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Purpose. Compare the simulated pharmacokinetics of lipid-associated and soluble indinavir (IDV) to
determine the potential for greater control of virus replication in the lymphoid tissues.

Methods. Two-compartment mathematical models were developed to simulate the human pharmaco-
kinetics of soluble and lipid-associated forms of IDV in the central compartment and the lymphoid
tissue. The lipid-associated IDV model was then used to determine the minimum dosing schedule
needed to attain central or lymph drug concentrations comparable to the soluble form.

Results. Association of IDV to lipid nanoparticles has a favorable half-life and tissue distribution and
allows comparable minimum drug concentration in the lymph (where the majority of viral replication
occurs) to be achieved with a dosing schedule of every 95.5 h (~4 days).

Conclusions. Presuming pharmacodynamics of lipid-associated IDV are similar to soluble IDV,
estimations based on the proposed kinetic model suggest the novel delivery system could have a
tremendous impact on the current standard of HIV treatment, particularly for therapy targeted to clear
virus sanctuaries in lymphoid tissues. With less frequent and more effective dosing, lipid-associated
indinavir delivery as an adjunct to conventional antiviral therapy could lead to better suppression of viral

replication, increased immunological benefit, and fewer treatment failures.
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INTRODUCTION

An important objective of anti-HIV treatment is to re-
duce virus levels below the level of clinical detection in the
peripheral blood. However, a considerable amount of viral
replication occurs in the lymphatic tissues (1,2), with the
amount of free virus (3) and infected cells (4) in the lymph
nodes being orders of magnitude greater than the quantities
in the periphery. Furthermore, with current treatment meth-
ods the lymphoid tissue (LT) may be exposed to lower anti-
viral drug concentrations than the plasma (5). These data and
the observation that many patients continue to have viral break-
through despite even the most potent therapy (6) strongly
suggest that residual replication must still occur in the LT or
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other sanctuary sites of infection even when plasma viral
levels are undetectable.

It is likely that new drugs or drug delivery mechanisms
with greater access to the LT have the potential for superior
suppression of virus replication, which could lead to fewer
therapeutic failures and fewer instances of drug resistance
compared to the current standard. Recent development of a
novel, pH responsive lipid-indinavir formulation (of about
50 nm in diameter) that, when administered subcutaneously,
greatly increased the available drug concentration in the
lymph nodes compared to the soluble form as well as sustained
a significant amount of drug in the plasma beyond 24 h (>20
versus <2 pg/l) when administered to HIV-2-infected ma-
caques (7). Treatment of HIV-2-infected macaques with lipid-
associated indinavir was also encouraging. Animals treated
with the lipid-associated, but not the soluble form, showed
increases in CD4 T cells and undetectable plasma virus after
two weeks of daily treatment. Furthermore, upon examination
of the animals’ lymph nodes, only those treated with soluble
IDV showed appreciable localizations of HIV-2 RNA in
lymph node germinal centers. The objective of the current
study is to compare the simulated pharmacokinetics of lipid-
associated and soluble IDV to determine the potential for
achieving greater control of virus replication in the lymphoid
tissue with infrequent dosing of the lipid-drug complexes due
to their superior LT distribution and elimination properties.
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Simulated Pharmacokinetics of Lipid-Associated IDV

MATERIALS AND METHODS

We developed two mathematical models to predict the
human pharmacokinetics of orally administered indinavir and
the subcutaneous (SC) administration of lipid-associated in-
dinavir (of size 50-80 nm in diameter), which has been studied
previously in macaques (7). Two-compartment models were
developed using the commercial software VisSim32, version
3.0 (Visual Solutions, Inc.), and simulated with routines creat-
ed in C programming language incorporating both the central
compartment and LT.

Here, the central compartment is considered to be a well-
mixed pool of plasma and other non-lymphoid tissues. Soluble
IDV is considered to be absorbed into the central pool, from
where drug elimination also occurs. When SC administered,
lipid-associated IDV is absorbed into the lymph and eliminat-
ed from both the lymph and central compartments (Fig. 1)
(8,9). Some studies demonstrate distribution of SC-adminis-
tered liposomes to be confined only to the regional lymph
nodes involved in drainage of the injection site (9). However,
macaque data showed IDV distribution in several lymphatic
structures after SC administration of the lipid-drug complex
(7), indicating the assumption that the lymph compartment
represents a well-mixed pool of lymph nodes and other lym-
phoid tissue is reasonable.

