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Abstract

Rates of cigarette smoking in people with HIV (PWH) are two to three times higher than in
people without HIV. Nicotine is metabolized by CYP2A6 and the nicotine metabolite ratio (NMR;
3-hydroxycotinine/cotinine) is a measure of nicotine clearance. Higher NMR has been observed
in PWH and is associated with lower quit rates. Efavirenz, a mainstay antiretroviral therapy
(ART) globally, partially upregulates its own metabolism through CYP2A6. We hypothesized

that efavirenz also upregulates nicotine metabolism by CYP2AG, resulting in a higher NMR,
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and switching to non-efavirenz ART would decrease the NMR, potentially leading to improved
quit rates. We compared the NMR during and after efavirenz use among PWH in a longitudinal,
multisite cohort. Eligibility criteria included: (i) active cigarette smoking, (ii) ART switched

from efavirenz-based to non-efavirenz-based regimen, (iii) plasma available at pre- and post-ART
switch, and (iv) viral suppression during study period. Plasma cotinine and 3-hydroxycotinine
were measured by liquid chromatography—tandem mass spectrometry. 7-tests compared the NMR
on and off efavirenz. Samples were collected between 2010 and 2019 in 72 PWH. The mean NMR
difference after switching to a non-efavirenz-based regimen was —0.24 (SD: 0.37, £< 0.001); 44
PWH had at least a 0.1 decrease in NMR. Effect modification by race was present; Black PWH
had a larger mean decrease. Our findings suggest that previously observed higher NMR among
PWH may be due to direct pharmacologic effects of ART. Assessing the effect of ART on the
NMR suggests that avoiding nicotine metabolism inducers could potentially increase quit rates.

Antiretroviral therapy (ART) has transformed prognosis for people with HIV (PWH).
However, even in high-income countries, life expectancy in PWH lags behind that of
uninfected individuals, often due to comorbidities associated with, and exacerbated by,
tobacco use. The prevalence of smoking in PWH in the United States is estimated to be
40%, nearly 3 times that of uninfected individuals; the difference may be higher in low-

and middle-income countries.1~* Despite availability of smoking cessation pharmacotherapy,
quit rates among PWH remain low.>

A potential explanatory mechanism for the disparity in quit rates may lie in nicotine
metabolism. Nicotine is primarily metabolized to cotinine and cotinine to 3-hydroxycotinine
(3-HC) by the hepatic enzyme CYP2A6.5 The ratio of 3-HC to cotinine, known as the
nicotine metabolite ratio (NMR), is a validated biomarker of CYP2A6 activity and nicotine
clearance.® In the general population, greater CYP2AG activity results in faster nicotine
clearance and higher NMR values. It is hypothesized that people who metabolize nicotine
faster smoke more cigarettes per day to minimize withdrawal symptoms, leading to higher
nicotine dependence, greater severity of withdrawal symptoms, and reduced cessation rates.’
In PWH, the relationship between the NMR and smoking outcomes is similar, although the
NMR has been found to be significantly higher compared with the general population.8 Data
from 2 independent smoking cessation trials found that mean NMR in smokers with HIV
was 0.47 and in non-infected smokers was 0.34 (P < 0.001).8 Whereas this finding points to
a potential explanation underlying the lower smoking cessation rates among PWH, there is
limited evidence regarding the mechanism for higher NMR among PWH and its downstream
effects.

Differences in the NMR may be affected by HIV infection or its treatment, among other
factors. We previously demonstrated that HIV acquisition had no discernable effect on
the NMR.? In contrast, specific ART medications may alter the NMR through effects
on CYP2AG. Efavirenz, a key component of ART globally, may upregulate CYP2A610
(CYP2AG6 contributes to efavirenz metabolism) as it does CYP2B6, the primary enzyme
involved in its metabolism.11 A recent study found that in PWH who achieved viral
suppression on ART, those who took ART regimens including efavirenz had a higher
mean NMR increase than those on regimens without efavirenz.10 Given the likely effect
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of efavirenz on CYP2AG6 activity, we hypothesized stopping efavirenz-based therapy would
result in decreases in the NMR.

