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Abstract

A selective and accurate assay for the simultaneous quantitation of four protease inhibitors (PIs) (amprenavir (APV), lopinavir (LPV),
ritonavir (RTV) and saquinavir (SQV)) and a non-nucleoside reverse transcriptase inhibitor (NNRTI) (efavirenz, EFV) in human peripheral
blood mononuclear cells using high-performance liquid chromatography—mass chromatography (LC/MS) has been developed and validated.
After liquid—liquid extraction, the antiretroviral agents were separated within 15 min. The calibration curves of each drug showed a good
linearity in a range of concentration between 2 and 200 rgl8°® cells for amprenavir, lopinavir, efavirenz, 1.60 and 128 ng/BF cells
for ritonavir and saquinavir. Mean intra- and inter-assay coefficients of variation over the ranges of the standard curves were less than
15% and mean extraction recoveries ranged 88.7-112.1%. The limits of quantification were<26@4&lls for amprenavir, lopinavir,
efavirenz, 1ng/3 1C° cells for ritonavir and 1.6 ng/2 10° cells for saquinavir. This novel LC/MS assay, which provides an excellent
method for simultaneous intra-cellular determination of amprenavir, lopinavir, ritonavir, saquinavir and efavirenz in human peripheral blood
mononuclear cells, could be successfully applied for therapeutic drug monitoring and pharmacokinetic studies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction human immunodeficiency virus (HIV) infection. This stan-
dard treatment included at least three drugs from two dif-
In recent years, the development of highly active an- ferent antiretroviral classes among nucleoside reverse tran-
tiretroviral therapy (HAART) has improved the treatment of scriptase inhibitors (NRTIs), non-nucleoside reverse tran-
scriptase inhibitors (NNRTIs), and protease inhibitors (PIs).
- The NRTIs were intra-cellularly phosphorylated to their cor-
* Corresponding author. Present address: Laboratoire de Pharma-responding triphosphorylated derivatives, which competed
cocirétiguAe et de Pharmacie Clinique, Pharmacie Centralépithl with the Corresponding natural nucleotide for binding to
Haut-Levéque, avenue de Magellan, 33604 Pessac Cedex, France. HIV reverse transcriptase (RT) and inhibited it. The NNRTIs
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interfered with viral replication by inhibiting the HIV pro-
tease enzyme, preventing maturation of the HIV virus and Big H\
causing the formation of non-infectious virions. i
Although, triple drug combination decreased plasma HIV- (j/ T_l/ /S\Q
1 RNA levels below the limit of detection (<50 copies/ml) in 9 -
most cases, some patients became non-responsive to HAART (A)
because of the rapid development of drug-resistant variants
of HIV-1. Among other factors, inter-patient pharmacokinetic @\
variability, non-compliance to drug therapy or drug—drug in- .
teractions influenced the maintenance of adequate drug lev- IW
els, which affected the treatment effectiveness. CN o A
Recently, data have emerged showing a possible link be- No© \®
tween intra-cellular drug concentrations and antiviral effect (B)
[1-3]. Whereas, several high-performance liquid chromatog-
raphy methods using ultraviolpt—7] or mass spectrometric
detection8-11]for quantitation of antiretrovirals in plasma S Q
have been previously reported, only a few study described the N\/f o " r 0
intra-cellular quantitation of antiretroviral agerts2—14] N)J\N N\/\(‘\N &
mostly for NRTIs whose activity involves intra-cellular con- chl H g 3 4 1 %s
version. Moreover, to date no study has reported the simul- | »
taneous intra-cellular quantitation of several Pls or NNR- @ N
Tls. As HIV replicated within the cells, antiretroviral agents ©
must penetrate intra-cellularly at concentrations sufficient
to inhibit viral replication. Consequently, monitoring intra-
cellular drug concentrations was useful to ensure that effi-
cacious levels were achieved in target cells, particularly for | N o, 0
patients in virological failure despite effective plasma con- i N\‘)KN
centrations. o i H
Consequently, we developed and validated a simple, \r
sensitive and selective assay for the simultaneous deter- 2
mination of four PIs (amprenavir, lopinavir, ritonavir and
saquinavir) and a NNRTI (efavirenz) in human peripheral C/&
blood mononuclear cells (PBMCs) using high-performance Vi

liquid chromatography—mass spectrometry (LC/MS) with at- . \@Fa%\c
N

(D)

mospheric pressure chemical ionization (APCI).

