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Viral entry proteins facilitate viral entry into host cells through receptor binding and

membrane fusion. They play a critical role in the viral life cycle and, as prominent sur-

face proteins, are common targets of the host immune response. Mutations in viral entry

proteins can allow viruses to infect new hosts (including humans), better spread between

hosts, or evade immune responses and some therapeutics. A better understanding of

how viral entry proteins interact with host proteins, elicit host antibody responses, or are

affected by mutations is important for being tackling current and emerging viral threats.

However, viral entry proteins are also heavily glycosylated, multimeric, metastable

proteins that are challenging to work with. Furthermore, studying viral entry proteins

in their native viral context is challenging due to inefficient reverse genetics systems or

the need to work under high biosafety level containment. As such, many viral entry

proteins—especially those from emerging viruses—cannot be studied with many high-

throughput experimental techniques, such as mutational scanning experiments.

Pseudotyping viral entry proteins on easier- and safer-to-work-with viral particles is

one way to facilitate research of viral entry proteins from emerging viruses. When SARS-

CoV-2 was first identified in late 2019, there was an urgent need to develop tools to safely



and easily study the virus. Working with SARS-CoV-2 itself requires a biosafety level 3

facility, but pseudotyping its entry protein, spike, onto lentiviral particles allows SARS-

CoV-2 spike to be studied under commonly available biosafety level 2 conditions.

In the following chapters, I describe a protocol for pseudotyping lentiviral particles

with SARS-CoV-2 spike to facilitate research into this emerging virus. I also describe

the use of spike-pseudotyped lentiviral particles to investigate the neutralizing antibody

response to SARS-CoV-2 and the effects of mutations to spike on its function as a viral

entry protein. Spike-pseudotyped lentiviral particles are especially useful for measuring

SARS-CoV-2-neutralizing antibodies and I provide a detailed protocol for a SARS-CoV-2

neutralization assay using spike-pseudotyped lentiviral particles I then use this assay to

investigate the dynamics of the neutralizing antibody response to SARS-CoV-2 in the first

several months following infection. Titers of SARS-CoV-2 neutralizing antibodies decline

modestly from ≈1 to ≈3 months post symptom onset, which is typical of the neutralizing

antibody response to other acute respiratory viruses.

The SARS-CoV-2 pandemic has also provided an example of the importance of prospec-

tively characterizing the effects of mutations to viral entry proteins. Pseudotyped lentiviral

particles provide a genetically tractable system for assessing the effects of mutations to

viral entry proteins from emerging viruses at high-throughput. As such, I have worked

to develop a pseudotyped lentivirus-based system for screening the functional and anti-

genic effects of mutations to viral entry proteins from emerging viruses in high-throughput.

This system is still being developed, but I briefly discuss current progress and describe a

Python package I helped write to facilitate the analysis of such deep mutational scanning

experiments.

In summary, the following chapters describe the use of pseudotyped lentiviral parti-

cles as a a flexible, rapidly deployable tool for studying viral entry proteins from emerging



viruses, such as SARS-CoV-2. Using spike-pseudotyped lentiviral particles, I contributed

to some of our earliest understanding of the dynamics of the neutralizing antibody re-

sponse to SARS-CoV-2 in the first several months following infection. Nonetheless, I think

the full potential of using pseudotyped lentiviral particles to study viral entry proteins from

emerging viruses has yet to be realized. As such, I also discuss current progress (includ-

ing computational tools) and future work towards using pseudotyped lentiviral particles

to measure the functional and antigenic effects of mutations to viral entry proteins from

emerging viruses at high-throughput.
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Chapter 1

INTRODUCTION

In this introduction, I will provide background on viral entry proteins and pseudotyped

lentiviral particles, as well as common assays using such particles. I will also introduce

SARS-CoV-2 and its entry protein, spike, which is the focus of Chapters 2 and 3.

Finally, I will briefly introduce viral entry protein deep mutational scanning and highlight

the computational need that my work in Chapter 4 addresses.

1.1 Introduction to viral entry proteins

Viral entry proteins are the proteins on the surface of a virus involved in receptor binding

and/or membrane fusion [164]. Since viruses rely on cellular machinery to replicate and

reproduce, entry into a host cell is a critical first step in the viral life cycle and, thus, viral

pathogenesis. For enveloped viruses, including the common human pathogens influenza,

HIV, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), this process is

particularly complex as the viral envelope must fuse with a host membrane to allow viral

components to enter the cell. Therefore, viral entry proteins from enveloped viruses must

mediate both receptor binding and membrane fusion [63].

Many enveloped viruses encode a single glycoprotein that mediates both receptor

binding and membrane fusion. This includes influenza hemagglutinin (HA), HIV envelope

(Env), SARS-CoV-2 spike, Ebola virus glycoprotein (EBOV GP), and Lassa virus glyco-

protein (LASV GP) [165, 45, 14, 164, 64]. These ”dual-function” viral entry proteins are
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the focus of this dissertation.

Other viruses, including herpesviruses and paramyxoviruses, such as measles virus

or Nipah virus, encode separate glycoproteins for receptor binding and membrane fusion

[164]. Many of the concepts and approaches described in this dissertation could be ex-

tended with some experimental modifications to apply to viral entry proteins that mediate

only binding or fusion. However, the work described herein focuses on developing and ap-

plying tools to facilitate research of viral entry proteins that mediate both receptor binding

and membrane fusion, with a particular focus on SARS-CoV-2 spike.

1.1.1 Three classes of viral fusion proteins

Despite the large diversity of enveloped viruses, most viral fusion proteins employ a com-

mon mechanism for mediating membrane fusion [124]. The first step in virus-mediated

membrane fusion is typically priming of the viral fusion protein through proteolytic cleav-

age of the fusion protein itself or an associated chaperon protein. This cleavage involves

minimal structural rearrangements, but is typically required for a viral fusion proteins to be

fusogenic [63]. Next, a triggering event, such as receptor binding or exposure to low pH,

initiates substantial structural rearrangements that lead to the insertion of the hydropho-

bic ”fusion peptide” or ”fusion loop” into the host membrane and trimerization of the fusion

protein (if it is not already a trimer) [63]. In this extended ”prehairpin” intermediate form,

the fusion protein is anchored to the virus by its transmembrane domain and the cellu-

lar membrane by its fusion peptide. The fusion protein then begins to fold in on itself,

transitioning into a low-energy postfusion form described as a ”trimer-of-hairpins.” This

structural transition brings the two membranes together. As the membranes juxtapose,

they first go through a hemifusion intermediate, where the outermost membrane leaflets

from each membrane fuse, and then fuse completely, forming a fusion pore through which

viral components can enter the cell [124].



3

Along with sharing a common fusion mechanism, most viral fusion proteins share

structural characteristics and can be classified into one of three classes based on their

typical 3-dimensional structures [164, 124, 63]. Below I highlight the steps of viral fusion

that distinguish each fusion protein class.

Class I

Class I viral fusion proteins include some of the most well-studied viral fusion proteins

including influenza HA, HIV Env, and SARS-CoV-2 spike—the focus of this dissertation.

These viral fusion proteins are homotrimers that protrude perpendicularly from the viral

surface. The structure of class I fusion proteins is dominated by α-helices and, in their

postfusion form, they collapse into a six-helix-bundle structure [164]. To become fusion

competent, class I fusion proteins must be proteolytically cleaved, often by host proteases

[164]. This cleavage separates the fusion protein into multiple subunits and primes the

fusion peptide so that it can insert into the host membrane once triggered. Class I fusion

proteins can be triggered by a variety of conditions including receptor binding, low pH, a

combination of the two, or other unknown triggers [164].

Class II

The prototypical class II viral fusion protein is the flavivirus envelope protein, such as

Dengue virus E [124, 164]. Unlike class I fusion proteins, class II fusion proteins are ar-

ranged parallel to the surface of the virus and are largely comprised of β-sheet secondary

structure [164]. These fusion proteins form anti-parallel homodimers that pack into an

icosahedrally symmetric array encasing the viral membrane [124, 63]. Class II fusion pro-

teins associate with a separate viral ”chaperon” protein that protects the fusion peptide

during viral maturation and must be cleaved for the fusion protein to become fusogenic.

All known class II fusion proteins are then triggered by exposure to low pH, such as in a
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target cell’s acidified endosome [164].

Class III

Class III viral fusion proteins are a relatively small class of fusion proteins. The prototypical

class III viral fusion protein is vesicular stomatitis virus glycoprotein (VSV G), but other

rhabdoviruses, herpesviruses, baculoviruses, and some thogotoviruses also have class

III viral fusion proteins [124]. Class III viral fusion proteins have characteristics similar to

both class I and class II fusion proteins. Like class I fusion proteins, they exist as trimers in

both their pre and postfusion conformations, but their fusion domain is comprised largely

of β-sheet secondary structure and more closely resembles that of class II fusion proteins

[124]. Most notably, class III viral fusion proteins do not undergo a proteolytic cleavage

priming step, meaning that, at least for VSV G, the conformational changes they undergo

prior to membrane fusion are reversible [164]. Unlike class I and class II viral fusion

proteins, if VSV G is triggered prematurely by exposure to low pH, it will not irreversibly

transition to their postfusion state. Rather, upon exposure to neutral pH, VSV G can

reverse the low pH-induced conformational changes and return to a fusogenic prefusion

state. It remains unknown if the trigger-induced structural rearrangements of other class

III viral fusion proteins are also reversible [164].

Other viral fusion proteins

Although most viral fusion proteins fit into these three main classes, several viruses have

fusion proteins with unique structures that defy this classification. Interestingly, several

genera in the Flaviviridae family have fusion proteins that do not appear to fit the typical

class II fusion protein structure. Additionally hepatitis B virus and poxviruses have unique

viral fusion protein complexes that are distinct from all three classes [124]. As viral entry

proteins from enveloped viruses, many of the pseudotyping techniques described in future
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sections would potentially still be applicable to these other viral fusion proteins, but my

initial work has focused on class I viral fusion proteins as those have the most previous

research upon which I have been able to build.

1.1.2 Selective pressures on viral entry proteins

Viral entry proteins mediate cell entry through direct interaction with host receptors and,

therefore, are important determinants of host tropism [106]. Mutations to viral entry pro-

teins can allow viruses to infect new hosts, including humans [153, 100] or more efficiently

infect an already susceptible host [81].

As prominent surface proteins, viral entry proteins are also often targeted by the host’s

neutralizing antibody response [13, 66, 127, 75, 120]. Thus, these proteins face selective

pressure to evade the host immune response. Pressure from such antibodies often drives

accumulation of mutations in these proteins. Indeed, possible signatures of antibody se-

lection in LASV GP have been identified in naturally circulating strains in West Africa [5],

and pressure from the host neutralizing antibody response also drives mutations to accu-

mulate in HIV Env or influenza HA [66, 180]. Mutations that allow the virus to escape from

antibody or serum neutralization have also been identified in SARS-CoV-2 spike [94, 55].

Tools to better understand how mutations to viral entry proteins from emerging viruses

affect viral entry proteins’ basic functions of receptor binding and/or membrane fusion are

scientifically important for shedding light on these complex proteins. With the context that

mutations to viral entry proteins can have important effects on host tropism and/or escape

from the host immune response, understanding the effects of mutations to these proteins

is especially important as it can directly inform our ability to effectively tackle emerging

viral threats.
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1.1.3 Challenges of studying viral entry proteins

Viral entry proteins are oligomeric, heavily glycosylated, and metastable proteins that are

difficult to study even under ideal conditions [164, 124]. Some viral entry proteins such as

influenza HA, HIV Env, and now SARS-CoV-2 spike have been highly studied, but others,

including LASV GP or Ebola virus GP, have only just begun to be characterized in detail.

Notably, prior to 2020, very little was known about coronavirus entry proteins and the first

β-coronavirus spike structures—for the spikes from mouse hepatitis virus and the HKU1

human coronavirus—were solved only 5 years ago [158, 78]. Many emerging viruses

have pandemic potential and, as we learned this past year, it is very difficult to predict

what virus might cause the next pandemic [112]. Therefore, continued research of the

viral entry proteins from emerging viruses is crucial.

Unfortunately, our ability to study viral entry proteins from many emerging viruses re-

mains limited. Many emerging viruses must be studied under high biosafety conditions

because they cause severe disease with high case fatality rates and limited treatment

options [7]. This containment makes these viruses difficult to study. Thus, important

questions about emerging viruses remain unanswered simply because many techniques,

including many high-throughput assays, cannot be easily applied.

In the past year, the SARS-CoV-2 pandemic has challenged the scientific community to

improve the speed and ease with which we study emerging viruses. The work described in

Chapters 2 and 3 is one small part of the progress we have made to better understanding

this emerging virus in a short time frame.

1.2 Introduction to pseudotyped lentiviral particles

One way to study viral entry proteins from viruses that are challenging to work with, either

due to requiring high biosafety level containment or lacking an easily tractable reverse

genetics system, is to ”pseudotype” them onto the surface of a non-replicative viral particle
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[148, 173, 90, 34, 80]. The resulting viral particles rely on the heterologous, ”pseudotyped”

viral entry protein for entry into host cells, thereby facilitating research into viral entry

proteins from viruses that are difficult to work with in their native viral context. Importantly

non-replicative viral particles can typically be studied under biosafety level 2 conditions

that are commonly available in any laboratory with facilities for mammalian cell culture

[2]. Therefore, a pseudotyped virus system greatly expands the scientific community’s

capacity to conduct experiments with viral entry proteins from most emerging viruses.

Lentiviral vectors derived from HIV-1 are commonly pseudotyped with viral entry pro-

teins from other viruses [34, 80]. HIV was initially identified as a potential vector for het-

erologous pseudotyping following observations in the late 1980s that cells co-infected with

HIV and another virus, such as VSV or herpes simplex virus, would produce progeny that

packaged the HIV genetic material, but used the viral entry protein from the coinfecting

virus to infect target cells [179]. Further studies determined that HIV-based viral particles

could be produced that package the HIV genomic RNA with only a heterologous viral en-

try protein on their surface [114, 108]. Such lentiviral vectors were initially designed for

their ability to transduce a wide variety of target cells, resulting in the stable expression of

a gene of interest in infected cells [108]. For studies of viral entry, encoding a simple re-

porter gene expressing green fluorescent protein or luciferase on the lentiviral backbone

provides an easy readout for identifying infected cells [34].

To make HIV-1-derived lentiviral vectors safe to use in biosafety level 2 facilities, they

have been engineered to be non-replicative [108]. This has been accomplished by moving

the genes required for lentiviral virion assembly onto separate plasmids and only encoding

the sequences that are minimally necessary for RNA packaging on the lentiviral backbone

plasmid [108, 44, 182, 181]. Co-transfecting 293T ”producer” cells with plasmids encoding

Gag/Pol, Tat, or Rev, a lentiviral backbone plasmid expressing a reporter protein, and a

plasmid encoding a heterologous viral entry protein, such as VSV G or SARS-CoV-2



8

spike, produces high titers non-replicative pseudotyped lentiviral particles that rely on the

heterologous viral entry protein for entry [32]. These lentiviral particles can then be used

for numerous downstream assays, typically at much higher throughput than would be

possible if directly studying the virus from which the viral entry protein was derived.

1.2.1 Assays using pseudotyped lentiviral particles

Pseudotyped lentiviral particles were initially developed for use as gene therapy vec-

tors since they transduce target cells resulting in stable expression of a gene-of-interest

[34, 151]. Much of the research into pseudotyping lentiviral vectors with different viral

entry proteins has therefore focused on trying to extend what cell types these vectors can

transduce [34]. However, pseudotyped lentiviral particles are also very useful for studying

the pseudotyping viral entry protein itself.

A pseudotyped lentiviral particle does not perfectly recapitulate all aspects of viral

entry mediated by the pseudotyping viral entry protein. In particular, some cell types that

the native virus can infect may not be infectable with a pseudotyped lentiviral particle

due to restriction of the lentiviral processes required to express the reporter gene [114].

Nonetheless, pseudotyped lentiviral particles provide a tractable starting point for studying

the cell tropism and function of the viral entry proteins from otherwise very challenging

to study viruses [139]. Due to their ease of use and high titers, pseudotyped lentiviral

vectors also provide a good starting point for high-throughput screens of the effects of

mutations to viral entry proteins. Although the effects of mutations to viral entry proteins

in a pseudotyped system may not perfectly recapitulate mutation effects in the native

virus and vice versa, many mutations will likely have similar effects in both contexts. For

instance, the D614G mutation to SARS-CoV-2 spike increases infectivity of both native

SARS-CoV-2 and spike-pseudotyped lentiviral particles [81].

Since neutralizing antibodies typically target a virus’s entry protein, pseudotyped lentivi-
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ral particles have proven to be an easily accessible system for studying the neutralizing

antibody response to viral entry proteins from emerging viruses [30, 110, 168, 79, 148,

151]. Such assays simply involve incubating pseudotyped lentiviral particles with anti-

bodies or serum samples prior to infecting target cells and measuring how effectively

such samples prevent infection of target cells (as measured by expression of the reporter

gene) compared to ”no antibody/serum” control infections. Importantly, the measurement

of neutralizing antibody titers using a pseudotyped lentiviral system has been shown to

correlate well with neutralization of native virus for many viral entry proteins [167, 75].

