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Sequence listing
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ing as contained in the international application as filed.

Field of the invention
The Invention relates to HIV vaccines and to methods using intrapatient sequence variation to identify

mutations in the HIV envelope glycoprotein that affect the binding of broadly neutralizing antibodies.

Background

The identification of epitopes recognized by broadly neutralizing antibodies (bNAbs) in HIV+ serais a
major priority for HIV vaccine research. Previous methods used to identify these epitopes relied on
monoclonal antibodies or selective immunoadsorbtion. The present disclosure describes a new method to
identify epitopes recognized by bNAbs based on intra-patient sequence variation. Many lines of evidence
suggest that for an HIV vaccine to be effective it needs to elicit broadly neutralizing antibodies. While it
has been known that such antibodies exist in approximately 10-25% of HIV+ patient sera, none of the
candidate vaccines described to date elicit these antibodies. Moreover, because of the complexity of the

polyclonal antibody response it has not been possible to identify the epitopes recognized by these anti-
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bodies. Clearly there is a need for a method to identify mutations in the HIV envelope glycoprotein that

affect the binding of broadly neutralizing antibodies.

Brief description of the invention

Provided herein are methods comprising analyzing intra-patient HIV-1 virus variation to identify specific
amino acid residues of the HIV-1 envelope glycoproteins, gpl160, gp120, and gp41 that affect sensitivity
or resistance to broadly neutralizing HIV-1 antibodies. Also provided are proteins identified by these

methods, the nucleic acids encoding the proteins, and vaccines comprising the proteins and nucleic acids.

Brief description of the figures

FIGURE 1A: amino acid differences between neutralization sensitive and resistant clones from 108060.
FIGURE 1B: amino acid sequences of clones created by in vitro mutagenesis to map determinants of
sensitivity and resistance to neutralization from subject 108060.

FIGURE 2. sensitivity of w/t and mutant clones from 108060 to neutralization by HIV-1+ serum Z23.
FIGURE 3. gp41 functional domains and comparison of sequences of functionally significant regions of
the N36 and C34 helices.

FIGURE 4. shows a method to identify epitopes reactive with broadly neutralizing Abs in HIV+ sera
FIGURE 5. shows the sequences from subjects 108060, 108051, 108048 corresponding to neutralization

sensitive and neutralization resistant variants.

General Representations Concerning the Disclosure

In this specification, reference is made to particular features of the invention. It is to be understood that
the disclosure of the invention in this specification includes all appropriate combinations of such particu-
lar features. For example, where a particular feature is disclosed in the context of a particular embodi-
ment or a particular claim, that feature can also be used, to the extent appropriate, in the context of other
particular embodiments and claims, and in the invention generally. The embodiments disclosed in this
specification are exemplary and do not limit the invention. Other embodiments can be utilized and
changes can be made. As used in this specification, the singular forms “a”, “an”, and “the” include plural
reference unless the context clearly dictates otherwise. Thus, for example, a reference to “a part” in-
cludes a plurality of such parts, and so forth. The term "comprises" and grammatical equivalents thereof
are used in this specification to mean that, in addition to the features specifically identified, other features
are optionally present. The term "consisting essentially of" and grammatical equivalents thereof is used
herein to mean that, in addition to the features specifically identified, other features may be present
which do not materially alter the claimed invention. The term "at least” followed by a number is used
herein to denote the start of a range beginning with that number (which may be a range having an upper
limit or no upper limit, depending on the variable being defined). For example "at least 1" means 1 or
more than 1, and "at least 80%" means 80% or more than 80%. The term "at most" followed by a num-

ber is used herein to denote the end of a range ending with that number (which may be a range having 1
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or 0 as its lower limit, or a range having no lower limit, depending upon the variable being defined). For
example, "at most 4" means 4 or less than 4, and "at most 40%" means 40% or less than 40 %. When, in
this specification, a range is given as " (a first number) to (a second number)" or "(a first number) - (a
second number)", this means a range whose lower limit is the first number and whose upper limit is the
second number. Where reference is made in this specification to a method comprising two or more de-
fined steps, the defined steps can be carried out in any order or simultaneously (except where the context
excludes that possibility), and the method can optionally include one or more other steps which are car-
ried out before any of the defined steps, between two of the defined steps, or after all the defined steps
(except where the context excludes that possibility). Where reference is made herein to "first" and "sec-
ond" features, this is generally done for identification purposes; unless the context requires otherwise, the
first and second features can be the same or different, and reference to a first feature does not mean that a
second feature is necessarily present (though it may be present). Where reference is made herein to "a"
or "an" feature, this includes the possibility that there are two or more such features.

This specification incorporates by reference all documents referred to herein and all documents
filed concurrently with this specification or filed previously in connection with this application, including

but not limited to such documents which are open to public inspection with this specification.

DEFINITIONS
The terms “amino acid” and “amino acid sequence” refer to an oligopeptide, peptide, polypeptide,
or protein sequence, or a fragment of any of these.

“Amplification” relates to the production of additional copies of a nucleic acid sequence e.g.,
using polymerase chain reaction (PCR).

The term “antibody” refers to intact immunoglobulin molecules as well as to fragments thereof,
such as Fab, F(ab’),, and Fv fragments, which are capable of binding an epitopic determinant.

The term “‘similarity” refers to a degree of complementarily. There may be partial similarity or
complete similarity. The word “identity” may substitute for the word “similarity.” A partially comple-
mentary sequence that at least partially inhibits an identical sequence from hybridizing to a target nucleic
acid is referred to as “substantially similar.”

The phrase “percent identity” as applied to polynucleotide or polypeptide sequences refers to the
percentage of residue matches between at least two sequences aligned using a standardized algorithm
such as any of the BLAST suite of programs (e.g., blast, blastp, blastx, nucleotide blast and protein blast)
using, for example, default parameters. BLAST tools are very commonly used and are available on the
NCBI web site.

A “variant” of a particular polypeptide sequence is defined as a polypeptide sequence having at
least 40% sequence identity to the particular polypeptide sequence over a certain length of one of the
polypeptide sequences using blastp with the “BLLAST 2 Sequences” tool set at default parameters. Such
a pair of polypeptides may show, for example, at least 50%, at least 60%, at least 70%, at least 80%, at
least 86%, at least 90%, at least 95%, or at least 98% or greater sequence identity over a certain defined

length of one of the polypeptides.

SUBSTITUTE SHEET (RULE 26)



WO 2010/040136 PCT/US2009/059583

Detailed description of the embodiments

Disclosed is a new method for identifying mutations in envelope proteins, which methods comprise ana-
lyzing intra-patient HIV-1 virus variation to identify specific amino acid residues of the HIV-1 envelope
glycoproteins, gpl60, gp120, and gp41 that affect sensitivity or resistance to broadly neutralizing HIV-1
antibodies. The mutations identified by the methods of the invention provide enhanced sensitivity (or
resistance) to neutralization of a virus by anti-viral antisera; in particular neutralization of an HIV virus
by anti-HIV antibodies, such as in antisera. The methods described identify epitopes recognized by
broadly neutralizing antibodies. Such epitopes and the proteins of which they are a part may provide a
powerfully immunogenic, protective vaccine against HI'V. To identify polymorphisms and sequences that
effect sensitivity or resistance to broadly neutralizing antibodies, viral envelope sequences (such as
2p160, gp120, and gp41) from sensitive and resistant viruses were identified and compared and the dif-
ferences were noted. Mutagenesis was carried out to identify specific residues that correlated with sensi-
tivity or resistance to virus neutralization.

Essentially, the method consists of carrying out the following steps: (i) Providing a plurality of
individual subjects who are seropositive for HIV antibodies and taking a biological sample such as blood
or plasma from each subject, wherein the sample contains a multiplicity of HIV viruses with closely re-
lated genomes, wherein all subjects had been infected with HIV no more than one year before, and no
less than one month before sample collection. (ii) Amplifying the env genes by the polymerase chain re-
action (PCR) of the multiplicity of viruses to produce a library of different env genes. (iii) Cloning the
amplified env genes into a plasmid shuttle vector allowing the plasmid to replicate in both bacteria (such
as E. coli) and mammalian cells. Such vectors contain: a bacterial origin of replication, an origin of repli-
cation from a mammalian cell virus such as SV-40 or adenovirus, and a functional transcription unit that
enables expression of a suitable drug resistance gene such as ampicillin, tetracycline, or kanamycin in
order to allow selective growth of bacteria transformed with the shuttle vector. The shuttle vector must
also contain the elements of a functional mammalian cell transcription unit. Beginning at the 5 end of
the sense DNA strand, the transcription unit should contain a promoter sequence from a mammalian gene
or virus, a splice donor/acceptor site, a segment of synthetic DNA containing either multiple restriction
enzyme recognition sites or other sequences to allow directional cloning of PCR amplified envelope
genes, a transcription termination codon, and a polyadenylation site. The transcription unit should also
contain transcription enhancer sequences at either locater either 5° to the promoter or 3’ of the polyade-
nylation site. Once PCR amplified HIV genes are ligated into the shuttle vector, the collection of plas-
mids containing the cloned envelope genes are transformed into E. coli by standard techniques, grown in
a small volume of bacterial culture media and then plated onto agar plates containing the appropriate an-
tibiotic so that only bacterial containing the shuttle vector plasmid containing the cloned envelope genes
are able to form colonies. Individual colonies are then selected at random and plasmid DNA from each
colony is prepared and analyzed by restriction digestion, and only those containing an insert of the proper
size of the full length HIV envelope gene are retained and used for the preparation of pseudoviruses as

