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HIV-1 Protease Inhibitors Are Substrates for i®R1 Multidrug Transporter

Caroline G. L. Le€é, Michael M. Gottesman;* Carol O. Cardarell, Muralidhara Ramachandfd,Kuan-Teh Jeang,
Suresh V. Ambudkat,Ira Pastar,and Saibal Dey

Laboratory of Cell Biology, Laboratory of Molecular Biology, National Cancer Institute, Laboratory of Molecular Microbiology,
National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Maryland 20892

Receied October 31, 1997; Resed Manuscript Receeéd January 15, 1998

ABSTRACT: The FDA approved HIV-1 protease inhibitors, ritonavir, saquinavir, and indinavir, are very
effective in inhibiting HIV-1 replication, but their long-term efficacy is unknown. Since in vivo efficacy
depends on access of these drugs to intracellular sites where HIV-1 replicates, we determined whether
these protease inhibitors are recognized by NH2R1 multidrug transporter (P-glycoprotein, or P-gp),
thereby reducing their intracellular accumulation. In vitro studies in isolated membrane preparations from
insect cells infected withMDR1-expressing recombinant baculovirus showed that these inhibitors
significantly stimulated P-gp-specific ATPase activity and that this stimulation was inhibited by SDZ
PSC 833, a potent inhibitor of P-gp. Furthermore, photoaffinity labeling of P-gp with the substrate analogue
[**H)iodoarylazidoprazosin (IAAP) was inhibited by all three inhibitors. Cell-based approaches to evaluate
the ability of these protease inhibitors to compete for transport of known P-gp substrates showed that all
three HIV-1 protease inhibitors were capable of inhibiting the transport of some of the known P-gp substrates
but their effects were generally weaker than other documented P-gp modulators such as verapamil or
cyclosporin A. Inhibition of HIV-1 replication by all three protease inhibitors was reduced but could be
restored byMDR1 inhibitors in cells expressingIDR1. These results indicate that the HIV-1 protease
inhibitors are substrates of the human multidrug transporter, suggesting that cells in patients that express
the MDRL transporter will be relatively resistant to the anti-viral effects of the HIV-1 protease inhibitors,
and that absorption, excretion, and distribution of these inhibitors in the body may be affected by the
multidrug transporter.

The HIV-1 protease, a product of tpel gene, is essential ~ saquinavir and indinavir, are rapidly metabolized by the
for the posttranslational processing of HI\&ag-polpolypep- hepatic cytochrome P450 3A system (see i€). In
tide into its constituent proteins including itsell, (2). addition, poor drug penetration into the brain may limit
Numerous competitive inhibitors of the HIV-1 protease have therapeutic efficacy in CNS infection.
been designed which mimic the protease substrates and _. . .
prevent the formation of mature, infectious HIV-1 virions, . S.'.nce theMDRl multidrug transporter plays a role n
effectively combating the HIV-1 virus especially in combi- Ilmltlng_the efficacy of many drugs, we were lnterestt_ad_ln
nation with other anti-retroviral drug8,(4). Three of these determining whether this transporter FOL”d have similar
inhibitors, ritonavir, saquinavir, and indinavir, have recently &ffects on the HIV-1 Pls. ThBIDR1 multidrug transporter
been approved for clinical use by the U.S. Food and Drug (P-glycoprotein, or P-gp) is a 170 kDa cell-surface phos-
Administration (see reb). However, major obstacles limit ~ Phoglycoprotein belonging to the ATP-binding cassette
their efficacy. There are numerous reports of the develop- family of transporters.  Itis an energy-dependent efflux pump
ment of HIV-1 strains resistant to these protease inhibitors for a wide variety of structurally unrelated compounds
(PIs) 6—9). Limited oral bioavailability requiring admin-  (reviewed in refll). High concentrations of P-gp can be
istration of very high doses of these drugs has mainly beenfound in the mucosa of the gastrointestinal tract and in brain
attributed to inadequate absorption as well as first-passcapillary endothelial cellslg—15). Expression oMDR1
metabolism in the liver where these drugs, especially in CD4" T-lymphocytes, the major target for HIV-1 infec-
tion, has also been reporteti-18). Studies in mice with
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transporter in order to devise ways to improve the bioavail- 123 (0.263:M) (Sigma). For studies with Bodipy analogues,
ability of these drugs in target cells. approximately Ix 1 of either NIH3T3 or NIHMDR-G185

