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Self-assembling peptide nanofiber HIV vaccine elicits 
robust vaccine-induced antibody functions 
and modulates Fc glycosylation
Jui-Lin Chen1,2†, Chelsea N. Fries3‡, Stella J. Berendam1, Nicole S. Rodgers4, Emily F. Roe3, 
Yaoying Wu3, Shuk Hang Li5, Rishabh Jain3, Brian Watts1, Joshua Eudailey6, Richard Barfield7,8, 
Cliburn Chan7,8, M. Anthony Moody1,9, Kevin O. Saunders1,4, Justin Pollara1,4, Sallie R. Permar6, 
Joel H. Collier3*, Genevieve G. Fouda1,9*

To develop vaccines for certain key global pathogens such as HIV, it is crucial to elicit both neutralizing and 
non-neutralizing Fc-mediated effector antibody functions. Clinical evidence indicates that non-neutralizing 
antibody functions including antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular 
phagocytosis (ADCP) contribute to protection against several pathogens. In this study, we demonstrated that 
conjugation of HIV Envelope (Env) antigen gp120 to a self-assembling nanofiber material named Q11 induced 
antibodies with higher breadth and functionality when compared to soluble gp120. Immunization with Q11- 
conjugated gp120 vaccine (gp120-Q11) demonstrated higher tier 1 neutralization, ADCP, and ADCC as compared 
to soluble gp120. Moreover, Q11 conjugation altered the Fc N-glycosylation profile of antigen-specific antibodies, 
leading to a phenotype associated with increased ADCC in animals immunized with gp120-Q11. Thus, this nano-
material vaccine strategy can enhance non-neutralizing antibody functions possibly through modulation of 
immunoglobulin G Fc N-glycosylation.

INTRODUCTION
Accumulating evidence suggests that key global pathogens, such as 
HIV, for which vaccine development has been challenging, may 
require vaccine strategies that can induce both neutralizing and 
non-neutralizing antibody functions (1–6). Since the discovery of 
antibodies with extensive neutralization breadth [known as broadly 
neutralizing antibodies (bnAbs)] against HIV strains elicited by 
natural infection, the induction of this type of antibodies has been 
the ultimate goal of HIV vaccinologists (7). However, efforts to 
develop bnAb-inducing vaccines against HIV have been unfruitful 
thus far. Notably, the RV144 vaccine trial achieved a moderate 
31.2% efficacy, without elicitation of neutralizing responses against 
circulating strains. This observation suggests that the moderate 
protection achieved by the RV144 vaccine was mediated by non- 
neutralizing antibody responses (8, 9). A number of studies have 
shown that non-neutralizing antibody functions such as antibody- 
dependent cellular phagocytosis (ADCP) and antibody-dependent 
cellular cytotoxicity (ADCC) are crucial for controlling HIV (1), 

influenza (2), herpes simplex virus (3), Ebola virus (4), and cyto-
megalovirus (CMV) (5, 6). A follow-up study to the RV144 trial 
(HVTN 702) using a similar vaccine strategy in Africa was recently 
discontinued because of lack of efficacy (10), and although more 
investigation is needed to understand the differences between 
HVTN 702 and RV144, the discrepancy is suggestive that an opti-
mal HIV vaccine may require elicitation of both neutralizing and 
non-neutralizing antibody responses.

Although non-neutralizing antibody functions are regulated by mul-
tiple factors, posttranslational glycosylation of Asn297 (N-glycosylation) 
in the antibody heavy chain constant domain 2 (CH2) domain 
is a crucial modulator of Fc-mediated effector functions (11, 12). 
N-glycosylation can be diversified by fucosylation, single or double 
galactosylation, addition of bisecting N-acetylglucosamine, or sialy-
ation of galactose via two different linkages (fig. S1) (13, 14). This 
structural heterogeneity of N-glycosylation results in the selective 
engagement of different classes of Fc receptors associated with Fc- 
mediated functions (13, 15). While it has been reported recently that 
certain types of adjuvants can influence antibody sialylation (16), cur-
rent strategies for modulating antibody glycosylation through vacci-
nation are still limited.

Nanomaterials represent a novel class of vaccine platforms that 
present potential advantages for HIV vaccine design (17). Notably, 
nanomaterials such as liposomes, virus-like particles, and ferritin 
nanoparticles, among others, have shown the ability to increase the 
neutralization potency of HIV vaccine–elicited antibodies in animal 
models (18–20). Although, to date, nanomaterial-based HIV vaccines 
have not successfully induced bnAbs, it appears that nanomaterials 
can improve the quality of antibody responses (17). In previous 
work, we have demonstrated that nanofibers formed from the  sheet 
self-assembling peptide Q11 are a useful vaccine platform for 
tailoring adaptive immune responses (21–25). Q11 nanofibers have 
self-adjuvanting properties (26, 27) and also allow for controlled 
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valency of conjugated peptides or proteins over several orders of 
magnitude (24, 28, 29). Antigen valency has been shown to influ-
ence trafficking of immunogens to B cell follicles in vivo and for 
activating rare, low-affinity B cell lineages (17, 30–32), so an ability 
to control valency in supramolecular peptide nanofibers is advanta-
geous within HIV vaccine design.

In a recent study, we demonstrated that conjugating the HIV 
gp120 antigen to Q11 nanofibers induced antibody responses with 
stronger binding to heterologous HIV Envelope (Env) antigens than 
soluble gp120 in immunized mice and that enhancement of the 
antibody response was driven by the multivalent presentation of 
gp120 (33). Here, we immunized rabbits with Q11-conjugated gp120 
(gp120-Q11) to evaluate the functional profile of vaccine-elicited 
antibodies. Rabbits were chosen as the primary animal model in 
this study because rabbits are phylogenetically closer to humans as 
compared to mice (34). In addition, higher volumes of blood can 
be collected, allowing assessment of antibody functions. Moreover, 
rabbit antibodies can bind human Fc receptors, which allows mea-
surement of Fc-dependent functions such as ADCC and ADCP 
with human effector cells (34). We demonstrated that conjugation 
of gp120 to Q11 increased neutralization to autologous tier 1 virus 
and ADCP and ADCC responses. Moreover, we found a correlation 
between enhanced ADCC responses and the Fc glycosylation profiles 

induced by gp120-Q11 vaccine, which suggests that supramolecular 
nanofiber presentation of antigens can modulate the phenotype 
of vaccine-elicited antibody responses via modification of the Fc 
glycosylation profile.

