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Abstract 

Primates, Probes, and Protection: Preclinical Evaluation of Antibodies to HIV-1 

and SARS-CoV-2 in Rhesus Macaques 

By Chris Edwards 

Broadly neutralizing antibodies (bNAbs) exhibit protective efficacy against HIV-1 infection 
making them an ideal archetype for HIV-1 vaccine design. Presently, no vaccine 
candidate has induced bNAbs against neutralization-resistant tier 2 viruses. However, the 
development of stabilized, native-like envelope (Env) trimers such as BG505.SOSIP.664 
has marked a significant advancement in vaccine design, due to their ability to elicit tier 
2 neutralizing antibodies (NAbs) in rhesus macaques (RM). NAb development against tier 
2 immunogens in RM remains poorly understood, with hypothesized contributions from 
genetic variation at the IG loci, naive B cell repertoire, and differential gene expression in 
B cell lineages. To address these knowledge gaps, we have developed a set of 
BG505.SOSIP.644 probes capable of recovering paired clonotype identity, antigen 
specificity, and gene expression of B cells in a high throughput fashion. These probes 
were constructed by conjugating biotinylated BG505.SOSIP.644 to streptavidin covalently 
linked to both sc-RNA-Seq compatible DNA oligonucleotides and flow cytometry 
compatible fluorophores. Using these reagents, we isolated and sequenced 
BG505.SOSIP.644 specific memory B cells from an RM developing high titers of 
neutralizing antibodies. To benchmark the accuracy of our technology, we compared our 
recovered heavy and light chain sequences to those identified from the same animal 
using conventional methodology and successfully recovered 100% of previously 
identified NAbs. We then applied this technology to recover BG505.SOSIP.644 specific 
memory B cells from 5 additional vaccinated RMs, and cloned 34 antibodies for functional 
characterization. Our approach will allow for high-throughput analysis of the evolution of 
Env specific lineages in both RM and humans in response vaccination with HIV-1 Env 
immunogens, including BG505.SOSIP.644.   

The continued evolution of SARS-CoV-2 variants capable of subverting vaccine and 
infection-induced immunity suggests the advantage of a broadly protective vaccine 
against betacoronaviruses (β-CoVs). Recent studies have isolated monoclonal antibodies 
(mAbs) from SARS-CoV-2 recovered-vaccinated donors capable of neutralizing many 
variants of SARS-CoV-2 as well as other β-CoVs. Many of these mAbs target the 
conserved S2 stem region of the SARS-CoV-2 spike protein, rather than the receptor 
binding domain contained within S1 primarily targeted by current SARS-CoV-2 vaccines. 
One of these S2-directed mAbs, CC40.8, has demonstrated protective efficacy in small 
animal models against SARS-CoV-2 challenge. As the next step in the pre-clinical testing 
of S2-directed antibodies as a strategy to protect from SARS-CoV-2 infection, we 
evaluated the in vivo efficacy of CC40.8 in a clinically relevant non-human primate model 
by conducting passive antibody transfer to RM followed by SARS-CoV-2 challenge. 
CC40.8 mAb was intravenously infused at 10mg/kg, 1mg/kg, or 0.1mg/kg into groups (n 
= 6) of RM, alongside one group that received a control antibody (PGT121 10mg/kg). We 
observed a significant reduction in viral loads, inflammatory cytokines, and inflammatory 



  
 

macrophages within the lower airway of animals infused with 10mg/kg and 1mg/kg doses 
of CC40.8, and viral genome sequencing revealed a lack of escape mutations in the 
CC40.8 epitope. These data demonstrate the protective efficiency of broadly neutralizing 
S2-targeting antibodies against SARS-CoV-2 infection within the lower airway while 
providing critical preclinical work necessary for the development of pan–β-CoV vaccines.  

Collectively, the results of these studies highlight the power of high-resolution 
immunoprofiling tools and non-human primate models to advance rational vaccine for two 
major global pathogens, HIV-1 and SARS-CoV-2, and underscore the potential of broadly 
neutralizing antibodies to inform next-generation strategies for preventing infection by 
highly variable viruses. 
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1.1. Thesis Introduction 

As globalization increases, the rate at which we respond to infectious disease 

outbreaks with preventative measures must also increase. Since the rapid spread of 

SARS-CoV-2 began in the winter of 2019, over 770 million cases have been reported and 

over 7 million people have died1. In response to the global COVID-19 pandemic, the 

biomedical research community focused on the rapid production of a vaccine, which 

yielded the revolutionary mRNA-based vaccines in record timing with 95% efficacy2,3. But 

as time progresses, variants of concern have arisen after accumulating key mutations in 

the spike protein- the sole target of neutralizing antibodies4. As these variants arise, we 

must be able to quickly identify the epitopes of antigen specific B cells and verify the 

neutralizing ability of their associated antibodies.  

Conversely, since the start of the HIV-1 pandemic in 1981 there have been no HIV-

1 vaccines that have successfully prevented infection in humans above a modest 

efficacy5-8. In 2023 an estimated 1-1.7 million people became newly infected with HIV, 

highlighting the urgent need for a prophylactic vaccine to combat the ongoing health 

crisis9. This thesis will illustrate how recent developments in single cell barcoding 

technologies can be used to investigate the development of potent neutralizing antibodies 

against HIV-1 envelope immunogens in rhesus macaques (RMs), the gold standard 

preclinical model for studying HIV-110. It will also investigate the in vivo efficacy of 

coronavirus bNAb CC40.8 in a clinically relevant non-human primate model by conducting 

passive antibody transfer to RMs followed by SARS-CoV-2 challenge. These studies will 

inform the design of vaccine constructs, help us gain a deeper understanding of antibody 
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responses to viral proteins, and demonstrate the effectiveness of antigen barcoding 

techniques in streamlining the identification and evaluation of neutralizing antibodies.  

1.2. Human Immunodeficiency Virus (HIV) and Acquired Immunodeficiency 

Syndrome (AIDS) 

1.2.1. Virology Overview 

HIV-1 is a retrovirus that consists of 2 copies of its single stranded RNA (ssRNA) 

genome encased in a protein capsid within a spherical envelope11-13. The conical capsid 

is formed from around 1200 subunits of the capsid protein (CA) and contains the reverse 

transcriptase (RT) and integrase (IN) enzymes14,15. The capsid connects with the matrix 

(MA) protein which forms a discontinuous shell associated with the inner leaflet of the 

infected host cell derived lipid envelope16. This envelope is acquired during budding of 

virions and contains approximately 10 trimers of the only external viral envelope protein, 

Env17-19, as well as host derived cell surface proteins. The viral proteins Vpr, Nef, and the 

precursors to Gag have been shown to associate with components of the virion during 

packaging20-23. 

  After initial contact between host adhesion molecules and Env trimers, the gp120 

domains of Env trimers on virions make contact with CD4 surface receptors.  CD4 is most 

commonly expressed on the surface of CD4+ T cells, with certain macrophages and other 

myeloid lineage subsets also expressing the receptor24-26. Upon binding, the gp120 

subunits undergo a confirmational change that exposes the coreceptor binding site27,28. 

Once exposed, this site can bind primarily either CCR5 or CXCR4 surface receptors, with 

several other chemokine receptors serving as alternative receptors29-32. Binding of the 

coreceptor to the coreceptor binding site leads to another confirmational change in the 
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gp41 subunit, resulting in insertion of a fusion peptide into the cell membrane, and 

subsequently, the fusion of the viral and host cell membranes33. Fusion of these 2 

membranes results in the release of the viral capsid, which uncoats in the nucleus, 

releasing the viral genome and the viral RT and IN enzymes34-37.  

 In the cytosol, the RT enzyme produces a complimentary DNA strand from the 

genomic viral RNA, forming an RNA-DNA hybrid. RT then degrades the remaining RNA 

strand and generates a corresponding, complimentary DNA strand. The DNA polymerase 

activity of RT enzyme is highly error prone, with 0.1-1 mutations introduced each time the 

genome is replicated38. The now double stranded DNA (dsDNA) proviral genome 

associates with both host and viral factors to form the pre-integration complex (PIC), 

including both IN and Vpr39-42. IN and Vpr each contain nuclear localization sequences, 

which direct the PIC to the nucleus while Vpr also induces arrest of the cell cycle43,44. 

Once in the nucleus, IN facilitates the integration of the dsDNA proviral genome 

nonspecifically, and the latency phase of the viral replication cycle can begin, with memory 

CD4+ T cells forming the largest reservoir of latently infected cells45-47. During latency, the 

virus will remain transcriptionally silent until the memory T cell is activated, with the factors 

that reverse latency are still under investigation48.  

 Once viral transcription has been initiated by recruitment of RNA polymerase II 

(RNA Pol II) to the 5’ long terminal repeat (LTR) of the integrated viral genome, inefficient 

transcription leads to very few full-length viral mRNA transcripts capable of undergoing 

splicing49. Expression of the viral protein Tat from the few complete transcripts that are 

formed during this phase allows for stabilization of the viral mRNA elongation by 

recruitment of elongation factors and stabilization of RNA Pol II50. The increase in viral 
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mRNA increases the number of transcripts that undergo both partial and complete 

splicing51. Completely spliced mRNAs are exported to the cytoplasm where they are 

translated into viral proteins including Rev, which mediate export of the unspliced and 

partially spliced viral mRNA transcripts52. The unspliced transcripts are translated into 

Gag-Pol polyproteins, while the partially spliced transcripts are translated into Vpu and 

Env53 at the ER, where Env will be heavily glycosylated and undergo trimer formation54,55. 

Gag polyproteins will associate at the cell surface membrane, where they associate with 

unspliced viral genomic RNA and facilitate budding56-58. Viral factors Nef and Vpr 

associate with the budding virion, and following scission, the viral protease (PR) acts on 

the polyproteins within envelope in a process called maturation20,59. During maturation 

the capsid is formed around the viral genome following rearrangement of the internal viral 

proteins, resulting in a complete, infectious particle60,61.  

1.2.2. Transmission and Pathogenesis  

Viremic individuals can harbor HIV-1 in blood, semen, vaginal secretions, and 

breastmilk- which has resulted in several known routes of transmission.  HIV-1 is primarily 

transmitted to uninfected individuals via sexual contact at mucosal surfaces with infected 

individuals or through exposure to infected blood while less common transmission can 

occur during either childbirth or breastfeeding11,62-65. Heterosexual intercourse between 

HIV-1 positive and negative individuals has around a 0.1% chance for viral transmission, 

a rate which can be affected by factors such as male circumcision and the presence of 

genital ulcers66,67. Additional factors affecting transmission include the viral load of the 

infected individual and integrity of the mucosae at the site of exposure, with most 

infections occurring from either cell free or cell associated virions68,69.  
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HIV-1 infection is typically established by one or by a few quasi-species within the 

wide genetic range of viruses present during chronic infection70-72. These founder viruses 

preferentially use CCR5 as their coreceptor, compared to the CXCR4 tropic viruses that 

often dominate later during the onset of AIDS73-75. Dendritic cells present at the site of 

infection are often the first cells to make contact with transmitted/founder (T/F) viruses76, 

driven by associations between cell surface molecule DC-sign and the gp120 trimers25,77. 

These dendritic cells can disseminate the virus by carrying it to the draining lymphoid 

tissues, where the virus can infect reservoirs of CCR5+ CD4+ T cells28,78. After the initial 

CD4+ T cell infection by T/F viruses, the virus disseminates systemically through the 

lymphatics within 6 to 7 days79. During this period, the virus can replicate in CD4+ memory 

T cells present within the gut associated lymphatic tissue (GALT). Depletion of GALT 

CD4+ memory T cells is observed in both in rhesus macaques infected with SIV and 

humans with HIV-180,81. The chronic immune activation, infection, and depletion CD4+ 

memory T cells results in rapid establishment of latent HIV-1 reservoirs within memory T 

cells and yields the infected individual vulnerable to opportunistic infections at later points 

during chronic infection82. During this acute phase, the infected individual often 

experiences flu like symptoms but remains PCR negative for detectable virus anywhere 

from 7 to 21 days following infection83,84. At around 21-28 days, the viral load peaks and 

then settles to what is referred to as the “set point,” which the virus can maintain for up to 

several years85. Only around 0.5% of people living with HIV-1 are able to self-limit the 

viral load to less than 50 viral copies per mL in peripheral blood, which allows them to 

maintain their CD4+ T cell counts and prevent the progression to AIDS86. These 

individuals are known as “elite controllers.”  
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During the chronic phase of infection in non-elite controllers, the virus continues to 

replicate within CD4+ T cells until less than 200 CD4+ T cells per uL of plasma remain- 

the clinical threshold for the onset of AIDS87. The speed at which this threshold is reached 

is correlated inversely with magnitude of the viral set point88, and is also affected by HLA 

type89,90 and age91. The onset of AIDS is associated with opportunistic infections, virally 

associated cancers, and shift from CCR5 to CXCR4 tropic viral quasispecies92-98.   

1.2.3. HIV-1 Envelope Glycoprotein (Env)  

1.2.3.1. Synthesis, Transport, and Glycosylation  

Env is produced as a polyprotein precursor within the endoplasmic reticulum (ER) 

known as gp160, which is later separated via protease cleavage to the receptor binding 

subunit, gp120, and membrane spanning subunit, gp4199,100. After oligomerizing in the 

ER101, gp160 is trafficked through the golgi to the cell surface via a signal peptide at its N 

terminus102, where it is cleaved by cellular furin proteases to gp120 and gp41103-105. Env 

undergoes heavy N-linked glycosylation, leading to a glycan shield of high mannose and 

complex N glycans that contribute to approximately half of its molecular weight106,107. The 

mechanism of Env incorporation into budding virions is still under investigation, as there 

is evidence of passive incorporation108-110, direct incorporation through gp41 Gag 

interactions111, and indirect incorporation via host adaptor protein binding to Gag and 

Env112. Studies have also revealed that HIV-1 virions incorporate host molecules at the 

membrane or at the cytoplasmic sites, in some cases with maintained biological activity113-

116.  

1.2.3.2. Structure 
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A fully functional Env trimer contains 3 heterodimers of the receptor binding domain 

(RBD) containing subunit gp120, and the membrane spanning base subunit gp41 held 

together via noncovalent interactions117. gp120 can be broken down into 5 regions of 

conserved amino acid sequence noted as C1-C5, with 5 variable regions found in-

between, V1-V5118,119. The gp120 structure can also be broken down into the inner core 

and outer loops, which are largely formed by the constant and variable regions 

respectively120,121. The C and N termini of gp120 form a beta sheet that mediates the 

noncovalent binding to gp41122. The trimer apex is formed by the V1/V2 hypervariable 

loop, with the V3 loop making contact with the V2 of adjacent heterodimers123. The CD4 

binding site is located below these V loops, and contains highly conserved, discontinuous 

sequences within gp120124,125. Disulfide bonds maintain much of both the gp120 core 

structure as well as the V1-V4 loops120. The Env trimer fluctuates between a stable closed 

confirmation and an open conformation that is unstable in the absence of CD4 and 

subsequent coreceptor binding126-128.  Such shifts are mediated by the movement of 3 

mobile regions of the inner domain of gp120122, which occlude the conserved epitopes of 

the CD4 binding site when in the closed confirmation129. The gp41 subunit of Env is made 

up of 3 distinct regions: the ectodomain that associates with gp120 (gp41ecto), the 

transmembrane (TM) domain, and the cytoplasmic tail (CT) domain130. The N terminus of 

the gp41ecto contains the hydrophobic fusion peptide as well as a heptad repeat that helps 

facilitate trimerization131 and membrane fusion132.  

1.2.3.3. Function 

The balance of high mannose N-linked glycans and complex N-linked glycans of 

gp120 facilitate binding to DC-Sign on the surface of dendritic cells without 
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internalization133, so that the dendritic cells may disseminate the virus particles to target 

CD4+ cells without being endocytosed or degraded134. The binding of CD4 by Env 

stabilizes its open conformation, allowing for further conformational changes that expose 

the coreceptor binding site near the V3 loop121,135. Once a coreceptor is engaged at this 

site, additional conformational changes mediate insertion of the fusion peptide into the 

target cell membrane, which allows the heptad repeats of the gp41ecto domain to pull the 

virus envelope and cell membrane into close proximity132,136. Upon fusion the viral capsid 

is passed into the cytosol where it is uncased, beginning the processing of viral 

replication137.   

1.2.4. Immune Responses to HIV-1 

1.2.4.1. Innate Responses  

The first systemic signs of an innate immune response to infection occur around 

days 5-7 prior to detection of the virus in plasma. Sentinel cells including plasmacytoid 

dendritic cells (pDCs) release anti-HIV-1 cytokines after detecting the virus via PRRs such 

as TLR7138. Activation of the innate immune system results in elevated levels of acute 

phase proteins such as serum amyloid A139. The inflammatory cascade of IL-15 and type 

I IFN activates antiviral NK cells, which are among some of the first cells to respond to 

the infection140. NK cells have shown to be active and highly cytolytic during this phase, 

with elite controllers exhibiting higher levels of NK cell reactivity and killing141,142. Several 

HLA alleles associated with control of HIV-1 infection show preferential binding to 

activating receptors on the surface of NK cells143.  

 Macrophages are susceptible to HIV-1 infection, forming alternative viral reservoirs 

and contributing to inflammation following infection144. These macrophages exhibit 
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dysfunction and are resistant to killing via granzyme release by NK and CD8+ T cells145. 

Tissue resident macrophages form an early viral reservoir, and have been shown to drive 

viral rebound following cessation of ART in humanized mice146. HIV-1 has been detected 

within several tissue macrophage subsets of virologically suppressed individuals, 

including the brain, lung, and urethral tract147-151. Proinflammatory cytokines from 

macrophages and circulating monocytes can prime NK cells for stronger anti-HIV-1 

responses, including IL-23, IL-18, IFN-B and IL-15152.   

1.2.4.2. T cell Responses 

1.2.4.2.1. CD8+ T Cell Responses  

Activated HIV-1 specific CD8+ T cells with upregulated perforin and granzyme b 

are detectable within the blood around 3 days post infection, their numbers increasing in 

magnitude during the following 2 weeks153-155. While this peak in CD8+ T cell responses 

results in reductions of overall viral load, it also serves as the first selective pressure on 

the population of viral quasi species, resulting in escape mutants capable of evading the 

concurrently activated CD8+ T cell subsets156-158. While acute phase CD8+ T cell 

responses target Nef and Env, subsets targeting Gag and Pol are arise later during the 

chronic phase and maintain the viral set point159. This set point has also been found to 

correlate with certain HLA types154. During the chronic phase, the repertoire of the CD8+ 

T cell responses diversifies and becomes enriched with T cells targeting epitopes more 

conserved across quasispecies160. The potency and speed of the CD8+ T cell responses 

targeting such epitopes has been found to correlate with better viral control resulting in a 

lower magnitude of the viral set point161.  
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The progressive dysfunction and exhaustion of CD8+ T cells during chronic 

infection is driven by the persistence of antigen162. The first signs of CD8+ T cell 

exhaustion arise during the acute phase of infection, characterized by an impaired ability 

to proliferate in response to antigen and reduced expression of activation and 

degranulation markers163. The upregulation of exhaustion marker PD-1 on HIV-1 specific 

CD8+ T cells can also be quantified during acute infection164. During chronic infection, 

cytolytic activity of these cells is further diminished, which is thought to drive progression 

of HIV-1 infection153,165,166. However, while their ability to kill infected cells may be 

dysfunctional, CD8+ T cells have also been shown to suppress active HIV-1 replication 

via non-cytolytic mechanisms, such as cytokine expression167-170. CD8+ T cell dysfunction 

is intertwined with the simultaneous CD4+ dysfunction that occurs during infection, 

yielding inadequate helper T cell functions during both acute and chronic phases.  

1.2.4.2.2. CD4+ T Cell Responses 

During acute HIV-1 infection, the cytokine storm prompted first by DCs and then 

monocytes, macrophages, NK cells, and T cells likely contribute to the irreversible 

depletion of CD4 T lymphocytes from the lymphoid tissues of the gastrointestinal 

tract171,172. During this phase, the intense inflammation due to viral replication in the large 

CD4+ T cell reservoirs of the gut can lead to damage of the mucosal barriers, promoting 

leakage of bacterial products that further induce immune activation and CD4+ T cell 

death173. Despite drops in viral load within the blood during the end of acute infection, the 

virus still actively replicates into the chronic phase in CD4+ T cells within the lymphoid 

tissue174. Within the lymph node (LN), CD4+ regulatory T cells accumulate in response to 

the widespread inflammation, and drive collagen deposition. This fibrosis reduces the 
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production of survival signals such as IL-7, fueling a feedback loop that diminishes the 

levels numbers of naive T cells in the LNs and circulation which drives further loss of IL-

7 producing cells175,176. The generalized immune activation simultaneously drives 

expansion of CD4+ follicular helper T cells (TFHs) within the LN, which have been 

identified as a major HIV-1 reservoir as CD8+ T cells are excluded from the germinal 

center177-179.  Compared to non-TFH CD4+ cells, TFHs have higher levels of associated 

HIV-1 mRNA and DNA178, and in RM, following CD8+ depletion of elite SIV controllers, 

TFHs redistribute the virus to non-TFH CD4+ cells, triggering viral rebound180. Despite 

the contributions to the viral reservoir, the frequency and functionality of antigen specific 

TFH cells correlates with bNAb development181. However, as most patients do not 

develop bNAbs, and exhibit dysfunctional B cell responses to non-HIV-1 antigens, CD4+ 

TFHs exhibit continued dysfunction from acute through chronic infection182.   

1.2.4.3. Antibody and B cell Responses 

B cell dysfunction has been documented in both acute and chronic phases of HIV-

1 infection. During acute infection, the widespread activation of CD4+ T cells can lead to 

hypergammaglobulinemia183, while the frequency and functionality of memory B cells 

responding to non-HIV-1 pathogens are altered during the chronic phase184. Anti-gp41 

non-neutralizing antibodies are first detected within virion-IgM/IgG immune complexes 

around 1 week following detection of virus within the plasma185. IgM and IgG3 antibodies 

with low frequencies of SHM are enriched within the early anti-HIV-1 antibody repertoire, 

suggesting a germinal center (GC) independent mechanism of short-lived plasma cells186-

188. The altered repertoires observed during acute infection are likely due to the 

destruction of the lymphoid tissue where GC formation would occur189. Additionally, highly 
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mutated non-neutralizing antibodies specific for gp41 were found to be produced by 

plasma cells circulating in the blood190. These plasma cells derive from gut microbiota 

specific memory B cells residing in the terminal ileum191. This phenomenon is theorized 

to drive antigenic sin during HIV-1 vaccine studies away from protective antibody 

development192.  

1.2.4.3.1. Broadly Neutralizing Antibodies (bNAbs) 

Because of the rapid evolution of env epitopes driven by the high mutation rate of 

HIV-1 genome replication, mutations that escape host neutralizing antibody responses 

continually arise, preventing viral control in the majority of infected individuals193-197. In 

addition to point mutations, the hypervariable V1-V5 regions of Env are prone to indels 

and can vary greatly in length even within chronic infection stemming from a singular 

founding virus198. Only an estimated 15-30% of individuals develop bNAbs capable of 

neutralizing over 90% of circulating viruses, and typically only arise over a year following 

infection193. Interestingly, infants and children living with HIV-1 seem to develop bNAbs 

that arise more quickly and with fewer mutations from germline than adults, although the 

mechanism is still under investigation199,200.  When individuals do develop serum with 

broad neutralizing capacity, the breadth can largely be attributed to one or two antibody 

specificities201-205.  

bNAb development in chronically infected and viremic individuals likely results at 

least in part from altered phenotypes of memory B cells and TFHs. Studies have found 

correlations between higher viral loads during infection and the neutralizing breadth of the 

generated antibody repertoire, despite the loss and altered function of CD4+ T cells206-

208. bNAbs also exhibit higher rates of polyreactivity (reacting to self and non self-
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antigens) than non-neutralizing antibodies209, which has been theorized to contribute to 

the difficulty in generating bNAbs via vaccination in healthy individuals210-212. HIV-1 

infection has been shown to alter the immune tolerance mechanisms reigning in auto and 

polyreactive B cells, lending a broader B cell repertoire containing bNAb precursors 213,214.  

Another difficulty of bNAb generation lies in both the magnitude and frequency of 

mutations required for their maturation from germline. During GC responses, antigen 

specific B cells undergo successive rounds of clonal expansion, affinity maturation, and 

selection215-220. Within GCs, activation-induced cytidine deaminase (AID) introduces 

somatic hypermutation (SHM) in immunoglobulin (Ig) genes, leading to the generation of 

B cells with higher-affinity antibodies through selection by follicular dendritic cells and T 

follicular helper cells221. Mutations within Ig genes have varying degrees of “intrinsic 

mutability,” meaning certain mutations within an Ig gene have higher likelihood of arising 

due to the activity of AID222-225. bNAbs often require highly improbably mutations during 

their maturation, likely contributing to their difficult elicitation222. Studies have shown that 

these improbable mutations can be selected for with the correct ligand, providing 

foundational support for the rational design of germline and B cell lineage targeting 

vaccine strategies226,227.    

1.2.4.3.1.1. Target Epitopes  

bNAbs can be roughly divided into 7 classes depending on the region of the target 

epitope within Env: the V1V2 trimer apex (containing the V2 glycan site), the V3 high-

mannose patch, the CD4 binding site (CD4bs), the gp120-gp41 interface, and the 

membrane proximal region (MPER), the fusion peptide, and the silent face 228,229.  These 

epitope regions exhibit varying degrees of accessibility, impacting the characteristics of 
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the corresponding binding class of bNAbs. For comparably accessible epitopes such as 

the V3 mannose patch, bNAbs exhibit a range of binding angles and sub-epitopes and 

are more common amongst people living with HIV-1229-232. The gp120-gp41 interface 

similarly contains many sub-epitopes for bNAb binding233-235. However, other epitopes 

such as the CD4 binding site constrict bNAb diversity through constrained angles and 

deep epitope pockets236-238. The long glycan chains present on the V1V2 apex select for 

bNAbs with long CDRH3 containing anionic residues, while MPER directed mAbs often 

contain hydrophobic surfaces and long variable looks capable of interacting with epitopes 

contained within lipid membranes239-247.  Serological analysis of patients with highly 

neutralizing antibody activity against HIV-1 also revealed that the majority of bNAbs 

mapped to epitopes dependent on the presence of glycans 229. These epitopes include 

the trimer apex, the high-mannose patch, and the gp41-gp120 interface. V1V2 apex 

binding bNAbs typically exhibit unusually long, anionic CDRH3248,249.  While the CD4 

binding site does elicit bNAbs, these often require heavy SHM, arising several years into 

chronic infection228. More information on each target epitope and associated bNAbs can 

be found in section 1.2.6. 

1.2.4.3.1.2. bNAb Memory B cells  

  A vast majority of identified bNAbs to date have been isolated from the memory B 

cells of people living with HIV-1 that were designated as slow clinical progressors250-252. 

During chronic infection, the majority of circulating HIV-1 specific B cells express either a 

tissue-like memory phenotype (CD27-, CD21low) or an activated memory phenotype 

(CD27+, CD21low), in contrast to the resting memory phenotype of most circulating B cells 

in HIV-1 infected individuals on ART or in elite controllers253. Isolation and subsequent 
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analysis of bNAb producing B cells from an individual living with HIV-1 with several potent 

bNAbs revealed that these tissue-like memory B cells were not the source of the 

bNAbs254. Other studies have report similar phenotypes of memory B cells producing 

bNAbs204,255,256, which are consistent with the finding that tissue-like memory B cells have 

lower SHM on average than resting memory B cells255. Lineage tracing studies reveal 

shared clonal lineages between tissue-like memory and resting memory B cell 

populations, but the forces driving these phenotypes remain to be clearly identified255.  

1.2.5. Anti-Retroviral Therapy and Pre-Exposure Prophylaxis (PreP) 

Anti-retroviral agents (ARVs) are therapeutics developed to suppress HIV-1 replication at 

various points in the viral life cycle. These agents can be combined into a daily regimen 

to treat people living with HIV-1 called anti-retroviral therapy (ART) and lower the viral 

load below detectable levels257,258. While ART has proven to be highly effective at 

reducing negative disease outcomes associated with HIV-1 by preventing progression to 

AIDS, it is not a curative strategy as the cessation of ART results in viral rebound259. Even 

with viral loads suppressed through ART treatment, people living with HIV-1 face 

increased incidence of noncommunicable disease (NCD) and multimorbidity260. 

Cardiovascular disease, hypertension, chronic kidney disease, dyslipidemia, diabetes 

mellitus, osteoporotic bone disease, chronic lung, disease and psychiatric illnesses are 

most commonly observed across patient cohorts, while cancers are the leading cause of 

death in high-income countries261-268. Additional hurdles face individuals acquiring HIV-1 

perinatally, including fewer approved antiretrovirals (ARV) for children, increased risk of 

multiclass ARV drug resistance, neurocognitive deficits, and fewer resources for 
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navigating socio-economic challenges such as orphanhood, stigma, and financial 

burden269-277.  

ARVs are broken down into classes based on the step of viral replication they 

target. Entry inhibitors such as Maraviroc block binding of Env to receptors or coreceptors 

on host cells278. Non-nucleoside reverse transcriptase inhibitors (NNRTIs), such as 

rilpivirine and dapivirine bind to the allosteric site of the RT enzyme, inhibiting reverse 

transcription279, while nucleoside reverse transcriptase inhibitors (NRTIs) such as 

tenofovir disoproxil fumarate and emtricitabine inhibit RT by binding the nucleoside 

binding site of the enzyme280.  Integrase inhibitors like cabotegravir (CAB) block the 

integration of viral DNA into the host genome by acting on the integrase enzyme281,282. 