One caveat in using pseudotyped lentiviral particles to measure serum neutralization is

that individuals who are HIV+ may be taking anti-retroviral drugs that will inhibit viral entry

independent of antibody activity targeting the viral entry protein. Nonetheless, pseudo-

typed lentivirus particles have proven very useful for developing easily accessible assays

to measure the neutralizing antibody response to many emerging viruses [151].

1.3 SARS-CoV-2

SARS-CoV-2 was first identified in late 2019 [178, 177, 170] and has led to an ongoing

global pandemic. Infection with SARS-CoV-2 causes COVID-19, which ranges in severity

from an asymptomatic infection to a severe illness requiring hospitalization and potentially

resulting in death [71]. COVID-19 has caused >3.3 million deaths since its identification

less than 18 months ago [50]. Clearly, the human toll of this pandemic has been immense.

1.3.1 Brief introduction to SARS-CoV-2 biology

SARS-CoV-2 is a β-coronavirus of the sarbecovirus subgenus [154]. Coronaviruses are

single-stranded positive-sense RNA viruses with the largest genomes of known RNA

viruses [154]. The majority of the coronavirus genome is comprised of two open read-

ing frames (ORFs) called ORF1a and ORF1b that produce the numerous non-structural
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proteins that make up the viral replication and transcription complexes [154]. These open

reading frames are translated immediately upon virus entry into a host cell and the re-

sulting proteins then begin transcribing negative sense full-length and subgenomic RNAs.

These negative sense RNAs then serve as templates for the generation of subgenomic

mRNAs to produce the viral structural proteins (including spike) and new positive-sense

genomic RNAs to package into progeny virions [154]. Progeny virions assemble in the

host endoplasmic reticulum and bud into host secretory vesicles that are then released

from host cells via exocytosis [154]. Several steps in the complex coronavirus lifecycle are

currently being studied to improve our understanding of and treatment options for SARS-

CoV-2, but my work has focused on SARS-CoV-2 entry mediated by the spike protein.

1.3.2 SARS-CoV-2 spike

SARS-CoV-2 spike is a class I fusion protein and it shares its main structural features

with other coronavirus spikes [92]. Thanks in part to previous work that identified key

mutations that could stabilize coronavirus spikes in their prefusion form [115], the SARS-

CoV-2 prefusion spike structure was solved in February 2020, only about one month after

the viral sequence was made publicly available [157, 166, 170].

Like other class I fusion proteins, spike is a homotrimeric glycoprotein that must be

proteolytically cleaved to become fusogenic [92]. SARS-CoV-2 spike, and other closely

related coronavirus spikes, must undergo two cleavage steps to fully prime for fusion

[92]. One cleavage occurs at the S1/S2 boundary to separate spike into the S1 and

S2 subunits and the other occurs at the S2’ site in the S2 subunit to release the fusion

peptide [154]. Unlike other sarbecoviruses, the cleavage site at the S1/S2 boundary

in SARS-CoV-2 spike is a polybasic cleavage site that can be readily cleaved by furin

proteases in the producing cell [154]. Following this cleavage the S1 and S2 subunits

remain non-covalently linked until receptor binding triggers S1 shedding and subsequent
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membrane fusion [154]. Notably, transmembrane serine protease 2 (TMPRSS2) has also

been shown to be important for SARS-CoV-2 entry and plays an important role in the

proteolytic processing of SARS-CoV-2 spike during natural infection [70].

The S1 subunit of SARS-CoV-2 spike contains the receptor binding domain (RBD) as

well as an N-terminal domain (NTD), the function of which is currently uncertain. The RBD

interacts directly with angiotensin converting enzyme 2 (ACE2), the receptor for SARS-

CoV-2, to initiate the process of viral entry into host cells [70, 91].

The S2 domain contains the fusion peptide and fusion machinery [154, 92]. Following

receptor binding and S1 shedding, the S2 domain undergoes several important structural

rearrangements (briefly described in Section 1.1.1) to facilitate membrane fusion. The S2

domain is also more conserved between human coronaviruses than S1 and is a potential

site of cross-reactive antibody binding [138].

In the past year, there has been intense scientific interest in SARS-CoV-2 spike. Re-

search into the effects of mutations to SARS-CoV-2 spike has identified mutations that

increase the infectivity or transmissibility of SARS-CoV-2 or allow spike to escape from

infection- or vaccination-elicited antibodies [143, 81, 55, 56]. Additionally, research into

the antibody response to spike has identified potential therapeutic antibodies, highlighted

the main regions of spike important for antibody neutralization, and increased our under-

standing of the development of neutralizing antibodies following infection [1, 3, 155, 137,

9, 118]. An important component of much of this research has been the use of spike-

pseudotyped viral particles.

Previous research on human coronaviruses had shown that pseudotyped lentiviral par-

ticles could be efficiently pseudotyped with coronavirus spike proteins [148, 58]. As such,

following the publication of the SARS-CoV-2 genome sequence in early 2020, I began de-

veloping a pseudotyped lentiviral system to study SARS-CoV-2 spike. I initially applied this

spike-pseudotyped lentiviral system to measuring neutralizing antibodies against SARS-
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CoV-2 spike and this work is described in Chapters 2 and 3. Additionally, we shared the

protocols and reagents for this assay widely, further facilitating research into SARS-CoV-2

spike.

1.4 Viral entry protein deep mutational scanning

One goal of developing a pseudotyped lentivirus system for SARS-CoV-2 spike was to

develop a high-throughput, virus-based system for assessing the effects of mutations to

spike. Since viruses, including SARS-CoV-2, evolve rapidly, prospectively characteriz-

ing the effects of mutations to viral entry proteins provides important and actionable in-

sight into viral evolution and antibody escape. Deep mutational scanning allows for the

high-throughput characterization of the effects of mutations to viral proteins. Briefly, deep

mutational scanning of viral entry proteins uses high-throughput mutagenesis to create a

mutant plasmid library containing all single amino-acid mutations to the viral entry protein

of interest. Reverse genetics is then used to generate a mutant viral library from the plas-

mid library, where each virus expresses and encodes a single viral entry protein mutant.

Growing these mutant viral libraries in cell culture selects for functional variants that can

mediate infection [41, 61]. Infecting cells with these libraries in the presence of antibod-

ies selects for those variants that can escape antibody neutralization. Deep sequencing

the viruses that can infect cells under these conditions allows for the quantification of the

functional and antigenic effects of mutations to a viral entry protein [42, 39].

The Bloom lab has pioneered the use of deep mutational scanning for studying vi-

ral evolution. The lab has used these methods to study influenza HA evolution and to

characterize HIV Env antibody escape mutations [87, 37]. This past year, the lab devel-

oped a yeast-display system to use deep mutational scanning to study the SARS-CoV-2

RBD [143] However, current approaches are either completely removed from a viral sys-

tem—as with SARS-CoV-2 RBD—or require that mutant viral entry protein libraries are
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grown in the context of an otherwise wildtype virus—such as for influenza or HIV. There-

fore, to measure the functional effects of mutations to a new viral entry protein a new

reverse genetics and deep mutational scanning system would need to be set up. This

is not only time-consuming, but infeasible for emerging viruses that lack efficient reverse

genetics systems or must be studied under high containment.

Lentiviral particles can be pseudotyped with viral entry proteins from are a wide range

of enveloped viruses, are genetically tractable, and can be grown to high titer in biosafety

level 2 facilities [34]. Therefore, pseudotyped lentiviral particles provide a good starting

point for building a general viral entry protein deep mutational scanning system that can

be applied to SARS-CoV-2 spike, as well as the viral entry proteins from other emerging

viruses, such as Lassa virus or Ebola virus. This system is still in development and current

progress is discussed briefly in Chapter 5.

An additional benefit of the genetic tractability of a pseudotyped lentiviral system is

the ability to link all mutations in a viral entry protein variant with a unique molecular

barcode. Due to their compact genomes and commonly overlapping reading frames, it is

often difficult to insert exogenous DNA sequences into a viral genome adjacent to the viral

entry protein gene [47]. However, barcodes can easily be added following the viral entry

protein variants in a lentiviral system. Long-read PacBio sequencing can then be used

to link barcodes with all mutations in their associated variants and downstream selection

experiments then only require short-read Illumina sequencing of the nucleotide barcodes

to determine what variants are present [99].

Barcoding variants for viral entry protein deep mutational scanning is an important step

forward in assessing the effects of multiple mutations on viral entry protein function and

the role of epistasis in shaping viral entry protein evolution. However, parsing mutation

and barcode information from long-read PacBio sequencing is non-trivial. The Python

package described in Chapter 4 was written to facilitate this process of aligning long
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sequencing reads to a known sequence and then extracting information about pre-defined

features, such as a barcode or a viral entry protein gene. Although designed with the

analysis of barcoded deep mutational scanning libraries in mind, this package is broadly

applicable to any long-read sequencing data where the sequencing reads need to be

aligned to a target sequence and features of interest parsed for additional analyses.

Although a generalizable viral entry protein deep mutational scanning system is not

yet fully operational, the work discussed in the following chapters describes important

progress towards that goal. My dissertation work has helped establish a pseudotyped

lentivirus system in the Bloom lab, demonstrated such a system’s utility for studying viral

entry proteins from emerging viruses, and helped develop computational tools for long-

read sequencing data. In sum, this work establishes important groundwork for using

pseudotyped lentiviral particles to conduct deep mutational scanning of viral entry proteins

from emerging viruses.
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Chapter 2

PROTOCOL AND REAGENTS FOR PSEUDOTYPING LENTIVIRAL
PARTICLES WITH SARS-COV-2 SPIKE PROTEIN AND THEIR USES

A version of this chapter has been previously published as:

Crawford KHD, Eguia R, Dingens AS, Loes AN, Malone KD, et al. Protocol and

Reagents for Pseudotyping Lentiviral Particles with SARS-CoV-2 Spike Protein for

Neutralization Assays. Viruses. 2020 May 6;12(5):513. doi: 10.3390/v12050513.

This chapter contains updates and improvements to the original protocol and system.

These updates have also been included in a version of this protocol on protocols.io entitled

”Pseudotyping lentiviral particles with SARS-CoV-2 Spike protein for neutralization assays

V.2”. This protocol is available at the doi: 10.17504/protocols.io.br44m8yw

The Applications section (Section 2.7) at the end of this chapter includes several vi-

gnettes where the assays introduced in this chapter were used for additional research

into SARS-CoV-2 spike. These vignettes were originally published as parts of the follow-

ing manuscripts:

Dingens AS, Crawford KHD, Adler A, Steele SL, Lacombe K, et al. Serological iden-

tification of SARS-CoV-2 infections among children visiting a hospital during the initial

Seattle outbreak. Nat Commun. 2020 Sep 1;11(1):4378. doi: 10.1038/s41467-020-

18178-1.

Addetia A, Crawford KHD, Dingens A, Zhu H, Roychoudhury P, Huang ML, Jerome

https://protocols.io
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KR, Bloom JD, Greninger AL. Neutralizing antibodies correlate with protection from

SARS-CoV-2 in humans during a fishery vessel outbreak with high attack rate. J Clin

Microbiol. 2020 Aug 21:02107-20. doi:10.1128/JCM.02107-20.

Hodcroft EB, Zuber M, Nadeau S, Vaugh TG, Crawford KHD, et al. Spread of a SARS-

CoV-2 variant through Europe in the summer of 2020. Nature. 2021. doi:10.1038/s41586-

021-03677-y

Ellis D, Brunette N, Crawford KHD, Walls AC, Pham MN, et al. Stabilization of the

SARS-CoV-2 S receptor binding domain by deep mutational scanning and structure-

based design. bioRxiv. 2021. doi:10.1101/2021.05.15.444222

2.1 Abstract

SARS-CoV-2 enters cells using its spike protein, which is also the main target of neu-

tralizing antibodies. Therefore, assays to measure how antibodies and sera affect spike-

mediated viral infection are important for studying immunity. Because SARS-CoV-2 is a

biosafety-level-3 virus, one way to simplify such assays is to pseudotype biosafety-level-2

viral particles with spike. Such pseudotyping has now been described for single-cycle

lentiviral, retroviral, and vesicular stomatitis virus (VSV) particles, but the reagents and

protocols were not widely available. Here, we detailed how to effectively pseudotype

lentiviral particles with SARS-CoV-2 spike and infect 293T cells engineered to express the

SARS-CoV-2 receptor, ACE2. We also made all the key experimental reagents available

in the BEI Resources repository of ATCC and the NIH. Furthermore, we demonstrated

how these pseudotyped lentiviral particles could be used to measure the neutralizing ac-

tivity of human sera or plasma against SARS-CoV-2 in convenient luciferase-based as-

says, thereby providing a valuable complement to ELISA-based methods that measure

antibody binding rather than neutralization.
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2.2 Introduction

Infection with SARS-CoV-2 elicits antibodies that bind to the virus [75, 77, 176, 169, 95,

111]. However, as is the case for all viruses [13, 119, 66, 59], only some of these antibod-

ies neutralize the virus’s ability to enter cells [169, 95, 97, 120]. Whereas studies of immu-

nity to SARS-CoV-2 are limited, for many other viruses, neutralizing antibodies are more

strongly correlated with protection against reinfection or disease than antibodies that bind

but do not neutralize [13, 119, 66, 59, 150, 28, 18]. Indeed, for other coronaviruses, neu-

tralizing antibodies are protective in mouse models of infection [29, 102, 128, 145, 76] and

associated with at least some reduced susceptibility to re-infection or disease in humans

[18, 17, 123]. Furthermore, anecdotal reports have suggested that the passive transfer of

neutralizing antibodies to sick patients may help alleviate disease from SARS-CoV-2 and

its close relative, SARS-CoV [141, 23, 43].

However, while there are now well-characterized and high-throughput methods (such

as ELISA assays) to measure total antibody binding to SARS-CoV-2 or some of its key

constituent proteins [77, 111, 3], quantifying neutralizing antibody activity is more difficult.

The most biologically relevant method is to directly measure how antibodies or sera inhibit

infection of cells by replication-competent SARS-CoV-2. Such live-virus assays have now

been performed to quantify neutralizing activity in the sera of infected patients or char-

acterize the potency of individual antibodies [75, 111, 120, 22]. However, the throughput

and accessibility of live-virus neutralization assays with SARS-CoV-2 is limited by the fact

that the virus is a biosafety-level-3 agent that must be worked with in specialized facilities.

An alternative approach that alleviates these biosafety limitations leverages the fact

that all known neutralizing antibodies to SARS-CoV-2 (and other coronaviruses that lack

a hemagglutinin-esterase protein) target the virus’s spike protein [75, 120, 22]. Spike

protrudes prominently from the surface of SARS-CoV-2 virions, and is necessary and suf-

ficient to enable the virus to bind and enter cells [157]. Spike from several coronaviruses
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can be “pseudotyped” onto safer nonreplicative viral particles in place of their endoge-

nous entry protein, thereby making entry of these particles into cells dependent on spike

[91, 52, 148, 19, 173, 58, 90, 103]. For SARS-CoV-2, such pseudotyping has recently

been reported using HIV-based lentiviral particles [169, 22, 113], MLV-based retroviral

particles [120, 122], and VSV [91, 172, 109, 70]. In the data reported to date, results from

such pseudovirus neutralization assays have correlated well with measurements made

using live SARS-CoV-2 [75, 120, 22, 172]. However, the detailed protocols and reagents

to perform such assays are not yet widely available to the scientific community.

Here, we filled this gap by providing a detailed description of how to pseudotype lentivi-

ral particles with spike. We explained how these pseudotyped particles could be used to

conveniently measure spike-mediated cell entry via fluorescent or luciferase reporters,

and to quantify the neutralizing activity of human plasma. Finally, we described all the

necessary experimental reagents and make them available in the BEI Resources reagent

repository (https://www.beiresources.org/).

2.3 Results

2.3.1 General Approach for Pseudotyping Lentiviral Particles with SARS-CoV-2 Spike

The basic strategy for pseudotyping HIV-1-derived lentiviral particles is shown in Figure

2.1A. It involves transfecting 293T cells with a lentiviral backbone plasmid encoding a

fluorescent or luminescent reporter protein, a plasmid expressing spike, and plasmids

expressing the minimal set of lentiviral proteins necessary to assemble viral particles. The

transfected cells then produce Spike-pseudotyped lentiviral particles that can be used to

infect permissive cells that express the SARS-CoV-2 receptor protein, ACE2 [157, 91, 70,

166].

We used an HIV-based lentiviral system to produce viral particles pseudotyped with

spike. As shown in Figure 2.1A, this system requires co-transfecting cells with a lentivi-

https://www.beiresources.org/
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Figure 2.1: General approach for lentiviral pseudotyping. (A) 293T cells are trans-
fected with a plasmid encoding a lentiviral backbone (genome) expressing a marker pro-
tein, a plasmid expressing spike, and plasmids expressing the other HIV proteins needed
for virion formation (Tat, Gag-Pol, and Rev). The transfected cells produce lentiviral par-
ticles with spike on their surface. These viral particles can infect cells that express the
ACE2 receptor. (B) We used three variants of spike: The codon-optimized spike from
SARS-CoV-2 strain Wuhan-Hu-1, a variant containing mutations K1269A and H1271A in
the cytoplasmic tail (such that the C-terminal five amino acids are ALAYT), and a variant
in which the cytoplasmic tail of spike has been replaced with that from influenza hemag-
glutinin (HA). (C) Spike expression on the surface of 293T cells transfected with the plas-
mids expressing our three spike constructs was measured using flow cytometry 24 h
post-transfection. Spike expression was measured by staining with in-house produced
CR3022 antibody [149, 175, 74] at a concentration of 10 µg/mL followed by staining with
an anti-human Fc antibody conjugated to APC (Jackson Labs, 109-135-098) at a 1:100
dilution.
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ral backbone encoding the reporter protein(s), a plasmid expessing spike, and plasmids

encoding the other HIV proteins necessary for virion formation (Tat, Gag-Pol, and Rev).

