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ABSTRACT 

Pandemics remain among the most serious threats to global public health, especially when 

viruses can efficiently spread and persist in human populations. Two major examples are the 

AIDS pandemic caused by HIV-1, which emerged in the early 1980s, and the COVID-19 

pandemic caused by SARS-CoV-2, which began in late 2019. Despite their differences in 

timescale and transmission, HIV-1 and SARS-CoV-2 exhibit high antigenic diversity that 

drives an ongoing arms race between viral escape and the development of vaccines and 

therapeutics. This thesis presents three molecular engineering strategies to confront that 

problem. For SARS-CoV-2, we utilized computational tools to generate mosaic nanoparticle 

vaccines displaying engineered SARS-CoV-2 or selected sarbecovirus receptor-binding 

domains (RBDs) sharing conserved antigenic features to drive immunity toward eliciting 

cross-reactive responses. In naïve and pre-vaccinated mice, our lead candidate, mosaic-7COM, 

elicited broader and more potent cross-reactive antibody responses compared to our prior 

mosaic-8b candidate. For HIV-1, we engineered a stabilized CD4-Ig reagent specific to HIV-

1 envelope (Env) glycoprotein with greatly reduced off-target recognition of MHC class II. 

The final CD4 design had markedly increased thermostability (>20°C) and a nearly 50-fold 

improvement in mammalian expression compared to the wild-type construct, highlighting its 

potential as a therapeutic biologic. Additionally, we developed a yeast-display screening 

platform to isolate nanobody (VHH) domains against the caldera, a conserved, glycan-free 

epitope exposed on Env upon engagement with CD4. This campaign yielded five VHH-Fc 

candidates that bind receptor-bound Env and established a foundation for future biologic 

development targeting a previously inaccessible site on the virus. 
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NOMENCLATURE 

Alexa Fluor 488, 647 (AF488, AF647). Fluorescent dyes for protein labeling. 

Angiotensin-converting enzyme 2 (ACE2). Host cell receptor for SARS-CoV-2 entry. 

Antibody-dependent cellular cytotoxicity (ADCC). Immune effector mechanism 
mediated by antibody Fc domain. 

Antibody-dependent cellular phagocytosis (ADCP). Phagocytic clearance mechanism 
mediated by antibody Fc domain. 

B41. HIV-1 clade B Env sequence used in this study. 

BG505. HIV-1 clade A Env sequence commonly used in SOSIP constructs. 

Biotin-streptavidin. High-affinity protein-protein interaction used for protein 
immobilization and labeling. 

Broadly neutralizing antibody (bNAb). Antibody capable of neutralizing diverse HIV-1 
strains. 

Caldera. Conserved, glycan-free region exposed between gp120 protomers in open Env 
trimers. 

CD4-binding site (CD4bs). Region of gp120 that interacts with CD4. 

CD4-induced (CD4i). Epitopes or conformational states exposed only after CD4 
engagement. 

CDR1, CDR2, CDR3. Three CDR loops in each antibody chain; CDR3 is typically longest 
and most diverse. 

Class 1 epitope. RBD antibody binding site that blocks ACE2 and is highly variable between 
strains. 

Class 2 epitope. RBD antibody binding site that blocks ACE2 but is less accessible than 
class 1. 



 

 

xi 
Class 3 epitope. RBD antibody binding site that does not block ACE2 but is highly 
conserved. 

Class 4 epitope. Cryptic, highly conserved RBD epitope exposed only in certain 
conformations. 

Cluster of differentiation 4 (CD4). Primary receptor for HIV-1 on CD4+ T helper cells and 
other immune cells. 

Complementarity-determining region (CDR). Hypervariable loops in antibody; variable 
domains that contact antigen. 

Conformational change. Alteration in protein shape, often triggered by ligand binding. 

Cryogenic electron microscopy (Cryo-EM). High-resolution structural technique using 
frozen samples. 

Cryo-EM reconstruction. Three-dimensional protein structure determined by electron 
microscopy. 

Crystal structure. Atomic-resolution protein structure determined by X-ray 
crystallography. 

Deep mutational scanning (DMS). High-throughput experimental method to measure 
effects of all possible single mutations in a protein region. 

Deep sequencing. High-throughput DNA sequencing to analyze library diversity and 
enrichment. 

Dissociation constant (KD). Measure of binding affinity; lower values indicate less 
dissociation, i.e., stronger binding. 

Disulfide-stabilized SOSIP (DS-SOSIP). SOSIP with additional disulfide bond (201C-
433C) that prevents CD4-induced conformational changes. 

Enhanced CD4-immunoglobulin (eCD4-Ig). Fusion protein combining CD4, coreceptor-
mimetic peptide, and antibody Fc domain. 

Envelope glycoprotein (Env). HIV-1 surface protein responsible for receptor binding and 
membrane fusion. 



 

 

xii 
Enzyme-linked immunosorbent assay (ELISA). Plate-based assay to measure protein 
binding. 

Epitope. Specific region of an antigen recognized by an antibody. 

Expi293. Suspension-adapted HEK293 cell line for transient protein expression. 

Fluorescence-activated cell sorting (FACS). Flow cytometry technique to sort cells based 
on fluorescent markers. 

Fragment antigen-binding (Fab). Antibody fragment containing one complete antigen-
binding site. 

Fragment crystallizable (Fc). Constant region of antibody that mediates effector functions. 

gp120-specific CD4 (gCD4). Engineered CD4 variant with improved stability and HIV-1 
Env specificity. 

glycoprotein 120 (gp120). Surface subunit of Env responsible for receptor binding. 

glycoprotein 41 (gp41). Transmembrane subunit of Env responsible for membrane fusion. 

Glycan shield. Dense array of N-linked carbohydrates that protect viral proteins from 
antibodies. 

Half-maximal effective concentration (EC50). Concentration required to achieve 50% of 
maximal response. 

Half-maximal inhibitory concentration (IC50). Concentration required to inhibit 50% of 
activity. 

Hexahistidine tag (His-tag). Protein purification tag consisting of six histidine residues. 

HIV-1 clades. Genetic subtypes of HIV-1; major clades include A, B, C representing global 
diversity. 

Human immunodeficiency virus type 1 (HIV-1). Retrovirus causing AIDS; target of 
therapeutic interventions described in this thesis. 

Khosta-2. Recently discovered sarbecovirus resistant to most COVID-19 vaccines. 

Kilodalton (kDa). Unit of molecular mass; 1 kDa = 1000 g/mol. 



 

 

xiii 
M48U1. CD4-mimetic peptide with higher affinity to gp120 than CD4 (KD = 0.0154 nM 
vs. 7.68 nM for CD4). 

Magnetic-activated cell sorting (MACS). Technique to separate cells using magnetic 
beads. 

Mass photometry. Single-molecule technique to measure molecular mass in solution. 

Mean fluorescence intensity (MFI). Average fluorescence signal in flow cytometry. 

mi3. 60-mer icosahedral protein nanoparticle scaffold used for vaccine display. 

Mosaic-2COM. Mosaic-2 computationally optimized. Nanoparticle vaccine displaying 2 
computationally designed SARS-CoV-2 variant RBDs. 

Mosaic-5COM. Mosaic-5 computationally optimized. Nanoparticle vaccine displaying 5 
computationally designed SARS-CoV-2 variant RBDs. 

Mosaic-7COM. Mosaic-7 computationally optimized. Nanoparticle vaccine displaying 7 
zoonotic sarbecovirus RBDs. 

Mosaic-8b. Previously developed nanoparticle displaying 8 empirically selected 
sarbecovirus RBDs. 

Mosaic nanoparticle. Vaccine platform displaying RBDs from multiple coronavirus strains 
on a single nanoparticle scaffold. 

N-hydroxysuccinimide ester (NHS ester). Reactive chemistry for covalent protein labeling 
(e.g., biotinylation, AlexaFluor labeling) 

Nanobody. Alternative term for VHH; small (~15 kDa) single-domain antibody derived from 
camelids. 

Negative-stain electron microscopy (nsEM). EM technique using heavy metal stains for 
contrast. 

Open/closed Env. Conformational states of Env trimer; closed is prefusion, open is CD4-
bound. 

Paratope. Antigen-binding region of an antibody (counterpart to epitope). 



 

 

xiv 
PGT145. Broadly neutralizing HIV-1 antibody used for Env purification via affinity 
chromatography. 

Potential N-linked glycosylation site (PNGS). Sequence motif (NXS/T) where N-linked 
carbohydrates can be attached. 

Protein A. Bacterial protein that binds antibody Fc domains; used for antibody purification. 

Protein Data Bank (PDB). Public repository for protein structure coordinates. 

Protomer. Individual subunit within a multimeric protein complex. 

Pseudovirus. Virus-like particle displaying viral spike proteins for neutralization studies. 

Quaternary epitope. Antibody binding site formed by multiple protein subunits. 

RaTG13. Bat coronavirus closely related to SARS-CoV-2. 

Receptor-binding domain (RBD). The region of the SARS-CoV-2 spike protein that 
directly interacts with the ACE2 receptor on host cells. 

S1/S2 subunits. Functional domains of the spike protein; S1 contains the RBD, S2 mediates 
membrane fusion. 

Sarbecovirus. SARS-like betacoronavirus. Subgenus of betacoronaviruses including SARS-
CoV, SARS-CoV-2, and related bat coronaviruses. 

SARS-CoV-2 BA.5. Omicron subvariant that became dominant in 2022. 

SARS-CoV-2 Beta. Variant of concern (B.1.351) first identified in South Africa. 

SARS-CoV-2 WA1. Original SARS-CoV-2 reference strain from Washington state. 

SHC014. Bat coronavirus that was subject to gain-of-function research. 

Single-chain variable fragment (scFv). Antibody fragment consisting of VH and VL 
domains connected by a flexible linker. 

Size-exclusion chromatography (SEC). Protein purification technique that separates by 
molecular size. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Technique to 
separate proteins by molecular weight. 



 

 

xv 
Soluble CD4 (sCD4). Recombinant form of CD4 domains 1-2 used to trigger Env opening 
in vitro. 

SOSIP. Stabilized, soluble form of HIV-1 Env trimer used for structural and immunological 
studies. 

Spike protein. Major surface glycoprotein of SARS-CoV-2 responsible for receptor binding 
and membrane fusion. 

SpyCatcher-SpyTag. Protein conjugation system enabling covalent attachment of antigens 
to nanoparticle scaffolds. 

Superose 6, Superdex 200. Size-exclusion chromatography columns used for protein 
purification. 

Surface plasmon resonance (SPR). Real-time technique to measure protein-protein binding 
kinetics. 

Trimer. Protein complex composed of three subunits (e.g., HIV-1 Env). 

TZM-bl assay. Cell-based assay using reporter cells to measure HIV-1 neutralization. 

Variable domain of heavy chain of heavy-chain antibody (VHH). Single-domain antibody 
(nanobody) derived from camelids. 

VHH-Fc. Fusion protein combining nanobody with antibody Fc domain. 

WIV1. Bat coronavirus capable of binding human ACE2. 

Yeast display. Technique to display proteins on yeast surface for screening and selection. 

ZM197M. HIV-1 clade C Env sequence used in this study. 

 
 
 
 
 
 
 
 
 
 
 



 1 
C h a p t e r  1  

INTRODUCTION 

1.1 Pandemics and the need for broadly protective countermeasures 
Throughout human history, infectious diseases have repeatedly spread beyond local 

outbreaks to become global pandemics. Two examples in recent times are the acquired 

immunodeficiency syndrome (AIDS) pandemic, which emerged in the early 1980s, and the 

coronavirus disease 2019 (COVID-19) pandemic, which began in late 2019 (1–4). Both 

diseases are caused by enveloped ribonucleic acid (RNA) viruses that emerged from zoonotic 

spillover, or transmission from animals to humans (5, 6). 

 

AIDS is caused by human immunodeficiency virus 1 (HIV-1), a highly immune-evasive 

virus that has circulated globally for over four decades. HIV-1 arose through zoonotic 

transmission from African apes, with the pandemic lineage (group M) originating from 

simian immunodeficiency viruses (SIVs) in chimpanzees in central Africa (7). Zoonotic 

spillover into humans took place in the early twentieth century, with the earliest recognized 

cases happening in 1981 with the Centers for Disease Control and Prevention (CDC) 

reporting rare pneumonia (PCP) and Kaposi's sarcoma in previously healthy young gay men 

(8). Between the early 1980s and mid-1990s, an HIV/AIDS diagnosis was largely considered 

a “death sentence” due to limited treatment options and high mortality rates. Although 

antiretroviral therapy (ART) transformed AIDS from a fatal disease into a manageable 

chronic condition for many since then, HIV-1 remains a major global health burden, with 

more than 40 million people currently living with the virus and approximately 1.3 million 

new infections occurring each year (9, 10). 

 

COVID-19 is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a 

virus defined by its rapid respiratory transmission (11). Like HIV-1, SARS-CoV-2 appears 

to have emerged through zoonotic spillover. The earliest recognized cases were reported in 

Wuhan, China in late 2019, with current evidence suggesting a natural zoonotic origin linked 



 2 
to the wildlife trade (12). This is further supported by recent evolutionary analyses showing 

no detectable change in selection pressure immediately prior to the virus’s emergence in 

humans, suggesting that extensive pre-zoonotic adaptation was not required for sustained 

human-to-human transmission (13). The virus spread rapidly, with more than 70,000 

confirmed cases reported by February 2020 despite major public health efforts to identify 

cases, trace contacts, and limit transmission (14, 15). Within months the virus had spread to 

every continent, including Antarctica, ultimately resulting in over 7 million confirmed deaths 

worldwide as of April 2024, though this is likely an underestimate (16). Excess mortality 

analyses suggest the true global toll reached well into the tens of millions (17). 

 

While operating over different timescales, both pandemics highlight the challenge of 

developing targeted interventions that can keep pace with viral evolution. For example, HIV-

1 has one of the highest known biological mutation rates at about 4.1×10-3 mutations per base 

per cell (18). This mutation frequency, driven by error-prone reverse transcriptase, has 

allowed the virus to amass immense genetic diversity both across globally circulating clades 

and within individual patients over the course of infection. This diversity is further 

compounded by recombination events that generate new circulating recombinant forms 

(CRFs). While SARS-CoV-2, by contrast, has a proofreading mechanism to ensure high-

fidelity replication, it has nonetheless been able to generate numerous variants of concern 

(VOCs) over the years that allow the virus to progressively evade immune responses elicited 

by earlier strains of the virus and/or “outdated” vaccines (19, 20). This is made possible by 

the massive scale of transmission that creates ample opportunity for replication and 

recombination events to occur. Occasionally, prolonged infections in immunocompromised 

individuals also create opportunities for novel variants with enhanced transmissibility and 

immune evasion to arise (21). 

 

The differences in evolutionary dynamics result from the distinct infection timelines of the 

two viruses. HIV-1 establishes a chronic infection over decades that primarily enables host-

level viral evolution. Upon infecting memory CD4+ T cells, HIV-1 integrates itself into the 

host genome via its integrase enzyme and establishes a proviral reservoir that can remain 
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latent for years (22, 23). This allows the virus to remain largely invisible to the immune 

system, making it difficult to eradicate with current therapeutic strategies (24, 25). The 

infection progresses from an acute viremia phase 2-4 weeks post-infection (characterized by 

high viral loads and flu-like symptoms) to a prolonged asymptomatic period of gradual CD4+ 

T cell decline over 10+ years that ultimately leads to AIDS, making patients susceptible to 

opportunistic infections (26). Over time, the HIV-1 envelope (Env) glycoprotein responsible 

for host cell infection acquires extraordinary sequence diversity within patients and across 

clades that allow it to outpace strain-specific immune responses (27, 28). A person living 

with HIV-1 (PLWH) can transmit the infection to an estimated 2-5 people (R0 ~2-5) in high-

transmission settings through shared bodily fluids (e.g., sexual contact, blood exposure, 

vertical transmission from mother to child). This drops to R0 <1 for patients on ART who 

keep viral loads at undetectable levels, essentially preventing transmission (29, 30). On the 

other hand, SARS-CoV-2 spreads through short, acute infections that drive rapid population-

level evolution. As a respiratory virus, SARS-CoV-2 spreads much quicker (R0 ~2-4 for the 

ancestral strain, R0 ~8-18 for later Omicron VOCs) through droplets and aerosols, especially 

in dense urban environments (31–33). SARS-CoV-2 targets angiotensin-converting enzyme 

2 (ACE2)-expressing cells in the upper and lower respiratory tract and disease severity 

ranges from asymptomatic infection to acute respiratory distress syndrome (ARDS), 

multiorgan failure, and death, with risk strongly stratified by age and comorbidities (34, 35). 

Over the course of several infections, the virus accumulates mutations in regions on its spike 

(S) protein that improve antibody escape and transmissibility. Ultimately, these distinct 

evolutionary timelines allow the viruses to grow into global pandemics. 

 

Taken altogether, we see a compelling case to develop broadly protective strategies against 

pandemic-level threats. This includes vaccines that can elicit cross-reactive immunity 

targeting conserved viral epitopes, biologics that exploit the virus’s essential host receptor 

interactions, and antibody-based therapeutics that target invariant domains that cannot 

mutate without the virus losing fitness. To this end, this thesis presents molecular engineering 

strategies in each of these areas aimed at these two viruses. 
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1.2 SARS-CoV-2 Biology and Pathogenesis 
1.2.1 The spillover potential of sarbecoviruses 

SARS-CoV-2 belongs to the sarbecovirus subgenus within the genus Betacoronavirus 

(within the family Coronaviridae), which includes large enveloped, positive-sense, single-

stranded RNA viruses encoding for several structural and accessory proteins (36, 37). 

Sarbecoviruses are further classified into four major clades depending on their host receptor 

use and receptor-binding domain (RBD) sequences: clades 1a, 1b, 2, and 3 (38). SARS-CoV-

1 and SARS-CoV-2 fall under clades 1a and 1b, respectively, and use human ACE2 as their 

target host receptor. Bat-derived viruses in clades 2 and 3, by contrast, have varying (often 

limited) ACE2 binding and share less RBD sequence identity to viruses in clades 1a and 1b 

(39). Despite their differences, viruses across these clades are known for their zoonotic 

potential, or their ability to transmit from animals to humans. For example, the 2002-2003 

SARS epidemic was caused by SARS-CoV-1, a bat-associated coronavirus that crossed into 

humans and caused widespread respiratory disease (40). More recently, the COVID-19 

pandemic resulted from the spillover of SARS-CoV-2. Additionally, the 2012 Middle East 

respiratory syndrome (MERS) was caused by yet another coronavirus thought to have 

originated in bats, MERS-CoV (within the subgenus merbecovirus), after spillover from 

camels (41). Subsequent surveillance efforts further identified more bat-derived 

sarbecoviruses with the capacity to use human ACE2 to cause infection, such as WIV1 (clade 

1a, from Yunnan, China), Yun11 (clade 2, from Yunnan, China), and BtKY72 (clade 3, from 

Kenya), to name a few (42–44). Given the ongoing threat of future zoonotic events, there is 

a strong rationale for developing vaccines that can provide protection from SARS-CoV-2 

and its variants in addition to closely related sarbecoviruses with spillover potential (45). 

 

1.2.2 Cross-reactive epitopes on sarbecoviruses are promising targets 
The spike (S) glycoprotein of SARS-CoV-2 is a trimeric fusion protein that mediates both 

ACE2 receptor binding and subsequent membrane fusion. As a result, it is the primary target 

for neutralizing antibodies and vaccine efforts (39, 46). Proteolytic cleavage of each S 

protomer occurs at the S1/S2 boundary by furin-like proteases followed by TMPRSS2 at the 

S2’ site to generate the S1 and S2 subunits responsible for receptor binding and membrane 
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fusion, respectively (34, 47). For S1 specifically, the RBD directly engages ACE2 through 

its receptor-binding motif (RBM) to initiate the conformational changes required for viral 

entry (48, 49). It is worth nothing that in the spike’s prefusion state, the RBDs across all three 

protomers alternate between “up” (receptor-accessible) and “down” (receptor-inaccessible) 

conformations (39). For infection to take place, the RBDs must be positioned “up” (Figure 
1). 

 

 

Figure 1. Structural organization and receptor-accessible conformation of the SARS-
CoV-2 spike (s) glycoprotein. Adapted from Abernathy et al. (50) 

 

Neutralizing antibodies targeting the SARS-CoV-2 RBD have been isolated, characterized, 

and categorized into four major epitope classes (class 1, 2, 3, and 4) based on where they 

bind on the RBD (51, 52). Class 1 antibodies bind the RBM in “up” RBDs and compete with 

ACE2 binding, neutralizing the virus by blocking viral entry. Class 2 antibodies similarly 

compete with ACE2 binding on the RBM, although they’re able to bind both “up” and 

“down” RBDs. Class 3 and 4 antibodies bind outside the ACE2 footprint and work through 

sterically hindering ACE2 binding, initiating Fc effector functions, or destabilizing the spike 
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protein. Class 3 antibodies can bind “up” or “down” RBDs, however class 4 antibodies target 

a region accessible only in “up” conformation. While class 1 and 2 antibodies are potent, 

they target more mutable regions and are thus susceptible to antibody escape in VOCs. For 

the same reason, they are not broadly neutralizing across related sarbecoviruses (i.e., not 

usually cross-reactive). Class 3 and 4 antibodies, however, target more conserved regions in 

the lower region of the RBD and have potential to be cross-reactive against sarbecoviruses 

in addition to SARS-CoV-2 VOCs. S309 (commercialized as sotrovimab, though no longer 

licensed for therapeutic use), for example, is a class 3 antibody isolated from a natural SARS-

CoV-1 infection that neutralizes SARS-CoV-1, SARS-CoV-2, and other bat-derived 

sarbecoviruses like the clade 3 BM48-31 (51, 53). C118, a class 1/4 antibody whose epitope 

overlaps both class 1 and class 4 regions and competes with ACE2 binding, is also found to 

be cross-reactive due to engagement with conserved residues (54, 55). This makes the case 

for class 3/4- and class 1/4-targeting vaccine strategies. 

 

1.2.3 SARS-CoV-2 VOCs evolved to escape class 1 and class 2 antibodies 
SARS-CoV-2 has undergone extensive antigenic evolution since its emergence in late 2019, 

resulting in numerous VOCs over the following years. The first major one, Alpha (B.1.1.7), 

arose in late 2020 in the United Kingdom with the N501Y substitution in the RBM. This 

mutation greatly enhanced binding affinity and transmissibility (56). Additionally, this 

variant carried the D614G substitution on the S1 subunit, which increased infectivity by 

favoring the “up” RBD conformation. Beta (B.1.351), identified in South Africa shortly 

thereafter, introduced the K417N and E484K substitutions in the RBD that facilitated 

antibody escape against class 1 and class 2 antibodies, respectively, thereby reducing 

neutralization (57). Following Beta in 2021 was the Delta (B.1.617.2) variant, which 

combined possibly increased transmissibility (i.e., increased ACE2 binding) with enhanced 

immune evasion (e.g., electrostatically disrupting class 2 antibody binding) through its 

acquisition of the L452R and T478K substitutions on the RBM, respectively (58). By late 

November 2021, the Omicron (B.1.1.529) lineage took hold as the dominant circulating 

strain. The heavily mutated variant, along with its subvariants such as BA.1, BA.5, XBB.1.5, 

and JN.1, carried over 30 spike substitutions, including 15 in the RBD. This allowed Omicron 
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VOCs to escape existing therapeutic class 1 and class 2 monoclonal antibodies and weaken 

the effectiveness of first-generation vaccines (59, 60). 

 

Deep mutational scanning (DMS) experiments on the SARS-CoV-2 RBD highlighted what 

we saw in the antigenic evolution of these VOCs: substitutions that improved immune 

evasion focused on class 1 and class 2 epitopes where binding of neutralizing antibodies 

could be ablated while simultaneously maintaining or enhancing ACE2 engagement (19, 61). 

By contrast, class 3 and class 4 epitopes, which were structurally and functionally more 

constrained, accumulated fewer escape substitutions. This insight further supported the idea 

that vaccines targeting these more conserved epitopes could provide more durable and 

broadly protective antibody responses compared to those focused on the more variable class 

1 and class 2 epitopes. 

 

While the first generation of COVID-19 vaccines, including monovalent and bivalent 

mRNA-LNP vaccines, provided significant protection against severe disease and death at the 

height of the pandemic, they progressively became less effective as the virus continued to 

evolve (62). The continued evolution toward immune evasion coupled with the ongoing 

threat of zoonotic spillover by related sarbecoviruses underscores the need for next-

generation vaccine platforms capable of redirecting the immune response toward more 

conserved and cross-reactive epitopes. 

 

1.3 COVID-19 Vaccine Development and the Mosaic Nanoparticle Approach 

1.3.1 Limitations of current vaccine platforms 
The rapid development and deployment of the mRNA-LNP vaccines against SARS-CoV-2 

was a major biomedical breakthrough. The Pfizer-BioNTech BNT162b2 and Moderna 

mRNA-1273 vaccines, both encoding a prefusion-stabilized full-length spike protein, 

achieved >90% efficacy against symptomatic infection by the ancestral WA1 strain in phase 

3 clinical trials and received emergency use authorization within 11 months of the viral 

genome’s publication (63, 64). Following their release, there was a dramatic reduction in 

severe disease resulting in hospitalizations and death (65, 66). 
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As the virus continued to evolve, however, their effectiveness waned as the virus’s mutations 

allowed it to evade the strain-specific responses elicited by the WA1-based vaccines. Against 

Omicron (BA.5), for example, neutralizing titers from two-dose vaccinations dropped 20-

40-fold compared to WA1 (59, 60). Even boosters provided only marginal improvements 

against the evolving VOCs. To combat this, bivalent boosters incorporating both WA1 and 

Omicron BA.5 were developed (67). Unfortunately, clinical data indicated these bivalent 

boosters did not significantly outperform their monovalent counterparts with respect to 

eliciting cross-reactive neutralization against VOCs not included in the formulation (62). A 

potential complication was that of original antigenic sin (OAS), or immune imprinting, in 

which pre-vaccinated and/or previously infected patients, upon infection with a novel VOC, 

preferentially reactivated memory B cells against epitopes shared with the priming strain 

(i.e., WA1) rather than generating de novo responses against novel VOC-specific regions 

(68, 69). This bias could mean that updated vaccine boosters could be less effective than 

expected due to them expanding pre-existing, strain-specific responses rather than generating 

new cross-reactive ones. In the greater context of developing a universal pan-sarbecovirus 

vaccine, this imprinting poses a potential challenge as a majority of the global population has 

now been exposed to SARS-CoV-2 via infection and/or vaccination. 

 

These limitations, coupled with the ongoing threat of zoonotic sarbecovirus spillover, 

motivate the development of next-generation pan-sarbecovirus vaccine strategies that target 

immune responses toward conserved regions across sarbecoviruses. 

 

1.3.2 Multivalent antigen display vaccine platforms and the mosaic approach 
Protein nanoparticle vaccines offer several immunological advantages over soluble protein 

antigens for eliciting cross-reactive immune responses. By presenting multiple copies of an 

antigen on a nanoparticle scaffold, these vaccines enable multivalent interactions with B cell 

receptors, increasing the effective binding strength through avidity (43, 70, 71). B cells 

whose receptors recognize epitopes that are repeated across many of the displayed antigens 

can engage several copies simultaneously, resulting in stronger activation signals. By 
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contrast, B cells that interact with only a single antigen copy experience weaker, monovalent 

engagement. This difference in binding strength can provide B cells with a competitive 

advantage during germinal center (GC) reactions, allowing them to expand and mature 

preferentially. This avidity-driven selection forms the basis of the mosaic nanoparticle 

vaccine approach. 

 

A mosaic nanoparticle vaccine displays multiple distinct, yet related, antigens on a 

nanoparticle scaffold simultaneously. Unlike conventional nanoparticles that display only 

one type of antigen (homotypic), mosaic nanoparticles are engineered to induce broader, 

cross-reactive immune responses against multiple strains or variants of a virus, such as 

SARS-CoV-2 and other zoonotic sarbecoviruses. In our case, a nanoparticle displaying the 

RBDs of several distinct sarbecoviruses and/or SARS-CoV-2 VOCs engage B-cell receptors 

(BCRs) that can recognize epitopes conserved across adjacent RBDs at once. While 

individual BCRs can bind RBDs alone, their multivalent display on the nanoparticle permits 

cross-linking that drastically increases the overall avidity and subsequent activation of B cells 

recognizing shared epitopes. By increasing the number of antigens displayed on a mosaic 

nanoparticle, the likelihood of neighboring RBDs being distinct increases, facilitating this 

cross-reactive activation (43). By contrast, monovalent interactions with soluble protein 

antigens are susceptible to activation by immunodominant epitopes that may induce strain-

specific responses. 

 

As a proof-of-concept, a first-generation mosaic nanoparticle vaccine targeting 

sarbecoviruses was developed in our group by empirically selecting RBDs from SARS-CoV-

2 and seven additional zoonotic sarbecoviruses based on their phylogenetic diversity across 

clades 1a, 1b, and 2 (43, 44). To enable flexible antigen display, the vaccine design leveraged 

the SpyTag-SpyCatcher protein conjugation system, which allows for the modular assembly 

of antigens onto self-assembling protein-based nanoparticle scaffolds (72). The SpyCatcher 

and SpyTag sequences form a spontaneous and irreversible isopeptide bond under mild 

reaction conditions, enabling antigens with a fused C-terminal SpyTag to be covalently 

coupled to a 60-mer nanoparticle scaffold (mi3) containing N-terminal SpyCatcher domains. 
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This modular conjugation system allows the same nanoparticle scaffold to display any 

SpyTagged antigen or combination of antigens, enabling us to synthesize both homotypic 

and mosaic display strategies with near-complete conjugation efficiency. 

