92 L/kg) (Barcelo
et al., 2019; Dooley et al., 2013; Kawuma et al., 2021; Zhang et al., 2015). This level of induction
is in line with findings from other studies where the drug was coadministered with standard doses
of rifampicin (Barcelo et al., 2019; Dooley et al., 2013; Kawuma et al., 2022).

Dolutegravir exposure during rifampicin cotreatment was also found to be similar in participants
with or without the less functional UGT1A1*28 allele, deviating from previous reports without
rifampicin where differences were observed (Yagura et al., 2017). This may be due to our limited
sample size, or that in the presence of the strong enzyme inducer like rifampicin, genotype is no
longer a meaningful influencer of dolutegravir exposure. Interestingly, UGT1A1*1 was the most
prevalent allele in our study population, in contrast with previous findings reporting UGT1A1*28
as the most common allele in the Ugandan population (Horsfall et al., 2011).

Our study had limitations. We used a parallel design because the intensive phase of TB treatment,
during which we conducted the study, could not allow enough time for steady-state induction to
be achieved between one rifampicin dose and the other. We did not include participants taking
dolutegravir without rifampicin but try to remedy this by comparing our results with previous
studies where dolutegravir was given alone. The rifampicin plasma concentrations observed in
the 35RHZE arm were unexpectedly lower (Kengo et al., 2023) but we explored what would

happen at higher rifampicin exposures using model-based simulations. Whereas the relationship
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between rifampicin exposure and dolutegravir bioavailability may be saturable like many
physiologic reactions, we use a linear function which represents a worst-case scenario and
demonstrate that dolutegravir exposures would be okay regardless. Finally, the sample size of our
study was limited, and it may not have been large enough for us to draw conclusions about the
effect of genetic polymorphism on dolutegravir pharmacokinetics.

In conclusion, increasing the rifampicin dose in the anti-TB regimen from the current 10 to 35
mg/kg reduces the bioavailability of concomitant dolutegravir. However, despite further
reduction in dolutegravir exposure due to a higher rifampicin dose, doubling the dolutegravir
dose to 50 mg BID maintains its Cirough above therapeutic targets.

Table 6: Baseline characteristics of participants in the SAEFRIF study
Rifampicin regimen

Characteristic 10RHZE 35RHZE Total
Number of participants, n (%) 25 (56) 19 (43) 44 (100)
Male, n (%) 16 (64) 12 (63) 28 (64)
Age (yr.) 33 (29 - 43) 37 (34 - 44) 36 (31— 43)
Height (cm) 162 (158 —171) 163 (160—-170) 162 (158 —171)
Weight (kg) 56 (47 — 61) 56 (47 — 61) 56 (47 — 61)
Fat-free mass (kg) 44 (37 —50) 42 (40— 438) 43 (38 — 50)
Antiretroviral experience, n (%) 20 (68) 15 (79) 32 (73)
UGT1A1 genotype, n (%)

*1/*36 1(4) 2 (11) 3(7)
*1/%1 13 (52) 6 (32) 19 (43)
*1/%28 5 (20) 6 (32) 11 (25)
*28/*28 1(4) 1(5) 2 (5)
Unknown 5(20) 4 (20) 9 (20)

@ Data are expressed as median (interquartile range, IQR) or number (percent). 35HRZE is the arm that received
35mg/kg of rifampicin containing an anti-TB regimen, while 10RHZE is the arm that took 10 mg/kg of rifampicin.
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Table 7: Pharmacokinetic parameter values for dolutegravir in adults living with HIV who have TB
co-infection

Parameter Typical value (95% ClI)® = Variability as CV% ¢(95% ClI) ®
Clearance, CL (L/h) 2 1.87 (1.63 - 2.15) BSV: 13.5 (3.36 — 25.5)
Volume of distribution, V (L) @ 12.4(10.2-14.6)

Absorption rate constant, ka (h?) 1.41(0.918 - 2.18) BOV: 105 (74.4 — 140)
Mean transit time (h) 0.58 (0.386 —0.723) BOV: 47.7 (33.8 —94.3)
Number of transit compartments (n) 21.3(6.10—-42.7)

Relative bioavailability, F (fraction) ¢ 1 FIXED BOV: 41.2 (32.7-53.7)
Effect of a 10 mg-h/L increase in rifampicin AUCo-240n F, RIFF -2.29 (-3.14--1.38)

(%) ¢

Scaling factor for BOV of pre-dose occasion (-fold) f 1.56 (1.08 —2.21)

Proportional error (%) 10.0 (6.83 —14.5)

Additive error (mg/L) 0.205 (0.111 -0.279)

This parameter has been adjusted by allometric scaling and the values reported here refer to a subject with a fat-free
mass of 43 kg i.e., for subject i:
3

) and v, =TV - (0)

cL; = TvcL- (20 =

bThe values in the parentheses are empirical 95% confidence interval (Cl) obtained by sampling importance
resampling.

‘The pharmacokinetic parameter variability was included either as between-subject variability (BSV) or between
occasion variability (BOV), assuming a log-normal distribution. It is reported here as the percent coefficient of

variation (CV) calculated as: %CV = Vvw? x 100
9The relative bioavailability was dependent on the AUCo.24 of rifampicin. The reference value of 1 refers to
bioavailability of the typical participant in the 10 mg/kg study arm, with rifampicin AUCo-22 of 32.3 mg-h/L. The effect

(RIFf) is presented for every 10 mg-h/L increase in rifampicin AUCo-24 (RIFAUC:) from 32.3 mg-h/L: F; = TVF + RIFy -
(RlFAUCi—32.3)

10
fThis is a multiplicative factor increasing the BOV of absorption parameters for pre-dose concentrations following an

unobserved dose
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Table 8: Comparison of dolutegravir pharmacokinetic parameters with other studies.

Studies in people living with HIV Studies in healthy volunteers

Stud

' SR G S (Zha:; :igf,-lzow) (BarcelosthcasI., 2019) (DOIZICJ\;) :tz :ll 5 3513) (WangR:\tzll? 2019)
Dolutegravir 50 mg regimen BID BID oD oD BID oD BID oD oD
Rifampicin dose (mg/kg) 10 (10RHZE) = 35 (35RHZE) 0 0 10 0 10 0 10
Number of participants 25 19 563 521 11 9 14
Median weight (kg) 56 60 75 73 79 83 79
African ancestry (%) 100 100 12 0 67 10 14
AUCo.24 (mg-h/L) ¥ 43.6 30.4 53.8 49.0 29.8 29.8 32.1 42.6
Geometric mean (IQR) (37.6-48.4)  (27.2-32.0) (49.6-58.2) (25.1-102) = (14.7-58.1) (14.7-58.1) (29.5-34.6) (39.7-45.5)
Ctrough (mMg/L) 1.07 0.744 1.17 (0%;352;— 0.424 0.55 0.67 1.06 0.156
Geometric mean (IQR) (0.866-1.47) = (0.527-1.00) (1.04-1.33) 3.19) (0.054-1.45)  (0.464-0.689) = (0.590-0.750) (0.745-1.51) (0.115-0.214)
Oral clearance (CL/F) for a 70-kg participant (L/h) * 2.21 3.51 0.901 0.91 2.38 1.37 2.06 0.96" 2.197

IQR, interquartile range; F, bioavailability; BID, twice-daily; OD, once-daily; 10RHZE, standard-dose rifampicin; 35RHZE, high-dose rifampicin; Ctrougn, trough
concentration, i.e., either C12 or Ca4, depending on the dosing frequency.

*Dolutegravir AUCo-24 were calculated by doubling AUCo.12 for BID dosing.

$Calculated by adjusting for weight with allometry whenever the typical participant was not 70 kg.

tClearance value not reported in original publication but derived here for purpose of comparison using the formula AUC = Dose/Clearance
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Figure 7: A function of dolutegravir bioavailability versus 24-h area under the curve (AUCo.24) of coadministered rifampicin.

F;, = TVF + RIF - (W). The dotted (red) and dashed (blue) vertical lines represent the median AUCo.24 of the standard-

and observed high-dose arms of the study. The dash-dot (purple) vertical line is the median AUCo.24 of the predicted high-dose cohort
assuming bioequivalence of the two rifampicin formulations (top-up rifampicin-only formulation and fixed dose combination). The
shaded areas represent the 50" and 90t confidence intervals of the predicated dolutegravir bioavailability.
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Figure 8: Visual predictive check of the dolutegravir stratified by rifampicin dose.
The open circles represent observed data. The solid and dashed lines represent the 50", 5" and 95 percentiles of the observed data.
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Figure 9: Simulated trough dolutegravir concentrations of participants in different weight bands10RHZE and 35RHZE represent participants receiving 10 and 35
mg/kg rifampicin dose containing anti-TB regimen, respectively.

35RHZE* (dashed) represents simulated trough concentration when the 2 formulations used in the 35RHZE cohort were assumed to be bioequivalent. Left panel:
Trough concentrations of dolutegravir achieved after 12 hours when participants are given a twice-daily 50 mg dose. Right panel: Trough concentrations of
dolutegravir achieved after 24 hours when participants are given a once daily 50 mg dose. The solid and dotted horizontal lines represent target dolutegravir
trough concentrations of 0.064 mg/L and the 0.3 mg/L. The shaded region (0.269-3.19) mg/L represents the range of trough concentrations achieved in
participants with HIV taking dolutegravir 50 mg once daily without rifampicin (Barcelo et al., 2019).
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4.6 Supplementary materials

Results

Table 9: Participant characteristics (all participants randomized to dolutegravir)

cea Rifampicin regimen Total
Characteristic 10RHZE 35RHZE
Participants, n (%) 29 (50) 29 (50) 58 (100)
Male, n (%) 20 (69) 19 (66) 39 (67)
Age (yrs.) 36 (30-43) 36 (33 —44) 37 (32-43)
Height (cm) 162 (158 —171) 164 (161—175) 163 (159 —172)
Weight (kg) 52 (46 — 61) 54 (47 - 61) 53 (47 - 61)
Fat-free mass (kg) 43 (37 —49) 44 (40 -50) 43 (38 — 49)
Antiretroviral experience, n (%) 20 (69) 19 (66) 39 (67)
UGT1A1 genotype, n (%)
*1/*36 2(7) 4 (14) 6 (10)
*1/*1 15 (52) 12 (41) 27 (47)
*1/%28 5(17) 7 (24) 12 (21)
*28/*28 2(7) 1(3) 3 (5)
Unknown 5(17) 5(17) 10 (17)

@Data expressed as median (inter-quartile range; (IQR)) or number (percent). 35HRZE is the arm that took 35mg/kg of rifampicin containing anti-TB regimen while
10RHZE is the arm that took 10 mg/kg of rifampicin.

94



Table 10: The minimum objective values of objective function (OFV) of major models of dolutegravir

Model ID | Description -2Log Likelihood (OFV) = Parent model AOFV | df p - value Significance at a = 0.05
1 1st order absorption and elimination 310.3

2 + BOV in bioavailability, F 179.1 1 -131.2  1*  <0.0001 Yes
3 + BSV in clearance, CL 165.9 2 -13.2 1* 0.00028 Yes
4 +BOV in in absorption rate constant, ka 140.5 3 -25.4 1* <0.0001 Yes
5 + Absorption lag time 113.3 4 -27.2 1 <0.0001 Yes
6 +BOV in lag time 100.2 5 -13.1 1% 0.00030 Yes
7 + Scaling of BOV of unobserved dosing 95.0 6 -5.2 1 0.02258 Yes
8 + 2 compartment model 95.1 7 0.01 2 0.92034 No
9 + Transit compartment absorption 88.5 7 -6.50 1 0.01079 Yes
10 + Rifampicin dose on DTG F 81.6 9 -6.90 1 0.00862 Yes
11 + Rifampicin dose on DTG CL 84.5 9 -4.00 1 0.04550 Yes
12 + Rifampicin dose on DTG CLand F 81.2 10 -0.40 1 0.52709 No
13 + Rifampicin AUCrir on DTG F 76.4 9 -12.1 1 0.000504 Yes

DTG, dolutegravir; BSV, between subject variability; BOV, between occasion variability; F, bioavailability; CL, clearance; AUCrr, 24 h area under the curve of
rifampicin.
*This is a random effect and may have less degrees of freedom (Delattre et al., 2014).
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Chapter 5: Model-based evaluation of the interaction between ritonavir-boosted atazanavir

and rifampicin in Ugandan adults with HIV

5.1 Abstract

Background: Concomitant treatment of tuberculosis (TB) and human immunodeficiency virus
(HIV) is complicated by drug-drug interactions (DDI). This analysis aimed to characterize the DDI
between ritonavir-boosted atazanavir (ATV/r) and rifampicin in plasma and peripheral blood

mononuclear cells (PBMC).

Methods: DERIVE study (NCT04121195) recruited Ugandan adults with HIV (not TB) on ATV/r-
based second line antiretroviral therapy, and collected intensive plasma and PBMC
pharmacokinetic samples during four visits: (i) standard dose ATV/r 300/100 mg QD, (ii) same
ATV/r regimen adding rifampicin 600 mg QD, (iii) doubling ATV/r to BID with rifampicin 600 mg
QD, and (iv) ATV/r 300/100 mg BID with rifampicin increased to 1200 mg QD. ATV/r plasma and

PBMC concentrations were analysed with population pharmacokinetic modelling in NONMEM.

Results: Twenty-six participants (23 female) were enrolled, with median age and weight of 44
years and 67 kg, respectively. A two-compartment model with an effect compartment effectively
described atazanavir concentrations in plasma and PBMC. Rifampicin increased atazanavir
clearance threefold, while decreasing its bioavailability and absorption rate. Doubling dosing
frequency of ATV/r largely mitigated the interaction with rifampicin, restoring the proportion of
simulated participants achieving the targeted trough atazanavir concentration of 0.014 mg/L to

99%. Rifampicin did not affect the ratio of atazanavir concentration between PBMCs and plasma.
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Conclusion: Metabolic induction by rifampicin accounts for the decrease in plasma exposure of
ATV/r. Doubling the ATV/r dosing frequency to BID effectively mitigated this interaction. The
plasma exposure of ATV/r mirrored that in PBMCs, suggesting that for these drugs, plasma

concentrations provide a reliable reflection of site-of-action exposures.

What is already known about this subject:

e Ritonavir-boosted atazanavir is a WHO-preferred protease inhibitor used as second-line
antiretroviral therapy in resource limited settings.
e The clinically significant drug-drug interaction between atazanavir and rifampicin has

precluded its use in patients requiring treatment for tuberculosis.

What this study adds:

e This article uses population pharmacokinetics to describe the interaction between
ritonavir-boosted atazanavir and rifampicin in Ugandan adults with HIV. The effect of the
drug-drug interaction on atazanavir pharmacokinetic parameters is characterized in a
model that is subsequently used to estimate the speed and extent of intracellular

accumulation of the drug.
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5.2 Introduction

Boosted protease inhibitors (bPl), combined with an appropriate nucleoside reverse-transcriptase
inhibitor backbone, form the second-line antiretroviral therapy (ART) regimen recommended by
the World Health Organization (World Health Organization, 2021b). Ritonavir-boosted atazanavir
(ATV/r) is currently the most used bPI combination, owing to its tolerability, superior potency
(Busti et al., 2004), simplified once-daily dosing (FDA & CDER, 2003; Havlir & O’marro, 2004;
Swainston Harrison & Scott, 2005), and significantly reduced effects on lipid metabolism (Busti et

al., 2004; Swainston Harrison & Scott, 2005) compared with others.

Atazanavir (ATV) is rapidly absorbed, and its bioavailability is enhanced by food (Alvarellos et al.,
2018; FDA & CDER, 2003) but reduced by increased gastric pH (Havlir & O’marro, 2004). It is about
86% bound to plasma proteins (FDA & CDER, 2003), and a substrate of transporter proteins like
p-glycoprotein (Kis et al., 2013). Atazanavir is metabolised by cytochrome P450 (CYP) 3A, an
enzyme it also competitively inhibits (Busti et al., 2004; FDA & CDER, 2003) and is primarily
eliminated by the liver through bile (Alvarellos et al., 2018; FDA & CDER, 2003). Its protein
adjusted in-vitro 90% inhibitory concentration (PA-1Cg) against HIV-1 is 0.014 mg/L (FDA & CDER,
2003; Gausi et al., 2024), and a trough plasma concentration (Ctrough) of 0.15 mg/L has previously

been used as a target for therapeutic drug monitoring (Back et al., 2006).

Ritonavir was initially developed as a Pl for therapeutic use but is now primarily used to enhance
the pharmacokinetics of other drugs because it inhibits their metabolism (Hull & Montaner, 2011;
Loos et al., 2022). It is an irreversible inhibitor of enzymes (FDA & CDER, 2019; Loos et al., 2022,

2023), which prevents them from metabolizing their substrates until new enzymes or cells are
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produced (Loos et al., 2022). Ritonavir is approximately 99% bound to plasma proteins and is
primarily metabolised by CYP3A4 (Loos et al., 2022), and partly by CYP2D6 (FDA & CDER, 2019;
Hsu et al., 1998). Although its half-life is only 3-5 hours (FDA & CDER, 2019), ritonavir reaches
steady-state concentrations after about 2 weeks of daily dosing, likely due to having some CYP3A4

induction properties (Hsu et al., 1998; Loos et al., 2023).

Rifampicin is crucial in treating drug-susceptible tuberculosis (TB) (Bonnett et al., 2017b; World
Health Organization, 2024), a prevalent coinfection and leading cause of mortality among people
living with HIV (World Health Organization, 2021b, 2024). Currently, there is no clear guidance on
its concurrent use with ATV/r due to limited clinical data on the effects of their drug-drug
interaction (DDI) (Niemi et al., 2003; Zhang et al., 2012a). Rifampicin strongly induces CYP3A and
drug transporters (Chen & Raymond, 2006; Niemi et al., 2003), affecting ATV/r exposure (Gausi
et al., 2024). Previous investigations of DDIs between rifampicin and other bPIs had mixed results.
Rifampicin caused unacceptable hepatotoxicity in patients on ritonavir-boosted darunavir
(Ebrahim et al., 2020), whereas it showed mixed results in healthy volunteers and patients on
ritonavir-boosted lopinavir (Murphy et al., 2012). Recently, higher rifampicin doses (up to 35mg/
kg) have been found to result in more favourable treatment outcomes and to be well tolerated

(Boeree et al., 2017b; Bun Ng et al., 2015; Sekaggya-Wiltshire et al., 2022).

A physiologically based pharmacokinetic model developed by Montanha et al. predicted that
doubling the dosing frequency of ATV/r to 300/100 mg twice daily (BID) would effectively mitigate
its interaction with rifampicin (Montanha et al., 2022). The regimen was subsequently evaluated
in the DERIVE trial whose non-compartmental analysis (NCA) showed that the administration of

BID ATV/r with rifampicin largely restored ATV Ciough (Gausi et al., 2024) and resulted in no cases
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of hepatotoxicity. In this population pharmacokinetics analysis, we aimed to further characterize
the effect of the rifampicin coadministration on the pharmacokinetic parameters of ATV/r. We
sought to use intracellular concentrations to characterize the distribution of ATV/r into peripheral
blood mononuclear cells (PBMCs) and investigate whether rifampicin affects drug concentrations
at the site of action. We also simulated the probability of achieving therapeutic target Cirough With

current treatment recommendations.

5.3 Methods

Study design and participants: Data were available from DERIVE (NCT04121195), an open-label,
single arm, dose-escalation study conducted at the Joint Clinical Research Center (JCRC) in
Uganda (Gausi et al., 2024). The study enrolled adults with undetectable HIV viral load (<50
copies/mL) and on ATV/r-based second line ART for at least 6 months. Participants were excluded
if they were pregnant or breastfeeding, had coinfections like TB and hepatitis, or were taking
medication known to interact with study drugs. The study was approved by the JCRC Ethics
Committee (JC1819), the University of Liverpool Research Ethics Committee (Ref 5802) and the
Uganda National Council for Science and Technology (HS2685). All participants provided

voluntary written informed consent.

Sample collection and drug quantification: Pharmacokinetic sampling was conducted over four
visits. During Visit 1 (Day 7 after recruitment), participants were still on ATV/r 300/100 mg once
daily (QD). Afterward, rifampicin 600 mg QD and dolutegravir 50 mg twice daily (BID) were added
to the regimen and Visit 2 sampling was carried out on Day 21. The dosing frequency of ATV/r

was then increased to BID, with further sampling conducted during Visit 3 (Day 28). The rifampicin

100



dose was increased to 1200 mg once daily (QD) for one week. Sampling for Visit 4 was conducted
on Day 35, prior to discontinuing rifampicin and resuming the standard QD ATV/r dose.
Dolutegravir was maintained for an additional two weeks. Blood samples were collected for
plasma separation at pre-dose, and 0.5-, 1-, 2-, 4-, 6-, 8-, and 12-hour post-dose during all visits,
with an extra 24-hour sample during Visit 1. Separate trough samples for intracellular PBMC

concentration assays were collected at visits (1, 3 and 4), and at 12 hours post-dose during visit

Blood samples were centrifuged and stored at -80°C prior to shipment and assay at the University
of Cape Town, where drug concentrations were measured using high-performance liquid
chromatography with tandem mass spectrometry (HPLC MS/MS). The lower limits of
quantification (LLOQ) were 0.030 mg/L for atazanavir and 0.005 mg/L for ritonavir (Gausi et al.,
2024). A separate blood sample was collected in a cell preparation tube, for subsequent PBMC
isolation by density gradient centrifugation (De Nicolo et al., 2020). Isolated PBMCs were stored
at -80 °C and transferred to the University of Turin in Italy. PBMCs were counted using a previously
described turbidimetric method (De Nicolo et al., 2024), and intracellular atazanavir and ritonavir
concentrations assayed using HPLC MS/MS (De Nicolo et al., 2025; De Nicolo et al., 2020) (LLOQ:
0.015 mg/L (De Nicolo, et al., 2020; Foca et al., 2017). More details are presented in the

supplementary file.

Additional atazanavir data (without ritonavir) were available from the ACTG A5213 study, which
enrolled healthy adult volunteers in the USA (Acosta et al., 2007). Atazanavir was administered
with or without rifampicin in three periods: 300 mg BID for 8 days (Period 1), 300 mg BID with

rifampicin 600 mg QD for 11 days (Period 2), and 400 mg BID with rifampicin 600 mg QD for 8
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days (Period 3) (Acosta et al., 2007). Pharmacokinetic sampling was conducted at the end of each
period, with blood collected 15 minutes pre-dose and at 1-, 2-, 3-, 4-, 5-, 6-, 8-, 10-, 12-, and 24-
hours post-dose. Plasma samples were analyzed at the University of Alabama using HPLC with UV

detection (LLOQ: 0.025 mg/L) (Acosta et al., 2007).

Pharmacokinetic analysis: Population pharmacokinetic analysis was done in NONMEM v7.5.1
(Beal, Boeckmann, and Sheiner, 2017) using first-order conditional estimation with eta-epsilon
interaction. PsN (Lindbom et al., 2004) and Pirana were used in the modelling process while the

Xpose4 package in R via RStudio was used for model diagnostics (Keizer et al., 2013).

Ritonavir and atazanavir pharmacokinetic models were separately developed using DERIVE data.
We tested one- and two-compartment disposition models with linear elimination, and delayed
absorption modelled by a lag time or series of transit compartments. PBMC concentrations were
modelled using a hypothetical effect compartment connected to the central compartment of the
plasma model. An equilibration half-life (t1/2) and a pseudo-partition coefficient (PPC) were used
to parameterize the rate of drug entry into the PBMC compartment and its accumulation ratio

between the PBMC and plasma, respectively (Figure 14, supplementary file).

Considering each administered dose as a separate occasion, we tested log-normally distributed
BOV (Karlsson & Sheiner, 1993) on all absorption parameters. BSV (Mould & Upton, 2013) and
BVV were similarly tested on clearance to describe its variance across individuals and study visits,
respectively. RUV was modelled with a combined additive and proportional error model (Mould

& Upton, 2013), fixing the additive error to at least 20% of the corresponding LLOQ.
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Concentrations below LLOQ (BLQ) were included by imputing 50% of the LLOQ and inflating their

additive component of the RUV by LLOQ/2 (Beal, 2001).

Total body weight or fat-free mass (FFM) (Janmahasatian et al., 2005) were tested to apply
allometric scaling (Holford & Anderson, 2017) to all clearance and volume parameters. Various
approaches were tested to model rifampicin and ATV/r interactions. Ritonavir and rifampicin
AUCs were evaluated as continuous covariates, and study visits/rifampicin dosing regimen as
categorical covariates. A joint atazanavir-ritonavir model like that by Zhang et al. (Zhang et al.,
2012b) modelling was also tested. A covariate was retained in the model if its addition resulted
in a drop in objective function value (AOFV) of more than 3.84, which was considered significant

at P<0.05 (Mould & Upton, 2013).

Model performance was also assessed using goodness-of-fit plots, a visual predictive check (VPC),
and sampling importance resampling (Dosne et al., 2016). Monte Carlo simulations were used to
estimate the probability of achieving atazanavir treatment targets (Cirough higher than 0.014 mg/L
(FDA & CDER, 2003) or 0.15 mg/L (Back et al., 2006). Exposure was estimated for different dosing
regimens using a reference cohort of 1,225 in-silico individuals based on demographic data from
previous African HIV/TB studies (Chirehwa et al., 2020). To evaluate the role of ritonavir in the
interaction with rifampicin, we evaluated the final ATV/r model with the additional ATV-only data

from the A5213 study, allowing re-estimation of some absorption parameters.

Data availability statement: The datasets generated and analyzed in this study may be made

available by the corresponding author upon request, subject to suitable access agreements.
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5.4 Results

Study participants and data: The study enrolled 26 participants (88% female), with median age
and weight of 44 years and weight 67 kg, respectively. All participants were taking lamivudine and
17 (65%), 8 (31%), and 1 (4%) were also on tenofovir disoproxil fumarate (TDF), zidovudine, and
abacavir, respectively, as shown in Table 11. Concentrations in 857 plasma samples were included
in the analysis, of which 28 (3%) atazanavir and 20 (2%) ritonavir samples were below the
guantification limit (BLQ). External atazanavir data (355 samples) was available from the ACTG
A5231 study which enrolled 13 (8 male) participants with median age and weight of 30 years and
75 kg, respectively (Table 13, supplementary file).