We used two different lentiviral backbones: One that used a CMV promoter to drive ex-

pression of just ZsGreen, and another that used a CMV promoter to drive expression

of luciferase followed by an internal ribosome entry site (IRES) and ZsGreen (hereafter

referred to as the ZsGreen and Luciferase-IRES-ZsGreen backbones).

The spike protein was from SARS-CoV-2 strain Wuhan-Hu-1 using the NCBI-annotated

start site [170], with the nucleotide sequence codon optimized for expression in human

cells. We initially used three variants of spike (Figure 2.1B). The first variant was simply

the codon-optimized spike. The second variant had two amino acid mutations to basic

residues in spike’s cytoplasmic tail (K1269A and H1271A) that changed the sequence

of the five most C-terminal residues to ALAYT. This variant is hereafter referred to as

spike-ALAYT. The rationale for spike-ALAYT was that for the original SARS-CoV, the two

analagous mutations were shown to improve plasma membrane expression of Spike by

eliminating an endoplasmic reticulum retention signal [101, 132]. The third variant had

the cytoplasmic tail of spike replaced with that from influenza hemagglutinin (HA). This

variant is hereafter referred to as spike-HAtail. The rationale for spike-HAtail was that for

the original SARS-CoV, deleting spike’s cytoplasmic tail or replacing it with that from other

viruses was shown to improve pseudotyping efficiency [52, 54, 136, 105]. We validated

that there was expression of spike on the surface of 293T cells transfected with plasmids

expressing each of these three variants (Figure 2.1C).

Following initial studies with full-length spike, spike-ALAYT, and spike-HAtail, additional

data accumulated that indicated simply deleting the spike cytoplasmic tail improves the

titers of spike-pseudotyped viral particles [135, 36, 129]. Given these additional data, we

decided to test the effects of deleting the cytomplasmic tail from spike in our pseudotyped

lentivirus system. Other groups have tested deleting the last 18, 19, or 21 amino acids of
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Spike in VSV-[36, 20, 159], MLV-[129], or HIV-based[113, 24] pseudotyped virus systems.

We chose to test the 18 and 21 amino acid truncations, hereafter referred to as spike-∆18

and spike-∆21.

The sequences of all of the spike and lentiviral plasmids are available on GitHub at

https://github.com/jbloomlab/SARS-CoV-2_lentiviral_pseudotype/tree/master/plasmid_

maps, and the plasmids are available from BEI Resources (see Materials and Methods for

BEI catalog numbers). Although not used in this study, the available plasmids also in-

clude a spike expression plasmid (BEI NR-53765) with the final 21 amino acids of spike

deleted and the D614G mutation that is now the dominant sequence and has been shown

to increase titers of spike-pseudotyped viruses [81].

2.3.2 Target 293T Cells Constitutively Expressing Spike’s ACE2 Receptor

To create a target cell line that is efficiently infected by the SARS-CoV-2 spike-pseudotyped

lentiviral particles, we transduced 293T cells with a lentiviral vector expressing human

ACE2 under an EF1a promoter (lentiviral backbone plasmid is available from BEI Re-

sources as item NR-52512). To create a clonal cell line from the bulk transduction, we

sorted single transduced cells by flow cytometry and re-expanded into large populations

(note that there was not a selectable marker in these cells). We identified an expanded

clone that expressed high levels of ACE2 (Figure 2.2A). This ACE2 expression appears

stable overtime and has not noticeably decreased through 12 passages at the time of writ-

ing. This clone is hereafter referred to as 293T-ACE2 and is available from BEI Resources

as item NR-52511.

We validated that the 293T-ACE2 cells were susceptible to infection by SARS-CoV-2

spike-pseudotyped lentiviral particles by incubating 293T-ACE2 and parental 293T with

equivalent amounts of viral particles carrying ZsGreen. As shown in Figure 2.2B, all

Spike-pseudotyped viruses could infect the 293T-ACE2 but not the 293T cells. Virus

https://github.com/jbloomlab/SARS-CoV-2_lentiviral_pseudotype/tree/master/plasmid_maps
https://github.com/jbloomlab/SARS-CoV-2_lentiviral_pseudotype/tree/master/plasmid_maps
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Figure 2.2: 293T-ACE2 cells are infectable with SARS-CoV-2 Spike-pseudotyped
lentiviral particles. (A) Flow cytometry plot showing expression of human ACE2 by
the 293T-ACE2 cells (grey shaded) at passage 12 compared to parental 293T cells (white
fill) as quantified by staining with an anti-ACE2 antibody (see Section 2.5.2) for detailed
methods). The gate was set so the parental 293T cells were 2% positive. (B) Microscope
images showing ZsGreen expression in 293T-ACE2 or 293T cells at 58 h after incubation
with spike- or VSV G-pseudotyped lentiviral particles with the ZsGreen backbone. For
each viral entry protein, 293T and 293T-ACE2 cells were incubated with equal volumes
of virus. Cells were incubated with 1/20th the volume of VSV G-pseudotyped lentivirus
compared to spike-pseudotyped lentivirus. The decrease in infected cells for the spike-
HAtail virus compared to the other spike-pseudotyped lentiviruses is consistent with this
virus having somewhat lower titers (see Figure 2.3A).

pseudotyped with VSV G, an amphotropic viral entry protein that is not dependent on

ACE2, efficiently infected both cell lines (Figure 2.2B).

2.3.3 Titers of Pseudotyped Lentiviral Particles with Different Spike Cytoplasmic Tail

Variants

To quantify the titers of lentiviral particles pseudotyped with each of the spike variants,

we produced particles with each of these spikes, as well as a positive control using VSV

G and a negative control without a viral entry protein. We first produced viral particles

using the ZsGreen backbone, and titered by flow cytometry to determine the number of
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transducing particles per ml. As shown in Figure 2.3A, the full-length, spike-ALAYT, and

spike-HAtail spikes produced titers ≈104 transduction units per mL. These titers were

about two orders of magnitude lower than those achieved with VSV G, but we considered

them to be encouragingly high given that lentiviral particles can be further concentrated by

a variety of methods [73, 33]. Furthermore, we found that pseudotyped lentiviral particles

pseudotyped with spike-∆18 or spike-∆21 yielded titers almost 10-fold higher than full-

length spike, providing an even more promising construct for spike-pseudotyping (Figure

2.4A).

We then produced viral particles using the Luciferase-IRES-ZsGreen backbone and

found that we could achieve titers of >106 relative luciferase units (RLUs) per mL in 96-

well plate infections for the full-length, spike-ALAYT, and spike-HAtail spikes (Figure 2.3B).

The truncated spikes produced lentiviral particles with >10-fold higher RLU-based titers

(Figure 2.4B). Spike-pseudotyped lentiviral titers remained about one to two orders of

magnitude lower than those achieved using VSV G. As expected, the magnitude of the

fluorescent signal from ZsGreen was lower for the Luciferase-IRES-ZsGreen backbone

than for the ZsGreen-only backbone (Figure 2.3C), since the ZsGreen in the former con-

struct was driven by an IRES rather than the primary promoter.

2.3.4 Neutralization Assays with Spike-Pseudotyped Lentiviral Particles

We next used the Luciferase-IRES-ZsGreen viruses to perform neutralization assays in

96-well plates. Because <105 RLUs per well of a 96-well plate are necessary to achieve a

signal >1000-fold above the background luciferase activity of virus-only controls, this as-

say required only a relatively modest volume of virus for a full 96-well plate neutralization

assay.

We performed neutralization assays using plasma from a confirmed SARS-CoV-2-

infected patient collected at 19 days post symptom onset, and with soluble ACE2 protein
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Figure 2.3: Titers of spike-pseudotyped lentiviral particles in 293T-ACE2 cells. (A)
Titers of the ZsGreen backbone pseudotyped with the three Spike variants or VSV G,
as determined by counting green cells via flow cytometry analysis at 48 h post-infection
and then calculating transduction-competent viral particles per mL from the percentage of
green cells. The “n.d.” indicates that the titer was not detectable. Data shown are from
a single representative example. (B) Titers of the Luciferase-IRES-ZsGreen backbone
as determined by measuring relative luciferase units (RLUs). RLUs were determined at
48 h after infecting 2.3 × 104 293T-ACE2 cells per well in 96-well plates. The RLUs per
mL for the Spike-pseudotyped viruses are the average of three three-fold serial dilutions
of virus starting at 50 µL virus in a total volume of 150 µL. For the VSV G-pseudotyped
virus, RLUs per mL were averaged from two three-fold dilutions starting at 3 µL virus in
a total volume of 150 µL. (C) Microscope images showing 293T-ACE2 cells transduced
with Spike pseudotyped virus with either the ZsGreen or Luciferase-IRES-ZsGreen back-
bone at 60 h post-infection. As can be seen from the images, the ZsGreen backbone
gave a stronger fluorescent signal than the Luciferase-IRES-ZsGreen backbone, presum-
ably because this protein was expressed more strongly as the sole CMV-promoter driven
transcript than as the second transcript driven by an IRES.
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Figure 2.4: Titers of truncated spike-pseudotyped lentiviral particles in 293T-ACE2
cells (BEI Resources, NR-52511) (A, B) and neutralization of these viruses with
serum from an individual previously infected with SARS-CoV-2 (C). (A) Titers of
pseudotyped lentivirus with a ZsGreen backbone (BEI, NR-52520) pseudotyped with full-
length spike (BEI, NR-52514), spike with either the last 18 (∆18) or 21 (∆21) amino acids
truncated, VSV G, or no viral entry protein. Titers were determined as described in Sec-
tion 2.5. Positive cells were counted via flow cytometry at 60 h post-infection. The “n.d.”
indicates that the titer was not detectable. Data shown are from a single representative
example. (B) Titers of Luciferase-IRES-ZsGreen backbone virus pseudotyped with the
specified viral entry proteins. Titers were determined by measuring relative luciferase
units (RLUs) per mL and then normalizing to the titers of full-length spike pseudotyped
lentivirus. RLUs were determined at 52 h post-infection. The RLUs per mL for the spike-
pseudotyped viruses are the average of seven wells of a 1:3 dilution of virus in a total
volume of 150 µL. For the VSV G-pseudotyped virus, RLUs per mL were averaged from
six three-fold dilutions starting at a 1:48 dilution in a total volume of 150 µL. (C) Neutraliza-
tion assay with serum collected from an individual previously infected with SARS-CoV-2,
43 days post symptom onset (p.s.o.). The full-length neutralization curve shows data av-
eraged from duplicate measurements. The ∆18 and ∆21 neutralization curves display
data from a single replicate. The IC50s for the full-length, ∆18, and ∆21 viruses are
1:345, 1:345, and 1:370, respectively. These values all fall within the range of IC50 values
we have measured previously for this same serum sample with virus pseudotyped with
full-length spike (1:320-1:375).
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fused to an IgG Fc domain (which neutralizes SARS-CoV-2 by acting as a decoy receptor

[88]). As negative controls (not expected to neutralize), we used sera collected prior to the

emergence of SARS-CoV-2 in late 2019. For these assays, we first made serial dilutions

of the plasma, sera, or soluble ACE2-Fc in a 96-well plate. We then incubated these

dilutions for 60 min with a volume of pseudotyped lentiviral particles sufficient to achieve

2 × 105 RLUs of luciferase signal per well. Finally, we added the mix to a pre-seeded

plate of 293T-ACE2 cells. We measured the luciferase signal at 60 h post-infection (see

Materials and Methods (Section 2.5) for a more detailed protocol).

Both the plasma from the confirmed SARS-CoV-2-infected patient and the soluble

ACE2-Fc effectively neutralized the virus (Figure 2.5A,B). For the plasma, the inhibitory

concentrations 50% (IC50s) were ≈1:1600 (±25%) for all three Spike variants, which is in

the range of values that have been reported for sera and plasma from other SARS-CoV-

2 patients at a similar time post-infection [169]. For soluble ACE2-Fc, the IC50 was ≈2

µg/mL with the spike and spike-ALAYT-pseudotyped lentiviral particles, but was notably

lower for the spike-HAtail pseudotyped lentiviral particles (Figure 2.5B). Our measurement

of ≈2 µg/mL for the unmodified Spike is higher than a previously reported IC50 of 0.1

µg/mL for soluble ACE2-IgG [88]. We suspect that the difference could be because our

293T-ACE2 target cells expressed high levels of ACE2, making them more resistant to

neutralization by soluble ACE2. Additionally, following the initial publication of this protocol

we became aware that the ACE2-Fc construct we were using was the macaque ACE2

sequence rather than the human ACE2 sequence due to a plasmid mixup. Since this

ACE2 is clearly still neutralizing, this does not meaningfully change the interpretation

of our results, but could potentially explain the difference in our calculated IC50 value

compared to [88]. As expected, there was no neutralization of the pseudotyped virus

by either pooled or individual human sera collected at dates prior to the emergence of

SARS-CoV-2 (Figure 2.5C).
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Figure 2.5: Neutralization assays. (A) Neutralization assay using plasma collected from
a confirmed SARS-CoV-2-infected patient at 19 days post symptom onset (“p.s.o.”). The
IC50 for this plasma was 1:2076 for the spike-pseudotype, 1:1334 for the spike, ALAYT-
pseudotype, and 1:1605 for the spike, HA tail-pseudotype. (B) Neutralization assay using
soluble ACE2 protein fused to the Fc domain from IgG (ACE2-Fc). The IC50 for ACE2-Fc
was 2.49 µg/mL for the spike-psdeudotype, 1.75 µg/mL for the spike, ALAYT-pseudotype,
and 0.25 µg/mL for the spike, HA tail-pseudotype. (C) Negative control sera collected
prior to the emergence of SARS-CoV-2 did not neutralize the spike-pseudotyped lentiviral
particles. The serum from 1989 was from a person of a similar age at the time of serum
collection as the confirmed SARS-CoV-2 infected patient whose plasma was tested in
A. High concentrations of naı̈ve serum seemed to enhance luciferase signal, perhaps be-
cause of components that improve cell-growth. Each point shows the average of duplicate
values with error bars showing standard error.
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Lentiviral particles pseudotyped with the truncated spikes (spike-∆18 and spike-∆21)

were tested alongside full-length spike in a separate neutralization assay using a serum

sample collected 43 days post symptom onset from another individual previously infected

with SARS-CoV-2 (Figure 2.4C). The IC50s for full-length spike and the two truncated

spikes were all ≈1:350, which are also within the range of IC50 values typical of individ-

uals ≈1-month post symptom onset [31]. We did not test particles pseudotyped with the

truncated spikes in neutralization assays using ACE2-Fc.

Our results indicate that some cytoplasmic tail modifications could potentially alter neu-

tralization sensitivity. For the plasma/serum neutralization, all spike variants (spike, spike-

ALAYT, spike-HAtail, spike-∆18, and spike-∆21) exhibited similar neutralization profiles

(Figures 2.5A and 2.4C). However, for the soluble ACE2, the spike-HAtail virus was no-

tably more neutralization sensitive than the other two spike variants tested (Figure 2.5B).

Whereas the mechanism underlying the distinct neutralization sensitivity observed is un-

clear, it is possible that some modifications to the spike’s cytoplasmic tail may alter open-

ing of the receptor-binding domains [157]. Therefore, we recommend testing any potential

spike modifications in neutralization assays prior to wide-spread use to ensure the modifi-

cations do not have unexpected antigenic effects. Nonetheless, due to the large increase

in titer seen with the cytoplasmic tail deletions and the lack of any change in antigenicity

in the serum neutralization assay, we recommend using the spike-∆21 construct in future

studies.

2.4 Discussion

We described a detailed protocol for producing SARS-CoV-2 spike-pseudotyped lentivi-

ral particles and performing neutralization assays. Although this basic pseudotyping ap-

proach has been described previously [169, 120, 22, 91, 113, 122, 172, 109, 70], we

provided the first detailed protocol that made all reagents available in a public reposi-
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tory (https://www.beiresources.org/). We hope this protocol and reagents will more

easily enable others to assess the neutralizing activity of antibodies and sera reactive to

SARS-CoV-2.

We also found that although our initial modifications to the cytoplasmic tail of SARS-

CoV-2 spike (spike-ALAYT and spike-HAtail) did not greatly improve titers of spike-pseudotyped

lentiviral particles, simply deleting the last 18 or 21 amino acids of spike increased titers

≈10-fold. Notably, one cytoplasmic tail modification we tested (spike-HAtail) potentially al-

tered the neutralization sensitivity of the pseudotyped lentiviral particles, suggesting that

it may be undesirable. Whereas we did not test the full suite of cytoplasmic tail modi-

fications that have been used for pseudotyping with spike from the original SARS-CoV

[52, 54, 136, 105], our results suggest that whiile many modifications to the cytoplas-

mic tail of the SARS-CoV-2 spike are compatible with pseudotyped lentivirus production,

each modification should be tested for antigenic effects prior to routine use. Since our

initial neutralization tests with the truncated spikes showed no alteration to neutralization

sensitivity, but much higher titers compared to full-length spike, we recommend using a

truncated spike in future studies and will move forward with spike-∆21 in our future work.

