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ABSTRACT A population pharmacokinetic model was developed to explore the
pharmacokinetics modification of unbound raltegravir during pregnancy. The RalFe
ANRS160 study was a nonrandomized, open-label, multicenter trial enrolling HIV-
infected pregnant women receiving a combined antiretroviral regimen containing
400 mg raltegravir twice daily. Biological samples were collected during the third tri-
mester of pregnancy (between 30 and 37 weeks of gestational age) and at postpar-
tum (4 to 6 weeks after delivery). A population pharmacokinetic model was devel-
oped with Monolix software. A total of 360 plasma samples were collected from 43
women during pregnancy and postpartum. The unbound raltegravir was described
by a one-compartment model with a transit compartment with first-order absorp-
tion, evolving to bound raltegravir (by a linear binding to albumin) or metabolism to
RAL-glucuronide or to a first-order elimination, with a circadian rhythm. During preg-
nancy, the absorption was decreased and delayed and the raltegravir elimination
clearance and glucuronidation increased by 37%. Median total and unbound area
under the curve from 0 to 12 h significantly decreased by 36% and 27% during
pregnancy. Median total trough concentration (C,,4n) decreased significantly in the
evening (28%); however, the median total C.gn in the morning, unbound C,,,gn
in the morning, and unbound C,,4, in the evening showed a nonsignificant de-
crease of 16%, 1%, and 15%, respectively, during pregnancy compared to the post-
partum period. This is the first study reporting the pharmacokinetics of unbound
raltegravir during pregnancy. As unbound G4, did not significantly decrease dur-
ing the third trimester, the pregnancy effect on raltegravir unbound concentrations
was not considered clinically relevant. (This study has been registered at ClinicalTri-
als.gov under identifier NCT02099474.)

KEYWORDS raltegravir, population pharmacokinetics, pregnant women, unbound
concentrations, HIV

other-to-child transmission (MTCT) contributes to 9% of new HIV infections (1).
Zero new HIV infections in infants by 2020 is one of the three new global health
aims on HIV endorsed by the World Health Assembly in 2016 (1). To achieve this goal,
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access to combined antiretroviral therapy (cART) is key, being highly effective for the
prevention of mother-to-child transmission (PMTCT) of HIV (2-5). One of the most
important goals of cART is to decrease the level of plasma viral load, which is directly
proportional to the risk of vertical transmission and to maternal morbidity and mortality
(6, 7). With cART, the rate of MTCT falls from 15 to 40% to less than 2% (6, 8, 9).

Raltegravir (RAL) is the first HIV-1 integrase strand transfer inhibitor (INSTI), ap-
proved by the FDA in 2007. RAL monotherapy yields a drop in viral load ranging from
—1.7 to —2.2 log,, copies/ml within 2 weeks compared to —0.2 log,, copies/ml in the
placebo group (10, 11). Markowitz and colleagues also showed that plasma viral load
decreased much more quickly with fewer adverse events in patients treated with a
RAL-based cART compared to those treated with an efavirenz-based cART (12). Thus,
RAL seems an appealing antiretroviral candidate for women living with HIV and
presenting late during pregnancy, as it is paramount to decrease their plasma viral load
as quickly as possible in such a setting.

Raltegravir is a P-glycoprotein (P-gp) substrate; it is primarily metabolized by the
UGT1A1 isoenzyme to raltegravir-glucuronide metabolite. Physiological changes during
pregnancy, especially during the third trimester of pregnancy (T3), are known to affect
significantly the pharmacokinetics of drugs via absorption, distribution, metabolism,
and excretion (delayed gastric emptying, increased gastric pH, increased intravascular
and extravascular water content, increase enzyme activity, increased renal blood flow,
etc.) (13-15). These changes could lead to a decrease in drug concentrations, lowering
its effect. For these reasons, it is important to understand the change of RAL pharma-
cokinetics in pregnant women during T3.

