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SUMMARY
Protein nanoparticle scaffolds are increasingly used in next-generation vaccine designs, and several have
established records of clinical safety and efficacy. Yet the rules for how immune responses specific to nano-
particle scaffolds affect the immunogenicity of displayed antigens have not been established. Here we define
relationships between anti-scaffold and antigen-specific antibody responses elicited by protein nanoparticle
immunogens. We report that dampening anti-scaffold responses by physical masking does not enhance an-
tigen-specific antibody responses. In a series of immunogens that all use the same nanoparticle scaffold but
display four different antigens, only HIV-1 envelope glycoprotein (Env) is subdominant to the scaffold. How-
ever, we also demonstrate that scaffold-specific antibody responses can competitively inhibit antigen-spe-
cific responses when the scaffold is provided in excess. Overall, our results suggest that anti-scaffold anti-
body responses are unlikely to suppress antigen-specific antibody responses for protein nanoparticle
immunogens in which the antigen is immunodominant over the scaffold.
INTRODUCTION

We are currently in the midst of a technological revolution in the

field of vaccinology. Three general capabilities are being com-

bined to provide information to the immune system that potently

and safely stimulates immunity: (1) highly adaptable vaccine de-

livery platforms such as mRNA2,3 and self-assembling protein

nanoparticle scaffolds,4–11 (2) high-throughput structural studies

of protective monoclonal antibodies (mAbs) interacting with their

target antigens that identify key targets for antigen design (i.e.,

‘‘reverse vaccinology 2.0’’),12,13 and (3) increasingly sophisti-

cated tools and platforms for ‘‘structure-based vaccine design’’:

the design of novel antigens and immunogens inspired by these

structural studies.14–21 The successful integration of these tech-

nologies and approaches enabled the development of highly

efficacious severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) vaccines in less than 1 year from the identification

of the virus,22–24 an achievement unprecedented in the history of

vaccinology.
Cell Repo
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Self-assembling protein nanoparticles are ideal scaffolds for

increasing the magnitude and quality of antibody responses

through multivalent antigen presentation.5,8,16,25,26 Recently,

computationally designed two-component nanoparticles27–30

have emerged as a versatile platform for multimerizing com-

plex oligomeric viral glycoprotein antigens. Two-component

nanoparticle vaccines for respiratory syncytial virus (RSV),8

influenza,10 and SARS-CoV-29,31 have rapidly advanced to

clinical trials; the latter recently met its primary endpoint in

a phase 3 clinical trial32 and was approved by the Korean

Ministry of Food and Drug Safety for use in individuals

18 years and older. In addition to the often highly potent anti-

gen-specific responses, antibodies are also elicited against

the protein nanoparticle scaffolds themselves. It remains

unclear how these anti-scaffold responses shape the immu-

nogenicity of the displayed antigens, especially in the context

of repeated immunizations: do they interfere with antigen-

specific responses, play a beneficial role, or are they largely

irrelevant?
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In general, for many class I viral glycoprotein antigens dis-

played on protein nanoparticles (with the exception of HIV-1

Env trimers33,34), antigen-specific antibody titers are higher

than scaffold-specific titers. For instance, hemagglutinin (HA)

displayed on ferritin elicited higher anti-HA titers than anti-ferritin

titers,5 and ferritin-specific T follicular helper (Tfh) cell responses

were minimal compared with HA-specific Tfh cell responses.35

Similarly, DS-Cav1-I53-50, a two-component nanoparticle vac-

cine for RSV, elicited antigen-specific antibody titers 2-fold

higher than the anti-scaffold titers; furthermore, pre-immuniza-

tion with the bare I53-50 nanoparticle scaffold did not diminish

antigen-specific (i.e., binding) or viral neutralization titers, sug-

gesting that pre-existing anti-scaffold immunity had no adverse

effects on antigen-specific immune responses.8 Moreover, in

non-human primates (NHPs) given two doses of a two-compo-

nent nanoparticle displaying 60 copies of the SARS-CoV-2 spike

receptor-binding domain (RBD), post-boost anti-scaffold anti-

body titers positively correlated with anti-spike antibody titers

and viral neutralizing activity, suggesting that anti-scaffold anti-

body responses did not interfere with antigen-specific antibody

responses.36 Clinical studies of RTS,S, a protein nanoparticle

vaccine for malaria that induces strong antibody responses

against the hepatitis B surface antigen scaffold,4,37 found that

pre-existing anti-scaffold antibody titers either did not signifi-

cantly affect37–39 or actually increased40 the levels of antigen-

specific antibody titers after immunization. In contrast, pre-exist-

ing anti-scaffold responses for vaccine nanoparticles displaying

subdominant HIV-1 Env have been reported to interfere with elic-

itation of antiviral immunity. In a study that compared the immu-

nogenicity of HIV-1 Env-ferritin nanoparticles formulated with

several different adjuvants, post-prime anti-ferritin antibody ti-

ters and post-boost neutralizing antibody titers were negatively

correlated, suggesting interference of pre-existing anti-ferritin

responses with antiviral responses.34 However, adjuvant-medi-

ated perturbation of immunodominant epitopes on Env and

inconsistent doses of Env (and thus ferritin) among the study

groups could have confounded this negative association.

It has been proposed that the potential interference of anti-

scaffold responses with antigen-specific responses could be

mitigated through B cell epitope masking strategies such as

glycosylation or PEGylation that would dampen anti-scaffold re-

sponses and potentially redirect immune responses to the anti-

gen.41,42 However, in practice, glycan masking of epitopes on

protein immunogens does not appear to substantially increase

the magnitude of immune responses toward target epitopes.

Instead, responses are reduced against glycan-masked sur-

faces, which increases the proportion—but not the absolute

amount—of on-target antibody responses.43–49 Similarly, mask-

ing a heterologous trimerization domain with four N-linked gly-

cans that was fused to HIV-1 Env and influenza HA trimers

strongly reduced the anti-trimerization domain antibody re-

sponses but had no impact on the antibody titers against Env

or HA.46 This is in contrast to other masking studies that operate

solely on the antigen to shield off-target immunodominant sur-

faces43,44,47–54 or subregions within a target epitope.55 As for

PEGylation, an approach called ‘‘protect, modify, deprotect’’

used poly-ethylene glycol (PEG) to focus immune responses to

the conserved stem region of HA and boost cross-reactive anti-
2 Cell Reports Medicine 3, 100780, October 18, 2022
body titers: antibody is first bound to the desired epitope, the

immunogen is non-specifically PEGylated to reduce immunoge-

nicity of all other surfaces, and then the antibody is removed to

expose the desired epitope.56 Although much work has focused

on masking antigens, protein nanoparticles have also been gly-

cosylated57 and PEGylated (e.g., cowpea mosaic virus,58,59

adenovirus,60–62 ferritin,63 dihydrolipoamide acetyltransferase

complex,64 and Qb65), but not in the context of a displayed anti-

gen. Therefore, it remains unknown if sterically hindering B cell

receptor (BCR) accessibility via scaffold masking can provide

an antigen-specific immunofocusing benefit.

Here, we address questions about the role of anti-scaffold re-

sponses in shaping the immunogenicity of protein nanoparticle

immunogens through (1) physically masking the nanoparticle

scaffold using three different approaches, (2) studying how anti-

gen immunodominance impacts anti-scaffold responses, and (3)

assessing immunogenic competition between the displayed an-

tigen and nanoparticle scaffold. We found that while scaffold

masking did not enhance antigen-specific antibody responses,

the relative immunodominance and dose of the nanoparticle

scaffold and antigen are key factors in shaping antigen-specific

immunogenicity for protein nanoparticle immunogens.

RESULTS

Design and characterization of HA-I53_dn5 nanoparticle
immunogens with a glycosylated, PEGylated, or
PASylated nanoparticle scaffold
To test the impact of masking the nanoparticle scaffold on anti-

gen-specific antibody responses, we selected as our model

scaffold the I53_dn5 protein nanoparticle30 due to its robust

self-assembly and stability and its use as the scaffold for a

mosaic nanoparticle influenza vaccine in clinical testing.10,66

I53_dn5 is a 25-nm, two-component nanoparticle with icosahe-

dral symmetry constructed from 12 pentameric and 20 trimeric

building blocks. We compared three different approaches to

masking I53_dn5 surfaces: glycosylation, PEGylation, and ge-

netic fusion of unstructured polypeptides rich in Pro, Ala, and

Ser (i.e., PASylation67).

To introduce NxT/S potential N-linked glycosylation sites

(PNGS) into the exposed surfaces of the I53_dn5A pentamer

and the I53_dn5B trimer, we used a custom ‘‘sugarcoat’’ proto-

col that we recently developed1 as part of the Rosetta macromo-

lecular modeling and design software.68,69 Sequences corre-

sponding to design models containing a single inserted NxT/S

sequon, modeled with and without a Man9 glycan tree present,

that had a Rosetta ‘‘total_energy’’ <500, as well as <0.25 Å

and <0.40 Å backbone (Ca) root-mean-square deviation

(RMSD) compared with the parent I53_dn5A and I53_dn5B

design models, respectively, were tested for protein expression

and glycosylation (Figures S1A and S1B). Reducing western blot

analysis of cell culture supernatants showed variable expression

and glycosylation for nine I53_dn5A and sixteen I53_dn5B vari-

ants that contained a single NxT/S sequon (Figure S1C). For

I53_dn5A, six variants that expressed better than the parent

sequence and/or exhibited migration indicating glycosylation

were considered further. For I53_dn5B, three variants exhibited

partial glycosylation. Next, variants that contained combinations
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of these validated single NxT/S PNGS were tested for expres-

sion, glycosylation, and nanoparticle assembly competency. A

single variant of I53_dn5A (I53_dn5A_2gly; 84-NDT-86,

118-NST-120) and I53_dn5B (I53_dn5B_2gly; 32-YDNLT-36,

89-NAT-91), each with two glycans per protomer, exhibited the

most efficient expression, glycosylation, and nanoparticle as-

sembly based on reducing western blot analysis of cell culture

supernatants and size exclusion chromatography (SEC)

(Figures S1D and S2A). These two glycosylated variants also

assembled with each other to form glycosylated I53_dn5 parti-

cles (I53_dn5_ABgly) bearing 240 glycans on the exterior sur-

face, although with somewhat reduced efficiency (Figures S2A

and S2B). To produce HA-bearing nanoparticle immunogens

with a glycosylated scaffold, I53_dn5A_2gly was mixed with a

genetic fusion of an H1 HA (H1/A/Michigan/45/2015, ‘‘MI15’’)

and the I53_dn5B trimer (HA-I53_dn5B) in vitrowith a slightmolar

excess of the trimeric components (Figure 1A), and it was puri-

fied via SEC (Figure 1D). PNGase F digestion of N-linked glycans

followed by reducing SDS-PAGE analysis verified glycosylation

of the I53_dn5A_2gly component of the SEC-purified HA-

I53_dn5_Agly particles (Figure 1G). Dynamic light scattering

(DLS) (Figures 1D and S2J) and negative stain transmission elec-

tron microscopy (nsTEM) (Figure 1J) analysis verified assembly

into monodisperse nanoparticle immunogens with the intended

icosahedral architecture.

