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Chemically Modified Peptides Based on the Membrane-Proximal
External Region of the HIV-1 Envelope Induce High-Titer, Epitope-
Specific Nonneutralizing Antibodies in Rabbits

Vincent J. Venditto,a Lindsay Wieczorek,b,c Sebastian Molnar,b,c Fernando Teque,d Gary Landucci,e Douglas S. Watson,a*
Donald Forthal,e Victoria R. Polonis,b Jay A. Levy,d Francis C. Szoka, Jr.a

Departments of Bioengineering and Therapeutic Sciences, School of Pharmacy, University of California, San Francisco, San Francisco, California, USAa; Laboratory of
Vaccine Immunology, Walter Reed Army Institute of Research, Military HIV Research Program, Silver Spring, Maryland, USAb; The Henry M. Jackson Foundation, Bethesda,
Maryland, USAc; Department of Medicine, University of California, San Francisco, San Francisco, California, USAd; Division of Infectious Diseases, Department of Medicine,
University of California, Irvine, Irvine, California, USAe

Broadly neutralizing monoclonal antibodies (bNAbs) 2F5 and 4E10 bind to the membrane proximal external region (MPER) of
gp41 and also cross-react with phospholipids. In this study, we investigated if chemical modifications on the MPER adjacent to
2F5 and 4E10 epitopes using mimetics of inflammation-associated posttranslational modifications to induce 2F5- and 4E10-like
bNAbs can break tolerance. We synthesized a series of chemically modified peptides spanning the MPER. The serine, threonine,
and tyrosine residues in the peptides were modified with sulfate, phosphate, or nitrate moieties and presented in liposomes for
rabbit immunizations. All immunizations resulted in high antisera titers directed toward both the modified and unmodified
immunogens. Tyrosine modification was observed to significantly suppress antiepitope responses. Sera with strong anti-gp140
titers were purified by affinity chromatography toward the MPER peptide and found to possess a higher affinity toward the
MPER than did the bNAbs 2F5 and 4E10. Modest neutralization was observed in the H9 neutralization assay, but neutralization
was not observed in the TZM-bl cell or peripheral blood mononuclear cell (PBMC) neutralization assay platforms. Although
neutralizing antibodies were not induced by this approach, we conclude that chemical modifications can increase the immune
responses to poorly immunogenic antigens, suggesting that chemical modification in an appropriate immunization protocol
should be explored further as an HIV-1 vaccine strategy.

Aprophylactic vaccine capable of generating protective immu-
nity against HIV-1 has been a major objective for numerous

investigators spanning 3 decades of research. The membrane
proximal external region (MPER) of the gp41 transmembrane
protein in the HIV-1 envelope (1) is an obvious target for vaccine
development due to the conserved sequence and identification of
MPER-specific broadly neutralizing monoclonal antibodies
(bNAbs), 2F5, 4E10, 10E8, m66.6, and Z13 (2–5). Structural stud-
ies with these bNAbs have informed a variety of immunization
strategies (1, 6–8), but the inability to generate bNAbs toward the
MPER in response to vaccination has raised the concern that tol-
erance mechanisms might be the cause of the weak immune re-
sponses (9–11). Recent advances in deep sequencing (12), reverse
antibody engineering (13), and rational immunogen engineering
(14) have provided details on the immune responses toward spe-
cific epitopes in HIV-1, including the MPER sequence, which may
ultimately lead to an effective vaccine.

The MPER-specific bNAbs 2F5 and 4E10 possess character-
istically long third heavy-chain complementarity-determining
region 3 (CDRH3) loops rich in hydrophobic residues (6) and
exhibit cross-reactivity with phospholipids (15). These charac-
teristics are reminiscent of those of autoantibodies directed to-
ward self-antigens. This finding led to the hypothesis that the neu-
tralization capability of these antibodies lies in the improved
affinity or avidity of the antibody due to the potential to interact
with the viral envelope and the MPER domain (9). These data also
suggest that, although obtained from HIV-infected patient serum,
tolerance mechanisms lead to the paucity of such antibodies in the
rest of the patient population. More recently, however, a bNAb,

10E8, identified from patient serum has been shown to bind the
MPER at an epitope overlapping the 4E10 epitope but lacks the
phospholipid cross-reactivity observed with the other bNAbs (3).
Moreover, 27% of HIV-1-positive patient sera were found to con-
tain MPER-specific antibodies, while 8% contained 10E8-like an-
tibodies (3). The presence of 10E8-like bNAbs in patient samples
does not rule out the possibility that these antibodies are regulated
by tolerance mechanisms but does suggest that cross-reactivity to
phospholipids is not necessary for neutralization.