Until now, scant RAL pharmacokinetics data from pregnant women were available.
A phase 4 trial (PANNA study) reported a mean decrease of 29% of RAL area under the
concentration-time curve from 0 to 12 h (AUC,_,,) in 17 HIV-infected pregnant women
monitored during pregnancy and postpartum (16). However, this decrease was not
consistent for all pregnant women, as 35% of them had a higher AUC,_,, during T3
(16). Another RAL pharmacokinetics study (IMPAACT 1026s) reported, in 38 women, an
approximately 50% decrease in AUC,_,, during pregnancy (17). Moreover, a wide
variability of RAL exposure was reported during T3 in previous studies (16, 17). Blonk et
al. have reported a geometric mean AUC of 5,000 ng-h/ml with 95% confidence interval
between 3,560 and 7,010 ng-h/ml for the women during the third trimester in the
PANNA study. In the IMPAACT 1026s study, Watts et al. have shown an AUC ranging
from 1,400-3,560 ng-h/ml for women during the third trimester. RAL has a large food
effect; thus, the concomitant food intake could contribute to the differences observed
between these 2 studies. In the PANNA study, RAL intake was done after a standard
breakfast (650 kcal; 30 g fat), whereas in the IMPAACT study, women were required to
fast for 2 h before and 2 h after the observed raltegravir dose. Based on total
concentrations, both studies concluded that RAL dosage does not need to be modified
during pregnancy. Of note, in both studies, concomitant medications that could modify
RAL exposure were used for several patients, such as ritonavir-boosted atazanavir (4
patients in the PANNA study and 2 patients in the IMPAACT 1026s study). In addition,
no data on proton pump inhibitor use were available in either study. Furthermore,
genetic polymorphism of UGTTA1 (18) and P-glycoprotein (P-gp) (19-21) impacts the
pharmacokinetics of RAL, and this was not taken into account in those clinical studies
(16, 17).

For pregnant women, scarce data are available for pharmacokinetics of unbound
RAL, which is considered the active fraction of RAL. RAL highly binds to human serum
albumin (HSA) (83%) (22, 41). Thus, the decrease in plasma protein concentration
reported during pregnancy could lead to an increase in the unbound fraction of RAL
(24, 25).

The aim of this study was to assess the pharmacokinetics of unbound, total, and
glucuronide RAL in pregnant women and to evaluate the influence of pregnancy and
genetics on its pharmacokinetics.
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TABLE 1 Participants’ characteristics’

Parameter

Value

Median age at delivery (range)

Nationality (n9)
Sub-Saharan Africa
France
Haiti-Portugal-Switzerland

Tobacco consumer (n)
Alcohol consumer (n)
Drug consumer (n)

Start of raltegravir
At the moment of conception (n)
If not, the median GA (range) at start RAL

Concomitant ARVs (n)

NRTI

NRTI + PI
NNRTI

NNRTI + PI
NRTI + NNRTI
PI

Inclusion at T3 (day 0) (n = 43)
Gestation age, wk, median (range)
Weight, kg, median (IQR)
HIV RNA > 20 copies/ml?
If HIV RNA > 20 copies/ml, median viral load (IQR)
CD4 count, cells/ul, median (IQR)

Delivery (n = 43)
Gestation age, wk, median (IQR)
Cesarean delivery
HIV RNA > 20 copies/ml at delivery©

If HIV RNA > 20 copies/ml at delivery, median viral load (IQR)

CD4 count, cells/ul, median (IQR)4

Postpartum (n = 39)
Time after delivery, weeks, median (IQR)
Weight, kg, median (IQR)
HIV RNA > 20 copies/ml
If HIV RNA > 20 copies/ml, median viral load (IQR)
CD4 count, cells/ul, median (IQR)

Pregnancy outcomes (n = 41)
Moderate premature®
Birth weight, g, median (IQR)
Infant HIV DNA and/or RNA PCR test negative

33 yr (23-45)

72% (31)
16% (7)
12% (5)

12% (5)
0% (0)
0% (0)

44% (18)
20 (2-34) wk

7% (3) 3TC

10% (4) 3TC+ABC

49% (20) TDF+FTC

2% (1) 3TC +DRV/r

12% (5) TDF+FTC+DRV/r
2% (1) ETV

2% (1) ETV+ DRV/r

2% (1) TDF+NVP

12% (5) DRV/r

33 (30-37)

78.5 (69-86)

15% (6)

52 (40-90) copies/ml
539 (347-682)

39 (39-40)

37% (16)

12% (5)

42 (40-68) copies/ml
599 (459-789)

5 (4-5)

70 (62-80)

18% (7)

58 (40-2,230) copies/ml
609 (439-746)

5% (2)
3,210 (2,840-3,450)
100% (41)

an, number of patients.

bData available for 37 patients.