2. Experimental
H3C CH3 Q

2.1. Reagents and materials 0 o

ing pharmaceutical companies: amprenavir (APV) by Glax-
oSmithKline (Research Triangle Park, NC, USA), efavirenz
(EFV) by Dupont Pharmaceuticals (Wilmington, DE, USA), (F)

ritonavir (RTV), lopinavir (LPV) and the internal stan- Fio 1. Chemical struct £ (A) APV, (B) LPV, (C) RTV, (D) SQV, (E)
) . ig. 1. Chemical structures o , : f b
dard (IS) A-86093 by Abbott Laboratories (Abbott Park, EFV and (F) the internal standard. Molecular weights were 506 g/mol for

IL, USA), and saquinavir mesylate (SQV) by Roche Prod-  spy 29 g/imol for LPV, 721 g/imol for RTV, 671 g/mol for SQV, 316 g/mol
ucts, Research and Development (Welwyn Garden City, for EFV and 747 g/mol for the internal standard, respectively.
UK).

All chemicals were of analytical reagent grade and
all solvents were of HPLC grade. Acetonitrile, methanol acid were provided from Prolabo (Fontenay-sous-Bois,
and n-pentane were purchased from Scharlau (Barcelona,France).
Spain). Sterile distilled water Versdl was obtained Foetal calf serum (FCS), phosphate-buffered saline
from Aguettant (Lyon, France). Ammonium hydroxide, Dulbecco’s GIBCGM (PBS) and hepes buffer solution
sodium carbonate, sodium azide, ethyl acetate and formic1 M GIBCO™ were from Invitrogen Corporation (Grand

N N
Analyte drugsFig. 1) were kindly provided by the follow- S N A H oo b OH
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Island, NY, USA). RPMI-1640 cell culture medium, 2.5. Preparation of calibration standards and quality
glutamine and bovinexl-acid glycoprotein were obtained control samples
from Sigma—Aldrich (Saint-Quentin-Fallavier, France).

Vacutaine? CPT™ tubes (Becton Dickinson, Le Pont-  2.5.1. Cell culture and lysis
de-Claix, France) were used for the separation of PBMCs  The matrix chosen for validation of the assay was Jurkat
from whole blood. KOVA glassti® slides were provided  cells. Before using this human T—cell line, we compared Ju-

from Hycor Biomedical Inc. (Garden Grove, CA, USA). rkat cells with PBMC fraction obtained from blood speci-
men collected from healthy subjects into VacutafhePT™
2.2. Apparatus tubes. Quality controls at low, medium and high concentra-

tions for all analytes were prepared with cell lysates obtained

A Jouan GR 4-22 centrifuge (Saint Herblain, France) was from either Jurkat cellsn(=18) or human PBMC fractions
used for centrifugation during the sample preparation. (n=18). Precision, stability and extraction recovery of each
Agilent (Palo Alto, CA, USA) supplied the 1100 Series Matrix were studied and there was no statistical difference

HPLC System connected to a quadrupo|e 1100 mass Specbetween Jurkat cells and human PBMC fraction collected
trometer. The ionization mode was positive atmospheric pres-from Vacutaine? CPT™ tubes. Jurkat cells were maintained
sure chemical ionization for all analytical compounds. Data in RPMI 1640 medium supplemented with heat-inactivated

were processed by a Hewlett-Packard Chemstation software=CS (10%, v/v)L-glutamine 2 mM (2.5%, v/v), hepes 1 mM
(Palo Alto, CA, USA). (1%, v/v) in a humidified incubator containing 5% ¢@

air at 37°C. The cells were passaged every three days. Cells
were washed with PBS to obtain a cell suspension density
at 3x 10 cells/ml; 1 ml of cell suspension was centrifuged
at 600x g for 10min at 4#C. Cell pellet was suspended
in 200pl of a solution ofal-acid glycoprotein 1 mg/ml in
sodiumazide (0.1%, w/v). Cells lysates were storeei°C

until standards and controls preparation.