RESULTS
Sortase-driven Q11 conjugation preserved bnAb epitopes
We previously demonstrated that a peptide termed  tail can slowly 
transition from an  helix to a  sheet conformation and coassemble 
with Q11 nanofibers even when conjugated to a folded protein 
(28, 35). With such property,  tail serves as a versatile tool for 
incorporating folded protein antigens in nanofibers formed by self- 
assembling  sheet peptides. In this study, we adapted this conjuga-
tion system for displaying gp120 from a subtype C strain CH505 on 
Q11 nanofibers. Briefly, gp120 was first ligated to a poly-glycine– 
tail peptide (G15– tail) via a sortase-mediated reaction (36), followed 
by coassembly with Q11 peptides to form gp120-Q11 nanofibers 
(Fig. 1A). The morphology of the resultant gp120-Q11 vaccine was 
examined with transmission electron microscopy (TEM) (Fig. 1B), and 
the gp120 content in gp120-Q11 was quantified by SDS–polyacrylamide 
gel electrophoresis (fig. S2, A and B). Both circular dichroism (fig. 
S3A) and thioflavin T fluorescence assay (fig. S3B) confirmed the 

Fig. 1. Sortase-mediated conjugation of gp120 to Q11 nanofibers preserved bnAb epitopes. Nanofiber vaccines were constructed using sortase A–mediated 
conjugation. (A) Schematic of gp120-Q11 conjugation (created with PyMOL and Biorender.com). (B) On TEM grids, gp120-Q11 nanofibers stained with uranyl acetate 
formed laterally aggregated assemblies of nanofibers. (C and D) Comparable binding of gp120 and gp120-Q11 to bnAbs targeting distinct bnAbs epitopes. (C) Binding 
curves. (D) Table of EC50 values using sigmoidal curve fitting. OD450, optical density at 450 nm.

http://Biorender.com
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presence of  sheet secondary structures in the gp120-Q11 vaccine 
after mixing with STR8S-C adjuvant. Combined with TEM imaging, 
this result indicates that the structure of Q11 nanofiber was not com-
promised by the process of protein conjugation or by STR8S-C. To as-
sess the antigenicity of gp120 after conjugation to Q11 nanofibers, we 
used enzyme-linked immunosorbent assay (ELISA) to test its binding 
to several different HIV bnAbs. We observed that gp120-Q11 bound 
multiple different bnAbs with similar 50% effective concentration 
(EC50) values as compared to unconjugated gp120 (Fig. 1C). Nota-
bly, the binding curves of V2 glycan–dependent (PG9 and PG16) 
and V3 glycan–dependent (PGT126 and DH542) bnAbs to gp120-Q11 
and unmodified gp120 were nearly superimposable (Fig. 1, C and D), 
indicating that the conformational protein and glycan structures were 
preserved using the sortase- mediated conjugation chemistry. Overall, 

these results indicate that sortase-mediated conjugation of gp120 to 
Q11 nanofibers preserves binding to relevant Env bnAb epitopes.

gp120-Q11 vaccine induced robust antibody binding 
to heterologous Env antigens and to HIV-infected cells
The magnitude and breadth of HIV Env–specific binding antibodies 
were assessed in rabbits immunized either with gp120-Q11 or with 
gp120 (Fig. 2A). Because of their ability to induce robust antibody 
responses, Toll-like receptor (TLR) agonist adjuvants are now com-
monly used in HIV vaccine research (37, 38). We therefore adjuvanted 
both gp120 and gp120-Q11 vaccine groups with STR8S-C, a squalene- 
based emulsion adjuvant containing the TLR agonists R848 and CpG 
(CpG oligodeoxynucleotide) (39). We previously reported that 
STR8S-C can induce strong antibody binding and ADCC responses 

Fig. 2. Nanofiber-conjugated gp120 elicited the early development of antibodies capable of binding to cross-clade heterologous HIV antigens and to virus- 
infected cells. (A) Vaccination schedule: Rabbits were immunized subcutaneously with three doses of vaccine consisting of 15 g of either gp120 (n = 8) or gp120-Q11 
(n = 8). Both groups were adjuvanted with STR8S-C (image created with Biorender.com). (B) Magnitude of binding antibody responses to the vaccine antigen (CH505 Con 
gp120) was similar between gp120-Q11 and gp120 vaccine groups. Antibody response is presented as area under the curve (AUC) with the immunization time points 
indicated as vertical dotted lines. Group means are indicated by bold lines, and individual animals are represented as thin lines. P values were computed using a linear 
mixed effect model with week 0 excluded in the analysis. (C) Binding to heterologous HIV Envs at weeks 2, 8, and 14 was measured by binding antibody multiplexed assay 
(BAMA). P values were computed using generalized estimating equations (GEE). MFI, median fluorescence intensity. (D) Serum antibody binding to CEM.NKRCCR5 cells 
infected with the CH505T/F infectious molecular clone virus is presented as MFI (left) and the percentage of cells bound by antibodies (right). The mean ± SD is presented. 
P values were computed using a nonparametric repeated measures test [week 0 was excluded in the test, *FDR (false discovery rate) P < 0.1].
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in nonhuman primates (39). Rabbits immunized with gp120 and 
gp120-Q11 developed similar magnitudes of binding antibodies 
against the autologous Env, CH505 Con gp120, following each immu-
nization (Fig. 2B). In rabbits immunized with gp120-Q11, the anti-
body response to Q11 scaffold was also measured. After three doses of 
gp120-Q11, the level of immunoglobulin G (IgG) against Q11 was 
elevated slightly compared to before vaccination (P = 0.016; fig. S4). 
However, the IgG level against gp120 at the same time point was 
29-fold higher than anti-Q11 IgG (P = 0.0078). This result is consistent 
with our previous observations in mice immunized with Q11- 
conjugated gp120 (33) and ovalbumin peptide (27), suggesting that 
Q11 is minimally immunogenic in both species.

Although antibody magnitude to gp120 was similar between the 
two groups, gp120-Q11 broadened the ability of the vaccine-induced 
antibodies to bind to heterologous Envs early in the immunization 
regimen compared to soluble gp120. After a single dose of gp120-Q11, 
a robust binding response to heterologous HIV Envs was observed, 
whereas a comparable response was only detected in the gp120 
group after two vaccine doses (Fig. 2C). This result suggests that the 
nanofiber vaccine may have activated a broader set of naïve B cells 
than soluble gp120. To further probe the vaccine-induced antibody 
binding response, we measured the antibody binding to cells infected 
with HIV CH505 transmitted/founder (T/F) infectious molecular 
clone virus, an in  vitro model that resembles natural infection. 
Higher levels of binding were observed in the gp120-Q11 vaccine 
group throughout the immunization regimen (Fig. 2D and fig. S5). 
This observation suggests an enhanced binding capacity induced by 
gp120-Q11 vaccination as compared to soluble gp120. Consistent 
with previous findings in mice (33), these results reinforce the 
importance of valency in enhancing antibody binding responses to 
HIV glycoprotein antigens.