<Data available for 42 patients.

dData available for 39 patients.
eGestation ages between 32 to 36 weeks.

fAbbreviations: nucleoside analog reverse transcriptase inhibitor (NRTI), protease inhibiter (PI), nonnucleoside
reverse transcriptase inhibitor (NNRTI), lamivudine (3TC), abacavir (ABC), tenofovir (TDF), emtricitabine (FTC),
ritonavir boosted darunavir (DRV/r), etravirine (ETV), nevirapine (NEV), interquartile range (IQR).

RESULTS

Population characteristics. Forty-three pregnant women were included. For two
women, the genotyping result of UGT1A1 was not available. Median (range) age was 33
(23 to 45) years, and the median (range) body weight was 78.5 (69 to 86) kg. More
demographic characteristics are summarized in Table 1. The 43 women had blood
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FIG 1 Population pharmacokinetic model of unbound, total, and glucuronide RAL concentrations. In this model, C,-RAL, C;-RAL, and
C_RAL-G represent the unbound, total, and glucuronide-RAL concentration in plasma. The parameters estimated were the transit/
absorption constant rate (K;y), apparent elimination clearance of unbound RAL (CL/F), apparent volume of distribution of unbound
RAL (V,/F), transfer from unbound RAL to RAL-GLU (CL,./V,.,), elimination rate constant of RAL-GLU (K__...), Ni;sa, Number of drug
binding sites in each molecule of HAS (Ciounp = Nusa'Cu[HSAD), and the number of RAL binding sites in HSA. [HSA] is the
concentration of HSA in plasma.

sampling during T3, and 39 of them had blood sampling during the postpartum period.
A total of 360 plasma samples were collected, allowing for quantification of 360 total
RAL, 360 RAL-glucuronide (RAL-GLU), and 354 unbound RAL. Due to insufficient
volume, six plasma samples could be used to determine the concentrations of total RAL
and RAL-GLU but not unbound RAL. All concentrations were collected at steady state.
Only one unbound, one total, and one glucuronide concentration were below the
lower limit of quantification (LLOQ), so they were set to half the LLOQ.

The genotyping result of P-gp was available for 39 women. The percentages of
wild-type homozygotes, heterozygotes, and mutant homozygotes of P-gp were
74.35% (n = 29), 17.95% (n = 7), and 7.69% (n = 3), respectively. For UGT1A1, 41
results were available: 24.39% of women (n = 10) were wild type with (TA)6/(TA)6,
2.44% of women (n = 1) with (TA)5/(TA)6, 2.44% of women (n = 1) with (TA)5/(TA)7,
39.02% of women (n = 16) with (TA)6/(TA)7, 2.44% of women (n = 1) with (TA)6/(TA)8,
26.83% of women (n = 11) with (TA)7/(TA)7, and 2.44% of women (n = 1) with (TA)7/
(TA)9.

Population pharmacokinetic modeling. A one-compartment model, with first-
order absorption and elimination, best described the mother’s unbound RAL concen-
trations. A transit compartment was added to mimic the delayed arrival of the drug in
plasma. Finally, K, and the transit time constant (K;g) were confounded to a unique
absorption parameter (K, = Kg). As RAL was mostly bound to HSA, the total RAL
concentrations (C;) were related to the unbound RAL concentrations (C,) according to
a nonspecific (linear) binding to HSA, i.e, C; = C,- (1 + Nyga - [HSA]). A nonlinear
binding was also tested but did not improve the model. An additional compartment
was added to describe the RAL-GLU formation from RAL.

The final combined pharmacokinetic model for unbound RAL, total RAL, and RAL-
GLU is graphically represented in Fig. 1. The pharmacokinetic parameters estimated
were the transit/absorption rate constant (K;g), apparent elimination clearance of
unbound RAL (CL/F), apparent volume of distribution of unbound RAL (V/F), transfer
from unbound RAL to RAL-GLU (CL,,./Vmeo) elimination constant rate of RAL-GLU
(Ko-mets), and the number of RAL binding sites in HSA (N,,s,). A cosine function was used
to represent the circadian rhythm of RAL elimination, as already proposed for nevira-
pine (23). This function was added on both CL/F and CL,, ./V,., the amplitude of the
cosine oscillation, AMP, was estimated, and the phase shift of the cosine function was
fixed to midnight. To prevent negative values of clearances, the effect of the circadian
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TABLE 2 Parameters estimated of the final unbound, total, and glucuronide-raltegravir
population model in 43 women during the third trimester pregnancy and postpartum?

