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T

he primary function of HIV integrase is to integrate newly
synthesized viral cDNA into the host genome, which is an
obligate process for viral replication (1, 2). To fulfill this function,
integrase performs two related reactions. Following the reverse
transcription of viral RNA into cDNA, integrase catalyzes the hydrolysis of a dinucleotide from the 3= end of each viral long terminal repeat (LTR) (a 3=-processing reaction). The viral preintegration complex then translocates to the nucleus, where the host cell
factor lens epithelial derived growth factor (LEDGF) binds to integrase, tethering it to the host chromatin and targeting the integration of viral DNA (3–6). The two recessed 3=-LTR DNA ends
are then used by integrase to mediate nucleophilic attacks on the
target DNA phosphodiester backbones, resulting in the ligation of
the viral DNA into the two strands of the host genomic DNA
(strand transfer reaction). Each of these two integrase activities
and the IN-LEDGF interaction have the potential to provide distinct targets for antiviral intervention (7).
Since the first proof of principle for the diketo acid integrase
inhibitors in 2000, HIV integrase has been intensively studied as a
target for drug discovery (8). The first integrase inhibitor to receive FDA approval, in October 2007, was raltegravir. Raltegravir
and other members of its class bind to an integrase complex that
consists of the post-3=-processed viral DNA and is proposed to
bind the Mg2⫹ metal cofactor at the catalytic site of HIV integrase,
as it competitively inhibits target DNA binding to integrase (9–
12). Therefore, this class of compounds is referred to as the integrase strand transfer inhibitors (INSTIs). A second INSTI, elvitegravir, exhibits a cross-resistance profile with raltegravir, i.e.,
resistance mutations that emerge against one drug confer resistance to the other (13–16). Elvitegravir recently was approved as
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part of a single-tablet regimen of elvitegravir/cobicistat/emtricitabine/tenofovir disoproxil fumarate. A third drug from this class
of integrase inhibitors, the recently approved dolutegravir, is
reported to have a distinct resistance profile and possibly a
higher barrier to resistance, indicating that it could be used to
treat patients who have failed therapy with either raltegravir or
elvitegravir (17).
With these marketed drugs and drugs in clinical development
targeting integrase, it has become increasingly challenging to
identify compounds with superior profiles within the existing
classes of HIV-1 inhibitors due to cross-resistance and lack of
differentiation in their profiles. As a result, our research efforts
shifted toward the identification of compounds with new mechanisms of inhibition.
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BI 224436 is an HIV-1 integrase inhibitor with effective antiviral activity that acts through a mechanism that is distinct from that
of integrase strand transfer inhibitors (INSTIs). This 3-quinolineacetic acid derivative series was identified using an enzymatic
integrase long terminal repeat (LTR) DNA 3=-processing assay. A combination of medicinal chemistry, parallel synthesis, and
structure-guided drug design led to the identification of BI 224436 as a candidate for preclinical profiling. It has antiviral 50%
effective concentrations (EC50s) of <15 nM against different HIV-1 laboratory strains and cellular cytotoxicity of >90 M. BI
224436 also has a low, ⬃2.1-fold decrease in antiviral potency in the presence of 50% human serum and, by virtue of a steep
dose-response curve slope, exhibits serum-shifted EC95 values ranging between 22 and 75 nM. Passage of virus in the presence of
inhibitor selected for either A128T, A128N, or L102F primary resistance substitutions, all mapping to a conserved allosteric
pocket on the catalytic core of integrase. BI 224436 also retains full antiviral activity against recombinant viruses encoding INSTI
resistance substitutions N155S, Q148H, and E92Q. In drug combination studies performed in cellular antiviral assays, BI 224436
displays an additive effect in combination with most approved antiretrovirals, including INSTIs. BI 224436 has drug-like in vitro
absorption, distribution, metabolism, and excretion (ADME) properties, including Caco-2 cell permeability, solubility, and low
cytochrome P450 inhibition. It exhibited excellent pharmacokinetic profiles in rat (clearance as a percentage of hepatic flow
[CL], 0.7%; bioavailability [F], 54%), monkey (CL, 23%; F, 82%), and dog (CL, 8%; F, 81%). Based on the excellent biological and
pharmacokinetic profile, BI 224436 was advanced into phase 1 clinical trials.
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MATERIALS AND METHODS
BI 224436, which has a molecular mass of 442.51 g/mol, was synthesized
as reported previously (24). The structure for BI 224436, which has the
chemical name (CAS) (␣S,4R)-4-(2,3,-dihydropyranol [4,3,2-de]quino-
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TABLE 1 Antiviral potency of BI 224436 against HIV-1 with different
integrase-containing viral strains used to infect PBMCs

Avg antiviral activity of BI
224436 in PBMCsa
Integrase-containing viral strain
HXB2
NL4.3
BaL

EC50 (nM)

EC95 (nM)

7.2 ⫾ 3.9
14 ⫾ 3.3
15 ⫾ 3.5

16 ⫾ 8.3
30 ⫾ 8.0
35 ⫾ 7.1

a

Mean EC50 and EC95 values with standard deviations represent average values from a
minimum of three independent determinations.

