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ABSTRACT

B cell immunodominance 1s defined as the hierarchical antibody response to distinct
antigenic proteins found in pathogens. Various factors shape the preference of antibody
targeting to certain viral epitopes over others, including preexisting immunity, age, sex, and
disease severity. Our understanding of human antibody immunodominance to conserved
antigenic sites of viruses 1s lmited, despite 1ts importance for developing universal vaccines
that protect against pandemic-threat viruses such as influenza and SARS-CoV-2. The ability
of these viruses to rapidly mutate, re-circulate seasonally, and pose the threat of future deadly
pandemics necessitates a better understanding of human antibody immunodominance to
conserved and protective antigenic sites. In this work, we utilized monoclonal antibody
(mAb) technology, single-cell RNA sequencing approaches, and in vivo infection challenge
studies to dissect human antibody immunodominance and protective responses to influenza
and SARS-CoV-2 viruses. We reveal that natural infection induces a considerable antibody
response to non-neutralizing viral targets, shaped by factors such as age, preexisting
mmmunity, and disease severity. This work has mmplications for epitope-guided universal
vaccine design for two distinct viruses, one century-old and the other completely novel.
Finally, our study stresses the importance of considering host-intrinsic factors such as

preexisting immunity and age n the design of next generation vaccination strategies.
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CHAPTER 1
INTRODUCTION

1.1  Human antibody responses to viruses

Antibodies serve as a critical arsenal against viral infection. Antibodies simultaneously
alert the immune system to the presence of mvading pathogens and directly interfere with
viral entry into host cells. In mdividuals who are capable of mounting successful immune
responses, anti-viral antibodies can provide highly specific and long-lasting protection from
future viral msults. Our understanding of antibodies and their ability to protect agamnst
pathogens has been continually evolving and improving since the late 1800s, when 1t was first
discovered that serum from infected animals could be used to prevent infection mn other
animals(7).

Despite a long history of technological and intellectual advances in antibody and
vaccine science, effective vaccines for persistent viral threats such as influenza virus are still
needed. Recently, the emergence of pandemic coronavirus SARS-CoV-2 and recent variants
that escape vaccine-mediated mmmunity have further emphasized the mmportance of
mvestigating barriers to protective humoral immunity. In order to understand challenges
facing the development of effective anti-viral vaccines and therapeutics against influenza virus
and SARS-CoV-2, one must first understand factors that shape the generation of B cell

responses to complex pathogens.

1.1.1 Generation of antigen-specific B cell memory

One of the hallmarks of our immune system 1s the ability to generate long-lived
pathogen-specific memory cells, including memory B cells (MBC) and plasma cells (PC). In
essence, memory cells formed upon infection or vaccination should provide protection from
future infection with the same pathogen. The success of vaccine platforms 1s dependent on

the generation of durable memory cells with high affinity and neutralizing activity against



pathogens. As a result, understanding the generation and maintenance of B cell memory 1s
a key area of focus for the vaccine research community.

MBCs, PCs, and short-lived antibody secreting cells (ASC) with high specificity for
pathogens are the product of antigen activation and athinity maturation in the germinal center
(GC; Figure 1.1)(9. The GC 1s a specialized microanatomical structure that forms in
secondary lymphoid tissues upon infection or vaccination. It 1s divided into two distinct
compartments: the dark zone, which 1s the site of B cell proliferaion and somatic
hypermutation (SHM), and the light zone, where B cells capture antigen presented on
follicular dendritic cells (FDC) for presentation to T follicular helper cells (Tw) in order to
undergo selection. The process of SHM allows B cells to generate mutations in their variable
heavy and light chain genes, producing high affinity B cell receptors (BCR) specific to the
pathogen in question. Only B cells with sufficient athinity will be selected to exit the GC as
MBCs, PCs, or ASCs.

Mantle zone

o Clonal
o expansion ' ) /‘ Plasma cell
. )/

Light zone

Figure 1.1. The germinal center reaction. Antigen-activated naive B cells initiate the germinal center (GC) reaction,
where they differentiate into centroblasts and undergo clonal expansion and somatic hypermutation (SHM) in the dark
zone. The process of SHM increases antibody affinity for antigen by introducing base-pair changes into the variable
region of the immunoglobulin heavy and light chain genes. Centroblasts then differentiate into centrocytes and move to
the light zone, where the modified antigen receptor is tested for affinity with help from T follicular helper (Tw) cells and
follicular dendritic cells (FDC). B cells bearing low affinity or autoreactive receptors undergo apoptosis. B cells then
continue to undergo iterative rounds of SHM in the dark zone and selection in the light zone, whereby the highest affinity
contenders can then exit the GC as memory B cells or plasma cells. Within the light zone, a subset of B cells can undergo
class-switch recombination (CSR) to generate receptor isotypes that can interact with immune cells in different
mflammatory contexts. Created with BioRender.com.



The decision of a GC B cell to commut to the MBC, PC, or ASC fate 1s contingent
upon multiple factors: precursor affinity, transcription factor expression, strength of
mteraction with T, and immunoglobulin (Ig) isotype(&). Well-appreciated in the field, newly
activated B cells with high afhinity for pathogen are poised to differentiate into short-lived
extrafollicular ASCs(4). Similarly, preexisting high affinity MBCs can rapidly differentiate
mto ASCs upon pathogen re-encounter, mmdependent of GC re-entry. B cells with lower
affinity are more prone to differentiate into MBCs, and high affinity B cells in the GC often
differentiate into ASCs or PCs(J, 6).

The characterization of transcription factors governing distinct MBC subsets in
humans has not been completely elucidated, and much of what 1s understood regarding B
cell subset 1dentity 1s derived from studies i mice. However, previous work has defined
putative transcriptional regulators of MBC fate, including CD27, ZBTB32, KLLF2, ABF-1,
STATS, BACH2, and POU2AF1(/-15). Master transcription factors that regulate PC fate
are clearer, including IRF4, Blimp-1, and CD38 (£, 16, 17). It is also well-established that Ig
1sotype can regulate the MBC versus PC fate. B cells that have class-switched to IgG, IgE, or
IgA are more likely to differentiate to PCs than MBCs, and distinct subsets of somatically
mutated IgM MBCs also exist in humans(/8-24). Finally, high affimity B cells display
enhanced endocytosis and presentation of antigen, resulting m stronger and longer
mteractions with T, This ulimately leads to an increase in IRF4 expression and generation
of PC precursors over the MBC fate(£9).

In summary, MBCs, PCs, and ASCs are highly specialized to provide protective re-
call responses to previously encountered pathogens and are thus key to the success of
vacciation platforms. Much remains to be discovered regarding the generation of protective
B cell subsets to distinct pathogens mm humans, and how diverse antigen-specific BCR
repertoires can protect against infection. The studies on B cell responses to SARS-CoV-2
mfection herein provide a unique opportunity to gain msight into these 1ssues, as we delineate

B cell subsets induced by a completely novel viral infection in humans.
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1.1.2 B cell immunodominance to viruses

The generation of the antigen-specific BCR repertoire 1s a highly efficient process; yet
1s limited by various factors shaping B cell immunodominance. Immunodominance
describes the hierarchical landscape of viral epitopes that can be preferentially targeted by
antibodies, and 1s shaped by antigen accessibility, precursor frequency, preexisting immunity,
genetics, microbiome, and age (Figure 1.2)(£6). Understanding B cell immunodominance to
pathogens that pose a significant global health threat, including influenza and SARS-CoV-2
virus, 1s critical for designing vaccines that induce antibody responses to evolutionarily

conserved and protective antigenic sites.

C.
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Figure 1.2. Proposed factors shaping B cell immunodominance to viruses. Inmunodominant phenotypes are shown in
green and subdominant phenotypes are shown in gray. (A) Immunodominance is favored by accessibility of surface-
exposed viral epitopes, and unfavored when viral epitopes are sterically inaccessible (i.e.; membrane-embedded). (B)
Immunodominance is favored by high naive B cell precursor frequency and affinity, which allows for selective activation
and increased antigen presentation to T follicular helper cells to obtain maximal help. Precursor frequency itself can be
shaped by various factors, including preexisting immunity and individual variation in B cell repertoire. (C) Lastly,
immunodominance can be shaped by other factors such as age, microbiome, and genetics. Created with BioRender.com.

For rapidly evolving pathogens such as influenza virus, antigenically variable viral
epitopes on major surface glycoproteins are typically the most immunodominant targets of
antibodies. This 1s largely owed to their surface accessibility, a major prerequisite for effective
antibody targeting. Unfortunately, these epitopes are under constant immune pressure to
rapidly mutate and escape host immunity, resulting in a continual arms race between human

antibody responses and viruses. The development of universal vaccines and therapeutics



therefore relies on the discovery of conserved viral epitopes, particularly antigenic regions
that are both neutralizing and feasible targets for antibodies.

Discouragingly, many conserved viral epitopes of viruses are immunosubdominant,
such as the membrane-embedded stalk region of the influenza virus hemagglutinin (HA) and
the stem of the SARS-CoV-2 spike protein (S2 domain). Immunosubdominance of these
regions 1s predominantly shaped by maccessibility, steric restraints imposed on antibodies to
access them, or poor immunogenicity (27, £28). In addition, previous exposures to viruses
may result in circulating serum antibodies that can bind to and mask available epitopes on
current challenging strains  (£29-3/). Antibody responses to conserved vyet
mmmunosubdominant regions can be boosted m humans upon secondary exposure to
antigenically distinct viruses that are of the same family and that bear a high degree of
homology. For example, antibody responses to conserved epitopes in the SARS-CoV-2 S2
domain are boosted 1n subjects that were exposed to SARS-CoV-1, and several reports
suggest preexisting immunity to endemic common cold coronaviruses (HCoV) results in
cross-reactive antibody responses upon SARS-CoV-2 infection (32-34). Stmilarly, preexisting
mmmunity to mfluenza HINT resulted in the expansion of HA stalk-specific B cells upon
exposure to the novel 2009 HIN1 pandemic virus(3-38). Current universal vaccination and
therapeutic platforms for influenza are aimed at mvestigating antibody generation against
conserved, neutralizing viral epitopes, particularly on the HA head and stalk (35, 39-45).

Dissecting how factors such as age and preexisting immunity shape antibody
mmmunodominance to these epitopes 1s therefore a high priority for designing effective
universal vaccines and therapies. Such mterventions would be capable of protecting against
antigenically variable and pandemic-threat pathogens such as influenza virus and SARS-CoV-
2, which have had devastating global impacts over the last century. In this work, we dissect
B cell immunodominance to influenza and SARS-CoV-2 viruses, providing key msights into

how distinct host factors shape protective antibody responses in humans.



1.1.3  Epitope-guided design of vaccines and antibody therapeutics

Investigating viral epitope targeting by recombinant monoclonal antibody (mAb)
technology represents a promising avenue for informing the design of vaccines and
therapeutics. MAbs are monovalent proteins expressed by B cells that can precisely target 3-
dimensional epitopes, and can be generated in vitro from single B cells(44). MAbs have
revolutionized modern healthcare by providing precision medicine against many diseases,
and there are currently over 70 Food and Drug Administration-approved mAb-based drugs.
MADbs can target specific immunological pathways to help eliminate cancer (45, 460), and limit
aberrant immune responses during autoimmunity and transplantation (47-49). Additionally,
mAbs have prophylactic and therapeutic potential for preventing and himiting infection with
highly variable pathogens such as human immunodeficiency virus (HIV-1), influenza virus,
and coronavirus, and importantly, can guide rational vaccine design (J50-5J).

The concept that antibodies can guide vaccine design has been deemed “reverse
vaccinology”, or “epitope-focused vaccinology” (456, 47). Advances in the characterization of
mADbs against various pathogens have led to the 1dentification of promising vaccine antigens,
and reciprocally, a deeper understanding of desirable antibody responses elicited by
vaccination(48-00). In particular, the identification of broadly neutralizing antibodies (bnAbs)
against conserved viral epitopes has set the stage for mvestigating vaccine candidates that
mduce robust antibody responses to these epitopes.

In the case of rapidly evolving and persistent pathogens such as influenza and SARS-
CoV-2 viruses, understanding factors that shape antibody immunodominance to conserved
epitopes will be paramount for informing effective vaccination strategies. In this work, two
approaches are presented that dissect human antibody immunodominance patterns to
influenza (Chapter 2) and SARS-CoV-2 (Chapter 3) viruses. In both studies, we utilize
recombinant mAb technology to understand viral epitope targeting by antibodies, and how

specificity correlates with antibody neutralization and protection from infection.

6



1.2 Influenza Viruses

1.2.1 Antibody responses to mfluenza viruses mHA
Influenza viruses are enveloped, single-stranded mNP

RNA viruses responsible for over 5 million severe cases I NA
\

of respiratory tract mfection and 650,000 deaths ‘ \m \
globally each year (67) (Figure 1.3). In the United States ‘j:‘ W ,;wu

alone, influenza imposes an annual economic burden %‘:‘:%\\ U

of over 11 billion dollars(69), and the emergence of /

another pandemic could cost up to 45 billion \,\%2 NEP M1P1,P2,P3

dollars(6). Due to the massive global health and Figure 1.3 Influenzz virion.
economic burdens imposed by influenza viruses, it
1s a high priority to develop effective vaccines.

There are three types of influenza viruses capable of infecting humans: influenza A,
B, and C, which are categorized based on their highly conserved internal proteins: matrix
protein 1 (M1), membrane matrix protein (M2), and nucleoprotein (NP). Influenza also
harbors other conserved structural and accessory proteins, including nuclear export protein
(NEP) and polymerase proteins 1-3 (P1-P3). Influenza A and B viruses currently circulate
and are responsible for causing seasonal epidemics. Influenza A viruses (IAV) are further
divided 1nto subtypes based on the amino acid sequence of the major surface glycoproteins
hemagglutinin (HA) and neuraminidase (NA). Influenza subtypes are classified into two
groups: group 1 and group 2, and the primary group 1 and group 2 viruses that infect humans
each year are HIN1 and H3NZ2, respectively. Influenza B viruses are not divided into
subtypes, and are rather divided into two distinct lineages, B/Yamagata and B/Victoria(64).

The HA and NA proteins of influenza are highly immunogenic and are the key targets
of current vaccination platforms(64). HA is a trimeric glycoprotein divided into two domains:
the head and the stalk. The immunodominant globular head region of the HA protein
enables the virus to enter host cells through the binding of sialic acids on epithehal cells of

the respiratory tract. The sialic acid receptor binding site (RBS) on the HA head 1s highly
7



conserved, though most other regions on the globular head are poorly conserved(609, 66).
Antibodies elicited against the HA head mnhibit receptor binding to sialic acid, referred to as
hemagglutination inhibition (HAI)(65, 67). The highly conserved but immunosubdominant
HA stalk functions to mediate viral membrane fusion and cell entry, and antibodies against
the stalk limit viral membrane fusion(68, 69. The conservation of the HA stalk domain 1s
likely the result of its importance to viral fitness, and the fact that antibody responses against
it are more rare. Therefore, there 1s less immune pressure on the HA stalk domain to mutate.

NA 1s a tetrameric glycoprotein responsible for cleaving sialic acids on host cells,
allowing viral particles to bud from and infect neighboring cells(70). The active site of NA
and regions within close proximity to it are highly conserved, while other epitopes undergo
antigenic drift albeit at a slower and more discordant rate than HA(7/-79. Antibodies
specific for NA limit the spread of viral infection to neighboring host cells and are important
for preventing disease severity and transmission(/4, /). Neutralizing antibodies targeting NA
are primarily induced by natural infection, and current seasonal vaccines fail to elicit
protective NA-specific antibodies due to insufficient antigen quality and quantity(50, 70, 76).

Finally, antibody responses to influenza virus NP are also prevalent upon infection,
and to a lesser extent, vaccination(/7, 78. NP is a highly abundant conserved internal protein
that encapsulates the viral RNA genome. Because NP 1s an internal viral protein, it 1s unclear
whether antibodies against it neutralize or provide protection from infection. Some studies
have shown that anti-NP antibodies possess Fc receptor-dependent functions, including
antibody-dependent cellular cytotoxicity (ADCC)(79. However, future studies are warranted
to fully understand whether and how anti-NP antibodies provide protection from influenza.

While anti-HA and anti-NA antibodies are known to be protective, the HA and NA
antigens are also more susceptible to mutation. The gradual mutation of HA and NA
epitopes that occurs seasonally 1s referred to as antigenic dnift, which results from immune
pressure and point mutations introduced by the error prone viral RNA-dependent RNA
polymerase(80, 81). Drift allows the virus to escape the host immune response and is

responsible for seasonal epidemics, as humans have no preexisting immunity to these drifted
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mfluenza varants. The genetic re-assortment of different influenza viruses causes antigenic
shift, which results m the generation of completely novel viruses responsible for
pandemics(82). Immunity to drifted and shifted influenza strains relies strongly on antigen-
specific B cells, which have the ability to rapidly mutate their BCRs to generate high athmity
antibodies against influenza antigens(89). Thus, a key goal of current influenza vaccination
strategies 1s to elicit high athinity HA- and N A-specific antibodies that can neutralize and clear

VIrus.

1.2.2 Current influenza virus vaccination platforms

Due to the vast diversity of influenza viruses and their ability to rapidly mutate, new
seasonal vaccines must be generated each year to help protect susceptible individuals from
mfection. According to the Centers for Disease Control and Prevention, adults 65 years of
age and older, children under 5 years of age, and immunocompromised individuals are most
susceptible to mnfection, however, thousands of healthy young adults are infected each year.

A primary goal of seasonal influenza virus vacciation 1s to induce antibodies capable
of rapid clearance and neutralization of the virus upon exposure. Seasonal vaccines are
composed of either mactivated or hive-attenuated viruses, and are predominantly formulated
to be quadrivalent with one HINT1 strain, one H3N2 strain, and two mfluenza B lineage
strams. Influenza vaccies can either be produced m eggs or n msect cells, but recent
research suggests that vaccines grown in eggs may acquire mutations that impact antibody
binding (84). While seasonal vaccination decreases influenza virus infection burdens, vaccine
effectiveness 1s low at an estimated 45% for the 2019-2020 season. Notably, vaccine
effectiveness varies by influenza type, and 1s typically most effective for influenza B viruses,
followed by HIN1 IAV, and finally, H3N2 IAV (&Y). Current annual vaccination largely
mduces strain-specific antibody responses toward the HA head with little cross-reactivity to
drifted viruses, which 1s of major concern due to the high likelihood of false predictions of
seasonally circulating strains(86, 87). It is consequently a high priority to develop a universal

mfluenza vaccine that 1s capable of providing protection against all drifted influenza viruses
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an mdividual may encounter. Such a vaccine could prevent the need for annually updating
and administering seasonal vaccines, and provide protection against newly emerging
pandemic viruses.

One avenue of universal vaccine development 1s aimed at eliciting neutralizing
antibody responses against conserved regions of viral proteins(88-90). In particular, recent
universal mfluenza vaccine trial mitiatives have focused on inducing antibody responses to
the conserved HA stalk region through headless HA stem constructs or chimeric HA
antigens (39, 40, 91). Unfortunately, antibody responses to the HA stalk region are
immunosubdominant, posing a challenge for vaccination i inducing protective levels of HA
stalk antibodies(27, 99). Other conserved epitopes of the HA head represent potently
neutralizing targets, such as the RBS and lateral patch(93-96). Further characterization of
broadly neutralizing viral epitopes of influenza viruses and factors enabling or hindering
antibody responses against them will be imperative for informing future universal influenza

virus vaccination strategies.

1.2.3 Impact of preexisting immunity and age on antibody responses to mfluenza

One of the greatest factors shaping protective antibody responses to conserved
mfluenza virus epitopes in humans 1s preexisting immunity. Adults are exposed to influenza
viruses repeatedly over the course of a lifetime, and therefore the majority of B cells activated
i response to seasonal infection and vaccination are largely derived from preexisting
immune memory (35-37, 97-104). As a result, de novo generation of antibodies specific for
drifted antigens on influenza viruses 1s lmited by the preexisting immune memory bias of
the mdividual. Through a process called epitope masking, high preexisting serological
antibody levels against strains from prior exposures can mask or prevent access to protective
surface accessible epitopes on HA and NA, further limiting the generation of antibodies
specific for drifted epitopes(31). Moreover, the response kinetics of preexisting high affinity
MBCs outcompetes that of naive B cells due to their comparatively lower activation

threshold, further hindering de novo B cell responses to drifted epitopes(/09-107).
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The ability of an individual’s first influenza virus exposure to bias the response during
subsequent exposures was first described 1 the 1950s and coined, ‘original antigenic sin’
(OAS; Figure 1.4)(97). This observation was based on antibody patterns observed in baseline
sera collected from cohorts of different age groups, as well as age-associated differences
antibody responses to vacciation. It was discovered that individuals had high serum titers to
mfluenza strains that circulated during childhood, and that later i life vacciation ehicited

cross-reactive antibodies to childhood strains.

First Exposure to Later in life
exposur drifted strain exposure
® ‘/.-; S A/‘»

7o

Naive B cell \\(/ \){’ \\(/ Memory B cell :Y: j(:j(/ Memory B cell
repertoire > repertoire > Y repertoire >

i

Figure 1.4. Effects of original antigenic sin on antibody adaptability. Influenza virus hemagglutinin proteins are depicted,

with the colored regions representing antigenically variable viral epitopes. First exposure to influenza virus in childhood
(strain 1) results in a de novo antibody response to unique epitopes presented n strain 1 (pink and yellow). Upon
secondary exposure to a drifted strain in a following year, whereby the yellow epitope has mutated to green, the antibody
response will derive from preexisting memory to the pink epitope conserved with strain 1. In a third exposure to strain
3 later in life, if both epitopes have now mutated, the individual will further rely on preexisting immunity to various
shared epitopes across strains from past exposures (gray). Protective outcome will be determined by whether the

conserved (gray) epitopes are neutralizing,.

The phenomenon of OAS was assigned the negative interpretation as ‘sin’, because
it was expected that protective antibody responses against subsequent encounters to
antigenically drifted strains would be suppressed. However, several studies that followed have

challenged this notion and confirmed that secondary exposures boost cross-reactive
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responses to epitopes shared with strains previously encountered, but are not necessarily
strongest to or specific for strains encountered in childhood(35-38, 99, 109). Studies have
since more accurately described the theory of OAS as ‘antigenic imprinting’, or ‘seniority’,
which accounts for the effects of cumulative exposures by infection and vaccination on
driving the generation of cross-reactive antibodies (/08, 109 Antigenic imprinting posits that
primary exposures are indeed mmportant for generating an individual’s first MBC lineages
against influenza, but that those MBCs can undergo continued affinity maturation upon re-
call by subsequent exposures. Consequently, a hierarchy of influenza antigen exposures over
time will shape MBC specificity, contradicting the idea that B cells specific for early
childhood strains will always dominate later i life. In support of this, it was shown that
mdividuals born i 1957 were more likely to be infected with a drifted seasonal variant of
HINI in 2013 due to preexisting immunity to seasonal HINT strains that circulated after
1977, which were not experienced until around the age of 20(/01).

This revised concept of imprinting also accounts for both the positive and negative
effects of past exposures on protective immune responses to influenza. For example, studies
suggest that imprinting can be protective when individuals are exposed to the same subtype
as they first encountered in childhood (98, 99, 103, 109). Older adults who did not succumb
to infection during the 2009 pandemic had preexisting cross-reactive antibody titers against
the 2009 pandemic HINT1 virus, presumably because HIN1 was the only IAV subtype in
circulation between 1918 and 1957(98, 99. More recently, population cohort studies using
computational modeling approaches have identified that childhood mmprinting subtype
predicts susceptibility to avian influenza as well as HIN1 and H3N2(/03, 109. Although a
mechanism has never been fully addressed, the boosting of antibodies specific for conserved
non-protective viral epitopes may explain susceptibility to infection with subtypes that differ
from the original imprinting strain. Conversely, the boosting of antibodies to conserved
protective viral epitopes may underlie protective imprinting responses.

To understand how effective targeting of conserved neutralizing viral epitopes of

mfluenza can be achieved, understanding mechanisms of imprinting responses in influenza
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naive populations and populations with prior exposure will be paramount. In this study, we
assessed how influenza virus infection and vaccination differentially recall preexising MBCs
i adults, providing an mn-depth assessment of how preexisting immunity shapes antibody

immunodominance patterns upon different routes of viral exposure.

1.3 Severe acute respiratory syndrome coronavirus 2

1.5.1 Emergence of the COVID-19 pandemic

Coronaviruses are enveloped non- .
Antigen

M Spike

[CINP

[CJORF8

Il Membrane

segmented  single stranded RNA  viruses
belonging to the family Coronaviridae and
circulate broadly amongst humans and other

mammals(//0). Over the past two decades, two

betacoronaviruses, severe acute respiratory

Figure 1.5 SARS-CoV-2 virion.

syndrome coronavirus 1 (SARS-CoV-1) and
Middle East respiratory syndrome coronavirus (MERS-CoV), were responsible for over
10,000 cases of infection. The mortality rate of SARS-CoV-1 was 10% with 29 countries
affected, and the mortality rate of MERS-CoV was 35% with 27 countries affected
globally(/71). As aresult, the emergence of novel coronaviruses has become a major concern
i the 21" century(//0).

In December of 2019, a novel coronavirus (SARS-CoV-2) was discovered through
deep sequencing analysis after a series of pneumonia cases were reported in Wuhan, Hubel,
China with unknown viral origin (Figure 1.5)(//2). Several independent studies have since
confirmed that the novel virus originated from exposures in a Wuhan seafood market, and
have dubbed SARS-CoV-2 as the causative agent of ‘COVID-19’ disease(//35). Extremely
transmissible, the World Health Organization has reported 160 million COVID-19
mfections worldwide, and spread to almost every global country in the course of one year.
Even more threatening, SARS-CoV-2 has been mutating since it was first sequenced, and

there are currently four substrains and eleven prominently circulating mutated variants in the
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United States(//4). Several characterized mAbs with potent neutralization activity against the
Wuhan variant have lost binding and neutralizing ability against circulating variants,
emphasizing the ability of SARS-CoV-2 to undergo rapid viral escape(//5-117). In the face
of persistent antigenic evolution, the development of pan-coronavirus vaccines and mAb
therapeutics targeting conserved viral epitopes 1s critical.

