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Protease inhibitors are largely used for the treatment of HIV infection in combination with other antiretroviral drugs. Their im-
proved pharmacokinetic profiles can be achieved through the concomitant administration of low doses of ritonavir (RTV), a
protease inhibitor currently used as a booster, increasing the exposure of companion drugs. Since ritonavir-boosted regimens
are associated with long-term adverse events, cobicistat, a CYP3A4 inhibitor without antiviral activity, has been developed. Re-
cently, high intracellular concentrations of ritonavir in lymphocytes and monocytes were reported even when ritonavir was ad-
ministered at low doses, so we aimed to compare its theoretical antiviral activity with those of the associated protease inhibitors.
Intracellular concentrations of ritonavir and different protease inhibitors were determined through the same method. Inhibi-
tory constants were obtained from the literature. The study enrolled 103 patients receiving different boosted protease inhibitors,
darunavir-ritonavir 600 and 100 mg twice daily and 800 and 100 mg once daily (n = 22 and 4, respectively), atazanavir-ritonavir
300 and 100 mg once daily (n = 40), lopinavir-ritonavir 400 and 100 mg twice daily (n = 21), or tipranavir-ritonavir 500 and 200
mg twice daily (n = 16). According to the observed concentrations, we calculated the ratios between the intracellular concentra-
tions of ritonavir and those of the companion protease inhibitor and between the theoretical viral protease reaction speeds with
each drug, with and without ritonavir. The median ratios were 4.04 and 0.63 for darunavir-ritonavir twice daily, 2.49 and 0.74 for
darunavir-ritonavir once daily, 0.42 and 0.74 for atazanavir-ritonavir, 0.57 and 0.95 for lopinavir-ritonavir, and 0.19 and 0.84 for

tipranavir-ritonavir, respectively. Therefore, the antiviral effect of ritonavir was less than that of the concomitant protease in-
hibitors but, importantly, mostly with darunavir. Thus, further in vitro and in vivo studies of the RTV antiviral effect are

warranted.

Infection with HIV is a worldwide health problem, with an esti-
mated burden of 34 million infected patients. With the intro-
duction of highly active antiretroviral therapy (HAART), it has
been possible to manage infections and prevent the occurrence of
AIDS and HIV-related complications (1, 2). HAART is based on
the coadministration of drugs that target several important HIV
enzymes or cell coreceptors, including reverse transcriptase, inte-
grase, protease, and CCR5. Currently, protease inhibitor (PI)-
based regimens are often adopted for HIV treatment (3, 4).
Ritonavir (RTV), initially used simply as an active drug, is now
used at low dosages (100 mg once [QD] or twice daily [BID]) as a
booster in PI-based regimens; this is due to the drug’s inhibitory
activity on various cytochrome P450 isoenzymes (5). However,
the toxicity of this drug (6), which led to its transition from an
antiviral drug (high dosage, 600 mg twice daily) to a pharmaco-
enhancer (low dosage), has led to the introduction of alternative
booster molecules, e.g., cobicistat (COBI) (7-9).

To date, the low dosage of RTV when administered as a booster
is considered to be completely ineffective in preventing viral rep-
lication, while the choice of other CYP3A4-specific inhibitors
seems to be a noninferior and safer alternative (8, 9). However,
previous studies conducted with RTV have not focused enough on
its accumulation rate in peripheral blood mononuclear cells (PB-
MGCs) or on its intrinsic antiviral properties. To date, only a few
studies determined intracellular RTV concentrations (10-12).
Nevertheless, these studies did not share a unique analytical
method, and the calculations of intracellular concentrations were
often based on a standard mean cellular volume (MCV) of 400 fl,
which was not specific for each PBMC sample (13).

Ina previously published work (11), intracellular RTV concen-
trations were found to be much higher than those from other
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works, probably due to the adoption of a sample-specific MCV
(13), a better validated methodological method (14), and different
therapeutic regimens. On this basis, we hypothesized that RTV,
when it reaches high intracellular concentrations, exerts an anti-
viral effect also when used as a booster.

The aim of this work was to investigate the theoretical inhibi-
tory effect of RTV when used as a PI booster, comparing its ob-
served intracellular concentration and its inhibitory constant (K;)
to those of several companion PIs. Moreover, we aimed to com-
pare the theoretical reaction speed of viral protease in the presence
of the companion PIs with and without RTV, according to the
observed intracellular concentrations, in order to obtain a quan-
titative estimation of the antiviral role of RTV in each regimen.

