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Abstract
Background—Pregnancy may alter protein binding (PB) of highly bound protease inhibitors due
to changes in plasma concentrations of albumin and α-1 acid glycoprotein (AAG). Small changes
in PB can greatly impact the fraction of drug unbound (FU) exerting pharmacological effect. We
report lopinavir (LPV) PB during third trimester (antepartum, AP) compared to ≥1.7 weeks
postpartum (PP) to determine if FU changes compensate for reduced total concentrations reported
previously.

Methods—P1026s enrolled women receiving LPV/ritonavir, soft gel capsules 400/100 mg or
533/133 mg twice daily. LPV FU, albumin and AAG were determined AP and PP.

Results—AP/PP samples were available from 29/25 women respectively with all but one woman
receiving the same dose AP/PP. LPV FU was increased 18% AP vs. PP (mean 0.96 ± 0.16% AP
vs. 0.82 ± 0.21% PP, P = 0.001). Mean protein concentrations were reduced AP (AAG = 477 mg/
L; albumin = 3.28 mg/dL) vs. PP (AAG = 1007 mg/L; albumin = 3.85 mg/dL) (P<0.0001 for each
comparison). AAG concentration correlated with LPV binding. Total LPV concentration did not
correlate with LPV FU AP or PP. However, higher LPV concentration PP was associated with
reduced PB and higher FU after adjustment for AAG.

Conclusions—LPV FU was higher and AAG lower AP vs. PP. The 18% increase in LPV FU
AP is smaller than the reduction in total LPV concentration reported previously and is not of
sufficient magnitude to eliminate the need for an increased dose during pregnancy.
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Introduction
The current US Public Health Service (USPHS) Perinatal Guidelines recommend treatment
with highly active antiretroviral (ARV) therapy (HAART) for most pregnant women for
maternal control of HIV and prevention of mother-to-child transmission [1]. Lopinavir/
ritonavir (LPV/r) is one of the most common boosted protease inhibitor (PI) combinations
used by pregnant women in the United States and continues to be the first-line choice for PI
therapy for HIV-1-infected pregnant women in many clinical centres.

Optimum dosing of PI-based regimens during pregnancy can be complicated by substantial
changes in the pharmacokinetics of ARVs, which can be more pronounced during the third
trimester of pregnancy. Alterations of gastrointestinal function during pregnancy may impair
drug absorption. Drug distribution may increase due to increases in plasma volume, total
body water and body fat stores. Pregnancy may affect drug metabolism including the
induction of hepatic and gastrointestinal metabolic enzymes [2,3]. For example, cytochrome
p450 (CYP) metabolism changes with mean increases of 35% reported for the activity of
CYP3A4, the primary isozyme responsible for lopinavir (LPV) biotransformation [2].
Consistent with these changes, we previously reported a 28% decrease in LPV plasma
exposure, as estimated by the area under the plasma concentration vs. time curve (AUC)
during third-trimester pregnancy (antepartum, AP) compared to post-partum (PP) in 17
HIV-1-infected pregnant women receiving a standard LPV/r dose of 400/100 mg twice daily
(bid) [4]. More recently, we have confirmed that increasing the LPV dose during pregnancy
to 533/133 mg bid offsets the reduced exposure we previously observed [5].

Pregnancy may also be associated with a decrease in protein binding (PB) of drugs in
plasma due to dilutional decreases in albumin and α-1 acid glycoprotein (AAG)
concentrations and the displacement of drugs from binding sites by steroid and placental
hormones [6–8]. LPV is highly bound to plasma proteins including albumin and AAG with
binding of >99%. Pregnancy potentially alters this binding to clinically relevant proportions
such that small changes in PB associated with pregnancy may cause large changes in the
percentage of unbound drug (fraction unbound; FU). Unbound drug is the
pharmacologically active component of total drug concentrations and the fraction of drug
free to traverse membranes and exert therapeutic effect. An increase in LPV FU during
pregnancy may partially offset the decrease in total drug concentrations observed with
standard dosing [4].

