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Abstract
Purpose—Non-AIDS defining cancers (NADCs) now exceed rates of AIDS-defining cancers in
HIV-positive patients. Treatment of NADCs may be complicated by drug-drug interactions
between antiretrovirals and chemotherapy. Docetaxel is a widely used anticancer agent that is
primarily metabolized by CYP3A4 enzymes and used to treat NADCs. A preclinical in vivo
assessment was performed to gain a better understanding of CYP3-mediated drug-drug
interactions between antiretrovirals and docetaxel, as well as to assess any alterations in gene
expression with these combinations.

Methods—Docetaxel (20mg/kg i.v.) was administered to male FVB mice in the presence and
absence of dexamethasone (10mg/kg p.o. ×4d), efavirenz (25mg/kg p.o. ×4d), ketoconazole
(50mg/kg p.o.), or ritonavir (12.5mg/kg p.o.). At various time points, plasma and liver tissue were
harvested. Docetaxel concentrations were determined by LC/MS/MS. Pharmacokinetic parameters
were calculated. Liver tissue RNA was used to evaluate alterations in Cyp3a11 and Abcb1a gene
expression.

Results—Docetaxel exposure was altered by CYP3A4 inhibitors but not by inducers. The
CYP3A4 inducers efavirenz and dexamethasone did not have a significant effect on docetaxel
exposure (AUC). However, the CYP3A4 inhibitors ritonavir and ketoconazole resulted in a 6.9
and 3.1-fold increase in AUC, respectively. Alterations in gene expression did not account for the
altered docetaxel exposure.

Conclusions—Docetaxel exposure was significantly altered by CYP3A4 inhibitors. Until a
definitive clinical trial is performed, docetaxel should be used with caution in patients on a
ritonavir-containing antiretroviral regimen or an alternative antineoplastic therapy or antiretroviral
regimen should be considered.
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INTRODUCTION
Since the advent of combination antiretroviral therapy (cART) in the mid-1990’s,
widespread use cART has led to significant improvements in the morbidity, mortality, and
life expectancy in patients with HIV disease. At the same time, HIV/AIDS patients are now
experiencing higher rates of non-AIDS defining malignancies (NADCs) for reasons that
remain poorly understood [1-3]. NADCs include cancers without a strong association with
HIV such as anal, esophageal, head and neck, lung, prostate cancers, and Hodgkin’s
lymphoma. From 1991 to 2005, the incidence and prevalence of NADCs has increased
three-fold, and they account for approximately 50% of all cancers among HIV/AIDS
patients today [1].

Current recommendations for the initiation of cART consist of a combination of three to
four drugs from different classes including ritonavir-boosted protease inhibitors (PIs),
nucleotide reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase
inhibitors (NNRTIs), or an integrase strand transfer inhibitor [4]. Actual cART regimens
utilized in a given patient will differ based on comorbidities, tolerance of drug regimens,
duration of AIDS while maintaining virological control (e.g., a patient diagnosed in 1990 vs.
2013), viral mutations, and drug-drug interaction potential [4]. Antiretrovirals are substrates,
inducers, and/or inhibitors of various drug metabolizing isoenzymes, including cytochrome
P450 (CYP450) and uridine diphosphate-glucuronyl transferases (UGT), as well as drug
efflux and uptake transporters [5-7]. While the protease inhibitor ritonavir is widely utilized
as a strong CYP3A4 inhibitor, ritonavir also has been noted as a strong inhibitor of
CYP2C8, CYP2D6, and ABCB1 in addition to being a weak inducer of CYP2B6, CYP2C9,
CYP3A4, and ABCB1 [8-12]. Ritonavir is most commonly utilized as a potent inhibitor of
CYP3A4 in ‘boosted’ cART regimens [5,13,14]. Efavirenz, another commonly used
antiretroviral agent, has mixed CYP3A4 inhibition and induction but results in clinically
relevant interactions by CYP3A4 induction [15-19]. Efavirenz is also a moderate inhibitor of
ABCB1 [12,20]. As patients with HIV/AIDS live longer and progress to develop various
cancers, the clinical dilemma will continue to be how to treat them given the high likelihood
of a clinically relevant drug-drug interaction between cART and anticancer agents until
more evidence-based and definitive dosing recommendations are provided.