 

Using this strategy, pan-sarbecovirus mosaic-8b nanoparticles were constructed displaying 

RBDs from SARS-CoV-2, RaTG13, SHC014, Rs4081, pang17, RmYN02, Rf1, and WIV1. 

This vaccine successfully elicited cross-reactive antibody responses in mice and protected 

K18-hACE2 transgenic mice from lethal challenge against SARS-CoV-2 and SARS-CoV-1 

(43, 44, 73). In nonhuman primates (NHPs), mosaic-8b similarly elicited cross-reactive 

responses and also protected from SARS-CoV-2 and SARS-CoV-1 challenges (44). In 

considering improvements to this vaccine candidate, we focused on optimizing the RBD 

selection process. While successful in its original design, the chosen eight RBDs might have 

been suboptimal due to the limitations of hand-selecting which viruses to choose. Viruses 

that are very closely related, such as clade 1a viruses WIV1 and SHC014, share variable 

immunodominant epitopes that might skew responses to be more strain-specific. 

Additionally, the now-dated SARS-CoV-2 Beta RBD chosen for this iteration could make 

the vaccine susceptible to imprinting in pre-vaccinated patients (73). To address this, 

computational approaches could be employed to efficiently optimize RBD selection in next-

generation mosaic nanoparticle vaccines. Efforts to this end are the focus of Chapter 2 and 

described briefly in the following section. 

 

1.3.3 Computationally optimizing RBD selection improves mosaic nanoparticles 

Chapter 2 presents a computational framework for designing second-generation mosaic 

nanoparticle vaccines with RBDs that are specifically engineered or chosen to focus immune 

responses on conserved epitopes (74). The approach integrates three computational tools: (1) 

DMS escape data from yeast-displayed SARS-CoV-2 mutant libraries to identify residues 

whose mutation disrupts binding of class 1 and class 2 antibodies while preserving class 3 

and class 4 binding, (2) a convoluted neural network trained on DMS expression data to 

predict whether multi-mutant RBD sequences will fold and express properly, and (3) 
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Aggrescan solubility scoring to ensure that designed RBDs do not aggregate (74–76). These 

computational studies were conducted in the Chakraborty lab at MIT. 

 

For designed SARS-CoV-2 RBDs (i.e., WA1 RBD mutants), the pipeline began by 

generating 800,000 candidate six-mutation RBD sequences optimized to escape class 1 and 

class 2 antibodies (three mutations for each class). These were filtered down to 100,000 

candidates predicted to express, then further filtered to 90,000 with favorable predicted 

solubility. Finally, mutants were ranked by total class 1/2 antibody escape to select the top 

20,000 pairs. From these, sets of five RBD pairs (ten total RBDs) were selected for maximum 

mutational entropy to ensure diversity. For zoonotic sarbecovirus RBDs (without mutations), 

a complementary approach was used. 246 nonredundant sarbecovirus RBDs from the 

National Center for Biotechnology Information (NCBI) were aligned to the WA1 RBD and 

scored using a selective binding metric, selecting the top forty RBDs that maximized evasion 

of variable epitope antibodies while preserving conserved epitopes recognition. The final set 

of eight RBDs was chosen to minimize pairwise amino acid sequence identity. 

 

Experimental validation in our group confirmed eight of ten designed SARS-CoV-2 WA1 

mutants expressed well and bound class 3 and class 4 antibodies while ablating binding of 

class 1 and class 2 antibodies by enzyme-linked immunosorbent assay (ELISA), 

demonstrating that the neural network expression predictor was effective despite designing 

six-mutant RBDs (where 70% of single-point mutations alone eliminate expression). Five 

vaccine candidates were constructed with these data: mosaic-2aCOM, mosaic-2bCOM, mosaic-

2cCOM, and mosaic-5COM displaying designed two or five SARS-CoV-2 RBDs (for protection 

against circulating VOCs), and mosaic-7COM with seven zoonotic sarbecovirus RBDs 

(excluding SARS-CoV-2 RBD; for pan-sarbecovirus protection). 

 

These next-generation designs proved promising. Briefly, in immunized mice, mosaic-7COM 

generated considerably enhanced binding antibody responses against all assessed RBDs 

compared to the original mosaic-8b and homotypic SARS-CoV-2 Beta nanoparticles, 

including sarbecovirus RBDs from clades 1a, 2, and 3. DMS profiling of mosaic-7COM 
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antisera revealed preferential targeting of class 3 and class 4 RBD epitopes with reduced 

recognition of the class 1 and class 2 epitopes, confirming that the computational design 

strategy successfully redirected the antibody response from variable to conserved epitopes. 

In pre-vaccinated mice (i.e., three doses of mRNA-LNP prior to mosaic nanoparticle 

boosting), mosaic-7COM elicited significantly higher neutralizing titers than mosaic-8b, 

mosaic-7 (mosaic-8b without SARS-CoV-2 RBD), and bivalent mRNA-LNP boosters 

against both zoonotic sarbecoviruses and highly-mutated Omicron VOCs, demonstrating its 

potential as a broad sarbecovirus vaccine for previously-infected and/or pre-vaccinated 

individuals. 

 

1.4 HIV-1 Biology and Pathogenesis 
1.4.1 HIV-1 structure and its limited Envelope glycoprotein coverage 
HIV-1 is an enveloped RNA virus belonging to the genus Lentivirus within the family 

Retroviridae. Its approximately 9.7 kb single-stranded RNA genome encodes for several 

structural, regulatory, and accessory proteins (77). The mature virion is surrounded by a host-

derived lipid membrane that displays the virus’s only surface-accessible protein, the 

envelope (Env) spike glycoprotein (Figure 2). Env mediates viral entry by binding the CD4 

receptor on the surface of CD4⁺ T cells and initiating membrane fusion. Each Env protomer 

is expressed as a gp160 precursor that is cleaved by furin to produce the gp120 and gp41 

subunits responsible for facilitating receptor binding and membrane fusion, respectively (78, 

79). Three gp120/gp41 heterodimers then self-assemble noncovalently to form trimeric 

spikes. The mature virion is decorated on its surface with approximately 7-14 Env spikes, a 

low density of spike coverage compared to other viruses (80, 81). This sparse coverage 

serves as an immune evasion strategy by making limiting inter-spike crosslinking (i.e., 

avidity) between bivalent antibodies and adjacent Env spikes (80). 
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Figure 2. Structural organization and conformational rearrangement of the HIV-1 
envelope (Env) glycoprotein. Adapted from Abernathy et al. (50) 
 

In its “closed” prefusion conformation, Env adopts a compact structure in which variable 

loops at the apex of each protomer, termed V1V2, shield the co-receptor binding site and 

contribute to immune evasion (82). Additionally, the trimer is extensively and 

heterogeneously glycosylated, bearing a median of 94 N-linked glycans per trimer (83–85). 

These glycans, which are added by the host’s glycosylation machinery, cover much of the 

protein surface and sterically restrict antibody access to the underlying protein epitopes, 

essentially forming a “glycan shield” that masks the virus from the immune system. Upon 

engagement with CD4, Env undergoes a dramatic series of conformational changes, which 

have been elucidated through cryo-EM studies of Env in complex with soluble CD4 (sCD4) 

and CD4-mimetic compounds, such as M48U1 (86–90). First, gp120 protomers rotate 

outward by approximately 40 Å from the trimer axis, rearranging the V1V2 loops to expose 

the V3 region and co-receptor binding site (90). In this CD4-bound “open” conformation, 
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interior surfaces of the trimer completely buried in the “closed” state are revealed (Figure 
2). This includes the inner surfaces of adjacent gp120 protomers and the top of the gp41 

heptad repeat region. This conserved, glycan-free surface between the displaced gp120 

protomers and atop gp41 constitute an invariant domain that our group has termed the 

“caldera” region due, in part, to its resemblance of the exposed basin of a volcanic crater. 

 

1.4.2 The HIV-1 entry mechanism presents potential therapeutic targets 
The CD4 receptor is expressed on the surface of immune cells, primarily on helper T cells, 

macrophages, and dendritic cells, and endogenously acts as a co-receptor with T-cell 

receptors (TCRs) to recognize antigens and initiate immune responses (91, 92). The CD4 

binding site (CD4bs) on gp120 is a conserved cavity composed of discontinuous residues 

from the gp120 inner domain, outer domain, and bridging sheet. Despite being a promising 

target for broadly neutralizing antibodies, the CD4bs is partially shielded by the V1V2 and 

V3 loops and adjacent glycans in the “closed” trimer (78). HIV-1 entry occurs over a 

coordinated series of binding events initiated by CD4 binding the CD4bs (93, 94). gp120 

rearrangements expose the V3 loop and bridging sheet that together form the co-receptor 

binding site. The co-receptor used depends on the HIV-1 strain. R5-tropic HIV-1 uses the C-

C chemokine co-receptor CCR5, infecting macrophages and memory T cells. These strains 

dominate early infection because it is efficiently transmitted and replicates rapidly. X4-tropic 

HIV-1 uses the CXC-chemokine co-receptor CXCR4, targeting a broader range of T cells, 

and cause faster disease progression. Unfortunately, there also exist dual-tropic HIV-1, 

which can utilize either co-receptor (95–97). Co-receptor engagement triggers the release of 

the fusion peptide buried within gp41, which subsequently inserts itself into the target cell 

membrane. The gp41 N- and C-terminal heptad repeats then refold into a thermodynamically 

stable six-helix bundle (6HB). This coiled-coil structure brings the viral and host membranes 

together, ultimately driving membrane fusion until the viral capsid can enter the target cell 

cytoplasm (98, 99). 

 

Each step of this cascade represents a potential therapeutic target, as evidenced by the 

successful implementation of ART cocktails with inhibitors for multiple different steps along 
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the HIV-1 lifecycle. For example, co-receptor engagement can be inhibited by the CCR5 

antagonist maraviroc and membrane fusion can be blocked with the gp41-targeting peptide 

enfuvirtide (100, 101). CD4 binding can be blocked with CD4bs antibodies (e.g., VRC01) 

or CD4-based decoy biologics (e.g., CD4-Ig) (102, 103). CD4-induced “open” states can be 

exploited to target buried invariant regions for broadly neutralizing antibody discovery (e.g., 

caldera epitope). Later chapters in this thesis will focus on efforts toward the latter two. 

 

1.4.3. HIV-1 antigenic diversity and immune evasion 
HIV-1 exhibits the greatest antigenic diversity of any known human pathogen. The virus is 

classified into four groups (M, N, O, P) resulting from independent zoonotic transmissions 

from primates, with group M being responsible for the ongoing pandemic. Group M is further 

divided into subtypes (A through K, excluding E and I), or clades, as well as numerous 

circulating recombinant forms (CRFs). Clades C, B, and A account for the majority of 

infections in sub-Saharan Africa, the Americas and Europe, and East Africa, respectively 

(104–106). Inter-clade amino acid distances in Env can range from 25-35%, while diversity 

can exceed 15-20% within a single clade (107). This extraordinary diversity is driven by the 

combined results of HIV-1’s high mutation rate, rapid replication kinetics (approximately 10 

to 1010 virions produced each day in untreated PLWH), frequent recombination events, and 

intense selective pressure from the host’s immune response (particularly from neutralizing 

antibodies and cytotoxic T cells) (18, 27, 108). Within a single PLWH, the virus continues 

evolving into a “swarm” of related but genetically distinct variants (quasispecies), with 

escape mutants emerging within weeks of the initial antibody response (28, 109). 

 

Despite this seemingly endless variability, certain regions on Env are functionally 

constrained by what is required for receptor binding and membrane fusion. An obvious case 

is the preservation of the CD4bs on gp120, as mutations to this region that reduce CD4 

binding directly impact viral fitness by reducing the virus’s ability to infect cells. Similarly, 

interior surfaces of the Env trimer exposed in the CD4-induced “open” state, such as the 

CD4-induced (CD4i) and caldera epitopes, are highly conserved across all HIV-1 clades and 

lack potential N-linked glycosylation sites (PNGSs) in a majority (>98%) of HIV-1 strains 
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(86, 87). This conservation reflects the functional requirement for these surfaces to preserve 

critical contacts for trimer formation (in “closed” Env) and CD4-induced conformational 

changes (in “open” Env). These constraints present promising targets for broadly protective 

therapeutics, as the virus cannot mutate these regions without incurring some loss in fitness. 

 

1.5 Efforts Toward HIV-1 Prevention and Treatment 

1.5.1 Challenges in developing an HIV-1 vaccine 
Despite efforts to develop an effective HIV-1 vaccine over the past four decades, it remains 

a major unsolved challenge in biomedical science. Several obstacles, including the virus’s 

proviral latent reservoir, extraordinary antigenic diversity, and morphological characteristics 

(e.g., sparse spike coverage, glycan shield) are just a few that allow the virus to continually 

evade broad neutralization (109–111). To further complicate things, structure-based 

immunogen design using soluble versions of native Env trimers was not feasible for the first 

three decades due to their conformational instability. A breakthrough came in 2013, though, 

with the development of BG505 SOSIP.664, a strain A soluble Env (BG505) with stabilizing 

“SOSIP” mutations in its prefusion conformation (112). The name refers to a stabilized 

disulfide bond between gp120-gp41 subunits (SOS), an isoleucine-to-proline (IP) mutation 

(I559P) in the gp41 ectodomain, and a truncation at residue 664 to remove the insoluble 

transmembrane domain. While initially promising, these constructs, in addition to clade B 

(B41) and C (ZM197M, DU422) SOSIPs, were found to primarily elicit strain-specific, 

autologous neutralizing antibodies in immunization studies rather than broad cross-reactive 

ones necessary for effective widespread coverage (112–114). 

 

Clinical trials have likewise produced limited success. To date, the RV144 Thai trial 

(conducted from 2003-2006) remains the only efficacy trial to demonstrate protection from 

HIV-1 acquisition (an approximately 31% reduction in infection risk) (115). The prime-boost 

strategy produced non-neutralizing antibodies primarily targeting the V1V2 region of gp120. 

Subsequent attempts to build on this success have fallen short, however, including the 

Uhambo (HVTN 702), Imbokodo (HVTN 705), and Mosaico (HVTN 706) trials conducted 

from 2016-2023, which ultimately demonstrated their vaccine candidates were safe but did 
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not provide significant protection against HIV-1 (116, 117). More recently, next-generation 

SOSIPs have been developed for more sophisticated germline-targeting (GT) approaches 

aiming to activate naïve B cells bearing germline precursors for known broadly neutralizing 

antibodies (bNAbs), specifically those targeting the CD4bs and V3 glycans (118–122). In 

this strategy, an initial priming immunogen is engineered to engage rare naïve B cells with 

receptors resembling the inferred germline precursors of a desired bNAb class. Sequential 

“shaping” and “polishing” boosts then slowly present more native-like Env features to guide 

antibody maturation toward more somatic hypermutation, affinity, neutralization potency, 

and breadth. 
 

1.5.2 Passive immunotherapy with bNAbs falls short of universal protection 
Despite shortcomings in vaccine development, researchers have nonetheless successfully 

been able to identify and isolate bNAbs from PLWH with excellent breadth and potency. 

These bNAbs recognize a limited number of epitopes on Env such as the CD4bs (e.g., 

VRC01, 3BNC117), the V1V2 region (e.g., PG9, PGT145), and the V3 region (e.g., 10-

1074, 007), to name a few (123–127). In lieu of a vaccine, these bNAbs are useful as an 

alternative strategy for HIV-1 treatment. In early preclinical studies, passive transfer of 2F5, 

4E10, and 2G12 bNAbs in nonhuman primates demonstrated potent protection against 

intravenous and mucosal simian-human immunodeficiency virus (SHIV) challenge (128, 

129). VRC01-LS, a potent CD4bs bNAb with enhanced half-life Fc mutations (LS) also 

provided durable protection in macaques from repeated low-dose SHIV challenges (130). 

 

In clinical trials, results have been encouraging, albeit with some limitations. Intravenous 

infusion of 3BNC117 suppressed plasma viremia for 28 days in PLWH during treatment 

interruption (131). However, some patients developed resistant viral strains while others 

showed viral rebound after antibody titers waned. 10-1074 showed similar viremia-

suppressing activity but likewise resulted in the emergence of some viral resistance (132). 

Combination therapy using both 3BNC117 and 10-1074, targeting two distinct epitopes 

(CD4bs and a V3 glycan, respectively), provided sustained viral suppression for months after 

treatment interruption in a subset of patients with much less risk to developing viral 
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resistance, suggesting a multi-epitope targeting strategy can delay or prevent viral escape 

(133, 134). The AMP trial (Antibody Mediated Prevention; HVTN 704/HPTN 085) from 

2016-2021 aimed to assess whether intravenous infusion of VRC01 could prevent HIV-1 

infection. The trial administered VRC01 intravenously every eight weeks to high-risk 

individuals without HIV-1. While VRC01 prevented acquisition of VRC01-sensitive viral 

strains (concentration to inhibit virus by 80% (IC80) < 1 µg/mL), it did not reduce overall 

HIV-1 acquisition rates compared to placebo because approximately 70% of circulating 

strains in the trial populations were already resistant to VRC01 (135). This result 

demonstrated that current antibody strategies targeting even highly conserved epitopes like 

the CD4bs were insufficient for universal protection, highlighting the need for therapeutics 

that target epitopes under the strongest possible functional constraints where escape 

mutations incur fitness costs too severe for the virus to tolerate. 

 

1.5.3 CD4-based biologics exploit HIV-1’s dependence on its host receptor 

CD4-based biologics offer a different strategy for HIV-1 therapy, one that may help 

overcome some of the limitations faced by neutralizing antibodies. Unlike antibodies, CD4-

based therapeutics exploit HIV-1’s dependence on its primary host receptor. Because it is 

required for infection, mutations in gp120 that reduce binding to CD4-based therapeutics 

inherently also impair the virus’s ability to bind cellular CD4 and infect target cells. In this 

way, CD4-based therapeutics create a direct link between immune escape and viral fitness 

cost (103, 136). 

 

One of the earliest examples of this approach was CD4-Ig, an Fc-fusion protein composed 

of two N-terminal, immunoglobulin-like domains of human CD4 (D1 and D2) fused to the 

Fc region of human IgG, first described by Capon et al. in 1989 (137). The clinical candidate 

PRO-542 (CD4-IgG2) demonstrated antiviral activity in multiple clinical studies. In adult 

PLWH, a single intravenous dose produced a 0.5-log reduction in plasma viremia (138). In 

children living with HIV-1 (CLHIV), repeated dosing showed dose-dependent decreases in 

viral load (139). Despite these encouraging results, PRO-542 suffered from poor 

pharmacokinetics, with a serum half-life of about 2-3.5 days (compared to 18-21 days 
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typically expected for antibodies). Additionally, dose-escalation studies revealed nonlinear 

clearance kinetics, suggesting target-mediated drug disposition (TMDD) (138–140). 

 

The concept of CD4-Ig was significantly advanced by the development of eCD4-Ig in the 

Farzan lab. In their construct, a sulfated CCR5-mimetic peptide (mim2) was fused to the C-

terminus of the CD4-Ig Fc domain, creating a molecule capable of engaging both CD4 and 

the co-receptor binding sites simultaneously on gp120 (103). This dual-targeting design 

greatly improved both breadth and potency, as eCD4-Ig neutralized 100% of a diverse panel 

of neutralization-resistant HIV-1, HIV-2 and SHIV isolates with single-digit nanomolar to 

picomolar IC50 values. When delivered via adeno-associated virus (AAV) in rhesus 

macaques, eCD4-Ig provided durable protection against repeated intravenous SHIV 

challenge for at least 34 weeks. In vitro escape studies further show eCD4-Ig constrained 

viral escape more effectively than either CD4-Ig alone or VRC01 because mutations that 

reduced susceptibility to eCD4-Ig imposed substantial fitness costs to the virus (136). 

 

Despite these promising results, the clinical development of CD4-Ig and eCD4-Ig has been 

limited by several interconnected issues associated with truncated D1D2 wild-type (WT) 

CD4 constructs. First, removal of the D3 and D4 domains, which are not required for HIV-

1 engagement, exposes residues on the C-terminus of D2 that affect the construct’s 

thermostability (referred to herein as the apparent melting temperature, Tm), likely 

contributing to protein aggregation and faster in vivo clearance (141). Second, these 

constructs retain binding to endogenous MHC class II molecules on antigen-presenting cells, 

creating an unintended sink that can drive TMDD and reduce the amount of drug available 

to neutralize the virus. These factors likely contribute to the short serum half-life observed 

for PRO-542. Overcoming these limitations through rational protein design is the focus of 

Chapter 3, described briefly in the following section. 
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1.6 Targeting Invariant Domains of HIV-1 
1.6.1 The CD4 binding site: engineering gCD4 for improved CD4-Ig therapeutics 

A major challenge in improving CD4 for therapeutic use is the fact that the binding footprints 

for gp120 and MHC-II overlap extensively. Both interactions occur primarily on the same 

face of the CD4 D1 domain, spanning residues 23-64, and include key residues such as F43 

and R59 which contribute importantly to both interfaces (142). This overlap makes it difficult 

to disrupt the engineered CD4’s unwanted interaction with MHC-II without also weakening 

the desired interaction with HIV-1 Env. Thankfully, the number of residues that are exclusive 

to MHC-II binding are few, but not absent. gp120 interacts with CD4 as a monomer on one 

side, whereas MHC-II is a heterodimer whose α and β chains engage two faces on the CD4 

D1 domain. As a result, we find residues S60 and D63 contact the MHC-II α chain but does 

not participate in gp120 binding. This creates a small but exploitable “wedge” that can be 

engineered to selectively ablate MHC-II recognition without compromising gp120 affinity. 

 

Our group took advantage of this asymmetry using a combined computational and structure-

guided design strategy. An initial analysis by Adrian Bahn using PyMOL and TRIAD protein 

software helped identify a hydrophobic patch on the C-terminal region of the CD4 D2 

domain formed by residues L109, L151, V175, and L177. In full-length CD4 (with four 

immunoglobulin-like domains, D1-D4), these side chains are partially buried through 

contacts with domains D3. However, in CD4-Ig, which contain only the D1D2 domains, this 

region becomes exposed, creating a thermodynamically unfavorable hydrophobic patch. In 

silico energy calculations were used to identify substitutions to these residues predicted to 

stabilize this exposed patch. Experimental screening ultimately identified the combination of 

mutations L109K, L151K, V175I, and L177D (KKID), which formed a favorable network 

of salt bridges and increased thermostability, Tm, by 6°C. An additional stabilizing mutation, 

A55V, was previously reported to show improved packing in the D1 hydrophobic core and, 

when included, contributed an additional 8°C increase in thermostability (143). The 

combined effects of these mutations were additive and together contributed a 14°C 

improvement. 

 



 21 
In parallel, residues S60 and D63 were mutated to ablate MHC-II recognition. Guided by 

analyses of CD4 interacting with MHC-II using high-affinity Q40Y/T45W variants, site-

directed mutagenesis identified S60D and D63K as optimal substitutions for disrupting 

contacts with the MHC-II α chain. Surface plasmon resonance (SPR) measurements 

confirmed these mutations indeed reduced MHC-II binding to near-background levels 

comparable to the negative control while preserving gp120 binding in the single-digit 

nanomolar range. 

 

Combining both sets of stabilizing and MHC-II-specific mutations produced gp120-specific 

CD4, gCD4, with the final set of six key mutations including A55V, S60D, D63K, L109K, 

L151K, and L177E (VDKKKE). The L177E substitution was ultimately chosen in place of 

L177D because the longer glutamate side chain could support more favorable salt bridge 

formation. Relative to WT CD4 D1D2, gCD4 showed a significantly improved Tm of 66.5°C, 

more than 20°C above WT, yielded nearly 50-fold more protein in mammalian expression, 

and retained full gp120 binding while exhibiting near-complete loss of MHC-II recognition. 

 

1.6.2 The caldera region: a novel conserved epitope in open HIV-1 Env 
In a closed, prefusion Env trimer, the most highly conserved protein surfaces are buried 

underneath the glycan shield and/or the interfaces between the gp120-gp41 protomers, 

inaccessible to antibodies. CD4, however, changes this landscape. When engaged with CD4 

(or a CD4-mimetic compound), the trimer undergoes conformational changes and enters an 

“open” state where the gp120 subunits are rotated outward, thereby exposing a previously 

hidden surface between the displaced gp120 protomers and above the gp41 three-helix 

bundle. Our group has termed this highly conserved, glycan-free region the caldera. 

 

Cryo-EM studies of BG505 SOSIP trimers bound to soluble CD4 and the CD4-mimetic 

peptide M48U1 have characterized the caldera and shown that it is remarkably conserved 

across HIV-1 clades (86, 88, 89). Sequence analyses spanning thousands of HIV-1 isolates 

further show that caldera residues are among the most conserved on the entire Env surface. 

Notably, this region is distinct from the epitopes recognized by classical CD4-induced 
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(CD4i) antibodies, such as 17b, E51, and 21c, which have limited neutralization capabilities 

(144–147). These antibodies target the co-receptor binding site (including the bridging sheet 

and base of V3) on individual gp120 monomers, whereas the caldera is an inter-protomer 

surface created only after trimer opening (148). 

 

The conservation of the caldera region reflects its strong functional constraints. In the closed 

trimer, these surfaces help stabilize the prefusion state through inter-protomer interactions. 

During viral entry, they must undergo tightly coordinated rearrangements to expose and 

position the fusion machinery correctly. Therefore, mutations in this region would be 

expected to destabilize Env and/or interfere with these necessary conformational changes. 

This imposes substantial fitness costs, thereby making the caldera region an attractive target 

for a pan-HIV-1 therapeutic. 

 

An effective therapeutic directed at this region could be made through construction of a bi-

functional molecule containing CD4/CD4-mimetic that would first induce conformational 

changes in Env, thereby exposing the caldera, before a second caldera-binding element 

engages the newly revealed epitope. By stabilizing Env in its “open” state while blocking the 

caldera, this construct could theoretically (1) block viral entry by preventing co-receptor 

engagement, (2) inactivate the spike by binding the gp41 six-helix bundle and inhibiting 

membrane fusion, (3) initiate Fc-mediated effector functions, and (4) resist escape at both 

the CD4bs and caldera epitopes. 

 

1.6.3 Nanobody (VHH) discovery to target the HIV-1 Env caldera 
IgG antibodies are the well-established standard for conventional therapeutic applications. 

They are approximately 150 kDa in molecular weight and are made of a complex 

heterodimeric architecture (two heavy and two light chains) (149). Due to their relative size 

and complexity, they may face steric challenges in accessing the caldera epitope as its located 

in a recessed region between the gp120 protomers. The antigen-binding fragments (Fabs) 

may be excluded due to their relative bulkiness unless they have particularly long 

complementarity determining region 3 (CDR3) loops. Therefore, as a proof-of-principle, we 
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decided to pursue single-domain antibodies derived from the antigen-binding fragments of 

camelid heavy-chain-only antibodies—variable heavy-chain (VHH) domains, or 

“nanobodies” (150, 151). Due to their small size (about 15 kDa, compared to roughly 50 kDa 

for Fabs), nanobodies are well-suited to overcome this obstacle, especially since their single-

domain VHH architecture makes them half as wide as a Fab’s VH-VL structure (Figure 3). 

Despite their smaller size, nanobodies retain full antigen-binding activity through their three 

CDR loops. Taking this all into account, nanobodies can potentially project effectively into 

narrow clefts and reach cryptic epitopes that are normally inaccessible to larger antibodies. 

 

 

Figure 3. Nanobody domains (VHH; left) may be better suited than conventional 

antibody fragments (VH-VL Fabs; right) or single-chain Fvs (scFvs; single-chain VH-VL 
constructs, not shown) to access recessed epitopes on CD4-bound open HIV-1 Env. 
SOSIP-sCD4 complex from PDB: 5vn3. Representative J3 VHH from PDB: 7lpn. 

Representative 17b Fab VH-VL from PDB: 1rz8. 

 

Nanobodies can be produced efficiently and inexpensively in bacterial systems and be readily 

adapted for genetic fusion to other protein domains. In our case, a caldera-binding nanobody 

could be fused at its C-terminus to an IgG Fc and/or CD4 to create a bi-functional construct. 

Chapter 4 describes our efforts in the discovery and characterization of nanobodies that 

recognize HIV-1 Env exclusively in its “open” conformation. Briefly, nanobodies were 

identified using yeast display with a VHH library against SOSIP trimers from multiple HIV-

1 clades, including BG505 (clade A), B41 (clade B), and ZM197M (clade C) (152). The 
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screening strategy used “closed” DS-SOSIPs (which contain a 201C-433C disulfide bond 

that prevents CD4-induced opening) to deplete binders to the exterior of Env and followed 

with binder selection and enrichment using “open” SOSIP-CD4 complexes. With efforts 

ongoing, the hope is to discover a novel caldera-binding nanobody that can be used as part 

of a pan-HIV-1 therapeutic. 