Parameter Estimate RSE%
Krg (h=1) 2.78 16
CL/F (literssh—1) 130 11
V/F (liters) 1710 16
Climet/Vimer (h77) 5.17 27
Ko mets (h™1) 2.45 25
Nysa 0.102 6
[Bpreg on K 0.225 6
preg on CLyp and Cliney/ Viner 1.37 3
ﬂAmp on CLyp and CLy e/ Viper 0.212 4
Corr_V,/F_CL/F 0.877 5
_Krg 0.887 12
w_CL/F 0.631 12
w_V/F 0.973 12
©_Cled Vet 0.447 15
RPE-unbound 0.63 4
RPE-total 0.648 5
RPE-metabolite 0.628 5

9RSE%, relative standard error, derived from the covariance matrix; K, transition rate/absorption rate; CL,
clearance of unbound fraction of RAL; V,, central volumes of distribution of unbound fraction of RAL; CL, o,
clearance of RAL metabolized into RAL-glucuronide; V.., volume of distribution of RAL-glucuronide;
K.-mets, €limination rate of RAL-glucuronide; N5, number of drug binding sites in each molecule of
human serum albumin (Cgounp = Nusa-Cu-HSA); BK/Preg, the effect of pregnancy on absorption rate of
unbound fraction of RAL; P8 o Clurand Clna/Vine, the effect of pregnancy on clearance of unbound
fraction of RAL and on RAL glucuronidation; gAmp o Clurand Cle/Vier, the amplitude of the cosine
oscillation on clearance of unbound fraction of RAL and on RAL glucuronidation (the phase shift of the
cosine function was fixed to 00:00); w, between-subject variability; RPE, residual proportional error; F,
bioavailability. The pregnant effect on the Kz, CLy/F, and CL,o/Vme: and circadian rhythm effect on
CLy/F and CL,,,oi/Vimer Were obtained using the following equations: Krg = 2.78 X (0.225)"RES,

CL, 2pi . CL, 2pi )
TU = 130 X (1.37)PREG x @0212X5xmi Ml _ 5 47 5 (] 37)PREG 5 (0212x30xtmi \yhare PREG = 1 if samples

met
were collected during pregnancy and 0 if otherwise.

rhythm was modeled as exponential and could be interpreted approximately as a
relative change.

Models with separate additive errors, proportional errors, or mixed errors were
tested, and the most suitable models were proportional error models. The between-
subject variability was estimated for K;g, CLy/F, V/F, and CL,,o/Vimer- The inclusion of
the cosine function decreased the objective function value (OFV) by 195 U, and then
the addition of the pregnant effect on the K. led to a decrease of 99 U in the objective
function value and 17% in the K1 intersubject variability. In pregnant women, Ky was
multiplied by 0.225 (95% inhibitory concentration [ICy4.], 0.198 to 0.256). The inclusion
of pregnancy effect on both CL,/F and CL,,./V;n: led to a decrease of 19 U in the
objective function value (10 U for each inclusion) and 3% in both the CL/F intersubject
variability and CL,,,./V,e. intersubject variability. In pregnant women, these clearances
were multiplied by 1.37 (ICys, 1.29 to 1.46). Both the allometric scaling and the effect
of bodyweight on clearance and volume were tested, but the objective function value
did not decrease significantly. After inclusion of these covariates, no other covariate had
a significant effect on RAL pharmacokinetics. The final population pharmacokinetics
parameters are summarized in Table 2, and the population pharmacokinetic curves for
unbound, total, and glucuronide RAL are represented in Fig. 2. Pregnant women were
found to have a Kz of 77% lower, resulting in a delayed absorption of the drug.
Pregnant women had a higher clearance (37%) than the nonpregnant women, resulting
in a faster elimination (Fig. 2).