Since the 1dentificaion of SARS-CoV-2, the scientific community has led the
development of over 60 vaccination platforms in Phase III clinical trials(//8). Currently,
mRNA- and adenovirus vector-based vaccines designed to mduce neutralizing antibody
responses against the SARS-CoV-2 spike glycoprotein are approved and being mass-
administered to the general population(//9-123). The receptor binding domain (RBD) of
the spike glycoprotein 1s the major target of current vaccination platforms, as it 1s the key
region responsible for binding the ACE2 receptor on epithelial cells, serving as the primary
step for viral entry(/24, 125). In addition to the development of vaccines, multiple groups
have utihzed mAb technology for the development of therapeutics and diagnostics(4/, 126-
128). Despite these advances, our understanding of the human immune response to SARS-
CoV-2 remains extremely lmited. Moreover, it remains unclear whether current vaccines
will provide sufficient protection against SARS-CoV-2 variants. The characterization of MBC
responses, antibody immunodominance patterns, and conserved protective viral epitopes 1s
thus vital for the design of vaccines and therapies that can end the COVID-19 pandemic and

prevent future coronavirus pandemics on the horizon.

1.5.2 Anutbody responses to SARS-CoV-2

Since the beginning of the COVID-19 pandemic, there have been massive strides i
our understanding of protective B cell-mediated immunity to SARS-CoV-2. Early i the
pandemic, mitial studies characterizing serum antibody responses to SARS-CoV-2 revealed
that serum titers waned over time in infected individuals, raising the concern that durable
immunity would be difficult to achieve(/29-131). Several studies that followed 1dentified the

generation of durable MBCs against the spike protein, which persist and evolve over a time
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period of at least 6-8 months(/32-135). While promising, several reports suggest that serum
antibody responses to distinct targets including the spike protein, internal nucleocapsid
protein (NP), and open reading frame protein 8 (ORF8) correlate with increased disease
severity, and 1t remains unclear how antibody specificity and quantity directly relate to disease
pathogenesis (/36-141). In addition, some studies report atypical MBC responses and
mmpaired GC formation in severe SARS-CoV-2, and it 1s poorly understood how these
responses contribute to protection (/42-144). Finally, several reports suggest that factors
such as preexisting immunity, age, and biological sex impact protective responses to SARS-

CoV-2, which are highlighted below.

1.5.3 Impact of host factors on the antibody response to SARS-CoV-2

Like mfluenza, preexisting immunity also shapes antibody responses to SARS-CoV-
2. The phenomenon of original antigenic sin has been described for viruses that are endemic
and cause recurrent infections, most notably influenza virus and dengue virus (108, 145-148).
As data continue to accumulate on characterization of SARS-CoV-2 T and B cell responses
i humans, 1t has been identified that humans possess preexisting immunity to SARS-CoV-
2 due to prior exposures to SARS-CoV-1 or other endemic HCoV (33, 149-155).

HCoV re-circulate seasonally and cause the common cold, and include
betacoronaviruses HKU1 and OC43 and the alphacoronaviruses 229K and NL63(/54).
SARS-CoV-2 1s classified as a betacoronavirus and shares more homology with HKU1 and
OCA43 than to alphacoronaviruses(/J4, 159). It remains unclear whether previous HCoV
immunity can prevent or alter the course of SARS-CoV-2 infection, though some reports
suggest that cross-reactive antibodies are not associated with protection (/49. Moreover,
some studies have 1dentified that antibodies cross-reactive with SARS-CoV-1 and SARS-
CoV-2 are predominantly non-neutralizing, suggesting they target conserved but non-
protective antigenic sites. It 1s currently unknown whether cross-reactive original antigenic
sin-like antibodies induced by SARS-CoV-2 mfection lead can lead to antibody dependent

enhancement of disease, which has been described in the case of dengue and Zika virus
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infections(/48, 156). Finally, there are conflicting results on whether age and birth year
mmpact SARS-CoV-2 immunity based on prior HCoV exposure. One study suggested there
are no major differences in serum antibody titers to HCoV strains based on age (/57). While
this group saw no differences, children generally experience higher rates of HCoV infections
and other studies suggest that children are more likely to possess cross-reactive antibodies as
a result(//2). It remains unknown whether this directly impacts the distribution of SARS-
CoV-2 cases by age.

Beyond preexisting immunity, age 1s likely to have a profound mmpact on the
generation of protective immune responses to SARS-CoV-2 due to immunosenescence.
Immunosenescence 1s defined as the progressive deterioration of the immune system with
aging. Immunosenescence stifles the generation of protective B and T cell-mediated adaptive
mmmunity in response to various pathogens, resulting in increased disease susceptibility and
severity in the elderly population(Z58). Elderly individuals greater than sixty years of age have
been disproportionately affected by COVID-19, with high rates of both morbidity and
mortality in this group (/59. Aged individuals are at higher risk for co-morbidities, which
have been tied to increased incidence and severity of COVID-19. Moreover,
mmmunosenescence results in thymic mvolution and reduced output of mature T cells,
reduced B cell adaptation, reduced germinal center formation, and increased pro-
iflammatory responses to pathogens(/60). To date, little 1s known regarding the impact of
aging on B cell responses to SARS-CoV-2. Preliminary reports suggest that elderly
mdividuals possess increased serum antibody titers to spike as well as non-neutralizing
mternal targets such as NP (/36, 161). These results are consistent with studies of influenza
i the elderly, who mount antibody responses to internal targets and fail to adapt their B cell
responses efficiently with age(79). Further studies are required to address differences in B
cell specificities and subsets with age in COVID-19.

Finally, there are several reported effects of biological sex on the generation of
antibody responses to SARS-CoV-2. Men have been 1dentified to have more severe infection

and higher antibody titers than women (/36, 161). However, antibody titers have been

16



observed to decline more rapidly in men than in women (/62%). Mechanisms of sex-based
differences in antibody responses to SARS-CoV-2 and how they impact susceptibility and
severity remain to be addressed.

In summary, several factors can shape protective antibody responses to both influenza
and SARS-CoV-2 viruses. In this work, we aimed to address how factors such as preexisting
immunity, age, and sex impact B cell immunodominance and protective antibody responses
to influenza (Chapter 2) and SARS-CoV-2 (Chapter 3) through the characterization of mAbs

and MBCs n distinct infection and vaccination cohorts.
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2.1 ABSTRACT

Humans are repeatedly exposed to variants of influenza virus throughout their lifetime. As a
result, preexisting influenza-specific memory B cells can dominate the response following
mfection or vaccination. Memory B cells recalled by adulthood exposure are largely reactive
to conserved viral epitopes present in childhood strains, posing unclear consequences on the

ability of B cells to adapt to and neutralize newly-emerged strains. We sought to investigate
18



the mmpact of preexisting immunity on generation of protective antibody responses to
conserved viral epitopes upon mfluenza virus infection and vaccination in humans. We
accomplished this by characterizing monoclonal antibodies (mAbs) from plasmablasts,
which are predominantly derived from preexisting memory B cells. We found that, while
some mfluenza mfection-induced mAbs bound conserved and neutralizing epitopes on the
hemagglutinin (HA) stalk domain or neuraminidase, the majority of mAbs elicited by
mfection targeted non-neutralizing epitopes on nucleoprotein and other unknown antigens.
Furthermore, most infection-induced mAbs had equal or stronger athnity to childhood
strains, indicating recall of memory B cells from childhood exposures. Vacciation-induced
mAbs were similarly induced from past exposures and exhibited substantial breadth of viral
binding, though 1n contrast to infection-induced mAbs they targeted neutralizing HA head
epitopes. Finally, cocktails of infecion-induced mAbs displayed reduced protective ability in
mice compared to vacciation-induced mAbs. These findings reveal that both preexisting
mmmunity and exposure type shape protective antibody responses to conserved influenza
virus epitopes in humans. In particular, natural infection largely recalls cross-reactive
memory B cells against non-neutralizing epitopes, while vaccination harnesses preexisting

mmmunity to target protective HA epitopes.

2.2 One sentence summary: Antibody immunodominance to conserved influenza virus

epitopes 1s impacted by both preexisting B cell memory and route of exposure.

Published in Science Translational Medicine 09 Dec 2020:Vol. 12, Issue 578 [entire article
presented herein/(163)
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2.3 INTRODUCTION

Influenza viruses are responsible for more than five million severe cases of respiratory
tract infection and up to 650,000 deaths globally each year (67). Current influenza vaccine
effectiveness 1s low (89), partly due to rapid antigenic evolution of the major surface
glycoproteins of influenza virus: hemagglutinin (HA) and neuraminidase (NA) (/64).
Influenza vacciation platforms focus on eliciting protective antibody responses against HA,
the most abundant and immunodominant viral glycoprotein (/6). Antibodies against the
HA head domain are potently neutralizing and mhibit receptor binding to sialic acid on
epithehal cells. This 1s measured in vitro as the ability of an antibody to inhibit agglutination
of red blood cells, referred to as hemagglutination inhibition (HAI) (67). Antibodies against
HA are capable of limiting infection, and serum HAltiters have been used as the primary
correlate of vaccine-induced protection against influenza for nearly 50 years (07, 100).
However, the HA head 1s highly variable and easily mutates to evade host immunity (/67-
170), leading to seasonal epidemics and necessitating frequent reformulation of seasonal
mfluenza vaccines.

In addition to rapid antigenic evolution, preexisting immunity profoundly affects
protective immune responses upon exposure to novel influenza viruses or viruses that exhibit
antigenic drift, the accumulation of mutations in viral surface glycoproteins (38, 103, 171).
Original antigenic sin, also called imprinting, suggests that an individual’s first encountered
strain takes a senior antigenic position in the memory B cell (MBC) repertoire (97, 108, 172).
As a result, subsequent exposure to influenza viruses later n life leads to the recall of MBCs
specific to epitopes present in strains from an individual’s childhood. Several reports have
proposed beneficial and detrimental effects of imprinting on antibody responses to influenza
viruses, depending on the context (99, 101, 175). It was recently suggested that the first HA
group 1 or HA group 2 virus an individual was exposed to predicts protection against avian
mfluenza viruses belonging to the same group and susceptibility to avian influenza viruses of
the other group (/0. Furthermore, the age distribution of seasonal influenza virus cases can

be predicted by the likely subtype of first infection for each birth cohort (/74, 175). The
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boosting of antibodies reactive to conserved protective or non-protective viral epitopes may
therefore play a major role in shaping influenza virus susceptibility or protective outcomes
upon exposure.

To date, few studies have addressed the role of preexisting immunity in shaping the
reactivity of antibodies elicited by natural influenza virus infection compared to vaccination
at the single B cell level. Our current understanding of antibody immunodominance to
mfluenza viruses i humans 1s largely imited to an understanding of vacciation-induced
responses derived from serology studies, which fail to resolve the full spectrum of epitope
targeting. It 1s well-established that vaccination induces HA head-specific responses due to
enrichment of HA during vaccine manufacturing (50, 176), but it is unclear how preexisting
mmmunity shapes the targeting of conserved HA epitopes upon vaccination. Furthermore,
past studies have suggested that viral antigens such as the HA stalk, NA, and mternal
nucleoprotein (NP) are frequently targeted upon infection, as these antigens are in high
abundance (40, 177, 178). However, the frequencies by which conserved antigens are
targeted by B cells upon natural infection remain to be determined. We hypothesized that
plasmablasts that are induced early after natural infection would target conserved, yet less
protective, viral epitopes on the HA stalk domain, NA, and NP, rather than antigenically
drifted epitopes on the HA head, as only conserved epitopes will be recognized by the
preexisting MBC repertoire. By contrast, we hypothesized that vaccination may draw upon
preexisting immunity to boost HA head-specific responses.

In this study, we characterized monoclonal antibodies (mAbs) cloned from
plasmablasts induced early after IAV infection and seasonal vaccination. Plasmablasts are a
useful model as they are predominantly derived from the MBC compartment and typically
express highly somatically-mutated variable genes despite their rapid activation (5-14 days)
after antigen exposure (38, 179. In addition, they are readily found to have clonal
relationships with B cells activated by previously encountered influenza virus strains (38). By
characterizing antigen reactivity, cross-reactivity toward historical and contemporary

mfluenza virus strains, in vitro virus neutralization, and m vivo protective ability of human
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mAbs, we discovered key differences in how natural infection and seasonal vacciation rely
on preexisting B cell memory to induce early protective antibody-mediated immunity. Our
data demonstrate that preexisting immunity largely biases the early antibody response after
mfection toward conserved yet less protective viral epitopes, with only a small percentage of
mfection-induced mAbs targeting the HA head. Conversely, vaccination can draw upon
preexisting immunity to boost cross-reactive and neutralizing responses against the HA head,
likely resulting in superior protection when circulating strains are well-matched to vaccine
strains. This study emphasizes the necessity of understanding mechanisms of immune
memory bias such as original antigenic sin in shaping protective antibody responses to
mfluenza viruses, as harnessing or surmounting preexisting immunity 1s likely the most

effective path toward universal vaccination.

2.4 RESULTS
2.4.1 A minority of antibodies induced early after influenza virus infection recognize the HA
head

To examine how preexisting immunity shapes the antibody response following
natural influenza wvirus infection and vaccination, we generated mAbs from single
plasmablasts obtained from human participants after HIN1 or H3NZ2 virus infection (Table
2.1) and from healthy individuals after seasonal vaccination (Table 2.2). HINl-infected
mdividuals were recruited during the 2015-2016 flu season, and H3N2-infected individuals
were recruited during the 2014-2015 flu season. Vacciated individuals were studied after
receipt of the northern hemisphere trivalent influenza vaccine i the 2010-2011 flu season
or the quadrivalent influenza vaccine in the 2014-2015 flu season. Notably, the vaccine
strains received by the vaccmation cohort were distinct from infecting strains circulating
during the time of sample 1solation from the infection cohort (Table 2.1, Table 2.2). Samples
were collected at day 7 post-vaccination and estimated days 7-11 post-infection. All mAbs
generated were mitially screened for reactivity to influenza viruses (indicated in Table 2.1

and Table 2.2) and only included in the study if they exhibited specific binding.
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Table 2.1. Participant characteristics for influenza virus infection cohorts. Likely infecting strains for the specified
influenza seasons are referenced (/80, 181). Vaccination history represents any known history within three years prior
to the current sampling time. Sampling time 1s estimated based on the total number of days participants had been
experiencing symptoms of influenza illness at the time of the study visit. All participants were PCR-confirmed influenza
positive. S: seasonal; Pan: pandemic; COPD: chronic obstructive pulmonary disease.

Participant Season Age | Sex Influenza A Strain Comorbidi | Vaccination | Sampling
ID ties History time
2928-14 2014-2015 34 M S H3N2 Asthma 2011-2012 D7
A/Switzerland/9715293/2013 2012-2013
2013-2014
229-14 2014-2015 46 F S H3N2 COPD 2011-2012 D7
A/Switzerland/9715293/2013 Asthma 2012-2013
235-15 2014-2015 49 M S H3N2 Asthma 2009-2014 D7
A/Switzerland/9715293/2013
294-16 2015-2016 23 M Pan HIN1 None 2015-2016 D7
A/California/7/2009
296-16 2015-2016 26 M Pan HIN1 None No History D7
A/California/7/2009
300-16 2015-2016 30 M Pan HIN1 None No History DI11
A/California/7/2009
301-16 2015-2016 46 F Pan HIN1 Asthma 2014-2015 D8
A/California/7/2009

Table 2.2. Participant characteristics for influenza virus vaccination cohorts. Sampling time refers to day post vaccination
with either the trivalent influenza vaccine (TTV) or quadrivalent influenza vaccine (QIV).

Participant Season Age | Sex | Vaccine | Influenza A Vaccine Strains | Vaccination | Sampling
ID History time
008-10 2010-2011 26 F TIV A/California/7/2009 (HIN1) | 2009-2010 D7
A/Perth/16/2009 (H3N2)
009-10 2010-2011 25 F TIV A/California/7/2009 (HIN1) | 2009-2010 D7
A/Perth/16/2009 (H3N2)
011-10 2010-2011 30 TIV A/California/7/2009 (HIN1) | 2009-2010 D7
A/Perth/16/2009 (H3N2)
014-10 2010-2011 27 TIV A/California/7/2009 (HIN1) | 2009-2010 D7
A/Perth/16/2009 (H3N2)
017-10 2010-2011 24 TIV A/California/7/2009 (HIN1) | 2009-2010 D7
A/Perth/16/2009 (H3N2)
019-10 2010-2011 23 F TIV A/California/7/2009 (HIN1) | 2009-2010 D7
A/Perth/16/2009 (H3N2)
028-10 2010-2011 32 TIV A/California/7/2009 (HIN1) | 2009-2010 D7
A/Perth/16/2009 (H3N2)
034-10 2010-2011 40 F TIV A/California/7/2009 (HIN1) | 2009-2010 D7
A/Perth/16/2009 (H3N2)
039-10 2010-2011 | 25 M TIV A/California/7/2009 (HIN1) | 2009-2010 D7
A/Perth/16/2009 (H3N2)
051-10 2010-2011 | 43 M TIV A/California/7/2009 (HIN1) | 2009-2010 D7
A/Perth/16/2009 (H3N2)
217-14 2014-2015 | 31 M QIV A/California/7/2009 (HIN1) | 2013-2014 D7
A/Texas/50/2012 (H3N2)
220-14 2014-2015 | 24 F QIV A/California/7/2009 (HIN1) | Unknown D7
A/Texas/50/2012 (H3N2)
221-14 2014-2015 | 34 F QIV A/California/7/2009 (HIN1) | No History D7
A/Texas/50/2012 (H3N2)
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Table 2.2. Participant characteristics for influenza virus vaccination cohorts, continued

236-15 2014-2015 | 32 F QIvV A/California/7/2009 (HIN1) | No History D7
A/Texas/50/2012 (H3N2)

237-14 2014-2015 | 32 F QIV A/California/7/2009 (HIN1) | No History D7
A/Texas/50/2012 (H3N2)

240-15 2014-2015 | 28 M QIV A/California/7/2009 (HIN1) | No History D7
A/Texas/50/2012 (H3N2)

241-15 2014-2015 | 29 F QIvV A/California/7/2009 (HIN1) | No History D7
A/Texas/50/2012 (H3N2)

244-15 2014-2015 | 29 M QIvV A/California/7/2009 (HIN1) | 2013-2014 D7
A/Texas/50/2012 (H3N2)

Whereas greater than 90% of mAbs induced by vaccination recognized HA by
Enzyme-Linked Immunosorbent Assay (ELISA) (Figure 2.1A), only 309% of mAbs induced
by natural infection with either HINT or H3N2 were HA-reactive, including the HA head
and stalk domain regions, with the majority recognizing other antigens such as NA and the
highly conserved NP (p < 0.0001; Figure 2.1B). Nearly half of all HIN1 infection-induced
mAbs were HA-reactive, although this was substantially less than the proportion of mAbs
induced by seasonal vacciation (Figure 2.1B, bottom left panel). Furthermore, H3N2
mfection-induced mAbs mostly targeted NA and NP, whereas only 18% bound HA (Figure
2.1B, bottom right panel). Because age-related factors likely affect antibody responses to
conserved antigens (72, 182, 185, we next analyzed antigen reactivity in each individual
within our infection cohort. Although there was variability in the proportion of antibodies
targeting non-HA proteins per H3N2-infected individual, each individual mounted a non-
HA-biased response overall, with roughly 80% of the response per individual directed toward
non-HA antigens (Figure 2.2A). Similarly, for HINl-infected individuals, a substantial
fraction of all mAbs per person recognized non-HA antigens, although there was some
degree of inter-individual variability (Figure 2.2B). Accordingly, we found that only 6% of all
mAbs mduced by mfection had HAI activity compared to 59% induced by vaccination (p <
0.0001; Figure 2.1C), and the percentage of HAI' mAbs per infected idividual was on
average only 5.5% (Figure 2.1D).

Preexisting immunity 1s expected to impact antibody responses to conserved viral

epitopes, so we next assessed whether antibodies induced by influenza virus infection
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targeted typically more conserved and immunosubdominant viral epitopes. Of total HA-
binding mAbs induced by vaccination, nearly two-thirds possessed HAI activity, reflective of
their ability to target the HA head region (Figure 2.2C), compared to just 209% of HA-reactive
mfection-induced mAbs (p < 0.0001; Figure 2.2D). To determine mAbs binding epitopes
on the stalk domain, we performed competition ELISAs with an anti-stalk mAb known to
bind a well-characterized broadly neutralizing stalk epitope (mAb CR9114, (/84)) as well as
ELISA against a headless stalk construct (60) and chimeric HA constructs (cH5/1; ¢cH7/3).
Only 149 of vaccination-induced HA-reactive mAbs bound the HA stalk domain (Figure
2.2C), compared to 49% of all HA-reactive mAbs induced by infection (p < 0.0001; Figure
2.2D). Remarkably, 58% of all HA-reactive HIN1 infection-induced mAbs bound the stalk
domain (Figure 2.2D, bottom left panel). Of all stalk domain-reactive antibodies induced by
mfection or vaccination, we did not see a difference 1n typical broadly neutralizing stalk
epitopes bound (CR9114-competing), versus mAbs binding uncharacterized stalk epitopes
(CR9114 non-competing, but positive for the headless stalk construct and chimeric HA
constructs (cH5/1; ¢cH7/3) (Figure 2.2E). Notably, we also identified HA-reactive mAbs
mduced by mnfection and vacciation that did not confer HAI activity and were ruled out
against binding stalk domain epitopes by our assays (Figure 2.2C, D). These mAbs were
categorized as HA mAbs binding to “unknown” epitopes, potentially binding undefined
HAT epitopes on the HA head or stalk. Altogether, these data reveal that the minority of
mfection-induced HA" mAbs bind HAI head epitopes, and instead tend to bind HAI head
and stalk epitopes.

Similar to HA, the head region of the mfluenza virus NA surface glycoprotein 1s
susceptible to antigenic drift, although the active site and nearby epitopes are highly
conserved (79). Because several infection-induced mAbs bound to NA, we asked whether
NA-reactive mAbs bound to conserved sites. To address this, we used influenza
neuraminidase inhibitor resistance detection (NA-STAR) and NA enzyme-linked lectin
assays (ELLA), which can determine whether a mAb is binding conserved epitopes on the

NA active site or regions within close proximity to it. In the NA-STAR assay, a small
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chemiluminescent substrate 1s bound directly to the NA enzymatic site unless an antibody
binds the active site and blocks access of the substrate. For ELLA, the sialic acid substrate 1s
present in glycans of the fetuin glycoprotein, and an antibody that binds to NA at or near the
enzymatic site can sterically block access to the enzymatic site. We found that more than half
of all infection-induced NA-reactive mAbs were NA-STAR" or ELLA" (Figure 2.2F). There
was no significant difference between the percentages of combined NA-STAR™ and ELLA"
mAbs elicited by HIN1 and H3N2 infection, with 709% induced by HIN1 infection and
more than half induced by H3N2 infection (Figure 2.2F, bottom panel). Overall, these data
suggest that natural infection recalls preexisting MBCs reactive to more conserved influenza

virus antigens, a hallmark of original antigenic sin.
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Figure 2.1. A minority of antibodies induced early after influenza virus infection recognize the HA head. (A) Pie charts
show binding of 2010-2011 trivalent and 2014-2015 quadrivalent vaccination-induced mAbs to a panel of hemagglutinin
(HA), neuraminidase (NA), and nucleoprotein (NP) recombinant proteins by ELISA. (B) Pie charts show binding of
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Figure 2.1, continued

2015-2016 HIN1 and 2014-2015 H3N2 infection-induced mAbs to a panel of HA, NA, and NP recombinant proteins
by ELISA. Recombinant proteins were chosen from the representative influenza A vaccine strains within each vaccine
(table S2) or from viruses bearing resemblance to recently circulating strains during the year of mAb isolation from
infected individuals (2014 H3N2: A/Switzerland/9715293/2013, A/Hong Kong/4801/2014; 2015 HINI:
A/California/7/2009, A/Michigan/45/2015). mAbs in the “Other” category bind virus, but not HA, NA, or NP, and
likely bind other undetermined influenza virus antigens. (C) Pie charts demonstrate the percent of total isolated mAbs
with HAT activity 1solated from both cohorts (top) and the antigen reactivity of HAI—mAbs within each cohort (bottom
panel). (D) The percentage of mAbs with HAI activity was compared in individuals from infected (n=7) and vaccinated
cohorts (n = 16). Numbers in the center of each pie chart indicate the number of mAbs tested. Statistical significance
was determined by chi-square test (****P < 0.0001; *P = 0.0285) (A-C) and unpaired nonparametric Mann-Whitney
test (***P=0.0001) (D). Data are representative of two to three independent experiments performed in duplicate.
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Figure 2.2. Reactivity of influenza virus infection-induced antibodies from individual participants and conserved epitope
reactivity. (A, B) Pie charts show binding of 2014-2015 H3N2 infection-induced mAbs (A) and 2015-2016 HIN1
ifection-induced mAbs (B) to a panel of hemagglutinin (HA), neuraminidase (NA), and nucleoprotein (NP)
recombinant proteins by ELISA. Recombinant proteins were chosen from the relevant circulating strains during the
time of mAD isolation from infected individuals. (C, D) Bar charts demonstrate influenza virus HA epitopes bound by
vaccination-induced HA-reactive mAbs (C) and infection-induced HA-reactive mAbs (D). (E) Pie charts demonstrate
the percentage of distinct stalk epitopes bound by stalk domain-reactive mAbs. MAbs binding the broadly neutralizing
stalk epitope were determined by CR9114 competiion ELISA, and mAbs binding undefined stalk epitopes were
determined by ELISA against a headless HA stalk construct and chimeric HA. (F) Bar charts display NA epitopes
bound by NA-reactive infection-induced mAbs, determined by NA-STAR and ELLA assay. Numbers in the center of
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Figure 2.2, continued
or below each chart indicate the number of mAbs tested. Statistical significance was determined by Fisher’s exact test,
* 7 p<0.0001; **p=0.0078 (C-F). Data are representative of 2-3 independent experiments performed in duplicate.

