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The identification and epitope mapping of broadly neutralizing anti-human immunodeficiency virus type 1
(HIV-1) antibodies (Abs) is important for vaccine design, but, despite much effort, very few such Abs have been
forthcoming. Only one broadly neutralizing anti-gp41 monoclonal Ab (MAb), 2F5, has been described. Here we
report on two MAbs that recognize a region immediately C-terminal of the 2F5 epitope. Both MAbs were
generated from HIV-1-seropositive donors, one (Z13) from an antibody phage display library, and one (4E10)
as a hybridoma. Both MAbs recognize a predominantly linear and relatively conserved epitope, compete with
each other for binding to synthetic peptide derived from gp41, and bind to HIV-1,,y virions. By flow cytometry,
these MAbs appear to bind relatively weakly to infected cells and this binding is not perturbed by pretreatment
of the infected cells with soluble CD4. Despite the apparent linear nature of the epitopes of Z13 and 4E10,
denaturation of recombinant envelope protein reduces the binding of these MAbs, suggesting some confor-
mational requirements for full epitope expression. Most significantly, Z13 and 4E10 are able to neutralize
selected primary isolates from diverse subtypes of HIV-1 (e.g., subtypes B, C, and E). The results suggest that
a rather extensive region of gp41 close to the transmembrane domain is accessible to neutralizing Abs and

could form a useful target for vaccine design.

Eliciting broadly neutralizing antibodies (Abs) to human im-
munodeficiency virus (HIV-1) is a major goal of vaccine research
but one that has proved extraordinarily elusive (8, 11, 77). This
probably reflects the low antigenicity and immunogenicity of the
HIV-1 envelope spike and most especially of relatively conserved
regions of the spike. It is clear that much of the protein surface of
the gp120 and gp41 protein molecules in the heterotrimeric en-
velope spike (gp1205-gp41,) is directly or indirectly occluded from
Ab binding by protein-protein interaction. Thus, for example,
extensive surfaces on gp41 appear to be involved in interaction
with other gp41 molecules and with gp120 (62, 63). Reciprocally,
a portion of the surface of gp120 is occluded by the interaction
with gp41 and by trimer formation (28, 32, 75, 76). The relatively
low immunogenicity of HIV-1 envelope trimers is also inferred
from the low titers of neutralizing Abs, particularly cross-isolate
neutralizing Abs, elicited during natural infection (31, 39, 40).
This follows since a good correlation has been established be-
tween Ab neutralization and binding to envelope spikes, at least
for T-cell-line-adapted viruses (50, 57, 61), suggesting that the
deficit in neutralization originates from a deficit in spike binding.
Low immunogenicity presumably arises, at least in part, from the
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weakly stimulating properties of the exposed regions of the en-
velope trimer. These include extensive regions of carbohydrate. A
caveat here is that one cannot generally be sure of the eliciting
antigen: Abs reactive with the trimer may have been elicited by
other forms of envelope such as monomeric gp120 or gp160.

The most highly conserved functional sites on gp120 within
the envelope spikes appear to evade Ab recognition and do so
most probably via multiple mechanisms. The CD4 binding site
is a narrow, recessed cavity to which antibody access on the
trimer is severely limited (52). Only one monoclonal Ab
(MAD), b12, against an epitope overlapping the CD4 binding
site has been described that potently neutralizes a range of
isolates. The coreceptor binding site on gp120 is revealed only
following CD4 binding and allows interaction with Abs such as
17b and 48d (56, 68). However, these MAbs do not neutralize
primary HIV-1 in the absence of soluble CD4 (sCD4), suggest-
ing that the revealed epitopes have restricted accessibility to
Ab during envelope activation and fusion. A large part of the
surface of gpl120 is covered by carbohydrate (particularly on
the so-called silent face) and is unlikely to stimulate an Ab
response. Nevertheless, a broadly neutralizing MAb (2G12)
has been described (70) that recognizes an epitope, consisting
at least in part of carbohydrate chains, at the junction of the
silent and neutralizing faces.

gp41 appears to be almost completely occluded from Ab rec-
ognition in the HIV-1 envelope spike (60, 62, 63). Only one
neutralizing MAb (2F5) binding an epitope at the C-terminal part
of the extracellular domain of gp41 has been described (45). This
MAD neutralizes a broad array of primary HIV-1 (17, 20, 69).
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TABLE 1. Amino acid sequences of peptides used in this study

Peptide” Amino acid sequence

MN peptides

QTQQEKNEQEL L ELDKWASL
LLELDKWASLWNWEDI TNVLW
..LLEL DKWASLVWWFDI TNVILWGC
DI TNWEWYI KI

AVAEGTDRVI EVLQRAGRA

ND..oooiiiiiiicee Ac- NWFDI TK- NH,?
KGANWFDI TNWGK- NH,
KLNSVDVFGNWFDLASW KY

SIVmchBQ (671 '690)

“ See Materials and Methods for sources of peptides.
? Ac-, N terminus is acetylated; -NH,, C terminus is amidated.

Binding involves the linear sequence ELDKWA, as defined by
numerous studies (7, 45, 54). However, attempts to elicit Abs
having the properties of 2F5 by immunization with this peptide
sequence expressed in a number of contexts have failed (15, 23,
35, 44). This has led to the hypothesis that the recognition of
ELDKWA by 2F5 is critically dependent on the environment in
which it is present on gp41 in the trimer or that ELDKWA is not
the complete epitope. The binding of 2F5 to envelope spikes on
infected cells as measured by flow cytometry is relatively weak
compared to, for example, that of b12 and 2G12. This has invited
speculation that the epitope for 2F5 may be best presented on a
fusion intermediate form of gp4l (27), although this remains
controversial.

The potent and broadly neutralizing MAbs b12, 2G12, and
2F5 are all unique Abs, whose specificity has not been repli-
cated despite the huge number of MADs that have been gen-
erated against the HIV envelope. This has raised concerns
about the feasibility of eliciting these specificities by vaccina-
tion. Here we describe two human MAbs that recognize a
region immediately adjacent and C-terminal to the 2F5
epitope on gp41l. The MADbs show considerable cross-isolate
neutralizing ability and emphasize the membrane-proximal ex-
ternal region of gp41 as a promising target for vaccine design.

MATERIALS AND METHODS

Materials. The following materials were obtained from the National Institutes
of Health AIDS Research and Reference Reagent Program (NARRRP): pep-
tides from gp160yy including numbers 2015, 2016, 2017, 2030, 2031, 2032, and
2047 (>80% pure by high-pressure liquid chromatography [HPLC]; contributed
by Anaspec Inc. [Table 1]); HIV-1 isolates including 92RW009, 92RW026,
DJ259, JR-FL, SF2, DH123, HC4, 2044, 2076 cl.3, NL4-3, 89.6, MN, HxBc2,
94ZW109, 94ZW106, DJ258, ZAM20, DUI151, 92BR025, 92UG035, UG270,
92UG024, CM235, 92THO001, BZ162, R1, RU570, and G3 (contributed in some
cases by the World Health Organization Network for HIV-1 Isolation and Char-
acterization); sCD4 (amino acids [aa] 1 to 370; contributed by N. Schuelke); and
US7RS cells (4035; contributed by HongKui Deng and Dan Littman). Peptides
2031c, ND, and KGND were synthesized by Multiple Peptide Systems (San
Diego, Calif.) and were >90% pure by reverse phase-HPLC); their amino acid
sequences are shown in Table 1. The human MAb 50-69 (26) was a gift from
Susan Zolla-Pazner (New York University, New York, N.Y.), human anti-HLA
(DR) MAb L-243 was obtained from Luc Teyton (The Scripps Research Insti-
tute), and murine MAb T3 was provided by Pat Earl (National Institute of
Allergy and Infectious Diseases, Bethesda, Md.). Recombinant gp120,_g; was
kindly donated by Bill Olson and Paul Maddon (Progenics, Tarrytown, N.Y.);
gp160 (PS);;p was purchased from Protein Sciences Corp. (Meriden, Conn.);
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gp41(INT) 11 (99.5% pure) was purchased from Intracel (Issaquah, Wash.) and
is produced in Escherichia coli; and gp41(VT)p (aa 546 to 682; >95% pure)
was purchased from Viral Therapeutics Inc. (Ithaca, N.Y.) and is produced in
Pichia pastoris. HIV immune globulin HIVIG was provided by John Mascola
(VRC, Bethesda, Md.). Highly concentrated (1,000-fold in TNE) and purified
HIV-1yn particles, MN-1000X, were generously provided by Larry Arthur
(clone 4-12, lot P3423; NCI-Frederick Cancer Research Facility, Frederick,
Md.). HIV-1-neutralizing serum from patient FDA-2 (51) was prepared from
blood drawn on 29 September 1999.