Recent studies focusing on tolerance mechanisms have identi-
fied specific proteins capable of interacting with bNAbs 2F5 and
4E10 (16, 17), leading to the notion that although lipid cross-
reactivity exists, tolerance is actually induced through deletion of
protein-specific B cells (17). Immunoprecipitation of whole-cell
extracts with 2F5 and 4E10 identified two potential autoantigens
that may be the cause of tolerance: kynureninase (KYNU) and
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splicing factor 3b subunit 3 (SF3B3), respectively (17). While
SF3B3 and the MPER do not have any sequence homology, KYNU
contains a sequence identical to the 2F5 epitope (ELDKWA). The
authors suggested that the sequence homology between the self-
protein and the MPER of HIV-1 might lead to immunological
tolerance mechanisms that impair MPER-specific humoral im-
mune responses. In this regard, immunized opossums, which
have a mutation in the ELDKWA motif of KYNU, are capable of
generating antibodies with higher titers than those of C57BL/6
mice, but neutralization was not reported with these sera (17).

Various methods to enhance the immunogenicity of the MPER
sequence have been attempted with little success (18). We previ-
ously hypothesized that immunization with immunogens cova-
lently anchored in a liposomal membrane would improve immu-
nogenicity (19, 20) but failed to achieve neutralizing antibodies.
We then hypothesized that we could break tolerance and induce
bNAbs by immunizing with posttranslational modification mi-
metics of the MPER peptides (21). This hypothesis stems from the
ubiquitous nature of posttranslational modifications during the
inflammatory immune response (22), the fact that posttransla-
tional modification mimetics have been shown to break tolerance
in model systems (23, 24), and the altered binding of posttransla-
tionally modified peptides in the major histocompatibility com-
plex (MHC), with the subsequent induction of T cell responses
(25). In our earlier study (21), we showed that partial MPER im-
munogens bearing chemically modified side chains can induce
high anti-MPER antibody titers in rabbits. Although we failed to
elicit neutralizing antibodies, we confirmed that these modifica-
tions do not alter the affinities of bNAbs 2F5 and 4E10 toward
their cognate epitopes. We also demonstrated that the longer
MPER lipopeptide immunogens (25 amino acids) induced stron-
ger humoral immune responses in rabbits than the shorter N-ter-
minal sequence of HIV-1 MPER containing the 2F5 epitope (N-
MPER) or the C-terminal sequence of HIV-1 MPER containing
the 4E10 epitope (C-MPER) (16 or 19 amino acids).

In this account, we have extended our previous investigation
by synthesizing a series of full-length MPER lipopeptides (31
amino acids) with chemical modifications, including sulfonation,
phosphorylation, and nitration. These peptides were presented in
a liposomal bilayer and used in a subcutaneous and intramuscular
rabbit immunization strategy in an effort to improve the humoral
immune responses to induce broadly neutralizing anti-HIV anti-
bodies.

MATERIALS AND METHODS
Amino acids, resins, and coupling agents were obtained from Nova-
biochem (Darmstadt, Germany), AnaSpec (San Jose, CA), or ChemPep
(Miami, FL). Cholesterol, dimyristoylphosphatidylcholine (DMPC), and
dimyristoylphosphatidylglycerol (DMPG) were obtained from Avanti
Polar Lipids (Alabaster, AL). Cholesteryl hemisuccinate (CHEMS) (no.
C6512) and monophosphoryl lipid A (MPL) derived from Escherichia coli
(no. L6638) were obtained from Sigma-Aldrich (St. Louis, MO). Peptides
and lipopeptides were synthesized and formulated in liposomes as de-
scribed previously (19). Phosphorylated, nitrated, and sulfonated residues
were incorporated by the addition of amino acids with side chains deriva-
tized with O-benzyl-protected phosphate, 9-fluorenylmethoxy carbonyl
(Fmoc)-3-nitro-tyrosine-OH (Bachem, Torrance, CA) or N-Fmoc-L-ty-
rosine neopentyl sulfate, respectively. N-Fmoc-L-tyrosine neopentyl sul-
fate was synthesized according to a previous report (26). HiTrap strepta-
vidin HP columns were procured from GE Healthcare Life Sciences

(Pittsburgh, PA). Avastin (bevacizumab) was obtained from the Univer-
sity of California Medical Center.