In the present study, by a variety of assays, we found that cells were incubated with the various drugs in the presence
the HIV-1 Pls are recognized by P-gp, and their effectiveness O absence of either cyclosporin A (Calbiochem), another

in inhibiting HIV-1 is reduced iNVMDR1-expressing cells. ~known MDRL modulator, or the HIV-1 Pls in prewarmed
Iscove’s Modified Dulbecco’s Media (IMDM) supplemented

MATERIALS AND METHODS with 5% calf serum at 37C for 1 h. Cells were then
pelleted, resuspended in PBS and analyzed. For daunomycin
Cell Lines and Culture ConditionsMammalian cell lines and rhodamine-123, cells were initially loaded with the drugs

described in this report were cultured as monolayers at 371" the presence or absence of cyclosporin A or the HIV-1
°C, in 5% CQ using Dulbecco’s modified Eagle’s medium Pls at 37°C for 1 h. The cell_s were then centrifuged at
(DMEM) supplemented with 10% fetal bovine serum, 5 mm 2009 for 5 min, resuspended in IMDM- 5% calf serum
glutamine, 50 units/mL penicillin, and 5@g/mL strepto- containing only cyclosporin A or the PlIs, and incubated for
mycin. The previously described parental human carcinoma@nother hour. Thereafter, the cells were pelleted, resus-
cell line, KB-3-1 £2), and its multidrug resistant derivative, Pendedin PBS and analyzed. Analyses were performed with
KB-V1 (23), were maintained without selection or inudy/ aFACSort ﬂOW_ Cytometer ngppgd with C_e_"_Q“E’St software.
mL vinblastine, respectively. The murine NIH3T3 cell line ~ ColonyForming Assay Vinblastine sensitivity of parental
transfected with wild-type pH4DR1/A, NIH-MDR-G185 KB-3-1 and multidrug-resistant KB-V1 were evaluated by
(24), was grown in 60 ng/mL colchicine while its parental @ colony formation assay as previously descril#g).( The
counterpart, NIH3T3, was cultured in nonselective medium. colonies were counted automatically using the Alphalmager
High Five insect cells were maintained in serum-free Ex- !S-1000 Digital Imaging System and its associated software.
cell 400 media at 27C (25). A recombinant baculovirus ~ The vinblastine LRy value in the presence or absence of
carrying the humarMDRL gene, with 6xHis-tag at the verapamil or the HIV-1 Pls was expressed as the drug
carboxy-terminal end, BWMDR1(H6) [M. Ramachandra, S. concentration which reduced the cloning efficiency of the
V. Ambudkar, D. Chen, C. A. Hrycyna, S. Dey, M. M. cell lines to 10% of the control without drug. Verapamil
Gottesman, and |. PastaBiochemistry(in press)] was used ~ Was used as a positive control for reversing activity.

to infect confluent insect cells at a multiplicity of infection Anti-HIV-1 Actwity Analyses. The role of P-gp in

of 10. Cells were harvested 3 days post infection. influencing the ability of the HIV-1 PIs to inhibit HIV-1

P-gp ATPase Adtity. P-gp-mediated ATPase activity was Was determined. KB-3-1 and KB-V1 cells were preincubated
measured in isolated membranes from High Five insect cells fr 30 min with the indicated concentrations of HIV-1 Pls
infected with a recombinant baculovirus encoding the human @1d/orMDRL inhibitors before the HIV-1 molecular clone,
MDRL gene prepared as previously report€)( Vanadate- pNL4-3, was introduced into these cells by calcium phos-

sensitive release of inorganic phosphate from MgATP in the Phaté precipitation28). As a negative control, an unrelated
presence and absence of drugs was measured using plamid was transfected in place of pNL4-3. Four hours later,
colorimetric assay as described previously)(with minor the transfection solution was removed and fresh medium