MATERIALS AND METHODS

Patients and inclusion criteria. A total of 103 HIV-monoinfected pa-
tients treated with boosted PI regimens with a self-reported adherence
rate of at least 95% of the prescribed doses were included in the study. The
patients were enrolled at the Amedeo di Savoia Hospital (Turin, Italy) and
were treated with atazanavir-ritonavir (ATV-RTV) 300 and 100 mg once
daily, darunavir-ritonavir (DRV-RTV) 600 and 100 mg twice daily, DRV-
RTV 800 and 100 mg once daily, lopinavir-ritonavir (LPV-RTV) 400 and
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100 mg twice daily, and tipranavir-ritonavir (TPV-RTV) 500 and 200 mg
twice daily.

Sampling at the end of the dosing interval (trough concentration
[Cirougn]) Was performed after informed consent was obtained, in accor-
dance with the local ethics committee’s indications (Amedeo di Savoia
Hospital Ethics Committee).

Patients taking concomitant interacting drugs (i.e., CYP450 inducers
or inhibitors) or those with liver or renal impairment were excluded from
the study.

Drug quantification in plasma and PBMCs. Sampling was performed
at the end of the dosing interval, at the steady state for each drug, in order
to quantify the C,, g, (24 = 1 hoor 12 * 1 h for drugs given QD or BID,
respectively) before the new drug dose intake.

Blood samples were collected in lithium-heparin tubes (7 ml) and then
centrifuged at 1,400 X gfor 10 min at 4°C to obtain plasma aliquots, which
were stored at —20°C until analysis (no more than 1 week). PBMC ali-
quots were obtained from blood via density gradient separation with
Lymphoprep, as previously described (13, 14), and then stored at —80°C
in a solution of water-methanol 30:70 (vol/vol) until analysis (about 2
weeks).

Blank plasma was kindly supplied by the blood bank of Maria Vittoria
Hospital (Turin, Italy). Blank PBMC aliquots were prepared with the
same procedure as was used for the patient samples, using bufty coat
provided by the same blood bank.

The countand determination of the MCV for each PBMC sample were
concurrently performed with a Beckman Coulter counter, as described by
Simiele et al. (13).

Simultaneous quantifications of ritonavir and the companion drugs in
plasma and in PBMCs were performed with previously published high-
performance liquid chromatography (HPLC)-photodiode array and
HPLC mass spectrometry methods, respectively (14, 15).

The intracellular concentrations of ritonavir and other PIs were cal-
culated as previously described (14) using the formula M/N X MCV,
where M is the amount of drug in each PBMC aliquot, MCV is the mean
cellular volume, and N is the number of PBMCs in the same aliquot. The
final plasma and intracellular concentrations were determined in tripli-
cate. Median data were used for the statistical analyses.

Comparison of intra-PBMC concentrations/K;. Intracellular con-
centrations of each drug were expressed in molarity. The ratio between the
plasma and intracellular concentrations was calculated for each regimen.

The theoretical inhibitory action of RTV was compared with that of
the companion PI for each regimen. For this purpose, the following for-
mula was considered (16):

Vinax X [S]
K, X (1 + %) +[5]

In the formula, v; is the reaction speed of the viral protease in the
presence of a single inhibitor, V, .. is the maximum reaction speed, [S] is
the concentration of the Gag-Pol protein, K,, is the Michaelis-Menten
constant of the reaction, [I] is the inhibitor concentration, and K; is the
inhibitory constant of the inhibitor. Since our aim was to compare the
theoretical inhibitory effect of RTV and the concomitant PI in the same
environment, V, .., K,,, and [S] were considered constants.

Because of the absence of further explanations about the possible in-
teraction between RTV and the PI at the target level (the viral protease),
we chose to primarily consider RTV and PIs singularly in an ideal envi-
ronment with the same concentration of protease and Gag-Pol protein.
Therefore, the only member of the equation which differs between each
drug is [I]/K;, which can be considered the arithmetic expression of the
inhibitory activity of the drug. This factor was determined for each drug at
the observed concentrations and used for comparison.

The calculation of [I]/K; was performed with two different K; values
for RTV: the highest K; reported in the literature (55 pM) (17), as the K;
values for all PIs were evaluated in the same work, and a mean K; calcu-
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lated from different works reported in the literature (37.5 pM) (18-20).
Moreover, once the observed [I]/K; values for RTV and for the concomi-
tant PI in each sample were obtained, the ratio between these two values
was calculated (RTV 1/concomitant PI 1). This ratio was used to evaluate
the difference in antiviral effects between RTV and the PI at the intracel-
lular level; a value of <1 indicates a stronger effect of the PI compared to
that of RTV, and, conversely, a value of >1 indicates a stronger activity of
RTV compared to that of the concomitant PI.