Rabbit immunizations. All rabbit studies were done in compliance
with the Covance Research Products, Inc., Denver Site Institutional Ani-
mal Care and Use Committee (IACUC) guidelines. Rabbit studies were
performed by Covance Inc. (Denver, PA). Eighteen (6 groups of 3 rabbits
each) specific pathogen-free New Zealand White (NZW) rabbits received
subcutaneous immunizations on days 0, 21, 42, and 63. Blood samples
were collected from the ear vein on days 0, 52, and 73. Injections on day 1
contained 500 �g lipopeptide, 250 �g monophosphoryl lipid A, and 20
�mol lipid vehicle in 500 �l sterile phosphate-buffered saline (PBS) emul-
sified in 500 �l Freund’s complete adjuvant. Subsequent subcutaneous
injections contained 500 �l of the formulation described above emulsified
in 500 �l Freund’s incomplete adjuvant. Alving and coworkers have dem-
onstrated that liposomes are compatible with oil-in-water emulsions and
that the addition of alum may not improve the humoral immune response
in NZW rabbits (27, 28). After blood draw, cells were removed by centrif-
ugation, and sera were sent to the University of California, San Francisco
(UCSF) on dry ice and stored at �80°C.

Epitope-specific antibody purification and concentration determi-
nation. Polyclonal sera were affinity purified using a HiTrap streptavidin
HP column and a biotinylated MPER peptide. A solution of biotinylated
peptide was prepared in PBS at a final concentration of 0.2 mg/ml and
added to the column at a flow rate of 0.5 ml/min followed by an additional
20 ml of PBS. Then, 6 ml of rabbit serum diluted to 24 ml in PBS was
passed through the column followed by 25 ml PBS to remove any non-
specific binding. Next, 4 ml of 0.2 M glycine (pH 2.8) was passed through
the column, and 0.2-ml fractions were collected in 60 �l of 1 M Tris (pH
8.0). The total antibody concentration was determined by the Bradford
Coomassie assay (Pierce), according to the manufacturer’s protocol using
Avastin (bevacizumab) as the IgG standard.

Enzyme-linked immunosorbent assays. Reciprocal endpoint titers of
antisera were determined by enzyme-linked immunosorbent assays
(ELISA) as previously described (21). The titer was defined as the recip-
rocal dilution of antisera yielding an optical density twice that of the
background. Samples were assayed in duplicate. The statistical signifi-
cance was assessed by analysis of variance (ANOVA) with Bonferroni
posttest analysis, and results were considered significant when P was
�0.05. Data analyses were performed using Prism (GraphPad Software,
Inc.). The affinity-purified antibodies were analyzed by an ELISA toward
the immobilized MPER peptide or gp140 protein as previously described
(21); however, known concentrations of antibody were analyzed using 11
10-fold dilutions from 10�2 to 10�12 mg/ml total antibody.

Cell culture and virus neutralization assay. Neutralization assays
were performed with H9 cells (29), TZM-bl cells (30), or peripheral blood
mononuclear cells (PBMC) (31, 32) as previously described. For all assays,
neutralization was calculated as the reduction of infection observed in the
presence of postimmunization sera compared with that for preimmuni-
zation sera or in the presence of purified antibody compared with that for
virus alone. All sera were heat inactivated (30 min, 56°C) before use. Sera
were screened at a 1:20 (H9 cells and PBMC with primary isolates) or 1:40
(TZM-bl cells and PBMC with infectious molecular clones) dilution, and
purified antibodies were titered in 6-fold dilutions starting at 25 �g/ml.
The data are reported as averages from duplicate experiments.

Briefly, the H9 assays were performed using H9-adapted HIV-1 strain
MN (X4-tropic). The virus was diluted to yield a supernatant concentra-
tion of 1 � 104 pg p24/ml at day 4 postinfection. The sera and virus were
incubated together for 1 h prior to the addition of 1 � 105 H9 cells. The
sera, virus, and cells were then incubated for 24 h at 37°C. The cells
were washed three times and incubated for an additional 72 h at 37°C.
The supernatants were lysed, and the p24 concentration was deter-
mined by an antigen-capture ELISA (Advanced BioScience Laborato-
ries, Rockville, MD).