described below. (iv) Co-transfecting mammalian cells (e.g. 293HEK) with the env-containing vector
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and simultaneously with a plasmid containing a defective HIV provirus virus where the coding sequence
of the env gene was replaced with the coding sequence of a marker gene such as one capable of emitting
light, e.g. Luciferase) to produce pseudovirions containing the amplified env genes. (v) The pseudoviri-
ons are placed in contact with cells capable of being infected by HIV so as to produce colonies of in-
fected cells. Such cells express the genes for CD4 and at least one chemokine receptor gene (either CCRS
or CXCR4). The cells can also express CD4 and both the CCR5 and CXCR4 chemokine receptor genes.
Cell culture supernatants containing pseudoviruses are harvested from the transfected cells and individ-
ual stocks of pseudoviruses resulting from single purified expression plasmids represent virus stocks. (vi)
The pseudotype virus colonies thus created are tested to determine infectivity; 20-50 pseudo virus stock
are prepared from each individual and only those exhibiting good infectivity as measured by a significant
higher level of relative light units relative to control pseudoviruses containing only defective envelope
genes are advanced to neufralization assays. (vii) Then each infective pseudotype virus is tested for sensi-
tivity or resistance to neutralization by one or more broad neutralizing antibodies. In neutralization assays
two or more pseudovirions from the same individual are tested. Each pseudovirus stock is incubated
with serially diluted plasma or sera from HIV infected individuals or purified polyclonal or monoclonal
antibodies. A significant decrease in the emission of light relative to pseudoviruses incubated with a
negative control specimen that does not contain antibodies to HIV envelope proteins. (viii) Then selec-
tion is done of pairs of plasmids containing specific env proteins which were used to prepare the pseu-
doviruses described above, wherein each pair contains one env gene that yielded a neutralization resistant
pseudovirus and one env gene that yielded neutralization sensitive pseudovirion. (ix) The envelope genes
from sensitive and resistant pseudoviruses are then sequenced and comparison was done to thus to iden-
tify amino acid sequence differences between the neutralization sensitive and neutralization resistant en-
velope genes. Only pairs of sequences with a minimal number of sequence differences (no more than for
example 10%, 8%, 6%, 5% or 4% sequence difference over the entire coding region of the env sequence
in question) are then selected for further analysis. (x) In vitro mutagenesis may then be performed to cre-
ate envelope genes where the effect of each amino acid difference between the neutralization sensitive
and neutralization resistant pairs can be determined when such mutant genes are incorporated into pseu-
dovirions and tested for sensitivity and resistance to neutralization. In this step, amino acids at corre-
sponding positions of neutralization sensitive member of the pair is introduced into the neutralization
resistant member of the pair to see if it confers the neutralization sensitive phenotype. Conversely, spe-
cific amino acids from the neutralization resistant sequence can be introduced into the neutralization sen-
sitive envelope gene by in vitro mutagenesis to identification of the specific amino acid responsible for
the neutralization resistant phenotype.

It should be noted that it is an important feature of the invention that the samples be taken from
individuals within a certain window. For various reasons more thoroughly explained elsewhere in this
disclosure, the HIV virus population changes dramatically during the course of infection, and the inven-
tors have reasoned that in order to successfully identify the polymorphisms of the invention, samples

need to be taken within a certain window of time. In the present invention samples need to be taken from
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subjects who had been infected with HIV no more than one year before, and no less than one month be-
fore sample collection. In various embodiments a wider window may be used and samples may be taken
no more than 18 months before, and no less than two weeks before sample collection. In other embodi-
ments a narrower window may be used and the earliest and latest times that bracket the sample window
may be, for example, 14 months and 1 month, 12 months and 1 month, 10 months and 6 weeks, 8 months
and 6 weeks, 6 months and 6 weeks, or any combination of these times from the date of infection. Obvi-
ously the date of infection is not always precisely known, and the dates that comprise the earliest and
latest times since infection may vary, for example +/- 14 days or +/- 24 days. In one specific embodiment
used to produce the current experimental results, all subjects had been infected with HIV 109 days +/- 58
days before specimen collection.

Although most of the viruses from an individual exhibited a predominant “neutralization sensi-
tive” or “neutralization resistant” phenotype, variants were identified that differed in sensitivity from
predominant forms. Because all of the samples compared were from recent infections the amount of in-
tra-patient sequence variation in the envelope glycoprotein was minimal. Site directed mutagenesis en-
abled us to identify amino acids residues responsible for neutralization sensitivity or resistance. Muta-
tions affecting virus neutralization were found in both gp120 and gp41.

The methods disclosed provide a novel strategy to enable quick and efficient identification of the
epitopes recognized by bNAbs in HIV+ patient sera. Characterization of polymorphism at these sites will
provide information to guide the formulation of multivalent vaccines. In one aspect, the invention dis-
closes methods for identification of certain immunogenic epitopes, and further discloses the epitopes
themselves. Broadly neutralizing antibodies recognize the specific epitopes of the HIV-1 envelope gly-
coproteins, including gp120, and gp41 and any gp160-derived protein, whether monomeric or oli-
gomeric. Thus, aspects of the present invention include these HIV-1 envelope glycoproteins, nucleic ac-
ids encoding the polypeptides and vaccines comprising the polypeptides or nucleic acids.

Also described are methods for the identification of specific polymorphisms within, or having an
effect upon, neutralizing epitopes that are suitable for inclusion in a protein or polypeptide that may be
included in the formulation of a multivalent HIV vaccine cocktail. It should be noted that the polymor-
phisms of the invention need not be within or even close to the epitopes affected. The polymorphisms of
the invention alter the conformation of the epitopes so as to reveal (or hide) a portion of the epitope in
such a way that it becomes available to bind with (or hidden from) a corresponding antibody, such as a
broadly neutralizing antibody. Further described is a method for identifying and purifying broadly neu-
tralizing antibodies from HIV patient serum or plasma. HIV envelope genes were amplified from HIV+
plasma obtained in the VAX004 Phase 3 trial. See Flynn, N. M., D. N. Forthal, C. D. Harro, F. N. Judson,
K. H. Mayer, and M. F. Para. 2005. Placebo-controlled phase 3 trial of a recombinant glycoprotein 120
vaccine to prevent HIV-1 infection. J Infect Dis 191:654-65.

Also disclosed are vectors, pseudoviruses and other constructs that comprise specific polynucleo-

tide sequences and mutations that encode antigens and epitopes described.
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Also disclosed are generic and specific sequences, polymorphisms, mutations, antigens and epi-
topes that may be used for the treatment and/or prevention of viral infection such as HIV infection.

Also disclosed are medicaments and therapeutic formulations such as vaccines that comprise an-
tigens and epitopes of the invention or that comprise polynucleotide sequences or vectors encoding anti-
gens and epitopes of the invention. Vaccines of the invention may be used both to treat an infection once
the infection has occurred, so as to prevent or cure a disease, and more commonly, to prevent an infection.
Also disclosed are therapeutic methods that comprise delivering a vaccine to a subject wherein the vac-
cine may comprise one or more antigens or epitopes of the invention, or polynucleotide sequences or
vectors encoding antigens and epitopes of the invention. Also described are specific glycoproteins, poly-
peptides, proteins and epitopes which may be formulated as part of an effective vaccine. Also described
are polyclonal and/or monoclonal antibodies that may be used as therapeutic agents for passive immuni-
zation. The vaccines of the invention may be protein/polypeptide antigen vaccines, or may be polynu-
cleotide vaccines wherein the polynucleotides express antigenic proteins that provoke a protective
immune response.

Also disclosed are therapeutic methods that employ compositions such as drugs and small mole-
cules or antibodies that interact with specific antigens or epitopes or regions of the glycoproteins or poly-
peptides described, thereby (i) exposing a previously unexposed epitope which epitope can bind specifi-
cally with a neutralizing antibody and/or (ii) limiting, inhibiting or preventing fusion of a viral membrane
with a cell membrane, thereby inhibiting infection of a call by a virus. Also disclosed are the therapeutic
compositions, drugs, small molecules or antibodies used in the above method.

Also described are compositions containing specific sequences and amino acid substitutions, de-
letions and additions that affect the confirmation of a protein or a polypeptide so as to hide or expose one
or more particular epitope. Also described are methods of contacting a virus with such a composition to
affect the confirmation of a protein or a polypeptide so as to hide or expose one or more particular epi-
tope so as to expose a previously unexposed epitope which epitope can bind specifically with a neutraliz-
ing antibody and/or to limit, inhibit or prevent fusion of a viral membrane with a cell membrane.

Also described are polypeptides containing the epitopes of the invention, nucleic acids encoding
the polypeptides, vaccines comprising the polypeptides or nucleic acids, and methods of attenuating or
preventing HIV infection via administration of the vaccines.

Also described are nucleic acids encoding the polypeptides of the invention and vectors that
comprise nucleic acids encoding the polypeptides of the invention, which vectors may be used for thera-
peutic and/or vaccination purposes.