Nanofiber conjugation enhanced antibody functions, 
including ADCC and ADCP
To explore the functional profile of vaccine-elicited antibodies, we 
measured neutralization, ADCP, and ADCC. After three doses of 
gp120 vaccines, animals immunized with gp120 and gp120-Q11 
developed low levels of neutralization against the autologous tier 1 
virus CH505 w4.3 (40), and these levels were slightly higher in the 
gp120-Q11 group (Fig. 3A). Neutralization was completely abro-
gated after IgG depletion (Fig. 3A), suggesting that the low levels of 
neutralization were mediated by IgG.

Studies have shown that Fc-mediated functions (e.g., ADCP and 
ADCC) contribute to postinfection control of HIV and other viruses 
(1–4), so we assessed the ability of the vaccines to induce ADCP and 
ADCC. To measure ADCP, we used human monocyte-origin cell 
line THP-1 as the effector cells and fluorescent microspheres coupled 
either to the autologous CH505T/F gp120 or to heterologous 1086.C 
gp120 as targets (41, 42). The level of ADCP against the autologous 
gp120 was comparable between the two vaccine groups, whereas a 
higher level of ADCP activity against 1086.C gp120 was observed in 
the gp120-Q11 group following immunization (Fig. 3B). This re-
sult is consistent with the increased binding breath observed in the 
gp120-Q11 group (Fig. 2C). ADCC was measured against CEM.
NKRCCR5 cells infected with HIV CH505T/F and against cells coated 
with CH505T/F gp120 (43). Notably, gp120-Q11 elicited higher anti-
body titers and higher magnitude of ADCC (Fig. 3C), suggesting 
that the quantity and quality of ADCC-inducing antibodies were pro-
moted by gp120-Q11 immunization. Improved responses were not 

limited to gp120-coated cells but were also observed against HIV- 
infected cells (Fig. 3C). As both ADCP and ADCC functions depend 
on Fc-FcR interactions, the observation of stronger ADCP and ADCC 
responses following gp120-Q11 vaccination suggests that there 
may be differences in the Fc characteristics of antibodies induced 
by gp120-Q11 and soluble gp120.

gp120-Q11 vaccine induced a distinct humoral response 
profile as compared to soluble gp120
To compare different immunological features across the vaccine 
groups, we normalized data to z scores and visualized them with 
a heatmap. We unbiasedly analyzed the data of autologous and 
heterologous Env binding, infected-cell binding, and all the different 
functions formerly presented here to comprehensively profile the 
magnitude, breadth, and the functionality of antibodies induced by 
gp120 and gp120-Q11. The heatmap reiterates the observation of 
enhanced vaccine-elicited antibody binding response and effector 
functions in the animals immunized with gp120-Q11 vaccine (Fig. 3D). 
In addition, we applied principal component analysis (PCA) to 
analyze the dataset presented in Fig. 3D, as PCA is an unbiased tool to 
identify the similarity (clustering) within the data, and it can also point 
out the factors that differentiate clusters (44). gp120-immunized 
animals form a single cluster and differentiate from most of the 
animals in the gp120-Q11 group on Dim 1 (Fig. 3E). ADCP and 
heterologous Env binding were the two major contributors to Dim 1, 
followed by ADCC to gp120-coated cells and infected-cell binding 
(fig. S6). Rabbits 9 and 10 locate on the opposite ends of both Dim 1 
and 2 away from other gp120-Q11 rabbits, suggesting that these 
two rabbits demonstrated the opposite trend of humoral response. 
By analyzing the top contributors to Dim 1 and Dim 2 (fig. S6) and 
complementing the PCA plot with the heatmap (Fig. 3D), we found 
that rabbits 9 and 10 showed stronger binding and ADCC responses 
to infected cells and neutralization yet weaker binding to heterolo-
gous Envs. In contrast, animal 11 demonstrated a stand-alone case 
where gp120-Q11 induced robust heterologous Env binding, Fc 
functions, and neutralization. This suggests that it is possible to 
improve both neutralizing and Fc-mediated antibody functions by 
scaffolding gp120 on Q11 nanofibers.

Q11 vaccine induced higher levels of fucosylated 
and monogalactosylated IgG in rabbits and mice
Because glycosylation on residue N279 regulates Fc-mediated anti-
body functions, including ADCC and ADCP (13), we investigated 
the impact of Q11 conjugation on the Fc glycosylation profile of 
gp120-specific IgG and total serum IgG using capillary electro-
phoresis (fig. S7) (45). Rabbits represent an ideal animal model for 
assessing the impact of Fc N-glycosylation because they have only 
one IgG subclass, which eliminates the confounding factor of different 
IgG subclasses in analyzing antibody functionality (46). After 
three doses (week 14) of vaccines, different glycosylation profiles 
of gp120-specific IgG induced by gp120-Q11 and gp120 can be 
observed on the heatmap (Fig. 4A) and along clustering in the PCA 
plot (Fig. 4B). In the gp120-specific analysis at week 14, gp120 and 
gp120-Q11 groups show higher degree of separation along Dim 1, 
where glycoforms G1FB[6]/G1F[3], A1F(2,6), G1FS1(2,6), G1[6], 
G2F, A1FB (2,6), G1[3], and G1F[6] were the top contributors (fig. 
S8A). A lesser degree of clustering can be observed in total IgG at 
week 14 with similar groups of contributor to Dim 1 and Dim 2 as 
compared to gp120-specific IgG (fig. S8B). This result suggests that 
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the clustering in vaccine groups observed in total serum IgG glyco-
sylation might result from the gp120-specific IgG, as it was not 
depleted in total IgG in glycosylation analysis.

To dissect the features of glycosylation induced by gp120 and 
gp120-Q11, we analyzed the levels of fucosylation, sialylation, bi-
section, and galactosylation of the IgG in both vaccine groups. 
gp120-Q11 induced higher levels of fucosylation, bisection, and 
monogalactosylation (Fig. 4C). In contrast, the glycosylation profiles 
of total IgG at weeks 0 and 14 were comparable between the two 
vaccine groups (fig. S9).

To assess whether the ability of Q11 to modulate IgG glycosylation 
was specific to rabbits or whether it extended to other mammalian 
species, we analyzed samples from our previous study in which 
wild-type mice were immunized with three doses of 1086.C gp120-Q11 
or 1086.C gp120. Both groups were also adjuvanted with STR8S-C 
(Fig. 5A) (33). Similar to rabbits, gp120-specific IgG antibodies 
from mice immunized with gp120-Q11 showed an antibody glyco-
sylation profile that differed from the gp120 vaccine (Fig. 5, B and C). 
Mice immunized with gp120-Q11 or gp120 demonstrate more sepa-
ration on Dim 1 (Fig. 5C) with a group of top glycoform contributors 