Table 11: Participant baseline characteristics

Characteristic @

Participants, n 26
Female, n 23 (88)
Black African, n 23 (100)
Participants living with HIV, n 26 (100)
Age, years 44 (23 -61)
Weight, kg 67 (50—-75)
Fat-free mass, kg 41.0 (37.9-41.9)
Body mass index, kg/m? 26.1(19.9-31.6)
Height, m 1.59 (1.48 - 1.86)
ART baseline drug, n (%)

TDF 17 (65)

AZT 8 (31)

ABC 1 (4)

2 The characteristics are presented as number (%) or median (range).
TDF, tenofovir disoproxil fumarate; AZT, Zidovudine; ABC, Abacavir; BMI, body mass index

Atazanavir model: Atazanavir plasma data were best described by a two-compartment model
(AOFV = -202, P<0.001, compared to one- compartment model) with transit compartment

absorption (AOFV = 21, P<0.001, compared to lag time) and first-order elimination. The typical
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(95% confidence interval) atazanavir clearance was 7.57 L/h (6.30-9.03) when standard dose

ATV/r was given OD without rifampicin. A VPC of the model fit is shown in Figure 10.
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Figure 10: Visual predictive check of plasma (bottom) and intracellular (top) atazanavir
concentrations versus time.
The red solid and dashed lines represent the 5th, 50th, and 95th percentiles of the observed data
(open blue circles), while the shaded areas represent the model-predicted 95% confidence

intervals for the same percentiles. ATV/r- ritonavir boosted atazanavir; PBMC, peripheral blood
mono nuclear cells.

Ritonavir model: Ritonavir plasma pharmacokinetics was characterized by a two-compartment
model (AOFV = -271, P<0.001, compared to one-compartment) and absorption through transit
compartments (AOFV = -52, P<0.001 compared to lag time) (Figure 11). The typical clearance of
ritonavir was 9.67 L/h (8.51-11.6) when administered as ATV/r without rifampicin. Clearance and
volume parameters of both drugs were allometrically scaled by FFM, and other parameter
estimates are presented in Table 12.
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Rifampicin data were acceptably characterised by fitting a previously published 1-compartment
model with saturation of elimination via a liver compartment (Chirehwa et al., 2016a; Kengo et
al., 2023). The parameters of the model were re-estimated and presented in Table 14 while a VPC

is shown in Figure 15.
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Figure 11: Visual predictive check of plasma (bottom) and intracellular (top) ritonavir
concentrations versus time

The red solid and dashed lines represent the 5%, 50t™, and 95" percentiles of the observed data
(open blue circles), while the shaded areas represent the model-predicted 95% confidence
intervals for the same percentiles. ATV/r- ritonavir boosted atazanavir; RIF, rifampicin; PBMC,
peripheral blood mononuclear cells

Interactions between drugs: There was a strong correlation between ritonavir and atazanavir
clearance and absorption parameters (Figures 17 and 18). Attempts to fit a ritonavir-based

inhibition for atazanavir led to limited improvement in model fit and reduced parameter
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precision. Similarly, including rifampicin AUC to explain inter-visit differences in atazanavir
clearance did not provide more benefit over considering each dosing regimen as its own category.
Atazanavir: Adding rifampicin to the standard ATV/r regimen, increased atazanavir clearance by
3-fold (2.7-3.6) (AOFV =-122, P<0.001) and reduced its bioavailability and absorption rate by 53%
(62—40) (AOFV =-47, P<0.001) and 67% (78-56) (AOFV = -19, P<0.001), respectively. Doubling the
dosing frequency of ATV/r to BID with standard dose rifampicin, restored atazanavir bioavailability
and reduced the rifampicin induction of its clearance to 2-fold (1.8—2.3). There was no significant
effect of increasing rifampicin dose on atazanavir clearance or bioavailability, and TDF affected
neither atazanavir clearance (AOFV = -0.64, P=0.424) nor bioavailability (AOFV = -2.66, P=0.103).
Ritonavir: Rifampicin increased ritonavir clearance by 2-fold (1.95-2.31) (AOFV = -163, P<0.001)
and decreased its bioavailability to 31% (25-41) (AOFV = -63, P<0.001). Doubling the dosing
frequency of ATV/r partially restored ritonavir bioavailability to 66% (54—89) (AOFV = -8, P=0.005),
and increasing the rifampicin dose had no further effect on ritonavir pharmacokinetics.

PBMC concentrations: The atazanavir PBMC concentrations were linked to the central plasma
compartment by a distributional equilibration half-life (ti2) of 0.963 h (0.546-1.51) and
plasma-to-PBMC PPC of 0.653 (0.538-0.797), neither of which were affected by rifampicin. For
ritonavir, the t12and PPC were 1.40 h (1.38-1.63) and 1.68 (0.643-1.75), respectively. The other
model parameters are presented in the Table 12.

Additional atazanavir data: The final atazanavir model, developed with DERIVE data, was applied
to the A5231 dataset. We made the following adjustment to our model to account for the
differences between the two studies. Firstly, A5231 was found to have slower absorption

compared to DERIVE (MTT was 2.5-fold (2.3-3.2) longer, AOFV = -81, P<0.001). Additionally, the
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clearance of atazanavir in all PK visits of A5231 was 2-fold (1.9-2.3) higher compared to when
ATV/r was given without rifampicin in Visit 1 of the DERIVE study (AOFV =-93, P<0.001). Finally, a
significant 55% (64—46) reduction in atazanavir bioavailability was observed when rifampicin was
coadministered with atazanavir (Period 2 and 3) (AOFV = -63, P<0.001). A VPC and other model
parameter estimates are presented in Figure 19 and Table 15, respectively, of the supplementary
file.

Simulations of atazanavir trough plasma concentrations: Figure 12 and figure 16 (Supplementary
file) present a summary of the predicted atazanavir Ciough and are under the curve (AUC),
respectively, attained when ATV/r was dosed QD without rifampicin and then QD or BID with
rifampicin. When ATV/r was administered QD alone, all (100%) simulated individuals attained a
Ctrough greater than the PA-IC90 (0.014 mg/L) and 95.4% also attained the higher 0.15 mg/L target.
When given with rifampicin, the proportion of participants whose Cirough Was above the PA-IC90
and 0.15 mg/L dropped to 72.8% and 2.83%, respectively. In the 3™ scenario when the dosing
frequency of ATV/r was doubled in the presence of standard dose rifampicin, the proportion of
simulated participants who attained a Ciough greater than the PA-IC90 and 0.15 mg/L were
restored to 99% and 94%, respectively. Figure 13 shows the simulated atazanavir exposure of the

typical individual in the 3 dosing scenarios.
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Table 12: Table of ritonavir and atazanavir pharmacokinetic model parameter estimates
Typical parameter estimates (95% Cl °)

Parameter

Clearance, CL (L/h) ®

Fold-change in CL for ATV/r QD + RIF (-fold)
Fold-change in CL ATV/r BID + RIF (-fold)
Volume of distribution (central compartment) (L) @

Inter compartmental clearance (L/h) @

Volume of distribution (peripheral compartment) (L) ®

Bioavailability, F (fraction)
Change in F for ATV/r QD + RIF (%)
Change in F for ATV/r BID + RIF (%)
Absorption rate constant, ka (/L)
Change in ka due to RIF (%)
Mean absorption transit time, MTT (h)
Transit compartments, NN (n)
Additive error (plasma) (mg/L)
Proportional error (plasma) (%)
Variability (% CV) €

Between subject variability in clearance

Between visit variability in clearance

Between occasion variability (BOV) in ka

BOV in MTT
BOVinF

Scaling factor on BOV for unobserved dose (-fold change) ¢

Peripheral blood mono-nuclear cell (PBMC)
Equilibration half-life, t1/2 (h)
Pseudo-partition coefficient, PPC (.)
Proportional error PBMC (%)

Additive error PBMC (mg/L)

Ritonavir
9.67 (8.51-11.6)
2.12 (1.95-2.31)
55.4 (46.3 -69.1)
1.56 (1.17 - 2.15)
70.1(39.7 - 125)

1 Fixed

-68.8 (-75.2 —-58.5)
-33.3 (-46.6 —-10.9)
1.02 (0.864 — 1.27)

0.483 (0.428 — 0.545)

12.3 (6.64—17.7)
0.001 Fixed
25.6 (24.1-27.8)

16.4 (12.3 - 21.8)

82.3 (67.3-99.1)
43.6(37.7-51.6)
55.5 (48.1 - 63.8)

1.40 (1.38 - 1.63)

1.68 (0.643 — 1.75)

51.4 (42.9-61.1)
0.003 Fixed

Atazanavir
7.57 (6.42 -9.06)
3.05 (2.67 — 3.45)
2.03 (1.82-2.25)
77.5(69.3 - 88.7)
3.13(2.34-4.31)
42.1(26.6 — 79.0)

1 Fixed

-52.5 (-62.5 —-41.4)

6 Fixed

-67.3 (-76.2 —-53.2)
0.499 (0.429 - 0.574)

10 Fixed
0.006 Fixed
19.8 (18.2 - 21.1)

27.6(19.7 - 36.7)
17.5 (14.4 — 24.5)
97.9 (80.8 - 125)
59.4 (49.3 — 73.6)
48.2 (40.7 - 53.6)
1.63 (1.26 —2.10)

0.963 (0.546 — 1.51)
0.653 (0.538 —0.797)

74.9 (62.4 - 92.0)
0.003 Fixed

2All clearance and volume parameters for atazanavir and ritonavir were allometrically scaled using fat-free mass. The
values reported here refer to a typical participant with a weight of 67 kg and fat-free mass of 42 kg.

b parameter uncertainty was determined by sampling importance resampling to obtain the 95% confidence interval
(c.

¢ Variability in these parameters was modelled as either between-subject (BSV), between-occasion (BOV), or
between-visit (BVV) variability. It was assumed to be log-normally distributed and is reported here as the percent
coefficient of variation (%CV) calculated by %CV = Vw? x 100.

4 Multiplicative factor increasing the BOV of absorption parameters (absorption rate constant, mean transit time,
and bioavailability) for pre-dose concentrations following an unobserved dose.

QD, once daily; BID, twice daily; ATV/r, ritonavir-boosted atazanavir; RIF, rifampicin.
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0101 MEC:0.15 mgiL

Weight (kg)

B <«
BS 40-<55
B3 55-<70

PA-1C90: 0.014 mg/L

Atazanavir trough concentrations (mg/L)

ATVir 300/100 OD ATVIr 300/100 OD + RIF 600 mg OD ATV/r 300/100 BD + RIF 600/1200 mg OD
Treatment regimen

Figure 12: Simulated trough plasma atazanavir concentrations of participants (stratified by WHO
weight bands) in different dosing scenarios.

The dashed lines represent atazanavir target trough concentrations of 0.15 mg/L (blue) and 0.014 mg/L
(red), respectively. The first group of boxes represents the trough concentrations achieved during ATV/r
OD. The boxes in the middle are the trough concentrations reached by the simulated individuals when
rifampicin 600 mg OD is added to ATV/r OD. The third dosing scenario represents trough concentrations
achieved when ritonavir boosted atazanavir is given twice daily with both 600 and 1200 mg of rifampicin.
ATV/r- ritonavir boosted atazanavir; RIF, rifampicin; MEC, minimum efficacious concentrations; PA_IC90,
protein adjusted 90% inhibitory concentration; MEC, minimum efficacious dose; OD, once daily; BD, twice
daily.
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Figure 13: Atazanavir concentration versus time profiles of the typical 61 kg individual during the
3 different dosing scenarios. The solid curve represents exposure when the ATV/r is given alone
in the standard regimen.

The dash-dot and the dotted lines represent exposure when standard and doubled the frequency doses
of ATV/r are administered with rifampicin, respectively. The lower and upper horizontal dashed lines
represent the protein adjusted 90% inhibitory concentration (PA 1IC90) and commonly used target trough
atazanavir concentration (MEC), respectively.
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5.5 Discussion

In this pharmacokinetic study, we modelled the effect of rifampicin on ATV/r pharmacokinetics in
Ugandan HIV patients without TB. Rifampicin reduced atazanavir and ritonavir exposures by
inducing their clearance and reducing bioavailability. Our simulations showed that doubling ATV/r
dosing from QD to BID restores atazanavir exposure, achieving a comparable Ciough to standard
ATV/r QD without rifampicin, which was confirmed by PBMC observations. No stronger

interaction was observed with the higher rifampicin dose.

These findings are consistent with previous studies showing that rifampicin reduces the exposure
of Pls by induction of CYP3A enzymes and transporters (Acosta et al., 2007; FDA & CDER, 2003,
2019; Ribera et al., 2007; Zhang et al., 2012a), through activation of the pregnane X receptor
(Bolt, 2004; Fromm et al., 2000; Glaeser et al., 2005; Niemi et al., 2003). Although more complex
models like a ritonavir-inhibition ATV model were explored, they did not provide more meaningful
benefit over using visit or drug regimen as categorical covariates. This is likely because the
interaction involves a shared clearance pathway for both drugs, making it difficult to distinguish
causality from correlation, as illustrated in Figures 17 and 18. Moreover, both drugs also inhibit
their own metabolism, and were administered at a constant ratio in all participants, further

limiting our ability to characterize the ATV-ritonavir DDI within this dataset.

Our model found rifampicin to have a more pronounced effect on atazanavir clearance than
ritonavir, but it caused greater reduction in ritonavir bioavailability. This is likely due to
rifampicin's induction of gut CYP3A (Glaeser et al., 2005; Loos et al., 2023) and efflux transporters

(Fromm et al., 2000; Greiner et al., 1999; Kim et al., 1998), which can delay drug absorption, as
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previously reported for atazanavir (Kis et al., 2013) and digoxin (Greiner et al., 1999). When ATV/r
dosing frequency was increased to BID, atazanavir’s bioavailability was restored. Interestingly, this
was not observed with the additional A5231 ATV-only data, suggesting that doubling the dosing
frequency of ritonavir, and possibly not ATV, has a protective effect on ATV bioavailability when
given with rifampicin. Moreover, we observed a twofold increase in atazanavir clearance
compared to the DERIVE study, likely due to the absence of ritonavir's strong inhibitory effect
(Eichbaum et al., 2013). In our study, a higher rifampicin dose did not further induce atazanavir
clearance, possibly due to near-maximal enzyme induction at the standard dose (Mirochnick et

al., 2011; Taburet et al., 2004).

Differences in rifampicin’s effect on atazanavir and ritonavir may stem from their distinct
metabolic pathways and interactions with CYP enzymes. Ritonavir's interaction with less inducible
CYP2D6 (Farooq et al., 2016; Glaeser et al., 2005) may also make it less affected by rifampicin.
Additionally, it binds differently to the CYP3A4 active site compared to atazanavir, leading to
either metabolism or inhibition (Loos et al., 2022, 2023). This could make ritonavir less available

for metabolism, resulting in less induction by rifampicin.

A two-compartment model provided a better fit for both drugs, with clearance estimates like
previous studies (Foissac et al., 2011; Schipani et al., 2013). Like previously reported (Von Hentig
et al.,, 2007), no significant interaction between TDF and ATV/r was observed in our study,
contrasting with reports in pregnant women (Mirochnick et al., 2011) and pre-treated patients
(Taburet et al., 2004). Despite inhibiting p-glycoprotein (Storch et al., 2007), TDF's interaction with

atazanavir may be less significant in the presence of ritonavir, a stronger inhibitor.
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Our model estimates of the intracellular accumulation of atazanavir and ritonavir are consistent
with previous reports (De Nicol0d et al., 2025.). The accumulation t1/; between plasma and PBMCs
was estimated to be around 1 hour, differing from previously assumed instantaneous
equilibration (Ngwalero et al., 2021; Ter Heine et al., 2010). Despite having limited PBMC sampling
points, the precision of the ti/; estimate was confirmed through sensitivity analysis. This delay
may reflect the time needed for drug molecules to cross cellular membranes. These findings
suggest that plasma concentrations reliably indicate intracellular levels and drug activity at the

PBMC site of action.

The study had several limitations. Participants were required to weigh between 50-75 kg,
excluding more severely ill TB patients, and the sample was predominantly female, potentially
limiting the detection of previously reported sex-related differences (Punyawudho et al., 2017;
Venuto et al., 2014). Another study (NCT03923231) has been carried out to explore this
interaction in participants with more extreme demographics. The fixed-dose ATV/r regimen
limited our ability to describe ATV-RTV interaction with our data alone prompting the use of
additional ATV-only data. The rifampicin dose was lower than the proposed 35 mg/kg (Boeree et
al., 2015), which may affect results generalizability. Rifampicin was also administered alone,
excluding other anti-TB drugs like isoniazid that may also affect CYP enzymes (Wen et al., 2002).
Finally, intracellular ATV/r accumulation estimates were based on limited sampling and require

further validation with more intensive data collection.

In conclusion, our findings provide insights into the mechanisms underlying the DDI between
rifampicin and ATV/r, complementing previous non-compartmental analyses (Gausi et al., 2024).

We also demonstrated that rifampicin does not affect the intracellular accumulation of atazanavir,
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suggesting plasma levels accurately reflect drug activity at the site of action. Monte Carlo
simulations support the suitability of BID dosing of ATV/r to overcome the DDI with rifampicin in
HIV patients, consistent with safety data from the DERIVE trial (Gausi et al., 2024). The concurrent
use of ATV/r-based ART and rifampicin-containing anti-TB regimens in individuals with HIV and TB

should be further evaluated.
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5.6 Supplementary File

Methods

High-performance liquid chromatography with tandem mass spectrometry detection methods
were developed and validated to assay rifampicin at the Division of Clinical Pharmacology,
University of Cape Town. The calibration ranges were: 0.030 (LLOQ) — 10.0 mg/L for atazanavir,
0.005 (LLOQ) — 2.50 mg/L for ritonavir (Gausi et al., 2024). The calibration range for the rifampicin
assay was 0.117 —30.0 mg/L, with an inter-day accuracy of 101% — 107%. The precision, measured
as coefficient of variation (%CV), ranged from 2.70% — 13.7%. A more detailed description of the
method has been previously described (Abdelgawad et al., 2023; Gausi et al., 2024). PBMC
concentrations were assayed with a previously described validated HPLC MS/MS method
(D’Avolio et al., 2013; De Nicolo et al., 2020). The LLOQ for both drugs were 0.015 mg/L, and the

accuracy ranged from 92.7 to 103.7% (De Nicolo et al., 2020; Foca et al., 2017).

Table 13: Baseline characteristics of participant in the A5231 study

Characteristic ® A5231 Study
Participants, n 13
Female, n 5(38)
Black race, n 1(8)
Participants living with HIV, n None
Age, years 30 (23 -48)
Weight, kg 75 (55-110)

@ The characteristics are presented as number (%) or median (range).
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Figure 14: Schematic representation of the final ritonavir and atazanavir pharmacokinetic models
The mean transit time (MTT) is the time the drug takes to traverse the series of transit
compartments (NN) during its absorption; ka is the absorption rate constant; PBMC, peripheral
blood mono nuclear cell; KEO, drug plasma-PBMC equilibration rate constant which describes
how soon the change in plasma is reflected in the PBMC; PPC, the pseudo-partition coefficient
which represents the ratio of drug in PBMC to the plasma. From the central compartment the
drug equilibrates to a peripheral compartment with an intercompartmental clearance (Q) and
peripheral volume (Vp). Ke is the elimination constant rate based on clearance (CL) and central
volume (V).
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Figure 15: Visual predictive check of plasma rifampicin concentrations versus time.

The red solid and dashed lines represent the 10th, 50th, and 90th percentiles of the observed
data (open blue circles), while the shaded areas represent the model-predicted 95% confidence
intervals for the same percentiles. ATV/r- ritonavir boosted atazanavir; RIF, rifampicin; OD, once
daily; BD, twice daily.
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Table 14: Table of rifampicin model pharmacokinetic parameter estimates
Typical parameter estimates (95% ClI

Parameter b)
Clearance, CL (L/h) ¢ 33.0(27.2-40.8)
Michaelis-Menten constant, Km (L/h) 4.90 (3.82 -6.23)
Volume of distribution (central compartment) (L) 44.7 (42.2 - 47.8)
Bioavailability, F (fraction) 1 (fixed)
Absorption rate constant, ka (/L) 2.40 (1.74 -3.30)
Mean absorption transit time, MTT (h) 0.502 (0.447 — 0.558)
Transit compartments, NN (n) 20.3 (15.8 - 25.9)
Additive error (mg/L) 0.023 (fixed)
Proportional error (%) 18.6 (17.1-20.3)
Hepatic volume, Vhu (L) 1 (fixed)
Hepatic blood flow rate, Qu (L/h) 2 90 (fixed)
Unbound fraction of rifampicin, f (fraction) 0.2 (fixed)
Variability (% CV) ¢
Between subject variability in clearance 27.7 (22.1-35.2)
Between occasion variability (BOV) in F 22.0(17.9-26.3)
BOV in ka 104 (85.3 — 136)
BOV in MTT 46.8 (40.0 —56.8)
cSlcallng factor on BOV for unobserved dose (-fold change) 2.54 (1.90—3.32)

All fixed parameters are estimates from DERIVE study population.

2All clearance and volume parameters for atazanavir and ritonavir were allometrically scaled using fat-free mass. The
values reported here refer to a typical participant with a fat-free mass of 41 kg and total body weight of 67 kg.

® Values in parentheses are empirical 95% confidence intervals obtained by sampling importance resampling
procedure.

¢ Variability in these parameters was modeled as either between-subject (BSV), between-occasion (BOV), or
between-visit (BVV) variability. It was assumed to be log-normally distributed and is reported here as the percent
coefficient of variation (%CV) calculated by %CV = Vw? x 100.

4 Multiplicative factor increasing the BOV of absorption parameters (ka, MTT, and BIO) for pre-dose concentrations
following an unobserved dose.

¢ Clearance calculated from maximum intrinsic clearance using the formular: CL = CL;ptmax X fu- Where Clintmax ,
maximum intrinsic clearance; fu, unbound fraction of rifampicin in plasma.
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Figure 16: Simulated atazanavir plasma area under the curve (AUC) of participants (stratified in
weight bands) in different atazanavir dosing scenarios.
ATV/r- ritonavir boosted atazanavir; RIF, rifampicin; OD, once daily; BD, twice daily.
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Table 15: Table of atazanavir model pharmacokinetic parameter estimates from the ACTG
A5231 data.

Parameter Typical parameter estimates (95% Cl °)
Clearance, CL (L/h) ® 7.55 (fixed)
Fold-change in CL due to absence of ritonavir (-fold) 2.13(1.88-2.34)
Volume of distribution (central compartment) (L) 77.3 (fixed)
Inter compartmental clearance (L/h) 3.51 (fixed)
Volume of distribution (peripheral compartment) (L) 48.9 (fixed)
Bioavailability, F (fraction) 1 (fixed)
Change in F with rifampicin (%) -55.3 (-64.0 —-46.2)
Absorption rate constant, ka (/L) 6 (fixed)
Change in ka with rifampicin (%) -70.8 (fixed)
Mean absorption transit time, MTT (h) 1.38 (1.15-1.61)
Transit compartments, NN (n) 10 (fixed)
Additive error (mg/L) 0.005 (fixed)
Proportional error (%) 18.8 (fixed)
Variability (% CV) ¢
Between subject variability in clearance 18.8 (13.7 - 24.4)
Between occasion variability (BOV) in ka 101 (fixed)
BOV in MTT 48.1 (36.9 —63.4)
BOVinF 58.3 (46.4—-73.5)
Scaling factor on BOV for unobserved dose (-fold change) © 1.7 (1.10-2.81)

All fixed parameters are estimates from DERIVE study population.

3 All clearance and volume parameters for atazanavir and ritonavir were allometrically scaled using fat-free mass. The values
reported here refer to a typical participant with a fat-free mass of 41 kg and total body weight of 67 kg.

bValues in parentheses are empirical 95% confidence intervals obtained by sampling importance resampling procedure.

¢ Variability in these parameters was modelled as either between-subject (BSV), between-occasion (BOV), or between-visit (BVV)
variability. It was assumed to be log-normally distributed and is reported here as the percent coefficient of variation (%CV)

calculated by %CV = Vw? X 100.

d Multiplicative factor increasing the BOV of absorption parameters (ka, MTT, and BIO) for pre-dose concentrations following an
unobserved dose.
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Figure 17: Correlation matrix of unexplained parameter variability
Parameter; A, clearance; B, bioavailability; C, absorption; and D, area under the curve from time
0 to infinity) of atazanavir, ritonavir and rifampicin. Only variability from the dosing occasion
associated with the observed dose on the study visit was included.
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Figure 18: Correlation matrix of clearance and bioavailability of atazanavir, ritonavir and
rifampicin

Only parameters from the dosing occasion associated with the observed dose on the study visit
were included.
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Figure 19: Visual predictive check of plasma atazanavir concentrations versus time

A; DERIVE model and B; after making changes in bioavailability (due to rifampicin) and clearance
(due to absence of ritonavir inhibition). The atazanavir model developed with DERIVE study data
was used to describe the exposures observed in the ACTG study (A5231) with factors describing
the -fold change on absorption, bioavailability, and clearance. The solid lines represent the 50th
percentile of the observed data (open circles), while the shaded areas represent the model-
predicted 95% confidence intervals for the percentiles. ATV, atazanavir; RIF, rifampicin; BID, twice
daily; QD, once daily.
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Chapter 6: Assessing potential drug-drug interactions between clofazimine and other

frequently used agents to treat drug-resistant tuberculosis.

6.1 Abstract

Clofazimine is included in drug regimens to treat rifampicin/drug-resistant tuberculosis (DR-TB),
but there is little information about its interaction with other drugs in DR-TB regimens. We
evaluated the pharmacokinetic interaction between clofazimine and isoniazid, linezolid,
levofloxacin, and cycloserine, dosed as terizidone.

Newly diagnosed adults with DR-TB at Klerksdorp/Tshepong Hospital, South Africa, were started
on the then-standard treatment, with clofazimine temporarily excluded for the initial 2 weeks.
Pharmacokinetic sampling was done immediately before, and three weeks after starting
clofazimine, and drug concentrations were determined using validated liquid chromatography-
tandem mass spectrometry assays. The data were interpreted with population pharmacokinetics
in NONMEM v7.5.1, to explore the impact of clofazimine coadministration and other relevant
covariates on pharmacokinetics of isoniazid, linezolid, levofloxacin, and cycloserine.