Overall, we have described an easily accessible assay to study neutralizing antibody

responses to SARS-CoV-2 in a biosafety-level-2 laboratory. This assay allows human sera

or plasma samples to be screened in a convenient 96-well format, which will help facilitate

the testing of large numbers of patient samples to better understand the development of

immunity and to potentially screen donors for passive transfer of convalescent plasma

[43, 12].

https://www.beiresources.org/
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2.5 Materials and Methods

2.5.1 Plasmids

The sequences of all plasmids used in this study are available in Genbank format at

https://github.com/jbloomlab/SARS-CoV-2_lentiviral_pseudotype/tree/master/plasmid_

maps. The plasmids themselves are available in BEI Resources (https://www.beiresources.

org/) with the following catalog numbers:

• pHAGE2-EF1aInt-ACE2-WT (BEI catalog number NR52512): Lentiviral backbone

plasmid expressing the human ACE2 gene (GenBank ID for human ACE2 is NM 021804)

under an EF1a promoter with an intron to increase expression.

• pHAGE2-EF1aInt-ACE2-WT (BEI catalog number NR52512): Lentiviral backbone

plasmid expressing the human ACE2 gene (GenBank ID for human ACE2 is NM 021804)

under an EF1a promoter with an intron to increase expression.

• HDM-IDTSpike-fixK-HA-tail (BEI catalog number NR52513): Plasmid expressing

under a CMV promoter the Spike from SARS-CoV-2 strain Wuhan-Hu-1 (Genbank

NC 045512) codon-optimized using IDT, with the Spike cytoplasmic tail replaced by

that from the HA protein of A/WSN/1933 (H1N1) influenza, and the Kozak sequence

in the plasmid fixed compared to an earlier version of this plasmid.

• HDM-IDTSpike-fixK (BEI catalog number NR-52514): Plasmid expressing under a

CMV promoter the Spike from SARS-CoV-2 strain Wuhan-Hu-1 (Genbank NC 045512)

codon-optimized using IDT and the Kozak sequence in the plasmid fixed compared

to an earlier version of this plasmid.

• HDM-nCoV-Spike-IDTopt-ALAYT (BEI catalog number NR-52515): plasmid express-

ing under a CMV promoter the Spike from SARS-CoV-2 strain Wuhan-Hu-1 (Gen-

https://github.com/jbloomlab/SARS-CoV-2_lentiviral_pseudotype/tree/master/plasmid_maps
https://github.com/jbloomlab/SARS-CoV-2_lentiviral_pseudotype/tree/master/plasmid_maps
https://www.beiresources.org/
https://www.beiresources.org/
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bank NC 045512) codon-optimized using IDT, with the Spike containing two muta-

tions in the cytoplasmic tail such that the last five amino acids are ALAYT.

• pHAGE-CMV-Luc2-IRES-ZsGreen-W (BEI catalog number NR-52516): Lentiviral

backbone plasmid that uses a CMV promoter to express luciferase followed by an

IRES and ZsGreen.

• HDM-Hgpm2 (BEI catalog number NR-52517): lentiviral helper plasmid expressing

HIV Gag-Pol under a CMV promoter.

• HDM-tat1b (NR-52518): Lentiviral helper plasmid expressing HIV Tat under a CMV

promoter.

• pRC-CMV-Rev1b (NR-52519): Lentiviral helper plasmid expressing HIV Rev under

a CMV promoter.

• pHAGE2-CMV-ZsGreen-W (NR-52520): Lentiviral backbone plasmid that uses a

CMV promoter to express ZsGreen.

• HDM-IDTSpike-delta21 (BEI catalog number NR-53742): Plasmid expressing un-

der a CMV promoter the Spike from SARS-CoV-2 strain Wuhan-Hu-1 (Genbank

NC 045512) codon-optimized using IDT with the last 21 amino acids deleted. The

spike is also cloned into a slightly differentt 5’ cloning site than HDM-IDTSpike-fixK

to shift the spike coding sequence out of frame of upstream ATG sequences in the

plasmid backbone.

Note that all of these plasmids have ampicillin resistance. The two plasmids used in

this study that are not in the BEI Resources catalog are the HDM-VSV G plasmid and the

HDM-IDTSpike-delta18 plasmids. The HDM-VSV G plasmid expresses VSV G under a
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CMV promoter, and was used to create the positive control lentivirus pseudotyped with

VSV G. However, numerous VSV G expressing plasmids are available from AddGene

and other repositories. The HDM-IDTSpike-delta18 plasmid was not deposited in BEI

Resources since we did not move forward with using it for future work.

Following completion of this work, we also made a spike plasmid with the 21 amino

acid c-terminal deletion and the D614G mutation. This plasmid is available in BEI Re-

sources as NR-53765 and is what we now recommend for spike-pseudotyped lentiviral

assays due to the dominance of the D614G mutation and the high titers we achieve with

this plasmid.

2.5.2 Creation of 293T ACE2 Cells

VSV G-pseudotyped lentivirus packaging the human ACE2 was generated via co-transfecting

293T cells (ATCC, CRL-3216) with the pHAGE2-EF1aInt-ACE2-WT plasmid and lentiviral

helper plasmids (HDM-VSVG, HDM-Hgpm2, HDM-tat1b, and pRC-CMV-Rev1b). The re-

sulting lentivirus was used to infect more 293T cells in the presence of 5 µg/mL polybrene.

The transduced cells were stained with anti-human ACE-2 polyclonal goat IgG (AF933,

R&D Systems, Minneapolis, MN, USA) primary antibody at 1 µg/mL and donkey anti-goat

IgG conjugated to Alexa Fluor 488 (ab150129, Abcam, Cambridge, UK) secondary anti-

body at a 1:2500 dilution and sorted based on antibody staining. Once single cell clones

had grown sufficiently, they were screened for ACE2 expression via flow cytometry and a

clone with high expression was expanded and named 293T-ACE2 (Figure 2.2A). For ver-

ifying expression via flow cytometry, cells were harvested with enzyme-free dissociation

buffer (13151014, ThermoFisher, Waltham, MA, USA) and stained with the anti-human

ACE-2 polyclonal goat IgG primary antibody at 2 µg/mL and donkey anti-goat IgG (Alexa

Fluor 488) secondary antibody at a 1:1000 dilution. For each staining step, cells were

incubated with antibody in the dark at 4 °C for 30 min. Cells were washed three times with
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3% BSA in PBS following each stain.

The 293T-ACE2 cells can be grown in D10 growth media (DMEM with 10% heat-

inactivated FBS, 2 mM l-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin) at

37°C and 5% carbon dioxide. Note that there was not a selectable marker for the ACE2

expression. We found that ACE2 expression remained stable overtime (Figure 2.2A),

but if there is a concern about expression, ACE2 levels can be periodically re-confirmed

via antibody staining and flow cytometry. The 293T-ACE2 cells are available from BEI

Resources as catalog number NR-52511.

2.5.3 Detailed Protocol for Generation of Pseudotyped Lentiviral Particles

Pseudotyped lentiviruses can be generated by transfecting 293Ts as depicted in Figure

2.1A. We used the following protocol:

1. Seed 293T cells in D10 growth media (see Section 2.5.2 for media composition) so

that they will be 50%–70% confluent the next day. For a six-well plate, this is 5 × 105

cells per well (2.5 × 105 cells per mL).

2. At 16-24 h after seeding, transfect the cells with the plasmids required for lentiviral

production. We transfected using BioT (Bioland Scientific, Paramount, CA, USA)

following the manufacturer’s instructions and using the following plasmid mix per

well of a six-well plate (plasmid amounts should be adjusted for larger plates):

• 1 µg of lentiviral backbone–we used either the ZsGreen (NR-52520) or the

Luciferase-IRES-ZsGreen (NR-52516) backbone

• 0.22 µg each of plasmids HDM-Hgpm2 (NR-52517), pRC-CMV-Rev1b (NR-

52519), and HDM-tat1b (NR-52518)
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• 0.34 µg viral entry protein—either SARS-CoV-2 Spike (NR-52513, NR-52514,

NR-52515, NR-53742, or NR-53765 (recommended)), VSV G (positive con-

trol), or transfection carrier DNA (E4881, Promega, Madison, WI, USA) as a

negative control.

3. At 18 to 24 h post-transfection, change the media to fresh, pre-warmed D10.

4. At 60 h post transfection, collect virus by harvesting the supernatant from each well

and filtering it through a 0.45 µm SFCA low protein-binding filter. Virus can be

stored at 4°C for immediate use or frozen at −80°C. The titers of Spike- and VSV G-

pseudotyped lentiviruses were found to be unaffected by a single freeze-thaw cycle

(data not shown). Nonetheless, we recommend freezing virus in small aliquots to

avoid multiple freeze-thaw cycles. All titers presented here are from virus that was

frozen at −80°C prior to use and underwent a single freeze-thaw.

2.5.4 Detailed Protocol for Titering Pseudotyped Lentiviral Particles

To determine viral titers, we used either flow cytometry (for viruses packaging the ZsGreen

backbone) or a luciferase assay (for viruses packaging the Luciferase-IRES-ZsGreen

backbone). A detailed titering protocol is described below and differences between these

two readouts are noted:

1. Coat a 96-well cell-culture plate with 25 µL poly-L-lysine per well (P4707, Millipore

Sigma, Burlington, MA, USA) according to the manufacturer’s protocol. Poly-L-lysine

improves cell adherence and prevents cell disruption during infection. Pre-coated

plates are also available (Greiner Bio-One 655930) and using a black-walled poly-

L-lysine coated plate (Greiner Bio-One 655936) removes the need to transfer out of

the tissue culture assay plate for the luciferase readout.
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2. Seed a poly-l-lysine-coated 96-well plate with 1.25 × 104 293T-ACE2 cells per well

in D10 media. Typically, we seed cells in a volume of 50 µL.

3. The next day (12–24 h post-seeding), if using a flow cytometry readout, count at

least two wells of cells to determine the number of cells present at infection.

4. Prepare serial dilutions of the viruses to be titered in a final volume of 120 µL D10

growth media.

(a) For ZsGreen virus, we started with a 1:5 dilution and made three 1:5 serial

dilutions.

(b) For Spike-pseudotyped Luciferase IRES ZsGreen virus, we started with undi-

luted virus and made three 1:3 dilutions. For VSV G-pseudotyped Luciferase IRES ZsGreen

virus, we started with a 1:50 dilution.

5. Slowly add 100 µL of the virus dilutions to the pre-seeded cells (already in 50 µL of

media) for a final infection volume of 150 µL.

6. Optional: Add polybrene (TR-1003-G, Sigma Aldrich, St. Louis, MO, USA) to a

final concentration of 5 µg/mL. Polybrene is a polycation that helps facilitate lentivi-

ral infection through minimizing charge-repulsion between the virus and cells [35].

However, we found this only minimally improved spike-pseudotyped lentiviral titers

(data not shown) and now skip this step.

7. At 48–60 h post-infection, collect cells for analysis:

(a) For flow cytometry:

i. Look at the cells under a fluorescent microscope and select wells that ap-

pear ≈1%–10% positive. Harvest cells from these wells using trypsin and
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transfer them to a V-bottom plate or microcentrifuge tubes. Pellet cells at

300×g for 4 min and wash twice with 3% BSA in PBS. After the final wash,

resuspend in 1% BSA in PBS and analyze via flow cytometry. We used

a Becton Dickinson Celesta cell analysis machine with a 530/30 filter to

detect ZsGreen in the FITC channel. Resulting FCS files were analyzed

using FlowJo (v10) (BD Life Sciences, Ashland, OR, USA).

ii. Calculate titers using the Poisson formula. If P is the percentage of cells

that are ZsGreen positive, then the titer per ml is:

−ln(1− P/100)× (number of cells per well)

volume of virus per well in mL

Note that when the percentage of cells that are ZsGreen positive is low,

this formula is approximately equal to:

(% ZsGreen positive/100)× (number of cells per well)

volume of virus per well in mL

Furthermore, the titers using even the Poisson equation will only be ac-

curate if the percentage of cells that are ZsGreen positive is relatively low

(ideally 1–10%).

(b) For luciferase:

i. Thaw luciferase reagent at room temperature. We used the Bright-Glo Lu-

ciferase Assay System (E2610, Promega, Madison, WI, USA).

ii. Prepare cells by removing 100 µL media from each well. Accounting for

evaporation, this leaves ≈30 µL of media in each well.

iii. Add 30 µL of luciferase reagent and mix well, avoiding bubbles. If not using

a black-walled plate, transfer all ≈60 µL to a black-bottom plate (Costar 96-

well solid black, 07-200-590, Fisher Scientific, Waltham, MA, USA). If using

a black-walled plate, either continue on to the next step or, to minimize
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background, add a black back-sticker (Fisher Scientific, NC9425162) to the

bottom of the plate.

iv. Incubate plate for 2 min at room temperature in the dark, then measure

luminescence using a plate reader. We used a Tecan Infinite M1000 Pro

plate reader with no attenuation and a luminescence integration time of 1

s.

v. Plot RLUs vs. volume of virus added. Select an amount of virus for further

assays where there is sufficient (>1000-fold) signal above virus-only back-

ground and a linear relationship between virus added and RLU. Typically,

we aim for ≈2 x 105 RLUs per well.

2.5.5 Detailed Protocol for Neutralization Assays

The following protocol was developed to streamline neutralization assays with spike-

pseudotyped lentiviral particles. This protocol can be performed with either human sera

or plasma, or monoclonal antibodies. Note that for safety, sera or plasma should be heat-

inactivated in a biosafety cabinet prior to use as described in Section 2.5.6.

1. Seed a black-walled poly-L-lysine-coated 96-well plate with 1.25 × 104 293T-ACE2

cells (BEI NR-52511) per well in 50 µL D10 (2.5 × 105 cells per mL). Plan to infect

this plate 8–24 h post-seeding.

2. About 1.5 h prior to infecting cells, begin preparing serum and/or ACE2 dilutions in

D10:

(a) In a separate 96-well “setup” plate, serially dilute serum samples, leaving 60

µL diluted serum in each well. Remember that these samples will be diluted

an additional 2x by the addition of virus. For the data in Figure 2.5A,C, we
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started at a serum dilution of 1:80 (1:40 in the ”setup” plate) and did serial 2.5-

fold dilutions, meaning each replicate of the assay required 5 µL of sera. For

the data in 2.4C, we started at a serum dilution of 1:20 (1:10 in the ”setup”

plate) and did serial 3-fold dilutions. For ACE2 (Figure 2.5B), we started with a

concentration of 200 µg/mL and did serial three-fold dilutions.

(b) Add 60 µL of D10 to wells corresponding to virus only and virus plus cells

control wells. Add 120 µL of D10 to media only and cells only control wells.

See Figure 2.6 for example plate layouts.

3. Dilute virus to ≈2–4 × 106 RLU per mL. Add 60 µL of diluted virus to all wells con-

taining serum dilutions and the virus only and virus plus cells control wells.

4. Incubate virus and serum at 37 °C for 1 h.

5. Carefully add 100 µL from each well of the setup plate containing the sera and virus

dilutions to the corresponding wells of the plate of 293T-ACE2 cells.

6. Incubate at 37 °C for 48–60 h before reading out luminescence or fluorescence as

described in Section 2.5.4.

7. Plot the data. For our analysis, we first subtracted out the background signal (aver-

age of the “virus only” and “virus + 293Ts” wells) and then calculated the “maximum

infectivity” for each plate as the average signal from the wells without serum (“virus

+ cells” wells). We then calculated the “fraction infectivity” for each well, as the lu-

ciferase reading from each well divided by the “maximum infectivity” for that plate. If

using layouts similar to those in 2.6, we recommend calculating the ”maximum in-

fectivity” as the average of the two ”virus + cells” wells in each row (for Figure 2.6A)

or column (for Figure 2.6B) and calculating ”fraction infectivty” for each well based
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on its row or column’s ”maximum infectivity.” For the curves shown in Figure 2.5 and

Figure 2.4C, we then fit and plotted the fraction infectivity data using the neutcurve

Python package (https://jbloomlab.github.io/neutcurve/). This package fits a

three-parameter Hill curve, with the top baseline being a free parameter (Figure 2.5)

or fixed to 1 (Figure 2.4C) and bottom baseline fixed to zero.

2.5.6 Human Plasma Sample and Soluble ACE2

The human plasma sample used in Figure 2.5A was collected at 19 days post symptom

onset from a patient with a confirmed SARS-CoV-2 infection. The human serum sample

used in Figure 2.4C was was collected at 43 days post symptom onset from a patient with

a confirmed SARS-CoV-2 infection. Prior to use, these samples were heat-inactivated in

a biosafety cabinet at 56 °C for one hour. This duration of heat treatment has been shown

to be sufficient to inactivate SARS-CoV-2 [3, 25], which has also not been reported to be

present at high titers in the blood [162, 40]. The negative control serum pools came from

Gemini Biosciences, West Sacramento, CA, USA (Cat:100-110). The naı̈ve serum pool

collected in 2017–2018 is lot H86W03J. The age-matched negative control serum comes

from serum residuals collected by Bloodworks Northwest. It was collected on 12/19/1989,

stored at −80°C, and heat inactivated at 56°C prior to use.

