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Abstract

The glycan shield on the human immunodeficiency virus 1 (HIV-1) envelope (Env) glycoprotein 

has drawn attention as a target for HIV-1 vaccine design given that an increasing number of potent 

and broadly neutralizing antibodies (bNAbs) recognize epitopes entirely or partially comprised of 

high mannose type N-linked glycans. In an attempt to generate immunogens that target the glycan 

shield of HIV-1, we previously engineered a triple mutant (TM) strain of Saccharomyces 

cerevisiae that results in exclusive presentation of high mannose type N-glycans, and identified 

five TM yeast glycoproteins that support strong binding of 2G12, a bNAb that targets a cluster of 

high mannose glycans on the gp120 subunit of Env. Here, we further analyzed the antigenicity and 

immunogenicity of these proteins in inducing anti-HIV responses. Our study demonstrated that the 

2G12-reactive TM yeast glycoproteins efficiently bound to recently identified bNAbs including 

PGT125–130 and PGT135 that recognize high mannose glycan-dependent epitopes. Immunization 

of rabbits with a single TM yeast glycoprotein (Gp38 or Pst1), when conjugated to a promiscuous 

T-cell epitope peptide and coadministered with a Toll-like receptor 2 agonist, induced glycan-

specific HIV-1 Env cross-reactive antibodies. The immune sera bound to both synthetic mannose 

oligosaccharides and gp120 proteins from a broad range of HIV-1 strains. The purified antibodies 

recognized and captured virions that contain both complex- and high mannose-type of N-glycans, 

and potently neutralized virions from different HIV-1 clades but only when the virions were 

enforced to retain high mannose N-glycans. This study provides insights into the elicitation of 

anti-carbohydrate, HIV-1 Env-cross reactive antibodies with a heterologous glycoprotein and may 
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have applications in the design and administration of immunogens that target the viral glycan 

shield for development of an effective HIV-1 vaccine.
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1. Introduction

An immunogen that can elicit antibodies capable of neutralizing highly diverse HIV-1 

strains has yet to be developed. Nevertheless, an increasing number of potent and broadly 

neutralizing antibodies (bNAbs) isolated from HIV-1 infected patients suggest that 

developing such an immunogen is feasible. In addition, multiple lines of evidence have 

demonstrated that the glycan shield on the HIV-1 envelope glycoprotein (Env) may serve as 

an attractive target for an effective immunogen design. The dense cluster of high mannose 

glycans on HIV-1 Env provides epitopes for the well characterized bNAbs 2G12 [1–3] and 

the recently identified PGT 121–123, 125–131 and 135 [4] that offer new clues for 

carbohydrate-based HIV-1 vaccine development [4–6]. In addition, passive administration 

of glycan-specific (2G12) or glycan-dependent (PGT121) bNAbs in nonhuman primates is 

sufficient to protect macaques from SHIV mucosal infection [7–9], suggesting that the 

glycan shield could be a useful immunogen.

A number of approaches have been made to recapitulate the 2G12 epitope in antigen design 

in a variety of contexts, including the multivalent display of chemically synthesized 

oligomannose-containing glycoconjugates [10–15]. Another approach is to develop naturally 

derived carbohydrate antigens as mimics of the 2G12 epitope, including manipulation of the 

N-glycan processing pathway in mammalian cells, genetic engineering of yeast strains, and 

identification of natural lipooligosaccharides in bacteria [16–19]. We have generated a triple 

mutant (TM) strain of Saccharomyces cerevisiae that expresses strictly the Man8GlcNAc2 

form of N-glycans, which is the major form of glycans in the epitope of 2G12 and the PGT 

bNAbs [1,3,4,20,21]. Immunization of rabbits with whole TM yeast induced antibodies that 

not only bound specifically to the synthetic glycans containing terminal α1,2-linked 

mannose residues, but also bound to the high mannose glycans on gp120 from a broad 

spectrum of HIV-1 and SIV strains [17]. These immune sera efficiently neutralized a 

genetically diverse panel of HIV-1, but only when the viruses were produced in the presence 

of the mannosidase inhibitor kifunensine to retain the high mannose type of N-glycans 

[22,23].