Fig. 3. Nanofiber-conjugated gp120 induced a distinct functional profile, featuring higher tier 1 neutralizing antibody responses and ADCC. (A) Neutralization 
of the tier 1 CH505 w4.3 pseudotyped virus measured by TZM-bl cell neutralization assay. IgG-depleted serum (−IgG) was used as control to confirm that neutralization 
was mediated by IgG. Neutralization against the control murine leukemia virus (MuLV) was also assessed. Bars indicate the group mean with error bars presenting the SD 
(Wilcoxon test). ID80, 80% inhibitory dose. (B) ADCP against the autologous Env and the heterologous clade C 1086.C gp120. GEE was applied to compare vaccine 
groups across all time points. (C) gp120-Q11 vaccine induced a stronger ADCC response against gp120-coated cells (left) and CH505T/F-infected cells (right). P values 
were computed using a nonparametric repeated measures test. Permutation approach was applied because of singular covariance matrix (*FDR P < 0.1). GzB, granzyme B. 
(D) z score was used for comparison between different immunological variables in animals immunized with gp120-Q11 (+Q11) and gp120 (−Q11). (E) PCA revealed that 
animals 9, 10, and 11 in the gp120-Q11 vaccine group demonstrated distinct functional profile from the other animals within the same vaccine group, whereas gp120 
vaccine induced a more homogeneous functional profile.
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similar to that observed in rabbit gp120-specific IgG with a few 
exceptions (fig. S10). In mice, glycoforms A2(2,6), A1(2,6), A2F(2,6)/
A2FB(2,6), G2, and G0FB are among the top contributors to the 
Dim 1 in PCA of mouse gp120-specific IgG glycosylation but not in 
rabbits (fig. S8). Notably, similar to rabbits, higher levels of fuco-
sylation and monogalactosylation of gp120-specific IgG antibodies 
were observed in mice immunized with gp120-Q11 (Fig. 5D). 
Although there was no significant difference in overall galactose 
level between the two groups, gp120-Q11 induced higher levels of 
agalactosylated and monogalactosylated IgG but lower levels of 
digalactosylated IgG (Fig. 5D). Similar to rabbit total serum IgG, a 
comparable total serum IgG Fc glycosylation profile was observed 
in gp120- and gp120-Q11–immunized mice (fig. S11).

To assess the impact of Q11 nanofiber on antibody glycosylation 
in the absence of an external adjuvant, we analyzed the IgG glyco-
sylation in mice immunized with unadjuvanted 1086.C gp120 (n = 5) 
or gp120-Q11 (n = 4) from our previous study (33). Vaccines were 
given at weeks 0, 2, 5, and 11. Serum from weeks 12 and 14 was 
pooled together to have enough volume for glycan analysis. Although 
the difference between gp120 and gp120-Q11 vaccine groups was 
not statistically significant because of small group sizes, the IgG 
glycosylation profile induced by gp120-Q11 in the absence of an 
adjuvant shared a similar trend with gp120-Q11 administrated with 
STR8S-C (fig. S12A). Higher levels of fucosylation, agalactosylation, 
and monogalatosylation yet lower level of digalatosylation were 
induced by gp120-Q11. The lack of statistical significance was likely 

Fig. 4. Nanofiber conjugation modulated gp120-specific IgG Fc glycosylation profile in rabbits. (A) gp120-Q11 vaccine induced a distinct glycosylation profile in 
gp120-specific IgG illustrated as z scores on heatmaps showing the glycosylation of week 0 total IgG (left), week 14 gp120-specific IgG (middle), and week 14 total IgG 
(right; nomenclature of glycan structures can be found in fig. S1). Glycoform G1FB[6] cannot be differentiated from G1F[3] in the assays, so it is presented as G1FB[6]/
G1F[3]. (B) PCA was applied to complement heatmap visualization. No distinct clustering was observed in total IgG (left) at week 0, whereas a clear separation between 
gp120-Q11– and gp120-vaccinated rabbits was observed in week 14 gp120-specific IgG (middle) and, to a lesser degree, in week 14 total IgG (right). (C) Higher levels of 
fucosylation, bisection, and monogalactosylation of gp120-specific IgG were induced by gp120-Q11 (Wilcoxon test, normalized with week 0, *FDR P < 0.1).
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Fig. 5. Q11 nanofiber conjugation also modulated gp120-specific IgG Fc glycosylation in mice following gp120-Q11 vaccination. (A) Mice were immunized with 
three doses of 15 g of gp120 or gp120-Q11 in the presence of STR8S-C adjuvant (image created with Biorender.com). (B) As shown with z score on heatmaps, a similar 
glycosylation profile of total IgG was observed between vaccine groups (left) after three immunizations. In contrast, the glycosylation profile of gp120-specific IgG is 
distinct in mice immunized with gp120-Q11 IgG (right) as compared to gp120. (C) In the PCA of glycan profile, clustering of gp120-Q11 and gp120 vaccine groups can be 
observed in the gp120-specific IgG but not in the total IgG. (D) Higher levels of fucosylation, agalactosylation, and monogalactosylation yet lower levels of digalactosylation 
of gp120-specific IgG were induced by gp120-Q11 as compared to gp120 (Wilcoxon test, *FDR P < 0.1).

http://Biorender.com
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at least partly due to the low S/N (signal-to-noise) ratio observed in 
one animal in each vaccine group, which increased the variation of 
the data. Therefore, we reanalyzed the same dataset excluding these 
two animals. After removing these two data points, the trend in each 
glycan feature became clearer yet still followed the same direction, 
and notably, all three animals in the gp120-Q11 group showed higher 
levels of fucosylation than animals in the gp120 group (fig. S12, 
B and C). The similarity of glycosylation patterns elicited by Q11 
vaccines with and without STR8S-C adjuvant suggests that Q11 
itself has a substantial impact on antibody fucosylation and galacto-
sylation. In the presence of STR8S-C, gp120-Q11 appeared to induce 
lower levels of sialylated IgG and bisected IgG (Fig. 5D) despite lack 
of statistical significance, whereas such pattern was not observed 
without STR8S-C (fig. S12, A and B). As the levels of sialylation and 
bisection were higher when STR8S-C was present (Fig. 5D) as com-
pared to unadjuvanted conditions (fig. S12, A and B), it is possible 
that STR8S-C increased the levels of these two glycan features and 
Q11 counteracted its effect.

The increase of fucosylated IgG induced by gp120-Q11 was 
initially unexpected, as it has been previously reported that fuco-
sylation reduces ADCC by impeding Fc binding with Fc receptor 
IIIa (FcRIIIa) in humans (47–49). Therefore, to assess the impact 
of fucosylation on antibody’s ability to engage the human FcRIIIa, 
we measured the binding of gp120-specific serum antibody to 
FcRIIIa and to the inhibitory Fc receptor FcRIIb in rabbits im-
munized with gp120-Q11 or gp120. Fucosylation of certain glycan 
was negatively correlated with antibody binding to FcRIIIa (fig. S13A). 
However, no reduced overall antibody binding to FcRIIIa or in-
creased binding to FcRIIb was observed in gp120-Q11–immunized 
rabbits (fig. S13B). To examine the possibility that different levels of 
downstream cellular signaling were activated despite comparable 
FcR binding, we used a FcR signaling assay based on BW5147 cell 
lines that stably express different FcRs fused to CD3 intracellular 
domain (CD3) as previously described (50). Consistent with our 
results of FcR binding, no statistically significant differences was 
observed between gp120-Q11 and gp120 vaccine groups in activa-
tion of FcRIIIA or FcRIIb (fig. S13C). Overall, our data suggest 
that fucosylation of gp120-specific IgG induced by gp120-Q11 
immunization may not affect the antibody’s interaction with FcRIIIA 
or FcRIIb.

