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Abstract

We describe a simple and sensitive method to determine stavudine triphosphate, the active intracellular anabolite of stavudine (D4T).
Quantification of D4T triphosphate was performed with a combined cartridge-radioimmunoassay (cartridge-RIA) which enabled us to
measure concentrations of DAT triphosphate as low as 0.5 ng/ml, or an intracellular concentration which corresponds to26tisaf/10
diluted like our previously published zidovudine (ZDV) assay. The only alternate methodology at present employs liquid chromatography
mass spectroscopy (LC-MS/MS). The use of the cartridge-RIA methodology provides a cost-effective alternative for the determination of
in vivo cellular pharmacokinetics studies of DAT in human immunodeficiency virus (HIV)-infected persons.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction lular concentrations of NRTI triphosphates are more likely to
be clinically relevant than plasma drug concentrations. Stud-

The progress in the field of anti-viral treatment has been ies with zidovudine (ZDV), have shown that the intracellular
considerable. Clinical studies have shown that combination ZDV triphosphate (ZDV-TP) concentrations correlate with
therapies with two or more drugs are effective treatment changes in anti-viral activity and immunologic changes of
of human immunodeficiency virus (HIV)-infected subjects therapy, while no such relationship with plasma drug con-
(Gulick et al., 1997; Groschel et al., 2000; Merrill et al., centration are observedlétcher et al., 1998 Decrease in
1996; Pollard, 1996 Nucleoside reverse transcriptase inhi- nucleoside analog phosphorylating activity in HIV-infected
bitors (NRTI) are mainstays of current anti-viral therapies subjects with advanced disease and low CD4 cells has also
for the treatment of HIV infection Merrill et al., 1996; been reported Jacobsson et al., 1995Measurement of
Pollard, 1998. Nucleoside analogs require intracellular acti- triphosphate levels and its correlation with the viral load
vation to their triphosphate derivatives, the active inhibitors may allow for more effective drug therapies in HIV-infected
of HIV reverse transcriptasé\fluwalia et al., 1995 patients Groschel et al., 2000; Fletcher et al., 1998

A quantitative correlation between plasma drug concen- Stavudine (D4T), a structural analog of thymidine,
tration and anti-HIV activity has not been defined for these has become widely used as part of combination regi-
drugs, making dose adjustment based on fixed plasma levelanens in both pediatric and adult HIV-infected subjects
ambiguous. Studiesrdschel et al., 2000; Fletcher et al., (Ahluwalia et al., 1996; Cretton et al., 1993; Hitchcock,
1998; Hoggard et al., 20Q0have suggested that the intracel- 1991; Kaul et al., 1995; Kline et al., 1995; Rana and

Dudley, 1997. In this study, we describe a new sensi-

T g h tive cartridge-radioimmunoassay (cartridge-RIA) for DAT

E_mog;lezggpes'ggfﬁgfasg@g"ea d.com (A. Fridland). that allows for rapid and relatively easy quantitation of

1 present address: Gilead Sciences, 344 Lakeside Drive, Foster City, D4T-triphosphate (D4T-TP) in peripheral blood mononu-
CA 94404, USA. clear cells (PBMCs).
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2. Materials and methods 10 ml each of acetonitrile and water. The dephosphorylated
triphosphate fractions were loaded onto the C-18 cartridges
2.1. Materials and washed with 10 ml of Millipore water to remove the salt