Protease inhibitors target the latest stage of viral replication out of all VRAs by inhibiting 

the proteases responsible for the release of HIV-1 from infected cells280,283. Capsid 

inhibitors, the newest class of ARV for HIV-1, inhibit several viral replication processes by 

binding directly to the interface between HIV-1 viral capsid protein (p24) subunits and 

have demonstrated significant efficacy at reducing viral load in patients with multi-drug 

resistant HIV-1284,285.  

 In the face of no viable vaccine interventions, ARV’s were investigated as a 

preventative strategy against acquiring HIV-1. In 2012 the US Food and Drug 

Administration (FDA) approved coformulated tenofovir disoproxil fumarate and 

emtricitabine (F/TDF) tablets to be taken orally once daily as treatment for HIV-1 pre-

exposure prophylaxis (PrEP) for HIV-1 uninfected adults259,286-288. Since its approval, 

PrEP has shown to be effective at preventing both sexual and mother-to-child-

transmission (MTCT), with over 3.5 million people worldwide using oral PrEP in 20239. In 
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2021, the FDA approved injectable cabotegravir, administered at 2 month intervals for 

PrEP, boasting superior efficacy compared to standard oral PrEP regimens281,289. In 2024, 

a twice-yearly injectable formulation of the capsid inhibitor lenacapavir demonstrated in a 

clinical trial remarkable efficacy over daily oral F/TDF and F/TAF regimens, reducing HIV-

1 incidence comparatively by 100% in adolescent cisgender girls and young women in 

South Africa and Uganda285,290. The superiority of long acting, injectable formulations over 

daily oral regimens highlights the role adherence plays in HIV-1 prevention. Should this 

formulation be approved for PrEP, access and cost will play critical roles in determining 

its impact on HIV-1 prevention.  

1.2.6. HIV-1 Vaccine Approaches 

Without widespread access and adherence to PrEP, a successful vaccine will 

prove critical in the fight to eliminate HIV-1 from the human population. This assertion is 

supported by the studies demonstrating the protective capacity of bNAbs against 

simian/human immunodeficiency virus (SHIV) when passively transferred to non-human 

primates291,292. However, the only vaccine study to date to elicit protection, RV144 

(NCT00223080) trial of the CRFAE_01 canarypox/gp120 vaccine in Thailand, did so with 

very modest 31% efficacy at 42 months 5, and was not able to be replicated by subsequent 

trials HIV-1 Vaccine Trials Network (HVTN) 702 (NCT02968849) and HVTN 705 

(NCT03060629)293,294. Further studies found that passive transfer of the CD4bs targeting 

bNAb VRC01 was not able to confer protection against heterologous HIV-1 in humans292. 

The discovery of bNAbs fueled a renewed interest in developing an HIV-1 vaccine, 

providing a construct, on which to base the rational design of a vaccine immunogen. 

Current efforts focus on a sequential strategy that employ several HIV-1 immunogens to 
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target known bNAb precursors and facilitate their affinity maturation295-301. Germline 

targeting studies have shown that both precursor prevalence and antigen affinity 

determine the fitness of B cells within germinal centers, and that reducing off-target 

antigen binding increases the relative fitness of such precursors302-304. 

1.2.6.1. CD4 Binding Site 

2 classes of bNAbs have been found to target the CD4 binding site (CD4bs) that 

have informed HIV-1 vaccine design: CD4 mimics and HCDR3-binder bNAbs. CD4 

mimics are bNAbs that engage the CD4 contact residues within Env primarily with their 

HCDR2 loops, compared to the long HCDR3 loops that form contact with CD4bs in 

HCDR3-binder bNAbs204,205,238,305,306. VRC01 class bNAbs are designated as CD4 

mimics, and due to their high potency and breadth, as well as the higher relative precursor 

frequency, have informed the design of immunogens that have been tested in clinical 

trials307.  

Germline-targeting immunogen eOD-GT8 binds inferred VRC01 unmutated 

common ancestors (UCA) with high affinity and has shown to expand B cells bearing 

BCRs with characteristics of VRC01 precursors in humans222,299,307. However, the 

Antibody Mediated Protection (AMP) trials in South Africa, showed that passive infusion 

of VRC01 alone yielded no overall protection from HIV-1 infection292,308,309.  The AMP 

study reported that the titer of VRC01 needed for protection from sensitive viruses was 

1:200, and that the diversity of clinically relevant HIV-1 strains was greater than 

anticipated292. Together these findings suggested that vaccine eliciting VRC01 class 

bNAbs would be insufficient without targeting of other neutralizing epitopes and would 

need to elicit and maintain high titers of bNAbs to confer protection310,311. The 
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8ANC131/CH235 class of CD4bs mimics has been shown to elicit CH235 precursors in 

RM  and select for improbable mutations necessary to achieve heterologous 

neutralization312,313, and unlike VRC01 bNAbs, 8ANC131/CH235 class bNAbs do not 

require highly improbably insertions or deletions223,314.  

Several HIV-1 clade C Env immunogens have been designed based on a 

transmitted/founder gp120 Env termed CH505 T/F trimer to elicit CH103 class CDRH3-

binder bNAb precursors315,316. Unlike in preclinical models, however, the CH505 T/F 

gp120 monomer failed to expand CDRH3-binder bNAb CH103 UCA in HVTN 115 trial 

(unpublished results)296. A follow-up study to assess the effects of affinity on bNAb UCA 

expansion, HVTN 300, was subsequently initiated, investigating a near-native stabilized 

CH505 T/F trimer with higher affinity for the CH103 UCA317.    

1.2.6.2. V3 

The V3 glycan patch, located at the base of the V3 loop between two N-linked 

glycans at positions 301 and 332, is targeted by 6 currently known prototypic classes of 

bNAbs encoded by various VH segments, likely due to increased accessibility compared 

to other regions like the CD4bs230,318.  Long HCDR3 segments are observed across 

classes to extend between surface glycans to reach the polypeptide backbone230. V3-

glycan bNAbs are the most common type of bNAb and have been observed in up to 38% 

of subjects with high levels of bNAbs in cohorts of sub-Saharan African descent229.  

Despite this, precursors for these bNAbs are rare, as long HCDR3 regions are selected 

against by immune tolerance mechanisms and require several improbably mutations to 

achieve breadth298,319,320. Studies on RC1 Env, an immunogen that facilitates the 
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recognition of the V3-glycan patch, in immunized RM revealed that V3 targeting bNAbs 

depend on a glycan at position 332321.  

1.2.6.3. V2 

The V1-V2 apex is among the most sequence-variable regions of HIV-1322. When 

in the prefusion closed confirmation, 3 sets of V1 and V2 loops shield the conserved apex 

with a dense configuration of N-linked glycans323. The V2-glycan bNAb epitope contains 

an N-linked glycan at residue 160 and a positively charged, lysine rich, exposed C-strand. 

There are currently five identified prototypic V2-glycan bNAb B cell lineages (PG9, 

PGDM1400, VRC26.25, CH01 and PCT64), and are characterized by long (24–36 amino 

acids), negatively charged HCDR3 loops, sulfated tyrosines, and rare 

precursors239,242,248,249. V2-glycan germline-targeting immunogens have not yet been 

tested in clinical trials, despite documented bNAb generation in SHIV-infected 

macaques324, although a V2-glycan UCA-binding Env called MT145KdV5 is currently in 

production for phase I clinical testing325.  

1.2.6.4. Membrane Proximal External Region (MPER) 

Six prototypic bNAb lineages target two distinct portions of the MPER region, the 

proximal MPER and the distal MPER. Distal targeting MPER bNAbs exhibit some of the 

most breadth amongst bNAbs, neutralizing approximately 99% of circulating HIV-1 

strains250,316,326. In addition to long HCDR3s and large numbers of mutations, MPER 

targeting bNAbs must also bind lipids in the viral membrane to access their cognate 

epitopes following conformational changes due to receptor mediated Env 

activation210,327,328. Due to these binding constraints, MPER bNAbs exhibit polyreactivity 

to host lipids as well as to two known host proteins: kynureninase and SF3B3329,330. 
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Studies suggest that tolerance to epitopes contained in these proteins likely limits the 

bNAb response to MPER epitopes, particularly those contained within the distal MPER329. 

Only proximal MPER targeting bNAb precursors have been successfully expanded in 

clinical trials. In HVTN 133 (NCT03934541), an MPER peptide liposome engaged bNAb 

precursors targting the proximal 683-LDKW-686 epitope of gp41 (unpublished results)331. 

In contrast, no clinical or preclinical model system has successfully targeted and 

expanded the precursors of the more potent distal MPER bNAbs.   

1.2.6.5. Fusion Peptide 

The fusion peptide (FP) is a 15 to 20 hydrophobic structure at the N terminus of 

the Env-gp41 subunit responsible for mediating type I viral fusion between the viral and 

host membranes and is exposed to antibody binding on the surface of Env in its prefusion 

conformation332-334. Membrane fusion is triggered by receptor mediated confirmational 

changes and subsequent cleavage of the envelope precursor, facilitating FP insertion into 

the host membrane and the formation of a six helix structure that pulls the two membranes 

together335. FP targeting bNAbs such as VRC34.01 do not exhibit enhanced potency or 

breadth over other HIV-1 bNAbs, but they do not face any known tolerance 

mechanisms233,295,336,337. Preclinical vaccine studies in RM utilizing an FP-carrier 

immunogen have not specifically targeted germline precursors but instead rely on epitope 

focusing strategies and have elicited antibodies that neutralize heterologous HIV-1 

strains222,338,339.  

1.2.6.6. Glycans 

Some bNAbs have been discovered that bind glycans on the surface of Env. bNAb 

2G12 binds high-mannose-type glycans through an unusual domain-exchanged heavy 



 23 
 

chain configuration, where the VH domain of one Fab arm swaps places with the VH 

domain of the other Fab arm340. Domain-exchanged antibodies exhibit increased rigidity 

which prevents Fab arms from moving independently and behave more like a bivalent 

"clamp."  This forms an intertwined, domain-exchanged dimer, creating a rigid, "super-

Fab" structure, however, domain- exchange is not required for fab dimerization341,342. 

Several fab-dimerized glycan reactive antibodies have been found both in HIV-1 naive 

macaques and humans, though these have been phenotypically extra-follicular, and may 

require unique recruitment strategies for their entry into germinal centers342-344. These 

precursors can be expanded in RM when immunized with a glycosylated V3 peptide 

immunogen and subsequently boosted with protein scaffolded mannose glycans, 

producing fab-dimerized glycan reactive antibodies342.  

1.2.6.7. Combined T + B Cell Vaccines 

Though the primary focus of HIV-1 vaccine development has been the elicitation 

of bNAbs, T cell mediated vaccine responses to HIV-1 immunogens can work in concert 

with current strategies. Strong CD4+ TFH responses support sustained GCs necessary 

for bNAb induction213,345. HIV-1 vaccine studies utilizing new adjuvants such as 3M-052 

and ionizable LNPs have yielded stronger GC activity and have entered clinical 

trials346,347.   

Cytolytic CD8+ T cells comprise the other major T cell subset pursued in HIV-1 

vaccine development for their anti-viral activity. While preclinical data demonstrates that 

neutralizing antibodies can protect 90% of RM against rectal SHIV-1 challenge, the titers 

required are high (greater than 1:500)348. T cell targeting vaccines aim to lower the NAb 

titer threshold required for protection against neutralization sensitive strains349. Although 



 24 
 

vaccines solely targeting class Ia restricted CD8+ T cell responses have failed to protect 

against HIV-1 transmission or reduce viral set points following infection in humans, 

studies in RM have demonstrated that targeting class Ib MHC-E CD8+ T cells can yield a 

response capable of eliminating virus-infected cells in 55% of SIV infected animals, with 

~20% of the infected animals never exhibiting detectable viremia despite repeated 

challenges with the highly pathogenic SIVmac239 strain350,351. It is hypothesized that 

RhCMV vectored HIV-1 vaccine elicited protection functions similar to ART treatment 

during early acute HIV-1 infection by inhibiting viral spread and preventing the 

establishment of the latent reservoir352.  The first phase I clinical trial investigating a 

human CMV (HCMV) vectored HIV-1 vaccine recently completed (NCT04725877) and 

was found to be well tolerated (unpublished results)353,354. A second clinical trial 

investigating an updated vector HCMV with gene deletions and an mfuse1 insert to 

broaden the T cell responses is currently underway (NCT05854381)355.   

Synergy between T and B cell vaccines have shown promise in RM preclinical 

studies. A sequential regimen of 3 different viral vectored vaccines targeting Gag specific 

CD8+ T cell responses has been shown to reduce the titer of BG505 SOSIP.664 

immunogen elicited neutralizing antibodies required for protection from 10 low-dose 

vaginal BG505 SHIV-1 challenges356.  

1.2.6.8. BG505 SOSIP 

Sequential immunization strategies against HIV-1 typically utilize soluble trimers 

that mimic the native structure of Env within virions at some point within the vaccination 

regimen. Several approaches have been developed to stabilize the Env protein into a 

soluble form that resembles the native conformation in order to deliver it as an 
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immunogen. The first immunogen employing such strategies was BG505.SOSIP.664 

which was based on the env isolated from the clade A transmitter/founder virus, BG505357. 

The BG505 virus was isolated from a 6-week-old infant infected via mother-to-child 

transmission (MTCT), and contains epitopes targeted by several known bNAbs and with 

relatively low affinity for non-Nabs358,359. The SOSIP modification strategy involves the 

introduction of a disulfide bond (SOS) to link the gp120 and gp41 subunits, an Isoleucine‑

to‑Proline (IP) substitution at position 559 to prevent helix formation and stabilize to the 

prefusion state, and the deletion of the deletion of the MPER region at residue 664 to 

improve homogeneity and solubility359,360. SOSIP constructs allowed not only for the first 

cryo-EM and x-ray crystal structures to be generated, they also allowed for detailed 

identification of epitopes targeted by bNAbs360,361. In its next iteration, substitution T332N 

was introduced to increase the number of bNAb epitopes contained in the immunogen by 

introducing a glycan commonly targeted by bNAbs231,359.  

Vaccination of RMs with BG505.SOSIP.664.T332N with novel TLR7/8 signaling 

adjuvant, 3M-052-AF, provided robust protection against autologous intra-vaginal simian-

human immunodeficiency virus (SHIV) challenge, which was predicted by high 

autologous neutralizing antibody titers348. NAb targets were largely dominated by 

responses to a glycan hole near residue 465 across RM, with varying frequencies of NAb 

responses elicited to a glycan hole at residues 241/289 in V1362. This vaccination strategy 

also resulted in induction of tier 2 IgA NAbs,  becoming the first reported immunization to 

do so in RM363.   

In 2018, BG505.SOSIP.664 entered clinical trials as an HIV-1 vaccine immunogen, 

combined with several different adjuvants and vaccination regimens (ClinicalTrails.Gov 
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2025). In the first trial assessing a BG505 SOSIP.664 trimer formulated with an liposome 

based adjuvant AS01B, IAVI W001 (NCT03699241), the immunogen primarily induced 

base-directed serum antibodies without any detectable neutralization of tier 2 viruses364. 

In a subsequent trial, HVTN 137 (NCT04177355), trimeric BG505 SOSIP.664 gp140 was 

formulated with, 3M-052-AF and/or alum for a first-in-human study365. This adjuvant, 

which has been shown to induce persistent long-lived plasma cells and high autologous 

tier 2 Nab titers in nonhuman primates by through enhanced germinal center activities347.  

HVTN 137 reported that 3M0-52 was both safe in humans and capable of inducing 

autologous tier 2 neutralizing antibodies (NAb), suggesting that potent adjuvants may be 

necessary to engage rarer bNAb precursors and expand the range of epitopes engaged 

past the non-neutralizing, immunodominant epitopes at the trimer base365.  

A variety of modifications to the BG505.SOSIP.664.T332N have been developed 

to further stabilize the trimer366-371. Introducing the double sulfide bond I201C-A433C 

(DS), into the BG505.SOSIP.664 reduced conformational triggering by CD4. A clinical trial 

testing the safety and vaccine-induced antibody responses of BG505.DS-SOSIP.664 

adjuvanted with alum (NCT03783130) found that it was well tolerated, and another 

ongoing trial utilizing BG505.DS-SOSIP.664 is investigating the therapeutic efficacy in 

adults living with HIV-1 receiving ART (NCT04985760)364,372,373. Another modified 

BG505.SOSIP construct, BG505 SOSIP.v4.1-GT1.1 (GT1.1), includes 18 substitutions 

and a 7-residue deletion within the V2 loop, resulting in the removal of 5 glycosylation 

sites. These modifications resulted in enhanced or novel binding of trimer apex and 

CD4bs bNAb germline precursors to GT1.1 compared to BG505.SOSIP.664.T332N374,375. 

GT1.1 priming followed by BG505.SOSIP.664.T332N boosting has been shown to elicit 
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antibodies capable of neutralizing subsets of diverse heterologous neutralization-

resistant viruses in RM, and has entered phase I clinical trials as an immunogen 

(NCT04224701, NCT05471076)376-379. An additional substitution removing a glycan from 

GT1.1 resulted in enhanced VRC01 precursor binding and has been shown to prime 

broadly reactive CD4bs-specific antibody responses in a VRC01-class precursor KI 

mouse model378.  

1.3. Severe acute respiratory syndrome coronavirus 2 (SARS‑CoV‑2) 

1.3.1. Origin and COVID-19 Pandemic 

Four coronaviruses are endemic in humans, alpha coronaviruses HCoV-229E and 

HCoV-NL63, and beta coronaviruses HCoV-OC43, and HCoV-HKU, infecting the upper 

respiratory tract and causing symptoms associated with common-cold380. Notably the 

serum of over 90% of all adults contains antibodies specific for each of these viruses381.  

All four are believed to be the result of zoonotic spillover from animal reservoirs, which 

can occur directly or through an intermediate animal host382-384. Three coronaviruses have 

undergone zoonotic transmission in the last 20 years resulting in epidemics: Middle East 

respiratory syndrome coronavirus (MERS-CoV), severe acute respiratory syndrome 

coronavirus (SARS-CoV), and SARS-CoV-2385-388. In 2003 an outbreak of SARS-CoV 

originating from China and lasting from February to June resulted in 8,098 cases and 774 

deaths- a case fatality rate of 9.6 percent389-391. MERS-CoV was first identified in 2012, 

and originated from zoonotic transmission from dromedary camels to humans385,392. 

Since April 2012 a total of 2,613 cases have been identified resulting in 943 deaths, with 

cases declining drastically since the onset of the SARS-CoV-2 pandemic1. All three 

viruses can spread to and replicate within the lower respiratory tract, where they can 
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cause severe and often fatal acute respiratory distress syndrome, especially in those with 

comorbidities393.  

SARS-CoV-2 is the causative agent of coronavirus disease 2019 (COVID-19), 

which was first described in a cohort of patients with pneumonia in late 2019 in the Wuhan 

region of China387,394. The virus is believed to have jumped to humans from an unknown 

intermediate species infected with a bat coronavirus, as the ancestral SARS-CoV-2 strain 

shares 96.2% nucleotide homology with RaTG13, a coronavirus isolated from 

Rhinolophus affinis bats, but contains an RBD within the S protein differing significantly 

at key residues387. The virus quickly spread across the globe, causing over 770,000,000 

confirmed cases and over 7,000,000 reported deaths worldwide1. The fight against the 

global pandemic included numerous lockdowns, social distancing campaigns, as well as 

mandatory testing measures, especially prior to the development of effective vaccines 

against the virus. With an overall fatality rate of around 1%, and anywhere from 3-20% of 

infected individuals requiring hospitalization, COVID-19 continues to burden global 

healthcare systems395. Through its continued replication in humans, SARS-CoV-2 has 

accumulated mutations with impacts on transmission rate and pathogenesis. The first 

notable lineage or “variant” emerged in February of 2020, defined by the D614G mutation 

within the surface spike protein and a higher transmission rate that propelled it to the 

dominant circulating  variant globally396. Numerous variants of concern (VOC) have 

jeopardized the vaccine efficacy, with emerging Alpha, Beta, Gamma, Delta, and Omicron 

variants exhibiting increased transmission, escape from neutralizing antibodies 

generated by prior vaccination or infection397-402.   
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In the case of certain SARS-CoV-2 lineages, the number of mutations accumulated 

rapidly exceeds the expected rate of evolution. The most exemplary case of such 

divergence is the initial Omicron variant of concern (BA.1) and its lineage offspring403-405. 

The Omicron variant exhibits significant genetic divergence from its probable ancestors, 

with 50 amino acid alterations—including substitutions, insertions, and deletions—

distributed across its genome. Notably, at least 32 of these mutations were located in the 

spike protein, including functionally important spike mutations observed in other 

variants406. Omicron and its descendent lineages exhibit increased transmissibility due to 

higher ACE2 affinity, and decreased associated pathology, likely due to lower levels of 

replication within the lower airway driven by less efficient use of co-receptor TMPRSS2407. 

It has been hypothesized that a majority of the genetic divergence observed in the original 

Omicron variant occurred within a singular, immunocompromised host408. Studies have 

suggested that chronic SARS-CoV-2 replication within immunocompromised hosts can 

drive increased rates of evolution, though the exact mechanisms and extent of this 

differential divergence remains to be elucidated409-416.    

1.3.2. Virology  

SARS-CoV-2 is an enveloped virus belonging to the order Nidovirales, with a 

notably large, single stranded, positive sense RNA genome417. Viruses within this order 

all utilize the same coding strategy, with around 2/3 of the genome dedicated to encoding 

2 large polyproteins that form the non-structural proteins responsible for viral genome 

replication and gene transcription418. The remaining third of the genome is transcribed 

through discontinuous transcription into subgenomic RNAs encoding the structural 

proteins that form the enveloped virion along with a lipid bilayer derived from the host cell 
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membrane393,419. Several non-structural proteins as well the accessory proteins of SARS-

CoV-2 have demonstrated immunevasive properties420,421.  

1.3.2.1. Replication Cycle 

Respiratory droplets containing SARS-CoV-2 virions mediate the majority of host-

to-host transmission, delivering the virus to the respiratory tract of uninfected 

individuals422-424. Once in the respiratory tract, the virus can bind ACE2 on the surface of 

airway epithelial cells within the nasopharynx or trachea via spike (S) glycoprotein 

trimers425,426 (details on the receptor binding and fusion events can be found in section 

1.3.2.2). Following release of the viral ribonucleoprotein complex into the host cell, cellular 

proteases free the viral genome from the nucleoprotein (N) as with other RNA 

viruses427,428. The positive sense genomic RNA (gRNA) is nearly 30 kilobases in length, 

the largest RNA genome of all RNA viruses and is capped on the 5’ end with a m7G-cap 

structure as well as a polyA tail on the 3’ end that prevent degradation by host 

exoribonucleases429,430. The gRNA serves as a direct template for the translation of 2 

large polyproteins, ORF1a and ORF1b431. These polyproteins are cleaved by intrinsic 

protease activity to form 16 nonstructural proteins that include the papain-like proteinase 

protein (NSP3), 3C-like proteinase (NSP5), RNA-dependent RNA polymerase (NSP12, 

RdRP), helicase (NSP13), endoRNAse (NSP15), 2'-O-Ribose-Methyltransferase 

(NSP16)432. NSP4 and NSP6 aid in the formation of double membrane vesicles (DMVs) 

that serve as the location for the replication and transcription complex (RTC)433,434.   

The SARS-CoV-2 RTC utilizes a process called discontinuous transcription to 

express the remaining structural and accessory proteins following expression and 

cleavage of ORF1a and ORF1b431. Discontinuous transcription begins via interactions of 
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non-structural proteins cleaved from ORF1a and ORF1b, including the RNA dependent 

RNA polymerase (RdRP), with the gRNA to form the RTC432. This complex first generates 

negative sense gRNA and sgRNA intermediates for the production of positive sense 

gRNA and sub-genomic RNAs (sgRNAs) respectively435. Transcription for all negative 

sense sgRNAs begins at the poly A tail at the 3’ end of the genome431. When the RdRP 

reaches transcription regulatory body sequences (TRS-B), which are located adjacent to 

each ORF, a conserved 7 nt sequence within the TRS-B causes the RdRP to pause436. 

This pause, accompanied with looping of the gRNA, creates an opportunity for the RdRP 

to jump to the TRS located at the 5’ end of the genome, known as the transcription 

regulatory leader sequence (TRS-L), each time it reaches a TRS-B. The TRS-L-TRS-B 

junction created by this process is unique to the sgRNAs, and are used as a marker of 

active infection when measuring viral loads via PCR in research settings431,436-438.  

Both positive sense gRNA and sgRNAs exit the DMVs, with +sgRNAs serving as 

mRNA for viral proteins such as nucleoprotein N, which complex with the +gRNA within 

the cytoplasm following translation439. The other structural proteins transcribed at this 

stage include the membrane bound spike (S), envelope (E), and matrix (M) proteins, all 

of which are trafficked to the cell surface where they associate with budding virions434,440. 

The process of viral ribonucleoprotein complex (vRNP) packaging, within these budding 

virions remains largely unknown. Recent research suggests that the N protein–gRNA 

complex is comprised of 35–40 vRNP complexes, with each vRNP unit containing 

approximately 12 N protein molecules bound to an estimated 800 nucleotides of 

gRNA433,441,442. The current model proposes that interactions between the N protein and 
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the cytoplasmic tail of the M protein facilitate incorporation of the vRNP complexes into 

new virions at the ER-to-Golgi intermediate compartment (ERGIC)441,443. 

1.3.2.2. Spike Glycoprotein (S) 

Forming trimers on the surface of SARS-CoV-2 virions, the spike glycoprotein (S) 

contains 2 major domains: the receptor binding domain (RBD) containing S1, and the 

membrane fusion mediating S2, separated by a polybasic cleavage site427,444. This furin 

cleavage site is cleaved in the host cell prior to virion release, allowing the trimer to bind 

to its target receptor angiotensin-converting enzyme 2 (ACE2)387,427. S trimers have 

shown to be very flexible via cryo-EM studies, with each S1 subunit fluctuating between 

receptor accessible (up) and receptor inaccessible (down) states444.  Following receptor 

binding, the S2 subunit is further cleaved by the transmembrane serine protease 

TMPRSS2 or by lysosomal cysteine proteases cathepsins L and B, which leads to a 

conformational change that exposes a fusion peptide that anchors the virus into the host 

cell428,445-447. S engagement by other cell surface receptors and proteases has been 

shown, though their overall contribution to replication and pathogenesis has not been 

clarified448. The membrane fusion event releases the viral ribonucleoprotein complex into 

the host cell cytoplasm445. Neutralizing epitopes and immune responses to S are 

discussed in section 1.3.3.4.1. 

1.3.3. Immune Responses to SARS-CoV-2 

1.3.3.1. IFN Responses 

Adaptive immune responses and associated clinical outcomes have been found to 

largely depend on the viral load449 and type I interferon (IFN I) responses driven by the 

innate response450. Slower declines in viral load as well as early and sustained elevated 
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levels of IFN alpha have been associated with severe clinical outcomes451. Treatment of 

RM with an interferon signaling modulator that reduced the binding and signaling of all 

forms of endogenous IFN-I resulted in significantly decreased overall viral loads452.   

1.3.3.2. Macrophage Responses in COVID-19 

In COVID-19, macrophages and monocytes produce inflammatory cytokines in 

response to patter recognition receptor (PRR) stimulation by either damage-associated 

molecular patterns (DAMPS) released from damaged epithelial cells within the airway or 

by viral pathogen-associated molecular patterns (PAMPs).  Various toll like receptors 

(TLRS), the retinoic acid-inducible gene I (RIG-I) receptor and the melanoma 

differentiation associated gene (MDA)-5 receptor in monocytes and macrophages have 

all shown to contribute to the inflammation following SARS-CoV-2 infection453-456.  

1.3.3.2.1. Tissue Resident Macrophages  

The tissue resident macrophages (TRMs) of the lung fulfill a variety of homeostatic 

niches such as tissue repair, while also serving as patrolling sentinel cells. These cells 

are ontologically distinct from macrophages originating from bone marrow derived 

circulating monocytes as they are self-replenishing and originate from the fetal yolk 

sac457. TRMs of the lung can be designated into two distinct populations, based both on 

location as well as transcriptional profile: alveolar macrophages (AMs) and interstitial 

macrophages (IMs)458-460. During inflammation however, circulating monocytes are 

recruited to the lung and differentiate into a third transcriptionally distinct set of 

macrophages461,462. While TRMs can be infected by SARS-CoV-2, it has yet to be proven 

if this infection occurs via viral escape from lysosomes or direct fusion of the cell and viral 

membranes within the lungs through an ace2 dependent mechanism463.  
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1.3.3.2.1.1. Alveolar Macrophages 

AMs make up around 95% of the immune cells within the lumen of the alveoli of 

the lung, where epithelial cells lining the lumen secret a cytokine milieu that results in the 

unique transcriptional signatures of the AM464,465. Four major subsets of AM arise during 

clustering of their transcriptional signatures, largely based on differential expression of 

IFI27 and APOC2, with sub clustering driven by expression of interferon (IFN)-inducible 

genes and chemokines466. During SARS-CoV-2 infection, AMs often undergo the 

“macrophage disappearance reaction”467,468, possibly due to direct infection or due to loss 

of survival signals resulting from damaged lung epithelium. Both the cause and purpose 

of this are still not understood, but it has been speculated that anti-inflammatory AMs may 

hinder a robust inflammatory response during acute infection469,470. Following their loss, 

AMs are repopulated either from remaining AMs or from CCR2+ Ly6C+++ recruited 

monocytes responding to GM-CSF471-473. 

 AMs are constantly surveying the alveoli, continuously phagocytosing pathogens, 

cellular debris, and foreign particles without triggering widespread inflammation474. 