Study design, population, and specimens

We conducted a study of PWH who smoke during and after efavirenz use. Data and
specimens collected between January 2010 and November 2019 were obtained from the
Centers for AIDS Research (CFAR) Network of Integrated Clinical Systems (CNICS)
database and specimen bank. CNICS is a longitudinal cohort of PWH in care at 10 academic
HIV care sites in the United States.12 CNICS data includes clinical data, biological
specimens, and patient-reported outcomes data. Seven of the 10 CNICS sites had the
necessary data and were included in these analyses. Active ART regimens were reported
with the collection of plasma samples rather than reporting initiation and discontinuation
dates for each medication. Time on any given ART regimen was calculated based on sample
collection dates where the ART regimen remained consistent for at least 3 months between
samples to minimize the possibility of misclassifying the ART regimen at the time of

NMR measurement. PWH in CNICS completed a clinical assessment of patient-reported
outcomes on touch screen tablets approximately every 6 months as part of routine clinical
care, including measures of drug, alcohol, and smoking status.

Inclusion criteria of plasma specimens were available both before and after switching

from efavirenz in combination with two nucleoside analog reverse transcriptase inhibitors
(NRTIS) to either an integrase strand transferase inhibitor (INSTI) or non-nucleoside analog
reverse transcriptase inhibitor (NNRTI) in combination with the same two or different
NRTIs, the participant took the efavirenz-based and non-efavirenz-based regimens for a
minimum of 3 months and the participant self-reported currently smoking on both specimen
dates. Participants were also limited to individuals with HIVV RNA concentrations < 400
copies/mL at the times of both specimen collections to control for any potential effects of
HIV viremia.

Outcome and covariate measurement and definitions

Standard liquid chromatography-tandem mass spectrometry was used to measure cotinine
and 3-HC.13 Plasma specimens were stored at —80°C until cotinine and 3-HC analyses were
performed. The laboratory was blinded to the efavirenz status of the specimens. NMR was
calculated as the ratio 3-HC:cotinine. A cotinine value > 15 ng/mL was used to confirm
current smoking status. To assess the hypothesis that the effect of efavirenz, specifically as
a CYP2AG6 substrate, increases NMR, we chose comparator drugs in the INSTI and NNRTI
class that are not known to induce or inhibit CYP2AG.

We examined demographic characteristics, including age, race, ethnicity, and birth sex,

and days between collection of specimens. Other potential confounding variables included
alcohol and stimulant use (methamphetamine/amphetamines and/or cocaine/crack), presence
of liver disease, and other concurrent medications that might affect CYP2A6 function
(www.pharmgkb.com).
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Alcohol use was assessed using the Alcohol Use Disorders Identification Test (AUDIT-
C).1415 PWH were categorized as “at-risk alcohol use” or “not at-risk alcohol use” based
on AUDIT-C score thresholds. Two AUDIT-C thresholds were used in this study: the higher
score threshold was = 5 if male or = 4 if female subjects, and the lower score threshold

was = 4 if male or = 3 if female subjects. Stimulant use was assessed using the World
Health Organization (WHO) Alcohol, Smoking and Substance Involvement Screening Test
(ASSIST)6; only methamphetamines/amphetamines and cocaine/crack were considered.

The presence of liver disease was assessed using International Classification of Disease-9th
revision (ICD-9) and ICD 10th revision (ICD-10) codes for cirrhosis, ascites, varices,
hepatitis B, hepatitis C, unspecified hepatitis, and fatty liver (see Table S1). Known CYP2A6
inducer medications included amlodipine, azithromycin, clotrimazole, conjugated estrogens,
dexamethasone, ketoconazole, and methylprednisolone.? Isoniazid was the only CYP2A6
inhibitor included.’

Statistical analyses and sample size

The mean change in NMR between efavirenz-based and non-efavirenz-based regimens

was assessed using #tests (all continuous variables were dichotomized at the median).
Individuals were compared with respect to whether their NMR decreased by a clinically
significant level after switching off efavirenz, which we defined as = 0.1 based

on prior studies.18-20 Effect modification was evaluated using linear mixed models,
including interactions between specimen samples and select PWH characteristics. Pearson’s
correlations were conducted to measure the correlation of the mean change of cotinine and
3-HC to the mean change in NMR.

We targeted enrollment of 71 individuals to detect a 0.1 difference in NMR between
specimens obtained on and post-efavirenz use with 80% power at a P value of 0.05,
assuming a standard deviation of NMR of 0.25.

Ethics statement

RESULTS

All participants provided informed consent for collection of data and specimens for
inclusion in the CNICS database. All data and specimens were anonymized prior to release
by CNICS to the study team. The University of Pennsylvania and University of Toronto
institutional review board approved the study protocol.

