
Intracellular ‘boosting’ of
darunavir using known
transport inhibitors in
primary PBMC
Wai San Kwan,1 Omar Janneh,2 Ruben Hartkoorn,3 Becky Chandler,1

Saye Khoo,1 David Back1 & Andrew Owen1

1Pharmacology and Therapeutics, University of Liverpool, Liverpool, 2School of Biomolecular & Sports

Sciences, Coventry University, Coventry and 3Global Heath Institute, Ecole Polytechnique Fédérale de

Lausanne, Lausanne, Switzerland

Correspondence
Dr Andrew Owen, Department of
Pharmacology and Therapeutics,
University of Liverpool, 70 Pembroke
Place, Liverpool, L69 3GF, UK
Tel.: + 44 (0) 151 794 8211
Fax: + 44 (0) 151 794 5656
E-mail: aowen@liv.ac.uk
----------------------------------------------------------------------

Keywords
darunavir, efflux transport, PBMCs
----------------------------------------------------------------------

Received
19 November 2008

Accepted
5 May 2009

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Antiretroviral protease inhibitors such as

lopinavir and saquinavir have been shown to
be substrates of ABCB1. Co-administration
with the potent ABCB1 and CYP3A4
inhibitor, ritonavir, has shown improved
pharmacokinetics and subsequent
therapeutic effects of protease inhibitors.
Darunavir is a recently licensed protease
inhibitor with potent antiretroviral effects
but has yet to be characterized as a potential
substrate for drug transporters.

WHAT THIS STUDY ADDS
• Darunavir was shown to be a substrate of

ABCB1 using different in vitro models.
Inhibition of ABCB1 alone does not increase
cellular accumulation of darunavir in PBMCs.
However, inhibition of ABCB1 and ABCCs
significantly increased cellular accumulation
of darunavir whereas inhibition of influx
transporters significantly reduced the
cellular accumulation of darunavir in PBMCs.

AIMS
ABCB1, some ABCCs and SLCOs have been reported to affect the
intracellular accumulation of various protease inhibitors in vitro and ex
vivo. Darunavir is the most recently licensed protease inhibitor and we
sought to investigate the ability of transport inhibitors to influence its
intracellular accumulation in lymphocytes from healthy volunteers.

METHODS
The intracellular accumulation of radiolabelled darunavir was assessed
using CEM cells and ABCB1-overexpressing CEMVBL cells. Apical and
basolateral transport of radiolabelled darunavir through MDCKII
monolayers was also studied. Finally the ability of known inhibitors
to influence intracellular accumulation of darunavir in peripheral blood
mononuclear cells (PBMC) was investigated.

RESULTS
CEMVBL cells (1.4 � 0.6, P < 0.001, 95% CI for the difference = 0.46, 0.80,
n = 7) had significantly lower accumulation of darunavir compared
with CEM cells (5.6 � 0.7, n = 7) and this was reversed by addition of
tariquidar (30 nM, 4.6 � 0.8, P < 0.001, 95% CI = -0.64, -0.41, n = 4).
In MDCKII-ABCBI cells, transport from the basal to the apical
compartment was observed and this was also reversible with the
addition of tariquidar. In PBMCs, dipyridamole (6.9 � 1.3, P < 0.01, 95%
CI for the difference = -1.16, -0.30, (n = 8) significantly increased whilst
montelukast (5.7 � 1.0, P < 0.01, 95% CI for the difference = 0.16, 0.79,
n = 8) significantly decreased the intracellular accumulation of
darunavir when compared with control (6.2 � 1.1, n = 8).

CONCLUSIONS
Darunavir is a substrate for efflux and influx transporters in PBMC and
intracellular concentrations can be manipulated using known
inhibitors.
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Introduction

Darunavir (DRV, TMC114) is a protease inhibitor (PI) with
potent antiretroviral activity against PI resistant HIV. Intra-
cellular drug concentrations of other PIs can be influenced
by drug transport [1, 2] with ABCB1 being the most exten-
sively researched transporter protein. ABCB1 has broad
substrate specificity and wide tissue distribution [3], [4]
with expression in the intestine and liver affecting bioavail-
ability of substrates by efflux into the gut lumen and bile
respectively [4]. At the cellular level, ABCB1 expression
has been demonstrated in lymphocyte subsets including
natural killer cells, CD8 and CD4+ cells [5]. Here, drug efflux
may serve to decrease drug concentrations at sites vital for
the control of HIV replication. PIs are also substrates for
ABCC1 and ABCC2 and the ABCC family of proteins vary in
tissue distribution but often share substrate specificity and
transport a wide range of biological molecules and xeno-
biotics [6].