The TZM-bl assays were performed using the replication-deficient
pseudoviruses SF162 and BZ167 (R5-tropic). The pseudoviruses were di-
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luted to yield �1 � 105 relative light units (RLU) at day 4 postinfection.
The sera and virus were incubated together for 30 min prior to the addi-
tion of 1 � 104 TZM-bl cells containing DEAE-dextran. The sera, virus,
and cells were then incubated for 48 h at 37°C. The cultures were lysed,
and britelite plus substrate (PerkinElmer Life Sciences, Shelton, CT) was
added, following the manufacturer’s instructions. The endpoint was de-
termined by quantifying the RLU of cell-derived luciferase using the En-
vision luminometer (PerkinElmer Life Sciences).

PBMC were isolated from fresh buffy coats, using Ficoll-Hypaque gra-
dient separation. The resulting PBMC were stimulated with 0.5% phyto-
hemagglutinin (PHA) for 3 days, washed in Hanks’ balanced salt solution
(HBSS), and resuspended in HUT medium (RPMI 1640 supplemented
with 10% fetal bovine serum, penicillin/streptomycin, and L-glutamine)
with Polybrene (6 �g/ml) at 36°C for 30 min. PBMC were then resus-
pended to 106 cells/ml in HUT medium with 100 U interleukin 2 (IL-2),
500 �L was plated, and an additional 1 ml HUT medium with 100 U IL-2
was added. PBMC neutralization assays were performed using the pri-
mary viral isolates SF162 and SF2 at a 1:4 dilution of virus stock in RPMI
medium and a 1:10 dilution of serum samples in HUT medium. The sera
and virus solutions were combined 1:1 (100 �l:100 �l), kept at room
temperature for 30 min with shaking, and then diluted 1:5 in HUT me-
dium containing 100 U IL-2. An aliquot of the resulting solution (400 �l)
was added to the plated PBMC in duplicate wells to total 1.9 ml/well. Cells
were passaged on days 4, 7, and 10 postinfection and 500 �L from each
well was saved for reverse transcriptase (RT) and p24 assays.

PBMC assays were also performed using replication-competent, Re-
nilla reniformis luciferase (LucR)-expressing HIV-1 reporter infectious
molecular clones (IMC) SF162 and Bal (R5-tropic). IMC were diluted to
yield � 1 � 105 RLU at day 4 postinfection. Sera and virus were incubated
together for 60 min prior to the addition of 1 � 105 PHA/IL-2-stimulated
PBMC. Sera, virus, and cells were incubated overnight at 37°C. Fresh
medium was added, and the culture was incubated at 37°C until day 4. The
cultures were lysed, and the LucR substrate was added, following the man-
ufacturer’s instructions (PerkinElmer Life Sciences, Shelton, CT). The
endpoint was determined by quantifying the RLU of virus-derived lucif-
erase using the Envision luminometer (PerkinElmer Life Sciences).

Antibody-dependent cell-mediated viral inhibition. The target cells
for the antibody-dependent cell-mediated virus inhibition (ADCVI) assay
were prepared by infecting Polybrene-treated CEM.NKR-CCR5 cells
(National Institutes of Health AIDS Research and Reference Reagent Pro-
gram) with a clinical strain of HIV-1 (92US657; clade B, R5-tropic) at a
multiplicity of infection of about 0.05. After 48 h, the target cells were
washed to remove cell-free virus. The effector cells (PBMC from healthy
donors) were added to the target cells at an effector-to-target cell ratio
(E:T) of 10:1. The test sera were added to the target and effector cells to
achieve a final dilution of 1/100. Seven days later, the supernatant fluid
was collected, and p24 was measured by an ELISA (ZeptoMetrix). The
percent inhibition due to ADCVI was calculated relative to the pooled
HIV-negative sera as follows: percent inhibition � 100(1 � [(p24p)/
(p24n)]), where (p24p) and (p24n) are concentrations of p24 in superna-
tant fluid from wells containing a source of HIV-positive or -negative
antibodies (Ab), respectively.

RESULTS AND DISCUSSION

The failure to generate robust humoral immune responses toward
the membrane proximal external region (MPER) of gp41 of
HIV-1 upon immunization has been attributed to the inability to
present the epitopes in the proper conformation, poor overall
immunogenicity, or immunological tolerance. We hypothesized
that the addition of chemical modifications adjacent to the 2F5
and 4E10 epitopes using the full-length sequence of the MPER
would break the immune tolerance with mimetics of inflamma-
tion-associated posttranslational modifications by generating
neoepitopes capable of inducing more robust immune responses.
Support for this hypothesis is 4-fold. First, posttranslational mod-

ifications have been shown to arise due to inflammation and cell
stress-induced apoptosis (22). Second, HIV-1 infection leads to
CD4 T cell death through pyroptosis causing an inflammatory
immune response (33). Third, protein kinases have been shown to
be dysregulated during acute HIV-1 infection (34). Fourth, post-
translational modifications have been observed to induce hu-
moral and innate immune responses toward previously unrecog-
nized self-proteins (23, 24, 35, 36). To test this hypothesis, we
investigated the roles of chemical modifications using sulfate,
phosphate, or nitrate on the immunogenicity of the MPER.