from QMA cartridge elution. Bound D4T was eluted from
[3H]D4T was obtained from Moravek Biochemical Brea, the C-18 cartridges with 5ml of acetonitrile. The samples
CA. RPMI-1640, non-essential amino acids and fetal calf were then evaporated to dryness in a Savant Speed Vac and
serum were obtained from BioWhittaker Baltimore, MD. dissolved with 0.2 ml of phosphate buffer (50 mM, pH 7.2).
Interleukin 2 was purchased from Boehringer Mannheim
Indianapolis, IN and lymphocyte separation media (LSM) 2.4. Acetylation procedure
was obtained from Organon Teknika Corp. Durham, NC.
Waters QMA and C-18 Sep Pak cartridges (360 mg) were  After elution from the cartridge, the resultant dephospho-
purchased from the Waters division of Millipore Milford, rylated DAT and standards, were acetylated using method
MA. The reagents for DAT determination by RIA, Goat similar to that describedDelaage et al., 1978; Harper and
anti-rabbit precipitating complex, acetic anhydride and acid Brooker, 1975; Sato et al., 1982vith the following mod-
phosphatase type XA were purchased from Sigma, St. Louis,ifications. The samples (2Q0) were acetylated by adding
MO. The radioactive JH] labeled DAT derivative was ob-  5pl of 9N potassium hydroxide (KOH), vortexing, adding
tained from Moravek Biochemical Brea, CA and the pri- 5pul acetic anhydride, vortexing 15s, adding an additional
mary antibody was obtained from Jacques Grassi. Other5pl of acetic anhydride, vortexing and finally neutralizing
fine chemicals were purchased from Sigma, St. Louis, MO, with 15ul of 9N KOH. Acetylated samples were evaporated
Fisher Scientific Fair Lawn, NJ, or Calbiochem, LaJolla, CA. to dryness using a Savant Speed Vac and dissolved with
water to final volumes of 200l for sample and reference
2.2. Preparation of stimulated PBMC cell extracts tubes, or 30Q.l for non-specific binding tubes (no primary
antibody will be added so 104 of water is substituted).
PBMC used for the analysis of intracellular concentration
of D4T-TP were isolated and stimulated with phytohemag- 2.5. Radioimmunoassay procedure
glutinin (PHA) and IL-2 as describedAunch-Petersen and
Tyrsted, 197). The activated PBMC (20 million) were The radioimmunoassay (RIA) was performed in dupli-
incubated for 16 h with 5, 20 or 50M DAT. These concen-  cate in borosilicate glass tubes. One hundred microliter of
trations were used to simulate peak plasma concentrationsanti-D4T antibody were added to 2f0volumes of cellu-
in human subjects which can range from 5 top2® de- lar DAT unknowns or standard curve from the previous step
pending on the dosage of D4T administerBddley, 1995. (but not in the non-specific binding tubes). The tubes were
After incubation the cells were harvested by centrifugation mixed and incubated for 95 min at room temperature. One
at 400x g for 10 min. The cell pellets were re-suspended hundred microliter of radioactive DAT substrate (Moravek),
in 1 ml of residual medium, separated by centrifugation were added to each tube and incubated for 45 min. After in-
through Nyosil oil (30s at 14008 g) and extracted with ~ cubation, 50Gul of goat anti-rabbit immunoglobulin G im-
70% methanol-15mM Tris—HCI buffer on ice. The debris munoprecipitating complex were added to all tubes except
was removed by centrifugation, and the samples were storedto the total count tubes (TC), mixed gently, and incubated

at —20°C until use. for 30 min. The samples were centrifuged at 200@ for
30min at #C, the supernatants discarded and the tubes
2.3. Cartridge separation of DAT-TP inverted on absorbent paper for at least 5min. Six hundred

microliters of hydrochloric acid (0.1N) were added to each

DAT metabolites were separated with QMA anion- tube, except the total count tubes where only RDWere
exchange cartridges (Waters Co., Milford Mass.). The QMA added to the 100l of label already present. Aliquots of
cartridges were preconditioned with 10ml each of 1M 500pl of each sample were transferred to scintillation vials
potassium chloride (KCI), and 5mM KCI. Samples from and 9ml of scintillation cocktail were added to each tube
20 million cells were diluted to 1 ml with 50 MM HEPES, and samples counted on a beta counter for 2 min.
pH 7.0 and loaded onto the cartridges. The cartridges were
washed with 5.4ml of 5mM KCI followed by 15ml of
74.5mM KCI. The bound DAT-TP was eluted with 3.4ml 3. Results
of 1M KCI. The triphosphate fractions were acidified to
pH 4.5 with 50wl per ml of 1 M sodium acetate buffer. The 3.1. D4T-TP assay development
phosphate groups were removed by incubation atC37
for 30 min with 1 U of acid phosphatase per ml (Type XA, A comparison of the standard curves of the acetylated
Sigma, St. Louis, MO). The samples were then desaltedand unmodified D4T-RIA is shown ifrig. 1L As shown
using Waters Sep Pak C-18 cartridges. The C-18 cartridgesby the data, acetylation of DAT led to a 10-fold increase
(Waters Co., Milford Mass.) were preconditioned with in sensitivity of the RIA, as indicated by a shift to the left
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Fig. 1. Effect of acetylation on the sensitivity of the D4AT RIA. Standard Fraction Number
curves were run with ranges from 5 to 500 ng/ml with the normal RIA
(A) and 0.25 to 100 ng/ml with the acetylated assay (B). Fig. 2. The elution profile of D4T-TP, DAT-MP and DA4T as separated

using QMA cartridges.

