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The carbohydrate moieties on HIV-1 envelope glycoprotein (Env) act as shields to mask conserved neu-
tralizing epitopes, while the hyperimmunogenic variable regions are immunodominant in inducing non-
neutralizing antibodies, representing the major challenge for using Env as a vaccine candidate to induce
broadly neutralizing antibodies (bNAbs). In this study, we designed a series of HIV-1 gp140 constructs
with the removal of N276/N463 glycans, deletion of the V1/V2 region and the V3 crown, alone or in com-
bination. We first demonstrated that all the constructs had a comparable level of expression and were

ﬁ%‘i‘/lords" mainly expressed as trimers. Following purification of gp140s from mammalian cells, we measured their
p140 binding to bNAbs and non-NAbs in vitro and capability in inducing bNAbs in vivo. Antibody binding assay
Glycan showed that removal of N276/N463 glycans together with the deletion of V1/V2 region enhanced the
Variable region binding of gp140s to CD4-binding site-targeting bNAbs VRCO1 and 3BNC117, and CD4-induced
Antigenicity epitopes-targeting non-NAbs A32, 17b and F425 A1g8, whereas further deletion of V3 crown in the

Immunogenicity gp140 mutants demonstrated slightly compromised binding capability to these Abs. Immunogenicity
study showed that the above mutations did not lead to the induction of a higher Env-specific I1gG
response via either DNA-DNA or DNA-protein prime-boost strategies in mice, while neutralization assay
did not show an apparent difference between wild type and mutated gp140s. Taken together, our results
indicate that removal of glycans at N276/N463 and deletion of the V1/V2 region can expose the CD4-
binding site and CD4-induced epitopes, but such exposure alone appears incapable of enhancing the
induction of bNAbs in mice, informing that additional modification or/and immunization strategies are
needed. In addition, the strategies which we established for producing gp140 proteins and for analyzing
the antigenicity and immunogenicity of gp140 provide useful means for further vaccine design and
assessment.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Vaccines are believed to be the ideal strategy to prevent infec-
tious diseases, but an effective vaccine against HIV-1 remains elu-
sive. As the key component in viral entry, HIV-1 envelope

Abbreviations: HIV, Human immunodeficiency virus; Env, envelope glycopro-
tein; CD4-BS, CD4-binding site; SEC, size exclusion chromatography; bNADb, broadly
neutralizing antibody; non-NAb, non-neutralizing antibody; CDR-H3, the third
complementarity determining region of antibody heavy chain; ADCC, antibody-
dependent cell-mediated cytotoxicity; ELISA, enzyme-linked immune-absorption
assay.
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glycoprotein (Env) represents the primary candidate for vaccine
design. However, attempts using Env-based immunogens to induce
broadly neutralizing antibodies (bNAbs) against main circulating
HIV-1 strains have not been successful in various models [1,2],
whereas such bNAbs have been continuously identified in HIV-1
infected individuals including elite controllers [3]. With the
advances in understanding Env structure and recognition epitopes
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of the identified bNADs, it is believed that Env-based immunogens,
once appropriately optimized, may be able to elicit bNAbs in vivo.

Env is first synthesized as a precursor gp160, and then cleaved
into noncovalently associated gp120 and gp41 on the viral mem-
brane as heterogenous trimers. Removal of the cleavage site by
mutation generates trimeric gp160 while introducing a stop codon
to the end of gp41 ectodomain can yield soluble gp140 [4]. The tri-
meric form of Env is believed to be a better vaccine candidate than
the corresponding gp120 monomer because non-neutralizing epi-
topes exposed in the monomer are shielded in the trimer. [5].
The surface unit gp120 can be divided into 5 conserved (C1-C5)
and 5 variable (V1-V5) regions. In general, conserved regions are
believed to be crucial for viral fitness and therefore remain rela-
tively constant across strains. Conserved regions are usually
shielded by glycosylation which prevents these sites from recogni-
tion by the host immune system. By contrast, variable regions are
more dispensable for viral entry and can vary significantly between
different strains without severe impact on viral fitness. Further-
more, variable regions are prone to be immunodominant and the
immune responses diverted to these regions are usually non-
neutralizing, representing one of the mechanisms that the virus
evades the immune system.

Given the importance of glycosylation and variable regions on
viral immune evasion, removal of glycans or/and variable regions
of HIV-1 Env may represent a feasible approach to induce broadly
neutralizing immune responses. We and others previously found
that removal of certain specific glycans near CD4-binding site
(CD4-BS) on Env not only rendered HIV-1 more sensitive to bNAbs,
but also enhanced bNAb induction in animals [6-9]. More impor-
tantly, a recent study reported that removal of two conserved gly-
cans at N276 and N463 could allow Env-binding to, and activation
of, B cells expressing the germline-reverted BCRs of two potent
bNAbs VRCO1 and NIH45-46 targeting CD4-binding site [10,11].
In addition, genetic removal of the V1/V2 loop was shown to asso-
ciate with enhanced neutralization of virus by antibodies targeting
CD4-binding site and CD4-induced epitopes (CD4i) that overlap
with the conserved coreceptor binding site in the bridging sheet
[12]. In an HIV-1 gp140 vaccine study, a predominant anti-V3
non-neutralizing IgG response was observed, indicating that V3
may play an important role in HIV-1 immune evasion [13].

