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1. Introduction

For pharmacokinetic monitoring, measurement of antiretroviral agents in plasma is the gold standard.
However, human immunodeficiency virus protease inhibitors (PIs) or non-nucleoside reverse transcrip-
tase inhibitors (NNRTIs) exert their action within the infected cell. Cell-associated concentrations may
therefore more adequately reflect therapy outcome. Therefore, for the quantification of nine PIs (ampre-
navir, atazanavir, darunavir, indinavir, lopinavir, nelfinavir, ritonavir, saquinavir and tipranavir), 1 active
PI metabolite (nelfinavir M8) and 2 NNRTIs (efavirenz and nevirapine) in lysate of peripheral blood
mononuclear cells (PBMCs) an assay was developed and validated, using liquid chromatography coupled
with tandem mass spectrometry. Analytes were extracted from a PBMC pellet by means of a one-step
extraction with 50% methanol containing the internal standards D6-indinavir, D5-saquinavir, 13C6-
efavirenz and dibenzepine. Chromatographic separation was performed on a reversed phase C18 column
(150 mm x 2.0 mm, particle size 5 pm) with a quick stepwise gradient using an acetate buffer (pH 5) and
methanol, at a flow rate of 0.25 mL/min. The analytical run time was 10 min. The triple quadrupole mass
spectrometer was operated in the positive ion-mode and multiple reaction monitoring was used for drug
quantification. The method was validated over a range of 1-500 ng/mL in PBMC lysate for all analytes.
The method was proven to be specific, accurate, precise and robust. The mean precision and accuracy was
less than +12% at all concentration levels. Using the developed assay and a previously developed assay
for these analytes in plasma, the relationship between plasma and intracellular pharmacokinetics and
their relationship with therapy outcome can now be determined.

© 2009 Elsevier B.V. All rights reserved.

vary from person to person and from drug to drug. Hence, measure-
ment of cell-associated concentrations of PIs and NNRTIs may more

For therapeutic drug monitoring (TDM) and pharmacokinetic
studies, antiretroviral drug concentrations are usually measured
in plasma. The site of action of human immunodeficiency virus
(HIV) protease inhibitors (PIs) and non-nucleoside reverse tran-
scriptase inhibitors (NNRTIs), however, is not in plasma, but within
the infected cell where the viral protease and reverse transcrip-
tase catalyze virus replication. Previously, in vitro experiments have
shown that cell-associated concentrations of Pls can be influenced
by efflux transporter modulation and that genotypic resistance may
arise when cellular accumulation of PIs is hampered [1-3]. Further-
more, the intracellular accumulation of PIs and NNRTIs most likely
is a result of passive transport, active uptake and efflux from cells.
The cellular accumulation of antiretroviral drugs may therefore
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adequately reflect treatment effectiveness than measurements of
plasma concentrations.

Previously, only a few methods have been developed for the
quantification of PIs and NNRTIs in peripheral blood mononuclear
cell (PBMC) lysate using liquid chromatography coupled with tan-
dem mass spectrometry (LC-MS/MS) [4]. Jemal et al. developed
a sensitive method for the quantification of atazanavir, but were
using a labour-intensive solid phase extraction [5]. Colombo et al.
developed a method for the simultaneous quantification of nine
antiretroviral drugs using a one-step extraction from PBMCs, while
using two ionization methods and a 20 min chromatographic re-
equilibration step [6].

We have previously developed a fast assay for the simultaneous
determination of Pls and NNRTIs in plasma and dried blood spots,
using LC-MS/MS with a total runtime of 10 min using only positive
ionization [7,8]. We have adapted this method for the determination
of PIs and NNRTIs in PBMC lysate and we are the first to report
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Table 1
Monitored transitions, retention times, selected internal standards of all analytes.

Compound Mass transition Retention Selected internal
(m/z) time (min) standard
Amprenavir 506 — 245 44 D6-indinavir
Atazanavir 705 — 168 54 D5-saquinavir
Darunavir 548 — 392 4.2 D5-saquinavir
Efavirenz 316 — 244 53 13C6-efavirenz
Indinavir 614 — 421 5.0 D6-indinavir
Lopinavir 629 — 447 6.0 D5-saquinavir
Nelfinavir 568 — 330 6.1 D5-saquinavir
M8 584 — 330 5.4
Nevirapine 267 — 226 4.1 Dibenzepine
Ritonavir 721 — 296 5.2 D5-saquinavir
Saquinavir 671 — 570 5.5 D5-saquinavir
Tipranavir 603 — 411 5.9 D5-saquinavir

a validated method for the determination of tipranavir, the active
nelfinavir metabolite M8 and darunavir in this matrix.

2. Experimental

All chemicals, reagents and equipment were as described pre-
viously [7,8]. All monitored mass transitions and the used internal
standards are shown in Table 1 for completeness.