More recently, the importance of influx transporters
has also been demonstrated with many xenobiotics
including statins [7–9], antibiotics [10] and anti-cancer
drugs [11] shown to be substrates for influx transporters.
We previously examined the mRNA expression of
SLCO1A2, SLCO1B1, SLCO1B3, SLCO2B1, SLCO3A1 and
SLCO4A1 in peripheral blood mononuclear, CEM and
CEMVBL cells and showed that of these, SLCO3A1 was the
only isoform expressed in all cell types [2]. We have also
shown darunavir to be a substrate for SLCO1A2 and
SLCO1B1 [12]. Functional polymorphisms found in some
influx transporters have been shown to alter the pharma-
cokinetics of substrates [13, 14].The net effect of influx and
efflux transporters in a cell is likely to determine overall
cellular drug accumulation.

Given the clear importance of drug transport in deter-
mining bioavailability, drug distribution and ultimately
intracellular concentration of antiretroviral drugs, the aim
of this study was to determine whether intracellular con-
centrations of darunavir at its site of action are modifiable
by known inhibitors of efflux [tariquidar (inhibits ABCB1
and ABCG2); MK571 (inhibits ABCC1 and ABCC2), dipy-
ridamole (inhibits ABCB1 and ABCC1), frusemide (inhibits
ABCC1 and ABCC2), GF120918 (inhibits ABCG2 and
ABCB1), probenecid (inhibits ABCC2 and organic anion
transporters), and verapamil (non-specific inhibitor of drug
efflux proteins)] and influx [estrone-3-sulphate and mon-
telukast (substrates/competitive inhibibitors of multiple
SLCO transporters)].Interactions of darunavir as a substrate
and/or inhibitor of ABCB1 were also assessed.

Methods

Materials
[C14]-darunavir (specific activity, 7.6 Bq mmol-1) was pro-
vided by Tibotec BVBA (Mechelen, Belgium). Foetal calf

serum (FCS) was purchased from Biosera. Tariquidar was a
gift from Xenova Group Plc. (Berkshire, UK), GF120918 was
obtained from GlaxoSmithKline (Greenford, UK), MK571
and montelukast were gifts from Merck Frosst (Quebec,
Canada). Ultima Gold scintillation fluid was purchased
from Perkin Elmer (Boston, USA). Nucleocounter cassettes
and Nucleocounter reagents were purchased from Sarto-
rius Ltd. (Surrey, UK).

Peripheral blood mononuclear cells (PBMC) were iso-
lated from blood buffy coats obtained from the regional
blood transfusion centre (Liverpool, UK). CEM (parental)
and CEMVBL100 (P-gp over-expressing) cells were gifts from
Dr R. Davey, University of Queensland, Australia. MDCKII-
ABCB1 was a gift from Professor P. Borst (The Netherlands
Cancer Institute, Amsterdam).

Cell culture
CEM cells are human T-lymphoblastoid cells from which
CEMVBL100 cells are derived. CEMVBL100 cells were selected for
P-gp over-expression by stepwise selection with vinblas-
tine to a final concentration of 100 ng ml-1 [15, 16]. CEM
and CEMVBL100 were cultured in RPMI 1640 medium with
10% FCS and incubated at 37.5°C in the presence of 5%
CO2. CEMVBL cells were treated routinely with 100 ng ml-1 of
vinblastine to maintain their phenotype. Cells were pas-
saged 1 : 6 every 3–4 days and passaged at least twice in
the absence of selecting compound prior to use in experi-
ments.

The MDCKII cell lines are canine kidney derived cells,
from which the MDCKII-ABCB1 cell was generated by
transfection with the plasmid containing the ABCB1 gene
[17]. The MDCKII cells were cultured with DMEM supple-
mented with 10% FCS and incubated at 37.5°C, 5% CO2).
MDCKII-ABCB1 was routinely treated with the antibiotic
G418 to select for cells containing the ABCB1 plasmid.

Determining the toxicity of darunavir
The cellular toxicity of darunavir was assessed using the
MTT (thiazolyl blue tetrazolium bromide) cytotoxicity
method [18]. CEM and CEMVBL cells were counted using
the NucleoCounter (Chemometec) and cells were resus-
pended in RPMI 1640 media containing 10% FCS, 1 ¥ 106

cells/ml. Darunavir was serially diluted in RPMI 1640 media
containing 10% FCS to give a range of concentrations
(100–0.2 mM). Drug dilutions (50 ml) were added to sterile
96-well plates, which were followed by the addition of CEM
or CEMVBL cells (50 ml). The plates were then incubated
(3 days, 37.5°C, 5% CO2). The assays were terminated by
adding MTT (20 ml, 5 mg ml-1 dissolved in HBSS) to each
well.The plates were returned to the incubator (37.5°C, 5%
CO2, 2 h). Lysis solution (50% v : v dimethylformide in water,
20% w : v lauryl sulphate, 100 ml) was added to each well
and plates were incubated overnight (37.5°C, 5% CO2).
Plates were analyzed using the Genios XFLUOR4 fluores-
cence plate reader (560 nml). There was no evidence of
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reduced cell viability in the CEM or the CEMVBL cells when
cultured in concentrations of up to 50 mM of darunavir
(data not shown).