Docetaxel is a semi-synthetic microtubule stabilizing agent that is indicated for use in a wide
variety of tumors including breast, gastric, head and neck, non-small cell lung, and prostate
cancers [21-28]. The main dose-limiting toxicities of docetaxel therapy are
myelosuppression and neuropathy. Docetaxel is metabolized primarily by CYP3A4 to at
least four inactive metabolites and is susceptible to drug-drug interactions [29,30].
Coadministration of docetaxel with drugs that inhibit CYP3A4 may potentially lead to more
pronounced toxicities while drugs that induce CYP3A4 may result in decreased efficacy.
Docetaxel is also a substrate for the drug transporter ABCB1 (P-glycoprotein), encoded by
the MDR1 gene [31]. cART drugs have been shown to be transported by ABCB1 and
therefore drug-drug interactions at the level of this drug transporter is also possible [32].
Despite studies demonstrating the drug interaction potential of chemotherapeutic and cART
agents independently [33-35], a better understanding of this complex drug-drug interaction
is needed.

In this study, we conducted an in vivo assessment of the pharmacokinetics of intravenous
docetaxel when coadministered with CYP3A4 inhibitors and inducers in mice. Specifically,
we were interested in studying the extent of drug-drug interaction between docetaxel and the
CYP3A4 inducers efavirenz or dexamethasone (positive control) and the CYP3A4 inhibitors
ritonavir or ketoconazole (positive control). Ketoconazole was selected as the “index”
CYP3A4 inhibitor due to minimal inhibitory effects noted on other CYP450s and ABCB1
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and wide utilization in in vitro and in vivo studies. Dexamethasone is a potent inducer of
CYP3A4 with weak induction effect on other CYP450s and ABCB1 [36,37]. Additionally,
we sought to address whether hepatic gene expression of Cyp3a11 (the mouse equivalent for
the human CYP3A4), and the drug transporter Abcb1a was altered by the CYP3A4 inducers
and inhibitors and whether these alterations contributed to differences in docetaxel exposure
among the various CYP3A4 inducers and inhibitors.

METHODS
Chemicals and Reagents

Docetaxel was generously provided by Sanofi-Aventis Pharmaceuticals (Bridgewater, NJ).
Drug-free (blank) mouse plasma was obtained from Innovative Research, Inc. (Novi, MI).
cART agents were commercially available and of pharmaceutical grade. All other chemicals
and reagents were of the highest grade commercially available.

Docetaxel pharmacokinetics in combination with CYP3A4 inducers and inhibitors
Male FVB mice (6 weeks old, Taconic, Germantown, NY) were maintained in a controlled
environment with food and sterilized water available ad libitum. Animal experimentation
was conducted under an approved Institutional Animal Care and Use Committee (IACUC)
protocol in an Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) accredited facility and complied with local and national guidelines. Docetaxel
was supplied at a concentration of 40 mg/mL in polysorbate 80 and further diluted in 0.9%
sodium chloride to a final concentration of 2 mg/mL. Docetaxel was administered in the
presence and absence of dexamethasone, efavirenz, ketoconazole, or ritonavir by tail vein
injection at a dose of 20 mg/kg [38]. Dexamethasone and efavirenz were administered by
oral gavage daily for 4 days with the last dose occurring approximately 1 hour prior to
docetaxel administration to ensure CYP3A4 induction. Dexamethasone was administered at
a dose of 10 mg/kg while efavirenz was administered at a dose of 25 mg/kg [36,19].
Ketoconazole and ritonavir were administered by oral gavage approximately 1 hour prior to
docetaxel administration to ensure adequate CYP3A4 inhibition. Ketoconazole and ritonavir
were administered at a dose of 50 mg/kg and 12.5 mg/kg, respectively [39,40]. Animals in
the control arm were administered corn oil by oral gavage. Mice were humanely killed (3
animals/time point), and blood and l tissues were harvested as a function of time after
docetaxel administration. Blood was collected by cardiac puncture under anesthesia into
syringes coated with heparin and centrifuged to obtain plasma. Liver lobes were rapidly
dissected into 4 pieces and snap frozen on dry ice for subsequent RNA extraction (see Gene
Expression method section). Samples were stored frozen at −70°C until analysis. A
validated LC/MS/MS method was used to quantitate docetaxel in plasma samples over the
range of 0.008-0.808 μg/mL, and dilutions up to 1:100 (v:v) were accurately quantitated
[41].