In our earlier studies, we identified five yeast glycoproteins that contain a large number and 

high density of potential N-linked glycosylation sites (PNGS), like gp120, and support 

efficient binding to 2G12 [17,24,25]. In this study, we examined their ability to bind glycan-

dependent PGT bNAbs and explored the immunization conditions under which glycan-

specific HIV-reactive antibodies can be elicited using the yeast glycoproteins in combination 

with different immunostimulants and/or adjuvants. We found that some of the PGT bNAbs 

efficiently bound to the 2G12-reactive yeast glycoproteins. Immunization of rabbits with the 
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PGT/2G12-reactive yeast glycoprotein, when conjugated to a promiscuous T-cell epitope 

peptide and formulated with a Toll-like receptor 2 (TLR2) agonist, induced antibodies that 

bound to synthetic mannose oligosaccharides as well as gp120 from diverse HIV-1 strains. 

Furthermore, purified mannose-specific antibodies were able to capture virions that contain 

both complex- and high mannose-type of N-glycans, and potently neutralize a panel of tier 1 

and tier 2 viruses possessing enriched high mannose glycans. Hence, our yeast glycoprotein 

immunogens represent a promising molecular scaffolding approach to elicit antibodies that 

cross-react with HIV Env-associated glycans.

2. Materials and methods

2.1. Cloning and protein expression and purification

Genes encoding the yeast glycoproteins Pst1, Gp38, Ecm33, YJL171c and Gas1 were cloned 

into a modified pYES2/CT yeast expression vector with their endogenous signal sequence 

and a C-terminal 8×His tag and Strep-II tag [24]. Each of the yeast proteins proved to be 

inducible with galactose and was secreted into the culture media. Gp38, Ecm33, YJL171c 

and Gas1were purified using Ni-NTA tag affinity chromatography, while Pst1 was purified 

using SP-Sepharose C50 ion exchange media due to its high isoelectric point (pH 9.25).

2.2. Immunization of rabbits

Fourteen groups of New Zealand white rabbits, with three rabbits per group, were 

immunized with TT conjugated or non-conjugated yeast proteins Pst1 or Gp38 with various 

formulations of adjuvants in two different immunization routes (Table S1). For intravenous 

(IV) immunization, rabbits were injected in the marginal ear vein twice per week for 12 

weeks with 100 µg of antigen, with bleeds taken at weeks 0, 3, 5, 7, 9, 11, and 13. For sub 

cutaneous (SC) immunizations, rabbits were injected at four sites of the back with a total of 

1ml (100 µg) of antigen, with or without 50 µg of Pam3CSK4 (Pam3) or Pam2CSK4 (Pam2) 

or 50% of Imject Alum (Life Technologies). These rabbits were injected once a week for 6 

weeks, and then once every other week until week 17 and bled at weeks 0, 3, 6, 10, 14 and 

18.

2.3. Virus stocks

Pseudotyped viruses were produced in HEK293T/17 cells by cotransfection of an HIV env 

deletion backbone plasmid, pSG3ΔEnv, with plasmids expressing the desired Env protein in 

the presence or absence of kifunensine (MD Millipore). The tissue culture dose for 50% 

infectivity (TCID50) was determined for each virus in TZM-bl cells. Viral titer was defined 

as TCID50/ml. For viral capture assay, viral supernatant was filtered and virions were then 

pelleted at 30,000 × g (Beckman Coulter F0650) for 3.5 h at 4 °C. Virions were resuspended 

in D-PBS and the p24 content of the virus was quantified using a p24 ELISA kit (ProSci Inc. 

Catalog no. PSI-1851).

2.4. Neutralization assay

The susceptibility of pseudovirions bearing different Env proteins to neutralization by rabbit 

antisera, 2G12 or PGT bNAbs was assayed using TZM-bl cells in 96-well plates as 

described previously [26].
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2.5. Viral capture assay

Capture antibodies including mannose-specific IgG (MS-IgG), 2G12 and a polyclonal anti-

influenza H1N1 antibody were diluted in 50mM carbonate buffer (pH 9.5) and coated at 50 

µl/well overnight at 4 °C. Wells were washed three times with PBS and blocked with 3% 

BSA in PBS for 1 h at 37 °C. 50 µl of DPBS containing the equivalent of 10 ng of p24 of 

pseudotyped virus was then added to each well and incubated for 2.5 h at 37 °C. Following 

incubation with the virus, the wells were washed six times with PBS to remove unbound 

virus. The captured virions were lysed by adding 200 µl of 1% Triton X-100 in PBS and 

incubation for 1 h at RT. The quantity of p24 released from captured virions in each well 

was measured using a p24 ELISA kit.

