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HIV protease inhibitor into blood cells and prolongs

its lifetime in vivo

Paul S. Marinec?, Lei ChenP, Kenneth J. Barr¢, Mitchell W. Mutz¢, Gerald R. Crabtree®, and Jason E. Gestwicki2"

aDepartment of Pathology and the Life Sciences Institute, University of Michigan, Ann Arbor, MI 48109; PDepartment of Pathology and the Howard Hughes
Medical Institute, Stanford University, Stanford, CA 94305; and “Amplyx Pharmaceuticals, 6256 Greenwich Drive, Suite 505, San Diego, CA 92122

Edited by Carolyn R. Bertozzi, University of California, Berkeley, CA, and approved December 5, 2008 (received for review June 3, 2008)

HIV protease inhibitors are a key component of anti-retroviral
therapy, but their susceptibility to cytochrome P4s50 metabolism
reduces their systemic availability and necessitates repetitive dos-
ing. Importantly, failure to maintain adequate inhibitor levels is
believed to provide an opportunity for resistance to emerge; thus,
new strategies to prolong the lifetime of these drugs are needed.
Toward this goal, numerous prodrug approaches have been de-
veloped, but these methods involve creating inactive precursors
that require enzymatic processing. Using an alternative strategy
inspired by the natural product FK506, we have synthetically
modified an HIV protease inhibitor such that it acquires high
affinity for the abundant, cytoplasmic chaperone, FK506-binding
protein (FKBP). This modified protease inhibitor maintains activity
against HIV-1 protease (ICso = 19 nM) and, additionally, it is
partitioned into the cellular component of whole blood via binding
to FKBP. Interestingly, redistribution into this protected niche
reduces metabolism and improves its half-life in mice by almost
20-fold compared with the unmodified compound. Based on these
findings, we propose that addition of FKBP-binding groups might
partially overcome the poor pharmacokinetic properties of existing
HIV protease inhibitors and, potentially, other drug classes.
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Since its introduction over a decade ago, highly aggressive
antiretroviral therapy (HAART) has proven to be effective
at reducing viral loads and decreasing the morbidity and mor-
tality associated with HIV-1 infection. However, adverse drug-
drug interactions, poor adherence to antiviral regimens, and,
importantly, the rapid emergence of multidrug resistance are
posing new threats (1-3). To combat selection of resistant
variants, maintaining inhibitor concentrations above critical
thresholds is vitally important. However, the physiochemical
properties of current antiretrovirals have made this a challenging
task. For example, all 10 of the FDA-approved inhibitors of
HIV-1 protease are good substrates for cytochrome P45y en-
zymes, especially CYP3A4, and they undergo extensive first-pass
hepatic metabolism, leading to their rapid clearance (4). These
properties necessitate the coadministration of Pys inhibitors,
such as ritonavir, but this treatment often exacerbates side
effects and leads to liver toxicity (5). Thus, there is a burgeoning
need to improve the pharmacology of antiviral therapies.

A number of prodrug strategies have been evaluated in an
attempt to improve existing HI'V protease inhibitors (PIs) (6).
For example, several groups have conjugated these molecules to
amino acids and other nutrients to permit carrier-mediated
absorption (7-9). Others have altered their distribution and
persistence via covalent attachment of lipophilic groups (10),
phosphates (11), polyethyleneglycol (12), or other modifications
(13). In general, these strategies are intended to augment
transepithelial delivery into systemic circulation and reduce
binding to metabolic enzymes, with the hopes of improving
absorption, distribution, metabolism, and excretion (ADME)
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profiles. In all cases, the modified drugs require enzymatic
processing to release the active compound because the protected
prodrug form has minimal activity.