In this study, we designed, expressed and purified gp140s bear-
ing N276/N463 glycan mutations, V1V2 and V3 deletion, alone or
in combination. We compared the antigenicity and immunogenic-
ity of the gp140s using both in vitro and in vivo assays.

2. Materials and methods
2.1. Cells

Cell lines 293 T and TZM-bl were obtained from the American
Type Culture Collection (ATCC) and NIH AIDS Reagent Program,
respectively. Cells were grown in Dulbecco modified Eagle medium
(DMEM) with 10% fetal bovine serum (FBS) and penicillin-
streptomycin (both at 100 U/ml) at 37 °C with 5% CO,. The FreeSty-
le™ 293-F cell line, purchased from Thermo Fisher Scientific, was
grown in FreeStyle™ 293 Expression Medium in a shaking incuba-
tor at 37 °C with 5% CO,.

2.2. Env constructs

Human codon-optimized CN54 (Clade CRF_07 BC) gp140 in
pcDNA3.1(+) was described previously [14,15] and designated as
gp1 in this study. C1 and D1 were obtained by replacing the V3
crown with poly G and a Clade D V3 in gp1, respectively. gp2, C2
and D2 were generated by introducing the N276D/N463D

mutations to gp1, C1 and D1, respectively. gp3, C3 and D3 were
generated by introducing the V65C/S115C mutations and deleting
the V1/V2 loops (124aa-196aa in HXB2) of gp2, C2 and D2, respec-
tively. gp4, C4 and D4 were generated by removing the V3 crown
(302aa-311aa in HXB2) of gp3, C3 and D3, respectively. A flow
chart of plasmid construction is shown in Fig. 1B.

2.3. Production and purification of trimeric HIV-1 gp140 proteins

Trimer HIV-1 CN54 gp140 proteins were expressed in 293F
cells, with ~360 million cells being transfected with 360 jig DNA,
and purified by lentil lectin affinity chromatography followed by
size exclusion chromatography (SEC), as described previously with
modifications [16,17]. Briefly, 293F cells at a density of 120,000-
160,000 viable cells/ml were transfected with gp140-expressing
plasmids (1 pg /one million of cells) using polyethyleneimine
(PEI) (4 ng/1pg plasmids). Five days after transfection, cell culture
supernatants were harvested and loaded onto a pre-equilibrated
lentil lectin column (GE Healthcare). After washing with 5 column
volumes of binding buffer (0.5 M NaCl, 20 mM Tris, 1 mM MnCl,,
1 mM CaCl,, pH 7.4), gp140 proteins were eluted with 10 column
volumes of elution buffer (0.5 M NaCl, 20 mM Tris, 0.4 M o-D-
methylglucoside). The eluted proteins were concentrated using
100-kD columns (Millipore) and trimeric gp140 proteins were fur-
ther purified using SEC with a Superose 6 prep grade HR 16/50 col-
umn (GE Healthcare). Protein concentration was determined by
BCA assay according to the manufacturer’s instructions (Thermo
Scientific).

2.4. SDS-PAGE, blue native-PAGE (BN-PAGE), Western blot and silver
staining

SDS-PAGE was performed as described previously [18]. Briefly,
cell culture supernatants or purified protein samples were pre-
pared in loading buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 25% glyc-
erol) and boiled for 10 min. Gel electrophoresis was performed for
0.5h at 60V and 1.5h at 120V using Tris/Glycine/SDS buffer
(25 mM Tris, 0.25 M Glycine, 0.1% SDS). BN-PAGE was performed
as described previously [18]. Culture supernatants or purified pro-
tein samples were prepared in 2 x Protein Native PAGE Loading
Buffer (TaKaRa), and loaded onto a 4 to 12% Bis-Tris NuPAGE gel
(Invitrogen). Typically, gel electrophoresis was performed for 2 h
at 200V using electrophoresis buffer (50 mM MOPS, 50 mM Tris,
pH 7.7). Western blot analysis was performed as described else-
where [18]. Following transfer, the polyvinylidene difluoride
(PVDF) membrane was blocked with 5% non-fat milk, and then
probed using anti-HIV Immune Globulin (NIH AIDS Reagent Pro-
gram), followed by HRP-conjugated rabbit anti-human IgG (Boster
biological technology). Silver staining was done with Sangon silver
dye kit according the manufacturer’s instructions (Sangon
Biotech).