2.4.2 Infection-induced antibodies are predominantly non-neutralizing

Only 6% of early infection-induced mAbs possessed HAI activity (Figure 2.1C), which
1s the primary correlate of antibody-mediated protection against influenza. However, mAbs
reactive to immunosubdominant and neutralizing regions such as the HA stalk and NA active
site. were also 1dentified. These results led us to address whether these mAbs were
neutralizing toward the inducing vaccinating and infecting strains. To do so, we determined
the neutralization capacity of mAbs induced by infection or vaccination using an in vitro virus
microneutralization assay or plaque reduction neutralization assay. Only 299% of infection-
mduced mAbs were neutralizing, relative to 809 of mAbs that were induced by seasonal
vaccination (p < 0.0001; Figure 2.3A). Moreover, we observed that the overall neutralization
potency of all infection-induced mAbs was markedly reduced compared to vaccination-
induced mAbs (p < 0.0001; Figure 2.3B), and the potency was still reduced when non-
neutralizing mAbs were not included in the analysis (p = 0.0188, HIN1; p = 0.0024, H3NZ2;
Figure 2.3C).

We previously demonstrated that the distribution i antibody reactivity varied widely
between HIN1 and H3NZ2 infections (p = 0.0285; Figure 2.1B). We therefore analyzed the
distribution 1n reactivity of neutralizing and non-neutralizing infection-induced mAbs. Of
HINT1 infection-induced mAbs, only 38% were neutralizing, of which 67% bound HA and
33% bound NA (Figure 2.3D and Figure 2.4A). The majority of stalk domain-reactive HIN1-
mduced mAbs were neutralizing, confirming the protective nature of mAbs against this
region. Only 20% of all H3N2 infection-induced mAbs were neutralizing, and i sharp
contrast to HINT infection, 709% of all H3NZ2 infection-induced neutralizing mAbs were NA-
reactive, with the minority recognizing HA (Figure 2.3E and Figure 2.4B). All mAbs binding
NP and other unknown antigens were non-neutralizing, with a substantial fraction of non-

neutralizing HA- and NA-reactive mAbs detected in each group (Figure 2.3D, E).
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We next addressed whether there were qualitative differences in the neutralization
ability against distinct antigens between infection-induced and vaccination-induced mAbs.
For both groups, the majority of neutralizing mAbs targeted the HA head and stalk domain
regions (Figure 2.3F, G). Unique to infection-induced mAbs, a substantial portion of NA-
reactive mAbs were neutralizing (Figure 2.3F). The majority of infection-induced mAbs
targeting unknown regions of HA and other unknown antigens were non-neutralizing, in
addition to several non-neutralizing NP-reactive mAbs 1solated (Figure 2.3F, G). Notably, all
mAbs isolated targeting the broadly neutralizing stalk epitope (CR9114-competing) were
neutralizing, and several mAbs targeting other undefined stalk domain epitopes were also
neutralizing (Figure 2.3H). Lastly, we 1dentified that HA head-reactive mAbs were typically
more potent than HA stalk domain-reactive mAbs (Figure 2.31, J and Figure 2.4C, D), and
NA-reactive mAbs were less potent than HA head- and stalk domain-reactive mAbs (Figure
2.31). Together, these data demonstrate that the majority of mAbs isolated from infected
mdividuals targeted conserved yet non-neutralizing targets, though some neutralizing mAbs

reactive to immunosubdominant epitopes of the HA stalk domain and NA were 1dentified.
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Figure 2.3. Influenza virus infection-induced antibodies are predominantly non-neutralizing in vitro compared to
vaccination-induced antibodies. (A) Pie charts display percentages of all vaccination- and infection-induced mAbs with
virus neutralization activity as assessed by microneutralization or plaque reduction assay using Madin-Darby canine
kidney cell lines. B) The overall potency of neutralizing and non-neutralizing vaccination-induced mAbs (n=164) was
compared to infection-induced mAbs (HIN1 n=56; H3N2 n=51), depicted as microneutralization ICx values. Non-
neutralizing mAbs are displayed on the red line above the highest test concentration at 150 pg/ml. (C) The potency of
all neutralizing mAbs induced by the quadrivalent vaccine (n=92) was compared to the potency of neutralizing infection-
induced mAbs (HIN1 n= 21; H3N2 n=10), depicted as microneutralization 1Cx values. (D, E) Bar charts show the
antigen reactivity of neutralizing and non-neutralizing HIN1 (D) and H3N2 (E) infection-induced mAbs. (F, G) Bar
charts display the percent of total neutralizing and non-neutralizing mAbs induced by infection (F) and vaccination (G),
subset by antigen-reactivity. (H) Pie charts demonstrate the percentage of neutralizing and non-neutralizing stalk domain-
reactive mAbs binding a broadly neutralizing stalk epitope, as determined by a CR9114 competition ELISA (top panel),
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Figure 2.3, continued

or mAbs binding undefined stalk epitopes, determined by ELISA against a headless HA stalk construct and chimeric
HA (bottom panel). I, J) The potency of HA- and NA-reactive mAbs induced by infection (I) was compared to the
potency of HA-reactive mAbs induced by vaccination (J). The numbers in the center of or below each chart indicate the
number of mAbs tested. Statistical significance was determined by Chi-square test, ** **p<0.0001 (A), Fisher’s exact test,
*p=0.0427 (H), or by unpaired non-parametric Kruskal-Wallis test with Dunn’s correction for multiple comparisons (B,
C, L ]J). Data are representative of two independent experiments performed in duplicate.
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Figure 2.4. Neutralization potency of influenza virus infection- and vaccination-induced antibodies stratified by subtype
reactivity. (A, B) Bar graphs display the potency of HA-reactive and NA-reactive neutralizing mAbs induced by HIN1
infection (n= 56) (A) and H3N2 infection (n= 51) (B), expressed as microneutralization (MN) ICs values. (C, D) The
potency of vaccination-induced mAbs binding distinct epitopes was compared for HIN1-reactive (n=100) (C) and
H3N2-reactive (n=39) mAbs (D), depicted as MN ICs values. Statistical significance was determined using an unpaired
non-parametric Kruskal-Wallis test with Dunn’s correction for multiple comparisons, ****p<0.0001; **p=0.0021;
*p=0.0353 (C-D). Data are representative of 2-3 independent experiments performed n duplicate.
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2.4.3 The reactivity of influenza virus infection-induced antibodies is biased by original
antigenic sin

The majority of vaccination-induced mAbs bound antigenically drifted viral epitopes
on the HA head. In contrast, the majority of mAbs induced by infection bound to conserved
epitopes, such as the HA stalk domain, NA active site, and NP (Figure 2.1B and Figure 2.2).
Accordingly, the majority of these mAbs were non-neutralizing (Figure 2.3). To further
mvestigate the role of original antigenic sin and previous immune history in shaping mAb
reactivity, we assessed the cross-reactivity of mAbs induced by natural infection against
heterosubtypic viral strains and past strains circulating during the hifetime of the individual.
First, we tested each mAb against historical and contemporary HIN1 and H3NZ2 viral strains,
which accounted for nearly 50 years of viral antigenic dnift, to determine the degree of
homosubtypic and heterosubtypic cross-reactivity within each infection and vaccination
cohort. Consistent with the high prevalence of vaccination-induced mAbs that bound the HA
head, the majority of vaccination-induced mAbs were homosubtypic (Figure 2.5A).
Conversely, infection-induced mAbs displayed increased heterosubtypic cross-reactivity
relative to vaccination-induced mAbs, regardless of the infecting subtype (p = 0.0017; Figure
2.5B). As expected, and likely due to differences in age, immune histories, and other factors,
we observed variation in heterosubtypic cross-reactivity amongst individual donors (Figure
2.6A-C). Strikingly, 60% of all infection-induced mAbs displayed equal or stronger affinity
for childhood viral strains than viral strains circulating at the time of infection (Figure 2.5C,
Table 2.3), confirming a substantial role for original antigenic sin in shaping early antibody
responses to natural infection. For vaccmation-induced mAbs, this phenotype was also
substantial, as 459% could bind with equal or stronger affinity to childhood strains as
compared to viral strains circulating at the time of mAb 1solation. As responses to influenza
viruses are thought to be shaped not only by childhood exposures, but by any past exposures
(108, we analyzed the percentage of mAbs induced by infection or vaccination that had
equal or stronger affinity toward any past strain relative to the inducing strains. We identified

that 60% of vaccination-induced mAbs had equal or stronger reactivity toward past strains,
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compared to 80% for mfection-induced mAbs (p = 0.0012; Figure 2.5D). We observed a
greater effect for original antigenic sin by past exposures on mAbs that were H3N 2-reactive
versus H1N1-reactive, patterns that were consistent amongst infected individuals (Figure
2.5C, D, bottom and Figure 2.6D, E). Overall, we observed greater variation in both cross-
reactivity and affinity toward past strains in vaccinated individuals (Figure 2.6C, F).

As the cross-reactivity of infection-induced mAbs appeared to be more mfluenced by
past exposures, we addressed whether these mAbs possessed increased immunoglobulin
heavy chain variable region (VH) somatic mutations relative to vaccination-induced mAbs,
as these antibodies were likely derived from MBCs that were continually recalled nto
germinal centers during the lifetime of the individual. Infection-induced mAbs had a median
of 22 VH gene somatic mutations, while vaccination-induced mAbs had a median of 14 VH
gene mutations (p < 0.0001; Figure 2.5E). There was no difference in the number of somatic
mutations between HIN1 and H3N2 infection-induced mAbs (Figure 2.5F). Together, these
data suggest mnfluenza virus infection recalls MBCs from long-past exposures, likely from
childhood, supporting the original antigenic sin hypothesis. By contrast, vaccination may
recall MBCs from more recent virus exposures, though the antibody response to vaccination
1s still largely biased by past exposures. Notably, mAbs derived from preexisting MBCs that
bind with higher affinity to historical test strains relative to current test strains implies that
those MBCs were originally generated upon exposure to a similar historical stramn. However,
recent exposures to divergent lineages similar to the historical test strain analyzed may also

account for increased affinity.
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A. B. C. Affinity to childhood strains
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Figure 2.5. The cross-reactivity of influenza virus infection-induced antibodies is biased by original antigenic sin. (A, B)
Pie charts demonstrate the cross-reactivity of vaccination-induced mAbs (A) and infection-induced mAbs (B), which was
inferred by ELISA binding to a panel of HIN1 and H3N2 viruses. Heterosubtypic cross-reactivity was defined based
on the ability of a mAb to bind to at least one or more strains opposite of the inducing subtype, such as an HIN1-
imnduced mAb binding to one or more H3N2 strains. (C, D) Bar charts represent the percentage of infection-induced
mAbs with equal or greater binding affinity to childhood strains (C) or any past strains (D) relative to contemporary
strains circulating during the time of mAb isolation. Past strains in (D) include all available strains tested that were
circulating prior to the year of the inducing strain for each cohort (HINT1 infection n=5; H3N2 infection n=6; HIN1-
reactive vaccination n=5; H3N2-reactive vaccination n=3 strains analyzed). (E) The number of somatic mutations in the
immunoglobulin heavy chain variable region for 2014-2015 quadrivalent vaccine-induced mAbs (n=106) was compared
to HIN1 and H3N2 infection-induced mAbs combined n=117). (F) The number of somatic mutations in the
immunoglobulin heavy chain variable region for HIN1 infection-induced mAbs (n=57) was compared to H3N2-
mfection induced mAbs (n=60). The numbers in the center of or below each chart indicate the number of mAbs tested.
Statistical significance was determined by Chi-square or Fisher’s exact test, **p=0.0017; *p=0.0312; * *p=0.0012 (A-D)
and unpaired non-parametric Mann-Whitney test, *** *p<0.0001 (E, F; bars indicate median). Data are representative
of 2-3 independent experiments performed in duplicate.
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A. H1N1 Infection B. H3N2 Infection
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Figure 2.6. Antibody cross-reactivity and affinity toward past strains by individual participants. (A-C) Bar charts display
heterosubtypic cross-reactivity for HIN1 infection-induced mAbs tested against H3N2 strains (A), H3N2 infection-
imnduced mADbs tested against HINT1 strains (B), and H1N1-reactive quadrivalent influenza vaccine-induced mAbs tested
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Figure 2.6, continued

against H3N2 strains (C). Heterosubtypic cross-reactivity was defined based on the ability of a mAb to bind to at least
one or more strains opposite of the inducing subtype. (D-F) Bar graphs display mAbs from HI1N l-infected individuals
(D), H3N2-infected individuals (E), and vaccinated individuals (F; quadrivalent influenza vaccine, HINl-reactive)
exhibiting equal or stronger affinity to past viral strains relative to inducing strains. Data are broken down by individual
mADb reactivities and summarized for each cohort in the last graph of each panel. Numbers below each bar chart indicate
the number of mAbs tested per individual, and data are representative of 2-3 independent experiments performed in
duplicate.

Table 2.3. Reference childhood strains used to characterize influenza virus infection-induced
antibodies. Reference childhood strains were chosen based on available virus strains circulating
within the first 10-15 years of the individual’s life. A mAb was chosen as having equal or greater
reactivity toward the reference viral strain if the affinity toward one or more of the indicated
reference strains was within the same log molar range or greater than the affinity toward the

contemporary inducing strain. QIV: Quadrivalent influenza vaccine.

Participant ID Cohort Year of Reference Childhood Strains
Birth
228-14 2014-2015
H3N2 Infection 1980 A/Philippines/2/1982 H3N2
2014-2015 A/Hong Kong/1/1968 H3N2;
299-14 H3N2 Infection 1968 A/Philippines/2/1982 H3N2
2014-2015 A/Hong Kong/1/1968 H3N2;
235-15 H3N2 Infection 1965 A/Philippines/1982 H3N2
2015-2016 A/Texas/36/1991 HIN1; A/New
294-16 HINI1 Infection 1992 Caledonia/20/1999, A/Solomon
Islands/2006
296-16 2015-2016 1989 A/Texas/36/1991 HIN1; A/New
HINI1 Infection Caledonia/20/1999
300-16 2015-2016 1985 A/Texas/36/1991 HIN1; A/New
HINI1 Infection Caledonia/20/1999
301-16 2015 HIN1 1969 A/Chile/1/1983
Infection
217-14 2014-2015 QIV A/Texas/36/1991 HINI1; A
1983 Philippines/2/1982 H3N2
2014-2015 QIV A/Texas/36/1991 HIN1; A/New
220-14 1990 Caledonia/20/1999; A
Philippines/2/1982 H3N2
221-14 2014-2015 QIV A/Texas/36/1991 HINI1; A
1980 Philippines/2/1982 H3N2
236-15 2014-2015 QIV A/Texas/36/1991 HIN1; A
1982 Philippines/2/1982 H3N2
237-14 2014-2015 QIV A/Texas/36/1991 HINI1; A
1982 Philippines/2/1982 H3N2
240-15 2014-2015 QIV A/Texas/36/1991 HIN1; A/New
1986 Caledonia/20/1999 HIN1; A
Philippines/2/1982 H3N2
241-15 2014-2015 QIV A/Texas/36/1991 HIN1; A/New
1985 Caledonia/20/1999 HIN1, A
Philippines/2/1982 H3N2
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2.4.4 Influenza virus antigen- and subtype-reactivity shape original antigenic sin-like
antibody responses

Reactivity toward distinct antigens 1s expected to shape mAb cross-reactivity. To
determine how antigen targeting and subtype reactivity impact cross-reactivity of infection-
and vacciation-induced mAbs, we clustered mAbs by antigen bound in heatmaps based on
their affinity (ELISA Kb») for several HIN1 and H3NZ2 virus strains. Based on patterns in
reactivity, groups of mAbs predicted to bind similar epitopes could then be visualized based
on cluster formation. For HIN1 mnfection-induced mAbs, HA stalk domain- and NP-reactive
mAbs displayed the greatest breadth of cross-reactivity to HINT strains, generally binding to
all seven influenza HINT strains tested (Figure 2.6D and Figure 2.7A, B). The majority of
mAbs 1solated from HINI infected individuals bound to the pandemic strains
A/California/7/2009 and A/Michigan/45/2015, suggesting that those individuals were likely
mfected with an influenza virus variant most similar to these viral strains (Figure 2.7A, right).
Regardless of epitope reactivity, most mAbs cross-reacted with several HINT1 viral strains
dating back to 1983 (A/Chile/1/1983). A distinct pattern in reactivity was seen for H3N2
mfection-induced mAbs, which exhibited a marked degree of homosubtypic cross-reactivity,
regardless of the epitope bound (Figure 2.6E and Figure 2.7C, D). For both subtypes,
heterosubtypic cross-reactivity was mainly observed for mAbs reactive to HA, NP, and other
unknown antigens, while NA-reactive mAbs were largely homosubtypic. These results
demonstrate both distinct and overlapping patterns in mAb breadth, dependent on the
mfecting subtype and viral epitopes targeted. Together, these results highlight the ability of
HINT1 and H3NZ2 viruses to differentially induce antibodies to conserved viral epitopes.

The cross-reactivity of vaccination-induced mAbs was shaped by preexisting
mmmunity, with H3N2-reactive mAbs characteristically having higher affinity toward past
strains (Figure 2.7C, D). We therefore performed the same analyses with vaccination-
mduced mAbs to determine how antigen and subtype targeting impacted cross-reactivity.
Vaccmation-induced HIN I-reactive mAbs displayed vast viral binding breadth to several

strains, despite these mAbs predommantly targeting the antigenically variable HA head
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region (Figure 2.8A, B). Vaccination-induced H3N2-reactive mAbs were similarly cross-
reactive and bound the majority of test strains analyzed (Figure 2.8C, D). We observed
similar degrees of homosubtypic breadth compared to infection-induced mAbs for HIN1-
and H3N2-reactive mAbs targeting the HA head, HA stalk domain, NP, or other regions on
HA, with H3N2-reactive vaccmation-induced mAbs typically exhibiting greater breadth
regardless of epitope targeted (Figure 2.8C, D). Together, our results point to inherent
differences n the ability of HINT and H3N2 viruses to draw upon preexisting immunity and
mduce cross-reactive antibody responses, regardless of exposure type, with the degree of
cross-reactivity dependent on antigens targeted. Additionally, these results demonstrate the
breadth of homosubtypic viral binding by HA head-reacive mAbs induced by seasonal

vaccines, which are typically thought to elicit highly strain-specific responses.

38



-10° -10°
_10‘8 —1078
-0 & 10 &
1072 1072
101 HINT infection mAb binding 19 H3N2infection mAb binding
H3 strains H1 strains H1 strains H3 strains

SOSCOS0S00E00

N ESVERORMOOPSW

TTTTTTTTTI

O

OB, BB BOOE08
SRR RERRRRCORRRSRRAKR2

O

(=l=]
SOSO
RGOSR

i )

(s}
=~

|

i

D50000O90SSS!

>>mmm>)>mm>:i‘x>m>mmmmm>m>mmmm>>>>>)>)>>
M O = o) R —SA IR RN RIS )
Moo 0 =00 =00 TO00 M TIEEOONDNRE>TMO O

OO

=l
TNRSDRHGE RRO SO0

e NeNeNe oo NeNe e eNeNeNeNeNeNeNoNoNoNoNeNoNoNoreNotoYYeNoNototoYoYoN

OOOO!

T
NINNININININNINNININNIIN

RINININIRIRININI NI RIND LRI NIRIRD GORRINI RN R RN UININORD

T
N
i~

IRy AT

NN N TN SN SN NSNS PN N SN N N NN NN NP I NN N NN N N TN N N NN NN
ININI— NI — A LN L — S IIN— = RN N — AN WU — N S = W= AW SN = S N S S S
TOOODTN EOON TP NOODRMO T =00 TOESMEmO TmMO OO0 G RO IO >NONON- N0 wE

=t

(olololololelaty (e} (slelsieolalalnolalslelalalale]
SRR R RS ORG R E B EORABIC & 0 MNP BRS0N

229-14 2E06
O e = 29514 1C01
S > >
FFS FEL TS 7
S S ST
Target 5‘5@&@@ S & i}‘\\é‘\@%@«f’m o\,&b
W HA head ENA NI NS f&%f FPe
B HA stalk domain NP IS v F o
EHAunknown  mOther| ¢ I
AR Ko
B. . . - D. . . o
H1N1 infection mAb binding H3N2 infection mAb binding
. |
Other{ § ¢ Other| 8 £ - & i e
NP NP g
NA- BT NA-{ B O o
HAunknown s
HAstaIk_| 5 5 5 B HA stalk<| 5 3

domain domain
HA head_ o e o HA head— °
T T T T T T T I T T T T T T T

0 1 2 3 4 5 6 o 1 2 3 4 5 6 7
#H1N1 strains bound per mAb # H3N2 strains bound per mAb

~ -
oo

Figure 2.7. The degree of influenza virus infection-induced antibody cross-reactivity is influenced by antigen-reactivity
and infecting subtype. (A, B) The viral binding breadth of HIN1 infection-induced mAbs is represented by heatmap
analysis displaying affinity (Ks) for contemporary and historical HIN1 and H3N2 whole virus strains (A) and bar graphs
summarizing the number of homosubtypic HINT1 viral strains bound per HIN1 infection-induced mAb (n= 55), subset
by antigen specificity (B; bars indicate median). (C, D) The viral binding breadth of H3N2 infection-induced mAbs is
represented by heatmap analysis displaying affinity (K») for contemporary and historical H3N2 and HIN1 whole viral
strains (C) and bar graphs summarizing the number of homosubtypic H3N2 viral strains bound per H3N2 infection-
induced mAb (n= 60), subset by antigen specificity (D; bars indicate median). Heatmap data are depicted as ELISA
binding affinity (K») values for each individual mAb tested against the respective viruses, and antigen reactivity of each
mADb is indicated by the color coding in the legend. For both heatmaps, the strains colored in red text represent
contemporary circulating strains during the time of mAb isolation. Data are representative of 2-3 independent
experiments performed in duplicate.
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Figure 2.8. The degree of influenza virus vaccination-induced antibody cross-reactivity is influenced by antigen-reactivity
and vaccine strain-reactivity. (A, B) The viral binding breadth of H1N 1-reactive quadrivalent vaccine-induced mAbs 1s
represented by heatmap analysis displaying affinity (Kv) to contemporary and historical HIN1 and H3N2 whole viral
strains (A) and bar graphs summarizing the number of homosubtypic HIN1 viral strains bound per HIN1-reactive mAb
(n=90), subset by antigen specificity (B; bars indicate median). (C, D) The viral binding breadth of H3N2-reactive
quadrivalent vaccine-induced mAbs is represented by heatmap analysis displaying affinity (Kv) to contemporary and
historical H3N2 and HIN1 whole viral strains (C) and bar graphs summarizing the number of homosubtypic H3N2
viral strains bound per H3N2-reactive mAb (n= 18), subset by antigen specificity (D; bars indicate median). Heatmap
data are depicted as ELISA binding affinity (K») values for each individual mAb tested against the respective viruses, and
antigen reactivity of each mAb is indicated by the color coding in the legend. For both heatmaps, the strains colored n
red text represent the vaccinating strains present in the vaccines at the time of mAb isolation. Data are representative of
2-3 independent experiments performed in duplicate.
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2.4.5 Early infection-induced antibodies are less protective in mice compared to vaccination-
induced antibodies

The majority of early cross-reactive infection-induced mAbs failed to neutralize virus
n vitro, suggesting that they may have lmited protective ability in vivo in comparison to HA
head-reactive mAbs induced by vaccination. To evaluate this possibility, we prophylactically
administered representative cocktails of mAbs covering the spectrum of reactivities induced
by infection versus vaccination (Figure 2.9A). The mAb cocktals were administered
mtraperitoneally at a dose titration of 5 mg/kg, 1 mg/kg, and 0.2 mg/kg to BALB/c mice,
which were intranasally challenged two hours post mAb transfer with a lethal dose (10 LDx)
of mouse-adapted A/Netherlands/602/2009 HIN1 or A/Philippines/2/1982 H3N2
mfluenza virus. We generated four separate cocktails each comprising 10 mAbs: an HIN1
mfection-induced cocktail, an H3N2 ifection-induced cocktail, and two cocktails of HIN1-
and H3N2-reactive vaccination-induced mAbs (Table 2.4), all of which were representative
of typical binding and neutralization characteristics within each cohort.

H1N1-reactive vaccination-induced mAbs were potently protective against 10 LD: of
A/Netherlands/602/2009 virus at 1 mg/kg, whereas HIN1 infection-induced mAbs failed to
provide protection, with mice displaying increased mortality and weight loss relative to mice
receiving the vaccination cocktail (p = 0.0003, survival; Figure 2.9B, C). While H3N2-
reactive vaccination-induced mAbs could provide protection at 1 mg/kg against
A/Philippines/2/1982 virus, H3N2 infection-induced mAbs provided substantially reduced
protection when administered at the same dose (p = 0.0080, survival; Figure 2.9D, E). For
both infection- and vaccination-induced mAb cocktails, 100% protection was provided at the
highest dose of 5 mg/kg, and neither infection- nor vaccination-induced mAbs provided full
protection at 0.2 mg/kg (Figure 2.10).