Isolation of Z13 Fab from a phage display library. The Fab libraries from the
patient, FDA-2, were prepared essentially as described previously (2, 3, 9),
except that an immunoglobulin G3 (IgG3)-specific primer (1963: 5'-TGTGTG
ACTAGTGTCACCAAGTGGGGTTTT-3") was used in addition to the IgG1-
specific primer (3). The RNA was prepared from 5 ml of bone marrow (drawn
in August 1996) from an HIV-1-seropositive individual with exceptionally broad
HIV-1 primary-isolate neutralizing Ab titers (patient FDA-2) (24, 40, 51, 72) and
used to prepare libraries of >107 clones using the phagemid pComb3H as a
vector (2, 3, 9). Two separate Fab phage libraries were prepared, one with kappa
light chains and one with lambda light chains. In addition, we prepared single-
chain Fv libraries essentially as described previously (3) except that a redesigned
primer set based on that of Sblattero and Bradbury (64) was used (D. R. Burton
and P. W. H. I. Parren, unpublished data). Libraries of either kappa or lambda
light-chain variable-region fragments were combined separately with the vari-
able-region fragments from heavy chains primed by a generic IgG cDNA primer.
The libraries were subjected to six rounds of affinity selection against the MN
peptide, 2031 (LLELDKWASLWNWFDITNWLW). The enriched Fab phage
pools were engineered to secrete soluble Fab, and positive clones were identified
by enzyme-linked immunosorbent assay (ELISA) by screening bacterial super-
natants against the 2031 peptide.

For affinity selections against virion particles of HIV-1 (MN-1000X), micro-
wells were coated overnight at 4°C with 50 ul of phosphate-buffered saline (PBS)
containing 2 pg of the anti-HLA MAb L-243 per ml, washed twice with PBS
containing 0.05% Tween 20, and blocked with 4% nonfat dry milk (NFDM) for
1 h at 37°C (49). The wells were washed twice with PBS alone, MN-1000X
(diluted 1:4 in 50 wl of PBS containing 1% bovine serum albumin [BSA]) was
added, and the plate was incubated for 2 h at 37°C. The wells were washed three
times with PBS, and the phage library (~10'" phage diluted in 50 pl of PBS
containing 1% BSA) was added. After the plate was incubated for a further 2 h
at 37°C, the wells were washed (twice, twice, 5 times, 5 times, 10 times, and 10
times for rounds 1 through 6, respectively) and phage were eluted as described
previously (2, 49). A total of six rounds of panning on MN virus were performed
before clones were screened as above.

Preparation of purified Fab fragments. A single colony of each Fab-expressing
clone was used to inoculate 8 liters of superbroth [for 1 liter, 10 g of 3-(N-
morpholino)propanesulfonic acid (MOPS), 30 g of tryptone, and 20 g of yeast
extract (pH 7.0)] containing 20 mM MgCl,, tetracycline (10 pg/ml), and carben-
icillin (50 pg/ml). The flasks were incubated at 37°C with shaking at 250 rpm until
an optical density at 600 nm of 0.8 was reached, after which time 1 mM isopropyl-
B-D-thiogalactopyranoside was added to each culture. These cultures were then
incubated for a further 16 h at 30°C. The cultures were pelleted by centrifugation
at 8,000 rpm for 15 min in a Sorvall SLA-3000 rotor at 4°C, and the pellets were
resuspended in 30 ml of PBS containing phenylmethylsulfonyl fluoride (0.3 wM).
The bacteria were lysed by sonication (Misonix sonicator, 1/2-in. horn) four times
at 50% cycle time (power 7 for 20 s). The bacterial debris was centrifuged at
17,000 rpm in a Sorvall SS-34 rotor for 35 min at 4°C and stopped without
braking. The supernatant was filtered (pore size, 0.8 wm and then 0.2 pm) and
then loaded onto a 5-ml rabbit anti-human Fab column, preequilibrated with
PBS. The Fab was eluted with 0.2 M glycine-HCI (pH 2.2), neutralized with 2 M
Tris base (pH 9.0), concentrated with a Centriprep YM-30 concentrator (Milli-
pore Corp., Bedford, Mass.), and dialyzed against PBS (pH 7.0).

ELISAs. Microplate wells (no. 3690; Corning, Corning, N.Y.) were coated
overnight at 4°C with 50 wl of PBS containing synthetic peptide (4 pg/ml),
gp41(VT) s (2 pg/ml), SOS-gp140;rpy. (6 pg/ml) (6), or gpl60(PS)iyp (4 mg/
ml); all other antigens were coated at 4 ug/ml. In cases requiring denaturation,
proteins were diluted in 1% sodium dodecyl sulfate-50 mM dithiothreitol (Sig-
ma, St. Louis, Mo.), boiled for 5 min, and then diluted 1:10 in PBS before being
used to coat microplate wells (5). The wells were washed twice with PBS con-
taining 0.05% Tween 20 and blocked with 3% BSA for 1 h at 37°C. After a single
wash, MAbs were added to the wells in PBS containing 1% BSA and 0.02%
Tween and allowed to incubate at 37°C for 2 h. The wells were washed four or
five times, goat anti-human IgG F(ab’), alkaline phosphatase (no. 31312; Pierce,
Rockford, I11.) diluted 1:500 in PBS containing 1% BSA was added, and the plate
was incubated for 40 min at room temperature. The wells were washed five times
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and developed by adding 50 pl of alkaline phosphatase substrate, prepared by
adding one tablet of disodium p-nitrophenyl phosphate (no. 104-105; Sigma) to
5 ml of alkaline phosphatase staining buffer (pH 9.8), as specified by the man-
ufacturer. After 30 min, the optical density at 405 nm was read on a microplate
reader (Molecular Devices).

For competition ELISA, 45-pl volumes of the competing MAbs were added to
the blocked and washed wells, followed by 5 wl of biotinylated (BIO) MAb
previously determined to result in an ELISA signal that was 50 to 75% of
maximum without competitor. The wells containing BIO MAbs were blocked
and washed as above, probed with a streptavidin-alkaline phosphate conjugate
(Pierce) diluted 1:3,000 in 1% BSA containing 0.025% Tween 20, and detected
as above.

For virus ELISA, microwells were coated overnight at 4°C with 50 ul of PBS
containing 2 pg of the anti-major histocompatibility complex MAb L-243 per ml,
washed twice with PBS containing 0.05% Tween 20, and blocked with 4% NFDM
for 1 h at 37°C. The wells were washed twice with PBS alone, MN-1000x (diluted
at various concentrations in 50 pl PBS containing 1% BSA) was added, and the
plate was incubated for 2 h at 37°C. The wells were then washed three times with
PBS, the MAbs were added, and the plate was incubated for 2 h at 37°C. The
wells were washed four more times with PBS and probed with goat anti-human
1gG F(ab"), alkaline phosphatase (Pierce), with incubation for 1 h at 37°C. After
being washed four times, the wells were developed with substrate as above.