 

1.7 Scope of Work 
This thesis brings together three projects for the common goal of developing broadly 

protective strategies against pandemic-level threats through molecular engineering. Chapter 

2 examines computationally designed mosaic nanoparticle vaccines that generate broad 

immunity against SARS-CoV-2 and related sarbecoviruses with zoonotic potential. Chapters 

3 and 4 then shift to the development of broad and potent therapeutics against HIV-1 that 

target two distinct conserved regions in Env. Together, these projects illustrate how targeting 

conserved viral features can enable the development of more durable countermeasures 

against highly mutable pathogens. 
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2.1 Summary 
Nanoparticle vaccines displaying combinations of SARS-like betacoronavirus 

(sarbecovirus) receptor-binding domains (RBDs) could protect against SARS-CoV-2 

variants and spillover of zoonotic sarbecoviruses into humans. Using a computational 

approach, we designed variants of SARS-CoV-2 RBDs and selected 7 natural sarbecovirus 

RBDs, each predicted to fold properly and abrogate antibody responses to variable epitopes. 

RBDs were attached to 60-mer nanoparticles to make immunogens displaying two (mosaic-

2COMs), five (mosaic-5COM), or seven (mosaic-7COM) different RBDs for comparisons with 

mosaic-8b, which elicited cross-reactive antibodies and protected animals from sarbecovirus 

challenges. Naive and COVID-19 pre-vaccinated mice immunized with mosaic-7COM 

elicited antibodies targeting conserved RBD epitopes, and their sera exhibited higher binding 

and neutralization titers against sarbecoviruses than mosaic-8b. Mosaic-2COMs and mosaic-

5COM elicited higher antibody potencies against some SARS-CoV-2 variants than mosaic-

7COM. However, mosaic-7COM elicited more potent responses against zoonotic sarbecoviruses 

and highly mutated Omicrons, supporting its use to protect against SARS-CoV-2 variants 

and zoonotic sarbecoviruses.  



 49 
2.2 Introduction 
Emerging SARS-CoV-2 variants, notably Omicron and its subvariants, have demonstrated 

the ability to partially evade previous vaccine-induced immune responses by mutating 

epitopes targeted by the generated antibodies, (1–9) thus extending the duration and impact 

of the COVID-19 pandemic. While mRNA vaccines have been adapted to include sequences 

based on existing Omicron strains, they become outdated due to the continuous emergence 

of new variants (10). Moreover, there remains the continuing risk of future pandemics due 

to cross-species spillovers from the pool of existing zoonotic SARS-like betacoronaviruses 

(sarbecoviruses) (11, 12). Consequently, the development of universal sarbecovirus vaccines 

capable of safeguarding against future SARS-CoV-2 variants and new viruses derived from 

sarbecoviruses is critical for public health. The aim of such universal sarbecovirus vaccines 

is to generate antibodies targeting conserved epitopes on spike trimers, which are not 

generated in high titers by mRNA vaccines encoding spike trimers for reasons outlined 

below. 

 

SARS-CoV-2 uses its spike trimer to infiltrate host cells by binding to the host receptor 

known as angiotensin-converting enzyme 2 (ACE2) (13, 14). Specifically, the receptor-

binding domain (RBD) of the spike binds to ACE2, and it can do so only when the RBD 

adopts an “up” conformation rather than its usual “down” conformation (15). Upon infection 

or vaccination with the spike trimer, numerous antibodies targeting the RBD are elicited, 

categorized into four primary types (classes 1, 2, 3, and 4) based on their epitopes (Figure 
1A) (15). The epitopes of class 1 and 2 antibodies typically overlap with the ACE2 binding 

site on the RBD and have evolved due to immune pressure over time, while class 3 and 4 

antibodies bind to more conserved but less accessible (in the case of class 4) epitopes. 

Notably, class 4 antibodies are sterically occluded even on “up” RBDs, making them 

challenging to induce by viral infection or using vaccines containing spike trimers, as shown 

by deep mutation scanning (DMS) mapping of antisera from convalescent COVID-19 or 

vaccinated donors (16–20). A vaccine capable of eliciting antibodies against the class 4 and 

class 1/4 (class 4-like antibodies that reach toward the class 1 epitope and sterically occlude 
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ACE2 binding) epitopes (21) could target conserved sites, providing protection against future 

SARS-CoV-2 variants and potential sarbecovirus spillovers. 

 

 
Figure 1. Overview of the design process 
(A) Structures of representative class 1 (C102, PDB: 7K8M), class 2 (C144, PDB: 7K90), 

class 3 (S309, PDB: 7JMX), and class 4 (CR3022, PDB: 6W41) antibodies bound to the 

WA1 SARS-CoV-2 RBD, and the structure of the WA1 RBD (PDB: 6W41) colored based 

on conservation scores calculated using the ConSurf database (22). 

(B) Overview of mosaic-2COM and mosaic-5COM RBD-NP designs. Starting from the WA1 

RBD, computational analysis and machine learning models (23) were used to calculate 

properties of potential RBD immunogens based on expression, antibody binding, and 

solubility. A set of selected RBDs was further filtered based on expression and binding 

measurements and used to construct the mosaic-2COM and mosaic-5COM RBD NPs. 
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(C) Overview of designing mosaic-7COM. A set of 8 RBDs was selected from naturally 

occurring zoonotic sarbecovirus RBDs to maximize (1) sequence diversity and (2) binding 

to class 3 and 4 but not class 1 and 2 RBD epitopes (RBD epitopes defined as described) 

(15). The 8 selected RBDs were further filtered based on experimentally determined 

properties (see text), and the 7 remaining RBDs were used for mosaic-7COM. 

 

Previously, mosaic-8b RBD nanoparticles (RBD NPs) were developed as a potential pan-

sarbecovirus vaccine by using the SpyCatcher-SpyTag system (24, 25) to covalently attach 

different RBDs with C-terminal SpyTag sequences to a 60-mer mi3 protein NP with N-

terminal SpyCatcher proteins in each subunit (26). These NPs, which displayed RBDs from 

SARS-CoV-2 and seven zoonotic sarbecoviruses, were hypothesized to promote the 

development of cross-reactive antibodies by exposing epitopes that were conserved across 

the RBDs. B cells displaying cross-reactive B cell receptors would be able to bind bivalently 

to adjacent conserved regions on the displayed RBDs (27). By contrast, B cells displaying 

strain-specific B cell receptors that target variable epitopes would rarely bind bivalently to 

mosaic RBD NPs because of their inability to bind non-identical adjacent RBDs. Therefore, 

the cross-reactive B cells would have an avidity advantage that would enable them to 

outcompete the strain-specific B cells during germinal center (GC) reactions. Animal studies 

supported this hypothesis, as the mosaic-8 RBD NPs elicited high titers of cross-reactive 

antibodies (26) and protected K18-hACE2 transgenic mice (28) and non-human primates 

against sarbecovirus challenges (27). Although mosaic-8b displayed a particular set of RBDs 

that were selected based on phylogenetics and pandemic potential, the SpyCatcher-SpyTag 

system is flexible and allows various combinations of proteins to be easily attached 

covalently in various combinations to a SpyCatcher NP. This leaves open the intriguing 

possibility that the displayed RBD sequences could be further optimized to generate NPs that 

elicit even more potent cross-reactive antibodies. 

 

In this work, we combined computational and experimental approaches to design and test 

sets of new mosaic RBD NPs with the goal of eliciting improved cross-reactive responses. 

The first set contained RBDs designed with six mutations relative to the SARS-CoV-2 WA1 
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strain aimed at maintaining expression and solubility while selectively abrogating antibody 

binding to class 1 and class 2 RBD epitopes (Figure 1B). The second set contained 

sarbecovirus RBDs that selectively abrogated class 1 and 2 antibody binding and had the 

highest sequence diversity among all computationally generated sets (Figure 1C). After 

experimentally filtering the RBDs for expression, solubility, and antibody binding, we 

constructed mosaic RBD NPs and evaluated them in mice. Binding and pseudovirus 

neutralization titers from naive mice immunized with RBD NPs show that our designed RBD 

NPs elicited more cross-reactive responses than mosaic-8b and homotypic SARS-CoV-2 

Beta RBD NPs. Deep mutational scanning profiles suggested that the antibody response is 

focused on class 3 and 4 RBD epitopes for the mosaic-7COM RBD-NP. Finally, serum 

responses of mice with prior COVID-19 vaccinations showed that mosaic-7COM elicited 

higher neutralization titers against a range of viral strains compared with mosaic-8b, mosaic-

7 (mosaic-8b without SARS-CoV-2 Beta), and the bivalent WA1/BA.5 mRNA lipid 

nanoparticle (LNP) vaccine. Taken together, these results suggest that computationally 

designed RBD NPs can outperform more empirical designs and lead to promising candidates 

for potential pan-sarbecovirus vaccines such as mosaic-7COM. 

 

2.3 Results 

2.3.1 WA1 RBDs were designed to elicit antibodies against less mutated SARS-CoV-2 
variants 

Our first set of RBD NPs displayed WA1 RBDs with mutations that were designed to 

promote the generation of cross-reactive antibodies that target relatively conserved epitopes 

on the RBDs of SARS-CoV-2 variants. Overall, our computational design strategy sought to 

create RBDs that (1) abrogated binding of class 1 and class 2 anti-RBD antibodies but not 

class 3, 4, and 1/4 antibodies (RBD epitopes defined as described) (15); (2) were stable and 

expressed well; and (3) yielded soluble RBD NPs upon conjugation. 

 

We designed sets of two RBDs to be displayed on a particular NP, with each RBD containing 

6 mutations. Although it might be ideal to design RBD NPs with more variant RBDs, with 

each containing numerous mutations, introducing many mutations could result in improperly 
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folded RBDs. Our choice of 6 mutations per RBD was informed by our method of predicting 

relative expression of different RBDs, which is a convolutional neural network trained on 

DMS experiments using a library of different RBDs displayed on yeast (29). In DMS 

experiments used to train our neural network, yeast cells displayed RBDs containing random 

mutations relative to the WA1 strain, and the expression of each variant was measured (29). 

The DMS-generated RBD variants contained between 0 and 7 mutations, so a model trained 

on these data would not be effective at predicting the expression of variants containing more 

than 7 mutations. We chose 6 mutations per RBD because this number is below the 

maximum of 7 mutations and because it is even (we divide the 6 mutations into 3 class 1 

escape mutations and 3 class 2 escape mutations). 

 

Previous DMS experiments (17, 30–33) quantified escape from antibodies (either polyclonal 

serum antibodies or monoclonal antibodies [mAbs]) in the following way: yeast cells for 

each RBD mutation were created and sorted into an antibody escape bin based on it not 

binding to a particular antibody or antiserum. The escape fraction of a RBD mutation is the 

fraction of yeast cells expressing the mutation that were in the escape bin. An escape fraction 

of 0 meant that none of the yeast cells expressing the mutation were in the escape bin, while 

a fraction of 1 meant all yeast cells expressing the mutation were in the bin. 

 

We first considered two RBDs per NP for the following reasons. DMS data on antibody 

escape at the time we designed the RBD NPs were evaluated relative to the SARS-CoV-2 

WA1 RBD (17, 30–33), so it was easiest to design a new RBD with mutations that abrogated 

binding of WA1-specific class 1 and 2 anti-RBD antibodies. However, new class 1 and 2 

anti-RBD antibodies will evolve upon immunization with RBDs that abrogate binding to the 

usually immunodominant antibodies (34, 35). Our solution to this problem was to place 

escape mutations for different RBDs in different positions relative to each other, as the new 

germline and GC B cells that recognize class 1 and 2 epitopes on one designed RBD would 

likely not bind bivalently to a second RBD that contains escape mutations in different 

residues and would thus be at a disadvantage compared with the class 3, 4, and 1/4 antibodies. 

Based on this hypothesis, one would ideally create an RBD-NP with many different RBDs 
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if their escape mutations were all in different positions. However, we were limited to 6 

mutations for the reasons stated above, so we decided to use 2 RBDs per NP to introduce 

more escape mutations in each RBD and therefore increase the probability of abrogating 

bivalent antibody binding. However, using only 2 RBDs per NP to create mosaic-2 RBD 

NPs results in a higher probability that neighboring RBDs are identical: the average 

probability of neighboring identical RBDs in a mosaic-2 is 0.5, whereas the average 

probability of neighboring identical RBDs in a mosaic-8 is 0.125. We also created a mosaic-

5COM RBD-NP to empirically determine whether displaying more variant RBDs with some 

shared mutations would result in differences in cross-reactive antibody elicitation. 

 

First, we determined the 20 RBD positions with the highest escapes from class 1 and 2 anti-

RBD antibodies based on DMS data (17, 30–33) (Tables S1 and S2). We chose to focus on 

20 RBD positions because a previous DMS study highlighted ∼20 positions where mutations 

affected binding to class 1 and 2 anti-RBD antibodies (31). Mutations in these 20 positions 

do not necessarily occur all at once, e.g., the BA.1 SARS-CoV-2 Omicron variant contains 

substitutions in 15 RBD positions relative to the WA1 RBD. From these 20 positions, we 

generated "206 & = 38,760 combinations of 6 positions for both class 1 and class 2 escape 

positions. Because we have 2 RBDs on a mosaic-2COM, we divided each combination of 6 

positions into 2 groups of 3, for which there are 10 possible enumerations, generating 

387,600 sets for class 1 RBD positions and 387,600 sets for class 2 positions, as shown in 

Figure S1. Creating all possible 387,6002 RBD pairs by combining the class 1 and class 2 

sets is computationally infeasible, so we instead randomly sampled ∼800,000 RBD pairs for 

further evaluation. 
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Figure S1. Illustration of how sequences for class 1 escape mutations were generated, 

related to Figure 2 
From the 20 RBD positions with the highest escapes against class 1 anti-RBD antibodies, we 

generated all 38,760 possible combinations of 6 positions. For each combination, we further 

generated all possible ways to divide the 6 positions into 2 groups of 3, of which there were 

10 possible divisions, resulting in 387,600 sets of positions. For each set, 1 group of 3 

positions was assigned to RBD1 (colored as light blue or pink), and the other group of 3 

positions was assigned to RBD2 (colored as dark blue or red). RBD1 and RBD2 would be 

mutated in their assigned positions to the amino acids listed in Table S2. 

 

Additionally, for a particular escape position, the amino acid mutation with the largest escape 

fraction that was also not a charged-to-hydrophobic substitution was chosen (Table S2). The 

decision to avoid charged-to-hydrophobic substitutions was meant to enhance solubility, as 

preliminary RBD designs showed aggregation when charged-to-hydrophobic mutations 

were included. For example, RBD residue 484 is a class 2 escape residue (31), and the 
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corresponding escape mutation we choose was E484R, which exhibited the largest escape 

fraction for non-hydrophobic amino acids (17, 30–33). 

The ∼800,000 pairs of RBD sequences were then screened for likelihood of successful 

expression using a convolutional neural network that was previously trained on DMS data 

(23) (Figures 2A and 2B). We selected RBD pairs for which both RBDs were predicted to 

express well, which was defined as having a change in expression from WA1 greater than 

−0.2 log-mean fluorescence intensity (logMFI) based on DMS data (29). This threshold was 

previously chosen such that sequences of circulating variants, which are known to express 

well because they are found in nature, had predicted logMFI values above this threshold (29). 

Of the ∼800,000 RBD pairs, ∼100,000 were selected that fit the chosen computational 

expression criterion. 

 

 
Figure 2. Overview of computational methods 
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(A) Architecture of the neural network used to predict RBD expression (23). The input is an 

expression matrix, which is the element-wise product (multiplication of entries at the same 

positions) of the one-hot encoded sequence (each residue is represented as a 20D vector with 

entries of 1 for the matching amino acid and 0 for other amino acids) and the matrix of single-

mutation expression changes. This is processed through a convolutional neural network to 

produce the predicted change in expression as an output. 

(B) ∼800,000 possible RBD sequences are screened for predicted expression relative to the 

WA1 RBD using a threshold value of −0.2 logMFI. Rejected RBD pairs are in blue, and 

selected pairs are in red. 

(C) ∼100,000 RBD sequences that passed predicted expression screening and were further 

screened for solubility based on a change in aggregation score relative to WA1 calculated 

using Aggrescan. Rejected RBD pairs are in blue, and selected pairs are in red. 

(D) The distribution of total mutational entropy over sets of 10 RBDs, and the set selected 

for experimental testing is the one with maximum entropy indicated by the red line. 

(E) Mean escape against class 1 and 2 anti-RBD antibodies and the mean escape against 

class 3 and 4 anti-RBD antibodies for naturally occurring sarbecoviruses. Rejected RBDs are 

in blue, and selected RBDs are in red. 

 

The ∼100,000 selected pairs of RBD sequences were further evaluated for predicted 

solubility using Aggrescan (36) to calculate the aggregation score of each RBD in the pair 

relative to the WA1 RBD (Figure 2C). We selected ∼90,000 RBD pairs for which both 

RBDs were predicted to be more soluble than the WA1 RBD. The large fraction (∼0.9) of 

selected pairs suggests that the avoidance of charged-to-hydrophobic mutations in previous 

steps was effective at preserving predicted solubility. 

 

Of these ∼90,000 RBD pairs, we selected the top 20,000 in terms of total class 1 and class 2 

antibody escape (estimated as a sum over the escape fractions for mutated residues on both 

RBDs) to further reduce recognition of class 1 and class 2 RBD epitopes. We selected 20,000 

because the total class 1 and class 2 antibody escape plateaus after the top 20,000 pairs 

(Figure S2). From these 20,000, we selected a subset for experimental testing. We 
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computationally designed multiple RBD pairs in case some RBDs failed to express, abrogate 

antibody binding, or remain soluble with limited aggregation. In creating these RBD pairs, 

we sought to avoid pairs that were very similar. Therefore, we randomly selected sets of 5 

RBD pairs, calculated the total mutational entropy, and selected the set with the highest 

entropy (Figure 2D). More specifically, each set of 5 RBD pairs contained 10 RBDs, and 

we calculated the Shannon entropy (37) for each residue over the 10 RBDs. The total 

mutational entropy was then the sum of the Shannon entropies for all residues. The RBD 

sequences are reported in Table S3. 

 

 
Figure S2. The total escape against class 1 and 2 antibodies for all ∼90,000 RBD pairs 

that pass screening, related to Figure 2 
The total escape is obtained from DMS experiments (17, 30–33) and antibody RBD-epitope 

classes are defined in Barnes et al. (15) 

 

2.3.2 Zoonotic sarbecovirus RBDs were selected to elicit cross-reactive antibodies 
against sarbecoviruses 
Additionally, we selected RBDs from various sarbecoviruses to make a new mosaic RBD-

NP in a manner distinct from choices for mosaic-8b RBD-NP (27). While mosaic-8b used 

phylogenetics and pandemic potential in its design (selecting clade 1, clade 1b, and clade 2 

sarbecovirus RBDs from a study of RBD receptor usage and cell tropism (38)), we instead 

used antibody binding data to select RBDs. We first obtained a set of 246 non-redundant 

sarbecovirus RBDs from the NCBI database (39), aligned these with the WA1 SARS-CoV-
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2 RBD using ClustalW (40, 41), and filtered the alignment for residues 331–531 of the WA1 

SARS-CoV-2 spike since these were the WA1 spike residues used for RBD display in DMS 

experiments (17, 30–33). For each RBD in the alignment, we examined its substitutions 

relative to the WA1 RBD amino acids and calculated the substitutions’ average escapes to 

class 1, 2, 3, and 4 anti-RBD antibodies from the DMS data. The selective binding ,! of each 

RBD was then scored using 

 

,! = 〈,"〉 + 〈,#〉 − 〈,$〉 − 〈,%〉 Equation 1 

 

Where 〈,&〉 is the average total escape of an RBD to antibodies of class 1. Thus, RBDs that 

have high escapes from class 1 and 2 antibodies but low escapes from class 3 and 4 antibodies 

would maximize ,!. We selected the top 40 sarbecovirus RBDs in terms of ,!. In Figure 

2E, we graph the mean class 1 and 2 escapes (〈,"〉 + 〈,#〉) and mean class 3 and 4 escapes 

(〈,$〉 + 〈,%〉) for every sarbecovirus RBD and highlight the selected RBDs in red. The 

selected RBDs clustered toward the lower right region, demonstrating that our calculation of 

,! selected for high class 1 and 2 escapes and low class 3 and 4 escapes. From the selected 

RBDs, we generated sets of 8 as in previous studies (26, 27). We then calculated the fraction 

of amino acids that were the same for every pair of RBDs (average pairwise amino acid 

sequence identity as defined to create mosaic-8b). We selected the set of 8 with the lowest 

average amino acid sequence identity between pairs (Table S4). 

 

2.3.3 Designed RBDs bind class 3 and 4 anti-RBD antibodies and conjugate to form 

stable RBD NPs 
Before creating mosaic RBD NPs with the computationally designed RBDs, we 

experimentally evaluated their expression and binding to characterized anti-RBD mAbs, 

removing any candidates that showed suboptimal properties. First, we expressed the RBDs 

and purified them from transfected cell supernatants using nickel-nitrilotriacetic acid (Ni-

NTA) affinity chromatography followed by size exclusion chromatography (SEC) (Figures 
3A and 3B). For the designed RBDs, 8 of 10 exhibited expected high levels of expression, 

while one expressed at low levels (RBD8) and another showed no detectable expression 
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based on SEC chromatograms (RBD3) (Figure 3A). RBD3 and RBD8 were therefore 

removed from further consideration. Given that 70% of single RBD substitutions eliminated 

expression in a DMS library (29), generating 6-mutant RBDs that preserve expression with 

an 80% success rate is notably efficient and points to the utility of our neural network 

predictor. All zoonotic sarbecovirus RBDs expressed effectively (Figure 3B) as expected 

because well-folded RBDs are likely to be found in nature. 

 

 
Figure 3. Designed SARS-CoV-2 RBDs and sarbecovirus RBDs exhibit desired 
properties 
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(A) and (B) HiLoad 16/600 Superdex 200 SEC profiles of designed RBDs (A) and 

sarbecovirus RBDs (B). RBD3 and RBD8 exhibited suboptimal expression, indicated by no 

signal for an RBD monomer (RBD3) or a peak in the void volume (RBD8). 

(C) and (D) Fold reduction of selected monoclonal anti-RBD antibodies (mAbs) or a human 

ACE2-Fc construct (hACE2) to designed SARS-CoV-2 RBDs (C) and sarbecovirus RBDs 

(D) compared with binding to WA1 RBD. 

(E) Superose 6 increase 10/300 SEC profiles after SpyTagged RBDs were conjugated to 

SpyCatcher-mi3 showing peaks for RBD NPs and free RBDs. 

(F) SDS-PAGE for each RBD-NP after pooling appropriate SEC fractions. 

 

We then used ELISAs to derive binding EC50s of these RBDs to a panel of mAbs directed 

against class 1, 2, 3, and 4 RBD epitopes, demonstrating that the designed RBDs bound class 

3 and 4, but not class 1 or class 2, anti-RBD antibodies (Figure 3C). Interestingly, the class 

2/3 antibody BG7-15 (42) exhibited mixed results, binding to RBD1, RBD5, RBD6, RBD7, 

RBD8, and RBD10 but not to RBD2, RBD4, or RBD9 (Figure 3C). Although 

inconsequential for immunization purposes, none of the designed RBDs bound to a human 

ACE2-Fc construct because class 1 and 2 escape mutations are located near the ACE2 

binding site (15, 17, 30–33). The EC50s of the zoonotic sarbecovirus RBDs for binding the 

panel of antibodies showed the same trends, although some RBDs (Khosta-2, BM48-31, 

BtKY72) did not bind all class 3 or 4 antibodies (Figure 3D). RaTG13 RBD retained binding 

to class 1 antibodies, so it was removed from consideration. 

 

From the designed RBDs, we created 3 RBD NPs displaying 2 RBDs each (mosaic-2aCOM, 

mosaic-2bCOM, and mosaic-2cCOM) (Table 1). Although RBD4 and RBD7 showed high 

expression and bound to class 3 and 4, but not class 1 and class 2, anti-RBD antibodies 

(Figure 3C), they were not included because they were designed as sets with RBD3 and 

RBD8, which had been removed. We also created a mosaic-5COM RBD-NP with RBD1, 

RBD2, RBD4, RBD5, and RBD10 (Table 1) to investigate whether immune responses to an 

RBD-NP containing more RBDs with some overlapping mutations differed from responses 

to mosaic-2COM RBD NPs. RBD6 was excluded because it is similar to RBD10, RBD7 was 
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excluded because it is similar to RBD1, and RBD9 was excluded because it did not 

completely abrogate binding of class 1 anti-RBD antibodies (Figure 3C). From the zoonotic 

sarbecovirus RBDs, we used all of the selected RBDs to create a mosaic-7COM RBD-NP, 

which does not display a SARS-CoV-2 RBD, unlike mosaic-8b RBD-NP (Table 1) (27). 

 

Table 1. RBDs in each RBD-NP 

 

RBDs in computationally designed RBD NPs (mosaic-2COMs, mosaic-5COM, and mosaic-
7COM) are defined in Tables S3 and S4. RBDs in mosaic-8b, mosaic-7, and homotypic 

SARS-CoV-2 are defined in previous studies (27, 43). 
 

Mosaic-8b, mosaic-7, and homotypic SARS-CoV-2 Beta RBD NPs were prepared and 

characterized as described (26, 27, 43), and conjugations to create mosaic-2aCOM, mosaic-

2bCOM, mosaic-2cCOM, mosaic-5COM, and mosaic-7COM were successful, as demonstrated by 

SEC (Figure 3E) and SDS-PAGE (Figure 3F). In previous work, we found uniform 

conjugation efficiencies and near 100% conjugation for all SpyTagged RBDs we evaluated 

(44). 

 



 

 

63 
2.3.4 Designed RBD NPs elicit cross-reactive binding and pseudovirus neutralization 
responses in naive mice 

To assess antibody responses to the designed RBD NPs, we immunized naive BALB/c mice 

at days 0, 28, and 56 (Figure 4A). For mosaic-2COM RBD-NP sequential immunizations, 

mosaic-2aCOM was administered on day 0, mosaic-2bCOM on day 28, and mosaic-2cCOM on 

day 56. Mice immunized with three doses of mosaic-8b or homotypic SARS-CoV-2 Beta 

RBD NPs were included for comparison with other RBD NPs. 

 

 

Figure 4. Computationally designed mosaic RBD NPs elicit cross-reactive antibody 
binding and pseudovirus neutralization responses in immunized mice 

The mean of mean titers is compared in (B) and (C) by Tukey’s multiple comparison test 

with the Geisser-Greenhouse correction calculated using GraphPad Prism, with pairings by 
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viral strain. Error bars associated with each data point are standard deviations. Significant 

differences between immunized groups linked by horizontal lines are indicated by asterisks: 

∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. 

(A) Left: schematic of immunization regimen. Middle: numbers and colors used for 

sarbecovirus strains within clades throughout the figure. Right: colors and symbols (squares) 

used to identify immunizations (colors) and matched (filled in) versus mismatched (not filled 

in) viral strains. 

(B) Left: ELISA binding titers at day 56 for serum IgG binding to RBDs, represented as 

mean ED50 values. Middle left: means of ELISA binding titers for each immunization. 

Middle right: means of ELISA binding titers for each immunization against only SARS-

CoV-2 variant RBDs. Right: means of ELISA binding titers for each immunization against 

zoonotic sarbecovirus RBDs. Each circle represents the mean serum IgG binding titer against 

matched (solid circles) and mismatched (open circles) RBDs. 

(C) Left: ELISA binding titers at day 84 for serum IgG binding to RBDs, represented as 

mean ED50 values. Middle left: means of ELISA binding titers for each immunization. 

Middle right: means of ELISA binding titers for each immunization against only SARS-

CoV-2 variant RBDs. Right: means of ELISA binding titers for each immunization against 

zoonotic sarbecovirus RBDs. Each circle represents the mean serum IgG binding titer against 

matched (solid circles) and mismatched (open circles) RBDs. 

(D) Left: neutralization titers at day 84 for serum IgG neutralization of pseudoviruses derived 

from the virus strains in (A), represented as mean ID50 values. Middle left: means of all 

neutralization titers for each immunization. Each circle represents the mean neutralization 

titer against matched (Khosta-2 for mosaic-7COM; solid circle) and mismatched (open circles) 

pseudoviruses. Middle right and right: neutralization titers against XBB.1.5 and Khosta-2. 

Each circle represents a neutralization titer from an individual mouse serum sample. 

 

We measured ELISA binding titers against a panel of sarbecovirus RBDs at days 56 and 84 

(Figures 4B and 4C). Day 56 responses revealed that mosaic-2COM sequential and mosaic-

5COM elicited significantly higher titers than homotypic SARS-CoV-2 Beta when comparing 

means of all RBD titers (Figure 4B, left), as well as when comparing mean binding titers 
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against only zoonotic sarbecovirus strains (Figure 4B, right). Interestingly, mosaic-7COM 

immunization elicited the highest binding titers against all RBDs, including zoonotic 

sarbecovirus RBDs, rising to significance when comparing mosaic-7COM titers to titers for all 

other groups. 

 

After three doses of each RBD-NP, the day 84 responses illustrated that the computationally 

designed RBD NPs consistently elicited significantly higher binding titers against all 

evaluated RBDs when compared with mosaic-8b and homotypic SARS-CoV-2 (Figure 4C, 
left), an important result because levels of binding antibodies correlate with protection 

conferred by COVID-19 vaccines (45–47). This was also true when comparing responses 

against RBDs derived from SARS-CoV-2 variants of concern (VOCs) (Figure 4C, middle). 