Fucosylation and monogalactosylation of gp120-specific IgG 
were correlated with ADCC
The influence of Fc glycosylation on effector functions has been 
extensively studied using monoclonal antibodies. However, little is 
known about how these functions are regulated by the glycan reper-
toire of polyclonal antibodies in response to vaccination. Therefore, 
we analyzed the correlation between Fc-mediated functions and Fc 
glycosylation in the immunized rabbits. Glycan profile of gp120-specific 
IgG at week 14 demonstrated strong correlation with ADCC against 
CH505T/F gp120–coated cells at week 21, while much weaker cor-
relations with ADCC were observed in total IgG glycan at weeks 0 
and 14 (Fig. 6A). Notably, monogalactosylation [Spearman , 0.747; 
95% confidence interval (CI), 0.366 to 0.904] and fucosylation 
(0.571; 0.115 to 0.902) showed strong to moderate positive correla-
tion with ADCC (Fig. 6A).

Individual glycoforms G1FS1 (2,6) (0.726; 0.371 to 0.891), A1F 
(2,6) (0.656; 0.256 to 0.901), A1FB (2,6) (0.668; 0.265 to 0.849), and 
G1FB[6]/G1F[3] (0.8; 0.521 to 0.954) at week 14 were positively 

correlated with ADCC, whereas G1[3] (−0.571; −0.91 to −0.021) 
and G2 (−0.55; −0.865 to −0.0328) were negatively correlated with 
ADCC (nomenclature of glycan structures can be found in fig. S1; 
Fig. 6A). In contrast, ADCP activity poorly correlated with glyco-
sylation (fig. S14). Among the 16 individual glycoforms shown in 
Fig.  6A, ADCC-activating glycans G1FS1 (2,6), A1F (2,6), A1FB 
(2,6), G0F, and G1FB[6]/G1F[3] were up-regulated in animals 
immunized with the gp120-Q11 vaccine, while ADCC-inhibiting 
glycans G1[3] and G2 were down-regulated (Fig. 6B and fig. S15). 
Comparable avidity to gp120 and epitope specificity were observed 
between gp120 and gp120-Q11 vaccine groups (fig. S16, A and B); 
therefore, the increased ADCC observed in the gp120-Q11 group 
was likely driven by the glycans on Fc region, not by Fab-related 
factors of the vaccine-induced antibodies. Here, we identified 
certain individual Fc glycoforms that were correlated with enhanced 
ADCC. Except for fucosylation, these glycoforms all have different 
features including bisection, sialylation, and galactosylation that are 
positively correlated with ADCC. This result suggests that other 
sugars, not just fucose, on Fc glycan may also be involved in modu-
lating Fc effector functions in the context of polyclonal antibodies.

DISCUSSION
We previously demonstrated that self-assembling nanofiber Q11 
vaccines can be used to enhance antibody binding responses to HIV 
glycoprotein gp120 in mice (33). By displaying Env antigens on Q11 
nanofibers, antibody responses against homologous and heterologous 
HIV Env antigens were enhanced. In the present study, we used a 
similar gp120-Q11 vaccine formulation to explore the landscape of 
antibody functionality in rabbits, a preclinical animal model that 
is well suited to assess antibody functions. Similar to our results in 
mice, we found that the breadth of antibody binding to heterologous 
HIV Env antigens was higher in gp120-Q11–immunized rabbits 
after the first dose. These results suggest that Q11 nanofiber conju-
gation enhances humoral response against gp120 across different 
mammalian species.

Although comparable binding breadth to heterologous Env 
antigens was observed between gp120 and gp120-Q11 after two 
doses of the vaccine, antibodies induced by gp120-Q11 were more 
capable of engaging the Env antigen expressed on the HIV-infected 
cells throughout the vaccination regimen. This finding suggest 
that Q11 modulated the breadth of vaccine-elicited antibodies. This 
modulation likely occurred through a mechanism that depends on 
Q11’s ability to present multiple copies of gp120, as antigen valency 
has been reported to play a critical role in diversifying the repertoire 
of vaccine-elicited antibodies (17, 32, 51–53).

Many studies have demonstrated that passive immunization 
with bnAbs provides protection against mucosal HIV challenge in 
nonhuman primates (54–58), and recent vaccine trials have shown 
that passive immunization with bnAb VRC01 can provide protec-
tion against HIV strains sensitive to this bnAb (59). Hence, the 
induction of bnAbs has been the ultimate goal of modern HIV 
vaccine designs. In this study, only low levels of neutralizing activity 
against autologous tier 1 virus were induced by the gp120-Q11 
vaccine (Fig. 3A). This result was not unexpected because other 
gp120-based vaccines such as the bivalent gp120 vaccine (AIDSVAX 
B/E) used in the RV144 and Vax003 trials also did not induce any 
tier 2 neutralization (60). Nevertheless, it is worth noting that although 
the levels were low, gp120-Q11 induced higher tier 1 neutralization 
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relative to that of soluble gp120. As it is generally believed that 
the induction of tier 2 neutralization will require immunogens to 
present epitopes that resembles the native conformation shown 
on an HIV virion, future work should investigate whether using 
nanofiber to display native-like trimeric antigens such as SOSIP could 
enhance the ability of these immunogens to induce heterologous 
tier 2 neutralization.

Bartsch et al. (16) demonstrated that TLR agonists such as lipopoly-
saccharide, MPLA (monophosphoryl-lipid A), R848, and poly(I:C) 
(polyinosinic-polycytidylic acid) can increase the levels of IgG si-
alylation and galactosylation. We also observed a similar effect with 
STR8S-C, a TLR agonist, on mouse IgG glycosylation (Fig. 5C and 
fig. S12). In addition to increased levels of sialylation and galacto-
sylation, the level of bisection seemed to be up-regulated by STR8S-C 
and fucosylation seemed to be down-regulated. Therefore, TLR ago-
nists may have a wide effect on antibody glycosylation, yet it is not 
excluded that the glycosylation pattern that we observed in this study 
was a result of the combined effect of Q11 nanofiber and STR8S-C 

adjuvant. Notably, Q11 seems able to induce higher levels of fuco-
sylation and monogalactosylation in different contexts. Besides adju-
vantation, we also noted that the antibody glycosylation pattern varied 
in different species. We found that changes in sialylation, bisection, 
agalactosylation, and digalactosylation induced by gp120-Q11 in rab-
bits (Fig. 4C) were opposite to the trends observed in mice (Fig. 5D). 
Although the mechanism of such difference is still unclear, this re-
sult suggests that species respond differently to Q11 nanofiber and/
or STR8S-C. Nevertheless, fucosylation and monogalactosylation 
seem to be consistent at least between rabbits and mice. As very few 
studies have compared the antibody glycosylation across species, 
this paper might be the first one to report the similarities and con-
trasts of antibody glycosylation in different species responding to a 
multivalent vaccine.