Screening of gp160 phage-displayed fragment library. A fragment library of the
gene encoding gp160 (HxBc2) was prepared, essentially as described previously (74).
Briefly, a Kpnl-BamHI fragment of the gp160 gene encoding most of gp120 (except
the first 12 amino acids) and the gp41 ecto- and transmembrane domains was cut
from the vector pSVIIlenv HXBc2 (provided by Joe Sodroski [67]) and cloned into
the pUC19 vector (80). The plasmid clone containing both pUC19 vector sequences
and gp160 DNA was randomly digested with DNase I. The resulting fragments were
blunt-end ligated in three separate reactions to a flanking sequence containing a Sfil
endonuclease restriction site and encoding either a GG, GC, or PP linker sequence,
respectively. The three ligation products were separated using Tris-borate-EDTA-
polyacrylamide gel electrophoresis (10% polyacrylamide) (Bio-Rad, Hercules, Cal-
if.), and fragments in the range of 50 to 250 bp were electroeluted from gel slices.
The fragments were cut with Sfil and cloned into the vector pFRAG, which is a
modified version of pComb3 (74). The Sfil cloning site in pFRAG is located imme-
diately upstream of gene 3, enabling expression of a library of gp160 fragments linked
to plII on the surface of bacteriophage M13. The three libraries each contained 6 X
107 to 7 X 107 independent clones. For the initial round of affinity selection, ap-
proximately 10" clones from each linker library were separately panned and then
pooled for subsequent rounds. The panning was performed as described for the
Fab-phage libraries using stringent washing throughout (10 washes over the course
of an hour with PBS containing 0.1% Tween 20) and continued for a total of four
rounds.

Flow cytometry. All experiments with live HIV-1 were performed in a biosafety
level 3 facility. Experiments were performed essentially as described by Sattentau
et al. (63). Briefly, H9 cells were infected with MN or HxBc2 virus and grown for
~10 days at 37°C in RPMI 1640 medium (Gibco-BRL, Rockville, Md.) contain-
ing 10% heat-inactivated fetal bovine serum. The infected cells were centrifuged
at 800 X g for 5 min and resuspended in fluorescence-activated cell sorter
(FACS) buffer (PBS containing 1% fetal bovine serum and 0.05% sodium azide)
at 7 X 10° cells per ml. The cell suspension was divided into two equal portions.
To one portion, sCD4 (NARRRP) was added to a final concentration of 25
wg/ml; the other portion was left untreated. The cells were incubated for 1 h at
37°C while slowly rocking. They were washed once in FACS buffer, distributed
into microwells in 30-pl aliquots, treated with Abs at 100 pug/ml (except MAb
50-69, which was used at 20 wg/ml), and incubated for 2 h as above. The cells
were washed twice, fixed with 1% formaldehyde in PBS, and washed another two
times. They were incubated for 1 h at 4°C in the presence of the F(ab'), fragment
of goat anti-human IgG F(ab’),-fluorescein isothiocyanate conjugate (Jackson
ImmunoResearch Laboratories Inc., West Grove, Pa.) diluted 1:100 in FACS
buffer. They were washed twice and analyzed with a FACSCalibur flow cytometer
(Becton Dickinson, San Jose, Calif.) with CellQuest software (Version 3.1f). A
total of 10,000 events were measured per sample. Values are reported in median
fluorescent-intensity units.

Neutralization assays. (i) Protocol A. 4E10 screen against a panel of isolates
of HIV-1. Human PBMCs were stimulated in three separate pools treated either
with phytohemagglutinin (PHA) at 5 pg/ml, PHA at 0.5 pg/ml or anti-CD3. After
3-days stimulation, the pools were mixed immediately prior to their use in the
assay. Aliquots (100 wl) of peripheral blood mononuclear cells (PBMCs) (2 X
10° cells per ml) were mixed in flat-bottom plates with MAbs, which had been
preincubated with 10 50% tissue culture infective doses of virus for 1 h at 37°C,
and incubated for 7 days. The presence of p24 was then determined by ELISA
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using the Ab EH12E-1, which was diluted 1:800 in Tris-buffered saline containing
20% sheep serum and 0.05% Tween 20, and color development was achieved
using TROPIX substrate (CSPD). All experiments were performed at least twice
using duplicate samples.

(ii) Protocol B. Side-by-side comparison of Z13 with the other anti-HIV-1
MADbs. Neutralization of primary isolates was assessed using PHA-activated
PBMC as indicator cells and determination of p24 antigen production as the end
point. PBMC from three CCRS wild-type donors were isolated, pooled, and
stimulated with PHA (5 pg/ml) for 48 h followed by PHA plus interleukin-2 (40
U/ml) for 72 h in RPMI 1640 containing 10% heat-inactivated FBS, 100 U of
penicillin per ml, 100 pg of streptomycin per ml, and 2 mM L-glutamine. The Abs
were diluted, and 50 pl per well was pipetted into round-bottom microtiter
plates, after which an equal volume containing 100 50% tissue culture infective
doses of primary-isolate stock was added. The Ab-virus mixture was incubated
for 1 h at 37°C. Next, 100 pul of PHA-activated PBMC (5 X 10°/ml) was added
to each well. The calculated neutralization titers refer to the Ab concentration
present during this incubation step. After an overnight incubation, the cells were
washed twice with tissue culture medium. On day 4,100 pl of the medium was
replaced with fresh tissue culture medium. On day 7, the cultures were collected
and treated with 1% (vol/vol) Empigen (Calbiochem). Triplicate samples were
then tested for p24 content using an in-house ELISA, as originally described by
Moore et al. (41). In brief, sheep anti-p24 Ab D7320 (Aalto Bioreagents) was
coated overnight onto 96-well polystyrene EIA plates (Costar) in 100 mM
NaHCO; (pH 8.5). The plates were washed in PBS, and p24 was captured from
serial dilutions of the HIV-1-containing samples in PBS-0.1% Empigen. After a
3-h incubation, unbound p24 was washed away and bound p24 was detected with
alkaline phosphatase-labeled Ab BC1071 (International Enzymes) diluted
1:3,000 in PBS containing 20% sheep serum and 2% NFDM. After a 1-h incu-
bation, the plates were washed and developed with an AMPAK kit (Dako
Diagnostics) as recommended by the manufacturer. p24 production antigen in
the Ab-containing cultures was compared to p24 production in cultures without
ADb run in the same assay, and the Ab concentrations resulting in a 50 and 90%
reduction in p24 content were determined.

Nucleotide sequence accession numbers. The DNA sequences of Z13 have
been deposited in GenBank (Vy, AY035845; and Vi, AY035846).

RESULTS

Identification of Fab Z13. In previous studies it was found that
serum drawn from the donor FDA-2 had exceptionally broad
neutralizing activity against HIV-1 (24, 40, 51, 72). For this rea-
son, Fab phage libraries were prepared from the bone marrow of
this patient by using primers amplifying the heavy chains of the
IgG1 and IgG3 isotypes and lambda and kappa light chains. Two
single-chain (sc) Fv phage libraries (FDA-2) were also prepared
using a generic first-strand cDNA IgG primer for the heavy
chains; one library contained lambda light chain fragments, and
the other contained kappa light chain fragments. The FDA-2
libraries, as well as four other Fab phage libraries prepared from
bone marrow of HIV-1-infected individuals (RW, L, P, and M)
(47, 51), were selected against the MN peptide 2031. The 2031
peptide (Table 1) contains the amino acid motif ELDKWA that
corresponds to the core epitope of the potent and broadly HIV-
1-neutralizing MAb 2F5 (54). Following six rounds of affinity
selection, 2031-specific clones were identified from both FDA-2
Fab -libraries and the lambda scFv-library; none of the other
libraries yielded 2031-specific clones. As shown in Fig. 1, a num-
ber of clones, isolated from independent libraries, have a similar
heavy chain with a number of point mutations found throughout
the variable region. Figure 1 also reveals that a single clone,
designated Z13 (k), was enriched from the kappa library whereas
three different clones having unique light chains were selected
from the lambda libraries (two from the Fab library and one from
the scFv library). This indicates that there is considerable heavy-
chain promiscuity for this MAb, which is not uncommon for Fabs
isolated from phage display libraries (4).
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FR3 CDR3 FR4