Our group has been exploring a conceptually different ap-
proach to enhancing drug lifetimes that is inspired by the natural
product, FK506. This compound is a potent immunosuppressive
that forms a high-affinity complex with FK506-binding protein
(FKBP) (14). Once bound to FKBP, FK506 engages in a ternary
interaction with calcineurin through a nonoverlapping chemical
domain (15-17). Thus, FK506 is a bifunctional molecule; it
simultaneously binds two distinct proteins. To engage in both
these interactions, the chemical structure of FK506 is quite large
(M, = 804) and rich in functional groups (>10 H-bond donors/
acceptors). This complexity would be expected to adversely
affect its pharmacological properties and, indeed, FK506 is an
excellent substrate for CYP3A4 in vitro (18, 19). Despite these
apparently suboptimal features, FK506 is used clinically and it
has a surprisingly long half-life (between 8 and 18 h). Because of
the unexpected persistence of FK506, we became interested in
understanding the mechanism by which it avoids metabolism.
One potential insight comes from the observation that FK506
accumulates within the cellular component of whole blood,
which is a rich source of FKBP-expressing cells (20-22). In
particular, lymphocytes express high levels of FKBP (22) and low
levels of CYP3A4 (23). Therefore, we hypothesized that reten-
tion of FK506 within these cells might limit exposure to key
metabolic enzymes. Consistent with this model, tethering FKBP-
binding groups to otherwise unrelated small molecules reduces
their affinity for CYP3A4 by up to 3.5-fold when coadministered
with purified FKBP or FKBP-expressing cells in vitro (24).

Encouraged by these in vitro findings, we sought to explore
whether the in vivo lifetime of an HIV PI could be modified by
installation of an FKBP-binding group. Under this model, append-
ing the FKBP-binding portion of FK506 to a known HIV protease
inhibitor might be expected to impart some of the favorable cellular
partitioning and lifetime properties of the natural product. In this
report, we synthesize a bifunctional derivative of the FDA-approved
PI amprenavir. Strikingly, we found that this compound is selec-
tively partitioned into FKBP-expressing blood cells, which pro-
longed its lifetime by ~20-fold in vivo. Because of the modular
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Fig. 1. Synthesis and functional analysis of a bifunctional HIV protease inhibitor. (A) The synthesis of the control inhibitor, 4-methoxy amprenavir, and the
bifunctional derivative, SLFavir, are shown (with SLF in red). Reagents and conditions: (i) 4-methoxybenzenesulfonyl chloride, EtzN, DCM (ii) 1:1 TFA:DCM (iii)
2,5-dioxopyrrolidin-1-yl tetrahydrofuran-3-yl carbonate, EtsN, DCM (iv) succinicanhydride, DCM (v) SLF, DIC, DMAP, DMF. (B) Results of a FRET-based HIV protease
assay. Compounds 4, 5, and 6 had measurable anti-HIV protease activity and the ICsg values are shown. Results are representative of 3 independent experiments

and the error is SD.

synthesis used, we anticipate that this nature-inspired, prodrug
approach might have broad applications.

Results

Design and Synthesis of a Bifunctional Protease Inhibitor, SLFavir. We
hypothesized that binding to FKBP might alter the distribution
and persistence of existing HI'V PIs. To test this idea, we targeted
a derivative of amprenavir (4; 4-methoxy amprenavir) (25, 26)
for modification. Structure-activity relationships have demon-
strated that chemical diversity may be introduced on the
pseudoamine terminus of amprenavir without dramatic effects
on antiviral activity (26). Therefore, we reasoned that an FKBP
ligand might be coupled at this site. To generate these com-
pounds, we followed a precedented route (26) from the known
chiral alcohol, 1, to the key intermediate 3 (Fig. 14). From this
shared core, we either completed the 4-methoxy amprenavir
scaffold, 4, by installation of hydroxytetrahydrofuran or we
reacted the amine with succinic anhydride to provide interme-
diate 5. Carbodiimide-mediated coupling of 5 with an FKBP-
binding group yielded the bifunctional compound 6. In this
reaction, we took advantage of a well-known, synthetic ligand for
FKBP (SLF) that has high affinity for FKBP (K4 ~1 to 10 nM)
(27) but does not interface with calcineurin; thus, installing this
group provides tight binding to FKBP without concurrent anti-
calcineurin activity (28-30). We refer to the bifunctional inhib-
itor as SLFavir because it incorporates chemical domains from
both SLF and amprenavir.