Further, the invention isolated polynucleotides encoding the polypeptides of the invention, a
polypeptide comprising a) an amino acid sequence selected from any sequence described herein, b) an
amino acid sequence having at least 90% sequence identity to an amino acid sequence described herein,
¢) a biologically active or immunogenic fragment of an amino acid sequence described herein. The in-
vention further provides an isolated polynucleotide comprising a polynucleotide sequence having at least

90% sequence identity to a polynucleotide described, or a polynucleotide sequence complementary to the
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foregoing. In one alternative, the polynucleotide comprises at least 60 contiguous nucleotides. The inven-
tion also includes any of the polypeptides encoded by such polynucleotides. Additionally, the invention
provides an isolated antibody which specifically binds to an amino acid sequence described herein.

The investigators have identified various specific polynucleotide and polypeptide envelope se-
quences that contain specific polymorphisms such as a substitution of arginine for glutamine at position
655 in gp41 (“Q655R”). The invention includes these sequences and also encompasses other similar and
related sequences that display the same specific polymorphism at a location identifiable as being ho-
mologous to Q655R in the HIV env gene as disclosed in SEQ ID No. 1.

To say that a first particular sequence of amino acids, or a particular single amino acid residue or
polymorphism “corresponds to” a particular (second) sequence, site or position on a known sequence
means that the first sequence, residue or polymorphism is located at a position that is readily identifiable
by virtue of sequence homology as being equivalent to a known sequence, site or position on a known
sequence on the second, known sequence. The same reasoning may be applied to polynucleotides.

To say that a first particular sequence or specific polymorphism is “identifiable as being ho-
mologous to” a second particular sequence or polymorphism means that the sequences shows homology
or sequence identity with each other so as to be identifiable as being homologues (and quite possibly,
paralogs) of the same gene. Such homology is usually evident to one of skill in the art and can be deter-
mined by eye. Additionally various algorithms such as BLAST may be used.

In the present case, the region in which the polymorphism is found is highly conserved between
variants, and the recognition of sequences or polymorphisms as being located at a site “‘identifiable as
being homologous to” amino acid 655 in SEQ ID No.1 is clear and easily understood. In the present case
the invention includes a substitution of Q to another residue such as R at a site identifiable as being ho-
mologous to amino acid 655 in SEQ ID No.1

The env polypeptide may be selected from any of the known env sequences, or may be a previ-
ously unpublished sequence having a certain degree of sequence similarity to one of the known env se-
quences.

For example, the env polypeptide of the invention may comprise a sequence with a substitution
of arginine for glutamine at position identifiable as homologous to position 655 within in a gp41, wherein
the env polypeptide has at least 60% identity (or, in other embodiments, at least 70%, at least 80%, or at
least 87% or at least 90% or at least 95% or at least 98% or at least 99% identity) using BLASTP 2.2.21
with default settings (see Altschul et al., (1997), "Gapped BLLAST and PSI-BLLAST: a new generation of
protein database search programs", Nucleic Acids Res. 25:3389-34(02) to one of the following sequences:
SEQ ID No. 1, SEQ ID No. 2, SEQ ID No. 3, SEQ ID No. 4, SEQ ID No. 5.

Alternatively, the for example, the env polypeptide of the invention may comprise a sequence
with a substitution of arginine for glutamine at position identifiable as homologous to position 655 within
in a gp41, wherein the env polypeptide has at least 65% identity (or at least 70%, 80%, 87%, 90%, 95%,
98% or at least 99% identity) using BLASTP 2.2.21 with default settings to one of the following se-
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quences described in this application as: p1.10848_c2 Resistant, p1.10848_c11 Sensitive, 108051_c6
Sensitive, p1.108051_c5 Resistant, p1.108060_c22 Resistant, or p1.108060_c24 Sensitive.

Any of the above sequences may additionally include signal sequences of variable length or se-
quences that assist trimer at either the 5’ or 3” ends.

Any of the above sequences may be truncated by deletion of sequences encoding the transmem-
brane domain and cytoplasmic tail of the gp41 region of the gp160 gene.

Any of the above sequences may also be expressed as a fusion protein where nucleotides encod-
ing the signal sequence and 0-12 N-terminal residues of the mature HIV envelope protein are deleted
from the HIV envelope gene and replaced by nucleotide sequences encoding the signal sequence from
another highly expressed protein to facilitate expression in mammalian cells. Examples of suitable signal
sequence include those of herpes simplex virus 1 glycoprotein D or the prepro signal sequence of human
tissue plasminogen activator. It is also sometimes desirable to include nucleotide sequences encoding a
flag epitope immediately adjacent to the signal peptidase cleavage site at the N-terminus of the mature
gp140 protein, or a flag epitope adjacent to the C-terminal sequence of the gp140 protein to facilitate pu-
rification. The flag epitope can be any 4-30 amino acid sequence recognized by a monoclonal antibody
suitable for immunoaffinity chromatography, or can be a cluster of amino acids such as a poly-histidine
(his-tag) sequence that can mediate adherence to a insoluble matrix for affinity purification. In this re-
gard it is important that a simple, non-denaturing process is available to elute the poly-histidine fusion
containing fusion protein form the insoluble matrix. In some cases (e.g. herpes simplex virus glycopro-
tein D) the flag epitope can can be derived from the same protein as the heterologous signal sequence.
The flag epitope can be attached to any amino acid within the first 20 amino acids of the gp120 portion
of the molecule. An example of this is fusion adjacent to the conserved V at position 41 within the full
length gp160 sequence and located at the sequence beginning VPVWKEA. Amino acid residues corre-
sponding to a heterologous flag epitopes can be located either at the amino terminus of the mature protein.

Glycoprotein gp140 may be expressed as a fusion protein lacking the furin cleavage site. In an-
other embodiment, it may be necessary to mutagenize the highly conserved furin cleavage site that oc-
curs at the junction between gp120 and gp41 in order to insure that the gp41 domain is covalently at-
tached to the gp120 domain during purification and possibly during immunization.

Glycoprotein gp140 may include sequences attached at the C-terminus of gp140 to facilitate oli-
gomerization into gp140 trimers. In order to create an antigen that replicates the structure of the HIV
envelope protein on the surface of virions, it is often desirable to produce gp140 trimers. To accomplish
this goal, one can use one of the several strategies such as the addition of a GCN4 coiled coil domain or
the T4 fibrin tag that have been described and successfully used by other investigators to produce stable
gpl40 trimers. Location where sequences could be attached are within 7 amino acids of the C terminus
of gp140 as indicated.

Thus, for example, the invention includes a composition comprising a purified HIV env polypep-

tide, the polypeptide having a Q655R substitution, and having at least 90% amino acid sequence identity
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to one of the following sequences: SEQ ID No. 1, SEQ ID No. 2, SEQ ID No. 3, SEQ ID No. 4, and
SEQ ID No. 5. Such compositions include vaccines.

Additionally, the invention encompasses an isolated antibody which specifically binds to a puri-
fied HIV env polypeptide, the polypeptide having a Q655R substitution, and having at least 90% amino
acid sequence identity to one of the following sequences: SEQID 1, SEQ ID 2, SEQ ID 3, SEQ ID 4,
and SEQ ID 5.

Vaccines of the present invention can be used in a prophylactic manner to prevent HI'V infection
or in a passive therapeutic manner to attenuate existing HIV infection. Vaccines of the present invention
may be multivalent, i.e., contain multiple HI'V antigens, for example, containing two more HIV-1 enve-
lope glycoproteins, gp160, gp120, and gp41 which present one of more epitopes that bind specifically to
broadly neutralizing antibodies. Vaccines of this invention may be administered alone or in combination
with other HIV antigens and/or adjuvants, cofactors or carriers. The HIV-1 envelope protein or nucleic
acid may be administered in combination with other antigens in a single inoculation "cocktail". Ade-
quacy of the vaccination is determined by assaying antibody titers or the presence of T cells and/or the
viral load may be monitored. The polypeptides of this invention may optionally be administered along
with other pharmacologic agents used to treat AIDS or ARC or other HIV-related diseases and infections,
such as AZT, CD4, antibiotics, immunomodulators such as interferon, anti-inflammatory agents, and
anti-tumor agents.

The invention also encompasses constructs containing the sequence of gp160, gp140 or gp41

from neutralization resistant clone 22 from subject 108060 in which a mutation is present, the mutation

(Q655R) created by replacement of glutamine with arginine at position 655. The mutation may be intro-
duced by standard in vitro mutagenesis techniques. Note that the basic gp160 sequence (prior to the
Q655R mutation) is that from a neutralization resistant, and not the neutralization sensitive clone. The

QO665R neutralization resistant sequence appears to be more immunogenic than the Q665R neutralization

sensitive sequence and confers a stronger neutralizing and protective antibody response. This is not what
would have been predicted.

Possible preferred embodiments include constructs containing the sequences of SEQ ID Nos. 1, 2,
3, 4, and 5 described herein.

SEQ ID No. 1 is the full length gp160 854 residue sequence (from p1.108060_c22) with the
(Q655R mutation.

SEQ ID No. 2 is a truncated form of the envelope protein lacking the gp41 transmembrane do-
main and cytoplasmic tail, termed gp140. In this embodiment the gp160 gene is truncated by deletion of
sequences encoding the transmembrane domain and cytoplasmic tail of the gp41 region of the gp160
gene. This is accomplished by introduction of a stop codon (e.g. TAA) and adjacent to introduction of a
stop codon after any of the amino acids in the following sequence located adjacent to the start of the gp41
transmembrane domain: SWLWYIK.