modifications 26) To evaluate the abl'lty of the Pls to containing the Pls and/&MDR1 inhibitors was added. Two

stimulate P-gp ATPase activity, membranes were preincu—days after transfection, the media were collected and

bated with either verapamil, a known reversing agent of P-gp, centrifuged to get rid_of floating cellg,/_cell debris, bef_ore
or the various Pls for-35 min at 37°C prior to the addition HIV-1 reverse transcriptase (RT) activity was determined

of 5 mM ATP and determination of ATP hydrolysis. The (30 Quantitation of RT activity was performed using the
ability of SDZ PSC 833, a potent inhibitor of tidDRL 5 1ORM 860 phosphorimaging system. Transfection ef-
efflux pump, to modulate drug-stimulated ATPase activity ficiency differences were normalized by cotransfection of
was assessed by preincubating the membranes for 3 min wittPCMV-fgal plasmid. f-Galactosidase activity in these
varying concentrations of SDZ PSC 833 before the addition ransfected cells was determined using chlorophenofred-
of verapamil or Pls. p-galactopyranoside (CPRG) as substr&®.( The rate of

- . . . CPRG hydrolysis was monitored at 570 nm at room
2
Ph_otoafﬁmty Labeling with[* Sl]IAAI.D' Phot(_)affmlty temperature using SpectraMAX 250 microplate reader (Mo-
labeling of isolated membranes from infected insect cells

; . ; lecular Devices). The results are reported as percent RT (%
was performed as previously described6)( Briefly, ) b P (%

b incubated with the indicated ¢ RT), which is the normalized reverse transcriptase activity,
membranes were preincubated with the indicatéd concen ra'expressed as a percentage of cells that were treated with the
tions of competing drugs for 10 min prior to incubation with

. . . various concentrations of the HIV-1 Pls as compared to the
5 nM [*AJiodoarylazidoprazosin {f9]IAAP) at room tem- uUntreated cells P
perature (23C) followed by illumination with a UV lamp '

(wavelength 365 nm), analysis by SBBAGE, and auto- RESULTS
radiography. Radioactivity associated with P-gp in the gel

was quantified in a STORM 860 phosphoimaging system  Hjy-1 Protease Inibitors Stimulate P-gp-Specific ATPase

(Molecular Dynamics). Actizity. P-gp is an ATP-dependent efflux pump which
Drug Transport Analyses Drug accumulation analyses prevents accumulation of drugs within cells. Known sub-
were performed using Bodipy FL-vinblastine (0:8M) strates of P-gp, e.g., vinblastine, daunorubicin, and doxoru-
(Molecular Probes), Bodipy FL-prazosin (/M) (Molec- bicin, as well as agents such as verapamil which modulate

ular Probes), and Bodipy FL-verapamil (351) (Molecular transport of other substrates have been shown to stimulate
Probes), daunomycin (@) (Calbiochem), and rhodamine-  P-gp-specific ATPase activity3g, 33) (Figure 1A). As
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A closporin A and a potent inhibitor of the multidrug trans-
125 porter, inhibited the ATPase activity that was stimulated by
the HIV-1 Pls (Figure 1B). The observégs for inhibition
by SDZ PSC 833 of the stimulated activity were of the same
order of magnitude for all the drugs (ritonaWf = 0.005
uM; saquinavirK; = 0.008uM; indinavir K; = 0.009uM)
including verapamil ki = 0.002 uM). This suggests a
mechanism of stimulation oMDR1-associated ATPase
activity by the HIV-1 Pls similar to verapamil.

HIV-1 Protease Inhibitors Compete wiff?3] lodoary-
lazidoprazosinIAAP) for Binding to the Multidrug Trans-
porter. 1AAP, a photoaffinity analogue of the P-gp substrate
prazosin, has been extensively used for studying the drug-
binding properties of the transported4j. When photoaf-
finity labeling of P-gp was carried out in membranes from
insect cells infected with aMDR1-encoding recombinant
baculovirus, the labeling of P-gp was inhibited in a dose-

Concentration (uM) dependent manner by all three Pls (Figure 2). This result
B suggests a mutually exclusive binding between the HIV-1
Pls and IAAP with theMDR1 transporter.