Scavenging receptors such as MARCO allow AMs to clear away apoptotic immune and 

epithelial cells, while producing cytokines that trigger epithelial repair475. Subsets of AMs 

can also trigger inflammation when they are unable to keep up with phagocytic demand 

during infections, producing type I IFNs, TNF-a, and IL-1b466,470. During SARS-CoV-2 

infection, macrophages can exhibit both proinflammatory M1 and anti-inflammatory M2 

phenotypes, with M1 macrophages possibly contributing to increased viral spread via 

uptake and replication of SARS-CoV-2 viral particles476.  

1.3.3.2.1.2.  Interstitial Macrophages 
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Lung IMs reside within the bronchovascular bundle, where they patrol the neural, 

lymphatic and circulatory tissues present within and surrounding the lung interstitial 

space477. Lung IMs exhibit similar transcriptional signatures to the IMs of other organs 

throughout the body which differ from that of AMs478,479. While the functional role of IMs 

is still not well understood, their gene signatures suggest neuroimmune regulation, 

leukocyte recruitment, and immunoregulatory roles473,480. By day 2 following SARS-CoV-

2 infection in RM, C206+ macrophages with transcriptional signatures similar to IM had 

infiltrated the alveolar space461. These macrophages, along with circulating monocyte 

derived macrophages, were responsible for the majority of inflammatory IL6 and TNF 

alpha production compared to AM452.  

1.3.3.2.2. Recruited Monocytes and Macrophages 

Blood circulating monocytes are an innate myeloid derived immune cell type that 

can be divided into 3 distinct subsets based on CD14 and CD16 expression: classical 

monocytes (CD14+, CD16-), intermediate (CD14+, CD16+),  and non-classical (CD14low, 

CD16+)477. Monocytes are recruited to sites of infection via inflammatory cytokines 

produced by sentinel cells, and can differentiate to fulfill a wide range of pro- and anti-

inflammatory effector function481. During COVID-19, proinflammatory chemokines recruit 

cells to the airway, where they accumulate and differentiate into inflammatory effector 

cells, producing more inflammatory cytokines and chemokines, facilitating the 

characteristic “cytokine storm” via positive feedback452,468,482.  Within patients 

experiencing severe COVID-19, populations of immature monocytes were found to be 

elevated, indicating an emergency myelopoiesis483, with monocyte populations exhibiting 

dysfunctional phenotypes484. In RMs, CCR2+ TREM2+ blood circulating derived 
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monocytes were found to have infiltrated the alveolar space alongside IM during SARS-

CoV-2 infection, where they produced a majority of the inflammatory cytokines TNFa and 

IL-6461.  

1.3.3.2.3. Antibody Dependent Enhancement 

Antibody dependent enhancement (ADE) has been documented in various 

respiratory viral infections, including SARS-CoV485-487, but its role in SARS-CoV-2 

pathogenesis is still debated. In ADE, complexes of virus and antibodies are internalized 

via Fc receptor (FcR) binding on immune cells. Because macrophages and certain 

monocytes express IgG binding Fc gamma receptors (FcγRs)488 while also producing 

inflammatory cytokines in response to infection, they can also amplify the virus. Some 

studies have shown an FcγRII dependent ADE during COVID-19, where convalescent 

plasma was found to increase the expression of viral N in macrophages489.  

1.3.3.3. Adaptive Immune Responses 

1.3.3.3.1. T Cell Responses 

T cell responses to endemic HCOV are relatively low in magnitude and longevity 

compared to other viral infections, especially in elderly and immunocompromised 

populations490. However, SARS-CoV-1 specific T cells are still detectable 17 years 

following infection despite short lived antibody and B cell responses491,492. Despite the 

relatively recent emergence of SARS-CoV-2, cases of reinfection have been documented, 

especially with the highly infectious Omicron variant493. In cases of reinfection with this 

variant, a majority of T cell responses are retained, likely contributing to the decrease in 

clinical severity associated with Omicron494,495. Evidence from both SARS-CoV-1 and 

MERS suggest that T cell mediated immunity plays a critical role in viral control while 
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greater antibody responses can associate with inflammatory macrophage responses and 

worse clinical outcomes496,497.  

Cases of mild and moderate COVID-19 correlate with development of robust 

cytotoxic CD8+ T cell responses within the first 7 days following symptom onset, peaking 

around day 14498. The T cell pool during severe acute infection often undergoes 

simultaneous loss of up to 80% of peripheral T cells at the same time that around 20% of 

CD8+ T cells undergoing rapid proliferation499,500. Resolution of these dynamics 

correlates with recovery501. In terms of functionality, skewing of CD4+ responses to type 

I is associated with mild disease while type II phenotypes correlate with more severe 

outcomes502. While early, high levels of effector molecule expression in CD8+ T cells 

correlates with viral control, excessive sustained activation beyond this threshold is 

associated with severe clinical outcomes503,504. Cytotoxic T cells have been shown to 

infiltrate tissues, likely driven by high tissue viral loads, where they may be contributing 

to tissue damage505,506.  

Antigen specific T cell responses have been documented against all SARS-CoV-2 

proteins, in most cases proportional in magnitude to the level of expression of the viral 

proteins507. The exception to this trend lies in the enrichment of spike specific responses 

within the CD4+ T cell pool, likely due to cognate antigen engagement and subsequent 

help provided by spike specific B cells508. Levels of S specific, CD4+ follicular helper T 

(TFH) cells correlate with convalescent neutralizing antibody titers509. CD8+ epitopes of 

interest include the conserved NP105-113 epitope bound by HLA class I molecules in 

individuals possessing the B*07:02 allele. T cell responses against this epitope were 

found to correlate with strong viral control and protection from severe disease510.    
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 Memory T cell responses against SARS-CoV-2 continue to be monitored as we 

approach the 6th year since the emergence of the virus. Robust memory T cell pools have 

been documented in recovered individuals; however, their longevity may correlate with 

the severity of the infection511-513. Most CD4+ memory T cells exhibit a central memory 

phenotype, but there are significant pools of stem central memory cells514,515. Long lived 

CD8+ SARS-CoV-2 specific memory T cells express an interferon gene signature as well 

as CD45RA516. Of the total memory pool, SARS-CoV-2-specific CD4+ and CD8+ memory 

T cells make up approximately 0.5% and 0.2%, respectively, with CD4+ cells targeting an 

average 19 epitopes and CD8+’s targeting around 17517. The size of tissue resident 

memory pools within the airway tissues correlates with both age and protection from 

severe disease518.  

1.3.3.3.2. B cell Responses 

A majority of patients with COVID-19 experience a transient increase in plasma 

cell frequencies, in some cases exceeding 30% of total B cells within the blood, that 

returns to baseline 3-6 months post infection503. These cells arise simultaneously as the 

patients seroconvert, are highly polyclonal, and show little to no SHM, suggesting early B 

cell responses to SARS-CoV-2 infection are largely driven by the engagement of naïve B 

cells519. Propagated mostly by extrafollicular B cell proliferation, these peripherally 

circulating B cells were enriched with CD27- and IgD- populations in patients with severe 

COVID-19. While some evidence suggests that patients with severe COVID-19 have 

hindered GC responses during acute infection despite their stronger overall antibody 

responses, presence of MBCs with high levels of SHM in these patients suggests that the 

memory phase GC responses may remain in tact520,521. Antigen persistence fuels GC 
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reactions for several months following infection, driving increases of S and N specific 

memory B cells with accumulating SHM for up to 6 months521. Patients with mild disease 

show vastly heterogenous frequencies of S specific MBCs at 5 months following symptom 

onset with some exhibiting very high counts, suggesting that severe disease is not 

necessary to drive strong memory B cell responses522.  

1.3.3.3.3. Antibody Responses 

As the sole viral protein exposed on the surface of mature, in-tact virions, S 

remains the only target for neutralizing antibodies523. While over 90% of pre-pandemic 

serum samples contain HCoV S specific antibodies, only around 1% of samples screened 

contained antibodies cross reactive with the RBD of SARS-CoV-2524. Higher frequencies 

of cross reactivity were observed against other S epitopes (~4%) and N (16%), consistent 

with the low to undetectable levels of SARS-CoV-2 neutralizing activity of pre-existing 

SARS-CoV-2 binding antibody repertoires524. Antibody responses to HCoV infections are 

relatively short lived, similar to corresponding T cell responses525, while SARS-CoV-1 

infection confers neutralizing antibody titers with more substantial half-lives526.  

Approximately 90% of the neutralization activity within the serum stems from 

antibodies targeting the RBD of SARS-CoV-2 S527. IgM, IgA, and IgG responses against 

SARS-CoV-2 RBD are detectable on average within 11-13 days post symptom onset, with 

maximum positivity rates occurring around 4-6 weeks525. Anti-RBD IgA and IgM titers 

rapidly decline in weeks 7-10, with a majority of patients negative for both by week 12, 

while IgG titers exhibit a slower decline. Severity of COVID-19 disease correlates strongly 

with the magnitude of anti-SARS-CoV-2 antibody responses, with patients who were 

admitted to the ICU maintaining the highest levels of RBD binding IgM, IgG and IgA528 as 
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well a broader binding repertoires529. As age correlates with severity of disease, elderly 

populations exhibit higher likelihood to develop high antibody titers due to the higher 

likelihood to experience severe disease530,531, while children largely experience 

asymptomatic or mild COVID-19, yielding lower antibody titers532,533. Neutralizing 

antibodies are considered the paramount correlate of protection against infection by 

SARS-CoV-2, but heterogeneity of antibody responses among disease outcomes 

suggest neutralization plays a smaller role in viral control525. Associations of fucosylation 

states of anti-SARS-CoV-2 antibodies have been made with disease severity, with 

increased afucosylated antibodies binding FcγRIIIa more strongly and triggering stronger 

proinflammatory responses534.  

Mucosal antibody responses to SARS-CoV-2 are less characterized than those of 

the serum. In contrast to the serum, patients with mild disease show elevated neutralizing 

titers within the airway compared to those with severe disease, and that these correlated 

with IgA responses535. Additionally, the secreted form of IgA, dimeric IgA, was found to 

neutralize SARS-CoV-2 with greater potency than monomeric IgA536. An intranasal 

vaccine, NanoSTING-SN (NanoSTING-Spike-Nucleocapsid) was found to protect against 

multiple strains of SARS-CoV-2 and SARS-CoV while preventing transmission to vaccine 

naïve hamsters537. In the NHP model, NanoSTING-SN also elicited cross-reactive IgA 

responses within the serum and nasal wash, but further challenge studies are needed to  

determine associations of mucosal antibody repertoires and disease outcomes538.  

The continued emergence of viral variants with significant mutations to the RBD of 

the S protein have highlighted the need for ongoing characterization of the binding 

relationships between neutralizing antibodies and the structure of their cognate epitopes 
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within S. While the majority of neutralizing responses target the RBD of S1, fusion 

components of S2 exhibit lower levels of mutation and glycosylation, suggesting possible 

targets for cross variant neutralizing antibodies527. Surface plasmon resonance studies 

have revealed 4 classes of RBD binding antibodies based on epitope targeting or 

neutralizing function539-541. Class 1 and 2 antibodies compete with ACE2 for the ACE2 

binding site on receptor accessible RBD-up and receptor inaccessible RBD-down 

subunits, respectively. Class 3 neutralizing antibodies bind outside the ACE2 interface, in 

both RBD-up and RBD-down conformations. Class 4 antibodies bind a quaternary epitope 

only accessible when at least 2 of the RBD subunits are in the up conformation. Other 

neutralizing antibodies target the NTD, which prevent conformational changes necessary 

for membrane fusion, rather than prevention of ACE2 binding542. 

Some antibodies have been identified with broad neutralizing capacity against 

SARS-CoV-2 variants, revealing conserved epitopes within the S protein. Two of such 

mAbs, derived from memory B cells of SARS-CoV-1 survivors, have been approved for 

therapeutic and prophylactic use:  sotrovimab and pemivibart543-547. However, 

sotrovimab’s emergency authorization was revoked by the FDA in December of 2023 due 

to loss of neutralizing capacity to Omicron variant BA.2  An additional potent neutralizing 

mAb, VIR-7229, has recently been identified which targets the viral receptor-binding motif 

(RBM) with even greater cross-reactivity to all sarbecovirus clades, including all SARS-

CoV-2 variants548. Through molecular mimicry, VIR-7229 binds key residues within the 

RBM that make contact with ACE2, and therefore functionally and evolutionary 

constrained. Further preclinical and clinical studies are underway investigating the 
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therapeutic efficacy of VIR-7229, but its high potency and resistance to epitope 

diversification could lead to both therapeutic and prophylactic applications548.  

While both sotrovimab and pemivibart bind epitopes within the RBD, additional 

epitopes are targeted by mAbs that are broadly reactive with all sarbecoviruses, beta-

coronaviruses, or multiple coronavirus genera 549-555. The fusion machinery contained 

within the S2 domain of the S protein contains several epitopes conserved across beta-

coronaviruses. While the fusion peptide itself exhibits high rates of evolution, the two 

heptad repeats responsible for the formation of helical coiled coils necessary for 

membrane fusion are highly conserved. Antibodies targeting S2 epitopes are less potent 

than those targeting RBD, they still have been shown to protect against infection and 

inflammation in both small animal and RM models555-557.  

1.3.4. SARS-CoV-2 Vaccines 

While many public health measures such as social distancing and mandatory 

testing have been either encouraged or enforced during the pandemic, vaccines remain 

the most crucial preventative measure to combat the spread and severity of SARS-CoV-

2. The current vaccines against SARS-CoV-2 facilitate the generation of neutralizing 

antibody titers targeting S, the primary correlate of protection, as well as varying antigen 

specific T cell populations 558. According to the World Health Organization COVID-19 

Dashboard, over 13.6 billion doses of the vaccine have been administered to over 5 billion 

people around the globe 1. Unprecedented collaboration and resource allocation has led 

to the 821 clinical vaccine trials including FDA approved platforms such as the mRNA 

vaccines developed by Pfizer and Moderna, as well as those yet to be approved such as 

variant specific boosters 559.  
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Vaccines against SARS-CoV-2 are available in a variety of conventional and novel 

platforms. On December 11th 2020, approximately one year following the emergence of 

SARS-CoV-2, the FDA provided emergency approval for the administration of Pfizer’s 

novel mRNA-based vaccine, BNT162b2560,561. It was quickly followed one week later by 

the approval of Moderna’s mRNA-1273, making the two the first mRNA-based vaccines 

to be approved3,562. Both vaccines each conferred around 95% protection against COVID-

19 disease at the time, but waning antibody titers and mutations in S acquired by the virus 

have since necessitated boosters to maintain effective protection563.  The mRNA vaccines 

have proven not only to be well tolerated with minimal adverse events, they also have 

been shown to be effective in heterologous boosting strategies for those that received the 

now retracted Janssen, Johnson & Johnson human adenovirus type 26 vectored vaccine  

JNJ-78436735564,565. Although the JNJ-78436735 vaccine exhibited mild reactogenicity in 

early trials, thrombosis with thrombocytopenia syndrome (TTS) was reported at rare 

frequencies in recipients a few weeks after vaccination, and the FDA limited its application 

to those unable to receive other authorized vaccines565,566.  

The Pfizer-BioNTech and Moderna COVID-19 vaccines have undergone several 

iterations to reflect the predominant circulating Omicron variants. In late 2022 to early 

2023, both a bivalent ancestral SARS-CoV-2 / BA.1 and a bivalent BA.4/BA.5 based 

mRNA vaccine were approved567. Continued evolution and immune escape of the 

Omicron lineage necessitated additional updates against the XBB1.5 and JN.1 variants 

in June 2023 and April 2024, respectively568-571. As of March 2025, Omicron subvariants 

continue to dominate the global circulation of SARS-CoV-2, with 34% of global cases 

attributed to subvariant XEC and 45% of cases in North America associated with 
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LP.8.1572.  While the mRNA platform allows for easy modifications to be made to the 

immunogen to account for these variants, antigenic sin may pose a substantial challenge 

to conferring variant specific protection as several studies have shown only slight 

increases in effectiveness when boosting with omicron S vs ancestral WA1/2020 S573-575.  

In addition to the mRNA vaccines, a recombinant, full-length, prefusion-stabilized, 

spike nanoparticle vaccine with a saponin-based adjuvant named Matrix-M by Novavax, 

NVX-CoV2373, was granted authorization for emergency use on July 13, 2022576-578. 

Administered in 2 two 5μg protein, 50μg adjuvant doses spaced 21 days apart, NVX-

CoV2373 has shown to be up to 90% effective at preventing symptomatic COVID-19. The 

FDA has approved two updated, monovalent formulas based on the Omicron subvariants 

XBB1.5 in 2023 and JN.1. in 2024579-581. Compared to homologous boosting with mRNA 

based SARS-CoV-2 vaccines (3 doses total), heterologous boosting of a primary (2 dose) 

mRNA vaccine series with NVX-CoV2373 (1 dose) yielded lower NAb titers 28 days post 

boost582. However, NVX-CoV2373 has been associated with significantly lower adverse 

events and could increase vaccine coverage rates for populations that are hesitant to 

receive or do not have access to mRNA-based vaccines578,582,583. 

1.3.5. Summary 

The literature on SARS-CoV-2 highlights its rapid global spread, driven by high 

transmissibility and the emergence of new variants. Extensive research has uncovered 

key mechanisms of viral entry, immune evasion, and host immune responses, with 

particular attention to the roles of neutralizing antibodies and T cell immunity. Animal 

models, especially nonhuman primates, have been critical for studying pathogenesis and 
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evaluating vaccines and therapeutics. Ongoing work continues to explore long-term 

immunity, variant-specific responses, and strategies to achieve broad, durable protection. 
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ABSTRACT 

The continued evolution of SARS-CoV-2 variants capable of subverting vaccine and 

infection-induced immunity suggests the advantage of a broadly protective vaccine 

against betacoronaviruses (β-CoVs). Recent studies have isolated monoclonal antibodies 

(mAbs) from SARS-CoV-2 recovered-vaccinated donors capable of neutralizing a 

majority of SARS-CoV-2 variants and other β-CoVs. Many of these mAbs target the 

conserved S2 stem region of the SARS-CoV-2 spike protein, rather than the receptor 

binding domain contained within S1 primarily targeted by current SARS-CoV-2 vaccines. 

One of these S2-directed mAbs, CC40.8, has demonstrated protective efficacy in small 

animal models against SARS-CoV-2 challenge. As the next step in the pre-clinical testing 

of S2-directed antibodies as a strategy to protect from SARS-CoV-2 infection, we 

evaluated the in vivo efficacy of CC40.8 in a clinically relevant non-human primate model 

by conducting passive antibody transfer to rhesus macaques (RM) followed by SARS-

CoV-2 challenge. CC40.8 mAb was intravenously infused at 10mg/kg, 1mg/kg, or 

0.1mg/kg into groups (n=6) of RM, alongside one group that received a control antibody 

(PGT121). Viral loads in the lower airway were significantly reduced in animals receiving 

higher doses of CC40.8. We observed a significant reduction in inflammatory cytokines 

and macrophages within the lower airway of animals infused with 10mg/kg and 1mg/kg 

doses of CC40.8. Viral genome sequencing demonstrated a lack of escape mutations in 

the CC40.8 epitope. Collectively, these data demonstrate the protective efficiency of 

broadly neutralizing S2-targeting antibodies against SARS-CoV-2 infection within the 

lower airway while providing critical preclinical work necessary for the development of 

pan–β-CoV vaccines. 
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MAIN TEXT 

INTRODUCTION 

Since its emergence in late 2019, severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) has led to over 700 million cases of coronavirus disease 2019 (COVID-

19), resulting in over 6 million deaths584. While alphacoronaviruses HCoV-229E and 

HCoV-NL63, and betacoronaviruses (β-CoVs) HCoV-OC43 and HCoV-HKU1 are 

endemic to humans, typically causing mild disease, they still pose a serious threat to at-

risk populations such as the elderly and immunocompromised383,585,586. β-CoVs SARS-

CoV-1 (severe acute respiratory syndrome coronavirus 1) and MERS-CoV (Middle East 

respiratory syndrome CoV) both arose from zoonotic transmission events within the last 

20 years and are associated with high morbidity and mortality in humans586-588. Together 

with the COVID-19 pandemic, these transmission events and subsequent public health 

crises highlight the urgent need for proactive measures to prevent a future coronavirus 

epidemic.  

Today, vaccination remains the most utilized prophylactic strategy against severe COVID-

19, with over 13.5 billion doses of SARS-CoV-2 vaccines across various platforms 

administered worldwide1. The majority of approved SARS-CoV-2 vaccines seek to induce 

neutralizing antibodies against the surface spike (S) glycoprotein, particularly the receptor 

binding domain (RBD) regardless of platform2,589-600. Due to their highly efficient immune 

responses, rapid development, and ease of scalability, messenger ribonucleic acid 

(mRNA)-based vaccines developed separately by Moderna (mRNA-1273) and 

Pfizer/BioNTech (BNT162b2) were the first to be approved by the US Food and Drug 

Administration and European Medicines Agency, both encoding a prefusion-stabilized, 
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full-length S protein2,601-603. Approval and administration of viral vector and protein 

subunit-based vaccines also utilizing full-length S proteins have since followed604,605. 

Even though full-length S immunogens do include both the S1 and S2 subunits, the 

majority of IgG responses target the highly immunogenic S1606,607.   

The majority of human coronavirus (HCoV) infections elicit strain-specific neutralizing 

antibody responses608,609. Only 10-13% of convalescent COVID-19 donors exhibit some 

degree of neutralizing capacity against multiple β-CoVs555,610,611. Several theories have 

been proposed to explain the rarity of broad neutralizing humoral immunity against β-

CoVs, including “antigenic sin” driven by previous coronavirus infection towards non-

neutralizing or variant-specific epitopes, steric difficulty in targeting conserved epitopes, 

and disfavored somatic hypermutation pathways612. Broad neutralizing responses have 

been elicited via heterologous coronavirus (CoV) S subunit vaccinations in human 

immunoglobulin (Ig) locus transgenic mice. However, much more remains to be 

investigated on conserved epitope targeting antibody development in more clinically 

relevant models613,614.  

   

SARS-CoV-2 has continued to evolve to escape immune pressures applied by B and T 

cell memory conferred by both infection and vaccination. During the first two years of the 

pandemic, different lineages designated as “variants of concern” (VOCs) by the World 

Health Organization (WHO) have repeatedly emerged from distinct temporal and 

geographic landscapes. These VOCs were defined by up to 16 point mutations and a 

deletion of 7 nucleotides that conferred an overall fitness advantage over co-circulating 

variants615-619. However, after the Omicron variant emerged in November 2021, its sub-
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lineages quickly outcompeted other variants and ushered in what was described as a 

“fourth-wave” of the pandemic620. Harboring a variety of mutations within the S protein, 

including 30 amino acid substitutions, a deletion of 6 amino acids, and an insertion of 3 

new amino acids, the Omicron VOCs represented a phylogenetically distant lineage 

compared to previous VOCs615,621. Omicron and its sub-lineages are characterized by 

their high transmissibility, less severe disease, and resistance against both previously 

approved therapeutic antibodies and those from convalescent patients or vaccinated 

individuals622-624. These characteristics are largely attributed to the concentration of over 

15 amino acid substitutions within the ACE2 RBD and 9 substitutions within the S1 NTD. 

The swift rise of a phylogenetically distinct variant able to circumvent existing intervention 

strategies underscores the prudence of reducing reliance on S1-targeted humoral 

immunity in favor of a more universal CoV prevention approach.   

     

In terms of S1-targeted immunity, the majority of neutralizing antibodies generated 

against SARS-CoV-2 target the highly immunogenic RBD contained within the S1 

subunit625,626. The RBD is responsible for engaging the human angiotensin-converting 

enzyme 2 (hACE2) on the surface of host cells within the airways625-629. While the RBD 

is the major target of neutralizing antibodies, this region exhibits considerable variation 

between HCoVs and most RBD-neutralizing epitopes are likely to be susceptible to 

antigenic drift402,585,630,631. The S2 subunit, responsible for mediating membrane fusion, is 

more conserved among β-CoVs, with both the stem helix region and fusion peptide-

containing epitopes targeted by broadly neutralizing antibodies (bNAbs)614,632,633. 

Antibodies targeting this region typically exhibit lower neutralizing potency than those 
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targeting the RBD, but have been shown to retain similar protective efficacy in vivo, 

possibly due to Fc-mediated effector mechanisms555.  Recently, several S2-targeting 

antibodies with neutralizing breadth against multiple SARS-CoV-2 VOCs or across β-

CoVs have been described by us and others633. We have shown that these antibodies 

target a conserved, 25 amino acid long stem-helix region in the S2 domain, use a 

remarkably restricted set of V genes, and were isolated most frequently in subjects with 

hybrid immunity (natural infection followed by vaccination) but rarely in individuals 

exposed to either SARS-CoV-2 by infection or vaccination alone620. 

 

We have previously shown that CC40.8, a monoclonal antibody (mAb) isolated from a 

peripheral blood mononuclear cell (PBMC) sample of a 62-year-old convalescent donor, 

exhibits broad reactivity against β-CoVs by targeting the conserved stem helix (SH) 

epitope of the S2 region634. In addition to neutralizing both SARS-CoV-1 and VOCs of 

SARS-CoV-2, CC40.8 protects against weight loss and reduces viral burden in SARS-

CoV-2 challenge in vivo when passively infused into hACE2 mice and Syrian hamsters555. 

However, the efficacy of S2-directed humoral immunity at preventing COVID-19 

pathology has yet to be described in non-human primates (NHPs). Owing to the genetic 

and physiological similarities to humans, NHPs are a highly relevant model for 

investigating both the pathology of SARS-COV-2 infection, as well as the efficacy of 

vaccination and therapeutic strategies against the virus635. NHPs, including rhesus 

macaques (RMs), have an ACE2 receptor that is nearly identical to humans, proving 

valuable when testing vaccine-mediated protection against different variants452,636-639. 

Using β-CoV bNAb CC40.8 in the mild-moderate disease model of SARS-CoV-2–infected 
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RMs, our data demonstrate the ability of S2-mediated neutralizing antibodies to limit viral 

load and inflammation within the lower airway.  

 

RESULTS 

CC40.8 reduces SARS-CoV-2 replication in the lower airway of rhesus macaques 

We have previously shown that β-CoV bNAb CC40.8 consistently neutralizes SARS-CoV-

2 VOCs in vitro and significantly protects from weight loss and lowers airway viral loads 

in vivo in small animal models555. To determine the in vivo efficacy of CC40.8 in the non-

human primate model, we conducted passive antibody transfer followed by SARS-CoV-

2 challenge. CC40.8 mAb was intravenously infused at 10mg/kg, 1mg/kg, 0.1 mg/kg 

doses into groups of six rhesus macaques (RM) (Fig. 1A, Table S1), and an HIV-specific 

All animals were screened for pre-existing, SARS-CoV-2 spike specific antibodies prior 

to enrollment in this study (Table S1). All four groups were challenged with SARS-CoV-2 

2019-nCoV/USA-WA1/2020, a strain shown previously to replicate productively and 

induce inflammatory sequela in the upper and lower airways in the RM model452,639,640. 

Viral challenge was administered intranasally and intratracheally with a combined total of 

1.1 x 106  plaque-forming units (PFU) five days following antibody infusion. Three animals 

per experimental group were euthanized at 7 and 8 days post infection (dpi) each. 

Animals were scored according to the Coronavirus Vaccine and Treatment Evaluation 

Network standard clinical assessment at cage-side (Table S2) and during anesthetic 

(Table S3) accesses. No differences were observed in cage-side, anesthetic, or total 

clinical scores between treatment groups. All treatment groups experienced similar 

expected weight loss following transfer to the BSL-3 animal care facility (Fig. S2C), and 
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vitals including rectal temperature, respiratory rate, heart rate, and SpO2 also did not 

differ between experimental groups (Fig S2B-E).  Levels of CC40.8 and PGT121 in the 

sera and bronchial alveolar lavages (BALs) accurately reflected experimental dosage 

across all animals from -4 dpi through 7/8 dpi (Fig 1D-1E).  

 

Viral titers were determined via quantitative polymerase chain reaction (qPCR) for both 

subgenomic RNA (sgRNA) and genomic RNA (gRNA) to measure replicating virus and 

to verify inoculation, respectively (Fig. 1B-C, S1A-B). BAL and nasal swab sgRNA levels 

were reproduced by an independent laboratory and further confirmed by gRNA 

quantification (Fig. S1E-F). 10mg/kg CC40.8-treated animals exhibited significant 

reductions (p = 0.039) in SARS-CoV-2 subgenomic N (sgN) levels within the BAL at 2 dpi 

compared to both negative control (PGT121 10mg/kg) and 0.1 mg/kg dose treated 

animals (Fig. 1B). In addition, BAL subgenomic E (sgE) viral titers at 2 dpi showed 

significant reduction between the 10 mg/kg treated animals compared to the negative 

control (p = 0.042) and 0.1 mg/kg dose (p = 0.042) (Fig. 1B). Levels of replication-

competent virus were measured within the BAL at 2dpi using an FRNT assay and trended 

similarly (Fig S1). At 7/8 dpi, the majority of CC40.8 1 mg/kg and 10 mg/kg treated animals 

exhibited sgN loads at or below the lower level of quantification, while negative control 

and 0.1 mg/kg dosed animals retained above 100,000 copies of sgN per mL (Fig. 1B, Fig 

S1E). Compared to the negative control, 7/8 dpi sgN viral loads within the BAL of 1.0 

mg/kg and 10 mg/kg treatment groups were significantly reduced (p = 0.015 and p = 0.011 

respectively), and a significant difference was also observed between 0.1 mg/kg 

treatment and 1.0 mg/kg treatment (p=0.045) (Fig. 1B). Despite these observations within 
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the BAL and lung tissues, no significant differences in sgN or sgE viral titers were 

observed within the upper airway in any of the RM groups (Fig. 1C, Figs. S1F, S1H, S1J).  

