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Discovery of a novel class of orally bioavailable
HIV-1 fusion inhibitors

C Matallana, C Beaubien, M Talbot, G Allaway, K Salzwedel
Panacos Pharmaceuticals Inc., Gaithersburg, MD, USA

During virus entry, the HIV-1 envelope glycoprotein (Env) undergoes a complex
series of conformational changes induced by interactions with CD4 and
coreceptor on the target cell surface (Figure 1). These conformational changes
culminate in the formation of a six-helix bundle (6HB) structure in the gp41
transmembrane subunit. The formation of this structure drives fusion of the
viral and target cell membranes. These conformational changes present
attractive targets for drug discovery.
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Figure 1. HIV gp41 six-helix bundle (6HB) formation

High-throughput assay design

We developed a proprietary high-throughput screening (HTS) assay to identify
inhibitors of Env conformational changes that are necessary for membrane
fusion and virus entry (Figure 2D). This assay uses conformation-specific
antibodies to detect 6HB formation as a surrogate for membrane fusion.
Compounds that inhibit the conformational changes in either gp120 or gp41
that are a prerequisite for 6HB formation and fusion are identified by a
reduction in antibody binding to Env-expressing cells following triggering.
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Figure 2. Detection of HIV gp41 6HB formation. a) Antibodies
specific for the 6HB were used to detect Env conformational

changes. 6HB-specific antibodies recognize receptor-triggered
HIV Env by b) cell-surface immunoprecipitation, c) flow cytometry
and d) time-resolved fluorometry (HTS assay)

Identification of orally bioavailable HIV-1 fusion inhibitors

A diverse library of over 400,000 drug-like compounds was screened in the
6HB inhibition HTS assay. Eight distinct tractable hit series were identified
(~0.002% success rate; ~1/50,000 compounds). Three series were found to
share a unique mechanism of action (Table 1 & Figure 3). Hit-to-lead medicinal
chemistry increased the potency of the original Series A micromolar hit by
~3.5 logs. Median molecular weight and cLogP for the compounds in Table 1
were ~470 and ~4.3, respectively.

Table 1. Characterization of analogs from three chemically
distinct hit series that share a unique mechanism of action.
Each series has undergone partial hit-to-lead optimization. 6HB
assay: HIV-1zr (CXCR4-tropic; clade B). Infection assay: HIV-1y,4.3
B) infection of TZM-bl cells; detected using

(CXCR4-tropic; clade
the GalScreen kit (Applied Biosystems). HIV-2: Infection assay

using HIV-2rop (CXCR4-tropic). Cytotoxicity: XTT staining of TZM-
bl cells. CD4 binding: binding of sCD4 to HIV-1ge-expressing cells

Table 2. Cross-clade inhibition of HIV-1 clinical isolates. Series A
was tested against a single clinical isolate from each clade in the

infection assay (average of two experiments). All isolates were
CCR5-tropic, except for HIV-2gop.
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Compounds block exposure of the gp41 N-helical
coiled-coil

HIV-1
Group M Group O | HIV-2gop | SIViacaae
Clade A B C D E F G H
ICsouM  0.03 0.13 2.70 0.02 >20 1.59 2.00 14.09 16.85 >20 >20

These partially optimized compounds were broadly active against diverse
HIV-1 clades (Table 2). By comparison, the small molecule attachment
inhibitor, BMS-378806, was reported to have median ECsq values of 1.13 uM
for clade A, and >2 uM for clades D, F, and G."

Novel mechanism of action

These compounds represent a new class of fusion inhibitors with a novel
mechanism of action (Figure 3). Unlike enfuvirtide, they affect gp120
conformation by binding to native Env prior to receptor engagement (Figure 4)
and enhancing exposure of conserved neutralization epitopes on gp120
(Figure 5). The compounds also bind CD4-bound Env (Figure 4) and stabilize
the association of gp120 with gp41, thus inhibiting sCD4-induced gp120
shedding (Figure 5). Unlike coreceptor antagonists, the compounds are active
against both CXCR4- and CCR5-using viruses (Tables 1 & 2). Unlike
attachment inhibitors, they have no effect on CD4 binding (Table 1). The
compounds act at a late stage in HIV fusion (Figure 6A) and inhibit exposure of
the N-helical coiled-coil, to which enfuvirtide binds (Figure 6B). Consequently,
these compounds have a resistance profile distinct from that of enfuvirtide
(Figure 7 & Table 3). Thus, these compounds appear to block HIV fusion by
interacting with a unique target site in Env.
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Potency; IC5, uM | Specificity | Cytotoxicity bigc?i‘:\g PK