Mean docetaxel concentrations were calculated at each time point. Pharmacokinetic
parameters were calculated from mean docetaxel concentration-time data using
noncompartmental methods as analyzed in WinNonlin version 5.3 (Pharsight Corporation,
Mountain View, CA). Cmax was the observed value, which occurred at the first sample
drawn after docetaxel administration at 0.08 hr. The AUClast was calculated using the linear
trapezoidal method and extrapolated to infinity (AUC0-∞) by dividing the last quantifiable
concentration by the terminal disposition rate constant (λz). λz was determined from at least
3 points on the slope of the terminal phase of the concentration-time profile with a weighting
factor of 1/y. The terminal half-life (T1/2) was determined by dividing 0.693 by λz.
Clearance was calculated by dividing the dose administered by AUC0-∞. If the percent AUC
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extrapolated was >25% or the r2 of λz was <0.9, the AUC0-∞, Cl, and T1/2 were not
reported.

Gene Expression
RNA extraction was performed by crushing a frozen 1 mm section of liver in a disposable
mortar and pestle. Extraction was then continued by using RNeasy® Kit (Qiagen,
Germantown, MD). Resultant mRNA was then quantified by Optical Density using a
Nanodrop Spectrophotometer (ThermoFisher, Wilmington, DE). The RNA was then diluted
or concentrated by dilution or vacuum dehydration to obtain a 0.25 μg/μL. Residual
genomic DNA contamination was removed using a combination of a RT2 First Strand Kit
(Qiagen, Germantown, MD), followed by a Reverse Transcriptase reaction to produce
cDNA. This cDNA was combined with RT2 SYBR Green / ROX qPCR Master Mix
(Qiagen, Germantown, MD) and added to 96 well Custom Real Time PCR plates (Qiagen,
Germantown, MD) preloaded with proprietary primers for Cyp3a11, Abcb1a, a house
keeping control gene, one murine genomic contamination detection primer, as well as
positive and negative PCR reaction controls. Real time PCR was then performed using a
7900HT ABIPrism sequence detection system (Applied Biosystems, Foster City, CA) using
the SYBR green detection probes. Melting curve analysis of the real time PCR product was
subsequently performed to evaluate PCR product purity, and the relative changes in mRNA
were measured. Analysis of the data obtained from the RT-PCR was done using QIAGEN’s
excel-based data analysis template. Data analysis is based on the ΔΔCt method with
normalization of the raw data to either housekeeping genes or an external RNA control.
Further confirmation was obtained using TaqMan (Applied Biosystems, Foster City, CA)
traditional PCR to validate the previous real time PCR expression data.

Statistical Analysis
For the pharmacokinetic studies, the Method of Bailer was used to estimate the variance of
AUClast given the calculated variance of the mean concentration at each time point [42].
This was then followed by a pairwise comparison using a Z-test to determine whether there
was a significant difference between docetaxel exposure as expressed by AUClast [43].
Comparisons of the gene expression as well as individual Cmax data were conducted using
the nonparametric Wilcoxon signed rank test (across groups within a time point for gene
expression) with post-hoc analysis using an All Pairs Tukey-Kramer test. The a priori level
of significance was p<0.05.

RESULTS
Docetaxel pharmacokinetics in combination with CYP3A4 inducers and inhibitors

Docetaxel was administered to mice in the presence and absence of CYP3A4 inducers and
inhibitors to determine the extent of alterations in the pharmacokinetic profile of docetaxel
(Table 1, Fig. 1). When administered alone (control-arm), docetaxel exhibited triphasic
elimination with a T1/2,λ of 6.4 hr. Docetaxel concentrations were detectable up to 18 hours
for dexamethasone and up to 24 hours for all other conditions thus allowing for accurate
comparison of pharmacokinetics.