Soluble human ACE2 protein fused to the Fc region of human IgG1 was produced

as described by the authors of [157]. This ACE2-Fc fusion protein was used in Figure

2.5B. Following the original publication of this manuscript, an error in the production of

this ACE2-Fc was identified and it was determined that the ACE2-Fc used in this study

was the macaque ACE2, not the human ACE2 sequence. This potentially contributed to

differences in ACE2-Fc IC50 between our work and previously published data [88], but

does not affect the utility of this assay for measuring SARS-CoV-2 neutralization.

https://jbloomlab.github.io/neutcurve/
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Figure 2.6: Example plate layouts for neutralization assays. It is possible to run full-
dilution series of 2-4 sera or plasma samples in duplicate on each plate with the neces-
sary controls. These controls include cells only and virus-only wells. Additional controls
include four wells of virus-infecting 293T cells to confirm the lack of infection with Spike-
pseudotyped lentivirus in the absence of ACE2 and/or several wells of ”bald” lentiviral
particles without a viral entry protein (labelled as ’NoVEP’). The average signal from the
“Virus Only” and “Virus + 293Ts” wells provides the background signal. The “Virus + Cells”
wells represent maximum infection without any serum and provide a metric for 100% virus
infectivity. Note that “cells” here refers to the 293T-ACE2 cells. The different colors simply
denote different conditions, such as different serum samples or cells. These conditions
are labeled in the top two rows (A) or left-most column (B) of the layout (or in each indi-
vidual cell for the “Virus + 293Ts” condition).
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2.7 Applications

2.7.1 Children infected with SARS-CoV-2 produce neutralizing antibodies

In the spring of 2020, Adam Dingens—a staff scientist in the Bloom lab—collaborated with

Dr. Janet Englund from Seattle Children’s Hospital to screen pediatric serum samples for

serological evidence of previous SARS-CoV-2 infection [38]. Adam screened samples

from 1,076 children collected in March and April 2020 for IgG antibodies that could bind
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to SARS-CoV-2 spike or RBD using a previously published ELISA protocol and confirmed

positive samples using the Abbott Architect assay that measures anti-nucleoprotein IgG

antibodies [3, 16]. Individuals needed to test positive in both ELISAs and the Abbott

Architext assay to be considered seropositive. Of the 1,076 children in the study, 8 were

determined to be seropositive for antibodies that could bind to SARS-CoV-2 [38].

To assess the neutralizing antibody response in children seropositive for SARS-CoV-2,

I used the neutralization assay described in this chapter to measure neutralizing antibod-

ies in all seropositive children as well as several positive control samples from children

and adults with known SARS-CoV-2 infections and negative control serum samples col-

lected prior to 2019 Figure 2.7. All pediatric serum samples that were seropositive by both

the ELISA and Abbott assays mounted detectable neutralizing antibody titers (reciprocal

IC50 >25). None of the seropositive children with no positive PCR test had COVID-19

symptoms, so it was encouraging to find that they still mounted a neutralizing antibody

response within the range seen for symptomatic adults 3-8 weeks post symptom onset.

One child with a known COVID-19 diagnosis (’child 4 wks’) mounted one of the most po-

tently neutralizing antibody responses we have ever measured with a reciprocal IC50 of

>18,000. More recent studies, led by Lauren Gentles in the Bloom lab in collaboration

with Dr. Janet Englund and her team at Seattle Children’s Hospital, have begun to in-

vestigate potential differences in the neutralizing antibody response between children and

adults.
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Figure 2.7: Children seropositive for SARS-CoV-2 mount a neutralizing antibody re-
sponse. Serum samples from children with (shaded box) or without (far right) positive
PCR tests for SARS-CoV-2 were measured alongside positive and negative control adult
samples (left of shaded box) using the spike-pseudotyped lentivirus neutralization assay
described above. The spike plasmid used in these assays encoded full-length spike with-
out any cytoplasmic tail deletions or modifications. The duration of time between symptom
onset and sample collection is indicated in the labels for individuals who tested positive
for SARS-CoV-2 by PCR. The y-axis is the reciprocal dilution of serum that inhibits infec-
tion by 50% (IC50). The blue dashed lines indicate the limits of the dilution series with
the lower bound being a dilution of 1:25 and the upper bound a dilution of 1:18,225. All
seropositive children mounted a detectable neutralizing antibody response.
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2.7.2 Early evidence that SARS-CoV-2 neutralizing antibodies correlate with pro-

tection from infection

Retrospective analyses of COVID-19 outbreaks can provide important insight into the

spread of SARS-CoV-2. In early summer 2020, a fishing vessel that departed from Seat-

tle, WA had an outbreak of SARS-CoV-2 with a high attack rate. Despite pre-departure

screening, testing upon returning to shore found that 104 of the 122 individuals on board

became infected with SARS-CoV-2 [1]. Pre-departure serological samples were avail-

able for 120 of the 122 people on the ship’s manifest and these samples were further

analyzed following identification of the outbreak. This analysis was originally done by

Alex Greninger and his lab. Six individuals’ pre-departure samples tested positive for IgG

antibodies against SARS-CoV-2 nucleoprotein using the Abbott Architect assay. These

samples were then shared with Adam Dingens and myself to run ELISAs and neutral-

ization assays. Only three of the individuals with positive Abbott tests had measurable
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neutralizing antibody titers at the time of their pre-departure screening Figure 2.8. No-

tably, the three individuals who did not have detectable neutralizing antibodies prior to

departure also had markedly lower levels of anti-spike and anti-RBD binding antibodies

by ELISA, perhaps indicating that these individuals had false positives in the initial sero-

logical screening [1].

Of the 120 individuals with pre-departure samples, 103 of them were infected in the

subsequent outbreak on the fishing vessel—including the three individuals who had tested

positive in the Abbott Architect assay, but did not have neutralizing antibodies Figure 2.8.

None of the three individuals with detectable neutralizing antibody titers were infected with

SARS-CoV-2 on the boat. The overall rate of infection was 0 out of 3 for individuals with

neutralizing antibodies and 103 out of 117 for individuals without. These infection rates

indicate a statistically significant (Fisher’s exact test: P = 0.002) association between

neutralizing antibodies and protection from infection with SARS-CoV-2.

Since the summer of 2020, data (especially from vaccine trials) have continued to

indicate that neutralizing antibodies against SARS-CoV-2 correlate with protection from

infection [8]. However, in the summer of 2020, the analysis of this shipping vessel out-

break was some of the earliest evidence that individuals with SARS-CoV-2-neutralizing

antibodies were less likely to be infected with the virus. Although this correlation between

neutralizing antibodies and protection from infection is expected, it nonetheless remains

encouraging, especially as more individuals get vaccinated and begin mounting their own

neutralizing antibody responses to SARS-CoV-2.
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Figure 2.8: SARS-CoV-2 neutralizing antibodies correlate with protection from in-
fection Pre-departure serum from all six individuals who tested positive for SARS-CoV-2
anti-nucleoprotein antibodies was tested for neutralizing antibodies using the SARS-CoV-
2 spike-pseudotyped lentivirus neutralization assay described above (using full-length
spike with no cytoplasmic tail modifications). None of the individuals with neutralizing
antibodies (top row) were subsequently infected with SARS-CoV-2 during the outbreak
on their fishing vessel. All three individuals without neutralizing antibodies (bottom row)
were infected during the outbreak. The lower limit of the serum dilution series was a 1:20
dilution. For individuals with detectable neutralizing titers, the reciprocal of the serum
dilution that neutralized infection by 50% (NT50) is provided on the plot.
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2.7.3 Assessing the impact of a circulating variant on SARS-CoV-2 spike-mediated

entry

During the summer of 2020, a SARS-CoV-2 variant rose in frequency in Europe and was

identified by Emma Hodcroft and her collaborators [69]. This variant made up the 20E

(EU1) cluster and included an A222V mutation in the N-terminal domain of spike, as well

as the widely circulating D614G mutation. To test if the A222V mutation had an effect

on spike-mediated viral entry, I pseudotyped lentiviral particles with spike with G at site

614 and either A or V at site 222. I then measured the ability of these viral particles

to infect 293T-ACE2 cells [32]. I made two A222V D614G spike plasmids with different

synonymous codons used to introduce the A222V mutation. I made all spike-pseudotyped

viruses in at least biological triplicate and measured entry using two different lentiviral

backbones and readouts (Figure 2.9. Titers of spike-pseudotyped lentiviral particles with

both the A222V and D614G mutations were slightly (≈1.3-fold) higher than titers with

D614G alone, but the difference was not statistically significant 2.9.

A pseudotyped lentiviral system is not a perfect proxy for the effects of mutations to

spike on infection in the human population, so it is possible that the A222V mutation may

have a more notable effect on transmission in natural infections. However, in concordance

with my pseudotyped lentiviral titer results, Emma and her team did not find any clear

evidence that the A222V mutation was affecting viral transmission or infectivity. Instead,

they found that most of the increased spread of the 20E (EU1) cluster could be explained

by epidemiological factors, such as travel patterns between European countries in the

summer of 2020.
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Figure 2.9: Titers of lentiviral particles pseudotyped with spike with or without the
A222V mutation. The x-axis describes the viral entry protein used for pseudotyping.
A222V and D614G describe mutations in spike and ”None” indicates negative control
particles with no viral entry protein. The spike plasmid used to make the A222V D614G
and D614G spike-pseudotyped particles also included the 21 amino acid cytoplasmic tail
truncation (see Figure 2.4) A) Titers of lentiviral particles carrying luciferase in the viral
genome. B) Titers of lentiviral particles carrying the fluorescent protein ZsGreen in the
viral genome. In both cases, titers with the A222V mutation are on average higher by a
factor of 1.3. C) Titers of lentiviral particles carrying luciferase in the viral genome normal-
ized by the p24 concentration (pg/mL) of each viral supernatant. After p24 normalization,
the titer difference shrinks from 1.28 to 1.14 fold, increasing the p-value to 0.16. D) Titers
of lentiviral particles carrying ZsGreen in the viral genome normalized by the p24 concen-
tration (pg/mL) of each viral supernatant. All horizontal lines indicate mean titers for the
respective groups and p-values were calculated using a two-sided T-test.
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2.7.4 Measuring the neutralizing antibody response to RBD nanoparticle vaccine

candidates

The SARS-CoV-2 pandemic has spurred the rapid development of several vaccines, but

there remains a need for highly effective, thermostable vaccines that can be easily man-

ufactured at scale. The King lab at the University of Washington’s Institute for Protein

Design has developed a self-assembling nanoparticle platform for protein subunit vac-

cines [98]. Their initial RBD nanoparticle vaccine candidate was highly immunogenic

in pre-clinical studies, but there was room for improving the thermostability and ease of

manufacturing [156]. Using deep mutational scanning data from yeast-displayed deep

mutational scanning of RBD [143], Dan Ellis lead the efforts to develop RBD immunogens

with stabilizing mutations that would facilitate their ease of use as vaccine candidates

[46]. These mutations involved ”re-packing” the RBD to fill a hole in isolated RBD that is

usually stabilized by binding linoleic acid in the context of full-length spike trimers. These

”re-packed” RBDs (Rpk4 and Rpk9) are more thermostable and are more resistant to

aggregation than the wildtype RBD.

Dan and his team also wanted to confirm that these repacked RBDs maintained potent

immunogenicity and immunized mice with their repacked RBD nanoparticle vaccine can-

didates as well as several controls, including spike trimers (”Hexapro-foldon”), wildtype

RBD nanoparticles, and RBD trimers that cannot assemble into nanoparticles. Using

the spike-pseudotyped lentivirus neutralization assay I developed, I measured the neu-

tralizing antibody response in serum collected from these mice (Figure 2.10. Results of

these neutralization assays showed that the nanoparticle vaccine candidates made with

all three RBD sequences (wildtype, Rpk4, and Rpk9) induced potent neutralizing antibody

responses, with no decrease in neutralizing antibody titers for the RBDs with ”re-packing”

mutations (Figure 2.10. The increased ease of production and improved thermostability

of these re-packed RBDs makes them promising vaccine candidates. These ”re-packed”
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RBDs also highlight the promise of using data from the deep mutational scanning of viral

entry proteins to inform and refine structure-based vaccine design.
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Figure 2.10: Serum from mice vaccinated with RBD nanoparticle vaccine candidates
potently neutralizes spike-pseudotyped lentiviral particles. Serum was collected
from mice immunized with trimerized spike (”Hexapro”), RBD trimers, or RBD nanoparticle
vaccine candidates two weeks after each of two immunizations—an initial ”prime” immu-
nization was followed 3 weeks later by a ”boost” with the same immunogen. The y-axis is
the reciprocal of the serum dilution that neutralizes infection by 50%. The lower limit of de-
tection (dashed grey line) was a neutralizing titer 50 of 20. Mice immunized with the RBD
nanoparticle vaccine candidates mounted potent neutralizing responses. These neutraliz-
ing antibody responses remained high in mice immunized with RBD nanoparticles where
the RBD had been engineered to be easier to manufacture (”Rpk4” and ”Rpk9”). The
spike-pseudotyped lentiviral particles used in these neutralization assays were pseudo-
typed with a spike with a 21 amino acid cytoplasmic tail truncation (see Figure 2.4) and
the D614G mutation.
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Chapter 3

DYNAMICS OF NEUTRALIZING ANTIBODY TITERS IN THE MONTHS
AFTER SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS

2 INFECTION

A version of this chapter has been previously published as:

Crawford KHD, Dingens AS, Eguia R, Wolf CR, Wilcox N, et al. Dynamics of neutral-

izing antibody titers in the months after SARS-CoV-2 infection. J Infect Dis. 2020 Sep

30:jiaa618. doi: 10.1093/infdis/jiaa618.

3.1 Abstract

Most individuals infected with severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) develop neutralizing antibodies that target the viral spike protein. In this study,

we quantified how levels of these antibodies change in the months after SARS-CoV-2

infection by examining longitudinal samples collected approximately 30–152 days after

symptom onset from a prospective cohort of 32 recovered individuals with asymptomatic,

mild, or moderate-severe disease. Neutralizing antibody titers declined an average of

about 4-fold from 1 to 4 months after symptom onset. This decline in neutralizing anti-

body titers was accompanied by a decline in total antibodies capable of binding the viral

spike protein or its receptor-binding domain. Importantly, our data are consistent with the

expected early immune response to viral infection, where an initial peak in antibody levels

is followed by a decline to a lower plateau. Additional studies of long-lived B cells and an-

tibody titers over longer time frames are necessary to determine the durability of immunity
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to SARS-CoV-2.

3.2 Introduction

Within a few weeks of being infected with severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2), individuals develop antibodies that bind to viral proteins [163, 169, 89,

95, 137, 176, 174, 72]. A few weeks after symptom onset, serum from most infected

individuals can bind to the viral spike protein and neutralize infection in vitro [137, 174,

146]. The reciprocal dilution of serum required to inhibit viral infection by 50% (neutralizing

antibody titer at 50% inhibition [NT50]) is typically in the range of 100–200 at 3–4 weeks

after symptom onset [126], although neutralizing titers range from undetectable to greater

than 10,000 [169, 137, 146].

There are currently limited data on the dynamics of neutralizing antibodies in the

months after recovery from SARS-CoV-2. For most acute viral infections, neutralizing an-

tibodies rapidly rise after infection owing to a burst of short-lived antibody-secreting cells

and then decline from this peak before reaching a stable plateau that can be maintained

for years to decades by long-lived plasma and memory B cells [85, 4]. These dynamics

have been observed for many viruses, including influenza [160], respiratory syncytial virus

[60], Middle East respiratory syndrome coronavirus [26], SARS coronavirus 1 [148, 68],

and the seasonal human coronavirus 229E [17].

Several recent studies have tracked antibody levels in individuals who have recovered

from infection with SARS-CoV-2 for the first few months after symptom onset [137, 174,

72, 10, 96, 155, 171]. Most of these studies have reported that over the first 3 months, an-

tibodies targeting the spike protein decline several-fold from a peak reached a few weeks

after symptom onset [137, 174, 10], suggesting that the early dynamics of the antibody

response to SARS-CoV-2 are similar to those for other acute viral infections.

Here we build on these studies by measuring both the neutralizing and binding anti-
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body levels in serial plasma samples from 32 SARS-CoV-2–infected individuals across a

range of disease severity with follow-up as long as 152 days after symptom onset. On av-

erage, neutralizing titers decreased about 4-fold from approximately 30 to >90 days after

symptom onset. This decline in neutralizing titers was paralleled by a decrease in levels

of antibodies that bind the spike protein and its receptor-binding domain (RBD). Nonethe-

less, most recovered individuals still had substantial neutralizing titers at 3–4 months after

symptom onset.