Clofazimine, isoniazid, linezolid, levofloxacin, and cycloserine data were available for 16, 27, 21,
21, and 6 participants respectively. The median age and weight for the full cohort were 39 years
and 52 kg, respectively. Clofazimine exposures were in the expected range and its addition to the
regimen did not significantly affect the pharmacokinetics of the other drugs except levofloxacin,
for which it caused a 15% reduction in clearance. A posteriori power size calculations predicted
that our sample sizes had 97%, 90%, and 87% power at P<0.05 to detect a 30% change in

clearance of isoniazid, linezolid and cycloserine, respectively. Although clofazimine increased the
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area under the curve of levofloxacin by 19%, this is unlikely to be of great clinical significance and

the lack of interaction with other drugs tested is reassuring.

6.2 Background

The surge in incidence of rifampicin/drug-resistant tuberculosis (DR-TB) is an obstacle to global
efforts to eradicate TB (World Health Organization, 2022). Unlike its susceptible form, DR-TB is
more challenging to manage and requires longer treatment duration (World Health Organization,
2021a). However, new regimens utilising novel and repurposed antimycobacterial agents have
greatly reduced treatment duration (Van der Walt & Sizulu, 2018) and mortality attributed to
DR-TB (Ndjeka et al., 2018).

Over the past decade there has been renewed interest in clofazimine, a fat-soluble
riminophenazine dye that was initially used to treat leprosy (Gopal et al., 2013), partly because
clofazimine-containing regimens showed potential to safely shorten the duration of DR-TB
treatment (Stadler et al., 2023; Van Deun et al., 2010). Although clofazimine is not part of the
current WHO-recommended BPalL/M regimen for DR-TB (World Health Organization, 2022a), it is
categorized as a group B drug, used when levofloxacin/moxifloxacin, bedaquiline, or linezolid
cannot (World Health Organization, 2022a). In 2019, the South African Department of Health
recommended a shorter 9—11-month oral DR-TB regimen (Department of Health & RSA, 2019)
comprising of bedaquiline, clofazimine, levofloxacin/moxifloxacin, linezolid, higher-dose
isoniazid, pyrazinamide, and ethambutol. Terizidone was used whenever there was established
fluoroquinolone resistance.

Clofazimine is highly lipophilic and exhibits significant duration-dependent accumulation in
tissues like fat, muscle, and skin (Mirnejad et al., 2018), leading to relatively low serum

126



concentrations (Cholo et al., 2017). Little is known about its metabolism, and it is largely excreted
unchanged (Holdiness, 1989). In vitro research suggests that clofazimine may inhibit some
cytochrome enzymes (Sangana et al., 2018), and common membrane efflux transport proteins
like P-glycoprotein and breast cancer resistance protein (BCRP) (Te Brake et al., 2016).

Isoniazid is an important component of drug-sensitive TB treatment (World Health organization,
2022) and is used at higher doses for DR-TB (Department of Health & RSA, 2019; World Health
Organization, 2021a). Upon ingestion, isoniazid is rapidly absorbed, undergoes significant first-
pass metabolism (Weber & Hein, 1979), and is eventually eliminated in urine (Klein et al., 2016;
Weber & Hein, 1979). It is metabolized by NAT2 (Klein et al., 2016) which is encoded by a highly
polymorphic NAT2 gene (Boukouvala & Fakis, 2005). Polymorphism of the NAT2 gene has been
extensively studied, resulting in the phenotypic classification of populations into slow,
intermediate, and rapid acetylators (Gausi et al., 2021; Klein et al., 2016; McDonagh et al., 2014;
Weber & Hein, 1985), which are closely linked to isoniazid plasma concentrations.

Linezolid and levofloxacin are WHO-recommended Group A drugs for inclusion in DR-TB
treatment regimens (World Health Organization, 2022a). Linezolid is an oxazolidinone antibiotic
that is well absorbed upon oral administration (Hashemian et al., 2018), metabolized by
cytochrome P450 2J2, 4F2, and 1B1 (Obach, 2022), and eliminated unchanged or as metabolites
in urine (Hashemian et al., 2018). Levofloxacin is a broad-spectrum fluoroquinolone antibiotic
used against many bacterial diseases (Wimer et al., 1998), including DR-TB (World Health
Organization, 2022a). It is rapidly absorbed upon oral administration (Fish & Chow, 1997), and its
absorption is affected by food (Fish & Chow, 1997) and chelating agents (FDA & CDER, 2018).

Levofloxacin undergoes limited metabolism and is mainly excreted unchanged by the kidneys
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through glomerular filtration and transporter mediated tubular secretion (Fish & Chow, 1997;
Ikuko et al., 1997). Terizidone is a Group B drug for DR-TB (World Health Organization, 2022a)
which is rapidly hydrolysed into cycloserine in the gut (Chirehwa et al., 2020; Zitkova & Tousek,
1974). Cycloserine is a D-alanine analogue that interferes with bacterial cell wall synthesis by
inhibiting L-alanine racemase and D-alanyl alanine synthetase enzymes (Azam & Jayaram, 2016).
It is rapidly absorbed from the gut (Mulubwa & Mugabo, 2019), partly metabolized but mostly
eliminated unchanged in urine (Neon Healthcare Ltd, 2023).

Safe use of clofazimine containing regimens requires an understanding of the nature and extent
of pharmacokinetic interactions with co-administered DR-TB drugs. The aim of this study was to
investigate the pharmacokinetic interactions between clofazimine and isoniazid, linezolid,

levofloxacin, and cycloserine in adults with DR-TB.

6.4 Materials and methods

6.4.1 Participants and study treatments. We conducted a non-interventional, prospective cohort
study among participants with DR-TB about to start clofazimine-based treatment, at
Klerksdorp/Tshepong Hospital in North-West Province, South Africa. The study was approved by
Human Research Ethics Committee of the University of Witwatersrand (REF: 171115B) and all
participants provided written informed consent.

Newly diagnosed non-pregnant adults with confirmed pulmonary DR-TB, due to start
clofazimine-containing treatment were recruited. As clofazimine has a delayed onset of action,
the attending doctor assessed whether withholding it in the first two weeks of treatment would
unduly harm the patient. If there was such an indication, patients were ineligible for inclusion.
Other exclusion criteria were, isoniazid mono-resistance, poor prognosis at the time of

128



enrolment, bedaquiline or clofazimine treatment in the previous two years, and refusal to test for
HIV.

All participants were hospitalised for the first two weeks of treatment, receiving their TB
treatment under direct observation, routinely accompanied by a meal. The first pharmacokinetic
sampling (visit 1) was done on day 14. Clofazimine was then added to the regimen of all
participants and a second pharmacokinetic sampling (visit 2) was done 21 days later (Figure 24).
At both visits, blood samples were drawn before, and then 2-, 4-, 6-, 8- and 10-hrs after the
observed dose. The daily oral doses for the drugs were as follows: 100 mg for clofazimine,
450/600 mg for high-dose isoniazid, 600 mg for linezolid, 750/1000 mg for levofloxacin, and 750

mg for terizidone.

After collection, blood samples were immediately placed on ice, transferred to an on-site
laboratory, and centrifuged at 1500G to separate plasma. The plasma was aliquoted and stored
at —80°C until batched-transfer for analysis at the University of Cape Town's Division of Clinical

Pharmacology laboratory.

6.4.2 Drug assays. Visit 2 samples in the first participants were assayed for clofazimine and other
drugs were assayed opportunistically depending on participants’ prescribed regimens as
summarized in Figure S1. Concentrations of pyrazinamide and ethambutol were not determined
as they are unlikely to interact with clofazimine (Arbex et al., 2010). Similarly, bedaquiline was
not investigated because its long terminal half-life (Khoshnood et al., 2021) and slow
accumulation between the two study visits would make it difficult to interpret the data. Plasma
concentrations were quantified using previously published validated liquid chromatography-

tandem mass spectrometry assays; the LLOQ were 0.00781 mg/L for clofazimine (Abdelwahab,
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Wasserman, et al., 2020), 0.105 mg/L for isoniazid (Abdelwahab, Leisegang, et al., 2020), 0.100
mg/L for linezolid (Abdelwahab, Wasserman, et al., 2021), 0.0781 mg/L for levofloxacin (Denti et
al., 2018) and 0.313 mg/L for cycloserine (Court et al., 2018), as previously described. More

details are presented in Table 18 of supplementary materials.

6.4.3 NAT2 phenotype. Consent for genetic studies was obtained, and blood samples were
collected to determine the NAT2 genotype of participants. Genomic DNA was isolated as
previously described (Longmire et al., 1987), and genotyping was performed using sanger
sequencing of the NAT2 gene after amplification using the following primers: 5’
ATTAACTGACATTCTTGAGC 3’ and 5 GCACATAAGTTGATAATTAG 3'. Acetylator status was
subsequently allocated based on the genotype of following four single nucleotide polymorphisms
(SNPs): rs1801279 (c.191G>A), rs1801280 (c.341T>C), rs1799930 (c.590G>A), and rs1799931
(c.857G>A) (Gausi et al., 2021; Hein, 2009; Hein & Doll, 2012). Participants were categorized as
rapid acetylators if they were homozygous for the common allele of all four SNPs (i.e., GG, TT, GG,
GG, respectively). Those who were heterozygous for only one of the 4 SNPs were categorized as
intermediate acetylators, and those who were heterozygous for two or more SNPs, or
homozygous for the variant allele for any of the SNPs were categorized as slow acetylators (Gausi

et al., 2021; McDonagh et al., 2014).

6.4.4 Pharmacokinetic modelling. Nonlinear mixed-effects modelling in the software NONMEM
v7.5.1 (Beal, Boeckmann, and Sheiner, 2017) was used to analyse the data of all drugs. PsN v5.2.6,
Pirana v3.0.0, and Xpose in RStudio were used to support model development (Keizer et al.,

2013).
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First, clofazimine exposures in the first 16 participants were evaluated by fitting their visit 2
clofazimine concentrations to a previously published model (Abdelwahab, Wasserman, et al.,
2020) without estimation. Thereafter, suitable models were developed to characterize the
pharmacokinetics of isoniazid, linezolid, levofloxacin, and cycloserine. One- and two-
compartment disposition models with first-order absorption, and either lag or transit
compartment absorption were evaluated (Savic et al., 2007). First-order elimination was explored
for all drugs and a well-stirred liver model with hepatic extraction was tested for isoniazid (Gausi

et al., 2021; Pang & Rowland, 1977).

To account for body size, allometric scaling with total body weight or FFM was evaluated on all
clearance and volume parameters with fixed exponents of 0.75 and 1, respectively (Holford &
Anderson, 2017). The effect of clofazimine co-administration was explored as a categorical
covariate on clearance and bioavailability for all the drugs. Other previously reported covariates
like NAT2 acetylator status for isoniazid, known drug interactions, and estimated creatinine
clearance (Cockcroft and Gault formula (Cockcroft et al., 1976)) were also explored during the

covariate analysis.

Random effects on pharmacokinetic parameters were added at different levels: BSV, BVV, and
BOV (Karlsson & Sheiner, 1993), assuming a lognormal distribution. BOV was tested for all
absorption parameters considering each dose as a separate occasion, while BVV was tested only
on clearance between the two study visits. Residual unexplained variability was modelled by
including both proportional and additive components, with the lower bound of the additive

component constrained to at least 20% of LLOQ (Denti et al., 2018). Data below the LLOQ were
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imputed to LLOQ/2 (47) as in Beal’s M6 method (Beal, 2001), and the additive component of their

residual error inflated by LLOQ/2 (Denti et al., 2018; Gausi et al., 2021).

Model development was guided by AOFV (Mould & Upton, 2013), which was assumed to follow
chi-square distribution (for 1 df, AOFV>3.84 units was significant at P<0.05), and evaluation of
goodness of fit (Figures S2.2.1-3) and individual plots (Karlsson & Savic, 2007; Nguyen et al.,
2017). Final model performance was evaluated using visual predictive checks (Holford & Karlsson,
2005; Karlsson & Savic, 2007; Nguyen et al., 2017), and parameter precision was determined
using sampling importance resampling (Dosne et al., 2016). Whenever no effect of clofazimine
co-administration was found, a posteriori stochastic simulation and estimation (SSE) (SSE User
Guide, 2018) was performed to estimate the power of our sample size. Briefly, each final model
was modified by adding a 30% effect of clofazimine on clearance and used to simulate 1000
replicates of the study dataset. The input model (with effect) and an alternative (without effect)
were fitted to the simulated datasets and the AOFV between the 2 models was evaluated for
significance at a=0.05. The power of the sample size was then derived from the percentage of

simulations in which the clofazimine effect was statistically significant.

6.3 Results

Study population. Data were available for 27 adult participants of whom 19 (70%) were men and

23 (85%) were living with HIV. Their median age and weight were 39 years, and 52 kg, respectively
(Table 16), and their median estimated glomerular filtration rate (eGFR) was 89.3 mL/min. Visit 2
samples from 16 participants were assayed for clofazimine. All samples from 27 participants were

assayed for isoniazid. Linezolid and levofloxacin concentrations were assayed for 21 participants,
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and samples from 6 participants were assayed for cycloserine. For isoniazid, 5 (19%), 13 (48%),
and 9 (33%) participants were categorized as slow, intermediate, and rapid acetylators,

respectively.

Population pharmacokinetic analysis. Clofazimine data were adequately predicted by a previously

published three-compartment disposition model (Abdelwahab, Wasserman, et al., 2020),
without re-estimating any pharmacokinetic parameter. In keeping with the previous model,

exposure reduced with increasing proportion body fat (Figure 20).

The typical parameter estimates for isoniazid, linezolid, and levofloxacin, and their 95%
confidence intervals (95% Cl) are presented in Table 17. A two-compartment model with first-pass
effect through a liver compartment (Gausi et al., 2021) adequately described isoniazid data
(Figure 21). Fixing the typical absorption parameters to literature values (Gausi et al., 2021), we
estimated an intrinsic clearance of 12.2, 24.9, and 46.7 L/h for slow, intermediate, and rapid
acetylators, respectively (change in objective function value [AOFV] =-39.0; 2 degrees of freedom
[df]; P<0.001). Inclusion of allometric scaling by FFM on all disposition parameters improved the
fit (AOFV=-1.42). BVV in clearance improved the model (AOFV=-14.2, 1 df, P<0.001), but the 10%

decrease in clearance we found on visit 2 was not significant (AOFV=-3.52, 1 df, P=0.061).

Linezolid data were well described by a 1-compartment model with first-order elimination and
absorption through transit compartments (AOFV=-108, 2 df, P<0.001) (Figure 22). With allometric
scaling by FFM included on disposition parameters (AOFV=-4.82), we estimated a typical
clearance and volume of 3.04 L/h and 38.7 L, respectively. BVV in clearance improved the model

(AOFV=-32.4, 1 df, P<0.001) and we observed a non-significant (AOFV=-3.7, 1 df, P=0.054) 2%
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decrease in clearance on visit 2. Additionally, a 1.6-fold increase in BOV of the absorption
parameters of unobserved pre-doses (AOFV=-6.2, 1 df, P=0.013) significantly improved the

model.

Levofloxacin data were well characterized by a 1-compartment model with first-order elimination
and transit compartment absorption (AOFV =- 198, 2 df, P<0.001) (Figure 22), and the typical
values of clearance and volume were 6.81 L/h and 98.5 L, respectively. Allometric scaling of
disposition parameters by FFM improved the model (AOFV =-17.6). Renal function improved the
fit (AOFV =-4.53, 1 df, P = 0.033), predicting a 4.70% (95% Cl: 1.58—7.77) increase in levofloxacin
clearance for every 10-mL/min increase in creatinine clearance from the median. At visit 2, when
clofazimine was given, clearance was 15% (95% Cl: 10—28) slower (AOFV =-10.7, 1 df, P = 0.001),
and consequently the median AUC increased from 140 to 166 mg-h/L (Figure S3). A ~2-fold
increase in variability of absorption parameters of the unobserved doses improved the model
significantly (AOFV = -6.34, 1 df, P = 0.012), and so did BVV on clearance (AOFV =-4.3, 1 df, P =

0.038).

For cycloserine, we employed the 1-compartment model with first-order absorption and
elimination split into renal and non-renal clearance developed by Chirehwa et al. (Chirehwa et
al., 2020). While keeping all other parameters fixed, we re-estimated total clearance to account
for differences between our dataset and the original model. This was not significant (AOFV = -
2.16, 1 df, P = 0.142), and neither was estimating different clearances during the 2 study visits

(AOFV = -2.21, 2 df, P = 0.331) (Figure 23).
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For isoniazid, linezolid and cycloserine, simulations showed that our samples of 27, 21, and 6
participants had 97%, 90%, and 87% power, respectively, to detect a 30% decrease in clearance

across the 2 study visits.

6.5 Discussion

This is the first study we are aware of that has assessed the pharmacokinetic interaction between
clofazimine and other DR-TB drugs. We found a 19% increase in levofloxacin AUC during visit 2,
when clofazimine was added to the DR-TB regimen. However, we found no effect for high-dose

isoniazid, linezolid, or terizidone/cycloserine.

Clofazimine exposures in our cohort were in line with predictions by a model developed by
Abdelwahab et al. (Abdelwahab, Wasserman, et al., 2020) in a similar population. Using this
model, we confirmed the effect of body fat composition on clofazimine disposition by stratifying
our data by proportion of body fat and showing that clofazimine plasma exposure reduces with
increasing proportion of body fat. This is consistent with clofazimine’s known high lipophilicity
and extensive fat distribution (Abdelwahab, Wasserman, et al., 2020; Cholo et al., 2017; Stadler

et al., 2023).

Our isoniazid model is structurally like the one by Gausi et al. (Gausi et al., 2021). We estimate
comparable increases in intrinsic clearance for intermediate and rapid acetylators compared to
slow acetylators, consistently with the trimodal pattern of isoniazid acetylation due genetic
differences in NAT2 enzyme activity (Boukouvala & Fakis, 2005; Gausi et al., 2021; Klein et al.,
2016; Weber & Hein, 1979, 1985). We did not find significant changes in isoniazid

pharmacokinetics after addition of clofazimine to the DR-TB regimen. This is not unexpected,
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since clofazimine has not been reported to affect NAT2 enzyme activity, the most important factor

for isoniazid excretion (Arbex et al., 2010; Klein et al., 2016; Weber & Hein, 1979).

Our linezolid pharmacokinetics results are consistent with previous findings (Abdelwahab,
Wasserman, et al., 2021; Resendiz-Galvan et al., 2023), and we found no statistically significant
interaction with clofazimine. The absence of a pharmacokinetic interaction between linezolid and
clofazimine is not unexpected as linezolid excretion has not been reported to be affected by
clofazimine (Hashemian et al., 2018). Notably, we found slower absorption of linezolid than
previously reported (Abdelwahab, Wasserman, et al., 2021; Resendiz-Galvan et al., 2023), most

likely due to drug intake with a meal (Stalker & Jungbluth, 2003).

Like Canoui et al. and Sidamo et al., (Canoui et al., 2022; Sidamo et al., 2022), a one-compartment
model adequately described our levofloxacin data. This differs from the two-compartment model
found by Denti et al., and Garcia-Prats et al. (Denti et al., 2018; Garcia-Prats et al., 2019), probably
due to different sampling schedules and study population. Our finding of a significant effect of
creatinine clearance on levofloxacin clearance is in line with previous reports (Canoui et al., 2022;
Fish & Chow, 1997; Wimer et al., 1998). We also found slower absorption of levofloxacin than has
been previously reported (Denti et al., 2018; Garcia-Prats et al., 2019; Sidamo et al., 2022), likely

due to a food effect (Fish & Chow, 1997; Wimer et al., 1998).

Interestingly, we found a statistically significant 15% reduction in levofloxacin clearance during
visit 2 when clofazimine was added to the DR-TB regimen. Although, no precise mechanism has
been elucidated for the interaction between levofloxacin and clofazimine, in vitro studies have

shown that clofazimine may inhibit P-glycoprotein and BCRP (Te Brake et al., 2016), which may be
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involved in the active tubular secretion of levofloxacin in the kidneys (FDA & CDER, 2018; lkuko
et al.,, 1997). These transporters are located along the apical membrane of kidney tubules
(Drozdzik et al., 2021) and were found to efflux quinolone antibiotics into urine (Maeda et al.,
2007; lkuko et al., 1997). Their inhibition, as was found for ciprofloxacin (Landersdorfer et al.,
2010), may be the reason behind this observed reduction in levofloxacin clearance when
administered with clofazimine. The resulting increase in levofloxacin AUC, however, may not be
of great clinical relevance as the exposures largely remained within the range of previous reports

(FDA & CDER, 2018; Fish & Chow, 1997; Peloquin et al., 2008, 2018).

For terizidone/cycloserine, the model by Chirehwa et al. (Chirehwa et al., 2020) adequately
described our data. The lack of a significant difference in total clearance across study visits,
coupled with the fact that cycloserine is mostly cleared unchanged in urine (Chirehwa et al., 2020;
Neon Healthcare Ltd, 2023), suggests minimal likelihood of a major pharmacokinetic interaction

between cycloserine and clofazimine.

One limitation of our study was the opportunistic nature of sampling during study visits, lacking
strict observance of dosing prior to the pharmacokinetic visits and restrictions on food intake
following the observed dose. Consequently, there was greater uncertainty in the pre-dose
concentrations, which we addressed by allowing for greater variability in absorption parameters
of unobserved doses. Similarly, food ingestion predictably led to slower absorption of linezolid
and levofloxacin amongst our cohort. However, this had minimal impact on our primary findings,

as the clearance parameters closely aligned with previous reports.
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The study’s observational nature also resulted in a small sample size for terizidone as few
participants in our cohort were on the long (terizidone-containing) regimen. We compensated for
this by using a fixed literature model and only estimating separate clearance values for the two
visits. Although simulations demonstrated acceptable power to rule out a large interaction, the
results should be interpreted cautiously because the fixing of all pharmacokinetic parameters in

the model maybe an over-simplification.

Secondly, due to budget constraints, fewer participant samples were analyzed for clofazimine.
This however, had less consequence for the conclusions we draw about clofazimine as we only
aimed to check if exposures in our cohort were in line with previous reports. Similarly, our
sampling schedule did not include a 1-hour post dose sample and therefore was not sufficient to
describe the rapid absorption of isoniazid. We mitigated this by fixing the typical absorption
parameters to those reported by Gausi et al. (Gausi et al., 2021). Finally, because of the long half-
life of clofazimine, it was not possible to design a cross-over study. Consequently, we cannot
exclude that any differences in clearance between the 2 study visits may be due to factors other

than the delayed introduction of clofazimine interaction, like patient clinical improvement.

In conclusion, our data provides reassuring evidence that clofazimine does not cause significant

pharmacokinetic interactions with other drugs commonly co-prescribed for DR-TB.
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Table 16: Baseline characteristics of participants in the ISA_DRPK study

Characteristic

Clofazimine
Number of participants 16
Number (%) of male participants 10 (63)
Number (%) living with HIV 14 (88)
Median (range) age (yr) 40 (20 - 66)
Median (range) weight (kg) 52 (35-66)

Median (range) fat-free mass (kg) 39.5(25.7-51.9)

Median (range) height (m) 1.65(1.30-1.76)

Median (range) creatinine clearance (mL/min)?

Median dose (range) (mg/kg) ¢ 1.90 (1.52 - 2.86)

Number (%) of participants with NAT2 acetylator status
Slow
Intermediate
Rapid
NAT2, N-acetyltransferase-2.

Drug
Isoniazid Linezolid / levofloxacin
27 21
19 (70) 13 (62)
23 (85) 16 (76)
39 (20-62) 39 (27 - 68)
53 (37 -66) 52 (37 -74)

44.2 (26.0 - 56.5)
1.67 (1.30 - 1.81)
89.3 (35.0 - 143)

41.5 (26.0 - 51.6)
1.64 (1.49 — 1.80)
81.8 (50.5 - 136)

11.5(8.11-16.2)/

10.0(7.35-12.1) 19.1 (13.5-26.3)

5 (19)
13 (48)
9(33)

2 Creatinine clearance was calculated using the Cockcroft and Gault formular (Cockcroft et al., 1976).
b The dose of terizidone (cycloserine) was split into 250, 500 mg in the morning and evening respectively.
¢ The weight normalized dose was calculated by dividing total daily dose of the drug by weight of participant.

Cycloserine
6
4 (67)
5 (83)

39 (33 -53)
53.4 (55— 70)
42.0(35.7-51.6)
1.64 (1.56 — 1.79)
96.5 (71.4 — 115)

13.2 (10.7-17.6)®
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Table 17: Table of model pharmacokinetic parameter estimates

Parameter

Clearance (L/h) @

Intrinsic clearance (slow acetylators) (L/h) @
Intrinsic clearance (intermediate acetylators) (L/h) @
Intrinsic clearance (rapid acetylators) (L/h) @
Volume of distribution (central compartment) (L) ?
Inter compartmental clearance (L/h)

Volume of distribution (peripheral compartment) (L) @
Bioavailability, F (fraction) ®

Absorption rate constant, ka (/L)

Mean absorption transit time, MTT (h)

Transit compartments, NN (n)

Hepatic blood flow rate, QH (L/h) *f

Unbound fraction, fu (%) f

Scaling factor on BOV for unobserved dose (-fold change) "
Effect of CLcr (+10 mL/min change) on CL (%)

Effect of clofazimine on clearance (%)

Additive error (mg/L)

Proportional error (%)

Variability (% CV) &

BSV in clearance

BVV in clearance

BOV in ka

BOV in MTT

BOVinF

2 All clearance and volume parameters for isoniazid, linezolid and levofloxacin were scaled with allometric scaling based on fat-free mass. The values reported

Typical parameter estimates (95% Cl )

Isoniazid
12.2 (9.53 - 14.5)
24.9 (19.0-27.0)
46.7 (37.9-56.4)

57 (49.0 — 61.9)
1.70 (0.806 — 2.27)
42.4(9.88 —52.9)

1 (fixed) @

3.28 (fixed) ®
0.122 (fixed) ®
2.32 (fixed)®
72.4 Fixed
95 Fixed

0.021, i.e., 20% LLOQ (fixed)

24.4 (21.1-28.0)

16.2 (8.10 - 26.1)
18.4 (11.5 — 25.0)
94.3 (4.27 — 101)
129 (87.0 — 215)
47.5 (34.3 - 54.6)

here refer to a typical participant with a fat-free mass of 42 kg and total body weight of 52 kg.

bSince only oral data was available, we set the typical bioavailability to the reference value of 1 and estimated variability around it.