2.5. Bio-layer interferometry analysis of mAb-gp140 binding

Monoclonal antibodies (mAbs) against different epitopes of
HIV-1 Env were obtained from the NIH AIDS Reagent Program,
including: VRCO1, 3BNC117 (against CD4 binding site); 17b, F425
Alg8, A32 (against CD4i epitope); 3869 (against V3 region). Bio-
layer interferometry analysis of mAb-Env binding was performed
on the Octet KQe instrument (ForteBio, Inc.), as described previ-
ously with modifications [10]. Briefly, mAbs (5 ug/ml in PBS) were
first immobilized onto anti-human IgG Fc capture (AHC) biosen-
sors (ForteBio) for 600 s, and then the baseline interference was
read for 600 s in kinetics buffer (KB: 1 x PBS, 0.05% BSA, 0.02%,
Tween 20, pH 7.4). Subsequently, the sensors were immersed into
trimeric gp140 diluted in KB for 600 s (association phase), followed
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Fig. 1. Construction of HIV-1 gp140 plasmids and production of gp140 trimeric proteins. (A) Based on HXB2 gp120, the constant regions C1, C2, C3, C4 and C5, and the
variable regions V1, V2, V3, V4 and V5 are shown. The changing sites are indicated. (B) The flow chart for construction of the HIV-1 gp140 plasmids. (C) SDS-PAGE analyses of
the trimers to ensure correct expression. (D) BN-PAGE analyses of the trimers expressed in 293 T cells. (E) Biochemical characterization of the gp140 trimers. The gp140
constructs were transfected into 293F cells for expression in FreeStyle™ 293 Expression Medium. Data of gp1 are shown as the example. After purified by lentil lectin affinity
chromatography, the eluted samples were concentrated and further purified by SEC on a Superose 6 prep grade HR 16/50 column. (F) Native-PAGE analyses of the trimers
eluted from SEC column. The three lanes represent elution samples at different time points under the same peak. (G) SDS-PAGE analyses of the trimers eluted from SEC
column. The three lanes represent elution samples at different time points under the same peak. (H) Silver stain analyses of the trimers eluted from SEC column. One

representative experiment out of three is shown.

by immersion in KB for the indicated times (dissociation phase). All
kinetic interactions were measured with new sensors at 30 °C and
1,000 rpm in 96-well plates. Curve fitting was done with a 1:1
binding model using the software ForteBio. Mean ko, and Ko,
and apparent Ky values were calculated from all binding curves
with an R? value > 0.95 [19].

2.6. Ethical statement and mouse immunization
All animal experiments were approved by the Institutional Eth-

ical Review Board of the Wuhan Institute of Virology, Chinese
Academy of Sciences, and handled in accordance with the guideli-

nes of the Hubei Laboratory Animal Science Association. Six-to-
eight weeks old, specific-pathogen-free (SPF) female BALB/c mice
were obtained from the Beijing Vital River Laboratory of Animal
Technology and hosted in an SPF environment with food and water
supplied. DNA-DNA and DNA-protein prime-boost strategies were
adopted in this study. For DNA immunizations, mice were injected
with 30 pg plasmids each intramuscularly with electroporation.
For protein immunizations, mice were injected with Freund’s com-
plete adjuvant formulated CN54 gp140 protein (7 pg/animal)
intraperitoneally. All immunizations were given 3 times in 2-
week intervals. Serum samples were collected 7 d after the final
immunization and used for ELISA and neutralization assay.
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2.7. Enzyme-linked immune-absorption assay (ELISA).

Microlon 96-well plates were coated overnight with trimeric
CN54 gp140 at 5 pg/ml in cold PBS. After washing and blocking
steps, serially diluted mouse sera were added at 50 pl/well and
incubated for 1 h at 37 °C. Unbound antibodies were washed away
with PBST (PBS/0.05% Tween-20). Horseradish peroxidase (HRP)
labeled goat-anti-mouse immunoglobulin G (IgG) was added at a
1:8000 dilution in PBST and incubated for 1h at 37 °C. After 5
washes with PBST, colorimetric reaction was performed using
TMB for 5min in the dark and stopped using 2M H,SO,.
Absorption was measured at 450 nm (test wavelength) and
570 nm (reference wavelength). End point titers were calculated
with a cut-off value defined as the mean of OD value from naive
murine sera plus 2 SD.

2.8. Virus production and titration

Pseudotyped virus was produced by co-transfecting 293 T cells
with pCN54 gp160 and the HIV-1 backbone plasmid, pSG3AEnv.
Forty-eight hours post transfection, virus-containing culture med-
ium was harvested and FBS concentration was adjusted to 20%.
After filtration through a 0.45 um micron filter, the virus stocks
were aliquoted and stored at —80 °C. Titration of the virus stocks
was done using the TZM-b1 system, and 50% tissue culture infec-
tion doses (TCIDso) was calculated.

2.9. TZM-bl neutralization assay

TZM-bl neutralization assay was performed as described previ-
ously [20,21]. Briefly, 1 day prior to infection, 5000 TZM-bl cells per
well were seeded in a 96-well plate in DMEM containing 10% FBS,
penicillin and streptomycin (both at 100 U/ml), and incubated at
37C with 5% CO, for 48 h. Fifty TCIDsq virus was first incubated
with serially diluted heat inactivated sera for 1 h at 37C, and then
the virus-serum mixture together with 40 mg/ml DEAE was added
into the pre-seeded TZM-b1 cells. After 48 h, the medium was
removed, and the cells were washed, lysed and luciferase activity
was measured using a Luciferase Assay kit, according the manufac-
turer’s instructions (Promega). All conditions were done in dupli-
cate. Background luciferase activity was subtracted with
luciferase activity from uninfected cells. The serum neutralization
activity was expressed as the percentage of virus inhibition, with
the neutralization activity of the pcDNA3.1(+) group being set to
0% [5].

2.10. Statistical analysis

All statistical analyses were performed with GraphPad Prism 7.
For comparisons between two groups, student’s t test was adopted,
while for comparisons among three and more groups, One-way
ANOVA plus SNK post hoc was used. A p value less than 0.05 was
considered statistically significant.