2.1. Preparations

The cell extraction solution was prepared by adding 17.5 p.L of
the D5-saquinavir and D6-indinavir stock solutions (0.4 mg/mL),
10 p.Lof the dibenzepine stock solution (1.5 mg/mL)and 65 p.Lof the
13C6-efavirenz stock solution (1 mg/mL) to 500 mL of 50% methanol
in water (v/v).

Calibration standards and validation samples for the determina-
tion of all analytes in cell lysate were prepared in the cell extraction
solution in a concentration range of 1-500 ng/mL.

Drug-free PBMCs were isolated from buffy coat as described
before [9]. In summary, PBMCs from buffy coat were isolated using
ficoll separation. After isolation the cells were washed twice with
10 mL of ice-cold PBS, after the last washing, the number of cells was
counted and aliquots of 5 x 106 cells were centrifuged in eppendorf
reaction vials for 10 min at 650 x g. The supernatant was aspirated
and the cells were stored at —20°C.

Clinical PBMC samples were obtained using BD vacutainer®
CPT™ tubes, a single tube system for the collection of whole blood
and the separation of mononuclear cells. Within 2h of drawal,
the tubes were centrifuged for 30 min at room temperature at
1500 x g. Thereafter, the cells were resuspended in plasma, trans-
ferred to a 15 mL volumetric tube and centrifuged for 10 min at 4°C
at 600 x g. The plasma was then aspirated off and the cell pellet
was washed and centrifuged in ice-cold PBS, to prevent efflux of
drugs from the cells [10], twice at 4°C at 600 x g before storage
at —20°C. Before the last washing step, the number of cells was
counted.

2.2. Sample pre-treatment

For quantification, blank PBMC pellets were thawed and resus-
pended in 200 L of the calibration standards or quality controls
in the cell extraction solution. Clinical PBMC pellets were resus-
pended with 200 L of the cell extraction solution only containing
the internal standards. The resuspended pellets were subsequently
sonicated for 10min, centrifuged at 23,100 xg and 180 uL of
the supernatant was transferred to an autosampler vial with
insert.

2.3. Analytical methods validation

2.3.1. Linearity

Calibration standards were prepared in duplicate for each
run and analysed in three independent runs. Calibration curves
(area ratio with the internal standard versus nominal concen-
tration) were fitted by least-squares linear regression using
1/concentration? as weighting factor. Deviations of the mean cal-
culated concentrations over three runs should be within 85-115%
of nominal concentrations for the non-zero calibration standards.
At the lower limit of quantitation (LLQ) level a deviation of 20% was
permitted.

2.3.2. Drug quantification accuracy and precision

Accuracy, intra- and inter-assay precision of the method were
determined by assaying five replicates of each of the validation sam-
ples at the LLQ, low, mid and high concentration range in three
separate runs. Accuracy was measured as the percentage of the
concentration found as calculated with the calibration standards.
The precision (relative standard deviation) should not exceed 15%,
except for the LLQ, where 20% deviation was allowed.

2.3.3. Cell count precision

Intracellular concentrations were calculated using a previously
determined volume of 0.4 pL for each PBMC [10]. As the number of
cells is therefore in the denominator of the concentration fraction,
the cell count should be accurate and precise. A cell suspension
containing approximately 20 x 106 cells/mL PBS was prepared and
stored at4°C. Attime O, 2 and 5 h a cell count was performed in six-
fold. Precision was considered to be acceptable when it was found
to be less than 5%, expressed as relative standard deviation. Relative
accuracy (compared to the cell count at time 0 h) should not change
more than +5% over time.

2.3.4. Matrix effect

The number of cells in clinical PBMC samples vary from sample
to sample due to natural variation in the amount of systemic circu-
lating PBMCs. We therefore investigated the matrix effect of PBMC
extract on analytical results in triplicate at three concentration lev-
els in three different amounts of cells. Cell pellets containing either
3 x 106, 15 x 10% or 30 x 106 cells were prepared, a range covering
the number of cells that can be recovered from a clinical sample.
When at all concentration levels in every cell pellet the amount of
recovered analyte was within 85-115% of nominal concentrations,
the number of cells in the pellets was supposed not to influence the
analytical results in the determined range.

2.3.5. Selectivity, specificity and carry-over

To ensure selectivity and specificity of the developed assay, six
different blank batches of PBMCs, as well as six different blank
PBMC batches spiked at the LLQ level were tested. Areas of peaks
co-eluting with the analytes should not exceed 20% of the area at
the LLQ level. The deviation of the nominal concentration for the
LLQ samples should be within +£20%. Carry-over was assessed by
the analysis of a blank sample after the analysis of a sample at the
upper limit of quantitation (500 ng/mL).