lon-7-yl)-␣(1,1,-dimethylethoxy)-2-methyl-3-quinolineacetic acid, is
shown in Table 1.
Biochemical assays. (i) Expression and purification of recombinant
proteins. HIV-1 integrase was expressed as a hexahistidine fusion protein
in BL21 bacterial cells and purified by metal-chelating chromatography
on a Ni2⫹ column followed by SP-Sepharose ion-exchange chromatography and is based on a published purification protocol (25). The preparation was homogeneous, as revealed by SDS-PAGE and Coomassie colloidal blue protein staining. Integrase was stored at ⫺80°C in storage buffer
(25 mM HEPES, pH 7.4, 500 mM NaCl, 0.5 mM TCEP [tris(2-carboxyethyl)phosphine]).
The LEDGF construct used in this assay was cloned using basic molecular biology techniques. Briefly, the integrase binding domain of
LEDGF (IBD; consisting of the nucleotides coding for residues 319 to 430
of LEDGF/p75) was amplified by PCR from Jurkat T-cell cDNA. The 3=
primer for this LEDGF gene amplification also introduced a Flag tag at the
amino terminus of the IBD LEDGF construct. The DNA product was then
cut with BamHI and XhoI restriction enzymes (New England BioLabs)
and ligated into a pGEX4T vector precut with the same enzymes. The
sequence of the resulting construct was verified by DNA sequencing. The
glutathione S-transferase (GST)-Flag-LEGDF IBD construct was expressed in BL21 bacterial cells, with the cells lysed by sonication. After
centrifugation at 20,000 ⫻ g for 30 min, GST-Flag-LEDGF IBD in the
supernatant was bound to a 5-ml GSTrap HP column (from GE), washed
extensively with phosphate-buffered saline (PBS), and eluted with 50 mM
reduced glutathione. The purity of the GST-Flag-tagged LEDGF IBD protein was determined to be ⬎85% by SDS-PAGE analysis. The protein was
then dialyzed against storage buffer (25 mM HEPES, pH 7.4, 500 mM
NaCl, 0.5 mM TCEP) and stored at ⫺80°C.
(ii) Integrase LTR DNA 3=-processing assay. The integrase LTR DNA
3=-processing assay measures the enzymatic activity of HIV-1 integrase to
perform the essential 3=-processing reaction. Integrase binds to the viral
DNA LTR ends at the CAGT-3= sequence and catalyzes the removal of the
two terminal nucleotides. In this homogeneous assay, the HIV-1 LTR
DNA substrate consists of two annealed oligonucleotides, a 31-mer modified at the 3= end with a black hole quencher (BHQ) and a 31-mer modified at the 5= end with rhodamine red-X N-hydroxysuccinimide (NHS)
ester (5RhoR-XN). Enzymatic cleavage by integrase releases the terminal
dinucleotides and black hole quencher, which allows the rhodamine fluorescence to be detected (26). Briefly, 200 nM integrase was incubated
with various concentrations of BI 224436, followed by the addition of 12.5
nM LTR substrate for a final volume of 10 l and buffer composition of 25
mM morpholinepropanesulfonic acid (MOPS), pH 7.3, 25 mM NaCl,
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Using an integrase LTR DNA 3=-processing assay in a highthroughput format, we identified a 3-quinolineacetic acid series
that specifically inhibited the 3=-processing step catalyzed by integrase (18, 19). After preliminary optimization in hit-to-lead
chemistry, biochemical assays showed that in addition to inhibiting the 3=-processing step, this series also inhibited the LTR DNA
interaction with integrase and the interaction between integrase
and LEDGF without inhibiting the strand transfer activity of integrase (S. Mason and C. Fenwick, unpublished data). Crystallography studies with the catalytic core domain of integrase showed
that the 3-quinolineacetic acid series bound into a conserved allosteric pocket on integrase. Concomitant with these studies, this
pocket also was shown to serve as the binding site for LEGDF (20).
Since these compounds were distinct from the integrase strand
transfer inhibitors and interfered with several important functions of integrase in binding to an allosteric pocket, we refer to the
3-quinolineacetic acid compounds as non-catalytic-site integrase
inhibitors (NCINIs). This series generated inhibitors with lownanomolar potency in antiviral assays and excellent absorption,
distribution, metabolism, and excretion (ADME) properties.
Given that the interaction between integrase and the host cell
factor LEDGF has been proposed to be critical for HIV-1 viral
replication, others have developed biochemical assays to probe for
inhibitors of the integrase-LEDGF interaction (21, 22). A virtual
screen of the LEDGF binding pocket on integrase with follow-up
profiling using an integrase-LEDGF interaction assay identified a
chemical series analogous to the NCINIs, termed LEDGINs, that
were optimized to exhibit low M antiviral potency (23).
Medicinal chemistry optimizations of the lead series led to the
identification of BI 224436. This inhibitor has an effective antiviral
profile against different laboratory strains of HIV-1 that was increased by only 2.1-fold in the presence of 50% human serum
(HS). One of the characteristic features of the NCINI series is a
steep concentration-response curve Hill slope of ⬃4 in antiviral
assays {% inhibition ⫽ [Imax ⫻ (inhibitor)n]/[(inhibitor)n ⫹
EC50n]}, where n is the Hill slope, Imax is the maximum inhibition,
and EC50 is the 50% effective concentration. This results in antiviral EC95 values that are only about ⬃2.4-fold higher than their
EC50s. In vitro passage of virus in the presence of BI 224436 selected for mutations that encode either A128T, A128N, or L102F
primary resistance substitutions in integrase. These substitutions
confer a 2.9 (A128T)-, 64 (A128N)-, and 61 (L102F)-fold reduced
susceptibility to BI 224436, and all map to a conserved allosteric
pocket on the catalytic core of integrase. When tested against recombinant viruses encoding mutations that confer resistance to
INSTIs, such as raltegravir and elvitegravir, BI 224436 retains antiviral activity without a loss of potency compared to wild-type
virus. In two-drug combination studies, BI 224436 also exhibited
at least additive in vitro antiviral activity when administered in
combination with all marketed antiviral classes. Drug-like in vitro
ADME properties of BI 224436 and favorable pharmacokinetic
properties in preclinical species contributed to an excellent overall
profile, which led to the advancement of this first-in-class novelmechanism integrase inhibitor into phase 1 clinical trials.
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and 10 M ␤-mercaptoethanol. The PBMC medium also contained 3 g
PHA/ml, 50 U recombinant human interleukin-2 (rhIL-2)/ml, 100 U of
penicillin, and 100 g streptomycin.
Viral stocks were produced by transfecting the molecular clones into
293 T cells with Fugene 6. After 3 days of incubation, the supernatant was
collected and centrifuged for 10 min at 1,000 ⫻ g at 4°C to remove cells.
Aliquots of 1 ml were kept at ⫺80°C.
Titers of viruses were determined as previously described without any
modifications (30). The stock solution of virus was titrated by log dilution,
and the 50% tissue culture infectious dose (TCID50) of each viral stock
was determined by monitoring the macroscopic formation of syncytia in
the C8166 cell line at day 3. For PBMCs, the TCID50 value was determined
at day 7 by p24 analysis. Calculations of TCID50 values were made using
the Spearman-Karber method (31).
(ii) HIV-1 inhibitory assay. PBMCs were stimulated with 3 g phytohemagglutinin (PHA)/ml and 50 U rhIL-2/ml for 3 days prior to infection. PBMCs were infected at a multiplicity of infection (MOI) of 0.001
with viruses in complete RPMI 1640 for 1.5 h on a rotating rack in a 5%
CO2 incubator at 37°C. The cells were then centrifuged for 5 min at 400 ⫻
g and washed with complete RPMI 1640 medium. Cells were resuspended
at 1 ⫻ 105 PBMCs/175 l complete RPMI 1640 and were transferred to
96-well cell microtiter plates (175 l/well) already containing 25 l of 8⫻
inhibitor. Eight replicates were done for each dilution (i.e., one plate/
compound). After the 7-day incubation, 100-l aliquots of supernatant
from each replicate were pooled for each inhibitor dilution for a total of
800 l in a 1-ml 96 DeepWell block. The blocks were centrifuged for 10
min at 400 ⫻ g, and the top 400 l was transferred to a new block. The
PerkinElmer HIV-1 p24 antigen assay kit was used according to the manufacturer’s instructions, with no modifications, to determine the extracellular p24 protein concentration. Cytotoxicity assays were performed in
parallel using the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) metabolic assay (32) to determine
the concentration of inhibitor that results in 50% cell death (CC50) of
lymphocytes.
Selection of HIV-1 variants resistant to BI 224436. In vitro passage
experiments to select for viral variants that conferred resistance to BI
224436 were performed as previously described (33). Briefly, C8166 cells
were infected with the NL4.3 virus harboring HXB2 integrase at an MOI
of 0.1 with inhibitor concentrations of 2- or 5-fold the EC50. At each
passage, a visual evaluation of the viral cytopathic effect (CPE) was performed, and the cell culture supernatants were used to infect fresh C8166