 

CC40.8 reduces lower airway infiltration of inflammatory monocyte and 

macrophage populations during SARS-CoV-2 infection 

Several studies have reported perturbed macrophage populations within the airways of 

rhesus macaques during SARS-CoV-2 infection641-643. In our prior work in the RM model, 

we identified the predominant macrophage subsets producing inflammatory cytokines in 

the lower airway following SARS-CoV-2 infection using single-cell RNA sequencing 

(scRNA-Seq) as CD163+MRC1+TREM2+ and CD163+MRC1− macrophages452,461, and 

that blocking the recruitment of these subsets abrogated associated inflammatory 

signaling452,461. To expand on our characterization of these subsets, we developed a 

multi-parametric flow cytometry panel to assess changes in frequency within the BAL of 

alveolar macrophage populations (CD163+ MRC1+) and of non-tissue-resident 

macrophage populations (CD163+ MRC1-) (Fig. 2A Fig. S3A). Treatment with 1.0 mg/kg 

and 10 mg/kg of CC40.8 resulted in significant reductions (p = .008658 and p = .030303, 

respectively) in infiltrating CD163+ MRC1- macrophage populations within the BAL at 2 

dpi (Fig 2B and 2E). Similarly, 1.0 mg/kg and 10 mg/kg groups maintained their CD163+ 

MRC1+ alveolar macrophage populations across the course of infection, while the 0.1 

mg/kg dose and control groups exhibited significant reductions in this population 

compared to 10 mg/kg treated animals at 2 dpi (p = .007937 and p = .008658 respectively) 

(Fig. 2C and 2F). 
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We also quantified the impact of CC40.8 treatment on airway macrophage populations 

using droplet based scRNA-Seq. Our previous work delineated the major subsets of lung 

macrophages driving inflammatory and anti-inflammatory cytokine production within the 

alveolar space during SARS-CoV-2 infection452,461. We employed the same approach in 

this study, using previously generated scRNA-Seq data from uninfected RMs as a 

reference to map and annotate 107,830 cells captured from the BAL from all 24 animals 

(Fig 3A, Fig. S5A-C).  Consistent with prior studies, the vast majority of annotated cells 

were macrophages and monocytes, and   transcriptomic analysis identified four major 

macrophage/monocyte subsets: (i) CD163+MRC1+ resident alveolar macrophages; (ii) 

macrophages similar to infiltrating monocytes expressing CD163+MRC1+TREM2 (iii) 

CD163+ MRC1- interstitial-like macrophages; and (iii) CD16+ monocytes (Fig. 3B)461,644. 

scRNA-Seq demonstrated that animals infused with 10 mg/kg of CC40.8 had near 

complete abrogation of the influx of CD163+MRC1- macrophages to the lower airway at 

2 dpi compared to control animals (p = .030303) (Fig. 3C 0.1 mg/kg treated animals had 

significantly higher frequencies of these interstitial-like macrophages at both 2 dpi and 7 

/ 8 dpi compared to 10 mg/kg treated animals (p = .031746 and p = .015152 respectively), 

consistent with our flow cytometry data (Fig. 3C). The frequency of CD163+MRC1- 

macrophages at 2 dpi within the BAL significantly correlated with BAL viral load (Fig. 

S6E). While we did not measure significant differences between experimental groups in 

CD163+MRC1+ alveolar macrophage frequency via scRNA-Seq, there was a trend 

towards a CC40.8 dose response in maintaining this population in the airway (Fig 3E). 

We also detected a significant reduction in CD16+ monocyte populations within the BAL 

of 1.0 mg/kg and 10 mg/kg treatment groups compared to controls (p = .021645 and p = 
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.028139 respectively) (Fig. 3F).  Interestingly, we did not measure significant differences 

between treatment conditions in the frequency of CD163+MRC1+TREM2+ macrophages, 

however, this may be due to timing of sampling, as our prior work has demonstrated that 

this subset peaks at 4 dpi (Fig. 3D)461.  Collectively these data demonstrate that S2 

targeted neutralization of SARS-CoV-2 by CC40.8 is capable of eliminating the 

recruitment of inflammatory myeloid cells into the lower airway during infection. 

 

We also observed significant reductions in protein levels of inflammatory cytokines 

measured within the BAL of 10 mg/kg CC40.8-treated RM following infection (Fig. 3K-M, 

Fig S4A-J). While both control and 0.1 mg/kg treated animals trended towards higher 

levels of IFN at both 2dpi and 7 / 8 dpi, we observed significant differences at 7 / 8 dpi 

between the 0.1 mg/kg and 10 mg/kg treated groups (p = .021645) (Fig. 3K). IP-10, 

previously identified as a biomarker for COVID-19 severity, was significantly reduced in 

10 mg/kg treated groups at 2 dpi compared to controls (p = .04329), and in both 1.0 mg/kg 

and 10 mg/kg groups at 7 / 8 dpi compared to 0.1 mg/kg dose (p = .041126 and p = 

.025947, respectively) (Fig 3M)645. G-CSF levels were also significantly elevated in 0.1 

mg/kg treated animals at 2 dpi (p = .041126) (Fig.S4A). Many of the measured 

proinflammatory cytokines and chemokines levels, including TNF-a, IL-1b, and IL-6 

correlated highly significantly with BAL SARS-CoV-2 titers (Supplementary Table S4).  

 

CC40.8 abolishes gene expression programs of inflammation driven by infiltrating 

macrophages following SARS-CoV-2 infection  
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To further investigate the impact of CC40.8 treatment on pulmonary macrophages within 

the alveolar space during early SARS-CoV-2 infection, we identified transcriptional 

changes in the CD163+MRC1+TREM2+, CD163+ MRC1+ and CD163+ MRC1- 

macrophage populations. Consistent with the reduction in sgRNA in the BAL, 10 mg/kg 

treatment of CC40.8 abrogated ISG expression in CD163+ MRC1-, CD163+ MRC1+, and 

CD163+MRC1+TREM2 macrophages at 2 dpi, with 1.0 mg/kg treated animals also 

showing reduced ISG expression at this time point (Fig 3G, Fig S6C). Also, consistent 

with previously published data, the CD163+MRC1− population produced the majority of 

transcripts for the inflammatory cytokines TNF and IL6, and transcripts for the pro-

inflammatory chemokines CCL8, CXCL10, and CXCL11 across experimental groups (Fig 

3G-H, Fig S6C). The 10 mg/kg CC40.8 treatment group demonstrated a significant 

reduction of the levels of these transcripts in the CD163+ MRC1- subset. Interestingly, 

while we observed broad expression of ISGs in the CD163+ MRC1- macrophages, this 

treatment group exhibited the highest expression levels of the pro-inflammatory cytokine 

IL1B at 2 dpi.  

 

Acute SARS-CoV-2 infection results in activated monocytes and macrophages, which 

undergo inflammasome-mediated pyroptosis646. This process has been shown to induce 

secondary inflammation in non-immune cell subsets within the lungs of RM640. We 

observed CC40.8-dependent reductions of several inflammasome-associated genes in 

CD163+ MRC1− macrophages within the BAL (Fig. 3J). In 10 mg/kg treated animals, we 

observed reductions in the expression of CASP1, GSDMD, IL1RN, IL27 at 2 dpi and AIM2 

and NLRP3 at 7/8 dpi compared to control and 0.1 mg/kg treated animals. 1.0 mg/kg dose 
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CC40.8 treatment resulted in reductions in AIM2 at 2 dpi, and AIM2, IL1B, and NLRP at 

7/8 dpi. Consistent with our previous work, reductions in inflammasome-associated genes 

were most prominent in CD163+MRC1− cells, with smaller effects observed in the 

CD163+MRC1+TREM2 and CD163+MRC1+ populations (Fig. 3J, S6C).   

 

CC40.8 treatment reduced inflammation within lung during SARS-CoV-2 infection 

To further investigate the effect of CC40.8 mAb treatment within the lower airway, scRNA-

seq was conducted on cell suspensions prepared from caudal (lower) lung lobe sections 

obtained at necropsy (7/8 dpi). Our previous work explored SARS-CoV-2 driven 

inflammation within lung cell subsets, and we employed a similar approach in this study 

to annotate 101,766 cells captured from caudal lung tissues from RM treated with 

PGT121 (n=3), CC40.8 10mg/kg (n=3), and CC40.8 0.1mg/kg (n=3) at 7/8 dpi (Fig 4A, 

Fig. S7A-D)461.  Cells were classified into four major groups based on the expression of 

canonical markers (epithelial, lymphoid, myeloid, and “other”) and then each clustered 

separately (Fig 4A). Subsets within each major group were defined by the expression of 

marker genes (Fig. S7 A-D). Pathway analysis at 7/8 dpi revealed stark contrast in IFN-I 

signaling between PGT121 and CC40.8 10mg/kg treated animals (Fig. 4B), consistent 

with contrasting BAL and lung tissue viral loads measured at the same time point (Fig 1A, 

Fig S1D). IFN-I related gene sets were observed to be diminished in CC40.8 10mg/kg 

animals across several cell subsets in the lung, especially when compared to CD163+ 

MRC1+ macrophages, non-classical monocytes, pDCs, cDC2’s and adventitial 

fibroblasts in PGT121 treated animals (Fig. 4B). Additionally, analysis of singular genes 

revealed at least 9 ISGs that were significantly lower in the adventitial fibroblasts, CD163+ 
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MRC1+ macrophages, CD163+ MRC1- macrophages, and neutrophils of CC40.8 

10mg/kg treated animals compared to PGT121 controls (Fig. 4C).   

 

CC40.8 treatment did not select for mutations in the S2 stem-helix epitope  

To evaluate within-host SARS-CoV-2 evolution and potential antibody escape, we 

performed full viral genome sequencing using RNA from BAL fluid. We analyzed 

consensus mutations and intrahost single-nucleotide variants (iSNVs) compared to the 

sequence of the infecting viral stock. 11 animals yielded sequence data from both the 2 

dpi and 7/8 dpi intervals and 10 animals yielded sequence data at solely the 2 dpi 

timepoint (Data File S8). Three animals (from the CC40.8 1mg/kg or 10 mg/kg groups) 

had insufficient SARS-CoV-2 RNA for viral genome sequencing. 

 

Very few consensus-level changes were observed across the genome, but we identified 

numerous iSNVs (Fig. S9). We compared within-sample SARS-CoV-2 diversity, as 

measured by the average Shannon entropy across the genome, between 2 dpi and 

necropsy. While the low number of animals with paired sequences available hindered 

robust statistical analysis, we observed a trend of increased in entropy in control animals 

(Fig. 5A), consistent with virus diversification over time, whereas mean entropy trended 

to decrease in animals treated with 1mg/kg and 10mg/kg of CC40.8 (Fig. 5B). These 

results suggest that CC40.8 treatment does not enhance within-host SARS-CoV-2 

diversification over the course of infection and raise the possibility that it may instead limit 

it. 
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To evaluate the stability of the CC40.8 epitope during SARS-CoV-2 infection, we 

assessed the frequency of consensus changes and iSNVs within a 23-amino acid 

segment of the conserved stem helix region within the S2 subunit (nt positions 24980-

25048; AA positions 1140-1162). We observed two mutations in the CC40.8 epitope: one 

animal in the control group exhibited a mutation at E1151D, which was determined to be 

a contact residue for CC40.8, at 3% frequency at necropsy (Fig 5D). One animal in the 

0.1 mg/kg treatment group exhibited mutation D1146Y present at 10% frequency at 2 dpi 

but was not detected within the samples taken at necropsy (Fig. 5C). These results 

suggest a lack of antibody escape despite selective pressure, underscoring the 

conserved nature of the epitope.  

 

DISCUSSION 

Owing to both the ongoing emergence of SARS-CoV-2 variants that circumvent vaccine-

elicited immunity, and the zoonotic potential of new CoVs, the development of pan-CoV 

therapeutic and preventative strategies remains a biomedical priority647. Reverse 

vaccinology approaches have identified conserved molecular targets on the coronavirus 

spike protein capable of eliciting antibodies in humans with broad coronavirus neutralizing 

capacity, including an epitope contained in the S2 subunit of the coronavirus spike 

protein614,634,648,649. Vaccine strategies that elicit neutralizing antibodies by S2 directed 

binding thus have the potential to reduce the reliance on boosts for novel SARS-CoV-2 

VOCs and may provide more protection against novel CoVs. In prior work, we isolated 

the S2 targeting mAb CC40.8634, which was capable of neutralizing clade 1b and clade 

1a ACE2 receptor-using sarbecoviruses, and had robust in vivo protective efficacy against 
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WA.1 SARS-CoV-2 challenge in small animal models614. A key step in the development 

of S2 targeting antibodies as a viable strategy for vaccines against coronaviruses is to 

demonstrate their protective efficacy in a clinically relevant animal model.  

 

Here, we demonstrate that infusion of rhesus macaques with the S2 directed antibody 

CC40.8 was able to provide protection against SARS-CoV-2 replication in the lower 

airway. Treatment with mAb CC40.8 resulted in reduced viral load within the lower airway, 

as well as reduced inflammation following SARS-CoV-2 infection. While we did not 

observe sterilizing immunity in either compartment, it is worthwhile to note that the 

inoculation dose, 1.1 x 106 PFU, administered to both the upper and lower airway, is 

significantly higher than physiological exposure to SARS-CoV-2, yet CC40.8 

monotherapy at 1 mg/kg and 10 mg/kg was able to reduce virus by three orders of 

magnitude. This level of reduction had a protective effect, as RMs with lower viral load 

exhibited significantly lower levels of infiltrating macrophage populations, expression of 

ISGs, inflammasome, and other inflammation-associated genes, as well as lower levels 

of IFN and other inflammatory mediators detected within the BAL. These data support 

the working model that links the magnitude of viral loads within the lower airway to the 

strength of the resulting SARS-CoV-2 disease pathology452,461,640. In this model, higher 

viral loads within the lower airway result in a more sustained and systemic IFN-I response, 

which accompanies greater losses of tissue resident alveolar macrophages and greater 

influxes of macrophage and monocyte subsets that drive the inflammatory 

milieu452,453,461,640,650,651.  
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In our model, animals with high levels of pre-infused neutralizing antibodies harbored 

lower levels of SARS-CoV-2 within the lower airway, but did not show a reduction in the 

upper airway. Reduced availability of CC40.8 within the tissues of the upper compared to 

lower airway may contribute to the observed differences in viral load reductions. RM in 

our study were infused with IgG1 subclass mAbs, which lack the J-chain contained with 

polymeric IgA and IgM isotype antibodies, a polypeptide necessary for trans-epithelial 

secretion652,653. Upper airway viral loads have been associated with transmission risk, 

and studies have shown a dose-dependent, vaccine-mediated reduction in infectiousness 

of SARS-CoV-2 breakthrough infections, likely due to reductions in upper airway viral 

loads654-661. Recent studies have documented significant increases in neutralizing IgA 

titers at the mucosae following intramuscular mRNA vaccination against SARS-CoV-2662-

665. While as a monoclonal therapy CC40.8 did not reduce upper airway viral loads 

significantly, a S2 directed antibody response including IgA isotype antibodies, such as 

those elicited by SARS-CoV-2 vaccination or infection, may prove more effective at 

reducing upper airway viral loads and transmission risk.   

 

Humoral protection in humans against SARS-CoV-2 infection is conferred by combination 

of vaccinations, boosters, and prior infections, yielding a vast range of immune states 

across the globe. There are currently two major contributors to SARS-CoV-2 

“breakthrough”  infections: waning vaccination or infection-induced immunity, and the 

evolution of new variants of SARS-CoV-2 with greater immune escape612,615,624,666-670. 

Several rounds of boosters have been approved to append the current vaccination series 

to mitigate the observed waning immunity. Both homologous and heterologous mRNA 
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platform-based boosters have been shown to recover the neutralizing antibody response 

temporarily against variants of SARS-CoV-2, including Omicron sub-lineages669,671-674. 

Although these mRNA boosters exhibit lower overall vaccine effectiveness at preventing 

infection against current circulating strains than the original mRNA vaccine demonstrated 

during earlier phases of the pandemic, they still exhibit remarkable and durable protection 

against severe disease outcomes. Our data supports maintaining high enough levels of 

neutralizing antibody through boosters to limit viral replication within the lower airway, 

thus limiting the magnitude of subsequent lower airway inflammation.  

 

COVID-19 booster doses have employed both the ancestral spike immunogens utilized 

by the initial vaccination series as well as variant specific spikes, such as the BA.4/BA.5 

bivalent booster675. However these variant-specific constructs have shown marginal 

superiority to ancestral immunogens at eliciting Omicron-specific protection, possibly due 

to immunogenic bias from existing humoral immunity away from novel, Omicron-specific 

epitopes on the spike protein676. Another concern with designing immunogens to elicit 

variant-specific responses is, in the time a variant specific immunogen can be tested, 

produced, and delivered, new variants can displace the dominant circulating strain. A 

vaccine strategy designed to include a component to elicit neutralizing antibodies directed 

at the conserved S2 region could circumvent the need for annual updating of COVID-19 

boosters to reflect circulating strains649. Studies have shown individuals with cross-

reactive antibodies to endemic HCoVs have higher survival rates from severe COVID-19 

disease and protection from SARS-CoV-2 infection, further supporting development of a 

bNAb-targeted CoV immunogen610,611,677. 
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Our data also provides important preclinical insights surrounding mAb therapies for the 

treatment and prophylaxis of COVID-19. Based on their loss of neutralization capacity 

against the Omicron sub-variants, the five previously approved mAb therapies for COVID-

19 under emergency use authorizations have all been suspended or revoked by the FDA 

and no current mAb therapies remain in use668,678-685. Our dose-dependent reductions in 

viral load due to preinfusion with mAb CC40.8, dramatic reductions in inflammation in 10 

mg/kg treated animals and the broad reactivity of CC40.8 all suggest that S2-targeting 

mAb therapies may serve as a preventative strategy in those at high risk of contracting 

COVID-19 or treatment for those who are infected and at high risk of progressing to 

severe disease. Additionally, evidence suggests that S1-directed mAb treatment in 

immunocompromised individuals can promote the emergence of SARS-CoV-2 escape 

mutations686. While this study does not attempt to model immunocompromised humans, 

the lack of S2 mutations observed, coupled with the decreases in mutational entropy in 

CC40.8-treated animals, warrants further investigation of S2 targeting as a potential 

treatment strategy for immunocompromised individuals. In March of 2024, RBD targeting 

monoclonal antibody therapy Pemgarda (pemivibart) was granted an Emergency Use 

Authorization as a pre-exposure prophylactic strategy for use in individuals 12 years of 

age and older unlikely to respond to COVID-19 vaccination due being to moderately to 

severely immunocompromised, highlighting the niche mAb therapies can occupy when 

effective against circulating variants543,687. While frameworks outlining the difficulty of 

SARS-CoV-2 to maintain selective fitness in humans when mutating the conserved stem 

helix epitope are largely supported by the conservation of the epitope across β-CoVs, 
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some studies have assessed the positional Shannon entropy of each amino acid position 

within the SARS-CoV-2 spike protein and identified mutation “hot spots”688. The CC40.8 

epitope lies outside any identified “hotspot,” supporting the conserved nature of the 

CC40.8 epitope within humans555.  

 

Our assessment of the intra-sample mutational diversity was somewhat limited by the low 

number of viral genomes recoverable in medium and high CC40.8 treatment groups at 

the conclusion of the study (7/8 dpi). Moreover, while we observed a lack of S2 escape 

variants in animals receiving CC40.8 treatment, it should be noted that the short duration 

of our study likely reduced antibody selective pressure. A prior clinical study of patients 

with B cell deficiencies receiving bamlanivimab therapy observed mutations arising in the 

SARS-CoV-2 spike protein in two subjects, however, spike mutations were not detected 

until days 28 and 51 post first positive test686. Within NHP models, consistent mutations 

in the spike region arose in African green monkeys infected with WA.1 in the absence of 

any vaccine or antibody therapy, detectable via rectal swabs at 28 dpi689. Of note, at least 

two clinical studies have observed resistance mutations arising shortly after mAb 

treatment. Jensen et al. described the emergence of escape mutation E484K following 

treatment with bamlanivimab in five individuals, all of whom developed the mutation within 

15 days after treatment, and three of whom developed the mutation within 8 days after 

treatment415. In evaluating more a recent monoclonal antibody therapy, Choudhary et al. 

identified resistance mutations in 7% of participants treated with single-active mAb, half 

of whom developed the mutations within 3 days after treatment690. Thus, taken in context 

of these studies, the short duration of our study and low levels of recoverable viral RNA 
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likely limited the sensitivity of our model to detect escape variants, and the stability of the 

S2 epitope under selective pressure during longer durations of mAb treatment remains to 

be investigated in preclinical and clinical settings.   

 

Our study had additional limitations. First, SARS-CoV-2 infection in RMs models mild to 

moderate COVID-19 disease and the extent of protection this S2 stem helix bNAb 

treatment provides against severe disease in clinical models must still be 

investigated452,635,640,643,650. A preclinical, model that better mimics the viral kinetics of 

COVID-19 in individuals experiencing long COVID or in immunocompromised individuals 

would provide critical insight as these groups may be major recipients of mAb therapies 

and prophylactics. Second, this study investigated protection against the WA.1 ancestral 

strain of SARS-CoV-2 and not contemporary strains, (e.g. Omicron) that were circulating 

at the time of our experiment. Our rationale for the use of the WA.1 strain was due to i) 

prior work by our group had demonstrated potent neutralization by the CC40.8 mAb 

against multiple variants of concern in vitro and in small animal models555; and ii) robust 

viral replication and induction of immunopathological events by WA.1 in the macaque 

model, which have not been demonstrated for other strains691,692. While the use of WA.1 

in RM provided a reproducible model by which to test CC40.8’s activity, it leaves the 

formal possibility that the breadth of CC40.8 against circulating SARS-CoV-2 strains may 

not be recapitulated in NHPs or humans. Lastly, this study did not address the contribution 

of antibody effector functions to protection or, conversely, any mechanisms of antibody 

dependent enhancement of infection, both warranting further preclinical studies.  
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In conclusion, this study demonstrates the efficacy of a first-generation mAb, CC40.8, 

targeting a conserved, cross neutralizing β-CoV epitope at reducing in vivo viral 

replication and mitigating the disease pathology of SARS-CoV-2 infection within the lower 

airway of a clinically relevant animal model. Since the onset of this study, several mAbs 

targeting the conserved stem helix epitope of CoVs have been identified with considerably 

greater neutralization potency and breadth than CC40.8693. Overall, this study supports 

furtherance of experimental and clinical development of S2-targeting antibodies as a 

strategy to protect and treat coronavirus infection. 

 

MATERIALS AND METHODS  

Study Overview 

An overview of the study design outlined in Fig. 1a. 24 RMs were infused intravenously 

5 days pre infection with either a 0.1 mg/kg, 1mg/kg, or 10mg/kg concentration of 

experimental mAb cc40.8 or with control mAb PGT121, with each experimental group 

consisting of 6 animals (1 female and 5 males). Animals were screened for pre-existing, 

SARS-CoV-2 spike specific antibodies prior to enrollment in this study (Supplemental 

Table 1). Preinfection baseline samples were collected at -4 dpi. At 0 dpi, all RM were 

inoculated with 1mL intranasally and 1mL intratracheally with a combined total of 1.1 x 

106 plaque forming units (PFU) of SARS-CoV-2 (2019-nCoV/USA-WA1/202). BAL and 

nasal swabs were collected from inoculated animals at 2dpi and at the time of necropsy 

(7 or 8dpi), with viral titers peaking in these tissues at 2dpi in the infected animals.  
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Sex as a Biological Variable: 24 rhesus macaques of Indian origin were sorted by sex, 

age and weight and then stratified into 4 groups (n=6). Our study examined male and 

female animals, and similar findings are reported for both sexes. 

 

Animal Models 

Animals used in this study were 24 (6 females and 18 males; mean age of 5 years and 

11 months old) specific-pathogen free (SPF) Indian-origin rhesus macaques (RM; 

Macaca mulatta; Table S1). Animals were initially housed in ENPRC’s BSL2 facilities. 

Pre-existing, SARS-CoV-2 spike binding antibodies were below detectable levels in all 

animals prior to infusion. On Day -5, animals in groups of six were infused intravenously 

with either the control antibody PGT 121 at 10mg/kg or various doses of CC40.8 

(10mg/kg, 1mg/kg, 0.1 mg/kg). All antibodies were supplied in solution and diluted with 

DPBS. Animals were moved to the ABSL3 facilities on Day -4 following baseline collection 

for a 4 day acclimatization period before infection. One animal was moved on Day -3 due 

to vomiting during baseline BAL collections on Day -4. On Day 0, animals were inoculated 

with 1.1 x 106 plaque forming units (PFU) of SARS-CoV-2 (2019-CoV/USA-WA1/2020) 

via 1mL intratracheally and 1mL intranasally (0.5mL per nostril). After infection, animals 

were monitored daily by cageside observations which measured responsiveness, 

discharge, respiratory rate, respiratory effect, cough, and fecal consistency 

(Supplementary Table S2). In addition, during each anesthetic access, body weight, body 

condition score, respiratory rate, pulse oximetry, rectal temperature were recorded along 

with a clinical assessment of discharge, respiratory character and hydration 

(Supplementary Table S3). Over the 12/13 day period from baseline to necropsy, the 
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following tissues were collected from animals: peripheral blood, bronchoalveolar lavage 

(BAL) and nasal swabs of both nostrils with the addition of right caudal lung, spleen and 

hilar lymph nodes at necropsy. Additionally, right middle lung, right caudal lung, right 

cranial lung, left caudal lung, jejunum and ileum were collected for 

immunohistochemistry.  

 

Viral Stock  

SARS-CoV-2 WA1/2020 (10/23/21) stock virus with a titer of 3.2 x 106 pfu/mL was 

provided by the Virus Characterization Isolation Production and Sequencing (VCIPS) 

Core at Tulane National Primate Research Center. Stock virus was also sequenced to 

determine the original virus sequence. Using 140uL of the viral stock place in AVL buffer, 

RNA was extracted using the QiaAmp Mini RNA Viral Kit (#52904). Using 8uL of RNA 

elution, cDNA is created using the Superscript III First-Strand Synthesis (#18080-051). 

Next the cDNA is put through NEBNext Ultra II Non directional RNA Second Strand 

Synthesis Module (NEB Cat #E6111S/L). Finally a PCR clean up is done using the 

PureLink PCR Purification Kit (#K3100-01/02). 

 

Determination of viral load RNA 

SARS-CoV-2 gRNA N, sgRNA N and sgRNA E were quantified in NP swabs and BALs 

by 2 independent sites as described in the Supplementary Materials.  

 

Tissue SARS-CoV-2 RNA Quantification 
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Lung tissue was harvested on 7 or 8 dpi and homogenized using Bead Ruptor 12 (Omni 

International). Modified protocol from Zhou et al. 2022555.  

 

Expression and purification of monoclonal antibodies CC40.8 and PGT121 

mAbs CC40.8 and PGT121 were produced as described in the Supplementary Materials. 

Modified from Zhou et al. 2023556.  

 

Anti-Spike Antibody Detection in BAL Supernatant and Serum Samples by ELISA 

Anti-spike ELISA’s were performed asdescribed in the Supplementary Materials. 

 

Tissue collection and processing 

PB, NP swabs, throat swabs, and BAL were collected longitudinally. At necropsy, lower 

(caudal) lung, upper (cranial) lung, and hilar LNs were also collected. Detailed methods 

pertaining to the collection and processing of these tissues are included in the 

Supplementary Materials. 

 

Single-cell RNA-Seq Library and sequencing from NHP BALs and Lung   

Single cell suspensions were prepared and loaded onto the 10X Genomics Chromium 

Controller in the BSL3 facility using the Chromium NextGEM Single Cell 5’ Library & Gel 

Bead kit to capture individual cells and barcoded gel beads within droplets (113). The 

libraries were prepared according to manufacturer instructions, including the preparation 

of feature barcode libraries for hashtag detection. They were then sequenced on an 

Illumina NovaSeq 6000 with a paired-end 26x91 configuration targeting a depth of 50,000 
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reads per cell. Cell Ranger software was used to perform demultiplexing of cellular 

transcript data, as well as mapping and annotation of UMIs and transcripts for 

downstream data analysis. 

 

Single-cell RNA-Seq bioinformatic analysis of BAL and Lung cells  

The cellranger v6.1.0 (10X Genomics) pipeline was used for processing the 10X 

sequencing data and the downstream analysis was performed using the Seurat v4.0.4 R 

package. A composite reference comprising of Mmul10 from Ensembl release 100 and 

SARS-CoV2 (strain MT246667.1 - NCBI) was used for alignment with cellranger. The 

percentage of SARS-CoV-2 reads was determined using the PercentageFeatureSet for 

SARS-CoV2 genes. For BAL samples, a total of 107,830 cells across all animals passed 

quality control (QC) and were used for analyses. For lung samples, a total of 101,766 

cells passed upstream QC and were used for analysis. The bioinformatic processing of 

scRNA-Seq data and subsequent analysis was performed as described previously for 

BAL samples (66) and lung samples(69). Detailed methods pertaining to the bioinformatic 

analysis are included in the Supplementary Materials. 

 

SARS-CoV-2 ARTIC Library Generation  

SARS-CoV-2 ARTIC cDNA libraries were generated from RNA recovered from BAL 

supernatant at 2 dpi and at NX. Detailed methods pertaining to the generation of these 

libraries are included in the Supplementary Materials. 

