
Pharmacol Res Perspect. 2022;10:e01024.	 		 	 | 1 of 7
https://doi.org/10.1002/prp2.1024

wileyonlinelibrary.com/journal/prp2

Received:	29	September	2022  | Accepted:	13	October	2022
DOI:	10.1002/prp2.1024		

O R I G I N A L  A R T I C L E

Effects of a ritonavir- containing regimen on the 
pharmacokinetics of sirolimus or everolimus in healthy adult 
subjects

Jiuhong Zha1  |   Qi Jiang2 |   Betty B. Yao3 |   Daniel E. Cohen3 |   David C. Carter1  |   
Rajeev M. Menon1

This is an open access article under the terms of the Creative	Commons	Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any	medium,	provided	the	original	work	is	properly	cited,	the	use	is	non-commercial	and	no	modifications	or	adaptations	are	made.
©	2022	AbbVie	Inc.	Pharmacology Research & Perspectives	published	by	British	Pharmacological	Society	and	American	Society	for	Pharmacology	and	
Experimental Therapeutics and John Wiley & Sons Ltd.

1AbbVie	Inc.	(Clinical	Pharmacology),	
North	Chicago,	Illinois,	USA
2AbbVie	Inc.	(Data	and	Statistical	
Sciences),	North	Chicago,	Illinois,	USA
3AbbVie	Inc.	(General	Medicine),	North	
Chicago,	Illinois,	USA

Correspondence
Jiuhong Zha, Clinical Pharmacology, 
AbbVie,	1	North	Waukegan	Road,	Bldg.	
AP31-	3,	North	Chicago,	IL	60064,	USA.
Email: jiuhong.zha@abbvie.com

Funding information
AbbVie,	Grant/Award	Number:	N/A

Abstract
The	immunosuppressive	agents	sirolimus	and	everolimus	are	sensitive	CYP3A4	sub-
strates	with	narrow	therapeutic	index.	Ritonavir	is	a	strong	CYP3A	inhibitor.	A	phase	
1 study was conducted to evaluate the pharmacokinetics, safety, and tolerability of 
the	co-	administration	of	sirolimus	or	everolimus	with	the	ritonavir-	containing	3D	regi-
men	 of	 the	 direct-	acting	 antiviral	 agents	 ombitasvir,	 ritonavir-	boosted	 paritaprevir,	
and dasabuvir in healthy subjects. This study had two independent arms, each with a 
two-	period,	single-	sequence,	crossover	study	design.	A	single	dose	of	sirolimus	2	mg	
(N =	12)	or	everolimus	0.75 mg	(N =	12)	was	administered	in	Period	1.	In	Period	2,	mul-
tiple	doses	of	the	3D	regimen	(ombitasvir/paritaprevir/ritonavir	25/150/100 mg	once	
daily	and	dasabuvir	250 mg	twice	daily)	were	administered	for	34	or	28 days,	with	a	
single	dose	of	 sirolimus	0.5	mg	or	 everolimus	0.75 mg	 co-	administered	on	Day	15.	
Following	co-	administration	with	the	3D	regimen,	the	sirolimus	dose-	normalized	max-
imum	observed	blood	concentration	(Cmax)	and	area	under	the	blood	concentration–	
time	 curve	 from	 time	 zero	 to	 infinity	 (AUCinf)	 increased	 to	 6.4-	fold	 and	 38-	fold,	
respectively.	Following	co-	administration	with	the	3D	regimen,	the	everolimus	Cmax 
and	AUCinf	 increased	to	4.7-	fold	and	27-	fold,	respectively.	Sirolimus	and	everolimus	
half-	lives	 increased	from	96	to	249 h,	and	42	to	118 h,	 respectively.	There	were	no	
major	safety	or	tolerability	issues	in	this	study.	The	ritonavir-	containing	3D	regimen	
resulted in a significant increase in sirolimus or everolimus exposure, consistent with 
the	known	strong	inhibitory	effect	of	ritonavir	on	CYP3A	requiring	dose	and/or	fre-
quency	modification	when	co-	administered	with	each	other.
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1  |  INTRODUC TION

Mammalian	target	of	rapamycin	(mTOR)	inhibitors,	such	as	sirolimus 
and everolimus,	provide	an	alternative	to	calcineurin	inhibitor	(CNI)	
immunosuppressants which are associated with significant side ef-
fects, including nephrotoxicity and neurotoxicity.1,2 Sirolimus is in-
dicated for the prophylaxis of organ rejection in kidney transplant 
patients	aged	≥13 years.	Everolimus	is	indicated	for	the	prophylaxis	
of organ rejection in adult kidney and liver transplant patients.