The lhmited protective ability of infection-induced mAbs suggested that the
specificities recalled by infection m this cohort were subpar for protection compared to
vaccination-induced mAbs, which largely targeted the HA head. We therefore tested the

protective ability of mAbs targeting distinct epitopes by prophylactically administering
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cocktails of HINI1-reactive mAbs targeting the HA head, HA stalk domain, NA, or NP
(Table 2.5) into BALB/c¢ mice intraperitoneally, which were subsequently intranasally
challenged with 10 LDx of mouse-adapted A/Netherlands/602/2009 HIN1. Of note, HA
stalk domain-, NA-, and NP-reactive mAbs were derived from mfected mdividuals, while
HA head-reactive mAbs were induced by both infection and vacciation. At 5 mg/kg, we saw
clear resolution of the different potencies of these cocktails. Mice receiving the HA head-
reactive mAb cocktail lost the least weight, followed by the HA stalk domain mAb cocktail,
the NA mAb cocktail, which provided intermediate protection, and finally, the NP-reactive
mADb cocktail, which provided the least protection (Figure 2.9F, G). At 1 mg/kg, the
protective ability of the HA stalk domain-reactive mAb cocktail decreased to the same degree
as the NA-reactive mAb cocktail, and mice n these groups lost substantially more weight
relative to the HA head-reactive mAb cocktail (Figure 2.9H, I). At both 5 mg/kg and 1 mg/kg,

the NP-reactive mAbs provided minimal protection in vivo.
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Figure 2.9. Influenza virus infection-induced antibodies are less protective in vivo than vaccination-induced antibodies.
(A) Bar charts display the composition of HIN1 and H3N2 infection- and vaccination-induced mAb cocktails. For the
mfection cocktails, all HIN1 mAbs were originally induced by HIN1 infection, and all H3N2 mAbs were originally
mduced by H3NZ2 infection. The vaccination cocktails were comprised of either HIN1- or H3N2-reactive vaccination-
mduced mAbs. Each cocktail reflects the antigen reactivity and neutralization frequencies seen in our analyses. (B, C)
Survival and weight loss curves display in vivo prophylactic protective ability of HIN infection- and vaccination-induced
mADb cocktails administered intraperitoneally at 1 mg/kg to 6-8-week-old female BALB/c mice challenged with 10 LDs
mouse-adapted A/Netherlands/602/2009 HINTI virus. (D, E) Survival and weight loss curves display in vivo prophylactic
protective ability of H3N2 infection and vaccination-induced mAb cocktails administered intraperitoneally at 1 mg/kg
to 6-8-week-old female BALB/c mice challenged with 10 L.D» mouse-adapted A/Philippines/2/1982 H3N2 virus. (F,
G, H, ) Survival and weight loss curves display in vivo prophylactic protective ability of HA head-, HA stalk domain-,
NA-, and NP-reactive mAb cocktails (5 mAbs/cocktail) administered intraperitoneally at 5 mg/kg (F, G) or 1 mg/kg
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Figure 2.9, continued

(H, I) to 6-8-week-old female BALB/c mice challenged with 10 LLD» mouse-adapted A/Netherlands/602/2009 HIN1
virus. Data are representative of two independent experiments and depicted as survival (B, D, F, H) and weight loss (C,
E, G, I) curves. Statistical significance for survival curves was determined using a Mantel-Cox logrank test (B:
e p<0.0001, ***p=0.0003; D: “**p=0.0002, **p=0.0080; F: ****p<0.0001, **p=0.0047; H: ****p<0.0001,
***p=0.0004). Weight loss 1s presented as mean + SEM (n=9-10 mice per group).
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Figure 2.10. Prophylactic protection of influenza virus infection- and vaccination-induced antibodies at 0.2 mg/kg and 5
mg/kg. (A-D) Weight loss and survival curves display in vivo prophylactic protective ability of infection- and vaccination-
imduced mADb cocktails administered intraperitoneally at 5 mg/kg (A-B) or 0.2 mg/kg (C-D) to 6-8-weck-old female
BALB/C mice challenged with 10 LD« mouse-adapted A/Netherlands/602/2009 HINT1 virus. (E-H) Weight loss and
survival curves display in vivo prophylactic protective ability of infection and vaccination-induced mAb cocktails
administered intraperitoneally at 5 mg/kg (E-F) or 0.2 mg/kg (G-H) to 6-8-week-old female BALB/C mice challenged
with 10 LDs mouse-adapted A/Philippines/2/1982 H3N2 virus. Data are representative of two independent experiments
and depicted as survival (A, C, E, G) and weight loss (B, D, F, H) curves. Statistical significance for survival curves was
determined using a Mantel-Cox logrank test, ****p<0.0001. Weight loss is presented as meantSEM (n=9-10 mice per
group).
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Table 2.4. Monoclonal antibodies used for influenza virus infection- and vaccination-induced
antibody cocktails. N1.09: A/Netherlands/602/2009 HIN1 virus; Phil82: A/Philippines/2/1982 H3N2 virus.

Infection-induced mAb cocktails

HINI1 Infection Antigen Reactivity Heterosubtypic Neutralizing (NL09)
294 1A05 HA head No Yes
294 1E03 HA unknown Yes No
296 2A04 HA stalk/unknown No Yes
296 2E02 HA stalk/unknown Yes No
296 2G04 HA stalk/CR9114 epitope Yes Yes
301 1A04 HA stalk/CR9114 epitope No Yes
294 1C02 NA/near active site No Yes
294 1G0O3 NA/unknown Yes No
296 2E01 NP Yes No
301 1E05 NP Yes No

H3N2 Infection Antigen Reactivity Heterosubtypic Neutralizing (Phil82)
229 1G01 HA unknown Yes No
229 2G06 HA unknown Yes No
228 3F01 HA unknown Yes No
229 1F06 NA/active site No No
229 1G0O3 NA/active site No Yes
229 1B0S NA/near active site No No
229 2C06 NA/near active site No Yes
228 2C06 NP Yes No
228 3A01 NP Yes No
235 1D04 NP Yes No

Vaccination-induced mAb cocktails

HI1Nl-reactive Antigen Reactivity Heterosubtypic Neutralizing (NL09)
220 2F06 HA head No Yes
236 IgA 1A02 HA head No No
236 IgG 1A02 HA stalk/unknown No Yes
236 1C04 HA head No Yes
236 1DO1 Other No No
236 2A04 HA head No Yes
240 1A01 HA head Yes Yes
241 2F01 HA head No Yes
240 1C04 HA stalk/CR9114 epitope No Yes
240 1E01 HA head Yes Yes

H3N2-reactive Antigen Reactivity Heterosubtypic Neutralizing (Phil82)
220 1E03 HA head No Yes
220 1G04 HA head No No
240 1A06 HA head Yes Yes
217 1D05 HA/unknown Yes No
008-10 SE04 HA head Yes No
217 1HO2 HA/unknown Yes Yes
240 2F02 HA stalk No No
034 3EO01 HA head Yes Yes
DR2A02 HA head No Yes
041 1C04 HA head Not tested No




Table 2.5. Monoclonal antibodies used in antigen comparison cocktails.

HA Head Heterosubtypic Neutralizing (H1) Source
294 1A05 No Yes Infection
236 1C04 No Yes Vaccination
014 3A02 Yes Yes Vaccination
019 3E05 Yes Yes Vaccination
039 SE03 No Yes Vaccination
HA Stalk

296 2A04 No Yes Infection
301 1A04 No Yes Infection
296 2D02 Yes Yes Infection
296 2G04 Yes Yes Infection
294 1G04 Yes No Infection

NA
300 2A04 Yes Yes Infection
301 1C05 No No Infection
296 2F04 No No Infection
294 1C02 No Yes Infection
294 1G03 Yes No Infection
NP
296 2E01 Yes No Infection
294 1F04 Yes No Infection
301 1B05 Yes No Infection
301 1E05 Yes No Infection
294 1D02 Yes No Infection
2.5 DISCUSSION

It 1s well-appreciated that protective antibody responses to influenza in adults are
biased by past exposures, explained by the concept of original antigenic sin. However, it
remains unclear how preexisting immunity shapes the immunodominance hierarchy among
mfluenza virus proteins targeted early after natural infection and seasonal vaccination in
humans and how such hierarchies correlate with protection. In this study, we revealed that
preexisting immunity biased the early antibody response to infection toward conserved yet
less protective viral epitopes in an original antigenic sin-like fashion. Most of the B cells
activated as plasmablasts in our infected cohort targeted the HA stalk domain, NA, NP, and
other unknown viral antigens, and the majority exhibited equal or stronger atfinity to past
strains relative to inducing strains. The minority of mAbs bound potently neutralizing HA
stalk and NA epitopes, reflecting the immunosubdominance of these regions. Conversely,
we 1dentified that seasonal influenza vaccines induced early antibodies targeting highly cross-

reactive and protective HA head epitopes, highlighting the value of influenza vaccination and
46



the potential of universal vaccine strategies that draw upon preexisting immunity to elicit
protective antibody responses to conserved epitopes.

Whereas the landscape of protective specificities was diverse between infection and
vaccination, we observed mherent differences in the ability of HIN1 and H3NZ2 viruses to
mduce cross-reactive antibody responses, regardless of exposure type. Reactivity to
childhood and past viral strains was especially prominent for H3N2-reactive mAbs whether
they were induced by vaccination or infection, which may result from the rapid evolutionary
rate of the H3N2 HA (72, 18). As the HA head of H3N2 viruses rapidly mutates, repeated
exposures to antigenically drifted H3N2 viruses could further bias the antibody response
toward more conserved epitopes on HA or other viral antigens, as these are the only epitopes
that will be recognized by the preexising MBC repertoire upon exposure. Indeed, we
observed increased targeting of NA, NP, and other unknown viral antigens 1n response to
H3N2 infection, whereas HIN1 infection was more biased toward generating HA-reactive
responses. Furthermore, we observed that vacciation generally induced a greater magnitude
of H1N1-reactive plasmablasts relative to H3N2, consistent with findings from a recent study
that suggested these differences may account for differential vaccine effectiveness against
HINI1 and H3N2 viruses (/86). In the future, it will be important to investigate the role of
preexisting immunity in shaping antibody responses to HIN1 versus H3N2 viruses, which
are largely contrasting in the severity of cases they imflict and in their rates of antigenic
evolution.

Through this study, we uncovered a role for preexisting immunity in shaping broadly-
reactive and neutralizing anti-HA head responses to vaccination. It 1s currently appreciated
that influenza vaccination provides effective immunity to vaccine strains; however, immune
pressure drives antigenic drift of the major head epitopes of circulating strains, limiting the
effectiveness of seasonal vaccines (167-170, 187, 188). The extent to which seasonal vaccines
elicit cross-reactive protective responses to the HA head remains unclear, and we
hypothesized that preexisting immunity to HA may bias the induction of highly cross-reactive

HA head-specific responses. Indeed, the majority of HA head-reactive mAbs induced by
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vacciation exhibited broad binding to current, past, and drifted strains circulating years after
mADb 1solation, with the minority being strain-specific. As the overwhelming majority of these
mAbs were neutralizing and potently protective i vivo, these data suggest that vaccination
can harness preexisting immunity to induce more potently protective antibody responses
than currently appreciated. Moving forward, it will be important to investigate mechanisms
by which cross-reactive responses can be preferentially induced by vaccination in a durable
fashion, 1n order to develop vaccines that effectively elicit long-lived protective responses at
the population level.

In contrast to vaccmation, infection induced a higher frequency of antibodies targeting
conserved mfluenza virus epitopes on the HA stalk domain, NA, and NP, supported by
previous serology studies (/77). Whereas numerous studies have shown that antibodies
reactive to the HA stalk and NA can provide potent viral neutralization and protection (36,
20, 189-191), approximately half of all HA stalk domain- and NA-reactive infection-induced
mAbs 1solated m this study were non-neutralizing, potentially reflecting an unappreciated
role for original antigenic sin in inducing antibodies targeting conserved yet less protective
epitopes on these antigens. Conversely, over 809% of stalk domain-binding antibodies
imduced by vaccination targeted neutralizing epitopes, highlighting the ability of influenza
virus vaccination to imnduce protective stalk antibody responses. We 1dentified several HA
stalk domain-specific mAbs that did not compete with CR9114, a mAb specific for a well-
characterized neutralizing stalk epitope (/84), but did bind a headless HA stalk construct
(00), signifying that these antibodies bind stalk epitopes yet to be characterized.

Consistent with the reduced neutralization potential of infection-induced mAbs, we
identified that mixed-epitope cocktails of HIN1 and H3NZ2 infection-induced mAbs were
less protective in vivo compared to vaccination-induced mAbs targeting the HA head. To
date, few studies have directly compared the protective ability of mAbs targeting distinct
conserved influenza virus epitopes on the HA stalk domain, NA, and NP relative to the HA
head i vivo (/9. Previous studies have shown that antibodies against the HA stalk are less

potent than antibodies against the HA head m vitro but have the potential to confer robust
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protection in vivo, consistent with our findings (56). It has also been shown that NA-reactive
mAbs are protective in vivo (50, 193, though the NA-reactive mAbs from our cohort were
less prophylactically protective relative to HA head and stalk domain-reactive mAbs. While
NA-inhibiting antibodies reduce influenza illness and transmission, past studies have debated
their role as an independent correlate of protection from mitial infection, likely due to their
mability to directly inhibit viral entry (/94-198). All of the NP-reactive mAbs 1solated in this
study were non-neutralizing in vitro and provided limited protection in vivo, though some
studies have suggested anti-NP mAbs may play a role m protection through antibody-
dependent cellular cytotoxicity or complement-dependent cytotoxicity (/99). In summary,
our n vivo data highlight differences in how preexisting B cells reactive to distinct influenza
epitopes provide protection against infection.

Inherent differences i exposure route as well as the nature of mactivated virus
vaccines versus live viral infections are likely to create differences m antibody epitope
targeting. The greater abundance of non-HA antigens during natural infection compared to
vaccination may bias MBC recall to conserved yet less protective non-HA head epitopes, as
MBCs targeting these regions are likely at an early competitive advantage. Moreover,
memory CD4 T cells recognizing HINT and H3N2 viruses largely target NP- and NA-
derived peptides, suggesting CD4 T cell help could mfluence MBC recall towards these
epitopes (£00). The antibody response to vaccination characterized in the elderly is similarly
biased toward non-HA head epitopes, which may be due to the lack of new naive B cells and
adaptability of MBCs to new influenza viruses encountered with age, increased reliance on
CD4 T cell help for B cell activation, and the competitive advantage of MBCs targeting
conserved epitopes (79).

Our study was limited m that we were only capable of characterizing the early
plasmablast response to infection in symptomatic patients from a single time point. Previous
studies have shown that mfluenza virus infection can mnduce broad and durable antibody
responses, which may be due to sustained antigen availability and priming of B cell and T

cell responses (178, 201). Additionally, it has been shown that infection induces MBCs with
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broad reactivity toward both the HA head and stalk, with evidence of adaptation to the
infecting strain (30, 209. The induction of long-lived MBCs targeting conserved viral
epitopes after natural infection could provide superior protection against future infections
relative to the short-lived immunity induced by vacciation. Although we were able to show
that our collection of infection-induced mAbs provided suboptimal protection in mice, it 1s
unclear how antibody targeting of these epitopes affords protection in humans. Indeed, past
studies have shown that non-HAI antibodies can serve as a correlate of protection against
mfection in humans, and natural infection 1s capable of providing long-lived protection from
re-infection with the same subtype (197, 198, 203, 204). Future studies should assess the
kinetics of epitope targeting across multiple time points at both the cellular and serological
level to better determine correlates of protection. In addition, household cohort studies,
controlled human infections, or vaccine efficacy studies will be required to determine
whether preexisting 1mmune biases toward particular viral epitopes directly affect
susceptibility or protection in humans.

In order to understand the formation of bias within the adaptive immune repertoire,
it 1s critical that we study the response to natural influenza virus infection versus vaccination
i cohorts of different ages, particularly in naive infants and children. In our study, we were
only able to assess the antibody response i a limited number of adults, but future pediatric
studies assessing mechanisms of imprinting will be key for evaluating which B cell specificities
are recruited by primary infection. A pressing question in the field of influenza vaccine
development 1s whether priming naive children by mitial infection or vacciation leads to
better B cell-mediated immunity. It will be important to determine the extent to which
children are capable of mounting antibody responses to conserved protective viral epitopes,
and how age and degree of viral exposure correlates with antibody adaptability. On the
opposite end, 1t 1s important to study whether and how high-dose and adjuvanted influenza
vaccination of elderly individuals can overcome immunosenescence and promote adaption

to new influenza viruses.



The precise epitopes that should be targeted for increased vaccine effectiveness 1s an
area of active mvestigation. Our data confirm the well-accepted notion that vaccine-induced
antibodies against the HA head domain are potently protective, but the age-old problem
remains: constant immune pressure drives antigenic drift of the HA head, limiting the
effectiveness of seasonal vaccines when circulating strains are not well matched (/67-170,
187, 188). Moreover, it remains to be determined whether cross-reactive antibody responses
to HA elicited by vacciation can provide potent and durable protection against antigenically
drifted strains in humans. Although not as potently protective as antibodies against the HA
head, antibodies against conserved HA stalk and NA epitopes are associated with protection
against influenza virus infection (798, 205-207) and several vaccine platforms targeting these
epitopes are in pre-clinical and clinical trials (39, 60, 208, 209). The best vaccination platform
to achieve both viral binding breadth and potent protection may be one that drives naive and
MBC maturation against antigenically drifted HA head epitopes but can also induce potent
antibodies against conserved HA and NA epitopes to protect against antigenically drifted and
novel mfluenza viruses. Further studies on B cell immunodominance patterns in response
to such vaccine platforms are necessary to understand whether antibodies can be imnduced
against both conserved and non-conserved protective epitopes. Additionally, future research
1s warranted to address differences in the potency of antibodies targeting distinct epitopes on
HA and NA, as not all conserved viral epitopes will be equally protective to target. In
summary, our results point to inherent differences in the ability of influenza virus infection
and vaccimation to induce early protective antibody responses, largely dependent on

preexisting immunity to distinct conserved epitopes and the IAV subtype encountered.



2.6 Methods
2.6.1 Study design

We recruited human participants approximately 7-11 days post-onset of influenza
virus infection (2015-2016 HIN1 and 2014-2015 H3N2) or seven days post-vaccination
(2010-2011 trivalent influenza vaccine, 2014-2015 quadrivalent influenza vaccine) to assess
the role of immune history i shaping antibody targeting of conserved viral epitopes. We
generated monoclonal antibodies (mAbs) from single cell sorted plasmablasts, which peak
1 expansion between day 5H-14 and largely derive from the preexisting MBC pool. Notably,
plasmablasts were not antigen bait-sorted, and there 1s no obvious bias in our mAb generation
protocol toward particular influenza virus antigens. Therefore, the sampling of mAbs per
mdividual 1s expected to be representative of the overall plasmablast specificities elicited. We
generated and characterized mAbs from 7 infected individuals and 18 vaccinated individuals
across multiple influenza seasons. Because vaccinated individuals from controlled seasonal
vaccine trials were readily accessible to our group, we included more vaccinated individuals
than infected mdividuals in our study. We characterized all influenza-reactive mAbs that
could be 1solated from individual participants within the mitations of the labor-intensive
process of generating mAbs. We comprehensively characterized antigen specificity and viral
cross-reactivity of all mAbs by ELISA, neutralization potency by microneutralization or
plaque assay, and m vivo protective ability in a mouse model to identify how preexisting
mmmunity shaped early antibody responses to natural influenza virus infection versus
vaccination. Because these groups were vaccinated or infected in different years with the
vaccinating and infecting strains distinct for each year, this study was unblinded and not
randomized.

All studies were performed with the approval of the University of Rochester and the
University of Chicago institutional review boards. Informed consent was obtained after the
research applications and possible consequences of the studies were disclosed to study

participants. Clinical information 1s detailed 1n Table 2.1 and Table 2.2. PCR-confirmed



mfluenza virus-infected individuals were recruited and only included 1n the study if they did
not have co-infections and were not being treated with immunosuppressive therapies.

All experiments were done 1 accordance with the University of Chicago Institutional
Animal Care and Use Committee and in adherence to the NITH Guide for the Care and Use
of Laboratory Animals. Six to eight-week old female BALB/c mice were used for these
studies as the virus dose was titrated in mice of this same age and sex. Nine to ten mice were
used per group, and a power analysis was used to determine the number of mice per
experiment. All mice from independent experiments were imcluded in data analysis until the
point of euthanasia, which occurred upon 25% weight loss from the initial starting weight or
upon completion of the experiment (14 days). Mice were provided standard diet chow and
water and were housed 1 the ABSI-2 facility within the Carlson Animal Research Facility at

the University of Chicago.

2.6.2 Cell culture

Human embryo kidney (HEK) 293T cells (ThermokFisher) were maintained at 37°C
with 5% CO. in Advanced Dulbecco’s Modified Eagle Medium (Advanced DMEM,
GIBCO) with 2% Ultra-Low IgG fetal bovine serum (FBS, GIBCO), 1% L-Glutamine
(GIBCO), and 1% Antibiotic-Antimycotic (GIBCO). Madin-Darby canine kidney (MDCK)
cells (ATCC or London) were maintained in culture at 37°C with 5% CO. in Dulbecco’s
Modified Eagle Medium (DMEM, GIBCO) supplemented with 109% FBS (GIBCO), 1% L-
Glutamine (GIBCO), and 1% penicillin-streptomycin (GIBCO).

2.6.3 Viruses and recombinant proteins

Influenza viruses used 1n all assays were grown in-house 1n specific pathogen-free
(SPF) eggs, harvested, purified, and titered. Recombinant HA and NA proteins derived from
A/Michigan/45/2015 (HIN1), A/California/7/2009 (HIN1), A/Hong Kong/4801/2014
(H3N2), A/Switzerland/9715293/2013 (H3N?2), A/Texas/50/2012 (H3N2),
A/Perth/16/2009 (H3N2), and A/Philippines/2/1982 (H3N2) were obtained from
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Biodefense and Emerging Infections Research Resources Repository or kindly provided as
gifts from the Krammer laboratory at Icahn School of Medicine at Mount Sinai.
A/Texas/36/1991 and A/Chile/1/1983 HINI1 viruses were provided by the Hensley
laboratory at The University of Pennsylvanma. Stabilized trimeric headless hemagglutinin
protein was provided by Dr. Lynda Coughlan at Icahn School of Medicine at Mount Sinai.
Recombinant NP proteins derived from A/Puerto Rico/8/1934 (HIN1) and A/Aichi/2/1968

(H3NZ2) were obtained from Sino Biological.

2.6.4 Monoclonal antibodies

Monoclonal antibodies were generated as previously described (44, 179, 210).
Peripheral blood was obtamned from each individual 7 days post-vaccination or
approximately 7-11 days post-onset of infection. Lymphocytes were 1solated and enriched
for B cells using RosetteSep human B cell negative selection enrichment cocktail
(STEMCELL). Enriched B cells were stained for 30 min with anti-human CD3 FITC, clone
7D6 (Invitrogen; 1:50 dilution), anti-human CD19 Pacific Blue, clone HIB19 (Biolegend;
1:100 dilution), anti-human CD27 PE, clone O323 (Biolegend; 1:100 dilution), and anti-
human CD38 AF647, clone HIT2 (Biolegend; 1:200 dilution) in 500 mL 1X PBS
supplemented with 0.2% bovine serum albumin (Sigma). Plasmablasts (CD3
CD19'CD27"CD38") were single-cell-sorted into 96-well plates and immunoglobulin heavy
and light chain genes were amplified by reverse transcription polymerase chain reaction (RT-
PCR). Briefly, the first PCR of a two-step nested PCR was performed on amplified cDNA
templates from mdividual plasmablasts. Three separate PCRs were carried out to amplify
heavy, kappa, and lambda chain genes using DreamTaq Green PCR 2x MasterMix
(ThermoFisher). A second nested PCR was then performed using the first PCR product as
a template. Second PCR products were then sequenced, and the first PCR product was used
to perform a cloning PCR for cloning heavy and light chain genes into human IgGl
expression vectors. The first PCR, second PCR, and cloning PCR primers for heavy, kappa,

and lambda chain genes were obtained from IDT Technologies and detailed in Table 1 of
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a previously published protocol from our group (44). Expression vectors for heavy and light
chain pairs corresponding to individual mAbs were then co-transfected into HEK 293T cells
(ThermokFisher). Secreted mAbs were purified from the supernatant using protein A agarose

beads (ThermoFisher).

2.6.5 Enzyme-linked immunosorbent assay (ELISA)

High-protein binding microtiter plates (Costar) were coated with 8 hemagglutination
units (HAU) of virus in carbonate buffer per well or with recombinant HA, NA, or NP, or
headless HA stalk construct at 1 pg/ml in phosphate-buffered saline (PBS) overnight at 4°C.
Plates were washed the next morning with PBS + 0.05% Tween 20 and blocked with PBS
containing 209 FBS for 1 hr at 37°C. Antibodies were then serially diluted 1:3 starting at 10
pg/ml and incubated for 1 hr at 37°C. Horse radish peroxidase (HRP)-conjugated goat anti-
human IgG antibody diluted 1:1000 (Jackson Immuno Research) was used to detect binding
of mAbs, and plates were subsequently developed with Super Aquablue ELISA substrate
(eBiosciences). Absorbance was measured at 405 nm on a microplate spectrophotometer
(BioRad). To standardize the assays, control antibodies with known binding characteristics
were ncluded on each plate and the plates were developed when the absorbance of the
control reached 3.0 ODuws units. To determine mAbs that bound the HA head, HAI assays
were performed. To determine which mAbs bound the HA stalk domain, competition
ELISAs were carried out using the known stalk-binding mAb CR9114 as a competitor mAb
(/84), or by performing ELISAs using chimeric HA (cH5/1; cH7/3) and a headless HA stalk
construct derived from the stalk of A/Brisbane/59/2007 (60). Notably, all viruses used in
virus-specific ELISAs for the study are shown m Figure 2.7 and Figure 2.8. All experiments

were performed in duplicate.