However, only the binding responses elicited by mosaic-7COM were significantly better than 

responses against mosaic-8b when evaluated against zoonotic sarbecovirus RBDs (Figure 
4C, right). 

 

Although binding antibody responses showed significant differences between cohorts at day 

84, mean neutralization titers across evaluated pseudoviruses, all of which were mismatched 

except for Khosta-2 (matched for mosaic-7COM but not for the other RBD NPs), showed no 

significant differences (Figure 4D). However, mean neutralization titers against individual 

strains showed some differences (Figure 4D, left). For example, mosaic-7COM elicited lower 

neutralization titers than mosaic-8b against SARS-CoV-2 WA1 and BA.5, likely because 

mosaic-7COM does not display a SARS-CoV-2 RBD or an RBD that shares >87% sequence 

identity with the WA1 or BA.5 RBDs (Figure S3). However, mosaic-7COM elicited 

significantly higher neutralization titers against XBB.1.5 (mismatched for all RBD NPs) than 

the other immunogens (Figure 4D) despite lacking a SARS-CoV-2 RBD. As expected, 

mosaic-7COM also elicited significantly higher neutralization titers against Khosta-2, a 

matched strain (Figure 4D). We also found that mosaic-2COM sequential, mosaic-5COM, and 

homotypic SARS-CoV-2 Beta RBD NPs elicited higher neutralization titers against SARS-

CoV-2 WA1 and BA.5 and lower titers against zoonotic sarbecoviruses than the mosaic-

7COM and mosaic-8b RBD NPs, that mosaic-2COM sequential and mosaic-5COM elicited 
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similar neutralization titers as homotypic SARS-CoV-2 Beta RBD-NP against WA1 and 

BA.5, and that mosaic-2COM sequential and mosaic-5COM elicited higher or similar titers as 

homotypic SARS-CoV-2 Beta RBD-NP against non-SARS-CoV-2 sarbecoviruses such as 

SARS-CoV. However, mosaic-2COM sequential and mosaic-5COM did not elicit detectable 

neutralization titers against XBB.1.5, suggesting that these RBD NPs may be ineffective 

against the XBB series and more recent BA.2.86 series. In addition, binding and neutralizing 

titers elicited by mosaic-2COM sequential and mosaic-5COM immunizations were generally 

similar to each other. 

 

 
Figure S3. RBD amino acid sequence identities for computationally designed mosaic 
RBD NPs and mosaic-8b, related to Figure 3 
Asterisks indicate strains used for mosaic RBD NPs. 
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It is interesting that the high binding titers against zoonotic sarbecoviruses elicited by mosaic-

2COM and mosaic-5COM were not reflected in their neutralization titers, suggesting that 

mosaic-2COM and mosaic-5COM elicited non-neutralizing anti-RBD antibodies (e.g., against 

sterically occluded class 4 RBD epitopes (15)) but fewer class 1/4 anti-RBD antibodies, 

which tend to be more strongly neutralizing (21). 

 

Taken together, the results suggest that mosaic-2COMs, mosaic-5COM, and especially mosaic-

7COM would be effective RBD NPs for eliciting cross-reactive responses in SARS-CoV-2 

naive individuals. In addition, these results validate the approach of using mosaic RBD NPs 

composed of computationally designed or selected zoonotic RBDs to elicit broader antibody 

binding responses to sarbecoviruses. 

 

2.3.5 DMS reveals targeting of conserved RBD epitopes by mosaic RBD NPs 
We further investigated antibody responses raised by mosaic-7COM, which elicited both 

cross-reactive binding and neutralizing titers against sarbecoviruses from different clades 

(Figures 4C and 4D). To address which RBD epitopes were recognized, we performed DMS 

using a SARS-CoV-2 Beta yeast display library (19) to compare sera from mice immunized 

with mosaic-7COM, mosaic-8b, or homotypic SARS-CoV-2 Beta (Figure 5A). Consistent 

with a previous DMS comparison of mosaic-8b and homotypic SARS-CoV-2 Beta DMS 

profiles (27), we found higher escape values for residues within class 3 and 4 RBD epitopes 

(epitopes defined as described (15)) and lower escape values in class 2 and class 1 RBD 

residues for mosaic-7COM and mosaic-8b sera compared with the profile from homotypic 

SARS-CoV-2 Beta sera. Differences between mosaic-7COM and mosaic-8b sera were difficult 

to discern across the entire DMS profile but became more apparent when evaluating specific 

residues on the surface of an RBD (Figure 5B). For example, mosaic-7COM showed higher 

escape than mosaic-8b at residue 383 (a class 4 residue) and residue 360 (a class 3 residue), 

suggesting that antibodies recognized an epitope involving those sites. Mosaic-7COM serum 

also showed little to no escape at RBD residue 484, a class 2 residue that showed high escape 

from both mosaic-8b and homotypic SARS-CoV-2 Beta sera, suggesting that mosaic-7COM 

elicited fewer class 2 antibodies against SARS-CoV-2 strains. 
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Figure 5. Differences in epitope targeting of antibodies elicited in mice immunized with 
mosaic and homotypic RBD NPs 
(A) DMS line plots for analyses of sera from mice that were immunized as shown in Figure 

4A. DMS was conducted using a SARS-CoV-2 Beta RBD library. The x axis shows RBD 

residue positions, and the y axis shows the total sum of Ab escape for all mutations at a given 

site, with larger values indicating greater Ab escape. Each faint line represents a single 

antiserum with heavy lines indicating the average of n = 4 sera for each group. Lines are 

colored differently based on RBD epitopes from the 4 major classes (color definitions are 

shown in the legend below this panel and gray for residues not assigned to an epitope). 

(B) Mean site-total antibody escape for a SARS-CoV-2 Beta RBD library determined using 

sera from mice immunized with the indicated immunogens mapped to the surface of the 

WA1 RBD (PDB: 6M0J). White indicates no escape, and dark pink indicates sites with the 

most escape (residue numbers are denoted with epitope-specific colors as denoted by the 

legend between A and B). 
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2.3.6 Mosaic-7COM elicited superior cross-reactive responses in mice with prior COVID-

19 vaccinations 
We next investigated the impact of prior COVID-19 vaccinations on mosaic-7COM by 

immunizing BALB/c mice that had previously been vaccinated with two doses of a WA1 

Pfizer-equivalent mRNA-LNP vaccine followed by a bivalent WA1/BA.5 mRNA-LNP 

vaccine (Figure 6A). We immunized mice with two doses of mosaic RBD NPs (either 

mosaic-7COM, mosaic-8b, or mosaic-7, mosaic-8b without SARS-CoV-2 Beta RBD (43)) or 

an additional dose of bivalent WA1/BA.5 mRNA-LNP. Results for the mosaic-8b and 

mosaic-7 cohorts in this experiment were previously described (43), and here, we compare 

those results to mosaic-7COM immunizations because both mosaic-7 RBD NPs lack a SARS-

CoV-2 RBD, whereas mosaic-8b includes the SARS-CoV-2 Beta RBD (Table 1). As 

previously discussed, levels of binding antibodies after animals had received the same course 

of mRNA-LNP vaccines showed significant differences in titers elicited by the pre-

vaccinations across cohorts (43) (Figures S4B and S4C, day 0). We therefore used baseline 

corrections (see STAR Methods) to account for different mean responses at day 0 in each of 

the groups for the data shown in Figure 6. (Binding data without baseline corrections are 

shown in Figures S4B and S4C.) Neutralization potencies at day 0 were similar for all 

cohorts and therefore were not baseline corrected (43). 
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Figure 6. Mosaic-7COM immunization in pre-vaccinated mice elicits superior cross-
reactive antibody responses 

The mean of mean titers is compared in (C) and (E) by Tukey’s multiple comparison test 

with the Geisser-Greenhouse correction calculated using GraphPad Prism, with pairings by 

viral strain. Error bars associated with each data point are standard deviations. Significant 

differences between immunized groups linked by horizontal lines are indicated by asterisks: 

∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. Binding responses at day 0 (before NP 

or other vaccine immunizations) showed significant differences across cohorts in titers 

elicited by the pre-vaccinations (43). To account for different mean responses at day 0 

between cohorts, we applied baseline corrections (see STAR Methods). Uncorrected binding 

data for (B) and (C) are shown in Figures S4B and S4C. 

(A) Left: schematic of vaccination regimen. Mice were pre-vaccinated with mRNA-LNP 

encoding WA1 spike and bivalent WA1/BA.5 prior to prime and boost immunizations with 

RBD NPs at day 0 and day 28 or an additional WA1/BA.5 mRNA-LNP immunization at day 

0. Middle: colors and symbols (squares) used to identify immunizations (colors) and matched 

(filled in), mismatched (not filled in), or matched to pre-vaccination (half-filled in) viral 

strains (squares). Right: numbers and colors used for sarbecovirus strains within clades 

throughout the figure. 
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(B) Log10 mean fold change in ELISA ED50 binding titers from day 0 at the indicated days 

after priming with the indicated immunogens against spike or RBD proteins from the 

indicated sarbecovirus strains (numbers and color coding as in A). 

(C) Log10 means of fold change in ELISA titers for each type of immunization at the 

indicated days. Each circle represents the log10 mean fold change in ED50 titers from mice 

against a single viral strain of sera from mice that were immunized with the specified 

immunogen (solid circles = matched; open circles = mismatched; colors for different strains 

defined in A). 

(D) Mean change in neutralization ID50 titers from day 0 at the indicated days against the 

indicated sarbecovirus strains (numbers and color coding as in A). 

(E) Means of all neutralization titers for each type of immunization at the indicated days. 

Each circle represents the mean neutralization IC50 titer against a single viral strain of sera 

from mice that were immunized with the specified immunogen (solid circles = matched; 

open circles = mismatched; colors for different strains defined in A). 
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Figure S4. Mosaic-7COM immunization in pre-vaccinated mice elicited superior cross-

reactive antibody responses, related to Figure 6 
The mean of mean titers is compared in (C) and (E) by Tukey’s multiple comparison test 

with the Geisser-Greenhouse correction calculated using GraphPad Prism, with pairings by 

viral strain. Error bars associated with each data point are standard deviations. Significant 
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differences between immunized groups linked by horizontal lines are indicated by asterisks: 

∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. Binding responses at day 0 (before NP 

or other vaccine immunizations) showed significant differences across cohorts in titers 

elicited by the pre-vaccinations (43). To account for different mean responses at day 0 

between cohorts, we applied baseline corrections in Figure 6 (see STAR Methods). Here, 

binding data are shown as both baseline corrected (B and C) and not baseline corrected (D 

and E). 

(A) Left: schematic of vaccination regimen. Mice were pre-vaccinated with mRNA-LNP 

encoding WA1 spike and bivalent WA1/BA.5 prior to prime and boost immunizations with 

RBD NPs at day 0 and day 28 or an additional WA1/BA.5 mRNA-LNP immunization at day 

0. Middle: colors and symbols (squares) used to identify immunizations (colors) and matched 

(filled in), mismatched (not filled in), or matched to pre-vaccination (half-filled in) viral 

strains (squares). Right: numbers and colors used for sarbecovirus strains within clades 

throughout the figure. 

(B) ELISA ED50 binding titers in serum samples from mice immunized with the indicated 

immunogens measured at days 0, 28, and 56 against spike or RBD proteins from the indicated 

sarbecovirus strains (numbers and color coding as in A). 

(C) Mean ELISA titers for each type of immunization at the indicated days. Each circle 

represents the mean ED50 titers from mice against a single viral strain of sera from mice that 

were immunized with the specified immunogen (solid circles = matched; open circles = 

mismatched; colors for different strains defined in A). 

(D) Mean fold change in ELISA ED50 binding titers from day 0 in serum samples from mice 

immunized with the indicated immunogens measured at days 0, 28, and 56 against spike or 

RBD proteins from the indicated sarbecovirus strains (numbers and color coding as in A). 

(E) Means of fold changes in ELISA titers for each type of immunization at the indicated 

days. Each circle represents the mean fold change in ED50 titers from mice against a single 

viral strain of sera from mice that were immunized with the specified immunogen (solid 

circles = matched; open circles = mismatched; colors for different strains defined in A). 
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Days 28 and 56 log10-fold changes in ELISA binding titers (after prime and boosting RBD-

NP immunizations) are shown in Figure 6B. At both time points, RBD NPs generally more 

strongly boosted binding titers than a second dose of a bivalent WA1/BA.5 mRNA-LNP 

vaccine, especially against zoonotic sarbecoviruses. Mosaic-8b boosted titers less than 

mosaic-7 and mosaic-7COM against all viral strains, and mosaic-7 and mosaic-7COM largely 

boosted titers to similar extents. Mean log10-fold changes in binding titers (Figure 6C) 

showed that mosaic-7 and mosaic-7COM both boosted binding titers significantly better than 

mosaic-8b or WA1/BA.5 mRNA-LNP. 

 

Mosaic-7 and mosaic-8b elicited similar neutralization titers at both days 28 and 56 (Figure 

6D), whereas mosaic-7COM elicited higher neutralization titers than other immunogens 

against both zoonotic sarbecoviruses and SARS-CoV-2 variants at day 56. Notably, mosaic-

7COM antisera neutralized XBB.1.5 with equal potency as antisera from mice boosted with a 

second dose of WA1/BA.5 mRNA-LNP, whereas antisera from mosaic-7 and mosaic-8b 

prime/boosted animals exhibited lower potencies, resulting in statistically significant 

differences in mean neutralization titers between mosaic-7COM and other immunogens 

(Figure 6E). 

 

Although the mean of means of baseline-corrected binding titers for mosaic-7COM and 

mosaic-7 cohorts were similar to each other (Figure 6B) and both were significantly higher 

than titers for mosaic-8b (Figure 6C), the non-baseline-corrected-binding titers for these 

groups at days 28 and 56 showed differences (Figure S4B): e.g., mosaic-7COM sera elicited 

significantly higher mean of mean titers than mosaic-7 or mosaic-8b (Figure S4C). The 

higher titers for mosaic-7COM compared with mosaic-7 could be related to the fact that the 

mosaic-7COM cohort started with higher antibody binding titers than mosaic-7 at day 0 (prior 

to RBD-NP immunizations), but this does not apply to differences with the mosaic-8b cohort 

since the mosaic-7COM and mosaic-8b titers at day 0 were equivalent (Figure S4C). 

 

Taking all experimental results into account, mosaic-7COM showed broader and more potent 

binding and neutralization than either of its mosaic NP counterparts, suggesting that mosaic-
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7COM more efficiently elicits broader binding and more potently neutralizing antibodies in a 

pre-vaccinated animal model. 

 

2.4 Discussion 
Multivalent NPs have emerged as a useful platform for developing new vaccines against 

mutable pathogens, including influenza (44, 48), human immunodeficiency virus (HIV) (49–

51), respiratory syncytial virus (RSV) (50), and SARS-CoV-2 (26, 27, 43, 52–60). Many of 

these are homotypic SARS-CoV-2 spike- or RBD NPs, which display multiple copies of 

only one SARS-CoV-2 spike or RBD and are analogous to homotypic SARS-CoV-2 Beta 

RBD-NP, which we used for previous and current comparisons with mosaic-8b RBD NPs 

(27, 43). Displaying different variants on a single NP could provide broader protection, as 

previous studies demonstrated that the mosaic-8b RBD-NP protected K18-hACE2 

transgenic mice from a mismatched SARS-CoV challenge, whereas homotypic SARS-CoV-

2 Beta RBD-NP did not (27). Recently, we also studied the impact of prior COVID-19 

vaccinations on mosaic-8b RBD-NP vaccines, finding that mosaic-8b still elicited cross-

reactive antibodies, primarily by boosting them from prior vaccinations (43). 

 

The “plug-and-display” SpyCatcher-SpyTag system (24, 25) has been used with a variety of 

antigens (26, 27, 44, 61–63) and can be easily adapted to make mosaic NPs with different 

antigenic compositions. This flexibility led us to evaluate whether designing RBD sequences 

using computational methods and available data could enhance elicited cross-reactive 

antibody responses beyond those of previously studied RBD NPs such as mosaic-8b, mosaic-

7, or homotypic SARS-CoV-2 Beta (43). We designed two sets of RBD NPs that are 

effective for different targets. First, we combined DMS data, machine learning, and structure-

based solubility predictions to design RBDs with 6 mutations relative to the WA1 RBD, 

which were then displayed as sets of 2 RBDs on NPs. RBDs within a set were designed to 

reduce bivalent B cell receptor binding to class 1 and 2 RBD epitopes while maintaining 

bivalent binding to class 3 and 4 epitopes, and these designed RBDs were then used to create 

the mosaic-2COMs and mosaic-5COM RBD NPs. Since these RBDs only included a few 

substitutions relative to the WA1 RBD, the mosaic-2COMs and mosaic-5COM were designed 
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to be effective against less mutated SARS-CoV-2 variants. Second, we used DMS escape 

measurements (17, 30–33) and sequence diversity to select naturally occurring sarbecovirus 

RBDs to create the mosaic-7COM RBD-NP, which was designed to be effective against 

zoonotic sarbecoviruses and heavily mutated SARS-CoV-2 variants. Binding and 

neutralization titers following immunization of naive mice suggested that the designed RBD 

NPs are indeed most effective against their respective proposed targets, and all of the 

computationally designed RBD NPs were superior to previously described RBD NPs 

(homotypic SARS-CoV-2 Beta for less mutated SARS-CoV-2 variants and mosaic-

8b/mosaic-7 for zoonotic sarbecoviruses and heavily mutated SARS-CoV-2 variants) (43). 

 

Although less mutated SARS-CoV-2 variants are no longer circulating in humans, our 

computational method for generating mosaic-2COMs and mosaic-5COM could still be useful. 

For example, the mosaic-2COMs and mosaic-5COM were just as potent as homotypic SARS-

CoV-2 Beta RBD-NP against less mutated SARS-CoV-2 variants and more potent against 

zoonotic sarbecoviruses and heavily mutated SARS-CoV-2 VOCs. Thus, the mosaic-2COMs 

and mosaic-5COM exhibited superior properties compared with homotypic Beta RBD-NP. 

Our designs had an 80% success rate of producing folded SpyTagged RBDs that expressed 

well, suggesting that these methods could be used for other SARS-CoV-2 variants or for 

other viruses. 

 

To address the ongoing rise of SARS-CoV-2 Omicron variants and potential zoonotic 

sarbecovirus spillovers, we introduce mosaic-7COM as an RBD-NP that provides more 

effective cross-reactive responses than other mosaic RBD NPs (mosaic-8b and mosaic-7) 

(27, 43) in both naive and pre-vaccinated mice. DMS results, although possibly obscured by 

the presence of multiple antibody classes in polyclass sera (43), suggested that mosaic-7COM 

elicited more antibodies binding to class 3 and 4 epitopes than mosaic-8b and homotypic 

SARS-CoV-2 Beta RBD NPs. Additionally, mosaic-7COM elicited fewer antibodies 

recognizing an epitope involving the class 2 RBD residue 484, suggesting that mosaic-7COM 

effectively redirects the antibody response from variable epitopes to conserved epitopes 

compared with mosaic-8b. We note that both of the mosaic RBD NPs that lack a SARS-
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CoV-2 RBD (mosaic-7COM and mosaic-7) outperformed mosaic-8b in mice that had received 

mRNA-LNP vaccines expressing SARS-CoV-2 WA1 and Omicron BA.5 spikes, consistent 

with a lack of expansion of SARS-CoV-2-specific immunodominant antibodies that target 

variable epitopes in mice receiving RBD NPs that did not include a SARS-CoV-2 RBD. 

Additionally, mosaic-7COM and mosaic-7 outperform mosaic-8b despite the possibility that 

pre-existing high-affinity antibodies could block variable SARS-CoV-2 epitopes and 

enhance cross-reactive responses to mosaic-8b (34, 64–68). Although removal of a SARS-

CoV-2 RBD from mosaic-8b to create mosaic-7 improved binding responses in pre-

immunized mice, mosaic-7COM elicited significantly higher neutralizing titers than mosaic-7 

against both zoonotic sarbecoviruses and SARS-CoV-2 variants, supporting its use as a pan-

sarbecovirus vaccine in populations that have been exposed to SARS-CoV-2. 

 

Extending the mosaic NP approach to other mutable viruses could be an interesting avenue 

of research, as promoting avidity advantages of cross-reactive B-cell receptors (BCRs) to 

enhance cross-reactive responses may not be unique to sarbecoviruses. A monomeric form 

of viral antigen may be necessary in some cases to avoid identical epitopes being displayed 

on viral trimers that could be bound bivalently by strain-specific BCRs (44, 69), thereby 

eliciting a higher proportion of antibodies against variable, rather than conserved, epitopes. 

In addition, modeling of antigen-NPs with IgG models derived from known structures of 

fragment antigen-binding (Fab) regions from mAbs against conserved regions is advisable 

to ensure that conserved epitopes are accessible on antigen-NPs, e.g., as shown for models 

of mAb IgGs elicited against mosaic RBD NPs (70). 

 

A guiding principle for creating effective mosaic RBD NPs is maximizing the diversity of 

RBDs displayed on a single NP to focus the response on conserved epitopes (27, 69). This 

can be done by increasing the number of variant RBDs to decrease the probability that B cell 

receptors can crosslink between immunodominant variable epitopes on adjacent identical 

RBDs. In this work, the enhanced cross-reactive responses elicited by mosaic-7COM illustrate 

that computationally optimizing protein sequences is another way to increase displayed RBD 

diversity. Overall, our results support the integration of computational methods with vaccine 
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design and the further evaluation of designed RBD NPs, particularly mosaic-7COM, as 

potential pan-sarbecovirus vaccines. 

 

2.4.1 Limitations of the study 
Our computational designs for the RBDs in mosaic-2COMs and mosaic-5COM were limited to 

6 mutations due to the limited number of mutations found in the DMS training data for our 

expression predictor (29). Although we have shown that the RBD NPs reported here remain 

stable long enough to elicit cross-reactive responses, we have not systematically examined 

long-term stability of these RBD NPs as would be required for approval of a vaccine 

candidate for human use. 

 

The SARS-CoV-2 VOCs included in our binding and pseudovirus neutralization assays 

represented the most recent VOCs at the time of the experiments, but we could not assess 

more recent VOCs due to limited amounts of antiserum. We also could not perform authentic 

virus neutralization assays due to a lack of appropriate facilities and limited antiserum, but 

this issue is mitigated by our previous study that found quantitative consistency between 

pseudovirus neutralization titers and authentic virus neutralization titers from mosaic RBD-

NP immunization (27) and by an earlier comprehensive comparison of SARS-CoV-2 

pseudovirus-based and authentic virus neutralization that reached a similar conclusion (71). 

Due to the unavailability of licensed Pfizer-BioNTech or Moderna mRNA-LNP vaccines for 

research, we utilized mRNA-LNP formulations from alternative sources, which may not 

perform identically to the clinically approved vaccines. 

 

In our DMS assay, the SARS-CoV-2 Beta RBD library was mismatched for mosaic-7COM 

but matched for mosaic-8b and homotypic SARS-CoV-2 Beta, so there was a greater chance 

of observing signals in conserved epitopes for mosaic-7COM. A matched comparison for both 

mosaic-7COM and homotypic SARS-CoV-2 Beta could not be made since mosaic-7COM does 

not display a SARS-CoV-2 Beta RBD. In addition, we previously observed that polyclonal 

antisera containing antibodies of multiple RBD classes (“polyclass” antibodies) tend to have 

obscured DMS signals and low escape fractions over all residues compared with DMS 
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signals from mAbs or mixtures of anti-RBD antibodies in which one antibody class is 

dominant (43). Thus, it is possible that the differences between DMS profiles for mosaic-

7COM and mosaic-8b were dampened by the polyclass nature of the elicited antibodies against 

the mosaic RBD NPs. 

 

2.5 Materials and Methods 

2.5.1 Mice 
6- to 7-week-old female BALB/c mice (Charles River Laboratories) were housed at Labcorp 

Drug Development, Denver, PA for immunizations. All animals were healthy after being 

weighed and monitored for 7 days preceding the start of the study. Mice were randomly 

assigned to experimental groups of 10. Cages were kept in a climate-controlled room at 68-

79°C at 50 ± 20% relative humidity. Mice were provided Rodent Diet #5001 (Purina Lab 

Diet) ad libitum. Mouse procedures were approved by the Labcorp Institutional Animal Care 

and Use Committee. 

 

2.5.2 Protein expression and purification 
Monoclonal IgGs, a soluble SARS-CoV-2 trimer with 6P stabilizing mutations, and a human 

ACE2-Fc construct (72) were produced as previously described (21, 26, 27). 

 

Vectors encoding the protein sequences for computationally designed RBDs were assembled 

using Gibson cloning from an insert encoding residues 319–541 of the SARS-CoV-2 WA1 

RBD with the indicated substitutions (Tables 1 and S3). For the selected sarbecovirus RBDs 

in Table S4, RBDs were also assembled using Gibson cloning from inserts encoding the 

indicated residues. RBDs used for mosaic-8b, mosaic-7, and homotypic SARS-2 were 

expressed as described previously (43). Sarbecovirus RBDs from SARS-CoV-2 Beta 

(GenBank: QUT64557.1), SARS-CoV-2 WA1 (GenBank: MN985325.1), SARS-CoV-2 

BA.5-S8 (73), LYRa3 (GenBank: AHX37569.1) (73), Khosta-2 CoV (GenBank: 

QVN46569.1), SHC014-CoV (GenBank: KC881005), BM48-31-CoV (GenBank: 

NC014470), BtKY72-CoV (GenBank: KY352407), Yun11-CoV (GenBank: JX993988), 

WIV1-CoV (GenBank: KF367457), RaTG13-CoV (GenBank: QHR63300), SARS-CoV 
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(GenBank: AAP13441.1), Rs4081-CoV (GenBank: KY417143), RmYN02-CoV (GSAID: 

EPI_ISL_412977), Rf1-CoV (GenBank: DQ412042), and pangolin17-CoV (GenBank: 

QIA48632) were constructed as previously described (15, 26, 27, 43). Briefly, RBDs used 

for conjugations were encoded with a C-terminal hexahistidine tag (6xHis; G-HHHHHH) 

and SpyTag003 (RGVPHIVMVDAYKRYK) (74) for conjugating onto SpyCatcher003-mi3 

to form mosaic NPs. RBDs used for ELISAs were encoded with a C-terminal Avi tag 

(GLNDIFEAQKIEWHE) followed by a hexahistidine tag (6xHis; G-HHHHHH). 

 

RBDs were expressed and subsequently purified via His-tag affinity and SEC purification 

from transiently-transfected Expi293F (ThermoScientific) supernatants (27). RBDs for 

immunizations in mRNA-LNP pre-vaccinated mice were prepared as described for the 

analogous experiment (43). 

 

2.5.3 Preparation of RBD-NPs 

SpyCatcher003-mi3 nanoparticles for the RBD-NPs were expressed and purified as 

described (43). Equivalent conjugation of each RBD in mosaic RBD-NPs was verified by 

SEC and SDS-PAGE analysis of conjugations to make homotypic NPs for each RBD as 

described (26, 27, 43). NPs were aliquoted and flash frozen in liquid nitrogen before being 

stored at -80°C until use. 

 

For immunizations in naïve mice, SpyTagged RBDs were conjugated onto SpyCatcher003-

mi3 as described (26, 27). Briefly, equimolar amounts of RBDs for each mosaic NP were 

mixed before addition of purified SpyCatcher003-mi3, with the final concentration having 

2-fold molar excess of total RBD to mi3 subunit: an equimolar mixture of 2 RBDs for the 

mosaic-2COMs, 5 RBDs for mosaic-5COM, 7 RBDs for mosaic-7COM and mosaic-7, 8 RBDs 

for mosaic-8b, or only SARS-CoV-2 Beta for homotypic RBD-NPs. Reactions were 

incubated overnight at room temperature in Tris-buffered saline (TBS) on an orbital shaker. 

Free RBDs were purified the next day by SEC on a Superose 6 10/300 column (GE 

Healthcare) and equilibrated with PBS (20 mM sodium phosphate pH 7.5, 150 mM NaCl). 

RBD-NP conjugations were assessed by SDS-PAGE. Concentrations of conjugated mi3 
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nanoparticles are reported based on RBD content, determined using a Bio-Rad Protein 

Assay. RBD-NPs were aliquoted and flash frozen in liquid nitrogen before being stored at -

80°C until use. 

 

RBD-NPs for immunizations in mRNA-LNP pre-vaccinated mice were prepared as 

described for the analogous experiment (43). 

 

2.5.4 Immunizations 
For immunizations in naïve animals, RBD-NPs were diluted using Dulbecco’s PBS and 

mixed 1:1 (v/v) with AddaVax prior to immunization, for a final vaccine dose of 5 ug of 

RBD equivalents in 0.1 mL total volume. RBD-NP immunizations were administered 

intramuscularly (IM) via both right and left hindleg (50 μL each). Mice were immunized 

three times at days 0, 28, and 56, bled via tail vain at days 0, 28, and 56, with a terminal bleed 

via cardiac puncture at day 84. Blood samples were allowed to clot, and sera were collected 

and stored at -80˚C prior to use. 

 

As previously described (43), mice used in the pre-vaccination study were vaccinated IM 

with 20 μL of WA1 mRNA-LNP at days -192 and -171 containing 1 μg mRNA diluted in 

PBS and 20 μL of WA1/BA.5 mRNA-LNP (0.5 μg WA1 and 0.5 μg BA.5 mRNA) at day -

73. Mice were then immunized IM with 5 μg of protein nanoparticle (RBD equivalents) in 

100 μL containing 50% v/v AddaVax adjuvant on days 0 and 28 or received an additional 

dose of 1 μg WA1/BA.5 mRNA-LNP at day 0. Mice were bled and sera were collected as 

described above. 