cells. Inhibitor concentrations were either maintained or increased with
the passage of virus, depending upon the evidence of viral replication as
observed through the CPE. At passages 4 and 14, the genomic DNA was
isolated from the C8166 cells using the DNeasy blood and tissue kit (Qiagen). The integrase coding region was amplified by PCR with the fragment
cloned into the Zero blunt TOPO cloning vector (Invitrogen) and sequenced on an ABI Prism 377 DNA sequencer.
Replication capacity of recombinant viruses. The replication capacity of recombinant viruses encoding amino acid substitutions in HIV
integrase was evaluated using a Jurkat LTR-Luciferase cell line as previously described (33). Briefly, cells were infected with recombinant virus at
an MOI of 0.02 for 2 h at 37°C, washed, seeded in 96-well microtiter plates
at 1 ⫻ 105 cells/well in a volume of 200 l RPMI 1640 medium supplemented with 10% fetal bovine serum and 10 g/ml gentamicin, and incubated in cell culture for up to 14 days. Luciferase levels were determined
by adding 50 l/well of BrightGlo (Promega) at days 7, 10, 12, and 14
postinfection, and chemiluminescent readings were performed on the
LUMIstar galaxy plate reader (BMG).
Cloning of the recombinant viruses encoding amino acid substitutions that confer resistance to INSTIs, NCINIs, and non-nucleoside reverse transcriptase inhibitors (NNRTIs). Amino acid substitutions that
have been reported to lead to reduced susceptibility to integrase strand
transfer inhibitors (34) (T66I/S153Y, E92Q, G140S/Q148H, and N155S
amino acid substitutions in the integrase coding region) and noncatalytic
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2.5% polyethylene glycol (PEG), 4.2 mM dithiothreitol (DTT), 2% dimethylsulfoxide (DMSO), and 8 mM MgCl2. Samples were incubation for 2
h at 37°C, followed by the addition of 5 l EDTA (0.5 M, pH 8) to stop the
reaction, with fluorescence detection on a Victor2 V plate reader. Sequences used were the following: top strand, 5=-CTTTTAGTCAGTGTG
GAAAATCTCTAGCAGT-3BHQ-2/3=; bottom strand, 5=-/5RhoR-XN/A
CTGCTAGAGATTTTCCACACTGACTAAAAG-3=.
(iii) HIV-1 integrase strand transfer assay. The integrase strand
transfer assay was based on a previously published assay (8, 10). HIV
integrase catalyzes a strand transfer reaction, resulting in the covalent
attachment of a biotinylated target DNA molecule to a previously immobilized LTR-like oligonucleotide. The strand transfer product is detected
by time-resolved fluorescence (TRF) using europium cryptate-labeled
streptavidin, which binds to the biotinylated target DNA. In order to
evaluate only the strand transfer enzymatic activity, integrase is first incubated with the immobilized LTR oligonucleotide to cleave off a dinucleotide at the LTR end, generating a 3=-recessed hydroxyl group. In the
strand transfer reaction, integrase then uses that hydroxyl group as a nucleophile to attack the target DNA and covalently attach the LTR to target
DNA. Compounds are added during this second reaction to test for inhibitors of strand transfer activity in this assay. An alternative version of
the assay uses an immobilized LTR oligonucleotide that already has a
3=-recessed hydroxyl. The HIV U5 LTR-like DNA is prepared by annealing two complementary oligonucleotides, one of which has a primary
amine group attached to the 5= end via a 12-carbon linker. This primary
amine permits covalent immobilization of the LTR to the DNA to bind to
the amide-reactive N-oxysuccinimide plate (Corning) used for the assay.
The sequences of the LTR oligonucleotides were the following: top strand
(34-mer), 5=-amino-C12-ACC CTT TTA GTC AGT GTG GAA AAT CTC
TAG CAG T-3=; bottom strand (31-mer), 5=-ACT GCT AGA GAT TTT
CCA CAC TGA CTA AAA G-3=.
(iv) Integrase-LEDGF interaction assay. The integrase-LEDGF interaction assay measures the protein-protein interaction between HIV-1 integrase and the LEDGF IBD using a homogeneous time-resolved fluorescence detection method. The integrase-LEDGF complex can be formed in
the presence or absence of inhibitors. Integrase has a hexahistidine fusion
tag which binds to an anti-His-tagged, XL665-labeled antibody, and the
GST-Flag-tagged LEDGF IBD binds to the anti-GST, europium cryptatelabeled antibody.
Upon excitation at 340 nm, the europium cryptate will be excited and
emit at 615 nm. If the XL665-labeled anti-His tag antibody is in close
proximity to the europium cryptate-labeled anti-GST antibody, then
there will be efficient energy transfer and XL665 will emit at 665 nm.
Efficient energy transfer between the europium cryptate and XL665 will
take place only if integrase and LEDGF form a bound complex (27).
This assay was performed in 384-well black flat-bottom, low-volume
NBS plates (3676; Corning) and was divided into three steps. For step 1,
compound dilutions were added into the reaction plate with 2 l of each
dilution added to the wells and included blank wells without compound.
For step 2, 8 l of premixed His-integrase (45 nM) and GST-LEDGF (15
nM) were added to the assay plate. Plates were incubated at 22°C for 30
min, followed by the addition of 10 l of premixed antibodies (anti-His
XL665 [50 nM] and anti-GST europium cryptate [1 nM]) so that the final
concentration of reagents is 18 nM His-integrase, 6 nM GST-LEDGF,
2.5% DMSO, 25 nM XL665, and 0.5 nM europium cryptate. The plate
containing the assay components was incubated for 1 h at 22°C. For step 3,
the plate was read on a Victor2 V reader.
Antiviral assays. (i) Viral stock production. Cells and reagents obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH, included HXB2 (28), pNL4.3 (29), and BaL
(catalog no. 510; NIH AIDS Reagent Program). The C8166 cell line was
obtained from J. L. Sullivan, University of Massachusetts Medical Centre.
Human PBMCs were obtained from the laboratory of Rafick Sékaly
and were isolated from donor 434. Cells were grown in RPMI 1640 medium plus 10% fetal bovine serum (FBS), containing 10 g/ml gentamicin
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the following levels: ⬎100, strong synergy; 50 to 100, moderate synergy;
25 to 50, minor amount of synergy; 25 to ⫺25, additive; ⫺25 to ⫺50,
minor amount of antagonism; ⫺50 to ⫺100, moderate antagonism;
and ⬍⫺100, strong antagonism.
ADME profiling. (i) Caco-2 cell permeability assay. Caco-2 cells were
seeded on Costar Transwell inserts (12-well plate) and allowed to grow
and differentiate for 23 to 25 days. Culture medium (DMEM supplemented with 10% FBS, 1% nonessential amino acids, and penicillin-streptomycin) was removed from both sides of the transwell insert, and cells
were rinsed twice with warm Hanks’ balanced salt solution (HBSS). At the
last rinse step, the chambers were filled with warm transport buffer (the
apical-side buffer was HBSS, 25 mM morpholineethanesulfonic acid
[MES], 0.25% bovine serum albumin [BSA], pH 6.0; the basolateral-side
buffer was HBSS, 25 mM HEPES, 0.25% BSA, pH 7.4). The plates were
incubated at 37°C for 30 min prior to assay. The donor fluid (apical side
for A-to-B assay, basolateral side for B-to-A assay) was removed and replaced with compound at a final solution concentration of 10 M. At
designated time points (0, 1, 2, and 3 h), fluid from the receiver chamber
was removed and replaced with the appropriate fresh transport buffer.
Samples were quenched with cold acetonitrile-methanol (50:50, vol/vol),
centrifuged to pellet protein, and then submitted for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Reported permeability represents averages from 2 wells.
(ii) Cytochrome P450 inhibition assay. cDNA-expressed human cytochrome P450 (Supersome) isozymes were purchased from Gentest Corporation. All CYP450 isozymes were received frozen and stored at ⫺80°C.
Isozymes tested were thawed immediately prior to the initiation of the
experiment and kept at 4°C until use.
BI 224436 was dissolved in acetonitrile-methanol (50:50, vol/vol)
to achieve a concentration of 1.5 mM. Standard positive controls,
namely, furafylline (CYP1A2), sulfaphenazole (CYP2C9), tranylcypromine (CYP2C19), quinidine (CYP2D6), and ketoconazole (CYP3A4), at
the required concentration ranges were also included in every plate for
each isozyme.
Phosphate buffer (pH 7.4), cofactor, and test substance or isoformselective inhibitors were added to 96-well plates and were prewarmed to
37°C for 10 min. Cofactor concentrations were 1.3 mM NADP, 3.3 mM
glucose-6-phosphate, and 0.4 U/ml glucose-6-phosphate dehydrogenase.
Reactions were initiated by the addition of prewarmed (37°C) enzyme and
substrate. Reaction mixtures were incubated at 37°C and terminated by the
addition of 0.038 ml of 40:40:20 (vol/vol) methanol–acetonitrile– 0.5 M Tris
buffer. Formation of the fluorescent metabolites {7-ethoxy-3-cyanocoumarin for CYP1A2 and CYP2C19, 7-methoxy-4-trifluoromethylcoumarin
for CYP2C9, 3-[2-(N,N-diethyl-N-methylamino)ethyl]-7-methoxy-4methylcoumarin for CYP2D6, and 7-hydroxy-4-trifluoromethylcoumarin for CYP3A4} was measured using a SpectraMax Gemini XS microplate spectrofluorometer at specific excitation and emission wavelengths.