Design of chemically modified MPER peptides and lipopep-
tides. Previously, we reported the synthesis and evaluation of
chemically modified MPER-based peptides containing phosphor-
ylation and nitration (21). We showed that the modified peptides
bound with the same affinity to monoclonal antibodies as did the
native sequences. When implemented in NZW rabbit immuniza-
tions, we observed higher antisera titers directed toward the im-
munogens when we used longer peptides (25 amino acids versus
16 or 19 amino acids) and phosphorylation of threonine-676 in-
duced high epitope-specific antibody titers in two of three rabbits.
These results directed our path forward in designing the next li-
brary of immunogens.

We prepared lipopeptides with three new design characteris-
tics. First, we extended the peptide sequence to encompass the
entire MPER motif containing the 2F5 and 4E10 epitopes with
flanking residues shown to improve binding (37, 38), and we
added an additional short linker sequence for conjugation to a
lipid anchor. Each peptide used in this study has 31 residues span-
ning the full MPER peptide containing both the 2F5 and 4E10
epitopes compared to the peptides used in the previous study,
which were 25 amino acids (N-MPERext and C-MPERext) 19
amino acids (N-MPER), and 16 amino acids (C-MPER). Second,
we included sulfate, nitrate, and phosphate chemical modifica-
tions at serine, threonine, and tyrosine residues, which can un-
dergo posttranslational modifications in vivo. Finally, since these
peptides would be presented in a liposomal bilayer we conjugated
cholesteryl hemisuccinate on the C-terminal lysine as we have
done in the past; however, in this case we introduced a phospho-
serine one residue N-terminal to the lysine in an effort to inhibit
the hydrophobic peptide from being buried in the liposomal bi-
layer. Each of these components is highlighted in Fig. 1.

The stability of the sulfate modification was of special con-
cern due to the pH sensitivity of sulfate-containing amino ac-
ids. To address the concerns regarding the loss of the chemical
modification during peptide cleavage and deprotection after
Fmoc-based solid-phase peptide synthesis, noncleavable sul-
fonates were used in place of sulfates. Cysteic acid was employed
in the peptide as an analogue of sulfoserine and sulfothreonine to
prepare MPER(SSO3) and MPER(TSO3). Sulfotyrosine was syn-
thesized according to a previous protocol (26) through use of an
acid-stable neopentyl protecting group on sulfotyrosine. Neopen-
tyl-protected sulfotyrosine resists both acid and base hydrolysis
conditions experienced during peptide synthesis and cleavage, re-
sulting in the neopentyl-protected peptide. The neopentyl group
is removed by ammonium acetate at 37°C. The synthesis and in-
stallation of this neopentyl-protected amino acid enables the suc-
cessful preparation of MPER(YSO3).

Effects of side chain modifications on antibody responses to
MPER lipopeptides in NZW rabbits. Six MPER lipopeptides
were evaluated in groups of three rabbits to determine the effects

Venditto et al.

1088 cvi.asm.org Clinical and Vaccine Immunology

http://cvi.asm.org


of side chain modifications on the immunogenicity of the MPER
lipopeptides. All peptides contained the C-terminal serine phos-
phate adjacent to cholesteryl hemisuccinate and were then char-
acterized by any additional modification. The peptides used for
the rabbit immunizations included an unmodified peptide
(MPER), three peptides with tyrosine modifications C-terminal to
both the 2F5 and 4E10 epitopes [sulfate-MPER(YSO3), phos-
phate-MPER(YPO3), and nitrate-MPER(YNO2)], one peptide
containing a sulfate adjacent to the 2F5 epitope [MPER(SSO3)],
and one peptide containing a sulfate within the 4E10 epitope
[MPER(TSO3)] (Fig. 1A). Each immunogen was evaluated in six
groups of three NZW rabbits.