Transport of Various P-gp Substrates Is Affected by HIV-1
Protease Inhibitors Transport of various fluorescent P-gp
substrates was examined by FACS analysis, and the results
are shown in Figure 3. NIH3T3 cells with low expression
of P-gp exhibit high fluorescence due to increased accumula-
tion and reduced efflux of fluorescent substrates. The high
fluorescence intensity is largely unaffected by the addition
of either cyclosporin A or any of the HIV-1 Pls. On the
other hand, the NIHMDR-G185 cells, which express high
levels of P-gp, appear less fluorescent. In the presence of
cyclosporin A, a known inhibitor of P-gp, P-gp expressing
cells fluoresce more intensely. Increased fluorescence of
NIH-MDR-G185 cells is also evident for all the substrates
1 tested (Bodipy FL-vinblastine, Bodipy FL-verapamil, Bodipy
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© « 2 ~ - FL-prazosin, daunomycin, and rhodamine) in the presence
° i of 7 or 21 uM of ritonavir. However, for saquinavir and
PSC833 (uM) indinavir, the fluorescence intensity of the NMPR-G185

FiGURE 1: (A) Stimulation of Pgp-mediated ATP hydrolysis by cells was slightly increased only Whgn Bodipy FL-vianasting
HIV-1 protease inhibitors. The vanadate sensitive Pgp-ATPasewas used as the substrate and in the presence of high
activity was measured in isolated membranes 4g0of protein) concentrations (37 and &M saquinavir; 35 and 84M

from insect cells infected with recombinant baculovirus virus, BV- indinavir) of the HIV-1 Pls. Similarly, ritonavir (at 1.4 and

MDR1(H6), in the presence of 5 mM ATP and 10 mM MgCl . . - -
Assays were done in the presence of the indicated concentration3'5”M) but not saquinavir (at 10 and 28V) or indinavir

of either of the four drugs, verapamBll, ritonavir (»), saquinavir (&t 10 and 25M) reversed the reduced accumulation of
(<), or indinavir ©), following the modified protocol of Dey et [3H]vinblastine in drug resistant NIMDR-G185 cells (data
al. (26). (B) Effect of PSC833 on HIV-1 protease inhibitor- ot shown).

stimulated Pgp-ATPase activity. Drug-stimulated ATP hydrolysis  \/iyplastine Resistance in Multidrug Resistant Cells Can

by Pgp was carried out following preincubation of the membranes s
for 3 min at 37°C with the indicated concentrations of SDZ PSC be Reersed by HIV-1 Protease InhibitarsBy themselves,

833. Following preincubation, either of the four stimulatory drugs the HIV-1 Pls are not very toxic to cells. The drug-sensitive
were added to final concentrations of8/ for ritonavir (4), 25 KB-3-1 cells which exhibit an L) value of 0.572 nM with
yl\él_fOY Yeg)paant:' F).t25A;MAf|9|; shaqdumlav_lr ©), and 25uM (1;0;) vinblastine required 14uM of ritonavir, >45 uM of
indinavir (O). The rate o ydrolysis was measured by a . PR
colorimetric assay as described in Materials and Methods. saquinavi, ‘?‘.”d 23%M of indinavir to reduce Colo_ny
formation ability by 50% (data not shown). By comparison,
N . . .. the P-gp-expressing drug resistant cells, KB-V1, which
shown in F|_gure- 1A, the HIV-1 Pls, ritonavir, saquinavir, - shawed an LIy of 473 nM for vinblastine, are also cross-
and indinavir, stimulated P-gp-dependent ATPase activity yogjstant to the Pls, ritonavir or indinavir, requiring about

in a concentration-dependent manner. KagandVmafor — yyice as much of these drugs for 50% cell killing (data not
stimulation of each of the three drugs (ritonaWr, = 0.06  shown). To further establish the interaction of HIV-1 Pls
UM, Vimax= 77.3 nmol/mg/min; saquinaviKm = 1.186uM, with P-gp in these drug resistant KB-V1 cells, the vinblastine
Vimax = 93.6 nmol/mg/min; indinavirKm = 0.47 uM, Vmax sensitivity of KB-V1 cells was examined in the presence of