Z13 ({x) LLESGPGLLKPSETLSLTCTVSGGSM INYYWS WIRQPPGERPQWLG HIIYGGTTKYNPSLES RITISRDISKSQFSLRLNSVTAADTAIYYCAR VAIGVSGFLNYYYYMDV WGESGTAVTVSS
Z13A1 ------ Ro—-mmmm oo R et A- oo T s T T 5
zZ13)2 R - [ et i T T Temmmmm— - S-mmmm - Veorm o emmmmme oo Do b I-
Z13A3*% ——-T--R-——-—mmmm oo Lmmmm= e e e e oo P--N- - [T Veommoo oo Demmmmme e )
Kappa light chains

CLONE FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4

Z13{K) LTQSPATLSLSPGERATLSC RASQSVGRNLG WYQQKPGQAPRLLIY DASNRAT GIPARFSGSGSGTDFTLTISSLEPEDFAVYYC CORSDWPRT FGQGTKVEIKR

LLambda light chains

CLONE FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4

Z13M1 LOPPSVSVSPGQTATITC SGEPLGRKSAY WYQQKPGQPPTIVMF KTNKRPA GIPDRFEGSKSGNTATLTISGTQTLDEADYYF QARDSSTVV FGGGTXLTVLGQPK

7132 LTQPSSLSASPGASASLTC TLPSGISVRAYRIY WYQQKPGSPPQFLLRY NSDSDNQHGS GVPSRFSGSKDASANAGTLLISGLOYEDEADYYF MIWHSNTVV FGGGTKLTVRGQPK

Z13A3* LTQEPAVSVPLGQTVRITC QGDSLRNYYPS WYQQKPGQAPVLVIMY GKNKRPS

GIPDRFSGSSSGNTDSLTITGAQAEDEADYYC

HSRDSSGNRYV  FGGGTKLTVL

*Z13)3 is a ScFv

FIG. 1. Deduced amino acid sequences of the variable regions of Fabs selected against MN peptide 2031 from FDA-2 kappa and lambda phage

display libraries.

In a separate panning experiment, the FDA-2 Fab phage
libraries were selected against whole HIV-1,,y virus (MN-
1000X) in an attempt to isolate Fabs able to bind to surface-
exposed epitopes on HIV-1 particles. After six rounds of af-
finity selection, 2 of 30 clones selected for sequencing were
identical to Z13 (k). This indicates that the epitope to which
713 (k) binds is available in some form on captured MN
virions. This was later verified using soluble Fab Z13 (k) in a
whole-virus ELISA (see below). A side-by-side titration of
purified Fab Z13 (k) and one Fab from the lambda library
(Z13\1) revealed that the Z13 (k) clone bound the 2031 pep-
tide with slightly greater affinity (half-maximal binding at ~0.2
pg/ml; [Fig. 2]). Due to the slightly stronger binding of Z13 (k)
for 2031 and the fact that Z13 (k) phage was also selected in
the HIV-1,,y panning, Z13 (k) was chosen for further study;
Z13 (k) is referred to as Z13 below. Sequence analysis in the
CHI1 region of Z13 indicates that it is derived from the IgG1
isotype. The HCDR3 loop of Z13 contains mostly hydrophobic
residues and is 17 aa in length. The VH gene for Z13 is from

=

w
1

0O.D. (405 nm)
10

o

100
0.1
0.01

0.001

Fab concentration
(ng/ml)

FIG. 2. ELISA binding curve of Fab Z13 (k) and Fab Z13\1 (\)
against immobilized 2031 peptide. O.D., optical density.

the VH4 family, the J segment belongs to the JH6 family, and
no alignment for the D segment was found using available
databases (IMGT, http://imgt.cnusc.fr:8104/dnaplot/; V-base,
http://www.mrc-cpe.cam.ac.uk/imt-doc/public/INTRO.html).
The kappa light chain of Z13 derives from the VK3 family with
a J segment that most closely aligns to the JK1 family.
Specificity of Fab Z13 and comparison with IgG 4E10. We
noticed in early experiments that another anti-gp41 MAb
4E10, generated by combined polyethylene glycol-electrofu-
sion of PBMC from a seropositive donor and heteromyeloma
cells (7), reacted strongly with peptide 2031, even though it had
been tentatively mapped to another epitope on gp4l (7). To
explore the antigenicity of this peptide in more detail, a series
of overlapping peptides and other protein antigens were tested
for binding to Fab Z13, IgG 4E10, and IgG 2F5 by ELISA. As
shown in Fig. 3, all three MAbs bind strongly to MN peptide
2031c whereas none of the MAbs bind significantly to an SIV
peptide analogous to 2031 (SIVmac239, aa 671 to 690). In
contrast to the other two MAbs, 2F5 also binds tightly to the
MN peptide 2030 (Fig. 3C), consistent with previous studies in
which the core of the epitope for this MADb was identified as
the linear sequence, ELDKWA (7, 45, 54). IgG 4E10 exhibits
some nonspecific binding to a range of antigens at higher
concentrations (e.g., 10 wg/ml) (Fig. 3B), which may be respon-
sible for difficulties in prior attempts to map the 4E10 epitope
(7). We observed a similar weak binding of 4E10, for example
to MN peptide 2047 containing the motif AEGTDRYV, to
which 4E10 had been previously mapped (reference 7 and data
not shown). Significantly, neither Z13 nor 4E10 bound to pep-
tide 2032 (Fig. 3A and B), which, together with their lack of
reactivity with 2030, suggests that the core of the epitopes of
these mAbs is C-terminal to the 2F5 epitope but upstream of
the C terminus of the 2031 peptide. No significant binding of
any of the three MAbs was observed against the gp41,,n pep-
tides 2015, 2016, or 2017 (peptide sequences shown in Table 1
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FIG. 3. Specificities of Fab Z13, IgG 4E10, and IgG 2F5 for a range of immobilized proteins and peptides by ELISA. Fab Z13 (A), IgG 4E10
(B), and IgG 2F5 (C) were titrated against MN peptides 2030, 2031c, and 2032; the SIV mac239 peptide (aa 671 to 690); BSA; ovalbumin; NFDM;

or recombinant gp120,,_g; . O.D., optical density.

and data not shown), and no binding of an irrelevant MAb
(b12) was seen against peptide 2031 (data not shown).

To further explore the overlapping nature of the Z13, 4E10,
and 2F5 epitopes, these MAbs were biotinylated and used in
competition ELISAs against immobilized 2031 peptide. The
results clearly demonstrate that these MAbs compete with
each other, albeit to differing degrees, for binding to peptide
2031 (Fig. 4). It is noteworthy that while 4E10 inhibited >90%
of the signal generated by Fab Z13 (BIO), 2F5 was able to
inhibit only a maximum of 70% of the signal produced by Fab
713 (BIO) on 2031. Although Z13 did not bind to IIIB gp41 by
ELISA (see below), partial competition between 2F5 and 4E10
for immobilized, recombinant gp41 (VT), was verified (Figs.
5A and B) whereas an irrelevant MAb (KZ52) did not inhibit
binding even at 250 wg/ml. The degree to which 2F5 and 4E10
competed for each other against gp41, however, was less than
the level of competition observed for these MAbs against im-
mobilized 2031 (Fig. 4B and 4C). This result suggests that the
4E10 epitope is presented somewhat differently on the peptide
and gp41. Taken together, the results above suggest that Z13
and 4E10 have closely overlapping epitopes whereas the
epitope for 2F5 only partially overlaps those of Z13 and 4E10.

As mentioned above, in contrast to IgGs 4E10 and 2F5, Fab
713 did not recognize gp41 of the IIIB strain. Table 2 sum-

A B

marizes the reactivity of the three MAbs with different HIV-1
envelope proteins and peptides. The lack of binding of Z13 to
gp41yy is probably due to the Asn 674 residue: Asn 674 is an
Asp residue in the MN, JR-FL, and 89.6 envelope proteins,
which are all positively recognized by Z13. We also found that
Fab Z13 binds specifically to gp41,;_ by Western blot anal-
ysis (data not shown). Also summarized in Table 2 are the
results of an ELISA in which 4E10, 2F5, and Z13 were used to
probe two shorter peptides, ND and KGND. Indeed, Z13
reacted very well with the KGND peptide (roughly equal to the
reactivity with 2031c) and also with the ND peptide, although
the binding was much weaker to the latter, shorter peptide
derived from the sequence of the isolate JR-FL. MAb 4E10
also recognized peptides KGND and ND, but the reactivity
decreased in strength from 2031c to KGND and then again to
ND. In combination with the results of the overlapping-pep-
tide analysis (see above), the weaker binding of both Z13 and
4E10 to the shorter peptides strongly suggests that although
the core epitopes of these MAbs are contained within the
central region of peptide 2031, additional binding energy is
provided either directly by flanking amino acid residues in 2031
or indirectly by the same residues providing a particular fa-
vored conformation of the central core epitope.