SEQ ID No. 3 is a fusion protein where the signal sequence of HIV has been deleted and re-

placed with the signal sequence of another highly expressed protein. The fusion protein is designed to
10
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facilitate expression in mammalian cells, and is termed gp140-FP. This embodiment includes at least
95% of gp120 and the extracellular domain of gp41. It specifically lacks the transmembrane domain and
cytoplasmic tail of gp41. The molecule is best expressed as a fusion protein where nucleotides encoding
the signal sequence and 0-12 N-terminal residues of the mature HIV envelope protein are deleted from
the HIV envelope gene and replaced by nucleotide sequences encoding the signal sequence from another
highly expressed protein to facilitate expression in mammalian cells. Examples of suitable signal se-
quence include those of herpes simplex virus 1 glycoprotein D or the prepro signal sequence of human
tissue plasminogen activator. It is also desirable to include nucleotide sequences encoding a flag epitope
immediately adjacent to the signal peptidase cleavage site at the N-terminus of the mature gp140 protein,
or a flag epitope adjacent to the C-terminal sequence of the the gp140 protein to facilitate purification.
The flag epitope can be any 4-30 amino acid sequence recognized by a monoclonal antibody suitable for
immunoaffinity chromatography, or can be a cluster of amino acids such as a poly-histidine (his-tag) se-
quence that can mediate adherence to a insoluble matrix for affinity purification. In this regard it is im-
portant that a simple, non-denaturing process is available to elute the poly-histidine fusion containing
fusion protein form the insoluble matrix. In some cases (e.g. herpes simplex virus glycoprotein D) the
flag epitope can be derived from the same protein as the heterologous signal sequence. The flag epitope
can be attached to any amino acid within the first 20 amino acids of the gp120 portion of the molecule.
An example of this is fusion adjacent to the conserved V at position 41 within the full length gp160 se-
quence and located at the sequence beginning VPVWKEA. Amino acid residues corresponding to a het-
erologous flag epitopes can be located either at the amino terminus of the mature protein.

SEQ ID No. 4 is a gp140 from 108060_c22 Q655R containing gp120 and the extracellular do-
main of gp41 with Q655R mutation expressed as a fusion protein and lacking the furin cleavage site.

SEQ ID No. 5 is a gp140 from 108060_c22 Q655R containing gp120 and the extracellular do-
main of gp41 with Q655R mutation expressed as a fusion protein and containing sequences to facilitate

or stabilize trimer formation.

Experimental procedures, materials, methods and results
Described is a new method to identify the epitopes recognized by broadly neutralizing antibodies by tak-
ing advantage of the naturally occurring amino acid sequence variation (intra-patient variation) that
evolves within every HIV-infected individual. This method also allows one to define molecular determi-
nants of sensitivity and resistance to antibody mediated neutralization, and allows for the design of a new
class of antiviral drugs. We have used this method to identify a mutation in the HIV fusion protein, gp41,
that markedly affects sensitivity and resistance of primary HIV-1 isolates to neutralization by HIV+ sera.
The new approach that we describe provides a powerful and convenient method to identify epitopes rec-
ognized by bNADbs in HIV+ sera and will enable the development of new immunogens that target these
sites.

Studies of the early events in infection have shown that transmission of HIV-1 involves a genetic

bottleneck where, out of the myriad of genetic variants in each HIV infected donor, only a single homo-
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geneous variant of HIV-1 successfully replicates in the recipient. This variant replicates to very high
titers for the first days and weeks after HIV-1 infection and eventually starts to mutate in response to er-
ror-prone reverse transcription to generate a swarm of closely related variants. The swarm further diversi-
fies in response to selective pressures imposed by both cellular and humoral antiviral immune responses.
Virus variation, driven by the relentless error-prone reverse transcription and selection by immune re-
sponses, occurs throughout the course of HIV infection and is perhaps the greatest challenge in the de-
velopment of vaccine and therapeutic products. In the present studies we have taken advantage of muta-
tions occurring early in the course of HIV-1 infections to identify specific amino acid substitutions in the
HIV-1 envelope glycoproteins gp120 and gp41 to address the problem of susceptibility and resistance to
neutralization by bNAbs. For this purpose we have made use of a large collection of clinical specimens
from new HIV infections collected in the course of a clinical trial (VAX004) of a candidate HIV-1 vac-
cine, AIDSVAX. See: Flynn NM, Forthal DN, Harro CD, Judson FN, Mayer KH, Para MF; “Placebo-
controlled phase 3 trial of a recombinant glycoprotein 120 vaccine to prevent HIV-1 infection.” The
Journal of infectious diseases 2005;191:654-65.

This collection of specimens is unique in that they were obtained within 6 months of infection
(mean 109 +/- 58 days) from multiple sites throughout North America. We reasoned that by studying
viruses from early infections, sequence variation would be limited compared to sequences collected at
later times after infection, and that subsequent mutational analysis would be simpler than that which

would be required if we used specimens collected from later time points.

Results and analysis

In initial experiments, we PCR amplified full length envelope genes from cryopreserved plasma using
nested primers of the type described by Li et al. and cloned the swarm of PCR products into a plasmid
expression vector. The vector was specifically designed to permit the construction of pseudoviruses for
use in a well established and validated virus neutralization assay (Monogram Biosciences, Inc — see
Schweighardt et al., 2007, J Acquir Immune Defic Syndr 46:1-11 and Whitcomb et al.,2007, Antimicrob
Agents Chemother 51:566-75). However, instead of pooling all of the clones together and carrying out
neutralization assays with a library of cloned genes from each infected individual for neutralization stud-
ies as had been done previously, we selected 24-48 clones from each individual and screened each for
infectivity and chemokine receptor usage. We then selected approximately 10 CCRS5-dependent pseudo-
type viruses with high infectivity for virus neutralization assays. Overall, viruses were prepared from
each of 28 individuals and screened for sensitivity and resistance to neutralization (Table 1). In some
cases (e.g. subject 108045) all 10 viruses were resistant to neutralization by a panel of four HIV+ sera
known to contain broadly neutralizing antibodies (Table 2A). In other cases (e.g. subject 108073) most
of the clones were sensitive to neutralization (Table 2B). However in approximately 85% of the speci-
mens (e.g. subjects 108048 and 108051) we found a mixture of neutralization sensitive and resistant

clones that showed differences in sensitivity or resistance to neutralization (Tables 3A and 3B).
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After examining the results, 7 clones showing the greatest disparity in sensitivity and resistance
to neutralization within the same individual were selected for oligonucleotide sequencing and further
analysis. As we hypothesized, sequence variation in several of the sets of neutralization sensitive and
resistant clones was limited and allowed for the possibility of in vitro mutagenesis to localize the amino
acids responsible for conferring sensitivity and resistance to neutralization by HIV+ sera. To explore this
possibility, we selected the viruses from subject 108060 for further analysis. It can be seen (Table 4A)
that 3 of the 10 clones analyzed (clones 2, 18, and 24) were relatively sensitive to neutralization by all 4
HIV+ sera; and of the remaining 7 clones, most were resistant to neutralization by HIV+ sera 71679,
71684, and N16) and somewhat sensitive to HIV+ sera from Z23. When the gp160 sequences of the neu-
tralization resistant variant (clone 22) and a neutralization sensitive variant (clone 24) were compared
(Figure 1), it was found that they differed at only seven positions. There were 2 amino acid differences
in gp120, two amino acid differences in the gp41 ecto-domain, and 3 differences in the cytoplasmic tail
of gp41.

To determine which amino acids were responsible for the difference in sensitivity to neutraliza-
tion between clone 22 and clone 24, a series of mutants were introduced onto the backbone of the neu-
tralization resistant clone 22 (Figure 1B). We found (Table 5) that the replacement of asparagine for ser-
ine at position 323 (N323S) in the V3 domain of gp120 had no effect on sensitivity to neutralization.
Similarly, the substitution of asparagine for glycine at position 530 in the C5 domain (N530G) of gp120
had no effect. Replacement of lysine at position 634 of the second heptad repeat domain (C34 helix) of
gp41 with glutamic acid (K634E) also failed to show a significant difference in neutralization sensitivity.

However the replacement of glutamine for arginine at position 655 (Q655R) resulted in a remarkable

increase in neutralization sensitivity by all 4 of the HIV+ sera. The difference in neutralization sensitivity

was seen with all four HIV+ sera tested, and titration data from the experiments carried out with HIV+
sera 723 are presented in Figure 2. This result demonstrated that amino acid substitutions at some loca-
tions in the 34 helix, but not others, can cause a significant change in sensitivity and/or resistance to neu-
tralization by antibodies in HIV+ sera.

To understand the impact of this mutation on the structure and function of the 108060 envelope
glycoprotein, we examined the linear and 3 dimensional structures of gp41. Examination of the linear
structure (Figure 3) revealed that position 655 was located in the conserved second heptad repeat of gp41
in aregion also known as the C34 helix. This part of the molecule is known to play an integral role in
virus fusion and indeed forms an essential component of the 6 coil bundle structure that is thought to me-
diate fusion of the viral membrane with T cell membrane in the course of HIV infection. Position 655 is
also located in the T-20 peptide (Figure 2) that provides the basis for the antiviral drug, Fuzeon, that in-
hibits HIV infectivity by inhibiting virus fusion and entry. Finally the location of this mutation is only
eight amino acids from the Membrane Proximal External Region (MPER) of gp41 that is known to con-
tain two distinct epitopes recognized by the broadly neutralizing monoclonal antibodies 2F5 and 4E10.

Taken together these results suggest that this mutation occurs in a region that is essential for virus fusion
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and is in close proximity to a region known to contain other epitopes recognized by other broadly neu-
tralizing antibodies.