High anti-immunogen responses were observed in all 18 rab-
bits as determined by ELISA subsequent to a 73-day immuniza-
tion that included four subcutaneous immunizations (days 0, 21,
42, and 63). The sera collected at days 0, 52, and 73 were evaluated
for anti-immunogen reciprocal endpoint titers. The MPER pep-
tide provided the highest anti-immunogen geometric mean titer
(GMT) of 2.3 � 105 followed by MPER(YSO3) (GMT, 1.8 � 105),
MPER(YPO3) (GMT, 1.0 � 105), MPER(SSO3) (GMT, 8.7 �
104), MPER(YNO2) (GMT, 3.4 � 104), and MPER(TSO3) (GMT,
2.2 � 104). These titers are higher than those in our previous
report of chemically modified peptides, where the group with the
largest geometric mean titer was 5.7 � 103 (21). This improve-
ment may be attributed to the extended length of the peptides, the
C-terminal phosphate, an improved immunization schedule, or a
combination of all three.

To further probe the antibody responses directed toward the
MPER, we evaluated the titer of each serum sample by an ELISA
toward an N-terminal peptide segment of the MPER containing
the 2F5 epitope (NEQELLELDKWASLWN) or a C-terminal pep-
tide segment containing the 4E10 epitope (NWFDITNWLWYIK)
(Fig. 1B) (epitopes are shown in italics). In general, there was a
weak response toward the C-terminal peptide as seen by the recip-
rocal endpoint titers of �1,000; however, animals immunized
with MPER(SSO3) achieved a GMT of 1.1 � 104, nearly 1 order of
magnitude higher than those for all other groups. While a grouped

analysis of titers using geometric mean averages provides one view
of the data, the intricacies of each animal are not properly repre-
sented using this analysis.

To accurately represent the data visually, individual animal
titers are plotted in Fig. 2, where the x axis corresponds to the
anti-N-MPER titers, the y axis corresponds to the anti-C-MPER
titers, and the size of the spot corresponds to the anti-immunogen
titers. Groups of animals, with three rabbits per group, are color
coded. Plotting the data in this manner provides a group perspec-
tive and an individual animal perspective of epitope-specific titers.
From this graph, it is apparent that most animals had weak re-
sponses toward the C-MPER peptide. Animals immunized with
MPER(SSO3) had the highest anti C-MPER responses as a group
(6 � 103, 1 � 104, and 2 � 104), but low to moderate anti-N-
MPER responses (7 � 102, 7 � 103, and 3 � 104), respectively.
Other animals with elevated anti-C-MPER titers include one an-
imal immunized with MPER(TSO3) (8 � 103) and one animal
immunized with MPER (1 � 104), which is also the serum with the
highest anti-immunogen titer (9 � 105). These data also suggest
that residue-specific modifications may direct the immune re-
sponses toward specific ends of the peptide. In particular, the an-
imals immunized with the tyrosine-modified peptides failed to
induce responses toward the C terminus, and five out of nine
rabbits lacking tyrosine modifications possessed elevated anti-C-
MPER titers (Fig. 3). Anti-N-MPER titers are more varied within
each group. The MPER peptide presentation and orientation in
liposomes have been shown to be critical for immunogenicity,
especially with tryptophan-680, which is adjacent to this tyrosine
(39–41), suggesting that chemical modifications at this residue
may change the orientation of the peptide in the bilayer.

Additional trends observed in Fig. 2 are that animals immu-
nized with MPER(YSO3) had weak anti-C-MPER responses (9 �
102, 1 � 103, and 1 � 103) and two of three rabbits had weak
anti-N-MPER responses (8 � 102, 2 � 103, and 4 � 104), but all
three rabbits had elevated anti-immunogen titers (1 � 105, 1 �
105, and 3 � 105). These data indicate one of the following: a
sulfate-specific response, a C-terminal phosphate-specific re-
sponse, a response to the middle of the full-length sequence which

FIG 1 MPER lipopeptides. (A) MPER peptides containing the nominal
epitopes of monoclonal antibodies 2F5 and 4E10 with additional flanking
sequences previously reported to improve binding (37, 38). The C terminus is
appended with a three-residue linker that is phosphorylated to improve expo-
sure in the liposomal bilayer and a lysine for on-resin lipid conjugation of the
cholesteryl hemisuccinate lipid anchor (CHEMS). Residues that were modi-
fied with sulfate (#), phosphate (�), or nitrate (@) are indicated. (B) N-MPER
and C-MPER biotinylated peptides used for ELISAs.