2.3. Separation conditions

2.3.1. Chromatographic conditions

Analytes were separated on a X-TERRAMS Cy3 col-
umn (Waters, Saint Quentin Yvelines, France), which was
4.6 mmx 100 mm i.d. packed with pm particles.

The separation of the analytes was achieved with an iso-
cratic solvent delivery system at a flow-rate of 1 ml/min at
20°C. The mobile phase consisted of acetonitrile and a buffer
(50:50, v/v). The buffer was prepared by dissolving 4006f

2.5.2. Preparation of standards and controls
Both stock solutions were diluted with methanol to ob-
tain working solutions with concentrations of @@/ml for

formic acid in 11 HPLC-grade water, adjusting pH to 3 with 'Q_I?\\; CEFI\E) an_d LPV, Aé'&g/m!. for SQV and .3.2Lg/m:jfor i
ammonium hydroxide. A millipore vacuum filtration system  Calibration standards (five concentrations) and quality

equipped with a 0.4pm filtration disk membrane was used control samples (low, medium, high and very high concen-

for filtration and the mobile phase was degassed by using uI—ELat'OHS)k_Were :O rte_zpare_zd bytfkl]rst dlllut|r:jg \(/jz?jr_lous (\;)(;Iumis of
tra sonic. The sample injection volume wasd@nd the run d'Ie wzr mlg solu |ons|||n| me an(_)”,] ar} ”a .|ngp]l eac
time of the assay was 15 min. iluted solution to cell lysates. The following ranges were

validated: 2—200ng/& 1P cells for APV, LPV and EFV,

. . 1.6-128 ng/3< 10° cells for RTV and SQV.
2.3.2. Mass spectrometric conditions

Mass spectral analyses were accomplished on an Agi-
lent quadrupole MSD 1100 mass spectrometer, fitted with an
APCI source and operated in the positive ionization mode.

Thf.e v:porizer Waz oEeratec_j”at mlthe discharge cur- Peripheral blood samples were drawn from patients under
rent fixed at §uA and the capillary voltage set at 2500 V. therapy including one or more following antiretrovirals APV,

Amprenavir, lopinavir, ritonavir, saquinavir, efavirenz and LPV, RTV, SQV and EFV, after informed consent had been
the internal standard were detected by their monocatiin ( obtained. Approximately 8 ml of peripheral venous blood

respectively, 506.20, 629.30, 721.00, 671.00, 272.00 and,y 55 collected by venipuncture into Vacutafi@PT™ tubes

747.30). containing sodium citrate as anticoagulant and PMBCs were
isolated by density gradient separation. PBMCs fraction was
2.4. Preparation of stock solutions worked in 30 min maximum after collection in order to mea-
sure the real quantity of Pls at sampling time. Vacut&iner
Two stock solutions of each analyte and internal standard CPT™ tubes were centrifuged at 1650y for 20 min at
were prepared independently at a concentration of 1 mg/ml20°C. Cellular fraction was transferred to a fresh tube and
for APV, LPV, SQV, EFV, IS and 0.32mg/ml for RTV in  centrifuged at 60& gfor 10 min at 4 C. The pelleted PBMC
methanol. One solution was used to prepare the calibrationywere washed with 2 ml ice-cold PBS, put on KOUAlide
samples; the quality control samples were made from the for cell account and centrifuged as described above. Cell
other solution. Stocks solutions were kept&0°C. pellet was suspended in 20 of a solution of al-acid

2.6. Preparation of samples

2.6.1. Isolation of PBMCs from patients
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Fig. 2. Total ion chromatogram (TIC) from a blank PBMCs sample.
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Fig. 3. Extracted ion chromatogram from a standard sample with SQV, APV, EFV, LPV, RTV and the internal standard from the first (upper) to the last
chromatogram, respectively.
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glycoprotein 1 mg/ml in sodium azide (0.1%, w/v). Cells antiretroviral. An equal weighted regression was used. To

lysates were stored at80°C until analysis by LC/MS assay.  assess linearity, deviations of the mean calculated concentra-
tions over three runs should be withifl 5% from nominal