 

2.5.5 Reagents used for pre-vaccinations 
Pfizer-equivalent mRNA-LNP formulations for WA1 and BA.5 were purchased from Helix 

Biotech as described (43). Bivalent WA1/BA.5 mRNA LNP was prepared by mixing WA1 

mRNA-LNP and BA.5 mRNA-LNP 1:1 by mRNA mass. 
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2.5.6 Antibody binding and pseudovirus neutralization assays 
Binding of characterized anti-RBD monoclonal antibodies and a human ACE2-Fc construct 

to RBDs was assessed as described (21). Monoclonal antibodies were assigned to RBD 

epitopes based on structural studies as described (15). 

 

Binding to purified RBDs or spike proteins was assessed using serum samples from 

immunized mice by ELISA as described (43). We used Graphpad Prism 10.1.1 to plot and 

analyze binding curves, assuming a one-site binding model with a Hill coefficient to obtain 

midpoint titers (ED50 values for serum ELISAs, EC50 values for monoclonal antibody 

ELISAs). ED50/EC50 values were normalized and mean ED50/EC50 values were calculated as 

described (43). For pre-vaccinated mouse data shown in Figure 6, ED50s were normalized 

by dividing the ED50 response at day 28 and day 56 (after RBD-NP immunizations or an 

additional mRNA-LNP immunization) over the ED50 response at day 0 to account for 

differences in binding responses between groups in the pre-vaccination cohorts (Figure S4C, 

left). Figure S4 compares non-baseline correcting binding responses across cohorts (panels 

B and C) with baseline corrected binding responses (panels D and E). 

 

Lentiviral-based pseudoviruses were prepared and neutralization assays conducted and 

luciferase activity was measured as relative luminescence units (RLUs) as described (43). In 

the context of SARS-CoV-2, pseudovirus neutralization titers have been found to 

quantitatively correlate with authentic virus neutralization titers in antisera from RBD-NP 

immunizations (27), convalescent plasma (71), and monoclonal antibodies (71). Relative 

RLUs were normalized to RLUs from cells infected with pseudotyped virus in the absence 

of antiserum. Half-maximal inhibitory dilutions (ID50 values) were derived using 4-

parameter nonlinear regression in Antibody Database (75). 

 

2.5.7 DMS 
DMS studies used to map epitopes recognized by serum Abs were performed in biological 

duplicates using independent SARS-CoV-2 Beta-based mutant libraries (generously 

provided by Tyler Starr, University of Utah) as described previously (19). Serum samples 
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were heat inactivated and depleted for yeast binding as described before (43). DMS was 

performed and escape fractions were calculated and analyzed as described (43, 76). Raw 

sequencing data are available on the NCBI SRA under BioProject: PRJNA1067836 and 

BioSample: SAMN46235696. 

 

Static line plot visualizations of escape maps were created using Swift DMS as described 

(43, 76). Line heights in static line plot visualizations of escape maps (created as described 

(43, 76)) indicate the escape score for that amino acid mutation. RBD epitopes were 

classified using previously-described class 1, 2, 3, and 4 nomenclature (15). For structural 

visualizations, an RBD surface of PDB: 6M0J was colored by the site-wise escape metric at 

each escape site, with dark pink scaled to be the maximum escape fraction used to scale the 

y-axis for serum Abs and white indicating no escape. Residues that exhibited the greatest 

escape fractions were marked with their residue number and colored according to RBD 

epitope class. 

 

2.5.8 Quantification and statistical analysis 
We evaluated whether differences in overall binding titers (log10 ED50s) or pseudovirus 

neutralization titers (log10 ID50s) between immunized groups of mice (Figures 4B–4D, 6C, 

6E, S4C, and S4E) were statistically significant using analysis of variance (ANOVA) 

followed by Tukey’s multiple comparison post hoc tests with the Geisser-Greenhouse 

correction in GraphPad Prism 10.1.0. We evaluated whether differences in pseudovirus 

neutralization titers between different immunized groups of mice for individual strains were 

statistically significant (Figure 4D, XBB.1.5 and Khosta-2) using analysis of variance 

(ANOVA) followed by Tukey’s multiple comparison with a single pooled variance. 

 

2.6 Resource Availability 

2.6.1 Lead contact 
Further information and requests for resources should be directed to and will be fulfilled by 

the lead contact, Arup K. Chakraborty (arupc@mit.edu), who will work with the 

collaborating Bjorkman lab when necessary. 
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2.6.2 Materials availability 

All unique/stable reagents generated in this study will be made available on request by the 

lead contact with a completed materials transfer agreement (who will work with the 

collaborating Bjorkman lab when necessary). 

 

2.6.3 Data and code availability 
All original code and data files for the computational designs have been deposited at 

https://github.com/ericzwang/designed_mosaic_NPs and are publicly available. A Swift 

DMS program for processing and visualizing DMS data is available from authors upon 

request. 
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3.1 Summary 

HIV-1 Env’s gp120 subunit uses the T-cell coreceptor CD4 to enter host cells in a manner 

that prevents the evolution of host resistance by sharing the binding epitope with the footprint 

of CD4’s natural ligands, class II MHC proteins (1, 2). Consequently, CD4-containing 

biologics, such as CD4-Ig (3, 4) and derivatives (5–9), benefit from this conserved 

relationship and are promising broad-acting anti-HIV-1 agents that are resistant to viral 

mutational escape (10). However, these biologics suffer from short serum half-lives in 

humans (11, 12) and animals (3, 13), likely due to CD4’s poor thermostability (14) and/or 

off-target class II MHC binding (15). This latter property also warrants caution for CD4-

containing biologics that could indiscriminately recruit Fc-dependent effector functions 

against uninfected cells and/or compete with host CD4 for class II MHC during T cell 

interactions with antigen presenting cells. Here, we describe gp120-specific CD4 (gCD4), 

which exhibits enhanced thermostability and retains Env, but not class II MHC, binding. 

CD4-Ig variants incorporating gCD4 did not bind class II MHC on human B cells, displayed 

greater longevity in human tonsil organoid cultures, showed half-lives equivalent to 

therapeutic IgG antibodies in mice, and neutralized HIV-1 more broadly and potently 

compared to the original CD4-Ig molecules. Encouragingly, one variant neutralized 100% 

of a panel of clinically-relevant HIV-1 strains at titers correlating to infection prevention in 

humans, outperforming known broadly neutralizing antibodies (16, 17). Thus, gCD4 holds 

promise for the development of new CD4-containing biologics with best-in-class specificity, 

pharmacokinetic properties, and neutralization breadth and potency. 
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3.2 Introduction 
Broadly neutralizing antibodies (bNAbs) are clinically effective against HIV-1 but are 

susceptible to existing viral resistance or the development of viral mutational escape (16, 18, 

19). Addressing this shortfall with a pan-neutralizing and potent antibody that is resilient to 

HIV-1 escape has long been sought for therapeutic use. The pursuit of this goal led to the 

development of CD4-containing biologics such as CD4-Ig (3, 4), eCD4-Ig (7), PRO-542 (6), 

and others (5, 8, 9, 20). These biologics fuse the two N-terminal domains of human CD4 

(D1D2) to IgG Fc in various permutations and are attractive for therapeutic development 

because HIV-1 uses the gp120 subunit of its trimeric spike protein, Env, to bind to host cell 

CD4 and chemokine coreceptor to accomplish viral entry (21–25). HIV-1 does this by first 

engaging CD4 through Env’s gp120 subunits, which then initiate conformational changes in 

Env to facilitate subsequent coreceptor binding and ultimately membrane fusion (26, 27). 

Therefore, a molecule such as eCD4-Ig, which contains two copies of CD4 and chemokine 

coreceptor mimetic peptides, is a broad neutralizer that is resilient to and constrains 

mutational escape—if HIV-1 were to evade neutralization by eCD4-Ig through mutations 

that reduce binding to CD4 or chemokine coreceptor, these mutations would also reduce 

HIV-1’s fitness. Evidence for this restrictive mechanism was demonstrated when viral 

swarms of HIV-1 under selective pressure by eCD4-Ig were unable to fully escape 

neutralization, and any viruses with partial resistance to eCD4-Ig exhibited markedly reduced 

infectivity (10). 

 

Various studies have shown CD4-containing biologics to prophylactically protect from HIV-

1 infection and reduce viral loads during active infection in vivo, but these studies also 

showed evidence of poor pharmacokinetics (11, 12, 15). For example, CD4-Ig and PRO-542 

display half-lives of 2-4 days in mice (14) and humans (11, 12, 15), while typical IgGs have 

half-lives of 2-3 weeks in humans (28). Many factors can affect serum half-life, but one 

property of CD4 that may be relevant to its pharmacokinetics is its low thermostability. 

Therapeutic monoclonal antibodies exhibit apparent melting temperatures (Tms) ranging 

from 60-90°C (29), but the CD4 domains used in CD4-containing biologics have much lower 

Tms (Extended Data Table 1). The poor thermostability of soluble CD4 constructs could 
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lead to a greater propensity for the denaturation, aggregation, or misfolding of CD4 and 

contribute to short half-lives in vivo. 

 

In addition, target-mediated drug disposition (15, 30) may play a role in the short serum half-

lives of CD4-containing biologics. The natural ligands for CD4 are class II MHC proteins 

(31) (MHC II), which are highly expressed on the surfaces of antigen-presenting cells (APCs) 

such as dendritic cells, macrophages, and B cells (32). In a recent study relevant to the 

pharmacokinetics of MHC II-binding proteins, two T cell receptor (TCR) like antibodies that 

either bound to all or to select peptide-MHC II complexes were investigated for their 

pharmacokinetic properties (33). The antibody that bound to all peptide-MHC II exhibited 

rapid clearance, whereas the other exhibited more typical antibody pharmacokinetics. In a 

similar manner to the TCR-like antibodies, CD4-Ig may experience accelerated clearance 

through binding to MHC II. 

 

We hypothesized that addressing these issues by stabilizing soluble CD4 and engineering it 

to preferentially bind HIV-1 gp120 and not MHC II would improve the pharmacokinetics of 

CD4-containing biologics. However, gp120 and MHC II share nearly identical binding 

surfaces on CD4—a feature that likely helps HIV-1 avoid the natural selection of protective 

CD4 polymorphisms (34) as CD4 must maintain the ability to bind MHC II for a functional 

adaptive immune system. While beneficial for HIV-1, the shared binding interface on CD4 

presented a considerable obstacle to our endeavor. Taking inspiration from the “divide and 

conquer” paradigm in software engineering (exemplified by the merge-sort algorithm (35)), 

we used computational and rational design methods to engineer CD4 variants that 

individually possess desired attributes before merging their properties in a final construct, 

which we refer to as gCD4 (for gp120-specific CD4). Compared to CD4-Ig molecules 

containing wild-type CD4, gCD4-Ig variants demonstrate better pharmacokinetics in tonsil 

organoid and humanized mice models and are more potent HIV-1 neutralizers, suggesting 

that the incorporation of gCD4 in future CD4containing biologics would enhance their 

therapeutic properties. 
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3.3 Results 
3.3.1 Electrostatic repulsions abrogated MHC II binding 

We analyzed the co-crystal structures of the HIV-1 gp120- and human MHC II-CD4 

complexes (1, 2) in PyMol (36) to identify residues that could be substituted to selectively 

abrogate MHC II binding. The gp120-CD4 interface spans amino acid positions 23-64 in 

CD4, while the MHC II-CD4 interface spans amino acid positions 35-63 in CD4, a subset of 

the gp120 binding site (Figure 1a). A critical difference between the two complexes is that 

gp120 is a monomer while MHC II is a heterodimer composed of MHC IIα and MHC IIβ. 

We aimed to exploit this difference by identifying CD4 residues unessential for binding 

gp120 and simultaneously crucial for binding MHC IIα or MHC IIβ. This analysis led to four 

observations. First, there are up to eight MHC IIβ interactions but only three MHC IIα 

interactions: CD4 residues R59, S60, and D63 interact with the corresponding MHC IIα 

chain residues T90, E88, and K176. Targeting the fewer number of MHC IIα interactions 

would be more feasible than targeting the MHC IIβ interactions. Second, MHC haplotypes 

are naturally diverse, but MHC IIα is invariant at these positions, circumventing the need to 

account for polymorphisms in this interface (Figure 1b). Third, CD4 S60 and D63 are 

located at the periphery of the CD4-gp120 interface and have been shown in previous 

alanine-scanning experiments (37) to be dispensable for gp120 binding. Therefore, mutating 

these residues should have minimal effects on CD4’s affinity for gp120 and should preserve 

the ability of CD4-containing biologics to restrict HIV-1 mutational escape. Finally, these 

positions are near the N- and C-termini of a short α-helix in CD4. An α-helix possesses a 

macrodipole that is more positively charged near its N-terminus and more negatively charged 

near its C-terminus. Thus, offsetting this macrodipole by introducing a negatively charged 

residue at S60 and a positively charged residue at D63 would likely have a favorable effect 

on CD4 thermostability (38), as well as introduce unfavorable electrostatic interactions with 

the MHC IIα chain E88 and K176 (Figure 1b). Accordingly, we set out to investigate the 

effects of alanine, aspartate, glutamate, or lysine substitutions at CD4 positions 60 and 63, 

hypothesizing that the charged substitutions would have the strongest effects in abolishing 

MHC II binding. 
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Normally, CD4 acts together with a TCR to recognize peptide-MHC II complexes (39), but 

CD4 alone demonstrates low (40) (>2 mM KD) monomeric affinity for MHC II in vitro. 

Hence, we used a previously reported affinity-matured CD4 (2), CD4YW, to evaluate the 

effects of our designed CD4 substitutions using surface plasmon resonance (SPR) (41). The 

Q40Y/T45W substitutions in CD4YW only improve interactions with MHC IIβ and would 

not be expected to confound the results of the MHC IIα-binding knockdown substitutions. 

Since CD4 S60R and D63R increased binding to MHC II in the prior CD4 affinity maturation 

(2), arginine was not included as a potential amino acid substitution at CD4 position 63. With 

these considerations, we performed surface plasmon resonance (SPR) binding assays using 

the full ectodomain CD4YW D1-D4 containing various S60/D63 substitutions against MHC 

II (Figure 1c). As hypothesized, the charged substitutions displayed greater reductions in 

MHC II binding than the alanine substitutions, in rank order of strongest to weakest binding: 

CD4YW AA > CD4YW AK ~ CD4YW EA > CD4YW EK > CD4YW DK. Remarkably, CD4YW 

DK’s reduced affinity for MHC II appeared to be equivalent to that of the negative control—

CD4 that lacks the high-affinity Q40Y/T45W substitutions and therefore has negligible 

binding to MHC II in SPR assays. 
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Figure 1. Design of MHC II binding knockdown substitutions for CD4. 
(a) Surface representation of the D1 domain of CD4 (residues 1-100) in pale cyan with the 

MHC II-interacting residues in red on the left and the gp120-interacting residues in blue on 

the right (PDB: 1GC1). The CD4 sequence is shown in text starting from position 20 and 

ending at position 70. The MHC II-interacting residues are underlined in red, and below them 

the gp120-interacting residues are underlined in blue. 

(b) Cartoon representation of the interface of CD4 (top; green) and HLA-DRα (bottom; 

purple) and stick representation of side chains in close proximity (PDB: 3S4S). Dashed lines 

indicate S60 and D63 of wildtype CD4 (left) interacting with E88 and K176 of HLA-DRα. 

Modeling the S60D and D63K substitutions in CD4 DK (middle) show unfavorable 

electrostatic interactions with HLADRα. The sequences of HLA-DRA, HLA-DPA, and 

HLA-DQA are aligned and shown on the right (aa 87-91 and 173-179), and E88 and K176 

are underlined in red. 
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(c) SPR sensorgrams of HLA-DR1 and variants of the full ectodomain of CD4. Biotinylated 

HLADR1 was immobilized on the streptavidin-conjugated surface and multi-cycle kinetics 

was performed using CD4 at various concentrations (100 μM to 1.23 μM in 3-fold dilutions). 

Injections were performed starting with SPR buffer and proceeded from the lowest 

concentration to the highest concentration. No regeneration was performed between 

injections. A cartoon of the SPR conditions is shown in the bottom left. CD4 variants with 

Q40Y and T45W are denoted in subscript, and S60 and D63 substitutions are indicated by 

the final paired letters (e.g. “CD4YW AA” contains Q40Y, T45W, S60A, and D63A).  

 

3.3.2 Surface and core optimizations improve stability 

In parallel, we explored optimizing the surface exposed and buried core amino acids of CD4 

to engineer improved thermostability. Analysis of the surface properties of D1D2 was 

performed in PyMol (36) and the TRIAD physics-based protein design platform to identify 

design targets for mutagenesis. Our structure-guided analysis identified a hydrophobic patch 

in D2 that consisted of the side chains L109, L151, V175, and L177 (Figure 2a). These 

residues would normally be partially buried due to contacts with CD4 D3 in the full CD4 

ectodomain (42); however, they become fully exposed when CD4 is truncated to L177 as in 

CD4-Ig. We then performed in silico mutational energy score calculations (43, 44) in TRIAD 

to determine amino acid substitutions that would stabilize this exposed hydrophobic patch 

(Extended Data Figure 1). Nine of the most favorable predictions were expressed and 

screened for thermostability using differential scanning fluorimetry (DSF) (45) to determine 

their Tms. The best performing set of substitutions, L109K, L151K, V175I, and L177D 

(KKID), improved the Tm of D1D2 by 6°C (Figure 2b). We investigated the mechanism for 

this improvement by modeling L109K, L151K, and L177D, observing that the substituted 

residues could form a network of salt bridges at the exposed C-terminus of CD4 D1D2 

(Figure 2a). We also tested a known space-filling A55V substitution (5) in D1 that improved 

the Tm of D1D2 by 8°C (Figure 2b). When the A55V and KKID substitutions were 

combined, the resulting VKKID variant stabilized D1D2 by 14°C (Figure 2b). It is likely 

that the two sets of substitutions additively improved the Tm by independent mechanisms: 

the A55V substitution stabilized the hydrophobic core of the D1 domain, and the KKID 
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substitutions stabilized the hydrophilic surface of the D2 domain. DSF measurement results 

for all variants are compiled in Extended Data Table 1. 

 

 

Figure 2. MHC II knockdown and thermostabilizing substitutions preserve CD4’s 

affinity for gp120. 
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(a) Cartoon representation of D2 and D3 (left; green) from the full ectodomain of CD4 (PDB: 

1WIP) and the side chains of L109, L151, V175, and L177 as sticks. Truncating the D3 

domain fully exposes the previously partially buried hydrophobic residues (middle). 

Modeling the L109K, L151K, V175I, and L177D substitutions (right) shows a newly formed 

stabilizing network of electrostatic interactions in the KKID variant. 

(b) DSF data of CD4 variants (left) and their melting temperatures in tabular form (right). 

(c), (d) SPR sensorgrams of CD4 variants against HLA-DR1 (c) and gp120 (d). 

(c) Biotyinlated HLA-DR1 was immobilized on streptavidin-conjugated surfaces and CD4 

variants were injected for multi-cycle kinetics as in Figure 1c at various concentrations (100 

μM to 0.78 μM in 2-fold dilutions). 

(d) Full-length BG505 gp120 was immobilized using primary amine coupling and CD4 

variants were injected for multi-cycle kinetics at various concentrations (31.25 nM to 1.95 

nM in 2-fold dilutions). The gp120 surfaces were regenerated with 10 mM glycine pH 3.0 

between injections. Experimental data (blue) were globally fitted using a 1:1 Langmuir 

binding model (black) and the kinetic rate constants are reported in tabular form (left). 

Cartoons of the SPR conditions are shown for c (bottom left) and d (bottom right). 

 

3.3.3 gCD4 is thermostable and gp120-specific 

After identifying the S60 and D63 substitutions for reducing MHC II binding, we merged 

these with the VKKID substitutions to make thermostable D1D2 constructs with reduced 

affinity for MHC II. DSF of the resulting VDKKKID variant indicated that the S60D and 

D63K substitutions improved thermostability as hypothesized (Figure 2b). We then 

performed SPR with our D1D2 constructs against gp120 and MHC II to confirm that binding 

to gp120 was retained and only binding to MHC II was knocked down. SPR with MHC II 

showed that only CD4YW D1D2 variants with substitutions at S60 and D63 had reduced 

affinity for MHC II, and the results reinforced that S60D and D63K were the most disruptive 

substitutions (Figure 2c). Furthermore, the SPR with gp120 confirmed that all evaluated 

CD4 D1D2 variants exhibited single-digit nM affinity for gp120, consistent with previously 

reported values (46, 47) (Figure 2d). From these data, we concluded that our targeted 

substitutions did not disrupt CD4’s ability to bind gp120. 
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Additional mutational screening of KKID revealed that the V175I substitution was 

unnecessary and that L177E was slightly more thermostable than L177D, perhaps due to 

glutamate’s longer side chain facilitating more favorable salt-bridge formation with the 

substituted residues in L109K and L151K. We thus defined gp120-specific CD4, or gCD4, 

as the set of D1D2 substitutions containing A55V, S60D, D63K, L109K, L151K, and L177E 

(VDKKKE). Compared to wild-type D1D2, gCD4 exhibited minimal evidence of thermal 

denaturation at physiologic temperatures, an improved Tm (66.5°C) by >20°C, and yielded 

nearly 50-fold more protein from mammalian cell expressions (Extended Data Table 1 and 
Extended Data Figure 2). 

 

3.3.4 gCD4-Ig inherited the properties of gCD4 
Having developed gCD4 with increased thermostability and diminished binding to MHC  

II, we asked whether these qualities would be inherited if gCD4 were introduced into the 

CD4-Ig and eCD4-Ig Fc-fusion molecules. DSF of the CD4-Ig and eCD4-Ig variants 

indicated that gCD4-Ig (Tm=64.5°C) and e-gCD4-Ig (Tm=62.5°C) were 10°C and 9°C more 

thermostable than CD4-Ig and eCD4-Ig, respectively (Extended Data Figure 3). 

Surprisingly, gCD4-Ig and e-gCD4-Ig had lower melting temperatures than their soluble 

gCD4 counterpart, likely because the Fc domains undergo thermal denaturation before the 

gCD4 domains: human Fc initiates its first melting transition around 60-65°C (48), consistent 

with our observations. We next repeated SPR with MHC II using CD4-Ig variants to 

investigate how avidity would influence the binding interactions. Similar to the behavior of 

monomeric CD4, introducing the S60D and D63K substitutions to CD4YW-Ig in the form of 

gCD4YW-Ig greatly reduced binding to MHC II (Extended Data Figure 4). After 

establishing that gCD4-Ig showed diminished MHC II binding by SPR, we investigated how 

our CD4-Ig variants would behave in more biologically relevant contexts. 

 

We characterized CD4-Ig’s ability to engage MHC II ex vivo through flow cytometry of 

primary human tonsillar leukocytes (49) to account for the surfaces of APCs being densely 

coated with MHC II (50). We visualized CD4-Ig by introducing an Avitag (51) to the C-
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terminus of the Fc, enabling biotinylation and detection with fluorophore-conjugated 

streptavidin (Figure 3a). Clinical trials of PRO-542, a CD4-IgG2 Fc-fusion molecule, 

achieved serum concentrations of ≥1 μM with a single 10 mg/kg dose and reported rapid 

clearance of PRO-542 (11, 12). Mimicking those conditions, tonsil cells were labeled using 

1 μM (100 μg/mL) of the CD4-Ig variants (Figures 3b-g). Flow cytometry with CD4-Ig 

variants containing the affinity-enhancing Q40Y/T45W substitutions indicated that CD4YW-

Ig labeled the majority of CD19+ tonsillar B lymphocytes (Figure 3d). Comparatively, 

gCD4YWIg labeled a smaller proportion of tonsillar B lymphocytes (Figure 3e). Without the 

affinity enhancing substitutions, CD4-Ig also labeled a small proportion of B lymphocytes 

(Figure 3f), an unexpected result due to wild-type CD4’s weak monomeric affinity for MHC 

II (40). Notably, gCD4-Ig weakly labeled tonsillar B lymphocytes (Figure 3g), and the 

measured fluorescence was only slightly above background levels seen with the negative 

control condition (nonbiotinylated Avitagged CD4YW-Ig) (Figure 3c). We observed an 

identical staining pattern using tonsil cells from an unrelated donor (Extended Data Figure 

5), supporting the generalizability of the S60D and D63K substitutions in abolishing MHC 

II binding irrespective of MHC haplotype. 
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Figure 3. gCD4-Ig persists in tonsil organoid cultures due to reduced MHC II binding. 
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(a) Diagram of the flow cytometry experimental set-up. Mononuclear leukocytes were 

isolated by Lymphoprep gradient density separation, aliquoted, and stored frozen. Aliquots 

were thawed as needed and samples were prepared with live-dead staining and Human 

TruStain FcX Fc receptor blocking solution. The cells were then labeled with antiCD19 

conjugated to Brilliant Violet 650 and biotinylated CD4-Ig variants. After removing excess 

antibody, the cells were labeled with streptavidin conjugated to Alexa Fluor 488 and 

analyzed by flow cytometry. 

(b)-(g) Flow cytometry plots of tonsillar cells. CD19 signal is plotted on the y-axis and 

streptavidin signal is plotted on the x-axis. The plots were gated on viable singlet cells, and 

the fluorescence thresholds were determined using the negative controls (unstained cells and 

stained cells labeled with unbiotinylated Avitagged CD4YW-Ig). The proportion of double-

positive cells for CD19 and CD4-Ig are indicated in the top right quadrant. 

(h) Graphic of the tonsil organoid culture experimental set-up. Five to six million tonsil cells 

were aliquoted in 12-well transwell plates with each well containing a 1 mL outer reservoir 

of media. 20 μL from the outer reservoirs were sampled at 2 hours, 24 hours, 48 hours, 72 

hours, and 96 hours post-transwell seeding. The outer reservoirs were mixed by pipetting 

prior to each collection and the timepoints were stored at -80°C. 

(i)-(j) Time-course measurements (left) of the concentration of CD4YW-Ig and gCD4YW-Ig 

incubated in tonsil culture media without tonsil cell seeding (i) or with tonsil cell seeding (j) 

and their area under the curves (right). Concentrations were determined by ELISA in 

technical triplicates using the respective proteins as standards. Each point is an average of 

three independent transwell samples and the error bars are s.d. Variants containing the Q40Y 

and T45W substitutions are denoted in subscript. CD4YW-Ig for i and j additionally contain 

the thermostabilizing A55V, L109K, L151K, and L177E substitutions. gCD4 constructs for 

e, g, i, and j contain A55V, S60D, D63K, L109K, L151K, and L177E substitutions. Donor 

#664 was used for the data in b-g and donor #669 was used for the data in i and j. 

 

After observing that CD4-Ig measurably binds to cell surface MHC II, we tested our 

hypothesis that target-mediated drug disposition plays a role in CD4-Ig pharmacokinetics by 

employing a human tonsil organoid model (49) (Figures 3h-j). We estimated that a 
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leukocyte:CD4-Ig mass ratio of 1000:1 would simulate a typical 15 mg/kg CD4-Ig infusion 

dose for a 70 kg reference adult male (52), which translates to a concentration of 10 nM (1 

μg/mL) in the tonsil organoids (Extended Data Figure 6). To compensate for the 100-fold 

lower concentration compared to our flow cytometry experiments, we used CD4YW-Ig 

constructs at 10 nM (Extended Data Figures 7d and 7e) as a first approximation for the 

behavior of CD4-Ig at 1 μM (Extended Data Figures 7b and 7c). Tonsil organoids from a 

single donor were cultured for four days in the presence of B-cell activating factor (BAFF), 

which promotes B lymphocyte survival and surface MHC II expression (49, 53). When 

CD4YW-Ig proteins with and without the MHC II-abrogating DK substitutions were 

incubated in only culture media, there was no difference in protein loss over time (Figure 

3i). However, in the presence of tonsil cells, the construct with intact MHC II binding 

underwent accelerated clearance from the culture, whereas the construct with abrogated 

MHC II binding did not (Figure 3j). These data suggest that MHC II binding contributes to 

accelerated CD4-Ig turnover in the tonsil organoids. 

 

After characterizing gCD4-Ig's behavior with MHC II-presenting tonsil cells, we evaluated 

neutralization of a global representative 12-strain panel of HIV-1 pseudoviruses (54) by 

gCD4-Ig. Although gCD4 did not demonstrate improved binding affinity to gp120 by SPR, 

its inclusion in CD4-Ig and eCD4-Ig improved the half-maximal inhibitory concentrations 

(IC50s) of the precursor molecules: gCD4-Ig (geometric mean IC50 0.74 μg/mL) and e-gCD4-

Ig (geometric mean IC50 0.035 μg/mL) were 5.6 and 7.7-fold more potent than CD4-Ig and 

eCD4-Ig, respectively (Figure 4a). CD4-Ig and gCD4-Ig were both not polyreactive in a 

baculovirus polyreactivity assay (55) (Extended Data Figure 8), suggesting that non-

specific interactions did not account for the improved neutralization. Instead, we hypothesize 

that the potency increases may be due to improvements in the conformational stability of 

gCD4 rather than higher affinity for gp120. 
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Figure 4. CD4-Ig incorporating gCD4 display enhanced HIV-1 neutralization and have 
longer half-lives in humanized mice. 
(a) IC50 data of CD4-Ig variants against the global 12-strain panel in Tzm-bl cell assays as a 

scatter plot (left) and table (right). Each point represents the average of technical duplicates 

for a given virus strain and the black bars indicate the geometric means. 
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(b) IC80 data of HIV-1 bNAbs and e-gCD4-Ig variants against a panel of 30 viruses from the 

AMP trials. Non-neutralized viruses are shown as points at 50 μg/mL. 