3. Results

3.1. Antigenicity of yeast glycoproteins against PGT broad neutralizing antibodies

Four out of five previously identified 2G12-reactive glycoproteins were expressed in TM 

yeast and purified to greater than 95% as determined by SDS-PAGE (Fig. 1A left panel). 

We assessed the potential of the purified yeast glycoproteins to bind to the newly identified 

glycan-dependent PGT bNAbs in Western blot and ELISA. PGT 125, 126, 128, 130 and 135 

recognized the yeast glycoproteins Pst1, Gp38, Ecm33 and YJL171 (Fig. 1A, right panel), 

consistent with their specificity for Man8GlcNAc2 and Man9GlcNAc2 forms of N-glycans 

[4,5,21]. In contrast, PGT 121–123 did not react with the TM yeast glycoproteins, consistent 

with their preference for binding to more complex glycans [27,28]. The yeast glycoproteins 

also showed reactivity to PGT bNAbs under native conditions as detected by ELISA (Fig. 

1B), with Gp38 being the strongest binder and YJL171 the weakest to PGT128, PGT126 

and 2G12.

3.2. Induction of gp120 cross-reactive antibodies by intravenous administration of a single 
yeast glycoprotein

To determine if glycan-specific immune responses could be elicited with a single yeast 

glycoprotein and to determine the effects of T-cell epitope conjugation on the elicitation of 

HIV-1 cross-reactive antibodies, we conjugated a promiscuous T-cell epitope from tetanus 

toxin (TT) [29,30] to the yeast glycoproteins (Fig. S1) and immunized four groups of rabbits 

via the IV route with Gp38 and Pst1 and their TT-conjugates (groups 1–4 in Table S1). We 

screened the immune sera for their binding to soluble gp120 proteins from two clade B 

strains by ELISA. Sera from two out of three rabbits in the Gp38-TT group showed 

increased antibody responses against both ADA and YU2 gp120 proteins, while the Gp38 

group did not display obvious responses until week 11 post-immunization from one out of 

three animals (Fig. 2A and B). In general, the Gp38-TT group exhibited relatively higher 

levels of gp120-specific IgG against gp120 proteins as compared to the Gp38 group starting 

from week 3 post-immunization (Fig. 2A and B), and the differences in the levels of gp120-

specific IgG between these two groups were significant (p < 0.05). These results suggest that 

conjugation of the TT peptide to Gp38 is essential for the elicitation of early glycan-specific 

HIV-1 cross-reactive immune responses in the context of IV administration. In contrast, 

immunization with either Pst1 or Pst1-TT failed to elicit significant levels of cross-reactive 
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antibodies to the tested gp120 proteins, even though antibodies to Pst1 itself were readily 

detected (data not shown).

3.3. Induction of gp120 cross-reactive antibodies with a single yeast glycoprotein via the 
subcutaneous route

We also tested subcutaneous (SC) administration of the immunogens to explore the impact 

of co-administration of the adjuvants Pam3CSK4 (Pam3), Pam2CSK4 (Pam2), and 

aluminum salt (Alum) on the elicitation of gp120 cross-reactive antibodies. In our previous 

studies, antibodies against terminal α1,3-linked mannoses were successfully elicited with 

SC administration of zymosan A [17], a yeast cell wall component that contains α-mannan 

and β-glucan. Zymosan A is a known ligand for TLR2 [31,32] and may function as an 

adjuvant to mediate acquired immunity to yeast mannan. Therefore, to enhance humoral 

immunity against the high mannose structures, we formulated our yeast glycoproteins with a 

strong TLR2 agonist Pam3, or Pam2 for TLR2/1 or TLR2/6 heterodimerization, respectively 

[33]. We also tested Alum for its effect on inducing glycan-specific antibodies, as it is 

licensed for human use in the United States [34,35]. The immunization schedule of ten 

groups (groups 5–14) with three rabbits per group is shown in Table S1.