= 112.2 nmol/mg/min) were comparable to that of verapamil either verapamil, a known P-gp reversing agent, or the HIV-1
(Km = 1.1uM, Vmax= 101.7 nmol/mg/min). Furthermore, Pls. Verapamil as well as the HIV-1 Pls only marginally
SDZ PSC 833, a nonimmunosuppressive analogue of cy-enhanced the cytotoxic activity of vinblastine against the
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Ficure 2: Effect of HIV-protease inhibitors odf]IAAP photoaffinity labeling of Pgp. Membranes (1@ of protein) isolated from High

Five insect cells, expressing Pgp, were preincubated with either of the three HIV-1 protease inhibitors, ritonavir, saquinavir, and indinavir,
prior to addition of 2 nM [23]IAAP. Photoaffinity labeling was carried out as mentioned in the Materials and Methods. A total@b®
membrane protein/lane was separated in an 8% gel by-$2&E. The upper panels are autoradiograms of the gels showing the area
corresponding to Pgp (140 kDa). The lower panels show quantification of radioactivity associated with Pgp expressed as % bound with
binding in the absence of protease inhibitors taken as 100%.
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Ficure 3: MDR1-mediated transport of Bodipy FL-vinblastine in NIH3T3 or NMDR-G185 cells. Cells were incubated with bodipy-
vinblastine fa 1 h at 37°C, pelleted, and fluorescence intensity was analyzed by FACS. Fluorescence histograms are shown in the upper
panel. (shaded area) NIH3T3 cells; (dark area) MBR-G185; solid line: NIHMDR-G185+ 5 uM cyclosporin A (CyA); (light dotted

line) NIH-MDR—G185+ 7 uM ritonavir or 37uM saquinavir or 3%M indinavir; (dark dotted line) NIHMIDR-G185+ 21 uM ritonavir

or 89 uM saquinavir or 84uM indinavir. The lower panel shows a table representing the median fluorescence intensity of NIH3T3 or
NIH-MDR-G185 cells that were incubated with the indicatd®R1 fluorescence substrates in the presence/absence of CyA or HIV-1
protease inhibitors.

drug-sensitive KB-3-1 cells (data not shown). However, in vinblastine for the multidrug transporter (Figure 4). Vera-
KB-V1 cells, the addition of &M verapamil, 4uM ritonavir, pamil displays the most potent effect, shifting the;biZalue

15 uM saquinavir, or 14uM indinavir sensitizes these of vinblastine in the drug-resistant KB-V1 cells from 880 to
resistant cells to vinblastine probably by competing with 2.2 nM, hence making these cells as sensitive as the parental
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Ficure 4: Response of KB-3-1 or KB-V1 cells to vinblastine in 201
the presence of verapamil or the HIV-1 protease inhibitors. Cell
survival in the presence of increasing concentrations of vinblastine 0.03 04 05 ]
was determined by colony formation assays as described in 0 ’ : ’
Materials and Method® denotes KB-3-1; KB-V1 is indicated by Saquinavir (M)
A; KB-V1 + 6 uM verapamil is indicated by; KB-V1 + 4 uM
ritonavir is indicated byd; KB-V1 + 15uM saquinavir is indicated 120
by O and KB-V1+ 14 uM indinavir is indicated by<. 100
KB-3-1 cells which have an L3 of 2.75 nM. Of the HIV-1 804
Pls, ritonavir displays the greatest ability to reverse the &
. . . . . . 60+
vinblastine resistance of KB-V1 attenuating the vinblastine g

LD value to 77 nM. In the presence of saquinavir or 40 1
indinavir, the vinblastine LE) is reduced to 225 and 209
nM, respectively.