Sirolimus and everolimus are substrates of both CYP3A4, the 
primary enzyme responsible for the metabolism of these agents, 
and	 P	 glycoprotein	 (P-	gp),	 a	 transmembrane	 transporter.3,4 Both 
sirolimus and everolimus are narrow therapeutic index drugs and 
their blood concentrations need to be monitored and maintained 
within a narrow target concentration range to maintain therapeu-
tic	effect	and	minimize	toxicity	in	post-	transplant	patients.	Strong	
CYP3A/P-	gp	 inhibitors	 or	 inducers	 are	 expected	 to	 significantly	
increase or decrease the exposures of sirolimus and everolimus. 
Ritonavir	 is	 a	 strong	 CYP3A	 inhibitor	 that	 is	 administered	 as	 a	
pharmacokinetic enhancer in combination with several protease 
inhibitors	of	human	immunodeficiency	virus	(HIV,	e.g.,	atazanavir, 
fosamprenavir, lopinavir),	hepatitis	C	virus	(HCV,	e.g.,	paritaprevir),	
or	severe	acute	respiratory	syndrome	coronavirus	2	(SARS-	CoV-	2,	
e.g., nirmatrelvir	 [PF-	07321332]).5,6 Therefore, it is important to 
understand	 the	 magnitude	 of	 effects	 of	 a	 strong	 CYP3A	 inhib-
itor	 such	 as	 ritonavir	 on	 the	 pharmacokinetics	 of	 these	 mTOR	
inhibitors.

This	 report	 includes	 the	 results	 of	 the	 effect	 of	 the	 ritonavir-	
containing	3D	regimen	of	the	direct-	acting	antiviral	agents	ombitasvir, 
ritonavir-	boosted	paritaprevir,	and	dasabuvir on the pharmacokinet-
ics of sirolimus or everolimus in healthy adult subjects. The study 
was conducted as part of clinical development for the treatment of 
HCV;	however,	the	results	can	be	used	to	guide	dose	recommenda-
tions	for	sirolimus	or	everolimus	when	co-	administered	with	other	
ritonavir-	containing	regimens.

2  |  METHODS

This	was	a	Phase	1,	 single-	center,	multiple-	dose,	open-	label	 study	
with	two	independent	arms	in	which	subjects	were	enrolled	equally	
(Figure 1).	 It	was	designed	 to	evaluate	 the	 safety,	 tolerability,	 and	
pharmacokinetics	 of	 the	 co-	administration	 of	 sirolimus	 or	 everoli-
mus	 with	 the	 ritonavir-	containing	 3D	 regimen	 of	 ombitasvir/pari-
taprevir/ritonavir plus dasabuvir. The study was conducted at the 
AbbVie	Clinical	Pharmacology	Research	Unit	(Grayslake,	IL,	USA)	in	
accordance	with	Good	Clinical	Practice	guidelines	and	ethical	prin-
ciples	that	have	their	origin	in	the	Declaration	of	Helsinki.	The	study	
protocol was approved by an independent institutional review board 
and written informed consent was obtained from each subject be-
fore	any	study-	related	procedures	were	performed.

Refer to Supplemental	Methods for details on subjects, study 
design, sample collection and bioanalytical methods, pharmacoki-
netic evaluations, safety and tolerability, and statistical analysis.

F I G U R E  1 Study	design.
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2.1  |  Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked 
to corresponding entries in http://www.guide topha rmaco logy.
org,	 the	 common	portal	 for	 data	 from	 the	 IUPHAR/BPS	Guide	 to	
PHARMACOLOGY,7 and are permanently archived in the Concise 
Guide	to	PHARMACOLOGY	2019/20.8

3  |  RESULTS

3.1  |  Subjects and baseline demographics

A	total	of	24	subjects	were	enrolled	into	the	study	with	12	subjects	in	
each	Arm.	Data	from	all	subjects	were	included	in	the	safety	assess-
ment.	Data	from	23	subjects	who	had	pharmacokinetic	data	from	both	
Day	1	in	Period	1	and	Day	15	in	Period	2	were	included	in	the	statisti-
cal	analyses	of	the	pharmacokinetic	parameters.	In	the	sirolimus	Arm,	
one subject received only a single dose of sirolimus and was discon-
tinued from the study due to an adverse event of abdominal wall ab-
scess	on	Period	1	Day	16;	this	subject	was	excluded	from	the	summary	
statistics and statistical analyses of the pharmacokinetic parameters.