Among SC immunization groups, Gp38 alone, Gp38-TT conjugate and Gp38 + Pam3 failed 

to induce HIV-1 gp120 cross-reactive antibody responses (Fig. 2C and data not shown), 

despite each eliciting antibodies against the Gp38 immunogen (data not shown). However, 

co-administration of the TLR2 agonist Pam3 with Gp38-TT induced antibody responses 

against gp120 after 3 weeks of immunization in two out of three rabbits, suggesting a 

possible synergistic effect on the elicitation of HIV cross-reactive antibodies (Fig. 2C). A 

very similar pattern was observed with the Pst1 immunization groups, such that Pst1-TT + 

Pam3 induced antibody responses against ADA gp120 (Fig. 2D). Additionally, co-

inoculation of Pst1-TT with Pam2 could also induce antibody responses against gp120 (Fig. 

2E). Finally, formulation of the Pst1-TT conjugate with Alum also elicited a relatively weak 

response against the gp120 protein after 14 weeks of immunization (Fig. 2E). Taken 

together, these results suggest that a conjugated T-cell epitope is necessary, but not 

sufficient, for the induction of glycan-specific HIV cross-reactive immune responses with a 

single PGT/2G12-reactive yeast glycoprotein via SC administration, and that a TLR2 

agonist may have synergistic effects with the T-cell epitope on the induction of such 

responses although variations between the immunized animals were observed for both 

immunogens.

3.4. The immune sera bind gp120s from a broad spectrum of HIV-1 strains

Four immune sera, including three obtained via SC immunization and one through IV 

immunization, were selected based on their reactivity to the two gp120 proteins tested for 

further analyses against a larger panel of HIV-1 and SIV gp120s. These immune sera 

recognized monomeric gp120s from twelve HIV-1 strains including representatives from 

subtypes A, B, and C and two SIV strains by ELISA (Fig. 3A). Notably, serum from rabbit 

1278 (IV administration of Gp38-TT) showed the strongest reactivity (OD > 2.0) to five out 

of 14 gp120s from HIV-1 and SIV. The serum from rabbit 1309 (SC administration with 

Gp38-TT + Pam3), exhibited relatively stronger cross-reaction to two gp120s (Bal and YU2 
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with OD > 1.5–2.0) compared to the rest of gp120s; while the two immune sera from rabbit 

1293 (SC administration with Pst1-TT + Pam3) or rabbit 1297 (SC administration with Pst1-

TT + Pam2) showed moderate binding to most gp120s (OD < 1.5).

Next, we examined the binding potency of the four immune sera to HIV-1 gp120s from 

strains ADA and Bal (Fig. 3B). As a positive control, we included immune serum from 

rabbit 1141 that was elicited with whole TM yeast and showed the strongest gp120 binding 

in that study [17]. Remarkably, the gp120-binding profiles of the single yeast protein-

elicited sera were similar to that induced with whole TM yeast via IV administration. These 

results demonstrate that the single PGT/2G12-reactive yeast glycoprotein, Gp38 or Pst1, 

when conjugated with a TT-peptide and coadministered with a TLR2 agonist, can induce 

antibodies that cross-react with diverse gp120 proteins with a similar potency and breadth as 

that induced by whole TM yeast.

3.5. Elicited antibodies recognize and capture HIV-1 virions

To determine if the immune sera could recognize virion-associated glycans, we performed a 

viral capture assay by using mannose-specific IgGs (MS-IgG) that were immunoaffinity-

purified from the immune sera using heterologous PGT/2G12-reactive yeast glycoproteins 

(for instance using Gp38 to purify Pst1 antisera and vice-versa) or 2G12 as the capture 

antibodies. Results in Fig. 4 show that MS-IgGs from the four antisera were able to capture 

the pseudoviruses from clades A, B and C. As expected, 2G12 captured virions more 

efficiently than any of the antibodies tested (Fig. 4). Approximately 50-fold higher 

concentration of MS-IgG compared to 2G12 was required for capturing an equivalent 

quantity of viral particles (Fig. 4), suggesting that MS-IgG may contain a moderate level of 

virion binding antibodies and/or has lower affinity than 2G12. Like 2G12, MS-IgG 

displayed a relatively higher capture capacity to virions from clade B (ADA, Bal and JRFL) 

as compared with those from clades A (Q23.17) and C (Du123.6) (Fig. 4). Collectively, 

these results indicate that the antibodies elicited with single PGT/2G12-reactive yeast 

glycoprotein are able to bind monomeric gp120 and virions from diverse HIV-1 strains.