1

10 7
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§ 125 125 125
25 1004 100 - 100 -
5 9 100 —<0— +Fabz13
I8 g5 75 75
D o A O | O +1gG 4E10
o <é’. 504 g 50 50
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FIG. 4. Competition ELISA using Fab Z13, IgG 4E10, and IgG 2F5 against their BIO counterparts for recognition of immobilized MN 2031c
peptide. Fab Z13 (BIO) (A), IgG 4E10 (BIO) (B), and IgG 2F5 (BIO) (C) were coincubated with various concentrations of competing MAb and
added to wells containing immobilized 2031c. Each data point represents the mean of duplicate samples.
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FIG. 5. Competition ELISA of IgG 4E10 and IgG 2F5 against their
BIO counterparts for recognition of immobilized gp41(VT)5. 1gG
4E10 (BIO) (A) and IgG 2F5 (BIO) (B) were coincubated with various
concentrations of competing MAb and added to wells containing im-
mobilized gp41(VT);5. No competition was observed for either of the
BIO MADbs using an irrelevant MAb, IgG KZ52. Each data point
represents the mean of duplicate samples.

Screening of an HxBc2 gp160 fragment expression library to
define MAD epitopes. We decided to further characterize the
epitopes of the anti-gp41 MAbs by screening a gene fragment
expression library. The gene fragment library contains random
fragments of the HxBc2 (IIIB) env gene fused to gene 3 of the
filamentous phage, such that the corresponding peptides are
displayed on the surface of each phage clone in the library
(library size, ~107). The approach was possible for 4E10 and
2F5, which both recognize IIIB gp41, but not for Z13, which
does not recognize this strain of HIV-1. In addition, we rea-
soned that since the core of the 2F5 epitope has been well
defined, this would provide a measure of control on the ap-
proach. After four rounds of affinity selection with immobilized
4E10 or 2F5, random phage clones were tested individually by
ELISA for reactivity with each of the MAbs, and the DNA
sequences of positively binding clones were determined. The
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results of the selection are shown in Fig. 6. In Fig. 6A, a
minimal epitope of 6 aa (NWFNIT) for 4E10 was identified by
overlapping peptides displayed by positive clones. Also shown
in Fig. 6A are two clones (selected with 2F5) that were not
recognized by 4E10 and whose peptides do not have all six of
the residues within the minimal epitope identified above. The
results of this analysis are in good agreement with the ELISA
results in Fig. 3B and Table 2, which place the epitope of 4E10
proximal to the C terminus of MN peptide 2031. In Fig. 6B, a
minimal epitope of 14 residues (EQELLELDKWASLW) for
2F5 was identified from the screening. This motif is longer than
the minimal epitope identified from previous studies in which
it was determined that the residues ELDKWA were sufficient
for 2F5 binding (45) and that LDKW was a highly conserved
core of the epitope (53). The presence of additional flanking
residues in the overlapping peptides selected using 2F5 (under
the highly stringent conditions used in this panning experi-
ment) may suggest that these residues are directly or indirectly
involved in binding to 2F5.

Anti-gp41 MADb binding to HIV-1,, virions by ELISA. The
three MAbs Z13, 4E10, and 2F5 were next compared for their
ability to bind to HIV-1,,y virions. An ELISA was performed
in which concentrated MN virus was first captured with an
anti-major histocompatibility complex (class II) MAb and then
probed with either Fab Z13, IgG 4E10, IgG 2F5, Fab b12 (2),
or a negative control, IgG KZ52 (36). Figure 7 shows the
results of this assay. Clearly, the best binding to captured virus
was seen with Fab b12, although the anti-gp41 MADbs were also
positive. This result is consistent with previous studies that
show that 2F5 binds only weakly, compared to anti-CD4bs Abs,
to envelope on virions and infected cells (63). This experiment
shows that binding of Fab Z13 and IgG 4E10 to HIV-1,,y is
significant and qualitatively similar to that of IgG 2F5.

Anti-gp41 MADb binding to infected cells by flow cytometry.
Next, we wanted to use flow cytometry to compare Fab Z13, IgG
4E10, and IgG 2F5 for their ability to bind to HIV-1-infected
cells. Figure 8 summarizes the results of an analysis of both HIV-
1yn-infected (Fig. 8A) and HIV-1y,p-infected (Fig. 8B) H9
cells probed with several anti-HIV-1 MAbs following a 1-h pre-

TABLE 2. Mapping the epitopes of anti-gp41 MAbs using synthetic peptides and recombinant proteins

Reactivity by ELISA

Antigen Amino acid sequence
713 4E10 2F5

Peptides

2030 (MN) QT QQEKNEQEL L EL DKWASL - - +

2031 (MN) LLEL DKWASLWAWFDI TNWLW + + +

2032 (MN) DI TNWLWYT KI - - -

KGND KGANWFDI TNWGK- NH, + + -

ND (JR-FL) Ac- NWFDI TK- NH, +b * -

SIVmac239 (671-690) KLNSVDVFGNWFDLASW KY - - -
Recombinant proteins

gp41(INT) 15 .. LLELDKWASLWANWFNI TNWLV. . . - + +

gp41(VT) s .. LLELDKWASLWNWFNI TNWLWY . . - + +

gpl60(PS) 15 .. LLELDKWASLWANWFNI TNWLW . . - + +

gp140;x_gr, SOS- . LLELDKWASLWAWFDI TNLW . . & + + +

gp140;r.pr

gp140g9 4 . LLELDKWASLWNWFDI TNWLW . . + + +

“ Sequence sometimes appears with a K at the underlined position; the K variant was not tested.

b+ weak reactivity by ELISA.
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631 641 651 661 671 681
| ! \ \ | |
HxB2 . WDREINNYTS LIHSLIEESQ NQQEKNEQEL LELDKWASLW NWENITNWLW YIKLFIM.
4E10-positive clones
114 DREINNYTS LIHSLIEESQ NQQEKNEQEL LELDKWASLW NWENITNWLW YT
119 YTS LIHSLIEESQ NQQEKNEQEL LELDKWASLW NWENITNWLW
115 S LIHSLIEESQ NQQEKNEQEL LELDKWASLW NWENITNWLW Y
124 HSLIEESQ NQQEKNEQEL LELDKWASLW NWENITNWLW Y
120 TS LIHSLIEESQ NQQEKNEQEL LELDKWASLW NWENITNWLW
125 HSLIEESQ NQQEKNEQEL LELDKWASLW NWENITNWLW
114 LIEESQ NQQEKNEQEL LELDKWASLW NWENITNWLW
112 IEESQ NQQEKNEQEL LELDKWASLW NWENITNWLW
117 QQEKNEQEL LELDKWASLW NWENITNWLW
126 QEL LELDKWASLW NWENITNWLW YI
105 HSLIEESQ NQQEKNEQEL LELDKWASLW NWENITNW
108 S LIHSLIEESQ NQQEKNEQEL LELDKWASLW NWFNIT
122 NWENITNWLW YIKLFI
123 WASLW NWENITNWL
4E10-negative clones
106 LIEESQ NQQOEKNEQEL LELDKWASLW NWENI
109 IEESQ NQQEKNEQEL LELDKWASLW NWEN
B
631 641 651 661 671 681
i I | | [ \
HxB2 . MEWDREINNYTS LIHSLIEESQ NQQEKNEQEL LELDKWASLW NWENITNWLW YIKLFIM.