The demographics for the subjects in this study are presented in 
Table S1.	The	mean	age	of	the	subjects	was	approximately	39 years	
in	Arm	1	and	37 years	in	Arm	2,	and	the	mean	BMI	was	approximately	
26 kg/m2	for	both	study	arms.	Twenty-	one	of	the	24	subjects	were	
male. Fifteen subjects were white, and nine subjects were black.

3.2  |  Effect of the ritonavir- containing 3D regimen 
on sirolimus pharmacokinetics

The	mean ± standard	deviation	 (SD)	 blood	concentration-	time	pro-
files	 for	 sirolimus	administered	alone	 (Period	1	Day	1)	or	with	 the	

3D	regimen	(Period	2	Day	15)	are	presented	in	Figure 2. Sirolimus 
pharmacokinetic parameters are summarized in Table 1. Following 
co-	administration	with	 the	3D	 regimen,	 sirolimus	dose-	normalized	
maximum	observed	blood	concentration	(Cmax)	and	the	area	under	
the	concentration-	time	curve	from	time	zero	to	infinite	time	(AUCinf)	
increased	 to	6.4-	fold	and	38-	fold,	 respectively.	 In	 the	presence	of	
the	3D	regimen,	sirolimus	half-	life	increased	to	249 h	from	96 h	when	
administered alone, and the time to maximum observed concentra-
tion	(Tmax)	was	delayed	by	3.5	h.

3.3  |  Effect of the ritonavir- containing 3D regimen 
on everolimus pharmacokinetics

The	mean ± SD	blood	concentration-	time	profiles	for	everolimus	ad-
ministered	alone	(Period	1	Day	1)	or	with	the	3D	regimen	(Period	2	 
Day	15)	are	presented	in	Figure 3. Everolimus pharmacokinetic pa-
rameters are summarized in Table 2.	 Following	 co-	administration	
with	the	3D	regimen,	everolimus	Cmax,	and	AUCinf	increased	to	4.7-	
fold	and	27-	fold,	 respectively.	 In	 the	presence	of	 the	3D	 regimen,	
everolimus	half-	life	increased	to	118 h	from	42 h	when	administered	
alone, and Tmax was delayed by 1 h.

3.4  |  Safety and tolerability

All	study	drugs	administered	in	both	study	arms	were	well	tolerated	
by	the	healthy	subjects	in	the	study.	Adverse	events	were	infrequent	
and	mild	in	severity.	One	subject	discontinued	from	the	study	pre-
maturely due to an abdominal wall abscess at the site of a spider bite, 
which was moderate in severity and was considered unrelated to the 
study	drug	regimen.	No	clinically	significant	vital	signs	or	laboratory	
measurements	were	observed	during	the	study.	No	deaths	were	re-
ported during the study.

F I G U R E  2 Mean ± SD	sirolimus	single-	
dose	blood	concentration-	time	profiles	
with	or	without	co-	administration	of	
the	ritonavir-	containing	3D	regimen.	
On	Period	1	Day	1,	a	single	dose	of	
sirolimus	2	mg	was	administered.	In	
Period	2,	multiple	doses	of	the	3D	
regimen	(ombitasvir/paritaprevir/ritonavir	
25/150/100 mg	QD	plus	dasabuvir	250 mg	
BID)	were	administered	on	Day	1	through	
Day	34,	with	a	single	dose	of	sirolimus	
0.5	mg	co-	administered	on	Day	15.	P1D1,	
Period	1	Day	1;	P2D15,	Period	2	Day	15;	
SD, standard deviation.
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4  |  DISCUSSION

For	a	given	sensitive	CYP3A	substrate,	all	strong	CYP3A	inhibitors	
result	in	at	least	a	five-	fold	higher	AUC	of	the	substrate;	however,	the	
magnitude	of	the	increase	can	vary.	For	example,	co-	administration	
of	midazolam	with	a	strong	CYP3A	inhibitor	could	result	 in	an	 in-
crease	in	midazolam	AUC	ranging	from	5.3-	fold	for	boceprevir9 to 
26.9-	fold	for	tipranavir/ritonavir.10	For	a	sensitive	CYP3A	substrate	
such as sirolimus or everolimus that has a narrow therapeutic index, 
it is important to know the potential magnitude or range of effect 
of	 strong	 CYP3A	 inhibitors,	 particularly	 because	 the	 prescribing	
information for sirolimus and everolimus contain limited data on 