The visual predictive check showed that the 5th, 50th, and 95th percentiles of the
observed data were well within the 90% confidence intervals of the 5th, 50th, and 95th
percentiles of the simulated concentrations (Fig. 3).

Pharmacokinetic comparisons between pregnant and nonpregnant women.
The median (range) HSA plasma concentration was 33.2 g/liter (19.4 to 49.5 g/liter)
during T3 and 41.2 g/liter (22.9 to 56.2 g/liter) during postpartum, representing a
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median intraindividual decrease of 17% in the third trimester of pregnancy. The median
unbound fraction (f,) was 22.5% during T3 and 19.2% during postpartum, representing
a median intraindividual increase of 3% during pregnancy. Areas under the curve,
trough concentrations, and paired Wilcoxon tests are reported in Table 3. A median
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October 2020 Volume 64 Issue 10 e€00759-20 aac.asm.org 6


https://aac.asm.org

Raltegravir Pharmacokinetics during Pregnancy

Antimicrobial Agents and Chemotherapy

TABLE 3 Daily and nightly unbound, total, and glucuronide-raltegravir areas under the curve and trough concentrations for pregnant

and postpartum women

Parameter

Median (range) value for:

3rd trimester of pregnancy (N = 43)

Postpartum (N = 39)

Wilcoxon paired test (N = 39)

AUCg s0n Cirougn €VENINg

Unbound AUC (ng-h/ml) 853 (204-3,298) 1,292 (273-4,174) P < 10°
Total AUC (ng-h/ml) 3921 (699-14,706) 6,770 (1,506-21,859) P <10-¢
Glucuronide AUC (ng-h/ml) 5,175 (2,169-216,977) 3,938 (1,073-15,362) P <103
Unbound Cirough (ng/ml) 14 (1-86) 13 (1-77) P =012
Total G ougn (Ng/ml) 57 (3-277) 69 (5-248) P<10>
Glucuronide thugh (ng/ml) 149 (10-898) 102 (11-385) P <10-°
AUCZO—Sh' Ctrough morning
Unbound AUC (ng-h/ml) 1,212 (278-4263) 1,725 (379-5,617) P <10-¢
Total AUC (ng-h/ml) 5,359 (956-18,614) 9,209 (2,095-29,414) P <106
Glucuronide AUC (ng-h/ml) 5,254 (281-24,669) 4,122 (1,595-16,228) P =033
Unbound C;5ugn (Ng/ml) 56 (8-176) 65 (12-219) P =10.26
Total Ctrough (ng/ml) 253 (37-605) 321 (63-931) P =0.84
Glucuronide Co,gn (ng/ml) 269 (38-880) 207 (55-795) P<10*4

intraindividual decrease of 36% for total AUC,_,, and 27% for unbound AUC,_,, was
observed in pregnant women compared to nonpregnant women. Unbound and total
AUC,_,, were significantly lower in pregnant women than in nonpregnant women
during the day and during the night (P < 107). For the concentration at 12 h (C;,),
median intraindividual total RAL decreased in pregnant compared to nonpregnant
women (16% in the morning and 28% in the evening); thus, the decrease was not
significant in the morning but it was in the evening. The decrease in unbound C;, was
less pronounced (1% decrease in the morning and 15% in the evening) and was not
significantly different between the 3rd trimester of pregnancy and postpartum, in the
morning, or in the evening. A self-administered questionnaire was given to the moth-
ers, and no suboptimal adherence was reported.

As shown in Fig. 2, for total trough RAL, seven samples from nonpregnant and nine
from pregnant women (among 354) were below 35 ng/ml; for unbound trough RAL, six
samples from nonpregnant and eight from pregnant women were below 6 ng/ml.
Using the target of 22 ng/ml for total raltegravir, two samples from pregnant and five
samples for nonpregnant women were below this value, and three samples from
pregnant and three samples from nonpregnant women were below 3.7 ng/ml for the
free fractions.