(c) Coverage curves of the viruses from the AMP trials using the data in (b). Each curve 

indicates the fraction of the virus panel that is 80% neutralized at a given antibody 

concentration. The protective IC80 threshold from the AMP trials is signified by the dotted 

lines in (b) and (c) at 1 μg/mL. Neutralization data of the bNAbs were obtained from the 

CATNAP database. 

(d) PK data of eCD4-Ig-LS variants in SCID hFcRn transgenic mice. Each group contained 

seven mice and the averages of the plasma concentrations are plotted. 

(e) Scatter plot of the terminal half-lives of eCD4-Ig-LS variants. Half-lives were determined 

from individual mice and the average half-lives are presented as black bars. Statistical 

significance was determined by one-way ANOVA using Tukey’s multiple comparisons 

(***: p < 0.001; ****: p < 0.0001; ns: not significant). Error bars in (d) and (e) are s.d. 

 

3.3.5 gCD4-Ig variants have therapeutic potential 
During these latest experiments, a v0-CD4-Ig containing the CD4 substitutions G6A, S23N, 

A55V, V128L, R134G, N164D, K167T, and V168L was demonstrated to be more 

thermostable than wild-type CD4-Ig (14). Since gCD4 only has one substitution in 

common— A55V—we tested whether the two sets of substitutions were compatible with 

each other. We first investigated the determinants of v0-CD4-Ig’s thermostability by 

expressing its CD4 D1D2 domains and performing DSF. v0-CD4 displayed a Tm of 78°C, 

with most of its thermostability contributions coming from the hydrophobic core 

substitutions G6A, A55V, V128L, and V167L (v0core, Tm of 72°C). The combination of the 

v0-CD4 and gCD4 substitutions, v0-gCD4, had the highest Tm of 80°C, and we again 

observed that Fc-fusion constructs had melting temperatures that were lower than the most 

stable CD4 domains (Extended Data Table 1), supporting our hypothesis that the Fc’s 

thermal denaturation occurs before the stabilized CD4 domains. We next introduced the 

Q40Y/T45W substitutions into v0-CD4 and tested its binding to MHC II by SPR. Similar to 

the previous SPR results, v0-CD4YW bound to MHC II, and the introduction of the S60D and 

D63K substitutions in v0-CD4YW DK and v0-gCD4YW significantly reduced MHC II binding 
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(Extended Data Figure 9). We obtained equivalent results with v0.9-CD4YW and v0.9-

gCD4YW, which contained additional R59K/K90R substitutions that enhance affinity for 

gp12014 (Extended Data Figure 9). Taken together, these data suggest that S60D and D63K 

are necessary and sufficient to reduce binding to MHC II, independent of the extensive amino 

acid substitutions in v0-CD4. 

 

Since v0-gCD4 combined the favorable properties of v0-CD4 and gCD4, we evaluated 

whether v0-gCD4 would similarly improve CD4-Ig’s neutralization potency. CD4-Ig and 

eCD4-Ig molecules containing v0-gCD4 demonstrated the highest potency against the 12-

strain panel compared to those containing gCD4 or v0-CD4 (Figure 4a). The Antibody 

Mediated Prevention (AMP) trials (16) had determined that protective neutralization titers 

correlate to in vitro IC80 values less than 1 μg/mL; thus, we asked if our most potent variants 

could neutralize below this threshold by evaluating v0-e-gCD4-Ig and v0.9-egCD4-Ig 

against a panel of 30 AMP trial pseudoviruses. Compared to known highly potent bNAbs, 

all of which failed to provide complete coverage against the panel, both v0-egCD4-Ig and 

v0.9-e-gCD4-Ig potently neutralized all viruses. The additional gp120 affinity-enhancing 

R59K and K90R substitutions in v0.9-e-gCD4-Ig improved potency over v0-e-gCD4-Ig as 

previously reported (14), and v0.9-e-gCD4-Ig neutralized all viruses below the 1 μg/mL 

threshold (Figures 4b and 4c and Extended Data Table 2). From these results, v0.9-e-

gCD4-Ig demonstrated superior breadth and potency against AMP viruses than current 

therapeutic bNAbs, suggesting that passive immunization with v0.9-e-gCD4Ig could provide 

protection against circulating HIV-1 strains. 

 

Finally, we asked how the enhanced thermostability of v0-gCD4 affected the 

pharmacokinetics of eCD4-Ig by performing pharmacokinetic studies of eCD4-Ig variants 

containing the half-life enhancing LS mutations (56) using SCID human FcRn transgenic 

mice (57, 58). These mice are deficient in MHC II due to impaired lymphocyte development 

(58) and low levels of APC activation (59), enabling us to minimize MHC II binding as a 

confounding variable in our half-life estimations. Our studies revealed that eCD4-Ig-LS had 

a short half-life of ~1 day despite containing the LS mutations, but e-gCD4-Ig-LS and v0-e-
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gCD4-Ig-LS demonstrated improved terminal half-lives of ~5 and ~10 days (Figures 4c and 
Figure 4d), respectively. v0-eCD4-Ig had the longest terminal half-life of ~12 days, but this 

difference was not statistically significant compared to v0-e-gCD4-Ig (p=0.19), and both 

molecules achieved half-lives in mice on par with known therapeutic bNAbs (60). The net 

charge of an antibody is known to affect its pharmacokinetics (61), although electrostatics 

may play a minor role in our results as e-gCD4-Ig has a longer half-life than eCD4-Ig despite 

having more positively charged surface residues. We instead speculate that the relative rank 

order of the eCD4-Ig variants’ half-lives in the SCID mice may be most reflective of their 

respective CD4 domains’ thermostabilities. From these findings, we conclude that 

thermostabilizing the CD4 domains improved the pharmacokinetics of eCD4-Ig in SCID 

human FcRn transgenic mice. 

 

3.4 Discussion 
Here, we provide evidence that CD4’s affinity for MHC II can be abolished while retaining 

CD4’s affinity for HIV-1, paving the way for the clinical development of CD4-containing 

biologics incorporating gCD4. Using CD4-Ig as a proof-of-principle, our data demonstrated 

that we have produced HIV-1 entry inhibitors with pharmacokinetic properties and 

neutralizing capabilities that surpass those of therapeutic bNAbs. Encouragingly, our most 

potent variant neutralized all tested pseudoviruses from the AMP trials at titers indicative of 

protective efficacy, a feat that would normally require a mixture of different bNAbs (17). 

Other CD4-containing biologics, such as bNAb-CD4 fusions (8), CD4 nanoparticles (20), 

and multimeric CD4-Fc constructs (5) are likely to benefit from the inclusion of gCD4 in 

their future constructions. Finally, our computational and rational design approaches can be 

reasonably applied to other proteins to engineer their biophysical and biochemical properties. 

 

Our observation that CD4-Ig binds to cellular MHC II raises several considerations for the 

clinical use of CD4-containing biologics as it remains unknown how such molecules might 

interact with human physiology. A previous study indicated that soluble monomeric CD4 

did not acutely inhibit CD4+ T cell activation in vitro (62), but it is possible that multimeric 

molecules such as CD4-Ig would compete for MHC II engagement and interfere with CD4+ 
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T cell activation and/or development due to greater avidity. It is also not known if CD4-Ig 

would indiscriminately mediate Fc receptor-dependent cytotoxicity against MHC II-

containing cells. These unknowns motivated precaution in the clinical formulation of PRO-

542, which contained four copies of CD4 fused to IgG2 Fc to weaken Fc effector functions 

(6). However, these concerns are now mitigated by gCD4’s near-complete specificity for 

HIV-1, which should enable safer implementation of CD4-Fc fusions with intact effector 

functions. Fc effector functions are key features of protective antibodies, allowing them to 

kill virally infected cells through mechanisms such as antibody-dependent cellular 

cytotoxicity (ADCC). For example, it was shown that eCD4Ig with IgG1, but not IgG2, Fc 

can mediate ADCC of HIV-1-infected cells in vitro (63). Fc effector functions are also 

implicated in the ability of bNAbs to prolong control of viremia via the vaccinal effect (64). 

Due to these advantages, biologics with IgG1 Fc would be preferred for developing curative 

therapeutic regimens for people living with HIV-1. In addition to treating active infection, it 

has been shown that eCD4-Ig delivered by AAV can act like an HIV-1 vaccine and provide 

years-long protection from HIV-1 infection in infant rhesus macaques (65). In the context of 

AAV gene therapy, reducing MHC II binding may become a more salient consideration for 

potentially lifelong eCD4-Ig expression. 

 

3.4.1 Limitations of the study 
Limitations of our study include the functional relevance of our tonsil and mouse 

experiments in the context of human physiology and the translatability of our in vitro 

neutralization results to in vivo efficacy. First, our flow cytometry experiments likely 

underestimate how much CD4-Ig binds to MHC II in vivo. The rapid dissociation kinetics of 

CD4 and MHC II as seen in our SPR data imply that a large proportion of CD4-Ig would 

readily disengage from the tonsillar B cells during washing and that the binding at 

equilibrium would be higher than what we have recorded. Second, the effect size of MHC 

II-mediated clearance remains unknown physiologically, although our tonsil organoid data 

suggest that MHC II binding results in measurably faster clearance. Transgenic mice 

expressing fully human MHC II may be an appropriate model to test this variable. Third, the 

preparation of tonsil organoids results in a limited composition of mononuclear white blood 
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cells that are predominantly B and T lymphocytes. Macrophages express MHC II and make 

up a much larger proportion of the human immune system by mass than any other individual 

white blood cell (52). Therefore, macrophages may significantly contribute to the clearance 

of CD4-Ig in vivo through the reticuloendothelial system. Since spleens contain large 

numbers of macrophages, switching to spleen-derived organoids may address this limitation 

(49, 52). Fourth, we did not test whether CD4-Ig binding to MHC II has functional relevance, 

such as investigating B and T lymphocyte activation in the tonsil organoids longitudinally. 

Finally, although our e-gCD4-Ig variants displayed excellent neutralization breadth and 

potencies, we did not evaluate if they prevent or treat HIV-1 infection in vivo. However, the 

comparatively less potent eCD4-Ig was shown to prevent HIV-1 infection in mice and rhesus 

macaques (7, 13, 65); thus, it is likely that our molecules will behave similarly although 

further studies are required to investigate the efficacies of e-gCD4-Ig variants. While more 

challenges remain, gCD4 demonstrates great potential to develop superior CD4-containing 

biologics to provide safe, durable, and broad protection and/or treatment against HIV-1. 

 

3.5 Materials and Methods 

3.5.1 DNA constructs and vectors 
Human codon-optimized CD4 sequences with a GS linker and C-terminal 6xHis tag were 

designed and ordered as gBlocks from IDT using IDT’s codon optimization tool. The 

gBlocks were cloned into the vectors pTT5 (National Research Council of Canada) or 

p3BNC through Gibson assembly (66) using NEBuilder HiFi DNA Assembly Master Mix 

(New England Biolabs) according to manufacturer recommendations. DNAs were 

transformed into chemically competent Mix and Go! DH5α E. coli (Zymo Research) and 

grown on LB agar plates containing 100 μg/mL carbenicillin. Plasmids were isolated from 

E. coli using Zippy Plasmid Miniprep Kits (Zymo Research) and verified through Oxford 

nanopore sequencing (Plasmidsaurus). 

 

CD4-Ig and eCD4-Ig constructs were designed as previously reported. gBlocks were ordered 

from IDT and assembled in p3BNC as above. All CD4-Ig constructs contained identical 

mouse VH leader sequences. The sequence for human TPST2 was obtained from Uniprot 
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(Accession ID: O60704) and cloned into p3BNC with its native Golgi signal sequence. For 

Avitagged proteins, the 15 amino acid Avitag sequence GLNDIFEAQKIEWHE was added 

to the C-terminus of the Fc. The sequence for E. coli biotin ligase was assembled in p3BNC 

as above and contained a mouse VH leader sequence and a C-terminal KDEL endoplasmic 

reticulum retention motif. Plasmid DNAs for mammalian cell transfection were prepared 

from E. coli using Macharey-Nagel midiprep and maxiprep kits. 

 

The pTT5 plasmid containing His-tagged full-length BG505 gp120 was obtained from the 

Bjorkman lab. 

 

3.5.2 Protein expression and purification 
Gibco Expi293F cells were transfected with 1 μg of DNA/mL of cells using the Gibco Expi-

Fectamine transfection kit according to manufacturer recommendations. Four days post-

transfection, cultures were centrifuged and supernatants were filtered through 0.45μm filters. 

For His-tagged proteins, Pierce disposable columns were packed with HisPur Ni-NTA resin 

(Thermo Scientific), rinsed with water, and equilibrated with Gibco 1X Dulbecco’s PBS with 

no magnesium and no calcium, pH 7.4 (DPBS). Clarified supernatant was applied to 

equilibrated Ni-NTA resin under gravity flow. Columns were washed with ten column 

volumes of wash buffer (DPBS, 15 mM imidazole) and eluted with two to three column 

volumes of elution buffer (DPBS, 300 mM imidazole). Eluted proteins were concentrated 

using Amicon spin concentrators and further purified via FPLC using a Superdex 200 

Increase 10/300 GL column equilibrated with DPBS at 4°C. Fractions containing the desired 

protein were pooled, concentrated, filtered with a 0.22 μm filter, and stored at 4°C. Protein 

concentrations were determined by measuring absorbance at 280 nm on a NanoDrop 

(Thermo Fisher Scientific). Extinction coefficients were calculated by inputting the amino 

acid sequences of the mature proteins in Expasy ProtParam. 

 

Expression and purification of CD4-Ig and eCD4-Ig was performed as previously described 

(14). Plasmids containing human TPST2 and eCD4-Ig were co-transfected at a 1:4 DNA 

mass ratio of TPST2:eCD4-Ig. Expression of biotinylated CD4-Ig was performed in an 
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identical manner using a 1:4 ratio of BirA:Avitagged CD4-Ig. Purification of Fc-containing 

proteins was performed using HiTrap MabSelect SuRe columns (Cytiva) connected to a 

peristaltic pump according to manufacturer recommendations. Columns were washed with 

ten column volumes of 1X DPBS and eluted using IgG elution buffer (Pierce) into 1 M Tris-

HCl buffer, pH 9 (NC9904344; Boston Bioproducts). Eluted proteins were further purified 

via FPLC as above. 

 

3.5.3 Computational design of CD4 
For in silico predictions of thermostabilizing substitutions, the coordinates of CD4 D1D2 

were extracted from cocrystal structures of CD4 D1D2 bound to gp120 using PyMOL 

(PDBs: 1GC1, 2NY1, 2NY2) (1, 67). Water molecules were not included. Rosetta (43) and 

PHOENIX (44) force fields were used in TRIAD to separately standardize and analyze the 

extracted CD4 structures. Monte Carlo optimization with sampling was performed without 

covalent terms on fixed backbones from initial rotamers using the expanded Dunbrack 

rotamer library (68) and floating nearby residues. Sequence logos of the predicted sequences 

were generated using WebLogo (https://weblogo.berkeley.edu/). A subset of in silico 

predictions were selected for experimental testing based on the frequency of each residue at 

each position as well as the relative rank order of the unique combinations. 

 

3.5.4 Differential scanning fluorimetry 
DSF assays were performed by preparing triplicate samples in DPBS to a final concentration 

of 5 to 10 μM of protein and 20X Sypro Orange dye (Invitrogen). A CFX96 Touch Real-

Time PCR Detection System (Bio-Rad) was used to measure the fluorescence of the samples 

by heating from 25.0°C to 99.0°C in 0.5°C increments and 30 second equilibration times. 

Background subtraction was performed using the mean fluorescence of triplicate samples 

containing only buffer and dye. The data were exported and plotted in GraphPad Prism 11. 

Apparent melting temperatures were defined as the inflection point of the first derivative of 

the fluorescence data with respect to time. 
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3.5.5 Surface Plasmon Resonance 
Analyte proteins for SPR injection were prepared as described above with one modification: 

the FPLC buffer was substituted for 1X HBS-EP+ (150 mM NaCl, 10m HEPES pH 7.4, 

2mM EDTA, 0.05% Tween-20) prepared from 20X HBS-EP+ buffer (Teknova). Multi-cycle 

kinetics were performed at 25°C in a Bruker Sierra SPR Pro-32 instrument. SPR running 

buffer was 1X HBS-EP+ and SPR wash buffer consisted of 0.05% Tween-20. The ligand for 

SPR experiments in Figures 1c and 2c was biotinylated monomeric HLA-DR1 loaded with 

influenza A hemagglutinin peptide 306-318 (PKYVKQNTLKLAT), obtained from the NIH 

Tetramer Core Facility. The ligand for subsequent SPR experiments was biotinylated 

monomeric HLA-DR1 loaded with SARSCoV-2 S peptide 873-888 

(GAALQIPFAMQMAYRFF), also obtained from the NIH Tetramer Core Facility. 

Biotinylated ligands were diluted to 100 nM in running buffer and directly immobilized on 

a Bruker Biotin-Tag Capture Sensor to achieve response units (RU) of approximately 500-

1,000. No additional protein was immobilized on reference flow cells as they already 

contained streptavidin. Three start-up injections of buffer preceded analyte injections. 

Analyte samples were prepared in 2-fold or 3-fold dilution series in running buffer and 

injected at a flow rate of 30 uL/min followed by a disassociation phase. CD4 and CD4-Ig 

exhibited extremely rapid dissociation kinetics and required no surface regeneration between 

cycles. Analyte injections were performed in the order from lowest concentration first to 

highest concentration last. For SPR of CD4 and gp120, full-length BG505 gp120 was diluted 

to 100 nM in 10 mM sodium acetate pH 4.5 and immobilized on a Bruker high-capacity 

amine chip to approximately 400-900 RU according to manufacturer recommendations. 

M8a-3 IgG, an anti-SARS-CoV-2 antibody, was equivalently coupled to reference flow cells 

(69). Injections were performed with similar conditions as above and included a regeneration 

step with 10 mM glycine pH 3.0. SPR sensorgrams for all experiments were double 

subtracted from the reference and buffer injections. Experimental data for SPRs with gp120 

were globally fit to a 1:1 Langmuir model using the Bruker Sierra Analysis software. 
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3.5.6 Baculovirus assay 
Polyreactivity was assessed using an ELISA-based method to assay non-specific binding to 

baculovirus particles as described (55, 70). Briefly, a 1% solution of baculovirus particles in 

100 mM sodium bicarbonate buffer, pH 9.6 was adsorbed to a 384-well Maxisorp ELISA 

plate overnight at 4ºC. After blocking with 0.5% bovine serum albumin (BSA) in PBS, CD4-

Ig samples and controls were added to the blocked assay plate and incubated for 3 hours at 

room temperature. The plate was washed with PBS and an HRP-conjugated anti-IgG 

secondary antibody (Southern Biotech 2015-05) was added and incubated for one hour at 

room temperature. Plates were washed with PBS and bound IgG was detected by measuring 

luminescence at 425 nm after addition of SuperSignal ELISA Femto Maximum Sensitivity 

Substrate (ThermoFisher). 

 

3.5.7 Pseudovirus Neutralization  
HIV-1 pseudovirus neutralization assays were performed and analyzed as described (71, 72), 

either in-house (73) or through the Collaboration for AIDS Vaccine Discovery (CAVD) core 

neutralization facility. Briefly, HIV-1 pseudoviruses were generated by cotransfecting HEK 

293T cells with an HIV-1 Env expression plasmid and a replication-defective backbone 

plasmid (71, 72).  Supernatants were harvested at 72 hours, filtered through a 0.45 um sterile 

filter, then titered using TZM-bl target cells, which express HIV-1 receptors CD4 and 

CXCR5 (71). CD4-based inhibitors were evaluated in duplicate with a 5-fold, 8-point 

dilution series of the inhibitor. The CD4-based inhibitor was incubated with pseudovirus for 

one hour at 37ºC then added to TZM-bl target cells. After 48 hours at 37ºC, cells were lysed 

with BriteLite luminescence substrate and luminescence was measured to evaluate the 

amount of infection at each concentration of inhibitor. The percent neutralization was 

calculated and plotted as a function of concentration. IC50 and IC80 values, the concentrations 

at which half-maximal or 80% neutralization were observed, were derived using a nonlinear 

regression analysis using the Antibody Database (74). These values were exported and 

plotted in GraphPad Prism 11. 
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3.5.8 Tonsil Organoids 
De-identified human tonsils were obtained from the Cooperative Human Tissue Network 

and processed as previously reported (49). Briefly, tonsils were sectioned and manually 

homogenized into suspension. Mononuclear leukocytes were isolated by Lymphoprep 

density gradient separation, washed with complete media (RPMI with glutamax, 10% Fetal 

Bovine Serum [FBS], 1X nonessential amino acids, 1X sodium pyruvate, 1X penicillin–

streptomycin, 1X Normocin [InvivoGen] and 1X insulin/selenium/transferrin cocktail 

[Gibco]), and frozen in 1 mL aliquots of 50-100 million cells in FBS + 10% dimethyl 

sulfoxide (DMSO). Frozen aliquots were stored at -140°C. Tonsil cells were prepared for 

culturing by thawing in a 37°C water bath and resuspending in 10 mL of prewarmed thaw 

media. Resuspended cells were centrifuged at 500 x g for 10 minutes at 4°C and the thaw 

media was aspirated. Pelleted cells were resuspended in prewarmed complete media, and the 

number of viable cells was determined with Trypan blue using a hemocytometer. The cell 

suspension was then adjusted to a density of ~60 million cells/mL using complete media. 

Culture plates were prepared by adding 1 mL of prewarmed complete media supplemented 

with 1 μg/mL of human B cell-actvating factor (BAFF; BioLegend) and, if applicable, CD4-

Ig proteins to 12-well plates (Corning). 12 mm diameter Millicell culture plate inserts 

(MilliporeSigma) were placed into each well and 100 μl of cell suspension was plated into 

the inserts. For media-only wells, 100 μl of complete media was added to the inserts. Cultures 

were incubated at 37°C and 5% CO2 with humidity. Aliquots of culture media were taken 

from the exterior reservoir after 2 hours, 24 hours, 48 hours, 72 hours, and 96 hours and 

frozen at -80°C for later analysis. The remaining volumes of blank wells filled with complete 

media were tracked using a micropipette to estimate evaporation over time in the cultures 

and cross-verified with the experimental wells at the end of the experiments. ELISA signals 

were multiplied with a correction factor for evaporation at each time point, accounting for 

approximately 50 μL of evaporation every 24 hours. Timepoints and the area under the 

curves were plotted using GraphPad Prism 11. 
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3.5.9 Flow Cytometry 
Frozen tonsil aliquots were thawed in a 37°C water bath and centrifuged for 3 minutes at 

1,000 x g at 4°C. The media was discarded, and the cells were washed by resuspending the 

cell pellet with DPBS. The cells were pelleted and stained with Zombie Violet Fixable 

Viability Kit (423113; BioLegend) according to manufacturer recommendations in DPBS. 

After viability staining, cells were washed once with FACS buffer (DPBS, 0.1% Bovine 

Serum Albumin [BSA; 50-178-1669; Sigma Aldrich]) and cellular Fc receptor was blocked 

with Human TruStain FcX (422302; BioLegend) according to manufacturer 

recommendations in FACS buffer. Approximately 1-2 million cells were aliquoted into 

individual samples of 100 μL of FACS buffer and incubated with 3 μL of Brilliant Violet 

650 anti-human CD-19 antibody conjugate (302238; BioLegend) and 1 μM purified 

Avitagged CD4-Ig proteins for 1 hour on ice protected from light. Samples were pelleted and 

resuspended in 50 μL of FACS buffer containing streptavidin-Alexa Fluor 488 conjugate 

(S32354; Invitrogen) diluted 1:50 (final concentration 40 μg/mL). After 30 minutes of 

incubating on ice protected from light, the samples were washed once with 200 μL of FACS 

buffer and kept pelleted on ice until the time of measurement. Samples were resuspended in 

500 μL of FACS buffer, filtered through 70 μm Flowmi pipette tip strainers (H13680-0070; 

SP Bel-Art), and immediately analyzed on a Sony SH800S Cell Sorter. Compensation 

matrices were calculated using unstained and single-stain controls and 50,000 to 100,000 

total events were recorded for each sample. Cells were gated for singlets, viability, and the 

detection of Brilliant Violet 650 and streptavidin-Alexa Fluor 488. Flow cytometry plots 

were generated using Floreada. 

 

3.5.10 ELISA 
Determination of the CD4-Ig concentration in the tonsil organoid cultures was performed by 

capture ELISA. Clear, flat-bottom, high bind 96-well polystyrene plates (Corning) were 

coated overnight at 4°C with 50 μL of mouse anti-human CD4 antibody, clone RPA-T4 

(300502; BioLegend), diluted to 2 μg/ml in 0.1 M NaHCO3, pH 9.6. Wells were emptied by 

dumping into a sink and then blotted on clean paper towels. Coated wells were blocked with 

300 μL of blocking buffer (DPBS, 3% BSA, 0.1% Tween-20) at room temperature (RT) for 
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2 hours. Frozen aliquots of the tonsil culture media samples were thawed and diluted 1:100 

into blocking buffer. The blocked plates were then dumped and blotted, followed by 

application of 50 μL of the diluted tonsil culture media samples in triplicate. Standard curves 

of purified CD4-Ig variants were applied on the same plate in triplicate using 4-fold serial 

dilutions in blocking buffer starting from a top concentration of 1 μg/mL. The plates were 

incubated at room temperature (RT) for 2 hours and washed three times with washing buffer 

(DPBS, 0.1% Tween-20). HRP-conjugated goat anti-human IgG Heavy Chain Superclonal 

antibody (A56862; Invitrogen) was prepared by diluting 1:10,000 in blocking buffer, and 50 

μL of secondary antibody was applied to each well and incubated at RT for 30 minutes. After 

three washes, 50 μL of 1-Step Ultra TMB-ELISA substrate (34028; Thermo Scientific) was 

applied to each well and incubated at RT for ten minutes protected from light. The reaction 

was stopped by adding 50 μL of 1 N HCl to each well and absorbance at 450 nm was 

measured with a plate reader. The concentration of CD4-Ig in the tonsil samples was 

estimated by interpolating from standard curves using a four-parameter nonlinear regression 

model in GraphPad Prism 11. Correction factors from the measured evaporation were applied 

to the estimated concentrations. 

 

3.5.11 Murine pharmacokinetics 

All experimental work relating to mice was performed by The Jackson Laboratory. Four 

groups of SCID hFcRn mice (JAX strain #018441) at 6-8 weeks of age were intravenously 

given 10 mg/kg of eCD4-Ig-LS variants. Whole blood was collected at 5 minutes, 6 hours, 1 

day, 3 days, 6 days, 10 days, 14 days, 21 days, 25 days, and 31 days from the tail vein and 

processed to plasma before being stored at -80°C. eCD4-Ig-LS concentrations were assayed 

by capture ELISA using an anti-CD4 capture antibody and a HRP-conjugated goat anti-

human secondary antibody as above. PK analysis was performed using Phoenix WinNonLin 

8.5.2.4. 
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3.9 Extended Data 

Extended Data Table 1. Apparent melting temperatures of CD4-containing constructs. 
Samples were measured in technical triplicate and the averages are reported.  