of the DAT standard curve. Acetylation of the sample also
decreased the limit of quantitation (LOQ) to 0.5ng/ml as  Separation of the phosphorylated D4T anabolites was
defined by having %error and %CV values of 25% or less achieved using ion-exchange cartridges procedure described
(Shah et al., 2000 previously for zidovudine (ZDV) and lamivudine (3TC;
Table 1summarizes the variation and error of the standard Robbins et al., 1996, 19%8Fig. 2 shows a typical elu-
curves over six assays with standards ranging from 0.25 totion profile for D4T, DAT-MP and D4T-TP spiked PBMC
100 ng/ml. The assay proved to be reliable with coefficient extracts, recovery of these anabolites was usually >95%.
of variations from 7 to 25%. Table 2shows both the intra-day and inter-day variation of
The specificity of the DAT antibody was determined using the assay. The intra-day %CV over the four concentrations
a wide range of concentrations (100-10,000 ng/ml) of vari- tested ranged from 6 to 37 and is reduced from 4 to 22 if
ous anti-viral compounds including zidovudine, didanosine, outliers are excluded by the method of Dixon. The overall
zalcitabine, lamivudine and the natural nucleoside, thymi- inter-assay (day-to-day) variability is reflected by the %CV
dine. There was less than 0.05% cross-reactivity with all of all the data at each concentration. This varied from 13 to
compounds except zidovudine that had a cross-reactivity of 28% which is reduced to 10 to 17% if outliers are excluded
0.25%. Moreover, other experiments indicated that sample by the method of Dixon. If one examines the means exclu-
acetylation did not significantly increase the cross-reactivity sively, the variability was 5 to 15% as indicatedTiable 2
with other nucleotides (i.e. TTP).
3.2. Quantification of D4T-TP in PBMC extracts from

Table 1 volunteers
Standard curve statistics for the D4T assay
DAT concentration Mean calculated %Error S.D. %CV The number of PBMCs recovered from blood of patients
(ng/ml) (ng/ml) (A (mean)) varies considerably between different patients and differed
0.25 0.23 _7 0.058 25 between time samples. As shown by the result$ahle 3
0.5 0.52 4 011 21 with the current assay we were able to measure DAT-TP
1.0 1.05 5 0.16 15 concentrations in PBMC exposed to three different DAT
25 2.39 —4 026 11 concentrations ranging from 5 to 5 with only 10 mil-
13‘0 13:22 i 8‘23 12 lion cells. The variability in the recovery of D4T-TP over
o5 25 39 5 242 10 this concentration range was estimated at 2.4-11.6.
50 49.51 -1 349 7 Pharmacokinetic models frequently deal with extracel-
100 99.46 -1 1361 14 lular compartments therefore plasma determination of the

Standard curve statistics were determined from all data points taken from Parent drug Concentraﬂon_ '5 of interestIo(rton et al,
six experiments performed over 6 days in replicates of three samples. 1995. Moreover, the sensitivity of this RIA allows the
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Table 2
Variability of the D4T-TP assay
Day 0.50 5.0 10.0 50.0

All data Dixon All data Dixon All data Dixon All data Dixon
1 0.54+ 0.20 0.60+ 0.12 4.32+ 0.64 4.32+ 0.64 9.07+ 1.37 8.61+ 0.86 44.97+ 7.01 47.74+ 1.99
%CV 37 20 15 15 15 10 16 4
2 0.50+ 0.12 0.56+ 0.03 3.97+ 0.85 3.97+0.85 8.86+ 0.10 9.23+ 0.47 40.39+ 6.1 40.39+ 6.1
%CV 24 5 21 21 11 5 15 15
3 045+ 0.14 0.46+ 0.03 3.84+ 035 3.84+0.35 7.48+0.64 7.71+ 0.32 38.68+ 3.53 38.68+ 3.53
%CV 24 6 9 9 9 4 9 9
4 0.38+ 0.07 0.38+ 0.07 4.00+ 0.39 4.00+ 0.39 9.02+ 1.24 949+ 055 41.71+ 3.47 43.01+ 1.56
%CV 18 18 10 10 14 6 8 4
5 0.60+ 0.10 0.60+ 0.10 3.98+ 0.30 3.98+ 0.30 7.89+ 0.73  7.89+ 0.73 36.85+ 2.99 36.85+ 2.99
%CV 17 17 8 8 9 9 8 8
6 0.51+ 0.11 0.51+ 0.11 4.29+ 054 4.29+ 054 8.08+ 0.51 8.08+ 0.51 38.02+ 3.03 38.02+ 3.03
%CV 22 22 13 13 6 6 8 8
Mean+ S.D. all data  0.50t 0.14  0.52+ 0.12 4.07+ 0.54 4.07+ 0.54 8.40+ 1.09 8.47+ 0.87 40.10+ 5.08 40.51+ 4.91
%CV 28 23 13 13 13 10 13 12
Stats of means 0.58& 0.08 0.52+ 0.09 4.07+ 0.19 4.07+ 0.19 8.40+ 0.67 8.50+ 0.73 40.10+ 2.94 40.78+ 4.02
%CV 15 17 5 5 8 9 7 10
Table 3 of the DAT-RIA about 10-fold. Sensitivity of the RIA is