All model parameters were derived from either human
clinical results or experiments using animal models, or chosen
in conjunction with established parameters to approximate the
known concentrations and dynamics of IDV in the central and
lymph compartments. The essential model characteristics are
a) the maximum plasma concentration (C,,,,) and time to
Cax Of the soluble model (10); b) the plasma concentration
of the lipid-associated model at 24 h is three-fold lower than
the peak concentration (7); and c) the peak plasma concen-
tration of the lipid-associated model is ten-fold lower than the
peak plasma concentration of the soluble model (7). Because
complete human data of the pharmacokinetics of lipid-
associated indinavir are unavailable, it was necessary to
supplement with data from other animals. For the unknown
parameters estimated within the current model, we performed
sensitivity analyses of both models to determine relative
influence of these parameter choices.

The volume of distribution of the central compartment
for soluble IDV was estimated to be 0.65 l/kg, which is an
average value of the reported data (10,11). Volumes of dis-
tribution for the lymphoid compartment and the lipid-
associated IDV are currently unknown, so the approximate
physiological volumes were used to determine drug concen-
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tration. That is, we used a plasma volume of 5 L and a lym-
phoid mass of 700 g (1% of total body weight for a 70 kg
individual (12)).

Two drug elimination terms are incorporated into the
models. The first, K., represents elimination from the central
compartment and was obtained for soluble IDV from
prescription information provided by the manufacturer (13).
This term in the lipid-associated model was determined by
the plasma decay kinetics of lipid-associated IDV in ma-
caques (7). The second term, K,,, represents drug elimination
from the LT from processes such as intracellular uptake of
the complexes. Assuming elimination of IDV occurs exclu-
sively through blood and low or no drug elimination directly
from the LT, this term will be zero for the soluble model. K,
was estimated for the lipid-associated model so that the plas-
ma concentration at 24 h after administration is three-fold
lower than the peak plasma concentration, consistent with
previous observations (7).

Drug is absorbed into both models at the rate K,. This
parameter was estimated to approximate the time to maxi-
mum central compartment concentrations given by the
manufacturer (13) and Kinman et al. (7) for the soluble and
lipid-associated models, respectively. Transport to and from
the lymph is represented by the variables K; and K,. For
both models, these parameters were estimated in conjunction
with one another so that a) the plasma concentration of the
soluble model is consistent with observed kinetics in both
human and macaque; b) the plasma concentration of the lipid-
associated model at 24 h is three-fold lower than the peak
concentration; and c) the peak plasma concentration of the
lipid-associated model was ten-fold lower than the peak plas-
ma concentration of the soluble model (7).

The drug dose was 800 mg for both soluble and lipid-
associated IDV models. The bioavailability of orally admin-
istered IDV has previously been determined to be 65% (14).
We used an estimate of 60% of the injected dose of lipid-
associated IDV taken up from the injection site; the amount
determined by SC-administration of similarly sized liposomes
injected into rats (9).

RESULTS

Using parameter values listed in Table I, the soluble
model (Fig. 2) is consistent with previously observed plasma
(13) and LT (15) dynamics (reference (7), Fig. 3). The lipid-
associated kinetics are also consistent with the observation
that the maximum lipid-associated IDV plasma concentration

Lipid Associated Model
~ ;’

Ky
Ke l l K,
elimination elimination
from lymph
(e.g., intracellular

uptake)

Fig. 1. Schematic diagram of pharmacokinetic models for soluble IDV and lipid-associated IDV. The
soluble form first enters via the central compartment, whereas the lipid-drug complexes enter via the LT.