2.6.2. Liquid—liquid extraction procedure concentrations for the non-zero calibration standards.

On the day of analysis, PBMC lysates of patients, cal-

ibration standards and controls were thawed at room tem-2.7.2. Precision and accuracy

perature. The same procedure was followed for all samples.  Accuracy, intra- and inter-assay precision of the method

Samples were mixed with 2Qd of 0.05M NgCO;s, 1.2 ml were determined by assaying six replicates of each of the

of a mixture ofn-pentane and ethyl acetate (50:50, v/v) and spiked QC samples with analyte concentrations around the

10pl of I.S. (Apg/ml). After the samples were centrifuged limit of quantification (LOQ) and the low, medium and high

at 2360x g for 10 min, the organic layer was removed and concentration ranges in three separate analytical runs. Ac-

evaporated to dryness under a stream of nitrogen &C48 curacy was measured as the percentage deviation from the

secondr-pentane and ethyl acetate extraction was performed nominal concentrations. The intra- and inter-assay precision

and after centrifugation, the organic layer was added to the should not exceed 15% coefficient of variation (CV).

first dried extract and evaporated as described above. The re-

sulting residue was reconstituted by vortexing for 2min by 2.7.3. Recovery

25l of a mixture of methanol and distilled water (80/20, v/v) Recovery was calculated as the extraction yield. It was

in an auto sampler vial for injection into the HPLC system. performed by comparing the analytical results for extracted
standards at four concentrations (low, medium, high and very

2.7. Assessment of performance characteristics high concentrations) with unextracted standards that repre-
sent 100% recovery.

2.7.1. Linearity

Calibration standards were prepared and analyzed in trip-2.7.4. Limit of quantitation (LOQ) and limit of detection

licate in six independent runs. Daily standard curves were (LOD)

constructed for each drug using the ratio of the observed The LOQ was defined as the lowest concentration such as

peak area for each antiretroviral to the I.S. Unknown con- the deviation between the measured and nominal concentra-

centrations were computed from the linear regression equa-tion was less than 20% CV, as determined in three separate

tion of the peak area ratio against the concentration of eachanalytical runs.

Table 1
Intra- and inter-assay accuracy and precision for the determination of APV, LPV, RTV, SQV and EFV in human PBMCs
Antiretroviral agent Nominal amount Intra-assayr{=6) Inter-assayr(=18)
ng/3x 1P cells
(ng/3x ) Mean measured Accuracy (%) CV (%) Mean measured Accuracy (%) CV (%)
(ng/3x 1 cells) (ng/3x 10° cells)
Pls
APV 3 296 9880 1051 302 1007 5.26
15 1379 9193 6.64 1447 9652 922
35 3365 9615 838 3440 9837 310
100 9722 9722 7.45 9881 9881 644
LPV 3 281 9368 944 312 1041 6.83
15 1469 9796 503 1420 9465 558
35 3214 9203 548 326 9311 534
100 9890 9890 6.88 9910 9910 6.02
RTV 15 151 10110 876 149 9778 1181
4.8 511 10640 572 484 10090 1290
116 1080 9640 7.96 1110 9590 1230
64 6326 9884 822 6381 9970 1147
SQV 36 353 9809 514 334 9389 506
7.2 7.50 10413 342 672 9333 475
16.8 1847 10994 7.04 1687 10040 308
48 4640 9667 821 4725 9844 328
NNRTI
EFV 3 330 10940 1078 291 97 1223
15 1555 10370 599 1490 9927 958
35 3455 9870 724 3450 9862 598

100 9920 9920 674 9897 9897 694
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The LOD was the lowest concentration that the bioana- Table 3

lytical procedure can reliably differentiate from background Limits of detection and quantitation of APV, LPV, RTV, SQV and EFV in
human PBMCs

noise x3).
LOD LOQ Precision at LOQ
(ng/3x 1P cells)  (ng/3x 10°cells)  (CV%)
3. Results Pls
APV 092 200 269
) . LPV 049 200 1597
3.1. Chromatographic separation RTV 048 100 786
SQV 097 160 1495
Representative chromatograms of a blank sample and ayngr)
standard solution extracted from a PBMCs matrix were, re- EFv 031 200 1165

spectively, illustrated irFigs. 2 and 3Under the specified
chromatographic conditions, typical retention times of APV,
LPV,RTV, SQV, EFV and ISwere 3.55,6.17,5.17,1.52,8.30
and 6.66 min, respectively.