One of the main findings in this study was the enhancement of 
Fc-mediated antibody functions including ADCP and ADCC after 
immunization with gp120-Q11 (Fig. 3, B and C). Because non- 
neutralizing antibody functions reduced the risk of HIV acquisition 

Fig. 6. ADCC-activating glycoforms were up-regulated upon gp120-Q11 immunization in rabbits. (A) A higher degree of correlation between ADCC and glycosylation 
was observed in gp120-specific IgG than in total IgG at weeks 0 and 14. Compared to glycans sharing a common feature (top), the relative abundance of individual 
glycoforms (bottom) demonstrated stronger correlation with ADCC in general. (B) Individual glycoforms that showed medium to strong correlation (positive or negative) 
with ADCC are graphed to compare the relative abundance of each glycoform in gp120-Q11 and gp120 vaccine groups (Wilcoxon test, *FDR P < 0.1). Structure of each 
glycoform is presented using glycan standard symbols nomenclature (www.ncbi.nlm.nih.gov/glycans/snfg.html): red triangle for fucose, yellow circle for galactose, blue 
square for N-acetylglucosamine, green circle for mannose, and purple diamond for N-glycolylneuraminic acid (image created with Biorender.com).

http://www.ncbi.nlm.nih.gov/glycans/snfg.html
http://Biorender.com
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in the RV144 trial (1), enhancement of ADCC function through 
Q11 conjugation to HIV Env antigens could be clinically import-
ant. The increase in ADCC potency in the gp120-Q11 group was 
correlated with elevated levels of several fucosylated IgG glycoforms 
(Fig. 6, A and B). Such a finding seems contradictory to most studies 
where ADCC function of monoclonal antibodies was associated with 
lower levels of fucosylation (47, 49, 61). To validate these findings, 
we examined the correlation between FcR binding and different 
IgG glycoforms. Similar to studies by Li et al. (61) where monoclonal 
antibodies were glycoengineered to assess the impact of fucosyla-
tion on ADCC and FcRIIIa binding, we observed that fucosylation 
of G0, G1, G2, and A1 was negatively correlated with the binding to 
FcRIIIa (fig. S13A). However, the higher levels of fucosylation did 
not affect the overall FcRIIIa binding or the downstream signaling 
(fig. S13, B and C). This is probably because other sugars in N-glycan 
may also influence the interaction with FcRIIIa, which offsets the 
impact of fucosylation. Our results suggest possible differences in 
the mechanisms through which Fc glycosylation regulates ADCC of 
vaccine-elicited polyclonal antibodies compared to glycoengineered 
monoclonal antibodies. In general, ADCC was more strongly cor-
related with the relative abundance of individual glycoforms than with 
that of glycans sharing common features (e.g., fucosylation; Fig. 6A). 
Therefore, unlike the conventional fucosylation/defucosylation mod-
el, ADCC is more likely to be controlled by the levels of each individ-
ual glycoform in in vivo settings. These findings may enable more 
specific examination of IgG glycoform’s impacts on Fc-mediated 
functions in future vaccine design and evaluation.

The ability to modulate Fc glycosylation through vaccination 
could present important advantages in tailoring immune responses 
against target pathogens. Fc fucosylation and sialylation are the 
key elements in suppressing antibody-induced inflammation (15). 
Despite the success of using afucosylated IgG in enhancing ADCC 
against cancer (49, 62), natural infections of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) and dengue virus have shown 
that afucosylated IgG can be detrimental in some disease contexts. 
Elevated levels of afucosylated IgG along with inflammatory markers 
interleukin-6 (IL-6) and C-reactive protein were found in patients 
with COVID-19 (coronavirus disease 2019) who developed severe 
symptoms, whereas these factors were not elevated in asymptomatic 
or mild self-limiting infections (63–65). In dengue infection, higher 
levels of afucosylated IgG1 were found to be associated with the 
development of dengue hemorrhagic fever (66, 67). Removal of 
fucose can enhance ADCC response by increasing antibody’s affinity 
to FcRIIIa (61), yet as demonstrated by SARS-CoV-2 and dengue 
infection, dysregulated FcRIIIa response can lead to pathogenic, 
sometimes lethal, inflammatory responses in the context of viral 
infections. However, our study demonstrates that Q11 as a vac-
cine carrier can enhance ADCC without increasing the levels of 
afucosylated IgG (Figs. 3C and 4C).

In summary, we report that a self-assembling nanofiber-based 
HIV vaccine is able to enhance the breadth of binding antibody 
response and the functional profile of the vaccine-elicited antibodies. 
Conjugation of gp120 to Q11 nanofibers also induced changes of 
N-glycosylation in the vaccine-specific antibodies, and such change 
was associated with elevated levels of ADCC. To our knowledge, 
this study described the first evidence of a nanomaterial vaccine 
modulating antibody glycosylation. Thus, Q11 is a promising 
vaccine platform for further development in the context of HIV and 
other challenging pathogen immunogen designs.

MATERIALS AND METHODS
Vaccine synthesis and antigenicity measurement
Subtype C, CH505 strain consensus HIV Env gp120 antigen (CH505 
Con gp120) was expressed with sortase enzyme recognition sequence 
(LPETG) on the C terminus (43). To conjugate CH505 gp120 to 
G15– tail peptide (G15-MALKVELEKLKSELVVLHSELHKLKSEL), 
10.9 M CH505 gp120 was coincubated with 25 M sortase A and 
60 M G15– tail overnight at 4°C (36). As sortase A was expressed 
with poly-histidine tag, we removed it from the mixture after conju-
gation reaction by using a His SpinTrap column (Cytiva Life Sciences, 
#28401353). The resultant CH505 gp120– tail conjugate was mixed 
with 10 mM Q11 peptide (QQKFQFQFEQQ) aqueous solution in 
4:1 ratio (v/v), yielding a final concentration of 2 mM Q11. Overnight 
incubation allowed coassembly of gp120– tail and Q11 peptides 
into nanofibers (28). Nanofibers bearing conjugated gp120 were pel-
leted at 9000g to separate assemblies from unassembled proteins in 
solution, followed by gentle washing with phosphate-buffered saline 
(PBS) to remove nonspecifically bound protein.