Ion-suppression was assessed using a previously described
post-column infusion experiment [7]. During post-column infu-
sion of the analytes (at a concentration of 275 ng/mL) and internal
standards at a concentration of 150 ng/mL of D5-saquinavir, D6-
indinavir, 250 ng/mL dibenzepine and 1500 ng/mL 13C6-efavirenz,
either a blank PBMC extract or eluent was injected into the col-
umn. In the elution window of the analyte no difference in signal
should be observed between the chromatograms of the blank PBMC
extractinjection and the eluent injection, indicating no interference
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Fig. 1. Chromatograms of all analytes at the LLQ level and their respective blanks.
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Fig. 1. (Continued ).

of endogenous compounds from the PBMC lysate on the quantifi-
cation.

2.3.6. Stability and re-injection reproducibility

Stability of the final extract and re-injection reproducibility were
investigated at three concentration levels in five-fold after stor-
age at 4°C for 4 days. Stability was assured when 85-115% of the
nominal concentration was found in the stored stability samples
when compared with a freshly prepared calibration curve. The re-
injection was considered to be reproducible when 85-115% of the
nominal concentration was recovered.

3. Results and discussion

Previously, we have determined lopinavir in clinical PBMC
samples by lysing the cell pellet with chloroform, subsequent evap-
oration of the chloroform and dilution of the lysate in 100 L of
human plasma. The sample pre-treatment then consisted of protein
precipitation and subsequent dilution of the supernatant, result-
ing in a six-fold dilution of the sample. For quantification, 10 L
of the plasma extract was then injected into the column [11]. We
have increased the sensitivity of the method almost a ten-fold by
performing a direct extraction of the cell pellets using 200 L of
extraction solution and by increasing the injection volume to 30 L.
However, using the new sample pre-treatment and the increased
injection volume we observed a gradual increase in pressure on the
chromatographic system. This was traced back to clogging of the
pre-column, probably because of precipitation of proteins left in the
PBMC-lysate, due to a sudden increase in the amount of modifier
in the eluent after injection. This phenomenon was not previously
observed during analysis of plasma or dried blood spot extracts and

the clogging could not be removed by rinsing the pre-column with
methanol or tetrahydrofuran. This finding stresses the importance
to use a pre-column and to replace it when necessary. Our upper
chromatographic pressure limit was 250 bar and we replaced the
pre-column approximately every 100 injections.

3.1. Chromatograms

Chromatograms of all analytes at the LLQ level and their
respective blanks are depicted in Fig. 1. As observed, the used chro-
matographic setup allows simultaneous determination of a wide
range of different analytes and all analytes show sufficient response
at a concentration of 1ng/mL in PBMC lysate (of 5 x 106 cells per
200 pL) for quantification.

3.2. Validation results

3.2.1. Linearity
The assay was linear over the tested concentration range of
1-500 ng/mL for all analytes.

3.2.2. Accuracy and precision

Assay performance data for all analytes are summarised in
Table 2. Intra- and inter-assay accuracies are defined in terms of
deviation from nominal concentration with a precision in terms of
relative standard deviation, all determined at four concentration
levels. The intra-assay accuracy was within all predefined limits
at all concentration levels in all matrices. As observed, the mean
precision and accuracy was less than +12% at all concentration
levels.
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Calculated lopinavir concentration in lysate: 22.4 ng/mL
Calculated intracellular lopinavir concentration: 3640 ng/mL
Number of PBMCs in cell pellet: 3.08'10°

Calculated ritonavir concentration in lysate: 8.3 ng/mL
Calculated intracellular ritonavir concentration: 1380 ng/mL
Number of PBMCs in cell pellet: 3.01:10°

Calculated atazanavir concentration in lysate: 10.5 ng/mL
Calculated intracellular atazanavir concentration: 1750 ng/mL
Number of PBMCs in cell pellet: 3.00:10°

Calculated nevirapine concentration in lysate: 1.23 ng/mL
Calculated intracellular nevirapine concentration: 200 ng/mL
Number of PBMCs in cell pellet: 3.08'10°

Calculated efavirenz concentration in lysate: 10.5 ng/mL
Calculated intracellular efavirenz concentration: 1760 ng/mL
Number of PBMCs in cell pellet: 2.98'10°

Fig. 2. Chromatograms of clinical samples. (Panel 1) Calculated lopinavir concentration in lysate: 22.4 ng/mL. Calculated intracellular lopinavir concentration: 3640 ng/mL.
Number of PBMCs in cell pellet: 3.08 x 10°. (Panel 2) Calculated ritonavir concentration in lysate: 8.3 ng/mL. Calculated intracellular ritonavir concentration: 1380 ng/mL.
Number of PBMCs in cell pellet: 3.01 x 10°. (Panel 3) Calculated atazanavir concentration in lysate: 10.5 ng/mL. Calculated intracellular atazanavir concentration: 1750 ng/mL.
Number of PBMCs in cell pellet: 3.00 x 106. (Panel 4) Calculated nevirapine concentration in lysate: 1.23 ng/mL. Calculated intracellular nevirapine concentration: 200 ng/mL.
Number of PBMCs in cell pellet: 3.08 x 106. (Panel 5) Calculated efavirenz concentration in lysate: 10.5 ng/mL. Calculated intracellular efavirenz concentration: 1760 ng/mL.