 

SARS-CoV-2 Sequence Analysis 
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SARS-CoV-2 reference-based assembly was performed with nf-core/viralrecon v2.6, 

using default parameters with no trim offset (114, 115). First, a consensus sequence was 

assembled from the reads generated from the infecting virus sample (using reference 

sequence MN908947.3), and this full-length SARS-CoV-2 sequence (“Input_consensus”) 

was subsequently used at the reference sequence for assembly and variant calling from 

the reads generated from each experimental sample. Only samples with at least 95% 

genome coverage in both replicate libraries were included in sequence analysis 

(Supplemental Table X). These samples had a median depth of coverage across the 

genome ranging from 25,772X to 119,292X (median 48,563X). Intra-sample single 

nucleotide variants (iSNVs) were called against the “Input_consensus” sequence with 

iVar v1.3.1, setting the maximum depth at 29 million bases, minimum quality score at 15 

and minimum frequency at 1% (116). Further filtering was used to identify iSNVs present 

in two replicate libraries, and at positions with at least 100X depth. Using the average 

frequency of each iSNV from the two replicate libraries, average Shannon entropy for 

each sample was calculated as the sum of (-ln(frequency)*frequency)/29903, where 

frequency indicates the allele frequency of each iSNV, and 29903 is the length of the 

reference genome sequence. 

 

Macrophage Flow Cytometry Immunophenotyping  

Macrophage immunophenotyping was performed as described in the supplementary 

materials.  

 

Statistical analysis 
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All statistical analyses were performed two-sided with P ≤ 0.05 deemed significant. 

Ranges of significance were graphically annotated as follows: *P < 0.05; **P < 0.01; ***P 

< 0.001; ****P < 0.0001. Analyses for Figs. 1  (B and C), 2 (B to G), 3 (C to F, K to M), and 

figs. S1 (A to L), S3 (B to E), S4 (A to J), S6 (D to G) were performed with Prism version 

10 (GraphPad).  

Study Approval 

Emory’s National Primate Research Center (ENPRC) is certified by the U.S. Department 

of Agriculture (USDA) and by the Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC). All animal procedures were completed in line with 

institutional regulations and guidelines set by the NIH’s Guide for the Care and Use of 

Laboratory Animals, 8th edition, and were conducted under anesthesia with appropriate 

follow-up pain management to ensure minimal animal suffering. All animal 

experimentation was reviewed and approved by Emory University’s Institutional Animal 

Care and Use Committee (IACUC) under permit PROTO202200025.   

 

Data and Materials Availability: Data tables for expression counts for single-cell RNA-

seq for BAL are deposited in NCBI’s Gene Expression Omnibus and are accessible 

through the Gene Expression Omnibus (GEO) under accession number (GSE283190). 

The processed single-cell lung macrophage reference dataset461 was originally obtained 

from GEO under accession no. GSE149758644. Custom scripts and supporting 

documentation on the RNA-seq analyses will be made available at 

https://github.com/BosingerLab/NHP/COVID_mAb  Reagents generated in this study 

may be requested from michelle.yu-hao.lee@emory.edu with a completed materials 
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transfer agreement. All data needed to evaluate the conclusions in the paper are present 

in the paper or the Supplementary Materials. 
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CHAPTER 2 FIGURES 
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Fig. 1. Preinfusion of S2-targeting bNAb CC40.8 reduced viral loads in RMs on SARS CoV-

2 challenge (A) 24 RMs (6 females and 18 males; mean age of 5 years and 11 months old; 

range 5-6 years old) were infused intravenously 5 days pre infection with either a 0.1 mg/kg, 

1mg/kg, or 10mg/kg concentration of SARS-CoV-2 bNAb CC40.8 or with control mAb 

PGT121, with each experimental group consisting of 6 RMs (1 female and 5 males). RMs 

were screened for pre-existing, SARS-CoV-2 spike specific antibodies prior to CC40.8 

administration RMs were euthanized at 7 dpi (n = 3 RMs per treatment arm) or 8 dpi (n = 3 

RMs per treatment arm). Levels of SARS-CoV-2 sgRNA N in BAL (B) and nasopharyngeal 

swabs (C).  Anti-Spike hIgG titers in the serum (D) and BAL (E) measured via ELISA. Control 

PGT121-treated RMs are depicted with red squares, CC40.8 0.1mg/kg-treated RMs depicted 

with green upward pointing triangles, CC40.8 1mg/kg-treated RMs depicted with purple 

downward pointing triangles, CC40.8 10mg/kg-treated RMs depicted with blue circles. Black 

lines represent the median viral loads for each treatment group at each time point. Statistical 

analyses were performed using nonparametric Mann-Whitney tests. *P < 0.05 .  
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Fig. 2. CC40.8-treated RMs had lower frequencies of inflammatory CD163+ MRC1- 

macrophages compared with PGT121-treated RMs. (A) Representative staining of 

macrophages for CD163 and MRC1 in the BAL at -4, 2, and 7/8 dpi with frequency as a 

percentage of total CD163+ cells. Macrophages were gated on singlets, CD45+, FSC and 

SSC characteristic of granulocytes and alveolar macrophages, live cells, and CD14+ 

populations. (B to D) Frequency as a percentage of total CD163+ cells for (B) MRC1-, (C) 

MRC1 intermediate and (D) MRC1++ cells. (E to F) Fold change from -4 dpi baseline as a 

percentage of total CD163+ cells for (E) MRC1-, (F) MRC1 intermediate, and (G) MRC1++ 

cells. Control PGT121-treated RMs are depicted with red squares, CC40.8 0.1mg/kg-

treated RMs depicted with green upward pointing triangles, CC40.8 1mg/kg-treated RMs 

depicted with purple downward pointing triangles, CC40.8 10mg/kg-treated RMs depicted 

with blue circles. Black lines represent the median frequency or fold change in RMs from 

each respective treatment group. Statistical analyses were performed using nonparametric 

Mann-Whitney tests. *P < 0.05, **P < 0.01 
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Fig. 3. Effect of CC40.8 treatment on gene expression of BAL single cells during SARS-

CoV-2 infection using 10X. A) Uniform Manifold Approximation and Projection (UMAP) of 

BAL samples (107830 cells) integrated using reciprocal principal components analysis 

(PCA) showing cell type annotations. Captures were performed on BAL cells from all RMs 

at 2 and 7/8 dpi.  (B) Mapping of macrophage/monocyte cells in the BAL of SARS-CoV-2–

infected PGT121- and CC40.8-treated RMs to different lung macrophage/monocyte subsets 

from healthy RMs644. (C to F) Percentage of different macrophage/monocyte subsets of all 

the macrophage/monocytes in BAL at 2 and 7/8 dpi from PGT121- and CC40.8-treated 

RMs. Frequency as a percentage of total CD163+ cells for (C) MRC1-, (D) MRC1+ TREM2+, 

(E) MRC1++, and (F) CD16+ monocytes. (G to J) Dot plots showing the expression of 

selected (G) ISGs, (I) inflammatory genes, (H) chemokines, and (J) inflammasome genes 

in CD163+ MRC1- macrophages. The size of the dot indicates the percentage of cells that 

express a given gene, and the color indicates the level of expression.  (K to M) Fold change 

of cytokines and chemokines in BAL fluid relative to −4 dpi measured by MSD immunoassay.  

Control PGT121-treated RMs are depicted with red squares, CC40.8 0.1mg/kg-treated RMs 

depicted with green upward pointing triangles, CC40.8 1mg/kg-treated RMs depicted with 

purple downward pointing triangles, CC40.8 10mg/kg-treated RMs depicted with blue 

circles. Black lines represent the median frequency or fold change in RMs from each 

respective treatment group. Statistical analyses were performed using two-sided 

nonparametric Mann-Whitney tests. *P < 0.05.  
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Fig. 4.  Effect of CC40.8 treatment on lung cells during SARS-CoV-2 infection. (A) 

UMAP based on reciprocal PCA of lung single cells (101,766 cells) collected at 7/8 dpi (n = 

3 PGT121, 3 CC40.8 0.1mg/kg, and 3 CC40.8 10mg/kg). The cells were classified into four 

broad categories—epithelial, lymphoid, myeloid, and other, followed by subsetting and 

separate clustering within each category. UMAPs for each category with cell type 

annotations are also shown. (B) Selected gene sets that were found to be enriched (P-

adjusted value < 0.05) in lung cells from PGT121-treated RMs compared to CC40.8 

10mg/kg-treated RMs at 7/8 dpi based on overrepresentation analysis using Hallmark, 

Reactome, Kyoto Encyclopedia of Genes and Genomes, and BioCarta gene sets from 

MSigDB. The size of the dots represents the number of genes that were enriched in the 

gene set, and the color indicates the P-adjusted value, with red denoting smaller P-adjusted 

values. The gene set IDs in order are M983, M15913, M27255, M27253, M5902, M5890, 

M5921, M27250, M41804, M5897, M5932, M27698, M27251, M29666, M27436, M27895, 

M27897, and M1014. (C) Dot plots showing gene expression in lung cells present at higher 

frequencies from PGT121- and CC40.8-treated macaques at 7/8 dpi. Plot is organized by 

epithelial, myeloid, lymphoid and other subsets. The size of the dot represents the 

percentage of cells expressing a given gene, and the color indicates the average 

expression. 
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Fig. 5. Effect of CC40.8 treatment on SARS-CoV-2 mutant frequency (A) The average 

Shannon entropy calculated from intra-sample single nucleotide variant (iSNV) frequency 

in replicate SARS-CoV-2 ARTIC libraries generated from BAL supernatant at 2 dpi and NX 

(7/8 dpi). Black lines connect libraries from same animal at different timepoints (B) Mean 

change in Shannon entropy for each treatment group from 2 dpi to 7/8 dpi. (C to D) 

Frequency of intra-sample, single nucleotide variations at the CC40.8 S2 stem helix epitope 

at (C) 2 dpi and (D) 7/8 dpi.   
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Chapter 2 Supplemental Figures 
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Fig S1. CC40.8 reduced BAL and lung but not nasopharyngeal viral loads in SARS-

CoV-2-challenged RMs. Viral sgRNA N and sgRNA E quantification was replicated by two 

independent laboratories (Site 1 and Site 3). Viral gRNA quantification was performed by 

site 3. Tissue viral loads and viral plaque assays were performed by site 2.  (A to B) Viral 

loads based on qPCR analysis generated by site 1. sgRNA-E viral loads for BAL (A) and 

nasal swab (B). (C to D) Viral loads generated by site 2. (C) SARS-CoV-2 infectious virus 

titers (PFU) as determined by plaque assay from lung tissue at day 5 after infection. ( D) 

SARS-CoV-2 viral RNA loads based on the qPCR analysis of lung tissue at day 5 after 

infection. (E to J) Viral loads based on qPCR analysis generated by site 3. (E) sgRNA-N 

viral loads for BAL. (F) sgRNA-N viral loads for nasopharyngeal swabs. (G) sgRNA-E viral 

loads for BAL. (H) sgRNA-E viral loads for nasopharyngeal swabs. (I) gRNA-N viral loads 

for BAL. (J) gRNA-N viral loads for nasopharyngeal swabs. (K) Correlation of SARS-CoV-

2 sgRNA-N levels in the BAL with serum levels of anti-spike IgG titers. (L) Correlation of 

SARS-CoV-2 sgRNA-N levels in the BAL with BAL levels of anti-spike IgG titers. Control 

PGT121-treated RMs are depicted with red squares, CC40.8 0.1mg/kg-treated RMs 

depicted with green upward pointing triangles, CC40.8 1mg/kg-treated RMs depicted with 

purple downward pointing triangles, CC40.8 10mg/kg-treated RMs depicted with blue 

circles. Black lines represent the median titer in RMs from each respective treatment group. 

Statistical analyses were performed using two-sided nonparametric Mann-Whitney tests. 

*P < 0.05.  
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Fig S2. Administration of CC40.8 mAb was safe and well-tolerated in RMs. (A to E) 

Longitudinal measurements of (A) percent weight change from preinfection baseline, (B) rectal 

temperature, (C) respiratory rate, (D) pulse oximetry, and (E) heart rate in RMs. Statistical 

analysis between timepoints was performed using two-sided Wilcoxon matched-pairs signed 

rank tests. * p-value < 0.05. (F to H) Anesthetized scores, cage-side scores, and total clinical 

scores of PGT121 and CC40.8-treated SARS-CoV-2-infected RMs. Statistical analyses for 

panels b-d were performed using non-parametric Mann-Whitney tests. * p-value < 0.05, Black 

dotted horizontal lines indicate normal ranges for measured parameters for adult indoor RMs. 

Bolded red, green, purple and blue lines indicate averages for PGT121, CC40.8 0.1mg/kg, 

CC40.8 1mg/kg, and CC40.8 10mg/kg-treated RMs respectively.  
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Fig S3. Flow gating strategy for macrophage and monocyte levels in BAL of RMs. (A) 

Gating strategy for innate immune cell phenotyping panel in BAL (shown in Fig. 3). (B) 

Frequency of CD14+CD16- monocytes in BAL mononuclear cells and (C) fold change relative 

to -4 dpi. (D) Frequency of CD14+CD16+ monocytes in BAL mononuclear cells and (E) fold 

change relative to -4 dpi. Control PGT121-treated RMs are depicted with red squares, 

CC40.8 0.1mg/kg-treated RMs depicted with green upward pointing triangles, CC40.8 

1mg/kg-treated RMs depicted with purple downward pointing triangles, CC40.8 10mg/kg-

treated RMs depicted with blue circles. Statistical analyses were performed using two-sided 

non-parametric Mann- Whitney tests. * p-value < 0.05  
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Fig S4. Cytokine and chemokine levels in BAL of RMs.  (A to J) Levels of cytokines and 

chemokines (pg/mL) in the BAL of RMs at -4, 2 and 7/8 dpi. Control PGT121-treated RMs 

are depicted with red squares, CC40.8 0.1mg/kg-treated RMs depicted with green upward 

pointing triangles, CC40.8 1mg/kg-treated RMs depicted with purple downward pointing 

triangles, CC40.8 10mg/kg-treated RMs depicted with blue circles. Black lines represent the 

median level in RMs from each respective treatment group. Statistical analyses were 

performed using two-sided nonparametric Mann-Whitney tests. *P < 0.05.  
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Fig S5. Expression of marker genes in BAL single cells. (A) UMAP of BAL samples colored 

by clusters determined using Seurat and annotated cell types. (B) Dot Plot showing expression 

of canonical marker genes in Seurat clusters. (C) Dot Plot showing expression of canonical 

marker genes in annotated cell types.  
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Fig S6. Effect of CC40.8 treatment on BAL single cells following SARS-CoV-2 challenge. 

(A) UMAP split by time point and treatment showing BAL macrophages/monocytes mapped to 

the reference macrophage/monocytes from lungs of healthy RM. (B) Violin plots showing the 

percentage of viral reads in different BAL cell subsets from all RMs at 2 dpi. Dot plots showing 

the expression of selected ISGs, inflammatory genes, chemokines, and inflammasome genes 

in CD163+ MRC1+ and CD163+ MRC1+ TREM2+ macrophages. The size of the dot indicates 

the percentage of cells that express a given gene, and the color indicates the level of 

expression. (D-G) Correlation of single-cell macrophage and monocyte subsets with SARS-

CoV-2 titers (sgRNA-N) within the BAL at 2 dpi for (D) CD16+ monocytes, (E) 

CD163+MRC1- macrophages, (F) CD163+MRC1+ TREM2+ macrophages, and (G) 

CD163+MRC1- macrophages. 
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Fig S7 Annotation of lung cells. (A to D) UMAPs displaying Seurat clustering and cell-type 

annotations based on the expression of marker genes and dot plots with canonical marker 

genes for (A) epithelial, (B) lymphoid, (C) myeloid, and (D) other (stromal and endothelial) 

subsets. For each category, cells were clustered separately following preliminary cell-type 

annotation. The size of the dot in the dotplots indicates the percentage of cells that express a 

given gene, and the color indicates the level of expression. 
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Fig. S8. Effect of CC40.8 treatment on gene expression in lung cells (A to D) Dot plots 

showing gene expression in lung cells from PGT121, CC40.8 0.1 mg/kg, and CC40.8 10mg/kg-

treated RMs. (A) Expression of chemokines in lung cells at 7/8 dpi. (B) Expression of 

inflammasome genes in lung cells at 7/8 dpi. (C) Expression of genes related to programmed 

cell death in lung cells at 7/8 dpi. (D) Expression of genes related to inflammation in lung cells 

at 7/8 dpi. The size of the dot indicates the percentage of cells that express a given gene, and 

the color indicates the level of expression. 
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Fig. S9 SARS-CoV-2 iSNV position and frequency (A to H) Plots of iSNV frequency across 

the genome for each experimental group at 2 dpi (A, C, E, G) and 7/8 dpi  (B, D, F, H). Control 

PGT121-treated RMs are depicted in red (A to B), CC40.8 0.1mg/kg-treated RMs depicted 

in green (C to D), CC40.8 1mg/kg-treated RMs depicted in purple (E to F), CC40.8 10mg/kg-

treated RMs depicted in blue (G to H). SARS-CoV-2 iSNV isolated from BAL supernatant 

were called against the input consensus sequence with iVar v1.3.1, setting the maximum 

depth at 29 million bases, minimum quality score at 15 and minimum frequency at 1%, and 

were only considered if present in both replicate libraries.  
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Fig. S10 H&E staining of RM Caudal Lung (A to C) Photomicrographs of caudal lung tissue 

sections of control (A) and CC40.8 10mg/kg treated (B) nonhuman primate groups at 7 or 8 

dpi. All photomicrographs taken at either 10x or 20x magnification (scale bars represent 100µm 

and 50µm, respectively). Average lobe pathology scores for each animal (C). Control PGT121-

treated RMs are depicted with red squares, CC40.8 0.1mg/kg-treated RMs depicted with 

green upward pointing triangles, CC40.8 1mg/kg-treated RMs depicted with purple 

downward pointing triangles, CC40.8 10mg/kg-treated RMs depicted with blue circles. 

Statistical analyses were performed using two-sided nonparametric Mann-Whitney tests. 

.  
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Supplementary Table 1 

 

 

 

 

 

 

 

 

 

Animal Name Sex
Age 

(months)

Weight 

(kgs)
Treatment Collection Group

Day of Necropsy 

(dpi)

Baseline Anti-

Spike Antibody 

Titers (AUC) 

RWo17  F 77 8.75 PGT121 10mg/kg 1 Day 7 0.08383

RVo18  M 64 9.85 PGT121 10mg/kg 1 Day 7 0.3073

RWj18  M 65 11.69 40.8 0.1mg/kg 1 Day 7 0.1525

LM65   M 75 11.91 PGT121 10mg/kg 1 Day 8 0.1943

RIL18  M 64 7.89 40.8 1mg/kg 1 Day 8 0.2358

RPb19  M 59 14.28 40.8 10mg/kg 1 Day 8 0.07748

RNw18  F 63 6.39 40.8 10mg/kg 2 Day 7 0.02495

RIn18  M 65 9.99 40.8 10mg/kg 2 Day 8 0.1653

MB11   M 65 10.77 40.8 1mg/kg 2 Day 7 0.2652

RBt18  M 64 11.7 40.8 1mg/kg 2 Day 8 0.4202

RJr18  M 64 9.75 PGT121 10mg/kg 2 Day 7 0.07583

RUv18  M 63 9.5 40.8 0.1mg/kg 2 Day 8 0.07367

ROk18  F 65 6.65 40.8 0.1mg/kg 3 Day 8 0.1518

RFu18  M 64 7.48 40.8 0.1mg/kg 3 Day 7 0.3855

LL60   M 76 12.78 40.8 1mg/kg 3 Day 8 0.3133

RYu18  M 64 11.29 40.8 1mg/kg 3 Day 7 0.07517

RHv18  M 64 9.44 PGT121 10mg/kg 3 Day 8 0.1693

RZn18  M 65 11.89 40.8 10mg/kg 3 Day 7 0.3092

RGu18  F 64 7.54 40.8 1mg/kg 4 Day 8 0.1725

ROt18  M 64 10.9 40.8 0.1mg/kg 4 Day 8 0.1643

LM98   M 76 13.37 40.8 10mg/kg 4 Day 8 0.3365

RJn18  M 65 12.35 40.8 10mg/kg 4 Day 7 0.3055

RAu18  M 64 11.15 PGT121 10mg/kg 4 Day 7 0.427

RIr18  M 64 8.8 40.8 0.1mg/kg 4 Day 7 0.3847

RLp17              

(SARS-CoV-2+) 1.817

Pre pandemic 

Serum; RAg5       

(SARS-CoV-2-) 0.3012
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Supplementary Table S1. Antibody Infused RM characteristics. Animal ID. Sex. Age in 

months relative to -5 dpi and weight taken from beginning of study in kg. Antibody treatment 

and collection group. Day post infection that necropsies were performed. Baseline Anti-Spike 

Antibody titers as measured with SARS-CoV-2 spike binding ELISA, in area under the curve 

calculations, including positive (RLp17) and negative (RAg5) controls. Curves were generated 

using absorbance (OD405nm) values plotted against log-transformed serum concentrations. 

Baselines were corrected based on ELISA absorbance background values. Positive control 

serum (RLp17) was sampled from a RM infected with WA.1 SARS-CoV-2 at 21 dpi and 

negative control serum (RAg5) was sampled from a RM prior to the COVID-19 pandemic 

(5/29/2014).  
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Supplementary Table 2 

 

Template: Standard Clinical Assessment Version # 1 Effective date mm/dd/yyyy 

 
 

   Page 74 of 260 

 



 112 
 

Supplementary Table S2. Coronavirus Vaccine and Treatment Evaluation Network 

(CoVTEN) standard clinical assessment for cage-side scores, related to Fig. S2. Cage-

side scores were performed at 0, 1, 2, 3, 4, 5, and 7 dpi and added to anesthetized scores to 

obtain the total clinical score for each dpi. Cageside scores were based on responsiveness, 

discharges, respiratory rate, respiratory effect, cough, and fecal consistency and were 

completed prior to anesthesia. 
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Supplementary Table S3 

 

Template:  Standard Clinical Assessment  Version #1  Effective date 07/06/21 
 

AMARA ORAL-COV JULY 2021 
STANDARD CLINICAL ASSESSMENT 

Date:  ____________________________     Animal ID:  _______________________ 
 

Parameter Description Assessment 
Score 

Discharges 

0 – Normal 
 

1 – Mild (ocular/nasal) 
 

3 – Severe (ocular/nasal) 
 

Respiratory character 

0 – Normal 
 

1 – Mild dyspnea 
 

3 – Severe dyspnea 
 

Hydration 

0 – Normal (normal skin turgor, moist mucous membranes) 
 

1 – Mild dehydration (5-10%) 
 

3 – Severe dehydration (>10%) 
 

                                                                                                                                                                              Total 
 

Physical Examination Under Anesthesia – Objective measures 

 
Body Weight 

(kg) 
Body Condition 

Score 
Respiratory 
rate (bpm) 

SpO2 
Rectal 

Temperature 
(°F) 

 

Value       

Notes 
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Supplementary Table S3. Coronavirus Vaccine and Treatment Evaluation Network 

(CoVTEN) standard clinical assessment for anesthetized scores, related to Fig. S2. 

Anesthetized scores were performed at 0, 1, 2, 3, 4, 5, and 7 dpi and added to cageside scores 

to obtain the total clinical score for each dpi. Anesthetized scores were based on discharges, 

respiratory character, and hydration. Body weights (kg), body condition scores, respiratory rates 

(bpm), SpO2 (%), and rectal temperatures (°F) were also recorded during anesthetic accesses.  
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Supplementary Table S4 

 

Supplementary Table S4. Correlation of cytokine and chemokine levels with SARS-CoV-

2 titers within the BAL at 2dpi. Cytokines and chemokines levels (pg/mL) in BAL fluid relative 

to −4 dpi measured by MSD immunoassay. SARS-CoV-2 titers were measured in BAL via 

detection of (sgRNA-N) by qPCR.  Grey shaded rows indicate significant correlation. 
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Materials and Methods 

Tissue SARS-CoV-2 RNA Quantification 

Viral load RNA tested via three different sites. 

Site 1 Method 

For BAL and nasal swabs media placed in RNazol BD (MRC #RB 192) with acetic acid (Sigma 

Aldrich #CAS64-19-7, RNA was extracted via the RNazol BD protocol. RNA concentration was 

obtained using the RNA Broad Range Qubit kit (Q10210).  RNA quality was checked via the High 

Sensitivity RNA Screentape Analysis (Agilent 5067-557) Subgenomic RNA quantification was 

performed as previously in Corbett et al. 2021694.  

Quantitative real-time polymerase chain reaction (PCR) was conducted using TaqMan Fast Virus 

1-Step Master Mix (Applied Biosystems) with 5μL template and primers and probes at 

concentrations of 500nM and 200nM respectively. Reagents for detection of sgRNA_E include a 

forward primer in the common leader region: sgLeadSARSCoV2_F: 5’-

CGATCTCTTGTAGATCTGTTCTC-3’ as well as the following transcript-specific probe and 

reverse primer: E_Sarbeco_P: 5’-FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1–3’ and 

E_Sarbeco_R: 5’-ATATTGCAGCAGTACGCACACA-3’. Reagents for detection of sgRNA_N 

include the aforementioned sgLeadSARSCoV2_F and the following transcript-specific probe and 

reverse primer: wtN_P: 5’-FAM-TAACCAGAATGGAGAACGCAGTGGG-BHQ1–3’and wtN_R: 5’-

GGTGAACCAAGACGCAGTAT-3’. PCRs were performed on a QuantStudio 6 Pro Real-Time 

PCR System (Applied Biosystems) with reverse transcription at 50°C for 5 min and inactivation at 

95°C for 20 sec followed by 40 cycles of PCR at 95°C for 3 sec and 60°C for 30 sec. The limit of 

detection was 50 copies. Design of RNA standards was previously described695. Final copy 

numbers of sgRNA per sample were normalized to total RNA concentration of the indicated 

sample, which had been determined by Qubit following extraction. 

 

Site 2 Method 
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For nasal swabs placed in 1x DNA/RNA Shield (Zymo Cat#R1200), samples were frozen and 

sent to Tulane for extraction and quantification. Samples were heat inactivated prior to processing 

at 56˚C, 30 minutes per Tulane’s Institutional Biosafety stipulations. RNA was extracted from 

swab samples (nasal, pharyngeal, rectal) using the Zymo Viral RNA Kit (Zymo #R1035) according 

to the manufacturer's instructions. Viral RNA Buffer (Zymo Catg#R1034) was added at twice the 

volume of sample in DNA/RNA Shield and swabs were centrifuged in a Zymo IC spin column 

before removing the swab and adding the remainder of the sample volume. The spin column was 

washed twice with Wash Buffer before ethanol addition and elution in 50uL DNase/RNase-free 

water. Samples are stored at -80C until plating and viral load quantification.,  

and Bioloanzyer for quality.  

 For BAL, 200uL of BAL fluid and cells was added to 2X DNA/RNA Shield (Zymo Cat#R1200) and 

shipped frozen to Tulane.  Samples were heat inactivated prior to processing at 65 degrees C for 

60 minutes per Tulane’s Institutional Biosafety stipulations. RNA is then extracted from 

bronchoalveolar lavage samples using the Zymo Viral RNA Kit (Zymo #R1035) according to the 

manufacturer's instructions. Viral RNA Buffer (Zymo Catg#R1034) is added at twice the volume 

of original sample (200uL sample - 400uL buffer) and sample is then incubated for 30 minutes 

prior to adding to Zymo IC spin column (Zymo Cat# C1004). Samples are then washed twice with 

Wash Buffer (Zymo Cat# R1003) before the addition of absolute ethanol. Samples are eluted in 

50uL DNase/RNase-free water and stored at -80C until plating and viral load quantification. 

 

Isolated RNA was analyzed in a QuantStudio 6 (Thermo Scientific, USA) using 5uL Sample RNA 

plated with 1.8uL forward primer, 1.8 reverse primer (Integrated DNA Technologies), 0.5uL probe, 

5uL TaqPath 1-Step RT-qPCR (Fisher Cat#A15299), and 5.9uL ddH2O for a total 20uL reaction 

with the following program: 25°C for 2 minutes, 50°C for 15 minutes, 95°C for 2 minutes followed 

by 40 cycles of 95°C for 3 seconds and 60°C for 30 seconds. Signals were compared to a 

standard curve generated using in vitro transcribed RNA of each sequence diluted from 10E8 
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down to 10 copies. Positive controls consisted of SARS-CoV-2 infected VeroE6 cell lysate. Viral 

copies per swab were calculated by multiplying mean copies per well by amount in the total swab 

extract. 

 

Site 3 Methods 

Focus Reduction Neutralization Test (FRNT) Assay  

HeLa-ACE2 cells were seeded in 50µL of complete DMEM at a density of 6x104 cells per well. In 

a dilution plate, BAL was serially diluted in a 3 ten-fold series and 50µL of diluted BAL was added 

to the 96-well cell plate. The plate was incubated for 20 hours after which the plate was fixed for 

1 hour with 4% paraformaldehyde. The plate was then washed three times with 300µL of 

1xPBS/0.05% Tween-20. 25µL of human polyclonal sera diluted 1:500 in Perm/Wash buffer (BD 

Biosciences 554723) was added to the plate and incubated at room temperature for 2 hours. The 

plate was washed three times and 25µL of peroxidase goat anti-human Fab (Jackson Scientific, 

109-035-006) were diluted 1:1000 in Perm/Wash buffer then added to the plate and incubated at 

room temperature for 2 hours. The plate was washed three times and 25µL of Perm/Wash buffer 

was added to the plate and incubated at room temperature for 5 minutes. The Perm/Wash buffer 

was flicked off and TrueBlue perodixdase substrate was immediately added (Sera Care 5510-

0030). Assay was done in triplicate.Modified FRNT assay from Rogers et al. 2020696.  