2F5-positive clones

305 MEWDREINNYTS LIHSLIEESQ NQQEKNEQEL LELDKWASLW NWEN

306 LIEESQ NQQEKNEQEL LELDKWASLW NWE

307 IEESQ NQQEKNEQEL LELDKWASLW

308 IEESQ NQQEKNEQEL LELDKWASLW NW

309 EQEL LELDKWASLW NWENITNW
310 HSLIEESQ NQQEKNEQEL LELDKWASLW

311 LIEESQ NQQEKNEQEL LELDKWASLW NWENITNW
312 IEESQ NQQEKNEQEL LELDKWASLW NWENT

2F5-negative clone
122

NWENITNWLW YIKLETI

FIG. 6. Amino acid sequences of peptides affinity selected from an HxB2 gp160 fragment library using IgG 4E10 or IgG 2F5. The HxBc2 gp160
protein fragment phage display library was subjected to four rounds of panning using either IgG 4E10 (A) or IgG 2F5 (B) as selecting agents.
Random clones were selected from the enriched pools of phage and tested for reactivity against IgG 4E10 and/or IgG 2F5 by ELISA, and the
positive clones were sequenced in the insert region. The residues that are in bold text and underlined represent the minimal motif that is shared

by overlapping peptides.

incubation in the presence or absence of sCD4 (25 wg/ml) at
37°C. In this analysis, 4E10 generated a similar signal to that of
2FS when used to probe both MN- and HxBc2-infected cells in
the absence of preincubation with sCD4. Fab Z13 bound weakly
to MN-infected cells (IIIB-infected cells were not tested with Fab
Z13), generating a signal approximately twice that produced by an
irrelevant control Fab, ELZ510. The pretreatment with sCD4
caused only a small perturbation in the binding of Z13 and 4E10,
something which is also characteristic of 2F5 (63) and is in dra-
matic contrast to the large increase in binding that was seen with
the anti-gp41 cluster I MAb, 50-69.

Effect of denaturation of gp41 and SOS-gp140 on the binding
of Fab Z13, IgG 4E10, and IgG 2F5 by ELISA. The results of the
peptide-mapping studies of Z13 and 4E10, as well as the fragment

library screening of 4E10, suggest that these MAbs bind to pre-
dominantly linear epitopes on gp41, just as has been proposed for
2F5 (45). In contrast to 2F5, cluster I, II, and III MAbs against
gp41 are sensitive to denaturation of this protein by ELISA (5).
We compared the effects of denaturation of SOS-gp140; gy (6),
gp41l (VT) s, or gpl60(PS),y5 on the binding of MAbs Z13 and
4E10 with the effects on the binding of other anti-gp41 MAbs. As
shown in Fig. 9A, the signal of 2F5 is enhanced by denaturation
of SOS-gp140, ;¢ . The cluster | MAb 5069, as well as the cluster
IT Fab T3 (5), lost all ability to bind SOS-gp140, . When this
protein was denatured, whereas Z13 and 4E10 showed interme-
diate behavior. Note that although cluster I and IT MAbs bind to
SOS-gp140 by ELISA, these epitopes were poorly expressed on
SOS-gp140 when assayed by radioimmunoprecipitation (6). The
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FIG. 7. Binding by ELISA of Fab bl12, IgG 2F5, 1gG 4E10, Fab
713, and IgG KZ52 to various concentrations of HIV-1y, (MN-
1000X) viral particles captured by human anti-HLA MAb L-243. All
MADs were used at 10 pg/ml. O.D., optical density.

results with gp41(VT), ;5 and gpl60(PS), i were slightly differ-
ent but the trend was the same: 2F5 binding was slightly reduced
(or enhanced) whereas 50-69 binding was greatly diminished on
denaturation (Fig. 9B and C); the binding of 4E10 was interme-
diate in that it was reduced relative to that observed with 2F5 but
the reduction was less than observed with 50-69. These experi-
ments demonstrate that Z13 and 4E10 are intermediate between
2F5 and cluster I (50-69) and II (Fab T3) MAbs with respect to
sensitivity to the denaturation of envelope protein.

Analysis of amino acid diversity within the anti-gp41 MAb
binding epitopes. The region of gp41 to which Z13 and 4E10
bind is relatively conserved among diverse isolates of HIV-1.
The amino acid sequence NWFDIT lies within the core of the
713 and 4E10 epitopes, as defined by our peptide-mapping
studies, and is the MN homolog of the motif identified from
the 4E10 screening of the HxBc2 fragment library. Table 3
shows the observed frequency of each residue for each position
in the NWFDIT motif among 250 sequences in the Los Alamos

D none
A B +sCD4

100

intensity

Median fluorescence
ES
1

FIG. 8. MAD binding to H9 cells infected with HIV-1,, and HIV-
1xm2 as measured by flow cytometry. (A) H9 cells infected with HIV-
1pn Were probed with IgG 4E10 (100 wg/ml), Fab Z13 (200 wg/ml),
IgG 2F5 (100 pg/ml), IgG b12 (50 wg/ml), IgG 50-69 (10 wg/ml), and
Fab ELZ510 (200 wg/ml). (B) H9 cells infected with HIV-1,;,5, were
probed with IgG 4E10, IgG 2F5, IgG b12, and IgG KZ52 (100 pg/ml
each) or IgG 50-69 (20 pg/ml). Infected cells were incubated in the
presence or absence of 25 pg of sCD4 per ml for 1 h at 37°C prior to
the addition of MAbs. Uninfected H9 cells were also probed by each
MAD at the same concentration and always yielded background signals
that were lower than that observed for the negative control MAbs on
infected cells.
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database (http:/hiv-web.lanl.gov/) and compares it with the
ELDKWA motif to which the broadly neutralizing MAb 2F5
had previously been mapped (45, 53). Both are 6-mer motifs,
and both are entirely composed of residues that are most
prevalent at each position. Furthermore, the probability of an
exact match to each motif—equal to the product of the ob-
served frequencies of each residue for each position—is the
same for each motif: 76 expected matches out of 250 se-
quences. The number of clones in the Los Alamos database
having an exact match to both motifs is 38. The number of
observed matches for the separate motifs, however, is higher
for ELDKWA (89 of 250) than for NWFDIT (68 of 250).
Nevertheless, these numbers are both high. By comparison,
there are 55 of 250 exact matches to the V3-loop motif
GPGRAF, but only 15% of these are from non-B subtypes,
whereas exact sequence matches to ELDKWA and NWFDIT
are found in non-B subtypes 30 and 45% of the time, respec-
tively. These observations suggest that the sequence NWFDIT
may be an attractive target for vaccine design.

Neutralization assays with the anti-gp41 MAbs. A panel of
isolates of HIV-1, including T-cell-line-adapted strains and
primary isolates, were tested in two sets of assays for their
susceptibility to neutralization by anti-gp41 MAbs. In the first
set, 4E10 alone was tested against a range of isolates from
different subtypes of HIV-1. Remarkably, as shown in Table 4,
4E10 was able to neutralize (90% inhibition) across subtypes of
HIV-1 at concentrations lower than 50 wg/ml, including iso-
lates from subtypes A (DJ259, 92RWO026 and 92RW009), B
(JR-FL and HxBc2), C (94ZW106, DJ258, and DU151), E
(CM235 and 92THO001), F (BZ162 and R1), and G (G3 and
RU570). Some isolates from subtypes B (SF2, DH123, HC4,
2044, 2076, NL4-3, 89.6, and MN) and D (UG270 and
92UG024) were not neutralized at the highest concentrations
tested. Nevertheless, the degree of cross-neutralizing activity
of IgG 4E10 against HIV-1 is substantial.