SLFavir Retains Anti-HIV-1 Protease Activity In Vitro. To evaluate the
potency of compounds 4-6, we used a FRET-based assay in
which inhibition of HIV-1 protease is quantified by the ability of
a candidate to block cleavage of a quenched fluorescent sub-
strate. Using this approach, we found that the unmodified parent
PI, 4, had an ICsy of 4.2 nM (Fig. 1B), which agrees with the
range of reported values for similar inhibitors (26, 31). Chemi-
cally coupling the SLF moiety resulted in a nominal decrease in
potency, with the ICsy value of SLFavir remaining in the
nanomolar range (19.8 nM). To explore the origins of this
modestly diminished activity, we examined the precursor, 5. This
molecule lacks the tetrahydrofuran and, consistent with a role
for this group, compound 5 also had a slightly decreased potency
(ICsp = 11.8 nM). These results are consistent with known
structure-activity relationships (26) and they suggest that replac-
ing the tetrahydrofuran with a short, flexible methylene linker
attached to SLF does not drastically alter potency.

After confirming that SLFavir maintains anti-protease activ-
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ity, we wanted to study whether binding to FKBP would impact
this activity in vitro. In some systems, SLF conjugates have been
found to bind both protein partners without a loss in affinity for
either target (32), whereas in other examples, ternary binding is
hindered by FKBP (33). These differences likely arise from
variation in the spatial constraints imposed by different protein
surfaces and the relative depth of the binding pockets. To
empirically test this parameter for SLFavir, we premixed 6 (3
uM) with purified FKBP12 (1 uM). Under these conditions,
FKBP did not block anti-HIV protease activity (Fig. S1A4). This
is an important result because it suggests that SLFavir can bind
to FKBP without interrupting its association with the protease.

SLFavir Is Preferentially Localized Within the Cellular Component of
Whole Blood Ex Vive. Because FKBP is abundantly expressed in
the cytosol of erythrocytes and lymphocytes (22), we hypothe-
sized that an FKBP-binding group might retain the bifunctional
molecule in these cells. To test this idea, we treated mouse whole
blood with 4 or SLFavir and analyzed the partitioning of the
molecules between the plasma and hematocrit after a 60-min
incubation at 37°C. We found that compound 4 was approxi-
mately equally distributed between the plasma and cells (Fig.
2A4). However, SLFavir exhibited a striking 8-fold preference for
the cellular compartment, suggesting that, similar to FK506 (20),
binding to FKBP alters partitioning.

SLFavir Is a Prodrug that Prolongs Anti-Protease Activity Ex Vivo. To
evaluate the functional consequences of this cellular distribution
on the metabolism of the bifunctional product, we analyzed the
levels of the inhibitors over a period of six hours ex vivo (Fig. 2B).
At 37°C, 4 was slowly degraded and only ~25% of the initial
concentration remained after six hours. Interestingly, SLFavir
had similar kinetics, but the LC-MS spectra revealed that the
major cleavage product [m/z = 507] was 5, the oxobutanoic acid
precursor of the bifunctional compound. As described in Fig. 1B,
this intermediate retains activity against HI'V-1 protease and it
might be considered the released product of the prodrug. By
adding the observed concentrations of 5 and 6, we calculated that
the total amount of viable inhibitor remained elevated (within
70% of the initial value) throughout the experiment. To confirm
the anti-protease activity of these samples, we subjected the
extracted material to the HIV-1 protease FRET assay. These
experiments confirmed that the SLFavir-treated sample re-
tained nearly 100% of its inhibitory activity after 6 h whereas the
activity of samples treated with compound 4 was reduced by
~100-fold (Fig. 2C). Together, these results suggest that SLFavir
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Fig. 2. SLFavir is selectively partitioned into blood cells and is a prodrug ex vivo. (A) Whole blood treated with compound 4 or 6 was separated into plasma
and blood cell fractions and compound levels were assayed by LC-MS. The results are the average of at least three experiments and the error is standard deviation.
(B) Both SLFavir and compound 4 are metabolized in whole blood at 37°C, but the total amount of active product remains constant in the SLFavir treated samples
because of the release of the active derivative, 5. (C) Whole blood samples after 6 h of incubation at 37°C were extracted, dried, and resuspended in DMSO for
use in HIV protease assays. The activity of 4 was reduced ~100-fold by incubation in whole blood whereas the activity of the bifunctional version 6 was largely
unchanged.