To specifically couple PEG to precise locations on the I53_dn5

nanoparticle surface, we designed I53_dn5A pentamer variants

with surface-exposed cysteines to enable PEG-maleimide

conjugation.70 We did not design I53_dn5B trimer cysteine

knock-ins due to the potential for coupled PEG to occlude mem-

brane-proximal epitopes on fused antigens (e.g., the conserved

HA stem region). Seven I53_dn5A cysteine knock-ins were

designed with either one or two surface-exposed cysteines per

protomer. Two designs (I53_dn5A_D120C, I53_dn5A_S84C_

D120C) had acceptable expression (>100 mg/L of bacterial

expression media); did not aggregate during 4�C storage;

coupled efficiently to 1, 2, and 5 kDa PEG; and assembled into

PEGylated I53_dn5 nanoparticles based on SEC purification

(Figures S2C and S2I). However, I53_dn5A_D120C pentamers

with a single conjugated 5 kDa PEGper subunit did not efficiently

assemble with HA-bearing I53_dn5B trimers (Figure S2G). By

contrast, PEGylated HA-I53_dn5 immunogens with 1 or 2 kDa

PEG coupled to the ten thiol groups on each I53_dn5A_

S84C_D120C pentamer (Figure 1B) were found to form

monodisperse particles based on SEC, DLS, and nsTEM

(Figures 1E, 1K, and S2J), and these were carried forward for

in vivo testing.

An alternative physical masking approach to PEGylation is the

genetic fusion of hydrophilic unstructured polypeptides, such as

XTENylation and PASylation67,71,72; these have been expressed

on ferritin to extend its circulation time in vivo.73,74 To express

XTEN and proline/alanine-rich sequence (PAS) polypeptides on

the outer surface of the I53_dn5A pentamer, we first designed

a circularly permuted variant of I53_dn5A, called I53_dn5Acp7,

with the N and C termini both facing outward. I53_dn5 nanopar-

ticle formation was observed via SEC when XTEN, PAS, and

another unstructured polypeptide known as ELP75 were fused

to the C terminus of the I53_dn5Acp7 pentamer (Figure S2E).
PASylated I53_dn5Acp7 (I53_dn5A_PAS) assembled, albeit inef-

ficiently, with HA-I53_dn5B trimers (Figure 1C) to form monodis-

perse nanoparticle immunogens based on SEC, DLS, and

nsTEM, with nsTEM revealing some presence of unassembled

components in the nanoparticle sample (Figures 1F, 1I, 1L,and

S2J), and they were used for in vivo studies.

Overall, based on SEC and SDS-PAGE analysis, the larger

PAS polypeptide and PEG molecules impeded efficient nano-

particle assembly (Figures 1F, 1I, S2C–S2H) more than smaller

PEG and glycans did (Figures 1D, 1E, 1G, 1H, S2A–S2D, and

S2G–S2H). This trend of less efficient nanoparticle assembly

with bulkier masking groups is consistent with the estimatedmo-

lecular weight of each masking moiety on the I53_dn5A pen-

tamer (and hydrodynamic diameter of assembled I53_dn5 nano-

particles with the respective masked I53_dn5A): 9-mannose

N-linked glycan, 1,884 Da (31 nm); 2 kDa PEG, 2,000 Da

(31 nm); 63 amino acid PAS polypeptide, 5,187 Da (38 nm), sug-

gesting that the presence of larger, flexible masking agents inter-

feres with nanoparticle assembly. However, we note that

very large glycoprotein antigens such as HIV-1 Env and SARS-

CoV-2 spike (approximately 120 and 170 kDa per monomer

including glycans, respectively) are able to efficiently assemble

into I53_dn5 and similarly sized I53-50 nanoparticles,31,33 pre-

sumably because they are not quite so dynamic.

Masking the I53_dn5 nanoparticle scaffold does not
enhance anti-HA antibody responses
We first tested how effectively these three different surface

masking strategies dampen antibody responses against the

I53_dn5 nanoparticle without any viral glycoprotein antigen pre-

sent. After three immunizations of 0.6 mg protein adjuvanted with

AddaVax, the presence of glycans on either the I53_dn5B trimer

(I53_dn5_Bgly) or both the I53_dn5A pentamer and I53_dn5B

trimer (I53_dn5_ABgly) significantly reduced anti-I53_dn5A pen-

tamer antibody responses compared with immunization with un-

modified I53_dn5 nanoparticle (Figure S4A). Anti-I53_dn5A pen-

tamer antibody titers were even further reduced when 10 chains

of 1 or 2 kDa PEG (I53_dn5_2C1kPEG, I53_dn5_2C2kPEG) or

five unstructured polypeptides (I53_dn5_XTEN, I53_dn5_PAS,

I53_dn5_ELP) masked each I53_dn5A pentamer in the nanopar-

ticle immunogen (Figure S4A). All scaffold masking approaches

significantly reduced anti-I53_dn5B trimer and anti-I53_dn5

nanoparticle IgG titers compared with those elicited by unmod-

ified I53_dn5 particles (Figures S4B and S4C). In summary, all

three masking strategies reduced antibody responses against

the I53_dn5B trimer and assembled I53_dn5 nanoparticle, with

PEG and unstructured polypeptides masking the I53_dn5A pen-

tamer more efficiently than glycans.

We next assessed the immunological impact of masking the

nanoparticle scaffold when the HA antigen was presented on

the nanoparticle. Scaffold-masked HA-I53_dn5 nanoparticle

immunogens were formed by assembling HA-I53_dn5B with

I53_dn5A pentamers bearing either 10 glycans (HA-I53_dn5_

Agly), 10 linear 2-kDa PEG chains (HA-I53_dn5_2C2kPEG),

or five unstructured PAS polypeptides (HA-I53_dn5_PAS)

(Figures 1A–1C). Based on our finding that scaffold masking

reduced anti-particle responses when no viral glycoprotein an-

tigen was displayed (Figures S4A–S4C), we hypothesized that
Cell Reports Medicine 3, 100780, October 18, 2022 3



Figure 1. Design and characterization of HA-I53_dn5 nanoparticle immunogens with a glycosylated, PEGylated, or PASylated scaffold

(A–C) (Left) Structural models of the glycosylated pentameric I53_dn5A_2gly (I53_dn5A in orange, glycans in green at PNGS 84-NDT-86 and 118-NST-120) (A),

PEGylated pentameric I53_dn5A_2C2kPEG (2-kDa PEG in teal at Cys84 and Cys120) (B), PASylated pentameric I53_dn5A_PAS (63-amino acid C-terminal

‘‘PAS’’ polypeptide in red) (C), and trimeric HA-I53_dn5B (HA in blue, glycans in green, and I53_dn5B in gray) components. (Right) Uponmixing in vitro, 20 trimeric

and 12 pentameric components spontaneously assemble to form nanoparticle immunogens with icosahedral symmetry. Each nanoparticle displays 20 HA

trimers and is approximately 50 nm in diameter.

(D–F) SEC purification of the HA-I53_dn5_Agly (D), HA-I53_dn5_2C2kPEG (E), and HA-I53_dn5_PAS (F) nanoparticle immunogens after in vitro assembly using a

Superose 6 Increase 10/300 GL column. The nanoparticle immunogen elutes at the void volume of the column (gray bar). Residual, unassembled trimeric HA-

I53_dn5B component elutes around 16.5mL. The diameter and polydispersity index (PDI) of SEC-purified nanoparticlesmeasured byDLS is reported at the top of

the SEC chromatogram; DLS plots are shown in Figure S2J.

(G–I) Reducing SDS-PAGE of SEC-purified HA-I53_dn5_Agly (without and with enzymatic cleavage of glycans by �35-kDa PNGase F) (G), HA-

I53_dn5_2C2kPEG (H), and HA-I53_dn5_PAS (I) nanoparticle immunogens and residual, unassembled trimeric HA-I53_dn5B and pentameric I53_dn5A_PAS

(I) components.

(J–L) Representative electron micrographs of negatively-stained HA-I53_dn5_Agly (J), HA-I53_dn5_2C2kPEG (K), and HA-I53_dn5_PAS (L) nanoparticles. Scale

bars, 100 nm.
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shielding surface-exposed epitopes on the nanoparticle scaf-

fold could potentially focus and enhance the immune response

to HA by reducing competition in germinal centers from scaf-

fold-specific B cells.76 However, following three immunizations

of 0.9 mg HA (1.5 mg total protein) with AddaVax, anti-HA IgG

titers were not enhanced for any of the scaffold-masked

immunogens compared with the HA-I53_dn5 immunogen
4 Cell Reports Medicine 3, 100780, October 18, 2022
(Figures 2A and S4H). At the same time, when HA was present

on the particle, scaffold masking had a much smaller—in some

cases indiscernible—effect on reducing anti-scaffold IgG

titers (Figures 2B–2D and S4I–S4K), suggesting immunodomi-

nance of HA over the underlying I53_dn5 scaffold. Similarly,

for a different icosahedral nanoparticle immunogen in which

half of the 20 trimers displayed prefusion RSV F antigen and



Figure 2. Glycosylating, PEGylating, or PASylating the nanoparticle scaffold of HA-I53_dn5 immunogens does not enhance anti-HA antibody

responses

(A–D) Post-second boost (week 10) anti-H1 MI15 hemagglutinin (A), anti-I53_dn5A pentamer (B), anti-I53_dn5B trimer (C), and anti-I53_dn5 nanoparticle

(D) serum IgG binding titers in BALB/c mice, measured by enzyme linked immunosorbent assay (ELISA) and plotted as the area under the curve (AUC) for

each serum dilution series. Each symbol represents an individual animal, and the geometric mean AUC and the geometric mean SD from each group is

indicated by the bar and error bar, respectively (N = 5 mice/group). The inset depicts the study timeline and the blood collection time point that each data

panel represents.