Our primary objectives were to (a) measure the PB of LPV during the third trimester of
pregnancy (AP) and PP, (b) determine FU of LPV AP and compare to PP estimates, (c)
assess whether AAG or albumin concentration correlate with FU and (d) assess whether
LPV total drug concentrations influence FU.

Methods
Study population and design

International Maternal Pediatric Adolescent AIDS Clinical Trials Group (IMPAACT)
Protocol 1026s (P1026s) is an ongoing, prospective, nonrandomized, unblinded, multicentre
study of the pharmacokinetics of currently prescribed ARVs used by HIV-1-infected
pregnant women. P1026s is a sub-study of P1025, a prospective cohort study of HIV-1-
infected pregnant women receiving care at IMPAACT sites. This report describes only the
PB results for those women who were prescribed LPV/r 133/33 mg soft gel capsules (SGC).
Results on the pharmacokinetics of total LPV for these women have been published
separately [4,5].
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Eligibility criteria for the LPV/r arm of P1026s were: enrolment in P1025, age ≥13 years,
initiation of LPV/r as part of clinical care before 35 weeks’ gestation and intent to continue
the current regimen until at least 6 weeks PP. Exclusion criteria included concurrent use of
medications known to interfere with absorption, metabolism or clearance of LPV or
ritonavir (RTV), multiple gestation or clinical or laboratory toxicities that in the opinion of
the site investigator would likely require a change in medications. This study was approved
at local institutional review boards for all participating sites and informed consent was
obtained from all subjects. P1026s enrolled two cohorts of women receiving LPV/r 133/33
mg SGC. Women in the first cohort received standard LPV/r dosing of three capsules orally
bid, providing LPV 400 mg/RTV100 mg per dose. Women in the second cohort received
four capsules, providing LPV 533/RTV 133 mg bid. Each participating subject’s primary
care provider determined the choice of ARV medications used for each subject’s clinical
management and remained responsible for her management throughout the study. Study
participation was to continue until completion of PP pharmacokinetic sampling.

Pharmacokinetic evaluations of LPV occurred at >30 weeks’ gestation (AP) and ≥1.7 weeks
PP. LPV exposure (of total drug) as measured by the AUC (previously published) [4,5] was
estimated within 2 weeks of sample collection for each subject and compared to the
estimated 10th percentile obtained from nonpregnant adults receiving the standard LPV/r
dose. Results were provided to each subject’s primary care provider so that dose adjustment
could be made if needed. For each pharmacokinetic determination, subjects were required to
be on a consistent LPV/r dose for at least 2 weeks to assure steady-state conditions.
Determination of LPV FU (as reported herein) was carried out on the same days as the
pharmacokinetic evaluations [4,5].

Details relating to clinical and laboratory monitoring for subjects receiving LPV/r as part of
P1026s have been described elsewhere [4,5]. Briefly, clinical evaluations and laboratory
testing to evaluate drug effectiveness and toxicities were carried out as part of the parent
study P1025 and as part of routine clinical care. The study team reviewed reported toxicities
on monthly conference calls and each subject’s primary care provider remained responsible
for toxicity management.

Pharmacokinetic sample collection
Blood samples were collected on two separate occasions for determination of LPV total drug
exposure (AUC) and the FU: AP (>30–36 weeks’ gestation) and PP (≥1.7 weeks after
delivery). Prior to each pharmacokinetic study day, adherence to LPV/r administration was
addressed by instructing women to take their drugs at the same time as on the day of the
pharmacokinetic evaluation for three preceding (consecutive) days and to record the exact
time of drug administration for the last two doses preceding pharmacokinetic study dose
administration. The study dose was administered as an observed dose after a standardized
meal of approximately 850 kilocalories, with 55% of calories from fat. Blood samples for
plasma determinations were collected immediately prior to the dose and at 2, 4, 6, 8, and 12
h post-dose via an indwelling peripheral venous catheter.