is a prodrug and that it contributes to anti-protease activity = compounds were accessible to the circulation by extracting with
longer than the parent compound. organic solvent and monitoring the parent ion by LC-MS. Analo-

gous to the experiments performed on the ex vivo samples, we first
SLFavir Is Sequestered into Blood Cells In Vivo. Encouraged by the ex ~ examined the partitioning of the compounds between plasma and
vivo results, our next goal was to investigate the lifetime of the  cellular components of whole blood. One hour after i.p. adminis-
bifunctional molecule in a rodent model. To deliver molar equiv-  tration we found that 4 was distributed equally between the two
alents, we used a 2.0-mM dosing solution and administered 10 ul/g  portions, whereas SLFavir had a 5-fold preference for the cellular
L.p. to adult male C57BL/6 mice, equaling 0.4 umols per gram or  fraction; thus, binding to FKBP also alters the distribution of the
~10 mg/kg. One hour after administration, we confirmed that the  bifunctional molecule in vivo. (Fig. 34).
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Fig.3. SLFavir is sequestered into blood cells and has a dramatically enhanced half-life in vivo. (A) After 60 min, whole blood was isolated from treated mice,
separated into components and analyzed for drug content by LC-MS. Results are the average of at least three animals. (B) At time 0, adult male mice were injected
i.p. with either compound 4 or 6. Whole blood was removed at the indicated times and the plasma drug levels determined. Total inhibitor level was calculated
as the concentration of 5 + 6. All results are the average of at least three independent experiments and the error is standard deviation. (C) Plasma samples were
dried and resuspended in DMSO for analysis in the HIV protease assay. Results are shown relative to a control (100% = 10 uM drug extracted immediately from
whole blood).
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Fig. 4. A fluorescent SLF conjugate is selectively sequestered in FKBP-
expressing cells. Wild-type or mutant MEFs (fkbp12NLS/NLS) were treated with
the probe or a Bodipy control (100 wM). Only the wild-type MEFs had specific
cytoplasmic staining. Size bars, 2 um. Nuclei are stained with Hoescht.

SLFavir Has a Dramatically Enhanced Lifetime In Vivo. To evaluate the
functional consequences of enhanced cellular partitioning, we
analyzed plasma levels of the inhibitors over a period of 12 h after
L.p. injection. After 180 min, the levels of the unmodified parent
compound, 4, were undetectable and this compound exhibited a
half-life of ~30 min (Fig. 3B). This value is consistent with studies
of other protease inhibitors in rodents (34). In contrast, SLFavir
had a half-life of ~9 h and persisted in the plasma at levels >1 uM
for 12 h. These results show that the bifunctional molecule has a
significantly longer lifetime than the unmodified parent.
Importantly, SLFavir had an ICs of ~20 nM in vitro (see Fig.
1), which is 50 times lower than the observed plasma concen-
tration. These results suggest that anti-HIV protease activity
might also be maintained in these mice. To directly test this
possibility, we subjected the plasma extracts to the HIV-1
protease assay. Using this method, we found that the activity of
4 was quickly lost (Fig. 3C), consistent with its rapid degradation
in the rodent. However, the inhibitory activity of SLFavir
remained relatively intact, retaining potency after 3 h. Consis-
tent with our previous results, we found that compound 5 was
released from the prodrug, which likely contributes to this
improved persistence (see Fig. 3B). Together, these results
suggest that the addition of an FKBP-binding group can signif-
icantly prolong the duration of anti-protease activity in mice.

Partitioning of a Fluorescent Bifunctional Molecule Is Reliant on
Binding to FKBP. Although our strategy is designed to use FKBP-
binding to alter partitioning, we wanted to further explore this
requirement. Toward that goal, we synthesized a fluorescent
probe (Bodipy-SLF) (Fig. S1B) that enables visualization of
binding to this protein. Using confocal fluorescence microscopy,
we found that mouse embryonic fibroblasts (MEFs) treated with
the mock-conjugated, control probe exhibited a diffuse, non-
specific membrane staining (Fig. 4). Conversely, treatment of
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Fig.5. Bifunctional protease inhibitor has potent anti-viral activity in an HIV
infectivity model. CEM lymphocytes were infected with T cell tropic HIV-1LA1
as described in Materials and Methods. The infected cells were treated with
either amprenavir or a SLF-modified, protease inhibitor (APX 23451). Results
are the average of triplicates and error bars are SE.