Characterizing cellular accumulation of
darunavir in CEM cell lines
The impact of ABCB1 on darunavir transport was assessed
in CEM and CEMVBL cell lines and the ABCB1 inhibitor,
tariquidar was used to confirm the involvement of ABCB1.
CEM and CEMVBL100 cells were counted using a Nucleo-
Counter. The cells were centrifuged (2000 rev min-1, 5 min)
and resuspended with RPMI 1640 medium (5 ¥ 106 cells
ml-1). Aliquots of cell suspension (500 ml) were incubated
(37.5°C, 5% CO2, 20 min) with RPMI 1640 (500 ml) contain-
ing [14C]-darunavir (1 mM) with or without tariquidar
(1 mM). After incubation, the samples were centrifuged
(9000 rev min-1, 1 min, 4°C) and the supernatant (100 ml)
was transferred from each sample to scintillation vials. The
remaining supernatant was discarded and the cell pellet
was washed with 1 ml of HBSS (9000 rev min-1, 1 min, 4°C).
Cell pellets were solubilized with tap water and transferred
to scintillation vials. Scintillation fluid (4 ml) was added to
each vial and the samples were counted. Following a cor-
rection for volume, a comparable value called the cellular
accumulation ratio (CAR) was calculated using the follow-
ing formula:

CAR
Intracellular associated radioactivity

Extracellular as
=

ssociated radioactivity

The volume of a CEM cell was taken as 1 pl [1, 19].

Inhibition of darunavir transport in vitro
To observe the inhibitory effects of darunavir on transport
by P-gp, the toxicity of vinblastine in the presence
of darunavir was assessed. CEM and CEMVBL cells were
counted using the NucleoCounter and cells were resus-
pended in RPMI 1640 media containing 10% FCS (1 ¥ 106

cells ml-1). Vinblastine was serially diluted in RPMI 1640
media containing 10% FCS to give a range of concentra-
tions (2000–10 ng ml-1). In one set of dilutions, tariquidar
(final concentration, 1 mM) was added. In another set of
dilutions, darunavir (final concentration, 25 mM) was added.
Drug (50 ml) was added to sterile 96-well plates, which was
followed by the addition of CEM or CEMVBL cells (50 ml).The
plates were incubated (3 days, 37.5°C, 5% CO2) and assays
were terminated by adding MTT (20 ml, 5 mg ml-1 dissolved
in HBSS) to each well.The plates were returned to the incu-
bator (37.5°C, 5% CO2, 2 h). Lysis solution (100 ml) was
added to each well and plates were incubated overnight
(37.5°C, 5% CO2). The plates were analyzed using the
Genios XFLUOR4 fluorescence plate reader (560 nm l).

Characterizing cellular accumulation of
darunavir in MDCKII cell lines
Firstly, transwell plate inserts (3 mm pore size, 24 mm diam-
eter, Costar) were incubated with DMEM supplemented

with 10% FCS (30 min, 37°C, 5% CO2). The media was aspi-
rated and MDCKII-ABCB1 cells (1.5 ¥ 106) suspended in
DMEM containing 10% FCS were seeded onto inserts in
transwell plates (2 ml) and media (2 ml) was added to the
bottom chamber. The cells were then cultured with fresh
DMEM supplemented with 10% FCS in the apical (AP) and
basolateral (BL) chambers each day (3 days, 37°C, 5% CO2).
Confluence was measured by transepithelial resistance
(above 150 W was accepted).The media was aspirated and
DMEM containing [14C]-darunavir (0.125 mCi, 2 ml) alone
or [14C]-darunavir with tariquidar ([14C]-darunavir 0.125 mCi,
tariquidar 1 mM, 2 ml) was added to the AP chamber to
measure AP transport and to the BL chamber to measure
BL transport. Cells were incubated (37°C, 5% CO2) for pre-
determined time intervals (30 min, 1 h, 2 h, 3 h and 4 h),
when samples from the AP and BL chambers were taken
(100 ml and 4 ml scintillation fluid) and measured by scin-
tillation spectrometry.