LPV analysis for total and percentage unbound drug
For estimation of LPV FU, plasma samples from each pharmacokinetic study day were
pooled into low concentration samples (0 and 12 h post-dose) and high concentration
samples (2 through 8 h post-dose). Pooling of samples was carried out to provide sufficient
sample volume for FU determinations. Pooled specimens were analyzed for both total LPV
concentration and the FU.
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Total LPV concentrations for pooled specimens were quantified within the Pediatric Clinical
Pharmacology Laboratory at the University of California, San Diego using a validated
reverse-phase multiplex high performance liquid chromatography (HPLC) method as
previously described [4,5]. Briefly, the method had a lower limit of quantitation (LOQ)
adequate for quantitating drug in all collected samples (0.091 µg/mL) and had interassay
coefficients of variation (CV) of <11% for the LOQ and all controls.

The PB method employed ultrafiltration (filter units were Micron YM-10 (10 000 MWCO
from AMICON, Billercia, MA, USA) and radiolabelled drug (3H) purified and supplied by
Abbott Laboratories, Abbott Park, IL, USA (specific activity 8.06 Ci/mmol, >99% purity).
Pooled plasma samples were centrifuged to remove particulate material. Radiolabel was
added to 1 mL of cleared plasma to give an initial concentration of approximately 30 ng/mL.
The spiked plasma aliquots were equilibrated for 30 min at 37 °C before ultrafiltration.
Spiked plasma (300 µL) was placed into the sample reservoir of the Micron centrifugal filter
device and centrifuged for 1 h, at 22 °C, in a fixed head micro centrifuge at high speed,
around 12 000 × g. Filters were processed in duplicate for each sample. Duplicate aliquots
(100 µL) of each spiked plasma and ultrafiltrate sample (200 µL) were radioassayed directly
in Cytoscint in a liquid scintillation counter. Since protein is necessary for appropriate filter
functioning, we used an indirect method to assess binding to the filter. We attempted to
block the filter units with PEG and tested plasma with 3H LPV. The results showed very low
nonspecific binding. This is consistent with Abbott Laboratories’ findings of negligible
nonspecific binding (T. Reisch, Metabolic Disease Research, Abbott Laboratories, personal
communication).

Assay reproducibility was assessed prior to the start of the patient experiments. Six filters
were processed with a high LPV spike (approximately 14 500 ng/mL) and five filters were
processed using blank (no LPV) plasma. The %CV for the filtrate DPM (disintegrations per
minute) was <5%. The experiment was repeated in the middle of the testing period and the
%CV for filtrate (five filters) DPM was also <5%. Additionally the high control and blank
plasma were processed in duplicate with each batch of subject samples. The mean %bound
showed %CV of <0.1 (n = 8 testing dates).

FU was calculated according to the following formulas:

(1)

AAG and albumin measurements
AAG was determined using an FDA approved kit [Human AAG RID (Radial
Immunodiffusion) Kit, The Binding Site Inc., San Diego, USA). The method was validated
in the Pediatric Pharmacology Laboratory of the University of California, San Diego for
heated EDTA plasma samples. The method has a calibration range of 190–1900 mg/mL.
Samples with values lower than 190 mg/mL were repeated using double the amount of
sample. Low, middle and high controls (n = 8 of each) showed precision and accuracy of
<13.1% CV and within 3.5% deviation, respectively. Albumin was determined at the
Clinical Laboratory Improvement Amendments (CLIA) certified clinical chemistry
laboratories associated with the clinical study sites.

Pharmacokinetic and statistical analysis
The Wilcoxon signed rank test was used to compare LPV FU and other variables measured
during the third trimester of pregnancy (AP) with the corresponding PP measurements.
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Linear regression was used to investigate the impact on LPV FU of total drug concentration,
AAG, albumin concentration, LPV dose administered and the time of PP evaluations.
Generalized estimating equations were used to account for the intra-subject correlations.