wild-type MEFs with the bifunctional probe resulted in promi-
nent cytoplasmic fluorescence. To confirm an interaction with
FKBP, we treated MEFs from a mutant cell line that fails to
express FKBP12 (fkbpNESINLS) (35) and found that neither the
control nor the Bodipy-SLF probe were retained. Next, we
saturated the ligand-binding sites in wild-type MEFs by pre-
treating with FK506 (100 uM). When these cells were subse-
quently given the fluorescent probe, specific labeling was
blocked. Together, these results and previous work (24) suggest
that FKBP is responsible for the sequestering of SLF-bearing,
bifunctional molecules.

Bifunctional Protease Inhibitor Has Superior Anti-HIV Activity in a
Cultured Cell Model. For this SLF-coupling strategy to produce an
anti-viral, the modified compounds must retain activity against
live virus. In vitro, addition of recombinant FKBP did not
significantly influence anti-protease activity (see Fig. S14) but
this finding does not preclude the possibility that binding to
FKBP might positively or negatively influence activity in cells
through controlling the subcellular distribution of the modified
inhibitor. To directly test this idea, we studied the infectivity of
the T cell tropic HIV-1LAI strain in a CEM cell model by using
a close chemical derivative of SLFavir, APX 23451. Under these
conditions, unmodified amprenavir inhibited HIV maturation
with an ICsq of 202 = 136 nM whereas the bifunctional derivative
had an ICs of 2.5 = 3.2 nM (Fig. 5). Thus, the SLF-modified
compound was ~80-fold more potent.

Discussion

A fundamental requirement in any drug treatment protocol is
that levels of active compound remain above therapeutically
effective concentrations. This feature is especially critical for
HIV-1 therapy as constant antiviral pressure is required to
prevent replication and suppress the emergence of multidrug
resistant strains. Although current HAART regimens have been
largely successful, significant problems persist. One of the major
issues is that current protease inhibitors have limited lifetimes
because of rapid metabolism by cytochrome P4so enzymes. In
turn, suboptimal pharmacokinetics leads to high pill burdens,
liver toxicity, and poor patient compliance, especially in devel-
oping countries. Thus, there is a continued need for improved
derivatives.

In previous studies, we observed that FKBP significantly
protected FK506, and bifunctional derivatives thereof, from
interacting with CYP3A4 in vitro (24). Thus, we hypothesized
that, in vivo, tethering FK506-like groups might redistribute the
chimeric compounds into a protected biological niche, shielding
them from metabolic enzymes, and potentially extending their
lifetimes. To explicitly test this idea, we generated a bifunctional
version of amprenavir and evaluated its lifetime and activity ex
vivo and in vivo. Ex vivo, we found that SLFavir is converted to

PNAS | February 3,2009 | vol. 106 | no.5 | 1339

PHARMACOLOGY

CHEMISTRY


http://www.pnas.org/cgi/data/0805375106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0805375106/DCSupplemental/Supplemental_PDF#nameddest=SF1

%
yd
=y

an active metabolite and that the overall anti-HIV protease
activity in blood remains high (see Fig. 2). It is worth noting that,
unlike other prodrug methods, both the precleaved and cleaved
products are nanomolar inhibitors. The ability of whole blood to
cleave SLFavir is currently not well understood but we are
continuing to explore ways of controlling release kinetics. In
infectivity studies with live HIV-1LA1 strain virions, the activity
of SLF-modified amprenavir was enhanced ~80-fold relative to
the unmodified compound (ICsy ~2.5 nM). This improvement
might arise from FKBP-dependent concentration of the SLF-
modified material in the cytoplasm or from increased persistence
in the culture conditions. In vivo, we found that SLFavir has a
half-life of >9 h in mice and its anti-protease activity persists
unabated for at least 3 h (see Fig. 3). These parameters are
~20-fold better than the unmodified compound and extrapo-
lating these results to human patients would result in a half-life
of >50 h (based on a 5.5-fold difference in glomerular filtration
rates between humans and rodents). By comparison, the FDA-
approved prodrug of amprenavir, Fosamprenavir, has a half-life
of 7 to 8 h. Although this is a highly speculative analysis, such a
difference would be predicted to have significant benefits in
reducing pill burden, minimizing treatment costs, normalizing
plasma drug levels, and possibly limiting side effects by lowering
the requirement for coadministration of P4sy inhibitors.