Encouraged by the results from this first set of assays, we
selected several 4E10-susceptible isolates for a second set of
neutralization assays using Fab Z13 as well as IgG 4E10, IgG
2F5, and IgG b12 controls. Because monovalent Fab is usually
between about 1 and 100 times less effective in neutralization
assays than its bivalent IgG counterpart (47), higher concen-
trations of Fab Z13 were used in these assays. Table 5 sum-
marizes the results of this second set of assays. Indeed, Fab
713 was able to neutralize (90% inhibition) several isolates
from different subtypes of HIV-1 including subtypes B (JR-FL
at 125 pg/ml), E (CM235 at 250 pg/ml), and C (94ZW109 at
250 pg/ml). Fab Z13 failed to neutralize the laboratory-
adapted strain HxBc2 at 40 pg/ml, as expected, since it did not
bind to the sequence-related gp41,;,z (Table 3). On the other
hand, HxBc2 was found to be sensitive to neutralization by
4E10 (90% neutralized at 10 pg/ml). Fab Z13 was not able to
neutralize MN at 40 pg/ml, and because even 4E10 exhibited
only partial neutralization of MN at 50 pg/ml (<90% inhibi-
tion), Fab Z13 was not further tested with this T-cell-line-
adapted subtype B isolate. 89.6 was not neutralized by either
713 at 100 pg/ml or 4E10 at 25 wg/ml. Significantly, we ob-
served no neutralization of the subtype C virus 94ZW109 by
either b12 or 2F5 (50 pg/ml) and no neutralization of the
subtype E isolate CM235 by b12 (50 pg/ml); however, these
isolates were susceptible to neutralization by 4E10 and Z13.
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FIG. 9. Binding of anti-gp41 MADbs to SOS-gp140;x 1 (A), gp41(VT) s (B), and gp160(PS);;5 (C) coated directly on polystyrene plates either
untreated (Native) or following treatment with SDS, dithiothreitol, and boiling (Denatured [for more details, see Materials and Methods]), as
measured by ELISA. IgG 50-69 and Fab T3 are cluster I (cL.I) and cluster II (cl.II) MADbs, respectively.

Taken together, these results demonstrate that primary iso-
lates from a range of subtypes of HIV-1 are susceptible to
neutralization by both Z13 and 4E10 and that these MAbs
display antiviral activity in some cases for which the broadly
neutralizing MAbs b12 and 2F5 do not.

DISCUSSION

MADbs against HIV-1 have proven to be extremely powerful
tools for a variety of applications including probing the struc-
ture and function of envelope glycoproteins (5, 18, 42, 78),
exploring the antigenicity of novel HIV-1 vaccine candidates
(8, 10, 77), and establishing the conditions for protection
against HIV-1 infection in vivo (1, 16, 25, 37, 38, 48). We have
identified a novel human MADb, Z13, which binds to the C-
terminal extracellular portion of gp41 that now expands the
current repertoire of anti-HIV-1 MAbs and, along with MAb
4E10, will allow further characterization of a region that is

nearly unexplored by immunological techniques. Figure 10
shows a model of this region of gp41 and indicates the prox-
imity of the epitopes of Z13 and 4E10 to both the 2F5 epitope
and the viral (or host cell) membrane.

Our results from screening overlapping synthetic peptides map
the epitopes of Z13 and 4E10 within the peptide 2031 (aa 660 to
680), and the selection of the phage fragment library using 4E10
maps the core epitope of this MADb to between aa 671 and 676
(NWENIT). We were unable to screen the HxBc2 fragment li-
brary with Z13 since Z13 does not bind gp41 from HxBc2. The
only difference in amino acid sequence between HxBc2 and MN
in this region is at position 674, which also strongly suggests that
the core of the Z13 epitope closely overlaps that of 4E10. More-
over, using the synthetic peptides KGND and ND, the epitopes of
713 and 4E10 were confirmed to center around the NWFDIT
motif (Table 2), although additional flanking residues are clearly
important for full reactivity of these MAbs with peptide 2031.
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TABLE 3. Observed frequencies of amino acid residues at each position in the gp41 6-mer motifs NWFDIT and ELDKWA out of 250
sequences in the Los Alamos database

Frequency of amino acid residue in motif:

Motif Amino
acid N w F D 1 T
NWEDIT (gp160, aa 671-676)
A 0 0 0 1 0 1
D 2 0 0 153 0 0
E 0 0 0 3 0 0
F 0 0 241 0 0 0
G 0 0 0 10 0 0
I 0 0 0 0 249 0
L 0 0 6 0 0 0
M 0 0 0 0 1 0
N 187 0 0 27 0 0
P 0 0 1 0 0 0
S 49 0 1 52 0 75
T 12 0 0 3 0 174
\%% 0 249 0 0 0 0
Y 0 0 1 1 0 0
Stop 0 1 0 0 0 0
ELDKWA (gp160, aa 662-667)

E L D K W A
A 107 0 0 0 0 198
D 0 0 245 0 0 7
E 122 0 1 9 0 6
F 0 1 0 0 0 0
G 2 0 0 0 0 3
H 0 0 0 1 0 0
K 6 0 0 202 0 7
L 0 249 0 0 0 0
N 0 0 4 6 0 4
P 0 0 0 0 0 1
Q 11 0 0 10 0 14
R 0 0 0 1 0 0
S 1 0 0 18 0 3
T 12 0 0 3 0 7
Vv 1 0 0 0 0 0
w 0 0 0 0 248 0
Stop 0 0 0 0 2 0

Although sequence analysis identifies a potential N-glycosylation
site at Asn 674, this residue is not glycosylated in HxBc2 gp160
produced in COS-7 cells (34).

A murine MAb, T3 (22), not to be confused with Fab T3
(Fig. 9), was previously proposed to bind to the same region
where we now map the epitopes of Z13 and 4E10 (21). There
are key differences between the specificity of Z13, 4E10, and
MADb T3. For example, we found that MAb T3 does not bind
peptide 2031 (data not shown), nor does it bind gp140,y_py.
(21). In addition, MAb T3 was unable to inhibit IgG 4E10
(BIO) binding to gp41 (VT)1g, even at 250 pg/ml, by ELISA
(data not shown). Fab Z13, however, did show partial inhibi-
tion of MAD T3 binding to gp140g, ¢ (24% reduction in ELISA
signal at 20 pg of Z13 per ml [data not shown]). Thus, MAb T3
does appear to map to a region proximal to the Z13 epitope,
but, as described above, the two epitopes are distinct and the
precise binding determinant of MAb T3 remains to be defined.

Despite the apparent linear nature of the epitopes of Z13
and 4E10, denaturation of recombinant envelope protein re-
duced the binding of these MAbs, and not of 2F5. Whether
these effects are due to direct changes in the conformation of
these epitopes or to epitope -masking via the immobilization to

polystyrene remains to be investigated. Moreover, further mu-
tagenesis studies are required to determine the binding con-
tributions of individual amino acid residues to Z13 and 4E10.
Along these lines, the fact that 4E10 neutralizes HIV-1 isolates
with sequences that differ from the above NWFDIT motif at
positions 1, 4, and 6 (e.g., DJ258 contains the motif, SWFGIT;
92BR025 contains TWFGIT; DJ259 contain NWFSIT), as well
as the fact that Z13 and 4E10 do not neutralize some isolates
that contain the above motif (e.g., 89.6, NWFDIT; NL4-3,
NWENIT), suggests that conformation and other determinants
on the native envelope spike influence the exposure of the
4E10 and Z13 epitopes. These issues would be far better ad-
dressed if structural data were available for this region. Indeed,
solving the atomic structure of the membrane-proximal region,
alone and/or complexed with Z13 or 4E10, would be of great
interest, considering that, to our knowledge, the only currently
available structures of gp41 are derived from studies done on
truncated peptides, predominantly of the N and C helices (14,
73) of gp41, most probably in the postfusion conformation.
Z13 and 4E10 appear to bind with similar affinity to HIV-
1y virions by capture ELISA (Fig. 7). While these data
clearly show that these MAbs are capable of binding virion-
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TABLE 4. HIV-1 neutralization assays using IgG 4E10 against a
range of isolates from different subtypes

1gG 4E10 concn™:

Isolate Subtype

50% 90%
92RW009 A 0.9 4.7
92RW026 A 0.7 12
DJ259 A 3.5 16
JR-FL B 9.2, 25 15, >25
SF2 B 38 >50
DH123 B >50 >50
HC4 B >50 >50
2044 B >50 >50
2076 cl.3% B 2 >50
NL4-3 B >50 >50
89.6% B >25 >25
MN B S >50
HxBc2 B 0.15 10
947ZW109 C 2.0, >50 6.7, >50
947ZW106 C 7.2 42
DJ258 C 2.0 6.6
ZAM20 C 7.9 >50
DU151 C 39 34
92BR025:x C 10 -
92UG035: D 20 —
UG270 D >50 >50
92UG024: D >50 >50
CM235 E 52,15 11.4, 25
92THO001 E 2.7 8.2
BZ162 F 4.4 2.1
R1 F 0.3 5.1
RU570 G 0.35 7.6
G3 G 0.2 1.3

“50% and 90% refer to the concentration of MAb (micrograms per milliliter)
required for 50 or 90% inhibition of maximum p24 levels. Underlined values
were determined in experiments using protocol B (see Materials and Methods);
all other values were determined using protocol A. Asterisks indicate that the
assay was performed only once for that isolate.