Linezolid
3.04 (2.74 —-3.87)

38.7 (37.0-43.1)
1 (fixed)
1.14 (0.768 — 1.77)

0.928 (0.713 — 1.36)

12.6 (9.98 —37.0)

1.60 (1.07 — 2.67)

0.284 (0.142 - 0.596)

7.31(5.36 - 8.59)

31.6 (13.2-41.5)
33.3(25.4-49.2)
104 (74.5 — 127)
73.8 (47.4-101)
12.4 (6.48 — 18.4)

©Values in parentheses are empirical 95% confidence intervals obtained by sampling importance resampling procedure.

4 For isoniazid, the typical bioavailability reported is pre-hepatic.

Levofloxacin
6.81 (6.05 —7.63)

98.5(90.3 - 107)
1 (fixed)
2.05(1.19-3.25)
1.32 (1.00 - 1.61)
15.7 (9.91 -27.3)

1.99 (1.40 — 2.92)
+4.70 (+1.58 — +7.77)
-14.8 (-23.2 —-5.88)
0.238 (0.121 - 0.375)
4.97 (3.81-6.01)

18.3 (13.2 - 24.0)
17.0 (9.69 — 22.0)
118 (88.9 — 156)
44.4 (31.6 — 56.0)
21.5(16.5 - 27.9)

€The typical values of the absorption parameters (ka, MTT, NN) of isoniazid have been fixed to those reported by Gausi et al. (Gausi et al., 2021).



fThe isoniazid unbound fraction and hepatic flow rate were fixed to literature values (Gausi et al., 2021; Zhu et al., 1999). The hepatic flow rate reported here is
for a typical participant with a fat-free mass 42 kg.

& Parameter variability was modeled as either between-subject (BSV), between-occasion (BOV), or between-visit (BVV) variability. Variability was assumed to be
log-normally distributed and is reported here as the percent coefficient of variation (%CV) calculated by %CV = Vvw? X 100.
P This is a multiplicative factor increasing the BOV of absorption parameters for pre-dose concentrations following an unobserved dose.
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Figure 20: A visual predictive check (VPC) of clofazimine concentration versus time after dose, stratified by proportion of body weight
that is fat.

The solid and dashed lines represent the 5, 50", and 95% percentiles of the observed data (open circles), while the shaded areas
represent the model-predicted 95% confidence intervals for the same percentiles. Of note, this VPC was obtained without
re-estimating parameters (maxeval=0 in NONMEM) which is like an external validation. CFZ, clofazimine.
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Figure 21: Visual predictive check of the isoniazid concentration versus time after dose, stratified by N-acetyltransferase-2 phenotype
and study visit (with vs. without clofazimine).

The model without an effect of clofazimine fit all data on both study visits. The solid and dashed lines represent the 50th, 5th, and

95th percentiles of the observed data (open circles), while the shaded areas represent the model-predicted 95% confidence intervals
for the same percentiles. NAT2, N-acetyltransferase activity; CFZ, clofazimine.
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Figure 22: A VPC of the linezolid (left) and levofloxacin (right) concentration versus time after dose.
The solid and dashed lines represent the 50th, 5th, and 95th percentiles of the observed data (open circles), while the shaded areas
represent the model-predicted 95% confidence intervals for the same percentiles. CFZ, clofazimine.
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Figure 23: A VPC of cycloserine concentration versus time after dose (stratified by study visit).

The solid line represents the median of the observed data (open circles), while the shaded areas represent the model-predicted 95%
confidence interval for median. CFZ, clofazimine.
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6.6 Supplementary materials

Methods

Baseline Visit 1 (day 14) Visit 2 (day 35)

Start DR-TB treatment
without clofazimine

T s T e

I
Intensive sampling: 0-, 2-, 4-, 6-, 8-, 10-h post dose

Drugs assayed (n)

Isoniazid (27) Isoniazid (27)
Linezolid (21) Linezolid (21)
Levofloxacin (21) Levofloxacin (21)
Cycloserine (6) Cycloserine (6)

Clofazimine (16)

Figure 24: A schematic representation of study protocol showing the different study visits and
what drugs were assayed from samples collected during the visits.

Drug assays.
Table 18: A table showing the inter-day accuracy, precision ranges and lower limits of

guantification of the pharmacokinetic analysis methods for the assayed drugs.
Drug analyzed Range of inter-day accuracy (%) Range of precision (%) LLOQ (mg/L)

Clofazimine 102 -103 2.50-5.00 0.00781
Isoniazid 95.3-100 5.70-6.50 0.105
Linezolid 90.1-98.1 3.50-3.60 0.100
Levofloxacin 94.5-98.6 2.40-3.00 0.0781
Cycloserine 89.9-97.0 3.30-15.3 0.313

LLOQ; lower limit of quantification.
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Figure 25: Basic goodness-of-fit plots for the Isoniazid model.

Scatter plot of (top left) observed concentration vs. population predicted values, (top right)
observed concentration vs. individual predicted values, (bottom left) Individual weighted
residuals vs. individual predictions and (bottom right) Conditional weighted residual vs. time.
Each circle represents an individual data point from the respective analysis dataset.
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Figure 26: Basic goodness-of-fit plots for the linezolid model

Scatter plot of (top left) observed concentration vs. population predicted values, (top right)
observed concentration vs. individual predicted values, (bottom left) Individual weighted
residuals vs. individual predictions and (bottom right) Conditional weighted residual vs. time.
Each circle represents an individual data point from the respective analysis dataset.
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Figure 27: Basic goodness-of-fit plots for the levofloxacin model.

Scatter plot of (top left) observed concentration vs. population predicted values, (top right)
observed concentration vs. individual predicted values, (bottom left) Individual weighted
residuals vs. individual predictions and (bottom right) Conditional weighted residual vs. time.
Each circle represents an individual data point from the respective analysis dataset.
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Figure 28: A bee swarm plot showing the change in levofloxacin area under the curve of
participants before and after clofazimine was added to their drug-resistant TB regimen.
Shrinkage in apparent between occasion bioavailability and between subject variability in
clearance were 43% and 12% respectively.



Chapter 7: Discussion and conclusions

7.1 Overall Summary

One of the biggest challenges for drug developers and clinicians is understanding, predicting,
and managing DDIs (Dartois & Rubin, 2022). Interactions between ARVs and anti-TB
medications are among the most challenging and frequently encountered DDIs (Devanathan
et al.,, 2019b). Optimizing HIV and TB treatment is important to prevent toxicity or sub-
therapeutic drug exposure which could lead to the development of drug-resistant strains
(Gardner et al., 2009).

The research presented in this thesis compliments existing knowledge on the nature and
magnitude of pharmacokinetic DDIs between ARV and TB medications, possibly contributing
to their further optimization. In Chapter 1, we introduce the challenges of HIV and TB, focusing
on their prevalence, disease mechanisms, and current treatment guidelines. We discuss key
pharmacokinetic aspects of the drugs covered in this thesis, emphasizing their role in
managing TB and HIV, potential DDIs, and drug resistance profiles. Additionally, we highlight
important aspects of DR-TB including underlying mechanisms and current treatment
strategies. In Chapter 2, we describe how the data was collected and introduce PopPK
modelling, highlighting how it is better than traditional non-compartmental pharmacokinetic
analysis. We also describe the components of a PopPK model and give a general outline of the
model developing process. This background supports the analyses and findings discussed in
this thesis, showing how PopPK modelling is useful for studying pharmacokinetic DDIs in

diverse populations and for predicting unobserved scenarios.
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7.1.1 Pharmacokinetics of high-dose rifampicin: significance of the quality of rifampicin-only
formulation

Non-linearity in the dose-exposure relationship of rifampicin due to saturation of its clearance
has long been established (Chirehwa et al., 2016a). However, as reported in Chapter 3, we
observed lower exposures of high-dose rifampicin in Ugandan patients, than what saturation
of its clearance could predict. We found that this was most likely due to the lower
bioavailability of the rifampicin-only top-up formulation than the standard fixed-dose
combination. These findings underscore previously reported concerns about the lower quality
and bioavailability of some generic TB drug formulations in resource-limited settings, possibly
due to shortcomings in regulatory frameworks (Mcllleron et al., 2002).

7.1.2 Dolutegravir interaction with standard- and high-dose rifampicin

When dolutegravir is co-administered with rifampicin, its dosing frequency is doubled to
counteract the resulting DDI (Dooley et al., 2013, 2020). In Chapter 4, we found that increasing
the rifampicin dose from 10 to 35 mg/kg further reduced dolutegravir exposure. Our model
attributed this reduction to decreased dolutegravir bioavailability rather than increased
clearance, likely due to the saturation of rifampicin’s induction effect on hepatic enzymes
(Acocella, 1978; Xu et al., 2011), in contrast to its continued impact on gut transporters and
enzymes (Tsunoda et al., 1999).

Additionally, our simulations showed that doubling the dolutegravir dose was sufficient to
restore treatment target attainment when administered with both standard- and high-dose
rifampicin. This supports extending of existing dolutegravir dosing recommendations to

include high-dose rifampicin.
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7.1.2 Drug-drug interaction between dolutegravir and standard- vs. high-dose rifampicin:
When dolutegravir is co-administered with rifampicin, its dosing frequency is doubled to
counteract the resulting DDI (Dooley et al., 2013, 2020). In Chapter 4, we found that increasing
the rifampicin dose from 10 to 35 mg/kg further reduced dolutegravir exposure. Our model
attributed this reduction to decreased dolutegravir bioavailability rather than increased
clearance, likely due to the saturation of rifampicin’s induction effect on hepatic enzymes
(Acocella, 1978; Xu et al., 2011), in contrast to its continued impact on gut transporters and
enzymes (Tsunoda et al., 1999).

Additionally, our simulations showed that doubling the dolutegravir dose was sufficient to
restore treatment target attainment when administered with both standard- and high-dose
rifampicin. This supports extending of existing dolutegravir dosing recommendations to
include high-dose rifampicin.

7.1.3 Modelling the drug-drug interaction between ritonavir-boosted atazanavir and
standard- vs. higher-dose rifampicin in plasma and PBMC

The interaction between rifampicin and Pls like ATV/r poses significant challenges in managing
TB in patients on second-line ART. Attempts to co-administer these drugs previously resulted
in toxicity (Decloedt et al., 2011; Ebrahim et al., 2020). In Chapter 5, we demonstrated that
rifampicin reduces atazanavir and ritonavir plasma exposure by increasing their clearance and
decreasing their bioavailability. Despite these effects, rifampicin did not appear to affect the
rate of drug accumulation or steady-state concentrations of either drug in PBMCs.

Using external atazanavir-only data, we estimated ritonavir’s protective effect on atazanavir
clearance. Our analysis showed that doubling the dosing frequency of ritonavir, rather than

atazanavir, restores atazanavir’s exposure when combined with rifampicin. Furthermore,
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twice-daily ATV/r dosing met treatment targets when co-administered with rifampicin,

offering a potential strategy for managing TB in patients on second-line ART.

7.1.4 Drug-drug interaction between clofazimine and other frequently used agents to treat

drug-resistant Tuberculosis: a case for clofazimine-based regimens.

In Chapter 6, we explored the potential effect of clofazimine on the pharmacokinetics of other
anti-TB drugs. Clofazimine did not significantly impact the pharmacokinetics of isoniazid,
linezolid, or cycloserine. However, concurrent clofazimine treatment was associated with a
15% reduction in clearance of levofloxacin, and a non-clinically significant 19% increase in its
AUC. This is likely because clofazimine inhibits some kidney transporters (Te Brake et al., 2016)
that may be essential for levofloxacin elimination (lkuko et al., 1997). The absence of
significant drug interaction between clofazimine and these drugs is reassuring for its
continued use in DR-TB treatment regimens.

7.2 Cross cutting issues and future considerations

7.2.1 Role of clinical treatment targets

Drug concentrations are reliable predictors of treatment outcomes for anti-TB (Pasipanodya
et al., 2013) and many ARV medications (Acosta et al., 2000). However, DDIs can alter drug
concentrations, making their routine monitoring possibly critical for treatment outcome
optimization. Consequently, several pharmacokinetic parameters have been adopted as
markers of drug exposure, including the AUC, and the observed minimum (Cmin) and maximum
(Cmax) concentrations. Values of these parameters have been proposed as targets above which
patients are more likely to achieve treatment success. These therapeutic targets are often
derived from in vitro experiments or earlier clinical trials and usually fall within a therapeutic

window that maximizes the probability of efficacy and minimizes that of toxicity.
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Most treatment targets for ARVs are based on Cmin, Which is attractive partly because it
requires collecting and evaluating concentrations at one time point. However, Cmin primarily
depends on the drug’s terminal half-life, and does not account for other important factors like
drug absorption and the accuracy of information regarding the previous dose. Additionally,
the Cmin may be difficult to evaluate for drugs with a short half-life, as their later

concentrations may shortly fall below the assays’ limit of quantification.

Another challenge is that many treatment targets are adopted from in vitro or early-phase
clinical data and based on non-compartmental analyses. Quite often, as is the case with
dolutegravir (Van Lunzen et al., 2012), these targets are derived from the means or medians
of exposure at the lowest dose found to be efficacious and may lack a mechanistic basis. To
establish more sound clinical targets, model-based approaches that describe the
pharmacokinetic-pharmacodynamic (PK/PD) relationship of drugs may be more informative.
Using PK/PD modelling early in drug development could help set clearer clinical targets for
routine use and managing drug interactions. This approach improves dosing, enhances safety

and effectiveness, and supports better decisions throughout the drug’s development and use.

7.2.2 Integration of PBPK into earlier studies of DDIs

Physiologically based pharmacokinetic (PBPK) modelling is another useful tool for predicting
the extent of DDIs and suggesting dose modifications (Foti, 2024). PBPK models divide the
human body into anatomically meaningful compartments that integrate properties of body
organs, drugs, and demographic characteristics of a population into mathematical equations.
These are then used to describe the absorption, distribution, metabolism and excretion of
drugs (Montanha et al.,, 2022), simulate DDIs and identify potential corrective dose

adjustments to inform later clinical trials.
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PBPK modelling incorporates mechanistic information about the drug pharmacokinetic
processes and hence predicts how drug exposure may be affected when they are affected.
Consequently, PBPK models are used to simulate unobserved scenarios, including
investigations of exposures in less studied populations, like pregnant women and patients
with renal or liver disease. However, PBPK modelling requires specialized software and
training, and it tends to describe the average individual without accounting for many potential
sources of variability. Despite these limitations, PBPK modelling and simulation is a powerful
tool for predicting initial doses prior to being administered to patients. When used alongside
PopPK modelling, as demonstrated in Chapter 5, PBPK can contribute to an efficient predict-

learn-confirm cycle in drug development and clinical research.

7.2.3 Role of quantification of enzyme biomarkers of enzyme induction

Endogenous biomarkers are naturally occurring molecules within the body whose
concentrations are influenced by the activity of biological processes, enzymes, or transporters
(Chu et al., 2018). Measuring the concentration of these substances in blood or urine offers
an alternative way to study the level of activity of associated metabolic processes in vivo. Since
most pharmacokinetic DDIs result from modulation of endogenous enzyme and transporter
activity, endogenous biomarkers present a promising method for monitoring changes in
metabolic process activity. This approach provides an alternative to evaluate DDIs without the
need for artificial probes, such as midazolam.

One promising endogenous biomarker is 4B-hydroxycholesterol (4B-OHC), a metabolite of
cholesterol formed by CYP3A4/5 (Diczfalusy et al.,, 2011). Subsequently, it has been
demonstrated that treatment with known inducers of CYP3A activity results in increased
concentration of 4B-OHC (Bodin et al., 2001). Conversely, known CYP3A inhibitors, like ATV/r,

have been observed to reduce its concentration (Josephson et al., 2008). To account for
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potential confounders, like inter- and intra-individual variability in cholesterol concentration,
the ratio of cholesterol to 4B-OHC could be used to improve its reliability as a biomarker of
CYP3AA4/5 activity.

Given that CYP3A4/5 is the most abundant enzyme among cytochromes in the liver and gut
wall and is responsible for the metabolism of most drugs processed by cytochromes, a specific
biomarker like 4B3-OHC could serve as a valuable monitor for potential DDIs. However, there
are several limitations to consider when using endogenous biomarkers for enzyme induction
guantification. First, endogenous biomarkers can be influenced by factors unrelated to drug
metabolism, such as diet, disease states, and genetic polymorphisms. These possible
confounders may introduce variability and make it challenging to attribute changes in
biomarker levels solely to enzyme induction or inhibition. Additionally, the long half-life some
biomarkers like 43-OHC, may delay the detection of changes in enzyme activity, making them
less suitable for assessing acute DDIs. Finally, while the ratio of cholesterol to 43-OHC helps
mitigate some variability, it may not fully account for all sources of fluctuation, potentially
leading to less precise assessments of changes in enzyme activity. Despite these limitations,
the quantification of endogenous biomarkers remains a promising approach for evaluating
changes in enzyme/transporter activity and their role in DDIs. Future research and validation
studies are needed to address these challenges and refine the use of these biomarkers in

clinical and research settings.

7.3 Concluding remarks

Characterization of the nature and magnitude of DDIs amongst HIV and TB medications is
crucial for maintaining the safety and efficacy of drug combinations, especially in low-income

countries where newer alternatives are not readily available. In this thesis, we demonstrate
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how population pharmacokinetic modelling can be used to quantify DDIs and identify what
pharmacokinetic parameters are affected. We simulated unobserved dosing scenarios and
confirmed the suitability of recommended dose modifications to overcome these DDIs. We
also highlighted the importance of properly identified treatment targets and recommend

inclusion of modelling techniques in their identification using early clinical trial data.
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Appendix 2: NONMEM scripts

SAEFRIF
Rifampicin

;; 1. Based on: run396f
;; 2. Description: SAEM, all participants
;; X1. Author: Allan

SSIZES PD=-1000 LVR=-150 LTH=-200
MAXFCN=10000000 LNP4=-150000

SPROBLEM RIF_MODEL

SINPUT ID DAT2=DROP TIME OCC WHAT=DROP EVID
AMT DV ODV=DROP MDV

VPC_TIME BMI SEX AGE ART HT=DROP WT FFM
FAT HIGHRIF SPARSE

TMAX=DROP BLQ CENS FLAG=DROP SWAP=DROP
EFV PROP_ONLY_RIF

DRUG PROB

$DATA RIF_DATA_NM23e.csv IGNORE=@
IGNORE=(PROB.EQ,1)

SSUBROUTINE ADVAN15 TRANS1 TOL=5 ATOL=5
;SSTOL=5 SSATOL=4

SABBREVIATED DERIV2=NO ;COMRES=2 ; For Cmax

SMODEL NCOMPARTMENTS=3
COMP=(ABS DEFDOSE)
COMP=(CENTRAL DEFOBSERVATION)
COMP=(Liver)

’

SPK

§ == BSV
BSVCL =ETA(1)
BOVKA =0

IF (OCC==1)BOVKA = ETA(11)
IF (OCC==2)BOVKA = ETA(12)
BOVBIO = 0

IF (OCC==1)BOVBIO = ETA(13)
IF (OCC==2)BOVBIO = ETA(14)

BOVMTT =0

IF (OCC==1)BOVMTT = ETA(15)

IF (OCC==2)BOVMTT = ETA(16)

;- Typical values of covariates use MEDIAN WEIGHT
OF MY PPN

TVWT =53

TVFAT =11

TVFFM =42

jommmm—- Allometric scaling and covariates
ALLMCL_WT = (WT/TVWT)**0.75
ALLMV_WT = (WT/TVWT)

ALLMCL_FAT = (FAT/TVFAT)**0.75
ALLMV_FAT = (FAT/TVFAT)

ALLMCL_FFM = (FEM/TVFFM)**0.75
ALLMV_FFM = (FFM/TVFFM)

;-—-liver

ALLMCL_WT_HEP = (WT/70)**0.75
ALLMV_WT_HEP = (WT/70)
ALLMCL_FFM_HEP = (FFM/56.1)**0.75
ALLMV_FFM_HEP = (FFM/56.1)

R e log of allometric scaling
L_ALLMCL_WT = LOG(WT/TVWT)*0.75
L_ALLMV_WT = LOG(WT/TVWT)
;ALLMCL_FAT = (FAT/TVFAT)**0.75
;ALLMV_FAT = (FAT/TVFAT)

L_ALLMCL_FFM = LOG(FFM/TVFFM)*0.75
L_ALLMV_FFM = LOG(FFM/TVFFM)

;-—-liver

;ALLMCL_WT_HEP = (WT/70)**0.75
;ALLMV_WT_HEP = (WT/70)
L_ALLMCL_FFM_HEP = LOG(FFM/56.1)*0.75
L_ALLMV_FFM_HEP = LOG(FFM/56.1)
R Typical values

;TVCL = THETA(1)*ALLMCL_FFM
MU_1 =THETA(1) + L_ALLMCL_FFM
;TVV = THETA(2)*ALLMV_FFM
MU_2 = THETA(2) + L_ALLMV_FFM
;TVKA = THETA(3)

MU_12 = THETA(3)

;;----proportion in FDC

PROP_FDC =1 - PROP_ONLY_RIF

e splitting BIO

;----FOR BIO

BIO_RIF=1

IF (HIGHRIF.EQ.1) BIO_RIF = PROP_FDC +

(THETA(11)*PROP_ONLY_RIF)
L_BIO = LOG(BIO_RIF)

MU_14 = THETA(4) + L_BIO
MU_16 = THETA(5)

MU_6 = THETA(6)

; HEPATIC CL
MU_7 = THETA(7) + L_ALLMCL_FFM_HEP ;QH

MU_8 = THETA(8) ;FU

MU_9 = THETA(9)+ L_ALLMV_FFM_HEP ;VH

MU_10 = THETA(10) ;KM

eBOV = THETA(12) ;extra bioavailability on all absorption
parameters

;----FOR BOVS

0CC1=0
IF(OCC.EQ.1)OCC1=eBOV

R Define parameters

CLINT = EXP(MU_1 + ETA(1))

V = EXP(MU_2 + ETA(2))

KA = EXP(MU_12 + ETA(12)) * EXP(OCC1*ETA(11))
BIO = EXP(MU_14 + ETA(14)) * EXP(OCCL*ETA(13))
MTT = EXP(MU_16 + ETA(16)) * EXP(OCC1*ETA(15))
NN = EXP(MU_6 + ETA(6)) ; Number of transit
compartments

QH = EXP(MU_7 + ETA(7))

FU = EXP(MU_8 + ETA(8))

VH = EXP(MU_9 + ETA(9))

jmmmm-- saturation

KM = EXP(MU_10 + ETA(10))

VMAX = CLINT*KM

’




; Transit compartment absorption
F1=0;
KTR = (NN+1)/MTT ;
IF (NEWIND/=2.0R.EVID>=3) THEN ; new individual, or
reset event
; The values read here will be stored in TDOS and PD in
this very PK call.
TNXD=TIME ; Time of the dose
PNXD=AMT ; Amount. If it's zero, the DE is
deactivated.
ENDIF
TDOS=TNXD ;
PD=PNXD
IF(AMT>0) THEN
; IFFAMT.GT.0.AND.ALAG1.EQ.0) THEN ;
TNXD=TIME
PNXD=AMT
ENDIF
PIZZA = LOG(BIO*PD*KTR + 1E-12) - GAMLN(NN+1)
A_0(1) = 1E-12 ; abs
A_0(2) = 1E-12 ; central
A_0(3) = 1E-12 ; liver

"

SDES
CH = A(3)/VH ; drug conc in liver
SAT_CL =VMAX / (CH + KM) ;C
EH = (SAT_CL*FU)/((SAT_CL*FU)+QH) ; fraction
undergoing first pass extraction
FH =1 - EH ;fraction available after 1st pass to go to
systemic circulation
; re-parameterization
K30 = (QH*EH/VH);(rate constant of elimination)
K32 = (QH*FH/VH) ; (rate constant from central to
peripheral 1)
K23 = (QH/V)
TEMPO = T-TDOS ; this is time after dose for the transit, it
should always be >=0
KTT=0
TRANSIT=0
IF(PD.GT.0.AND.TEMPO.GT.0) THEN
KTT = KTR*(TEMPO)
TRANSIT = EXP(PIZZA+NN*LOG(KTT)-KTT)
ENDIF
DADT(1) = TRANSIT - KA*A(1) ; Abs
DADT(2) = K32*A(3) - K23*A(2) ; central
DADT(3) = KA*A(1) + K23*A(2) - K30*A(3) - K32*A(3) ;
liver

SERROR
IPRED=A(2)/V
LLOQ = 0.25 ; DEFINE YOUR OWN LLOQ HERE
CENS_THR = LLOQ
PROP = IPRED*THETA(13)
ADD = THETA(14)+(CENS_THR*0.2)
IF (ICALL/=4.AND.CENS==1) THEN
ADD = ADD +(CENS_THR*0.5)

ENDIF
NO_FIT=0
IF (ICALL/=4.AND.CENS==2) THEN

PROP =0
ADD = 10000000000

NO_FIT=1
ENDIF
W = SQRT(ADD**2+PROP**2)
IF (W.LE.0.000001) W=0.000001
IRES=DV-IPRED
IWRES=IRES/W
Y = IPRED + W*ERR(1)
IF (ICALL==4.AND.Y<=CENS_THR) Y = CENS_THR/2
IF(AMT>0) THEN
TIMEDOSE = TIME
AMOUNTDOSE = AMT
ENDIF
TAD = TIME-TIMEDOSE
VARCL = BSVCL ;+ BOVCL
VARBIO = BOVBIO
VARAUC = BOVBIO - BSVCL
; RETRIEVE AMOUNT IN
EACH COMPARTMENT-----nmermmemmemee
AAL=A(1)
AA2 = A(2)
AA3 = A(3)

’

STHETA

(-13.8, 4.91,7.5) ; 1 CLINT [log] [L/h]
(-13.8,3.9,7) ; 2V [log] [L]

(-13.8, 0.662,1.609) ; 3 KA [log][1/h]
(0) FIX ; 4 BIO [log]
(-3,-0.677,1.609) ; 5 MTT [log]
(-13.8, 2.68,3) ; 6 NN [log]

(4.5) FIX; 7 QH [log]

(-1.61) FIX ; 8 FU [log]

(0) FIX ; 9 VH [log]

(-13.8, 1.9699) ; 10 KM [log] [mg/L]
(0,0.675) ; 11 BIO_RIFcaps

(0, 2.2,10) ; 12 eBOV()

(0, 0.2245,1) ; 13 PROP []

(0, 0,1) FIX ; 14 ADD [mg/L]