HIV-1 Protease Inhibitors Are Less Effaeaiand Can be 04
Made More Effectie Using MDR1-Specific Inhibitors in
P-gp-Expressing CellsWe next determined the biological
significance of the observation that the HIV-1 Pls are FIGURES: Effectiveness of HIV-1 protease inhibitors against HIV-1
substrates for the multidrug transporter. To ascertain if this in KB-3-1 or KB-V1 cells. Antiviral activity, as measured by reverse

. . R transcriptase activity, was determined in the media of cells that
observation translates into less effective inhibition of HIV-1 154 jeen transfected with pNL4-3, a molecular cDNA clone of

by the HIV-1 PlIs in cells containingIDR1, the antiviral HIV-1. The results are expressed as the % RT, which is the reverse

activity of these compounds in drug sensitive KB-3-1 and transcriptase activity of the cells treated with the various concentra-
drug resistant KB-V1 cells was determined. The antiviral tions of the HIV-1 protease inhibitors in relation to the untreated
cells expressed as a percentage. The % RT activity of KB-3-1 cells

activity was assessed by measuring the amount of Vlrusis represented by light-colored bars while the % RT activity of KB-

produced, as reflected by the reverse transcriptase activity,y1 celis is shown as dark-colored bars. The two light-/dark-colored
in the media of cells that were transfected with the HIV-1 bars for each concentration point represent data from duplicate
molecular clone, pNL4-3. Figure 5 shows that in the parental transfections. The RT activity in medium from transfected KB-
drug_sens|t|ve KB_3_1 Ce”S, a” three Pls demonstrated a 3-1 cells WaS_ 29 000 RT units and in medium from transfected
dose-dependent reduction in the reverse transcriptase produd<B-V1 cells, it was 11000 RT units.

tion to less than 25% of the untreated cells atM drug.
However, in the drug-resistant KB-V1 cells, while there is
an observable dose-dependent reduction, high concentration
of the Pls were needed to achieve this inhibition and the
same extent of inhibition is not achieved in KB-V1 cells at
any protease inhibitor concentration tested. This relative
resistance to Pls is reversed by agents which inhibit P-gp
(Table 1). These results provide evidence for a role of P-gp
in subverting the antiviral efficacy of HIV-1 Pls.

0 0.03 0.1 0.5 1
Indinavir (uM)

These inhibitors, when used in combination with other anti-
getroviral drugs, are highly efficient at reducing viral
replication and correcting CD4T-cell defects 85). How-
ever, in addition to development of HIV-1 protease mutants,
problems with absorption, metabolism, and distribution of
these drugs in the body may limit their effectiveness. The
studies reported in this paper suggest that the HIV-1 Pls are
substrates for th&#IDR1 encoded multidrug transporter (P-
gp), and therefore, this transporter may contribute to these
DISCUSSION problems. iy
HIV-1 Protease Inhibitors Are Substrates of the MDR1

Significant advances in the treatment of HIV-1 infection Transporter Several different analyses suggest that the three

have been achieved with the development of HIV-1 Pls. HIV-1 Pls, ritonavir, saquinavir and indinavir are recognized
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Table 1: MDRL1 Inhibitors Increase the Ability of the HIV-1 of the Ob_VIOUS consequences of the Pls being recognl_zed by

Protease Inhibitors (PIs) to Inhibit HIV-1 iMDRL Expressing the multidrug transporter is that the same concentration of

Cellst these drugs would be less effective against HIV-1 in P-gp-
KB-V1 cells expressing cells. The major targets for HIV-1 infection are

the CD4" T-lymphocytes, monocytes/macrophag@8)(and

MDR1 inhibitor .
the brain 87). These targets were also found to express P-gp

HIV-1 protease quinidine rapamycin PSC 833 KB-3-1 cells

inhibitor none (20uM)  (5uM) (L uM) none to varying degrees. Subsets of CD#-lymphocytes were
reported to express P-gp7). Two reports 88, 39) suggest
none 100 100 100 100 100 . . . .
ritonavir (0.1uM) 94 38 59 69 51 that HIV-1 infection induced the surface expression of P-gp
saquinavir (luM) 51 19 19 25 15 but that the increased expression was abnormal in HIV-1
indinavir (1xM) 52 16 14 23 16 patients since theddDR1-expressing cells are still rhodamine