(E) Post-second boost (week 10) anti-I53_dn5 nanoparticle and anti-H1 MI15 hemagglutinin serum IgG levels (mg/mL) elicited by HA-I53_dn5 and HA-

I53_dn5_2C2kPEG nanoparticle immunogens in BALB/c mice, measured by ELISA.

(F–H) Number of I53_dn5A pentamer+ (F), I53_dn5B trimer+ (G), and H1 MI15 hemagglutinin+ (H) lymph node GC precursors and B cells (CD38+/�GL7+) detected

for each immunization group in BALB/c mice. N = 6 across two experiments for each group. (I) Post-prime (week 2), post-first boost (week 6), and post-second

boost (week 10) anti-H1 MI15 hemagglutinin geometric mean Ab avidity index. The mouse immunization study was repeated twice, and representative data are

shown.

(J and K) Serum microneutralization (MN) titers against vaccine-matched H1N1 (J) and heterosubtypic H5N1 (K) viruses.

The blue dashed line represents levels for the HA-I53_dn5 immunogen for comparison, and the dotted black line represents the lower limit of detection of the

assay. Mouse immunization studies were repeated twice, and representative data are shown. p values between groups were determined by Brown-Forsythe and

Welch one-way ANOVA test, with Dunnett’s T3 multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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the other half bore 12 glycans per trimer (120 glycans

per particle), the presence of the glycans did not dampen

the anti-I53-50 scaffold IgG responses and also did not

enhance anti-F responses relative to a corresponding non-

glycosylated immunogen (Figures S4L–S4O). However, the
presence of prefusion F on the nanoparticle immunogens

significantly reduced antibody responses against the I53-50

nanoparticle compared with immunization with unmodified

I53-50 (Figures S4N–S4O), again suggesting immunodomi-

nance of the displayed antigen.
Cell Reports Medicine 3, 100780, October 18, 2022 5



Figure 3. Only HIV-1 Env is subdominant to the nanoparticle scaffold in a series of different nanoparticle immunogens that all use the same

I53-50 scaffold

(A) Schematic representation of the series of nanoparticle immunogens used in this study that all use the same I53-50 scaffold, highlighting the structural dif-

ferences in the displayed antigen for each immunogen (antigen in blue, glycans in green, I53-50A trimeric component in gray, I53-50B pentameric component in

orange).

(B) Table listing the nanoparticle and non-assembling control immunogens and schematic depicting the study timeline and blood collection time points that each

data panel represents.

(C and D) Antigen-specific (C) and I53-50 scaffold-specific (D) serum IgG binding titers in BALB/cmice immunized with the color-coded immunogens listed in the

table in (B), measured by ELISA and plotted as the area under the curve (AUC) for each serum dilution series. Antigen-specific IgG titers were measured by Ni-

NTA-capture ELISA for more accurate comparison among immunogen groups. Each symbol represents an individual animal, and the geometric mean AUC from

each group is indicated by the bar (N = 10 mice/group). The blue dashed line in (D) represents levels for the ConM-I53-50 immunogen for comparison.

(E) Ratio of the antigen-specific (C) to I53-50 scaffold-specific (D) binding antibody AUC titers. The black dashed line indicates a ratio of 1.

(legend continued on next page)
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Interestingly, a non-assemblingcontrol immunogen inwhich the

trimericcomponent lacked thecomputationallydesigned interface

that drives nanoparticle assembly (HA-1na0C3int2 + I53_dn5A; 30)

elicited significantly higher anti-I53_dn5A pentamer titers

(Figures 2B, S4E, and S4I) and significantly lower anti-HA

(Figures 2A, S4D, and S4H) and anti-I53_dn5B (Figures 2C, S4F,

and S4J) titers than HA-I53_dn5 nanoparticles. The fact that the

immunogenicity of I53_dn5A was enhanced when the pentamer

was physically separated from HA-I53_dn5B further suggested

that in the nanoparticle context HA (1) is immunodominant over

and outcompetes responses to the I53_dn5A pentamer or (2) ste-

rically occludesBCRaccess to I53_dn5A.This immunodominance

of HA and suppression of antibody responses to other proteins in

closeness, proximity to HA is consistent with influenza neuramini-

dase (NA) being more immunogenic when not co-delivered

with HA.77

To further characterize the magnitude of the response to

various parts of the HA-bearing nanoparticle immunogens, we

quantified antigen- and scaffold-specific IgG concentrations in

neat serum as well as antigen- and scaffold-specific B cells in

lymph node germinal centers (GCs). We found the amount of

anti-HA IgG in undiluted serum (�3 mg/mL) was �3-fold higher

than the amount of anti-I53_dn5 IgG (�1 mg/mL) for both the

HA-I53_dn5 and HA-I53_dn5_2C2kPEG immunogens (Fig-

ure 2E). In lymph nodes, the numbers of HA-specific GC

(GL7+) B cells were �50-fold higher than I53_dn5A- or

I53_dn5B-specific GC B cells (Figures 2F–2H and S4P). These

data are consistent with our ELISA data, again indicating the dis-

played HA antigen is immunodominant over the underlying

I53_dn5 scaffold.

We also assessed anti-HA IgG quality and binding affinity in a

chaotropic ELISA that challenged serum IgG binding with 2 M

NaSCN, which showed a non-significant trend of diminished

antibody avidity in sera after the second and third immunizations

for the non-assembling immunogen and the nanoparticle immu-

nogens with PEG and PAS masking (Figure 2I). Instability of the

HA-I53_dn5_PAS nanoparticle immunogenmay be a factor here,

since these nanoparticles did not fully assemble in vitro

(Figures 1F, 1I, and 1L) and anti-HA and anti-I53_dn5 IgG titers

trended toward those elicited by the non-assembling control

(Figures 2A–2D). However, in an immunodepletion experiment

that eliminated antibodies against the I53_dn5 nanoparticle

exterior, residual antibody binding against epitopes on the inte-

rior surface of the nanoparticle or buried upon nanoparticle as-

sembly—which could become exposed upon nanoparticle

disassembly in vivo—were nearly completely removed from

the sera of mice that received the HA-I53_dn5 and HA-

I53_dn5_PAS immunogens, but not the non-assembling control

immunogen (Figure S3A). This result indicates that both the HA-

I53_dn5 and HA-I53_dn5_PAS immunogens are stable in vivo

and remain intact long enough to prevent the elicitation of sub-

stantial antibody responses against epitopes on nanoparticle

interior surfaces. Lastly, althoughmicroneutralization titers in im-
(F) Spearman’s correlations between post-second boost (week 10) anti-antigen a

plot. Shaded areas represent 95% confidence intervals of the plotted linear regr

p values between groups were determined by Brown-Forsythe andWelch one-wa

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
mune sera against vaccine-matched virus (H1N1 MI15) were

similar for all nanoparticle immunogens (Figure 2J), microneu-

tralization titers against a heterosubtypic virus (H5/A/Vietnam/

1203/04) were similar when the scaffold was masked with gly-

cans but diminished when masked with PEG or PAS compared

with non-scaffold-masked HA-I53_dn5 (Figure 2K). These data

suggest that the large and structurally dynamic linear PEG and

PAS polypeptides, but not branched glycans, sterically occlude

the conserved antigenic site in the HA stem and/or promote

particle instability/disassembly, reducing the elicitation of anti-

bodies mediating heterosubtypic neutralization.

In summary, these three scaffold masking strategies reduced

antibody responses against the I53_dn5 particle when no viral

glycoprotein antigen was displayed. However, when HA and

RSV F were presented on the I53_dn5 and I53-50 scaffolds,

respectively, scaffold masking did not dampen anti-scaffold anti-

body responses and did not enhance, but in some cases dimin-

ished (e.g., PEG and PAS), antigen-specific antibody responses.

In a series of nanoparticle immunogens that all used the
same I53-50 scaffold, only HIV-1 Env was subdominant
to the nanoparticle scaffold
To comparatively evaluate the immunogenicity of a range of

different viral glycoprotein antigens displayed on the same pro-

tein nanoparticle scaffold and the level of anti-scaffold antibody

responses elicited by each, we displayed five different viral

glycoprotein antigens (prefusion RSV F, SARS-CoV-2 RBD,

influenza HA, and two different native-like HIV-1 Env trimers:

ConMand AMC009) separately on the two-component nanopar-

ticle I53-50 (Figures 3A and S5). We used I53-50 as the nanopar-

ticle scaffold for these experiments because we and others have

used I53-50 to display a wide variety of antigens, including RSV

F, SARS-CoV-2 RBD, and HIV-1 Env.8,9,33 Two different native-

like HIV-1 Env trimers were used because of their different immu-

nogenicities: ConM is more immunogenic than AMC009, as the

latter trimer has a denser glycan shield.78,79 To specifically

explore the role of nanoparticle formation in the relative immuno-

genicity of antigen and scaffold, we also prepared non-assem-

bling control immunogens for RBD, HA, and the two Env trimers

comprising a version of the I53-50B pentamer (‘‘2obx’’80) lacking

the computationally designed interface that drives nanoparticle

assembly.