Results
AP and PP evaluations were carried out in 29 and 25 women, respectively for whom
sufficient plasma was available. Of these women, all but one received the identical dose for
both AP and PP study periods; 16 received the LPV/r 400/100 mg bid dose and 12 received
the 533/133 mg bid dose. One subject received both LPV/r doses at differing points of the
study.

Table 1 summarizes subject demographic and disease characteristics obtained at the time of
AP pharmacokinetic sampling. Median age was 31.4 years ranging from 18.2 to 40.9 years,
with the majority of women being either black (35%) or Hispanic (45%). Median gestational
age was 33.9 weeks ranging from 30.4 to 37.4 weeks, and median time of PP PK evaluation
since delivery was 3.4 weeks with a range of 1.7–12.9 weeks.

Table 2 presents the values and percent difference AP vs. PP for AAG concentration,
albumin concentration, and LPV FU. Both AAG and albumin were significantly lower
during pregnancy compared to PP (P<0.0001). LPV FU was significantly higher during
pregnancy compared to PP for the 0 + 12 h pooled samples and the 2 through 8 h pooled
samples, analyzed separately or combined average FU (for both 0 + 12 h and 2 through 8h
pooled samples) was 18% higher AP compared to PP (P = 0.001) (Table 2).

LPV FU decreased as a function of increasing AAG concentration in both the AP and PP
periods (Fig. 1). At the AP pharmacokinetic evaluation, each 100 mg/L (or 0.1 mg/mL)
increase in AAG was associated with a decrease in LPV FU of 0.07% (P<0.0001) and at the
PP pharmacokinetic evaluation, each 100 mg/L increase in AAG was associated with a
decrease of 0.05% in LPV FU (P<0.0001) after adjustment for total LPV concentrations.
Total plasma LPV concentration alone was not significantly correlated with LPV FU during
either the AP or PP pharmacokinetic visits. However, a higher total plasma LPV
concentration PP was significantly associated with reduced LPV binding and higher FU
(P<0.0001) after adjustment for AAG concentration. That is, each 1 µg/mL increase in total
LPV concentration was associated with a 0.02% increase in LPV FU. Albumin was not
significantly correlated with LPV FU for either of the pharmacokinetic study days.

Women receiving high dose LPV/r (533/133) did not have significantly different LPV FU
compared to women receiving standard dose LPV/r (400/100). Likewise, the time that
elapsed before PP evaluations did not appear to have an effect on LPV FU when comparing
measurements ≤4 weeks to those >4 weeks PP, a break-point near the median time for PP
visits (3.4 weeks) (data not shown).

Discussion
The antiviral effect of LPV depends on multiple factors that extend beyond the
pharmacokinetics of total or unbound drug. These factors include processes affecting the
penetration of drug into target cells and tissues (e.g. transport proteins) and how susceptible
the virus is to the ARV. A primary goal of pharmacokinetic studies is to measure active drug
as close to the site of pharmacological activity as is possible. Therefore PK studies that
measure the percentage unbound (FU) of highly bound drugs (i.e. the fraction that is
pharmacologically active and free to traverse membranes) may help investigators get one
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step closer to achieving this goal. However, it remains unclear if unbound drug exposure in
plasma alone is a strong predictor of active drug exposure within cells and target tissues.

The pharmacokinetic exposure of LPV as estimated through the AUC of total drug is
reduced 28% with standard LPV/r SGC dosing during pregnancy as previously reported. In
addition, the 12 h trough concentration, a measurement sometimes employed in clinical
practice, is reduced 56% during pregnancy [4]. Eighty percent of these women had
pharmacokinetic parameters below the target 10th percentile of nonpregnant women in late
pregnancy leading to the study of a second cohort of women receiving an increased dose of
LPV 533/RTV 133 mg twice daily. Eighty-one percent (81%) of women receiving the
increased dose had AUC estimates exceeding the target 10th percentile during third-
trimester pregnancy [5].