A total of 72 actively smoking PWH who switched from efavirenz to either an INSTI or
other NNRT Is while maintaining HIV suppression were included. Samples collected while
on an efavirenz-based regimen were primarily from 2012 to 2016 and samples collected
while on a non-efavirenz-based regimen were primarily from 2015 to 2019. Participants
were predominantly male sex at birth, nearly evenly divided between Black and White race,
and had a median time of ~ 2.5 years between the efavirenz and non-efavirenz regimen
specimens (Table 1). Differences in mean NMR between covariate levels were only found
for race, with Black PWH having a larger change in the NMR. Whereas mean NMR on an
efavirenz-based regimen was similar between the two race groups (Black: 0.75, SD: 0.39;
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White: 0.78, SD: 0.36, A= 0.73), there was a greater difference in the mean NMR on a
non-efavirenz-based regimen (Black: 0.40, SD: 0.22; White: 0.64, SD: 0.35, £< 0.001). Due
to insufficient numbers, ethnicity, CYP2AG6 inhibitor use, amphetamine use, and cocaine use
were excluded as covariates.

The mean NMR difference was —0.24 (SD: 0.37), with NMR differences ranging from -1.35
to 0.76; this overall mean decrease was statistically significant (£ < 0.001). Forty-four (61%)
study individuals had an NMR decrease of > 0.1, 12 (17%) had an NMR decrease 0-0.1 and
16 (22%) had an increase in the NMR (see Table S2 for individual characteristics by change
in NMR). Figure 1 displays individual-level NMRs on efavirenz-based and after switching
to non-efavirenz-based regimens. The first timepoint represents an individual’s NMR while
on an efavirenz-based regimen and the second timepoint while on a non-efavirenz-based
regimen. Individual changes are represented by the lighter lines and the bolded line connects
the mean NMR on an efavirenz-based regimen to the mean NMR while on a non-efavirenz-
based regimen.

The mean difference in cotinine levels was 52.99 ng/mL (SD: 122.67) higher and the mean
difference in 3-HC was 26.56 ng/mL (SD: 76.87) lower after switching off efavirenz. The
correlation between change in NMR and change in cotinine (r=-0.39, £< 0.001) and
change in 3-HC (r=0.34, £=0.003) were of similar magnitude, although, as expected, in
opposite directions. Linear mixed models were used to examine interactions by race, age,
time between specimens, and birth sex for the NMR. The interaction term between race and
specimen sample was found to be statistically significant (P= 0.015). Interactions by age (P
= 0.855), time between specimens (£ = 0.325), and birth sex (£ = 0.154) were not found to
be significant.

DISCUSSION

In this sample of PWH who smoke who were virologically suppressed on efavirenz-based
regimens and remained suppressed after switching to non-efavirenz regimens, the magnitude
of decrease in NMRs was both clinically and statistically significant. Most individuals had
decreases, although a few had increases in their NMR. Race appeared to be an effect
modifier, with Black PWH having a significantly larger decrease in the NMR.

Our team has previously found that PWH who smoke have a higher NMR than those without
HIV who smoke.8 Although we found that HIV infection itself (i.e., pre- vs. post-HIV
infection change in NMR) does not appear to be the mechanism responsible for the higher
NMR in PWH who smoke,® we did find a small increase in the NMR after viral suppression
(0.14, P=0.002). However, there was a marked increase for those taking efavirenz-based
regimens (0.53, £< 0.001).10 The present data add to our understanding of how ART can
affect nicotine metabolism and, in turn, smoking behaviors among PWH.

Differences in NMR decrease were found by race, with Black PWH having a similar

mean NMR while on an efavirenz-based regimen as White PWH, yet had a larger NMR
decrease after efavirenz discontinuation. In populations where CYP2AG6 is not induced,
Black smokers have a lower mean NMR than White smokers; this is consistent with our
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findings after efavirenz discontinuation.?1-24 Similarly, wide CYP2A6 heterogeneity in
Black PWH has been found to influence efavirenz pharmacokinetics, particularly when

the primary metabolic pathway, mediated predominantly by CYP2BS, is also slower.2

The mechanism of this race by NMR effect of efavirenz is unclear and warrants further
investigation. It is important to note that race is a social construct, and when used in
epidemiologic studies, frequently reflects the treatment of people of color in various systems
and sectors rather than as a characterization of their genetic background.26 Thus, our finding
of difference by race warrants replication with precise genetic measurement to determine if
efavirenz metabolism differences can account for this finding.