Following one, two, and three immunizations with 72.4 pmol

antigen (equal to 5 mg HIV-1 Env ConM and 3.0 mg I53-50 for

each nanoparticle immunogen; Figure 3B), RSV F and SARS-

CoV-2 RBD on I53-50 elicited the highest antigen-specific anti-

body titers; HA on I53-50 elicited intermediate antigen-specific

titers; and both HIV-1 Env trimers (ConM and AMC009) on I53-

50 elicited the lowest antigen-specific titers (Figures 3C

and S6A). Thus, the antigen immunogenicity hierarchy for I53-

50-scaffolded nanoparticle immunogens was RSV F > SARS-

CoV-2 RBD>HA >HIV-1 Env ConM>HIV-1 Env AMC009. Com-

parison of the antigen-specific titers elicited by assembled
nd anti-I53-50 scaffold serum IgG titers (AUC) for all immunogens on the same

ession line. Each symbol represents a mouse (N = 10 per immunogen).

y ANOVA test, with Dunnett’s T3multiple comparisons test. ns, non-significant;
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Figure 4. Antigen- and scaffold-specific antibody responses are not correlated with antigen height, molecular weight, or glycan density

(A–F) Spearman’s correlations between post-second boost (week 10) antigen-specific (A–C) or I53-50 scaffold-specific (D–F) serum IgG levels and antigen height

(A and D), molecular weight (B and E), and glycan density (C and F). Shaded areas represent 95% confidence intervals of the plotted linear regression line. Each

symbol represents the antigen-specific or I53-50-specific serum IgG geometricmean AUC (AUCGMT) for the indicated nanoparticle immunogen (N = 10mice per

immunogen).
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versus non-assembled nanoparticles showed that significant

improvement in antigen-specific titers was only observed for

RBD-I53-50, but not for HA-I53-50, ConM-I53-50, or AMC009-

I53-50 (Figure 3C). Antigen-specific titers from the non-assem-

bling controls increased after booster immunizations for the

RBD and HA immunogens, but the antigen-specific titers for

the HIV-1 Env non-assembling controls remained near baseline

levels (Figures 3C and S6A). Conversely, anti-I53-50 titers for

the ConM-I53-50 groupwere the highest among all immunogens

at all time points (Figure 3D). This suggests that despite its rela-

tively large size, the poorly immunogenic HIV-1 Env may impart

less antigenic competition with the nanoparticle scaffold than

the other more immunogenic antigens. Alternatively, more effi-

cient trafficking of HIV-1 Env immunogens to lymph nodes due

to the high oligomannose glycan density on Env25,81,82 may be

another mechanism by which the immunogenicity of the under-

lying I53-50 scaffold is increased. Furthermore, the ratio of anti-

gen-specific over anti-I53-50 titers for the HIV-1 Env groups was

consistently less than 1 at all time points, while the other nano-

particle immunogen groups exhibited ratios equal to or greater

than 1 (Figures 3E andS6A). Therefore, for this series of nanopar-

ticle immunogens, only HIV-1 Env was immunosubdominant to

the nanoparticle scaffold.

The antigen-specific and scaffold-specific antibody titers did

not correlate with the physical size of the antigen, measured by
8 Cell Reports Medicine 3, 100780, October 18, 2022
either antigen height or molecular weight (Figures 4A, 4B, 4D,

and 4E), although we note that the sample size (N = 5) is small

for meaningful correlation analysis. Furthermore, for the most

part there are not substantial differences between the anti-scaf-

fold responses in corresponding assembling and non-assem-

bling groups (the exception being the RBD immunogens at

week 6) (Figure 3D). These data suggest that the anti-scaffold

response is not primarily determined by sterics/physical access

to the scaffold surfaces. However, we cannot rule out that parti-

cle disassembly in vivo could be a factor here. Another potential

factor driving the antigen immunogenicity hierarchy could be

glycan density on the antigens; however, this failed to correlate

with antigen-specific or scaffold-specific antibody titers

(Figures 4C and 4F). Moreover, each immunogen failed to

show a negative correlation between antigen-specific and scaf-

fold-specific responses (Figure S6B), suggesting that anti-scaf-

fold responses do not interfere with antigen-specific responses

for any of these immunogens. Instead, when all immunogens

(except Env immunogens) were grouped together, antigen-spe-

cific and scaffold-specific responses were highly positively

correlated (p < 0.0001), while the Env immunogens grouped

together exhibited no correlation (p = 0.83) (Figure 3F). Taken

together, these data indicate that within a nanoparticle immu-

nogen there is not zero-sum antigen competition between anti-

gen-specific and scaffold-specific antibody responses, since



Figure 5. Scaffold-specific antibody responses can competitively inhibit antigen-specific responses when scaffold is provided in excess

(A) (Left) Schematic representation of the scaffold competition experimental design where mice were immunized with either varying doses of RBD-I53-50

nanoparticle immunogens (blue triangle) or varying doses of RBD-I53-50 nanoparticle immunogens co-delivered with excess I53-50 scaffold (blue triangle +

orange rectangle). (Right) Schematic depicting the study timeline and blood collection time points that each data panel represents.

(B–G) Post-prime (week 2) (B–D) and post-boost (week 6) (E–G) anti-SARS-CoV-2 spike (B and E) and anti-I53-50 scaffold (C and F) serum IgG binding titers in

BALB/c mice immunized with the protein doses indicated at the bottom of (E)–(G), measured by ELISA and plotted as the area under the curve (AUC) for each

serum dilution series. Each symbol represents an individual animal, and the geometric mean AUC from each group is indicated by the bar (N = 5 mice/group).

(legend continued on next page)
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an increase in one does not result in a proportional decrease in

the other. Instead, there is a significant positive correlation be-

tween antigen-specific and anti-scaffold responses across this

set of non-Env antigens (Figure 3F).

Competition from excess I53-50 nanoparticle scaffold
suppresses antigen-specific antibody responses
To better understand the antigen vs. scaffold immunodominance

hierarchies observed above and the potential role of antigenic

competition between the displayed antigen and nanoparticle

scaffold, we compared antigen-specific and scaffold-specific

antibody responses elicited by a 10,000-fold dose range of

RBD-I53-50 co-administered with a constant dose of excess

I53-50 protein. Although we were unable to observe clear evi-

dence of antigenic competition in the experiments presented

above, we hypothesized that the addition of excess I53-50—to

artificially inflate the scaffold to antigen ratio—might allow us

to observe suppression of antigen-specific antibody responses

due to antigenic competition, similar to how excess carrier pro-

tein outcompeted and suppressed hapten-specific antibody re-

sponses.83 We used the RBD nanoparticle immunogen in this

experiment based on our finding above that the RBD is strongly

immunodominant to the I53-50 scaffold (Figures 3C–3E).

We immunized mice with RBD-I53-50 comprising 1.7, 0.1,

0.01, 0.001, or 0.0001 mg RBD with or without co-administration

of excess I53-50 to a total of 3 mg of the nanoparticle scaffold

(Figure 5A). After a single immunization, we observed a typical

dose-response effect in both the RBD-specific and anti-scaffold

antibody responses, with loss of detectable antibodies at

0.0001 mg RBD and 0.002 mg I53-50, respectively (Figures 5B

and 5C). The effect of co-administering excess I53-50 was

already apparent post-prime. RBD-specific antibodies were

8.1- and 4.4-fold lower at the 0.1 and 0.01 mg RBD doses relative

to the conditions without excess scaffold, respectively (Fig-

ure 5B), while anti-scaffold responses, in the presence of excess

I53-50, were roughly constant over the entire dose range (Fig-

ure 5C). The average post-prime antigen-specific to scaffold-

specific area under the curve (AUC) ratio was greater than 1

for all groups post-prime except for the 0.01, 0.001, and

0.0001 mg RBD doses with excess I53-50 (Figure 5D). Post-

boost, these trends were amplified, with the exception that there

was no diminution in the RBD-specific antibody responses when

decreasing the RBD dose from 1.7 to 0.01 mg, although further

decreases in dose led to lower anti-RBD responses

(Figures 5E and 5H). Suppression of the RBD-specific antibodies

by excess I53-50 was more pronounced post-boost, with de-

creases of 113-, 266-, and 147-fold at doses of 0.1, 0.01, and
(D and G) Ratio of the post-prime (week 2) (D) and post-boost (week 6) (G) spik

dashed line indicates a ratio of 1.

(H and I) Post-boost (week 6) spike-specific (H) and I53-50 scaffold-specific (I) seru

absorbance at 450 nm (N = 5 mice/group).

(J) Post-boost serum pseudovirus neutralization titers using a vesicular stomatiti

D614G substitution (G614) and VeroE6 cells stably expressing TMPRSS2.84 Eac

individual animal. GMT for each group is indicated by a bar (N = 5 mice/group). Re

pseudoviruses are shown. The dotted horizontal line represents the lower limit o

p values between groups were determined by Brown-Forsythe and Welch one

**p < 0.01; ***p < 0.001; ****p < 0.0001.
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0.001 mg RBD relative to the conditions without excess scaffold,

respectively (Figures 5E and 5H). There was also a trend of

reduced post-boost pseudovirus neutralization (IC50) in the

presence of excess I53-50, with decreases of 23-, 32-, and

13-fold at doses of 0.1, 0.01, and 0.001 mg RBD, respectively

(Figure 5J). There was still a clear dose-response effect in the

anti-scaffold responses in the absence of co-administered I53-

50 (Figures 5F and 5I). Interestingly, the anti-scaffold responses

with co-administered I53-50 trended higher than the 1.7 mg dose

of RBD-I53-50, despite containing the same total amount of I53-

50 scaffold (Figures 5F and 5I). The average post-boost antigen-

specific to scaffold-specific AUC ratio was less than 1 for only

the 0.001 and 0.0001 mg RBD doses with excess I53-50,

whereas this AUC ratio progressively increased for 1.7, 0.1,

0.01, and 0.001 mg RBD when no excess I53-50 was present

(Figure 5G). We also tried a similar competition experiment

with ConM (but with a smaller dose range), but the anti-ConM

antibody responses were so weak that no suppression of anti-

ConM titers was detected when excess I53-50 was co-delivered

(Figure S7). In addition, we tested if excess heterologous

nanoparticle scaffold suppressed antigen-specific antibody re-

sponses by immunizing mice with RBD-I53-50 in the presence

of excess I53_dn5 nanoparticles. Interestingly, we found that

excess heterologous I53_dn5 scaffold did not suppress RBD-

specific antibodies (Figures S8F and S8I), which is consistent

with a report that showed that excess heterologous carrier pro-

tein did not compete with and suppress hapten-specific anti-

body responses.83 Taken together, these data confirm that in

the context of protein nanoparticle immunogens that display viral

glycoprotein antigens, excess homologous nanoparticle scaf-

fold, but not heterologous nanoparticle scaffold, can compete

with and suppress antigen-specific binding and pseudovirus

neutralizing antibody responses.

DISCUSSION

Here, we have evaluated the role of anti-scaffold antibody re-

sponses to protein nanoparticle immunogens and their impact

on antigen-specific antibody responses. Specifically, we ad-

dressed the following questions. How do the magnitudes of

scaffold-specific and antigen-specific antibody responses

compare? Does physically masking the nanoparticle scaffold

enhance antigen-specific antibody responses? How does anti-

gen immunodominance alter anti-scaffold responses? Lastly,

can anti-scaffold responses compete with antigen-specific re-

sponses? The data reported here suggest that, despite antigenic

competition between the nanoparticle scaffold and displayed
e-specific to I53-50 scaffold-specific binding antibody titers (AUC). The black

m IgG ELISA curves in BALB/c mice. Each line represents the geometric mean

s virus (VSV) pseudotyped with the Wuhan-Hu-1 S glycoprotein harboring the

h symbol represents the reciprocal half-maximal inhibitory dilution (IC50) of an

presentative data from duplicate measurements made with distinct batches of

f detection of the assay. Raw data curves are shown in Figure S7E.