The availability of a 3-D structure of the activated 6 coil structure of the gp41 fusion domain al-
lowed us to evaluate the impact of the substitution of arginine for glutamine at position 655 on the struc-
ture and function of gp41. Using the structure of Chan and Kim we were able to determine that gluta-
mine at position 655 is located at an internal position facing the interface with the adjacent between two
adjacent gp41 monomers, two turns from the terminus of the C34 helix (Figures 4A and B). The gluta-
mine 655 side chain contributes two hydrogen bonds that support both intra-molecular and inter-
molecular interactions. One hydrogen bond is formed by association with glutamine at position 553 of
the N-terminal heptad repeat 1 (N36 helix) and the second hydrogen bond involves an inter-molecular
interaction with the backbone of valine at position 551 of an adjacent C34 monomer in the 6 coil bundle
(Figures SA and B). When viewed in the context of the 6 coiled bundle, the hydrogen bonds contributed
by glutamine 655, glutamine 551, and valine 551 form an inter-molecular ring structure (Figures 6A and
B) that appears to stabilize the 6 coil oligomeric structure. Molecular modeling suggested that replace-
ment of glutamine with arginine impacts the structure of the 6 coil bundle in two ways. First the longer
arginine side chain disrupts the close packing of the C34 helix with the N36 helix on the adjacent mono-
mers and precludes the possibility of a hydrogen bond between the arginine side chain with valine 551
(Figure 7). Although replacement of arginine for glutamine at 655 does permit a intra-molecular hydro-
gen bond between arginine with glutamine 553, this mutation precludes the possibility of the inter-
molecular ring of hydrogen bonds that appears to stabilize the quaternary interactions involved in the 6
coil assembly.

Monoclonal Antibody Sensitivity and Envelope Transfer - Sensitivity to neutralization by
MADbs and fusion inhibitors. While the structural analysis provided insight into the functional conse-
quences of mutations at position 655, two alternate hypotheses can account for a mechanism by which
this mutation increases sensitivity to antibody-mediated neutralization. One possibility is that this muta-
tion is located at or near an antibody binding site and that the Q655R mutation restores an epitope recog-
nized by a population of neutralizing antibodies present in all four HIV-positive sera. Alternatively, it is
possible that this mutation results in a significant conformational change that is transmitted to other parts
of gp41 such as the adjacent MPER or the gp120/gp41 trimer complex in such a way as to increase expo-
sure or access to antibodies at other locations on the molecule.

To explore these possibilities, antibody neutralization studies were carried out with a panel of
neutralizing MAbs to epitopes in gp120 and gp41 as well as fusion inhibitors targeting either the gp120
or the gp41 portion of the HIV envelope glycoprotein. In these studies, we examined two broadly gp41-
neutralizing MAbs, 2F5 and 4E10 (Muster, Steindl et al. 1993; Stiegler, Kunert et al. 2001; Zwick, Jen-
sen et al. 2005); the broadly neutralizing b12 antibody able to block CD4 binding to gp120 (Burton and
Barbas 1994; Burton, Pyati et al. 1994); and 2G12, an antibody that binds to a carbohydrate epitope in
gp120 (Trkola, Purtscher et al. 1996). In addition, we tested the antiviral entry inhibitor CD4-I1gG (Capon,
Chamow et al. 1989), which binds to sequences in gp120 and is able to neutralize lab-adapted CXCR4-
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dependent clinical isolates at low concentrations (0.01 to 0.1 pg/ml), and primary clinical isolates of HIV
(Daar, Li et al. 1990) at high concentrations (10 to 100 ug/ml). We also examined the sensitivity of enve-
lope mutants to enfuvirtide, a peptide virus entry inhibitor that consists of a gp41-derived peptide that
includes sequences from the C34 helix containing Q655. The results of these studies are shown in Table
6, in which the sensitivities of clone 022 and clone 024 from subject 108060 to neutralizing MAbs were
compared. It can be seen that the neutralization-resistant clone 022 is moderately sensitive to the 2F5 and
4E10 MADbs specific for the MPER of gp41 but resistant to neutralization by the b12 and 2G12 MAbs
reactive with gp120. This virus was also sensitive to enfuvirtide and resistant to CD4-IgG. The high
CD4-1gG concentration required for the neutralization of this virus is consistent with the concentration
required to neutralize other primary, CCR5-dependent viruses (Daar, Li et al. 1990). We next examined
the neutralization-sensitive clone 024 that differs from the neutralization-resistant clone 022 at only
seven amino acid positions. We found that this clone was 15- to 20-fold more sensitive to the MPER-
specific MAbs (2F5 and 4E10) than the 022 clone. Similarly, the neutralization-sensitive clone 024 was
more than 20-fold more sensitive to CD4-IgG and 3.5-fold more sensitive to neutralization by enfuvirtide
(Table 6). Thus, clone 024 exhibited significantly increased sensitivity to neutralization by MAbs and
antiviral entry inhibitors as well as antibodies in HIV-positive sera. We then mutated the neutralization-
sensitive clone 024 so as to replace R with Q at position 655. We found that the resulting mutant
(108060_024 R655Q) became resistant to neutralization and showed a pattern of neutralization sensitiv-
ity closely resembling that of the neutralization-resistant clone 022. Conversely, when we mutated the
neutralization-resistant clone 022 to replace Q at position 655 with R, the resulting mutant (108060_022
Q055R), which differed from the parental neutralization-resistant clone by a single amino acid, exhibited
an extraordinary increase in neutralization sensitivity (Table 5). We observed a >125-fold increase in
sensitivity to CD4-IgG compared to that of the wild-type clone 022 and a 30- to 35-fold increase in sensi-
tivity to the MPER-reactive antibodies 2F5 and 4E10. We also noted a 17-fold increase in sensitivity to

the antiviral drug enfuvirtide. These results highlight the importance of glutamine at position 655 and
suggest that epistatic mutations at other sites in clone 024 moderate sensitivity to neutralization. The re-
sults of these studies are remarkable in that they show that a single amino acid substitution in gp41 not

only confers sensitivity to neutralization by MAbs and entry inhibitors directed to gp41 but also increases

sensitivity to CD4-1gG. a molecule that binds to gp120, an entirely different protein. Thus, the Q655R

mutation appears to cause a conformational change in gp41 that affects not only the binding of antibodies
and entry inhibitors (2F5, 4E10, and enfuvirtide) that bind close to the site of the mutation but also the
binding of another inhibitor (CD4-IgG) that binds to a site on gp120 located a considerable distance from
the mutation.

Transfer of the Q655R mutation to related and unrelated viruses. In order to determine
whether the Q655R mutation could confer neutralization sensitivity and resistance to other viruses, this
mutation was introduced into two unrelated viruses highly resistant to neutralization (from subjects
108069 and 108051) that normally possessed a Q at a position corresponding to 655 of the virus from
subject 108060 (the 108060 virus). The results of these experiments are shown in Table 6. Interestingly,
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we found that the replacement of Q655 with R had little or no effect on neutralization by any of the HIV-
positive sera. However, these mutations significantly increased the sensitivity to neutralization by the
2F5 and 4E10 MAbs (25- to 35-fold). These mutations also increased the sensitivities to neutralization by
the entry inhibitors enfuvirtide and CD4-IgG. Thus, the mutation of Q to R at a position corresponding to
655 in the 108069 virus increased the sensitivity to enfuvirtide by more than 17-fold and increased the
sensitivity to CD4-IgG by more than 20-fold. The 108069 mutant with the Q655R mutation seemed to be
somewhat more sensitive to enfuvirtide and possibly CD4-IgG than the corresponding mutant of the
108051 virus. Together, these results demonstrate that the mutation of Q to R at positions corresponding
to 655 of the 108060 virus confers sensitivity to neutralizing MAbs to the MPER and antiviral com-
pounds targeted to the C34 helix and the MPER of gp41. However, it was interesting that these mutations
failed to increase the sensitivity to bNAbs in HIV-positive sera. We do not know whether neutralizing
activity in HIV-positive sera is attributable to antibodies binding to the C34 region, the MPER, or other
parts of the molecule. It has been recently reported (Sather, Armann et al. 2009; Shen, Parks et al. 2009)
that antibodies with specificities similar to 2F5 and 4E10 are rare in HIV-positive sera, which might ac-
count for the lack of effect. Alternatively, the failure of the Q655R mutation to increase neutralization
sensitivity by HIV-positive sera might be attributable to polymorphisms outside of the MPER and the
(34 region that preclude the binding of otherwise bNAbs. This may well be the case since the 108069
and 108051 viruses were selected because of their resistance to neutralization by the HIV-positive sera
selected for use in these studies.

Expression of envelope proteins derived from the 108060 clone 22 with the Q655R mutation.
In certain embodiments it is desirable to express the protein as a fusion protein that includes a non-HIV
signal sequence and a flag epitope for purification. In certain embodiments it is considered desirable to
delete the furin cleavage site that is responsible for maturational cleavage of the gp160 precursor into the
mature gp120 and gp41 proteins.