3. Results
3.1. Production of homogeneous gp140 trimers.

Based on the trimeric CRF_07 BC CN54 gp140-expressing plas-
mid (gpl) as previously reported [14,15,22-24] (Fig. 1A), we
designed and constructed a series of plasmids with N276D/
N463D glycan mutations, V1V2 region and V3 crown deletion,
alone or in combination, named gp2, gp3, gp4, C1, C2, C3, (4, D1,
D2, D3 and D4, respectively (Fig. 1A and 1B). The flow chart for
construction of the above plasmids is shown in Fig. 1B. The expres-

sion of the constructs was analyzed by transient expression in
293 T cells, followed by SDS-PAGE/Western blot and BN-PAGE/
Western blot of 20 ul culture supernatants each, respectively. As
shown in Fig. 1C, all constructed plasmids were expressed effi-
ciently in 293 T cells. Furthermore, BN-PAGE analysis showed that,
despite different modifications being made, all the gp140s were
mainly expressed as trimers (Fig. 1D).

The gp140 proteins were produced in 293F cells and then puri-
fied by lentil lectin affinity chromatography followed by size exclu-
sion chromatography (SEC) to obtain the trimeric forms. As shown
in Fig. 1E, gp140 trimers were well separated from aggregates,
dimers and monomers. BN-PAGE (Fig. 1F), SDS-PAGE (Fig. 1G),
and silver staining (Fig. 1TH) of the BN-PAGE gels showed that the
purified gp140 proteins were mostly trimers. Data of gpl are
shown in the figure as an example since similar results were
observed for all the purified gp140 mutants. The yields of all the
constructs were comparable (Table S1).

3.2. Antigenic analysis of gp140 trimers by bio-layer interferometry

We next investigated the binding of gp140s with a range of
bNAbs and non-NAbs using bio-layer interferometry. In this assay,
we divided the trimers into 3 groups. The responses of different
gp140s to different Abs are shown in Table 1. We found that
VRCO1 and 3BNC117 (Abs targeting the CD4 binding site) had the
strongest binding to gp3, C3 and D3 (mutants with V1/V2 dele-
tion). However, the binding of the same mAbs to gp4, C4 and D4
was relatively weak, but still stronger than that to gp1, C1 and
D1 (Fig. 2A and Table 1). Similarly, the binding of CD4-induced epi-
topes (CD4i) targeting mAbs (A32, 17b and F425 A1g8) to gp4, C4
and D4 was inferior to that to gp3, C3, and D3, but stronger than
that to gp1, C1 and D1 (Fig. 2B and Table 1). Not surprisingly,
mAb 3869 targets V3 crown had no apparent binding to mutants
with V3 crown deletion (gp4, C4 and D4) (Fig. 2C and Table 1).
These data herein indicate that V1/V2 deletion together with
N276/N463 glycan removal exposes CD4-binding site and CD4i
epitopes, while further deletion of V3 crown may impair the stabil-
ity of gp140 protein.

3.3. Immunogenicity of gp140 trimers in mice

To evaluate whether removal of glycans or/and variable regions
would enhance the induction of bNAbs, the immunogenicity of the
modified gp140s were tested on a BALB/c mouse model. Two
immunization strategies, DNA-DNA and DNA-protein prime-
boost strategies, were adopted in this study. For DNA-DNA
prime-boost, mice were injected with 3 injections of DNA in 2-
week intervals, whereas for DNA-protein prime-boost, mice were
primed with DNA and boosted with two additional injections of
proteins in 2-week intervals. Seven days after the final immuniza-
tion, sera were collected to determine gp140-specific antibody titer
(ELISA) and viral NAbs titer (neutralization assay). Our results
showed that DNA-DNA prime-boost only induced moderate
antigen-specific I1gG response (Fig. 3A), while DNA-protein prime-
boost significantly enhanced antibody production (Fig. 3B). How-
ever, compared to wild type gp140, all the mutants did not induce
higher antigen-specific IgG production in mice using both immu-
nization strategies.

We then tested the neutralization activities of sera from DNA-
protein immunized mice against homologous virus CN54. The neu-
tralization activities of all the tested groups were at a similar level,
indicating that such modifications could enhance the binding of
gp140 to bNADbs but could not efficiently induce the induction of
bNAbs in mice (Fig. 3C). Neutralization assay against heterologous
viruses BaL and NL4-3 was also tested and no apparent difference
was observed (data not shown).
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Table 1
Responses of different gp140s to different Abs.
gpl gp2 gp3 gp4 c1 2 c3 C4 D1 D2 D3 D4
VRCO1 0.2405 0.4729 0.9728 0.5061 0.5250 0.3400 0.9190 0.6746 0.2180 0.1509 0.9428 0.7261
3BNC117 0.2543 0.3972 0.8134 0.4252 0.6685 0.2397 0.8675 0.6957 0.5846 0.2528 0.9606 0.7618
A32 N N 0.6193 0.2372 0.1449 N 0.6739 0.3680 N 0.1418 0.7716 0.6733
F425 A1g8 0.4686 0.1128 1.1493 0.8699 0.8290 0.2307 1.1366 0.9251 N 0.1435 1.1905 1.0120
17b 0.2542 0.1081 0.9004 0.5159 N 0.2533 0.8195 0.6408 N N 0.5578 0.6310
3869 0.6573 1.1245 1.1977 N 1.1663 0.4540 1.4191 N 0.7155 0.2721 0.9271 N

Binding was measured by bio-layer interferometry. A bigger value indicates a stronger binding between the protein and the antibody. Value in each group was compared with
the value of gp1, and the biggest was highlighted in bold. The unit of the measurement is “nm”. N, no binding detected.
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Fig. 2. Antigenic comparison of gp140 trimers by bio-layer interferometry. The binding was assessed by capture with the following panels of antibodies, including CD4
binding site directed Abs (VRCO01), V3 directed Ab (3869), and CD4-induced epitope directed Abs (A32), respectively. Four concentrations from 6.25 nM to 50 nM were tested
in 2-fold serial dilutions, with the concentration of each trimer at 50 nM being chosen to compare the binding response with the corresponding mAb. One representative

experiment out of three is shown.