The 50% inhibitory concentration (IC50) was determined using the 96well 32 procedure supplied with the SAS software.
(iii) In vitro metabolism in the presence of LM and hepatocytes. A
liver microsome (LM) stability assay was performed with four time points
of incubation at 0, 10, 20, and 30 min with a 2 M BI 224436 initial
concentration. Male human liver microsomes were obtained from Gentest. Metabolic studies in cryopreserved male human hepatocytes were
performed in 96-well plates with samples collected at five time points (0,
15, 30, 60, and 90 min). Hepatocytes (purchased from In Vitro Technologies) at a density of 1 ⫻ 106 cells/ml were incubated with 2 M BI
compound at 37°C under a O2 and CO2 (95 and 5%, respectively) atmosphere. Half-lives were determined by the ratio of ln2 over the first-order
rate of disappearance of the parent compound (0.693/⫺k). Intrinsic clearance (CLint) was calculated as CLint ⫽ 0.693/t1/2 ⫻ volume of incubation
(ml)/protein concentration in the assay (mg) ⫻ LM yield (mg of microsomes/g of liver) ⫻ liver weight (g/kg). CLLM or hepatic ⫽ QH ⫻ CLint/
(QH⫹ CLint), where QH is liver blood flow (%QH ⫽ CLhepatic/liver blood
flow rate ⫻ 100).
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integrase inhibitors (A128T, A128N, L102F, and N222K) were introduced
into an HXB2 integrase-containing vector using the QuikChange sitedirected mutagenesis kit from Stratagene according to the manufacturer’s
protocol. DNA sequencing was used to confirm the appropriate sequence
for each clone. HXB2 integrase encoding each of the single- or multipleamino-acid substitutions was cloned into pNL4.3 using the AgeI-SalI restriction sites.
HIV-1 pNL4.3 BH10 RT, encoding the K103N/Y181C double substitution in the reverse transcriptase (RT) gene, was generated as previously
described (35, 36). HIV-1 inhibitory assays with wild-type and recombinant viruses resistant to INSTIs, NCINIs, or NNRTIs were performed as
previously described using C8166 LTR luciferase reporter cells (33, 37).
Determination of antiviral EC50 shift in the presence of human serum. C8166 LTR luciferase reporter cells were infected with wild-type
HIV-1 NL4.3 virus as previously described (33, 36). Briefly, cells were
infected at an MOI of 0.015 in complete RPMI 1640 for 1.5 h on a rotating
rack in a 5% CO2 incubator at 37°C. The cells were centrifuged for 5 min
at 400 ⫻ g, the supernatant removed, and the cells resuspended at 2.5 ⫻
104 cells/150 l complete RPMI 1640 or one of the five human serumsupplemented culture medium stock solutions. The cells were transferred
to a 96-well cell microtiter plate (150 l/well) containing 50 l of 4⫻
inhibitor. With this dilution, the final concentration of human serum in
the wells is 10%, 20%, 30%, 40%, or 50% for the EC50 determinations of
BI 224436. Triplicates were done for each dilution (i.e., two plates/compound). A total of 25,000 uninfected C8166-LTR luciferase cells/well in
200 l complete RPMI (with 0% to 50% human serum) was added to the
last row for background control. Cells were incubated at 37°C in a 5% CO2
incubator for 3 days. After the 3-day incubation, 50 l Steady Glo (luciferase substrate; half-life [t1/2], 5 h) was added to each well of the 96-well
plate with luminescence monitored on a PerkinElmer EnVision plate
reader. The luminescence, determined in counts per second (cps) in each
well of the culture plate, was a measure of the amount of HIV replication
in the presence of the various concentrations of inhibitor. The level of
inhibition (% inhibition) of each well containing inhibitor was calculated
with the following equation: % inhibition ⫽ 100 ⫺ [100 ⫻ cps (inhibitor)/cps (control without inhibitor)].
In vitro combination studies of BI 224436 with a broad panel of
antiviral agents (nucleoside reverse transcriptase inhibitors [NRTIs],
NNRTIs, protease inhibitors [PIs], INSTIs, and entry inhibitors)
against wild-type HIV-1 virus. C8166 LTR luciferase reporter cells were
infected with wild-type HIV-1 NL4.3 virus as described above. All test
compounds were prepared from a powdered drug substance, which was
dissolved in 100% DMSO to a final concentration of 5, 10, or 20 mM. The
DMSO stock solution of inhibitor was then diluted in complete RPMI
1640 to an 8⫻ concentration of the final test solution (0.1% DMSO final
concentration). Each combination experiment included 6 doses of antiviral drug alone, 8 doses of BI 224436, and 48 drug combinations. BI
224436 and the combination partner tested were serially diluted 2-fold in
cell culture medium, starting at approximately 6-fold the EC50 of the
individual inhibitors. Drug combinations were prepared in a matrix format using the same range of concentrations as that used for the drugs
alone. In each experiment, combinations were tested in triplicate for activity in the HIV replication assay.
The degree of HIV replication determined by the reporter luciferase
signal was used to calculate the percentage of inhibition for each condition
tested. The results obtained for each drug combination were subsequently
transformed with Prichard and Shipmann’s MacSynergy II software using
the Bliss independence model (38). This method uses a nonparametric
three-dimensional approach to quantify areas where observed effects are
significantly greater (synergy) or less (antagonism) than those predicted
from the data obtained from the individual dose-response curves. All data
points generated from the matrix of drug concentrations were used in the
analysis. Triplicate data sets were used to perform statistical analysis at the
95% confidence level and can be interpreted as previously described (38,
39). Mean synergy volumes at 95% confidence (in nM2%) are described at
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intravenous dose of 0.2 mg/kg (4 ml/kg) via the tail vein as a bolus or a
single oral dose of 0.4 mg/kg (10 ml/kg) administered by gavage. Blood
samples were obtained at the same time points as those described for rats.
Animals were bled at three different time points, twice by retro-orbital
sampling (150 l each in heparinized capillary tubes), and the terminal
bleeding was performed by cardiac puncture using a heparinized syringe.
At each time point, the blood was immediately placed on ice and then
centrifuged (4,000 ⫻ g, 10 min) at 4°C. The plasma was separated and
stored at ⫺20°C until extraction and LC-MS/MS analysis.
Three male beagle dogs or three male cynomolgus monkeys were
dosed by i.v. bolus injection at a dose of 1 mg/kg. Blood samples were
obtained at 0, 5, 15, 30, and 60 min and 2, 4, 6, 8, 12, 24, and 48 h after
dosing from the left or right jugular vein and collected into tubes containing K2EDTA. After a washout period of 1 week, the same animals were
dosed orally at 2 mg/kg. Blood samples were collected at similar time
points, except that the samples at 5 min were omitted. All plasma samples
were collected after centrifugation (1,500 ⫻ g, 10 min) at 4°C and were
stored at ⫺20°C until extraction and LC-MS/MS analysis. A similar protocol is described in Beaulieu et al. (41).
(iv) Bioanalysis of plasma samples. Plasma sample extraction was
performed on the Hamilton SPE workstation using a Waters Oasis HLB
extraction plate. Fifty l of plasma was mixed with 0.15 ml Milli-Q water,
50 l of acetonitrile, and 5 l 20% phosphoric acid (vol/vol) in water.
Samples were loaded on an Oasis HLB 30-mg/1-ml 96-well extraction
plate that had previously been conditioned with 1 ml of 5% (vol/vol)
ammonium hydroxide in acetonitrile, followed by 1 ml of acetonitrile and
then 1 ml of Milli-Q water. Cartridges were washed with 1 ml of Milli-Q
water followed by 1 ml of 5% (vol/vol) methanol in water and finally by 1
ml of 2% (vol/vol) acetic acid in methanol-acetonitrile-water (1:1:8) prior
to elution. The compound was twice eluted with 500 l of 5% (vol/vol)
ammonium hydroxide in acetonitrile. The organic phase was evaporated
under a nitrogen stream at 60°C using a Zymark TurboVap 96. The residue was reconstituted in 500 l of 0.2% (vol/vol) ammonium hydroxide
in acetonitrile-water (1:1). Two l of sample was injected for LC-MS/MS
analysis using an Atlantis dC18 2.1- by 30-mm, 5-m-volume column at
40°C with a flow rate of 0.4 ml/min. A high-performance liquid chromatography (HPLC) gradient of 20 to 98% B from 0.2 to 1.4 min and 98% B
from 1.4 to 2.3 min was used for compound separation (for the mobile
phase, A contained water and 0.1% formic acid; B contained acetonitrile
and 0.1% formic acid) with MS/MS analysis in positive electrospray ionization mode (spray voltage, 3,700 V; capillary temperature, 350°C; sheath
gas pressure, 40 lb/in2; capillary offset, 35 V; auxiliary gas pressure, 20
lb/in2; scan width, 0.01 s; scan time, 0.10 s; q2 collision pressure, 1.5
mTorr; collision energy, 28 V; BI 224436 parent m/z 443.1; product m/z
172.0). The limit of quantification was determined to be 9 ng/ml (20 nM)
by injecting standard solutions of BI 224436. Pharmacokinetic calculations were performed using WinNonlin 5.0 (Pharsight, CA).