CD4 D1D2 Variant  Tm (°C)   
ΔTm from CD4 
D1D2 (°C)   

CD4 D1D2  46  N/A  

L109S L151R V175I L177E (SRIE)  42  -4  

L109K L151R L177S (KRVS)  44  -2  

L109S L151R V175R L177E (SRRE)  45  -1  
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L96V  45.5  -0.5  

L109K L151K V175T L177S (KKTS)  46  0  

L109K L151K V175I L177S (KKIS)  46.5  +0.5  

L109Q L151Q V175I L177S (QQIS)  47  +1  

L109Y L151E V175T L177H (YETH)  47.5  +1.5  

L109Y L151E L177H (YEVH)  47.5  +1.5  

L151K L177D (LKVD)  51.5  +5.5  

L151R L177D (LRVD)  52  +6  

L109K L177 (KLVD)  52  +6  

L109K L151K V175I L177D (KKID)  52  +6  

L109R L177D (RLVD)  52.5  +6.5  

L109K L151R V175I L177D (KRID)  53.5  +7.5  

A55V  54  +8  

L109K L151K V175I L177E (KKIE)  54  +8  

L109R L151K V175I L177D (RKID)  54  +8  

L109K L151K L177D (KKVD)  54.5  +8.5  

L109K L151K L177E (KKVE)  54.5  +8.5  

S23N  55  +9  

L109K L151K V175R L177D (KKRD)  55  +9  

L109K L151K V175K L177D (KKKD)  55.5  +9.5  

I24T  56.5  +10.5  

S23N I24T (NT)  58.5  +12.5  

S60D D63K L109K L151K V175I L177D 

(DKKKID)  
58.5  +12.5  

S60D D63A L109K L151K V175I L177D (DAKKID)  59  +13  

S23N A55V L96V (3mut)  59.5  +13.5  
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A55V L109K L151K V175I L177D (VKKID)  60  +14  

A55V S60D D63K L109K C130V L151K C159V 

L177E (C130V C159V gCD4)  
61  +15  

A55V S60D D63K (VDK)  62.5  +16.5  

S23N A55V S60D D63K L96V (3mut DK)  62.5  +16.5  

A55V S60D D63A (VDA)  63.5  +17.5  

S23N A55V S60D D63K L96V L109K L151K V175I 

L177D (3mut DKKKID)  
64.5  +18.5  

S23N R134G N164D K167T (v0surface)  64.5  +18.5  

A55V S60D D63K L109K L151K V175I L177D 

(VDKKKID)  
65.5  +19.5  

A55V S60D D63K L109K L151K V175I L177D 

(VDAKKID)  
66  +20  

S23N I24T A55V S60D D63K L96V L109K L151K 

V175I L177D (3mut I24T DKKKID)  
66  +20  

A55V S60D D63K L109K L151K L177E 

(VDKKKE/gCD4)  
66.5  +20.5  

A55V S60D D63A L109K L151K L177E (VDAKKE)  67.5  +21.5  

G6A A55V V128L V168L (v0core)  72  +26  

S23N S60D D63K L109K R134G L151K N164D 

K167 L177E (v0surface gCD4)  
72.5  +26.5  

G6A A55V S60D D63K L109K V128L L151K V168L 

L177E (v0core gCD4)  
76.5  +30.5  

G6A A55V S60D D63K L109K V128L V168L L177E 

(v0 core DKKE)  
77  +31  

G6A A55V S60D D63K L109K V128L R134G 

L151K V168L L177E (v0 core gCD4 R134G)  
78  +32  
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G6A A55V S60D D63K L109K V128L R134G 

V168L L177E (v0 core DKGKE)  
78.5  +32.5  

G6A S23N A55V V128L R134G N164D K167T 

V168L (v0)  
78.5  +32.5  

G6A S23N A55V L109K V128L R134G L151K 

N164D K167T V168L L177E (v0 KKE)  
78.5  +32.5  

G6A S23N A55V S60D D63K R134G N164D K167T 

V168L L177E (v0 DK)  
80  +34  

G6A S23N A55V S60D D63K L109K V128L R134G 

L151K N164D K167T V168L L177E (v0 gCD4)  
80  +34  

G6A S23N I24T A55V S60D D63K L109K V128L 

R134G L151K N164D K167T V168L L177E  (v0 

I24T gCD4)  

80  +34  

CD4 D1-D4 Variant  Tm (°C)   
ΔTm from CD4 
D1-D4 (°C)   

CD4 D1-D4  52.5  N/A  

S60A D63A (AA)  53  +0.5  

S60A D63K (AK)  53  +0.5  

S60D D63K (DK)  53.5  +1  

S60E D63K (EK)  53.5  +1  

S60D D63A (DA)  54  +1.5  

S60E D63A (EA)  54  +1.5  

CD4-Ig variant  Tm (°C)   
ΔTm from CD4-
Ig (°C)   

CD4-Ig  54.5  N/A  

gCD4-Ig  64.5  +10  

v0 CD4-Ig  67  +12.5  

v0 gCD4-Ig  67.5  +13  
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eCD4-Ig variant  Tm (°C)   
ΔTm from eCD4-

Ig (°C)   

eCD4-Ig  53.5  N/A  

e-gCD4-Ig  62.5  +9  

v0 eCD4-Ig KKE  65  +11.5  

v0 eCD4-Ig DK  65.5  +12  

v0 e-gCD4-Ig  65.5  +12  

    

Extended Data Table 2. IC50, IC80, and MPI (maximum percent inhibition) values of 
v0-egCD4-Ig and v0.9-e-gCD4-Ig against 30 AMP trial pseudoviruses.  

 v0-e-gCD4-Ig v0.9-e-gCD4-Ig 

Virus ID 
IC50 

(μg/mL) 
IC80 

(μg/mL) 
MPI 

IC50 
(μg/mL) 

IC80 
(μg/mL) 

MPI 

H703_0013_090Es  0.009  0.019  100  0.001  0.004  100  

H703_0203_081_RE_e8A5s  0.040  0.239  100  0.007  0.038  100  

H703_0279_110s  0.027  0.111  100  0.007  0.025  100  

H703_0472_030s  0.116  0.481  100  0.016  0.061  100  

H703_0537_110s_4H1  1.164  5.050  100  0.274  0.782  100  

H703_0566_0160s  0.028  0.084  100  0.008  0.027  100  

H703_0646_051sN  0.017  0.069  100  0.006  0.026  100  

H703_0739_110s  0.005  0.017  100  0.002  0.005  100  

H703_0842_200Es  0.122  0.406  100  0.026  0.087  100  

H703_0926_070S_2H2  0.259  1.188  100  0.113  0.376  100  

H703_1104_100_RE_e10G5s  0.047  0.153  100  0.010  0.033  100  

H703_1313_040s  0.007  0.019  100  0.001  0.003  100  
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H703_1471_190s  0.042  0.134  100  0.011  0.040  100  

H703_1675_080s_G613S  0.206  0.709  100  0.043  0.155  100  

H703_1750_140Es  0.012  0.048  100  0.002  0.008  100  

H703_1764_250_ RE_cs  0.019  0.059  100  0.004  0.010  100  

H703_1789_230_RE_e3A3s  0.177  0.496  100  0.034  0.095  100  

H703_2018_240_RE_e6A1s  0.695  3.479  100  0.136  0.624  100  

H703_2117_110_RE_e2A10s  0.066  0.218  100  0.009  0.025  100  

H703_2149_060_RE_eB10s  0.056  0.251  100  0.008  0.024  100  

H703_2304_150_RE_cs  0.022  0.054  100  0.005  0.019  100  

H703_2539_070_RE_e6F6s  0.089  0.273  100  0.017  0.069  100  

H703_2631_150_RE_e2F8s  0.003  0.012  100  0.001  0.005  100  

H703_2788_030Es_B1  0.007  0.024  100  0.002  0.006  100  

H703_2805_080Es  0.040  0.119  100  0.014  0.032  100  

V703_0217_050_RE_pblib002_ 
s  

0.199  1.608  100  0.065  0.256  100  

V703_0629_150_RE_pblib002_ 
s  

0.004  0.010  100  0.002  0.004  100  

V703_1298_080_RE_pblib002_ 
s  

0.121  0.587  100  0.028  0.158  100  

V703_1848_190_RE_pblib002_ 
s  

0.004  0.023  100  0.002  0.009  100  

V703_1915_250_RE_sgaA3_s  0.117  0.403  100  0.013  0.035  100  
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Extended Data Figure 1. Representative energy calculation of the D2 domain 
hydrophobics and DSF data. Shown is an example of an output from TRIAD using the 

PHOENIX scoring function and a sequence logo of the suggested amino acids at each 

position. The DSF data of nine variants is shown and their Tms are reported in Extended 
Data Table 1. 

 

  

Extended Data Figure 2. Expression yield of CD4 D1D2 variants in Expi293 cells. 

Proteins were expressed in 20 mL volumes and purified as described in the Methods in 

technical triplicates. Yields were then calculated for one-liter expressions assuming a linear 



 132 
relationship with culture volume. gCD4 contains the VDKKKE substitutions and was 

expressed in the p3BNC plasmid. All other proteins were expressed in pTT5. Error bars are 

s.d. 

 

 

Extended Data Figure 3. Apparent melting temperatures of CD4-Ig variants. Curves 
represent the average of technical triplicates. 
 

 

Extended Data Figure 4. SPR of CD4-Ig variants against immobilized HLA-DR1. 

Proteins were injected for multi-cycle kinetics using 3-fold dilutions series from 50 μM to  

0.62 μM as in Figure 2. 
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Extended Data Figure 5. Flow cytometry of CD4-Ig variants using tonsillar cells from 
donor #667. Flow cytometry was performed as in Figure 3. 

 

 

Extended Data Fig. 6: Calculation of the CD4-Ig amount needed to mimic clinical trial 

dosing in tonsil organoid cultures. Leukocyte mass was assumed using a reference 70 kg 

adult male (52). 
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Extended Data Figure 7. Flow cytometry of CD4-Ig variants at differing 
concentrations. In order to mimic clinical trial dosing in tonsil organoid cultures, CD4-Ig 

needed to be used at 10 nM (as determined in Extended Data Fig. 6). CD4YW-Ig and CD4-

Ig at 1 μM and 10 nM were tested to determine which construct should be used in tonsil 

organoid cultures at 10 nM. Tonsil cells are from donor #667. 

 

 

Extended Data Figure 8. Baculovirus polyreactivity assay of CD4-Ig variants. Proteins 

were assayed in quadruplicate. Fleischmann IgG was used as a positive control and BSA as 

a negative control. Error bars are s.d. 
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Extended Data Figure 9. SPR of new CD4 variants against HLA-DR1. SPR was 

performed using multi-cycle kinetics and a 3-fold dilution series from 50 μM to 0.023 μM 

as in Figure 2. 
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C h a p t e r  4  

TOWARDS DISCOVERING NANOBODIES THAT 
TARGET INVARIANT DOMAINS IN HIV-1 

4.1 Summary 

A conserved epitope on the HIV-1 Env trimer that is exposed only after engagement with its 

host receptor target CD4, termed the caldera, represents a potentially vulnerable site for 

compact binders such as VHH nanobodies. To identify nanobodies targeting this region, we 

carried out an initial screening campaign using soluble Env trimers, termed SOSIPs, from 

multiple HIV-1 clades in a yeast display workflow with iterative magnetic- and fluorescence-

based enrichment. Conformationally fixed and flexible SOSIPs enabled depletion of off-

target binders and enrichment for binders to CD4-induced conformations, respectively. 

Parallel selections incorporating 21c scFv were used to reduce recovery of binders to a 

known CD4-induced site and bias discovery toward alternative open-state epitopes, 

including the caldera. This campaign yielded five candidates for expression and ELISA-

based characterization. Although these candidates showed selective binding to open BG505-

sCD4 relative to closed, prefusion DS-BG505, they also bound sCD4 alone and showed 

little-to-no binding to gp120 monomer, indicating recognition of a composite quaternary 

epitope formed by open Env and CD4. This epitope appears to be distinct from both the 

caldera and previously characterized CD4-induced sites, representing a novel target for 

potential HIV-1 entry inhibition. Thus, while this initial campaign did not isolate caldera-

specific nanobodies, it enriched for candidates consistent with the screen design, established 

a screening framework for future discovery efforts, and revealed key design constraints for 

screening challenging targets. 
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4.2 Introduction 
Despite major advances in antiretroviral therapy (ART) and antibody-based prevention, 

HIV-1 remains a major global health challenge because its extraordinary genetic and 

antigenic diversity limits the breadth of many interventions. Broadly neutralizing antibodies 

(bNAbs) such as 3BNC117, 10-1074, and VRC01 can suppress viremia, delay viral rebound, 

and protect against sensitive viral strains in prevention settings (1–5). In particular, the 

Antibody Mediated Prevention (AMP) trials demonstrated that VRC01 conferred significant 

protection (~75% efficacy) against susceptible HIV-1 strains, but provided no protection 

against resistant strains, establishing that bNAb-mediated prevention is contingent on in vitro 

viral susceptibility (1, 6–8). These limitations motivate efforts to identify new antibody-

based therapeutics directed against the highly conserved, functionally constrained surfaces 

on the HIV-1 envelope (Env) glycoprotein, the sole protein accessible on the surface of the 

virus. 

 

HIV-1 entry is mediated by Env, a trimer of gp120-gp41 heterodimers that first engages the 

host receptor CD4 alongside a co-receptor, CCR5 or CXCR4, to trigger membrane fusion 

(9–11). In the closed, prefusion trimer, many of the most conserved regions of Env are 

shielded by protomer packing and a shield of glycans covering most of its surface, greatly 

limiting antibody accessibility (12, 13). Upon CD4 engagement, however, Env undergoes 

large conformational rearrangements in which gp120 protomers rotate outward, thereby 

exposing previously occluded surfaces (11, 14–18). These receptor-induced states are central 

to viral entry and may therefore reveal conserved vulnerabilities that are less permissive to 

mutational escape by the virus. 

 

We refer to one such CD4-induced surface as the caldera, a conserved, glycan-free region 

exposed near the center of the open trimer between gp120 protomers atop gp41 (Figure 1). 

This epitope is an attractive target because it is functionally constrained by the membrane 

fusion machinery and is more conserved than many antibody-accessible epitopes on the 

surface of closed Env. At the same time, the caldera is likely a challenging target, as it is 

transiently exposed, structurally dynamic, and positioned in a recessed region between 
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protomers. These features raise the possibility that compact binders may be better suited than 

conventional antibodies to target this region. 

 

 
Figure 1. Heat map on HIV-1 Env showing residue conservation across isolated 
sequences. 
Open and closed conformations shown, with the CD4-induced (CD4i) and caldera epitopes 

highlighted in green and red, respectively, in open Env. 17b IgG binding region used to show 

CD4i epitope. 
 

Camelid single-domain antibodies (VHH, or nanobodies) are well-suited for discovery efforts 

against such cryptic epitopes (19, 20). Their small size, single-domain architecture, and long 

CDR3 loops can enable access to recessed, sterically restricted epitopes that are difficult for 

conventional antibodies to reach. Nanobodies are also highly stable and can be readily 

reformatted into multivalent or multi-specific molecules, making them attractive for both 

mechanistic studies and therapeutic development. Their straightforward fusion to an IgG Fc 

also allows them to engage Fc-dependent effector functions, further expanding their use as 

antibody-based therapies. These properties suggest that nanobodies might provide a practical 

route toward targeting the HIV-1 caldera. 
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To discover caldera-directed binders, we developed a screening strategy based on soluble 

native-like Env trimers, termed SOSIPs, from multiple HIV-1 clades in both 

conformationally flexible and disulfide-stabilized forms (12, 21–24). Flexible open SOSIPs 

in the presence of soluble CD4 (sCD4) were used to enrich for binders recognizing receptor-

induced open conformations, whereas disulfide-stabilized (DS) trimers were used to deplete 

binders recognizing closed, prefusion Env. We combined these engineered probes with a 

synthetic yeast display VHH library and iterative rounds of magnetic- and fluorescence-based 

enrichment to favor the isolation of nanobodies recognizing CD4-induced conformations 

while reducing enrichment of off-target binders, including those targeting the CD4-induced 

(CD4i) epitope at the apex of gp120 protomers also revealed upon CD4 engagement. This 

first screening campaign yielded candidates with selective binding to open Env, though 

downstream characterization indicated recognition of a composite quaternary epitope 

involving both CD4 and open trimer rather than the caldera region alone. These results 

nonetheless establish a framework for future caldera-focused discovery efforts and identify 

design constraints that should improve subsequent screens. 

 

4.3 Results 
4.3.1 Production and validation of SOSIP Env trimers 

To screen for nanobodies that bind selectively to CD4-induced epitopes, we prepared 

multiple soluble HIV-1 Env reagents representing three distinct HIV-1 clades for breadth. 

We selected BG505, B41, and ZM197M from clades A, B, and C, respectively, with 

SOSIPv2 stabilizing mutations (A501C-T605C, I559P, R6, ΔMPER) to retain native-like 

conformational flexibility (24). To generate conformationally-locked SOSIPs for negative 

selection, we introduced the 201C-433C disulfide (DS) bond into each to create DS-BG505, 

DS-B41, and DS-ZM197M (23). These DS-SOSIPs are unable to undergo CD4-induced 

conformational changes and therefore serve as tools to deplete nanobodies that bind to the 

exterior of the closed trimer. All six constructs were expressed in mammalian cells and 

purified over a PGT145 affinity column followed by size-exclusion chromatography (SEC) 

(Figure 2a). We confirmed by SDS-PAGE all six preps were clean and at the appropriate 

molecular weights (Figure 2b). 



 149 
 

 
Figure 2. HIV Env SOSIP purification and characterization. 

(a) SEC traces after purification by Superose 6 Increase 10/300 GL. 

(b) Non-reduced SDS-PAGE analysis of pooled fractions shown for all six constructs. 

(c) ELISA binding data indicating minimal binding of CD4i IgGs (17b, 21c, E51) in closed 

DS-BG505 compared to open BG505 with CD4 (25–27). 10-1074 IgG is a positive control 

in both. 
 

For downstream screening and binding assays, SOSIPs were modified using EZ-Link NHS-

esters to randomly label primary amines on accessible lysine residues and the N-terminus. 

Using these reagents, we generated biotinylated and Alexa Fluor 647 (AF647)-labeled 

SOSIPs. Non-reduced SDS-PAGE on SOSIP-streptavidin complexes confirmed successful 

biotinylation for all six constructs via a shift in molecular weight. Enzyme-linked 

immunosorbent assay (ELISA) on streptavidin-coated plates using a panel of bNAbs 

confirmed epitope accessibility, including the CD4-induced (CD4i) epitope in non-DS 

constructs in the presence of soluble CD4 (sCD4). In the absence of sCD4, limited CD4i 

binding was observed in B41 and ZM197M SOSIPs, consistent with what has been 
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previously reported (24). DS-SOSIPs exhibited minimal binding at the CD4i epitope, as 

expected, highlighting the importance of using these conformationally-locked constructs to 

avoid inadvertently depleting candidates bound to partially open SOSIPs (Figure 2c). 

Fluorescence-activated cell sorting (FACS) using yeast displaying either the CD4bs 

nanobody J3 or the CD4i single-chain variable fragment (scFv) 17b likewise confirmed 

successful AF647 labeling and epitope accessibility for all six AF647-labeled constructs. 

 

4.3.2 Screening for caldera-binding nanobodies using yeast display 
Using a VHH nanobody library developed for screening in yeast by the Kruse lab at Harvard, 

we performed iterative rounds of magnetic-activated cell sorting (MACS) using anti-AF647 

magnetic beads against our AF647-labeled constructs to enrich for likely binders before 

performing FACS (28). MACS enrichment consisted of three rounds, M1-M3, with yeast 

cultures expanded in between each (Figure 3, top row). 

 

 
Figure 3. Screening workflow, including MACS (top row) and FACS (bottom row). 
Iterative rounds of MACS (top row) and FACS (bottom row) to enrich for binders exclusive 

to open Env. 
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Remove binders to exterior of HIV 
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DS-B41 depletion

DS-ZM197M depletion

Round M1 — MACS
Closed Env depletion

Round F1 — FACS with BG505
Open Env selection

BG505 + CD4 selection

BG505 + CD4 + 21c
scFv selection

F1A

F1B

DS-BG505 + CD4 
depletion

Remove binders to CD4 in 
complex with HIV Env. Enrich 
depletion with open BG505.

DS-B41 + CD4 
depletion

DS-ZM197M + CD4 
depletion

Round M2 — MACS
Closed CD4-bound Env depletion

BG505 + CD4 selection

Round F2 — FACS with B41
Open Env selection

B41 + CD4 selection

B41 + CD4 + 21c scFv
selection

F2A

F2B

Round M3 — MACS
Open Env selection

B41 + CD4 selection

ZM197M + CD4 
selection

BG505 + CD4 selection

Enrich for binders to open HIV Env. After 
depletions, hopefully mostly caldera-

binding candidates are left, so enrich for 
candidates that bind all three clades.

Round F3 — FACS with ZM197M
Open Env selection

ZM197M + CD4 
selection

ZM197M + CD4 + 21c
scFv selection

F3A

F3B



 151 
In the first MACS round, nanobodies were depleted using DS-SOSIPs to remove binders to 

closed Env. After incubating with DS-BG505, nanobody-displaying yeast were washed to 

remove excess unbound antigen before incubating with anti-AF647 magnetic beads. Another 

wash was performed to remove excess beads before running the culture through an LD 

depletion column by gravity at 4°C, with DS-BG505 binders being retained on the column. 

The flowthrough was then incubated with DS-B41 and the process repeated, including a third 

time with DS-ZM197M. For round two, DS-SOSIPs were complexed with a molar excess 

amount of sCD4 (1:6 DS-SOSIP:sCD4) before incubating with nanobody-displaying yeast 

to remove potential off-target binders to sCD4, including interfaces overlapping both sCD4 

and DS-SOSIP. Despite not undergoing conformational changes, DS-SOSIPs are known to 

complex with sCD4 (29). Like in round one, excess antigen and excess beads were removed 

before collecting the flowthrough from LD columns. This was done with DS-BG505-sCD4, 

DS-B41-sCD4, and DS-ZM197M-sCD4 in succession before running a final selection using 

pre-incubated BG505-sCD4 (i.e., open Env in 1:6 BG505:sCD4 molar amounts) through an 

LS selection column to enrich for possible binders. In this case, our desired cells were eluted 

from the column before expanding. Finally, we ran a series of selection steps to enrich for 

open Env binders using our BG505, B41, and ZM197M antigens in succession, each pre-

complexed with sCD4 (1:6 SOSIP:sCD4), through LS columns. The final enriched culture 

was expanded once more before FACS experiments. 

 

FACS enrichment was similarly done over three rounds, F1-F3, with each based on binding 

to a single SOSIP antigen complexed with sCD4 (Figure 3, bottom row). In addition to our 

AF647-labeled SOSIP probes, each round included AF488-labeled anti-HA antibodies that 

bound to HA tags fused at the C-terminal ends of displayed nanobodies to sort between yeast 

that failed to display (no signal), yeast that displayed non-binders (488-positive), and yeast 

that displayed binders (488- and 647-double-positive). Additionally, each FACS round was 

split into two groups, A and B, with group B including 21c scFv in antigen pre-incubation to 

screen with SOSIP-sCD4-21c complexes. 21c is a CD4i antibody that binds exclusively to 

open Env with an epitope footprint that includes CD4, making the antibody lean “outward” 

from the center (26). In including it, we intended to block this epitope to deplete off-target 
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binders against this site, leaving only caldera-binding candidates in our double-positive cell 

population. 

 

After the first FACS round with BG505-sCD4 (F1A) and BG505-sCD4-21c (F1B), we 

noticed the latter had a smaller double-positive population (1.86%, vs 5.86%), suggesting 

our second group indeed depleted additional (presumably off-target) binders (Figure 4, left). 

After the second round using our B41 SOSIP probe, the group with 21c (F2B) had an 

approximate 5-fold increase in the proportion of cells in the double-positive population to 

10.14% (Figure 4, center). This jump was due to our enrichment in the previous round—

while the double-positive population in the first group remained at ~5% (F1A and F2A), the 

double-positive population in the group with 21c saw an enrichment that excluded CD4i 

binders (F1B and F2B). With non-CD4i binders taking up a larger proportion of counts in 

the second group with 21c, we expect to see this jump in F2B but not F1B. Finally, the third 

round was done with ZM197M (Figure 4, right). For both groups, F3A and F3B, we had 

incredibly low double-positive counts (<1%), which we attribute to the relatively poor 

stability of our ZM197M probe, especially since the double-positive population was the only 

one with a drastic change. Cell stocks collected after MACS and each FACS run were deep 

sequenced to yield ~1000 unique sequences across all enrichment steps. Candidates with the 

highest sequence counts in each group were conservatively chosen across all cell stocks for 

a total of 31 candidates, with many showing clear patterns of enrichment (i.e., consistently 

high sequence counts after each enrichment step). 
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Figure 4. Iterative rounds of FACS enrichment using Env SOSIPs across three clades. 

BG505 (left), B41 (center), and ZM197M (right). Bottom row screens included 21c scFv. 

 

Parallel efforts with industry collaborators at Protabit yielded additional candidates. Using a 

promiscuous pre-existing VHH library they designed to screen for binders against vascular 

endothelial growth factor (VEGF), they executed a simplified protocol using only BG505 

and DS-BG505, the most stable probes. MACS was first performed to deplete binders to 

closed DS-BG505 (with and without sCD4 to deplete DS-BG505-sCD4 binders) and 

followed up with a selection to enrich for binders against open BG505-sCD4. The enriched 

population was then further sorted through iterative rounds of FACS. Similar to MACS, the 

first FACS experiments involved depletion and selection rounds using DS-BG505 and 

BG505-sCD4, respectively. A second round was performed with similar depletion and 

selection rounds, except the BG505-sCD4 selection was performed using M48U1 in place 

of sCD4 (i.e., BG505-M48U1) due to its higher affinity to gp120 (KD, M48U1 = 0.0154 nM vs 

KD, CD4 = 7.68 nM) (30). Binders to BG505-M48U1 were collected (population 1). A third 

round of depletion and selection was performed using BG505-sCD4 for selection; selected 
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binders were collected (population 2). Finally, cells in populations 1 and 2 were sorted with 

and without 21c scFv, a CD4i antibody, to deplete potential off-target CD4i binders in each 

population. Binders in populations 3 (population 1 without 21c), 4 (population 1 with 21c), 

and 5 (population 2 with 21c) were deep sequenced, and ten candidates were selected for 

further characterization. 

 

4.3.3 Sequence analysis and binding assays reveal five candidates bind exclusively to 
open Env 
Enriched candidates from both in-house and Protabit selections showed high sequence 

diversity across CDR3 regions, consistent of successful library screening rather than clonal 

expansion artifacts (31). Analysis of in-house candidates revealed CDR3 lengths ranging 

from 8 to 20 residues, with considerable amino acid variation at each position (Figure 5a). 

CDR1 and CDR2 were fixed in length as expected (9 and 14 residues, respectively), whereas 

CDR3 length varied substantially. CDR3 is typically the longest loop and is usually directly 

responsible for antigen recognition. In our case, we expected longer loops to reach further 

into the caldera, and sequencing revealed that eight of our 31 candidates had the maximum 

CDR3 length of 20 residues (28). Protabit candidates similarly showed encouraging diversity 

profiles despite originating from a more constrained library design (Figure 5b). Their 

synthetic VHH library was fundamentally different from our in-house approach, with all loops 

fixed in length and the CDR3 loop constrained to a relatively short 10-mer length. Among 

these ten CDR3 residues, seven positions were varied in their library design. Despite this 

constraint, the ten candidates they provided (P1 through P10) displayed substantial sequence 

variation across these variable positions, with relatively few positions sharing the same 

amino acid across candidates. This diversity was particularly notable given their streamlined 

selection protocol focused exclusively on BG505 SOSIP, suggesting that multiple distinct 

binding solutions to the open Env surface had been captured. 
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Figure 5. Sequence diversity for candidates isolated in-house and by Protabit. 

(a) Sequence diversity across CDR1, CDR2, and CDR3 loops in in-house candidates. 

(b) Sequence diversity across 7 residues in CDR3 loop for Protabit candidates. 

 

To evaluate biding profiles for all 41 candidates (31 in-house and 10 from Protabit), VHH-Fc 

constructs were expressed in 2-mL mammalian cultures using a 96 deep well plate format. 

Initial binding assessment was performed by ELISA using culture supernatants against plates 

coated with DS-BG505 (closed Env) or BG505-sCD4 (open Env) (Figure 6a). Potential 

candidates should not bind closed Env but should bind open Env. This small-scale screening 

revealed that none of the 31 in-house candidates bound exclusively to open Env. The in-

house candidates included binders to both open and closed antigens, binders exclusive to 

closed antigens, and binders to neither, indicative of failed selections. However, two Protabit 

candidates, P4 and P5, showed clear preferential binding to BG505-sCD4 over DS-BG505. 
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Figure 6. ELISA binding profiles for enriched in-house and Protabit candidates. 10-
1074 IgG was used as a positive control (blue curves) and either Nb.201-Fc or C118 IgG 
was used as a negative control (red curves). 

(a) Small-scale supernatant ELISA binding profiles for select candidates in both in-house 

and Protabit efforts. 

(b) Purified protein ELISA binding profiles for all Protabit candidates that expressed well. 

Variable CDR3 residues for five candidates (boxed in red) shown on the right. 

 

To validate these initial findings and assess additional candidates, all ten VHH-Fc constructs 

were scaled up for purification. Of the ten, eight expressed successfully including P4 and P5. 

These eight were purified by Protein A affinity chromatography followed by SEC and 

reassessed by ELISA using purified protein rather than supernatant (Figure 6b). This 

analysis revealed that three additional candidates, P1-P3, also bound exclusively to open 

Env, bringing the total number of candidates up to five. Analysis of the CDR3 sequences for 

these five successful candidates (P1-P5) revealed that certain residues were shared at specific 

positions, with none carrying the basic residues (Lys, Arg, or His) that had been present 

across the broader P1-P10 set (Figure 6b, right). Overall, the CDR3 loop narrowed in on a 

select few residues in positions 1 (Phe), 2 (Pro), 6 (Asp), and 7 (Asp). 
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strongly to CD4, despite prior depletion steps using DS-BG505-sCD4 (Figure 7a). This 

result immediately indicated that the epitope was not the caldera because Env-bound CD4 is 

positioned too far from that region to allow any meaningful overlap. This suggested that 

sCD4 forms part of the candidates’ epitope footprint. 