SOMEGA BLOCK(1)
0.0665; 1BSVCL
SOMEGA BLOCK(1) FIX
0.001 ; 2BSVV
SOMEGA BLOCK(1) FIX

0 ; 3BSVKA
SOMEGA BLOCK(1) FIX
0 ; 4BSVBIO

SOMEGA BLOCK(1) FIX
0.001 ; 5BSVMTT
SOMEGA BLOCK(1) FIX
0.001 ; 6BSVNN
SOMEGA BLOCK(1) FIX
0 ; 7BSVQH
SOMEGA BLOCK(1) FIX
0 ; 8BSVFU
SOMEGA BLOCK(1) FIX
0 ; 9BSVVH
SOMEGA BLOCK(1) FIX
0.001 ; 10 BSVKM

’

$SOMEGA BLOCK(1)
0.913; 11 BOVKA



$SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.0646 ; 13 BOVBIO
$SOMEGA BLOCK(1) SAME
$SOMEGA BLOCK(1)
0.649 ; 15 BOVMTT
SOMEGA BLOCK(1) SAME

’

SSIGMA 1 FIX

’

SESTIMATION METHOD=SAEM INTER NBURN=5000
NITER=2500 CTYPE=3 PRINT=1

AUTO=1 NOPRIOR=0
MUM=M(1,2,3,4,5,6,7,8,9,10):N(11,12):D(13,14) ; IF YOU
MU REFERENCE

GRD=TG(1-12):TS(13-14) ; MUST HAVE

SESTIMATION ~ METHOD=IMP  INTER  NITER=500
ISAMPLE=5000 EONLY=1 NOPRIOR=0

PRINT=1 MAPITER=0 CTYPE=3
MUM=M(1,2,3,4,5,6,7,8,9,10):N(11,12):D(13,14) ; IF YOU
MU REFERENCE

GRD=TG(1-12):TS(13-14) ; MUST HAVE

’

STABLE WRESCHOL ID OCC

MDV TIME TAD AA1 AA2 AA3 ;AA4

Y DV PRED RES WRES IPRED IRES IWRES CWRES CWRESI
OBJI NPDE

VPC_TIME NOPRINT NOAPPEND ONEHEADER FORMAT=,
ESAMPLE=1000

FILE=sdtab400.csv

’

STABLE ID OCC

MDV CLINT V KA BIO MTT NN ;AUC ;FU QH;V3 Q V4 Q2
BSVCL ;BSVV BSVKA BSVBIO BSVV3 BSVQ BSVV4 BSVQ2
BOVKA BOVBIO BOVMTT ;BOVCL

VARCL VARBIO VARAUC NOPRINT NOAPPEND
ONEHEADER FORMAT=,

FILE=patab400.csv

’

STABLE ID OCC
HIGHRIF EFV SEX ART SPARSE NOPRINT NOAPPEND
ONEHEADER FORMAT=, FILE=catab400.csv

’

STABLE ID OCC
MDV WT AGE FFM FAT VPC_TIME NOPRINT NOAPPEND
ONEHEADER FORMAT=, FILE=cotab400.csv

’

STABLE ID OCC

MDV TIME TAD AA1 AA2 AA3 ;AA4

Y DV PRED RES WRES IPRED IRES IWRES CWRES CWRESI
OBJI NPDE

CLINT V KA BIO MTT NN ;FU QH;V3 Q V4 Q2

BSVCL ;BSVV BSVKA BSVBIO BSVV3 BSVQ BSVV4 BSVQ2
BOVKA BOVBIO BOVMTT ;BOVCL

VARCL VARBIO VARAUC WT AGE FFM FAT VPC_TIME SEX
HIGHRIF

EFV;
NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=mytab400.csv

’

Dolutegravir

;; 1. Based on: run353
;; 2. Description: AUC_RIF effect
;; X1. Author: Allan

SSIZES PD=-1000 LVR=-150 LTH=-200
MAXFCN=10000000 LNP4=-150000

SPROBLEM DTG_MODEL

SINPUT ID DAT2=DROP TIME OCC WHAT=DROP EVID
AMT DV ODV=DROP MDV

VPC_TIME BMI SEX AGE ART HT WT FFM=DROP
FAT=DROP HIGHRIF HERBAL

ALCOHOL MULTIVIT FERROUS ANTIACID VOMITED
DIARRHEA

JOINTPAIN  SKINRASH NEUROPATHY  SPARSE
TMAX=DROP BLQ CENS

FLAG MISS SWAP=DROP FIXED_IN_R=DROP PROB
UGT GENE AUC_RIF3

SDATA  DTG_DATA_NM14.csv IGNORE=@
IGNORE=(FLAG==3) ; will not see 3.0!!!
IGNORE=(FLAG==4)

IGNORE=(FLAG==1)

IGNORE=(PROB==1)

SSUBROUTINE ADVAN13 TRANS1 TOL=9 ATOL=9 SSTOL=3
SSATOL=3

SABBREVIATED COMRES=2 ; For Cmax

SMODEL NCOMPARTMENTS=3 ; 4
COMP=(ABS DEFDOSE)
COMP=(CENTRAL
DEFOBSERVATION)
COMP=(AUC) ; you make an extra compartment
which fills up from the central to calculate AUC

SPK
SMALL = 1E-6

§ =mm———- BSV

BSVCL =ETA(1)

BSVV = ETA(2)

BSVKA = ETA(3)

BSVBIO = ETA(4)

BSVV3 = ETA(5)

BSVQ = ETA(6)

BSVV4 = ETA(7)

BSVQ2 = ETA(8)

BSVMTT = ETA(9)

§ - BOV

BOVCL=0

IF (OCC==1)BOVCL = ETA(10)



IF (OCC==2)BOVCL=ETA(11)
BOVBIO = 0

IF (OCC==1)BOVBIO = ETA(12)
IF (OCC==2)BOVBIO=ETA(13)
BOVKA =0

IF (OCC==1)BOVKA = ETA(14)
IF (OCC==2)BOVKA=ETA(15)
BOVLAG =0

IF (OCC==1)BOVLAG = ETA(16)
IF (OCC==2)BOVLAG=ETA(17)
BOVMTT =0

IF (OCC==1)BOVMTT = ETA(18)
IF (OCC==2)BOVMTT=ETA(19)

eBOV = THETA(12) ;extra bioavailability on all absorption
parameters
IF (SPARSE.EQ.1) THEN
BOVKA=eBOV*BOVKA
BOVMTT=eBOV*BOVMTT
BOVBIO=eBOV*BOVBIO
ENDIF
R Typical values of covariates use MEDIAN WEIGHT
OF MY PPN
TVWT =56
TVFAT =13
TVFFM =43
jmmmm—- Allometric scaling and covariates
§ mmmmmmmmmmeeee Calculation of Fat-free Mass
; These formulas require WT in KG and HT in m !!!
; Conversion from cm to m
HTM = HT/100
IF (SEX.EQ.0) THEN ; female
WHSMAX=37.99
WHS50=35.98
ELSE ;males
WHSMAX=42.92
WHS50=30.93
ENDIF
HTM2 = HTM**2
FFM = (WHSMAX*HTM2*WT)/(WHS50*HTM2+WT)
FAT = WT-FFM
ALLMCL_WT = (WT/TVWT)**0.75
ALLMV_WT = (WT/TVWT)
ALLMCL_FAT = (FAT/TVFAT)**0.75
ALLMV_FAT = (FAT/TVFAT)
ALLMCL_FFM = (FFM/TVFFM)**0.75
ALLMV_FFM = (FFM/TVFFM)

jmmmmmmm testing AUC
RIF_AUC_M =32.29

RIF_AUC_EFF = 1 + (THETA(15)*(AUC_RIF3-RIF_AUC_M))

; Covariate test: HIGHRIF on CL

TVCL = THETA(1)*ALLMCL_FFM ;Reference 10mg/kg
TVV = THETA(2)*ALLMV_FFM

TVKA = THETA(3)

TVBIO = THETA(4)*RIF_AUC_EFF

TVLAG = THETA(7)

TVV3 = THETA(8); *ALLMV_WT

TVQ = THETA(9); *ALLMCL_WT
TVV4 = THETA(10);*ALLMV_WT
TVQ2 = THETA(11);*ALLMCL_WT
TVMTT = THETA(13)

TVNN = THETA(14)

R Define parameters
CL =TVCL*EXP(BSVCL+BOVCL) ; CLEARANCE

V =TVV*EXP(BSVV) ; CENTRAL VOL.

KA = TVKA*EXP(BSVKA+BOVKA) ; ABS. RATE CONSTANT
BIO = TVBIO*EXP(BSVBIO+BOVBIO) ; BIOAVAILABILITY
LAG =TVLAG*EXP(BOVLAG) ; LAG TIME

V3 = TVV3*EXP(BSVV3) ; PERIPH VOL

Q =TVQ*EXP(BSVQ) ; INTER COMPT CL

V4 = TVVA*EXP(BSVV4) ; PERIPH VOL

Q2 =TVQ2*EXP(BSVQ2) ; INTER COMPT CL

MTT =TVMTT*EXP(BSVMTT+BOVMTT)

NN =TVNN

e re-parameterization

K = CL/V ;(rate constant of elimination)

K23 =Q/V ; (rate constant from central to peripheral 1)
K32 = Q/V3 ;(rate constant from peripheral 1 to central)
K24 = Q2/V ;(rate constant from central to peripheral 2)
K42 = Q2/V4 ; (rate constant from peripheral 2 to central)
S2=V

F1=0

KTR = (NN+1)/MTT

IF (NEWIND/=2.0R.EVID>=3) THEN

TNXD=TIME

PNXD=AMT

ENDIF

TDOS=TNXD

PD=PNXD

IF(AMT>0) THEN

TNXD=TIME

PNXD=AMT

ENDIF

PIZZA = LOG(BIO*PD*KTR + 1E-12) - GAMLN(NN+1)

’

A_0(1) = SMALL
A_0(2) = SMALL

’

;-----AUC calculation------
IF (NEWIND.NE.2.0R.EVID.GE.3) THEN ; Each time | have
a new subject, or a reset

COM(1)=0

COM(2)=0

TDOS =0

$DES

TEMPO = T-TDOS

KTT=0

TRANSIT =0
IF(PD.GT.0.AND.TEMPO.GT.0) THEN

KTT = KTR*(TEMPO)

TRANSIT = EXP(PIZZA+NN*LOG(KTT)-KTT)



ENDIF
DADT(1) = TRANSIT -KA*A(1)
DADT(2) = KA*A(1) -K*A(2)

CC=A(2)/V ;vorv2?

IF(TIME.GT.0.AND.CC.GT.COM(1)) THEN ; This will only
look at the Cmax after Oh, e.g. steady state in my case (the
patients are already at SS due to imputed doses. AUC cmt
from dose +23.99 h)

COM(1) = cC

ENDIF

;COM resflects the central compartent (concentration)
TSS1=0

IF(T.GT.0) TSS1=1 ; This will open up the A(4) cmt at Oh,
you can change these times to the AUC period you want
IF(T.GT.11.99) TSS1=0 ;This will close the A(4) cmt at 23.99
hours later

DADT(3) = CC*TSS1

’

SERROR
AUC =A(3) ; You need to save the AUC. The amount in this
cmt will keep increasing as long as TSS1 is still 1. When
TSS1=0 the amount in the AUC cmt will remain the same.
CMAX = COM(1) ; You need this to save the Cmax
AUCINF = BIO*50/CL ; Check your code where your
DOSE/AMT is in
IPRED=A(2)/V
LLOQ = 0.05 ; DEFINE YOUR OWN LLOQ HERE
CENS_THR = LLOQ
PROP = IPRED*THETA(5)
ADD = THETA(6)+(CENS_THR*0.2)
IF (ICALL/=4.AND.CENS==1) THEN
ADD = ADD +(CENS_THR*0.5)
ENDIF
NO_FIT=0
IF (ICALL/=4.AND.CENS==2) THEN
PROP =0
ADD = 10000000000
NO _FIT=1
ENDIF
W = SQRT(ADD**2+PROP**2)
IF (W.LE.0.000001) W=0.000001
IRES=DV-IPRED
IWRES=IRES/W
Y = IPRED + W*ERR(1)
IF (ICALL==4.AND.Y<=CENS_THR) Y = CENS_THR/2
IF(AMT>0) THEN
TIMEDOSE = TIME
AMOUNTDOSE = AMT
ENDIF
TAD = TIME-TIMEDOSE
VARCL = BSVCL + BOVCL
VARBIO = BSVBIO + BOVBIO
VARAUC = BSVBIO + BOVBIO - BSVCL - BOVCL
VARABS = BOVKA + BSVKA-BSVMTT - BOVMTT
; RETRIEVE AMOUNT IN
EACH COMPARTMENT-------------------
AAL = A1)

STHETA (0,1.82432,90) ; 1 CL [L/h]
(0,12.1293,800) ; 2 V [L]
(0,1.41849,5) ; 3 KA [1/h]

1FIX; 4 BIO

(0,0.100404,0.5) ; 5 PROP []
(0,0.205657,1) ; 6 ADD [mg/L]
OFIX; 7 LAG

(0,0,800) FIX ; 8 V3 [L]

(0,0,90) FIX ; 9 Q [L/h]

(0,0,800) FIX ; 10 V4 [L]

(0,0,90) FIX ; 11 Q2 [L/h]
(0,1.55283,10) ; 12 eBOV
(0,0.580239,5) ; 13 TVMTT [L]
(0,21.4516,50) ; 14 TVNN [L/h]
(-0.00499,-0.00237992,0.15197) ; 15 RIF_AUC_EFF

$SOMEGA BLOCK(1)
0.0175156 ; 1BSVCL
$SOMEGA BLOCK(1) FIX
0; 2BSVV
SOMEGA BLOCK(1) FIX
0; 3BSVKA
$SOMEGA BLOCK(1) FIX
0 ; 4BSVBIO
SOMEGA BLOCK(1) FIX
0; 5BSVV3
$SOMEGA BLOCK(1) FIX
0; 6BSVQ
SOMEGA BLOCK(1) FIX
0; 7BSV4
$SOMEGA BLOCK(1) FIX
0; 8BSVQ2
SOMEGA BLOCK(1) FIX
0; 9BSVMTT

SOMEGA BLOCK(1) FIX
0 ; 10BOVCL
SOMEGA BLOCK(1) SAME

SOMEGA BLOCK(1)
0.170507 ; 12 BOVBIO
SOMEGA BLOCK(1) SAME

SOMEGA BLOCK(1)
1.07642 ; 14 BOVKA
SOMEGA BLOCK(1) SAME

SOMEGA BLOCK(1) FIX
0 ; 16 BOVLAG
SOMEGA BLOCK(1) SAME

$SOMEGA BLOCK(1)
0.226506 ; 18 BOVMTT
SOMEGA BLOCK(1) SAME

SSIGMA 1 FIX

SESTIMATION MSFO=run354.msf MAXEVAL=0 PRINT=1
METHOD=1 INTER NOABORT

NSIG=3  NONINFETA=1 ETASTYPE=1 MCETA=1000
RANMETHOD=4P ; REPEAT

SESTIMATION MSFO=run354.msf MAXEVAL=9999
PRINT=1 METHOD=1 INTER



NOABORT NSIG=3 NONINFETA=1 ETASTYPE=1 MCETA=10
RANMETHOD=4P ; REPEAT
SCOVARIANCE PRINT=E ; MATRIX=S

STABLE WRESCHOL ID OCC TIME TAD AA1 AA2 ; AA3 AA4
Y DV PRED RES WRES IPRED IRES IWRES CWRES CWRESI
0oBJI

VPC_TIME SPARSE MDV NOPRINT NOAPPEND
ONEHEADER FORMAT=,

FILE=sdtab354.csv

STABLE ID OCC CL V KA BIO MTT NN AUC ;V3 Q V4 Q2
BSVCL ;BSVKA BSVBIO BSVV3 BSVQ BSVV4 BSVQ2
BOVKA BOVBIO BOVMTT ;BOVCL

VARCL VARBIO VARAUC NOPRINT NOAPPEND
ONEHEADER FORMAT=,

FILE=patab354.csv

STABLE ID OCC WT HT AGE FFM FAT V BMI VPC_TIME AUC
CMAX AUCINF CC
NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=cotab354.csv

STABLE ID OCC UGT GENE SEX HIGHRIF HERBAL ALCOHOL
ART MULTIVIT FERROUS

ANTIACID VOMITED DIARRHEA JOINTPAIN SKINRASH
NEUROPATHY

SPARSE NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=catab354.csv

STABLE ID OCC TIME TAD AA1 AA2 ; AA3 AA4

Y DV PRED RES WRES IPRED IRES IWRES CWRES CWRESI
OBJI UGT GENE

SPARSE MDV CL V KA BIO MTT NN ;V3 Q V4 Q2

BSVCL ;BSVKA BSVBIO ;BSVV3 BSVQ BSVV4 BSVQ2
BOVKA BOVBIO BOVMTT ;BOVCL

VARCL VARBIO VARAUC WT HT AGE FFM FAT VPC_TIME
AUC CMAX

AUCINF CC BMI SEX HIGHRIF HERBAL ALCOHOL MULTIVIT
FERROUS

ANTIACID VOMITED DIARRHEA JOINTPAIN SKINRASH
NEUROPATHY

ART NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=mytab354.csv

’

Vi



DERIVE

Atazanavir

;; 1. Based on: 090

;; 2. Description: + Unfix plasma

;; X1. Author: allan

;; 2022-09-23

; Settings for the memory of NONMEM

’

SSIZES  PD=-1000 LVR=-150 LTH=-200
MAXFCN=10000000 LNP4=-150000

’

SPROBLEM VIRTUAL_ATV

’

SABBREVIATED DERIV2=NO

SABBREVIATED COMRES=2

’

$INPUT  ID VISIT OCC DAT2=DROP TIME EVID AMT
PK_HR=DROP EVENING

MDV OBS DV ATV_PBMC RTV_PBMC DVID BLQ
CENS FLAG PROB

CMT=DROP VPC_TIME WEIGHT HEIGHT SEXM
AGE VIRAL_LOAD

CONCOMITANT_MEDS DTG RIF FASTING_3H
FOOD_X3 FOOD_X2

FOOD_X1 DOSE_SKIPPED_X3 DOSE_SKIPPED_X2
DOSE_SKIPPED_X1

ATV DV_RTV=DROP RTV DV_DTG=DROP
DV_RIF=DROP COMMENT=DROP

ID_VISIT=DROP CONCOMITANT
CONC_DRUG=DROP

CONC_DRUG_TIME=DROP ALT AST GGT
BILIRUBIN_TOTAL

SERUM_CREATININE ALBUMIN TOTAL_PROTEIN
AUC_RTV AUC_RTV2

AUC_RTV3 CHOLESTEROL BETA_CHOLESTEROL
BETA_TO_CHOL

CHOL_TO_BETA BACK_BONE ABC TDF AZT
REG=DROP REGIMEN=DROP

’

SDATA  VIRTUAL_data_ATV_12.csv IGNORE=#
IGNORE=(PROB==1)

;IGNORE=(DVID==2)

SSUBROUTINE ADVAN13 TRANS1 ; 2 compartment
TOL=9 ATOL=9

SMODEL NCOMPARTMENTS=4 COMP=(ABS DEFDOSE)

COMP=(CENTRAL DEFOBSERVATION) ;
COMP=(CENTRAL DEFOBSERVATION)

COMP=(PERIPH) ; you make an extra
compartment which fills up from the central to calculate
AUC

COMP=(PBMC)

’

SPK

SMALL = 1E-6

5 =mm———- BSV

BSVCL = ETA(1)

BSVV =ETA(2)

BSVKA =ETA(3)

BSVBIO = ETA(4)

BSVV3 = ETA(5)

BSVQ = ETA(6)

BSVV4 = ETA(7)

BSVQ2 = ETA(8)

BSVMTT = ETA(9)

jmmmmme for effect cmpt

BSVKEO = ETA(46)

BSVPPC = ETA(47)

;- BOV

BOVCL=0

IF (OCC==1)BOVCL = ETA(10)
IF (OCC==2)BOVCL = ETA(11)
IF (OCC==3)BOVCL = ETA(12)
IF (OCC==4)BOVCL = ETA(13)
IF (OCC==5)BOVCL = ETA(14)
IF (OCC==6)BOVCL = ETA(15)
IF (OCC==7)BOVCL = ETA(16)
IF (OCC==8)BOVCL = ETA(17)

BOVBIO =0

IF (OCC==1)BOVBIO = ETA(18)
IF (OCC==2)BOVBIO = ETA(19)
IF (OCC==3)BOVBIO = ETA(20)
IF (OCC==4)BOVBIO = ETA(21)
IF (OCC==5)BOVBIO = ETA(22)
IF (OCC==6)BOVBIO = ETA(23)
IF (OCC==7)BOVBIO = ETA(24)
IF (OCC==8)BOVBIO = ETA(25)
BOVKA =0

IF (OCC==1)BOVKA = ETA(26)
IF (OCC==2)BOVKA = ETA(27)
IF (OCC==3)BOVKA = ETA(28)
IF (OCC==4)BOVKA = ETA(29)
IF (OCC==5)BOVKA = ETA(30)
IF (OCC==6)BOVKA = ETA(31)
IF (OCC==7)BOVKA = ETA(32)
IF (OCC==8)BOVKA = ETA(33)
BOVMTT =0

IF (OCC==1)BOVMTT = ETA(34)
IF (OCC==2)BOVMTT = ETA(35)
IF (OCC==3)BOVMTT = ETA(36)
IF (OCC==4)BOVMTT = ETA(37)
IF (OCC==5)BOVMTT = ETA(38)
IF (OCC==6)BOVMTT = ETA(39)
IF (OCC==7)BOVMTT = ETA(40)
IF (OCC==8)BOVMTT = ETA(41)

jommmmm—m- between visit variability

BVVCL=0

IF (VISIT == 1)BVVCL = ETA(42)

IF (VISIT == 2)BVVCL = ETA(43)

IF (VISIT == 3)BVVCL = ETA(44)

IF (VISIT == 4)BVVCL = ETA(45)

SCALE_BOV = THETA(10) ;extra bioavailability on all
absorption parameters

IF (OBS.EQ.0) THEN
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BOVKA=SCALE_BOV*BOVKA
BOVMTT=SCALE_BOV*BOVMTT
BOVBIO=SCALE_BOV*BOVBIO
ENDIF

e Calculation of Fat-free Mass

; These formulas require WT in KG and HT in m !!!
HTM = HEIGHT/100

WT = WEIGHT

SEX = SEXM

IF (SEX.EQ.0) THEN ; female

WHSMAX=37.99

WHS50=35.98

ELSE ;males

WHSMAX=42.92

WHS50=30.93

ENDIF

HTM2 = HTM**2

FFM = (WHSMAX*HTM2*WT)/(WHS50*HTM2+WT)
FAT = WT-FFM

IF (FAT.LT.0) FAT =0

; mmm——- Typical values of covariates use MEDIAN WEIGHT
OF MY PPN

TVWT =67

TVFAT = 25

TVFFM =42

R Allometric scaling and covariates
ALLMCL_WT = (WT/TVWT)**0.75
ALLMV_WT = (WT/TVWT)

ALLMCL_FAT = (FAT/TVFAT)**0.75
ALLMV_FAT = (FAT/TVFAT)
ALLMCL_FFM = (FFM/TVFFM)**0.75
ALLMV_FFM = (FFM/TVFFM)

jommmmm———- Allometry for liver
ALLMCL_WT_HEP = (WT/70)**0.75
ALLMV_WT_HEP = (WT/70)
ALLMCL_FFM_HEP = (FFM/56.1)**0.75
ALLMV_FFM_HEP = (FFM/56.1)

R e e covariates
;;Covariate test: RTV_CL
MEDIAN_AUC24_RTV =7.0923

; RTV_CL =1;n0 RTV

; IF(RTV.EQ.1)

RTVAUC_CL =1 + THETA(11)*(AUC_RTV2 -
MEDIAN_AUC24_RTV) ;Inter

; Min. 1st Qu. Median Mean 3rd Qu. Max.
;0.874 3.380 7.240 7.095 9.680 23.200
;For stratifying VPC

VISIT_DVID = VISIT + 10*DVID

;;Different CL for every visit:

CL_VISIT = 1;n0 RTV

IF(VISIT.EQ.2) CL_VISIT = 1 + THETA(12);Inter
IF(VISIT.GE.3) CL_VISIT = 1 + THETA(13);Inter
;IF(VISIT.EQ.4) CL_VISIT = THETA(14);Inter

BIO_VISIT = THETA(4);
IF(VISIT.EQ.2) BIO_VISIT = THETA(14);v2

;;Different KA for visits with RIF
RIF_KA =1;n0o RTV
IF(RIF.EQ.1) RIF_KA = 1 + THETA(16);Inter

jmmmm- Typical values

TVCL = THETA(1) * ALLMCL_FFM * CL_VISIT *
RTVAUC_CL;*NAT2_CL*CFZ_CL;

TVV = THETA(2) * ALLMV_FFM

TVKA = THETA(3) * RIF_KA

TVBIO = BIO_VISIT

TVMTT = THETA(7) ;* MTT_VISIT

TVNN = THETA(15)

TVV3 = THETA(8)*ALLMV_FFM

TVQ = THETA(9)*ALLMCL_FFM

jmmme- for effect cmpt

TVKEO = THETA(17)

TVPPC = THETA(18)
jrmmmm—m——n Define parameters

CL = TVCL*EXP(BSVCL+BOVCL+BVVCL) ; CLEARANCE

V =TVV*EXP(BSVV) ; CENTRAL VOL.

KA =TVKA*EXP(BSVKA+BOVKA) ; ABS. RATE CONSTANT
BIO = TVBIO*EXP(BSVBIO+BOVBIO) ; BIOAVAILABILITY
MTT = TVMTT*EXP(BSVMTT+BOVMTT) ; MTT TIME

NN = TVNN ; Number of transit compartments

V3 = TVV3*EXP(BSVV3) ; PERIPH VOL
Q=TVQ*EXP(BSVQ) ; INTER COMPT CL

R for effect compartment
KEO = TVKEO * EXP(BSVKEOQ)
PPC = TVPPC * EXP(BSVPPC)

; re-parameterization

K = CL/V ;(rate constant of elimination)

K23 =Q/V ; (rate constant from central to peripheral 1)
K32 = Q/V3 ;(rate constant from peripheral 1 to central)

; Transit compartment absorption

F1=0; | need to set bioavailability in compartment 1 to 0
for this implementation of the transit compartment
absorption

KTR = (NN+1)/MTT ; The number of actual transit
compartments is NN+1, so this number can never be 0

IF (NEWIND/=2.0R.EVID>=3) THEN ; new individual, or
reset event
; The values read here will be stored in TDOS and PD in
this very PK call.
TNXD=TIME ; Time of the dose
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PNXD=AMT ; Amount. If it's zero, the DE is
deactivated.
ENDIF

TDOS=TNXD ; This will either save here the temporary
values if it's a new individual...