3.3 Methods

3.3.1 Study Population

Plasma samples were collected as part of a prospective longitudinal cohort study of indi-

viduals with SARS-CoV-2 infection. Individuals aged ≥18 years with laboratory-confirmed

SARS-CoV-2 infection were eligible for inclusion. Individuals who were human immunod-

eficiency virus positive were excluded from this study owing to concerns that antiretroviral

treatment may affect our pseudotyped lentivirus neutralization assay. Individuals were re-

cruited from 3 groups: inpatients, outpatients, and asymptomatic individuals. Inpatients

were hospitalized at Harborview Medical Center, University of Washington Medical Cen-

ter, or Northwest Hospital in Seattle, Washington, and were enrolled while hospitalized.

Outpatients were identified through a laboratory alert system, email and flyer advertis-

ing, and through identification of positive coronavirus disease 2019 cases reported by the

Seattle Flu Study [27]. Asymptomatic individuals in this study were recruited through out-

patient testing and identified when they answered “None” on their symptom questionnaire.

They were confirmed to be symptom free for the first 30 days after diagnosis.

We initially enrolled 34 individuals after reverse-transcription quantitative polymerase

chain reaction (RT-qPCR) confirmation of SARS-CoV-2 infection. Two individuals (partic-

ipant identifiers [PIDs] 19C and 196C) were seronegative at all time points in the neu-



57

A B

Figure 3.1: Neutralizing and binding antibody levels are not above background for
participants 19C and 196C. (A) Neither PID 19C nor 196C had detectable neutralizing
titers at any time point. The limit of detection for our neutralization assay (NT50 = 20)
is shown with a dashed blue line. (B) Neither PID 19C nor 196C had detectable spike
or RBD binding antibodies at any time point. The binding levels for the negative control
sample (2017-2018 sera pool) are shown as dashed lines colored by assay.

tralization assay and all RBD and spike protein enzyme-linked immunosorbent assays

(ELISAs) (Figure 3.1). We then tested these individuals using the Abbott Architect antin-

ucleoprotein assay, with which they were also seronegative, with index values of 0.01

(for both samples from PID 196C) or 0.02 (for both samples from PID 19C), far below

the threshold for seropositivity of 1.40 [16]. Because these individuals had only a single

positive RT-qPCR result (and PID 196C tested negative in 6 subsequent RT-qPCR tests

conducted within 15 days of the initial test) and because the Abbott Architect assay has

been validated to have very high (95.1%–100%) sensitivity by day 17 after symptom onset

[16], we assessed that these 2 individuals were likely not truly infected but rather false-

positives in a single RT-qPCR viral test. Therefore, they were excluded from all further

analyses, resulting in a final cohort of 32 individuals.

Participants or their legally authorized representatives completed electronic informed

consent. Sociodemographic and clinical data were collected from electronic chart review

and from participants via a data collection questionnaire (Project REDCap [62]) at the
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time of enrollment. The questionnaire collected data on the nature and duration of symp-

toms, medical comorbid conditions, and care-seeking behavior (Table A.1). Based on

these data, individuals were classified by disease severity as asymptomatic, symptomatic

nonhospitalized, or symptomatic hospitalized.

Individuals who were recruited as inpatients were enrolled during their hospital ad-

mission and had samples collected during their hospitalization. After hospital discharge,

these participants subsequently returned to an outpatient clinical research site approxi-

mately 30 days after symptom onset for follow-up. In-person follow-up occurred only if

participants were asymptomatic, per Centers for Disease Control and Prevention guide-

lines. Outpatients and asymptomatic individuals completed their enrollment, data collec-

tion questionnaire, and first blood sample collection at an outpatient visit approximately 30

days after symptom onset (or positive test for asymptomatic individuals). All participants

subsequently were asked to return on day 60 and then on day 90 or 120 for follow-up.

The majority of samples collected from participants were from outpatient visits after

recovery. However, the first sample from PID 13, the first 3 from PID 23, and the first 6

from PID 25 were collected during their hospitalizations.

For some of the analyses shown in Figures 3.2 and 3.4, samples from individuals

were divided into 3 time points: approximately 30 days after symptom onset (or after

positive test for asymptomatic individuals; range, 22–48 days), approximately 60 days

after symptom onset or positive test (range, 55–79 days), and >90 days after symptom

onset or positive test (range, 94–152 days). Three individuals (PIDs 2C, 23, and 25) had

multiple samples in the first time range. For aggregated analyses that required samples be

divided into these 3 groups, we included only the sample closest to 30 days after symptom

onset for those individuals. No individuals had multiple samples collected approximately

60 days after symptom onset. One individual (PID 12C) had 2 samples collected>90 days

after symptom onset. For this individual, we included only the latest sample collected in
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aggregated analyses that required classification into groups. The numbers of samples

at each time point overall and for each disease severity classification are shown in Table

3.1. For analyses of fold change, we required individuals to have a sample collected at

the 30-day time point. The numbers of individuals included in the fold-change analyses

are also indicated in Table 3.1. This study was approved by the University of Washington

Human Subjects Institutional Review Board.

3.3.2 Laboratory Methods

Whole-blood samples were collected in acid citrate dextrose tubes and then spun down,

aliquoted, and frozen at −20°C within 6 hours of collection. Before use in this study,

plasma samples were heat inactivated at 56°C for 60 minutes and stored at 4°C. Some

samples from the early time points were stored at −80°C after heat inactivation and un-

derwent no more than 2 freeze-thaw cycles. Plasma samples were spun at 2000g for 15

minutes at 4°C immediately before use to pellet platelets.

3.3.3 Protein Expression and Purification

SARS-CoV-2 RBD and spike (S-2P trimer [157]) proteins were produced in mammalian

cells, as described elsewhere [157, 38, 156]. Proteins were purified from clarified su-

pernatants as described elsewhere [156]. Sodium dodecyl sulfate–polyacrylamide gel

electrophoresis was used to assess purity before flash freezing and storage at −80°C.

3.3.4 Abbott Architect

Testing of serum samples with the Abbott Architect SARS-CoV-2 immunoglobulin (Ig) G

assay was performed according to the manufacturer’s instructions for use and as de-

scribed elsewhere [16]. Index values associated with the Abbott test are chemilumines-
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Table 3.1: Demographic characteristics of study participants by disease severity

categories

Asymptomatic

(N=6)

Symptomatic

Non-hospitalized

(N=21)

Symptomatic

Hospitalized

(N=5)

Overall

(N=32)

Age

Median [Min, Max]

64 [24, 79] 43 [22, 76] 54 [31, 64] 45.5 [22, 79]

Sex:

Male 2 (33.3%) 9 (42.9%) 3 (60.0%) 14 (43.8%)

Female 4 (66.7%) 12 (57.1%) 2 (40.0%) 18 (56.3%)

Samples per

Participant

Median [Min, Max]

2 [2-3] 3 [2-3] 3 [2-8] 3 [2-8]

Samples at each time point {Included in fold-change analyses}:

≈30 days 4 {4} 20 {20} 4 {4} 28 {28}

≈60 days 6 {4} 18 {17} 3 {2} 27 {23}

>90 days 3 {1} 15 {14} 4 {3} 22 {18}

Days of Follow Upa

Median [Min, Max]

89 [60-131] 104 [58-152] 113 [76-121] 104 [58-152]

aDays between symptom onset date and collection date of last sample. For asymp-
tomatic individuals, test date - calculated as Wednesday of the week of RT-qPCR test
- was used in place of symptom onset date.
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cent signal values relative to a calibrator control and are broadly similar to optical density

values for an ELISA. An index value ≥1.40 is qualitatively reported as positive.

3.3.5 ELISAs

The IgG ELISAs for spike protein and RBD were conducted as described elsewhere [38],

and were based on a published protocol that recently received emergency use authoriza-

tion from New York State and the Food and Drug Administration (FDA) [3, 142]. Plasma

samples were diluted with 5 serial 3-fold dilutions in phosphate-buffered saline with 0.1%

Tween nonfat dry milk, starting at a 1:25 dilution. Each plate contained a negative con-

trol dilution series of pooled human serum samples collected in 2017–2018 (Gemini Bio-

sciences; nos. 100–110, lot H86W03J; pooled from 75 donors) and a CR3022 monoclonal

antibody positive control dilution series starting at 1 µg/mL.

IgA and IgM RBD ELISAs were performed as described elsewhere for IgG ELISAs [38],

with the following changes. The IgA secondary antibody was Peroxidase AffiniPure Goat

Anti-Human Serum IgA, α-chain specific (The Jackson Laboratory; no. 109-035-011), and

the IgM secondary antibody was goat Anti-Human IgM (µ-chain specific)-Peroxidase anti-

body (Sigma Aldrich; A6907); both were diluted 1:3000 in phosphate-buffered saline–Tween

containing 1% milk. For these ELISAs, plasma samples were analyzed at 6 serial 4-fold

dilutions, starting at a 1:25 dilution, again with each plate containing a negative control

dilution series (pooled human serum samples obtained in 2017–2018). The area under

the curve (AUC) was calculated as the area under the titration curve after putting the serial

dilutions on a log-scale.

3.3.6 Neutralization Assays

Neutralization assays were conducted using pseudotyped lentiviral particles, as described

elsewhere [32], with a few modifications. First, we used a spike protein with a cytoplas-
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mic tail truncation that removes the last 21 amino acids (spike ∆21). The map for this

plasmid, HDM-SARS2-Spike-delta21, is available at https://github.com/jbloomlab/

SARS-CoV-2_lentiviral_pseudotype/tree/master/plasmid_maps, and the plasmid is avail-

able from Addgene (plasmid no. 155130) or BEI Resources (NR-35742). We used a

spike protein with a C-terminal deletion because, since publication of our original pro-

tocol [32], other groups have reported that deleting the spike protein’s cytoplasmic tail

improves titers of spike-pseudotyped viruses [36, 20, 129, 113]. Indeed, we found that

the C-terminal deletion increased the titers of our pseudotyped lentiviral particles without

affecting neutralization sensitivity (Figure 2.4).

For our neutralization assays, we seeded black-walled, clear bottom, poly-L-lysine

coated 96-well plates (Greiner; no. 655936) with 1.25 × 104 293T-ACE2 (NR-52511)

cells per well in 50 µL of D10 medium (Dulbecco modified Eagle medium with 10% heat-

inactivated fetal bovine serum, 2 mmol/L L-glutamine, 100 U/mL penicillin, and 100 µg/mL

streptomycin) at 37ºC with 5% carbon dioxide. About 12 hours later, we diluted the plasma

samples in D10, starting with a 1:20 dilution followed by 6 or 11 serial 3-fold dilutions (11

dilutions were used for samples from individuals in whom we had previously measured

high neutralizing antibody responses; PIDs 13, 23, and 25). We then diluted the spike-

∆21 pseudotyped lentiviral particles 1:6 (1 mL of virus plus 5 mL of D10 per plate) and

added a volume of virus equal to the volume of plasma dilution to each well of the plasma

dilution plates. We incubated the virus and plasma for 1 hour at 37ºC and then added 100

µL of the virus-plus-plasma dilutions to the cells.

At 50–52 hours after infection, luciferase activity was measured using the Bright-Glo

Luciferase Assay System (Promega; E2610) as described elsewhere [32], except that lu-

ciferase activity was measured directly in the assay plates. Two “no-plasma” wells were

included in each row of the neutralization plate, and the fraction infectivity was calcu-

lated by dividing the luciferase readings from the wells with plasma by the average of

https://github.com/jbloomlab/SARS-CoV-2_lentiviral_pseudotype/tree/master/plasmid_maps
https://github.com/jbloomlab/SARS-CoV-2_lentiviral_pseudotype/tree/master/plasmid_maps
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the no-plasma wells in the same row. After calculating fraction infectivities, we used the

neutcurve Python package (https://jbloomlab.github.io/neutcurve/) to calculate the

plasma dilution that inhibited infection by 50% (IC50), fitting a Hill curve with the bottom

fixed at 0 and the top at 1. The NT50 for each plasma sample was calculated as the

reciprocal of the IC50. Individuals whose plasma was not sufficiently neutralizing to inter-

polate an IC50 using the Hill curve fit were assigned an NT50 of 20 (the limit of our dilution

series) for plotting (Figures 3.2A, 3.2C, and 3.4B) and for fold-change analyses (Figure

3.2B). Neutralization curves for all samples are provided in Figure A.2 in Appendix A.

All samples were assayed at least in duplicate. We analyzed all samples from the

same individual in the same batch of neutralization assays and on the same plate when

possible. Each batch of samples included a negative control of pooled serum samples

collected from 2017–2018 (Gemini Biosciences; nos. 100–110, lot H86W03J; pooled

from 75 donors), and 1 plasma sample known to be neutralizing (from PID 4C at the

30-day time point). These samples were used to confirm consistency between batches.

Results from SARS-CoV-2 spike-pseudotyped lentivirus neutralization assays have

been shown to correlate well with full virus SARS-CoV-2 neutralization assays [75, 147].

Nonetheless, in an effort to help standardize comparisons between neutralization assays,

we also performed our assay with a standard serum sample from the National Institute for

Biological Standards and Control (NIBSC) (Research Reagent for Anti-SARS-CoV-2 Ab;

NIBSC code 20/130). This sample had an NT50 of approximately 3050 (Figure A.1).

3.3.7 Data Availability

Raw data for each sample, including IC50, NT50, AUC, and relevant demographic data

(age, sex, disease severity, days after symptom onset) are available in Appendix A (Table

A.2). Clinical data were analyzed using R software, version 3.6.0 (2019).

https://jbloomlab.github.io/neutcurve/
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3.4 Results

3.4.1 Longitudinal Plasma Samples From a Cohort of SARS-CoV-2 Infected Individuals

We enrolled 32 individuals after RT-qPCR–confirmed SARS-CoV-2 infection, of whom

5 were symptomatic hospitalized, 21 were symptomatic nonhospitalized, and 6 were

asymptomatic (Tables 3.1 and A.1). This cohort included slightly more female than male

participants (56.3% female overall), with ages ranging from 22 to 79 years. The age and

sex distributions, overall and based on disease severity, are provided in Table 3.1. Four in-

dividuals had comorbid conditions. Information on participant race or ethnicity, symptoms,

comorbid conditions, and level of medical care required is provided in Table A.1.

At least 2 samples were collected from all individuals in this study (median, 3 samples)

with the last sample collected 58–152 days after symptom onset (median, 104 days). The

majority of individuals (22 of 32) had their last sample collected >90 days after symptom

onset.

3.4.2 Dynamics of Neutralizing Antibody Titers Over Time

We used spike-pseudotyped lentiviral particles [32] to measure neutralizing antibody titers

in the longitudinal plasma samples from all 32 infected individuals (Figure 3.2A). All indi-

viduals had detectable neutralizing antibody titers (NT50 >20) in their first convalescent

plasma sample, which was generally collected roughly 1 month after symptom onset.

These data are consistent with prior studies showing that most SARS-CoV-2–infected in-

dividuals develop neutralizing antibodies [137, 174, 146]. Qualitative inspection of Figure

3.2A shows that these titers modestly decreased for most individuals over the next few

months, although the dynamics were highly heterogeneous across individuals.

To quantify the dynamics of neutralizing antibody titers over time, we calculated the

fold change at approximately 60 and >90 days after symptom onset, relative to the ap-
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Figure 3.2: Change in neutralizing antibody titer over time. (A) Neutralizing antibody
titer at 50% inhibition (NT50) for each individual in the study, with facets colored according
to disease severity (see key below plot). Facet titles indicate sex (F, female; M, male), age,
and participant identifier (PID). Dashed blue line indicates the limit of detection for our
assay (NT50=20). (B) Fold change in NT50 compared with 30-day time point, including
only individuals with a neutralizing sample at day 30. P values were calculated using the
Wilcoxon signed rank test. (C) Distribution of NT50 values at the 3 time points, with box
plots colored by disease severity and the blue dashed line indicating the limit of detection
as in panel A. P values are indicated when there is a significant difference (P≤0.05)
between NT50 values for different disease severity categories at a time point and were
calculated using the Wilcoxon rank sum test.
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proximately 30-day time point, excluding any individuals who lacked a 30-day sample.

Taken across all individuals, neutralizing titers significantly declined from 30 to 60 days,

and again from 60 to 90 days (see legend to Figure 3.2B for details). At >90 days, the

median neutralizing titer was reduced 3.8-fold relative to the 30-day value (Figure 3.2B).

However, most individuals (27 of 32) still had detectable neutralizing titers at the last time

point.

We compared the dynamics of neutralizing antibody titers between individuals with

different disease severities (Figure 3.2C). Individuals with more severe disease tended

to have higher neutralizing antibody titers during early convalescence, consistent with

prior studies [137, 161, 133]. Specifically, at both approximately 30 and approximately 60

days after symptom onset, individuals who required hospitalization had significantly higher

neutralizing antibody titers than those who did not (Figure 3.2C). From approximately

30 to >90 days after symptom onset, the NT50 for symptomatic hospitalized individuals

decreased about 18-fold, significantly more than the approximately 3-fold decrease in the

NT50 for nonhospitalized individuals (P=0.03; Wilcoxon rank sum test) (Figure 3.3). By

>90 days after symptom onset, neutralization titers did not differ significantly between

disease severity groups (Figure 3.2C). At all time points, asymptomatic individuals had

neutralization titers similar to those of symptomatic nonhospitalized individuals.