Clinical outcomes. Plasma HIV-RNA was below 20 copies/ml in 88% of participant
women at delivery. HIV-RNA was above LLOQ in six women at delivery, with a median
of 42 copies/ml, and amplification failed. All 41 infants tested negative for HIV at month
6. Eight adverse events were reported in seven women, but none was considered to be
related to the use of RAL. The accountability for RAL was ruled out either because it was
introduced after the 1st trimester of pregnancy or because the adverse event was
clearly related to another identified etiology. The only grade 3 event was pregnancy
cholestasis. Congenital abnormalities were reported for four infants (hexadactyly, agen-
esis of right kidney and duplicated vagina, hypoplasia of left thumb, and duplicated
digestive tract in iliac fossa), and five infants (12%) were hospitalized for six adverse
events. However, these birth defects were not considered related to the use of RAL.
Thus, RAL (400 mg twice a day) was considered well tolerated by pregnant women in
this study.

DISCUSSION

This is the first population pharmacokinetic model describing unbound, total, and
glucuronide RAL concentrations in pregnant women. This population approach is
particularly useful in pregnant women, for whom it is difficult to collect many samples
for a sufficiently large sample of women to correctly describe the high variability of this
drug.
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To date, only limited RAL pharmacokinetics data are available for pregnant women.
In our study, during T3, mean total C,,,qn in the evening and daily AUC,_,, were
57 ng/ml and 3,921 ng-h/ml, corresponding to a decrease of 28 and 36%, respectively,
compared to the postpartum period. This is in keeping with previous studies. In the
PANNA study, the median C,4, and AUC,_,, were 77 ng/ml and 5,000 ng-h/ml during
T3, with a mean decrease of 36% and 29% compared to postpartum (16). In the
IMPAACT 1026s study, during T3, the median C,,,4n and AUC,_,, were 64 ng/ml and
5,400 ng-h/ml, with a mean decrease of 20% and 53% compared to postpartum levels
17).

RAL is 83% plasma protein bound, mostly to the HSA (23). As HSA is known to
decrease during pregnancy (26), f, of RAL is expected to increase. Furthermore,
unbound antiretrovirals are considered the active form, which could cross physiolog-
ical/anatomical barriers (23, 27). Thus, unbound RAL should be analyzed for pregnant
women; however, all previous studies focused only on the pharmacokinetics of total
RAL, which may be less informative.

In the ANRS 160 RalFe trial, the median percentage of f, was 22.5% during T3 and
19.2% during postpartum. This finding was not different from those of previous results
(26.2% in healthy volunteers and 23.8% in HIV-infected patients) (23). The decrease in
unbound RAL exposure during pregnancy is less pronounced than the decrease in total
exposure; a mean decrease of 36% for total AUC,_,, and 27% for unbound AUC,_,,
was observed in pregnant women compared to nonpregnant women. Median total
Cirougn decreased significantly in the evening (28%); however, median total C,,o,qpn i
the morning, unbound C,,4n in the morning, and unbound C,,4n in the evening
showed a nonsignificant decrease of 16%, 1%, and 15%, respectively, during pregnancy
compared to the postpartum period. Thus, the dosage should not be modified during
pregnancy.

In our study, pregnant women were found to have a lower absorption/transit
constant rate (Kyg was 77% lower), corresponding to a lower C, ., and a delayed
absorption. While a decrease in C,,,,, has also been reported in previous studies (16, 17),
the delayed absorption was not observed in these studies. However, Watts et al. also
observed an absorption lag time in about a third of pregnant women (17), which was
in keeping with the results presented here. Furthermore, as a substrate of P-gp, the
absorption of RAL might be reduced by increased expression of intestinal P-gp during
pregnancy (21, 28, 29). Pregnancy-associated delayed gastric emptying and reduced
small intestine motility could enhance this decrease of RAL absorption (15, 30). Nausea
and vomiting could also lead to a reduced absorption of RAL (15).

Pregnant women were found to have a 37% increase in both CL/F and CL,,./Vimew
reflecting increased RAL glucuronidation, increased elimination of the unbound RAL,
and/or decreased bioavailability. Indeed, RAL was shown to be primarily metabolized
by the UGT1A1 isoenzyme (31). In previous studies, UGT1A1 activity was found to be
increased during pregnancy due to increased cortisol and progesterone levels (32, 33).
Moreover, RAL is 9% eliminated unchanged in urine, and the glomerular filtration rate
is known to be increased during pregnancy. Finally, RAL is the substrate of P-gp, which
is more expressed during pregnancy and could result in an increased efflux of RAL
(decreasing bioavailability) (28).