PD=PNXD ; ...or the values which were read one record
ahead during the execution of the previous record.

IF(AMT>0) THEN ; This reads one record ahead and
stores the data to be used when running the following
record

TNXD=TIME

PNXD=AMT
ENDIF

; To speed up the computation, | calculate here all the
non-time-varying quantities used in SDES

PIZZA = LOG(BIO*PD*KTR + 1E-12) - GAMLN(NN+1) ;
without +0.00001, it won't work with ETAs in
bioavailability

A_0(1) = SMALL
A_0(2) = SMALL
A_0(3) = SMALL
A_0(4) = SMALL; PBMC

”

SDES

C2 = A(2)/V ; state this as it is used for the DE of pbmc
CMT
TEMPO = T-TDOS ; this is time after dose for the transit,
it should always be >=0
KTT=0
TRANSIT=0
IF(PD.GT.0.AND.TEMPO.GT.0) THEN ; This happens only
id PD>0, so only if a dose has been detected

KTT = KTR*(TEMPO)

TRANSIT = EXP(PIZZA+NN*LOG(KTT)-KTT)
ENDIF

DADT(1) = TRANSIT - KA*A(1)

DADT(2) = KA*A(1) - K*A(2) + K32*A(3) - K23*A(2)
DADT(3) = K23*A(2) - K32*A(3)

DADT(4) = KEO*(PPC*C2 - A(4)) ;A(4) IS ACTUALLY CONC

IN EFFECT CMT

$ERROR
IPRED_P=A(2)/V
HALF_L = LOG(2)/KEO

; DEFINE LLOQ VALUE
LLOQ_P =0.03 ; DEFINE YOUR OWN LLOQ HERE
LLOQ_C=0.015; DEFINE YOUR OWN LLOQ HERE

CENS_THR_P = LLOQ_P
;CENS_THR =0.3*LLOQ ; check the readme section

PROP_P = IPRED_P*THETA(5)

ADD_P = THETA(6)+(CENS_THR_P*0.2)

; For CENS==1 (i.e. first CENSORED value in a series,
which was imputed to CENS_THR/2), we add extra
additive error on the concentrations,

; since the value in DV has been imputed and therefore
more uncertain.

IF (ICALL/=4.AND.CENS==1) THEN

ADD_P = ADD_P +(CENS_THR_P*0.5)

ENDIF

NO_FIT=0

; For CENS==2 (i.e. the trailing CENSORED values in a
series that were imputed to CENS_THR/2), we don't
want these to influence the fit,

IF (ICALL/=4.AND.CENS==2) THEN
PROP_P=0

ADD_P = 10000000000
NO_FIT=1

ENDIF

W_P = SQRT(ADD_P**2+PROP_P**2)

CENS_THR_C=LLOQ_C

IPRED_C = CC
PROP_C = IPRED_C * THETA(19)
ADD_C = THETA(20) + (0.2*CENS_THR_C)

IF(ICALL/=4.AND.CENS==1.AND.DVID==4) THEN
ADD_C = ADD_C + (LLOQ_C*0.5)
ENDIF

IF (ICALL/=4.AND.CENS==2.AND.DVID==4) THEN
PROP_C=0

ADD_C = 10000000000

NO_FIT=1

ENDIF

W_C = SQRT(ADD_C**2+PROP_C**2)

ERROR_P = W_P * ERR(1)
ERROR_C = W_C * ERR(1)

;Redefine IPRED & weighting

IPRED = IPRED_P
W=Ww_p
ERROR_TERM = ERROR_P

IF(DVID==2) THEN

IPRED = IPRED_C
W=W_C

ERROR_TERM = ERROR_C



ENDIF

; Protective code
IF (W.LE.0.000001) W=0.000001

IRES=DV-IPRED
IWRES=IRES/W

Y =IPRED + ERROR_TERM

; To prevent simulation (ICALL==4) of negative values. It
set a positive lower bound for Y, so that VPCs in the log-
scale can be plotted

IF (DVID==1.AND.ICALL==4.AND.Y<=LLOQ_P)
Y=LLOQ_P/2

IF (DVID==2.AND.ICALL==4.AND.Y<=LLOQ_C)
Y=LLOQ_C/2

; To calculate time after dose.

IF(AMT>0) THEN

TIMEDOSE = TIME

AMOUNTDOSE = AMT

ENDIF

TAD = TIME-TIMEDOSE
IF(VISIT==1.AND.DVID==2) TAD = 25.5
IF(VISIT==2.AND.DVID==2) TAD = 15
IF(VISIT==3.AND.DVID==2) TAD = 15
IF(VISIT==4.AND.DVID==2) TAD = 15

VARCL = BSVCL + BOVCL

VARBIO = BSVBIO + BOVBIO

VARAUC = BSVBIO + BOVBIO - BSVCL - BOVCL

VARABS = BOVKA + BSVKA - BSVMTT - BOVMTT

; RETRIEVE AMOUNT IN

EACH COMPARTMENT-

AAL=A(1)
AA2 = A(2)
AA3 = A(3)
AAA = A(4)

$THETA (0,7.55,50) ; 1 CL_1 [L/h]
(0,79.0582,300) ;2 V [L]

(0,6,10) FIX; 3 KA [1/h]

1FIX;4BIO

(0,0.188663,0.5) ; 5 PROP []

0 FIX; 6 ADD [mg/L]
(0,0.514785,10) ; 7 MTT
(0,46.7027,300) ; 8 V3 [L]
(0,3.21354,50) ; 9 Q [L/h]
(0,1.70998,5) ; 10 SCALE_BOV
(-0.0616,0,1502) FIX ; 11 RTVAUC_CL
(-0.99,2.08781,10) ; 12 CL_2 [L/h]
(-0.99,1.01864,10) ; 13 CL_3/4 [L/h]
(0,0.480537) ; 14 BIO_VISIT2
(0,10,50) FIX ; 15 NN
(-0.99,-0.784495,10) ; 16 RIF_KA
(0,0.700687,10) ; 17 KEO
(0,0.647886) ; 18 PPC
(0,0.753099,1) ; 19 PROP_E []
(0,0,5) FIX ; 20 ADD_C [mg/L]

SOMEGA BLOCK(1)
0.0734386 ; 1BSVCL
$SOMEGA BLOCK(1) FIX
0; 2BSVV
SOMEGA BLOCK(1) FIX
0; 3BSVKA
$SOMEGA BLOCK(1) FIX
0 ; 4BSVBIO
$SOMEGA BLOCK(1) FIX
0; 5BSVV3
SOMEGA BLOCK(1) FIX
0; 6BSVQ
$SOMEGA BLOCK(1) FIX
0; 7BSVV4
SOMEGA BLOCK(1) FIX
0; 8BSVQ2
$SOMEGA BLOCK(1) FIX
0; 9BSVMTT

SOMEGA BLOCK(1) FIX

0 ; 10BOVCL

SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME

SOMEGA BLOCK(1)
0.237034 ; 14 BOVBIO
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.861212 ; 18 BOVKA
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.357417 ; 22 BOVMTT
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME

$SOMEGA BLOCK(1)



0.0339448 ; BVVCL

SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME

’

SOMEGA BLOCK(1) FIX

0 ; 46 BSVKEO

SOMEGA BLOCK(1) FIX

0 ; 47 BVVPPC
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME

’

SSIGMA 1 FIX

’

SESTIMATION MSFO=run090_3.msf MAXEVAL=9999
PRINT=1 METHOD=1 INTER

NOABORT NSIG=3 NONINFETA=1 ETASTYPE=1
;MCETA=1000 RANMETHOD=4P ; REPEAT
SCOVARIANCE UNCONDITIONAL PRECOND=1 PRINT=E
MATRIX=R

’

STABLE  ID OCC TIME TAD AA1 AA2 AMT DVID ; AA3
AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBJI

NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=sdtab090_3.csv

’

STABLE IDOCCCLVKABIOMTTV3Q;

HALF_L PPCKEO ;

BSVCL ;BSVV BSVKA BSVBIO BSVV3 BSvVQ BSVV4
BSVQ2

BVVCL BOVCL BOVKA BOVBIO BOVMTT ;BOVMTT

VARCL VARBIO VARAUC NOPRINT NOAPPEND
ONEHEADER FORMAT=,

FILE=patab090_3.csv

STABLE 1D OCC WT HTM AGE FFM FAT AUC_RTV
AUC_RTV2 AUC_RTV3

VIRAL_LOAD NOPRINT NOAPPEND ONEHEADER
FORMAT=,
FILE=cotab090_3.csv

STABLE 1D OCC VISIT SEXM EVENING OBS RIF
VISIT_DVID ABC AZT TDF

BACK_BONE CONCOMITANT _MEDS FOOD_X1
FOOD_X2 FOOD_X3

DOSE_SKIPPED_X1 DOSE_SKIPPED_X2
DOSE_SKIPPED_X3 FASTING_3H

BLQ CENS FLAG PROB NOPRINT NOAPPEND
ONEHEADER FORMAT=,

FILE=catab090_3.csv

STABLE  ID OCC TIME TAD AA1 AA2 AMT DVID ; AA3
AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBIJI

CLV KA BIO MTT V3 QBSVCL;

VPC_TIME HALF_L PPC KEO VISIT_DVID ;

BVVCL BOVCL BOVKA BOVBIO BOVMTT ;

VARCL VARBIO VARAUC VISIT SEXM EVENING OBS
RIF ABC AZT TDF

BACK_BONE CONCOMITANT_MEDS FOOD_X1
FOOD_X2 FOOD_X3

DOSE_SKIPPED_X1 DOSE_SKIPPED_X2
DOSE_SKIPPED_X3 FASTING_3H

BLQ CENS FLAG PROB NOPRINT NOAPPEND
ONEHEADER FORMAT=,
FILE=mytab090_3.csv

Ritonavir

;; 1. Based on: 070

;; 2. Description: + FIXADD_Cto 0
;; x1. Author: Allan

;; 2022-09-23
; Settings for the memory of NONMEM
SSIZES PD=-1000 LVR=-150 LTH=-200

MAXFCN=10000000 LNP4=-150000
SPROBLEM VIRTUAL_RTV
SABBREVIATED DERIV2=NO

’

SINPUT ID VISIT OCC DAT2=DROP TIME EVID AMT
PK_HR=DROP EVENING DV

MDV RTV_PBMC DVID OBS BLQ CENS FLAG PROB
VPC_TIME WEIGHT

HEIGHT ~ SEXM  AGE  VIRAL_LOAD=DROP
CONCOMITANT_MEDS DTG RIF

FASTING_3H FOOD_X3 FOOD_X2 FOOD_X1
DOSE_SKIPPED_X3

DOSE_SKIPPED_X2 DOSE_SKIPPED_X1 ATV=DROP
DV_RTV=DROP

DV_ATV=DROP  RTV=DROP  DV_DTG=DROP
DV_RIF=DROP COMMENT=DROP

ID_VISIT=DROP
CONC_DRUG=DROP

CONC_DRUG_TIME=DROP ~ ALT  AST  GGT
BILIRUBIN_TOTAL

SERUM_CREATININE ALBUMIN TOTAL_PROTEIN
AUC24 AUC24_RIF

BETA_TO_CHOL BETA_CHOLESTEROL BACK_BONE
ABC TDF AZT

CHOLESTEROL

CONCOMITANT
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$DATA VIRTUAL_data_RTV_7.csv IGNORE=#
IGNORE=(PROB==1)

IGNORE=(PROB==2) ;|IGNORE=(DVID==2)
$SUBROUTINE ADVAN13 TRANS1 ; 2 compartment
TOL=9 ATOL=9

$SMODEL  NCOMPARTMENTS=4 COMP=(ABS DEFDOSE)
COMP=(CENTRAL DEFOBSERVATION) ;
COMP=(CENTRAL DEFOBSERVATION)
COMP=(PERIPH) ;
COMP=(PBM(C) ; for the PBMC

$PK

SMALL = 1E-12

pRe— BSV

BSVCL = ETA(1)

BSVV =ETA(2)

BSVKA =ETA(3)

BSVBIO = ETA(4)

BSVV3 = ETA(5)

BSVQ = ETA(6)

BSVV4 = ETA(7)

BSVQ2 = ETA(8)

BSVMTT = ETA(9)

jmmmmne for effect cmpt

BSVKEO = ETA(46)

BSVPPC = ETA(47)

JRS—— BOV

BOVCL=0

IF (OCC==1) BOVCL = ETA(10)
IF (OCC==2) BOVCL = ETA(11)
IF (OCC==3) BOVCL = ETA(12)
IF (OCC==4) BOVCL = ETA(13)
IF (OCC==5) BOVCL = ETA(14)
IF (OCC==6) BOVCL = ETA(15)
IF (OCC==7) BOVCL = ETA(16)
IF (OCC==8) BOVCL = ETA(17)
BOVBIO=0

IF (OCC==1) BOVBIO = ETA(18)
IF (OCC==2) BOVBIO = ETA(19)
IF (OCC==3) BOVBIO = ETA(20)
IF (OCC==4) BOVBIO = ETA(21)
IF (OCC==5) BOVBIO = ETA(22)
IF (OCC==6) BOVBIO = ETA(23)
IF (OCC==7) BOVBIO = ETA(24)
IF (OCC==8) BOVBIO = ETA(25)
BOVKA=0

IF (OCC==1) BOVKA = ETA(26)
IF (OCC==2) BOVKA = ETA(27)
IF (OCC==3) BOVKA = ETA(28)
IF (OCC==4) BOVKA = ETA(29)
IF (OCC==5) BOVKA = ETA(30)
IF (OCC==6) BOVKA = ETA(31)
IF (OCC==7) BOVKA = ETA(32)
IF (OCC==8) BOVKA = ETA(33)
BOVMTT =0

IF (OCC==1) BOVMTT = ETA(34)
IF (OCC==2) BOVMTT = ETA(35)
IF (OCC==3) BOVMTT = ETA(36)
IF (OCC==4) BOVMTT = ETA(37)
IF (OCC==5) BOVMTT = ETA(38)
IF (OCC==6) BOVMTT = ETA(39)
IF (OCC==7) BOVMTT = ETA(40)

IF (OCC==8) BOVMTT = ETA(41)
R between visit variability
BVVCL=0

IF (VISIT == 1) BVVCL = ETA(42)
IF (VISIT == 2) BVVCL = ETA(43)
IF (VISIT == 3) BVVCL = ETA(44)
IF (VISIT == 4) BVVCL = ETA(45)
jmmmmmm—- between visit variability in PPC
BVVPPC=0

IF (VISIT == 1) BVVPPC = ETA(48)
IF (VISIT == 2) BVVPPC = ETA(49)
IF (VISIT == 3) BVVPPC = ETA(50)
IF (VISIT == 4) BVVPPC = ETA(51)

SCALE_BOV = THETA(10) ;extra bioavailability on all
absorption parameters

IF (OBS.EQ.0) THEN

; BOVKA=SCALE_BOV*BOVKA

; BOVMTT=SCALE_BOV*BOVMTT
BOVBIO=SCALE_BOV*BOVBIO

ENDIF

e Calculation of Fat-free Mass
HTM = HEIGHT/100

WT = WEIGHT

SEX = SEXM

IF (SEX.EQ.0) THEN ; female
WHSMAX=37.99

WHS50=35.98

ELSE ;males

WHSMAX=42.92

WHS50=30.93

ENDIF

HTM2 = HTM**2

FFM = (WHSMAX*HTM2*WT)/(WHS50*HTM2+WT)
FAT = WT-FFM

IF (FAT.LT.0) FAT=0

;- Typical values of covariates use MEDIAN WEIGHT
OF MY PPN

TVWT =67

TVFAT =25

TVFFM =42

jmmm—m——- Allometric scaling and covariates
ALLMCL_WT = (WT/TVWT)**0.75
ALLMV_WT = (WT/TVWT)

ALLMCL_FAT = (FAT/TVFAT)**0.75
ALLMV_FAT = (FAT/TVFAT)

ALLMCL_FFM = (FFM/TVFFM)**0.75
ALLMV_FFM = (FFM/TVFFM)

jmmmmm——n, Allometry for liver
ALLMCL_WT_HEP = (WT/70)**0.75
ALLMV_WT_HEP = (WT/70)
ALLMCL_FFM_HEP = (FFM/56.1)**0.75
ALLMV_FFM_HEP = (FFM/56.1)

jmmmmm e covariates

;;Covariate test: RTV_CL

RIF_CL =1 ;no RTV

IF(RIF.EQ.1) RIF_CL =(1+THETA(11)) ;Inter
;;Covariate test: RTV_CL

BIO_VISIT2 = 1;no RTV

IF(VISIT.EQ.2) BIO_VISIT2 =(14THETA(12)) ;Inter
;;Evening doses
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BIO_EFFECT = THETA(4)

IF(VISIT.EQ.2) BIO_EFFECT = THETA(14)
IF(VISIT.GE.3) BIO_EFFECT = THETA(15)
;IF(VISIT.EQ.4) BIO_EFFECT = THETA(16)
VISIT_DVID = VISIT + 10*DVID

jmmmmme for effect cmpt

TVKEO = THETA(16)

TVPPC = THETA(17)

R Typical values
TVCL =
THETA(1)*ALLMCL_WT*RIF_CL;*NAT2_CL*ALLMCL_FFM
*CFZ_CL;

TVV = THETA(2)*ALLMV_WT;*ALLMV_FFM

TVKA = THETA(3);

TVBIO = BIO_EFFECT * BIO_VISIT2

TVMTT = THETA(7)

TVNN = THETA(13)

TVV3 = THETA(8)*ALLMV_WT

TVQ = THETA(9)*ALLMCL_WT

CL =TVCL*EXP(BSVCL+BOVCL+BVVCL) ; CLEARANCE
V =TVV*EXP(BSVV) ; CENTRAL VOL.

KA = TVKA*EXP(BSVKA+BOVKA) ; ABS. RATE CONSTANT
BIO = TVBIO*EXP(BSVBIO+BOVBIO) ; BIOAVAILABILITY
MTT = TVMTT*EXP(BSVMTT+BOVMTT) ; MTT TIME
NN =TVNN ; Number of transit compartments

V3 = TVV3*EXP(BSVV3) ; PERIPH VOL
Q=TVQ*EXP(BSVQ) ; INTER COMPT CL

R for effect compartment

KEO = TVKEO * EXP(BSVKEOQ)

PPC =TVPPC * EXP(BSVPPC+BVVPPC)

; re-parameterization
K = CL/V ;(rate constant of elimination)
K23 =Q/V ; (rate constant from central to peripheral 1)
K32 = Q/V3 ;(rate constant from peripheral 1 to central)
;KA (rate constant of absorption)
F1=0;
KTR = (NN+1)/MTT ; The number of actual transit
compartments is NN+1
IF (NEWIND/=2.0R.EVID>=3) THEN ; new individual, or
reset event
; The values read here will be stored in TDOS and PD in

this very PK call.

TNXD=TIME ; Time of the dose

PNXD=AMT ; Amount. If it's zero, the DE is
deactivated.
ENDIF
TDOS=TNXD ; This will either save here the temporary
values if it's a new individual...
PD=PNXD ; ...or the values which were read one record
ahead during the execution of the previous record.
IF(AMT>0) THEN ; This reads one record ahead and stores
the data to be used when running the following record
; IF(AMT.GT.0.AND.ALAG1.EQ.0) THEN ; Use this INSTEAD
if there is ALAG, as it will also checks if the ALAG is not 0.
Note that you normally do not want to include both ALAG
and transit, this is a very exceptional case

TNXD=TIME

PNXD=AMT
ENDIF

; Uncomment this if you have ALAG or if you use ADDL

; IF (DOSTIM>0) THEN ; This will account for the ADDL or
lagged doses. It will overwrite the time, if it a non-event
record

; TNXD=DOSTIM

; PNXD=AMT

; ENDIF

SDES

PIZZA = LOG(BIO*PD*KTR + 1E-12) - GAMLN(NN+1) ;
without +0.00001, it won't work with ETAs in
bioavailability

A_0(1) = SMALL
A_0(2) = SMALL
A_0(3) = SMALL
A_0(4) = SMALL; PBMC

SDES
C2 = A(2)/V ; state this as it is used for the DE of pbmc
CMT
TEMPO = T-TDOS ; this is time after dose for the transit, it
should always be >=0
KTT=0
TRANSIT=0
IF(PD.GT.0.AND.TEMPO.GT.0) THEN ; This happens only id
PD>0, so only if a dose has been detected

KTT = KTR*(TEMPO)

TRANSIT = EXP(PIZZA+NN*LOG(KTT)-KTT)
ENDIF
DADT(1) = TRANSIT - KA*A(1)
DADT(2) = KA*A(1) - K*A(2) + K32*A(3) - K23*A(2)
DADT(3) = K23*A(2) - K32*A(3)
DADT(4) = KEO*(PPC*C2 - A(4)) ;A(4) IS ACTUALLY CONC
IN EFFECT CMT
SERROR
HALF_L = LOG(2)/KEO

IPRED_P = A(2)/V

; DEFINE LLOQ VALUE

LLOQ_P =0.005 ; Plasma

LLOQ_C =0.015; PBMC

CENS_THR_P = LLOQ_P

;prop and ADD error for plasma

PROP_P = IPRED_P*THETA(5)

ADD_P = THETA(6)+(CENS_THR_P*0.2)

; For CENS==1 (i.e. first CENSORED value in a series, which
was imputed to CENS_THR/2), we add extra additive error
on the concentrations,

; since the value in DV has been imputed and therefore
more uncertain.

IF (ICALL/=4.AND.CENS==1) THEN

ADD_P = ADD_P +(CENS_THR_P*0.5)

ENDIF

NO_FIT=0

; For CENS==2 (i.e. the trailing CENSORED values in a
series that were imputed to CENS_THR/2), we don't want
these to influence the fit,

IF (ICALL/=4.AND.CENS==2) THEN

PROP_P =0
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ADD_P = 10000000000
NO_FIT=1

ENDIF

W_P = SQRT(ADD_P**2+PROP_P**2)

CENS_THR_C=LLOQ_C
IPRED_C = CC

PROP_C =IPRED_C * THETA(18)

ADD_C =THETA(19) + (0.2*CENS_THR_C)
IF(ICALL/=4.AND.CENS==1.AND.DVID==4) THEN
ADD_C = ADD_C + (LLOQ_C*0.5)

ENDIF

IF (ICALL/=4.AND.CENS==2.AND.DVID==4) THEN
PROP_C=0

ADD_C = 10000000000

NO_FIT=1

ENDIF

W_C = SQRT(ADD_C**2+PROP_C**2)

ERROR_P = W_P * ERR(1)
ERROR_C = W_C * ERR(1)

;Redefine IPRED & weighting------------—
IPRED = IPRED_P
W=W_p
ERROR_TERM = ERROR_P
IF(DVID==2) THEN
IPRED = IPRED_C
W=W_C
ERROR_TERM = ERROR_C
ENDIF
; Protective code
IF (W.LE.0.000001) W=0.000001
IRES=DV-IPRED
IWRES=IRES/W
Y =IPRED + ERROR_TERM

; To prevent simulation (ICALL==4) of negative values. It
set a positive lower bound for Y, so that VPCs in the log-

scale can be plotted

IF (DVID==1.AND.ICALL==4.AND.Y<=LLOQ_P)

Y=LLOQ_P/2

IF (DVID==2.AND.ICALL==4.AND.Y<=LLOQ_C)

Y=LLOQ_C/2

; To calculate time after dose.