Although the present study focuses on proof-of-principle
validation of an alternative mechanism, we propose that instal-
lation of FKBP-binding groups might constitute a strategy to
improve therapeutic efficacy in AIDS patients. However, appli-
cation of this strategy in the clinic will require extensive studies
of oral bioavailability and a greater understanding of the design
principles that control distribution and lifetime. One reason for
this complexity is that the nature-inspired method combines
elements of tissue targeting and cleavable prodrugs with a
slow-release, in situ delivery scheme, by using FKBP as a natural
reservoir. To highlight the fundamental differences between
SLFavir and previous strategies, such as traditional prodrugs or
other bifunctional molecules, we term these compounds “phar-
macologically stabilized” derivatives. Finally, because the syn-
thetic strategy is modular, other drug classes might be amenable
to pharmacological stabilization by using parallel routes.

Materials and Methods

Chemical and Reagents. Dry solvents were purchased from ThermoFisher and
other starting materials were purchased from Sigma and used without further
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purification unless otherwise stated. SLF was obtained from Cayman Chemi-
cals. Human FKBP12 was purified from Escherichia coli as described (36). The
synthesis of protease inhibitors, the HIV protease assay, the LCMS protocol,
and the confocal microscopy methods are described in the S/ Text.

Animals. The studies reported here adhere to the Stanford University princi-
ples of animal care. Mice were housed in groups of four to six at 22-24°Cin a
12 h light/dark cycle and fed chow diet and water ad libitum. Male C57BL/6
mice weighing between 16 to 20 g were used for all experiments.

Ex Vivo Pharmacokinetic Studies in Whole Blood. Stock solutions of 4 and 6 in
dimethyl sulfoxide (10 mM) were diluted into freshly collected mouse blood at
a final concentration of 100 uM. The samples were then incubated at 37°C for
0, 1, 3, and 6 h with shaking and processed as described below.

In Vivo Pharmacokinetic Studies in Mice. 4-Methoxy amprenavir and SLFavir
dissolved in dimethyl sulfoxide (2.0 mM) were administered i.p. atan injection
volume of 10.0 ul/g, equaling a dose of 0.4 umol per gram animal weight. At
least three animals were injected per time point per drug. Blood samples
(~250 ul) were obtained via cardiac puncture at 0, 10, 30, 60, 180, 360, and 720
min after injection, collected in K;EDTA microtainers, and immediately cen-
trifuged at 3,706 rpm for 16 min to separate the plasma fraction from the
cellular components. Each fraction was then processed immediately by using
the extraction procedure described below.

HIV Infectivity Assay. The T cell-tropic strain HIV-1LAI was used to infect CEM
cells. CEM cells were grown in RPMI medium 1640 supplemented with 10%
heat-inactivated FBS, penicillin (100 units/ml), streptomycin (100 ug/ml), and
polybrene (2 png/ml) at 37°C with 5% CO,. The titered virus was added to
duplicate wells, which were pretreated with compounds for 1 h, at a low
multiplicity of infection (MOI = 0.01) and incubated for 4 h at 37°C. The cells
were washed three times with PBS (GIBCO/BRL), suspended in 2 ml culture
medium containing the same concentration of compound as the initial pre-
incubation conditions and further incubated at 37°C in 5% CO,. After 4 days
of culture, media containing infected cells (200 ul) were used to measure
production of HIV-1 p24 by antigen capture ELISA. Each duplicate well in the
infectivity assay is split into triplicate wells for the p24 ELISA, and 1Csq deter-
mined by using GraphPad PRISM. Results are expressed in relation to a solvent
vehicle control. Compound APX 23451 is closely related to SLF-avir and a full
description of this compound is forthcoming.
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