Animal immunization and blood collection
Thirteen-week-old female New Zealand White rabbits (Envigo Global 
Services Inc.) were subcutaneously immunized either with 15 g 
of CH505 Con gp120 with STR8S-C adjuvant (15%, v/v) (39) or with 
15 g of CH505 Con gp120-Q11 with STR8S-C. Booster immuniza-
tions were administered 6 and 12 weeks after the first immunization. 
Blood was collected biweekly from the ear central artery, while the ani-
mals were sedated with acepromazine (1 mg/kg). Ten female C57BL/6 
mice were purchased at 8 weeks of age from the Jackson Laboratory. 
After 1 week of acclimation, mice were immunized with 15 g of 1086.C 
gp120 with STR8S-C (10%, v/v) or 15 g of 1086.C gp120-Q11 and 
STR8S-C, as described in the previous study (33). Plasma was sepa-
rated from whole blood by centrifugation at 900g for 15 min and stored 
at −80°C before analysis. All animal handling procedures were con-
ducted following a protocol approved by the Duke University Insti-
tutional Animal Care and Use Committee under number A199-21-09.

Antigenicity assessment by ELISA
The ability of a panel of HIV Env monoclonal antibodies (mAbs) to 
bind to gp120-Q11 was compared to the binding to soluble gp120 as 
previously described (33). Briefly, 384-well polystyrene high-binding 
ELISA plates (Corning Life Sciences, #3700) were coated with gp120 
or gp120-Q11 at a concentration equivalent to 5 g/ml of gp120 and 
incubated overnight at 4°C. The next day, the plates were blocked with 
superblock solution (4% whey, 15% goat serum, and 0.5% Tween 
20 in 1× PBS) for 1 hour; then, serial dilutions of the mAbs were 
added (12 threefold dilutions starting at 100 g/ml). The panel of 
mAbs tested included CD4 binding site mAbs CH235 and VRC-CH31, 
V1V2 glycan mAbs PG9 and PG16, V3 glycan mAbs PGT126 and 
DH542, V3 mAb CH22, and anti-flu mAb AA5H (Abcam, #ab20343). 
After an hour of incubation and four washes, horseradish peroxidase 
(HRP)–conjugated goat anti-human antibody (1:4000; Promega, 
#W4031) was added. Binding was visualized using the SureBlue 
TMB Microwell Peroxidase Substrate followed by the TMB stop 
solution. The plates were then read with a SpectraMax Plus 384 plate 
reader (Molecular Devices LLC) at a wavelength of 450 nm.

Measurement of vaccine-elicited Env-specific antibodies
Env-specific antibodies were measured by ELISA as aforementioned 
with the following modifications: 384-well polystyrene high-binding 
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ELISA plates were coated with CH505 Con gp120 at 5 g/ml and 
incubated with rabbit plasma diluted in 1:10 to 1:106, and an 
HRP-conjugated goat anti-rabbit antibody (1:5000 dilution; Promega, 
#W4011) was used as a secondary antibody.

Binding antibody multiplexed assay
Multiplex antibody binding assay was performed as previously 
described to measure the breadth of serum antibody binding (68) using 
a panel of HIV Env proteins including the following: 1086C. gp120 
(69), MN. gp120 gDneg (clade B) (9), A244 gp120 gDneg (Clade AE) 
(9), A1.con.env03 gp140 (consensus clade A Env gp140 with deletions 
in the gp41 cleavage site and fusion domain) (8), and B.con.env03 
gp140 (consensus clade B Env gp140) (9). The plates were read on 
Bio-Plex 200 System (Bio-Rad Laboratories Inc.), and the results were 
expressed as median fluorescence intensity (MFI).

Infected cell antibody binding assay
Indirect surface staining was used to measure the ability of rabbit 
serum antibodies to bind HIV-1 Env expressed on the surface of 
infected cells. Binding was assessed by a previously described in-
direct surface staining approach (34) using CEM.NKRCCR5 cells 
[National Institutes of Health (NIH) AIDS Reagent Program from 
A. Trkola (70)] infected with the CH505T/F infectious molecular 
clone virus or mock infected cells. The cells were then incubated 
with a 1:100 dilution of serum samples for 2 hours at 37°C and then 
stained with LIVE/DEAD Aqua Dead Cell Stain (Thermo Fisher 
Scientific, #L34966), followed by permeabilization with Cytofix/
Cytoperm solution (BD Biosciences, #554714) before staining 
with RD1-conjugated anti-p24 MAb KC57 (Beckman Coulter Inc., 
#6604667) and fluorescein isothiocyanate (FITC)–conjugated anti- 
rabbit IgG (H+L) (Southern Biotech, #4041-02). The result was read 
by flow cytometry; cells positive for serum antibody binding were 
defined as p24+ FITC+ and viable. Final results were reported as 
the change in FITC MFI or frequency of positive cells for postvaccina-
tion samples compared to the prevaccination sample after subtraction 
of the corresponding data from cells stained with secondary antibody 
alone and staining of mock-infected cells.

TZM-bl cell neutralization assay
Neutralizing antibody titers in rabbits were measured with the 
previously described standardized TZM-bl cell assay (71). Briefly, 
serially threefold diluted rabbit plasma samples from 1:20 to 1:43740 
were incubated with HIV pseudovirus of interest, and then, a 1- to 
1.5-hour incubation at 37°C and 5% CO2 was given to allow 
neutralization to occur. O-(diethylaminoethyl)–dextran (10 g/ml; 
Sigma-Aldrich, #D9885) and 1 × 105 TZM-bl cells (NIH AIDS 
Reagent Program, #8129) were added to each well. After 48 hours of 
incubation at 37°C and 5% CO2, 150 l of medium was removed 
from each well, followed by adding 100 l of Bright-Glo luciferase 
substrate (Promega, #E264CX) to each well. A total of 150 l of the 
mixture was transferred to Corning 96-well flat-bottom black plates 
(VWR, #29444-018). The intensity of luminescence was measured 
on Victor X3 Multilabel Plate Reader (PerkinElmer).

Antibody-dependent cellular phagocytosis
ADCP assay was performed as previously described (41, 42) using 
HIV Env antigens (HIV CH505T/F gp120 and HIV 1086.C K160N 
gp120) covalently bound to NeutrAvidin-labeled fluorescent mi-
crospheres (Invitrogen, #F8776). Briefly, plasma was diluted to 1:50 

dilution when incubated with antigen-coupled beads and human- 
derived monocyte cell line, THP-1 cells (American Type Culture 
Collection, TIB-201) under 1200g centrifugation for 1 hour at 4°C, 
followed by another hour of incubation at 37°C to allow phagocy-
tosis to occur. THP-1 cells then were fixed with 2% paraformaldehyde 
(Sigma-Aldrich, #158127), and fluorescence of the cells was assessed 
using flow cytometry (BD, Fortessa). Phagocytosis scores were cal-
culated by multiplying the MFI and frequency of bead-positive cells 
and dividing by the MFI and frequency of bead-positive cells in the 
no-antibody control (PBS). All plasma samples were tested in two 
independent assays, and the average phagocytosis scores from these 
two independent assays were reported.