RESULTS

Activity in biochemical assays. The initial hit from the NCINI
series was identified using a fluorescence-based assay with an LTR
DNA probe to measure the 3=-processing enzymatic activity of
HIV-1 integrase. Medicinal chemistry optimization combined
with rational design based on our understanding of the binding
mode of our inhibitors led to the identification of our first development candidate, BI 224436 (18). A mean IC50 of 15 ⫾ 4 nM was
obtained for BI 224436 with the LTR 3=-processing assay (see Fig.
S1a in the supplemental material). In contrast, BI 224436 displayed minimal inhibition of the integrase strand transfer enzymatic activity with a mean IC50 of ⬎50 M. Raltegravir, tested in
parallel with BI 224436, has a mean IC50 of 19 ⫾ 4 nM, which is
consistent with the IC50 of 15 nM reported previously (42).
X-ray crystallography studies showed that BI 224436 and the
NCINI series binds a conserved allosteric pocket on HIV-1 inte-
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(iv) Plasma protein binding. Plasma protein binding was determined
across species by equilibrium dialysis (40). The dialysis apparatus consists
of a two-compartment chamber separated by a cellulose membrane. One
side of the membrane is filled with plasma spiked with the compound of
interest, while the other side is filled with buffer. The amount of compound collected on the buffer side after the 6-h incubation indicates how
much of the compound is unbound, from which a value for the percent
plasma protein binding is determined according to the following equation: % protein binding ⫽ [(plasma side concentration ⫺ buffer side
concentration)/(plasma side concentration)] ⫻ 100%.
(v) Solubility determination. A 0.5-ml aliquot of the selected aqueous
medium was added into a vial which contained a minimum of 0.5 mg solid
drug substance. The vial was shaken in an orbital shaker at 250 rpm and
25°C for predefined time periods (typically 24 h). After shaking, the solution or suspension was filtered using an appropriate filter membrane. The
amount of dissolved drug substance was determined by LC-MS. Buffers
included 50 mM phosphate buffer, pH 2.0, and 50 mM phosphate buffer,
pH 6.8.
PK experiments. All protocols involving animal experimentation
were reviewed and approved by the respective Animal Care and Use Committee of each test facility. In-life procedures were in compliance with the
Guide for the Care and Use of Laboratory Animals from the Canadian
Council of Animal Care. All rat and mouse pharmacokinetics (PK) studies
were performed at Boehringer Ingelheim (Canada) Ltd., R&D. PK studies
in dogs and monkeys were performed at ITR Laboratories Canada,
Inc., Montreal, Québec, Canada. All chemicals used were reagent
grade or better.
(i) Formulation for oral and intravenous (i.v.) dosing. For oral PK
studies, BI 224436 was administered in a suspension of 0.5% (wt/vol)
methyl cellulose (MC), 0.3% (vol/vol) Tween 80, and 1% (vol/vol)
N-methyl-2-pyrrolidine (MP) in water. The appropriate amount of BI
224436 was placed in a mortar and ground with MP and then with Tween
80 until a smooth paste was obtained. The 0.5% methyl cellulose solution
in water was added while stirring. The concentration in the dosing formulation was 0.04 mg/ml (90.4 M) for rat and mouse studies and 0.2 mg/ml
(45.2 M) for dog and monkey studies.
For i.v. dosing, BI 224436 was dissolved in 70% PEG 400 –30% water
(vol/vol). The appropriate amount of BI 224436 was dissolved in PEG 400
with sonication. Water was slowly added, and the preparation was sonicated to obtain a homogeneous solution. The concentration of the intravenous dosing solution was 0.2 mg/ml (452 M) for rat and mouse studies
and 2 mg/ml (4.52 mM) for dog and monkey studies.
(ii) Animals used for PK studies. Six male Sprague-Dawley rats (250
to 300 g; Charles River, St-Constant, Québec, Canada) were used for the
study. Animals were fasted overnight with access to 10% dextrose in water. Groups of three animals were used per dosing regimen. Thirty-eight
female CD-1 mice (21 to 30 g; Charles River, St-Constant, Québec, Canada) were used for the study. Animals were allowed food and water ad
libitum. Groups of three to six animals were used at each time point per
dosing regimen.
Three male beagle dogs (8.4 to 10.1 kg) or three male cynomolgus
monkeys (3.2 to 3.7 kg), all housed at ITR Laboratories Canada, Inc.,
Montreal, Québec, Canada, were used for the study. Animals were fasted
overnight prior to dosing and fed 4 h after dosing. Water was available at
all times.
(iii) Dosing and sampling of animals. The rats received a single i.v.
dose of 0.2 mg/kg of body weight (1 ml/kg) via the jugular vein as a bolus
or received a single oral dose of 0.4 mg/kg (10 ml/kg) administered by
gavage. Blood samples were obtained at 0, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12,
24, and 32 h after dosing (additional samples were obtained at 0.033 and
0.083 h for the i.v. studies) from the carotid cannula and were collected
into tubes containing K2EDTA. At each time point, the blood from three
rats was pooled and immediately placed on ice and then centrifuged
(4,000 ⫻ g, 10 min) at 4°C. The plasma was separated and stored at ⫺20°C
until extraction and LC-MS/MS analysis. The mice received either a single
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FIG 1 Comparison of the antiviral inhibition curves of integrase strand trans-

grase that serves as the interaction site for LEDGF (18 and data not
shown), a host cell cofactor that is important for viral replication.
The integrase-LEDGF interaction was evaluated using a homogeneous time-resolved fluorescence assay, which measures the extent of association between the two proteins. This interaction was
inhibited in the presence of BI 224436 with a mean IC50 of 11 ⫾ 1
nM (see Fig. S1b in the supplemental material). As such, in binding to the allosteric pocket at the integrase catalytic core dimer
interface, BI 224436 inhibits both the LTR 3=-processing enzymatic activity and the integrase-LEDGF interaction with equivalent potencies.
Activity in cellular assays. Activity in cellular antiviral assays is
an important indicator of a potential in vivo effect of our inhibitor
series in HIV-1-infected patients. The in vitro antiviral activity of
BI 224436 was investigated in peripheral blood mononuclear cells
(PBMCs) infected with HIV-1 expressing integrase from different
laboratory strains. The antiviral activity was evaluated by monitoring for extracellular HIV-1 capsid core protein (p24) in the
presence of different inhibitor concentrations. In the PBMCs, BI
224436 had EC50s of 7.2 nM, 14 nM, and 15 nM observed for
HXB2, NL4.3, and BaL integrase-containing viruses, respectively
(Table 1). These antiviral activities observed in the cell-based assays are consistent with the IC50s obtained for BI 224436 in both
the 3=-processing and integrase-LEDGF interaction biochemical
assays.
In determining the antiviral activity of early compounds from
the NCINI class (18, 19), we noted that the Hill coefficient was
consistently about 4. As shown in Fig. 1, BI 224436 displays a steep
dose-response curve compared to raltegravir, with Hill coefficients of 4 and 1, respectively. This results in an EC95-to-EC50 ratio
of ⬍2.5-fold for BI 224436 in all in vitro antiviral cell-based assays
that we tested. This has also been reported by others for structural
analogues of the NCINI class of compounds (43–47).
Cytotoxicity resulting in 50% death of cells (CC50) was determined using the tetrazolium salt MTT metabolic assay (32). The
mean CC50 value for BI 224436 was 97 M after 3 days of incubation for C8166 cells (see Fig. S2 in the supplemental material) and
⬎120 M for PBMCs after 7 days. Given the antiviral potency of
15 nM for BI 224436 in the least-susceptible HIV-1 laboratory
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FIG 2 Fold decrease in mean EC50s in the presence of different percentages of
human serum with the in vitro antiviral activity determined using the C8166
LTR luciferase reporter cell line. The HIV-1 NL4.3 virus was used to infect the
reporter cell line in RPMI medium containing 10% FBS that was supplemented with 0, 10, 20, 30, 40, or 50% human serum. Data represent the averages from three separate experiments with the standard deviations shown.
Extrapolation to 100% human serum gives a 2.14-fold increase in the EC50 for
BI 224436.

strain tested, the in vitro selectivity index of BI 224436 is 6,500-fold
in C8166 cells and ⬎8,000-fold in PBMCs.
Antiviral potency in the presence of HS. The antiviral potency
reported in Table 1 was assessed in medium containing 10% FBS
but in the absence any human serum proteins. In order to assess
the compound’s potency in human blood (48, 49), the antiviral
activity of BI 224436 was determined in experiments in which the
cell culture medium was supplemented with 10%, 20%, 30%,
40%, or 50% human serum (HS). Inhibition curves were performed with 1.5-fold compound dilutions around the EC50 for BI
224435 in order to increase the precision of both the EC50 determinations and the calculated fold shift in view of the high Hill
slope that had been determined with BI 224436 (Fig. 2). As HS was
increased from 0% to 40% in the in vitro HIV-1 viral replication
assay, the fold change in EC50s for BI 224436 increased until it
approached a maximum of approximately 2.1-fold in the presence
of 40% and 50% HS. This maximal fold change in EC50s suggests
that binding of BI 224436 to the proteins present in HS has
reached saturation. Extrapolating to 100% HS, the inhibition of
HIV-1 viral replication by BI 224436 increased by 2.14- ⫾ 0.20fold with a 95% confidence window relative to EC50s obtained in
the absence of HS. The Hill slope of 4 was also observed in antiviral
inhibition curves for BI 224436 in the presence of 10% to 50%
human serum. Using the serum shift correction, BI 224436 is predicted to have an EC50 of 32 nM and an EC95 of 75 nM in 100%
human serum against the least-susceptible laboratory strain of
HIV-1 tested based on the results shown in Table 1.
Selection of HIV-1 variants resistant to BI 224436. To help
establish that BI 224436 inhibits integrase through a mechanism
distinct from that of INSTIs, HIV-1 virus was serially passaged in
the presence of increasing concentrations of BI 224436 in cell culture. Viral infections were initiated at inhibitor concentrations of
approximately 2- or 5-fold the EC50 of BI 224436. Upon each
passage, a macroscopic evaluation of the cells was performed to
determine if drug concentration would be maintained or increased if syncytium formation was observed as evidence of viral
replication. At passage 4, the A128T amino acid substitution was
selected in HIV integrase (see Table S1 in the supplemental material). After 14 passages, viral variants encoding either the A128N
or L102F substitution were sequenced and were found in combi-
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fer and non-catalytic-site integrase inhibitors. The HIV-1 NL4.3 virus was
used to infect PBMCs in the presence of increasing concentrations (conc.) of
either BI 224436 or raltegravir, representing the NCINI and INSTI classes of
integrase inhibitors, respectively. The antiviral concentration-response curves
were generated with 1.5-fold compound dilutions in order to more precisely
evaluate the Hill slope values of approximately 4 for BI 224436 and 1 for
raltegravir.
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TABLE 2 EC50 fold changes for inhibition of recombinant HIV-1 virus replication by BI 224436a
EC50 fold change in inhibition of:
Active-site integrase inhibitor-resistant mutant