Several limitations can be cited. Pregnancy could only be added as a dichotomous
variable, as pregnant women were only seen at the third trimester of pregnancy
(between 30 and 37 weeks of gestational age), and the effect of pregnancy on absorp-
tion could have been estimated more accurately, avoiding the gap of sample collection
between 0.5 h and 3 h. A PFIM optimization based on a published model for total RAL
was performed before the study to choose the sampling time (predose and 0.5, 3, 8,
and 12 h after administration). However, we built a more complex model with addi-
tional points in the elimination phase that may have improved our model and the
determination of other clearance covariates.

In conclusion, this is the first population pharmacokinetic model describing un-
bound, total, and glucuronide RAL concentrations in pregnant women. During T3,
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median total Cq,4, and AUC, ,, decreased by 28% and 36% compared to levels
during the postpartum period. Pregnant women were found to have a delayed and
lower absorption of the drug and a 37% higher elimination than the nonpregnant
women. Unbound C,,,.,, Values were not significantly different in women during their

troug

pregnancy and their postpartum period. However, concentrations in pregnant women
did not fall below the target for effectiveness more often than that in nonpregnant
women. As the unbound RAL concentrations were not found to be significantly
impacted in pregnancy, these data further support the prior conclusions of PANNA and
IMPAACT P1026s studies on total RAL exposure that no adjustment of the RAL dose for
pregnant women is warranted.

MATERIALS AND METHODS

Patients. The RalFe ANRS 160 study (ClinicalTrials registration no. NCT02099474) was an open-label,
multicenter, phase Il, nonrandomized trial. All HIV-1-infected pregnant women included in this study
were more than 18years old and between 30 and 37 weeks of gestational age. The French Ethics
Committee and the relevant authority approved this study, and a signed informed consent was obtained
for all participating pregnant women.

Treatments. To be eligible, pregnant women enrolled had to be on a stable cART for at least 15 days
before inclusion, containing RAL at the standard dosage (400 mg twice daily) by oral administration.
Participating women could not receive atazanavir, fosamprenavir, efavirenz, rifampicin, phenobarbital,
phenytoin, gastrointestinal topicals, antacids, adsorbents, or proton pump inhibitors, all of which have
been shown to interact with RAL, as mentioned in the product information (34). RAL was given under
supervision the days of the PK study; it was taken in the morning with a standard breakfast.

Sample collection. Five blood samples were collected at 0 (predose), 0.5 (H0.5), 3 (H3), 8 (H8), and
12 (H12) h after drug intake during T3 (between 30 and 37 weeks of gestational age) and in the
postpartum period (between 4 and 6 weeks after delivery). All blood samples were collected into 5-ml
EDTA vacutainer tubes. All blood samples were centrifuged at 4,000 rpm during 5 min at 4°C, within 8 h
after sampling, and then plasma was stored at —80°C until analysis. An aliquot of blood sample for each
woman was directly stored at —-80°C for the extraction of DNAs and genotyping analysis. Plasma samples
were used to determine RAL unbound, total, and glucuronide concentrations. HSA, alanine aminotrans-
ferase (ALAT), aspartate aminotransferase (ASAT), creatinine (CREA), and bilirubin (BILI) were measured
during T3 and postpartum.

Analytical methods. RAL unbound, total, and glucuronide concentrations were measured in the
clinical pharmacology department of Cochin Hospital (Paris, France). A liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method was used to determine the total and glucuronide RAL concen-
tration, ranging from 10 (LLOQ) to 4,000 ng/ml for both (35). The unbound concentration of RAL was
obtained by an ultrafiltration method using Centrifree ultrafiltration devices (molecular weight cutoff,
30kDa) (Merck Millipore, Ireland) and then measured using a validated LC-MS/MS method with a
calibration curve between 1 and 400 ng/ml for unbound raltegravir. The method was validated according
to Food and Drug Administration (FDA) guidelines with the intra- and interday accuracy and precision
inferior to 12% (36). The nonspecific binding effect was inferior to 6%, which could be considered
negligible.

Genotyping. DNAs were extracted from total blood using a Qiagen Midi kit (France, Courtaboeuf) by
following the manufacturer’s instructions. Quality control and quantity were assessed with a NanoDrop
(ThermoFisher).