Characterizing cellular accumulation of
darunavir in PBMCs
Cellular accumulation of darunavir was assessed ex vivo to
observe the effects of inhibition of drug transporters on
intracellular accumulation in primary PBMC. PBMC were
isolated from blood buffy coats by gradient density cen-
trifugation. Blood buffy coat (30 ml) was slowly added to
lymphoprep (15 ml) and was centrifuged (2000 rev min-1,
30 min). PBMC were extracted from the solution and
washed with HBSS (50 ml, 2000 rev min-1, 5 min). The cells
were resuspended and cultured overnight in RPMI 1640
media containing 15% FCS in the presence of phyto-
haemagglutinin (10 mg ml-1).

Intracellular accumulation was conducted as described
above for cell lines using 1 ¥ 107 cells ml-1. Tissue solubiliz-
ing solution (50 ml, Optisolve : glacial acetic acid : hydro-
gen peroxide in a 5 : 5 : 2.5 ratio) was used in combination
with water (100 ml) to solubilize the cell pellets. CAR values
were calculated as described using the average volume of
a PBMC as 0.4 pl [1, 19].To ascertain the effects of transport
proteins present in PBMC on darunavir CAR, a range of
inhibitors (tariquidar 1 mM, MK571 50 mM, GF120918 5 mM,
dipyridamole 50 mM, furosemide 50 mM, estrone-3-sulphate
100 mM, montelukast 50 mM, verapamil 50 mM, probenecid
50 mM) which were used in previously published work [1])
were co-incubated with the cells and radiolabelled
darunavir.

Statistical analysis
All data are given as mean � SD. For each comparison a P
value less than 0.05 was taken as significant and the 95%
confidence interval for the difference between means is
also given (95% CI). The Shapiro-Wilk test was used to
assess normality of the data. Darunavir accumulation in
CEM and CEMVBL, in the presence or absence of tariquidar
data were log transformed and tested analyzed by paired
t-test. The paired t-test was also used to assess differences
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in darunavir PBMC accumulation for each inhibitor vs
controls. The darunavir inhibition of transport data was
analyzed using the GraphPad Prism 3.0 software. Log
transformation and non-linear regression analysis was
used to obtain EC50 concentrations.

Results

Cellular transport of darunavir in CEM cells
The CAR of darunavir was significantly higher in CEM cells
(5.6 � 0.7) than in CEMVBL cells (1.4 � 0.6, P < 0.001, 95% CI
0.46, 0.80, n = 7). In CEMVBL cells, CAR was significantly
increased in the presence of tariquidar in a concentration
dependant manner (Figure 1a), with significant increases
of CAR at 20 nM tariquidar (2.9 � 0.5, P < 0.01, 95% CI -0.47,
-0.38, n = 4), 30 nM tariquidar (4.6 � 0.8, P < 0.001, 95% CI
-0.64, -0.41, n = 4) and higher concentrations of tariquidar
(100 nM, 300 nM, 1000 nM) showing trends towards further
increase (4.8, 5.2, 5.2, n = 3).

Cellular transport of darunavir in
MDCKII-ABCB1 cells
Transport of [14C]-darunavir from the BL chamber to the
AP chamber was observed in the MDCKII-ABCB1 transwell
experiments (Figure 1b). The transcelluar transport was
reversed with the addition of tariquidar and minimal
transport was observed from the AP to the BL chamber
(Figure 1c).

Inhibition of ABCB1 transport by darunavir
A lower vinblastine EC50 was observed in CEM than in
CEMVBL cells (0.02 � 0.01 ng ml-1, compared with 35.3 �
9.8 ng ml-1, P < 0.001, 95% CI, -2.09, -1.06). In the presence
of tariquidar, the vinblastine EC50 in CEMVBL cells was
reduced (0.45 � 0.08 ng ml-1, P < 0.001, 95% CI 1.68, 2.09).
No effect on vinblastine toxicity was observed with tariqui-
dar (EC50 0.017 � 0.002 ng ml-1) or darunavir (EC50 0.004 �
0.004 ng ml-1) in CEM cells. However, vinblastine EC50 in
CEMVBL cells was significantly reduced by darunavir (3.50 �
1.22 ng ml-1, P < 0.001, 95% CI 0.90, 1.11).