NNRTI-resistant
mutant

NCINI-resistant mutant

Test compound

N155S

G140S/Q148H

T66I/S153Y

E92Q

A128T

A128N

L102F

N222K

K103N/Y181C

BI 224436
Elvitegravir
Raltegravir

1.0
77
8.5

1.2
NA
290

0.5
81
0.4

1.0
16
3.1

2.9
1.1
0.9

64
0.9
1.0

61
1.1
1.0

2.8
1.6
1.0

0.9
0.5
0.7

a

Shown are EC50 fold changes for inhibition by BI 224436 of replication of recombinant HIV-1 viruses containing mutations that confer resistance to either NNRTIs or the activesite inhibitors raltegravir and elvitegravir. Single or double point mutations were introduced into the HXB2 integrase-containing virus, which was used to infect the C8166 LTR
luciferase reporter cell line. The EC50s were calculated in a minimum of three separate experiments with the mean fold shift in EC50 calculated relative to the EC50 of the wild-type
virus.
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infections involves the administration of a combination of several
antiretroviral drugs in order to effectively suppress viral replication. Therefore, it is essential to determine whether any given
combination of drugs is antagonistic and whether the drugs interfere with each other’s antiviral activity as opposed to inhibiting
viral replication in an additive or, preferably, synergistic manner.
Two-drug combination studies were performed on wild-type
HIV-1 testing with BI 224436 in combination with several other
antiretroviral agents, including NRTIs, NNRTIs, PIs, INSTIs, and
entry inhibitors. The degree of interaction was determined according to the Bliss independence model using MacSynergy II
software to analyze the results. Volumes of statistically significant
synergy and antagonism at 95% confidence were determined with
combination volumes (CV) of ⬎25 nM2% interpreted as evidence
for synergy, CV between 25 and ⫺25 nM2% as evidence for additive effect, and CV of ⬍⫺25 nM2% as evidence for antagonism.
Overall results of this study suggest that only slight to moderate
interactions occur between BI 224436 and most of the antiviral
agents tested, as shown in Table 3. Combination studies between
BI 224436 and the NRTI tenofovir showed strong synergy
(CVsynergy, 124 ⫾ 18 nM2%; CVantagonism, ⫺5.1 ⫾ 4.1 nM2%) in all
experiments. Moderate synergy was observed in combination
studies between BI 224436 and the protease inhibitors amprenavir, atazanavir, and nelfinavir. Studies performed with combinations of BI 224436 and the NRTI abacavir show a tendency toward
minor antagonism; however, additivity is within the range of the
standard deviations (CVsynergy, 12 ⫾ 5.6 nM2%; CVantagonism,
⫺44 ⫾ 28 nM2%). Indications of strong or medium antagonism
were not detected with any of the combinations involving BI
224436. In targeting the same viral enzyme, combination studies
between BI 224436 and the INSTIs raltegravir and dolutegravir
were evaluated for signs of synergy or antagonism. As shown in
Fig. 3, two-drug combinations of BI 224436 and raltegravir had a
clear additive antiviral inhibition profile.
The cellular cytotoxicity levels evaluated for all pairwise combinations of BI 2244336 and test compounds are similar to those
observed with the inhibitors tested alone at the concentrations
used in these experiments. Any differences in cytotoxicity observed were less than ⬍5% (data not shown) and reflect variations
in the cytotoxicity assay. Therefore, there is no evidence of synergistic cytotoxicity of agents when used in combination with BI
224436.
In vitro ADME profile of BI 224436. BI 224436 demonstrated
good solubility of the hydrochloride crystalline form (⬎780
g/ml or ⬎1.76 mM in aqueous buffers at pH 2.0, 4.5, and 6.8), as
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nation with the N222K variant. Recombinant viruses encoding
the single-amino-acid substitutions observed in the in vitro passage experiments were generated by site-directed mutagenesis and
used in the cell culture antiviral assay with BI 224436. In these
studies, the substitutions resulted in a 2.9-fold (A128T), 64-fold
(A128N), 61-fold (L102F), and 2.8-fold (N222K) decrease in antiviral potency of BI 224436 relative to the wild-type virus (Table
2). In contrast, recombinant viruses that conferred resistance to BI
224436 were susceptible to the INSTIs raltegravir and elvitegravir
with no loss in antiviral potency (Table 2). The replication capacity of these recombinant viruses was 30% (A128T), 6% (A128N),
⬍1% (L102F), and 90% (N222K) compared to wild-type virus
when propagated in Jurkat T cells.
To correlate the reduced susceptibility of BI 224436 with virus
encoding the mutations in integrase selected during in vitro passage experiments, recombinant integrase proteins with A128T
and L102F substitutions were expressed and purified. Integrase
proteins with these substitutions were found to be catalytically
active in the LTR DNA 3=-processing assay, and the inhibitor potential of BI 224436 was evaluated (see Fig. S3 in the supplemental
material). Compared to the IC50 for BI 224436 (15 nM), the
A128T integrase had a decreased susceptibility of 2.9-fold and the
L102F integrase had a ⬎500-fold decreased susceptibility to BI
224436. These reduced susceptibilities in the integrase biochemical assay are consistent with the shift in antiviral potency observed
in the cell culture assay.
Antiviral profile of BI 224436 against recombinant viruses
with resistance to INSTIs and NNRTIs. In order to establish that
BI 224436 will maintain its antiviral activity against viruses that
emerge during treatment failure with other inhibitor classes and
to confirm the specificity of its mechanism of action, BI 224436
was tested against recombinant viruses encoding amino acid substitutions that have been shown to confer resistance to either
NNRTIs (K103N/Y181C) or active-site integrase inhibitors (T66I/
S153Y, E92Q, G140S/Q148H, and N155S). The same recombinant
HIV-1 viruses were also tested against the active-site integrase inhibitors raltegravir and elvitegravir. As shown in Table 2, the NNRTIresistant viruses remained susceptible to BI 224436, raltegravir, and
elvitegravir, with no change in the EC50s for any of these inhibitors
relative to the wild-type control virus. As expected, raltegravir and
elvitegravir lost activity against INSTI-resistant viruses; however,
these viruses remained fully susceptible to BI 224436.
In vitro combination studies of BI 224436 with a broad panel
of antiviral agents (NRTIs, NNRTIs, PIs, INSTIs, and entry inhibitors) against wild-type HIV-1 virus. Current therapy for HIV
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TABLE 3 Mean synergy and antagonism volumes for pairwise
combination studies performed between BI 224436 and HIV antiviral
inhibitorsa
Volumeb (nM2%; ⫾SD)
Synergy

Antagonism

Combination
effect

NRTI
Lamivudine
Abacavir
Zidovudine
Tenofovir
Emtricitabine
Didanosine
Stavudine

39 ⫾ 7.4
12 ⫾ 5.6
26 ⫾ 26
124 ⫾ 18
19 ⫾ 5.0
15 ⫾ 19
17 ⫾ 15

⫺5.8 ⫾ 3.2
⫺44 ⫾ 28
⫺14 ⫾ 15
⫺5.1 ⫾ 4.1
⫺0.36 ⫾ 0.63
⫺4.3 ⫾ 6.4
⫺9.0 ⫾ 6.6

Additive
Minor antagonism
Additive
Synergy
Additive
Additive
Additive

NNRTI
Nevirapine
Efavirenz
Etravirine

0.2 ⫾ 0.3
20 ⫾ 16
43 ⫾ 70

⫺12 ⫾ 13
⫺4.7 ⫾ 4.1
⫺12 ⫾ 13

Additive
Additive
Additive

Protease inhibitor
Amprenavir
Atazanavir
Darunavir
Indinavir
Lopinavir
Nelfinavir
Ritonavir
Saquinavir
Tipranavir

72 ⫾ 51
72 ⫾ 33
25 ⫾ 18
24 ⫾ 24
4.6 ⫾ 8.0
67 ⫾ 33
42 ⫾ 48
3.4 ⫾ 3.0
37 ⫾ 34

⫺12 ⫾ 12
⫺26 ⫾ 23
⫺24 ⫾ 10
⫺19 ⫾ 17
⫺12 ⫾ 20
⫺30 ⫾ 10
⫺28 ⫾ 12
⫺16 ⫾ 22
⫺17 ⫾ 3.9

Moderate synergy
Moderate synergy
Additive
Additive
Additive
Moderate synergy
Additive
Additive
Additive