2.6.6 NA enzyme-linked lectin assay (ELLLLA)
ELLAs were performed as previously described (£/1). Briefly, flat-bottom 96-well

plates (Thermo Scientific) were coated with 100 pL of fetuin (Sigma Aldrich) at 25 pg/ml
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and mcubated at 4°C overnight. MAbs were serially diluted two-fold at a starting
concentration of 300 pg/ml in Dulbecco’s phosphate-buffered saline (DPBS) containing
0.133 g/LL CaCl: and 0.1 g/LL. MgCl: with 0.059% Tween 20 and 19 bovine serum albumin
(DPBSTBSA), then incubated in fetuin-coated plates with an equal volume of the desired
antigen dilution in DPBSTBSA. Plates were sealed and incubated for 20 hr at 37°C. Plates
were then washed six times with PBS 0.05% Tween 20, and 100 ml/well of HRP-conjugated
peanut agglutinin lectin (PNA-HRPO, Sigma Aldrich) in DPBSTBSA was added at room
temperature (RT) for 2 hr in the dark. Plates were washed six more times and subsequently
developed with Super Aquablue ELISA substrate (eBiosciences). Absorbance was read at
405 nm on a microplate spectrophotometer (BioRad). Data was analyzed using Prism
software and the 50% inhibitory concentration (ICx) was determined as the concentration at
which 509% of NA activity was inhibited compared to negative control (PBS). All experiments

were performed in duplicate.

2.6.7 NA-STAR assay

NA-STAR assays were performed according to the Resistance Detection Kit
manufacturer’s instructions (Applied Biosystems). Briefly, 25 pl. test mAbs (starting
concentration of 100 pg/ml) were prepared in serial two-fold dilutions in NA-STAR assay
buffer, mixed with 25 pL of 4X E.Cs of virus, and incubated at 37°C for 20 min. After adding
10 pL of 1000X diluted NA-STAR substrate, the plates were incubated at RT for 30 min.
The reaction was stopped by adding 60 pl. of NA-STAR accelerator. Chemiluminescence

was determined by using the DTX 880 plate reader (Beckman Coulter). ICs values were

determined using the Prism software. All experiments were performed i duplicate.

2.6.8 Hemagglutination Inhibition Assay

Viruses were diluted to 8 HA units/50 pl in PBS. 25 pl was combined with an equal

volume of mADb serially diluted 1:3 in PBS i duplicate, and subsequently mcubated at RT



for 45 min. 50 ul of 0.59% Turkey red blood cells (Lampire Biological) was added to each
well and incubated for 1 hr at RT. Minimum effective concentrations were then calculated
based on the final dilution of mAb for which hemagglutination inhibition was observed. All

experiments were performed in duplicate.

2.6.9 Microneutralization assay

Microneutralization assay for mAb characterization was carried out as previously
described (40, 109. MDCK cells were maintained in DMEM supplemented with 109 FBS,
196 L-Glutamine, and 1% penicillin-streptomycin at 37°C with 5% CO.. On the day before
the experiment, confluent MDCK cells in a 96-well format were washed twice with sterile
PBS and incubated in minimal essential medium (MEM) supplemented with 1 pg/ml tosyl
phenylalanyl chloromethyl ketone (TPCK)-treated trypsin. Serial two-fold dilutions (starting
concentration 128 pg/ml) of mAb were mixed with an equal volume of 100 50% tissue
culture infectious doses (T'CIDs) of virus and incubated for 1 hr at 37°C. The mixture was
removed, and cells were cultured for 20 hr at 37°C with 1X MEM supplemented with 1
pg/ml TPCK-treated trypsin and appropriate mAb concentration. Cells were washed twice
with PBS, fixed with 80% 1ce cold acetone at -20°C for at least 1 hr, washed 3 times with PBS,
blocked for 30 min with 3% bovine serum albumin in PBS (BSA-PBS) and then treated for
30 min with 29% H:O.. An anti-NP-biotinylated antibody (1:1000) in 39 BSA-PBS was
mcubated for 1 hr at RT. The plates were developed with Super Aquablue ELISA substrate
at 405 nm. The signal from uninfected wells was averaged to represent 10096 inhibition. The
signal from infected wells without mAb was averaged to represent 0% inhibition. Duplication
wells were used to calculate the mean and standard deviation (SD) of neutralization, and
mhibitory concentration 50 (IC») was determined by a sigmoidal dose response curve. The
mhibition ratio (%) was calculated as below: ((OD Pos. Control - OD Sample)/ (OD Pos.
Control - OD Neg. Control)) * 100. The ICx» was determined using Prism software

(GraphPad). All experiments were performed in duplicate.



2.6.10 Plaque reduction assay

Plaque assays were performed using the MDCK London cell line as previously
described (30) with the exception that cells were mcubated with the agar overlay for 48 hr.
Plaques were counted, and the final mAb concentration that reduced the number of plaques
to 50% was determined using GraphPad Prism software. The assay was performed in

duplicate.

2.6.11 In vivo challenge experiments

MAbs were passively transferred mto 6-8-week-old female BALB/c mice by
mtraperitoneal injection of 0.2, 1 and 5 mg/kg mAb cocktail. Negative control mice received
5 mg/kg of the anthrax-specific mAb 003-15D03 as an isotype control. Two hr post-mAb
mjection, mice were anesthetized with 1soflurane and intranasally challenged with 10 LD of
mouse-adapted A/Netherlands/602/2009 HINT virus diluted in 20 ul sterile 1x PBS to test
protective ability of HINI1-binding mAbs, or A/Philippines/2/1982 H3N2 virus to test
protective ability of H3N2-binding mAbs. As a read out, survival and weight loss were

monitored twice a day for two weeks.

2.6.12 Clustering of monoclonal antibodies

Monoclonal antibodies (mAbs) were clustered based on their affinity for a panel of
test viruses using a hierarchical clustering approach. First, each mAb was defined as a vector
whose elements were the binding affinity (ELISA Kbv) of that mAb against each of the HIN1
and H3N2 viruses i our test panel. Then, the Fuclidean distance between each mAb was
calculated. The unweighted pair group method with arithmetic mean (UPGMA) was applied
to the distance matrix to obtain a hierarchical clustering of all mAbs, which was visualized as
a dendrogram (Figure 2.7A, C and Figure 2.8A, C). Clustering was performed separately for

groups of mAbs belonging to the depicted epitope-reactivity categories.



2.6.13 Statistical analysis

All statistical analyses were performed using Prism software (Graphpad Version 8.0).
Sample sizes (n) for the number of mAbs are indicated directly in the figures or in the
corresponding figure legends, and sample sizes (n) for ammals, number of biological
replicates for experiments, and specific tests for statistical significance used are indicated n

the corresponding figure legends. P values less than or equal to 0.05 were considered

significant. *p<0.05, **p<0.01, ** *p<0.001, *** *p<0.0001.
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3.1 ABSTRACT

Dissecting the evolution of memory B cells (MBCs) against SARS-CoV-2 1s critical for
understanding antibody recall upon secondary exposure. Here, we utilized single-cell
sequencing to profile SARS-CoV-2-reactive B cells in 38 COVID-19 patients. Using oligo-
tagged antigen baits, we 1solated B cells specific to the SARS-CoV-2 spike, nucleoprotein
(NP), open reading frame 8 (ORF8), and endemic coronavirus (HCoV) spike proteins.
SARS-CoV-2 spike-specific cells were enriched m the memory compartment of acutely
mfected and convalescent patients several months post-symptom onset. With severe acute
mfection, substantial populations of endemic HCoV-reactive antibody-secreting cells were
identified and possessed highly mutated variable genes, signifying preexisting immunity.
Finally, MBCs exhibited pronounced maturation to NP and ORF8 over time, especially in
older patients. Monoclonal antibodies against these targets were non-neutralizing and non-
protective in vivo. These findings reveal antibody adaptation to non-neutralizing intracellular
antigens during infection, emphasizing the importance of vaccination for inducing

neutralizing spike-specific MBCs.

3.2 One sentence summary: Longitudinal analysis of memory B cells in SARS-CoV-2

mfection reveals evolution toward non-protective viral targets, pronounced in older patients.

Published in Immunity 06 May 2021: Vol. 54 [entire article presented herein] (215)
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3.3 Introduction

Since the emergence of SARS-CoV-2 in December 2019, the World Health
Organization has reported over 125 million infections and 2.8 million deaths worldwide, with
these statistics continuing to rise. Faced with such persistence, the prospect of re-infection or
ifection with newly emerging variants warrants studies evaluating the generation of durable
B cell memory upon infection.

Early in the pandemic, several independent groups identified potently neutralizing
antibodies against the SARS-CoV-2 spike protein, the major antigenic glycoprotein of the
virus (54, 124, 125, 129, 213, 214). Since then, there has been a dedicated interest in the
identification of durable memory B cells (MBCs) that can provide protection from re-
infection. Our group and others have identified MBCs against the spike, nucleoprotein (NP)
and open reading frame 8 (ORF8) proteins in convalescence, and some studies show these
populations persist up to 6 months post-infection (/39, 136, 215, 216). Beyond the
identification of durable MBCs, spike-specific MBCs continue to adapt to SARS-CoV-2 up
to 6 months post-infection, iIn a manner consistent with antigen persistence and ongoing
germinal center reactions (/33, 134, 151). Finally, recent data suggest that particular B cell
subsets may be associated with disease severity, including the expansion of antibody-secreting
cells (ASCs) and double negative B cells lacking surface expression of CD27 and IgD (743,
217).

Despite these advances, we lack a clear understanding of MBC immunodominance
and adaptation to distinct SARS-CoV-2 antigens over time, and how this correlates with
factors such as patient age or disease severity. Moreover, it remains to be determined whether
MBC:s to targets such as NP and ORFS8 can provide protection from infection. Finally, the
role of preexisting immunity to endemic human coronaviruses (HCoV) m shaping MBC
responses to SARS-CoV-2 1s poorly understood.

To address these knowledge gaps, we characterized the SARS-CoV-2-specific B cell
repertoire in 38 COVID-19 patients, both severe acute and convalescent, approximately 1.5-

5 months post-infection using single-cell RNA sequencing. Through this approach, we
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provide a tool for evaluating human B cell subsets, immunodominance, and antibody
adaptation to SARS-CoV-2, and have made a repository of over 13,000 antigen-specific
antibody sequences available to the SARS-CoV-2 research community.

Our studies reveal that MBCs display substantial reactivity toward NP and ORF8, and
continue to expand and adapt over time, particularly in older patients. While SARS-CoV-2
RBD-specific monoclonal antibodies (mAbs) were potently neutralizing and protective, we
showed that anti-NP and anti-ORF8 mAbs failed to neutralize and provide protection 2 vivo.
Analogous to findings in the influenza virus field, B cells to non-neutralizing viral targets may
be preferentially induced in natural infection, and shaped by factors such as preexisting
immunity and age (72, 163). Therefore, preexisting MBC bias to non-neutralizing targets in
SARS-CoV-2 could mmpact susceptibility to or severity of re-infection. Together, these
findings highlight the importance of SARS-CoV-2 vaccines, which are optimally formulated

to develop protective MBC responses against the spike.

3.4 Results
3.4.1 Single cell RNA-seq reveals substantial complexity among endemic HCoV- and SARS-
CoV-2-specific B cells

MBCs have potential to act as an early line of defense against viral infection, as they
rapidly expand into antibody-secreting cells (ASCs) upon antigen re-encounter. To
determine the landscape of MBC reactivity toward distinct SARS-CoV-2 and endemic
HCoV spike viral targets, we collected peripheral blood mononuclear cells (PBMCs) and
serum between April and May of 2020 from 10 severely mfected acute subjects and 28
subjects upon recovery from SARS-CoV-2 viral infection (Table 3.1-3.4). In addition, 4
convalescent subjects returned approximately 4.5 months post-infection for a second blood
draw, with similar volumes of whole blood processed across timepoints. Severe acute
infected samples were collected days 0, 1, 3, 5, and 14 before (day 0) and after receiving
convalescent plasma therapy (Table 3.3 and Table 3.4). All sampling timepoints were pooled

from the same subjects for analysis due to low cell numbers.
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Table 3.1. Convalescent COVID-19 patient information. *SOB = shortness of breath; SC = sinus congestion; ST = sore
throat; BAP = body aches and pain; AP = abdominal pain; LOS = loss of smell; LOT = loss of taste. Starred symptom
start to donation values indicate the value for follow-up visit donation (V2). Severity scoring method has been described
previously (/36).

Subject | Age | Sex | Reported symptoms* Severity | Severity Duration of Symptom start to
ID Score Category | symptoms (days) donation (days)

24 34 M Fatigue, cough, SOB, 19 Severe 12 41
SC, fever, headache,
BAP, diarrhea, LOS,
LOT
20 31 M Fatigue, cough, SOB, 29 Critical 19 48
SC, fever, headache,
BAP, LOS, LOT
Fatigue, cough, SOB, 24 Severe 32 60
SC, ST, fever,
headache, BAP,
diarrhea, LOS, LOT
144 56 M Fatigue, cough, SC, 17 Moderate 23 54
ST, headache, BAP,
LOS
214 47 M Fatigue, cough, SOB, 20 Severe 24 59
SC, ST, headache,
BAP, LOS, LOT
171 37 r Fatigue, cough, SOB, 21 Severe 16 44
SC, fever, headache,
BAP, diarrhea, LOS,
LOT
92 35 M Fatigue, cough, SC, 16 Moderate 16 47
ST, fever, headache,
BAP
48 45 r Fatigue, cough, SOB, 19 Severe 8 40
SC, ST, fever,
headache, AP,
diarrhea, LOS, LOT
537 36 M Fatigue, cough, fever, 13 Moderate 14 59
BAP
586 32 r Fatigue, cough, SOB, 18 Moderate 17 61
SC, headache, BAP,
AP, diarrhea
376 36 r Diarrhea, LOS, LOT 8 Mild 7 48
305 43 r Fatigue, cough, SC, 14 Moderate 4 47
ST, fever, headache,
BAP, LOS, LOT
116 65 r Cough, SOB, fever, 13 Moderate 18 49
LOS,LOT
166 42 r Fatigue, cough, SOB, 18 Moderate 17
SC, fever, headache,
BAP, diarrhea, LOS,
LOT
155 47 r Fatigue, cough, SOB, 20 Severe 29 64
ST, fever, BAP, LOS,
LOT

564 24
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609

26

F

Fatigue, SOB, ST,
fever, headache, BAP,
LOS,LOT

16

Table 3.1. Convalescent COVID-19 patient information, continued

Moderate

130

52

Fatigue, SC, headache,
LOS,LOT

10

Mild

281

70

Cough, fever, BAP

Mild

48

272

42

==

Fatigue, cough, SOB,
fever, headache, BAP,
LOS,LOT

Moderate

14

43

50

Fatigue, SC, fever,
BAP, LOS, LOT

Moderate

10

40

65

Fatigue, SC, fever,
headache, BAP,
diarrhea, LOS, LOT

Moderate

47

33

36

Fatigue, cough, SOB,
SC, fever, headache,
BAP, AP, diarrhea,

LOS,LOT

Severe

14

48

201

56

Fatigue, cough, SOB,
SC, ST, fever,
headache, BAP, LOS,
LOT

20

Severe

18

218

Fatigue, cough, SOB,
fever, headache, BAP,
AP, diarrhea

19

Severe

48

266

Fatigue, cough, SC,
headache, BAP

Mild

32,137 V2*

356

Fatigue, cough, ST,
fever, headache, BAP,
AP, diarrhea, LOS,
LOT

20

Severe

14

43, 137 V2*

407

34

Fatigue, cough, SC,
fever, BAP, AP,
diarrhea, LOS, LOT

16

Moderate

11

43, 131 V2*

210

47

==

Fatigue, cough, SOB,
fever, headache, BAP,
LOS,LOT

16

Moderate

41, 125 V2*
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Table 3.2. Distribution of clinical parameters for convalescent
COVID-19 patients included in the study.

Median Age 41
Mean Age 42
Mode Age 47
Range Age 19-70
Number of Males 14
Number of Females 14
Median Duration of Symptoms (days) 14
Mean Duration of Symptoms (days) 14
Mode Duration of Symptoms (days) 7
Range Duration of Symptoms (days) 4-32
Median symptom start to donation (days) 48
Mean symptom start to donation (days) 49
Mode symptom start to donation (days) 48
Range symptom start to donation (days) 32-64
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Table 3.3. Severe acute COVID-19 patient information. “LLOT: Loss of taste; ECMO: Extracorporeal membrane
oxygenation. *AKA, above the knee amputation; CHF, congestive heart failure; DM, diabetes mellitus; DVT, deep
venous thrombosis; ESRD, end-stage renal disease; HTN, hypertension; NAFLD, non-alcoholic fatty liver disease; PE,
pulmonary embolism; PVD, peripheral vascular disease.

Subject | Age Sex Reported Symptom start Co-morbidities * COVID treatment
ID symptoms* to donation
(days)
R1 57 M Fever, cough, 3 HTN, DM, Tocilizumab,
nausea NAFLD mechanical ventilation
R2 61 M Cough, weakness, 16 None Hydroxychloroquine,
hiccups, altered nasal cannula
mental status
R3 51 F Fever, cough, 21 HTN, DM, PL, Remdesivir,
dyspnea asthma tocilizumab,
venovenous ECMO”*
R4 70 r Fever, altered 2 HTN, Alzheimer’s Nasal cannula
mental status disease
RS 66 r Altered mental 9 HTN, PE/DVT, Nasal cannula
status, dyspnea recent
hospitalization for
orthopedic
procedure
R6 59 M Fever, chills, 20 HTN, DM Remdesivir,
decreased appetite, tocilizumab,
dizziness Venovenous ECMO
R7 57 M Dyspnea 9 HTN, Tocilizumab, anakinra,
Myelodysplastic nasal cannula
syndrome s/p stem
cell transplant
R8 30 M Fever, chills, 13 Cystic fibrosis s/p Room air
fatigue, LOT™ bilateral lung
transplant, DM
R9 78 M Fever, cough 14 HTN, prostate High-flow nasal
cancer cannula
R10 86 F Dyspnea, 6 ESRD on HD, Nasal cannula
abdominal pain stroke, PVD s/p
AKA, DM,
PE/DVT, CHF
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Table 3.4. Distribution of clinical parameters for severe acute COVID-19
patients included in the study.*Samples were collected day 0 (pre-plasma
transfusion), 1, 3, 5, and 14 post-plasma transfusion and all ime points per
subject were pooled for analysis due to low cell numbers. See methods for
additional details.

Median Age 60
Mean Age 61.5

Mode Age 57

Range Age 30-86
Number of Males 6
Number of Females 4
Median symptom start to first donation™ (days) 11
Mean symptom start to first donation™ (days) 11
Mode symptom start to first donation™ (days) 9
Median symptom start to last donation™ (days) 25
Mean symptom start to last donation™ (days) 25
Mode symptom start to last donation™ (days) 23

To identify SARS-CoV-2-specific B cells, we used the SARS-CoV-2 (SARS2) spike
protein, spike RBD, NP, and ORFS to generate probes for bait-sorting enriched B cells for
subsequent single-cell RNA sequencing analysis. This was done by conjugating distinct PE-
streptavidin (SAV)-oligos to individual biotinylated antigens (Figure 3.1A). To control for
non-specific B cell reactivity and B cells reactive to PE, we included an empty PE-SA-oligo,
along with an nrrelevant viral antigen control on APC, Hantavirus PUUV, to improve the
spectficity of sorting and downstream analysis. Finally, to understand the impacts of
preexisting immunity to endemic HCoVs, which share up to 309 amino acid identity with
the SARS2 spike, we included a cocktail of spike proteins from four HCoV strains that cause

mild upper respiratory infections in the vast majority of mdividuals: HCoV-229E, HCoV-

NL63, HCoV-HKU1, and HCoV-OC43, on an additional APC-SAV-oligo.

From a total of 38 subjects analyzed (including four matched follow-up wvisits ~5

months post-infection), we detected small percentages (0.02-1.25%) of SARS-CoV-2-reactive

o

total CD19 B cells, which were subsequently used to prepare 5 transcriptome,

immunoglobulin (Ig) VD], and antigen-specific probe feature libraries for sequencing (Figure
69



3.1A). We sorted on total CD19+ B cells with elevated mean fluorescence intensity in order
to capture highly specific cells regardless of naive-like or MBC origin, though a caveat of this
approach may be the exclusion of lower athnity B cells. We mtegrated sequencing results
from all 38 subjects using Seurat to remove batch effects and 1dentified 16 transcriptionally
distinct B cell clusters based on expression profiles (Figure 3.1B). Adopting the ROGUE
scoring method, which compares how similar all transcriptomes within a cluster are to one
another, we determined most clusters were highly pure, with the majority having a score over
0.9 (1.0 being 100% pure) (Figure 3.1C) (£18). We next ensured our feature libraries
correlated with single probe antigen-specific reactivity via a series of filtering steps to remove
cells that were probe-negative, multi-reactive and non-specific, empty SAV-PE’, or Hanta-
PUUV". Due to the nature of this approach and the mability to clone antibodies from every
B cell, it remains likely that a fraction of cells mcluded m the analysis are non-specific and
that a fraction of cells excluded either by gating or pre-filtering were actually specific.
Therefore, our dataset represents only a subset of the total antigen-specific B cells induced
by SARS-CoV-2. After all pre-hltering steps were complete, mapping only the cells that
bound a single probe revealed that antigen-specific cells were enriched m distinct
transcriptional clusters (Figure 3.1D, E), with considerable variation observed amongst
mdividual subjects (Figure 3.2A, B). Notably, we did not identify obvious differences in B
cell subset distribution or antigen reactivity in B cells from severe acute subjects analyzed
early (days 0, 1, 3) or late (days 7, 14) post-convalescent plasma therapy (Figure 3.2C, D). In
summary, this method revealed substantial complexity in the B cell response to distinct CoV

antigens, which we then further dissected by subset.
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Figure 3.1. SARS-CoV-2-specific B cells comprise multiple distinct clusters. (A) Model demonstrating antigen probe
preparation and representative gating strategy for sorting antigen-positive B cells. (B) Integrated transcriptional UMAP
analysis of distinct B cell clusters (=38 subjects; 55,656 cells). (C) Cluster quality score determined by ROGUE analysis.
(D) UMAP projections showing CoV-specific cells used in all downstream analyses and the clusters they derive from.
(E) Quantitative visualization of CoV-specific cells and their distributions across distinct clusters.
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time points post-convalescent plasma therapy (left) and summary of cluster distribution per timepoint (right). (D)
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subjects R3 and R6. Statistics are Chi square test, n.s.



3.4.2 The SARS-CoV-2-specific B cell landscape is defined by naive-like and memory B cell
subsets

To discern the 1dentity and specificity of each B cell cluster, we analyzed Ig repertoire,
variable heavy (VH) chain somatic hypermutation (SHM) rates, and differentially expressed
genes. Different B cell clusters varied widely m their degree of class-switch recombination
(CSR) and SHM, consistent with the presence of both naive-like and memory-like B cell
clusters. Moreover, we quantitatively identified that targeting of viral antigens was variable
across clusters (Figure 3.3A). To confirm B cell subset identities, we curated lists of
differentially expressed genes across clusters associated with naive B cells, MBCs, recent
GC emigrant cells, ASCs, and innate-like B cells (including B1 B cells and marginal zone B
cells) (Table 3.5 and Table 3.6; Figure 3.3B). Clusters 0, 1, 3, and 5 expressed Ig genes
with little to no SHM or CSR and gene signatures associated with naive B cells, suggesting
these subsets are comprised of naive-like B cells or very recently activated B cells (Figure
3.3A, B). Clusters with patterns of higher CSR and SHM were then further investigated for
memory gene signatures. Based on expression of key genes, we 1dentified clusters 4, 6, 7,
and 8 as MBCs; clusters 2, 9, and 13 as recent memory or GC emigrants; and clusters 10,
11, and 15 as ASCs. Finally, we 1dentified clusters 12 and 14 as mnate-like i nature, though
genes for these subsets are not well-defined in humans (Figure 3.3A, B). We next visualized
how cells clustered based on 1dentity by overlaying gene signatures for MBCs, recent GC
emigrants, and ASCs (Table 3.6; Figure 3.4A-C). Using these gene signatures, we generated
identity scores for each cluster and projected them onto UMAP, allowing us to visualize
how closely associated clusters related to one another based on their B cell subset score
(Figure 3.3C).

Of note, we 1dentified that ASC clusters 10, 11, and 15 displayed a high degree of
SHM, suggesting they may derive from preexisting memory that was driven against endemic
HCoV spike proteins. These clusters also were predominantly class-switched to IgA, an
1sotype most associated with mucosal immunity (Figure 3.3A). To explore this possibility,

we mapped the expression of genes related to mucosal surface homing and found them be
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highly upregulated in ASC clusters, implying memory to past HCoV infection generates a
large plasmablast response during SARS-CoV-2 infection that re-circulates in the blood and
should localize to mucosal surfaces (Figure 3.4D). In conclusion, we confirm that the
landscape of B cell reactivity to SARS-CoV-2 and HCoV antigens 1s defined by distinct
naive-like and MBC subsets.
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Figure 3.3. B cell receptor and transcriptional analysis reveals cluster identities.
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data are plotted with the overlay indicating the median with interquartile range. (B) Heatmap displaying differentially
expressed genes across clusters. A summary of cluster identities is provided below. (C) UMAP projections with cell color
idicating gene module scoring for the indicated B cell subsets. Also see Table 3.5 and Table 3.6.
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Table 3.5. Top 10 most differentially expressed genes per transcriptional cluster. Significance is indicated by adjusted
p value.” Cluster 1 only expressed 8 genes above the significance threshold.