-way ANOVA test, with Dunnett’s T3 multiple comparisons test. *p < 0.05;
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antigen when the former is provided in excess, scaffold masking

has limited utility for enhancing antibody responses against

strongly immunogenic antigens, a finding that has implications

for current and future nanoparticle vaccine design.

To better understand the role of anti-scaffold immune re-

sponses, we masked the underlying I53_dn5 nanoparticle in

the HA-I53_dn5 immunogen using three different approaches:

glycosylation, PEGylation, and PASylation. All three approaches

successfully yielded nanoparticle immunogens co-displaying a

large glycoprotein antigen and the masking moieties, show-

casing the robustness and versatility of computationally de-

signed two-component nanoparticles as a multivalent display

platform. However, there are limits to what can be displayed

on the nanoparticle exterior: the efficiency of in vitro assembly

was substantially reduced for the PASylated particle. We then

examined how shielding the scaffold impacted anti-HA antibody

responses. Overall, scaffold masking did not increase anti-HA

antibody titers and in some instances (i.e., PEGylation and

PASylation) appeared to occlude cross-reactive epitopes in the

HA stem. The partial disassembly of HA-I53_dn5_PAS nanopar-

ticles due to their instability may also have contributed to the

reduced HA stem responses. The failure of scaffold masking to

enhance antigen-specific antibody titers is consistent with an

analogous study in the literature, which showed no increases

in anti-Env or anti-HA antibody titers when the genetically fused

GCN4-based isoleucine zipper trimerization domain was

masked with glycans.46 It is also consistent with several studies

using glycan masking within antigens (rather than on heterolo-

gous domains fused to antigens) to alter the epitope specificities

of polyclonal vaccine-elicited antibodies, which generally indi-

cate that this approach yields a higher proportion, but not a

higher absolute magnitude, of antibodies against unmasked epi-

topes.47–49 It is likely that the lack of improved anti-HA titers is

due to the immunodominance of HA85 over the scaffold (i.e.,

anti-scaffold responses do not strongly interfere with anti-HA

responses). This notion is consistent with the positive correlation

previously observed between antigen-specific and scaffold-

specific antibody titers in NHPs immunized with the immunodo-

minant SARS-CoV-2 RBD displayed on the I53-50 scaffold,

which demonstrated that pre-existing and increased anti-scaf-

fold antibody responses did not interfere with antigen-specific

responses during boosting.36 Overall, these observations

suggest that masking the scaffolds of other nanoparticle immu-

nogens that display an immunodominant antigenmay be ineffec-

tive at improving the magnitude of the antigen-specific antibody

response, althoughwe note that theremay be other beneficial ef-

fects that could derive from scaffold masking, particularly with

glycans.25,82

Several protein nanoparticle immunogens have been reported

to elicit robust levels of antibodies against both the nanoparticle

scaffolds and the displayed antigen (e.g., RTS,S,39 HA-ferritin,5

DS-Cav1-I53-50,8 and SARS-CoV-2-RBD-I53-509). Interest-

ingly, a newer version of the recombinant malaria vaccine

RTS,S known as R21, which displays the circumsporozoite pro-

tein (CSP) antigen at full valency in a highly dense array on the

hepatitis B surface antigen scaffold, elicited enhanced antigen-

specific antibody titers and reduced anti-scaffold responses

compared with RTS,S,86 and is a more efficacious vaccine.87
Furthermore, anti-SARS-CoV-2 RBD antibody titers were

enhanced when 60 copies of the RBD were densely displayed

on a b-annulus peptide scaffold that elicited low anti-scaffold re-

sponses compared with RBD-ferritin and RBD-lumazine syn-

thase immunogens.88 However, it is difficult to elucidate to

what extent, if any, the reduced anti-scaffold titers contributed

to the enhanced antigen-specific titers compared with the

increase in antigen density, a known correlate of immunogenicity

in nanoparticle immunogens.8,89 Here, we confirmed the

immunodominance of prefusion RSV F, SARS-CoV-2 RBD,

and influenza HA on the I53-50 scaffold, andwe showed the sub-

dominance of two variants of HIV-1 Env (ConM and AMC009) on

I53-50. This study design allowed for direct comparison of the

antigen-specific and scaffold-specific immune responses, and

we showed that anti-scaffold antibody responses are not nega-

tively correlated with antigen-specific responses for this set of

immunogens. The subdominance of HIV-1 Env, which is consis-

tent with studies in rabbits immunized with Env-I53-50 and Env-

ferritin immunogens,33,34 suggests that, in contrast to the other

immunodominant antigens, masking the underlying scaffold

may enhance anti-Env antibody responses, a question that could

be explored in future work. However, caution is warranted since

a previous study showed that glycosylation of an immunogenic

trimerization domain fused to Env did not enhance anti-Env

antibody titers.46 Using different masking approaches than

those employed here and more completely shielding exposed

scaffold surfaces may be more effective at antigen-specific

immunofocusing.

Antigenic competition determines immunodominance pat-

terns for complex immunogens.85,90 Subdominant antibody

responses arise when BCR access is occluded and/or low fre-

quency B cells or those with low-affinity BCRs cannot compete

for expansion within GCs.91–93 Here, we showed that co-delivery

of excess I53-50 scaffold with RBD-I53-50 immunogens sup-

pressed immunodominant antigen-specific antibody responses,

but co-delivery of excess heterologous I53_dn5 scaffold with

RBD-I53-50 immunogens did not suppress antigen-specific

antibody responses. These data suggest that immunodominant

antibody responses (e.g., RBD-specific) are suppressed when

subdominant (e.g., scaffold) epitopes are increased in abun-

dance, are no longer physically linked to immunodominant

epitopes, and/or are more accessible to BCRs. Co-delivered

excess scaffold could also outcompete antigen-specific B cells

for the limited T cell help available for GC reactions, and conse-

quently suppress antigen-specific responses.83 Therefore, for

nanoparticle immunogens in which scaffold- and antigen-spe-

cific responses are on a roughly equal footing, anti-scaffold re-

sponses may impede antigen-specific responses, similar to the

anti-ferritin responses that were recently reported to detract

from Env-specific neutralization titers for an Env-ferritin immu-

nogen.34 Our data also imply that protein nanoparticle immuno-

gens with reduced antigen valency, in which some of the

potential antigen-bearing sites are left vacant, could suffer

from anti-scaffold responses suppressing antigen-specific re-

sponses. We note that RBD-I53-50 particles with 50% RBD va-

lency elicited in mice similar anti-spike antibody titers but slightly

higher anti-scaffold titers than the 100% RBD valency groups,9

potentially due to the 2-fold higher scaffold dose and increased
Cell Reports Medicine 3, 100780, October 18, 2022 11
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accessibility of the scaffold to BCRs. Similar results were

observed with a series of I53-50 nanoparticles displaying prefu-

sion RSV F at 33%, 67%, and 100% valency.8 Overall, we have

shown that protein nanoparticle scaffolds are a potential source

of antigenic competition, which is an important consideration

when designing complex immunogens.

In summary, our results inform the design of protein nanopar-

ticle immunogens. We show that while the nanoparticle scaffold

can indeed compete with antigen-specific immune responses

under certain conditions, physically masking a scaffold that mul-

tivalently presents immunodominant antigen holds limited utility

for enhancing antigen-specific antibody responses. Improving

immunogenicity through antigen design, modulating epitope

focusing through antigen presentation geometry and co-display

of multiple antigenic variants, and enhancing cell-mediated im-

munity by engineering improved vaccine trafficking and uptake

are likely more fruitful approaches for further enhancing the per-

formance of protein nanoparticle vaccines.

Limitations of the study
This study has several limitations that can be addressed in future

work. First, we did not attempt to mask the entire scaffold sur-

face. The improved antigen-specific responses obtained from

highly dense display of Plasmodium falciparum CSP in R21 par-

ticles86 and SARS-CoV-2 RBD in b-annulus particles88 that

nearly completely shields the underlying scaffolds suggest that

complete scaffold maskingmay be beneficial. Another important

question for future studies is whether scaffold masking may be

more beneficial when displaying a weakly immunogenic antigen

that is subdominant to the scaffold, such as HIV-1 Env.94,95

Furthermore, our experiments involving Env-I53-50 immuno-

gens indicate that future studies would benefit from using an an-

imal model such as rabbits or NHPs that have longer and more

human-like HCDR3s (�15 amino acids in length) to better

engage Env epitopes than mice, which have shorter HCDR3s

(�11–12 amino acids in length) that restrict humoral responses

to Env.96,97 Moreover, the same antigen immunogenicity and an-

tigen vs. scaffold immunodominance hierarchies we observed

here may not be recapitulated in animals that have different im-

mune repertoires than BALB/c mice.
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mRNA transfection of dendritic cells (DC) delivers encoded antigen to

MHC class I and II molecules, causes DC maturation, and induces a

potent human in vitro primary immune response. J. Immunol. 165,

4710–4717.

3. Pardi, N., Hogan, M.J., Porter, F.W., and Weissman, D. (2018). mRNA

vaccines - a new era in vaccinology. Nat. Rev. Drug Discov. 17, 261–279.

4. Gordon, D.M., McGovern, T.W., Krzych, U., Cohen, J.C., Schneider, I.,

LaChance, R., Heppner, D.G., Yuan, G., Hollingdale, M., and Slaoui, M.

(1995). Safety, immunogenicity, and efficacy of a recombinantly pro-

duced Plasmodium falciparum circumsporozoite protein-hepatitis B sur-

face antigen subunit vaccine. J. Infect. Dis. 171, 1576–1585.

5. Kanekiyo, M., Wei, C.-J., Yassine, H.M., McTamney, P.M., Boyington,

J.C., Whittle, J.R.R., Rao, S.S., Kong, W.-P., Wang, L., and Nabel, G.J.

(2013). Self-assembling influenza nanoparticle vaccines elicit broadly

neutralizing H1N1 antibodies. Nature 499, 102–106.