Although our study did not find any other sources of effect modification, the study
covariates were selected due to prior evidence of effecting the NMR. Regarding alcohol
use, two studies investigated the change in the NMR after people who smoke received
psychotherapy for alcohol use disorder; one study focused on alcohol abstinence only in
men2’ and the other focused on changes in alcohol consumption in men and women.28 In
both studies, the NMR significantly decreased for men after completing treatment, but this
decrease was not seen in the second study for women. Of note, the second study also found
much higher alcohol use and a larger decrease in alcohol use in men compared with women.
Studies have also shown an association with age and NMR levels, with older individuals
having modestly higher NMRs.29:30

Our findings have several implications given the established relationship between the NMR
and smoking cessation outcomes.18:30 The use of efavirenz as first-line ART remains
common worldwide and is a mainstay in low- and middle-income countries.3! Medication
effects on CYP2AB6 activity like those of efavirenz likely affects smoking cessation while
on these regimens. Additionally, individuals who metabolize nicotine faster are less likely
to respond to nicotine replacement therapy as a component of cessation strategies.32 In

lieu of measuring the NMR or attempting to quit using nicotine replacement therapy,

PWH on efavirenz who smoke might have better outcomes with a non-nicotine-based
pharmacotherapy, such as varenicline.33 Additionally, PWH who smoke may be switched
to ART that will not increase CYP2AB activity.

Our study has several strengths. The repeated measures design allowed PWH to serve

as their own control and therefore, confounding by time-invariant personal characteristics
was eliminated. Thus, only time-varying confounders were considered, such as alcohol

use, stimulant use, and other CYP2A6 medications. Insufficient frequencies of each
prevented these analyses from being done, making them unlikely to cause large-magnitude
confounding. Furthermore, there is a lack of a theoretical reason why a change in ART
regimen among PWH with an undetectable viral load would be accompanied by a change in
lifestyle factors.

The results of this study should be interpreted given certain limitations. This study was
retrospective in nature, so the plasma levels used to calculate the NMR were collected at
different points in time. The active ART regimen at the time of sample collection was
provided rather than specific start and stop dates of efavirenz; this lack of certainty of the
exact time exposure to efavirenz may have increased misclassification of drug exposure,
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which would bias the results toward the null. We decided to only include samples where the
ART regimen remained constant for at least 3 months to prevent including samples where
efavirenz was recently initiated or discontinued. Because misclassification of this type would
have biased our results to the null, the true NMR change after efavirenz discontinuation
may be even larger than our study found. Smoking in PWH is a notoriously difficult and
complex problem, with several well-known medical and mental health comorbidities that
affect cessation.3* Although we know from prior work that the NMR is associated with
differences in smoking topography, quit potential, and lung cancer risk,’18:35 we did not
directly measure these clinical outcomes or cessation behaviors themselves. Given the large
amount of variation in the NMR, there is likely a large heterogeneous effect of the NMR on
smoking outcomes, which warrants future prospective studies.

Given the enormous and growing burden smoking has on the health of PWH internationally,
the findings of this project provide necessary clinical information that can guide providers
and PWH through smoking cessation intervention and potentially ART regimen selection
decisions. Additionally, it raises the question of whether other concomitant medications that
affect CYP2AG activity are associated with lower quit rates and worse outcomes for PWH
who smoke.
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WHAT ISTHE CURRENT KNOWLEDGE ON THE TOPIC?

The nicotine metabolite ratio (NMR; 3-hydroxycotinine/cotinine) is a valid biomarker of
CYP2AG6 activity and nicotine clearance, and higher NMR values have been associated
with lower smoking quit rates. In trials, people with HIV (PWH) have lower quit rates
than expected compared with HIV-negative people. Antiretroviral therapy (ART) such as
efavirenz upregulates its own metabolism, partially via CYP2AG6.

WHAT QUESTION DID THISSTUDY ADDRESS?

What is the effect of switching from efavirenz-based ART to non-efavirenz-based ART
on the NMR in virally suppressed PWH who smoke?

WHAT DOESTHIS STUDY ADD TO OUR KNOWLEDGE?

The results of this repeated measures study showed that switching to non-efavirenz-based
ART was associated with a decrease in the NMR in PWH who smoke.

HOW MIGHT THISCHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

The use of efavirenz as first-line ART remains common worldwide and is a mainstay

in low- and middle-income countries. Although the effect of efavirenz on smoking
behavior is still under investigation, providers may consider switching PWH who smoke
to non-efavirenz based regimens or choosing non-nicotine-based pharmacotherapy.
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Figurel.
Spaghetti plot of change in NMR from efavirenz-based to non-efavirenz-based regimen.

The gray lines depict the change in each individual’s NMR from efavirenz-based to non-
efavirenz-based ART. The black bar depicts the mean change in NMR and the dotted bars
depict the 95% confidence interval. ART, antiretroviral therapy; NMR, nicotine metabolite
ratio.
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