ADCC against HIV Env-coated target cells
The ADCC-GranToxiLux assay was performed as previously described 
(72, 73), using as target cells a clonal isolate of the CEM.NKRCCR5 
CD4+ T cell line coated with CH505T/F gp120 Env protein (74). 
Human peripheral blood mononuclear cell (PBMC) effector cells 
were obtained from leukapheresis of an HIV-seronegative donor 
(75) and used at an effector cell–to–target cell ratio of 30:1. Serum 
samples were tested at fourfold serial dilutions starting at 1:100. Data 
were reported as the maximum proportion of cells positive for pro-
teolytically active granzyme B (GzB) out of the total viable target cell 
population (maximum %GzB activity) after subtracting the back-
ground activity observed in wells containing effector and target cells 
in the absence of plasma. ADCC end point titers were determined 
by interpolating the last serum dilution above the previously estab-
lished positive cutoff for this assay (8% GzB activity) and were re-
ported as reciprocal dilution.

ADCC against HIV-infected target cells
ADCC activity directed against HIV-infected target cells was deter-
mined by the ADCC-luciferase assay as previously described (34, 76). 
CEM.NKRCCR5 target cells were infected with infectious molecular 
clone virus encoding Renilla luciferase (77) and expressing the 
HIV-1 CH505T/F Env (74). Target cells were incubated with human 
PBMC effector cells (75) that had been treated overnight with IL-15 
(10 ng/ml; 30:1 effector cell–to–target cell ratio), and serial dilu-
tions of serum in half-area opaque flat-bottom plates (Corning Life 
Sciences, #3697) in duplicate wells. Plates were incubated for 6 hours 
at 37°C and 5% CO2. ADCC activity, reported as percent specific 
killing, was calculated from the change in relative light units (RLU; 
ViviRen luciferase assay; Promega, #E649A) resulting from the loss 
of intact target cells in wells containing effector cells, target cells, and 
serum samples compared to RLU in control wells containing target 
cells and effector cells alone according to the following formula: per-
cent specific killing = [(number of RLU of target and effector well − 
number of RLU of test well)/number of RLU of target and effector 
well] × 100. ADCC end point titers were determined by interpolat-
ing the last serum dilution above the positive cutoff for this assay 
(15% specific killing) after subtracting the background activity ob-
served for matched prevaccination samples and were reported as 
reciprocal dilution.

IgG Fc N-linked glycan analysis
We modified a previously reported protocol for the enrichment 
of gp120-specific IgG Fc region, (14). Briefly, CH505T/F gp120 
(or 1086.C K160N gp120 for mouse sera) was first biotinylated using 
EZ-Link NHS-LC-LC-Biotin (Thermo Fisher Scientific, #21323) at 
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a 1:20 protein-to-biotin molar ratio. Biotinylated gp120 was incubated 
with streptavidin magnetic beads (NEB, #S1420S); then, unbound 
gp120 in the supernatant was removed by two washes of the mag-
netic beads with washing buffer (0.5 M NaCl, 20 mM tris-HCl, and 
1 mM EDTA; pH 7.5). Schematic of this procedure is summarized 
in fig. S7. A total of 200 l of serum sample was first incubated with 
100 l of antigen-free magnetic beads to pull down nonspecific 
binding serum glycoproteins. The precleaned serum was then incu-
bated with 200 l of the gp120-coupled beads at 4°C overnight to 
allow binding of gp120-specific antibodies. Rabbit IgG Fc region 
was released by incubating antibody-bound beads with IdeZ (NEB, 
#P0770S) at 37°C for an hour and 2 hours with FabULOUS enzyme 
(Genovis, #A0-PU1-020) for mouse IgG. Total serum IgG was puri-
fied with excessing amount of protein A on Protein A HP MultiTrap 
(Cytiva, #28903133). After digestion with IgG protease, the Fc region 
was separated from Fab with Protein A HP MultiTrap. The proce-
dure of deglycosylation and glycan labeling was conducted following the 
manufacturer’s instructions (Agilent Technologies Inc., #GX96-IQ). 
Buffer exchange to 20 mM Hepes was applied to remove tris-HCl in 
the IgG protease buffer. The labeled glycans were analyzed using 
the Gly-Q Glycan Analysis System GQ2100 (ProZyme now Agilent 
Technologies Inc.). To minimize human influence in the data pro-
cessing, the relative abundance of each glycan species was automati-
cally generated by the built-in software. The relative abundance of 
each glycan species was calculated by dividing the peak area of a 
given glycan with the area of the all peaks on the electropherogram 
summed up together: relative abundance = (peak area of a glycan/
area summation of all peaks observed) × 100. For glycan species 
that were only absent in a subset of samples, their relative abundance 
was manually set to the detection cutoff of 0.05% peak area.

Statistical analysis
For the ELISA data, we ran a linear mixed effects model, with fixed 
effects for vaccine, booster period, baseline values (value at week 0, 
before vaccination) and time in weeks along with nested random 
effects for individual rabbit by booster period. Testing of the fixed 
effects was via analysis of variance (ANOVA). We performed the 
analysis in R using the lme4 and lmerTest packages. The binding 
antibody multiplexed assay (BAMA) data were presented with a 
box plot, where the boxes indicate the 25th to 75th percentiles with 
a middle bar presenting the group mean and error presenting the 
range (format is applied to other box plots throughout this paper). 
BAMA data were analyzed using generalized estimating equations 
(GEEs), testing for the interaction between vaccine and time while 
adjusting for antigen. We used bias-corrected SE estimators to 
account for the small sample size (78) and evaluated the resulting 
Wald test statistics. Multiple testing correction within the BAMA 
data was done via Bonferroni at 0.05. In addition, we used GEE 
for ADCP analyses, although, here, we tested for an interaction be-
tween vaccine and the antibody being measured (while normalized 
with time and baseline value at week 0). Again, the multiple testing 
of the vaccine across the three antibodies was done via Bonferroni. 
All the above data was log10-transformed before analysis. For other 
repeated measures analyses, we used a nonparametric repeated 
measures test as the data either had small sample sizes or were 
non-normal. Permutation tests were used when the resulting cova-
riance matrix was singular. For all other single analyses, we used 
Wilcoxon rank sum test via the coin package in R to calculate the 
exact P values; multiple testing corrections for these single analyses 

were via Benjamini Hochberg false discovery rate (FDR; done within 
assay). Difference was considered statistically significant when 
unadjusted P < 0.05 and multiple testing–adjusted FDR P < 0.1. 
CIs for reported Spearman correlations were done using the 
rcompanion package.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq0273

View/request a protocol for this paper from Bio-protocol.
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