Changing perspective, if we consider a system in which two mutually
exclusive inhibitors (if one inhibitor binds to a protease molecule, the
binding of the other one is impossible) interact with the protease, the
formula is changed as follows, as described in many articles (21-23):

Voax X | S
1}1’] — max [ :| (2)

K,,,X(l+%+%)+[s]

In this formula, []] is the concentration of the second inhibitor, and K;
is its inhibition constant.

Combining the two formulas, the ratio between the reaction speed
with two inhibitors and that with only one inhibitor can be expressed as

Kmx(1+%>+[s]
K",x<1+%+[]]>+[s]

K
If we assume low concentrations of substrate ([S]), then the ratio is
reducible to

3)

Vij _
Vi

3 <1+[I]+[’]) )

To obtain robust data on RTV activity, only the highest K; (for RTV)
was considered in this formula, as the value was retrieved by the same
study (17).

Statistical analysis. The statistical analysis was performed with SPSS
statistics 20.0 (IBM). The normality of distributions was determined by
the Shapiro-Wilk test; comparisons between nonnormal data were per-
formed with the Mann-Whitney or Kruskal-Wallis test for differences
between two or more groups, respectively, or the Wilcoxon test for the
comparison of paired cases. P values of <0.05 were considered statistically
significant.

RESULTS

Patients. Patients included in the study were treated with DRV-
RTV 600 and 100 mg BID (n = 22 [21.4%]), DRV-RTV 800 and
100 mg QD (1 = 4 ([3.9%]), ATV-RTV 300 and 100 mg QD (n =
40 [38.8%]), LPV-RTV 400 and 100 mg BID (n = 21 [20.4%)),
and TPV-RTV 500 and 200 mg BID (n = 16 [15.5%]).

Plasma and intra-PBMC concentrations. The distribution of
plasma and intra-PBMC concentrations and the corresponding
PBMC/plasma ratio for each PI, used as indices of compartmen-
talization, are summarized in Table 1.

The PBMC/plasma ratio for RTV was consistently >1, indicat-
ing intracellular accumulation. The intracellular accumulation ra-
tios varied significantly among the different PI regimens (P =
0.008), as shown in Table 2.

Moreover, statistically significant differences in intra-PBMC
RTV concentrations were observed between the different regi-
mens (P < 0.001). In particular, patients treated with DRV-RTV
600 and 100 mg twice daily reported higher intra-PBMC RTV
concentrations than patients on the DRV-RTV 800 and 100 mg
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TABLE 1 Observed PI dispositions in plasma and PBMCs

Median (interquartile range) for concomitant PI

Parameter ATV DRV600¢

DRV800” LPV TPV

No. of samples 40 22

PI intra-PBMC concn (uM) 2.51 (1.33-4.33) 0.59 (0.40-1.09)
PI plasma concn (M) 0.82 (0.47-1.38) 6.35 (4.92-8.69)
PI intra-PBMC/plasma ratio 2.51 (1.63-5.06) 0.09 (0.06-0.22)

4 21 16
0.743 (0.256-2.430) 3.98 (3.18-6.73) 6.78 (2.15-9.68)
5.70 (3.35-16.75) 11.74 (7.43-13.58) 71.28 (43.33-96.19)
0.11 (0.06-0.24) 0.51 (0.28-1.12) 0.15 (0.13-0.18)

“ DRV600, DRV-RTV 600 and 100 mg BID.
® DRV800, DRV-RTV 800 and 100 mg QD.

once daily, ATV, or TPV regimens (P = 0.042 for DRV and P <
0.001 for ATV and TPV). Similarly, the LPV-RTV regimen
showed higher intra-PBMC RTV concentrations than did ATV-
RTV and TPV-RTV (both P < 0.001).

Moreover, the intracellular concentrations among different
PIs were considerably different (Fig. 1).

Intra-PBMC PI concentrations were significantly correlated to
the plasma concentrations (P = 0.018, 0.00024, and 0.0001 for
ATV, DRV, and TPV, respectively) except for that of LPV. RTV
plasma and intra-PBMC concentrations showed a lack of correla-
tion only when administered with LPV.

RTV versus concomitant PI activity. Intracellular RTV con-
centrations were comparable to those of concomitant PIs. In par-
ticular, RTV intra-PBMC concentrations were higher than those
of DRV, especially with DRV-RTV 600 and 100 mg BID (P <
0.001).

The ratios between [I]/K; factors of RTV and those of the con-
comitant PIs were significantly different between each regimen
(P < 0.001). The highest ratio was observed in patients treated with
DRV-RTV 600 and 100 mg BID, some of whom showed a ratio of
>1 (median, 0.59; interquartile range [IQR], 0.36 to 1.17), indi-
cating a higher theoretical activity of RTV compared to that of
DRV, as summarized in Fig. 2 and Table 2. By contrast, the lowest
ratio was observed with LPV (median, 0.05; IQR, 0.03 to 0.07).