Taken together, the above results indicate that glycan removal
at N276/N463 together with V1/V2 deletion on gp140 enhanced
the exposure of CD4-binding and CD4i epitopes but such modifica-
tions alone seem unable to efficiently increase bNAb induction in
mice.

4. Discussion

Although bNAbs are believed to have the potential to provide
complete protection against HIV-1 infection, there are considerable
challenges in inducing such antibodies by vaccination. Given that
the conserved epitopes which bNAbs bind to are masked in native
Env [25], a number of studies have been focusing on HIV-1 Env
modification to induce bNAbs in vivo [4,12,26]. Previous studies
have showed that removal of two conserved glycosylation sites
N276 or N463, located in loop D and variable region 5, may facili-
tate the induction of CD4BS bNAbs [10]. In addition, it was
reported that viruses with genetic removal of the V1/V2 loop were
associated with enhanced neutralization by antibodies against CD4
binding site and CD4i epitopes [12,27]. Most Abs raised during the

early phase of HIV-1 infection are against neutralization-irrelevant
epitopes on gp41 and the V3 region of gp120 [28,29]. It remains
unknown whether, and to what degree, “off-target” epitopes for
non-NAbs would interfere with the more desirable bNAb
responses. Furthermore, whether a reduction in inducing “off-
target” Ab responses, or/and whether an increased exposure of
conserved epitopes, could have a beneficial effect on the develop-
ment of bNAbs, has yet to be determined.

In the current study, we introduced a series of modifications to
the CN54 gp140 and investigated the impact on gp140 antigenicity
and immunogenicity. The antigenicity study indicated that
removal of glycans at N276 and N463 only slightly enhanced the
exposure of CD4 binding and CD4i epitopes, while a significantly
greater exposure was detected when further deletion of the V1V2
loop was introduced. However, further deletion of the V3 crown
appeared to impair the exposure of gp140 to CD4 binding and
CD4i epitopes. As reported by others, the deletion of the V3 loop
induces conformational changes in the CD4 binding region of
gp120 due to the relationship between the V3 loop and the fourth
conserved (C4) region of the gp120 glycoprotein [30,31]. V3
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Fig. 3. Induction of antigen specific serum IgG in immunized mice. (A) Sera of mice, vaccinated with plasmids alone, obtained ten days after the final immunization, were
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against CN54 gp140 trimers. (C) Obtained sera were tested against the homologous CN54 pseudoviruses in TZM.bl neutralization assays. Sample neutralizing activity was
expressed as the percentage of virus inhibition, with the positive control (cells incubated with virus only) being set as 0%. Data shown are mean + SD (n = 5 mice/group) of
three independent experiments. A p value less than 0.05 was considered statistically significant **P < 0.01.

extends outward from the crown to a conserved and exposed gly-
can at N332, which is a target of highly potent bnAbs including
PGT121-122, PGT126 and PGT128. The binding of PGT126 to gp4,
C4 or D4 was decreased moderately compared with that to gp3,
C3 or D3 (Fig. S1), suggesting that V3 deletion may affect the con-
formation of the gp140 trimers. The results are consistent with
those in Fig. 2, showing that the effect of the V3 deletion lead to
the moderate decrease of binding to VRCO1 and A32. These find-
ings together reveal that, although certain modifications can
increase the exposure of CD4BS on gp140 targeted by bNAD, such
modified immunogens alone are unable to induce high level of
neutralizing Abs in mice. Additional modification or/and immu-
nization strategies may be warranted.

Previous studies have revealed that gp140 trimer with N276D
and N463D mutations confers binding to human germline-
reverted NIH45-46 and VRCO1, and may facilitate the induction
of CD4BS bNAbs. In addition, removal of the V1, V2, V3 regions
reduces the ability of several anti-CD4 nNAbs to block rENV activa-
tion of glVRCO1 class B cells, and it also was reported that viruses
with genetic removal of the V1/V2 and V3 loop were associated
with enhanced neutralization by antibodies against CD4 binding
site and CD4i epitopes [10,27,32]. There are a number of reasons
as to why a gp140 immunogen with enhanced neutralizing epi-
topes and reduced non-neutralizing epitopes was unable to
enhance NAb responses in mice. First, in vitro B-cell activation
studies suggest that, because of their higher affinity for Env, germ-
line non-NAb precursors have a selection advantage in the germi-
nal center over the germline bNAb precursors. In the context of
germinal center, the selection of higher-affinity B cell clones after
Env immunization can hinder the activation and affinity matura-
tion of low-affinity germline bNAbs [32-34]. It is probable that,