DDI	studies	with	strong	CYP3A	 inhibitors.3,4 Even though in vivo 
DDI	 data	 are	 available	 with	 several	 moderate	 CYP3A	 inhibitors	
(e.g.,	cyclosporine, erythromycin, and verapamil),	for	strong	CYP3A	
inhibitors, prior to the conduct of the current study, the prescrib-
ing	information	for	sirolimus	or	everolimus	only	had	DDI	data	with	
ketoconazole.3,4 To better inform the safe and efficacious use of 
sensitive	CYP3A	substrates	like	sirolimus	and	everolimus	that	have	
a narrow therapeutic index and improve the ability to make ap-
propriate	 dose	 and/or	 frequency	modifications,	 this	 study	 evalu-
ated the effect of a regimen that contains ritonavir, another strong 
CYP3A	 inhibitor	 that	 is	 used	 as	 a	 pharmacokinetic	 enhancer	 for	
several	protease	 inhibitors	of	HIV	 (e.g.,	atazanavir,	 fosamprenavir,	

Parameter

Sirolimus 2 mg  
Period 1 Day 1 (N = 11)

Sirolimus 0.5 mg + 3D regimen  
Period 2 Day 15 (N = 11)

Geometric mean 
(Geometric %CV)

Geometric mean 
(Geometric %CV)

Geometric mean 
ratio (90% CI)

Cmax/Dose	(ng/ml/mg) 3.33	(33) 21.3	(7) 6.40	(5.34–	7.68)c

AUCinf/Dose	(ng•h/ml/mg) 89.2	(33) 3390	(8) 38.0	(31.5–	45.8)c

C24/Dose	(ng/ml/mg) 0.57	(29) 11.2	(11) 19.5	(16.7–	22.9)c

Cmax	(ng/ml) 6.66	(33) 10.7	(7) –	

AUCinf	(ng•h/ml) 178	(33) 1700	(8) –	

C24	(ng/m) 1.14	(29) 5.59	(11) –	

Tmax	(h)
a 2.5	(1.5–	4.0) 6.0	(3.0–	6.0) –	

t1/2	(h)
b 96.3	(15) 249	(23) –	

Note:	3D	regimen:	ombitasvir/paritaprevir/ritonavir	25/150/100 mg	QD	plus	dasabuvir	250 mg	BID.
Abbreviations:	AUCinf,	area	under	the	blood	concentration-	time	curve	from	time	zero	to	infinite	
time; C24,	blood	concentration	at	24 h	after	dose;	CI,	confidence	interval;	Cmax, maximum 
observed	blood	concentration;	CV,	coefficient	of	variation;	Tmax, time to maximum observed blood 
concentration; t1/2,	terminal	phase	elimination	half-	life.
aMedian	(range).
bHarmonic	mean	(pseudo-	standard	deviation).
cp < .0001	based	on	the	repeated	measures	analysis	on	the	natural	logarithms	of	PK	parameters.

TA B L E  1 Sirolimus	pharmacokinetic	
parameters

F I G U R E  3 Mean ± SD everolimus 
single-	dose	blood	concentration-	time	
profiles	with	or	without	co-	administration	
of	the	ritonavir-	containing	3D	regimen.
On	Period	1	Day	1,	a	single	dose	of	
everolimus	0.75 mg	was	administered.	
In	Period	2,	multiple	doses	of	the	3D	
regimen	(ombitasvir/paritaprevir/ritonavir	
25/150/100 mg	QD	plus	dasabuvir	250 mg	
BID)	were	administered	on	Day	1	through	
Day	28,	with	a	single	dose	of	everolimus	
0.75 mg	co-	administered	on	Day	15.	P1D1,	
Period	1	Day	1;	P2D15,	Period	2	Day	15;	
SD, standard deviation.
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lopinavir),	HCV	(e.g.,	paritaprevir),	or	SARS-	CoV-	2	(e.g.,	nirmatrelvir	
[PF-	07321332]).5,6