3.6. Single yeast protein-elicited antibodies bind specifically to mannose glycans with 
Manα1,2-Manα1,2-Man trisaccharide structure

To dissect the binding specificities of single yeast protein-elicited antibodies to 

oligosaccharides, a glycan binding profile analysis was performed. Synthetic mannose-

containing glycans were divided into three groups, with group 1 glycans containing no 

terminal Manα1,2 structures, group 2 glycans containing terminal Manα1,2-Man 

disaccharides, and group 3 containing terminal Manα1,2-Manα1,2-Man trisaccharides (Fig. 

5A). Purified antibodies from the four pre-immune sera did not recognize any of the glycans 

(data not shown). By contrast, the antibodies from the four post-immune sera exhibited 

efficient binding to glycans 215 and 208 in group 3, but not to glycans 316 and 317 (Fig. 

5B). The presence of the terminal Manα1,2-Manα1,2-Man trisaccharide structure but not the 

additional bulky branches present in glycans 316 and 317 could possibly allow for tighter 

packing of glycans 215 and 208 on the array, and may thus account for the higher reactivity. 

In summary, the yeast glycoprotein-induced antibodies recognize terminal Manα1,2-

Manα1,2-Man trisaccharides, similar to 2G12 [1,3,20].
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3.7. Purified mannose-specific antibodies broadly and potently neutralize HIV-1 strains 
that express solely high-mannose N-glycans

MS-IgG from the four rabbits (1278, 1293, 1297, and 1309) were tested for their 

neutralizing activities against a panel of 6 pseudoviruses, including tier 1 and tier 2 viruses 

from HIV-1 clades A, B and C in a TZM-bl cell-based neutralization assay. We found that 

the four MS-IgGs were unable to neutralize native virions, while control antibodies 2G12 

and PGT128 exhibited strong neutralization activity (Fig. 6). However, when virions were 

produced in the presence of kifunensine, the MS-IgG showed consistently strong 

neutralization activity. This is consistent with our viral glycan profile study in which the 

kifunensine-treated virus harbored only Endo H-sensitive high mannose type N-glycans 

(Fig. S2, lane 4), while the non-treated virus displayed a relatively heterogeneous glycan 

profile (Fig. S2, lane 3). In addition, both 2G12 and PGT128 neutralized the kifunensine-

treated virus more potently as compared to the non-treated virus. The profound effect of 

kifunensine-treatment on neutralization enhancement of MS-IgG was observed with both 

tier 1 and tier 2 viruses regardless their subtypes, while the negative-control virus bearing 

vesicular stomatitis virus glycoprotein (VSV-G) was not neutralized by any of the MS-IgG 

(Fig. 6), although it was also produced in the presence of kifunensine. The prebleed sera for 

these rabbits did not show neutralization to the kifunensine-treated virus (IC50 > 50 µg/ml).

4. Discussion

The increasing number of potent and broadly neutralizing antibodies that recognize 

carbohydrate-dependent epitopes on HIV-1 Env [36–39] suggests that the viral glycan shield 

is an attractive target for HIV-1 vaccine immunogen design. However, elicitation of glycan-

dependent antibodies is highly challenging as carbohydrates are in general poorly 

immunogenic. Numerous published studies with HIV-1 Env-based immunogens including 

gp120 monomers or gp140 trimers have failed to induce glycan-directed antibodies in 

animals [40–44]. Moreover, molecular scaffolds usually result in antibodies that bind mainly 

to the scaffolds, but rarely recognize HIV-1 Env glycans [10–19]. Our TM yeast is 

fundamentally different from other immunogens that have been developed in attempts to 

target the glycan shied of HIV, as TM yeast not only supports efficient 2G12 binding, but 

elicits antibodies that bind to gp120 glycans. This is a significant advance, although the 

resulting sera did not neutralize HIV-1 unless if virus was produced under conditions where 

N-linked glycans remain strictly in the high-mannose form. The recent identification of 

additional bNAbs that target high mannose glycans on gp120 provided new tools that could 

be used to identify specific TM yeast glycoproteins that most efficiently support binding of 

the newer generation of carbohydrate-dependent bNAbs.