Figure 5 shows three pairs of sequences from neutralization sensitive and neutralization resistant
viruses. Swam analysis was used to map the mutations conferring sensitivity and resistance to broadly
neutralizing antibodies in HIV+ sera. Included are sequences from subject 108060 as well as sequences
from subject 108051 and 108048. The preferred sequences for vaccines can be (1) the neutralization sen-
sitive variant envelope proteins, or (2) the envelope proteins of the resistant viruses where a single amino
acid substitution (e.g., Q655R) conferring neutralization sensitivity has been created by in vitro
mutagenesis, or (3) any sequence derived from of such sequences. This second type of envelope protein
construct appears to provide very strong immunogenicity. Insertion of the single amino acid substitution
in a neutralization resistant variant envelope protein often results in a virus that is much more sensitive to
neutralization than the original neutralization sensitive variant where there are multiple amino acid dif-
ferences between the neutralization sensitive and resistant variants. An example of this can be seen in
Table 5 where clone 22 with the Q655R mutation is much more sensitive to neutralization than the neu-

tralization sensitive clone 24 variant.
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Figure 5 shows the sequences from subjects 108060, 108051, 108048 corresponding to
neutralization sensitive and neutralization resistant variants,

It is interesting to note that the resistant sequence from 108069, when altered to include
the Q655R substitution, and analyzed using protein-blast, identified the following top three most similar

sequence alignments:

gblABG67916.11 optimized HIV-1 subtype B consensus env gp [synthetic construct] Length=850
Score = 1482 bits (3836), Expect = 0.0, Method: Compositional matrix adjust.
Identities = 736/863 (85%), Positives = 788/863 (91%), Gaps = 22/863 (2%)

gblAAB64170.11 env polyprotein [Human immunodeficiency virus 1]Length=854
Score = 1461 bits (3783), Expect = 0.0, Method: Compositional matrix adjust.
Identities = 723/864 (83%), Positives = 770/864 (89%), Gaps = 20/864 (2%)

gblACD41904.11 envelope glycoprotein [HIV 1] Length=855
Score = 1459 bits (3777), Expect = 0.0, Method: Compositional matrix adjust.
Identities = 715/862 (82%), Positives = 775/862 (89%), Gaps = 15/862 (1%)

Clearly none of these have greater than 85% amino acid identity.

Discussion

In the present studies we describe a novel method useful for mapping epitopes recognized by bNAbs in
HIV+ sera as well as mapping mutations that confer sensitivity and resistance to virus neutralizing anti-
bodies. The method (Figure 8) relies on naturally occurring mutations in the swarm of closely related
viruses that evolve during the course of HIV infection. Some of these mutations occur at epitopes or con-
tact residues recognized by broadly neutralizing antibodies, and some of these appear to effect a
conformational change that alters the binding of bNAbs at sites that are distinct from the site of mutation.
In previous studies we noted a difference in the binding of a monoclonal antibody between two clones of
the HIV-1 gp120 envelope protein obtained from a high risk volunteer that participated in a phase I trial
of a candidate HIV vaccine. However, at the time the study was carried out it was not possible to study
the effect of this mutation in a virus neutralization assay because technology was not yet available to re-
introduce the mutant envelope protein back into the virus with assurance that the sequences were sTable
5nd wouldn’t change as a consequence of errors in reverse transcription or selection induced by in vitro
culture. However, the advent of pseudotype virus neutralization assays utilizing HIV envelope genes
incorporated into a stable DNA plasmid vector as opposed to retroviruses with RNA genomes provided
the opportunity to take advantage of naturally occurring mutations in HIV envelope genes without the

fear of reversion or further mutations. Moreover high throughput sequencing strategies have since been
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developed that have allowed us to quickly and conveniently sequence multiple variants from the same
individual.

Previous attempts to characterized bNAbs in HIV patient sera have relied primarily on immu-
noadsorbtion studies or on the production of bNAbs from human or mouse B-cells. Immunoadsorbtion
studies of HIV+ sera with recombinant gp120 has shown that some bNAbs appear to recognize confor-
mation dependent epitopes, some of which are able to block the binding of gp120 to its cellular receptor,
CD4. Studies with monoclonal antibodies prepared from HIV+ individuals have shown that broadly neu-
tralizing antibodies recognize carbohydrate residues in gp120 (e.g. 2G12) or epitopes in the membrane
proximal domain of gp41 (e.g. 2F5 or 4E10). The best characterized bNAb, 1B12, was isolated from
mice immunized with gp120 and optimized for neutralizing activity by genetic engineering. This anti-
body binds to a complex conformational epitope and is able to block CD4 binding. However it is not
clear whether any of these monoclonal antibodies are representative of antibodies found in HIV+ sera,
and attempts investigate this possibility remain inconclusive.

In this study we validate the method of using intra-patient variation in the HIV envelope protein
in the context of a pseudotype virus neutralization assay to identify mutations that sensitivity and resis-
tance of viruses to neutralization by broadly neutralizing antibodies. Using this method we expect to be
able to identify specific epitopes recognized by bNAbs as well as amino acid mutations that alter the sen-

sitivity and resistance of viruses to neutralization by antibodies. In the present studies we have identified

a single amino acid substitution (Q655R) in the C34 helix of gp41 that appears to play an important and

previously unrecognized role in maintaining the integrity of the 6 coil bundle in the viral membrane fu-

sion apparatus of HIV-1. X-ray crystallography studies demonstrate that this residue contributes two hy-

drogen bonds: one mediating an intra-molecular interaction with the N36 helix on the same monomer and
the other mediating an inter-molecular interaction with the N36 helix on an adjacent monomer. This mu-
tation appears to affect sensitivity to neutralization by bNAbs by altering 4 distinct interactions. First the
Q0655R mutation breaks a hydrogen bond that mediates an intra-molecular interaction (Q at position 655
of the C34 helix with valine at position 551 of the N36 helix). Second, the Q655R mutation disrupts an
inter-molecular interaction (Q at position 655 with valine at position 553 in the N36 helix) with an adja-
cent monomer. Third, the longer arginine side chain in the Q655R mutation appears to alter the inter-
helix packing interface between adjacent monomers by sterically hindering the close association between
the C34 helix and the N36 helix on adjacent monomers. Finally, the Q655R mutation appears to prevent
the formation of a ring structure involving 12 hydrogen bonds in the 6 coil bundle that occurs upon for-
mation of the gp41 fusion complex. Although it is possible that R655 is able to form an intra-molecular
hydrogen bond with position 551, it does not appear likely that this mutation allows for replacement of
the inter-molecular hydrogen bond with a residue on the adjacent N36 helix essential for the formation of
an inter-molecular hydrogen bonded ring structure.

The location and structural impact of the 655 mutation described in this paper appears to be fun-
damentally different from another recently described gp41 variant that that affects sensitivity and resis-

tance to neutralization by bNAbs. First, the neutralization sensitive phenotype in this study requires two
18

SUBSTITUTE SHEET (RULE 26)



WO 2010/040136 PCT/US2009/059583

mutations: an isoleucine to valine substitution at position 675 (I675V) in the MPER and a threonine for
alanine subsititution at position 569 (T569A) in the first heptad repeat domain (N36 helix) of gp41. The
MPER is a well known target of virus neutralizing monoclonal antibodies and is structurally distinct from
the C34 helix. The TS69A mutation does appear to occur at the interface of the intra-molecular interac-
tion between the N36 and C34 helices. In this case, the substitution of the longer threonine for alanine at
position 569 appears to preclude a classical “knob in hole” interaction between adjacent helices and does
not appear to affect inter-molecular interactions.

Since the 6 helix coil structure appears to be a conserved structural element fundamental to many
biologic processes involving membrane fusion, it may well be the case that hydrogen bond ring struc-
tures of the type we have identified for HIV-1 are present and essential for maintaining the functional
integrity of coiled-coil bundles required for membrane fusion in other viruses such as influenza, Moloney
leukemia virus, Ebola virus, and Visna virus.

If hydrogen bonded ring structures of the type we have identified for HIV are found to be present
in other coiled-coil bundles involved in membrane fusion, they may provide a novel rationale for the de-
velopment of vaccines for the prevention and treatment of other virus infections. Many viruses are
thought to use homologous 6 coil bundles to mediate membrane fusion and virus entry, see: Flint SJ, En-
quist LW, Krug RM, Racaniello VR, Skalka AM. Principles of Virology. 2nd ed.: ASM Press; 2004. We
would expect that viruses with similar mutations that affect hydrogen bonded ring structures that stabilize
6 coil bundles may alter the structure of the virus in such a way as to expose important neutralizing sites
and facilitate recognition by the immune system. We suggest that HIV envelope glycoproteins with mu-
tations in gp41 that destabilize the 6 coil bundle structure such as that seen in clone 24 from subject
108060 may prove to be superior vaccine immunogens by providing better exposure of epitopes to B-cell

receptors or T-cells required for the formation of broadly neutralizing antibody responses.
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Claims

l. A method of analyzing intra-patient HIV virus variation to identify specific amino acid resi-
dues of the HIV envelope glycoproteins that affect sensitivity or resistance to broadly neutraliz-

ing antibodies, the method comprising the steps of:

1) providing a plurality of individual subjects who are seropositive for HIV antibodies
and taking a biological sample from each subject, wherein the sample contains a multi-
plicity of HIV viruses with closely related genomes, wherein all subjects had been in-
fected with HIV no more than one year before, and no less than one month before sam-

ple collection,

ii) amplifying the env genes of the multiplicity of viruses to produce a library of different

ceny genes,

iii) cloning the amplified env genes into a plasmid shuttle vector that allows the plasmid

to replicate in both bacteria and mammalian cells,

iv) transforming bacterial cells with the shuttle vector and plating out the transformed
bacterial cells onto a selective medium so that bacteria containing the shuttle vector

plasmid containing the cloned envelope gene are selectable,

v) selecting individual colonies at random and preparing plasmid DNA from each colony
selected and analyzing the plasmid DNA by restriction digestion so as to identify plas-
mids containing the full length HIV envelope gene, which plasmids are used to produce

pseudoviruses,

vi) co-transfecting mammalian cells with the env-containing vector and simultaneously
with a plasmid containing a defective HIV provirus plasmid where the coding sequence
of the env gene has been replaced with the coding sequence of a marker gene, and cultur-
ing the co-transfected mammalian cells in a culture medium, to produce pseudovirions
containing the amplified env genes, which pseudovirions are released into the cell cul-

ture medium,
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vii) harvesting the supernatant from the cell culture medium, wherein the supernatant
contains pseudoviruses from the transfected cells, and wherein each supernatant contains

a stock of pseudovirus resulting from a single purified expression plasmid,

viii) testing the pseudovirion from the selected colonies to determine infectivity by cul-
turing the pseudovirions with cells capable of being infected by HIV, wherein infectivity

is measured by the degree of expression of the marker gene,

ix) selecting pseudovirions that exhibit high infectivity, and testing the selected pseu-
dovirions for sensitivity or resistance to neutralization by one or more broadly neutraliz-

ing antibodies,

x) selecting pairs of plasmids from the same individual wherein each pair contains at

least one neutralization resistant and at least one neutralization sensitive pseudovirus,

xi) sequencing the envelope genes identified from sensitive and resistant pseudovirus

pairs,

xii) comparing the nucleotide sequences of the envelope genes of the neutralization sen-
sitive and resistant pairs thereby identifying specific amino acid differences between the
pairs and identifying polymorphisms that may affect sensitivity or resistance to neutrali-

zation by broadly neutralizing antibodies,

Xiii) at each amino acid residue that differs between the neutralization sensitive and neu-
tralization resistant envelope genes, site-by-site replacement of amino acids from the is
performed, substituting one amino acid at a time from neutralization sensitive sequence

into the neutralization resistant sequence,

xiv) each new construct is used to create a pseudotype virus which is tested for neutrali-
zation sensitivity so as to identify specific amino acid residues of the HIV envelope gly-

coproteins that affect sensitivity or resistance to broadly neutralizing antibodies.

2. The method of claim 1 wherein all subjects had been infected with HIV 109 days +/- 58 days

before specimen collection.
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3. A vaccine composition comprising an HIV envelope glycoprotein wherein a glutamine resi-
due at a site identifiable as being homologous to position 655 of SEQ ID No.1 is replaced by a
substitute amino acid such that the amino acid substitution disrupts an inter-molecular hydrogen-

bonded ring structure between the N36 and C34 helices of the gp41 trimer.

4. The vaccine composition of claim 3 wherein possession of the HIV envelope glycoprotein
confers greater neutralization sensitivity upon an HIV virus when it is exposed to 2F5 or 4E10
monoclonal antibodies, Enfuvirtide or CD4-IgG, than would be provided by another HIV enve-

lope glycoprotein identical in all respects except for the substitution of the glutamine residue.

5. The vaccine composition of claims 3 or 4 wherein the substitute amino acid is arginine.

6. The vaccine composition of claims 3 or 4 wherein the substitute amino acid is Lysine, Serine

or Glutamic acid.

7. The vaccine composition of claims 3, 4, 5 or 6 wherein the HIV envelope glycoprotein has at

least 60% sequence identity to SEQ ID No.1.

8. The composition of claims 3, 4, 5 or 6 wherein the HIV envelope glycoprotein comprises a

fusion protein that includes a non-HIV signal sequence and a flag epitope.

9. The vaccine composition of claims 3, 4, 5 or 6 wherein the HIV envelope glycoprotein has

had a furin cleavage site deleted.

10. The vaccine composition of claims 3 or 4 wherein the HIV envelope glycoprotein comprises
a full length gp160 wherein a glutamine residue at a site identifiable as being homologous to

position 655 of SEQ ID No.1 is replaced by arginine.

11. The vaccine composition of claims 3, 4, 5 or 6 wherein the polypeptide comprises a trun-

cated form of the envelope protein lacking the gp41 transmembrane domain and cytoplasmic tail.

12. A polynucleotide encoding an HIV envelope glycoprotein wherein a glutamine residue at a
site identifiable as being homologous to position 655 of SEQ ID No.1 is replaced by a substitute
amino acid such that the amino acid substitution disrupts an inter-molecular ring structure be-

tween the N36 and C34 helices of the gp41 trimer.
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13. The polynucleotide of claim 14 formulated in an vector as a DNA vaccine.

14. A method for inhibiting the fusion of an HIV virus to a host cell, the method comprising ex-
posing the HIV virus to a compound that disrupts the hydrogen-bonded ring structure between

the N36 and C34 helices of gp41.

15. A method for increasing the immunogenicity of HIV envelope proteins the method compris-
ing exposing the HIV virus to a compound that disrupts the hydrogen bonded ring structure be-

tween the N36 and C34 helices of gp41.
16. The method of claims 14 or 15 wherein the compound is a small molecule.

17. The method of claims 14 or 15 wherein the compound is an antibody.
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FIGURES 1A and 1B. Location of Mutations in Neutralization Sensitive and Resistant
HIV-1 Clones from Subject 108060.

FIGURE 1A: Amino Acid Differences between Neutralization Sensitive and Resistant
Clones
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FIGURE 1B: Amino Acid Sequences of Clones Created by in vitro Mutagenesis to Map
Determinants of Sensitivity and Resistance to Neutralization
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FIGURE 2 Sensitivity of Wild-Type and Mutant Clones from 108060 to Neutralization

by HIV-1+ Serum Z23
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FIGURE 2 (continued). Sensitivity of Wild-Type and Mutant Clones from 108060 to

Neutralization by HIV-1+ Serum Z23
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FIGURE 3

Gp41 Functional Domains and Comparison of Sequences of Functionally Significant
Regions of the N36 and C34 Helices
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Method to Identify Epitopes Reactive with Broadly Neutralizing Antibodies in HIV+
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The sequences shown are:

PCT/US2009/059583

Envelope sequence (subject 108060) - neutralization sensitive and neutralization resistant
Envelope sequence (subject 108051) - neutralization sensitive and neutralization resistant
Envelope sequence (subject 108048) - neutralization sensitive and neutralization resistant

>pl1.10848_c2 Resistant
MRAREIRMNYONLWRWGTLLEGILMICSTAENLWVIVYYG
VPVWREATTTLFCASDAKSYETEVHNVWATHACVPTDPNP
QEILLENVTEDENIWINNMVEQMHEDIISLWDQSLKPCVK
LTPLCVTLNCTDLKNATNITNSEGGMREGGEIKNCSENIT
TSLRDRVQKEYALFYKLDVEPIDDDKNSTDNNSTNYTNYR
LISCNTSVITQACPKVSFEPIPIHYCVPAGYALLQCNNKT
FSGKGQCKNVSTVQCTHGIRPVVSTQLLLNGSLAEEEVVI
RSENFTDNAKTIIVQLNETVEINCTRPNNNTRRSISIGPG
RAFYATGDIIGDIRQAHCNLSEAKWNRTLELVVEKLRDQF
KNKTIVENHSSGGDPEIVMF SENCGGEFFYCDSTKLENST
WNGTEDDSGKNRTITLPCRIKQF INMWQEVGKAMYAPPIK
GQISCLSNITGLLLTRDGGNNVSNTTEVFRPGGGNMRDNW
RSELYKYKVVEIEPLGLAPTKAKRRVVQREKRAVGIGALF
LGFLGAAGSTMGAASMTLTVQARQLLSGIVQQONNLLRAT
EAQQHLLOLTVWGIKQLOARVLAMERYLKDQQLLGIWGCS
GKLICTTIVPWNTSWSHNRSLNEIWDNMTWMQWDKEINNY
TDLIYNLLGEAQNQQOEKNEQELLELDKWASLWNWE ST TNW
IWYIKIFITIVAGLVGLRIVFTIVESLVNRVRQGYSPLSFEQ
THLPAPRGPDRPEGTEERGGEQDRDRSGHLVDGLLTIIWV
DLRSLFLFSYHRLRDLLLILARIVELLGRRGWE ILKYWWN
LLLFWSQELKNSAVSLLNTIAIVVAEGTDWVIAGLQRLER
AFLHIPRRIRQGFERALL