Gene g-val (adj p val) Cluster
SELL 2.27F-284 0
HLA-DRA 5.20E-275 0
CCR7 6.42F-261 0
PFDN5 3.78k-217 0
HLA-DQBI 2.49E-208 0
MEF2C 4.29F-208 0
HVCN/ 2.99E-199 0
HLA-DRB5 3.33E-192 0
FAM20F 2.90E-175 0
SARAF 1.64E-171 0
BT1G1 2.00E-104 1
15C22D3 2.14F-67 1
DUSP/ 2.70E-64 1
JUN 1.71E-37 1
ZFP30L2 1.02E-17 1
RPS26 1.07E-14 1
RPS4Y1 9.15E-08 1
MT-ND6 0.02353042 1
SMARCB/ 2.80E-286 2
TNFRSFI5B 1.36E-285 2
SATI 8.77F-261 2
LLFIB2 2.92E-259 2
RPLY 1.16E-257 2
UBC 9.26E-256 2
CDS2 3.50E-254 2
H3F3B 3.51E-244 2
DUSP?2 1.32E-239 2
CTSH 7.68EF-239 2
RPS24 2.13E-280 3
FOS 2.22F-224 3
YBXS 6.57E-210 3
BT1G1 8.51E-189 3
FAMI129C 7.36E-183 3
CD79B 6.60E-170 3
H3F3A 3.45E-165 3
CD79A 1.33E-162 3
DUSP/ 3.20E-159 3
CXCR4 2.99E-149 3
Chorf18 3.48E-303 4
MTMRI4 1.41E-300 4
ARLOIPS 3.78E-300 4
PDLIMI 6.07E-300 4
ATPsB 1.01E-299 4
POUZAFI 1.25E-299 4
TMEMI156 2.81E-299 4
PPPICA 1.13E-294 4
RPLPI 3.43E-287 4
PKM 5.02E-287 4
FCRLAI 2.29F-293 5
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Table 3.5. Top 10 most differentially expressed genes per transcriptional cluster, continued

HCK 1.59E-279 5
GADD15B1 5.30E-258 5
VPREBS1 6.56-242 5
ACTGI 2.26E-228 5
BCL7Al 2.37E-217 5
UCP22 5.88E-212 5
ACTB 9.61E-211 5
CDJ9A1 1.40E-196 5
RPS11 1.65E-187 5
GAPDH 5.19E-290 6
11GBI 5.43E-272 6
SYKI 1.261-271 6
ICRL? 3.00E-262 6
CD27 5.44F-261 6
PLACS 7.41E-240 6
ANXA4 1.65E-239 6
AC079767.4 1.661-239 6
APISI1 2.27E-237 6
CD241 4.50E-236 6
RPL14 3.83E-301 7
PDE4D 8.43E-301 7
RPS25 4.39E-284 7
RPS15A 1.621-221 7
RPSS 3.64E-214 7
1Prri 3.28E-212 7
RPL32 8.50E-211 7
RPLP? 1.88E-210 7
RPSO 7.54E-196 7
RPS181 4.77E-191 7
M1-COl 3.28E-256 8
MI1-CO2 2.24E-177 8
MI1-CYB 3.85E-147 8
MT-ND{L 6.61E-120 8
MI1-CO3 4.50E-108 8
MT-NDS3 2.45E-87 8
MT-ND5 1.62E-76 8
MTATPS 1.02E-62 8
MT-NDI 9.47E:57 8
MZB1 5.49F-45 8
ICRLS 1.93E-301 9
HLA-DRBI 1.33E-294 9
HLA-DPAI 7.60E-247 9
RGS2 2.48E-245 9
HLA-DPBI 1.47E-237 9
BI2M 495231 9
HCK 2.78E-222 9
HILA-DQA! 4.05E-222 9
LITAF 3.32E-217 9
RHOB 7.50E-217 9
MRPL27 7.31E-303 10
FAM1735A 4.65E-300 10
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Table 3.5. Top 10 most differentially expressed genes per transcriptional cluster, continued

OAS] 1.41E-299 10
COAS 9.63E-296 10
TUFM 3.86-294 10
GOLGB! 1.66E-293 10
MIr 1.89E-293 10
UQCRH 8.40E-293 10
NDUFA4 1.381-291 10
MRPL24 1.871-291 10
SRPRB 3.60E-302 11
CALU 2.84E-301 11
TMEMI06C 8.66LE-300 11
SLC35B1 2.73E-298 11
PRDXA 4.73E-291 11
MT2A 1.77E-290 11
YWHAE 4.34E-290 11
os1C 1.63L-287 11
CD38 1.34E-286 11
DNAJB11 2.82E-286 11
LCP?2 2.59E-299 12
RHOC 8.46LE-296 12
RARRESS 1.81E-289 12
CcTSD 1.62E-286 12
AAK] 4.65E-276 12
IHTTM? 3.02E-248 12
BI2M 1.97E-233 12
DDITH 3.48E-233 12
S100A11 4.36E-230 12
TPST? 7.72E-228 12
TPST? 1.01E-275 13
XAFI 3.67E-223 13
MX1 4.71E-206 13
IrrTmM1 5.27F-163 13
EPSTII 1.44E-160 13
LIF2AKS 7.68E-157 13
e 1.65E-149 13
PLSCRI 1.33E-147 13
I5G15 1.32E-146 13
STATI 1.83E-140 13
MX2 2.00E-121 13
MT2A 6.19E-302 14
MS1A7 4.81E-301 14
CCDCS5A 9.92E-300 14
MYDSS 1.02E-284 14
NAGA 1.47E-279 14
FAMA45A 8.59E-262 14
RNF1448B 7.72E:257 14
ALDH? 5.68E-254 14
SLCTA7 5.93E-250 14
GBP?2 6.72-242 14
AQP3 4.41E-291 15
TXNDCS 1.42E-256 15
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Table 3.5. Top 10 most differentially expressed genes per transcriptional cluster, continued

LGALSS 2.35E-233 15
IFKBP!1 3.31E-229 15
PRDM1 4.18E-225 15

INDC3B 5.54F-204 15
VIQEAN, 4.57E-196 15

SDF2L1 9.78E-193 15
DERLS 2.11E-188 15

1rrey 1.05E-187 15
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Table 3.6. Key genes used in the identification of SARS-CoV-2 specific B cell subsets.

Gene B Cell Subset Rationale Citation
BACH? Naive Promotes B cell development, (219
maintains mature B cells
ZBTBI6 Naive Downregulated in memory (220
compared to naive
APBB2 Naive Foxpl target important for mature | (£2/); The Human Protein
FO B cell survival Atlas (229
SPRY1 Naive Proliferation inhibitor, differentially (229
expressed (DE) between naive and | The Human Protein Atlas
memory (229
TCLIA Naive DE between B cell pop. High in (224)
Naive, low in GC, absent in
memory and ASC
IKZF? Naive DE between memory and naive, (220
higher in naive
CD27 Memory Classic memory marker (9
CDS6 Memory DE between memory and naive, (229)
higher in memory
RASSFO Memory Increased in memory (220
TOX Memory Increased in memory (220
TRERFI Memory Increased in memory (220
TRPVS Memory Increased in memory (220
POUZAFI Memory B cell-specific TF (19
RORA Memory Increased in memory (220
TNFRSFI3B Memory BAFF-binding receptor expressed (220)
i memory and ASC
CD80 Memory High affinity memory marker (9
FCLRS Memory Atypical memory marker (227)
GDPDS Class-switched Highest in class-switched memory | The Human Protein Atlas
Memory B cells (229
BAIAPS Class-switched DE in switched memory, ion (220
Memory channel Ca” flux
TGM?2 Class-switched DE in switched memory, Ca” signal (220
Memory transduction
MUCIO6 Class-switched DE in class-switched memory, (220
Memory membrane adhesion
PRDM] ASC Lineage-defining TF (V¥
MANF ASC ER stress (V¥
XBP/ ASC Unfolded protein response (1))
ILOR ASC Receptor for IL6, promotes PC fate (228
and mAb production
BCL6 ASC Drops in GCs to promote PC fate ()]
IRF4 ASC Rises as BCL6 drops to promote ()]
PC fate
TNEFSR17 ASC Genetic KOs experience sig PC (V¥
reduction
CD58 ASC Classic PC marker (17)
NTOE GC emigrant / Important for class-switch (229
recent MBC
MKI67 GC emigrant / Proliferation marker (230
recent MBC
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Table 3.6. Key genes used in the identification of SARS-CoV-2 specific B cell subsets, continued

CD410 GC emigrant / Required for memory formation (231
recent MBC
CD83 GC emigrant / GC composition (239
recent MBC
MAPSKS GC emigrant / DE during GC reaction (239
recent MBC
MAPSK1 GC emigrant / Required for CD40 signaling (234
recent MBC
FAS GC emigrant / DE during GC reaction (239)
recent MBC
Marginal Zone genes Marginal Zone B DE in MZBs (236)
cells
SPN B1 B Cells Classic B1 marker (237
MYOID B1 B Cells DE in Bls (238
PSTPIP? B1 B Cell DE during activation (239
AHR B1 B Cell Highest expression in Bl (240
CD300LF B1 B Cell DE in Bls (238
LYSMD2-GPR5S B1 B Cell DE in mouse Bls (241)
IZUMOIR Bl B Cell DE in Bls (238
TNFESFISB-MYDSS Innate-like B cells Highly expressed in MZB and Bl (249

3.4.3 B cell immunodominance and adaptability to SARS-CoV-2 and HCoV’s changes with
time after infection

The kinetics and evolution of B cells against the spike and non-spike antigens are
poorly understood. We investigated whether there were notable changes in B cell subsets
and their antigenic targets over time in severe acute and convalescent subjects. By color-
coding cells belonging to the severe acute cohort (red), convalescent visit 1 (~ 1.5 months
post-infection; blue), and convalescent visit 2 (75 months post-infection; yellow) in the
mtegrated UMAP, it became evident that distinct B cell subsets were enriched in different
timepoints/cohorts. As expected, ASC clusters 10, 11, and 15 were derived almost entirely
from severe acute subjects (Figure 3.5A). The two convalescent timepoints were largely
comprised of naive-like and MBC clusters, with convalescent visit 2 being the most enriched
for canonical class-switched MBCs (clusters 4 and 7) (Figure 3.5A). The severe acute cohort
exhibited minimal targeting of the SARS2 spike protein, and instead targeted HCoV spike
and ORFS8 (Figure 3.5B, C). As these ASCs were activated by SARS-CoV-2, they are likely
boosted MBCs with higher athimity for the HCoV spikes, and therefore displayed BCRs

predominately loaded with HCoV spike probe when stained. By contrast, convalescent visit
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1 was most enriched for SARS2 spike binding, which subsequently declined i convalescent
visit 2, in which the frequency of B cells to NP and ORF8 was increased (Figure 3.5B, C).

The dynamic change observed in antigen targeting over time led us to examine antigen
reactivity within distinct B cell subsets for each cohort. For the severe acute cohort, B cells
binding intracellular proteins were dominated by ASC clusters, whereas SARS2 spike-
specific B cells were enriched in early memory and GC emigrant B cell clusters (Figure
3.5D). As previously noted, HCoV spike-specific B cells were enriched in ASCs of the severe
acute cohort, indicative of re-activation of preexisting immune memory. Consistent with this,
HCoV spike-specific B cells were highly mutated compared to SARS2 spike-, NP-, and
ORF8-specific B cells (Figure 3.6A).

Across the two convalescent visits, the percentage of MBCs to ORF8 and NP was
increased in proportion relative to spike MBCs (Figure 3.5E-G; total cell numbers
indicated), and the degree of SHM for all antigen-specific B cells was increased across study
visits (Figure 3.5H, Figure 3.6B, C). Notably, while spike- and ORF8-specific B cells showed
signs of adaptation across visits, the majority of cells displaying the highest degree of SHM
in convalescent visit 2 were NP-specific (Figure 3.51, J). At the individual level, all four
subjects displayed an increase in the percentage of MBCs to NP across time points, and half
of the subjects displayed modest increases to ORF8. The change in percentage for spike-
specific B cells across visits was negligible for three out of four subjects, with one subject
displaying a substantial decrease (Figure 3.6D; S210). Previous groups have identified that
spike-specific MBCs increase over time (/32, 135, 151), and our study 1s limited 1n that this
analysis was performed on only four subjects. However, our data support the claim that there
1s MBC maturation to NP, and to a lesser extent, ORF8 over time.

Analyzing 1sotype frequencies by antigen specificity for each cohort revealed
additional differences across timepoints. The majority of class-switched B cells were IgA mn
the severe acute cohort, regardless of antigen-reactivity (Figure 3.6E). By contrast, class-
switching to IgG1 was prominent for SARS2 spike, NP, and ORF8-reactive B cells in

convalescent visit 1, while HCoV spike-reactive B cells remained largely IgA (Figure 3.6F).
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Class-switched B cells specific to the SARS2 spike declined in convalescent visit 2, and IgG1
class-switched B cells to ORF8 and NP increased in proportion (Figure 3.6G).

Finally, we did not identify substantial differences m serum titer to distinct antigens
across convalescent visit time points (Figure 3.6H-3.6]). Similarly, reactivity patterns in
serological titer and probe hit to distinct antigens in individual subjects did not appear to be
correlated (Figure 3.7A-E). This may be related to differences m B cell affinity to 3-
dimensional probes in the bait sorting assay versus ELISA, or the fact that the cellular
response 1Is sampled at one snapshot in time (over 1-month post-infection), with serology
reflective of antibody that has accumulated since nitial infection.

Together, our results poimnt to differences m B cell immunodominance and
adaptability landscapes across severe acute and convalescent cohorts, independent of serum
titer. For both the severe acute cohort and convalescent visit 1 time point, SARS2 spike-
spectfic B cells were mitially most enriched in memory. However, NP- and ORF8-reactive

MBC:s increased in proportion and showed signs of adaptation over time.
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Figure 3.5. B cell immunodominance and adaptability landscapes vary in acute SARS-CoV-2 infection in convalescence.
(A) UMAP projection showing cells colored by cohort/timepoint of blood draw. Conv vl= convalescent visit 1; Conv
v2= convalescent visit 2. (B) UMAP projections showing only cells binding the specified antigens, colored by
cohort/timepoint of blood draw. (C) Percentage of B cells targeting distinct antigens by cohort. Four Conv vl and Conv
v2 subjects represent matched visits. (D-F) Quantification of B cell subsets targeting distinct antigens across cohorts.
Numbers above bars indicate the number of specific cells isolated. (G) Percentage of total antigen-specific memory B
cells over time from ~1.5-3 months post-infection in matched-convalescent subjects. Statistics are Chi-square test,
****p<0.0001. (H) VH SHM of antigen-specific B cells across both convalescent timepoints for four matched subjects.
Statistics used are unpaired non-parametric Mann-Whitney tests, ****p<0.0001; **p=0.0021. (I and J) Antigen-specific
MBCs divided by SHM tertiles at Conv vl (I) and Conv v2 (J) for four matched subjects.
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Figure 3.6. Analysis of SARS-CoV-2 antigen-specific B cell properties across distinct cohorts and timepoints. (A-C) VH
SHM by antigen-specific B cells shown for severe acute (A), Conv vl B), or Conv v2 (C). Overlay shows median with
mterquartile range. (D) Distribution of MBC specificity across timepoints for Conv vl and Conv v2 subjects, sampled at
approximately 1.5- and 4.5-months post-infection. Also see Table S1. (E-G) BCR isotype usage by antigen-specific B
cells shown for severe acute (E), Conv vl (F), or Conv v2 subjects (G). (H-]) Total anti-Ig serum titers across timepoints
for 16 matched convalescent subjects, shown for SARS2 spike (H), NP (I), and ORFS (J). Dashed line at y= 455 indicates
cutoff for positivity; values are staggered to avoid overlap. Statistics are paired non-parametric Wilcoxon test, *p=0.0386.
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Figure 3.7. Correlation between SARS-CoV-2 antigen-probe positive B cells and serum titers. (A) Matched serum titers
for spike, NP, and ORF8 for convalescent subjects. Statistics are paired non-parametric Friedman test with Dunn’s post-
test for multiple comparisons, *** *p<0.0001; ***p=0.0002; n.s.= not significant. (B) Matched antigen-specific probe
hit per convalescent subject. Statistics are paired non-parametric Friedman test with Dunn’s post-test for multiple
comparisons, no differences were significant (n.s.). (C-E) Percentage of B cells specific for spike (C), NP (D), or ORF8
(E) compared to serum titer levels for the same antigen. Statistics are nonparametric Spearman correlation, two-tailed,
CI = 95%. No correlations were significant (n.s.). (F) MAbs cloned from non-specific multi-reactive B cells tested for
polyreactivity (left) and PE-SA binding (right) by ELISA.

3.4.4 SARS-CoV-2-specific B cells display unique repertoire features and protective ability
The 1dentification of B cells against distinct antigens 1s typically associated with
stereotypical VH and variable light chain (VK or VL) gene usages. Imnmunodominant and
neutralizing spike and RBD epitopes are of particular interest, as they represent key targets
for vaccine-induced responses. We mvestigated whether antigen-specific B cells displayed
enriched variable gene usages. We 1dentified unique VH and VK/VL pairs for B cells

targeting HCoV spike, non-RBD spike epitopes, and RBD-specific epitopes. A B cell was
considered non-RBD spike-specific if it bound full-length spike probe and not RBD, and a
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cell that bound both RBD and full-length spike was considered to be RBD-specific. Using
this approach, we found that B cells against HCoV spike, non-RBD SARSZ2 spike epitopes,
and the SARS2 RBD were enriched for VH1-69 gene usage (Figure 3.8A-3.8C). VH1-69 1s
commonly utilized by bnAbs against the hemagglutinin stalk-domain of influenza viruses, as
well as the gpl120 co-receptor binding site of HIV-1 due to its ability to bind conserved
hydrophobic regions of viral envelope glycoproteins (2435). VH1-69 usage by B cells that
cross-react to SARS-CoV-2 and HCoV has also been indicated (59. However, VH1-69
usage for B cells targeting HCoV and non-RBD SARS2 spike epitopes was predominantly
enriched n convalescent visit 1 subjects and not convalescent visit 2, suggesting that the
repertoire may continue to evolve months after infection (Figure 3.8A, B; right). However,
several VH gene usages were enriched m both convalescent visits, regardless of antigen
specificity. For non-RBD SARS2 spike-specific B cells, VH3-7 and VH1-24 were also
commonly used, which we confirmed by characterizing cloned mAbs from our cohort
(Figure 3.8B, D, Table 3.7). While NP-specific antibodies utilized similar variable gene
usages as SARS2 RBD-specific antibodies (Figure 3.8C, D), ORF8-specific antibodies were
enriched for VHI1-2 and VHI1-3 paired with VK3-20, and enrichment for these VH genes
persisted across both convalescent timepoints (Figure 3.8E). Finally, by analyzing the
frequency of heavy and light chamn gene pairings per subject across both convalescent

timepoints, we observed variability amongst individual subjects and timepoints as expected

(Figure 3.8F).
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To better understand antigen-specific BCRs and how antigenic reactivity related to
mmune effectiveness, we next investigated the binding, neutralization potency, and m vivo
protective ability of mAbs cloned from select BCRs. To do so, we expressed nearly 100
mAbs against the spike, NP, and ORFS8 from convalescent subjects, representing a multitude
of clusters (Table 3.7). Cells from which to clone antibodies were chosen at random, and
were not chosen based on specific sequence features. However, we note that the results
described herein may be affected by sampling bias, as only a small subset of antigen-specific
mAbs were cloned. We confirmed that cells designated as specific bound with moderate to
high affinity to their corresponding antigens (Figure 3.9A), and cells identified as multi-
reactive exhibited features of polyreactivity or bound to PE (Figure 3.7F). We next tested the
antibodies for viral neutralization by SARS-CoV-2/UW-001/Human/2020/Wisconsin virus
plaque assays. Whereas 77% percent of mAbs to the RBD were neutralizing including 409
exhibiting complete inhibition, only 23% of mAbs to spike regions outside of the RBD were
neutralizing, and these showed relatively low potency (Figure 3.9B). Notably, NP- and ORF8-
specific mAbs were entirely non-neutralizing (Figure 3.9B). Using animal models of SARS-
CoV-2 mfection, we confirmed that anti-RBD antibodies were therapeutically protective i

vivo, preventing weight loss and reducing lung viral titers relative to PBS control and an

irrelevant Ebola anti-GP133 mAb (Figure 3.9C, D).
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Table 3.7. SARS-CoV-2-specific mAbs generated from heavy and light chain gene sequences. U.k.: unknown.

mADb ID Specificity Isotype | Cluster | # HC | VHGene | #LC | VK/L gene
SHM SHM
S20-15 Spike/RBD IsG1 4 8 VH 4-59 1 VL 321
S20-31 NP IsG4 4 30 VH 1-24 29 VK 3-20
S20-40 NP IgM 5 0 VH 4-4 1 VL 2-14
S20-58 Spike/RBD IsG1 7 5 VH 4-30 2 VK 2-24
S20-74 Spike/RBD IsG1 6 6 VH 4-59 3 VL 2-8
S20-86 Spike IsG1 3 9 VH 3-9 2 VL 2-14
S24-68 ORF8 IsG1 4 4 VH 4-59 3 VL 1-44
S$24-105 ORF8 IsG1 4 6 VH 3-48 4 VK 3-20
S24-178 NP IsG1 4 2 VH 3-33 7 VL 2-14
S$24-188 NP IsG3 4 2 VH 1-69 3 VL 2-14
S$24-202 NP IsG1 6 3 VH 5-10 6 VK 3-11
S$24-278 ORF8 IsG1 4 3 VH 1-2 1 VK 3-20
S$24-339 Spike/RBD Uk. 4 5 VH 3-49 1 VK 3-15
S24-472 ORF8 IsG1 4 5 VH 4-4 4 VL 4-16
S$24-490 ORF8 IgM 7 2 VH 1-46 4 VK 3-20
S$24-494 Spike/RBD IsG3 2 0 VH 4-39 0 VK 1-39
S24-566 ORF8 IsG1 4 3 VH 3-49 1 VK 2-28
S24-636 ORF8 IgD 7 1 VH 3-7 4 VL 8-61
S24-740 ORF8 IsG1 4 5 VH 1-3 1 VK 4-1
$24-791 NP IsG1 4 4 VH 4-59 6 VK 3-20
S$24-902 Spike/RBD IsG1 6 0 VH 1-69 0 VL 7-46
$24-921 NP IsG1 4 8 VH 4-59 7 VK 1-39
$24-1063 NP IsG1 4 3 VH 4-59 1 VK 3-20
S$24-1224 Spike/RBD IsG1 4 7 VH 1-46 7 VL 1-40
S$24-1271 Spike/RBD IgM 4 6 VH 3-66 6 VL 3-1
$24-1339 Spike/RBD IsG1 7 1 VH 3-53 1 VK 3-20
S$24-1345 ORF8 IgD 3 0 VH 4-39 0 VK 1-13
S$24-1378 ORF8 IgM 3 0 VH 3-53 0 VL 8-61
S$24-1379 NP IsG1 0 0 VH 4-59 0 VL 1-47
S$24-1384 Spike/RBD IsG1 4 2 VH 3-48 4 VL 321
S$24-1476 Spike/RBD IsG 1 2 VH 3-49 0 VK 3-15
S$24-1564 NP IsG1 4 10 VH 4-59 4 VK 1-39
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Table 3.7. SARS-CoV-2-specific mAbs generated from heavy and light chain gene sequences, continued

524-1636 NP IgG1 2 3 VH 3-33 0 VK 3-11
524-1002 Spike/RBD IeM 3 3 VH 3-30 5 VK 1-13
524-1301 Spike IgG1 3 4 VH 1-24 4 VL 10-54
S524-223 Spike/RBD IeM 2 1 VH 2-5 3 VL 2-14
524-461 Spike/RBD IgG1 4 7 VH 4-59 3 VL 3-16
S524-511 NP IgD 2 0 VH 3-30 0 VL 3-1
S524-788 Spike/RBD IeM 6 0 VH 3-33 1 VL 3-1
524-821 Spike/RBD IeM 4 4 VH2-70 0 VK 1-5
S144-67 Spike/RBD IgG1 4 7 VH 5-51 5 VL 1-40
S144-69 Spike/RBD IgG1 4 2 VH 5-51 3 VK 1-5
S144-94 ORF8 IgG3 4 11 VH 3-30 0 VK 2-28
S144-113 ORF8 IgG1 4 9 VH 3-23 6 VK 1-39
S144-175 ORF8 IgG1 4 9 VH 1-2 1 VL 1-47
S144-208 ORF8 IgG1 4 6 VH 1-2 7 VL 2-11
S5144-339 NP IgG1 4 11 VH 3-21 7 VK 3-20
S5144-359 ORF8 IgG3 4 5 VH 3-23 5 VK 1-39
S144-460 Spike/RBD IgAl 4 34 VH 3-15 24 VKI1D-17
S144-466 Spike/RBD IgG3 4 6 VH 5-51 6 VK 1-5
S144-469 ORF8 IgG1 4 3 VH 4-59 2 VK 2-28
S5144-509 Spike/RBD IgG1 4 3 VH 5-51 1 VK 1-5
S144-516 ORF8 IgG1 4 5 VH 1-2 7 VL 1-40
S144-568 Spike/RBD IgA2 7 11 VH 4-59 11 VK 3-20
S144-576 Spike/RBD IgG1 4 3 VH 1-69 2 VK 1-5
S144-588 ORF8 IgG1 4 1 VH 4-39 3 VL 3-1
S5144-628 Spike/RBD IgAl 6 9 VH 5-51 10 VL 1-40
S5144-740 ORF8 IgG1 4 1 VH 1-2 5 VK 3-20
S144-741 ORF8 IgG1 4 5 VH 1-2 1 VL 1-44
S5144-803 Spike/RBD IgG1 4 5 VH 5-51 3 VK 1-5
S5144-843 ORF8 Uk. 6 20 VH 3-30 8 VK 3-20
S144-877 Spike/RBD IgG1 4 2 VH 3-30 6 VK 1-33
S5144-952 NP IeM 4 4 VH 1-18 2 VK 4-1
S144-971 ORF8 IgG1 4 6 VH 3-64 3 VK 4-1
S144-1036 NP IgG1 4 2 VH 4-34 5 VK 4-1
S144-1079 Spike/RBD IgG1 4 7 VH 1-69 3 VK 3-20