although more germline bNAb precursors could be activated by
the modified gp140 with enhanced neutralizing epitope exposure,
their affinities were still too weak to compete with the remaining
non-Nab precursors. Second, the germline precursors of bNAbs
require extensive somatic hypermutations to become high affinity
bNAbs, which is a long and complex process and is unlikely to be
achieved in animal models. In human, less than 5% to 10% of people
who are naturally infected with HIV-1 can develop bNAbs, but not
until 3 to 5 years after their infection. In our animal experiments,
the immune process lasted only approximately two months, likely
too short a time for the maturation of the germline precursors of
bNAbs. Third, a growing number of studies have pointed out that
mice may not be the appropriate model for HIV-1 vaccine study
because of their lack of enough B cells, which may result in weak
bNAD responses. Furthermore, the third complementarity deter-
mining region of antibody heavy chain (CDR-H3) forms the center
of the classical antigen-binding site, which plays a dominant role in
determining the specificity and affinity of an antibody. However,
while the CDR-H3 length has potent influence on the range of
antigen-biding structure, mouse CDR-H3s are significantly shorter
than human ones [35-39]. Therefore, the constructs made in this
study might still merit trying in other animals and possibly
humans to examine whether these mutations are advantageous.
In addition, our study reveals that removal of V1/V2 loop can
enhance the exposure of CD4i epitopes which have been shown
to be preferentially targeted by ADCC-mediated antibodies [40-
43]. Although it is beyond the scope of our current study, it would
be interesting to test whether HIV-1 gp140 with V1/V2 deletion
would induce higher ADCC responses in different animal models.
In summary, our data demonstrate that removal of glycan at
N276/N463 together with deletion of the V1/V2 region facilitated
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the exposure of the CD4-binding site and CD4-induced epitopes of
gp140. Although such exposure was incapable of enhancing NAb
induction in mice, the strategies which we established for produc-
ing gp140 proteins and for analyzing the antigenicity and immuno-
genicity of gp140 provide useful means for further vaccine design
and assessment.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

This work was supported by the National Mega-Projects against
Infectious Diseases (2018ZX10301406-002 and 2018ZX10301405-
003), the National Natural Science Foundation of China
(81772192), and the Hotung Trust. We thank Ding Gao at the Core
Facility and Technical Support, Wuhan Institute of Virology, for his
technical support with Bio-layer interferometry, and Xuefang An
and Fan Zhang for their assistance with mouse immunizations.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.vaccine.2019.09.073.

References

[1] Trovato M, D’Apice L, Prisco A, De Berardinis P. HIV Vaccination: a roadmap
among advancements and concerns. Int ] Mol Sci 2018;19(4):e1241.

[2] Medina-Ramirez M, Sanders RW, Sattentau QJ. Stabilized HIV-1 envelope
glycoprotein trimers for vaccine use. Curr Opin HIV AIDS 2017;12(3):241-9.

[3] Rouers A, Klingler J, Su B, Samri A, Laumond G, Even S, et al. HIV-specific B cell
frequency correlates with neutralization breadth in patients naturally
controlling HIV-infection. EBioMedicine 2017;21:158-69.

[4] Stamatatos L. HIV vaccine design: the neutralizing antibody conundrum. Curr
Opin Immunol 2012;24(3):316-23.

[5] Kovacs JM, Nkolola JP, Peng H, Cheung A, Perry ], Miller CA, et al. HIV-1
envelope trimer elicits more potent neutralizing antibody responses than
monomeric gp120. Proc Natl Acad Sci USA 2012;109(30):12111-6.

[6] Medina-Ramirez M, Garces F, Escolano A, Skog P, de Taeye SW, Del Moral-
Sanchez I, et al. Design and crystal structure of a native-like HIV-1 envelope
trimer that engages multiple broadly neutralizing antibody precursors in vivo.
J Exp Med 2017;214(9):2573-90.

[7] Jardine J, Julien JP, Menis S, Ota T, Kalyuzhniy O, McGuire A, et al. Rational HIV
immunogen design to target specific germline B cell receptors. Science
2013;340(6133):711-6.

[8] Jardine ]G, Kulp DW, Havenar-Daughton C, Sarkar A, Briney B, Sok D, et al. HIV-
1 broadly neutralizing antibody precursor B cells revealed by germline-
targeting immunogen. Science 2016;351(6280):1458-63.

[9] Medina-Ramirez M, Sanders RW, Klasse PJ. Targeting B-cell germlines and
focusing affinity maturation: the next hurdles in HIV-1-vaccine development?.
Expert Rev Vaccines 2014;13(4):449-52.

[10] McGuire AT, Hoot S, Dreyer AM, Lippy A, Stuart A, Cohen KW, et al. Engineering
HIV envelope protein to activate germline B cell receptors of broadly
neutralizing anti-CD4 binding site antibodies. ] Exp Med 2013;210(4):655-63.

[11] Borst AJ, Weidle CE, Gray MD, Frenz B, Snijder ], Joyce MG, et al. Germline
VRCO1 antibody recognition of a modified clade C HIV-1 envelope trimer and a
glycosylated HIV-1 gp120 core. Elife 2018;7:e37688.

[12] Laakso MM, Lee FH, Haggarty B, Agrawal C, Nolan KM, Biscone M, et al. V3 loop
truncations in HIV-1 envelope impart resistance to coreceptor inhibitors and
enhanced sensitivity to neutralizing antibodies. PLoS Pathog 2007;3(8):e117.