To further characterize the effect of pregnancy on LPV pharmacokinetics we determined
changes in the plasma proteins albumin and AAG and the LPV FU in nearly all women who
had undergone pharmacokinetic analysis and for whom sufficient sample was available
[4,5]. We observed decreases in AAG and albumin concentrations and an increase in LPV
FU during pregnancy. The increase in LPV FU averaged 18%, which may partially mitigate
a reduction in total LPV concentrations observed with standard dosing [4]. These data are
consistent with a recent report in 10 HIV-infected women where LPV FU was altered by
38% [6].

In spite of the potential benefits of measuring active drug as close to the site of
pharmacological activity as possible, few pharmacology studies have successfully done so,
in part due to difficulty in quantitating the active drug component and in part due to
difficulty in collecting samples close to the site of activity (i.e. peripheral blood
mononuclear cells, cerebrospinal fluid, lymph node tissue) [7,8]. As stated, one step toward
improving our understanding of ARV pharmacokinetics is to measure FU in plasma as FU is
free to traverse biological membranes, penetrate target tissue and exert pharmacological
effect [9]. Other factors also contribute to how well a drug reaches its site of action,
including the degree to which a drug is influenced by transport proteins (e.g. P-glycoprotein)
present on cellular membranes [9]. Changes in PB will be most clinically relevant for highly
bound drugs, since small changes in binding of highly bound drugs can have substantial
effects on FU [10]. For highly bound ARV drugs such as the PIs, clinical situations likely to
impact FU include pregnancy, infancy, renal or liver disease or concomitant therapies that
displace drugs from PB sites [11–13].

This is one of the first studies addressing the effect of pregnancy on PB of any ARV drug
despite long-term knowledge that pregnancy causes substantial reductions in plasma protein
concentrations. Albumin concentrations fall from 3.5 to a range of 2.5 to 3.0 mg/dL during
the first half of pregnancy and steroid and placental hormones displace drugs from binding
sites leading to an overall decrease in the binding capacity of albumin and an increase in FU
[14]. For example, the FU of phenytoin, a drug that binds to albumin, increases during
pregnancy [14]. Data describing changes in AAG with pregnancy are less definitive. Two
studies report an overall decrease in AAG concentration over the course of pregnancy while
others report no change [11,12]. PB during pregnancy also may be affected by increased
concentrations of endogenous ligands (i.e. free fatty acids), that may compete for drug
binding sites of albumin and AAG. LPV has been reported to bind to both albumin and
AAG, as does the PI nelfinavir [15,16].

AAG and albumin concentrations in our subjects were significantly altered during
pregnancy compared to PP (P<0.0001). This is expected due to the change in weight and
fluid volume consistent with pregnancy. The weight gain in our subjects of up to 10–15 kg
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during the course of pregnancy is also expected, although mean total weight for our subjects
is higher than weights expected for pregnant women in some international settings where
women on average are of smaller stature. Weight gain alone is not expected to impact FU.

Albumin concentrations did not appear significantly to influence FU, but AAG
concentrations had a significant effect, in that each 100 mg/L increase in AAG was
associated with a decrease in LPV FU of 0.07 and 0.05% for third trimester and PP
evaluations, respectively (P<0.0001 during both time periods, with adjustment for total
LPV, at the PP evaluation). In contrast, LPV dose and time of PP evaluations did not have a
significant effect on FU. However, higher LPV concentration during PP evaluations, after
adjustment for AAG, was associated with reduced binding and higher FU.