FIG 2 Reciprocal endpoint titers of individual rabbits. Spots represent indi-
vidual rabbit titers: anti-N-MPER titers (NEQELLELDKWASLWN) on the x
axis and anti-C-MPER titers (NWFDITNWLWYIK) on the y axis. The size of
each spot corresponds to the anti-immunogen titers containing the respective
chemical modification (NEQELLELDKWASLWNWFDITNWLWYIKASK).
The anti-immunogen titers depicted by the spots range from 9 � 103

[MPER(TSO3)] to 9 � 105 (MPER). Groups of rabbits (n � 3 for all groups) are
color coded according to their immunogen: orange, MPER; maroon,
MPER(SSO3); blue, MPER(TSO3); pink, MPER(YSO3); purple, MPER(YNO2);
green, MPER(YPO3).
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is not present in the short peptides, a secondary structure induced
by the chemical modification, or a combination of effects. ELISA
were performed using a series of immobilized peptides of different
length and different chemical modifications (see Fig. S1 in the
supplemental material). The full-length peptide containing only
the C-terminal phosphate produced titers similar to those ob-
tained using MPER(YSO3), providing evidence that the response
is not sulfate specific. The titers toward the fully unmodified pep-
tide, however, are 1 to 2 orders of magnitude lower but still higher
than the anti-N-MPER responses. This result suggests that, in this
animal, the immune response was induced toward the C-terminal
phosphate and is epitope specific. It is also likely directed toward
an epitope that is either not present in the short peptide sequences
or toward a secondary structure induced by the modification.

Affinity purification and characterization of gp140 specific
antibodies. After characterizing the polyclonal antibody titers and
specificity of each rabbit serum sample toward MPER-based pep-
tides spanning the 2F5 epitope, 4E10 epitope, or both epitopes, we
determined if these sera also bound to recombinant gp140 using
an ELISA. Only two samples possessed positive gp140 binding
(Fig. 4A; see also Fig. S2 in the supplemental material); one rabbit
was immunized with the MPER and the other was immunized
with MPER(YNO2). The rabbit immunized with the MPER pos-
sessed the largest anti-immunogen titer (9 � 105) and the second
and third highest titers toward the C-MPER (1 � 104) and N-
MPER (1 � 105) peptides, respectively. In contrast, the sample
from the rabbit immunized with MPER(YNO2) did not bind to
the C-MPER (8 � 102) peptide and had a weak anti-N-MPER titer
(7 � 103) and a moderate anti-immunogen titer (4 � 104). Each
serum sample was then affinity-purified using the MPER peptide.
From 6 ml of rabbit serum, 3.3 mg of polyclonal affinity-purified
antibodies were obtained from the rabbit immunized with the MPER
and 0.8 mg from the rabbit immunized with MPER(YNO2).

The resulting affinity-purified antibodies were then evaluated
for binding using an ELISA toward gp140 or the MPER peptide.

Affinity-purified antisera induced with the MPER possessed a titer
toward gp140 comparable to that for the 4E10 antibody, while
MPER(YNO2) induced antisera possessing a lower titer (Fig. 4B).
The titers of both purified serum samples toward the MPER pep-
tide, however, were increased compared with those for 2F5 and
4E10 (Fig. 4C).

Neutralization with whole sera and affinity-purified anti-
bodies. A panel of neutralization assays were performed to deter-
mine the potencies of the various antisera using H9 cells, TZM-bl
cells, and PBMC with five clade B viruses. In the H9 cell neutral-
ization assay, using an H9-adapted MN virus isolate, we observed
modest viral inhibition in four samples corresponding to rabbits
immunized with the MPER (74% inhibition), MPER(YPO3)
(79%), MPER(YNO2) (59%), and MPER(TSO3) (52%) (Fig. 5).
In all other rabbit sera, viral inhibition did not exceed 38%. Addi-
tionally, the rabbit immunized with the MPER that possessed 74%
inhibition corresponded to the same animal that possessed high
anti-immunogen titers and a robust titer for gp140. The other
serum sample with positive gp140 binding from the rabbit immu-
nized with MPER(YNO2) had a modest 20% inhibition in this
assay. Purified serum samples at concentrations of 25 �g/ml, how-
ever, failed to neutralize (see Fig. S3 in the supplemental material).

Viral inhibition was also assessed using luciferase reporter-
based assays, in TZM-bl cells with SF162 and BZ167 pseudovi-
ruses, in human PBMC with SF162 and Bal infectious molecular
clones, and in human PBMC with SF2 primary isolates (see Fig. S4
to S6 in the supplemental material). All serum samples and affin-
ity-purified antibodies failed to inhibit viral infection in these as-
says. Neutralization observed in the H9 cell assay and the lack of
neutralization in all other assays is likely due to the increased neu-
tralization sensitivity of T cell-line adapted viruses (42).