All peaks were symmetrical and well resolved.

dard curves for each antiretroviral were linear in the calibra-
tion ranges.

3.2.2. Precision and accuracy

The results of the precision and accuracy experiments
were given inTable 1 Intra- and inter-assay accuracy varied
. . from 91.93 to 109.94%, and from 93.11 to 104.10%, respec-
3.2.1. Linearity tively. Within-day precision varied from 3.42 to 10.78% and

The correlation coefficients?) of the calibration curves between-day from 3.08 to 12.90%. The results indicated that
were >0.997 for all antiretroviral agents except for SQV

(r2=0.984) as determined by least-squares analysis over auqen Chromatogram (s)
concentration range of 2—200 ng#3LC® cells for APV, LPV, MSD1 629, EIC=629:630 (ARO311\AR000014.D) APCI, Pos, SIM, Frag: 90

3.2. Performance characteristics

EFV, 1.6-128 ng/X 1P cells for RTV and SQV. The stan- g &
N
400 m &
Table 2 I
Recovery of the determination of APV, LPV, RTV, SQV and EFV in human 350 |
PBMCs 0| '
Concentration Nominal amount  Recovery (%)  Standard i i l
(ng/3x 1P cells) deviation (%) 201 I
PIs 250| |l /|
APV [ A e
Low 3 882 1184 2 4 6 8 10 12 14 min
Medium 15 8o 1343 MSD1 721, EIC=720.7:721.7 (AR031106\AR000014.D) APCI, Pos, SIM, Frag: 90
A
High 35 880 1407 ; 5
Very high 100 897 1231 260 ® @qﬁ
j g
LPV 240 | Il
Low 3 938 6.43 I
Medium 15 862 1177 220 (|
High 35 874 813 200 I
Very high 100 8 9.63 |
RTV 190 ‘
LOW. L5 922 1041 "2 47 e : aﬁ— 16 e 12 """%ﬁrfin
Medium 48 873 1034 MSD1 747, EIC=747:748. (AR031106\AR000014.D) APCI, Pos, SIM, Frag: 90
High 116 886 1289 700 2 2
Very high 64 8% 1025 5 S
SQV 600 e
Low 3.6 1369 1033 5001 |
Medium 72 1035 1495 |
High 168 1096 1143 400
Very high 48 984 1024 300 !
NNRTI . B
EFV 2004 S A S
Low 3 853 1149 T2 T A 6 8 10 1277 14min
Medium 15 927 9.28 ) ) )
High 35 878 1162 Fig. 4. Extracted ion chromatogram from a PBMCs sample of a patient
Very high 100 883 1092 under LPV and RTV. Concentrations of LPV and RTV were determined to

be 11 ng/3x 1P cells and 2.09 ng/x 1P cells, respectively.
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the method was accurate and precise in the calibration rangehe other antiretroviral agents analyzed over the concentra-

of each compound. tion ranges chosen. Analysis and comparison of Jurkat cells
and PBMC fraction demonstrated equivalence of the two ma-
3.2.3. Recovery trices for the assay. As PBMC matrix required an important

Multiple aliquots 6= 6) at each of four different concen- amount of blood (a minimum of 6 ml of blood was necessary)
trations (low, medium, high and very high concentrations) and as cell culture was more manageable, Jurkat cells were
were assayed. The recoveries were showfainle 2 Mean used as a matrix in the assay.
extraction recoveries were 88.50% for APV, 89.10% for LPV, Representative chromatogram of a patient sample was
89.40% for RTV, 116.65% for SQV and 88.60% for EFV. shown in Fig. 4 More than 500 patients samples have

Precision was within 15% for all analytes. been analyzed using this LC/MS methodology. Although
these patients have been treated with different comedi-
3.2.4. Limits of detection and quantitation cations (e.g. sulfamethoxazole/trimethoprime, pravastatin,