Administration of docetaxel in the presence of a CYP3A4 inducer did not alter the
concentration-time profile with triphasic elimination noted with both dexamethasone and
efavirenz (Fig. 1). The CYP3A4 inducers were administered for 4 daily doses prior to the
administration of docetaxel. The presence of dexamethasone, our control CYP3A4 inducer,
resulted in a 30% decrease (7.6 vs. 10.3 μg*hr/mL; p>0.05) while efavirenz resulted in a
1.2-fold increase (12.4 vs. 10.3 μg*hr/mL; p>0.05) in docetaxel AUClast. While there was
no significant alteration in AUClast, the T1/2,λ of docetaxel in the presence of either
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dexamethasone (4.9 hr) or efavirenz (4.7 hr) did appear to be shorter than with the control
(6.4 hr), which is suggestive of induction of CYP3A4. The effect of efavirenz (1.4-fold
increase) on the Cmax was more pronounced than dexamethasone (0.9-fold) (p<0.05) but not
significantly different than the control arm (p<0.05; post-hoc analysis).

Administration of docetaxel within 1 hour after a CYP3A4 inhibitor resulted in a biphasic
elimination in the presence of ketoconazole and mono- to biphasic elimination in the
presence of ritonavir (Fig. 1). The presence of ketoconazole, a control CYP3A4 inhibitor,
resulted in a 3.1-fold increase (31.4 vs. 10.3 μg*hr/mL; p<0.05) while ritonavir resulted in a
6.9-fold increase (71.0 vs. 10.3 μg*hr/mL; p<0.05) in docetaxel AUClast. This stepwise
increase in exposure levels is consistent with our predictions as ritonavir is a more potent
inhibitor of CYP3A4. While the T1/2,β of docetaxel in the presence of ritonavir was not
calculated due to a poor fit on the terminal slope (a biphasic disposition started to emerge on
the last time point), the T1/2,β in the presence of ketoconazole was 3.5 hr. The observed
terminal T1/2 was shorter than the control (T1/2,λ = 6.4 hr) which is likely an artifact due to
comparing different elimination phases of the concentration-time profile (biphasic vs.
triphasic). The effect of ketoconazole (1.3-fold increase) and ritonavir (2.4-fold increase;
p<0.05 compared to all other arms) on the Cmax was less pronounced than on AUClast,
which is consistent with primary inhibition of the elimination pathway.

Alteration in Cyp3a11 and Abcb1a with CYP3A4 Inducers and Inhibitors
To evaluate possible alterations in Cyp3a11 and Abcb1a gene expression, mouse liver
samples were harvested for RNA, and the cDNA was run as described above. At 0.5 hour
after docetaxel administration, there was a significant upregulation in Cyp3a11 by
ketoconazole compared to all other cohorts (Fig. 2; p=0.02). Otherwise, there were no
alterations noted during the time course of the study. There was no association between
alterations in gene expression and docetaxel exposure.

DISCUSSION
This study demonstrates that oral administration of the antiretroviral CYP3A4 inhibitor
ritonavir significantly altered the systemic exposure of intravenously administered docetaxel
but the antiretroviral CYP3A4 inducer efavirenz did not. The magnitude of the interaction
with ritonavir (6.9-fold increase in AUClast) was benchmarked against the prototypical
CYP3A4 inhibitor ketoconazole (3.1-fold increase in AUClast) demonstrating that ritonavir
is a more potent CYP3A4 inhibitor. The alteration of the T1/2 of docetaxel was not
determined for ritonavir but the disposition of docetaxel did exhibit a mono- to biphasic
pattern in the presence of both CYP3A4 inhibitors. Neither CYP3A4 inducer (efavirenz or
dexamethasone) altered the level of exposure but did result in a shorter T1/2, λ of docetaxel,
which suggests that CYP3A4 induction was acting on the elimination pathway but not
sufficiently to alter total exposure. We found that enzyme inhibition was not due to altered
gene expression in vivo, validating what is known to cause such drug-drug interactions.

Our findings differ from reports in the literature in terms of CYP3A4 induction, which is
likely due to differences in experimental technique or confounded by other drug metabolism
or drug transporter effects. While we chose to use more clinically relevant dosing schedules,
we only treated animals for four days with CYP3A4 inducers prior to docetaxel
administration. Enzyme induction sufficient to cause altered pharmacokinetics may take
longer in the murine model. It may be noted that the slight increase in exposure with
coadministration with efavirenz may be due to the mixed inhibition and induction of
CYP3A4 or inhibition of ABCB1 noted by efavirenz [12,15,17]. Our results, however, are
consistent with CYP3A4 inhibition. While the objective of the studies differed, Bardelmeijer
and colleagues have demonstrated that oral coadministration of docetaxel and ritonavir
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resulted in a 50-fold increase of docetaxel exposure [44]. Therefore, our finding of a 6.9-fold
increase in exposure is not surprising. Taken together with our data, ritonavir appears to
have a more pronounced effect on docetaxel first-pass metabolism than the elimination.