[13] Cosgrove CA, Lacey CJ, Cope AV, Bartolf A, Morris G, Yan C, et al. Comparative
immunogenicity of HIV-1 gp140 vaccine delivered by parenteral, and mucosal

routes in female volunteers; MUCOVAC2, a randomized two centre study. PLoS
ONE 2016;11(5):e0152038.

[14] Hu K, Luo S, Tong L, Huang X, Jin W, Huang W, et al. CCL19 and CCL28 augment
mucosal and systemic immune responses to HIV-1 gp140 by mobilizing
responsive immunocytes into secondary lymph nodes and mucosal tissue. ]
Immunol 2013;191(4):1935-47.

[15] Huang X, Jin W, Hu K, Luo S, Du T, Griffin GE, et al. Highly conserved HIV-1
gp120 glycans proximal to CD4-binding region affect viral infectivity and
neutralizing antibody induction. Virology 2012;423(1):97-106.

[16] Pugach P, Ozorowski G, Cupo A, Ringe R, Yasmeen A, de Val N, et al. A native-
like SOSIP.664 trimer based on an HIV-1 subtype B env gene. ] Virol 2015;89
(6):3380-95.

[17] Sharma SK, de Val N, Bale S, Guenaga ], Tran K, Feng Y, et al. Cleavage-
independent HIV-1 Env trimers engineered as soluble native spike mimetics
for vaccine design. Cell Rep 2015;11(4):539-50.

[18] Schulke N, Vesanen MS, Sanders RW, Zhu P, Lu M, Anselma D], et al. Oligomeric
and conformational properties of a proteolytically mature, disulfide-stabilized
human immunodeficiency Virus Type 1 gp140 envelope glycoprotein. ] Virol
2002;76(15):7760-76.

[19] Cheng C, Pancera M, Bossert A, Schmidt SD, Chen RE, Chen X, et al
Immunogenicity of a prefusion HIV-1 envelope trimer in complex with a
quaternary-structure-specific antibody. ] Virol 2015;90(6):2740-55.

[20] Gift SK, Leaman DP, Zhang L, Kim AS, Zwick MB. Functional stability of HIV-1
envelope trimer affects accessibility to broadly neutralizing antibodies at its
apex. J Virol 2017;91(24):e01216-17.

[21] Sanders RW, Derking R, Cupo A, Julien JP, Yasmeen A, de Val N, et al. A next-
generation cleaved, soluble HIV-1 Env trimer, BG505 SOSIP.664 gp140,
expresses multiple epitopes for broadly neutralizing but not non-
neutralizing antibodies. PLoS Pathog 2013;9(9):e1003618.

[22] Arias MA, Loxley A, Eatmon C, Van Roey G, Fairhurst D, Mitchnick M, et al.
Carnauba wax nanoparticles enhance strong systemic and mucosal cellular
and humoral immune responses to HIV-gp140 antigen. Vaccine 2011;29
(6):1258-69.

[23] Lewis DJ, Fraser CA, Mahmoud AN, Wiggins RC, Woodrow M, Cope A, et al.
Phase 1 randomised clinical trial of an HIV-1(CN54), clade C, trimeric
envelope vaccine candidate delivered vaginally. PLoS ONE 2011;6(9):
e25165.

[24] Liu L, Wan Y, Xu J, Huang X, Wu L, Liu Y, et al. Inmunogenicity comparison
between codon optimized HIV-1 CRF BC_07 gp140 and gp145 vaccines. AIDS
Res Hum Retroviruses 2007;23(11):1396-404.

[25] Mann JK, Ndung'u T. HIV-1 vaccine immunogen design strategies. Virol ]
2015;12:3.

[26] Havenar-Daughton C, Lee ]JH, Crotty S. Tfh cells and HIV bnAbs, an
immunodominance model of the HIV neutralizing antibody generation
problem. Immunol Rev 2017;275(1):49-61.

[27] Saunders CJ, McCaffrey RA, Zharkikh I, Kraft Z, Malenbaum SE, Burke B, et al.
The V1, V2, and V3 regions of the human immunodeficiency virus type 1
envelope differentially affect the viral phenotype in an isolate-dependent
manner. ] Virol 2005;79(14):9069-80.

[28] de Taeye SW, de la Pena AT, Vecchione A, Scutigliani E, Sliepen K, Burger JA,
et al. Stabilization of the gp120 V3 loop through hydrophobic interactions
reduces the immunodominant V3-directed non-neutralizing response to HIV-
1 envelope trimers. J Biol Chem 2018;293(5):1688-701.

[29] Burton DR, Mascola JR. Antibody responses to envelope glycoproteins in HIV-1
infection. Nat Immunol 2015;16(6):571-6.

[30] Kmieciak D, Wasik TJ, Teppler H, Pientka J, Hsu SH, Takahashi H, et al. The
effect of deletion of the V3 Loop of gp120 on cytotoxic T cell responses and HIV
gp120-mediated pathogenesis. ] Immunol 1998;9:5676-83.

[31] Wyatt R, Sullivan N, Thali M, Repke H, Ho D, Robinson J, et al. Functional and
immunologic characterization of human immunodeficiency virus Type 1
envelope glycoproteins containing deletions of the major variable regions. ]
Virol 1993;9:4557-65.