6. Jardine, J.G., Ota, T., Sok, D., Pauthner, M., Kulp, D.W., Kalyuzhniy, O.,

Skog, P.D., Thinnes, T.C., Bhullar, D., Briney, B., et al. (2015). HIV-1

VACCINES. Priming a broadly neutralizing antibody response to HIV-1

using a germline-targeting immunogen. Science 349, 156–161.
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Antibodies

Horse anti-mouse HRP Cell Signaling Technology Cat# 7076S RRID:AB_330924

Mouse anti-myc mAb Cell Signaling Technology Cat# 2276S RRID:AB_331783

Goat anti-mouse IgG+IgM Jackson ImmunoResearch Cat# 115-005-068 RRID:AB_2338453

Mouse IgG1 lambda isotype control BD Biosciences Cat# 553485 RRID:AB_479649

Anti-mouse Fc Block BD Biosciences Cat# 553142 RRID:AB_394657

Anti-mouse B220 BUV737 BD Biosciences Cat# 612838 RRID:AB_2738813

Anti-mouse CD3 PerCP-Cy5.5 BD Biosciences Cat# 551163 RRID:AB_394082

Anti-mouse CD138 BV650 BD Biosciences Cat# 564068 RRID:AB_2738574

Anti-mouse CD38 Alexa Fluor 700 Thermo Fisher Scientific Cat# 56-0381-82 RRID:AB_657740

Anti-mouse GL7 ef450 Thermo Fisher Scientific Cat# 48-5902-82 RRID:AB_10870775

Anti-mouse IgM BV786 BD Biosciences Cat# 743328 RRID:AB_2741429

Anti-mouse IgD BUV395 BD Biosciences Cat# 565988 RRID:AB_2737433

Anti-mouse CD73 PE-Cy7 Thermo Fisher Scientific Cat# 25-0731-82 RRID:AB_10853348

Anti-mouse CD80 BV605 BD Biosciences Cat# 563052 RRID:AB_273795

Biological samples

BALB/c mice Jackson Laboratory Cat# 000651

Chemicals, peptides, and recombinant proteins

AddaVax adjuvant InvivoGen Cat# vac-adx-10

ABTS ThermoFisher Cat# 37615

TMB SeraCare Cat# 5120-0083

EZ-Link Sulfo-NHS-LC Biotinylation Kit ThermoFisher Cat# 21435

Streptavidin-APC Agilent Cat# PJ27S-1

Streptavidin-PE Agilent Cat# PJRS25-1

Anti-PE Micro-Beads Miltenyi Biotec Cat# 130-048-801

Anti-APC Micro-Beads Miltenyi Biotec Cat# 130-090-855

DyLight 755 Antibody Labeling Kit ThermoFisher Cat# 84538

Alexa Fluor 647 Protein Labeling Kit ThermoFisher Cat# A20173

Experimental models: Cell lines

Expi293F ThermoFisher Cat# A14527

MDCK-SIAT-PB1 Creanga et al.98 N/A

Recombinant DNA

See Table S1 for amino acid sequences.

Software and algorithms

UCSF ChimeraX Goddard et al.99 https://www.rbvi.ucsf.edu/chimerax/

Prism GraphPad https://www.graphpad.com/scientific-software/prism/

FlowJo v10 FlowJo https://www.flowjo.com

RosettaScripts ‘‘sugarcoat’’ code Adolf-Bryfogle et al.1 N/A

Other

EM supplies 300 mesh grids Ted Pella Cat# 01843-F

Filter paper Cytiva Cat# 1004047

Uranyl formate SPI Chem Cat# 02545-AA

Superdex 200 Increase SEC column Cytiva Cat# 28-9909-44

Superose 6 Increase SEC column Cytiva Cat# 29091596
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Talon resin TaKaRa Cat# 635652

Excel resin Cytiva Cat# 17371203

Isoflurane USP Patterson Cat# 07-893-1389

EndoSafe LAL Test Cartridges Charles River Labs Cat# PTS20005F

Lemo21(DE3) New England BioLabs Cat# C2528J

Isopropyl-B-D-thiogalactoside (IPTG) Sigma-Aldrich Cat# I6758

Kanamycin Sulfate Sigma-Aldrich Cat# K1876

HisTrap FF Cytiva Cat#17525501
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Neil King

(neil@ipd.uw.edu).

Materials availability
All reagents will be made available on request after completion of a Materials Transfer Agreement.

Data and code availability
d All data supporting the findings of this study are foundwithin the paper and its supplemental information, and are available from

the lead contact upon request.

d Code used for this study has been reported elsewhere,1 and the XML code for designing predicted N-linked glycosylation sites

(PNGS) into proteins is provided as Supplementary Material.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Expi293F cells are derived from the HEK293F cell line (Life Technologies). Expi293F cells were grown in Expi293 Expression Medium

(Life Technologies), cultured at 36.5�C with 8% CO2 and shaking at 150 rpm HEK293T/17 is a female human embryonic kidney cell

line (ATCC). VeroE6-TMPRSS2 cells are an African Green monkey Kidney cell line expressing TMPRSS2.84 Adherent cells were

cultured at 37�Cwith 5%CO2 in flasks with DMEM+10%FBS (Hyclone) + 1%penicillin-streptomycin. Adherent cells were not tested

for mycoplasma contamination nor authenticated.

Mice
Female BALB/c mice (Stock # 000,651, BALB/c cByJ mice) four weeks old were obtained from Jackson Laboratory, Bar Harbor,

Maine, and maintained at the Comparative Medicine Facility at the University of Washington, Seattle, WA, accredited by the Amer-

ican Association for the Accreditation of Laboratory Animal Care International (AAALAC). Animal procedures were performed under

the approvals of the Institutional Animal Care and Use Committee (IACUC) of the University of Washington, Seattle, WA.

METHOD DETAILS

Computational design of glycosylated proteins
Detailed methods and code are reported elsewhere.1 Briefly, all possible residues on the outward facing surfaces of the I53_dn5A

pentamer and I53_dn5B trimer when assembled into I53_dn5 nanoparticles were manually selected as candidate locations for

designing in an NxT/S PNGS. Next, the CreateGlycanSequonMover in Rosetta was used to sequentially knock-in a single NxT/S se-

quon at these selected locations and obtain calculated energies of the new protein structure using the Rosetta score function. Both

typical and enhanced sequons, which include an aromatic amino acid in the N-2 position to potentially increase glycosylation effi-

ciency,100,101 were attempted at each position. Protein structures were first scored by Rosetta without a model glycan tree present

to eliminate any potential interference of the glycan atoms. To filter out bad designs, outputs with a ‘‘total_energy’’ of >500 and an

RMSD >0.25 Å and >0.40 Å compared to the original I53_dn5A and I53_dn5B scaffolds, respectively, were discarded. The re-de-

signed protein structures that passed this filtering step were then glycosylated using the SimpleGlycosylateMover with a model

tri-antennary Man9 N-linked glycan, modeled using the GlycanTreeModeler, and scored by Rosetta. A second round of filtering
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was performed using the same criteria as above. After proteins with a single PNGSwere experimentally screened for expression and

glycan occupancy (see below), combinations of PNGS were designed using the same computational pipeline. The XML file for this

combinatorial selection is provided as Supplementary Material. The recently reported I53-50A_4gly subunit82 was used to generate

the glycosylated RSV F-I53-50 immunogen shown in Figures S2L–S2O.

Gene synthesis and vector construction
For each design that resulted from the above computational pipeline, the final construct contained an N-terminal signal peptide

derived from bovine prolactin (MDSKGSSQKGSRLLLLLVVSNLLLPQGVLA) and C-terminal myc and hexahistidine tags

(LEEQKLISEEDLHHHHHH). These constructs and others used in this study were cloned by GenScript into the pCMV/R (VRC

8400) mammalian expression vector using the restriction sites Xba1 and AvrII. Preparation of plasmids for expression of the

following proteins have been previously described: I53_dn5A pentamer and I53_dn5B trimer,30 I53-50B.4PT1 pentamer,29 influ-

enza H1MI15 fusion to I53_dn5B trimer,10 HIV-1 ConM Env fusion to I53-50A trimer,33 HIV-1 AMC009 Env trimer,78 RSV DS-Cav1

fusion to I53-50A trimer,8 SARS-CoV-2 RBD fusion to I53-50A trimer,9 and SARS-CoV-2 Spike HexaPro trimer.20 HIV-1 AMC009

Env trimer was fused to I53-50A trimers as described in.33 The amino acid sequences for all proteins used in this study are provided

in Table S1.

Microbial protein expression and purification
The nanoparticle components I53-50A and I53-50B.4.PT1,29 and I53_dn5A and I53_dn5B,30 were expressed in Lemo21(DE3) (NEB)

in LB (10 g Tryptone, 5 g Yeast Extract, 10 g NaCl) and grown in 2 L baffled shake flasks. Cells were grown at 37�C to an OD600–0.8,

and then induced with 1 mM IPTG. Expression temperature was reduced to 18�C and the cells were shaken for�16 h. The cells were

harvested and lysed by microfluidization using a Microfluidics M110P at 18,000 psi in 50 mM Tris, 500 mM NaCl, 30 mM imidazole,

1 mMPMSF, (with 0.75%CHAPS only for I53-50 proteins). Lysates were clarified by centrifugation at 24,000 g for 30min and applied

to a 2.63 10 cm Ni Sepharose 6 FF column (Cytiva) for purification by IMAC on an AKTA Avant150 FPLC system (Cytiva). Protein of

interest was eluted over a linear gradient of 30mM–500mM imidazole in a background of 50mMTris pH 8, 500mMNaCl, (with 0.75%

CHAPS only for I53-50 proteins) buffer. Peak fractions were pooled, concentrated in 10K MWCO centrifugal filters (Millipore), sterile

filtered (0.22 mm) and applied to a Superdex 200 Increase 10/300 SEC column (Cytiva) using 50 mM Tris pH 8, 500 mM NaCl, (with

0.75% CHAPS only for I53-50 proteins) buffer. After sizing, bacterial-derived components were tested to confirm low levels of endo-

toxin before using for nanoparticle assembly.

Mammalian protein expression and purification
Small-scale 2.0 mL cultures of Expi293F cells were grown in suspension to a density of 3.03106 cells per mL and transiently trans-

fected using PEI-MAX (Polyscience) and cultivated for 5 days in Expi293F expression medium (Life Technologies) at 37�C, 70% hu-

midity, 8% CO2, and rotating at 150 rpm. Supernatants were clarified by centrifugation (5 min at 4000 rcf), PDADMAC solution was

added to a final concentration of 0.0375% (Sigma Aldrich, #409014), and a final spin was performed (5min at 4000 rcf). Supernatants

were concentrated using a 5 kDa MWCO spin filter (Sartorius) to a final volume of �50 mL. These concentrated supernatants were

then assessed for protein expression byWestern blot using an anti-mycmouse primary antibody and an anti-mouseHRP-conjugated

goat secondary antibody. Glycan occupancy for each protein design was assessed by increased molecular weight gel shifts on the

Western blots compared to the unglycosylated parent protein.