Based on the results of our study, one would anticipate that standard docetaxel dosing would
not be tolerable in patients receiving ritonavir-based cART. As our study suggests a 6.9-fold
increase in exposure, one would also anticipate needing a significantly lower dose than what
is currently utilized in clinical practice. A case report presented a patient with Kaposi’s
sarcoma, an AIDS-defining malignancy, who was receiving ritonavir-based cART and
docetaxel 25 mg/m2 experienced febrile neutropenia that did resolve albeit the patient was
never re-challenged with docetaxel [45]. In a case report series, three previously discussed
patients (all Kaposi’s sarcoma) and three new patients with the diagnoses of Kaposi’s
sarcoma (n=4), oropharyngeal carcinoma (n=1), and breast cancer (n=1) were discussed
[46]. The three new patients receiving ritonavir-based cART were administered docetaxel at
doses ranging from 70 to 100 mg/m2 and experienced severe toxicities including febrile
neutropenia (n=3), grade 3 mucositis (n=3), rash (n=2), and hand-foot syndrome (n=2) [46].
The patients were not re-challenged with docetaxel upon resolution of the toxicities. The
only other reports of the combination of docetaxel with ritonavir are in an attempt to allow
oral administration of docetaxel by circumventing first-pass metabolism. Indeed, ritonavir
inhibited CYP3A4 sufficiently to increase the oral bioavailability of docetaxel to
~130-160% of control [47]. No further reports with ritonavir exist but there is further
information on ketoconazole which was ~50% less potent of an inhibitor, suggesting that an
approximately 3-fold lower dose may be reasonable. Indeed, in a phase I study conducted
with the CYP3A4 prototype inhibitor ketoconazole in combination with docetaxel to
minimize interpatient pharmacokinetic variability, the recommended dose was substantially
lower at a total dose of 70 mg (not normalized to BSA) [48].

Given previous studies demonstrating a correlation between reduced clearance and higher
risk for developing febrile and/or grade 4 neutropenia [34] combined with case reports with
ritonavir [45,46] and a clinical trial with ketoconazole [48], we would recommend
proceeding with caution with docetaxel administration in patients on a ritonavir-based
antiretroviral therapy until further clinical studies are performed. If one would opt to use
docetaxel, the starting dose should not exceed 70 mg (not normalized to BSA), which is the
dose recommended in combination use with ketoconazole [48]. However, given the crucial
role that this agent plays in the treatment of NADCs, including non-small cell lung and head
and neck cancers, as well as in cancers that patients with HIV will contract at rates similar to
the general population, including breast and prostate cancers, further studies of docetaxel in
combination with cART are critically needed. Until prospective clinical trials are performed,
if a taxane-based chemotherapeutic regimen is needed, choosing an alternative
antineoplastic agent or switching the overall antiretroviral regimen may be appropriate. In
conclusion, the magnitude of the predicted interaction between docetaxel and ritonavir
should provide impetus for and may guide the dose selection in confirmatory phase I dose-
finding trials of docetaxel in combination with cART through the Aids Malignancy
Consortium (AMC).
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Fig 1.
Plasma concentration–time curves of docetaxel following administration alone (20 mg/kg,
i.v.) or within 1 hr after 4 doses of CYP3A4 inducers (A) or a single dose of CYP3A4
inhibitors (B) to male FVB mice. Dexamethasone (10 mg/kg, p.o.) and efavirenz (25 mg/kg,
p.o.) were the CYP3A4 inducers, while ketoconazole (50 mg/kg, i.p.) and ritonavir (12.5
mg/kg, p.o.). Data points and error bars represent the mean and standard deviation of 3
points, respectively.
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Fig 2.
Alteration in Cyp3a11 and Abcb1a gene expression by dexamethasone, efavirenz,
ketoconazole, or ritonavir when administered in combination with docetaxel at 0.5 hr (A)
and 6 hr (B). The fold-change was normalized to the compared to the control arm. The bars
represent the mean, while the standard deviation is noted with the error bars. **, P < 0.05 vs.
all groups, Wilcoxon signed rank with post hoc analysis.
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