 

 
Figure 7. ELISA binding profiles for candidates against (a) sCD4 alone, (b) gp120 
monomer with and without sCD4, and (c, bottom row) closed and open Env, with sCD4 
or M48U1. 
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antibody) showed preferential binding to gp120 in the presence of sCD4, confirming access 

to the CD4i epitope (27). However, none of our five candidates showed substantial binding 

to gp120 monomer, with or without sCD4. This ruled out recognition of the classical CD4i 

epitope and supported the idea that the candidates recognize a quaternary epitope overlapping 

sCD4 and BG505 that requires the antigen to be trimeric. 
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ELISAs comparing BG505-sCD4 and BG505-M48U1, both open Env, showed that all 

candidates maintained binding to M48U1-bound trimers, confirming that their binding was 

exclusive to the open state regardless of whether sCD4 or M48U1 was used to trigger 

conformational changes (Figure 7c). However, binding to BG505-M48U1 showed 

noticeably weaker signal intensity compared to BG505-sCD4, with modest rightward shifts 

in the binding curves indicative of reduced apparent affinity. This suggested that while the 

candidates could recognize the quaternary epitope in M48U1-bound open trimers, the 

epitope was partially dependent on contacts with bound sCD4. The preservation of binding 

in the absence of sCD4 supported our quaternary epitope theory, as binding that was 

completely absent on CD4-bound gp120 monomers was restored in M48U1-bound trimers. 

 
4.3.4 Structural studies were hindered by limitations in sample preparation 
Given the selective binding profiles of candidates P1-P5 to open Env, we sought to determine 

their binding sites through electron microscopy. However, structural characterization of 

Protabit candidates, in both VHH and VHH-Fc formats, was limited primarily by challenges in 

sample preparation arising from their weak binding affinities. Although binding kinetics 

could not be determined accurately because experiments were performed using bivalent VHH-

Fc constructs, ELISA data clearly indicated weaker interactions compared to control 

antibodies (Figure 7c). This weak binding became the central limitation for both negative-

stain EM (nsEM) and cryogenic EM (cryo-EM) sample preparation. 

 

Structural studies of protein complexes typically involve incubating the target with excess 

ligand and then purifying the assembled complex by SEC to remove any unbound 

components. However, for weakly bound ligands, SEC can drive dissociation because the 

non-equilibrium conditions across the column continuously separate free ligand from the 

complex, thereby favoring ligand loss. This phenomenon is well documented and was 

consistent with our observations (32). In our case, purification of BG505-sCD4-VHH samples 

by standard SEC resulted in dissociation of the Protabit candidates from the complex, such 

that purified material no longer retained clear evidence of VHH occupancy. This dissociation 

was evident in cryo-EM attempts (Figure 8a). Cryo-EM reconstruction of purified BG505-
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sCD4-P5 VHH complexes revealed BG505 particles coupled only with sCD4, with the P5 

VHH notably absent from the density map (Figure 8a). Attempts to image unpurified samples 

(to limit dissociation) were also unsuccessful as grids were too heterogeneous for particle 

classification, even after reducing the amount of excess ligand in the assembly reactions from 

the previously used 1:6:6 BG505:sCD4:VHH molar ratio to 1:3.5:3.5. Similar heterogeneity 

was observed by nsEM, where only purified samples yielded clearly identifiable trimer 

particles (Figure 8b). Despite not obtaining structures due to low resolution, these purified 

complexes were likely devoid of bound VHH due to dissociation during purification. 

 

 
Figure 8. Attempts at structural characterization by cryo-EM and nsEM. Images 
courtesy of Edem Gavor. 
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(a) Cryo-EM map of BG505 complexed with sCD4. P5 VHH (monomer) is notably absent. 

Similar results for P5 VHH-Fc. 

(b) nsEM images of BG505-sCD4 (left), unpurified BG505-sCD4-P4 VHH (center), and 

purified BG505-sCD4-P4 VHH (right). 

 
4.3.5 Proposed epitope model based on binding constraints 

By pulling together insights from the candidate binding profiles in Figure 7, we were able to 

define the constraints for the epitope recognized by candidates P1-P5. The data indicate that 

the epitope is exclusive to open Env, includes contacts with CD4, requires a quaternary 

trimeric antigen, is distinct from the well-characterized CD4i epitope, and remains accessible 

in the M48U1-bound open Env. Based on these constraints, we propose that the candidates 

recognize a composite interface formed between CD4 and the open Env trimer, likely 

positioned at or near the junction between protomers where CD4-induced conformational 

changes create a novel binding surface (Figure 9). 

 

 
Figure 9. Proposed epitope model showing putative binding site at CD4-Env interface 

accessible only in the open conformation. 
(a) Model of closed BG505 (PDB: 8fyi). Glycans in pink. 

(b) Model of sCD4-bound open BG505 (PDB: 6u0l) with putative binding site. 

(c) Model of M48U1-bound open BG505 (PDB: 7lok) with sequence conservation mapping. 

Glycans represented as clear regions. 

 

Comparison of closed and CD4-bound open Env suggests that this epitope emerges from 

quaternary rearrangements that accompany Env opening (14, 15). The candidates’ inability 

putative
candidate 

binding site

a b c
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to bind monomeric gp120, even in the presence of sCD4, indicates that the epitope requires 

contributions from multiple protomers or from conformational changes that are only possible 

in the context of trimers. The preservation of binding to M48U1-bound open trimers, albeit 

with reduced apparent affinity, suggests that while sCD4 provides optimal contacts, the 

underlying quaternary surface is maintained when opening is triggered by the CD4-mimetic. 
 

4.4 Discussion 
4.4.1 Simplified screens isolated binders exclusive to open Env 
Our VHH screening campaign yielded important insights despite not achieving its primary 

goal of isolating caldera-specific nanobodies. The identification of five candidates that 

selectively bind to a novel quaternary epitope on open Env demonstrates the effectiveness of 

systematic depletion and enrichment strategies for epitope discovery. While these candidates 

ultimately bound a CD4-overlapping interface rather than the caldera, their consistent 

selection across multiple enrichment rounds and their conformational specificity validate the 

underlying screening framework. 

 

The success of Protabit’s streamlined approach relative to the in-house multi-antigen 

workflow provides a clear lesson for future discovery efforts. Our initial MACS screening 

strategy was likely hindered by the use of an overly complex workflow built around antigens 

with suboptimal stability and behavior, particularly ZM197M and possibly B41. In 

retrospect, the lower-quality antigens likely produced poorer screening outcomes for our in-

house efforts and enriched for unintended populations before evening moving forward with 

FACS-based screening. Therefore, it is unsurprising that Protabit’s streamlined protocol 

using only the well-characterized and best behaving BG505 SOSIP yielded candidates 

consistent with their screen design. By minimizing antigen-related variability, their approach 

enabled cleaner and more efficient enrichment. 

 

Building off this success, future screens will incorporate M48U1 exclusively in place of 

sCD4. M48U1 exhibits significantly stronger binding affinity for gp120 than sCD4 (KD,M48U1 

= 0.0154 nM vs. KD,sCD4 = 7.68 nM), making open trimers more stable during screening 
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conditions as its less likely for Env revert to its closed state via M48U1 disassociation (30). 

Additionally, the use of M48U1 eliminates the off-target enrichment to sCD4 observed in 

our campaign, thereby eliminating the need for complex depletion strategies. As M48U1 was 

already used in initial screens, eliminating sCD4 further simplifies the protocol. In 

downstream assays, binding profiles for sCD4-bound and M48U1-bound open Env should 

be near identical, providing another sanity check during ELISA-based characterizations. 

 

4.4.2 Therapeutic potential and accessibility of the novel epitope 
The identification of a novel quaternary epitope at the CD4-Env interface raises several 

important questions regarding its potential as a therapeutic target. Conservation analysis 

across HIV-1 strains indicates that this epitope is indeed well-conserved, as demonstrated by 

the structural mapping of sequence conservation onto the proposed binding region in Figure 

9. This conservation likely reflects functional constraints imposed by CD4-induced 

conformational changes necessary for viral entry. While encouraging as a potential 

therapeutic target, caution must be taken as the candidates are susceptible to off-target effects 

due to them being able to bind CD4 in the absence of Env. It might be worth assessing 

whether our candidates are neutralizing when linked to sCD4, consistent with previous 

pseudovirus neutralization experiments using 17b scFv which found only linked constructs 

showed some neutralizing activity (33, 34). This might not be feasible in our case, however, 

as we expect candidate binding to linked sCD4 to result in aggregation. 

 

The accessibility of this epitope to conventional antibodies remains an important unresolved 

question as well. All five candidates from our screen were single-domain VHH nanobodies 

with relatively short CDR3 loops (ten residues), despite the convention that longer loops 

would be advantageous for accessing cryptic or recessed epitopes on the Env surface (35). 

The success of compact nanobodies with constrained CDR3 regions could indicate either 

that the epitope is more structurally accessible than initially assumed, or alternatively that 

these particular candidates are engaging BG505-specific glycans arrangements rather than a 

cryptic protein epitope. While structural analysis of the BG505 structure indicates the region 

of interest likely lacks N-linked glycans, comprehensive structural characterization of these 



 163 
complexes is essential to distinguish between binding to a quaternary protein interface versus 

recognition of a strain-specific glycan pattern that happens to be CD4-dependent and is 

difficult to visualize on structures. Should the epitope in fact be on the protein surface, the 

question that follows is whether larger antibodies can access the same region given the 

potential steric occlusion by nearby glycans. This is especially true when considering the 

V1V2 loops, which are disordered in open Env and can carry N-linked glycans capable of 

limiting binder access (14, 36). If this is the case, this may explain in part why antibodies 

against this epitope have yet to be isolated and characterized. Nonetheless, while the epitope 

is novel, binding to CD4 ultimately limits its practical use as a therapeutic target. 

 

4.4.3 Why CD4i antibodies have been isolated but anti-caldera antibodies have not 
CD4i antibodies such as 17b, E51, and 21c have been characterized since the early 1990s 

and continue to expand as a class, while no antibody recognizing the caldera has been 

reported despite its high conservation and similar accessibility conditions in open Env (25–

27). Although both epitope classes are unmasked by CD4 engagement, highly conserved, 

and absent in closed trimers, several key factors help explain why one has been extensively 

characterized while the other remains elusive. 

 

CD4i epitopes lie on the outward-facing surface of individual gp120 monomers, including 

the bridging sheet and the base of V3, and can be fully reconstituted on monomeric gp120-

CD4 complexes without contributions from neighboring protomers (11). The caldera, by 

contrast, is a quaternary surface that requires the simultaneous outward rotation of all three 

gp120 protomers and does not exist on a monomeric gp120, closed trimers, or any partial 

assembly (14, 15, 17). The minimal antigenic unit for caldera recognition is therefore the 

fully open trimer. The same constraint may extend to the quaternary epitope identified in this 

study, which has likewise not been previously characterized. However, monomeric gp120 

served as the standard HIV-1 immunogen and discovery bait for decades, ever since its co-

crystal structure with CD4 and 17b Fab was solved (11). CD4i antibodies isolated during 

that time were recovered using this monomeric reagent. No analogous trimeric reagent 

existed for the caldera until stable soluble Env trimers became available beginning with 



 164 
BG505 SOSIP.664 in 2013 (12). Cryo-EM structures that actually defined and characterized 

the caldera only began appearing in 2016 and 2017, meaning the caldera has been screenable 

for about a decade compared to over three decades for CD4i sites (14, 15). 

 

Antigen exposure also plays a role in the lack of isolated anti-caldera antibodies. Productive 

opening of Env at the cell surface during infection is brief, irreversible, and rapidly succeeded 

by membrane fusion, making the open trimer a kinetic intermediate rather than a steady-state 

population (37, 38). CD4i antibodies can be elicited by shed gp120 or by gp120 in transient 

association with cellular CD4, neither of which requires the trimer to be intact (39–41). The 

caldera, however, requires that the entire trimer remain assembled and open long enough to 

engage rare germline B cell precursors, a configuration unlikely to persist during infection. 

The same may apply to the quaternary epitope identified herein if its presentation depends 

on the same short-lived open-state intermediate. Consequently, natural infection readily 

elicits non-neutralizing CD4i responses but mounts essentially no detectable response 

against the caldera. 

 
Despite these challenges, caldera targeting appears feasible in principle. The surface has been 

visualized by cryo-EM, is solvent-accessible in the open trimer, and is largely free of glycan 

shielding (14, 15, 17). Small protein scaffolds, particularly VHH nanobodies and de novo 

designed miniproteins, have repeatedly demonstrated the ability to access similarly recessed 

pockets on other challenging targets (20, 42). In recent years, computational binder design 

has matured rapidly, with tools like RFdiffusion, BoltzGen, and ProteinMPNN now routinely 

producing picomolar binders against difficult targets without requiring any natural template 

or starting point, so potential caldera binders may be generated and enriched in our improving 

screening workflow in the coming years (43–46). 

 

4.4.4 Future directions 
Ongoing efforts by Protabit are already began implementing M48U1-exclusive screening 

strategies combined with BG505-3fill trimers with three engineered N-linked glycans to 

block (or “fill”) an immunogenic hole in the BG505 glycan shield (47). Additionally, 
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computational in-house efforts utilizing BoltzGen to generate binders are underway. Should 

an anti-caldera binder be isolated from either effort, we would implement the same 

characterization workflow described herein with the hope of arriving at structures of 

candidates bound to the Env caldera. Once validated, we can also co-develop a bi-functional 

molecule by fusing the caldera binder to an engineered CD4 that is specific to gp120 (48). 

This construct would combine CD4-mediated Env opening with caldera-specific 

engagement, allowing caldera binders to bind on free virions before they infect healthy cells. 

Finally, our methodological advances developed for HIV-1 caldera targeting can be 

translated to other challenging viral targets, especially those concerning transient viral 

epitopes such as in influenza HA stem regions and RSV F prefusion sites, where similar 

challenges with epitope accessibility and conformational specificity arise (49, 50). 

 

4.5 Materials and Methods 
4.5.1 Protein expression and purification 

Mammalian transfections for all constructs in this study were performed by the Protein 

Expression Center (PEC) using Expi293 cells. SOSIP trimers were purified over 5-mL 

PGT145 affinity columns with PBS (20 mM sodium phosphate, 150 mM NaCl, pH 7.4) as 

running buffer and eluted with 3M MgCl2. Size-exclusion chromatography (SEC) was then 

performed over Superose 6 Increase 10/300 GL equilibrated with PBS. sCD4 constructs were 

His-tagged and purified with Ni-NTA affinity columns (PBS pH 7.4 running buffer, 100 mM 

imidazole pH 7.4 elution buffer) before purifying over SEC with Superdex 200 Increase 

10/300 GL equilibrated with PBS (pH 7.4). VHH-Fc candidates were purified by Protein A 

affinity columns (PBS pH 7.4 running buffer, 100 mM HCl-glycine pH 3 elution buffer) 

before purifying over SEC with Superdex 200 Increase 10/300 GL equilibrated with PBS 

(pH 7.4). Molecular weights for all purified samples were confirmed via SDS-PAGE. 

 

4.5.2 SOSIP labeling with amine chemistry 
SOSIPs were randomly AF647-labeled using Alexa Fluor 647 NHS ester (succinimidyl 

ester) (Thermo Fisher Scientific). SOSIP at 5 μM was mixed with 100 μM Alexa Fluor 647 

NHS ester (succinimidyl ester) (20X excess dye) in PBS, pH 7.4 and placed on a rocking 
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platform at 4°C overnight. Zeba spin desalting columns (7 kDa MWCO) were then used to 

remove excess dye. SOSIP preps were split into 50-µg aliquots before flash freezing and 

storing in -80°C. The same protocol was used for randomly biotinylating SOSIPs, except 

with EZ-Link NHS-PEG4-Biotin kit (Thermo Fisher Scientific) in place of AF647. 

Similarly, zeba spin columns (7 kDa MWCO) were used to remove excess biotin before flash 

freezing and storing 50-µg aliquots. 

 

4.5.3 Yeast display library screening 
A synthetic VHH nanobody yeast display library developed in the Kruse laboratory was 

screened by iterative magnetic-activated cell sorting (MACS) followed by fluorescence-

activated cell sorting (FACS), adapted from the yeast-display nanobody discovery workflow 

of McMahon et al (28). Yeast cultures were expanded between enrichment rounds. MACS 

enrichment consisted of three rounds. In the first round, negative selection was performed 

sequentially with DS-BG505, DS-B41, and DS-ZM197M to deplete binders to closed Env. 

For each depletion step, induced nanobody-displaying yeast were incubated with AF647-

labeled antigen, washed to remove excess unbound probe, incubated with anti-AF647 

magnetic beads, washed again, and applied by gravity to an LD depletion column at 4°C; 

cells retained on the column were discarded and the flowthrough was carried forward. In the 

second round, negative selection was repeated sequentially with DS-BG505, DS-B41, and 

DS-ZM197M pre-complexed with sCD4 at a 1:6 SOSIP:sCD4 molar ratio to deplete binders 

to sCD4 and to epitopes formed at or near the SOSIP-sCD4 interface. Following these 

depletion steps, positive selection was performed with BG505 pre-complexed with sCD4 at 

a 1:6 BG505:sCD4 molar ratio using an LS selection column, and retained cells were eluted 

and expanded. In the third MACS round, positive selections were performed sequentially 

with BG505-sCD4, B41-sCD4, and ZM197M-sCD4, each pre-complexed at a 1:6 

SOSIP:sCD4 molar ratio, using LS columns to further enrich for open-Env binders. The final 

enriched population was expanded before FACS. 

 

FACS enrichment was then performed over three rounds using AF647-labeled SOSIP-sCD4 

probes and AF488-labeled anti-HA antibody to monitor display of HA-tagged nanobodies. 
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In each round, yeast were gated to distinguish non-displaying cells, displaying non-binders, 

and double-positive displaying binders. The double-positive population was collected for 

expansion. Each FACS round was split into two parallel groups. In group A, cells were 

screened with SOSIP-sCD4 complexes alone. In group B, antigens were pre-incubated with 

both sCD4 and 21c scFv to block the 21c-defined CD4-induced epitope and thereby reduce 

recovery of binders targeting that region. The first, second, and third FACS rounds used 

BG505-sCD4, B41-sCD4, and ZM197M-sCD4, respectively, with matched 21c-containing 

conditions in the parallel group. Cell pellets collected after MACS and after each FACS 

round were subjected to deep sequencing, and candidate VHHs were selected from enriched 

sequence populations for downstream characterization. 

 
4.5.4 Deep sequencing and sequence analysis 
Deep sequencing of enriched VHH populations was performed by Protabit using a proprietary 

nanopore sequencing approach adapted from the R2C2 method for improved accuracy (51). 

Briefly, target VHH regions were PCR-amplified using campaign-specific primers designed 

to capture the full variable domain. Amplicons were then circularized and subjected to rolling 

circle amplification (RCA) to generate concatemers containing multiple copies of each 

unique sequence. The RCA products were debranched and size-selected by gel 

electrophoresis to balance the number of sequence repeats per molecule with total read count. 

Size-selected products were processed using a standard Oxford Nanopore sequencing 

workflow. 

 

Raw nanopore reads were processed using the C3poa package to generate highly accurate 

consensus sequences from the concatemeric reads, leveraging the multiple copies of each 

sequence within individual molecules to correct sequencing errors. Campaign-specific 

downstream processing was applied to identify unique VHH variants and quantify their 

relative abundances across enrichment rounds. 

 

For sequence analysis, VHH candidates with high sequence counts and consistent enrichment 

patterns across multiple rounds were selected for further characterization. Multiple sequence 
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alignment of variable domain sequences was performed using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). Sequence logo plots were generated using 

WebLogo 3 (http://weblogo.threeplusone.com/) for the Protabit candidates, which had 

uniform CDR3 lengths suitable for positional analysis. In-house candidates, which exhibited 

variable CDR3 lengths ranging from 8 to 20 residues, were analyzed for length distribution 

and diversity patterns but were not included in logo plot analysis due to length heterogeneity. 

 

4.5.5 Enzyme-linked immunosorbent assay (ELISA) 
Streptavidin-coated 96-well plates (Thermo Fisher Scientific) were coated with 50 µL per 

well of 5 µg/mL randomly biotinylated BG505 or DS-BG505 and incubated for 1 hour at 

room temperature. Plates were then washed with TBS-T to remove excess unbound antigen. 

For assays evaluating binding to open Env, BG505-coated wells were incubated with sCD4 

at 100 µg/mL for at least 2 hours at room temperature, while DS-BG505-coated wells 

received an equivalent volume of TBS-T for consistency. The sCD4-containing solution was 

not removed before addition of candidates in order to minimize sCD4 dissociation from 

BG505. Therefore, after addition of an equal volume of candidate, the final sCD4 

concentration in BG505 wells was 50 µg/mL. Candidates were added directly to wells in 

duplicate as serial dilutions and incubated for 2 hours at room temperature. Purified proteins 

were tested as four-fold serial dilutions beginning at 200 µg/mL, yielding an initial in-well 

concentration of 100 µg/mL, whereas supernatants were tested as four-fold serial dilutions 

beginning at 5X, yielding an initial in-well dilution of 10X. Plates were then washed twice 

with TBS-T. Bound candidates were detected with 50 µL per well of HRP-conjugated anti-

human Fc secondary antibody (Abcam) at a 1:10,000 dilution for 1 hour at room temperature. 

After two additional washes with TBS-T, 50 µL of Ultra TMB-ELISA substrate solution 

(Thermo Fisher Scientific) was added to each well and incubated for 10 min before 

quenching with 50 µL of 1.0 N HCl. Absorbance was measured at 450 nm. 

 

4.5.6 Cryo-EM 
Cryo-electron microscopy was performed as described previously to determine high-

resolution structures of VHH-Env complexes (17). Briefly, VHH candidates (in VHH or VHH-
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Fc formats) were incubated with open BG505-sCD4 Env complexes at a 1:3.5:3.5 molar 

ratio and overnight at 4°C. Multiple purification strategies were tested: unpurified samples 

were used to preserve weak interactions, while SEC with PBS pH 7.4 running buffer was 

performed using analytical Superose 6 Increase 3.2/300 columns at flow rates of 0.01-0.02 

mL/min and preparative Superose 6 Increase 10/300 GL columns to remove excess unbound 

components. Complex formation and stoichiometry were validated by mass photometry 

before grid preparation. Aliquots of 3 μL were applied to grids, blotted for 3 seconds with a 

blot force of 1 using a Vitrobot Mark IV, and plunge-frozen in liquid ethane. Grids were 

imaged using a Titan Arctica transmission electron microscope with a 6k x 4k Gatan K3 

direct electron detector and running SerialEM package for automated data collection. Particle 

picking, 2D classification, and 3D reconstruction were performed using RELION. 

 

4.5.7 Negative-stain EM 
Negative-stain electron microscopy was performed as described previously to assess VHH-Fc 

binding to BG505-sCD4 complexes (14). Briefly, candidate VHH or VHH-Fc was complexed 

with BG505 after overnight incubation with sCD4 at 4°C using a 1:6:6 molar ratio of 

BG505:sCD4:VHH(-Fc) for complexes undergoing SEC purification, or a 1:3.5:3.5 molar 

ratio for samples requiring unpurified preparation. SEC was performed using a Superose 6 

Increase 10/300 GL column equilibrated in PBS. For unpurified samples, excess unbound 

components were diluted to minimize background interference during grid preparation. 

Samples were applied to glow-discharged carbon-coated copper grids, blotted, and stained 

with 2% (w/v) uranyl acetate. Grids were imaged using a Tecnai Spirit transmission electron 

microscope operated at 120 kV. Images were collected at magnifications ranging from 

52,000x to 150,000x to visualize individual Env trimers and assess complex formation. 
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C h a p t e r  5  

CONCLUSION AND OUTLOOK 

5.1 Conclusion 
The recurring challenge addressed in this thesis is that viruses responsible for global 

pandemics are often defined by their ability to escape narrowly focused immune responses. 

HIV-1 and SARS-CoV-2 differ in their biology, infection timelines, and evolutionary 

dynamics, yet both illustrate the same central problem. Viral surface proteins that mediate 

entry must preserve essential receptor-binding and fusion functions, but they do so while 

tolerating substantial sequence variation, glycan shielding, conformational masking, or rapid 

antigenic drift. As a result, effective countermeasures must identify and exploit regions of 

viral vulnerability that are conserved, functionally constrained, and accessible under the right 

structural or immunological conditions. 

 

Chapter 2 addressed this problem in the context of sarbecovirus vaccine design. Building on 

prior mosaic nanoparticle studies, we used computational methods to select or engineer RBD 

antigens that reduced antibody recognition of variable class 1 and class 2 epitopes while 

preserving recognition of more conserved class 3 and class 4 epitopes (1–4). When displayed 

on mosaic nanoparticles, these antigens elicited cross-reactive antibody responses in mice. 

In particular, mosaic-7COM outperformed earlier mosaic designs in naïve and pre-vaccinated 

mice, supporting the idea that computational antigen selection can improve the ability of 

mosaic nanoparticles to focus immune responses toward conserved sites of vulnerability. 

 

Chapter 3 focused on a different but conceptually related strategy for HIV-1, using the virus’s 

dependence on CD4 as an entry receptor against it. CD4-containing biologics are attractive 

because HIV-1 cannot easily escape CD4 binding without compromising viral fitness (5–7). 

However, prior CD4-Ig molecules have been limited by poor pharmacokinetics and off-

target binding to class II MHC. By combining rational and computational design, we 

engineered gp120-specific CD4, or gCD4, which retained high-affinity gp120 binding while 
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reducing class II MHC binding and improving thermostability. When incorporated into CD4-

Ig formats, gCD4 improved pharmacokinetic behavior and neutralization breadth, including 

activity against clinically relevant HIV-1 strains. These findings support gCD4 as a platform 

for next-generation HIV-1 entry inhibitors. 

 

Chapter 4 then explored the discovery of nanobodies against conserved, receptor-induced 

surfaces on HIV-1 Env. The caldera represents a highly conserved and glycan-free region 

exposed upon CD4 engagement, but its recessed and transient nature makes it difficult to 

target with conventional antibodies. Using soluble Env trimers (SOSIPs), conformationally 

locked DS-SOSIPs, soluble CD4 (sCD4), 21c blocking conditions, yeast display, and 

iterative MACS and FACS enrichment, we established a screening framework for isolating 

open-state Env binders. Although this initial campaign did not identify caldera-specific 

nanobodies, it yielded candidates that preferentially bound open BG505-sCD4 relative to 

closed DS-BG505 and appeared to recognize a composite quaternary epitope involving both 

open Env and CD4. Thus, the screen succeeded in enriching for conformationally selective 

binders while revealing important constraints for future caldera-focused discovery efforts (8–

13). 

 

Taken together, these studies demonstrate three complementary molecular engineering 

approaches for countering viral diversity. Mosaic nanoparticles can bias humoral immunity 

toward conserved sarbecovirus epitopes. Engineered CD4 biologics can exploit HIV-1’s 

conserved receptor-binding requirement while reducing liabilities associated with native 

CD4. Conformationally selective nanobody discovery can probe transient viral entry 

intermediates that are poorly sampled by natural antibody responses. Across all three 

projects, the central theme is that conserved viral vulnerabilities are often not simply exposed 

and immunodominant. They must be engineered into view, selectively stabilized, or 

discovered through screening strategies that account for viral structure, dynamics, and 

immune selection. 
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5.2 Outlook 
The work described here points toward several future directions. For sarbecovirus vaccine 

design, mosaic-7COM should be evaluated in additional animal models and against more 

recent SARS-CoV-2 variants and zoonotic sarbecoviruses. Future studies should also define 

whether the improved serum breadth observed in mice translates to durable protection, long-

lived memory B cell responses, and protection against authentic virus challenge. At the 

design level, expanding the computational framework beyond available DMS datasets could 

enable the selection of antigens with larger numbers of mutations, improved developability, 

and better control over epitope accessibility. The broader principle of using antigenic 

diversity to disfavor strain-specific B cell activation may also be useful for other highly 

mutable viruses, including influenza and HIV-1. 

 

For HIV-1 entry inhibition, gCD4 provides a promising platform for developing biologics 

that combine receptor mimicry with improved specificity and drug-like properties. Future 

work should evaluate gCD4-containing molecules in models that better capture human class 

II MHC expression and Fc-dependent effector functions. Additional formats could also be 

explored, including CD4-bNAb fusions and bispecific inhibitors that combine gp120 

engagement with a second Env-directed specificity. Because gCD4 opens Env through the 

same receptor-binding pathway used during infection, it may also serve as a useful 

component in molecules designed to expose and then target otherwise hidden epitopes. 

 

For anti-caldera binder discovery, future screening campaigns should reduce dependence on 

sCD4 and instead exclusively use the high-affinity CD4-mimetic M48U1 to open Env. This 

would simultaneously eliminate enrichment of anti-CD4 binders and provide more stable 

open SOSIPs during screens. Incorporating glycan-filled Env trimers, improved open-state 

probes, and more stringent negative selections should help distinguish binders to the desired 

protein surface from binders to strain-specific glycan holes or composite CD4-associated 

epitopes. In parallel, computational binder design methods may provide an alternative route 

to caldera binders that are difficult to recover from existing libraries. If such binders are 

identified, structural studies will be essential to confirm epitope specificity and determine 
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whether these molecules can neutralize HIV-1 directly or function as part of multivalent entry 

inhibitors. 

 

More broadly, this thesis supports an approach to antiviral design in which molecular 

engineering is used to reshape the interaction between viral evolution and immune 

recognition. Rather than simply responding to each new variant or strain, future 

countermeasures can be designed around the constraints that viruses cannot easily escape. 

These constraints may take the form of conserved receptor-binding surfaces, conformational 

intermediates required for entry, or epitopes shared across diverse viral lineages. By 

combining structure-guided design, computational antigen selection, directed evolution, and 

conformationally selective screening, it should be possible to build vaccines and biologics 

that are more resilient to viral diversity and better prepared for future pandemics. 
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