6HB Infection HIV-2; CCs, 1Cs, Oral
Series | assay assay 1Cs50, uM uM uM | bioavailability
A 0.0005 0.004 >100 >100 >20 | 19% (mouse)
B 0.3 1 >100 >100 >20 30% (rat)
C 0.05 0.04 >100 >100 >20 ND

Figure 3. Mechanlsm of action of Series A, B, and C fusion
inhibitors. These compounds act at a point in the fusion cascade
downstream of attachment inhibitors and upstream of enfuvirtide

Compounds interact with Env both pre- and post-CD4
binding
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Figure 4. Compound addition pre- or post-sCD4 incubation.
Env-expressing cells were pre-incubated with Series A, an
attachment inhibitor, or sCD4. Following washout of the initial

reagent, inhibitor, or sCD4 was added as indicated. 6HB formation
was quantitated by flow cytometry using 6HB-specific antibodies

Compounds enhance exposure of conserved gp120
neutralization epitopes and stabilize gp120-gp41
association
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Figure 5. Induction of 17b and 48d epitope exposure and
inhibition of sCD4-induced gp120 shedding. The effects of the
original Series A hit compound on gp120 conformation and sCD4-

induced shedding of gp120 were determined by flow cytometry
using the human Mabs 17b and 48d, which recognize CD4-induced
neutralization epitopes on gp120
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Figure 6. Time-of-addition and inhibition of C-peptide binding
to the gp41 N-helical coiled-coil. a) Compounds act at a late step
in virus-cell fusion (detected using HeLa-CD4-LTR-f-gal cells).

b) Compounds block C-peptide binding to triggered Env as
detected by T26 Mab binding (flow cytometry). C-peptide: a
34-amino acid peptide similar to enfuvirtide
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Figure 7. In vitro resistance selection. Repeated passage in the
presence of suboptimal concentrations of drug identified 3 separate

mutations that each conferred ~10-30-fold resistance:
gp120-A224T, gp120-Q246R, and gp41-Q39H

Table 3. Compounds have a resistance profile distinct from that
of enfuvirtide. Infection assay in HeLa-CD4-LTR-f-gal cells. Mutant
viruses were normalized for MOI. C-peptide inhibitor: a 34-amino
acid peptide similar to enfuvirtide

Fold resistance

Enfuvirtide resistance mutant Series A C-peptide
L33S 11.7 3.0
V38E 0.5 60.5
137K 4.8 6.3
N42T/N43K 1.2 9.3
V38A/N42T 0.9 7.3
V38E/N42S 0.5 23.3
V38A 2.0 9.5
Red=>2-fold resistance

Summary

We have used a novel screening approach to identify orally
bioavailable HIV-1 fusion inhibitors with a novel mechanism
of action

We attribute the success of this approach to the use of
native, oligomeric, membrane-anchored Env as the
screening target. No assumptions were made about the
target site or mechanism of inhibition

These compounds act upstream of exposure of the target
site for enfuvirtide and are active against most enfuvirtide-
resistant viruses

The most potent of these compounds specifically inhibit HIV-1
infection in vitro with an IC5, of 4 nM. No cytotoxicity was
observed at up to 100 uM, yielding a therapeutic index >10,000

Unlike the peptide fusion inihibitor, enfuvirtide, these
compounds have the potential for delivery in an oral form.

Further optimization is ongoing to identify a lead
compound to take forward into formal pre-clinical studies

Acknowledgments

We thank James Robinson (Tulane University) for 17b and 48d mAbs.
This work was supported in part by NIH-AI-56915.

Reference
1. Lin PF, et al. Proc Nat/ Acad Sci USA 2003;100:11013-8





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