3.4.3 Dynamics of Spike Protein-Binding and RBD-Binding Antibodies Over Time

For all plasma samples, we also used ELISAs to measure IgA, IgM, and IgG binding to the

RBD of the spike protein, and IgG binding to the full spike protein ectodomain [3]. Figure

3.4A shows each individual’s IgA, IgM, and IgG binding antibody titers as quantified by

the AUC of the ELISA readings (see Methods for detailed description). Like neutralizing

antibody titers, these antibody binding titers tended to decrease over time, although there

was substantial variation among individuals. All of the ELISA-measured antibody-binding
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p=0.03

Figure 3.3: Fold change in NT50 at each time point colored by disease severity.
There was only one asymptomatic individual with a 30-day time point and 90-day time
point, so this individual was included in the Non-Hospitalized group. As in Figure 1B,
only individuals with a sample at ∼30 days post-symptom onset are included. P value
calculated using the Wilcoxon rank-sum test.
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titers are clearly correlated with neutralizing antibody titers (Figure 3.4B).

Individuals with severe disease had higher antibody binding titers at early time points.

Specifically, individuals who were hospitalized as part of their care had higher IgG, IgA,

and IgM binding responses than asymptomatic or symptomatic nonhospitalized individ-

uals at approximately 30 days after symptom onset (Figure 3.4C). By approximately 60

days after symptom onset, anti-RBD IgM levels were no longer significantly different be-

tween severity groups, and by >90 days after symptom onset, binding responses did not

differ between severity groups for any antibody subtype. This trend is consistent with data

in Figure 3.2C showing that neutralizing antibody responses were higher for individuals

with more severe disease early during convalescence but reached similar levels across

all disease severity groups by >90 days after symptom onset. Among all patients, re-

gardless of disease severity, IgA and IgM levels decreased more than IgG levels from

approximately 30 to >90 days after symptom onset, consistent with findings of other stud-

ies [174, 72, 10, 171].

3.5 Discussion

We have measured the dynamics of neutralizing antibody titers over the first 3–4 months

after infection with SARS-CoV-2 in a well-characterized prospective longitudinal cohort

of individuals across a range of disease severity. The titers of neutralizing antibodies

declined modestly, with the titers at 3–4 months after symptom onset generally about 4-

fold lower than those at 1 month. This decline in neutralizing antibodies was paralleled

by a decline in antibodies binding to the viral spike protein and its RBD. This decline is

generally similar in magnitude to that reported in several other recent studies of antibody

dynamics in the months immediately after SARS-CoV-2 infection [137, 174, 10].

Individuals with more severe disease tended to have higher peak antibody responses

at 1–2 months after symptom onset, consistent with many other studies reporting higher
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Figure 3.4: Immunoglobulin (Ig) A, IgM, and IgG antibody binding titers over time.
(A) Longitudinal binding antibody titers for each individual as quantified by area under the
curve (AUC) of enzyme-linked immunosorbent assays (ELISAs). Facets are arranged by
maximal neutralizing antibody titer at 50% inhibition (NT50) from top left to bottom right,
as in Figure 3.2A. Dashed lines indicate the AUC value for the negative control sample
(2017–2018 serum sample pool) for each assay, colored by assay. Abbreviations: F, fe-
male; M, male; PID, participant identifier; RBD, receptor-binding domain. (B) Correlation
plots between AUC for each ELISA and neutralization titer (NT50) for all samples. Ver-
tical dashed line indicates the limit of detection for the neutralization assay; horizontal
dashed lines, the AUC values for the negative control sample (2017–2018 serum sample
pool) for each assay, colored based on the assay as in A. (C) For each antibody type mea-
sured, individuals who were symptomatic and required hospitalization as part of their care
had significantly higher antibody levels during the first 1–2 months after symptom onset.
*P≤0.05; **P≤0.01. P values were calculated using the Wilcoxon rank sum test. As in
A and B, the dashed line in each facet indicates the AUC value for the negative control
sample for each assay, colored by assay.
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early titers in severely ill SARS-CoV-2–infected individuals [137, 176, 161, 133]. However,

by 3–4 months after symptom onset, neutralizing antibody titers among individuals with

severe disease were no longer significantly higher than those of individuals with mild

symptoms or even asymptomatic infections. Therefore, it seems possible that the large

peak in antibody production in severely ill individuals wanes more dramatically than in

milder cases, consistent with severe disease often leading to an exaggerated burst of

short-lived antibody-secreting cells [83, 144].

Importantly, most individuals in our study still had substantial neutralizing antibody

titers at 3–4 months after symptom onset. While some recent studies have interpreted

a modest drop in titers in the first few months after infection as alarming, it is entirely

consistent with antibody responses to other respiratory viruses. Acute infection is always

associated with an initial peak in antibody titers due to a burst of short-lived antibody-

secreting cells [48]. For many other infections, titers decline from this initial peak but then

reach a stable plateau that is maintained for years or even decades by long-lived plasma

cells and memory B cells that can be recalled during subsequent infections [4, 160, 60,

26, 148, 17, 82, 6].

The modest declines in antibody titers that we observe over time do have implications

for efforts to collect convalescent patient plasma for use in treatment of sick individuals

[49]. FDA guidelines suggest minimum cutoffs for the antibody activity in such convales-

cent plasma (eg, NT50 >160; [133]). Our results suggest that plasma from convalescent

donors collected in the first few months after symptom onset will be more likely to meet

these cutoffs; others have made a similar observation [117]. In addition, our results indi-

cate that if an individual is donating convalescent plasma over time, each plasma sample

should be tested for antibody titers to ensure that they remain above the FDA cutoff.

The limitations of the current study include the small number of samples, particularly

in the asymptomatic and symptomatic hospitalized groups, and recruitment of partici-
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pants from a single study site, which potentially limits the generalizability of these results.

Furthermore, since symptom-onset date relies on individual recollections, it is difficult to

precisely match the timing of blood draws across all participants. In addition, we had

follow-up only to about 4 months after symptom onset, and we only measured plasma

antibody responses. Further studies over longer time frames and with direct interrogation

of plasma and memory B cells will be necessary to determine longer term durability of

immunity to SARS-CoV-2, as well as its relationship to protection against reinfection [1].

Despite these limitations, our study shows that titers of neutralizing and binding anti-

bodies targeting SARS-CoV-2 spike protein remain detectable in most individuals up to

>90 days after symptom onset. Although titers decline modestly from approximately 30

to >90 days after symptom onset, we found that the dynamics of the antibody response

to SARS-CoV-2 in the first several months after infection are consistent with what would

be expected from knowledge of other acute viral infections [160, 60, 26, 148, 68, 17].
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Chapter 4

ALIGNPARSE: A PYTHON PACKAGE FOR PARSING COMPLEX
FEATURES FROM HIGH-THROUGHPUT LONG-READ SEQUENCING

A version of this chapter has been previously published as:

Crawford KHD, Bloom JD. alignparse: A Python package for parsing complex features

from high-throughput long-read sequencing. J Open Source Softw. 2019;4(44):1915.

doi: 10.21105/joss.01915. Epub 2019 Dec 11.

4.1 Summary & Purpose

Advances in sequencing technology have made it possible to generate large numbers of

long, high-accuracy sequencing reads. For instance, the new PacBio Sequel platform can

generate hundreds of thousands of high-quality circular consensus sequences in a single

run [125, 65]. Good programs exist for aligning these reads for genome assembly [21, 93].

However, these long reads can also be used for other purposes, such as sequencing

PCR amplicons that contain various features of interest. For instance, PacBio circular

consensus sequences have been used to identify the mutations in influenza viruses in

single cells [130], or to link barcodes to gene mutants in deep mutational scanning [99].

For such applications, the alignment of the sequences to the targets may be fairly trivial,

but it is not trivial to then parse specific features of interest (such as mutations, unique

molecular identifiers, cell barcodes, and flanking sequences) from these alignments.

Here we describe alignparse, a Python package for parsing complex sets of features

from long sequences that map to known targets. Specifically, it allows the user to provide

https://jbloomlab.github.io/alignparse/
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complex target sequences in Genbank Flat File format that contain an arbitrary number of

user-defined sub-sequence features [134]. It then aligns the sequencing reads to these

targets and filters alignments based on whether the user-specified features are present

with the desired identities (which can be set to different thresholds for different features).

Finally, it parses out the sequences, mutations, and/or accuracy (sequence quality) of

these features as specified by the user. The flexibility of this package therefore fulfills the

need for a tool to extract and analyze complex sets of features in large numbers of long

sequencing reads.

4.2 Uses & Examples

Below are two example use cases of alignparse from our research. Code, data, and

example output are included in the alignparse documentation.

4.2.1 Sequencing deep mutational scanning libraries

In deep mutational scanning experiments, researchers use mutant libraries to assay the

effects of tens of thousands of individual mutations to a gene-of-interest in one experiment

[51]. One way to make deep mutational scanning of long gene variants work efficiently

with short-read Illumina sequencing is to link the mutations in each variant to a unique

molecular barcode [67]. This barcode linking can be done by long-read PacBio sequenc-

ing of the variant library [99], but it is then necessary to parse the resulting long reads to

associate the barcode with the mutations in the variant.

The alignparse package provides a standard tool for parsing barcodes and linked mu-

tations from the long-read sequencing data. It also allows for the parsing of additional

sequence features necessary for validating the quality of deep mutational scanning li-

braries, such as the presence of terminal sequences or other identifying tags. The RecA

deep mutational scanning library example demonstrates this use.

https://jbloomlab.github.io/alignparse/recA_DMS.html
https://jbloomlab.github.io/alignparse/recA_DMS.html
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4.2.2 Single-cell viral sequencing

Some viral genomes are sufficiently small to be sequenced in their entirety using long-

read sequencing technology. Recent work has shown that such long-read sequencing of

viral genes can be combined with standard single-cell transcriptomic technologies (such

as 10x Chromium) to simultaneously sequence the infecting virus and characterize the

transcriptome in single infected cells [130]. Such experiments require parsing the long-

read viral sequences to identify viral mutations as well as cell barcodes, unique molec-

ular identifiers, and other flanking sequences. The single-cell virus sequencing example

shows how such parsing can readily be performed using alignparse.

4.3 How alignparse works

alignparse takes the following inputs:

1. One or more user-defined Genbank files containing the sequence of one or more

alignment targets with an arbitrary number of user-defined features. These Genbank

files can be readily generated using sequence editing programs, such as ApE or

Benchling.

2. A YAML file containing parsing specifications for each feature. These specifications

include filters indicating the maximal allowed mutations in each feature, as well as

information on what output should be parsed for each feature (e.g., its sequence, its

mutations, or simply if it is present).

3. A FASTQ file containing the long-read sequencing data. This file can be gzipped.

There is no need to decompress gzipped FASTQ files first.

These inputs are used to define a Targets object. alignparse then uses this Targets

https://jbloomlab.github.io/alignparse/flu_virus_seq_example.html
https://jbloomlab.github.io/alignparse/alignparse.targets.html#alignparse.targets.Targets
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object to create sequence alignments and parse sequence features defined in the input

Genbank and YAML files.

alignparse aligns sequencing reads to the targets using minimap2. The alignparse.minimap2

submodule provides alignment specifications optimized for the two example use cases de-

scribed above. alignparse uses the cs tags generated by minimap2 to extract the relevant

features from the alignments into intuitive data frames or CSV files.

We expect most users to align sequences and parse features in a single step using the

alignparse.targets.Targets.align and parse function. However, these aligning and parsing

steps can be carried out separately, as seen in the Lassa virus glycoprotein example.

Indeed, the alignparse.targets.Targets.parse alignment function should be able to parse

features from any alignment file (in SAM format) as long as the alignments have cs tags

and a corresponding Targets object has been defined that identifies the targets to which

the query sequences were aligned and specifies the features to parse and filters to use.

Downstream analyses of parsed features are facilitated by the alignparse.consensus

submodule. This submodule provides tools for grouping reads by shared barcodes, deter-

mining consensus sequences for barcoded reads, and further processing mutation infor-

mation for downstream analyses. Since the main outputs from alignparse are in intuitive

data frame formats, downstream analyses can be highly customized by the user. Thus,

alignparse provides a flexible and useful tool for parsing complex sets of features from

high-throughput long-read sequencing of pre-defined targets.

4.4 Code Availability

The alignparse source code is on GitHub at https://github.com/jbloomlab/alignparse

and the documentation is at https://jbloomlab.github.io/alignparse.

https://github.com/lh3/minimap2
https://jbloomlab.github.io/alignparse/alignparse.minimap2.html
https://lh3.github.io/minimap2/minimap2.html#10
https://jbloomlab.github.io/alignparse/alignparse.targets.html#alignparse.targets.Targets.align_and_parse
https://jbloomlab.github.io/alignparse/alignparse.targets.html#alignparse.targets.Targets.align_and_parse
https://jbloomlab.github.io/alignparse/lasv_pilot.html
https://jbloomlab.github.io/alignparse/alignparse.targets.html#alignparse.targets.Targets.parse_alignment
https://jbloomlab.github.io/alignparse/alignparse.consensus.html
https://github.com/jbloomlab/alignparse
https://jbloomlab.github.io/alignparse
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Chapter 5

CONCLUSIONS

The emergence of SARS-CoV-2 in late 2019 challenged the scientific community to

learn as much as possible, as quickly as possible about this novel coronavirus. An im-

portant aspect of addressing this challenge was the development of easy-to-use, scalable

tools to study SARS-CoV-2 and, in particular, its viral entry protein, spike.

This research effort was a global undertaking of which the pseudotyped lentivirus-

based system described in Chapter 2 was one small part. The reagents and protocol

described in Chapter 2 were shared with scientists around the world within weeks of the

protocol being developed. The wide-spread use of this and similar systems further high-

lights the important role pseudotyped viral particles play in advancing our understanding

of emerging viruses.

The work described at the end of Chapter 2 and throughout Chapter 3 highlights sev-

eral important uses of spike-pseudotyped lentiviral particles. The results of Chapter 3

contributed to our early understanding of how neutralizing antibody titers to SARS-CoV-2

change in the first several months post symptom onset. At the time of the study in July

2020, our cohort included samples from individuals with some of the longest follow-up

published at the time. I remain grateful to the individuals who participated in the study for

facilitating this early research into the neutralizing antibody response to SARS-CoV-2.

In the months since conducting the experiments described in Chapter 3, additional

studies have confirmed the main findings. Levels of SARS-CoV-2 neutralizing antibod-

ies do decline a few fold in the months following infection, but most individuals continue

to have detectable neutralizing antibody titers several months post infection, with recent
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studies showing a sustained antibody response at least 6 months post infection [53, 171].

Our finding that individuals with more severe disease have higher initial antibody titers

against SARS-CoV-2 spike has also continued to be seen by many groups [152, 161].

However, whether individuals with severe disease maintain higher titers than individuals

with mild, moderate, or asymptomatic disease overtime remains a little less certain. We

found that although individuals with severe disease had significantly higher neutralizing

antibody titers at early time points, by >90 days post symptom onset this trend was no

longer significant. Other groups have found that IgG antibodies that bind to spike or RBD

remain elevated in individuals with more severe disease, even at >4 months post symp-

tom onset [53, 116]. However, as we found, this trend is not always statistically significant

for measurements of neutralizing antibodies at later time points [116]. Nonetheless, dis-

ease severity does seem to correlate with anti-spike antibody levels and, regardless of

disease severity, most individuals will maintain detectable neutralizing antibody titers for

many months following infection with SARS-CoV-2.

More than one year after the beginning of the COVID-19 pandemic, it feels like we

can now take for granted the fact that the neutralizing antibody response to SARS-CoV-2

generally resembles that of other respiratory viruses, but going into the summer of 2020,

that was uncertain. We should continue to monitor the neutralizing antibody response

to SARS-CoV-2 as individuals get further out from infection and/or vaccination. Almost

one year after my initial study, it remains encouraging, but not surprising, that scientists

continue to detect SARS-CoV-2 neutralizing antibodies in most individuals many months

after infection [53].

Now, in the summer of 2021, research into SARS-CoV-2 neutralizing antibodies is

focused on whether mutations to spike can evade a previously infected individual’s neu-

tralizing antibody response. With several SARS-CoV-2 variants increasing in frequency

[86], the main question is not if an individual will have neutralizing antibodies several
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months after infection with SARS-CoV-2, but whether those antibodies can still neutralize

circulating viruses that have mutations in spike [121]. Recent studies indicate that neu-

tralizing antibodies from individuals previously infected with SARS-CoV-2 are somewhat

less effective at neutralizing some of the currently circulating variants, such as B.1.351,

but serum from most individuals still has detectable neutralizing antibodies against tested

variants six months post infection [11].

Spike-pseudotyped lentiviral particles can easily be produced with different spike se-

quences. Research into the effects of mutations to spike on neutralizing antibodies has

taken advantage of this to measure the neutralizing antibody response not only to cur-

rently circulating variants, but also to other combinations of spike mutations [55, 84].

These studies are important for the continued assessment of an individual’s vaccine-

or infection-elicited neutralizing antibody response, especially as the virus continues to

change.

Below I discuss current progress and future directions using the flexibility of a pseu-

dotyped lentiviral system can be used to profile mutations to viral entry proteins from

emerging viruses—such as SARS-CoV2 spike or Lassa virus glycoprotein (LASV GP)—at

high-throughput using deep mutational scanning.