For large-scale protein expression, 800 mL cultures of Expi293F cells were transiently transfected and cultivated for 5 days as

described above. Proteins were purified from clarified supernatants via a batch bind method where Talon cobalt affinity resin

(Takara) was added to supernatants and allowed to incubate for 15 min with gentle shaking. Resin was isolated using 0.2 mm

vacuum filtration and transferred to a gravity column, where it was washed with 20 mM Tris pH 8.0, 300 mM NaCl, and protein

was eluted with 3 column volumes of 20 mM Tris pH 8.0, 300 mM NaCl, 300 mM imidazole. This batch bind process was

repeated a second time on the supernatant flow-through from the filtration step. Eluate with protein was concentrated to

�2 mL using a 30 kDa MWCO Amicon concentrator (Millipore Sigma). The concentrated sample was sterile filtered (0.2 mm)

and applied to a Superdex 200 Increase 10/300 SEC column (Cytiva) using 25 mM Tris pH 8.0, 150 mM NaCl, 0.75%

CHAPS, 5% glycerol buffer.

Env-I53-50A constructs together with a plasmid expressing furin were transfected into Expi293F cells using PEI-MAX and cultured

for 6 days. Furin was added to ensure optimal furin-mediated cleavage of Env (ConM-I53-50A:furin ratio was 3:1, AMC009-I53-

50A:furin ratio was 2:1). Cells were spun down and supernatants filtered through a 0.2 mm Steritop filter. Env-I53-50A proteins

were purified by running the clarified supernatant over a PGT145 bNAb-affinity chromatography column. Eluted proteins were

concentrated using vivaspin 100 kDa spin columns. Concentrated proteins were subsequently applied to a Superose 6 increase

10/300 GL column (Cytiva) to remove aggregated proteins using a buffer of 25mM Tris pH 8.0, 125 mM NaCl, 5% glycerol. I53-

50B.4PT1 was added in a 1:1 ratio and incubated at 4�C overnight. Assembled particles were again applied to a Superose 6 increase

10/300 GL column (GE healthcare) to remove unassembled components. Particles were buffer-exchanged into PBS with 250 mM

sucrose by dialysis at 4�C overnight, followed by a second dialysis step of 4 h, using a Slide-A-Lyzer MINI dialysis device (20 kDa

cutoff, ThermoFisher Scientific). The 250 mM sucrose was added to increase recovery after freeze-thawing.
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PEG-maleimide to HS-protein coupling
Protein with reduced unpaired cysteines was first purified by size exclusion chromatography (SEC) using buffer that contained 1 mM

TCEP, and then SEC-purified again to exchange buffer with HEPES coupling buffer (pH 7.4, 20 mM HEPES, 150 mM NaCl, 1 mM

EDTA, 0.75%CHAPS). Using a freshly prepared 10 mMPEG-maleimide solution in HEPES coupling buffer, a 1.0 mLmaleimide-thiol

coupling reaction was prepared at 5:1 PEG:Cys (mol/mol) and a 50 mM final protein concentration. This reaction was incubated with

rocking at ambient temperature for 3 h, then overnight at 4�C. The reaction was quenched by adding reduced glutathione (GSH) to

2 mM. Unreacted PEG was removed using SEC.

In vitro nanoparticle assembly and purification
The protein concentration of individual nanoparticle components (e.g., I53_dn5A pentamer and I53_dn5B trimer, or I53-50A trimer

and I53-50B.4PT1 pentamer) was determined by measuring 280 nm absorbance using a UV/vis spectrophotometer (Agilent Cary

8454) and estimated extinction coefficients.8 Particle assembly was performed by adding equimolar amounts of trimer and pentamer

components to reach a final protein concentration of 20 mM (10 mM for each individual component) and resting on ice for at least

30 min. Assembled particles were sterile filtered (0.2 mm) immediately before SEC purification using a Superose 6 Increase

10/300 GL column or a HiLoad 26/600 Superdex 200 pg column for the RBD-I53-50 nanoparticle immunogen.

Negative-stain electron microscopy
A sample volume of 3 mL at a concentration of 70 mg/mL protein in 50 mM Tris pH 8, 150 mM NaCl, 5% v/v glycerol was applied to a

freshly glow-discharged 300-mesh copper grid (Ted Pella) and incubated on the grid for 1 min. The grid was then dipped in a 40 mL

droplet of water, excess liquid was blotted away with filter paper (Whatman), the grid was dipped into 3 mL of 0.75% w/v uranyl

formate stain, stain was immediately blotted off with filter paper, then the grid was dipped again into another 3 mL of stain and incu-

bated for�30 seconds. Finally, the stain was blotted away and the grids were allowed to dry for 1 minute prior to storage or imaging.

Prepared grids were imaged in a Talos model L120C transmission electron microscope using a Gatan camera at 57,0003.

Antigenic characterization
ELISA was used to measure binding of HA-foldon, HA-1na0C3int2, HA-ferritin, HA-I53_dn5, HA-I53-dn5_ABgly, and HA-

I53_dn5_2C2kPEG to monoclonal antibodies CR9114 and 5J8 using the ELISA method described below. Monoclonal antibodies

were serially diluted from 300 to 0.5 ng/mL.

Dynamic light scattering
Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter of nanoparticle immunogens on a DynaPro Nano-

Star instrument (Wyatt Technologies). 2 mL of 0.1 mg/mL protein was applied to a quartz cuvette to obtain intensity measurements

from 10 acquisitions of 10 s each. Increased viscosity due to 5% glycerol in the buffer was accounted for by the software.

Endotoxin measurements
Endotoxin levels in immunogen samples were measured using the EndoSafe Nexgen-MCS System (Charles River). Samples were

diluted 1:100 in Endotoxin-free LAL reagent water, and applied into wells of an EndoSafe LAL reagent cartridge. Endotoxin content

was analyzed using Charles River EndoScan-V software, which automatically back-calculates for the 1:100 dilution factor. Endotoxin

values reported as EU/mL were converted to EU/mg based on protein concentration obtained by UV-Vis measurements. All endo-

toxin values were <100 EU/mg.

Mouse immunizations and sera collection
Mice were inoculated with 0.9 mg HA and/or 0.6 mg I53_dn5 scaffold (1.2 mg I53_dn5 scaffold for the HA-I53_dn5_ABgly group due to

50% HA valency) for the scaffold masking experiments (Figures 2 and S2); 7.24 3 10�5 mmol antigen (equal to 5 mg HIV-1 Env) and

1.21 3 10�6 mmol (3 mg) I53-50 scaffold for the antigen immunodominance experiment (Figures 3, 4, S4, and S5); and the indicated

doses for RBD, HIV-1 ConM, and I53-50 in Figures 5 and S6. Prior to inoculation, immunogen suspensions were gently mixed 1:1

(vol/vol) with AddaVax adjuvant (Invivogen, San Diego, CA). Mice were injected intramuscularly into the gastrocnemius muscle of

each hind leg using a 27-gauge needle with 50 mL per injection site (100 mL total) of immunogen under isoflurane anesthesia. For

sera collection, mice were bled via submental venous puncture 2 weeks following each inoculation. Serumwas isolated from hemat-

ocrit via centrifugation at 2,000 g for 10 min, and stored at -80�C until use.

Serum antibody ELISA
The protocol was adapted from Tiller et al.102 First, protein or goat anti-mouse IgG+IgM (Jackson ImmunoResearch, 115-005-068)

was incubated for 1 h on 96-well Nunc MaxiSorp plates (Thermo Scientific) (2.0 mg/mL, 50 mL per well). Then, 200 mL of Tris-Buffered

Saline Tween (TBST: 25 mM Tris pH 8.0, 150 mM NaCl, 0.05% (v/v) Tween 20) with 2% (w/v) BSA was added to each well and incu-

bated for 1 h. Plates were washed 33 in TBST using a robotic plate washer (BioTek). Then, 50 mL of serum dilutions starting at 1:100

and serially diluting 5-fold seven times using TBSTwith 2% (w/v) BSA (8 total dilutions) were added to eachwell and incubated for 1 h.

In wells with anti-mouse IgG capture antibody, mouse IgG lambda control (BDPharminogen, 553,485) was serially diluted from 500 to
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0.5 ng/mL in TBST in triplicate and 50 mL of each dilution incubated for 1 h. After washing plates 33 with TBST, 50 mL of anti-mouse

HRP-conjugated goat secondary antibody (CellSignaling Technology) diluted 1:2,000 in TBST with 2% (w/v) BSA was incubated in

each well for 1 h. Following a final 33 TBST plate wash, 100 mL of ABTS (2,20-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-dia-

mmonium salt, Thermo Scientific) or TMB (3,30,50,5-tetramethylbenzidine, SeraCare) was added to each well and rested for 30 or

2 min, respectively. TMB was quenched with 100 mL of 1 N HCl. Absorbance at 405 or 450 nm, respectively, was immediately

collected for each well on a SpectraMax M5 plate reader (Molecular Devices). All steps were performed at ambient temperature.

Data were plotted in Prism (GraphPad) to determine AUC values. A logarithmic equation fit to the linear portion of the sigmoidal curve

of the mouse IgG control was used to calculate concentration (mg/mL) of IgG in mouse sera for anti-I53_dn5 and anti-HA titers.

Serum antibody avidity/chaotropic ELISA
The protocol was adapted fromLangowski et al.103 First, recombinant I53_dn5 nanoparticle or H1MI15-foldon protein was incubated

for 1 h on 96-well Nunc MaxiSorp plates (Thermo Scientific) (2.0 mg/mL, 50 mL per well). Then, 200 mL of Tris-Buffered Saline Tween

(TBST: 25 mM Tris pH 8.0, 150 mM NaCl, 0.05% (v/v) Tween 20) with 2% (w/v) BSA was added to each well and incubated for 1 hr.