FIG 3 Anti-N-MPER and anti-C-MPER titers based on the modification of
tyrosine. Reciprocal endpoint titers of rabbits immunized with tyrosine or
tyrosine unmodified peptides. Rabbits immunized with peptides containing a
modified tyrosine fail to respond to the C-terminal peptide (NWFDITNWLW
YIK), while five of nine rabbits immunized with unmodified tyrosine re-
sponded to the same sequence (anti-N-MPER titers, P � 0.86; anti-C-MPER
titers, P � 0.02).

FIG 4 Characterization and of rabbit sera and affinity-purified antibodies that
bind gp140. (A) Binding of epitope-specific purified-antibodies toward the
MPER peptide by ELISA. (B) Binding of epitope-specific purified antibodies
toward recombinant gp140 protein by ELISA.
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To further explore the potential for neutralization, infected NK
cells were incubated with rabbit serum samples and human PBMC
to determine the level of antibody dependent cell-mediated viral
inhibition (ADCVI). Once again, inhibition of viral infection us-
ing the antiserum from each of the rabbits was not observed (see
Fig. S7 in the supplemental material). These data, coupled with the
failure to neutralize the virus in the H9 cell, TZM-bl cell, and
PBMC assays, suggest that although we have achieved potent
binding antibodies directed toward the MPER peptide and gp140
using chemically modified epitopes, induction of MPER-specific
neutralizing antibodies through vaccination remains an elusive
goal.

In conclusion, the focus of our study was to learn if chemical
modifications to amino acids in the MPER epitope might induce
robust humoral immunity or generate broadly neutralizing anti-
bodies to HIV-1. We followed the hypothesis that neutralizing
antibodies targeting the MPER sequence are not generated in an-
imals, including humans, because the sequence is recognized as
self and B cells that recognize this sequence have been deleted (17).
We hypothesized that chemical modifications within the MPER
sequence that mimic posttranslational modifications might pres-
ent neoepitopes to the immune system, break tolerance, and lead
to protective immunity. Using a panel of chemically modified
peptides (Fig. 1), we achieved a robust immune response toward
the immunogens in all animals (Fig. 2; see also Fig. S1 in the
supplemental material), but failed to generate neutralizing anti-
bodies.

While we have succeeded in presenting peptides in a manner
that elicits a strong humoral immune response, more precise ap-
proaches that activate a smaller subset of epitope-specific B cells
with a potential to neutralize HIV may be more appropriate. The
epitopes in the liposomal bilayer are presented as short mono-
meric peptides with little steric hindrance; however, the epitopes
on the viral capsid are presented as trimer bundles with a notable
amount of steric protection from gp120 above the MPER and the
viral membrane below the epitopes. Substantial interest has fo-
cused on the development of trimer bundles to induce more nat-

ural epitope-specific responses (43, 44), but such studies, if done
in the context of a liposomal vaccine, have not been published.

Rational design of sterically hindered epitopes has not been
investigated but may also be achieved using chemical approaches,
which append nonimmunogenic polymers from the N terminus
of the peptides. Once anchored in the liposomal bilayer, the poly-
mer-conjugated epitopes will then more closely represent the nat-
ural state of the epitope, which is shielded from promiscuous an-
tibody interactions. A strategy of sterically hindered, chemically
modified epitopes might engage a smaller population of B cells
capable of inducing antibodies that neutralize HIV-1. The chem-
ically engineered modified immunogen strategy might be a com-
ponent of an iterative HIV vaccination approach (45).

Given the robust immune response observed using the chem-
ically modified liposomal immunogens described here, we con-
clude the following. First, full-length MPER lipopeptides with
chemical modifications presented in liposomal formulations in-
duce robust humoral immune responses toward the immunogens
(Fig. 2). Second, tyrosine modifications dampen the immune re-
sponse (Fig. 3). Third, high antibody titer responses toward
MPER peptides do not translate to robust binding with gp140, and
high titer binding to the purified gp140 does not translate to
HIV-1 neutralization (see Fig. S1, S2, and S3 in the supplemental
material) as has been shown in other published studies (46). Al-
though we have not yet succeeded in inducing neutralizing anti-
bodies against HIV-1, the chemically modified epitope tactic
should be investigated further as a potential component of an
HIV-1 vaccine.
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