In turn, when the mean inhibition constant for RTV was con-
sidered in the context of equation 4, these ratios substantially in-
creased for all the regimens. In particular, a ratio of >1 was also
observed in three ATV-treated patients (Table 2).

Performing a Wilcoxon test analysis among the patients, the
[I]/K; factor of each PI was significantly higher than that for RTV,
indicating that, as expected, the companion PIs exert a higher

antiviral effect than does RTV. This evidence was confirmed for all
regimens except DRV-RTV 800 and 100 mg QD (P = 0.068).

The absence of significant differences between the I/K; factor of
DRV and that of RTV became increasingly evident when the mean
K; for RTV was considered. In this case, no significant differences
were observed between the activities of DRV and RTV in the DRV-
RTV 600- and 100-mg BID regimen.

Finally, we obtained insight into how much the presence of
RTV affects the reaction speed of viral protease (Table 2) using
equation 4. The median ratios between the theoretical reaction
speeds of viral protease with and without RTV ranged from 0.63
for DRV-RTV 600 and 100 mg BID (indicating that the presence
of RTV accounted for 37% of the antiviral effect) to 0.95 for LPV-
RTV 400 and 100 mg BID (indicating that only 5% of the antiviral
effect was exerted by RTV).

DISCUSSION

Until now, several methods have been adopted to measure anti-
retrovirals in PBMCs. However, despite the fact that these meth-
ods were fully validated for this measure, all of them determined
concentrations without taking into account the physiological dif-
ferences in the mean cellular volume (MCV) of PBMCs between
patients.

A previously published paper (13) addressed this issue and
suggested that the frequently used MCV of 400 fl should be re-
vised. For this reason, we chose to determine the number of PB-
MCs and their MCV values for each sample using an automated
counting method (11, 13, 14). Then, with the use of the personal-
ized MCV, a correct and robust normalization of concentration
data was achieved. Moreover, the intra-PBMC PI concentrations
were simultaneously quantified with the same method (14).

TABLE 2 Observed RTV dispositions in combination with each concomitant PI and comparison between RTV and concomitant PI effect on viral

protease

Median (interquartile range) for concomitant PI
Parameter ATV DRV600* DRV800” LPV TPV
No. of samples 40 22 4 21 16

RTV intra-PBMC concn (pM)

RTV plasma concn (uM)

RTV intra-PBMC/plasma ratio

Intracellular [RTV]/[PI]

[)/K; (RTV)/[I}/K, (PI) (high RTV K,)

[I1/K; (RTV)/[I]/K; (PI) (mean RTV K,)

Reaction speed ratio with/without RTV

Fraction of antiviral effect accounted
for by RTV (%)

0.90 (0.61-1.40)
0.09 (0.06-0.19)
9.07 (5.97-12.83)
0.42 (0.29-0.64)
0.35 (0.24-0.54)
0.49 (0.36-0.80)
0.74 (0.65-0.80)
26 (20-35)

2.96 (1.82-4.95)
0.48 (0.26-0.55)
7.59 (6.20-9.97)
4.04 (2.48-8.03)
0.59 (0.36-1.17)
0.91 (0.61-2.24)
0.63 (0.46-0.74)
37 (26-54)

1.45 (1.16-4.47)
0.17 (0.14-0.61)

7.561 (6.60-11.11)

2.49 (1.49-5.35)
0.36 (0.22-0.78)
0.53 (0.32-1.14)
0.74 (0.57-0.82)
26 (18-43)

2.60 (1.86-3.76)
0.39 (0.22-0.65)

7.21 (5.71-10.45)

0.57 (0.29-0.76)
0.05 (0.03-0.07)
0.07 (0.06-0.10)
0.95 (0.94-0.96)
5 (4-6)

1.65 (0.93-2.30)
0.38 (0.20-0.70)
5.27 (3.12-6.39)
0.19 (0.13-0.25)
0.19 (0.13-0.25)
0.29 (0.25-0.37)
0.84 (0.80-0.88)
16 (12-20)

7 DRV600, DRV-RTV 600 and 100 mg BID.
Y DRV800, DRV-RTV 800 and 100 mg QD.
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FIG 1 Distribution of the observed intra-PBMC molar concentrations of the different boosted PIs. DRV800, DRV-RTV 800 and 100 mg once daily; DRV600,
DRV-RTV 600 and 100 mg twice daily. Circles and asterisks indicate mild and extreme outliers, respectively.