Plates were washed 33 in TBST using a robotic plate washer (BioTek). Then, 50 mL of a 1:2,500 serum dilution in TBST with 2% (w/v)

BSAwas added to each well and incubated for 1 h. To test for avidity, 50 mL of 2M sodium thiocyanate (NaSCN) or PBS (control) was

added to wells for 15 min. After washing plates 33 with TBST, 50 mL of anti-mouse HRP-conjugated goat secondary antibody

(CellSignaling Technology) diluted 1:2,000 in TBST with 2% (w/v) BSA was incubated in each well for 1 hr. Following a final 33

TBST plate wash, 100 mL of TMB (SeraCare) was added to each well and rested for 2 min before quenching with 100 mL of 1 N

HCl. Absorbance at 450 nmwas immediately collected for each well on a SpectraMaxM5 plate reader (Molecular Devices). All steps

were performed at ambient temperature. Percentage OD450 in the corresponding NaSCN/PBS wells were used to determine the

avidity index.

Ni-NTA-capture ELISA
The protocol was adapted from Brouwer et al.33 First, 50 mL of 6.5 nMHis-tagged protein per well was incubated for 1 h in 96-well Ni-

NTA plates (Qiagen). Then, 200 mL of Tris-Buffered Saline Tween (TBST: 25 mM Tris pH 8.0, 150 mMNaCl, 0.05% v/v Tween 20) with

2% (w/v) BSA was added to each well and incubated for 1 h. Plates were washed 33 in TBST using a robotic plate washer (BioTek).

Then, 50 mL of serumdilutions starting at 1:100 and serially diluting 5-fold seven times using TBSTwith 2% (w/v) BSA (8 total dilutions)

were added to each well and incubated for 1 h. After washing plates 33 with TBST, 50 mL of anti-mouse HRP-conjugated goat sec-

ondary antibody (CellSignaling Technology) diluted 1:2,000 in TBSTwith 2% (w/v) BSAwas incubated in eachwell for 1 h. Following a

final 33 TBST plate wash, 100 mL of TMB (SeraCare) was added to each well and rested for 2 min, then 100 mL of 1 N HCl was added

to eachwell to quench the reaction. Absorbance at 450 nmwas immediately collected for each well on a SpectraMaxM5 plate reader

(Molecular Devices). Data were plotted in Prism (GraphPad) to determine AUC values. All steps were performed at ambient

temperature.

Sera immunodepletion
Depletion antigen (I53_dn5) was added to reach a final concentration of 0.3 mg/mL in the starting 1:100 serum dilution used in ELISA

and incubated for 15 min at room temperature. Then, serial dilutions and the ELISA procedure was performed as described above.

Reporter-based microneutralization assay
Reporter viruses were prepared as previously described.98 In brief, H1N1 virus was made with a modified PB1 segment expressing

the TdKatushka reporter gene (R3DPB1) and propagated inMDCK-SIAT-PB1 cells, while H5N1 reporter virus wasmadewith amodi-

fiedHA segment expressing the reporter (R3DHA) and produced in cells stably expressing H5HA. Virus stockswere stored at�80�C.
Mouse sera were treated with receptor destroying enzyme (RDE II; Denka Seiken) and heat-inactivated before use in neutralization

assays. Immune sera was serially diluted and incubated for 1 h at 37�C with pre-titrated virus. Serum-virus mixtures were then

transferred to 96-well plates (PerkinElmer), and 1.03104 MDCK-SIAT1-PB1 cells98,104 were added into each well. After overnight in-

cubation at 37�C, the number of fluorescent cells in each well was counted automatically using a Celigo image cytometer (Nexcelom

Biosciences). IC50 values, defined as the serum dilution or antibody concentration that gives 50% reduction in virus-infected cells,

were calculated from neutralization curves using a four-parameter nonlinear regression model and plotted with GraphPad Prism.

Pseudovirus production
D614G SARS-CoV-2 S105 pseudotyped vesicular stomatitis viruses (VSVs) were prepared as described previously.106,107 Briefly,

293T cells in DMEMsupplementedwith 10%FBS, 1%PenStrep seeded in 10-cmdisheswere transfectedwith the plasmid encoding

for the S glycoprotein using lipofectamine 2000 (Life Technologies) following manufacturer’s indications. One day post-transfection,

cells were infectedwith VSV(G*DG-luciferase) and after 2 hwerewashed five timeswith DMEMbefore addingmedium supplemented

with anti-VSV-G antibody (I1- mouse hybridoma supernatant, CRL- 2700, ATCC). Virus pseudotypes were harvested 18-24 h post-

inoculation, clarified by centrifugation at 2,5003 g for 5min, filtered through a 0.45 mmcut off membrane, concentrated 10 timeswith

a 30 kDa cut off membrane, aliquoted and stored at �80�C.
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Pseudovirus neutralization
VeroE6-TMPRSS2 cells84 were cultured in DMEMwith 10% FBS (Hyclone), 1% PenStrep, and 8 mg/mL puromycin with 5%CO2 in a

37�C incubator (Caron-VWR). One day prior to infection, 96-well plates were plated with 20,000 cells. The following day, cells were

checked to be at 80%confluence. In an empty half-area 96-well plate a 1:3 serial dilution of sera wasmade in DMEMand then diluted

pseudovirus was added to the serial dilution and incubated at room temperature for 30-60 min. After incubation, the sera-

virus mixture was added to the cells at 37�C and 2 hours post-infection, 40 mL 20% FBS-2% PenStrep DMEM was added. After

17-20 hours 40 mL/well of One-Glo-EX substrate (Promega) was added to the cells and incubated in the dark for 5-10 min prior to

reading on a BioTek plate reader. Measurements were done in at least duplicate. Relative luciferase units were plotted and normal-

ized in Prism (GraphPad). Nonlinear regression of log(inhibitor) versus normalized response was used to determine IC50 values from

curve fits.

Tetramer production
Recombinant I53_dn5A pentamer, I53_dn5B trimer, and H1 MI15 hemagglutinin trimer were biotinylated using the EZ-Link Sulfo-

NHS-LC Biotinylation Kit (ThermoFisher). Biotinylated protein was then incubated with differing amounts of streptavidin-PE (Pro-

zyme) and probedwith SA-AF680 (Invitrogen) to determine the ratio of biotin to streptavidin at which therewas excess biotin available

for SA-AF680 to bind. This ratio was used to determine the concentration of biotinylated protein, allowing for calculation of the

amount of SA-PE required to create a 6:1 molar ratio of protein protomer to SA-PE. Biotinylated HA was incubated with SA-APC

for 30 min at room temperature and purified on a Superose 6 Increase 10/300 GL size exclusion column (Cytiva), and the tetramer

fraction was centrifuged in a 100 kDa molecular weight cutoff Amicon Ultra filter (Millipore). The tetramer concentration was deter-

mined by measuring the absorbance of APC at 650 nm I53_dn5A and I53_dn5B proteins were biotinylated and tetramerized with SA-

PE in the same manner, and the concentration was determined by measuring the absorbance of PE at 565 nm. The APC decoy re-

agent was generated by conjugating SA-APC to Dylight 755 using a DyLight 755 antibody labeling kit (ThermoFisher), washing and

removing unbound DyLight 755, and incubating with excess of an irrelevant biotinylated His-tagged protein. The PE decoy was

generated in the same manner, by conjugating SA-PE to Alexa Fluor 647 with an AF647 antibody labeling kit (ThermoFisher).

Mouse immunization, cell enrichment, and flow cytometry
For phenotyping B cells, 6-week old female BALB/c mice, three per dosing group, were immunized intramuscularly with 50 mL per

injection site of immunogen formulations mixed 1:1 (vol/vol) with AddaVax adjuvant on day 0. All experimental mice were euthanized

for harvesting of inguinal and popliteal lymph nodes on day 11. The experiment was repeated twice. Popliteal and inguinal lymph

nodes were collected and pooled for individual mice. Cell suspensions were prepared by mashing lymph nodes and filtering through

100 mmNitex mesh. Cells were resuspended in PBS containing 2% FBS and Fc block (2.4G2), and were incubated with 10 nM decoy

tetramers at room temperature for 20 min. I53_dn5A-PE tetramer and HA-APC tetramer, or I53_dn5B-PE tetramer and HA-APC

tetramer, were added at a concentration of 10 nM and incubated on ice for 20 min. Cells were washed, incubated with anti-PE

and anti-APC magnetic beads on ice for 30 min, then passed over magnetized LS columns (Miltenyi Biotec). Bound B cells were

stained with anti-mouse B220 (BUV737), CD3 (PerCP-Cy5.5), CD138 (BV650), CD38 (Alexa Fluor 700), GL7 (eFluor 450), IgM

(BV786), IgD (BUV395), CD73 (PE-Cy7), and CD80 (BV605) on ice for 20 min. Cells were run on a Cytek Aurora and analyzed using

FlowJo software (Treestar). Cell counts were determined using Accucheck cell counting beads.

Statistical analysis
Multi-group comparisons were performed using the Brown-Forsythe one-way ANOVA test and Dunnett’s T3 post hoc analysis in

Prism 9 (GraphPad) unless mentioned otherwise. All correlations were two-tailed Spearman’s correlations based on ranks. Differ-

ences were considered significant when p values were less than 0.05.
e6 Cell Reports Medicine 3, 100780, October 18, 2022


	Antigen- and scaffold-specific antibody responses to protein nanoparticle immunogens
	Introduction
	Results
	Design and characterization of HA-I53_dn5 nanoparticle immunogens with a glycosylated, PEGylated, or PASylated nanoparticle ...
	Masking the I53_dn5 nanoparticle scaffold does not enhance anti-HA antibody responses
	In a series of nanoparticle immunogens that all used the same I53-50 scaffold, only HIV-1 Env was subdominant to the nanopa ...
	Competition from excess I53-50 nanoparticle scaffold suppresses antigen-specific antibody responses

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell lines
	Mice

	Method details
	Computational design of glycosylated proteins
	Gene synthesis and vector construction
	Microbial protein expression and purification
	Mammalian protein expression and purification
	PEG-maleimide to HS-protein coupling
	In vitro nanoparticle assembly and purification
	Negative-stain electron microscopy
	Antigenic characterization
	Dynamic light scattering
	Endotoxin measurements
	Mouse immunizations and sera collection
	Serum antibody ELISA
	Serum antibody avidity/chaotropic ELISA
	Ni-NTA-capture ELISA
	Sera immunodepletion
	Reporter-based microneutralization assay
	Pseudovirus production
	Pseudovirus neutralization
	Tetramer production
	Mouse immunization, cell enrichment, and flow cytometry
	Statistical analysis