5.1 Viral entry protein deep mutational scanning moving forward

A generalizable and high-throughput platform for assessing the effects of mutations to

viral entry proteins from emerging viruses is necessary to fully understand the functional

and antigenic effects of mutations to these important proteins, which include SARS-CoV-2

spike or LASV GP. Based in part on the pseudotyped lentivirus work discussed in the pre-

ceding chapters, I have helped develop a platform to conduct deep mutational scanning

experiments on viral entry proteins using pseudotyped lentiviral particles. Establishing

this system required optimizing several molecular engineering steps, which I will not dis-



83

cuss in detail, but which are shown in Figure 5.1. Importantly, this lentiviral vector system

removes the need to optimize a separate reverse genetics system for every viral entry pro-

tein we wish to study. Furthermore, since pseudotyped lentiviruses can be safely grown

under biosafety level 2 conditions [2], these experiments enable the study of viral entry

proteins from emerging viruses that usually require high biosafety level containment.

This platform makes it possible to prospectively characterize the effects of mutations

to viral entry proteins from numerous emerging viruses. This information will both in-

crease our scientific understanding of these viruses and improve the speed with which

we can identify mutants that mediate escape from potential therapeutics. This has proven

exceedingly useful for the current SARS-CoV-2 pandemic [143, 57, 55, 56], and will cer-

tainly prove only more useful in a system that can measure the effects of mutations on

viral entry protein function, not just binding.

Other members of the Bloom lab have now taken the lead in applying this pseudotyped

lentivirus deep mutational scanning system to SARS-CoV-2 spike. I have instead focused

on applying this system to the deep mutational scanning of LASV GP. This work is ongoing

and I will briefly introduce my current progress and next steps below.

5.1.1 Lassa virus glycoprotein deep mutational scanning

Lassa virus is an Old World arenavirus that is endemic in West Africa and causes Lassa

fever—a viral hemorrhagic fever that causes several hundred thousand cases and thou-

sands of deaths annually [131]. Most human infections with Lassa virus are the result

of zoonotic spillover from a rodent reservoir [107]. Lassa virus is considered a prior-

ity pathogen by the WHO and Center for Epidemic Preparedness Innovations [15, 112].

There are currently no approved targeted treatments, but antibody therapeutics are being

developed [104]. LASV GP deep mutational scanning will help improve our understanding

of how mutations to LASV GP affect entry into human cells and allow us to readily identify
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Integrated viral entry protein 
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Mutant virus library

Lentiviral 
genes

+ doxycycline

Mutated viral entry protein on
barcoded lentiviral backbones

Figure 5.1: Generation of viral entry protein deep mutational scanning libraries us-
ing pseudotyped lentiviral particles. The generation of pseudotyped lentivirus deep
mutational scanning libraries starts with generating mutant viral entry protein plasmid li-
braries using a PCR mutagenesis technique commonly used in the Bloom lab [41, 61].
Importantly, these viral entry protein mutants are cloned into plasmids (i.e. ”lentiviral
backbones”) such that they can be packaged into lentiviral particles. These plasmids
have been further engineered to include barcodes, include full-length 5’ and 3’ lentiviral
long terminal repeats (necessary to recover virus from transduced cells), express the viral
entry protein from a doxycycline-inducible promoter, and constitutively express a green
fluorescent protein (ZsGreen). Transfecting HEK-293Ts (293Ts) with the mutant viral en-
try protein plasmids, lentiviral helper plasmids (encoding Gag/Pol, Tat, and Rev), and a
plasmid expressing VSV G produces pseudotyped lentiviral particles that can infect target
cells without relying on the viral entry protein of interest. These lentiviral particles can then
be used to infect 293T-rtTA cells—293Ts that express a reverse tetracycline transactivator
(rtTA)—at a low MOI (<0.02). Infected cells should largely be infected by a single virion
and contain one genome-integrated viral entry protein sequence. These cells can then be
sorted based on the expression of ZsGreen. Sorted cells should each encode a different
viral entry protein variant that can be expressed by the addition of doxycycline thanks to
the rtTA protein in the transduced cells. These cells can then be expanded and trans-
fected with the required lentiviral helper plasmids to produce pseudotyped lentivirus viral
libraries with a genotype-phenotype link. Once mutant virus libraries are generated, they
can be used in typical deep mutational scanning selection experiment workflows, such as
those previously used for influenza HA or HIV Env [41, 42, 87, 61, 39, 37].
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mutations that could affect neutralization by the therapeutic antibodies being developed.

Currently, I am in the process of finishing selection experiments with initial LASV

GP-pseudotyped lentivirus deep mutational scanning libraries using the GP sequence

from the prototypical Lassa virus strain, Josiah. I have finished growing the LASV GP-

pseudotyped mutant viruses libraries, have completed PacBio long-read sequencing of

all variants in the library, and have linked barcodes with their associated mutations using

the alignparse package described in Chapter 4. I have biological replicate libraries, one

with ≈40,000 LASV GP variants and the other with ≈50,000 variants. In total, these li-

braries include >99% of all possible single amino acid mutations to LASV GP, with >80%

of those mutations present at least once as the only mutation in the gene. While further

optimizations to library production—such as sorting more cells with integrated viral en-

try protein variants—could improve library diversity, these libraries are sufficient for initial

functional and antibody escape selections. I am currently conducting these selection ex-

periments by infecting 293Ts with these LASV GP-pseudotyped lentivirus libraries both

with and without neutralizing antibodies. I am conducting initial antibody selections with

8.9F, an antibody that potently neutralizes LASV in non-human primate and cell culture

models [104]. A LASV GP mutation (Y150D) has also already been identified as escap-

ing neutralization by 8.9F [104]. This will provide a good starting point for validating my

results.

I look forward to completing functional and antigenic selections with my LASV GP deep

mutational scanning libraries as a proof-of-principle for the use of pseudotyped lentiviral

particles for viral entry protein deep mutational scanning. I think the full potential of viral

entry protein deep mutational scanning is only beginning to be realized. A pseudotyped

lentivirus-based viral entry protein deep mutational scanning platform, such as the one

I have contributed to throughout my PhD, will greatly facilitate the application of deep

mutational scanning to viral entry proteins from difficult-to-work-with—or even currently
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unknown—viruses that could lead to future pandemics. The information gained from such

experiments will facilitate our understanding of these important viruses, aid in developing

effective viral therapeutics or vaccines, and help us respond rapidly to future viral threats.
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[108] Luigi Naldini, Ulrike Blömer, Philippe Gallay, Daniel Ory, Richard Mulligan, Fred H
Gage, Inder M Verma, and Didier Trono. In vivo gene delivery and stable transduc-
tion of nondividing cells by a lentiviral vector. Science, 272(5259):263–267, 1996.

[109] Jianhui Nie, Qianqian Li, Jiajing Wu, Chenyan Zhao, Huan Hao, Huan Liu, Li Zhang,
Lingling Nie, Haiyang Qin, Meng Wang, et al. Establishment and validation of a
pseudovirus neutralization assay for sars-cov-2. Emerging microbes & infections,
9(1):680–686, 2020.

[110] Jianhui Nie, Xiaohong Wu, Jian Ma, Shouchun Cao, Weijin Huang, Qiang Liu,
Xuguang Li, Yuhua Li, and Youchun Wang. Development of in vitro and in vivo
rabies virus neutralization assays based on a high-titer pseudovirus system. Scien-
tific reports, 7(1):1–12, 2017.

[111] Nisreen MA Okba, Marcel A Müller, Wentao Li, Chunyan Wang, Corine H
GeurtsvanKessel, Victor M Corman, Mart M Lamers, Reina S Sikkema, Erwin
de Bruin, Felicity D Chandler, et al. Severe acute respiratory syndrome coronavirus



100

2- specific antibody responses in coronavirus disease patients. Emerging infectious
diseases, 26(7):1478–1488, 2020.

[112] World Health Organization et al. Annual review of diseases prioritized under the
research and development blueprint. In Workshop on Prioritization of Pathogens,
2018.

[113] Xiuyuan Ou, Yan Liu, Xiaobo Lei, Pei Li, Dan Mi, Lili Ren, Li Guo, Ruixuan Guo,
Ting Chen, Jiaxin Hu, et al. Characterization of spike glycoprotein of sars-cov-2 on
virus entry and its immune cross-reactivity with sars-cov. Nature communications,
11(1):1–12, 2020.

[114] Kathleen A Page, NATHANIEL R Landau, and DR Littman. Construction and use
of a human immunodeficiency virus vector for analysis of virus infectivity. Journal
of virology, 64(11):5270–5276, 1990.

[115] Jesper Pallesen, Nianshuang Wang, Kizzmekia S Corbett, Daniel Wrapp, Robert N
Kirchdoerfer, Hannah L Turner, Christopher A Cottrell, Michelle M Becker, Lingshu
Wang, Wei Shi, et al. Immunogenicity and structures of a rationally designed pre-
fusion mers-cov spike antigen. Proceedings of the National Academy of Sciences,
114(35):E7348–E7357, 2017.

[116] Michael J Peluso, Saki Takahashi, Jill Hakim, J Daniel Kelly, Leonel Torres, Nikita S
Iyer, Keirstinne Turcios, Owen Janson, Sadie E Munter, Cassandra Thanh, et al.
Sars-cov-2 antibody magnitude and detectability are driven by disease severity, tim-
ing, and assay. medRxiv, 2021.

[117] Josée Perreault, Tony Tremblay, Marie-Josée Fournier, Mathieu Drouin, Guillaume
Beaudoin-Bussières, Jérémie Prévost, Antoine Lewin, Philippe Bégin, Andrés Finzi,
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Appendix A

SUPPLEMENTARY FILES FOR CHAPTER 3

This appendix contains the supplementary data for Chapter 3.
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Figure A.1: Neutralization curve for NIBSC standard reference serum (product num-
ber 20/130). The NT50 for this sample was calculated to be ≈3050.
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Figure A.2: Neutralization curves for each participant. For each participant, each
sample is a different color with the legend specifying how many days post symptom onset
each sample was collected.



111

dilution
0.00

0.25

0.50

0.75

1.00

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 43.0 yrs. old (PID: 18C)
35
104

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 48.0 yrs. old (PID: 4C)
31
63

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 37.0 yrs. old (PID: 9C)
41
107

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 47.0 yrs. old (PID: 3C)
27
72
105

dilution
0.00

0.25

0.50

0.75

1.00

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 35.0 yrs. old (PID: 1C)
26
61
113

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 31.0 yrs. old (PID: 25)
8
10
12
15
18
22
45
94

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 56.0 yrs. old (PID: 11C)
26
55
97

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 65.0 yrs. old (PID: 7C)
29
71
103

dilution
0.00

0.25

0.50

0.75

1.00

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 64.0 yrs. old (PID: 6C)
33
76

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 54.0 yrs. old (PID: 13)
15
65
121

dilution
fra

ct
io

n 
in

fe
ct

iv
ity

Male, 56.0 yrs. old (PID: 23)
19
21
24
45
120

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 76.0 yrs. old (PID: 24C)
32
68
104

dilution
0.00

0.25

0.50

0.75

1.00

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 65.0 yrs. old (PID: 22C)
28
66
104

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 23.0 yrs. old (PID: 13C)
32
74
110

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 26.0 yrs. old (PID: 26C)
28
64

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 30.0 yrs. old (PID: 20C)
34
62

dilution
0.00

0.25

0.50

0.75

1.00

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 36.0 yrs. old (PID: 21C)
26
58

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 22.0 yrs. old (PID: 8C)
29
74

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 31.0 yrs. old (PID: 10C)
31
67

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 52.0 yrs. old (PID: 25C)
48
77
115

dilution
0.00

0.25

0.50

0.75

1.00

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 68.0 yrs. old (PID: 117C)
35
68
99

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 60.0 yrs. old (PID: 200C)
32
60

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 79.0 yrs. old (PID: 113C)
62
120

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 38.0 yrs. old (PID: 153C)
28
64

dilution
0.00

0.25

0.50

0.75

1.00

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 24.0 yrs. old (PID: 72C)
48
79

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 71.0 yrs. old (PID: 103C)
61
131

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 29.0 yrs. old (PID: 17C)
32
67
109

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 28.0 yrs. old (PID: 15C)
34
67
130

10 5 10 4 10 3 10 2 10 1

dilution

0.00

0.25

0.50

0.75

1.00

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 68.0 yrs. old (PID: 12C)
61
91
152

10 5 10 4 10 3 10 2 10 1

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 65.0 yrs. old (PID: 23C)
26
64
102

10 5 10 4 10 3 10 2 10 1

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Female, 43.0 yrs. old (PID: 5C)
31
60
129

10 5 10 4 10 3 10 2 10 1

dilution

fra
ct

io
n 

in
fe

ct
iv

ity

Male, 44.0 yrs. old (PID: 2C)
22
48
139



112

Table A.1: Additional demographic and medical data

Asymptomatic

(N=6)

Symptomatic

Non-hospitalized

(N=21)

Symptomatic

Hospitalized

(N=5)

Overall

(N=32)

Race

AIAN 1 (16.7%) 0 (0%) 0 (0%) 1 (3.1%)

White 5 (83.3%) 20 (95.2%) 1 (20.0%) 26

(81.2%)

Asian 0 (0%) 1 (4.8%) 3 (60.0%) 4 (12.5%)

Black 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Multiple Races 0 (0%) 0 (0%) 1 (20.0%) 1 (3.1%)

Hispanic 0 (0%) 1 (4.8%) 0 (0%) 1 (3.1%)

Smoking

Nonsmoker 5 (83.3%) 19 (90.5%) 5 (100%) 29

(90.6%)

Tobacco use 1 (16.7%) 2 (9.5%) 0 (0%) 3 (9.4%)

Electronic

cigarettes/vapor

pen use

0 (0%) 1 (4.8%) 0 (0%) 1 (3.1%)

Comorbiditiesa

No comorbidities 6 (100%) 19 (90.5%) 3 (60.0%) 28

(87.5%)

Asthma 0 (0%) 0 (0%) 1 (20.0%) 1 (2.9%)

Hypertension 0 (0%) 2 (9.5%) 1 (20.0%) 3 (9.4%)
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Diabetes 0 (0%) 0 (0%) 1 (20.0%) 1 (3.1%)

COPD/emphysema 0 (0%) 0 (0%) 1 (20.0%) 1 (3.1%)

Cancer 0 (0%) 0 (0%) 1 (20.0%) 1 (3.1%)

Obstructive Sleep

Apnoea

0 (0%) 0 (0%) 1 (20.0%) 1 (3.1%)

Common Symptomsa

Chills or shivering 0 (0%) 13 (61.9%) 5 (100%) 18

(56.2%)

Cough 0 (0%) 15 (71.4%) 5 (100%) 20

(62.5%)

Diarrhea 0 (0%) 6 (28.6%) 1 (20.0%) 7 (21.9%)

Ear pain or ear dis-

charge

0 (0%) 0 (0%) 0 (0%) 0 (0%)

Fatigue 0 (0%) 16 (76.2%) 1 (20.0%) 17

(53.1%)

Feeling feverish 0 (0%) 13 (61.9%) 5 (100%) 18

(56.2%)

Increased trouble

breathing

0 (0%) 4 (19.0%) 5 (100%) 9 (28.1%)

Loss of sense of

taste or smell

0 (0%) 7 (33.3%) 0 (0%) 7 (21.9%)

Muscle or body

aches

0 (0%) 13 (61.9%) 2 (40.0%) 15

(46.9%)

Nausea or vomiting 0 (0%) 3 (14.3%) 2 (40.0%) 5 (15.6%)

Rash 0 (0%) 1 (4.8%) 0 (0%) 1 (3.1%)
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Runny or stuffy

nose

0 (0%) 12 (57.1%) 1 (20.0%) 13

(40.6%)

Sore throat or

itchy/scratchy

throat

0 (0%) 9 (42.9%) 0 (0%) 9 (28.1%)

Sweats 0 (0%) 13 (61.9%) 4 (80.0%) 17

(53.1%)

Highest Level of Medical Treatment Received

Outpatient - Testing

Only

5 (83.3%) 13 (61.9%) 0 (0%) 18

(56.2%)

Outpatient - Saw

Providerb
1 (16.7%) 8 (38.1%) 0 (0%) 9 (28.1%)

Inpatient (General

Floor)

0 (0%) 0 (0%) 2 (40.0%) 2 (6.2%)

Inpatient (ICU) 0 (0%) 0 (0%) 3 (60.0%) 3 (9.4%)

Highest Level of Respiratory Support

None 6 (100%) 21 (100%) 0 (0%) 29

(85.3%)

Nasal cannula 0 (0%) 0 (0%) 1 (20.0%) 1 (2.9%)

High-flow O2 or

non-rebreather

0 (0%) 0 (0%) 1 (20.0%) 1 (2.9%)

Non-invasive venti-

lation (BiPAP)

0 (0%) 0 (0%) 1 (20.0%) 1 (2.9%)

Mechanical ventila-

tion

0 (0%) 0 (0%) 2 (40.0%) 2 (5.9%)
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Duration of mechanical ventilation (days) (N=2)

Median [Min, Max] NA [NA, NA] NA [NA, NA] 11.5 [6.00,

17.0]

11.5

[6.00,

17.0]
aCategories not mutually exclusive
bIncludes Primary care physician, Urgent care, Emergency Department
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