Tissue SARS-CoV-2 RNA Quantification 

This assay was modified from the methods previously described556. Viral RNA was extracted from 

lung tissue, then amplified and quantified via reserve transcription (RT) qPCR. Lung tissue was 

collected at day 7 or 8 and placed in 1 mL of TRIzol (Invitrogen Cat#15596018). The samples 

were homogenized usin a Bead Ruptor 12 (Omni International). The tissue homogenates were 

centrifuged, and the supernatant was transferred to an RNA purification column (Qiagen). Purified 

RNA was eluted in 60 µL of DNase-, RNase-, endotoxin-free molecular biology-grade water 

(Millipore). Purified RNA was then subjected to RT and qPCR with the Centers for Disease Control 
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and Prevention’s N1 (nucleocapside primer sets (forward, 5′-GACCCCAAAATCAGCGAAAT-3′; 

reverse, 5′-TCTGGTTACTGCCAGTTGAATCTG-3′) and a FAM-labeled probe (5′-FAM-

ACCCCGCATTACGTTTGGTGGACC-BHQ1-3′) (Integrated DNA Technologies) on a Bio-Rad 

CFX96 real-time instrument. For quantification, a standard curve was generated by diluting 2.5 × 

10^6 PFU RNA equivalents of SARS-CoV-2. Each run included 11 fivefold serial dilutions of the 

standard. No-template controls were included for the extraction step as well as the qPCR. 

 

Tissue Collection and Processing 

Peripheral blood mononuclear cells (PBMCs) were collected from the femoral vein into EDTA 

tubes with additional serum collected in serum separator tubes. Serum was then processed by 

the ENPRC’s pathology department for comprehensive blood chemistries. Plasma was collected 

from the EDTA tubes by spinning at 1,500 x g for 10 minutes at room temperature and then 

transferring the plasma layer to a 15mL conical and spinning again for another 10 minutes at 600 

x g. PBMCs were collected using Sepmate Tubes and the Sepmate protocol with pipetting off the 

interface instead of pouring (SepMate™-50 Catalog #85450). Following the directed washes, cells 

were resuspended in ACK lysis buffer (Lonza # 10-548E) and incubated at room temperature for 

10 minutes. Samples were then quenched with 2%FBS/DPBS to 50mL and spun again at 300 x 

g for 10 minutes. Supernatant was removed and samples were resuspended in 2% FBS/DPBS 

for counting. A 1:1 dilution of 10uL of Trypan blue stain (ThermoFisher # T10282) and 10uL of 

resuspended cells were added to cell countess slides (Invitrogen # 100078809). Slides were then 

inserted in the Countess II for determining the percent of live cells and concentration. Cells were 

then frozen in vials of at least 10 million PBMCs per mL in freezing media containing 10% of 

DMSO (Millipore Sigma #34869-100mL) in FBS (Gemini # 100-106). 2% FBS/DPBS was created 

by adding 2% of total volume with FBS (Gemini # 100-106) to DBPS (Corning # 21-031-CM).  
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Nasopharyngeal swabs were collected under anesthesia using a clean swab (iClean #CYY-

96000) that was inserted approximately 2-3 cm deep into the nasal passage. After collection, 

swabs were placed in either 200uL of DNA/RNA shield (Zymo #R1200-125) or 1mL of DPBS 

with RNase inhibitor (Invitrogen # AM2694) and then frozen by placing it on dry ice. When 

processed at a later date, swabs were thawed at room temperature. Once thaw, nasal swabs 

were vortexed and then squeezed using clean tweezers to remove all media. RNazol (MRC #RB 

192) with acetic acid (Sigma Aldrich #CAS64-19-7) was added at a one to one ratio to nasal swab 

media. Samples were then vigorously vortexed and RNA was extracted using the RNAzol BD 

protocol.  

Swabs placed in 1x DNA/RNA Shield (Zymo Cat#R1200) were frozen and shipped to Tulane for 

extraction and processing.  

 

To collect non necropsy BAL, a 14Fr, sterile, single-use pediatric suction catheter (Covidien 

#37424) was inserted into the trachea and directed into a mainstem bronchi. The catheter was 

advanced until it was secured into a distal subsegmental bronchus. 35-70 mL of physiological 

saline was instilled into the bronchus and then manually aspirated back into a syringe to obtain a 

minimum of 20 mL of lavage fluid and placed into a 50mL conical. If less than 20mL was 

recovered, an additional 10-15mL was administered again and a second attempt was taken and 

placed into a second 50mL conical. BAL was then filtered through a 70uM strainer (Falcon 

#352350). 1mL of BAL fluid and cells were taken to perform viral load testing by adding RNazol 

and Acetic Acid into a 5mL microcentrifuge tube. After vigorous vortexing, samples were frozen 

for later RNA extraction using the RNAzol BD kit. After viral loads were taken, BAL was spun at 

300 x g for 10 minutes to pellet the cells. BAL supernatant was collected for MSD and plaque 

assay. BAL cells were then lysed with the ACK lysis buffer for 10 minutes at 37˚C and the reaction 

was quenched using DPBS. Cells were then spun and counted in the same manner as PBMCs. 

At least 100,000 cells were set aside for 10x sequence and the remaining cells were divided 
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between the isotype control and stained panel. At necropsy, an additional 100mL of Post Mortem 

BAL fluid was taken by placing a large sterile irrigation syringe with the plunger removed into the 

lungs. Approximately 150 mL of sterile 1 x PBS is poured into the lungs via the syringe to infuse 

both sides. The syringe is then removed and plunger replaced. The syringe goes back into the 

trachea opening and the lavage fluid is pulled back and dispensed into 50mL conicals. Post 

mortem BAL sample is processed the same way as non-necropsy through a 70uM filter and lysing. 

After samples for viral load, supernatant and 10x were taken for pre-mortem samples, the cells 

for pre and post mortem were combined together for staining. At necropsy, at least 5 million cells 

were stained for both the isotype and staining panel with any remaining frozen down using the 

same freezing media as PBMCs.  

  

At necropsy, the tissues above were collected as well as right caudal lung, spleen, and hilar lymph 

nodes.  

 

Caudal lung is processed by following the steps indicated in Voix et al 2023 with the following 

changes. During the 1 hour 37˚C incubation, samples were placed on a 50mL tube rotator at 10 

rpm (Thermo Scientific # 888810001). Samples were run at least 6 times on the pre-loaded 

M_Lung_02_01 to ensure proper blending of the tissue. After, the tissue is strained over 100uM 

filters (Falcon # 352360) and the digestion reaction is quenched with R10. Cells are then 

centrifuged at 1100 x g for 10 minutes. The supernatant is removed and cells are washed again 

with R10 and centrifuged at 1100 x g for 10 minutes. The cells are lysed using 10mL of ACK lysis 

and incubated at 37˚C for 10 minutes. Lysing was then quenched using DPBS and cells were 

spun down at 1100 x g for 10 minutes. Cells were then counted using the same manner as PBMCs 

and aliquoted for 10x sequencing, bulk RNA sequencing and freezing.  

Cells were used for 10x sequencing and the extra were saved in the same manner as PBMCs.  
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Spleen was processed in a similar manner to the lung but without the digestion step. Spleen was 

dissected using blunt scissors and added to C tubes with 5mL of R10. Using the same M_Lung 

02_01 protocol run at least 6 times, spleen was blended then passed through a 100uM filter. Due 

to the nature of the sample, it is then passed through a 70uM filter and then 40uM filter (Falcon 

#352340) to remove the debris. Cells were then washed using R10 and then spun at 750 x g for 

10 minutes to pellet. Supernatant was removed and the cells were washed with DPBS then 

centrifuged at 750 x g for 10 minutes. Cells were lysed with 20mL of ACK for 10 minutes. The 

lysing reaction was quenched with DPBS and cells were pelleted following the same speed and 

time. Cells were counted and frozen for later use.  

 

Lymph nodes were processed by first trimming the fat from the tissue and placing it into a C tube 

with DBPS. In the gentleMACs dissociator on the preloaded program M-Brain 01_01, lymph 

nodes were blended. The blended tissue is then strained over a 70uM filter into a 50mL conical 

and rinsed with DPBS. Cells were centrifuged at 300 x g for 10 minutes at room temperature. 

After the supernatant is removed, cells are lysed with ACK lysing buffer and incubated at room 

temperature for 10 minutes. The reaction is stopped by topping off with DPBS and cells are then 

centrifuged at 300 x g for 10 minutes. Cells are then counted and aliquoted for freezing vials of 

10M cells per 1mL of freezing media described above.  

  

In addition to extracting mononuclear cells from lymph nodes, lung and spleen, cassettes of 

tissues fixed in 4% paraformaldehyde were taken. Following removal, tissues were placed into 

jars of 4% PFA and fixed for at least 24 hours. Tissues were then cut and placed into cassettes 

which were then placed in a fresh jar of 4% PFA for additional fixing. 

ARTIC Library Generation 

Selected RNA samples were converted into cDNA following the manufacturer instructions in the 

SuperScript™ IV First-Strand Synthesis System kit (Invitrogen, 18091200). The obtained cDNA 
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was amplified using the ARTIC V4.1 nCOV-2019 Amplicon Panel kit (Integrated DNA 

Technologies (IDT), 10011442) developed by the ARTIC Network and consisted of 98 primers 

within two pools to detect presence of mutations within known variants of interest or newly 

emerging variants697. Two separate PCR reactions were performed on small aliquots of cDNA to 

ensure that each sample was amplified with both ARTIC primer pools required for overlapping 

size distribution. Both PCR reactions consisted of 5.75 μL of Q5® High-Fidelity DNA Polymerase 

(New England Biolabs, M0491L) 3.6 μL of the respective ARTIC Primer Pool 1 or 2 (10 μM), 6 μL 

cDNA and 9.65 μL of Nuclease free water for a total reaction volume of 25 μL and cycling 

conditions of 1× (98 °C, 30s), 35× (95 °C, 15 s; 63 °C, 5 min). The amplified cDNA products were 

merged for each sample and submitted to purification of 0.8X SPRISelect size selection bead 

cleanup (Beckman Coulter, B23318). The xGen™ DNA Library Prep EZ kit (IDT, 10009821) was 

used to prepare next-generation sequencing (NGS) libraries following the protocol IDT provided 

with ≤100 ng input of ARTIC amplified cDNA, 14 minutes fragmentation time, 5 indexing PCR 

cycles, and dual indexing with xGen™ UDI 10nt Primer Plates 1-4 (IDT, 10008052). Sample 

concentration and quality were measured using FilterMax F3 (Molecular Devices, LLC) with 

Qubit™ 1X dsDNA High Sensitivity solution (Invitrogen, Q33231) and 4200 Tapestation System 

(Agilent, G2991BA) with D5000 DNA ScreenTapes and reagents (Agilent, 5067-5588). NGS 

libraries were sequenced on a NovaSeq6000 SP flow cell system (Illumina, Inc) using 150 paired-

end sequencing, targeting 1 million reads per sample. 

Expression and purification of monoclonal antibodies CC40.8 and PGT121 

Monocloncal antibody expression and purification was conducted as previously described641. 

Plasmids of the variable heavy and light chains of CC40.8 and PGT121 were generated in IgG1 

and expressed in Expi293F cells. 228µg heavy chain plasmid and 572µg of light chain plasmid 

were added into 100µL of Opti-MEM (Thermo Fisher Scientific, catalog #31985070), after filtering 

with 0.22µM Steriflip (Millipore, catalog #SCGP00525), 800µL of FectoPro (Polyplus, catalog 

#116-001) reagent was added into the mixture and inverted. After incubating at room temperature 
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for 10 minutes, the mixture was added to 900mL of Expi293F cells at a cell density of 2.8-3.0e6 

cells/mL and incubated in a shaker with 80% humidity and 5% CO2. After 24hr, 10mL of 0.3M 

Valproic acid and 9mL of 45% glucose were added to the cell culture. Five days post transfection, 

Expi293F supernatant was harvested by centrifugation at 1250xg for 15 minutes before filtering 

with a 0.22µM membrane filter. Protein A Sepharose (GE Healthcare Cat# 17096302) was added 

to the supernatant and was rotated overnight at 4°C overnight. The solution was then loaded into 

Econo-Pac columns (BioRad Cat# 7321010), washed with 3 column volume of PBS, and 

antibodies were eluted with 15mL of 0.2 M citric acid (pH 2.67). The elution was neutralized with 

4.5mL of 2M Tris Base solution prior to buffer exchanging into PBS with dialysis cassettes. 30K 

Amicon centrifugal filters (Millipore Cat# UFC903024) were used to concentrate the antibodies 

into smaller volumes.  

 

Anti-Spike Antibody Detection in BAL Supernatant and Serum Samples by ELISA 

BAL Supernatant and serum samples were obtained on day -60-30, -4, 0, 2, and 7 or 8 to quantify 

CC40.8 titers. Spike protein diluted to 2µg/mL in 1xPBS was coated on ELISA plates overnight at 

4°C and then washed three times with 100µL of 1xPBS/0.05% Tween-20. After blocking the plates 

with 50µL of 3%BSA/1xPBS for 1 hour at room temperature, 12.5µL the NHP serum dilution series 

and CC40.8 dilution series for a standard curve were added to the plate and incubated for 1 hour 

at room temperature. Plates were wash three times with 100µL of 1xPBS/0.05% Tween-20 before 

adding 12.5µL of alkaline phosphatase (AP)-conjugated goat anti-human IgG Fc secondary 

antibody (Jackson ImmunoResearch, catalog #109-055-008) diluted in 1%BSA/1xPBS. After 

washing the plates three times with 100µL of 1xPBS/0.05% Tween-20, 12.5µL of AP substrate 

was added for detection. Plates were then read at 405 nm, and the data was analyzed with 

Graphpad Prism 9. Serum samples were ran in triplicate. 

 

Single-cell RNA-Seq bioinformatic analysis of BAL and Lung cells  
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The cellranger v6.1.0 (10X Genomics) pipeline was used for processing the 10X sequencing data 

and the downstream analysis was performed using the Seurat v4.0.4 R package. A composite 

reference comprising of Mmul10 from Ensembl release 100 and SARS-CoV2 (strain MT246667.1 

- NCBI) was used for alignment with cellranger. The percentage of SARS-CoV-2 reads was 

determined using the PercentageFeatureSet for SARS-CoV2 genes. For BAL samples, a total of 

107,830 cells across all animals passed quality control (QC) and were used for analyses. For 

lung samples, a total of 101,766 cells passed upstream QC and were used for analysis. The 

bioinformatic processing of scRNA-Seq data and subsequent analysis was performed as 

described previously for BAL samples461 and lung samples644. For single-cell RNA-Seq, 

approximately 20,000 cells were loaded onto the 10X Genomics Chromium Controller in the BSL3 

facility using the Chromium NextGEM Single Cell 5’ Library & Gel Bead kit according 

tomanufacturer instructions698. 

 

 For BAL samples, the samples were demultiplexed using HTODemux function in Seurat, The 

gene expression matrix was filtered to include protein coding genes and exclude genes encoded 

on Y chromosome, B and T cell receptor genes, mitochondrial genes, RPS and RPL genes and 

SARS-CoV2 genes. The cells were further filtered on the following criteria: nFeature_RNA >=500 

and <= 3500, ncount_RNA >=250 and log10GenesPerUMI > 0.8. After filtering, the samples were 

normalized using SCTransform method698 and integrated using the first 30 dimensions with the 

default CCA method699. Two samples were dropped - two due to low cell numbers (RZn18 2 dpi 

and ROk18 2 dpi). The integrated object was split into individual samples and after filtering the 

three samples, the remaining samples were normalized using the SCTransform method698 and 

then integrated using the reciprocal PCA method699. The first 30 dimensions were used with the 

FindIntegrationAnchors, FindUMAP and FindNeighbors method. Clustering was carried out using 

the default Louvain method and the resolution was set to 1. Cell annotations were carried out 

based on the expression of canonical markers in seurat clusters and SingleR v1.4.0 library 
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(Blueprint Encode database)700 annotations were used as a guide. As a distinct cluster could not 

be determined for neutrophils based on the expression of canonical marker genes, the SingleR 

annotations were used for neutrophils. Differential gene expression analysis was carried out using 

the FindMarkers function with “MAST”701 method. To further classify the macrophages/monocytes 

in BAL, only cells in the largest cluster comprising the macrophages/monocytes were further 

processed. The subset function was used to get these cells followed by splitting the object in 

individual samples. Downstream processing was performed as previously described 461.  

For lung samples, we processed sections of lower (caudal) lung obtained from animals 

necropsied at 7 or 8 dpi (n=3 PGT121, n=3 10mg/kg, n=3 0.1 mg/kg). The cellranger pipeline 

was used as described above and filtered counts were read into Seurat using the Read10X_h5 

function. QC filtering was performed as described above. The first 30 dimensions were used 

and clustering was carried out with the resolution set to 0.1 using the default Louvain algorithm 

in seurat. The clusters were annotated based on the expression of canonical markers and 

roughly divided into four major subsets: epithelial, myeloid, lymphoid and others. Each subset 

was then clustered separately to fine tune the cell type annotations. The human Lung v1 

reference701 in Azimuth702 was used to guide the cell annotations. Based on the expression of 

canonical markers, some clusters were classified as doublets and some remained unassigned. 

After removing the doublets and unassigned clusters, UMAPs showed some additional cells that 

coincided with the removed doublets/unassigned clusters, and these were removed as well. 

Finally, a total of 101,766 cells were used subsequently for downstream analysis.  Differential 

gene expression analysis was carried out using the FindMarkers function with “MAST” method . 

Over –representation analysis was carried out using clusterProfiler v4.5.0.992703 with Hallmark, 

Reactome, KEGG and BioCarta genesets from the msigdb database500,703-708. The msigdbr 

v7.5.1 library (https://igordot.github.io/msigdbr/) was used for retrieving the msigdb databases. 

Downstream processing was performed as previously described461. 
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Macrophage Flow Cytometry Immunophenotyping  

Multi–parameter flow cytometric analysis was performed on fresh mononuclear cells isolated from 

BAL using the following mAbs: anti-CD45 BUV805 (clone D058-1283; 2.5uL; cat # 742055); anti-

CD163 BUV395 (clone MAC2-158; 2.5uL; cat # 568191); anti-CD14 BUV786 (clone M5E2; 7.5uL; 

cat # 563698); and anti-CD206 BV480 (clone 19.2; 7.5uL; cat # 746279) all from BD Bioscience; 

anti-CD16 PE-Cy5 (clone 3G8; 20uL; cat # 302010) from Biolegend; Fixable Viability Dye 

eFluor780 4x (Cat. No.: 65-0865-14; 25uL) from eBioscience.  After 10x captures and sample 

banking, all remaining BAL cells were split into 3 aliquots (one for unstained cell control, one for 

the flow panel, and one for compensation controls). Cells set aside for compensation controls 

from all animals sampled on the same day were pooled and then split evenly into enough tubes 

to make cell-based compensation controls for each antibody in the panel. For unstained cells, 

2mL of stain buffer, added then spin down at 800 x g at RT for 10 minutes, then resuspend in 

100uL of 4% PFA for 10 minutes. Then 300uL of stain buffer were added to bring unstained cells 

to 1% PFA. Unstained samples were kept at 4˚C until ready to run flow. For the stained samples 

and compensation controls, 100uL of FC block were added per sample (5uL of stock and 95uL of 

stain buffer), then incubated in dark at RT for 30 minutes.  After samples were washed and spun 

again, 100uL of staining master mix or singular antibody for compensation control were added 

and incubated for 30 min in the dark at RT, followed by another wash and spin. Samples were 

then resuspended in 100uL of 4% PFA for 10 minutes, and then brought to 300uL of stain buffer 

for a final concentration of 1% PFA. Samples were kept at 4˚C until ready to run. Due to the high 

autofluorescence of alveolar macrophages, BAL cells were used as the compensation controls 

instead of beads and fluorophores were selected for channels with minimum autofluorescence, 

with unstained BAL cells spiked in to each compensation control. Macrophages were gated on 

singlets, CD45+, FSC and SSC characteristic of granulocytes and alveolar macrophages, live 

cells, CD14+, and CD163+ populations, and assessed for MRC1 expression. Due to the high 

variability of the autofluorescence commonly observed in airway macrophage populations, we 
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found it necessary to gate for CD163 and MRC1 using each animal’s pre-infection BAL sample, 

and to then apply these gates to the later timepoints for that same animal. Samples were run on 

BD FACSymphony A5 driven by FACS DiVa software and analyzed with FlowJo (Version 10.10).  

Lung Histology 

Lung samples from nonhuman primates were fixed in 10% neutral buffered formalin, processed, 

and blocked in paraffin for histological analysis. All samples were sectioned at 5 μm and stained 

with hematoxylin-eosin (H&E) for routine histopathology. Pathology was scored as described: (0): 

inflammation minimal to absent; (.5): minimal to mild inflammation (very mild alveolar capillary 

hypercellularity), areas of perivascular and/or peribronchial (PBr) / peribronchiolar (Pbr) 

inflammation are rare to absent;  (1):  Mild to moderate inflammation (alveolar hypercellularity with 

occasional cells within alveolar spaces), noticeable interstitial capillary expansion, and occasional 

perivascular (PV) and/or PBr/br infiltrates; (2): Moderate to severe inflammation; alveolar 

hypercellularity, moderate numbers of cells in alveolar spaces, regular PV and PBr/Pbr infiltrates, 

occasional areas of diminished airspace in section; for samples with 25-50% tissue affected, an 

additional "+/- will be factored in to score; (3) = Severe inflammation; prominent PV/PBr/Pbr 

inflammation, substantially diminished air spaces (inflammation/consolidation) +/- edema; for 

samples with <50% of the tissue affected, an additional "+" will be factored into score. 

 

 

 

 

 

 



 129 
 

Chapter Three: Non-human primate LIBRA-Seq accelerates antibody discovery in 

RM vaccinated against HIV-1  

AUTHORS 

Edwards, Christopher1, Silva-Trenkle, Aaron2, Sahoo, Anusmita1,4, Lapp, Stacey1, 

Raju, Nagarajan1, Ton, Thang1, Metz, Amanda1, McGhee, Emily1, Charles, 

Tysheena1, Saini, Ankur1, Pellegrini, Kathryn4, Rui Kong1, Derdeyn, Cindy6,1, 

Wrammert, Jens1, Upadhyay, Amit1,  Amara, Rama1,7, Kwong, Gabriel2, Bosinger, 

Steven1* 

AFFILIATIONS 

1Division of Microbiology and Immunology, Emory National Primate Research 

Center, Emory University, Atlanta, GA 30329, USA; 2Wallace H. Coulter 

Department of Biomedical Engineering, Georgia Tech College of Engineering and 

Emory School of Medicine, Atlanta, GA 30332, USA, USA; 3Department of 

Biological Sciences and Bioengineering, Indian Institute of Technology, Kanpur, 

Uttar Pradesh 208016, India; 4Emory National Primate Research Center Genomics 

Core, Emory National Primate Research Center, Emory University, Atlanta, GA 

30329, USA; 6Department of Laboratory Medicine and Pathology, University of 

Washington, Seattle, WA, USA; 7Department of Microbiology and Immunology, 

Emory School of Medicine, Emory University, Atlanta, GA, USA 

 

 



 130 
 

ABSTRACT 

Broadly neutralizing antibodies (bNAbs) exhibit protective efficacy against HIV-1 infection 

making them an ideal archetype for HIV-1 vaccine design. Presently, no vaccine 

candidate has induced bNAbs or autologous neutralizing antibodies (NAbs) against 

neutralization-resistant tier 2 viruses. However, the development of stabilized, native-like 

Env trimers such as BG505.SOSIP.664 has marked a significant advancement in vaccine 

design, due to their ability to elicit tier 2 NAbs in rhesus macaques (RM). NAb 

development against tier 2 immunogens in RM remains poorly understood, with 

hypothesized contributions from genetic variation at the IG loci, naive B cell repertoire, 

and differential gene expression in B cell lineages. To address these knowledge gaps, 

we have developed a set of BG505.SOSIP.644.T332N (BG505 SOSIP) probes capable 

of recovering paired clonotype identity, antigen specificity, and gene expression of B cells 

in a high throughput fashion. These probes were constructed by conjugating biotinylated 

BG505 SOSIP to streptavidin covalently linked to both sc-RNA-Seq compatible DNA 

oligonucleotides and flow cytometry compatible fluorophores. Using these reagents, we 

isolated and sequenced BG505 SOSIP specific memory B cells from the PBMCs of an 

RM developing high titers of neutralizing antibodies. To benchmark the accuracy of our 

technology, we compared our recovered heavy and light chain sequences to those 

identified from the same animal using conventional methodology, and recovered 100% of 

previously identified NAbs. We then applied this technology to recover BG505 SOSIP 

specific memory B cells from 5 additional vaccinated RMs, and cloned 34 antibodies for 

functional characterization. Our approach will allow for high-throughput analysis of the 
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evolution of Env specific lineages in both RM and humans in response vaccination with 

HIV-1 Env immunogens, including BG505.SOSIP.644.   

 

MAIN TEXT 

INTRODUCTION 

In 2023, approximately 1.3 million people were infected with HIV-1, and over 

600,000 people died from AIDS related illnesses9. With millions of people living with HIV-

1 across the world unable to access antiretroviral therapy and millions of others unaware 

of their HIV-1 status, developing a protective HIV-1 vaccine remains a central priority in 

the fight against the HIV-1 pandemic. However, the vast range of genetic variation in 

circulating strains, rapid establishment of long-lived latent reservoirs, and the prominent 

glycan shield that protects key neutralizing epitopes, have proven to be formidable 

hurdles in the pursuit of an efficacious, antibody-based vaccine5,709. This is most clearly 

highlighted by the modest 31.2% vaccine efficacy of the only successful HIV-1 vaccine 

trial to date8.  

Facing the failure of initial vaccine trials to elicit neutralizing antibody responses, 

researchers pivoted to a “reverse vaccinology” approach710-714. This strategy is based on 

identifying monoclonal antibodies (mAbs) isolated from people living with HIV-1 with the 

ability to inhibit infection against a range of neutralization resistant (Tier 2) HIV-1 strains 

and then designing a vaccine strategy to elicit such antibodies. These antibodies known 

as “broadly neutralizing antibodies,” or “bNAbs,” are considered a critical correlate of 

protection against HIV-1 challenge, as they have been shown to both prevent simian – 

human immunodeficiency virus (SHIV) infection in rhesus macaques (RM) in passive 
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antibody transfer studies and help maintain the suppression of HIV-1 during chronic 

infection humans228,715-722. However, bNAbs arise in only 20-30% of people living with 

HIV-1 and have never been elicited in vaccine studies in either humans or non-human 

primates (NHP)206,723,724. Identifying the antigenic determinants of bNAbs and elucidating 

the critical components of their development is vital for rational design of an HIV-1 

vaccine.   

A critical leap forward for the study of bNAbs was the development of 

thermostable, soluble HIV-1 Env trimers such as BG505.SOSIP.644 (BG505 SOSIP) 

359,725. This construct has been used to preferentially capture B cells producing bNAbs 

and elucidate key bNAb epitopes on Env and has been shown to elicit autologous NAbs 

against a tier 2 virus in RM725-727. We have previously shown that RM immunized with 

BG505 SOSIP in 3M-052 adjuvant can confer protection against 10 intravaginal 

challenges with BG505 Simian-Human Immunodeficiency Virus (SHIV)356. Though all 

vaccinated RM developed high levels of BG505 SOSIP binding antibody titers, only one 

third developed protective NAb titers. Analysis of the NAb responses from RUp16, the 

animal that developed unusually high NAb titers (ID50 = 6068), revealed the C3/465 

glycan hole cluster as the immunodominant epitope among potent NAbs362. Additionally, 

the serum from all but one of the animals protected from infection showed decreased 

neutralization capacity against a mutant BG505 SHIV-1 with the 465-glycan hole closed.  

 While RM have proven to be a highly valuable model for testing HIV-1 Env based 

vaccine constructs, conventional antibody sequencing techniques that rely on plate based 

single-cell sorting severely limit the throughput of neutralizing antibody discovery. The 

recent development of LIBRA-Seq (linking B cell receptor to antigen specificity through 
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sequencing) has been used to dissect humoral immune responses to pathogens and 

vaccine immunogens at the single cell level via barcoded antigens10,728-739. In this study, 

we adapt the LIBRA-Seq platform to identify BG505.SOSIP.664.T332N specific abs from 

vaccinated RM en masse, identify public clones, and inform the selection of 34 candidate 

abs for functional characterization.  

 

RESULTS 

Probe Design and Construction 

To create a flow cytometry and LIBRA-seq compatible cell staining technology (Fig 

1A), we conjugated streptavidin to alexa fluorophores (AF) and sc-RNA-Seq compatible 

DNA oligonucleotides, which could be tetramerized with biotinylated proteins for staining 

of cells. First, we conjugated recombinant streptavidin with C-terminal cysteine to AF-

maleimide at a 1 to 10 ratio. After removal of excess AF-meleimide through size exclusion 

spin filtration, streptavidin-AF were conjugated to DNA oligonucleotides through 

hydrazone chemistry and purified using size exclusion chromatography (Fig. 1B). Size 

exclusion chromatography results in distinct absorbance profiles between free 

streptavidin-AF647, free Oligo-1, and the streptavidin-AF647- Oligo-1 conjugate to allow 

for purification of conjugate with 7 to 12 ml of elution volume (Fig. 1C). We validated that 

the five different constructs constructed (AF647-Oligo-1, AF488-Oligo-2, AF647-Oligo-3, 

AF488-Oligo-4, and AF546-Oligo-5) have DNA conjugated to streptavidin monomers by 

protein gel, resulting in an additional band around the molecular weight of streptavidin 

monomer conjugated to DNA strand in both Coomassie and SYBR DNA gel staining 

(Figs. 1D, S1). To test the conjugation of the Fluorophore, we used a murine tetramer 
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system we had established previously121, in which we had prepared streptavidin based 

Gp100-Db tetramers. Here we created Gp100-Db tetramers with streptavidin-AF or 

streptavidin-AF-DNA constructs to stain P14 splenocytes, resulting in similar staining 

profiles between DNA free and DNA conjugated streptavidin (Fig. 1E). Our streptavidin-

AF-DNA conjugates stained P14 splenocytes with similar efficiency to commercially 

available streptavidin.  