aResults are expressed as % reverse transcriptase (RT) activity (mea?right and cannot be reversed by cyclosporin A. On the other
of at least two determinations) MDR1-expressing cells (KB-V1) in hand, Lucia et al.{6) found lower expression of tHdDR1

the absence (row 1) or presence (rows4} of the various HIV-1 PIs  transporter in the CD4T-cells from HIV-1 infected patients,

as well as in the absence (col 2) or presence (e@)3f three different ; ; :
MDRL1 inhibitors. The last column shows the inhibitory effect of the and these cells are rhodamine bright when compared with

HIV-1 Pls on nonMDR1 parental KB-3-1 cells for comparison. The noninfemeq controls 16). P-gp was also found to be

% RT activity obtained in the presence of both HIV-1 Pls AtBIR1 expressed in monocytes/macrophagi 41) as well as on
inhibitors were normalized against the RT obtained in the presence of the lumenal surfaces of capillary endothelial cells in the brain,
MEI)RI i”lhgggf’r.s a'cl’”‘? which nere, %‘?res.sed( as 10(;%- IFor each where it serves as part of the blood-brain barrier to restrict
column, o0 In relative normalize units (mean of at least two Py H : _

determinations) was 3700 (col 2), 9400 (col 3), 4100 (col 4), 6400 ENUY Of xenobiotics into the braig, 14, 42-44). On the

(col 5), and 25 000 (col 6). basis of our results, depending on the level of expression of
MDRL in these target cells, the effectiveness of these Pls on
. . . . CD4t T-cells and brain cells may be significantly reduced.
by the multidrug transporter. In vitro studies, utilizing crude The expression of P-gp in capillary endothelial cells of the

membrqnes isolatgd fron;)inselct _cells iﬂfeCt%d huhu'tb El' Pl brain may explain the poor ability of indinavir (20%) or the

expressing recombinant baculovirus, showed that these ﬁnability of ritonavir and saquinavir to penetrate the blood-

stimulate P-gp-associated ATPase activity as well as Vera-p i barrier in animal studiet®)

pa}mn,'a knqwn P-gp substratg (F|gure ?A): 'Furthermore, The presence of th®DRL1 transporter in the epithelial

this stimulation of ATPase activity was inhibited by SDZ cells of the gastrointestinal tract may play a role in the

,IZ\SI(::' 83s, i’iBnoer)nr]]u_nosupi)rets_snr/]e_:bz_itnalo?;e ?f CyCIOtSpor'nreIativer poor absorption of these drugs which are admin-
(Figure 1B), which is a potent inhibitor of P-glycoprotein istered orally. The current recommended doses for ritonavir,

In current”us? n ctllmlcal tnaés to seInS|t|é§.tqrug:[rhe3|staFr)1lt saquinavir and indinavir are 600 mg, twice daily, 600 mg,
cgnc;?r C?I S Oh'a'r; |;jcatrr110erb. :jugs. fnlf‘;"l | AIAI\gn ,t tehse Sthree times daily, and 800 mg, three times daily, respectively
signiticantly -inhibrte e binding of *f4] o the (45). Besides the multidrug transporter, poor absorption due

multidrug transporter in a concentration-dependent manner{CO other factors as well as first pass metabolism by the

|n”ttr;]ese F"I‘Iemb“’%‘”f pretparatllct)r??h(ﬁgure 2),bsutggtes(';|ng tha ytochrome P450 system, especially for saquinavir and
all lnree s are interacting with the major substrate domain ;i qin avir, fimit the plasma bioavailability of these drugs to