Integrase inhibitor
Raltegravir
Dolutegravir

11 ⫾ 12
23 ⫾ 44

⫺5.9 ⫾ 7.9
⫺12 ⫾ 14

Additive
Additive

Entry inhibitors
Maraviroc
Enfuvirtide

19 ⫾ 11
4.5 ⫾ 1.4

⫺3.2 ⫾ 4.9
⫺5.9 ⫾ 6.3

Additive
Additive

DISCUSSION

a
Results are mean synergy and antagonism volumes at 95% confidence intervals, as
calculated by MacSynergy II software, for pairwise combination studies performed
between BI 224436 and HIV antiviral inhibitors. Mean volumes were calculated based
on a minimum of three separate experiments. Cytotoxicity assays were performed in
parallel at the highest drug concentrations tested, and no increase in cytotoxicity was
observed in drug combinations with BI 224436.
b
Mean synergy volumes at 95% confidence (in nM2%) are described at the following
levels: ⬎100, strong synergy; 50 to 100, moderate synergy; 25 to 50, minor amount of
synergy; 25 to ⫺25, additive; ⫺25 to ⫺50, minor amount of antagonism; ⫺50 to ⫺100,
moderate antagonism; and ⬍⫺100, strong antagonism.

shown in Table 4. The Caco-2 A-to-B permeability was 14 ⫻ 10⫺6
cm/s with a B-to-A rate of 3.9 ⫻ 10⫺6 cm/s, consistent with a high
fraction of compound absorbed, as demonstrated in preclinical
species. BI 224436 demonstrated little or no activity when tested as
an inhibitor of the 5 major CYP isozymes tested. The IC50s against
the most important isozymes, 3A4, the most abundant isozyme,
and 2D6, a polymorphic isozyme responsible for a large individual
variation in the metabolism of several marketed drugs, were 23
and ⬎30 M, respectively. The lowest IC50, against the 2C9
isozyme, was 20 M. In vitro liver microsome and hepatocyte
stability studies showed low metabolic clearance of ⬍14% of hepatic blood flow (QH) in most species tested, with the exception of
the dog, which had a hepatic clearance of 32% QH. Clearance by
phase II metabolism in liver microsomes is slower than phase I
metabolism in all species tested. BI 224436 was highly protein
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BI 224436 is an effective inhibitor of HIV-1 viral replication
through the inhibition of integrase function. A number of biochemical and cellular studies were carried out to verify that the
observed cell-based activity of BI 224436 was due to its action on
integrase. In contrast to active-site integrase inhibitors, such as
raltegravir and elvitegravir, BI 224436 does not inhibit the strand
transfer activity of integrase. However, BI 224436 inhibits both the
LTR DNA 3=-processing reaction and integrase-LEDGF interaction at levels that are equivalent to the activity observed in the
cell-based antiviral assay. BI 224436 exerts this inhibition by binding to a highly conserved allosteric pocket on the catalytic core of
integrase, which also serves as a binding pocket for LEDGF. The
binding of BI 224436 to the integrase LEDGF binding pocket has
been confirmed by crystallography studies with the integrase core
domain (data not shown). Similar findings have been reported for
this chemical series by our group (18), researchers at Gilead Sciences (45, 50), and for an analogous chemical series referred to as
LEDGINs (23).

FIG 3 Three-dimensional plot of synergy and antagonism at 95% confidence
for the pairwise combination of BI 224436 with raltegravir (RAL). Analysis was
performed with MacSynergy II software and is shown as a representative plot
of the data shown in Table 3. The synergy volume is 10 nM2%, and the antagonism volume is 0 nM2%.
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Inhibitor class and
drug

bound in mouse and rat plasma (⬎97%), and between 75.5 to
84.3% protein was bound in human, dog, and monkey plasma
samples, as determined by equilibrium dialysis.
Pharmacokinetics in animals. The clearance of BI 224436 was
very low in the mouse (0.7 ml/min/kg) and rat (0.5 ml/min/kg),
low in the dog (2.5 ml/min/kg), and appreciably higher in the
monkey (11 ml/min/kg) (see Fig. 5). The volume of distribution
was low and somewhat variable across the species tested (0.2 to
0.88 liters/kg). The terminal half-life was moderate in the mouse
(2.6 h), rat (8.9 h), and dog (6.0 h) but short in the monkey (1.4 h).
Following the oral dose of 2 mg/kg, the maximum concentration
of drug in the serum (Cmax) was 4.8 to 15 M in the four species,
and area-under-the-curve (AUC) values were highest in mouse
and rat (99 and 75 M · h, respectively), intermediate in dog (24
M · h), and lowest of the four species in monkey (4.8 M · h).
Oral bioavailability (F) of BI 224436 ranged from 54 to 100% in
the animal species tested.
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possible that N222K represents a compensatory mutation that
confers an improved replication capacity on viruses encoding the
A128N or L102F substitution in integrase. In keeping with these
results, other groups have reported similar mutations that map to
the same pocket with structural analogues of the NCINI series
(44–46).
Biochemical LTR DNA 3=-processing assays performed with
recombinant integrase encoding the A128T or L102F amino acid
substitutions provides additional evidence that BI 224436 exerts
its antiviral activity through targeting the allosteric pocket on the
integrase catalytic core. The fold decrease in IC50 for the A128T
substitution integrase is similar in both the LTR DNA 3=-processing and antiviral assays (2.9-fold in each). However, the L102F
substitution in integrase confers a ⬎500-fold reduced susceptibility to BI 224436 in the LTR DNA 3=-processing assay compared to
a 61-fold shift in the viral replication assay. This discrepancy may
be explained by the significantly reduced replication capacity of
the virus encoding the L102F integrase substitution (⬍1% relative
to wild-type virus), which would diminish the benefit associated
with the reduced susceptibility to BI 224436.
Our studies show that BI 224436 remains potent against recombinant viruses that encode substitutions conferring resistance
to either NNRTIs (K103N/Y181C) or integrase strand transfer
inhibitors (T66I/S153Y, E92Q, G140S/Q148H, and N155S), with
no shift in EC50 compared to the wild-type virus. In contrast,
recombinant viruses with amino acid substitutions conferring resistance to active-site integrase inhibitors resulted in considerable
cross-resistance against both raltegravir and elvitegravir. Raltegravir and elvitegravir were also found to maintain antiviral activity
against recombinant viruses with reduced susceptibility to BI
224436. In combination with activity in the IN-LEDGF biochemical assay and crystallography data (18), these results are consistent with BI 224436 targeting HIV-1 integrase by a distinct mechanism of action in binding to an allosteric pocket on integrase that
is distant from the active site where INSTIs bind. Taken together,
these studies demonstrate that BI 224436 has a resistance profile
that is distinct from and nonoverlapping with the integrase strand
transfer inhibitors.
In two-drug combination studies performed using wild-type
HIV-1 virus, most combinations of BI 224436 with other antiviral
agents produced additive to synergistic effects. The combination
of BI 224436 with integrase strand transfer inhibitors, nonnucleoside reverse transcriptase inhibitors, and entry inhibitors all exhibited additive antiviral effects in the HIV-1 viral replication assay. Combination studies performed between BI 224436 and
either nucleoside reverse transcriptase inhibitors or protease inhibitors were predominantly additive, but moderate to strong
synergy was observed for specific drug-drug combinations. Combination studies performed between BI 224436 and the NRTI
tenofovir showed strong synergy (mean CVsynergy of 124 nM2%),
while BI 224436 with the protease inhibitors amprenavir, atazanavir, and nelfinavir exhibited signs of moderate synergy (mean
CVsynergy ranging from 67 to 72 nM2%). In each of these combinations, residual plots illustrating the statistically significant volumes of inhibition of HIV-1 replication show strong synergy near
the EC50s of the drugs tested. Two-drug combination synergies
observed between BI 224436 and either tenofovir or several of the
HIV protease inhibitors may be rationalized by the observation
that NCINIs exert antiviral activity at both the late and early stages
of the viral replication cycle (NCINI structural analogue data are
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In HIV-1 viral replication assays using human peripheral
blood mononuclear cells (PBMCs), BI 224436 has antiviral EC50s
ranging from 7.2 to 15 nM when tested against several laboratory
strains of HIV-1, including CXCR4 (HXB2 and NL4.3)- and
CCR5-tropic (BaL) viruses (51). BI 224436 also exhibited low cellular cytotoxicity, leading to an in vitro selectivity index of
⬎8,000-fold in PBMCs. The assessment of antiviral potency was
determined in medium containing 10% FBS in the absence of any
human serum proteins. Since compound binding to plasma proteins in human serum can have a pronounced impact on the free
drug available to inhibit viral replication, the antiviral activity of
BI 224436 was determined in experiments in which the cell culture
medium was supplemented with up to 50% human serum. BI
224436 exhibits a low fold decrease in antiviral potency in the
presence of human serum. The antiviral potency of BI 224436 in
human blood was estimated at an EC50 of 32 nM and an EC95 of 75
nM versus the least-susceptible laboratory strain of HIV-1 tested.
The steep dose-response curve slope observed for BI 224436
and other NCINIs (not shown) results in EC95 values being only
⬃2.4-fold higher than the EC50s. A Hill slope of ⬃4 was observed
in all antiviral assays tested, including a single-cycle infection assay
(data not shown). The importance of a steep inhibitor Hill slope is
that at clinically relevant compound concentrations, these inhibitors can have a more pronounced effect on viral suppression. This
has been evaluated in terms of the instantaneous inhibition potential (IIP) for HIV-1 antiviral agents. Analysis of randomized,
controlled trials suggests a more favorable clinical outcome with a
treatment regimen which included antiviral agents with sustained
high IIPs (52). Based on IPP potential calculations {IIPCmin ⫽ log
[1 ⫹ (Cmin/ssEC50)]slope} (where Cmin is the minimum concentration of drug during the dosing regimen and ssEC50 is the serumshifted EC50 of the drug in the presence of human serum) at an
inhibitory quotient (IQ) of 15 to 30 (where IQ ⫽ Cmin/ssEC50), BI
224436 would have an IIP of ⬃5 to 6, comparable to that of HIV
protease inhibitors that provide the highest IIP values of all HIV
antiviral classes (52). Although IIP is not the sole parameter to
predict the clinical efficacy of an HIV-1 antiviral, a Hill slope value
of 4 can be viewed as a positive feature for BI 224436 and the
NCINI series of inhibitors.
The primary viral variants that were selected by in vitro passage
experiments with BI 224436 all map to the vicinity of an allosteric
pocket on the catalytic core of integrase. Residue L102 is situated
at the bottom of this pocket, while A128 is on the edge of the
LEDGF binding site. The integrase A128T substitution emerged
first at early viral passages as a result of a single-nucleotide change.
This substitution conferred a modest 2.9-fold reduced susceptibility to BI 224436 and has a 30% replication capacity relative to
that of the wild-type virus. The integrase L102F substitution was
identified at later passages and is also the result of a single-nucleotide substitution. Although this substitution confers a significant
61-fold reduced susceptibility, a reduced replication capacity of
⬍1% relative to the wild-type virus may explain the emergence of
this variant at later passages. The A128N substitution requires two
nucleotide mutations from the wild-type virus, confers a significant 64-fold reduced susceptibility to BI 224436, and has a moderately low replication capacity of 6% relative to the wild-type
virus. The N222K substitution was identified only at later passages
in combination with A128N and L102F substitutions. Since this
substitution is located outside the allosteric pocket targeted by BI
224436 and confers a low 2.8-fold decrease in susceptibility, it is
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TABLE 4 In vitro ADME profile of BI 224436
Assay or parameter