Our binding studies indicated that Gp38 and Pst1, among the yeast TM proteins tested, 

mimicked the epitopes recognized by 2G12 and a number of the PGT bNAbs most 

efficiently. We then sought to determine if either could elicit antibody responses to HIV-1 

that were superior to those obtained with intact TM yeast. However, since carbohydrates 

generally elicit weak antibody responses [45–48], we therefore included a conjugated T cell 

epitope as well as various adjuvants in our immunization study. In general, we found that 

coupling a T helper cell epitope peptide from tetanus toxin to TM yeast proteins resulted in 
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the elicitation of stronger HIV-1 cross-reactive antibody responses, though significant 

variations in the levels of the responses between animals were observed. Interestingly, all 

animals mounted strong humoral responses to the immunogens themselves—the variability 

was observed when assessing responses to high mannose glycans on the immunogens that 

could cross-react with HIV-1 gp120. The addition of adjuvants also had a positive effect on 

the elicitation of antibodies that could cross-react with glycans on gp120, though again 

significant variability between animals was observed, and in some cases the use of both a T 

helper cell epitope and a TLR2 agonist was beneficial, suggesting a possible synergistic 

effect under subcutaneous immunization conditions. While our initial results are promising 

many additional approaches can be contemplated to not only boost the humoral immune 

response, but also to achieve greater consistency between immunized animals.

While individual yeast proteins elicited antibodies that bind to high mannose structures on 

gp120, they failed to neutralize the virus unless the virions were forced to retain only high-

mannose type N-glycans by kifunensine treatment. This discrepancy between virion binding 

and neutralization could be due to several factors. First, the antibodies induced by the yeast 

glycoproteins may recognize high mannose structures that are different from those bound by 

bNAbs. Second, the induced antibodies captured virions about 2 orders of magnitude less 

efficiently than 2G12, and this could be the result of lower binding affinity. Third, it is 

possible that only a small subset of the induced antibodies in the polyclonal antibody pool is 

able to efficiently bind to the glycan epitopes on intact virions, which is supported by the 

fact that virions produced in the presence of kifunensine were universally sensitive to 

neutralization by the immune sera. A similar phenomenon has been seen in some patient-

derived sera, in which enriching for high-mannose glycans with kifunensine-treatment led to 

higher neutralization sensitivity of the virus [49]. It is possible that homogeneous 

presentation of Man9GlcNAc2 may increase the numbers of high mannose clusters and thus 

form diverse conformational epitopes that are targeted by the polyclonal antibodies with 

diverse specificities. In addition, the low intrinsic affinity could be amplified by the avidity 

effect when the virus presents only high-mannose type N-glycans. Thus, the lack of 

neutralization of non-treated virions may be attributed to both the specificity and avidity of 

the elicited polyclonal antibodies.

In summary, we have advanced our previous success with the TM yeast-based genetic 

scaffold by employing and evaluating the single yeast glycoproteins as an HIV-1 vaccine 

immunogen to target the viral glycan shield. First, we have identified specific yeast 

glycoproteins as efficient PGT bNAb binders that can be selected for more detailed studies, 

such as further manipulation and optimization of the glycan clusters on these proteins to best 

mimic PGT/2G12 bNAb epitopes. Second, we have extended our immunization strategies 

from IV delivery of whole TM yeast cells to SC administration of single yeast glycoproteins. 

Third, we have shown that the antibodies elicited with single yeast glycoproteins are able to 

capture virions but lack neutralization activity unless if virions harbor exclusively high 

mannose N-linked glycans. Collectively, this pilot study highlights the potential of these 

yeast glycoproteins as functional genetic scaffolds to recapitulate the PGT/2G12 bNAb 

epitopes, at least partially. It also confirms the feasibility to elicit HIV-1 Env cross-reactive 

antibodies with heterologous glycoproteins by targeting the HIV-1 glycan shield. Further 

improvement in immunization strategies, such as including additional adjuvants to elicit 
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high titer, sustainable and consistent HIV-1 cross-reactive antibodies, optimizing 

immunization schedules to promote affinity maturation, and employing prime-boost 

regimens to focus the immune responses on the glycan-specific or glycan-dependent 

neutralizing epitopes, will need to be explored to elicit neutralizing antibodies to native 

virions.
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Fig. 1. 
2G12-reactive yeast glycoproteins bind to PGT bNAbs. (A) The indicated yeast 

glycoproteins were separated on SDS-PAGE gels at 500 ng per lane and stained by silver 