[32] McGuire AT, Dreyer AM, Carbonetti S, Lippy A, Glenn ], Scheid JF, et al. Antigen
modification regulates competition of broad and narrow neutralizing HIV
antibodies. Science 2014;346(6215):1380-3.

[33] Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol
2012;30:429-57.

[34] Zhang Y, Meyer-Hermann M, George LA, Figge MT, Khan M, Goodall M, et al.
Germinal center B cells govern their own fate via antibody feedback. ] Exp Med
2013;210(3):457-64.

[35] Zemlin M, Klinger M, Link ], Zemlin C, Bauer K, Engler JA, et al. Expressed
murine and human CDR-H3 intervals of equal length exhibit distinct
repertoires that differ in their amino acid composition and predicted range
of structures. ] Mol Biol 2003;334(4):733-49.

[36] Mascola JR, Haynes BF. HIV-1 neutralizing antibodies: understanding nature’s
pathways. Immunol Rev 2013;254(1):225-44.

[37] Collis AVJ, Brouwer AP, Martin ACR. Analysis of the antigen combining
site: correlations between length and sequence composition of the
hypervariable loops and the nature of the antigen. ] Mol Biol 2003;325
(2):337-54.

[38] Ivanov II, Schelonka RL, Zhuang Y, Gartland GL, Zemlin M, Schroeder HW.
Development of the expressed Ig CDR-H3 repertoire is marked by focusing of
constraints in length, amino acid use, and charge that are first established in
early B cell progenitors. ] Immunol 2005;174(12):7773-80.


https://doi.org/10.1016/j.vaccine.2019.09.073
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0005
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0005
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0010
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0010
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0015
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0015
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0015
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0020
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0020
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0025
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0025
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0025
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0030
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0030
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0030
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0030
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0035
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0035
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0035
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0040
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0040
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0040
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0045
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0045
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0045
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0050
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0050
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0050
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0055
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0055
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0055
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0060
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0060
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0060
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0065
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0065
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0065
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0065
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0070
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0070
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0070
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0070
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0075
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0075
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0075
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0080
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0080
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0080
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0085
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0085
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0085
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0090
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0090
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0090
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0090
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0095
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0095
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0095
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0100
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0100
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0100
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0105
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0105
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0105
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0105
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0110
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0110
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0110
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0110
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0115
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0115
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0115
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0115
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0120
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0120
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0120
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0125
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0125
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0130
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0130
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0130
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0135
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0135
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0135
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0135
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0140
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0140
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0140
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0140
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0145
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0145
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0150
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0150
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0150
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0155
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0155
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0155
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0155
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0160
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0160
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0160
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0165
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0165
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0170
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0170
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0170
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0175
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0175
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0175
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0175
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0180
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0180
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0185
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0185
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0185
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0185
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0190
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0190
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0190
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0190

7508 M. Fu et al./Vaccine 37 (2019) 7501-7508

[39] Wu TT, Johnson G, Kabat EA. Length Distribution of CDRHS in Antibodies.
Proteins 1993;16(1):1-7.

[40] Lee WS, Kristensen AB, Rasmussen TA, Tolstrup M, Ostergaard L, Sogaard OS,
et al. Anti-HIV-1 ADCC antibodies following latency reversal and treatment
interruption. J Virol 2017;91(15):e00603-17.

[41] Davis-Gardner ME, Gardner MR, Alfant B, Farzan M. eCD4-Ig promotes ADCC
activity of sera from HIV-1-infected patients. PLoS Pathog 2017;13(12):
e1006786.

[42] Yang Z, Liu X, Sun Z, Li ], Tan W, Yu W, et al. Identification of a HIV Gp41-
specific human monoclonal antibody with potent antibody-dependent cellular
cytotoxicity. Front Immunol 2018;9:2613.

[43] Visciano ML, Gohain N, Sherburn R, Orlandi C, Flinko R, Dashti A, et al.
Induction of Fc-mediated effector functions against a stabilized inner domain
of HIV-1 gp120 designed to selectively harbor the A32 epitope region. Front
Immunol 2019;10:677.


http://refhub.elsevier.com/S0264-410X(19)31301-5/h0195
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0195
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0200
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0200
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0200
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0205
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0205
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0205
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0210
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0210
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0210
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0215
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0215
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0215
http://refhub.elsevier.com/S0264-410X(19)31301-5/h0215

	Antigenicity and immunogenicity of HIV-1 gp140 with different combinations of glycan mutation and V1/V2 region or V3 crown deletion
	1 Introduction
	2 Materials and methods
	2.1 Cells
	2.2 Env constructs
	2.3 Production and purification of trimeric HIV-1 gp140 proteins
	2.4 SDS-PAGE, blue native-PAGE (BN-PAGE), Western blot and silver staining
	2.5 Bio-layer interferometry analysis of mAb-gp140 binding
	2.6 Ethical statement and mouse immunization
	2.7 Enzyme-linked immune-absorption assay (ELISA).
	2.8 Virus production and titration
	2.9 TZM-bl neutralization assay
	2.10 Statistical analysis

	3 Results
	3.1 Production of homogeneous gp140 trimers.
	3.2 Antigenic analysis of gp140 trimers by bio-layer interferometry
	3.3 Immunogenicity of gp140 trimers in mice

	4 Discussion
	Declaration of Competing Interest
	Acknowledgements
	Declaration of Competing Interest
	Appendix A Supplementary material
	References