 

NHP LIBRA-seq in vitro Validation  

To validate the BCR specificity and 10x single cell RNA-Seq compatibility of our 

probes, we utilized an engineered Ramos B cell line expressing VRC01, a CD4-binding-

site-directed HIV-1 bNAb  capable of binding BG505 SOSIP10,204,740 (Fig. 2A). We mixed 

VRC01 B cells with wild type RA.1 Ramos B cells that do not bind VRC01 at 1:1, 1:100, 

and 1:1000 VRC01:RA.1 ratios and incubated them with the BG505 SOSIP probe (Fig. 

2B). Flow cytometry demonstrated that VRC01 expressing cells were recovered at the 

expected ratios, indicating highly efficient detection of VRC01. In addition to accurate 

detection of antigen specific VRC01 B cells via flow, we also performed independent 10x 

captures of RA.1 (9662 cells) and VRC01 (9128 cells) cells stained with the BG505 

SOSIP probe. (Fig. 2C-D). Following QC filtering, 96.6% percent of VRC01 Ramos cells 

were found to express the canonical CDRH3, while 94.1% of RA.1 Ramos cells 

expressed the canonical RA.1 CDRH3 (Fig. S2C-S3). Despite the low frequency of 

BG505 SOSIP probe-positive RA.1 Ramos cells detected by flow cytometry; we observed 

a high level of background antigen barcode reads in these cells following 10x capture. 

This discrepancy is likely attributable to ambient barcode contamination and procedural 
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differences in cell washing and handling between the flow cytometry and single-cell 

capture workflows. 

 

NHP LIBRA-seq recovers known BG505 Neutralizing Antibodies from Vaccinated 

NHPs  

We next sought to apply our LIBRA-Seq reagents to ex-vivo NHP samples.  We 

have previously shown that immunization with BG505 SOSIP in RM provided significant 

protection against ten intra-vaginal challenges with BG505 SHIV-1356. In this previous 

preclinical efficacy study, two groups of 15 RM received four subcutaneous 

immunizations with BG505 SOSIP in 3M-052 adjuvant, with one of these groups also 

receiving SIVmac239 Gag-expressing HVV to boost T cell responses, while a third group 

of 15 unimmunized RM received only 3M-052 adjuvant (Fig. 3A). Significant protection 

was observed in the SOSIP (p = 0.0006) and HVV + SOSIP (p<0.0001) vaccination 

groups compared to the control group356.  

We used NHP LIBRA-Seq to identify the BG505 SOSIP specific antibody 

repertoire of RUp16, a RM that was protected from ten BG505 SHIV-1 challenges and 

developed the highest NAb titer (ID50 = 6068). This animal was selected for LIBRA-Seq 

benchmarking as it had undergone previous high resolution analysis of NAb associated 

with high titer and protection using conventional methodology356,362. PBMCs isolated from 

RUp16 at weeks 73 and 76 were combined and stained with dual BG505 SOSIP probes 

and a negative bait probe with unique fluorophores and corresponding DNA oligos (Fig. 

3B, 3C). To assess congruency between FACS and 10x readouts, we chose to sort dual 

positive memory B cells regardless of negative bait binding. Over 13,000 dual BG505 
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SOSIP probe bound memory B cells (defined as FSC and SSC characteristic of 

lymphocytes, singlets, live cells, CD3-, CD14-, CD16-, CD20+, CD27+, IgM-, IgG+, 

BG505-AF647+ and BG505-AF488+) were sorted for 10x capture, representing 

approximately 4.21% of the circulating IgG+ memory B cell population. Of the dual-

positive cells sorted for 10x capture, 97.7% were found to be negative for the biotin bound 

LIBRA-Seq probe by FACS (Fig. 3C). In contrast, only 0.12% of memory B cells isolated 

from an unvaccinated RM were found to bind to BG505 SOSIP probes (Fig. 3D). 

Following 10x capture and subsequent library generation of RUp16’s antigen specific 

memory B cells, we were able to recover both the BCR sequence and antigen barcode 

libraries from 1706 cells, with 1643 (96.3%) associated with both BG505 SOSIP barcodes 

and also lacking any biotin bait barcode (Table 1). These data highlight the consistency 

between our FACS generated antigen binding profiles and those generated from the 10x 

digital readout of antigen associated barcodes. 

 For each memory B cell with successfully recovered BCR and antigen barcode 

libraries, the LIBRA-seq scores for each BG505 SOSIP probe and negative bait probe 

were calculated based on the number of unique molecular identifiers (UMIs) detected for 

each construct (Fig. 3E-3F). Raw counts for each BG505 SOSIP probe were highly 

correlated with one another (Pearson’s r = .98) (Fig. 3E), and maintained their high 

correlation following normalization for total number of reads per cell (Pearson’s r = .9) 

(Fig. 3F). Using the original LIBRA-seq analysis pipeline we found that many cells were 

assigned LIBRA-Seq scores that skewed the ratios of raw antigen barcode counts due to 

scaling influenced by the cells with higher overall numbers of recovered barcodes. Our 

dual positive and single negative probe schema necessitated additional oversight when 
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determining antigen specificity beyond LIBRA-Seq score cutoffs. Thresholds for antigen 

specificity based on antigen barcode read counts were chosen empirically - 97th 

percentile for biotin and 3rd percentile for the two BG505 SOSIP barcodes. Using these 

thresholds, cells were classified as positive if the normalized values were surpassed 

these thresholds for both BG505 SOSIP antigens and but not for biotin.   

 To further benchmark our NHP LIBRA-Seq approach, we compared the BCR 

sequences of the recovered BG505 SOSIP specific memory B cells to the published 

heavy and light chain sequences of BG505 SOSIP specific abs isolated from RUp16362. 

We recovered 24 of the 48 previously published heavy chains and 40 of the 44 previously 

published light chains of BG505 SOSIP binding abs within 85% sequence identity (Fig 

4A-4B). Among the overlapping sequences were the heavy and light chains of all four 

BG505 SOSIP neutralizing antibodies (NAbs) previously characterized from RUp16. 

Clonal analysis revealed 302 shared clonotypes of LIRBA-Seq recovered heavy chains, 

including 22 out of 48 previously described heavy chains, with all four NAb heavy chains 

represented in the second largest clonal family (Fig 4C). The results from vaccinated RM 

RUp16 suggest that the LIBRA-seq platform can be successfully applied to the NHP 

model and identify antigen specific mAb characterized using conventional cloning 

methodology.  

  

NHP LIBRA-seq accelerates discovery of antigen specific mAbs from BG505 

Vaccinated RM 

We next sought to apply LIBRA-Seq to 5 additional RM vaccinated in the same 

study as RUp16. Animals were selected based on their protection from NAb challenge 
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and had ID50 titers ranging from 41 to 529 (Table 1). Using the same memory B cell 

panel and LIBRA-Seq probes as described above, BG505 SOSIP specific memory B cells 

were sorted from weeks 20 to 27, representing the circulating memory B cell population 

prior to and following the third boost with BG505 SOSIP. Additionally, only memory B cells 

negative for the biotin bound bait were sorted for 10x capture from these RM (Fig. S4A). 

Antigen specific cells represented 0.34% to 0.8% of the isolated memory B cells in these 

RM, lower in comparison to RUp16’s 4.21%, likely because these cells were isolated prior 

to the final boost, as well as the observed differences in ID50. Despite the lower 

frequencies of antigen specific cells in these samples, we recovered the BCR sequence 

and associated antigen barcodes for a total of 401 memory B cells from these 5 RM 

(Table 1).  

To confirm LIBRA-Seq's accuracy in identifying antigen-specific B cells, we 

produced five antibodies with high BG505 SOSIP associated LIBRA-Seq Scores per 

animal (n=30), and an additional four antibodies with high biotin bait associated scores to 

assess LIBRA-Seq’s ability to flag non-specific memory B cells. Antigen specificity as 

predicted by LIBRA-seq was validated by ELISA. mAbs PGT151 and PGT145, that bind 

to trimeric epitopes in BG505 SOSIP were run as positive controls and influenza HA 

specific mAb EM4C04 was run as a negative control (Fig. 5A). All 30 antibodies with 

LIBRA-Seq scores denoting a high specificity for BG505 SOSIP exhibited binding via 

ELISA, with LIBRA-Seq scores trended with ELISA area under the curve (AUC) values 

(Fig. 5B-5C). Interestingly, of the four antibodies with high LIBRA-Seq scores for the 

negative bait probe, two were observed to bind BG505 SOSIP, while the remaining two 

exhibited AUC values below the limit of detection.  
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We then investigated the properties of the antigen specific memory B cell 

repertoires recovered with NHP LIBRA-Seq. Clonal analysis revealed an oligoclonal 

repertoire, with higher clonality correlating with higher ID50 titers (Fig. 6A, 6D). Across 

the cohort, the top 10 clones represented 31% to 50.3% of the of the total antigen specific 

memory B cell pool.  We observed public heavy chain V gene usage across the cohort, 

with IGHV4-79 representing the most highly shared allele amongst BG505 SOSIP specific 

memory B cells (Fig. 6B). Interestingly, the NAb lineage contributing most significantly to 

RUp16’s high neutralizing titer utilizes IGHV4-79 in its heavy chain. We also observed 6 

public clones shared by pairs of vaccinated RM (Fig 6C). Frequency of somatic 

hypermutation (SHM) was analyzed at both the per-cell and per-clone levels for IgH, IgK, 

and IgL to assess the extent of mutation in memory B cells recovered from BG505 SOSIP-

vaccinated macaques (Fig. 7A-B). The analysis revealed variation in SHM frequencies 

across animals, with the highest mutation rates observed in RUp16, consistent with both 

its sampling at a later timepoint and high NAb titers. SHM was observed at a frequency 

of 0.045-0.066 in IgH, 0.022-0.039 in IgK, and (0.025 - 0.044).  These findings highlight 

the diverse characteristics of the antigen-specific memory B cell repertoires revealed 

through LIBRA-Seq and their potential relationship to the generation of potent neutralizing 

antibody responses in vaccinated rhesus macaques. 

 

DISCUSSION 

To date, only one HIV-1 vaccine regimen has been shown to modestly protect 

humans from HIV-1 infection, an effect that has not been replicated elsewhere5,7. Recent 
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innovations in immunogen design, delivery, and adjuvants have yielded breakthroughs in 

eliciting autologous, tier 2 NAbs and important bNAb precursors in humans, and protect 

against challenge with the matched strain in RM366,727,741-744. Here, we adapted the 

recently developed LIBRA-Seq platform to be compatible with the preclinical non-human 

primate model. We applied LIBRA-Seq to RM vaccine study samples as a proof of 

concept for studying memory B cell responses to immunogens in a high resolution, high 

throughput manner. We focused on RM vaccinated with BG505 SOSIP that were 

protected from infection with high serum NAb ID50 titers356. Previous work had shown 

that clade A BG505 SOSIP immunogens elicit a range of neutralizing titers in the RM 

model, primarily targeting the C3/465 glycan hole cluster362.  

In this study, we were able to recapitulate many of the previous findings using 

LIBRA-Seq, and were able to expand on the previous knowledge, recovering the 

sequences of BG505 SOSIP specific cells across multiple animals in a high throughput 

manner. In addition to recovering the previously identified neutralizing clones, we were 

able to identify shared gene usage and clonotypes across animals. LIBRA-Seq scores 

also served as an additional metric for prioritizing clones for functional validation, with all 

selected clones exhibiting high BG505 SOSIP binding titers. Though our study only 

utilized 2 unique probes, we show how LIBRA-Seq can enhance the resolution of the 

analysis of the vaccine elicited B cell repertoire even with the limited modality. Future 

studies focusing on a panel of immunogens to probe epitope specificity are necessary to 

utilize the technology to its full potential.   

Recent clinical studies have investigated immunogens specifically designed to elicit 

responses from bNAb precursors296,307,331. Such studies represent the first step in guiding 
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antibody maturation toward broadly neutralizing lineages, a process referred to as 

germline shepherding. In such studies, conventional analysis of binding and neutralizing 

titers lack insight into the gene sequences of elicited B cell lineages. LIBRA-Seq is 

uniquely poised to support and accelerate such studies by enabling high-throughput 

recovery of antibody specificity and gene usage, which is especially critical for analyzing 

and tracking precursor lineages over the course of vaccination, as well as identifying 

shared clonotypes across animals. To date, LIBRA-Seq has successfully recovered NAb 

from the convalescent plasma of a convalescent COVID-19 donor and subjects living with 

HIV-1, B cells elicited by the BNT162b2 vaccine in COVID-19 unexperienced and 

experienced individuals, and has also recovered public clonotypes in a guinea pig model 

of HIV-1 vaccination, but has yet to be applied to human or RM models of HIV-1 

vaccination10,728,732. 

Overall, this study demonstrates the utility of LIBRA-Seq in enhancing the resolution of 

vaccine elicited B cell repertoire analysis in the RM model. By enabling high-throughput 

recovery of antigen-specific sequences, LIBRA-Seq provides a powerful approach for 

investigating the genetic determinants of antibody responses10,729-739. As the field 

advances toward precision immunogen design, applying LIBRA-Seq to larger cohorts and 

diverse immunogen panels will be essential for optimizing germline-targeting strategies 

and improving HIV-1 vaccine efficacy. 
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Chapter 3 Figures 
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Figure 1. Schematic of the LIBRA-seq assay and probe design. (A) Schematic of the LIBRA-

seq approach. Fluorophore and DNA oligo conjugated streptavidin are bound to biotinylated HIV-1 

Env to create LIBRA-Seq probes. HIV-1 Env specific memory B cells bound to these probes are 

enriched via FACS prior to 10x capture. DNA libraries are generated from captured RNA and 

antigen barcodes. Bioinformatic analysis reveals binding profiles of individual memory B cells 

based on associated antigen barcodes and VDJ sequences. These profiles are used to prioritize 

clones for downstream functional characterization.  (B) StvC-AF-Oligo conjugates stain similarly to 

control Stv-AF.  Streptavidin with N-terminal cysteine (StvC) was conjugated to maleimide modified 

alexa fluorophore (AF) at 10:1 ratio and excess removed by spin column purification before 

conjugating to amine modified DNA by hydrazone chemistry. (C) StvC-AF-Oligo conjugates were 

purified from free StvC-AF and DNA by size exclusion chromatography.  (D) Gel electrophoresis of 

StvC-AF-Oligo conjugates stained with Coommisie Blue (left) and SYBR DNA Gold (right). (E) 

Staining pmel splenocytes for Gp100-specific T cells with Db-Gp100-tetramers made from various 

streptavidin conjugates. 
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Figure 2. Validation of LIBRA-Seq compatible BG505 SOSIP probes in vitro. (A) Schematic 

of BG505 SOSIP based LIBRA-seq probe validation with bNAb expressing B cell lines. (B) 

Binding of VRC01 or RA.1 expressing Ramos B cells to dual DNA-barcoded, fluorescently labeled 

BG505 SOSIP via flow cytometry. Surface bound VRC01 heavy chain expressing Ramos cells 

were stained either alone (top) or at 1:1 (third from top), 1:100 (second from bottom), or 1:1000 

(bottom) ratios with RA.1 expressing B cells. RA.1 Ramos cells were also stained alone (second 

from top) to assess nonspecific binding. (C) Histogram displaying the number of antigen barcode 

reads associated with 10x captured VRC01 (top) or Ra.1 (bottom) Ramos B cells. 
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Figure 3. Benchmarking of NHP LIBRA-Seq compatible BG505 SOSIP probes in vivo. (A) 

Schematic representation of the immunization regimen. (B) Design of LIBRA-Seq and flow 

cytometry compatible, BG505 SOSIP probes for dual antigen staining. Biotinylated BG505 SOSIP 

was conjugated to barcoded streptavidin linked to either AF647 (left) or AF488 (middle) 

fluorophores. Barcoded streptavidin bound to biotin only was linked to AF546 (right). (C) 

Fluorescence activated cell sorting gating strategy for the isolation of antigen specific memory B 

cells from cryopreserved PBMCs from RUp16 collected at weeks 87 and 90. Cells were gated on 

FSC and SSC characteristic of lymphocytes, singlets, live cells, CD3-, CD14-, CD16-, CD20+, 

CD27+, IgM-, IgG+, BG505-AF647+ and BG505-AF488+. (D) Representative flow cytometry plots 

showing BG505 SOSIP-specific memory B cells in an unvaccinated RM. Feature scatter plots 

highlighting the raw (E) and normalized (F) read counts for LIBRA-Seq barcodes, and show each 

combination of the biotin control and two BG505 SOSIP baits. The dotted lines represent the 

thresholds for antigen barcodes that were chosen empirically - 97th percentile for biotin negative 

control and 3rd percentile for the two BG505 SOSIP barcodes. Each dot represents a unique cell. 

(G) Histogram displaying the number of cell associated antigen barcodes per LIBRA-Seq recovered 

B cell. Barcodes associated with BG505-AF647 are shown in blue, BG505-AF488 in grey, and 

Biotin-AF546 in green.  
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RUp16
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Figure 4.  LIBRA-Seq identifies the lineages of BG505 Env neutralizing antibody lineages 

from animal RUP16. (A) Neutralization activities of monoclonal antibodies recovered in the 

characterization by the original study by Charles et al.362 (B) Heavy chains recovered from RUp16 

using LIBRA-Seq. All four neutralizing monoclonal antibodies identified previously by Charles et al. 

were recovered. (C) Clonal diversity of LIBRA-Seq recovered BG505 SOSIP specific B cells from 

RUp16. The number in the center reflects the total number of B cell clonotypes identified as BG505 

SOSIP specific with LIBRA-Seq with clones ranked clockwise from the top center in order of relative 

frequency. The frequency of the top 10 most abundant clones are indicated, with the most frequent 

clones noted in dark blue.  B cells were considered clones through shared V-genes, J-genes, 

identical CDR3 length and greater than 70% CDR3 nucleotide sequence identity for both heavy 

and light chains. 
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Figure 5.  LIBRA-Seq successfully identified BG505.SOSIP.664 binding mAbs Quantitative 

analysis of binding for affinity to BG505 was evaluated and depicted in a binding curve (A) or bar 

graph (B). A three-fold dilution of each mAb was done, starting at 5 ug/ml plotted based on the 

OD at 490nm. Bars represent the area under the curve for each mAb (x axis). The dotted line 

marks the three times the background signal of samples dilution buffer. Previously characterized 

HIV-1 specific human IgG1 antibodies (PGT145 and PGT151) were used as a positive control. 

An influenza HA-specific human IgG1 antibody (EM4C04) was used as a negative control. 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 152 
 

 



 153 
 

Figure 6.  LIBRA-Seq identifies shared clonotypes of BG505 SOSIP specific B cells from 

vaccinated RM. (A) Clonal expansion of BG505 SOSIP specific B cells depicted in donut charts. 

Each donut reflects the total number of B cell clonotypes identified as BG505 SOSIP specific with 

LIBRA-Seq (center) from each RM and the relative frequency of each individual MBC clonotype. 

The frequency of the top 10 most abundant clones are indicated, with the most frequent clones 

noted in dark blue. (B) Heatmap of V gene frequency per RM, ranked from most shared V genes 

at the top to least shared at the bottom. Higher frequency is noted in dark blue. (C) Circos plot 

displaying shared BG505 SOSIP specific memory B cell clonotypes among six RM vaccinated 

with BG505 SOSIP. Each segment represents an individual animal, with connecting ribbons 

indicating shared clonotypes between animals. The thickness of each ribbon corresponds to the 

number of shared clonotypes, with thicker ribbons representing greater overlap. B cells were 

considered clones through shared V-genes, J-genes, identical CDR3 length and greater than 70% 

CDR3 nucleotide sequence identity for both heavy and light chains.     
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Figure 7. LIBRA-Seq recovers somatically hyper mutated BG505 SOSIP specific memory 

B cells.  (A) Somatic hyper mutation (SHM) frequencies per LIBRA-Seq recovered BG505 SOSIP 

specific memory B cell across Ig heavy chain CDR3 (left), and Ig light chain IgK (middle) or IgL 

(right) . Violin plots show the distribution of mutation frequencies for each animal, with overlaid 

boxplots indicating medians and interquartile ranges. (B) Mean mutational frequency per clone 

was calculated by averaging the mutation frequencies of all sequences assigned to the same 

clonal lineage. Violin plots display the distribution of average SHM frequencies per clone for each 

animal and locus with overlaid boxplots indicating medians and interquartile ranges. B cells were 

considered clones through shared V-genes, J-genes, identical CDR3 length and greater than 70% 

CDR3 nucleotide sequence identity for both heavy and light chains.     
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Figure S1. Construction of LIBRA-Seq compatible BG505 SOSIP probes. (A) Staining pmel 

splenocytes for Gp100-specific T cells with Db-Gp100-tetramers made from various streptavidin. 

(B) Gel electrophoresis of StvC-AF-DNA conjugates stained with Coommisie Blue (left) and SYBR 

DNA Gold (right). (C) StvC-AF-DNA conjugates were purified from free StvC-AF and DNA by size 

exclusion chromatography. 
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Figure S2. Validation of LIBRA-Seq compatible BG505 SOSIP probes in vitro. (A) Flow 

Cytometry gating strategy for the identification of VRC01 or RA.1 expressing Ramos B cells to 

DNA-barcoded, fluorescently labeled BG505 SOSIP. Cells were gated on FSC and SSC 

characteristic of singlets, Ramos cells, live cells, CD19+, IgM+, BG505-AF647+. (B) 

Fluorescence-minus-one plots for RA.1 (top) or VRC01 (bottom) expressing B cells. Cells were 

stained without BG505-AF647+ to assess background fluorescence in the AF647 channel. (C) 

BG505-AF647 barcode counts associated with VRC01 expressing Ramos B cells (left) or RA.1 

expressing Ramos B cells (right). Each dot represents one cell. (D) Distribution of heavy and light 

chain CDR3 usage among 10x captured VRC01 Ramos B cells. Higher percentages denoted in 

red and lower in light blue. Canonical VRC01 CDRH3 and CDRL3 are bolded.  

 

 

 



 160 
 

 



 161 
 

Figure S3. Validation of RA.1 Ramos Cell line CDR3 usage. Distribution of heavy and light 

chain CDR3 usage among 10x captured Ra.1 Ramos B cells. Higher percentages denoted in red 

and lower in light blue. Canonical Ra.1 CDRH3 and CDRL3 are bolded. 
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Figure S4. Validation of LIBRA-Seq compatible BG505 SOSIP probes in vivo. Feature scatter 

plots highlighting the raw (A) and normalized (B) read counts for LIBRA-Seq barcodes and show 

each combination of the biotin control and two BG505 SOSIP baits. The dotted lines represent 

the thresholds for antigen barcodes that were chosen empirically - 97th percentile for biotin 

negative control and 3rd percentile for the two BG505 SOSIP barcodes. Each dot represents a 

unique cell.    
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Figure S5. Isolation of BG505 SOSIP specific memory B cells from vaccinated RM. (A) 

Fluorescence activated cell sorting gating strategy for the isolation of antigen specific memory B 

cells from cryopreserved PBMCs from vaccinated RM collected at timepoints noted in Table 1. 

Cells were gated on FSC and SSC characteristic of lymphocytes, singlets, live cells, CD3-, CD14-

, CD16-, CD20+, CD27+, IgM-, IgG+, BG505-AF647+ and BG505-AF488+ and Biotin-AF546-. 

(B) Fluorescence activated cell sorting plots showing BG505 SOSIP-specific memory B cells 

isolated from cryopreserved PBMCs from vaccinated RM collected at timepoints noted in Table 

1. Cells were gated on FSC and SSC characteristic of lymphocytes, singlets, live cells, CD3-, 

CD14-, CD16-, CD20+, CD27+, IgM-, IgG+, BG505-AF647+ and BG505-AF488+ and Biotin-

AF546-. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Ethics Statement 

The RM immunization experiment from which the serum samples were derived have been 

described previously356. The study was approved by the Institutional Animal Care and 

Use Committee (IACUC) at Emory University and was in compliance with NIH guidelines. 

Animal research was also in compliance with the Animal Welfare Act and other Federal 

statutes and regulations relating to experiments involving animals. All animal research 

adhered to the principles stated in the 2011 Guide for the Care and Use of Laboratory 

Animals prepared by the National Research Council. Yerkes National Primate Research 

Center (YNPRC) is fully accredited by the Association for Assessment and Accreditation 

of Laboratory Animal Care (AAALAC). Methods of euthanasia were consistent with the 

American Veterinary Medical Association with Guidelines. 

 

Cell Lines  

Surface VRC01 expressing Ramos B cells were provided by Dr. Daniel Lingwood at the 

Ragon Institute of MGH, MIT and Harvard. This cell line was generated and cultured as 

previously described740, and validated for binding to our antigen probes by FACS (Figure 

S1B). RA.1 ramos cells were obtained from ATCC and cultured according to 

manufacturer instructions.  

 

Animal Models 

PBMC samples were obtained from a total of 6 Indian rhesus macaques (Macaca mulatta) 

immunized during a vaccine efficacy study carried out previously at the Yerkes National 
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Primate Research Center356. The study utilized female RM that were 3–15 years of age 

and confirmed negative for SIV infection. The immunization regimen has been previously 

described356.  

 

MATERIALS AND METHODS 

 

Expression and purification of trimeric BG505.SOSIP.664 T332N-avi-biotinylated 

protein 

The BG505 SOSIP Env insert (Genebank id ANG65466.1, res. 31-664, 

A501C/T605C/T332N, 508RRRRRR511) was synthesized by Genescript with (a) 

GMCSF leader sequence (MWLQGLLLLGTVACSIS) at its N-terminus end; (b) GTGS 

linker sequence and Avi tag (GLNDIFEAQKIEWHE) at its C-terminus. The insert was 

sub-cloned between ClaI and NheI sites of pGA1vector (KanR). NEB® 5-alpha E. coli 

cells (NEB, catalog no C2987H) and Sanger sequencing were used to transform, screen 

and confirm the positive clones respectively. The envelope protein cloned in pGA1 

plasmid was expressed along with furin (expressed from an AmpR plasmid provided by 

Prof. John P. Moore), by transient transfection of Expi293F cells, in the ratio 4:1359 using 

the ExpifectamineTM 293 transfection kit (ThermoScientific) as per manufacture’s 

protocol and grown at 37oC, 8% CO2 at 130rpm. The purification process used here has 

been previously described745. Briefly, the supernatant was harvested 72hrs after 

transfection in presence of EDTA free protease inhibitor (Millipore Sigma, catalog no 

11836170001) and affinity purified by lectin agarose (Vector Labs, catalog no AL-1243-

5, pre-equilibrated with PBS). Bound protein was eluted in presence of 1M methyl a-D-
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mannopyranoside (Sigma). The protein was dialyzed against PBS and subjected to size-

exclusion chromatography using a Superdex 200 Increase 10/300 GL (Sigma, GE 

Healthcare product) column on an AktaTM Pure (GE) system. The trimeric peak was 

collected, concentrated using Amicon Ultra-4, MWCO 100kDa, and quantified by BCA 

assay (PierceTM, ThermoScientific). The trimeric status and purity of the protein was 

confirmed by BN-PAGE (NuPAGETM,4-12%BisTris Protein Gels, ThermoScientific). The 

protein was concentrated to ~9mg/ml. Reaction mixture containing BG505.SOSIP.664-

avi protein, BirA (25µg for 10nmole of avi tagged protein), BiomixA (10X), BiomixB(10X) 

was incubated at 30oC for 45min, as per manufacture’s protocol (BirA500, Avidity). Free 

biotin was removed by passing the reaction mixture through a Amicon Ultra-4, MWCO 

either 100kDa. The protein was found to be ~90% biotinylated, as estimated by ELISA 

using standards (MBP, MBP-avi-biotinylated) provided with the kit. The trimeric status of 

the biotinylated protein was confirmed by BN-PAGE. The protein was stored at 1mg/ml 

concentration. 

 

Memory B cell Immunophenotyping 

(AMQAX1000). Appropriate volume for 1 million cells and 5 million cells were added to 

FACS tubes for control and flow panel respectively. Samples were centrifuged at 180g 

for 5 minutes then decanted. Control samples were immediately fixed and resuspended 

in 300µL of 1% PFA then stored in 4˚C until ready for flow acquisition. Samples were 

incubated with 100µL of Fixable Viability Dye eFluor506 mix (65-0866-14) from 

eBioscience (1:1000 dilution) for 20 minutes at room temperature (RT) in the dark. 

Followed by a wash step with 2mLs of BSA Stain Buffer (554657), centrifuged at 300g for 
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5 minutes then decant. Samples were then incubated with 100µL of FC Block mix (14-

9165-42) from Invitrogen (1:50 dilution) for 30 minutes at RT in the dark and followed by 

a wash step. Samples were then incubated with 100µL of biotin-quenched conjugated 

BG505 AF647/AF488 probe mix (1:1 dilution) for 30 minutes at RT in the dark and 

followed by a wash step. Samples were then incubated with 100µL of biotin-quenched 

unconjugated probe mix for 30 minutes at RT in the dark and followed by a wash step. 

Samples were then incubated with 100µL of the stain mix for 30 minutes at RT in the dark 

using the following mAbs: IgG BV650 (clone G18-145; 1.0µL; cat # 740596); IgM PerCP-

Cy5.5 (clone G20-127; 3.0µL; cat # 561285); CD3 PE-CF594 (clone SP34-2; 2.0µL; cat 

# 562406); CD14 PE-CF594 (clone MφP9; 1.0µL; cat # 562334); CD16 PE-CF594 (clone 

3G8; 1.0µL; cat # 562320) from BD Bioscience; CD27 BV421 (clone O323; 2.5µL; cat # 

302824); CD20 APC-Cy7 (clone 2H7; 2.0µL; cat # 302314); BSA Stain Buffer (87.5µL; 

cat # 554657) from Biolegend; followed by a wash step. Samples were fixed and 

resuspended in 500µL of 1% PFA for cytometry acquisition. RAMOS cells were gated 

based on their FSC and SSC characteristics, singlets, live cells, CD3/CD14/CD16 (-) and 

CD20 (+), CD27 (+) and CD20 (+), IgM (-) and IgG (+). These cells were then assessed 

for their affinity to BG505 probes. Samples were run on BD FACSymphony A5 driven by 

FACS DiVa software and analyzed with FlowJo (Version 10.10). 