IF(AMT>0) THEN

TIMEDOSE = TIME

AMOUNTDOSE = AMT

ENDIF

TAD = TIME-TIMEDOSE
IF(VISIT==1.AND.DVID==2) TAD = 25.5
IF(VISIT==2.AND.DVID==2) TAD = 15
IF(VISIT==3.AND.DVID==2) TAD = 15
IF(VISIT==4.AND.DVID==2) TAD = 15

VARCL = BSVCL + BOVCL

VARBIO = BSVBIO + BOVBIO

VARAUC = BSVBIO + BOVBIO - BSVCL - BOVCL
VARABS = BOVKA + BSVKA - BSVMTT - BOVMTT

;--RETRIEVE AMOUNT IN EACH COMPARTMENT------

AAL=A(1)
AA2 = A(2)
AA3 = A(3)

AAL = A(4)

STHETA

0,9.67,50) FIX ; 1 CL [L/h]
(0,55.4,300) FIX ; 2 V [L]
(0,1.02,10) FIX ; 3 KA [1/h]
1FIX; 4BIO

(0,0.256,0.5) FIX ; 5 PROP []
(0,0,1) FIX ; 6 ADD [mg/L]
(0,0.483,10) FIX ; 7 MTT
(0,70.1,500) FIX ; 8 V3 [L]
(0,1.56,50) FIX ; 9 Q [L/h]

1 FIX ; 10 SCALE_BOVBIO
(-0.99,1.12,5) FIX ; 11 RIF_CL
(-0.99,0,5) FIX ; 12 BIO_VISIT2
(0,12.3,50) FIX ; 13 NN
(0,0.312) FIX ; 14 BIO_VISIT2
(0,0.666) FIX ; 15 BIO_VISIT3/4
(0,0.525554,10) ; 16 KEO
(0,1.66352, 20) ; 17 PPC
(0,0.693445,1) ; 18 PROP_E []
0 FIX; 19 ADD_C [mg/L]
SOMEGA BLOCK(1) FIX
0.0268 ; 1BSVCL
SOMEGA BLOCK(1) FIX

0; 2BSVV

SOMEGA BLOCK(1) FIX

0 ; 3BSVKA

SOMEGA BLOCK(1) FIX

0 ; 4BSVBIO

SOMEGA BLOCK(1) FIX

0; 5BSVV3

SOMEGA BLOCK(1) FIX

0; 6BsvQ

SOMEGA BLOCK(1) FIX

0; 7BSvv4

SOMEGA BLOCK(1) FIX

0; 8BsSVQ2

SOMEGA BLOCK(1) FIX

0 ; 9BSVMTT

SOMEGA BLOCK(1) FIX

0 ; 10BOVCL

SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) FIX
0.308 ; 14 BOVBIO
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) FIX
0.678 ; 18 BOVKA
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SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) FIX
0.19 ; 22 BOVMTT
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) FIX
0,; BVVCL

SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME

SOMEGA BLOCK(1) FIX

0 ; 46 BSVKEO

SOMEGA BLOCK(1) FIX

0 ; 47 BSVPPC

SOMEGA BLOCK(1) FIX

0 ; 48 BVVPPC
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SSIGMA 1 FIX

SESTIMATION ~ MSFO=run070a.msf ~ MAXEVAL=9999
PRINT=1 METHOD=1 INTER

NOABORT NSIG=3 NONINFETA=1 ETASTYPE=1
;MCETA=1000 RANMETHOD=4P ; REPEAT

STABLE ID OCC TIME TAD AA1 AA2 AMT AA3 ; AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBJI

NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=sdtab070a.csv

STABLE IDOCCCLVKABIOMTTV3Q;vV4Q2;

HALF_L PPC KEO BSVCL ;BSVV BSVKA BSVBIO
BSVV3 BSVQ BSVV4 BSvVQ2

BVVCL BOVCL BOVKA BOVBIO BOVMTT ;BOVMTT

VARCL VARBIO VARAUC NOPRINT NOAPPEND
ONEHEADER FORMAT=,

FILE=patab070a.csv

STABLE ID OCC WT HTM AGE FFM FAT AUC24_RIF
BETA_TO_CHOL

BETA_CHOLESTEROL CHOLESTEROL NOPRINT
NOAPPEND ONEHEADER

FORMAT=, FILE=cotab070a.csv

STABLE ID OCC VISIT SEXM OBS RIF BACK_BONE ABC
TDF AZT VISIT_DVID

CONCOMITANT_MEDS FOOD_X1 FOOD_X2
FOOD_X3 DOSE_SKIPPED_X1

DOSE_SKIPPED_X2
FASTING_3H NOPRINT

NOAPPEND
FILE=catab070a.csv

DOSE_SKIPPED_X3

ONEHEADER FORMAT=,

STABLE 1D OCC TIME TAD AA1 AA2 AMT AA3 ; AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRES| OBJI

CLVKABIOMTTV3 Q;V4Q2;

HALF_L PPC KEO BSVCL ;BSVV BSVKA BSVBIO
BSVV3 BSVQ BSVV4 BSVQ2

BVVCL BOVCL BOVKA BOVBIO BOVMTT ;BOVMTT

VARCL VARBIO VARAUC WT HTM AGE FFM FAT
AUC24_RIF

BETA_TO_CHOL
CHOLESTEROL VISIT SEXM OBS

RIF BACK_BONE ABC TDF AZT VISIT_DVID
CONCOMITANT _MEDS FOOD_X1 FOOD_X2

FOOD_X3 DOSE_SKIPPED_X1 DOSE_SKIPPED_X2
DOSE_SKIPPED_X3

FASTING_3H BLQ CENS FLAG PROB DVID NOPRINT
NOAPPEND

ONEHEADER FORMAT=, FILE=mytab070a.csv

BETA_CHOLESTEROL
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ISA_DRPK

Isoniazid

;; 1. Based on: 040a

;; 2. Description: Final INH model

;; X1. Author: allan

;; 2022-09-23

; Settings for the memory of NONMEM

’

$SIZES PD=-1000 LVR=-150 LTH=-200
MAXFCN=10000000 LNP4=-150000
SPROBLEM  ISA_INH
$ABBREVIATED DERIV2=NO
SINPUT ID OCC WHAT=DROP EVID MDV AMT
DAT2=DROP TIME VPC_TIME DV

ADDL=DROP I=DROP AGE SEXM HIVP HTM WTKG
RACEB NAT2=DROP

BLQ PROB CENS
CFZ_DOSE=DROP INH_DOSE=DROP

VISIT_WK PREDOSE=DROP DV_INH
ID_VISIT=DROP SWAP

OLD_DV_INH=DROP FLAG INH EFV EFV_DAYS LPV
LPV_DAYS RPV

RPV_DAYS TDF TDF_DAYS OBS BLQ2=DROP WT2
CREATININE=DROP

CREATMGDL CRCL NAT_STATUS=DROP NAT 2
$DATA ISA_INH_data5.csv  IGNORE=#
IGNORE=(INH==0) IGNORE=(PROB==1)

IGNORE=(SWAP==1) IGNORE=(FLAG==1)
IGNORE=(FLAG==2)

IGNORE=(FLAG==3) IGNORE=(PROB==2)
$SUBROUTINE ADVAN14 TRANS1 TOL=6 ATOL=6

BDQ_DOSE=DROP

$SMODEL  NCOMPARTMENTS=3
COMP=(ABS DEFDOSE)
COMP=(CENTRAL DEFOBSERVATION) ;
COMP=(CENTRAL DEFOBSERVATION)
COMP=(PERIPH)
SPK
SMALL = 1E-6
pR— BSV
BSVCL =ETA(1)
BSVV = ETA(2)
BSVKA = ETA(3)
BSVBIO = ETA(4)
BSVV3 =ETA(5)
BSVQ = ETA(6)
BSVV4 = ETA(7)
BSVQ2 = ETA(8)
BSVMTT = ETA(9)

BOVCL=0
IF (OCC==1)BOVCL = ETA(10)
IF (OCC==2)BOVCL = ETA(11)
IF (OCC==5)BOVCL = ETA(12)
IF (OCC==6)BOVCL = ETA(13)
BOVBIO = 0

IF (OCC==1)BOVBIO = ETA(14)
IF (OCC==2)BOVBIO = ETA(15)
IF (OCC==5)BOVBIO = ETA(16)

IF (OCC==6)BOVBIO = ETA(17)
BOVKA = 0

IF (OCC==1)BOVKA = ETA(18)
IF (OCC==2)BOVKA = ETA(19)
IF (OCC==5)BOVKA = ETA(20)
IF (OCC==6)BOVKA = ETA(21)

BOVMTT =0

IF (OCC==1)BOVMTT = ETA(22)

IF (OCC==2)BOVMTT = ETA(23)

IF (OCC==5)BOVMTT = ETA(24)

IF (OCC==6)BOVMTT = ETA(25)

jmmmmmmmmee VISIT_WK to CFZ

CFz=0

IF (VISIT_WK ==6) CFZ=1

R between visit variability

BVVCL=0

IF (CFZ == 0)BVVCL = ETA(26)

IF (CFZ == 1)BVVCL = ETA(27)

E_BOV = THETA(10) ;extra bioavailability on all

absorption parameters

IF (OBS.EQ.0) THEN

BOVKA=E_BOV*BOVKA

BOVMTT=E_BOV*BOVMTT

BOVBIO=E_BOV*BOVBIO

ENDIF

p— CFZ_NAT

CFZ_NAT = CFZ + 10*NAT_2

e Calculation of Fat-free Mass

WT = WT2

SEX = SEXM

IF (SEX.EQ.0) THEN ; female
WHSMAX=37.99
WHS50=35.98

ELSE ;males
WHSMAX=42.92
WHS50=30.93

ENDIF

HTM2 = HTM**2

FFM = (WHSMAX*HTM2*WT)/(WHS50*HTM2+WT)

FAT = WT-FFM

IF (FAT.LT.0) FAT=0

; mmm——- Typical values of covariates

TVWT =52

TVFAT = 10

TVFFM =42

jmmmmmmnn Allometric scaling and covariates

ALLMCL_WT = (WT/TVWT)**0.75

ALLMV_WT = (WT/TVWT)

ALLMCL_FAT = (FAT/TVFAT)**0.75

ALLMV_FAT = (FAT/TVFAT)

ALLMCL_FFM = (FFM/TVFFM)**0.75

ALLMV_FFM = (FFM/TVFFM)

jmmmmmm—n, Allometry for liver

ALLMCL_WT_HEP = (WT/70)**0.75

ALLMV_WT_HEP = (WT/70)

ALLMCL_FFM_HEP = (FFM/56.1)**0.75

ALLMV_FFM_HEP = (FFM/56.1)

jmmmmm e covariates

;Covariate test: NAT2 on CL

NAT2_CL = THETA(1);slow
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IF(NAT_2.EQ.2) NAT2_CL = THETA(11) ;Inter

IF(NAT_2.EQ.3) NAT2_CL = THETA(12) ;rapid
;Covariate test: NAT2 on CL

CFZ_CL =1;week 2

IF(CFZ.EQ.1) CFZ_CL =(1+THETA(16)) ;Week 6

R Typical values

TVCL = NAT2_CL * ALLMCL_FFM * CFZ_CL;
TVV = THETA(2)*ALLMV_FFM

TVKA = THETA(3);

TVBIO = THETA(4)

TVMTT = THETA(7)

TVNN = THETA(13)

TVV3 = THETA(8)*ALLMCL_FFM

TVQ = THETA(9)*ALLMCL_FFM

; HEPATIC CL
TVQH=THETA(14)*ALLMCL_FFM_HEP ; PLASMA FLOW
RATE recommended to be fixed to 90L/h but also test
50L/h

TVFU=THETA(15) ; UNBOUND PLASMA FRACTION OF RIF

R Define parameters

CLINT = TVCL*EXP(BSVCL+BOVCL+BVVCL) ; CLEARANCE
V =TVV*EXP(BSVV) ; CENTRAL VOL.

KA = TVKA*EXP(BSVKA+BOVKA) ; ABS. RATE CONSTANT
BIO = TVBIO*EXP(BSVBIO+BOVBIO) ; BIOAVAILABILITY
MTT = TVMTT*EXP(BSVMTT+BOVMTT) ; MTT TIME

NN =TVNN ; Number of transit compartments

V3 = TVV3*EXP(BSVV3) ; PERIPH VOL
Q=TVQ*EXP(BSVQ) ; INTER COMPT CL

QH=TVQH

FU=TVFU

jemmmm- Transfer constants for liver model ---------
; define hepatic extraction
EH = (CLINT*FU)/((CLINT*FU)+QH) ; fraction undergoing
first pass extraction
FH =1 - EH ; fraction available after 1st pass to go to
systemic circulation
K20 = QH*EH /V ; liver elimination rate constant
; re-parameterization
K23 =Q/V ; (rate constant from central to peripheral 1)
K32 = Q/V3 ;(rate constant from peripheral 1 to central)
; ; Transit compartment absorption
F1=0;
KTR = (NN+1)/MTT
IF (NEWIND/=2.0R.EVID>=3) THEN
TNXD=TIME
PNXD=AMT
ENDIF
TDOS=TNXD
PD=PNXD
IF(AMT>0) THEN
TNXD=TIME
PNXD=AMT
ENDIF
PIZZA = LOG(BIO*PD*KTR + 1E-12) - GAMLN(NN+1)

127

A_0(1) = SMALL
A_0(2) = SMALL
A_0(3) = SMALL
$DES

TEMPO = T-TDOS
KTT =0

TRANSIT =0

IF(PD.GT.0.AND.TEMPO.GT.0) THEN
KTT = KTR*(TEMPO)
TRANSIT = EXP(PIZZA+NN*LOG(KTT)-KTT)
ENDIF
DADT(1) = TRANSIT - KA*A(1)
DADT(2) = KA*A(1)*FH - K20*A(2) + K32*A(3) - K23*A(2)
DADT(3) = K23*A(2) - K32*A(3)
$ERROR
CL=CLINT*FU
IPRED=A(2)/V
LLOQ = 0.105 ; DEFINE YOUR OWN LLOQ HERE
CENS_THR = LLOQ
PROP = IPRED*THETA(5)
ADD = THETA(6)+(LLOQ*0.2)
IF (ICALL/=4.AND.CENS==1) THEN
ADD = ADD +(CENS_THR*0.5)

ENDIF

NO_FIT=0

IF (ICALL/=4.AND.CENS==2) THEN
PROP =0
ADD = 10000000000
NO_FIT=1

ENDIF

W = SQRT(ADD**2+PROP**2)

IF (W.LE.0.000001) W=0.000001
IRES=DV-IPRED
IWRES=IRES/W
Y = IPRED + W*ERR(1)
IF (ICALL==4.AND.Y<=CENS_THR) Y = CENS_THR/2
IF(AMT>0) THEN
TIMEDOSE = TIME
AMOUNTDOSE = AMT
ENDIF
TAD = TIME-TIMEDOSE
VARCL = BSVCL + BOVCL
VARBIO = BSVBIO + BOVBIO
VARAUC = BSVBIO + BOVBIO - BSVCL - BOVCL
VARABS = BOVKA - BSVMTT - BOVMTT
; RETRIEVE AMOUNT IN
EACH COMPARTMENT------==-======-=--
AAL = A(1)
AA2 = A(2)
AA3 = A(3)
s AAA = A(4)
; Initial estimates-------------------

$THETA (0,12.0151,50) ; 1 CL [L/h]
(0,56.1749,300) ; 2 V [L]
(0,3.28,10) FIX ; 3 KA [1/h]

1FIX; 4 BIO

(0,0.255145,0.5) ; 5 PROP []
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(0,0,1) FIX ; 6 ADD [mg/L]
(0,0.112,10) FIX ; 7 MTT
(0,44.1111,100) ; 8 V3 [L]
(0,1.18456,50) ; 9 Q [L/h]
(0,1,10) FIX; 10 E_BOV
(0,24.1722,50) ; 11 Inter
(0,46.6151,70) ; 12 Rapid
(0,2.32,50) FIX ; 13 NN
90 FIX ; 14 QH (L/h)

0.95 FIX ; 15 FU (%)
(-0.99,0,5) FIX ; 16 CFZ_CL
SOMEGA BLOCK(1)
0.0292283 ; 1BSVCL
$SOMEGA BLOCK(1) FIX
0; 2BSVV

SOMEGA BLOCK(1) FIX
0; 3BSVKA

$SOMEGA BLOCK(1) FIX

0 ; 4BSVBIO

SOMEGA BLOCK(1) FIX
0; 5BSVV3

$SOMEGA BLOCK(1) FIX
0; 6BSVQ

SOMEGA BLOCK(1) FIX
0; 7BSV4

$SOMEGA BLOCK(1) FIX
0; 8BSVQ2

SOMEGA BLOCK(1) FIX
0; 9BSYMTT

SOMEGA BLOCK(1) FIX

0 ; 10BOVCL

SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.113145 ; 14 BOVBIO
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.602651 ; 18 BOVKA
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
1.70328 ; 22 BOVMTT
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME

$SOMEGA BLOCK(1)
0.0385361 ; BVVCL
SOMEGA BLOCK(1) SAME

’

SSIGMA 1 FIX

SESTIMATION MSFO=run040d.msf MAXEVAL=0 PRINT=1
METHOD=1 INTER NOABORT

NSIG=2 NONINFETA=1 ETASTYPE=1 MCETA=1000
RANMETHOD=4P ; REPEAT
SESTIMATION ~ MSFO=run040d.msf ~ MAXEVAL=9999
PRINT=1 METHOD=1 INTER

NOABORT NSIG=2 NONINFETA=1 ETASTYPE=1
MCETA=10

RANMETHOD=4P ; REPEAT

STABLE  ID OCC TIME TAD AA1 AA2 AMT ; AA3 AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBIJI

NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=sdtab040d.csv
STABLE IDOCCCLVKABIONNMTTV3Q;V4Q2;

BSVCL ;BSVV BSVKA BSVBIO BSVV3 BSvVQ BSVV4
BSVQ2

BOVCL BOVKA BOVBIO BOVMTT BVVCL ;BOVLAG

VARCL VARBIO VARAUC NOPRINT NOAPPEND
ONEHEADER FORMAT=,

FILE=patab040d.csv
STABLE ID OCC WT HTM AGE FFM FAT VPC_TIME
CREATMGDL CRCL EFV_DAYS

LPV_DAYS RPV_DAYS TDF_DAYS NOPRINT
NOAPPEND ONEHEADER

FORMAT=, FILE=cotab040d.csv
STABLE ID OCC NAT_2 HIVP SEXM RACEB PROB CFZ EFV
LPV RPV TDF

CFZ_NAT NOPRINT NOAPPEND ONEHEADER
FORMAT=,

FILE=catab040d.csv
STABLE  ID OCC TIME TAD AA1 AA2 AMT ; AA3 AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBJI

CLVKABIONNMTTV3 Q; NNV4AQ2

BSVCL BVVCL ;BSVV BSVKA BSVBIO BSVV3 BSVQ
BSVV4 BSVQ2

BOVCL BOVKA BOVBIO BOVMTT VARCL VARBIO
VARAUC WT HTM AGE

FFM FAT VPC_TIME CREATMGDL CRCL EFV_DAYS
LPV_DAYS RPV_DAYS

TDF_DAYS NAT_2 HIVP SEXM RACEB PROB CFZ EFV
LPV RPV TDF

CFZ_NAT NOPRINT NOAPPEND ONEHEADER
FORMAT=,

FILE=mytab040d.csv

Linezolid

;; 1. Based on: 042b

;; 2. Description: Final Linezolid model
;; X1. Author: Allan

;; 2022-09-23

; Settings for the memory of NONMEM

’

SSIZES PD=-1000 LVR=-150 LTH=-200
MAXFCN=10000000 LNP4=-150000

SPROBLEM ISA_LINEZOLID

SABBREVIATED DERIV2=NO
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SINPUT ID OCC WHAT=DROP EVID MDV AMT
DAT2=DROP TIME VPC_TIME DV

ADDL=DROP II=DROP AGE SEXM HIVP HTM WTKG
RACEB NAT2 BLQ

PROB CENS LINEZOLID_DOSE=DROP VISIT_WK
PREDOSE

ID_VISIT=DROP SWAP=DROP OLD_DV_LIN=DROP
LIN FLAG

CREATININE=DROP WT2 OBS CREATMGDL=DROP
CRCL EFV EFV_DAYS

LPV LPV_DAYS RPV RPV_DAYS TDF TDF_DAYS

’

$DATA ISA_Lin_datalO.csv  IGNORE=#

IGNORE=(LIN.EQ.0)
IGNORE=(PROB.EQ.1)

IGNORE=(FLAG.EQ.7)
IGNORE=(FLAG.EQ.1)

IGNORE=(FLAG.EQ.3)
IGNORE=(FLAG.EQ.8) ;|GNORE=(FLAG.EQ.9)

$SUBROUTINE ADVAN14 TRANS1 TOL=9 ATOL=9

$MODEL  NCOMPARTMENTS=2

COMP=(ABS DEFDOSE)

COMP=(CENTRAL DEFOBSERVATION) ;

COMP=(CENTRAL DEFOBSERVATION) COMP=(PERIPH)

$PK

SMALL = 1E-6

pR— BSV

BSVCL =ETA(1)

BSVV =ETA(2)

BSVKA = ETA(3)

BSVBIO = ETA(4)

BSVV3 =ETA(5)

BSVQ = ETA(6)

BSVV4 = ETA(7)

BSVQ2 = ETA(8)

BSVMTT = ETA(9)

IGNORE=(FLAG.EQ.5)

IGNORE=(FLAG.EQ.2)

BOVCL=0
IF (OCC==1)BOVCL = ETA(10)
IF (OCC==2)BOVCL = ETA(11)
IF (OCC==3)BOVCL = ETA(12)
IF (OCC==4)BOVCL = ETA(13)
BOVBIO = 0

IF (OCC==1)BOVBIO = ETA(14)
IF (OCC==2)BOVBIO = ETA(15)
IF (OCC==3)BOVBIO = ETA(16)
IF (OCC==4)BOVBIO = ETA(17)
BOVKA =0

IF (OCC==1)BOVKA = ETA(18)
IF (OCC==2)BOVKA = ETA(19)
IF (OCC==3)BOVKA = ETA(20)
IF (OCC==4)BOVKA = ETA(21)

BOVMTT =0
IF (OCC==1)BOVMTT = ETA(22)
IF (OCC==2)BOVMTT = ETA(23)
IF (OCC==3)BOVMTT = ETA(24)
IF (OCC==4)BOVMTT = ETA(25)
p—— VISIT_WK to CFZ

CFz=0

IF (VISIT_WK ==6) CFZ=1

R between visit variability

BVVCL=0

IF (CFZ == 0)BVVCL = ETA(26)

IF (CFZ == 1)BVVCL = ETA(27)

E_BOV = THETA(10) ;extra bioavailability on all

absorption parameters

IF (OBS.EQ.0) THEN

BOVKA=E_BOV*BOVKA

BOVMTT=E_BOV*BOVMTT

BOVBIO=E_BOV*BOVBIO

ENDIF

§ mmmmmmmmmeee Calculation of Fat-free Mass

WT = WT2

SEX = SEXM

IF (SEX.EQ.0) THEN ; female
WHSMAX=37.99
WHS50=35.98

ELSE ;males
WHSMAX=42.92
WHS50=30.93

ENDIF

HTM2 = HTM**2

FFM = (WHSMAX*HTM2*WT)/(WHS50*HTM2+WT)

FAT = WT-FFM

IF (FAT.LT.0) FAT=0

; =mmmm- Typical values of covariates use MEDIAN WEIGHT

OF MY PPN

TVWT =52

TVFAT = 10

TVFFM =42

jmmmmmmnn Allometric scaling and covariates

ALLMCL_WT = (WT2/TVWT)**0.75

ALLMV_WT = (WT2/TVWT)

ALLMCL_FAT = (FAT/TVFAT)**0.75

ALLMV_FAT = (FAT/TVFAT)

ALLMCL_FFM = (FFM/TVFFM)**0.75

ALLMV_FFM = (FFM/TVFFM)

jommmmm———- Allometry for liver

ALLMCL_WT_HEP = (WT2/70)**0.75

ALLMV_WT_HEP = (WT2/70)

ALLMCL_FFM_HEP = (FFM/56.1)**0.75

ALLMV_FFM_HEP = (FFM/56.1)

jrmm e covariates

TVCL = THETA(1)*ALLMCL_FFM ;
TVV = THETA(2)*ALLMV_FFM
TVKA = THETA(3);

TVBIO = THETA(4)

TVMTT = THETA(7)

TVNN = THETA(11)

TVV3 = THETA(8)*ALLMCL_FFM
TVQ = THETA(9)*ALLMCL_WT

CL = TVCL*EXP(BSVCL+BOVCL+BVVCL) ; CLEARANCE

V =TVV*EXP(BSVV) ; CENTRAL VOL.

KA =TVKA*EXP(BSVKA+BOVKA) ; ABS. RATE CONSTANT
BIO = TVBIO*EXP(BSVBIO+BOVBIO) ; BIOAVAILABILITY
MTT = TVMTT*EXP(BSVMTT+BOVMTT) ; MTT TIME

NN = TVNN ; Number of transit compartments

V3 = TVV3*EXP(BSVV3) ; PERIPH VOL
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Q=TVQ*EXP(BSVQ) ; INTER COMPT CL
; re-parameterization
K = CL/V ;(rate constant of elimination)
K23 =Q/V ; (rate constant from central to peripheral 1)
K32 = Q/V3 ;(rate constant from peripheral 1 to central)
; Transit compartment absorption
F1=0;
KTR = (NN+1)/MTT ;
IF (NEWIND/=2.0R.EVID>=3) THEN ;
TNXD=TIME ;
PNXD=AMT ;
ENDIF
TDOS=TNXD ;
PD=PNXD ;
IF(AMT>0) THEN ;
TNXD=TIME
PNXD=AMT
ENDIF

PIZZA = LOG(BIO*PD*KTR + 1E-12) - GAMLN(NN+1) ;
A_0(1) = SMALL
A_0(2) = SMALL

$DES
TEMPO = T-TDOS
KTT =0
TRANSIT = 0
IF(PD.GT.0.AND.TEMPO.GT.0) THEN ;
KTT = KTR*(TEMPO)
TRANSIT = EXP(PIZZA+NN*LOG(KTT)-KTT)
ENDIF

DADT(1) = TRANSIT-KA*A(1)
DADT(2) = KA*A(1)-K*A(2)
SERROR
IPRED=A(2)/V
LLOQ=0.1;
CENS_THR = LLOQ
PROP = IPRED*THETA(5)
ADD = THETA(6)+(LLOQ*0.2)
IF (ICALL/=4.AND.CENS==1) THEN
ADD = ADD +(CENS_THR*0.5)

ENDIF
NO_FIT=0
IF (ICALL/=4.AND.CENS==2) THEN
PROP =0
ADD = 10000000000
NO_FIT=1
ENDIF
W = SQRT(ADD**2+PROP**2)
IF (W.LE.0.000001) W=0.000001
IRES=DV-IPRED
IWRES=IRES/W
Y = IPRED + W*ERR(1)
IF (ICALL==4.AND.Y<=CENS_THR) Y = CENS_THR/2
IF(AMT>0) THEN
TIMEDOSE = TIME
AMOUNTDOSE = AMT
ENDIF

TAD = TIME-TIMEDOSE
VARCL = BSVCL + BOVCL
VARBIO = BSVBIO + BOVBIO
VARAUC = BSVBIO + BOVBIO - BSVCL - BOVCL

VARABS = BOVKA - BSYMTT - BOVMTT

; RETRIEVE AMOUNT IN
EACH COMPARTMENT--------
AAL=A(1)

AA2 = A(2)

AA3 = A(3)

; AAD = A(4)

Initial estimates

STHETA

(0,3.05884,50) ; 1 CL [L/h]
(0,38.8589,300) ; 2 V [L]
(0,1.13526,10) ; 3 KA [1/h]
1FIX; 4BIO
(0,0.0762417,0.5) ; 5 PROP []
(0,0.2064,1) ; 6 ADD [mg/L
(0,0.964945,2) ; 7 MTT
OFIX; 8V3I[L]
0FIX;9Q(L/h]
(0,1.71024,10) ; 10 E_BOV
(0,12.8013,50) ; 11 NN
SOMEGA BLOCK(1)
0.0954025 ; 1BSVCL
SOMEGA BLOCK(1) FIX
0; 2BSVV

SOMEGA BLOCK(1) FIX

0 ; 3BSVKA

SOMEGA BLOCK(1) FIX

0 ; 4BSVBIO

SOMEGA BLOCK(1) FIX
0; 5BSVV3

SOMEGA BLOCK(1) FIX
0; 6BsvQ

SOMEGA BLOCK(1) FIX
0; 7Bsvv4

SOMEGA BLOCK(1) FIX
0; 8BSVQ2

SOMEGA BLOCK(1) FIX

0 ; 9BSVMTT

SOMEGA BLOCK(1) FIX

0 ; 10BOVCL

SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.0151055 ; 14 BOVBIO
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
1.06071 ; 18 BOVKA
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.475772 ; 22 BOVMTT
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
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SOMEGA BLOCK(1)
0.1114 ; BVVCL
$SOMEGA BLOCK(1) SAME