Concentration of DAT-TP
cartridge-RIA

in stimulated PBMC determined by

DAT-TP pmol/16 Range pmol/19 %CV

5uM 1.10 0.03 11.6
20uM 2.85 0.07 2.4
50uM 4.25 0.20 8.7

Stimulated PBMC were incubated for 16 h with the indicated concentration
of D4T. The cells were extracted and D4T-TP concentration determined
by cartridge-RIA. Data are the means of two experiments run with 10 or
20 million cells.

Table 4

Recovery of DAT in plasma

Plasma spike [Target] Mean Range %Difference
with 200 ng/ml ng/ml (ng/ml) (ng/ml) from target
1:50 4.0 4.52 0.84 13

1:100 2.0 1.98 0.08 -1

Duplicate plasma samples were spiked with 200 ng/ml of DAT diluted
1:50 or 1:100 and the concentration of DAT determined by RIA.

measurement of very low concentrations of D4T in plasma

(Table 9, permitting the use of a small volume of plasma
as might be obtained from pediatric samples.

4, Discussion

increased because acetylation of DAT results in a product
structurally more similar to the BSA“hemisuccinate-D4T
immunogen than the unmodified D4T thus allowing a more
effective interactionKerrua et al., 1994; Zhou et al., 1996
This acetylation procedure can be applied to any RIA where
the primary antibodies use thé&uccinyl nucleoside spacer

in the production of the immunogeK4ul et al., 199§

The LOQ of the RIA with acetylation was estimated to
be 0.5 ng/ml Table 1 which corresponds to an intracellular
concentration of 20 fmol/f0cells Robbins et al., 1996
Current LC—MS/MS procedures show LOQ values of 70 and
100fmol/1® cells, respectively Becher et al., 2002and
(Rodriguez et al., 20Q0This RIA was developed as viable
cost-effective alternative to the use of LC-MS/MS spectrom-
eters with comparable sensitivity. Additionally, the increased
sensitivity achieved with the cartridge-RIA assay can be ap-
plied to measure plasma DAT in very small volumes. Crude
plasma samples were filtered through a micro-concentrator
device to eliminate most of the protein. In addition this de-
vice could minimize HIV contamination since heat inactiva-
tion of the sample (1 h, 58C) breaks down D4T-TP samples
(Rana and Dudley, 199and is therefore inappropriate for
use in the analysis. The resulting filtrate (30Pis diluted
1:50 to 1:100 with sample buffer before analysis, which
reduces matrix effects and the amount of plasma required.

In summary, an analytical method combining anion ex-
change and RIA was developed for the quantitation of

As described previously, phosphorylated metabolites canintracellular DAT-TP in human PBMCs. Although this
be rapidly separated using an ion-exchange cartridge, in-validation was performed primarily for the triphosphate,

stead of HPLC. This cartridge-RIA was developed for the
quantification of intracellular DAT-TP. Acetylation of sam-
ples containing D4T prior to the RIA increase the sensitivity

this technique may be applied to measure D4T mono- and
diphosphates, since the anion cartridge method resolves
the mono-, di- and triphosphate analytes. Analysis of the
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different anabolites in HIV-infected patient PBMCs should
lead to a better understanding of the kinetics of drug activa-
tion in patients and establish potential clinical determinants
of therapeutic activity of anti-viral NRTIRalzarini, 2000.
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