>p1.10848_cll Sensitive
MRAREIRMNYONLWRWGTLLEGILMICSTAENLWVIVYYG
VPVWREATTTLFCASDAKSYETEVHNVWATHACVPTDPNP
QEILLENVTEDENIWINNMVEQMHEDIISLWDQSLKPCVK
LTPLCVTLNCTDLKNATNITNSEGGMREGGEIKNCSENIT
TSLRDRVQKEYALFYKLDVEPIDDDKNSTDNNSTNYTNYR
LISCNTSVITQACPKVSFEPIPIHYCVPAGYALLRCNNKT
FSGKGQCKNVSTVQCTHGIRPVVSTQLLLNGSLAEEEVVI
RSENFTDNAKTIIVQLNETVEINCTRPNNNTRRSISIGPG
RAFYATGDIIGDIRQAHCNLSEAKWNRTLELVVEKLRDQF
KNKTIVENHSSGGDPEIVMF SENCGGEFFYCDSTKLENST
WNGTEDDSGKNRTITLPCRIKQF INMWQEVGKAMYAPPIK
GQISCLSNITGLLLTRDGGNNVSNTTEVFRPGGGNMRDNW
RSELYKYKVVEIEPLGLAPTKAKRRVVQREKRAVGIGALF
LGFLGAAGSTMGAASMTLTVQARQLLSGIVQQONNLLRAT
EAQQHLLOLTVWGIKQLOARVLAMERYLKDQQLLGIWGCS
GKLICTTIVPWNTSWSHNRSLNEIWDNMTWMQWDKEINNY
TDLIYNLLEEAQNQQOEKNEQELLELDKWASLWNWE ST TNW
IWYIKIFITIVAGLVGLRIVFTIVESLVNRVRQGYSPLSFEQ
THLPAPRGPDRPEGTEERGGEQDRDRSGHLVDGLLTIIWV
DLRSLFLFSYHRLRDLLLILARIVELLGRRGWE ILKYWWN
LLLFWSQELKNSAVSLLNTIAIVVAEGTDWVIAGLQRLER
AFLHIPRRIRQGFERALL
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>108051_c6 Sensitive
MRVKGIRRNYQHLWRGATLLLGILMICSVAGNLWVIVYYG
VPVWKEATTTLFCASDAKAYDTEVHNVWATHACVPTDPNP
QELALENVTENFNMWENDMVEQMHEDIISLWDQSLKPCVK
LTPLCVTILNCTDAEVIRKTNTTSGDWEKVKKGEIKNCSFED
AINTKNKVOQKQYALFDTLNVVSIDDDNNSNNNSNNNNNTN
YSDFRLTKCDTSVIRQACPKVSFEPIPIHYCAPAGFAILK
CNETDENGTGLCNNVSTVQCTHGIRPVVSTQLLLNGSLAE
KGVVLRSKDFKENTKIIIVQLNKAVNITCTRPNNNTRKGV
HMGPGGALFATDVIGDIRKAHCNITREEWNNTLKQIVLKL
KEKFENKTKIVFINSSGGDPEVIMHTEFNCGGEFFYCNTTE
LESSTWNITGDSIGNITGESLNITLPCRIKQIINMWQGVG
KAMYAPPISGQIRCISNITGLLLTRDGGDNNTENDNNTEI
FRPWGGDMRDNWRSELYKYKVVKLEPLGLAPTKAKRRVVQ
REKRAIGVGAMF LGFLGAAGSTMGAASLTLTVQARQLLSG
IVOQOONNLLRAIEAQOHLLQLTVWGIKQLQARVLAVERYL
KDQOLLGIWGCSGKLICTTTIVPWNDSWGYSWSNRTNKSLE
EIWDNLTWREWEREIDNYTDLIYNLIEKSQNQOEKNEQEL
LALDKWANLWNWEFDITNWLWYIRIFIMIVGGLIGLRIVFA
VLSIVRRVROGYSPLSFQTLLPVPRGPDRPEGIEEEGGEQ
DRGRSVRLVDGFLALFWDDLRSLCLFLYHRLRDLLLIVTR
IVGVLGHRGWEILKYWWSLIQYWSQELKNSAVSLLNATAT
TVAEGTDRVIEIRQRVFRGVLHIPRRIRQGLERALL

>pl1.108051_c5 Resistant
MRVKGIRRNYQHLWRGVTLLLGILMICSVAGNLWVIVYYG
VPVWKEATTTLFCASDAKAYDTEVHNVWATHACVPTDPNP
QELALENVTENFNMWENDMVEQMHEDIISLWDQSLKPCVK
LTPLCVTLNCTDAEVIGKTINTTIGEWEKVKEGEMKNCSED
AINTKNKVQKQYALFDTLDVVPIDDDNNSNSNYSDERLTK
CDTSVIRQACPKVSFEPIPIHYCAPAGFAILKCNETDENG
TGLCNNVSTVQCTHGIRPVVSTQLLLNGSLAEEGVVLRSK
DFKENTKITIIVQLNKAVNITCTRPNNNTRKGVHMGPGGAL
FATDVIGDIRKAHCNITREEWNNTLKQIVLKLKEKFENKT
KIVFINSSGGDPEVIMHTENCGGEFFYCNTTELFSSTWNI
TGDSIGNITGEYTLNITLPCRIKQIINMWQGVGKAMYAPP
ISGQIRCISNITGLLLTRDGGGNNTENDNNTEIFRPWGGD
MRDNWRSELYKYKVVKLEPLGLAPTKAKRRVVQREKRAIG
VGAMFLGFLGAAGSTMGAASLTLTVQARQLLSGIVQQONN
LLRATEAQQOHLLOLTVWGIKQLOARVLAVERYLKDQQLLG
IWGCSGKLICTTITVPWNDSWGY SWSNRTNKSLEEIWDNLT
WREWEREIDNYTDLIYNLIEKSQNQOEKNEQELLALDKWA
NLWNWEDITNWLWYIRIFIMIVGGLIGLRIVFAVLSIVRR
VROQGYSPLSFQTLLPVPRGPDRPEGTEKEGGEQDRGRSVR
LVDGFLALFWDDLRSLCLFLYHRLRDLLLIVTRIVGVLGH
RGWEILKYWWSLIQYWSQELKNSAVSLLNATAITVAEGTD
RVIEIVRRVFRGVLHIPRRIRQGLERALL
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>pl1.108060_c22 Resistant
MKVKGIKKSCOHLWKWGILLLGMLMICSAAEKMWVTIVYYG
VPVWKEATTTLFCASDAKSYDTEVHNVWATHACVPTDPNP
QEVVLGNVTENFNMWKNNMVEQMHEDVISLWDQSLKPCVK
LTPLCVTLNCTDKLRNDAFGVNNTMEGEMKNCSENTTTSL
RDKIQKEYALFYKLDVVQIKNNNNSNYTSYRLINCNTSVI
TQACPKVIFEPIPIHYCTPAGFAILKCNNKTESGKGTCTN
VSTVQCTHGIRPVVSTQLLLNGSLAEEDVVIRSDNESQNA
KITIVQLNEAVVINCTRPGNNTRKSIPIGPGRAFYATGDI
IGNIRQAHCNVSSTKWNNTLOQKIVEKLREQFGNKTIKETS
PSPGGDPEIVMHSENCGGEFFYCDTTQLENSTWDNT STWN
NSNTONKNDRNITLQCRIKQIINMWQEVGKAMYAPPIMGQ
IRCVSNITGLLLTRDGGNGSEAKNDTEIFRPGGGDMRDNW
RSELYKYKVVKIEPLGVAPTKAKRRVVQREKRAVGT IGAM
FLGFLGAAGNTMGAASLTLTVQARQLLSGIVQQONNLLRA
IQAQOHLLOLTVWGIKQLQARVLAVERYLRDQQLLGIWGC
SGKLICTTAVPWNASWSNKSYTDIWDNMTWMOQWEKEIENY
TSLIYTLIEDSQNQQOEKNEQELLELDKWASLWNWEDITSW
ILWYIKIFIMIVGGLIGLRIVFAVLSIVNRVRQGYSPLSLQ
TRLPAPGGPDRPGGIEEEGGEQGRGRSVRLVDGEFLALIWD
DLRNLCLFIYHRLRDLLWIVGLLGRRGWEILKYWWNILQY
WSQELKNSAVSLLNTIATAVAEGTDRITIELAQGICRAILH
IPRRIRQGFERALL

>pl1.108060_c24 Sensitive
MKVKGIKKSCOHLWKWGILLLGMLMICSAAEKMWVTIVYYG
VPVWKEATTTLFCASDAKSYDTEVHNVWATHACVPTDPNP
QEVVLGNVTENFNMWKNNMVEQMHEDVISLWDQSLKPCVK
LTPLCVTLNCTDKLRNDAFGVNNTMEGEMKNCSENTTTSL
RDKIQKEYALFYKLDVVQIKNNNNSNYTSYRLINCNTSVI
TQACPKVIFEPIPIHYCTPAGFAILKCNNKTESGKGTCTN
VSTVQCTHGIRPVVSTQLLLNGSLAEEDVVIRSDNESQNA
KITIVQLNEAVVINCTRPGNNTRKSIPIGPGRAFYATGDI
IGSIRQAHCNVSSTKWNNTLOKIVEKLREQEFGNKTIKETS
PSPGGDPEIVMHSENCGGEFFYCDTTQLENSTWDNT STWN
NSNTONKNDRNITLQCRIKQIINMWQEVGKAMYAPPIMGQ
IRCVSNITGLLLTRDGGNGSEAKNDTEIFRPGGGDMRDNW
RSELYKYKVVKIEPLGVAPTKAKRRVVQREKRAVGT IGAM
FLGFLGAAGSTMGAASLTLTVQARQLLSGIVQQONNLLRA
IQAQOHLLOLTVWGIKQLQARVLAVERYLRDQQLLGIWGC
SGKLICTTAVPWNASWSNKSYTDIWDNMTWMOWEEEIENY
TSLIYTLIEDSQNQREKNEQELLELDKWASLWNWEDITSW
ILWYIKIFIMIVGGLIGLRIVFAVLSIVNRVRQGYSPLSLQ
TRLPAPGGPDRPGGIEEEGGEQGRGRSVRLVDGEFLALIWD
DLRNLCLFIYHRLRDLLWIVGLLGRRGWEILKYWWNILQY
WSQELKNSAVSLLNTIATAVAEGTDRTIELAHRICRAILH
IPRRIRQGFERALL
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