SSIGMA 1 FIX

SESTIMATION MSFO=run045.msf MAXEVAL=0 PRINT=1
METHOD=1 INTER NOABORT

NSIG=2 NONINFETA=1 ETASTYPE=1 MCETA=1000
RANMETHOD=4P ; REPEAT
SESTIMATION MSFO=run045.msf MAXEVAL=9999
PRINT=1 METHOD=1 INTER

NOABORT NSIG=2 NONINFETA=1 ETASTYPE=1
MCETA=10

RANMETHOD=4P ; REPEAT

’

STABLE  ID OCC TIME TAD AA1 AA2 AMT ; AA3 AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBIJI

NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=sdtab045.csv

’

STABLE IDOCCCLVKABIOMTTNN;V3Q;v4Q2;

BSVCL ;BSVV BSVKA BSVBIO BSVV3 BSVQ BSVV4
BSVQ2

BOVCL BOVKA BOVBIO BOVMTT ;BOVLAG

BVVCL VARCL VARBIO VARAUC NOPRINT
NOAPPEND ONEHEADER

FORMAT=, FILE=patab045.csv

’

STABLE ID OCC WT2 HTM AGE FFM FAT CRCL VPC_TIME
EFV_DAYS,LPV_DAYS

RPV_DAYS TDF_DAYS NOPRINT NOAPPEND
ONEHEADER FORMAT=,

FILE=cotab045.csv

’

STABLE  ID OCC NAT2 HIVP SEXM RACEB PROB CFZ EFV
LPV RPV TDF

NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=catab045.csv

’

STABLE ID OCC TIME TAD AA1 AA2 AMT ; AA3 AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBJI

CLVKABIOMTTNN;V3Q;V4Q2

BSVCL BVVCL ;BSVV BSVKA BSVBIO BSVV3 BSVQ
BSVV4 BSVQ2

BOVCL BOVKA BOVBIO BOVMTT VARCL VARBIO
VARAUC WT2 HTM AGE

FFM FAT CRCL VPC_TIME EFV_DAYS,LPV_DAYS
RPV_DAYS TDF_DAYS

NAT2 HIVP SEXM RACEB PROB CFZ EFV LPV RPV
TDF NOPRINT

NOAPPEND
FILE=mytab045.csv

’

ONEHEADER FORMAT=,

Levofloxacin

;; 1. Based on: 067

;; 2. Description: + renal function

;3 X1. Author: allan

;3 2022-09-23

; Settings for the memory of NONMEM

’

SSIZES PD=-1000 LVR=-150 LTH=-200
MAXFCN=10000000 LNP4=-150000
SPROBLEM ISA_LEVO
SINPUT ID OCC WHAT=DROP EVID MDV AMT
DAT2=DROP TIME VPC_TIME DV
ADDL=DROP [I=DROP AGE SEXM HIVP HTM
WTKG=DROP RACEB NAT2
BLQ PROB CENS LINEZOLID_DOSE=DROP VISIT_WK
PREDOSE
ID_VISIT=DROP
CREATININE=DROP WT2 OBS
CREATMGDL=DROP CRCL LEVO
SDATA ISA_Levo_data.csv.  IGNORE=#
IGNORE=(LEVO==0)
IGNORE=(PROB.EQ.1)
IGNORE=(FLAG.EQ.3)
IGNORE=(FLAG.EQ.4) IGNORE=(FLAG.EQ.5)
SSUBROUTINE ADVAN14 TRANS1 TOL=9 ATOL=9
SMODEL NCOMPARTMENTS=2 COMP=(ABS DEFDOSE)
COMP=(CENTRAL DEFOBSERVATION)

SWAP=DROP FLAG

IGNORE=(PROB.EQ.2)

$PK

SMALL = 1E-6
pR— BSV
BSVCL = ETA(1)
BSVV =ETA(2)
BSVKA =ETA(3)
BSVBIO = ETA(4)
BSVV3 = ETA(5)
BSVQ = ETA(6)
BSVV4 = ETA(7)
BSVQ2 = ETA(8)
BSVMTT = ETA(9)

BOVCL=0
IF (OCC==1)BOVCL = ETA(10)
IF (OCC==2)BOVCL = ETA(11)
IF (OCC==3)BOVCL = ETA(12)
IF (OCC==4)BOVCL = ETA(13)
BOVBIO = 0

IF (OCC==1)BOVBIO = ETA(14)
IF (OCC==2)BOVBIO = ETA(15)
IF (OCC==3)BOVBIO = ETA(16)
IF (OCC==4)BOVBIO = ETA(17)
BOVKA =0

IF (OCC==1)BOVKA = ETA(18)
IF (OCC==2)BOVKA = ETA(19)
IF (OCC==3)BOVKA = ETA(20)
IF (OCC==4)BOVKA = ETA(21)

BOVMTT =0
IF (OCC==1)BOVMTT = ETA(22)
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IF (OCC==2)BOVMTT = ETA(23)
IF (OCC==3)BOVMTT = ETA(24)
IF (OCC==4)BOVMTT = ETA(25)
BVVCL=0
IF (VISIT_WK==6)BVVCL = ETA(26)
IF (VISIT_WK==6)BVVCL = ETA(27)
E_BOV = THETA(10)
IF (OBS.EQ.0) THEN
BOVKA=E_BOV*BOVKA
BOVMTT=E_BOV*BOVMTT
BOVBIO=E_BOV*BOVBIO
ENDIF
e Calculation of Fat-free Mass
WT = WT2
SEX = SEXM
IF (SEX.EQ.0) THEN ; female
WHSMAX=37.99
WHS50=35.98
ELSE ;males
WHSMAX=42.92
WHS50=30.93
ENDIF
HTM2 = HTM**2
FFM = (WHSMAX*HTM2*WT)/(WHS50*HTM2+WT)
FAT = WT-FFM
IF (FAT.LT.0) FAT =0
; -mm—mm- Typical values of covariates use MEDIAN WEIGHT
OF MY PPN
TVWT =52
TVFAT =10
TVFFM =42
R Allometric scaling and covariates
ALLMCL_WT = (WT2/TVWT)**0.75
ALLMV_WT = (WT2/TVWT)
ALLMCL_FAT = (FAT/TVFAT)**0.75
ALLMV_FAT = (FAT/TVFAT)
ALLMCL_FFM = (FFM/TVFFM)**0.75
ALLMV_FFM = (FFM/TVFFM)
jommmmm———- Allometry for liver
ALLMCL_WT_HEP = (WT2/70)**0.75
ALLMV_WT_HEP = (WT2/70)
ALLMCL_FFM_HEP = (FFM/56.1)**0.75
ALLMV_FFM_HEP = (FFM/56.1)
jmmmmm e mm e covariates

IF(VISIT_WK==6) CFZ_CL = 1 + THETA(12)

jjmmmm e m e renal function

eGFR_STD = CRCL*52/WT2

RF = 1 + THETA(13)*(eGFR_STD-85.7) ; 85.7 being my
median eGFR_STD

TVCL = THETA(1)*ALLMCL_FFM*CFZ_CL*RF ;
TVV = THETA(2)*ALLMV_FFM

TVKA = THETA(3);

TVBIO = THETA(4)

TVMTT = THETA(7)

TVNN = THETA(11)

TVV3 = THETA(8)*ALLMCL_FFM

TVQ = THETA(9)*ALLMCL_WT

CL = TVCL*EXP(BSVCL+BOVCL+BVVCL) ; CLEARANCE
V =TVV*EXP(BSVV) ; CENTRAL VOL.

KA = TVKA*EXP(BSVKA+BOVKA) ; ABS. RATE CONSTANT
BIO = TVBIO*EXP(BSVBIO+BOVBIO) ; BIOAVAILABILITY
MTT = TVMTT*EXP(BSVMTT+BOVMTT) ; MTT TIME
NN = TVNN ; Number of transit compartments
V3 = TVV3*EXP(BSVV3) ; PERIPH VOL
Q=TVQ*EXP(BSVQ) ; INTER COMPT CL
; re-parameterization
K = CL/V ;(rate constant of elimination)
K23 =Q/V ; (rate constant from central to peripheral 1)
K32 = Q/V3 ;(rate constant from peripheral 1 to central)
jmmmm———n Transit compartment absorption
F1=0
KTR = (NN+1)/MTT
IF (NEWIND/=2.0R.EVID>=3) THEN

TNXD=TIME

PNXD=AMT

ENDIF

TDOS=TNXD
PD=PNXD
IF(AMT>0) THEN
TNXD=TIME
PNXD=AMT
ENDIF
PIZZA = LOG(BIO*PD*KTR + 1E-12) - GAMLN(NN+1)

"

A_0(1) = SMALL
A_0(2) = SMALL
;A_0(3) = SMALL
$DES

TEMPO = T-TDOS
KTT =0

TRANSIT =0

IF(PD.GT.0.AND.TEMPO.GT.0) THEN

KTT = KTR*(TEMPO)

TRANSIT = EXP(PIZZA+NN*LOG(KTT)-KTT)
ENDIF

DADT(1) = TRANSIT -KA*A(1)
DADT(2) = KA*A(1) -K*A(2)

SERROR

IPRED=A(2)/V

LLOQ = 0.078 ; DEFINE YOUR OWN LLOQ HERE

CENS_THR = LLOQ

PROP = IPRED*THETA(5)

ADD = THETA(6)+(LLOQ*0.2)

IF (ICALL/=4.AND.CENS==1) THEN
ADD = ADD +(CENS_THR*0.5)

ENDIF

NO_FIT=0

IF (ICALL/=4.AND.CENS==2) THEN
PROP =0
ADD = 10000000000
NO_FIT=1

ENDIF

W = SQRT(ADD**2+PROP**2)

IRES=DV-IPRED

IWRES=IRES/W

Y = IPRED + W*ERR(1)

IF(AMT>0) THEN
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TIMEDOSE = TIME
AMOUNTDOSE = AMT
ENDIF
TAD = TIME-TIMEDOSE
VARCL = BSVCL + BOVCL
VARBIO = BSVBIO + BOVBIO
VARAUC = BSVBIO + BOVBIO - BSVCL - BOVCL
VARABS = BOVKA - BSYMTT - BOVMTT

RETRIEVE AMOUNT IN

EACH COMPARTMENT---
AAL=A(1)
AA2 = A(2)

jmmmm e e Initial estimates
STHETA

(0,6.6998,50) ; 1 CL [L/h]
(0,98.4989,300) ; 2 V [L]
(0,1.99575,10) ; 3 KA [1/h]
1FIX; 4BIO
(0,0.0502668,0.5) ; 5 PROP []
(0.0156,0.235403,1) ; 6 ADD [mg/L]
(0,1.31016,2) ; 7 MTT

OFIX; 8V3I[L]
0FIX;9Q(L/h]

(0,1.985,10) ; 10 E_BOV
(0,16.7729,100) ; 11 NN
(-0.99, -0.146, 10) ; 12 CFZ_CL
(-0.0588,-0.01,0.0658) ; 13 CR_CL
SOMEGA BLOCK(1)
0.0509292 ; 1BSVCL
SOMEGA BLOCK(1) FIX

0; 2BSVV

SOMEGA BLOCK(1) FIX

0 ; 3BSVKA

SOMEGA BLOCK(1) FIX

0 ; 4BSVBIO

SOMEGA BLOCK(1) FIX

0; 5BSVV3

SOMEGA BLOCK(1) FIX

0; 6BsSvVQ

SOMEGA BLOCK(1) FIX

0; 7BSvv4

SOMEGA BLOCK(1) FIX

0; 8BSvVQ2

SOMEGA BLOCK(1) FIX

0 ; 9BSVLAG

SOMEGA BLOCK(1) FIX

0 ; 10BOVCL

SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.0424656 ; 14 BOVBIO
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
1.45592 ; 18 BOVKA
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME

$SOMEGA BLOCK(1)
0.196686 ; 22 BOVLAG
SOMEGA BLOCK(1) SAME
$SOMEGA BLOCK(1) SAME
$SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.0275387 ; 26 BVVCL
$SOMEGA BLOCK(1) SAME

SSIGMA 1 FIX

SESTIMATION MSFO=run070.msf MAXEVAL=0 PRINT=1
METHOD=1 INTER NOABORT

NSIG=4 NONINFETA=1 ETASTYPE=1 ;MCETA=1000
RANMETHOD=4P ; REPEAT
SESTIMATION MSFO=run070.msf MAXEVAL=9999
PRINT=1 METHOD=1 INTER

NOABORT NSIG=3 NONINFETA=1 ETASTYPE=1
;MCETA=10

STABLE  ID OCC TIME TAD AA1 AA2 AMT ; AA3 AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBJI

NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=sdtab070.csv
STABLE IDOCCCLV KABIOMTTNNV3Q;V4Q2;

BSVCL ;BSVV BSVKA BSVBIO BSVV3 BSvVQ BSvV4
BSVQ2

BOVCL BOVKA BOVBIO BOVMTT ;BOVLAG

VARCL VARBIO VARAUC NOPRINT NOAPPEND
ONEHEADER FORMAT=,

FILE=patab070.csv

STABLE ID OCC WT2 HTM AGE FFM FAT VPC_TIME
NOPRINT NOAPPEND
ONEHEADER FORMAT=, FILE=cotab070.csv

STABLE 1D OCC NAT2 HIVP SEXM RACEB PROB VISIT_WK
NOPRINT NOAPPEND
ONEHEADER FORMAT=, FILE=catab070.csv

STABLE  ID OCC TIME TAD AA1 AA2 AMT ; AA3 AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBJI

CLVKABIO MTTNN V3 Q;NNV4Q2

BSVCL ;BSVV BSVKA BSVBIO BSVV3 BSvVQ BSvV4
BSVQ2

BOVCL BOVKA BOVBIO BOVMTT VARCL VARBIO
VARAUC WT2 HTM AGE

FFM FAT VPC_TIME NAT2 HIVP SEXM RACEB PROB
VISIT_WK

NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=mytab070.csv

Terizidone

;; 1. Based on: 007b

;; 2. Description: Restart at Maxwel's model
;3 X1. Author: Allan

;; 2022-09-23

; Settings for the memory of NONMEM
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’

SSIZES PD=-1000
MAXFCN=10000000 LNP4=-150000

LVR=-150 LTH=-200

’

SPROBLEM ISA_Terizidone

’

SINPUT  ID OCC WHAT=DROP EVID MDV AMT_OLD AMT
DAT2=DROP TIME

VPC_TIME DV AGE SEXM HIVP HTM WTKG=DROP
RACEB NAT2=DROP

BLQ  PROB CENS
DV_CYCLO=DROP ID_VISIT=DROP

SWAP=DROP OLD_DV_CYCLO=DROP FLAG CYCEFV
EFV_DAYS OBS WT2

VISIT_WK PREDOSE

CREATININE CREATMGDL CRCL NAT_2
NAT_STATUS=DROP TOBACCO

CIGARETTE
SDATA ISA_cyc_datad.csv  IGNORE=#

IGNORE=(PROB==1)
IGNORE=(FLAG==1)
IGNORE=(FLAG==4)

IGNORE=(FLAG==3)

SSUBROUTINE ADVAN15 TRANS1 TOL=9 ATOL=9

SABBREVIATED COMRES=2 ; For AUC and CMAX

SMODEL  NCOMPARTMENTS=3 COMP=(ABS DEFDOSE)
COMP=(CENTRAL DEFOBSERVATION) ;
COMP=(CENTRAL DEFOBSERVATION)
COMP=(AUC)

SPK

SMALL = 1E-6
p— BSV
BSVCL =ETA(1)
BSVV = ETA(2)
BSVKA = ETA(3)
BSVBIO = ETA(4)
BSVV3 =ETA(5)
BSVQ = ETA(6)
BSVV4 = ETA(7)
BSVQ2 = ETA(8)
BSVMTT = ETA(9)

BOVCL=0
IF (OCC==1)BOVCL = ETA(10)
IF (OCC==2)BOVCL = ETA(11)
IF (OCC==3)BOVCL = ETA(12)
IF (OCC==4)BOVCL = ETA(13)
BOVBIO = 0

IF (OCC==1)BOVBIO = ETA(14)
IF (OCC==2)BOVBIO = ETA(15)
IF (OCC==3)BOVBIO = ETA(16)

IF (OCC==4)BOVBIO = ETA(17)
BOVKA=0
IF (OCC==1)BOVKA = ETA(18)
IF (OCC==2)BOVKA = ETA(19)
IF (OCC==3)BOVKA = ETA(20)
IF (OCC==4)BOVKA = ETA(21)
BOVMTT =0
IF (OCC==1)BOVMTT = ETA(22)
IF (OCC==2)BOVMTT = ETA(23)
IF (OCC==3)BOVMTT = ETA(24)
IF (OCC==4)BOVMTT = ETA(25)
jmmmmmmmmee VISIT_WK to CFZ
CFz=0
IF (VISIT_WK ==6) CFZ=1
R between visit variability
BVVCL=0
IF (CFZ == 0)BVVCL = ETA(26)
IF (CFZ == 1)BVVCL = ETA(27)
E_BOV = THETA(10)
absorption parameters
IF (OBS.EQ.0) THEN
BOVKA=E_BOV*BOVKA
BOVMTT=E_BOV*BOVMTT
BOVBIO=E_BOV*BOVBIO
ENDIF
e Calculation of Fat-free Mass
WT =WT2
SEX = SEXM
IF (SEX.EQ.0) THEN ; female

WHSMAX=37.99

WHS50=35.98
ELSE ;males

WHSMAX=42.92

WHS50=30.93
ENDIF
HTM2 = HTM**2
FEM = (WHSMAX*HTM2*WT)/(WHS50*HTM2+WT)
FAT = WT-FFM
IF (FAT.LT.0) FAT = 0
; —mm——- Typical values of covariates
TVWT =52
TVFAT = 10
TVFFM =42
jmmmmmmnn Allometric scaling and covariates
ALLMCL_WT = (WT/TVWT)**0.75
ALLMV_WT = (WT/TVWT)
ALLMCL_FAT = (FAT/TVFAT)**0.75
ALLMV_FAT = (FAT/TVFAT)
ALLMCL_FFM = (FFM/TVFFM)**0.75
ALLMV_FFM = (FFM/TVFFM)
jmmmmm—m—- Allometry for liver
ALLMCL_WT_HEP = (WT/70)**0.75
ALLMV_WT_HEP = (WT/70)
ALLMCL_FFM_HEP = (FFM/56.1)**0.75
ALLMV_FFM_HEP = (FFM/56.1)
jrmm e covariates
;Covariate test: CFZ_CL
CFZ_CL =1;slow
IF(CFZ.EQ.1) CFZ_CL =(1+THETA(12)) ;Inter
;Covariate test: smoking
CIG_CL =1;no smoking currently

;extra bioavailability on all
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IF(CIGARETTE.EQ.1) CIG_CL =(1+THETA(14)) ;Inter KTT=0

; creatinine on renal clearance TRANSIT=0
IF(SEX==1) CRCLSTD = 1.23*(140-AGE)*WT/CREATININE IF(PD.GT.0.AND.TEMPO.GT.0) THEN
IF(SEX==0) CRCLSTD = 1.04*(140-AGE)*WT/CREATININE ; KTT = KTR*(TEMPO)
FEMALES TRANSIT = EXP(PIZZA+NN*LOG(KTT)-KTT)
CRCLSTD47=100 ; ML/MIN ENDIF
RF = CRCLSTD/CRCLSTD47 DADT(1) = TRANSIT -KA*A(1)
jommmmmes Typical values---------- DADT(2) = KA*A(1) -K*A(2)
TVCLNR = THETA(1)*ALLMCL_FFM*CIG_CL;*CFZ_CL ; SERROR
TVCLR = THETA(13)*RF IPRED=A(2)/V
TVCL =TVCLNR +TVCLR LLOQ =0.313 ; DEFINE YOUR OWN LLOQ HERE
TVV = THETA(2)*ALLMV_FFM CENS_THR = LLOQ
TVKA = THETA(3); PROP = IPRED*THETA(5)
TVBIO = THETA(4) ADD = THETA(6)+(LLOQ*0.2)
TVMTT = THETA(7) IF (ICALL/=4.AND.CENS==1) THEN
TVNN = THETA(11) ADD = ADD +(CENS_THR*0.5)
TVV3 = THETA(8)*ALLMCL_FFM ENDIF
TVQ = THETA(9)*ALLMCL_WT NO_FIT=0
jmmmmm—mn Define parameters------------ IF (ICALL/=4.AND.CENS==2) THEN
CL =TVCL*EXP(BSVCL+BOVCL+BVVCL) ; CLEARANCE PROP =0
V =TVV*EXP(BSVV) ; CENTRAL VOL. ADD = 10000000000
KA =TVKA*EXP(BSVKA+BOVKA) ; ABS. RATE CONSTANT NO_FIT=1
BIO = TVBIO*EXP(BSVBIO+BOVBIO) ; BIOAVAILABILITY ENDIF
MTT = TVMTT*EXP(BSVMTT+BOVMTT) ; MTT TIME W = SQRT(ADD**2+PROP**2)
NN = TVNN ; Number of transit compartments IF (W.LE.0.000001) W=0.000001
V3 = TVV3*EXP(BSVV3) ; PERIPH VOL IRES=DV-IPRED
Q=TVQ*EXP(BSVQ) ; INTER COMPT CL IWRES=IRES/W
Y = IPRED + W*ERR(1)
; re-parameterization IF (ICALL==4.AND.Y<=CENS_THR) Y = CENS_THR/2
K = CL/V ;(rate constant of elimination) IF(AMT>0) THEN
K23 =Q/V ; (rate constant from central to peripheral 1) TIMEDOSE = TIME
K32 = Q/V3 ;(rate constant from peripheral 1 to central) AMOUNTDOSE = AMT
; ; Transit compartment absorption ENDIF
F1=0 TAD = TIME-TIMEDOSE
KTR = (NN+1)/MTT VARCL = BSVCL + BOVCL
IF (NEWIND/=2.0R.EVID>=3) THEN VARBIO = BSVBIO + BOVBIO
TNXD=TIME VARAUC = BSVBIO + BOVBIO - BSVCL - BOVCL
PNXD=AMT VARABS = BOVKA - BSVMTT - BOVMTT
ENDIF ; RETRIEVE AMOUNT IN
TDOS=TNXD EACH COMPARTMENT---
PD=PNXD AAL=A(1)
IF(AMT>0) THEN AA2 = A(2)
TNXD=TIME AA3 = A(3)
PNXD=AMT ; Initial estimates
ENDIF STHETA
PIZZA = LOG(BIO*PD*KTR + 1E-12) - GAMLN(NN+1) (0,0.346,50) ; 1 CLNR [L/h]
B (0,23.2,300) ; 2V [L]
A_0(1) = SMALL (0,0.832,10) ; 3 KA [1/h]
A_0(2) = SMALL 1FIX; 4 BIO
A_0(3) = SMALL (0,0.0893,0.5) ; 5 PROP []
iy (0,1.58,10) ; 6 ADD [mg/L]
IF (NEWIND.NE.2.0R.EVID.GE.3) THEN ; Each time | have (0,0.785,2) ; 7 MTT
a new subject, or a reset OFIX; 8V3IL]
COM(1)=0 OFIX;9Q[L/h]
COM(2)=0 (0,0,10) FIX ; 10 E_BOV
TDOS=0 (0,4,100) FIX; 11 NN
ENDIF OFIX; 12 CFZ_CL

jrmmmmm e (0,0.43,5) ; 13 CLR
(-0.99,0.411,5) ; 14 smking_CLNR

SDES SOMEGA BLOCK(1)
TEMPO =T-TDOS ; this is time after dose for the transit, it 0.106929 ; 1BSVCL
should always be >= 0 SOMEGA BLOCK(1) FIX
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0; 2BSVV
SOMEGA BLOCK(1) FIX
0; 3BSVKA
$SOMEGA BLOCK(1) FIX
0 ; 4BSVBIO
SOMEGA BLOCK(1) FIX
0; 5BSVV3
$SOMEGA BLOCK(1) FIX
0; 6BSVQ
$SOMEGA BLOCK(1) FIX
0; 7BSV4
SOMEGA BLOCK(1) FIX
0; 8BSVQ2
$SOMEGA BLOCK(1) FIX
0; 9BSVMTT

SOMEGA BLOCK(1) FIX

0 ; 10BOVCL

SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.022201 ; 14 BOVBIO
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.257049 ; 18 BOVKA
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1)
0.461041 ; 22 BOVMTT
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME
SOMEGA BLOCK(1) SAME

SOMEGA BLOCK(1)
0.0324 ; BVVCL
SOMEGA BLOCK(1) SAME

SESTIMATION MSFO=run015.msf MAXEVAL=0 PRINT=1
METHOD=1 INTER NOABORT

NSIG=3 NONINFETA=1 ETASTYPE=1 ;MCETA=1000
RANMETHOD=4P ; REPEAT

STABLE  ID OCC TIME TAD AA1 AA2 AMT ; AA3 AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBJI

NOPRINT NOAPPEND ONEHEADER FORMAT=,
FILE=sdtab015.csv
STABLE IDOCCCLV KA BIO MTT NN AUC;V4 Q2 ;

BSVCL BVVCL ;BSVV BSVKA BSVBIO BSVV3 BSVQ
BSVV4 BSVQ2

BOVCL BOVKA BOVBIO BOVMTT ;BOVLAG

VARCL VARBIO VARAUC NOPRINT NOAPPEND
ONEHEADER FORMAT=,

FILE=patab015.csv

STABLE ID OCC WT2 HTM AGE FFM FAT VPC_TIME
NOPRINT NOAPPEND
ONEHEADER FORMAT=, FILE=cotab015.csv

STABLE ID OCC HIVP SEXM RACEB PROB VISIT_WK
NOPRINT NOAPPEND
ONEHEADER FORMAT=, FILE=catab015.csv

STABLE  ID OCC TIME TAD AA1 AA2 AMT ; AA3 AA4

Y DV MDV PRED RES WRES IPRED IRES IWRES
CWRES CWRESI OBIJI

CLV KA BIO MTT NN AUC; NN V4 Q2

BSVCL BVVCL ;BSVV BSVKA BSVBIO BSVV3 BSVQ
BSVV4 BSVQ2

BOVCL BOVKA BOVBIO BOVMTT VARCL VARBIO
VARAUC WT2 HTM AGE

FFM FAT VPC_TIME HIVP SEXM RACEB PROB
VISIT_WK NOPRINT

NOAPPEND
FILE=mytab015.csv

’

ONEHEADER FORMAT=,
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