No lymphatic elimination of soluble IDV is modeled.
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Table I. Parameter Descriptions and Values Used in Simulations
Value
Parameter Description Soluble Model  Lipid-Associated Model Reference

K, Absorption rate into the central compartment 40h7! 0.7h7" Kinman ez al. (7);
Merck & Co. (13)

K, Elimination from the central compartment 0385 h~! 0.0081 h™! Kinman ez al. (7);
Merck & Co. (13)

K, Elimination from the LT compartment 0Oh™! 0.06 h™! None

K Drug transport to/from the lymph and central 01h! 20h7! None

K, compartments 20h7! 0.025h™! None

V4-central Volume of distribution for soluble IDV 0.65 l/kg - Boyd et al. (10);
Clotet et al. (11)

Bioavailability ~ Percent of drug that enters the central compartment 65% 60% Oussoren et al. (9);

Khoo (14)

Parameter values are adapted from indicated references. Unreferenced parameters are chosen in conjunction with parameters to produce

pharmacokinetics similar to those previously observed.

is approximately 10% of that for soluble IDV. Differences
between soluble and lipid associated IDV delivery include
a nearly 120-fold increase in drug exposure to the lymph com-
partment, at the expense of a third less exposure in the central
compartment. Steady-state pharmacokinetic parameters for
8-hour soluble dosing and 24-hour lipid-drug complex dosing
are listed in Table II.

Subcutaneous injection of soluble indinavir was shown
to have kinetics similar to orally administered drug with a
single-dose time to maximum plasma concentration of
0.6 h and elimination of detectable drug levels by 6 h post-
injection (7,13). These data indicate enhanced drug exposure
to the lymph compartment is a result of the lipid-drug
complexes and not solely the route of administration.

To determine the influence of parameters not determined
experimentally on model outcomes, we varied the soluble
model estimates for K, and K, and the estimates of K,, K,
K5, and bioavailability of the lipid-associated model by +25
or —25% of their original values. The soluble model was most
sensitive to the drug transport parameter K; with steady-state
minimum and maximum lymph concentrations ranging from
2.0 to 2.4 and 19.0 to 31.3 pg/g, respectively. Concentration
changes of the central compartment were negligible. The lipid-
associated model was most sensitive to the drug transport
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parameter K5, the elimination parameter K,,, and the lipid-
drug complex bioavailability term. Changes in K, result in a
range of central compartment minimum and maximum con-
centrations of 0.3-0.5 and 0.9-1.6 pg/ml, respectively, with
very little change in lymph concentrations. As expected, varia-
tions in bioavailability result in concentration changes in both
the central and lymph compartments of —25 to +25%. The
lipid-drug complex elimination term, K,,, also has a consider-
able effect on both the central and lymph compartments with
minimum and maximum concentration changes ranging from
—33 to +62 and —12 to +21%, respectively. Varying the
parameter K, showed little effect on concentrations of either
model. These data indicate that bioavailability, elimination,
and transport parameters are of greatest importance to exper-
imentally identify in order to determine more exact pharma-
cokinetics of lipid-associated indinavir.

Despite the large difference in soluble antiviral concen-
trations between the plasma and the lymph, many patients
have been able to achieve long-term central compartment
(plasma) viral suppression with soluble IDV-containing ther-
apy. Therefore, the drug concentration in the central com-
partment achieved with oral administration is sufficient to
suppress the majority of detectable viral replication activity.
However, this suppression is incomplete as evidenced by low,

% 10° Lymph Concentration

ua/g
w

0 .
10

15

20

25

hours

Fig. 2. Central compartment and lymph concentrations for single soluble and lipid-associated doses of 800
mg of IDV.
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Table II. Comparison of Steady-State Pharmacokinetic Parameters for Soluble and Lipid-Associated Indinavir

Soluble Model

Lipid-Associated Model

(8 h oral dosing)

(24 h SC dosing)

Parameter Central LT Central LT

bnax 0.6 h 1.3 h 4h 34h
Crax 9.2 pug/ml 25.1 pglg 1.3 pg/ml 728.0 ng/g
Conin 0.7 pg/ml 2.7 uglg 0.4 pg/ml 234.4 ng/g
Avg. Conc. 3.7 ug/ml 12.1 pglg 0.8 pug/ml 475.4 ng/g
AUC 29.6 ng h/ml 96.5 ng hig 19.9 pg h/ml 11,409.0 g h/g

800 mg dose for both models.

but detectable levels of gag protein production by in situ hy-
bridization of lymph nodes (7) indicating a higher drug
concentration in the lymph compartment is needed to
eliminate this activity. The elevated IDV concentration
achieved locally with lipid-IDV administration is likely to
be within the therapeutic range required to eliminate residual
virus replication. Using the drug concentrations of central
and lymph compartments of the soluble model as targets, we
determined the minimum lipid-associated IDV dosing sched-
ule needed to attain these concentrations.