Value(s) for BI 224436

Solubility (g/ml) at pH 2, 4.5, 6.8 (crystalline)
Caco-2 cell permeability, A to B and B to A
(10⫺6 cm/s)
P450 IC50 (M) for 2C9, 3A4BFC, 1A2, 2C19,
2D6
PK parameter (H, M, R, Mnk, D)a
Phase I LM CL (%QH)
Hepatic CL (%QH)
Phase II LM CL (%QH)
Plasma protein binding (%)

840, ⬎780, ⬎1,000
13 and 3.9
20, 23, ⬎30, ⬎30, ⬎30

14, 6.4, 7, 11, 16
13, 12, 9, 13, 32
⬍11, ⬍6, ⬍6, ⬍7, 20
84.3, 97.3, 98.2, 78.0, 75.5

a
H, M, R, Mnk, and D correspond to human, mouse, rat, monkey, and dog,
respectively.

TABLE 5 PK profile of BI 224436 after 1-mg/kg i.v. and 2-mg/kg oral doses
Test species

Protein
binding (%)

CL (ml/min/kg)
(% QH)

Vss (liter/kg)

t1/2 (h)

Cmax (M)

AUC (M · h)

F (%)

Mouse
Rat
Monkey
Dog

97.3
98.2
78.0
75.5

0.7 (0.8)
0.5 (0.7)
11 (23)
2.5 (8)

0.20
0.45
0.54
0.88

2.6
8.8
1.4
5.9

15a
13a
4.8
12

99a
75a
6.3
24

100
54
82
81

a
A mouse and rat oral dose of 0.4 mg/kg was dose normalized to 2 mg/kg to allow for an appropriate comparison to monkey and dog PK studies. The oral formulation contained
1% MP, 0.3% Tween 80, 0.5% MC; the i.v. formulation contained 70% PEG, 30% water.
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from references 42 and 43; data for BI 224436 are unpublished).
NCINIs promote integrase multimerization at the stage of viral
production, which results in a block in the formation of mature,
infectious viral particles. This was shown by evaluating the formation of electron-dense HIV-1 cores by electron microscopy (43,
44, 53). As such, NCINIs may influence the activity of HIV protease, resulting in the more than additive antiviral inhibition observed with some protease inhibitors. Additional studies showed
that viruses produced by cells in the presence of NCINIs are inhibited in their reverse transcription activity after infecting target
cells. Although BI 224436 exerts antiviral activity at the same stage
as the NRTI tenofovir, it is difficult to rationalize mechanistically
why combination studies would be strongly synergistic with one
NRTI and additive or potentially slight antagonistic with others.
Further mechanistic studies will be required to investigate these
differences observed in the combination of BI 224436 with NRTIs.
Two-drug combination studies showed that there were no
signs of synergistic cytotoxicities up to the highest compound
concentrations of antiviral agents tested when combined with BI
224436. Most importantly, moderate or strong antagonism was
not detected with any combination studies performed with BI
224436, providing supporting evidence that BI 224436 could be
coadministered in the clinic with all antiviral agents tested in this
study.
BI 224436 has excellent solubility at the pH values from 2.0 to
6.8, covering the pH environments of both the stomach and small
intestine. Experiments performed in Caco-2 cells indicate a good
permeability in the A-to-B direction. Consistent with these in vitro
studies, BI 224436 is well absorbed in pharmacokinetic experiments in all animal species tested, with Cmax values of ⬎4.8 M at
the low oral dose of 2 mg/kg and oral bioavailability values ranging
from 54 to 100%. In cytochrome P450 inhibition assays, BI
224436 demonstrated little activity, with IC50s of ⱖ20 M with
the 5 major CYP isozymes. As such, these in vitro studies indicated

that BI 224436 has a low potential for major CYP-mediated drugdrug interactions.
The pharmacokinetic parameters of BI 224436 were an important part of the criteria leading to its selection for preclinical profiling. Although the PK profile of most species tested was excellent,
there were some difficulties in correlating the in vitro clearance
with the in vivo PK values observed in the different species (Tables
4 and 5). This discrepancy may be attributed in part to different
levels of enterohepatic recirculation between species. The timeconcentration profiles of BI 224436 in the rodents and dog showed
a large secondary peak suggestive of enterohepatic recirculation.
This takes place through acyl glucuronide modification of the carboxylic acid moiety on the inhibitor and then subsequent excretion into the bile, followed by hydrolysis and reabsorption of the
parent drug. Such secondary peaks were not observed in the monkey (data not shown), and it is likely that enterohepatic recirculation contributes to the apparently low clearance in the mouse and
rat and, to a lesser extent, the dog. In addition, the cross-species
plasma protein binding showed a trend inversely related to in vivo
clearance and volume of distribution at steady state (Vss). These
cross-species differences in enterohepatic recirculation and
plasma protein binding result in a degree of uncertainty with respect to the human PK and dose predictions (54). However, based
on the overall favorable preclinical antiviral, in vitro ADME, and
pharmacokinetic properties and animal toxicology studies (data
not shown), BI 224436 was advanced into phase 1 clinical development.
Although there are multiple drugs that have been developed
for the treatment of HIV-1-infected patients, a major obstacle to
long-term control of viral replication is the ability of the virus to
develop resistance to current antiviral treatments. Over the years,
antiretroviral therapy has improved dramatically as new antiretrovirals have come to market. However, with the extended life
span of infected patients comes the increased likelihood of a need
to change medications due to the development of viral resistance,
adverse events of antiviral drugs in some patients, drug-specific
toxicities, and potential drug-drug interactions with the additional medications taken by an aging population (55). Development of inhibitors that operate by a novel mechanism of action
could expand the options for clinicians to address these unmet
medical needs for the HIV-1-infected patient population. BI
224436 is an effective antiviral agent that belongs to the noncatalytic-site integrase inhibitor class. Our preclinical studies provide evidence that BI 224436 retains antiviral activity against viral
isolates with resistance to integrase strand transfer inhibitors and
has an additive antiviral profile in in vitro two-drug combination
studies. As such, it is expected that BI 224436 could be administered before, after, or in combination with INSTIs such as raltegravir or elvitegravir in antiviral therapy. In addition, with the
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excellent solubility and absorption properties of BI 224436, this
compound is a good candidate for further development as a component of a combination antiviral regimen for use in first-line and
subsequent lines of antiviral therapy.
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