of P-glycoprotein. ~11.2 mg/L for ritonavir, 0.040.1 mg/L for saquinavir and
Cell-based approaches including analyses of transport of5—11 mg/L for indinavir #6, 47). The concentration of the
fluorescent substrates and reversal of drug resistance indrugs in the plasma, if fully available to the target cells,
colony forming assays were also undertaken to examine thewoyld be sufficient to effectively inhibit HIV-1 replication,
effects of the HIV-1 Pls on the transport of knomDR1 as can be deduced from Figure 5 and the reported literature
substrates. These studies show that the HIV-1 Pls can reducgn which the EG, (drug concentration that inhibits 50% of
drug resistance as would be expected for P-gp substratesy;ral replication) was found to be 4153 nM @8) for
but they are less potent than other documenédR1 ritonavir, 1-30 nM for saquinavir 49), and 25-100 nM
reversing agents such as verapamil and cyclosporin A. Offor indinavir (50). However, the presence of tHdDR1
the Pls, ritonavir is the most effective in modulating the transporter in the target cells and in the blood-brain barrier
effects of the other P-gp substrates, since a lower concentramay further reduce the intracellular availability of these drugs
tion of ritonavir (4 ﬂM) was needed to sensitize P'gp' and Compromise their effectiveness.
expressing cells to vinblastine (Figure 4) and it competed  The improved delivery of these HIV-1 PIs to sites where
effectively with all the fluorescgnt P-gp §ubstrates tested Hv-1is replicating may be possible by inhibiting P-gp, thus
(Figure 3, lower panel). Additional evidence that the jncreasing absorption from the gastrointestinal tract, and
multidrug transporter reduces accumulation of the HIV-1 PIs accumulation in target cells. Noncytotoxic chemomodulators
was obtained in KB-V1 cells overexpressing P-gp. Produc- or reversing agents, like verapamil, cyclosporin A, SDZ PSC
tion of the HIV-1 virus, as detected by the appearance of 833 FK 506, rapamycin, or quinidine, can be used to inhibit
reverse transcriptase in medium, was reduced by all threethe MDR1 efflux pump and make the Pls more available to
HIV-1 Pls in the parental KB-3-1 cells. Th&DRI- target cells 20, 51, 52). For example, we showed that SDZ
eXpreSSing KB-V1 Ce||S, despite reduced prOdUCtion of HIV- PSC 833, a nonimmunosuppressive ana|ogue of Cyc|osp0rin
1, showed less sensitivity to these HIV-1-Pls, consistent with o gnd a potent inhibitor of P-gp, was able to inhibit the
lower intracellular concentrations of these agents (Figure 5). stimulation of P-gp-specific ATPase activity by the three
Implications of the Findings That the HIV-1 Protease HIV-1 Pls (Figure 1B). We further demonstrated that PSC
Inhibitors Are Substrates of the MDR1 Transporté®ne 833 and other P-gp inhibitors, while increasing HIV-1
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production inMDR1-expressing cells, also sensitized these
cells to the HIV-1 Pls (Table 1). PSC 833 has also been
reported to improve the penetration of two different P-gp
substrates, ivermectis®) and colchicine%4), into the brain

of mice and rats, respectively. Nonetheless, because of the 15

direct and indirect effects of P-gp function and reversing

agents on HIV-1 replication (Lee, C. G. L., Ramachandra,
M., Jeang, K. T., Martin, M. A., Pastan, |. and Gottesman,

M. M., unpublished observations; Figure 5, Table 1), the

choice of a P-gp inhibitor to be used together with the HIV-1

Pls would have to be carefully determined. This is especially
true in HIV-1 therapy since Pls have been found to be the
most effective when used in combination with other antiviral

drugs. The ultimate reversing agent should not potentiate
HIV-1 replication nor have other undesirable effects on the
already immunocompromised patients nor interact negatively
with the other antiviral drugs.

In summary, the HIV-1 PIs, ritonavir, saquinavir, and
indinavir, were found to be recognized by the multidrug

transporter. The effectiveness of these drugs was diminished
Further studies are needed to

in P-gp-expressing cells.
determine if P-gp expression in target cells is related to the

failure of some patients to respond to these protease inhibitor

drugs and to identify appropriate reversing agents to improve
the delivery of these drugs to target cells.
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