» _ not done.

associated envelope protein, it should be noted that virions
probably contain gp41 moieties from which gp120 has been
shed. Fab Z13 yielded poorer signals than did IgG 4E10
against HIV-1,-infected cells by flow cytometry. This corre-
lates with the inability of Fab Z13 to neutralize HIV-1,,, and
could be due to a difference in avidity of the Fab fragment
compared to the whole antibody or to particular contraints
imposed by the native envelope spike on the access of Fab Z13
to its epitope.

The conserved, C-terminal extracellular region of gp41 that

J. VIROL.

contains the epitopes of Z13 and 4E10 is important for many
processes in the HIV-1 infection cycle. In one study, Helseth et
al. (29) showed that a K683 mutation adjacent to the mem-
brane reduces syncytium formation by 95% and the resulting
envelope is no longer capable of supporting viral transmission.
In contrast, Cao et al. (13) showed that certain mutations
within a region spanning residues 669 to 775 of HxB2 gp160
enhanced syncytium formation relative to that in the wild type.
In more recent studies, it has been demonstrated that the
membrane-proximal region is important for env-mediated fu-
sion and virus infectivity (43, 58): mutations to Ala of three of
five conserved Trp residues in this region are sufficient to
abrogate syncytium formation (58). Biophysical studies have
also shown this region has distinctive properties. For example,
Lawless et al. (33) constructed a mutant version of the anti-
HIV-1 peptide, T20, in which the motif WNWF (aa 670 to 673)
was changed to ANAA. It was found by circular dichroism
spectroscopy that the mutant peptide lost the ability to interact
with its N-helix partner, T21 (33). Suarez et al. (65, 66) showed
that a peptide spanning residues 664 to 683 of IIIB gp160
associates with lipid membranes and causes membrane leak-
age. The ability of this peptide to bind and disrupt membranes
is suggestive of a similar role for the homologous region of
gp4l during the env-mediated membrane fusion event.
Whether any of these findings have implications for the mech-
anism of neutralization of Z13 and 4E10 remains to be ex-
plored.

In one study, it was proposed that the region to which Z13
and 4E10 bind is an immunodominant site on gp41 (12). These
authors screened a panel of HIV-1 patient sera using overlap-
ping peptides covering aa 647 to 684 of gp41 and identified an
immunodominant site in which the residues WNWFDI were
most critical for Ab recognition. The “immunodominance” of
this region must, however, be put into context since previous
serum panel screens with overlapping peptides failed to iden-
tify the membrane-proximal region as an immunodominant
site (30, 71). Furthermore, we were unable to observe any
inhibition of Z13 or 4E10 binding to peptide 2031c using either
HIVIG (1 mg/ml) or autologous patient (FDA-2) serum (1:10
serum dilution) (data not shown). In the study by Calarota et
al., different residues within the WN'WFDI motif were found to
be critical for recognition by different patient serum samples
(12). It would be interesting to determine whether other Abs
against this region are neutralizing and whether particular crit-
ical residue “patterns” are important. Defining such residue

TABLE 5. HIV-1 neutralization assays including IgG b12, IgG 2F5, Fab Z13, and IgG 4E10

Concn of MAD (pg/ml) required for 50 or 90% inhibition of maximum p24 levels

Isolate Subtype IgG b12 IgG 2F5 Fab 713 1gG 4E10

50% 90% 90% 50% 90% 50% 90%
MN B 0.0015 0.015 0.13 1 >40 >40 5 >50
HxBc2 B 0.025 0.5 0.75 5 >40 >40 0.15 10
JR-FL B 0.4 0.8 13 95 130 25 >25
89.6" B — 0.8 — — >100 >100 >25 >25
947ZW109 C >50 >50 >50 >50 190 250 >50 >50
CM235 E >50 >50 25 170 250 7.5 25

¢ —, experiment was not done.
® The results for 89.6 are from a single experiment only.
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FIG. 10. Cartoon model of the HIV-1 putative trimeric envelope spike. Most of the surface of gp41 is believed to be occluded by gp120 and
other molecules of gp41. A region of gp41 close to the membrane defined by MAbs 2F5, Z13, and 4E10 is suggested to be exposed to antibody
binding. An IgG molecule is shown to scale in proximity to the proposed binding region. The trimer is based on the structure proposed by Kwong
et al. (32). The IgG molecule dimensions are taken from those of a human IgG1 molecule (46). Surfaces were calculated using the msms program

(59).

patterns for Z13 and 4E10 would help determine which gp41
residues are exposed on the native envelope spike.

The observation that Z13 binding to peptide 2031c is not
inhibited by autologous FDA-2 serum, furthermore, indicates
that Z13 is a minor specificity in the serum antibody repertoire
of the subject FDA2 and cannot by itself account for the broad
neutralizing activity of the serum of patient FDA2. We are
continuing to characterize the antibody response of FDA-2 to
try to explain its neutralizing activity.

Z13 and 4E10 were able to neutralize primary isolates from
diverse subtypes of HIV-1 (e.g., subtypes B, C, and E). Recent
results indicate that Z13 can neutralize the autologous FDA-2
virus, R2 (>90% neutralization at 200 pg/ml) (G. Quinnan,
personal communication). The R2 virus bears the sequence
NWEFDIS (55), which is very similar to the MN motif NW-
FDIT. There is an apparent difference in neutralization po-
tency between IgG 4E10 and Fab Z13. It should be noted,
however, that Z13 has so far been tested only as a monovalent
Fab fragment. The neutralization potency of the correspond-
ing whole antibody may be considerably greater (up to 100-fold
[47]); this is currently being investigated. In a previous study by
D’Souza et al. (19), it was suggested that 4E10 was able to
neutralize certain T-cell-line-adapted subtype B isolates of
HIV-1. More recently, Xu et al. (79) showed that 4E10 was
able to potently neutralize the subtype C isolate BW11. More-
over, Stiegler et al. (G. Stiegler, R. Kunert, M. Purtscher, S.

Wolbank, R. Voglauer, F. Steindl, and H. Katinger, submitted
for publication) demonstrated broad neutralizing activity of
4E10 against primary isolates of HIV-1 from subtypes A, B, C,
D, and E. Taken together with the fact that 2F5 is a potent and
broadly neutralizing MAD, the collected results on 4E10 and
713 provide encouragement to search for yet more, possibly
cryptic epitopes on gp41 and suggest that a sizeable portion of
the gp41 protein surface close to the transmembrane domain is
accessible to neutralizing Abs. Since this region is quite highly
conserved (Table 3), it is a potential target for drug and vac-
cine design. However, some caution is necessary, given unsuc-
cessful attempts to elicit HIV-1-neutralizing Abs in immuniza-
tion studies using the putative 2F5-target, ELDKWA (15, 23,
35, 44). Our results from affinity selecting the HxBc2 fragment
library with 2F5 suggest that the 2F5 epitope involves residues
flanking the ELDKWA sequence. Thus, it is likely that repro-
ducing the specific presentation and/or conformation of the
NWEDIT target, as it exists on gp41, will be critical if there is
to be any chance of eliciting HIV-1-neutralizing Abs using an
epitope-targeted immunogen. Experiments to determine
whether this is the case are under way.
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