Ketoconazole	 (200 mg	 BID	 at	 steady	 state)	 co-	administered	
with	 2	 mg	 single-	dose	 sirolimus	 increased	 Cmax	 and	 AUC	 of	 si-
rolimus	 by	 4.3-	fold	 and	 10.9-	fold,	 respectively.3 Similarly, keto-
conazole	(200 mg	BID	at	steady	state)	co-	administered	with	2	mg	
single-	dose	 everolimus	 increased	 Cmax	 and	 AUC	 of	 everolimus	
by	 3.9-	fold	 and	 15-	fold,	 respectively.4,11	 Given	 these	 significant	
increases in sirolimus and everolimus exposures in the presence 
of ketoconazole,3,4,11 substantial increases in exposures of these 
substrates	are	also	expected	when	co-	administered	with	another	
strong	CYP3A	inhibitor	such	as	ritonavir	or	a	ritonavir-	containing	
regimen.	The	single	doses	of	sirolimus	(0.5	and	2	mg)	selected	for	
this study were considerably lower than the maximum allowed 
dose	of	40 mg/day.3	The	low	dose	of	0.5	mg	sirolimus	in	Period	2	 
allowed sufficient exposure coverage for the expected marked 
increase in sirolimus exposures when administered with ritona-
vir.	For	everolimus,	the	dose	of	0.75 mg	BID	of	everolimus	 is	the	
lowest recommended starting dose in transplant patients.4 The 
doses of sirolimus and everolimus chosen for this study had ac-
counted for the expected similar increases in their exposures from 
co-	administration	with	ritonavir	as	with	ketoconazole	to	maximize	
the translatability of this study.

The	 present	 study	 evaluated	 the	 effect	 of	 the	 ritonavir-	
containing	 3D	 regimen	 of	 ombitasvir,	 ritonavir-	boosted	 parita-
previr, and dasabuvir on the pharmacokinetics of sirolimus or 
everolimus by comparing the exposure of sirolimus or everolimus 
when	co-	administered	with	the	3D	regimen	on	Day	15	in	Period	2	 
to	 sole	 administration	on	Day	1	 in	Period	1.	 The	 dose	of	 the	3D	
regimen	(ombitasvir/paritaprevir/ritonavir	25/150/100 mg	QD	and	
dasabuvir	250 mg	BID)	used	in	this	study	was	the	approved	dose	for	
the	 treatment	of	HCV	 infection.12,13	The	3D	 regimen	was	admin-
istered	for	additional	days	after	the	co-	administration	of	sirolimus	
(Days	16	to	34	in	Period	2)	or	everolimus	(Days	16	to	28	in	Period	2)	 

to	 maintain	 inhibition	 of	 CYP3A-	mediated	 metabolism	 and	 to	
allow	adequate	characterization	of	the	terminal	elimination	phase	
for	determination	of	the	half-	life	of	sirolimus	or	everolimus	 in	the	
presence	of	the	continued	CYP3A	inhibition.	A	washout	of	at	least	
16 days	 for	 sirolimus	 and	 7 days	 for	 everolimus	 between	 dosing	
periods	was	sufficient	to	ensure	no	drug	carryover	since	the	half-	
lives	of	sirolimus	and	everolimus	are	approximately	62 h	and	30 h,	
respectively.3,4

The results of the present study showed that multiple doses of 
the	 3D	 regimen	 resulted	 in	 substantial	 increases	 in	 the	 exposure	
of	single-	dose	sirolimus	and	everolimus.	Sirolimus	dose-	normalized	
Cmax, t1/2,	 and	dose-	normalized	AUCinf	 increased	 to	6.4-	fold,	 2.6-	
fold,	 and	 38-	fold,	 respectively.	 Everolimus	 Cmax, t1/2,	 and	 AUCinf 
increased	 to	 4.7-	fold,	 2.8-	fold,	 and	 27-	fold,	 respectively.	 It	 is	
worth-	noting	that	the	increases	in	AUCinf across individual subjects 
ranged	 from	19-		 to	61-	fold	 for	sirolimus,	and	 from	20-		 to	36-	fold	
for everolimus.