(left) or blotted with PGT bNAbs and 2G12 (right) at 1 µg/ml (lanes 1, 3, 5, 7, 9 and 11–15) 

or 0.2 µg/ml (lanes 2, 4, 6, 8 and 10), respectively. (B) The indicated yeast glycoproteins at 

300 ng were coated on ELISA plates, and detected with PGT bNAbs and 2G12 in serial 

dilutions, followed by detection with anti-human IgG-HRP and color development with 

HRP substrate. The results are representative of two independent experiments in duplicate 

and the error bars indicate standard deviations.
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Fig. 2. 
Detection of HIV-1 Env cross-reactive antibodies elicited via intravenous (A–B) or 

subcutaneous immunization (C–E). (A–B) Rabbit sera at 1:500 dilutions from pre- and post-

immunization with Gp38 or Gp38-TT conjugate were tested against the gp120 proteins from 

strains ADA and YU2 coated on ELISA plate. (C–E) Rabbit sera at 1:500 dilutions from 

pre- and post-immunization with Gp38-TT or Pst1-TT conjugate were tested against ADA 

gp120 proteins coated on ELISA plate. Temporal gp120-specific IgG response was 

determined by ELISA and quantified against a standard curve generated using known 

amounts of purified normal rabbit IgG. Data were plotted as relative concentration of gp120-

specific IgG in each serum. Data represent the average of duplicates from one representative 

experiment. The solid lines indicate the mean for 3 rabbits in each group. Statistical 

significance was determined by a two-tailed t-test (* p < 0.05).
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Fig. 3. 
Breadth and potency of the immune sera for binding to HIV-1 gp120 proteins. (A) Antisera 

at 1:500 dilutions from selected rabbit 1278 (week 5), 1293 (week 18), 1297 (week 10) and 

1309 (week 6) post immunizations were tested for binding to a panel of Env gp120 proteins 

(300 ng per well) from clade B, C and A of HIV-1 and SIV by ELISA. (B) A serial of 2-fold 

dilutions of above antisera were tested against gp120 proteins from ADA and Bal in ELISA. 

An immune serum (rabbit 1141) was included for comparison. The results are representative 

of two independent experiments, and the error bars indicate standard deviations.
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Fig. 4. 
Purified antibodies capture virions. The capture antibodies (5 µg per well for MS-IgG and 

H1N1; 0.125 µg per well for 2G12) were immobilized on ELISA plate, and equivalent 

quantities of the pseudotyped viruses bearing the ADA, Bal, JRFL, Q23.17 and Du123.6 

envelope were added to the wells. The captured virus was lysed and quantified by p24 

ELISA. The results are average from two independent experiments, and the error bars 

indicate standard deviations.
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Fig. 5. 
Purified antibodies preferentially bind to Manα1,2-Manα1,2-Man trisaccharide structure. 

(A) Schematic representation of the synthetic mannose-containing carbohydrate structures 

present on the consortium for functional glycomics printed glycan array, version 5.1. (B) 

Mannose-specific IgG from each animal was tested at 10 µg/ml for binding to the various 

mannose-containing synthetic carbohydrates. Fluorescent antibodies were used to detect 

antibody binding, which is measured in relative light units.
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Fig. 6. 
Purified antibodies potently neutralize the kifunensine-treated viruses. Purified MS-IgG or 

T-IgG from protein A-purified prebleed was tested for neutralization of pseudoviruses 

produced in the presence or absence of 25 µg/ml kifunensine, with 2G12 and PGT128 as 

controls. Neutralizing activity is reported as 50% inhibition concentration (IC50, µg/ml). 

Boxes are color coded as follows: white, IC50 >50 µg/ml; green, 50 µg/ml > IC50 > 1 µg/ml; 

yellow, 1 µg/ml > IC50 > 0.1 µg/ml; orange, 0.1 µg/ml > IC50 > 0.01 µg/ml; and red, IC50 < 

0.01 µg/ml. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.)
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