The intracellular penetration was different among the PIs, as
previously described (11). In particular, the intracellular concen-
trations of ATV and RTV were 2.4- and 7-fold higher, respectively,
than the plasma concentrations, suggesting a strong intracellular
accumulation of these drugs.

Interestingly, intracellular concentrations were correlated with
plasma concentrations, the only exception being with LPV. This
lack of correlation for LPV may be due to genetic interpatient
variability in drug transporters or intracellular metabolism, which
affects drug influx and efflux differently in cells and plasma.

The main finding of this study is that RTV intra-PBMC con-
centrations are comparable or even higher than those of other
concomitant PIs, despite the low dosing profile, confirming our
previous findings (11). Moreover, RTV penetration into PBMCs

was variable among different regimens on the basis of the con-
comitant PI and the posology.

To evaluate the hypothesis of some contribution of RTV in
protease inhibition, we compared the theoretical intracellular in-
hibitory activity of each PI with that of RTV at the observed con-
centrations, referring to the general formula of the reaction speed
of an enzyme in the presence of a single inhibitor. In this setting,
RTV concentrations seemed capable of exerting an antiviral activ-
ity slightly lower than or, in some cases, even equal to those of the
concomitant PIs. This evidence is particularly robust for DRV-
RTV-based regimens.

Equation 3 describes the effect of the addition of a new inhibitor to
the system and confirms the validity of the use of the [I]/K; factor to
determine its inhibitory function. Moreover, the v; /v, ratio was al-

(2}
1

[
1

-
|

Ratio between RTV and concomitant Pl "[I}/Ki"
factors (high RTV Ki)
N
1

o
Il

———

I I
DRV 800 DRV 600

[ [ I
ATV LPV TPV

Protease Inhibitor

FIG 2 Distribution of the ratio between the [I]/K; factor of RTV (considering the highest RTV K;) and that of the other PIs among the patients. The dashed line
marks the cutoff of 1, indicating a higher activity of RTV than that of the concomitant PI. DRV800, DRV-RTV 800 and 100 mg once daily; DRV600, DRV-RTV
600 and 100 mg twice daily. Circles and asterisks indicate mild and extreme outliers, respectively.
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ways <1, which indicates that the presence of a second inhibitor
invariably slows down the reaction speed, thus exerting an additive
inhibitory effect even though the two inhibitors are considered mu-
tually exclusive (the maximum level of competition). However, this
inhibition does not linearly increase with increasing drug concentra-
tions (effect of the natural substrate competition).

Finally, considering the low substrate concentration (Gag-Pol
protein), equation 4 was used to compare reaction speeds with
and without RTV. Again, the impact of the presence of RTV was
increasingly important for DRV- and ATV-based regimens
(around 40% and 30%, respectively, of the theoretical inhibition
was due to RTV). This finding indicates that the effect of RTV
activity when RTV is coadministered with DRV can be very high,
and its support might be very important for achieving and main-
taining viral suppression in these regimens. Conversely, the low
ratio between RTV and LPV activity may indicate that this regi-
men is less dependent on RTV activity.

The adoption of booster molecules has been fundamental for
the achievement of optimal plasmatic exposure to PIs and main-
taining an acceptable administration profile. The development of
alternative booster molecules, noninferior to RTV in terms of
CYP 3A4 inhibition, might allow for the achievement of compa-
rable effectiveness with slightly fewer side effects (8).

The results of this study suggest that RTV, despite being ad-
ministered at a low dose, can reach intracellular levels sufficient to
exert antiviral activity itself.

The observation of high intra-PBMC RTV concentrations
leads to some hypothetical questions. Does RTV play a supporting
role in the case of low exposure to the companion PI due to sub-
optimal adherence or low absorption, or might it be helpful in
maintaining viral suppression in pharmacological sanctuary sites?
To our knowledge, no studies on the intracellular pharmacody-
namic interactions of RTV and other PIs have been reported. This
issue represents a field of uncertainty that, according to our re-
sults, needs to be studied further.

A limitation of our work is the limited knowledge of the real
disposition of each drug within the cells. Compartmentalization
within cellular organelles may be a source of bias. However, the si-
multaneous intracellular quantification of each drug is currently the
most accurate method for comparing drug pharmacokinetics at ac-
tive sites. Moreover, the DRV-RTV 800- and 100-mg QD group had
a small sample size (n = 4) but was nonetheless representative.

In conclusion, the evidence reported in this paper indicates a
need for further in vitro and in vivo studies in order to have a more
complete view of the antiviral effect of RTV before switching ther-
apy to other booster molecules.
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