Understanding the relevance of altered binding of highly bound drugs can be challenging.
The most important impact of an increase or decrease in FU is on how one ‘interprets’ the
measurement of total drug concentrations. Changes in FU rarely, in and of themselves, lead
to a change in dosage recommendations. However, when interpreting total drug exposure
(for highly bound drugs), free drug exposure should be considered as well, especially under
conditions where FU may be altered (e.g. pregnancy). A classic example illustrating the
importance of investigating FU changes is with phenytoin, a drug for which therapeutic drug
monitoring (TDM) is employed. Patients with severe renal disease on average have a
doubling of phenytoin FU when compared to patients with normal renal function [10].
Therefore, when TDM is used to optimize phenytoin therapy, the total drug concentrations
targeted for adequate seizure control in renal patients are approximately 50% the
concentrations targeted for patients with normal renal function. For example, a phenytoin
concentration of 8 mcg/mL would represent an adequate concentration for a patient with
severe kidney impairment while this same concentration may be deemed sub-therapeutic for
an individual with normal kidney function.

The same could hold true for other highly bound drugs used to treat a distinct population. In
the case of LPV use in pregnancy, the observed 18% relative increase in LPV unbound
fraction during pregnancy (FU) should be considered when interpreting total drug
measurements in pregnancy. However, the FU change of 18% we measured is smaller than
the 28% reduction in AUC and the 56% reduction in 12 h trough concentration of total drug
reported previously [4]. This earlier study demonstrated that an increased dose of LPV
during pregnancy normalized total drug exposure and was well tolerated, yielding
recommendations for this higher dose during third trimester and potentially second-trimester
pregnancy with a return to standard dosing 2 weeks following delivery [5]. On balance, the
18% increase in LPV unbound fraction does offset some of the change seen with total drug
exposure, but is not of sufficient magnitude to eliminate the need for an increased dose
during pregnancy.
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Figure 1.
Correlation of α-1 acid glycoprotein (AAG) concentration (mg/mL) with fraction of drug
unbound (percent).
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Table 1

Demographic and disease characteristics at third trimester (AP) pharmacokinetic sampling*

Characteristic n = 29
Median (Min. Max.)
Statistic

Age (years) 31.4 (18.2, 40.9)

CD4 count (cells/µL)†  446 (126, 1049)

Weight (kg) 86.3 (64, 130)

HIV-1 RNA (copies/mL)†    71 (<20, 41 853)‡

Gestational age (weeks) 33.9 (30.4, 37.4)

Time of postpartum pharmacokinetics since delivery
(weeks)

  3.4 (1.7, 12.9)

Race/ethnicity

   White (nonHispanic) 10%

   Black (nonHispanic) 35%

   Hispanic 45%

   Asian Pacific Islander   3%

  Other   7%

*
Median (minimum, maximum) for continuous variables and percentages for categorical variables.

†
Closest measurement within 8 weeks from the third trimester (AP) pharmacokinetic evaluation.

‡
27/28 (96.4%) subjects for whom data are available had viral load suppressed below 400 copies/mL.
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Table 2

Mean values (SD) and percent change antepartum vs. postpartum for AAG concentration, albumin
concentration and lopinavir FU

AP (n = 29) PP (n = 25) Median % Difference AP vs. PP (95% CI) P value

AAG conc (mg/L)* 477 (145) 1007 (374) ↓ 52% (44%, 59%) <0.0001

Albumin conc (mg/dL) 3.28 (0.41) 3.85 (0.49) ↓ 15% (11%, 19%) <0.0001

LPV FU (%) (0 + 12 h) 0.91 (0.14) 0.78 (0.18) ↑ 17% (6%, 29%) 0.005

LPV FU (%) (2–8 h) 1.02 (0.22) 0.87 (0.25) ↑ 19% (6%, 33%) 0.002

LPV FU (%) (average) 0.96 (0.16) 0.82 (0.21) ↑ 18% (7%, 30%) 0.001

*
Mean (SD).

AP, antepartum; FU, fraction unbound; LPV, lopinavir; PP, postpartum.
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