Results for the limits of detection and quantitation were gemfibrozil, tenofovir, lamivudine, abacauir, ), the absence
shown inTable 3 At a concentration of 2ng/8 10° cells of peak at the same retention time and with the samzeof
for APV, LPV and EFV, 1ng/3 1P cells for RTV and one of the antiretroviral drugs demonstrated the absence of
1.6 ng/3x 1P cells for SQV, the relative standard deviation interfering substances.
was less than 20%. Therefore, these concentrations were con- In this study, we reported concentrations as ngf3®
sidered to be the LOQ for each antiretroviral. cells because of similar units of measurement reported in the
literature when analyzing PBMCs sampld$,17] These
units underlined the importance to get an accurate cell count
4. Discussion and conclusion in the samples. Nevertheless in clinical practice express-
ing intra-cellular concentrations ipg/ml appeared to be
This study described the development and validation of a most convenient. As classical described, the concentrations
bioanalytical method for the determination of four Pls and a (ng/ml) were obtained by dividing the amount obtained from
NNRTI in PBMCs from HIV-infected patients. regression equation by the volume corresponding to cell
Monitoring intra-cellular drug concentrations may be use- count.
ful to ensure efficacious antiretroviral levels were achievedin ~ The concentration ranges reported in this study were
target cells, especially for non-responsive patients to HAART 2—-200 ng/3< 10° cells for APV, LPV, EFV, 1.6-128ng/3
despite effective plasma concentrations. Moreover, pharma-x 1P cells for RTV and SQV. The choice of these ranges
cokinetics of intra-cellular antiretroviral drugs could enhance was based on the intra-cellular concentrations achieved in the
knowledge of efficacy and toxicity. In this way, the deter- daily practice and they were considered adequate for thera-
mination of intra-cellular antiretroviral concentrations may peutic drug monitoringl,18] The LOQs were 2 ng/3 10°
improve the management of adult and paediatric patients in-cells for APV, LPV and EFV, 1ng/% 10° cells for RTV
fected with HIV. and 1.6 ng/3« 10° cells for SQV. According to these values
The initial approach was to develop an accurate assay(equal or less than the low quality control concentration),
in human HIV-1 target cells for simultaneous determination observed coefficient of variations were adequate and waited.
of several antiretroviral agents commonly used in HAART The method was applied to determine intra-cellular levels
(APV, LPV, RTV, SQV, EFV), while maintaining suitable  of lopinavir (Pl coformulated with ritonavir) and of efavirenz
sensitivity and selectivity. The small working PBMCs vol- (NNRTI) in HIV-1-infected, antiretroviral-experienced pa-
ume used for the quantification of intra-cellular Pls required tients. A total of 112 blood samples were drawn for intra-
a high sensitive and specific assay such as LC/MS, which of- cellular dosages at the pharmacokinetic steady state: 32 pa-
fered major benefits over UV detection and seemed adaptedients received lopinavir/ritonavir (400/100 mg twice a day)
to this kind of samples. and 80 patients were under efavirenz (600 mg once a day).
PBMCs isolation and collection were achieved with Blood samples were drawn prior to drug administration (an-
Vacutaine? CPT™ tubes. This system was considered to be tiretroviral residual concentratioBmin). The medianCmin
easier, less time-consuming, and with almost identical cellu- [25th; 75th] were calculated, respectively, for lopinavir and
lar recovery than classical Ficoll treatméhd]. efavirenz: 2.9ug/ml (1.65; 5.83) and 7.72g/ml (4.00;
Separation of all antiretroviral agents was simultane- 12.33).
ously achieved under isocratic conditions in a short runtime  As a conclusion, a simple, accurate and specific method
(15 min). Moreover, through validation, the LC/MS method for simultaneous quantification of APV, LPV, RTV, SQV and
described in this study proved to be accurate and precise forEFV has been developed and validated. To date, this was the
the quantitative determination of APV, LPV, RTV, SQV and first time that simultaneous intra-cellular quantitation have
EFV in human PBMCs; precision was always¥5% CV been obtained for APV, LPV, RTV, SQV and EFV, providing
and accuracy was between 80 and 120% in accordance wittthe opportunity to understand better the in vivo intra-cellular
published recommendatiof$5]. The standard curves ex- pharmacokinetic of Pls and NNRTI. This could be useful
hibited good linearity 2 >0.98 for SQV and?>0.99 for for pharmacokinetic studies and therapeutic drug monitoring,



216

which improves the clinical management of HIV-infected pa-
tients.
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