The rs1045642 polymorphism in P-gp has been genotyped using the TagMan predesigned kit (Life
Technologies, Courtaboeuf) by following the manufacturer’s instructions on an Applied Biosystems
QuantStudio 5 real-time PCR system.

The polymorphism of TA repetition in the TATA box of UGT1A1, denoted rs8175347, has been
sequenced using, in the first PCR step, the following primers (18832463; Ehmer): forward, 5'-AACATTA
ACTTGGTGTATCGATTGGT-3'; reverse, 5'-AGCAGGCCCAGGACAAGT-3’. PCR amplicons were then purified
and sequenced by Eurofins (France) using the cycle sequencing technology (dideoxy chain termination/
cycle sequencing) on ABI 3730XL sequencing machines and BigDye3.1 chemistry.

Population pharmacokinetic model. The modeling of RAL unbound, total, and glucuronide con-
centrations was performed using the software MONOLIX, version 2018R1 (http:/lixoft.com).

The RAL unbound concentration was the first focus for model development, and then the RAL total
concentration was fitted. Different models were tested for the RAL unbound concentrations (with one or
two compartments, first-order absorption with lag time or with transit compartments, and first-order
elimination with or without a cosine function to represent circadian rhythm). The total RAL concentra-
tions were linked to the unbound concentrations by relationships integrating the HSA concentrations.
Alternative relationships were examined by linear and nonlinear protein binding regression, as previously
described (37). Lastly, the RAL-GLU concentration was added by the addition of another compartment,
linked to the unbound compartment by a first-order constant. The residual variabilities of the model for
unbound, total, and metabolite RAL were evaluated by testing several error models (additive, propor-
tional, or mixed error model). The interindividual variabilities (IIV) were assumed to be a log-normal
distribution.

Covariates (COV) included age, body weight, ASAT, ALAT, CREA, BILI, and pregnancy, and two genetic
polymorphism (UGT1A1*28 and rs1045642 in P-gp) were investigated for developing the model. These
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covariates were evaluated via upward-backward model building, as previously described (38). A covariate
would be selected if (i) its effect was physiologically plausible, (ii) it could reduce the log-likelihood value
by 6.63 U (x? with 1 degree of freedom; P < 0.01) minimum for nested models or reduce the Akaike
information criterion (AIC) and Bayesian information criteria (BIC) for nonnested models, (iii) it could
reduce the variability of the pharmacokinetic parameter assessed based on the associated 11V, and (iv) it
could improve diagnostic graphics.

For the test of genetic polymorphism effect, women were first split into the following two categories:
homozygote wild type versus mutation type. Three categories (homozygote wild type, homozygote
mutation, and heterozygote) were also tested for the effect of P-gp. For UGT1A1, the homozygote wild
type was (TA)6/(TA)6 with 6 repetition of TA in the TATA box of the two alleles in UGT1A1 gene. It could
mutate to (TA)5, (TA)7, or (TA)8 with 5, 7, or 8 repetition of TA in one allele (heterozygote) or both
(homozygote mutation) in the UGT1A1 gene (39). For P-gp, the homozygote wild type was C/C SNP in
exon 26 of P-gp. The mutation type included C/T SNP (heterozygote) or T/T SNP (homozygote mutation)
in exon 26 of P-gp (19).

Model evaluation. The goodness of fit of each model was evaluated by visual inspection of the
observed-predicted (population and individual) concentration scatterplots. Diagnostic graphics and
other statistics were obtained using R software. From the final model, 500 simulations were performed
to compute the visual predictive check (VPC).

Pharmacokinetic comparisons between women during pregnancy and postpartum. Areas under
the curve from 0 to 12h (AUC,_,,) and trough concentrations (C,,) for the unbound, total, and
glucuronide RAL were derived from the final model for the morning and for the evening administration.
Wilcoxon paired test was used to compare these parameters during and after pregnancy. RAL total (and
unbound) trough concentrations were also compared to 35 ng/ml, the estimated tenth percentile in
nonpregnant historical controls, as proposed in the IMPAACT study (corresponding to 6 ng/ml for free
fraction), and the target value of 22 ng/ml for total raltegravir (corresponding to 3.7 ng/ml for free
fraction), derived from therapeutic drug monitoring, using a value derived from the ROC of Rizk et al (40).
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