Accumulation of darunavir in PBMC in the
presence of known inhibitors
In PBMC, the only inhibitors having a significant effect on
darunavir CAR were dipyridamole (6.9 � 1.3, P < 0.01, 95%
CI -1.16, -0.30, n = 8) and montelukast (5.7 � 1.0, P < 0.01,
95% CI 0.16, 0.79, n = 8) compared with baseline CAR (6.2 �
1.1, n = 8, Figure 2). Dipyridamole increased CAR in seven
out of eight samples by a mean CAR change of 11.8 �
9.4%, whilst montelukast decreased CAR in all eight
samples by a mean of -7.5% � 5.44. The mean CAR of
darunavir was not significantly altered by tariquidar (6.6 �
1.7, n = 8), verapamil (6.5 � 0.8, n = 8), probenecid (6.3 �

1.2, n = 8), MK571 (6.4 � 1.4, n = 8), GF120918 (6.6 � 1.0,
n = 4), furosemide (6.1 � 1.0, n = 8) or estrone-3-sulphate
(6.0 � 1.0, n = 8).

Discussion

Drug transporter proteins may modulate intracellular drug
concentrations, which for an antiretroviral may ultimately
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affect a drug’s ability to suppress HIV replication. Darunavir
is a relatively new protease inhibitor with limited charac-
terization of its interaction with transport proteins. Initially,
the toxicity of darunavir was assessed in CEM and CEMVBL

cells but the highest concentration used (50 mM, dictated
by available stocks and solubility) was not toxic in these
cells, which is consistent with the lack of toxicity observed
by De Meyer and colleagues. in a different cell line [20].

A significantly lower cellular accumulation of [C14]-
darunavir was observed in CEMVBL cells compared with
parental CEM cells indicating that darunavir is an ABCB1
substrate. This was further supported by the reversal in
CEMVBL with increasing concentrations of tariquidar. An
increase in transport of darunavir between MDCKII-ABCB1
basolateral compared with apical chambers in the tran-
swell system was also observed, and this increase was
reversed with the addition of 1 mM tariquidar. Furthermore,
no transport was observed from the apical to the basolat-
eral chamber, which is consistent with other studies which
found ABCB1 to be expressed on the basolateral mem-
brane [21].

CEMVBL cells were more resistant to vinblastine toxicity
than CEM cells due to over-expression of P-gp. These cells,
with vinblastine were therefore used to assess whether
darunavir was an ABCB1 inhibitor.Tariquidar was used as a
positive control. CEMVBL cell viability was reduced when
darunavir was included in vinblastine cultures confirming
the previous observation that darunavir is an inhibitor of
ABCB1 [22]. CEM cells were cultured with vinblastine and
tariquidar or darunavir to act as a negative control and
confirm that changes in cell viability were attributable to

ABCB1. Neither tariquidar nor darunavir altered cell viabil-
ity of CEM cells cultured with vinblastine.

In PBMC, the only changes in CAR were in the presence
of dipyridamole and montelukast. Montelukast signifi-
cantly lowered CAR of darunavir in all of the PBMC samples
(although to a very modest extent), which is consistent
with our previous observation that darunavir is a substrate
for influx transporters [12]. This also suggests that influx
does have an impact on darunavir cellular accumulation ex
vivo. The P-gp inhibitors tariquidar and verapamil did not
alter darunavir CAR in PBMC samples. This may be due to
lower levels of P-gp expression in PBMC compared with
CEMVBL (where the protein is greatly overexpressed) and
suggests that P-gp may not be a major contributor of
change in intracellular accumulation in PBMC. MK571, the
MRP inhibitor also did not alter cellular accumulation of
darunavir in PBMC. Dipyridamole is a known inhibitor of
multiple ABC transporters and increased CAR in seven out
of eight PBMC samples, suggesting that the inhibition of
multiple transport systems may be required to increase
drug accumulation in these cells.

These data should be interpreted with awareness that
lipophilic compounds like darunavir have a tendency to
accumulate in the cell membrane.Therefore, it is difficult to
determine accurately actual intracellular drug concentra-
tion that is able to reach its pharmacological target or that
is subject to transport. Therefore, membrane-association
may mask larger effects within the cell and it is possible
that a proportion of the cell-associated compound is not
subject to transport. A small difference in CAR may actually
reflect a large difference in intracellular darunavir.

In conclusion, although darunavir is a substrate and
inhibitor of ABCB1 in some in vitro models, the effect of
ABCB1 on darunavir transport in PBMCs is unlikely to be
important. It is possible that ABCB1 may not be the main
transporter altering cellular concentrations of darunavir in
these cells. However since dipyridamole only increased the
cellular accumulation of darunavir by 11.8% it is unlikely
that this will prove to have clinical utility as an intracellular
booster. Inhibition of influx transporters also impacted
to a small degree on darunavir accumulation in PBMC.
Although it is clear that intracellular concentrations of
darunavir are dependent on complex interactions with
multiple transport proteins the ability to manipulate phar-
macologically remains a challenge.
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