Table 3.7. SARS-CoV-2-specific mAbs generated from heavy and light chain gene sequences, continued

S144-1299 ORF8 IgG1 4 5 VH 4-59 0 VL 1-47
S144-1339 Spike/RBD IgG1 4 12 VH 1-2 5 VL 2-14
S144-1406 Spike/RBD IgG2 4 3 VH 1-3 0 VK 1-5
S144-1407 Spike/RBD IgG1 4 6 VH 1-69 2 VK 1-5
S144-1569 ORF8 IgG1 4 7 VH 1-18 1 VL 9-49
S144-1827 Spike/RBD IeM 2 20 VH 3-7 5 VK 3-20
S144-1848 NP IgG1 4 4 VH 3-21 8 VL 1-47
S144-1850 Spike/RBD IgG1 4 2 VH 3-23 3 VK 1-5
S144-2234 ORF8 IgG1 4 4 VH 1-69 3 VK 4-1
S564-105 NP IgG1 4 5 VH 4-61 2 VL 2-14
SH64-14 Spike/RBD IgD 6 3 VH 3-7 0 VK 3-21
S564-68 Spike/RBD IgG1 4 6 VH 1-2 2 VL 2-8
S564-98 NP IgG3 4 0 VH 4-59 3 VK 1-39
S564-105 NP IgG1 4 5 VH 4-61 2 VL 2-14
S564-134 Spike/RBD IgG1 4 2 VH 1-2 6 VL 2-8
S564-138 Spike/RBD IgG1 4 8 VH 1-2 1 VL 2-14
S564-152 Spike/RBD IgG1 11 4 VH 3-33 4 VK 1-33
S564-249 NP IgAl 7 19 VH 3-64 19 VL 2-14
S564-265 Spike/RBD IgG1 4 4 VH 1-2 3 VL 2-8
S564-275 NP IeM 4 3 VH 4-59 6 VK 1-39
S116-2822 Spike IeM 0 0 VH 3-30 0 VK 1-5
S166-32 Spike IgG1 6 9 VH 3-11 2 VK 1-5
S166-2395 Spike IgD 4 2 VH 4-4 5 VL 321
S$166-2620 Spike IeM 6 1 VH 3-7 1 VL 3-1
S5210-852 Spike IeM 6 8 VH 3-7 2 VL 3-1
S5210-896 Spike IeM 9 1 VH 3-30 2 VK 3-21
S210-1626 Spike IgD 1 0 VH 4-4 0 VK 3-20
S305-399 Spike IeM 7 1 VH 1-24 4 VK 3-15
S305-1456 Spike I1gG2 7 2 VH 1-24 3 VK 3-15
S376-780 Spike IeM 3 0 VH 3-30 0 VK 1-27

While mAbs to NP and ORF8 were non-neutralizing 12 vitro, they might still provide
protection in vivo, potentially through Fe-mediated pathways 1f the proteins were exposed on
the virus or cell surface at appreciable levels. However, neither ORF8-reactive mAbs nor
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NP-reactive mAbs conferred protection from weight loss or viral infection n the lung 2 vivo
(Figure 3.9E-H). Altogether, our data suggest that while B cells may continue to expand and
evolve to intracellular antigens upon SARS-CoV-2 mfection, B cell responses against these

targets may not provide substantial protection from re-infection.
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Figure 3.9. Neutralization capacity and in vivo protective ability of mAbs to the SARS-CoV-2 spike and intracellular
proteins. (A) Antigen binding curves by ELISA of antigen-specific mAbs. Dashed line at y= 0.5 on ELISA curves
represents the OD405 cutoff of 0.5 for positivity. (spike, n= 48; RBD, n=36; NP, n=19; ORF8, n=24). Also see Table
S6. (B) Neutralization potency (logl0 PFU/ml) of mAbs tested by SARS-CoV-2 virus plaque assay. Dashed line at x=
6.5 indicates the cutoff for neutralization. Statistics are non-parametric Kruskal-Wallis with Dunn’s post-test for multiple
comparisons, ****p<0.0001. (C) Weight change in hamsters intranasally challenged with SARS-CoV-2, followed by
therapeutic intraperitoneal (I.P.) administration of anti-RBD antibodies (mean + SD, n= four biological replicates for
each mADb). Control conditions are PBS injection, or injection of an irrelevant Ebola virus anti-GP133 mAb. (D) Viral
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Figure 3.9, continued

titers of SARS-CoV-2 in lungs harvested from hamsters post-challenge in (C). Statistics are unpaired non-parametric
Kruskal-Wallis with Dunn’s post-test for multiple comparisons, **p=0.0011; * *p=0075; *p=0.0135. (E) Weight change
of mice intranasally challenged with SARS-CoV-2, followed by therapeutic I.P. administration of ant-ORF8 antibody
cocktails (mean + SD, n= three biological replicates for each mAb). (F) Viral titers of SARS-CoV-2 in lungs harvested
from mice post challenge in (E). Titers are presented as N gene copy number compared to a standard curve. Statistics
performed are non-parametric Kruskal-Wallis with Dunn’s post-test for multiple comparisons, no differences were
significant. (G) Weight change in hamsters intranasally challenged with SARS-CoV-2, followed by therapeutic
mtraperitoneal (I.P.) administration of an anti-NP antibody (mean = SD, n= four biological replicates for each mAb).
(H) Viral titers of SARS-CoV-2 in lungs harvested from hamsters post challenge shown in (G). Statistics performed are
non-parametric Mann-Whitney test, no differences were significant.

3.4.5 B cell immunodominance is shaped by age, sex, and disease severity

Previous studies from our group and others have suggested that serum antibody titers
to the spike and intracellular proteins correlate with age, sex, and SARS-CoV-2 severity (/29,
136, 244). We therefore analyzed the distribution of B cell subsets and frequencies of B cells
specific to the spike, NP, and ORFS8 in convalescent subjects stratified by age, sex, and
severity of disease. Disease severity was stratified into three categories: mild, moderate, and
severe, based on symptom duration and symptoms experienced (Table 3.1). Our disease
severity scoring method has been defined previously (/36).

We found that the reactivity of total B cells toward different antigens varied widely by
subject, likely reflecting host-intrinsic differences (Figure 3.10A). With age, we 1dentified a
decrease 1n the generation of spike-specific B cells, and an increase in ORF8 and NP-specific
B cells (Figure 3.10B). Similarly, the percentage of total spike-specific B cells was reduced in
subjects with more severe disease, whereas ORF8-specific B cells were increased (Figure
3.100). Lastly, we identified females had increased percentages of ORF8-reactive cells,
whereas males showed slightly greater percentages of NP-reactive cells (Figure 3.10D). To
address whether differences in B cell reactivity with age and severity were associated with
naive-like or MBC subsets, we analyzed reactivity by subset. We observed a substantial
decrease 1 spike-specific MBCs and an increase in NP- and ORF8-reactive MBCs with age,
while naive-like B cell subsets were more evenly distributed in reactivity across age groups
(Figure 3.10E, Figure 3.11A). Notably, we 1dentified a significant correlation with age and
the percentage of ORF8-reactive MBCs in females, but not in males (Figure 3.11B, C). By
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contrast, the generation of specific MBCs was not different between mild and severe cases,
though naive-like subsets targeting ORF8 were mcreased across mild, moderate, and severe
disease (Figure 3.10F, Figure 3.11D).

While B cell memory to the spike was decreased in older patients, the overall median
number of VH SHMs for antigen-specific MBCs was increased relative to younger patients
(Figure 3.10G). However, while the majority of MBCs harboring the most mutations targeted
the SARS2 spike in younger age groups (Figure 3.10H, I), mutated MBCs against NP and
ORF8 were proportionately increased relative to the spike in older patients (Figure 3.10J).
Finally, we observed variability in the percentages of MBCs and naive-like B cells across
subjects (Figure 3.10K), with older patients, patients with severe disease, and female patients
generating reduced percentages of MBCs (Figure 3.10L-N). These findings strongly point
to older patients exhibiting poorly adapted MBC responses to the spike, mstead exhibiting
mcreased targeting and adaptation to mtracellular antigens. These data are analogous to B
cell responses to influenza virus vaccination i the elderly, and may be attributed to the effects
of Immunosenescence impairing the ability to form new memory over time (72, 158).
Alternatively, these findings may reflect potential effects of preexisting immunity on the
boosting of NP-specific cross-reactive MBCs.

In summary, our study highlights the diversity of B cell subsets expanded upon novel
mfection with SARS-CoV-2. Using this approach, we 1dentified that B cells against the spike,
ORFS, and NP differ in their ability to neutralize and derive from functionally distinct and
differentially adapted B cell subsets; that memory B cell output overtime shifts from the spike
to intracellular antigens; and that targeting of these antigens 1s impacted by age, sex, and

disease severity.
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Antigen reactivity distribution by subject
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Figure 3.10. SARS-CoV-2 antigen-specificity and B cell subset distribution is linked to clinical features. (A) Reactivity
distribution of total antigen-specific B cells by subject for the convalescent cohort (n= 28). (B-D) Reactivity distribution
of total antigen-specific B cells by age (B), disease severity (C), and sex (D). Statistics are Chi-squared post-hoc tests with
Holm-Bonferroni adjustment, *** *p<0.0001; **p=0.0012; n.s.= not significant. For age groups, 19-35: n= 1382 cells, 8

subjects; 36-49: n= 5319 cells,

13 subjects; 50-70: n= 1813 cells, 7 subjects. For severity groups, mild: n= 990 cells, 4

subjects; moderate: n= 4462 cells, 13 subjects; severe: n= 3062 cells, 11 subjects. For sex, females: n= 5005 cells, 14

subjects; males: n=
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3509 cells, 14 subjects. (E) Reactivity of antigen-specific memory B cells (top) or naive B cells (bottom)
by age group. Statistics are Chi-squared post-hoc tests with Holm-Bonferroni adjustment, ****p<0.0001;
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Figure 3.10, continued

n.s.= not significant. (F) Reactivity of antigen-specific memory B cells (top) or naive B cells (bottom) by disease severity.
Statistics are Chi-squared post-hoc tests with Holm-Bonferroni adjustment, ****p<0.0001;
significant. (G) VH SHM for MBCs by age group (overlay shows median with interquartile range). Statistics are unpaired
non-parametric ANOVA with Tukey’s test for multiple comparisons, ****p<0.0001, ***p=0.0008, **p=0.002. (H-
Antigen-specific MBCs by age, divided by SHM tertiles. (K) B cell subset distribution by subject. (L-N) B cell subset
distribution by age (L), disease severity (M), and sex (N). Statistics are Chi-squared post-hoc tests with Holm-Bonferroni

adjustment, ****p<0.0001; ** *p=0.0007; n.s.= not significant. For each group, n is the same as in (B-D).
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Figure 3.11. Additional analyses of SARS-CoV-2 antigen reactivity by clinical parameter. (A) Percentages of antigen-
specific MBCs shown per subject by age. Age increases left to right along the graph. B) Percentage of MBCs specific
for ORF8 versus age for female (F) subjects. Statistics are nonparametric Spearman correlation, two-tailed, CI = 95%.
(C) Percentage of MBCs specific for ORF8 versus age for male (M) subjects. Statistics are nonparametric Spearman
correlation, two-tailed, CI = 95%. P values are indicated. (D) Percentages of antigen specific naive-like B cells shown for
each subject by severity. Severity score increases left to right along the graph, also see Table 3.1 for severity score per

subject.
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3.5 Discussion

The COVID-19 pandemic continues to pose one of the greatest public health and
policy challenges in modern history, and robust data on long-term immunity 1s needed to
evaluate future decisions regarding COVID-19 responses. Our approach combines three
powerful aspects of B cell biology to address human mimmunity to SARS-CoV-2: B cell
transcriptome, Ig sequencing, and recombinant mAb characterization. Our approach
enables the 1dentification of potently neutralizing antibodies and the characteristics of the B
cells that generate them. Importantly, we show that antibodies targeting key protective spike
epitopes are enriched within MBC populations, but over time the MBC pool shifts towards
non-protective mtracellular antigens which could be a molecular hallmark of waning spike-
mediated protection. This 1s further evidence that widespread vaccination, which only elicits
a response to the spike, may be critical to end the pandemic.

Identification of multiple distinct subsets of naive, innate-like B cells, recent and older
MBCs, and ASCs illustrates the complexity of the B cell response to SARS-CoV-2, revealing
an 1mmportant feature of the 1mmune response agamst any novel pathogen. The
approximately 55,000 B cell transcriptomes with corresponding B cell receptor sequences
herein may provide biomarkers or new gene signatures to help identify distinct B cell
populations. Such populations can be used to evaluate future responses to infections of
various kinds, vaccie formulations, and aid m a better understanding of human B cell
biology and how it shifts over the course of the immune response. Thus, future studies
further elucidating distinct 1dentities and functions of these subsets are necessary and will
provide key nsights to various aspects B cell immunology.

Through this data, we revealed that the landscape of antigen targeting and B cell
subsets varied widely across severe acute subjects and convalescent subjects between 1.5-5-
months post-infection. Severe acute patients mounted a large ASC response toward HCoV
spike and ORFS, largely derived from IgA ASC populations. Plasmablasts are reflective of
ongoing germinal center or extrafollicular responses to infection, and are often re-activated

from preexisting immune memory (/63). The expansion of highly mutated plasmablasts to
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HCoV spike in severe acute patients suggests that the early response to SARS-CoV-2 in some
patients may be dominated by an original antigen sin response. It remains unclear whether
such responses worsen the severity of disease, or reflect an mability to adapt to novel SARS2
spike epitopes. Alternatively, whether HCoV spike binding B cells adapt to the SARS2 spike
and can provide protection 1s of mterest for the potential generation of a universal
coronavirus vaccine. Further investigation mto the protection afforded by cross-reactive
antibodies are warranted, as previous studies have identified cross-reactive HCoV and
SARS1 binding antibodies can neutralize SARS-CoV-2 (33, 152). Importantly, vaccine-
mduced responses to the spike are likely similarly shaped by preexisting immunity, and
should be mnvestigated.

While SARS2 spike-specific B cells were enriched i memory in our convalescent
cohort, we also 1dentiied MBCs and ASCs to HCoV spike, which appeared to wane 5
months after infection in the same subjects. This later tmepoint comcided mstead with an
mcrease n the overall numbers and percentage of ORF8- and NP-specific MBCs, which
displayed a marked mcrease in SHM. This phenotype was particularly evident i older
patients, which exhibited reduced MBC targeting of the spike. Notably, older, female, and
more severe patients had increased percentages of total ORF8-specific B cells; and older
patients tended to create more memory to mtracellular proteins over ime. We 1dentified B
cells targeting these intracellular proteins as exclusively non-neutralizing and non-protective.
Mechanistically, these observations may be explained by reduced adaptability of B cells or
mcreased rehiance on CD4 T cell help for B cell activation, which have been observed in
aged individuals upon viral infections and are dysregulated in aged patients (72, 158).
Furthermore, T cell responses to SARS-CoV-2 intracellular proteins are prevalent in
convalescent COVID-19 patients (103, 245, 246). The shift in memory output during
convalescence may also reflect the massive difference in protein availability, with each virion
producing only dozens of spikes but thousands of intracellular proteins (153, 247, 248).

More research 1s warranted to determine whether B cell targeting of distinct SARS-

CoV-2 antigens directly impacts susceptibility and disease severity, and conversely, whether
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age or disease severity shape memory formation. Addressing these questions will be
paramount for understanding the disease course, determining correlates of protection, and
developing vaccines capable of protecting the most vulnerable individuals against SARS-

CoV-2 and emerging variants.

3.6 Limitations of the study

A primary lmitation to this study 1s the assumption that the total number and overall
distribution of antigen-specific B cells 1s accurately captured by the bait-sorting method
described herein. These parameters could be altered by a number of factors, including probe
preparation, staining dilution, flow cytometry gating, and bioinformatics analysis. However,
this approach 1s mmherently more sensitive and high-throughput compared to serology and
lower-throughput methods for single B cell cloning. The frequencies of memory B cells
examined will also be dependent on the numbers that could be 1solated by bait-sorting
starting from purified B cells, rather than examining reactivity within a controlled number of
memory B cells per subject. An additional imitation 1s that the acute cohort was hospitalized
and presented with severe mfection, and we were unable to analyze acute subjects presenting
a range of disease severity. Finally, we were unable to obtain longitudinal samples from the
same mdividuals across acute, early and late convalescent time points, and future longitudinal

studies assessing the evolution of memory B cells to SARS-CoV-2 will be important.

3.7 Methods

3.7.1 Study cohort and sample collection

All studies were performed with the approval of the University of Chicago mstitutional review
board IRB20-0523 and University of Chicago, University of Wisconsin-Madison, and
Washington University in St. Louis institutional biosafety commuttees. Informed consent was
obtained after the research applications and possible consequences of the studies were
disclosed to study subjects. This clinical trial was registered at ClinicalTrials.gov with

identifier NCT04340050, and chnical information for patients included m the study 1s
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detailed i Table S1-S3. Convalescent leukoreduction filter donors were 18 years of age or
older, eligible to donate blood as per standard University of Chicago Medicine Blood
Donation Center guidelines, had a documented COVID-19 polymerase chain reaction
(PCR) positive test, and complete resolution of symptoms at least 28 days prior to donation.
Severe acute mfected blood donors were 18 years of age or older and blood was collected
per standard University of Chicago Medical Center guidelines. Subjects had a documented
COVID-19 polymerase chain reaction (PCR) positive test, were hospitalized, and had been
scheduled to receive an infusion of convalescent donor plasma. Four blood draws were
collected both before and after plasma infusion, at days 0, 1, 3, and 14. PBMCs were
collected from leukoreduction filters or blood draws within 2 hours post-collection and, 1f
applicable, flushed from the filters using sterile 1X Phosphate-Buffered Saline (PBS, Gibco)
supplemented with 0.2% Bovine Serum Albumin (BSA, Sigma). Lymphocytes were purified
by Lymphoprep Ficoll gradient (Thermo Fisher) and contaminating red blood cells were
lysed by ACK buffer (Thermo Fisher). Cells were frozen in Fetal Bovine Serum (FBS,
Gibco) with 109 Dimethyl sulfoxide (DMSO, Sigma) prior to downstream analysis. On the
day of sorting, B cells were enriched using the human pan B cell EasySep™ enrichment kit

(STEMCELL).

3.7.2 Recombinant proteins and probe generation

SARS-CoV-2 and Hanta PUUV proteins were obtained from the Krammer laboratory at
Mt. Sinai, the Joachimiak laboratory at Argonne, and the Fremont laboratory at Washington
University. pCAGGS expression constructs for the spike protein, spike RBD, and hanta
PUUV were obtamned from the Krammer lab at Mt. Sinai and produced in house n
Exp1293F suspension cells (Thermo Fisher). Sequences for the spike and RBD proteins as
well as details regarding their expression and purification have been previously described
(249, 250). Proteins were biotinylated for 2 hours on ice using EZ-Link™ Sulfo-NHS-Biotin,
No-Weigh™ Format (Thermo Fisher) according to the manufacturer’s instructions, unless

previously Avi-tagged and biotinylated (ORF8 protein, Fremont laboratory). Truncated
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cDNAs encoding the Ig-like domains of ORF8 were nserted mnto the bacterial expression
vector pET-21(a) in frame with a biotin ligase recognition sequence at the c-terminus
(GLNDIFEAQKIEWHE). Soluble recombinant proteins were produced as described
previously (£57). In brief, inclusion body proteins were washed, denatured, reduced, and
then renatured by rapid dilution following standard methods (£52). The refolding buffer
consisted of 400 mM arginine, 100 mM Tris-HCI, 2 mM EDTA, 200 uM ABESF, 5 mM
reduced glutathione, and 500 uM oxidized glutathione at a final pH of 8.3. After 24 hr, the
soluble-refolded protein was collected over a 10 kDa ultrafiltration disc (EMD Millipore,
PLGC07610) in a stirred cell concentrator and subjected to chromatography on a HilLoad
26/60 Superdex S75 column (GE Healthcare). Site specific biotinylation with BirA enzyme
was done following the manufacture's protocol (Awvidity) except that the reaction buffer
consisted of 100mM Tris-HCI (pH7.5) 150 mM NaCl, with 5mM MgCI2 n place of 0.5 M
Bicine at pH 8.3. Unreacted biotin was removed by passage through a 7K MWCO desalting
column (Zeba spin, Thermo Fisher). Full-length SARS-CoV-2 NP was cloned into pET21a
with a hexahistidine tag and expressed using BL21(DES3)-RIL. E. colf in Terrific Broth
(bioWORLD). Following overnight induction at 25°C, cells were lysed in 20 mM Tris-HCl
pH 8.5, 1 M NaCl, 5 mM B-mercaptopethanol, and 5 mM imidazole for nickel-affinity
purification and size exclusion chromatography. Endemic HCoV spike proteins (HCoV-
229K, HCoV-NL63, HCoV-HKUI1, and HCoV-OC43) were purchased from Sino
Biological. Biotinylated proteins were then conjugated to Biolegend TotalSeq™ PE
streptavidin (PE-SA), APC streptavidin (APC-SA), or non-fluorescent streptavidin (NF-SA)
oligos at a 0.72:1 molar ratio of antigen to PE-SA, APC-SA, or NF-SA. The amount of
antigen was chosen based on a fixed amount of 0.5 pg PE-SA, APC-SA, or NF-SA and
diluted 1n a final volume of 10 pL. PE-SA, APC-SA, or NF-SA was then added gradually to
10 pl biotinylated proteins b times on ice, 1 pl PE-SA, APC-SA, or NF-SA (0.1 mg/ml stock)
every 20 minutes for a total of 5 pl (0.5 pg) PE-SA, APC-SA, or NF-SA. The reaction was
then quenched with 5 pl 4mM Pierce™ biotin (Thermo Fisher) for 30 minutes for a total

probe volume of 20 pL. Probes were then used immediately for staining.
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3.7.3 Antigen-specific B cell sorting

PBMCs were thawed and B cells were enriched using FasySep™ pan B cell magnetic
enrichment kit (STEMCELL). B cells were stained with a panel containing CD19 PE-Cy7
(Biolegend), IgM APC (Southern Biotech), CD27 BV605 (Biolegend), CD38 BB515 (BD
Biosciences), and CD3 BV510 (BD Biosciences). B cells were stained with surface stain
master mix and each COVID-19 antigen probe for 30 minutes on ice in 1X PBS
supplemented with 0.29 BSA and 2 mM Pierce Biotin. Cells were stained with probe at a
1:100 dilution (NP, ORF8, RBD, PUUV, empty PE-SA) or 1:200 dilution (spike, endemic
HCoV spikes). Cells were subsequently washed with 1X PBS 0.296 BSA and stained with
Live/Dead BV510 (Thermo Fisher) in 1X PBS for 15 minutes. Cells were washed again and
re-suspended at a maximum of 4 million cells/mL in 1X PBS supplemented with 0.29% BSA
and 2 mM Pierce Biotin for downstream cell sorting using the MACSQuantTyto cartridge
sorting  plattorm  (Milteny1).  Cells that were viable/CD19 /antigen-PE.  or
viable/CD19 /antigen-APC" were sorted as probe positive. The PE" and APC' gates were
drawn by use of FMO controls. Cells were then collected from the cartridge sorting chamber

and used for downstream 10X Genomics analysis.

3.7.4 10X Genomics library construction

VD], 5, and probe feature libraries were prepared using the 10X Chromium System (10X
Genomics). The Chromium Single Cell 5" Library and Gel Bead v2 Kit, Human B Cell
V(D)J Enrichment Kit, and Feature Barcode Library Kit were used. All steps were followed
as listed 1n the manufacturer’s instructions. Specifically, user guide CG000186 Rev D was
used. Severe acute infected samples were pooled post-sort and hashtagged (Biolegend), and
run as a single sample, to account for low cell numbers. Final libraries were pooled and
sequenced using the NextSeqb50 (Illumina) with 26 cycles apportioned for read 1, 8 cycles

for the 17 index, and 134 cycles for read 2.
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3.7.5 Computational analyses for single cell sequencing data

We adopted Cell Ranger (version 3.0.2) for raw sequencing processing, including 5’ gene
expression analysis, antigen probe analysis, and immunoprofiling analysis of B cells. Based
on Cell Ranger output, we performed downstream analysis using Seurat (version 3.9.9, an R
package, for transcriptome, cell surface protein and antigen probe analysis) and IgBlast
(version 1.15, for immunoglobulin gene analysis). For transcriptome analysis, Seurat was
used for cell quality control, data normalization, data scaling, dimension reduction (both
linear and non-linear), clustering, differential expression analysis, batch effects correction,
and data visualization. Unwanted cells were removed according to the number of detectable
genes (number of genes <200 or >2500 were removed) and percentage of mitochondrial
genes for each cell. A soft threshold of percentage of mitochondrial genes was set to the 95"
percentile of the current dataset distribution, and the soft threshold was subject to a sealing
pomt of 109% as the maximum threshold in the case of particularly poor cell quality.
Transcriptome data were normalized by a log-transform function with a scaling factor of
10,000 whereas cell surface protein and antigen probe were normalized by a centered log-
ratio (CLR) normalization. We used variable genes in principal component analysis (PCA)
and used the top 15 principal components (PCs) in non-linear dimension reduction and
clustering. High-quality cells were then clustered by Louvamn algorithm implemented
Seurat under the resolution of 0.6. Differentially expressed genes for each cell cluster were
identified using a Wilcoxon rank-sum test implemented in Seurat. Batch effects correction
analysis was performed using an Anchor method implemented in Seurat to remove batch
effects across different datasets. All computational analyses were performed in R (version

3.6.3).