Among	the	components	of	the	3D	regimen,	in	vitro	data	suggest	
that ritonavir, paritaprevir, and dasabuvir are potential inhibitors of 
P-	gp.14	However,	a	dedicated	DDI	study	showed	that	the	3D	regi-
men had no clinically meaningful effect on the pharmacokinetics of 
digoxin,	a	sensitive	P-	gp	substrate,	resulting	in	≤16%	increase	in	the	
Cmax	and	AUC	of	digoxin,	with	essentially	no	change	(ratio	of	0.98)	in	
the fraction of unchanged digoxin excreted in the urine.15 Therefore, 
the	 observed	 effects	 of	 the	3D	 regimen	on	 the	 pharmacokinetics	
of sirolimus and everolimus in the present study are attributable to 
the	CYP3A	inhibitory	effect	of	ritonavir,	with	P-	gp	inhibition	unlikely	
playing any meaningful role.

Both	sirolimus	and	everolimus	are	sensitive	CYP3A	substrates	
with	 a	 narrow	 therapeutic	 index	 that	 require	 therapeutic	 drug	
monitoring to maintain drug levels within the target range. For safe 
and	efficacious	use	of	these	sensitive	CYP3A	substrates	with	a	nar-
row therapeutic index, it is important to understand the magnitude 
of increases in their exposures when given concomitantly with a 

Parameter

Everolimus 0.75 mg 
Period 1 Day 1 (N = 12)

Everolimus 0.75 mg +3D regimen  
Period 2 Day 15 (N = 12)

Geometric mean 
(Geometric %CV)

Geometric mean 
(Geometric %CV)

Geometric mean 
ratio (90% CI)

Cmax	(ng/ml) 3.33	(31) 15.8	(19) 4.74	(4.29–	5.25)c

AUCinf	(ng•h/ml) 41.9	(31) 1130	(19) 27.1	(24.5–	30.1)c

C12	(ng/ml) 0.513	(31) 8.26	(18) 16.1	(14.5–	17.9)c

Tmax	(h)
a 2.0	(1.5–	2.5) 3.0	(2.0–	4.0) –	

t1/2	(h)
b 42.4	(7) 118	(18) –	

Note:	3D	regimen:	ombitasvir/paritaprevir/ritonavir	25/150/100 mg	QD	plus	dasabuvir	250 mg	BID.
Abbreviations:	AUCinf,	area	under	the	blood	concentration-	time	curve	from	time	zero	to	infinite	
time; C12,	blood	concentration	12 h	after	dose;	CI,	confidence	interval;	Cmax, maximum observed 
blood	concentration;	CV,	coefficient	of	variation;	Tmax, time to maximum observed blood 
concentration; t1/2,	terminal	phase	elimination	half-	life.
aMedian	(range).
bHarmonic	mean	(pseudo-	standard	deviation).
cp < .0001	based	on	the	repeated	measures	analysis	on	the	natural	logarithms	of	PK	parameters.

TA B L E  2 Everolimus	pharmacokinetic	
parameters

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4726
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CYP3A	inhibitor.	For	sirolimus	and	everolimus,	the	38-	fold	and	27-	
fold	increases	in	their	respective	AUC	from	co-	administration	with	
the	ritonavir-	containing	3D	regimen	differed	greatly	from	the	10.9-	
fold	and	15-	fold	increases	that	were	observed	with	ketoconazole.	
This	is	similar	to	other	observations,	such	as	the	co-	administration	
of midazolam with either boceprevir9 and tipranavir/ritonavir,10 
which also resulted in a wide range of exposures when a sensi-
tive	CYP3A	substrate	is	administered	in	the	presence	of	different	
strong	 CYP3A	 inhibitors.	 Taken	 together,	 these	 findings	 under-
score	 the	 need	 for	more	 complete	DDI	 information,	 ideally	 from	
clinical	studies,	to	better	inform	appropriate	dose	and/or	frequency	
modifications	of	sensitive	CYP3A	substrates	especially	those	with	
narrow	therapeutic	index.	If	available	dose	strengths	do	not	allow	
for	 an	 appropriate	 dose	 adjustment,	 co-	administration	 should	 be	
avoided.13

In	conclusion,	the	significant	increase	in	sirolimus	or	everolimus	
exposures	by	the	ritonavir-	containing	3D	regimen	is	consistent	with	
the	known	strong	inhibitory	effect	of	ritonavir	on	CYP3A.	The	mag-
nitude	of	increase	in	exposure	and	half-	life	indicates	that	dose	and	
dosing	frequency	adjustments	will	be	needed	when	co-	administered	
with	ritonavir-	containing	regimens.
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