To reach an average central compartment drug concen-
tration of 3.7 pg/ml with lipid-associated IDV, the models
show lipid-drug complex dosing would need to occur more
frequently than every 8 h. If the average soluble lymph con-
centration is to be achieved, the dosing schedule need only be
once every 945.5 h (~39 days). However, with this schedule,
the drug concentration from hours 60 to 945.5 is less than
1/10th the minimum lymph concentration for soluble IDV
(2.7 pg/g) even though the average for the entire period is
approximately 12.1 pg/g. This long period of very low
concentration is due to both the lipid-associated drug in the
lymph compartment sustained at much higher concentrations
compared to the soluble form immediately after administra-
tion and the complexes’ more favorable decay kinetics.

It is reasonable to expect this low level of drug would be
ineffective for the final 885 h of the treatment period. To
avoid time periods with potentially inadequate concentrations
in the lymph that have greater potential to select for drug
resistant strains, the optimal dosing schedule was determined
so that the minimum lymph concentration for the lipid-
associated model is no smaller than the minimum lymph
concentration for the soluble model. With this target, lipid-
associated IDV need only be administered every 95.5 h (~4
days) to attain an average lymph concentration of 119.5 pg/g,

Table III. Sensitivity Analysis of 2,000 Dosing Schedule Outcomes
Generated by Randomly Assigning Values to Parameters K5, K., K.,
and Bioavailability of the Lipid-Associated Model

Mean (SD) Minimum  Maximum
Time between doses 96.8 (14.5) 73.5 130
(hours)
Average LT 119.4 (14.3) 93.9 144.5

concentration (ug/g)

Outcomes generated so the LT drug concentration of the lipid-
associated model is no smaller than the minimum LT concentration
of the soluble model.

ten-fold greater than the concentration seen with the soluble
model.

The dependence of these conclusions on the most influ-
ential parameter values of the lipid-associated model was
assessed by randomly assigning values from uniform distribu-
tions to the parameters K,, K., and bioavailability from a
range of —25 to +25% of the initial estimate. We also exam-
ined the influence of the parameter K., which was randomly
assigned values from a normal distribution with a mean of
0.0081 and standard deviation of 0.0015, as determined pre-
viously (7). Two thousand simulations with these randomly
chosen parameter values were performed to find the minimum
doing schedule of the lipid-drug complex needed to attain a
minimum lymph concentration similar to that of the soluble
model. This sensitivity analysis demonstrates minimum lipid-
associated dosing schedules range from 3 to 5.4 days with
variations in these parameters (Table IIT). Specifying most
conservative and least conservative parameter combinations
into the lipid-associated model result in average lymph con-
centrations of 93.9 and 144.5 nug/g, respectively, eight-fold and
12-fold greater than with the soluble model. Minimum dosing
schedules with these parameter combinations are 73.5 and
130 h, respectively.

DISCUSSION

The pharmacokinetic models presented here describe
the kinetics of orally administered soluble IDV and subcuta-
neously administered lipid-associated IDV in the central and
lymph compartments. The models describe the potential for
infrequent dosing of the lipid-drug complexes to achieve high-
er drug concentrations in the lymphoid tissue where the ma-
jority of viral replication occurs and has been shown to persist
in the lymphatic systems of patients receiving highly active
antiretroviral therapy (HAART), despite the successful
suppression of circulating virus in the blood and other well-
perfused tissues readily accessible to drug in plasma (6). The
results derived from our pharmacokinetic model are in good
agreement with previously reported experimental results
where HIV-2-infected macaques treated with lipid-associated
IDV showed greater inhibition of virus replication in the
lymph nodes than animals treated with soluble IDV (7). Clear-
ly, a therapeutic strategy targeted to overcome drug insuffi-
ciency in lymph nodes should be considered as an adjunct to
daily oral HAART, which reduces the plasma viral load.
Therefore, one could envision that periodic (i.e., once weekly
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or monthly) subcutaneous administration of lipid-associated
drug in HIV patients along with concurrent HAART may
provide further suppression of virus load in these lymphatic
sanctuaries.