3.7.6 ROGUE scoring
To assess the quality of B cell subsets identified in this study we used ROGUE
scoring, an entropy-based metric for assessing the purity of single cell populations, adapted

from a previous study (£/8). The expression entropy for each gene was calculated using
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“SE_fun” from the “ROGUE” package (version 1.0). Based on the expression entropy, the
ROGUE score for each cluster was calculated using the “rogue” function from the same

package with parameters “platform” set to “UMI” and “span” set to 0.6.

3.7.7 Antigen probe reactivity assignment

Antigen probe signals were normalized by a centered log-ratio transformation
mdividually for each subject. All B cells were subsequently clustered mto multiple probe-
spectfic groups according to their normalized probe signals. By investigating all normalized
antigen-probe binding signals, we arbitrarily set a threshold equal to 1 for all normalized
probe signals to distinguish probe binding cells as “positive” or “negative”. Cells that were
negative to all probes were clustered into the “negative” group; those positive to only one
probe were clustered into corresponding probe-specific groups; and those that were positive
to multiple probes were further investigated. Only cells whose top hit probe value was at least
two-fold greater than their second hit probe value were clustered mto the top hit probe-
specific group; others were clustered into the “multi-reactive” group that mdicates non-
spectfic cells. To account for the mnclusion of endemic HCoV spike protein reactivity in some
samples, cells positive to both SARS2 spike and endemic spike were further clustered mto a
group we assigned as “spike cross-reactive” in the code. For samples in which we included
separate SARS2 spike and RBD oligo tags, we placed cells positive to both SARS2 spike and
SARS2 RBD mto the “spike” group.

3.7.8 Gene module scoring

Scores for B-cell-genotype-related gene modules (e.g. MBC score, naive score, ASC
score, and GC emigrant score) were calculated using the “AddModuleScore” function from
the Seurat package (£59. The naive score was calculated based on the genes BACHY,
ZBTB16, APBBZ, SPRY 1, TCLIA, and IKZF2 the MBC score was calculated based on
the genes CDZ27, CD86, RASSFo, TOX, TRERFI, TRPVS, POUZAFI, RORA,
TNFRSFISB, CDS80, and FCRLJY; the ASC score was calculated based on genes PRDM 1,

106



MANEF, XBPI, ILOR, BCLO, IRF1, TNFRSFI7, and CD38; and the GC emigrant score was
calculated based on genes NTOE, MKIo7, CD40, CDS3, TNFRSFI3B, MAP3KS,
MAP3KI, and FAS.

3.7.9 Selection of antibodies for monoclonal antibody (mAb) synthesis

Representative antibodies from each subject were chosen for synthesis by choosing
random samplings of B cells that bound to a given antigen probe with higher intensity relative
to all other probes. B cells with varying ranges of probe-binding intensities were chosen for
confirmation by ELISAs. In addition, B cells representing select public clonal expansions
were also chosen for cloning. B cells binding to all probes in a polyreactive manner were also

chosen and validated for polyreactivity by polyreactivity ELISA (see methods below).

3.7.10 Monoclonal antibody generation

Immunoglobulin heavy and light chain genes were obtained by 10X Genomics VDJ
sequencing analysis and monoclonal antibodies (mAbs) were synthesized by Integrated DNA
Technologies. Cloning, transfection, and mAb purification have been previously
described(44). Briefly, sequences were cloned into human IgG1 expression vectors using
Gibson assembly, and heavy and light genes were co-transfected into 293 T cells (Thermo
Fisher). Secreted mAbs were then purified from the supernatant using protein A agarose

beads (Thermo Fisher).

3.7.11 Enzyme-linked immunosorbent assay (ELISA)

High-protein binding microtiter plates (Costar) were coated with recombinant SARS-
CoV-2 proteins at 2 pg/ml in 1X PBS overnight at 4°C. Plates were washed the next morning
with 1X PBS 0.05% Tween and blocked with 1X PBS containing 209% fetal bovine serum
(FBS) for 1 hour at 37°C. Antibodies were then serially diluted 1:3 starting at 10 pg/ml and
mcubated for 1 hour at 37°C. Horseradish peroxidase (HRP)-conjugated goat anti-human
IgG antibody diluted 1:1000 (Jackson Immuno Research) was used to detect binding of

mAbs, and plates were subsequently developed with Super Aquablue ELISA substrate
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(eBiosciences). Absorbance was measured at 405 nm on a microplate spectrophotometer
(BioRad). To standardize the assays, control antibodies with known binding characteristics
were ncluded on each plate and the plates were developed when the absorbance of the

control reached 3.0 ODuws units. All experiments were performed in duplicate 2-3 times.

3.7.12 Polyreactivity ELISA

Polyreactivity ELISAs were performed as previously described (38, 254, 255). High-
protein binding microtiter plates (Costar) were coated with 10 pg/ml calf thymus dsDNA
(Thermo Fisher), 2 pg/ml Salmonella enterica serovar Typhimurium flagellin (Invitrogen),
5 pg/ml human insulin (Sigma-Aldrich), 10 pg/ml KLH (Invitrogen), and 10 pg/ml
Escherichia coli LPS (Sigma-Aldrich) in 1X PBS. Plates were coated with 10 pg/ml
cardiolipin in 100% ethanol and allowed to dry overnight. Plates were washed with water and
blocked with 1X PBS/0.05% Tween/ImM EDTA. MAbs were diluted 1 pg/ml in PBS and
serially diluted 4-fold, and added to plates for 1.5 hours. Goat anti-human IgG-HRP (Jackson
Immunoresearch) was diluted 1:2000 in PBS/0.05%Tween/ImM EDTA and added to
plates for 1 hour. Plates were developed with Super Aquablue ELISA substrate
(eBioscience) until the positive control mAb, 3H9 (256), reached an ODuws of 3. All

experiments were performed in duplicate.

3.7.13 Neutralization assay

The SARS-CoV-2/UW-001/Human/2020/Wisconsin (UW-001) virus was 1solated
from a mild case i February 2020 and used to assess neutralization ability of monoclonal
antibodies (mAbs). Virus (~ 500 plaque-forming units) was incubated with each mAb at a
final concentration of 10 pg/ml. After a 30-minute incubation at 37°C, the virus/antibody
mixture was used to inoculate Vero E6/TMPRSS2 cells seeded a day prior at 200,000 cells
per well of a TC12 plate. After 30 minutes at 37°C, cells were washed three times to remove

any unbound virus, and media containing antibody (10 pg/ml) was added back to each well.
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Two days after inoculation, cell culture supernatant was harvested and stored at -80°C until
needed. A non-relevant Ebola virus GP mAb and PBS were used as controls.

To determine the amount of virus in the cell culture supernatant of each well, a
standard plaque-forming assay was performed. Confluent Vero E6/TMPRSS2 cells in a
TC12 plate were infected with supernatant (undiluted, 10-fold dilutions from 10" to 10”) for
30 muinutes at 37°C. After the incubation, cells were washed three times to remove unbound
virus and 1.09% methylcellulose media was added over the cells. After an incubation of three
days at 37°C, the cells were fixed and stained with crystal violet solution in order to count the

number plaques at each dilution and determine virus concentration given as plaque-forming

units (PFU)/ml.

3.7.14 In vivo protection assays

To evaluate the efficacy of RBD and NP monoclonal antibodies (mAbs) i vivo,
groups of 4-5-week-old female Syrian golden hamsters (four animals in each group) were
infected with SARS-CoV-2 at a dose of 10° PFU by intranasal inoculation. One day later, the
hamsters were treated by intraperitoneal injection with one of the mAbs at 5 mg/kg. Control
groups of hamsters were injected with either sterile PBS or a non-relevant mAb (Ebola
glycoprotein 133/3.16). Weights were recorded daily. Four days after the infection, nasal
turbmate and lung samples were collected to determine viral loads in these tissues by
standard plaque assay on Vero E6/TMPRRSS2 cells. All animal studies were conducted
under BSI-3 containment with an approved protocol reviewed by the Institutional Animal
Care and Use Committee at the University of Wisconsin.

Studies with mice were carried out in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The
protocols were approved by the Institutional Animal Care and Use Committee at the
Washington University School of Medicine (assurance number A3381-01). Virus
moculations were performed under anesthesia that was induced and maintained with

ketamine hydrochloride and xylazine, and all efforts were made to minimize animal
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suffering. To evaluate the efficacy of ORF8 mAbs 1 vivo, eight-week-old heterozygous
female K18-hACE ¢57BL/6] mice (strain: 2B6.Cg-Tg(K18-ACE2)2Prlmn/]) received 200
pg of each indicated mAb by intraperitoneal injection one day prior to intranasal inoculation
with 10" PFU of SARS-CoV-2 (n-CoV/USA_WA1/2020 strain). Weight change was
monitored daily and lungs were harvested at 7 days post-infection. Viral RNA levels in lung
homogenates were determined by qRT-PCR quantifying N gene copy number and

compared to a standard curve as described previously (£57).

3.7.15 Statistical analysis

All statistical analysis was performed using Prism software (Graphpad Version 9.0) or
R. Chi-square tests were corrected for multiple comparisons using post-hoc Chi-square test.
Sample sizes (n) are indicated in corresponding figures or figure legends. The number of
biological repeats for experiments and specific tests for statistical significance used are

mdicated in the figure legends. P values less than or equal to 0.05 were considered significant.

“p<0.05, **p<0.01, ***p<0.001, *** *p<0.0001.

3.8 Acknowledgements

We kindly thank the University of Chicago CAT Facility (RRID: SCR_017760) for
their assistance and allowing us to use their facilities. We thank Dr. Nicholas Chevrier for
allowing us to use the Pritzker School of Molecular Engineering’s sequencing facility. We
are thankful to the University of Chicago Genomics Facility (RRID: SCR_019196) for their
assistance with sequencing several samples. We thank John Bivona and the staff of the
Howard Taylor Ricketts Laboratory for prompt training in BSI.-3 practices and procedures
and for use of their facilities for severe acute infected sample collection. We are grateful for
the training and support provided by Megan Ciarlo and Allison Guiang of Milteny1 Biotech
for use of the MACSQuant Tyto. Lastly, we are most appreciative of the patients who

donated samples for our research purposes.

110



CHAPTER 4
DISCUSSION AND FUTURE DIRECTIONS
4.1 Lessons from flu and SARS2: the pitfalls of natural immunity

For the first time, our studies suggest that the overwhelming majority of antibody
specificities elicited by natural infection are non-neutralizing and non-protective i vivo. We
demonstrate this finding in two distinct contexts: influenza virus infection, which 1s extremely
famihar to the human immune system, and SARS-CoV-2 infection, a novel pandemic virus.

In the case of influenza virus infection, the majority of antibodies displayed higher
affinity to childhood stramns than to currently circulating strains and were highly mutated,
mdicative of an original antigen sin-like response. Similarly, we observed a substantial effect
of preexisting immunity i biasing expansion of plasmablasts cross-reactive to endemic
HCoV strains upon infection with SARS-CoV-2. As we analyzed antibody responses in
young to middle-aged adults, 1t was not possible to tease apart 1solated effects of preexisting
mmmunity and age, and the two likely both impact antibody responses. To this effect, SARS-
CoV-2 infection induced considerable expansion of MBCs to conserved yet non-neutralizing
targets mcluding NP and ORFS8, and this response was exaggerated m adults aged 50-70
years old. Fmally, we observed that mm young to middle-aged adults, mfluenza virus
vaccination predominantly recalled neutralizing MBCs specific to HA head epitopes, and
many of these antibodies exhibited cross-reactivity to past strains as well.

Together, these data suggest a model whereby natural infection induces antibody
responses to viral targets beyond major surface glycoproteins, as several structural and
accessory proteins are widely abundant in natural infection (Figure 4.1, top). While natural
mmmunity 1s accepted to last longer, the pitfall 1s that it induces several more non-neutralizing
antibody specificities. Non-neutralizing antigens such as internal proteins are also more
conserved, resulting in continual boosting of preexisting MBCs to undesirable antigens over
a lifetme of repeated exposures. As a result, preexisting immunity and age can further

exacerbate antibody responses to conserved non-neutralizing antigens. By contrast, vaccines
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are enriched for major surface glycoproteins, favoring an antibody response that directly
blocks mechanisms of viral entry into host cells (Figure 4.1, bottom). Despite this, our group
and others have observed that preexisting immunity and age can also impact the quality of
vaccine-induced responses, highlighting the need for next-generation vaccines enriched for
conserved neutralizing epitopes(/72, 1806).

Though these observations are likely context-dependent, 1t 1s mnarguable that complex
host factors complicate current vaccination strategies for ever-changing viruses such as
mfluenza and more recently SARS-CoV-2. With the foundation laid by these studies, it 1s
clear that universal vaccination strategies are needed and likely the most promising avenue

toward eradicating pandemic-threat viruses.
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Figure 4.1. Model depicting how preexisting immunity, age, and disease severity shape antibody responses to viruses.
In response to natural infection (top), the presentation of multiple viral proteins to the immune system results in a
biased antibody response to conserved yet non-neutralizing antigens such as internal virus proteins. Factors such as
age, preexisting immunity, and disease severity further amplify infection-induced antibody responses to conserved,
non-neutralizing targets. The antibody response to vaccination (bottom) by contrast is biased toward major viral
surface glycoproteins, as vaccines are enriched for these components. As a result, the antibody response to
vaccination 1s predominantly neutralizing. However, age, preexisting immunity, and disease severity can stll bias
vaccine-induced responses to conserved yet non-neutralizing antigens.
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4.2 Toward a universal influenza virus vaccine

4.2.1 Surmounting preexisting immurty to combat influenza viruses

Humoral mmmunity against ifluenza viruses relies on biased immune memory,
referred to as imprinting or original antigenic sin. Imprinting results in MBC biases toward
viral epitopes found m childhood wviral strains and other past encountered viral strains,
hindering adaptation to antigenically drifted viruses seen later in hife. Imprinting has both
beneficial and detrimental effects on anti-influenza immunity, largely dependent on whether
an individual 1s exposed to a challenging influenza virus antigenically similar to or distinct
from viruses previously encountered.; 1.e. a virus belonging to the same (homosubtypic) or a
different subtype (heterosubtypic). Exposure to a virus homosubtypic to the imprinting virus
may result in boosting of cross-reactive antibody responses to homosubtypically conserved
viral epitopes, which may have potential to be neutralizing. For example, when individuals
are exposed to a similar strain, they are more likely to recall MBCs against neutralizing viral
epitopes of the HA head due to smaller antigenic distance between viruses(£.J). By contrast,
exposure to a viral subtype opposite of the imprinting virus may result in boosting of
antibodies to heterosubtypically conserved viral epitopes, or poorly adapted responses as
fewer epitopes are shared across subtypes(£58).

Despite antibody boosting to conserved viral epitopes in either scenario, several
conserved viral epitopes are non-neutralizing or low-potency to target, including NP, NA,
and some HA stalk epitopes. In addition, neutralizing MBCs generated from childhood
exposures that are recalled against drifted variants of the same subtype could be low atfinity
and lack the ability to neutralize current strains (259, 260). Finally, different subtypes of
mfluenza mcluding HINT and H3N2 are in circulation each season and individuals are
continually exposed to variants of both throughout their lifetime. Therefore, it 1s not possible
to control which influenza variants an individual 1s exposed to, and more often than not
imprinting could result in poorly adapted immune responses. For these reasons, it 1s essential
that we develop universal influenza virus vaccines that boost durable immunity to conserved,

high potency viral epitopes and that can be administered to both children and adults.
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In addition to preexisting immunity, we report for the first time that exposure route
via natural infection versus vaccination impacts the MBCs that are recalled by influenza virus
exposures n adulthood (Chapter 2). We identified that natural infection recalls preexisting
mmune memory to conserved yet poorly protective viral epitopes, likely due to the
abundance of these antigens presented to the immune system during natural infection. By
contrast, we observed that vaccination could harness preexisting immunity to draw out cross-
reactive antibody responses to the HA head. These data suggest that vaccination has the
potential to induce cross-reactive and neutralizing responses, but whether these responses
are high enough in magnitude, potency, and durability to provide protection 1s unclear.

Alternative universal vaccine platforms will be required to overcome antigenic
variation and any detrimental effects of imprinting. Several next-generation vaccine platforms
that aim to induce antibodies against conserved sites have been approved or are i clinical
trials, including high dose vaccines(£261, 262, chimeric HA vaccines(40), headless HA
vaccines (00, 263), computationally optimized broadly reactive antigen (COBRA)-generated
HA protein vaccines(£264-260), and nanoparticle vaccines(263, 267, 268). However, inducing
antibody responses to conserved viral epitopes 1s not enough: next generation vaccination
platforms must also focus on increasing the magnitude and durability of antibody responses.
In 2018, the National Institute of Allergy and Infectious Disease reported key requirements
of a successful universal influenza virus vaccine, including the stipulation that such a vaccine
provide durable protection that lasts up to one-year post-vaccination, preferably through
multiple seasons(£209). To this end, different combinations of adjuvants, prime/boost
regimens, and delivery routes are being investigated. Nanoparticle display vaccines offer
promusing results, as they increase the magnitude of immune responses by increasing BCR
crosslinking and antigen deposition onto follicular dendritic cells, and ncrease the
recruitment of B cell clones to GCs(270, 271). Moreover, due to their potential
enhancement of iImmunogenicity, nanoparticle vaccines may have the ability to recruit lower-
affimity B cells and germline B cells into the immune response, allowing for de novo

responses that are not biased by preexisting immunity(275).
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Finally, perhaps the most obvious path to overcoming mmprinting i1s to better
understand pediatric influenza immunity and develop universal vaccines that can be
administered to children(£73). If vaccines could be administered in early life prior to first
ifection, one could essentially ‘artificially imprint’ the immune system to multiple influenza
virus antigens through vacciation. This would allow for the development of cross-reactive B
cell memory to several influenza viruses before any natural MBC biases are formed. Our
understanding of anti-influenza immunity i infants and children 1s limited, but it 1s currently
appreciated that children mount narrow, strain-specific responses relative to adults(£74).
Logically, children have not been exposed to multiple variants of influenza virus and can
therefore more easily mount de novo antibody responses, likely regardless of whether they
are experiencing a primary infection or not. Administering universal influenza vaccines to
children would theoretically allow for the development of de novo antibody responses to
multiple influenza virus strains simultaneously. However, it remains unknown how natural
mfection versus vaccination differentially imprint the immune system of children. Some have
proposed that the strongest way to imprint the infant immune system via vaccination may be
through live attenuated influenza vaccines (LAIV), which can stimulate robust memory T
and B cell responses, as well as mucosal immunity(£75). Unfortunately, LAIV are currently
not recommended for children under two years old, due to reports of mcreased wheezing
reactions in that age group(£79). In addition, LAIV have been shown to be less effective in
children than m adults (276, 277).

Whether and how universal influenza virus vaccines can be administered to infants
and children will depend on ncreasing our understanding of anti-influenza immunity n
pediatric populations. Below, current strides in our understanding of influenza imprinting in

children are outlined, including future experiments to dissect mechanisms of imprinting.

4.2.2 Investigating mechanisms of antigenic imprinting in children
Immunity to mnfluenza differs vastly between children and adults, though our

understanding of T and B cell responses to influenza virus infection and vaccination in
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children 1s scarce. Moreover, understanding pediatric immunity 1s further complicated by
the presence of circulating maternal antibody n infants. Perhaps the most obvious difference
i pediatric immune systems 1s the substantially larger naive B and T cell compartments.
Due to delayed kinetics of de novo antibody responses derived from naive B cells, the
response to influenza viruses i children 1s likely delayed relative to adults. This could
attribute to the mcreased susceptibility to mfluenza viruses seen within the pediatric
population (5 years and younger). Memory B and T cell responses are nevertheless
established in children, with evidence for higher magnitude T cell responses following natural
mfection versus vaccination (£78, 279). To date, little 1s known regarding the B cell repertoire
elicited by natural influenza virus infection and vaccination in children, the memory B cell
subsets that contribute to early priming and re-call responses, and the B cell
immunodominance hierarchies that follow mitial exposure. To address these questions, our
group has collected longitudinal pediatric influenza virus mfection and vaccination PBMC
samples and single cell sorted plasmablasts i the 2018-2019 and 2019-2020 influenza
seasons. Using single B cell cloning from plasmablasts as in Chapter 2, and oligo-tagged
antigen bait sorting and sequencing as in Chapter 3 of this work, we are investigating B cell
subsets and immunodominance elicited by early exposures to influenza viruses in children.
Through this work, we hope to identify potential mechanisms and mimmune signatures

responsible for B cell focusing to distinct viral epitopes.

4.3 Toward a pan-coronavirus vaccine

4.5.1 Emergence of SARS-CoV-2 viral variants

Relative to influenza viruses, SARS-CoV-2 evolves about half as fast, with 1ts 30,000
base pair genome acquiring about two amino acid mutations per month(77/, 280). This 1s
largely due to the unique RNA proofreading mechanism endowed by the RNA polymerase
of coronaviruses(281). However, due to the persistence of the COVID-19 pandemic and the
widespread transmission of the virus over the past year and a half, SARS-CoV-2 has mevitably

acquired mutations in the spike domain since its emergence. Among the key variants of
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concern are the UK (B.1.1.7), South Africa (B.1.351), Brazil and Japan (P.1 and P.2),
California (B.1.427 and B.1.429), and Denmark (B.1.1.298) variants (£82-285). The
California variants, harboring a D614G mutation m the spike domain, were origmally
reported as more infectious and transmissible, though some studies showed effective cross-
neutralization using sera from convalescent subjects(/40, 286-288). Even more infectious 1s
the UK B.1.1.7 variant, which harbors three amino acid deletions and seven missense
mutations n spike, including D614G and N501Y in the RBD, with some strains possessing
an E484K mutation (289, 290). The E4A84K mutation 1s also shared across the Brazil and
South African variants. These strains are spreading rapidly, and are associated with the first
cases of re-infection(£9/). Finally, several strains within the B.1.251 lineage have emerged
with multiple mutations in the RBD, mcluding K417N, E484K, and N501Y. Dauntingly,
recent data report that these variants can escape vaccine-induced immunity with a reduction
i neutralization up to 10-fold (292-294).

With the emergence of these variants, more research is warranted to understand
features of antibodies capable of cross-neutralization. Of promise, prior infection followed
by subsequent SARS-CoV-2 mRNA vaccination has been shown to boost cross-neutralizing
antibodies (£293). Furthermore, the identification of antibodies targeting conserved regions
across multiple coronaviruses suggests that a better characterization of conserved viral

epitopes may inform novel vaccination and therapeutic strategies(35).

4.8.2 The quest for broadly neutralizing anti-SARS-Co V-2 antibodlies

Upon viral infection, humans can generate rare antibodies with the ability to neutralize
several antigenic variants within the same viral family, dubbed broadly neutralizing antibodies
(bnAbs). BnAbs exhibit restricted repertoire features and have been characterized for HIV-
1, influenza, and Ebola virus infection, and mducing them 1s a key goal of vaccimation efforts
(£295-297). Currently, mAb therapeutics against COVID-19 have focused on potently
neutralizing epitopes of the RBD, though these epitopes are not necessarily evolutionarily

conserved. In fact, a recent study using yeast display technology to generate RBD mutants
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revealed a single amino acid mutation that could escape the Regeneron Pharmaceuticals
antibody cocktail, which consists of two antibodies targeting non-overlapping viral
epitopes(/27, 298). Several other groups have similarly reported viral escape from key bnAbs
originally 1solated against the Wuhan variant(299, 300).

To circumvent viral escape, several groups are investigating bnAb responses to SARS-
CoV-2. Harnessing the ability of preexisting immunity to induce antibodies to conserved
epitopes, small biotech company Adimab has 1solated mAbs originally induced by SARSI
mfection that neutralize SARS-CoV-2(33). To increase neutralization potency, they
generated afhinity-matured versions using yeast-display technology, and one lead mAb 1s
currently in phase I clinical trials(#/). Further studies are warranted to dissect the features of
SARS-CoV-2 bnAbs, though key characteristics in VH gene usage, complementarity
determining regions, and conformation-dependent binding have been identified through the
studies of other viruses(50/). Progress has already been made in defining how distinct spike
mutations alter the activity of neutralizing antibodies - for example, structural and functional
characterization of neutralizing antibodies has resulted m 1dentification of three distinct
neutralizing SARS-CoV-2 antibody classes(302).

Despite the astounding toll that the COVID-19 pandemic has taken over the past year
and a half, SARS-CoV-2 research continues to flourish and several advances have been
made. Fortunately, the knowledge of antibody responses to other viruses such as influenza
has been used as a stepping stone toward generating novel vaccines and antibody
therapeutics. In response to a global pandemic, our group was able to rapidly profile the
human B cell response to infection, assessing antibody responses to multiple viral targets.
Our dataset 1s the first of its kind to provide B cell specificity, transcriptome, and BCR
sequence from single B cells in the context of SARS-CoV-2 infection. As a result, we were
able to characterize the protective potential of antibodies not only to the spike protein, but
to NP and ORFS8 as well. In addition, our transcriptional dataset provides one of the first
high-throughput analyses of the B cell response to a completely novel mfection. The

methodologies, results, and antibody sequences reported herein serve as a framework for
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mvestigating antibody evolution to new variants, and importantly, to vaccination. In the face
of persistent viral evolution, studies such as this bring us one step closer to combating one of

the deadliest viruses in modern history.
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