 

The same protocol was performed on PBMCs extracted from Rhesus Macaques with the 

exception of the centrifuge speed at 300g for 10 minutes. Additionally, PBMCs were 

resuspended and strained through 70µM cell strainers in pre-chilled R10 media for sorting 

on BD FACSDiva.  
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BD CompBeads Anti-Mouse Ig, κ/Negative Control Compensation Particles Set (cat # 

552843) were used for single fluorophore stains to select for the brightest peak. 

Compensations were prepared fresh and acquired for each assay.  

 

Oligonucleotide barcodes 

69 base pair (bp) in length oligonucleotide barcodes were designed with the following 

structure: 5’-5AmMC12-Read 2N-N10-Feature Barcode-N9-Capture Sequence-3’, where 

the 5AmMC12 represents a 5’ amino modification and 12 carbon linker for conjugation to 

streptavidin, the Read 2N is the Truseq read 2 sequence, 5’-

CGGAGATGTGTATAAGAGACAG-3’, N10 and N9 denote random nucleotide sequences 

of 10 and 9 bp in length respectively and are used as universal molecular identifiers 

(UMIs), the Feature Barcode is a known 15 bp sequence selected from the 10x feature 

barcode whitelist, and the capture sequence, 5’-CCCATATAAGA*A*A-3’ is required for 

annealing to Chromium Next GEM Single Cell 5’ Gel Beads (V2). For ramos cell line 

experiments feature barcode 5’-TTGTCACGGTAATAA-3’ was used. For RM experiments 

feature barcodes 5’-TTGTCACGGTAATAA-3’ (AF647 bound probes), 

5’ATCGCATTCTAAGAA3’ (AF488 bound probes), and 5’ATCTGCGCACATCTA3’ 

(AF546 negative bait) was used. Oligos were ordered from IDT and HPLC purified. 

 

Expression of recombinant streptavidin  

One ShotTM BL21(DE3) pLysE Chemically Competent E. coli (Invitrogen C656503) were 

transformed with plasmid of streptavidin modified with C-terminal cysteine with ampicillin 
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resistance. Shortly, plasmid was added to a stock of bacteria. After 30 minutes on ice, 

bacteria were heat shocked for 30 seconds at 42° C. Afterward, bacteria were placed on 

ice for 5 minutes before culturing at 37° C for 60 min. A portion of the bacteria was plated 

onto an agar plate with 1:1000 ampicillin overnight at 37° C. A colony of bacteria was 

grown in lysogeny broth (LB) with 1:1000 ampicillin overnight at 37° C. Bacteria were 

diluted 1:1000 in Erlenmeyer flask and once an OD600 of 0.6 was reached, 0.4 mM IPTG 

was added for 4 hours before collecting bacteria at 4k x g for 15 min at 23° C. 

To isolate and refold streptavidin, bacteria pellet was lysed with lysis buffer (30 mM Tris-

HCl, 0.1% Triton X-100, 2 mM EDTA, pH 8) for 30 minutes on ice. Afterward, 12 mM 

MgSO4, 10 ug/ml DNAse 1, and 10 ug/ml RNAse A was added for 30 minutes on ice. 

Lysate was centrifuged at 14k x g for 20 minutes at 4° C, after which the pellet was 

washed three times with lysis buffer. Isolated streptavidin inclusion body was dissolved 

in denaturing buffer (6 M Guanidine Hydrochloride, pH 6.5). The dissolved streptavidin 

inclusion bodies were added to 3.5 kDa dialysis tubing and dialyzed overnight at 4° C in 

6 M Guanidine Hydrochloride with 10 mM β-mercaptoethanol pH 1.5. Streptavidin 

monomers were refolded into tetramers by dialysis in refolding buffer (0.2 M sodium 

acetate, 10 mM β-mercaptoethanol, pH 6) over 8 hours at 4 C; this process was repeated 

3 times with fresh refolding buffer. Refolded streptavidin was collected by 10 kDa size 

exclusion filtration. 

 

Conjugation of fluorophores to streptavidin  

Recombinant streptavidin with C-terminal cysteine was buffer exchanged into cysteine 

buffer (100 mM Sodium Phosphate, 150 mM NaCl pH 7.2). Streptavidin was reduced with 
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50 molar excess tris(2-carboxyethyl)phosphine (TCEP) for 30 min at 23° C. Alexa 

fluorophores (AF) 488, 546, and 647 with maleimide group (Thermo Fisher) were 

dissolved in dimethyl sulfoxide (DMSO) and added at 10 molar excess to streptavidin for 

2 hours at 23° C. Excess AF was removed through size exclusion spin columns (BIORAD 

7326227) into spin buffer (150 mM NaCl, 100 mM Sodium Phosphate pH 6.5) according 

to manufacturer instructions. Concentration of streptavidin-AF was measured using Rapid 

Gold BCA Protein Assay (Thermo Fisher A55861) according to manufacture instructions. 

 

Conjugation of oligonucleotide barcodes to streptavidin  

Streptavidin-AF was reduced with 50 molar excess TCEP for 30 min at 23° C. Afterwhich, 

50 molar excess maleimide 6-hydrazinonicotinate acetone hydrazone (MHPH) 

(VectorLabs S-1009) dissolved in dimethylformamide (DMF) was added for 4 hours at 

23° C. Excess MHPH was removed by 10 kD size exclusion filtration and buffer 

exchanged into conjugation buffer (150 mM Sodium Chloride, 50 mM Sodium Citrate pH 

6). Additionally, oligonucleotide with 5’ amine modification was buffered exchanged into 

oligo buffer (100 mM Sodium Phosphate, 150 mM NaCl pH 8) and reacted to 25 molar 

excess sulfo succinimidyl 4-formylbenzoate (S-4FB) (VectorLabs S-1008) for 4 hours at 

23° C. Excess S-4FB was removed by 3 kD size exclusion filtration and buffer exchanged 

into conjugation buffer. Streptavidin-AF and oligonucleotide were combined at 1 to 1 

overnight at 23° C. Streptavidin-AF-oligonucleotide conjugate was purified from 

unconjugated streptavidin-AF and oligonucleotide using size exclusion chromatography 

Superdex 200 Increase 10/300 GL (Cytiva 28990944) on Akta pure chromatography 

system. Concentration of Streptavidin-AF-oligonucleotide conjugate was measured using 
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Rapid Gold BCA Protein Assay (Thermo Fisher A55861) according to manufacturer 

instructions. Conjugate was visualized using NuPAGE Bis-Tris Mini Protein Gels, 4-12% 

(Thermo Fisher NP0321BOX) and stained with SYBR Gold Nucleic Acid Gel Stain 

(Thermo Fisher S11494) and Coomassie Brilliant Blue R-250 (Bio Rad 1610436) 

according to manufacturer instructions.  

 

Isolation of splenocytes from transgenic mouse spleen  

Spleen was isolated from P14 transgenic mouse and placed in RPMI media (VWR 16750-

070). Spleen was mashed using frosted glass slides and strained through 40 μm cell 

strainer. Red blood cells lysis (VWR 420301-BL) was added for 5 minutes at 4° C then 

diluted 5x with PBS. Splenocytes were suspended in RPMI media and strained through 

40 μm cell strainer before use.  

 

Staining of splenocytes with pMHC tetramers  

Recombinant Gp100-Db biotinylated monomers were tetramirized by adding streptavidin 

in 4 additions with 5 minute wait steps. Splenocytes were washed 3x with FACS buffer 

(1X PBS, 0.1% BSA, 2mM EDTA pH 7.4). Splenocytes were stained with Live/Dead aqua 

(Thermo Fisher L34957), PerCP/Cy5.5 anti-mouse CD8 (Biolegend Clone 53-6.7), and 

Gp100 tetramers (streptavidin-AF, streptavidin-AF-oligonucleotide, and Streptavidin-

AF647 Thermo Fisher S21374) for 30 min at 4° C. Splenocytes were washed 3x with 

FACS buffer before running on Cytek Northern Light Flow Cytometer.   

 

Conjugation of streptavidin to biotinylated antigen  
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Biotinylated Env proteins and oligonucleotide bound streptavidin (DNA-STV) were 

centrifuged at 14,000 rcf for 10 min at 4C to spin down aggregates. Samples for 

conjugation were then pipetted from the top of each solution. 2.5ug of biotinylated Env 

(1ug/µL) were combined with 1ug of DNA-STV, and brought up to 10µL PBS (2:1 mass 

ratio of Env to DNA-STV), then mixed by pipetting up and down slowly 5x without 

introducing bubbles. Conjugation reactions were then incubated at 4 degrees for 1 hour 

away from light.  

 

Isolation of PBMCs 

Peripheral blood lymphocytes were isolated from whole blood as described previously746.  

 

Enrichment of antigen-specific B cells (FACS)  

Up to 28 million PBMCs isolated from RM were sorted for 10x capture. Antigen specific 

memory B cells were classified through the following gates for sorting: lymphocytes and 

monocytes, singlet, live cells, CD3-CD14-CD16-, HLA-DR+, CD20+CD27+, IgM-IgG+, 

and BG505-STV-DNA-AF647+BG505-STV-DNA-AF488+ and Biotin-STV-DNA-AF546-. 

Cells were sorted using a BD FACSAria II instrument (BD Biosciences) at the Emory 

Vaccine Center Flow Cytometry Core at the ENPRC.  

 

Single-cell RNA-Sequencing 

Single cell suspensions of FACS enriched memory B cells were prepared and loaded 

onto the 10X Genomics Chromium Controller using the Chromium NextGEM Single Cell 

5’ Library & Gel Bead kit to capture individual cells and barcoded gel beads within 
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droplets698. For RM experiments, counting steps were skipped due to low number of 

antigen specific B cells isolated via FACS. VDJ and feature barcode libraries were 

prepared according to manufacturer instructions. They were then sequenced on an 

Illumina NovaSeq 6000 with a paired-end 26x91 configuration targeting a depth of 5,000 

reads for both surface barcode libraries and VDJ libraires. Cell Ranger software was used 

to perform demultiplexing of cellular transcript data, as well as mapping and annotation 

of UMIs and transcripts for downstream data analysis. 

 

Single-cell RNA-Seq bioinformatic analysis of Memory B cells and Determination 

of LIBRA-seq Score 

Cellranger v6.1.2 multi was used to obtain antigen barcode counts using the antigen 

barcode library and VDJ library. The VDJ reference that was used with multi was created 

using the fetch-imgt utility of cell ranger 6.0.2 for Macaca mulatta on 17th March 2023. 

The constant region sequences from Ramesh et al.747 were added to the IMGT 

sequences 748. Since the multi option is only available with newer versions of cellranger 

which have specific requirements for VDJ reference, we used another VDJ reference 

comprised of heavy chain V gene sequences from Cirelli et al.749, KimDB v1.1750, IMPre751 

in addition to IMGT sequences to start with a comprehensive database for assembly with 

cellranger v3.1.0. The assembled sequences were once again annotated with the Cirelli 

et al database749 using IgBLAST v1.21.0752. The sequences were filtered to keep only 

those that were productive and with a predicted CDR3 region.  After filtering Ig sequences, 

cells with only a single heavy and a single light chain were used downstream. 
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The antigen barcode data was processed using Seurat package v4.4.0753. A seurat object 

was created after adding a pseudocount of 1 to the raw count data. The CLR 

normalization method was used with margin 2. Considering these were sorted to be 

antigen-specific cells, the thresholds for antigen barcodes were chosen empirically - 97th 

percentile for biotin and 3rd percentile for the two BG505-SOSIP barcodes. Using these 

thresholds, cells were classified as positive if the normalized values were higher for both 

BG505-SOSIP antigens and lower for biotin. Cells that were classified as double positive 

for BG505 and negative for biotin were considered as antigen-specific and subsequently 

used for downstream analysis. Clonal assignment was performed using a custom script 

with the family defined as cells having the same V genes, same J gene, same CDR3 

length and CDR3 nucleotide identity >=70%. The V gene usage was calculated for clonal 

lineages using the countGenes function in the alakazam package754. 

The public clonotypes were defined using the same definition of clonal families as 

described above. The visualization for public clonotypes was generated using the Circos 

package755. 

To determine the neutralizing antibody lineage in the current dataset, the sequences for 

monoclonal antibodies of the neutralizing lineage362 were downloaded from GenBank. 

These sequences were annotated using IgBLAST with the Cirelli et al database. The 

clonal lineage was determined using the definition described above. 

For calculating SHM, we used the MUSA database (2025-02-05)756. Only alleles that were 

found in both genomic and AIRR-Seq libraries of a given sample were used to create the 

IgBLAST v1.21.0 databases. The receptor_utils (http://pypi.org/project/receptor-utils/) 

package was used to create the J aux file. The MakeDB module from Immcantation 
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v4.4.0754 was used to create ChangeO tables from IgBLAST output. The 

observedMutations function was used from the shazam package754 with the 

regionDefinition set to IMGT_V_BY_SEGMENTS and both frequency and combine set to 

TRUE to obtain SHM. 

Cellranger v6.1.2 multi was used to obtain antigen barcode counts using the antigen 

barcode library and VDJ library. The reference that was used with multi was created using 

the fetch-imgt utility of cell ranger 6.0.2 for Macaca mulatta on 17th March 2023. The 

constant region sequences from Ramesh et al747 were added to the IMGT sequences. 

Since the multi-option is only available with newer versions of Cellranger which have 

specific requirements for VDJ reference, we used another VDJ reference comprised of 

heavy chain V gene sequences from Cirelli et al.749, KimDB v1.1750, IMPre751 in addition 

to IMGT sequences to start with a comprehensive database for assembly. To enable 

comparisons with the single-cell and bulk plasmablasts, the assembled sequences were 

once again annotated with the Cirelli et al.749 database. The sequences were filtered to 

keep only productive sequences and cells with only a single heavy and a single light 

chain. 

LIBRA-Seq Scoring 

The antigen barcode data was processed using Seurat package. A Seurat object was 

created after adding 1 to the counts. Only cells that had a single productive heavy and 

light chain were retained. The CLR normalization method was used with margin 2. 

Considering these were sorted to be antigen-specific cells, the thresholds for antigen 

barcodes were chosen empirically - 97th percentile for biotin and 3rd percentile for the 

two BG505 SOSIP barcodes. Using these thresholds, cells were classified as positive if 
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the normalized values were higher for both BG505 SOSIP antigens and lower for biotin. 

Cells that were classified as double positive for BG505 SOSIP and negative for biotin 

were subsequently used for downstream analysis. 

IgBLAST v1.21.0 was used to annotate sequences and obtain AIRR-formatted outputs. 

The clones were defined as follows: (i) same V gene, (ii) same J gene, (iii) same CDR3 

length and (iv) CDR3 nucleotide identity >= 70% for both heavy and light chains for 

determining clonal lineages. 

 

Monoclonal antibody generation: Variable domains were synthesized using Twist 

Bioscience. Next, they were directionally cloned into human mAb heavy chain (IgG1) and 

light chain (kappa/lambda) expression vectors (Genbank accession numbers FJ475055, 

FJ475056, and FJ517647). Following vector construction and sequence confirmation, 

heavy and light chain vectors were transiently co-transfected into Expi293F cells 

according to manufacturer’s instructions (Life Technologies). Antibodies were purified 

from cell culture supernatants using protein-A conjugated agarose beads (Pierce). 

  

ELISA Assay: MaxiSorp plates were coated with BG505[MOU1] .SOSIP.664 at 1µg/mL 

diluted in 50 mM carbonate buffer overnight at 4oC overnight at 4oC. The following day 

plates were washed with PBS Tween 0.05% then blocked with PBS 1% BSA for 90 

minutes. Next, plates were incubated with mAbs diluted in PBS Tween 0.05% 1% BSA 

for 90 minutes. Plates were then washed and incubated with peroxidase conjugated goat 

anti human IgG (109-036-098) diluted in PBS Tween 0.5% 1% BSA for 90 minutes. Wells 
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were developed with OPD substrate solution: 0.4 mg/ml of O-phenylenediamine (Sigma 

#P8787) dissolved into 50 mM citrate buffer (Sigma #P4560) with 30% H2O2. Plates were 

incubated with OPD substrate solution for 5 minutes. 100 ul of 1M HCl was added to stop 

the reaction and O.D. was recorded at 490 nm using the Bio-Rad IMark microplate reader.  
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Chapter 4: Discussion 

The COVID-19 pandemic has caused widespread illness and death, with more 

than 777 million confirmed SARS-CoV-2 infections and 7 million deaths attributed to the 

disease1. While vaccines have proven effective at preventing severe outcomes, the 

ongoing emergence of variants of concern capable of escaping both vaccine-induced and 

natural immunity continues to pose a major challenge to global health. At the time of 

writing, SARS-CoV-2 variants under monitoring Omicron sub-lineage XEC is the most 

prevalent variant worldwide572. XEC, a recombinant of variants KS.1.1 and KP.3.3, 

contains T22N and F59S mutations in the spike protein's N-terminal domain (NTD) which 

impact antigenicity, neutralization, and spike protein stability757. The genetic shift 

associated with recombination can result in substantial changes to viral fitness and 

immune evasion capacity similar to the emergence of the original Omicron lineage, which 

represented a large genetic leap that enabled widespread escape from preexisting 

immunity and rapidly altered the pandemic trajectory403-405. The continued emergence of 

variants capable of evading infection- or vaccine-induced immunity underscores the 

urgent need for broadly protective β-coronavirus vaccines397-402. Although current COVID-

19 vaccines have significantly reduced severe disease and mortality, their effectiveness 

against rapidly evolving variants has waned over time, necessitating ongoing updates 

and booster programs676,758. Recent mRNA vaccine formulations targeting new variants 

represent important progress, yet the limited durability of protection highlights the value 

of developing next-generation vaccine platforms568-571,573-575. With the threat of future 

genetic shifts in SARS-CoV-2 subverting existing immunity from recombination or from 

other coronaviruses undergoing zoonotic transmission, we are limited in our responses 
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by the technical and logistical obstacles presented by developing, testing, and distributing 

an effective vaccine.  

Broadly neutralizing antibodies (bNAbs) targeting conserved viral regions, such as 

the S2 stem of the SARS-CoV-2 spike protein, offer a promising path forward. Our work 

demonstrates that prophylactic treatment with an S2-targeted bNAb in rhesus macaques 

significantly reduces viral loads and airway inflammation, supporting an S2 targeting 

therapeutic strategy and a foundation for pan-β-CoV vaccine design. Because COVID-19 

is generally an acute, self-limiting infection, and because severe disease is associated 

with high viral loads and inflammatory responses in the lower respiratory tract, the primary 

goal of vaccination has remained mitigating disease severity rather than achieving 

complete sterilizing immunity449. In contrast, HIV-1 presents a fundamentally different 

challenge, as successful prevention must occur prior to or immediately at the point of 

transmission to block the irreversible establishment of latent viral reservoirs. This 

distinction means that HIV-1 vaccines must generate extremely potent and durable 

immune responses capable of preventing even low-level infection348. 

For SARS-CoV-2 and other β-coronaviruses, however, a vaccine does not 

necessarily need to prevent infection entirely to be clinically valuable. Instead, reducing 

viral replication and dampening inflammation may be sufficient to prevent hospitalization 

and long-term sequelae such as long COVID. This opens the door for a unique niche in 

which pan-β-CoV vaccines can operate. Rather than focusing on narrowly tailored 

immune responses to specific variants, which are subverted by immune escape, pan-β-

CoV vaccines can instead promote immune recognition of conserved viral elements, such 

as the S2 subunit of the spike protein. By biasing immune responses away from highly 
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mutable, variant-specific regions and toward functionally constrained, conserved 

domains, it may be possible to achieve broader and longer-lasting protection, even at 

sub-sterilizing levels of neutralizing antibodies. This approach is practical and widely 

applicable for pandemic preparedness, especially in vulnerable and diverse populations, 

and highlights the potential of bNAbs as valuable tools for both emergency response and 

vaccine design555,693.  

Equitable access to vaccines, prophylactics, and antiviral therapies remains 

critical, particularly for immunocompromised populations who are disproportionately at 

risk for severe disease and prolonged infection. Global pandemic preparedness efforts 

must prioritize protection of the most vulnerable populations, as doing so provides both 

direct and indirect protection for broader society. For example efforts to prevent HIV-1 

infection not only address the global HIV-1 burden but may also have far-reaching 

implications for controlling other pathogens like SARS-CoV-2. Immunocompromised 

individuals, including those with living with untreated HIV-1, are at increased risk for 

prolonged SARS-CoV-2 infection, which is associated with more severe disease 

outcomes, including long COVID. These prolonged infections provide fertile ground for 

viral evolution within a single host, increasing the likelihood of immune escape mutations 

and potentially contributing to the emergence of novel variants409-416. By reducing the 

number of immunocompromised individuals through effective HIV-1 prevention and 

treatment strategies, we may also reduce the overall reservoir for SARS-CoV-2 (or other 

pathogen) evolution, thereby mitigating both individual and population-level risk. Broadly 

acting therapies, such as pan-β-coronaviruses vaccines or broadly neutralizing 

antibodies, further enhance this effect by offering protection against a wide range of 
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SARS-CoV-2 variants, even in the face of antigenic drift. These interventions target 

conserved regions of the virus that are functionally constrained, limiting the virus's ability 

to evolve without compromising its fitness. As such, they not only help contain ongoing 

infections but also serve as a proactive barrier against the emergence and spread of 

highly divergent or immune-evasive strains. Together, comprehensive HIV-1 prevention 

and broad SARS-CoV-2 countermeasures represent a synergistic strategy to reduce both 

disease burden and the risk of future viral evolution. Expanding access to broader 

prophylactic and therapeutic antivirals for mild-to-moderate disease may also help reduce 

transmission and minimize the long-term consequences of SARS-CoV-2 infection, 

including the development of post-acute sequelae of SARS-CoV-2 infection (PASC), also 

known as long COVID759,760. 

Due to their physiological and genetical similarity to humans, non-human primate 

models such as rhesus macaques (RM) remain essential for evaluating immune 

responses and therapeutic interventions against SARS-CoV-2761. The use of the RM 

model of SARS-CoV-2 infection further allowed us to control key variables that influence 

clinical outcomes in humans, such as strain, dose, and route of exposure. This controlled 

setting enabled repeated sampling of BAL fluid- a critical sample for the analysis of 

immune cells within the lower airway, including multiple macrophage subsets instrumental 

in mitigating inflammatory signals related to SARS-CoV-2 infection. Importantly, the RM 

model allowed for characterization of hyperacute (2 dpi) responses to infection. We 

profiled viral load, myeloid cell dynamics, and inflammatory signaling at  such timepoints, 

which would prove difficult to obtain in human studies without the use of currently 

unethical controlled challenge trials. Therefore, the rhesus macaque (RM) model of 
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SARS-CoV-2 remains uniquely appropriate to investigate protective and therapeutic 

strategies against SARS-CoV-2 pathogenesis.   

While the RM model has proven effective in recapitulating key features of mild-to-

moderate COVID-19, the absence of a robust model for severe disease remains a 

significant limitation in preclinical research761. A model that better mimics the full spectrum 

of clinical severity observed in humans, particularly among high-risk individuals is urgently 

needed to advance the development of next-generation therapeutics and vaccines. 

Currently, severe disease phenotypes have been primarily achieved in small animal 

models such as K18-hACE2 transgenic mice, which constitutively express the human 

ACE2 under the cytokeratin-18 promoter and develop severe pulmonary pathology upon 

SARS-CoV-2 infection762. However, K18-hACE2 mice rapidly succumb to infection within 

5 to 7 days, often due to neuroinvasion and exaggerated lung pathology763. These 

features, while useful for modeling acute, severe disease, limit their utility for studying the 

longer-term consequences of infection, such as post-acute sequelae or immune recovery. 

Establishing a model of severe or prolonged SARS-CoV-2 disease in RM would 

bridge this gap and offer a platform for studying critical mechanisms of COVID-19 

pathogenesis. Such a model could enable in-depth investigation of persistent viral 

reservoirs, chronic inflammation, tissue remodeling, and immune dysregulation- all 

hallmarks of long COVID759,760. Moreover, the ability to monitor immune responses over 

time in a genetically tractable and immunologically relevant system would facilitate 

rigorous testing of mutation-resistant treatments, such as broadly neutralizing antibodies 

(bNAbs), as well as next-generation vaccines and antivirals. A non-human primate model 
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that mirrors both acute and chronic phases of severe COVID-19 would significantly 

enhance translational research and inform clinical strategies for vulnerable populations.  

In parallel, the RM model continues to be foundational to HIV-1 vaccine 

development, particularly for studying infection and immune responses in a genetically 

tractable, immunologically relevant system. The recent development of high-throughput 

technologies such as LIBRA-Seq enable the recovery of large numbers of antigen-

specific B cell receptor sequences, greatly enhancing our ability to evaluate allelic 

variation and representation within the antigen-specific B cell repertoire in RM10. Prior 

studies have demonstrated that polymorphisms in immunoglobulin heavy chain variable 

(IGHV) genes can significantly influence neutralizing antibody responses. For instance, 

alleles encoding a phenylalanine (F) at position 54 of IGHV1-69 are associated with 

increased frequencies of broadly neutralizing antibodies (bNAbs) against influenza764,765, 

while alleles encoding a leucine (L) at the same position have been implicated in the 

immunodominance of non-neutralizing anti-gp41 responses to HIV-1 envelope 

vaccination, even in individuals heterozygous for F/L at IGHV1-69764. Similar patterns 

have been observed in the context of SARS-CoV-2, where IGHV1-69 polymorphisms 

have been shown to influence the potency and epitope targeting of neutralizing 

antibodies766. Furthermore, a phase 1 clinical trial of the germline-targeting HIV-1 Env 

immunogen eOD-GT8 revealed that the induction of VRC01-class precursors was 

restricted by IGHV1-2 allele usage767. However, the impact of allelic polymorphisms at 

the IGH locus on neutralizing antibody responses in RM remains poorly defined. A study 

recently published on Biorxv has greatly expanded on the breadth of previously used 

datasets describing the RM Ig loci with the Macaque Unified Set of Alleles (MUSA)756 and 
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highlights the complexity of immunoglobulin gene variation in this model, with critical 

implications for B cell responses to vaccination.  These insights are especially relevant 

as we continue to evaluate why only a subset of BG505 SOSIP vaccinated animals 

develop robust neutralizing antibody responses capable of protecting against autologous 

SHIV challenge.  

To address these questions, we developed a high-throughput LIBRA-seq pipeline 

capable of linking B cell receptor identity, antigen specificity, and transcriptomic profiles 

at single-cell resolution. Using this approach, we simultaneously recovered and profiled 

the antigen specificity, BCR sequences, clonal lineages, public clones, and somatic 

hypermutation patterns in BG505 SOSIP-vaccinated RMs. While our initial efforts focused 

on identifying BG505 SOSIP B cells in RM that developed neutralizing antibody 

responses, expanding LIBRA-seq to include animals with non-neutralizing or discordant 

outcomes, potentially using epitope-modified probe panels, could reveal critical 

determinants of response heterogeneity. This strategy is especially well-suited to explore 

how Ig locus variation, naive repertoire bias, and transcriptional programs shape effective 

B cell immunity. Broadening LIBRA-seq panels to encompass a diverse set of HIV-1 Env 

probes would enable comprehensive analysis of Env-specific repertoires across large RM 

cohorts, supporting the detection of allele-associated differences in antibody responses 

and informing immunogen design that accounts for host genetic diversity. Such work 

could have wide reaching impacts for antibody based vaccine design, allowing for 

experimental group assignment for both non-human primates and humans based on Ig 

haplotype.  
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In 2023, an estimated 1 to 1.7 million people were newly infected with HIV, 

underscoring the urgent need for a prophylactic vaccine to address this ongoing global 

health crisis9. Despite progress in treatment, millions of individuals remain unaware of 

their status or lack access to antiretroviral therapy, making vaccine development a critical 

component of the long-term HIV-1 response. While long-acting injectable antivirals like 

lenacapavir show promise, their effectiveness still hinges on consistent, lifelong 

adherence—an ongoing challenge, especially in resource-limited settings. Gilead, the 

pharmaceutical company behind lenacapavir (Sunlenca), has set the price at $42,250 

USD for the first year of therapy and $39,000 annually thereafter284,285,290,768. At this cost, 

and without substantial financial support from assistance programs, insurance coverage, 

or significant price reductions, this highly effective, first-in-class capsid inhibitor remains 

out of reach for much of the global population. Given that protection rapidly diminishes 

once treatment is interrupted, these barriers further underscore the urgent need for a 

durable, broadly accessible, and preventive HIV-1 vaccine.  

Taken together, these findings underscore the growing necessity of precision-

guided, equitable, and evolution-resilient approaches to pandemic preparedness. As the 

biomedical research community confronts viral pathogens with high mutation rates, 

immune evasion capabilities, and global transmission potential, traditional vaccinology 

falls short. The convergence of high throughput immunoprofiling tools with robust 

preclinical models enables a more nuanced understanding of how host genetics, B cell 

ontogeny, and antigen design can better elicit protective immunity. This precision 

framework not only helps optimize immunogen strategies for current public health crises 

but also equips us with the tools to rapidly respond to emerging threats. Through 
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leveraging conserved targets and tailoring vaccines to human and NHP repertoires, we 

can develop platforms that are both durable and adaptable in the face of disruptive and 

emerging pathogens.  
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