All human-specific parameter estimates needed for the
models were not available from published literature. Missing
parameters were derived from results obtained from experi-
ments using other animals or estimated in the current study
to reproduce previously observed dynamics of soluble and
lipid-associated IDV in the central compartment. The purpose
of this study is to provide a working model to predict the out-
come of a dosing regimen of SC-administered lipid-associated
indinavir. In order to achieve this model, estimates of human
parameters had to be inferred from experimental data of other
animals. The validity of these assumptions should be tested as
more human data become available.

Two parameters of particular importance that have not
yet been experimentally determined in any animal are the
volumes of distribution in the lymph compartment of soluble
IDV and the volumes of distribution of lipid-associated IDV in
either compartment. In the absence of any experimental es-
timate for these volumes, we used physiological volumes to
determine concentrations. Because drug concentration is a
function of V,;, more accurate results and conclusions are de-
pendent on more precise estimates of these volumes. It is also
important to note that the use of physiological volumes makes
the implicit assumption that the V, is the same in the lymph
for both soluble and lipid forms of IDV, although this may
not be the case.

Other parameters determined to be important for an ac-
curate assessment of lipid-drug complex kinetics were the
elimination rate from the lymph, the drug transport ratio be-
tween the two compartments, and the bioavailability of the
complexes relative to the injection site. However, even when
using the most conservative estimates of these variables (i.e.,
bioavailability = 45%, K, = 0.3125, K., = 0.075, and K. =
0.0111), minimum complex dosing was still found to be on the
order of days rather than hours as with current treatments.

To derive the potential minimum dosing schedule of lipid-
associated IDV, we supposed that equal concentrations of
soluble and lipid-associated IDV would have similar efficacy,
thus implicitly assuming the pharmacodynamics of lipid-
associated IDV would remain similar to the soluble form, a
fact yet to be determined. However, in vitro data suggest that
lipid association does not inhibit drug efficacy, and may even
be three- to six-fold more potent than the soluble form (7),
indicating the supposition of similar efficacy is rational.

We considered the concentration of lipid-drug complexes
in the lymph to be a well-mixed compartment, although differ-
ential distribution in various macaque lymph nodes has been
observed. The model also assumed the increased concentra-
tion of lipid-associated IDV in the lymph would not saturate
its elimination mechanisms, thus maintaining a constant clear-
ance rate, and that higher levels of the lipid-drug complexes in
these tissues would not be toxic to the patient. Given the high
therapeutic index, and low cytotoxicity to cell, the absence of
increased toxicity is a reasonable belief. For further refine-
ment of these models, additional clinical studies are necessary
to determine the pharmacokinetics of lipid-associated IDV,
the maximum tolerable and optimal lipid-drug complex dos-
age, and the distribution of the complexes relative to the in-
jection site.
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Subcutaneous administration of lipid-mediated nanopar-
ticles containing protease inhibitors or other anti-HIV drugs
could provide greater exposure of drug into the lymphoid
tissues where low levels of virus replication persists, which
may lead to better suppression of viral replication, increased
immunological benefit and fewer treatment failures due to
antiviral resistance. However, one disadvantage of SC admin-
istration can be that with repeated injections, abscesses can
develop blocking the proper drainage of the lipid drug com-
plexes, thereby reducing their beneficial effects with respect to
LT saturation.

CONCLUSIONS

Although preliminary, the models presented here demon-
strate the lipid-drug particles’ potential for much less frequent
dosing while still maintaining effective drug concentrations in
the lymphoid tissues. We envision that subcutaneous lipid-
associated IDV therapy may be particularly suitable as an ad-
junct to an oral regimen of highly active antiretroviral therapy,
which controls systemic viral replication, while the lipid-asso-
ciated therapy further reduces or eliminates residual replica-
tion in lymphoid tissues. As a result, the lipid-associated drug
delivery system may extend the utility of current antivirals by
providing greater control of virus replication in the lymphatic
system as well as make effective anti-HIV therapy accessible
to difficult-to-treat populations.
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