Number of PBMCs in cell pellet: 2.98 x 10,

3.2.3. Cell count precision

The cell count precision was always less than 3% and the number
of cells did not change more than 1% within a 5h time interval.
Therefore, an accurate cell count could be performed up to 5 h after
isolation of PBMCs.

3.2.4. Matrix effect
All recovered concentrations were within 85-115% of nominal
concentrations. Therefore, in the range of 3 x 106-30 x 106 cells, all

clinical samples, calibration standards and quality control samples
can be treated with an equal amount of cell extraction solution.

3.2.5. Selectivity, specificity, carry-over and ion-suppression

No interfering peaks co-eluting with the analytes were observed
in the six different batches of blank PBMCs, neither did the recov-
ered concentrations of the samples spiked at the LLQ level in the
different batches of PBMCs exceed the 80-120% accuracy limits. The
carry over was less than 20% for all analytes.
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Table 2
Assay performance (n=>5 in three separate runs).

Nominal concentration Accuracy (%) Mean intra-assay Inter-assay
(ng/mL) precision (%) precision (%)
Amprenavir
1 -7.3 6.6 11.3
3 -11.1 5.8 8.0
275 -7.2 23 4.8
400 -2.5 34 39
Atazanavir
1 -8.2 4.3 5.5
3 -6.9 6.9 7.9
275 -7.8 29 3.7
400 -5.5 3.0 4.4
Darunavir
1 -8.2 9.4 10.1
3 -34 4.7 34
275 -1.2 3.0 24
400 -0.9 3.7 25
Efavirenz
1 -8.0 9.9 94
3 —-10.1 7.1 7.7
275 -8.6 2.7 3.0
400 -10.6 3.0 39
Indinavir
1 -1.5 4.1 4.9
3 -3.2 34 32
275 -1.7 1.9 1.8
400 -1.1 2.0 23
Lopinavir
1 -4.8 5.1 7.2
3 -0.9 6.7 9.5
275 -04 3.6 3.8
400 -0.1 1.5 4.7
Nelfinavir
1 -33 5.1 5.8
3 2.0 5.1 7.2
275 -1.3 23 3.1
400 -1.7 24 34
Nelfinavir M8
1 43 7.6 12
3 7.5 6.3 6.3
275 2.1 33 5.4
400 -1.0 25 4.0
Nevirapine
1 -6.0 9.4 9.6
3 -6.9 2.8 4.2
275 -5.5 2.0 3.0
400 -85 1.5 5.2
Ritonavir
1 -33 6.9 9.2
3 -3.7 4.9 5.7
275 -5.9 2.6 2.8
400 -24 25 43
Saquinavir
1 1.9 4.5 4.7
3 -1.6 2.1 2.8
275 -0.4 22 2.1
400 -0.1 1.8 23
Tipranavir
1 -6.3 6.9 11.0
3 —-4.1 11.2 12.3
275 -3.2 6.5 6.9
400 1.8 33 4.9

Ion-suppression or ion enhancement was typically observed
2-3min after injection, but never at the time of elution of
the analyte or internal standard. Therefore, ion-suppression or
enhancement was not supposed to influence the analysis.

3.2.6. Stability and re-injection reproducibility
Re-injection reproducibility and stability of the final was assured
for 4 days, when samples were stored at 4°C.

3.3. Chromatograms of clinical samples

Fig. 2 shows chromatograms, the measured concentration in
the lysate and the calculated cell-associated concentration of
clinical samples of aliquots of approximately 3 x 106 PBMCs con-
taining lopinavir, ritonavir, atazanavir, nevirapine and efavirenz,
showing the applicability of the method and the adequacy of
the chosen calibration range for these analytes. Clinical samples
containing other analytes were not available at the time of valida-
tion.

4. Conclusion

We have successfully validated a quantitative assay for the
determination of PIs and NNRTIs in PBMC lysate, showing the
applicability of the same LC-MS/MS method across three matri-
ces (plasma, dried blood spots and PBMC lysate). Using a rapid
extraction procedure and a runtime of only 10 min, a total of 11
antiretroviral agents and one active metabolite could be quanti-
fied from PBMC lysate. Previously, some work has been performed
establishing the relationship between plasma and intracellular
concentrations for several antiretroviral drugs [11-15]. Using our
method, the relationship between plasma and cellular phar-
macokinetics for all other PIs and NNRTIs drugs can now be
established.
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