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Jesse Bloom

Department of Microbiology

Antibodies are the first line of defense against invading respiratory pathogens, and their
effectiveness at preventing infection and disease depends heavily on what antigens are targeted.
For both influenza A virus and severe acute respiratory coronavirus 2 (SARS-CoV-2), antibodies
directed at the receptor-binding surface proteins, hemagglutinin (HA) and spike, respectively, are
known to neutralize virus infection and are associated with protection [1-5]. Antibodies targeting
non-neutralizing epitopes on many different viral proteins also play important roles in reducing
the length and severity of disease and tend to target more conserved regions than most neutralizing
antibodies [1,5-11]. Here, | present my work aimed at understanding the development and
interaction of neutralizing and non-neutralizing antibodies with two respiratory viruses, influenza

A virus and SARS-CoV-2.



First, I test the durability of antibody binding to the stem domain of HA after the accumulation of
mutations naturally over 17 years in both the H1 and H3 lineages. To accomplish this, | created
chimeric HA proteins combining the head domain of an avian influenza virus to which humans
have not been exposed with the HA stem domain of seasonal influenza strains spanning 17 years
of sequence evolution [12-16]. This allowed me to measure serum antibody binding specifically
to the HA stem domain. | measured the binding of human sera collected concurrent to when the
first seasonal stem strain | tested was circulating and compared that to the binding of the same sera
to the stem from a seasonal strain circulating 17 years later. Based on these measurements for a
number of human serum samples, we find that HA stem antibody binding wanes at a similar rate

for both H1 and H3 HAs despite a faster rate of sequence evolution in the H3 lineage.

In a separate set of experiments, | describe a new assay for measuring the potency of antibodies
targeting the influenza A virus receptor-cleaving protein neuraminidase (NA). Our method allows
for the testing of anti-NA antibodies in a format similar to traditional neutralization assays for
antibodies targeting (HA). Briefly, we paired a modified HA that can perform membrane fusion
but cannot bind to cellular receptors and NA containing the mutation G147R which confers the
receptor-binding function to NA [17,18]. This creates a virus that is dependent on NA for
attachment to cells and can thus be neutralized by anti-NA antibodies. We found that this method
works best for antibodies targeting sites near the catalytic active site of NA. We were able to select
for an escape mutation with one such monoclonal antibody demonstrating the utility of our

methods for mapping anti-NA antibody epitopes.

Finally, | address the pressing issue of antibody durability in the context of the ongoing SARS-
CoV-2 pandemic by measuring neutralizing and non-neutralizing antibody responses in children

for up to 52 weeks following infection. In collaboration with Seattle Children’s hospital, we



performed pseudoneutralization [3,19,20] and the Abbott Laboratories SARS-CoV-2 IgG assay on
samples collected from 32 children at approximately 4- and 24- weeks post-symptom onset. For
both neutralizing anti-spike antibody titers and anti-nucleocapsid (N) antibodies, we observed a
high degree of variability from participant to participant. Overall, neutralization titers changed
very little over the observation period, while anti-N levels decrease substantially. When compared
to a separate, previously characterized, adult cohort [3], we find age-related differences in the
antibody responses. Specifically, children tend to have lower neutralizing antibody titers than
adults early following infection that become similar to adults in the following six months.
Strikingly, anti-nucleocapsid antibodies are much lower in children than adults and wane faster in

children over time.
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Chapter 1.

INTRODUCTION

11 A robust antibody response is elicited following influenza infection or vaccination

1.1.1 Influenza A viruses hemagglutinin evolves to evade antibody immunity.
The burden of disease caused by influenza virus infection continues to pose a significant threat to global
public health [21]. Seasonal circulation remains prevalent despite the fact that infection and vaccination by
influenza A virus elicits a robust antibody response primarily targeting the immunodominant hemagglutinin
(HA) receptor-binding protein imbedded in the host-derived viral envelope [22-25]. Only antibodies
targeting HA are known to be neutralizing, meaning that they prevent the virus from infecting susceptible
cells. As such, they have long been used as a correlate of protection, and thus, HA is the current target for
seasonal influenza vaccines. HA, however, is highly mutationally tolerant, particularly within the known
the antigenic sites of the membrane-distal head domain that make up the majority of neutralizing antibody
epitopes [26,27]. This feature of the HA protein allows for rapid selection of mutations at sites of antibody
binding resulting in immune escape [28-31]. This process is known as antigenic drift and is the primary
reason why influenza continues to cause yearly epidemics and also why seasonal vaccines need to be

evaluated yearly and frequently reformulated.

1.1.2 Targeting the hemagglutinin stem domain to elicit a more durable neutralizing
antibody response
During viral maturation, HA is proteolytically cleaved in to two subunits, HA; and HA; [32]. The HA;
subunit primarily encodes the head domain of HA with the stem domain mostly encoded by HA; and the
C-terminal domain of HA;. Because the membrane-proximal stem domain of HA is relatively more
conserved than the head domain, it has become a coveted target for vaccine strategies aimed at eliciting
more durable immune responses [33]. Influenza strains are broken down into two groups of antigenically

similar strains which are further subdivided into subtypes within each group. Several broadly neutralizing

1



stem monoclonal antibodies have been identified which provide heterosubtypic immunity, i.e. immunity to
multiple influenza subtypes, in animal models, and some even exhibit pan-influenza binding [15,34-42].
Most reported broadly neutralizing stem antibodies target a single large epitope region within the HA
helical structure [39,43], although recent work has identified a new epitope near the transmembrane domain
on HA that appears to be an additional common binding site of neutralizing stem antibodies [44]. The
proposed mechanism of action for many broadly neutralizing stem antibodies is the inhibition of membrane
fusion [39]. Because HA fusion activity is required for efficient infection, it has been suggested that stem
antibody escape mutations are less likely to arise due to the functional constraints of this domain.
Alternatively, the immunosubdominance of the stem domain, at least partially due to its less accessible
location on the protein, may shield this region from intense selection pressure resulting in fewer escape

mutations.

1.1.3 Examining the antigenic evolution of the HA stem domain
Directed evolution studies have been performed to try to identify mutations in the stem domain that confer
escape from stem neutralizing antibodies. Given that mutations in the HA stem domain become fixed in
nature less frequently than in the head domain [45,46], it may be unsurprising that selection of stem
antibody escape mutation have been difficult to identify [47]. However, despite this barrier to selection,
single mutations have been found that allow for escape from monoclonal stem-binding antibodies [31,48]
and even polyclonal serum [46,49]. It is still unknown how naturally occurring mutations in the stem
domain impact stem-binding antibodies which are not uncommon in human serum. Identifying whether the
natural accumulation of mutations in the stem erode antibody binding will provide important implications

for future stem-based vaccination strategies aimed at applying more potent stem antibody selection.

Further complicating stem immunity is the fact that different subtypes of HA appear to evolve antigenically
at different rates. Specifically, H3N2 tends to antigenically drift faster than other circulating seasonal
influenza A and B strains [50]. In addition, the enhanced evolvability of the H3N2 HA appears to extend

beyond the antigenic regions of the head domain into neutralizing stem epitopes [48,51]. The greater ease



of escape from antibodies targeting H3 HA has important potential ramifications for influenza vaccine
strategies especially those aimed at inducing broad stem-directed antibody responses. It is possible that,
based on the above evidence, focusing immune selection on the stem domain may result in the rapid
accumulation of escape mutations in H3N2 strains. This would degrade antibody immunity asymmetrically

against this subtype while such stem antibodies may remain effective against HIN1 strains.

One vaccination strategy currently being explored for targeting antibodies to the HA stem domain is
immunization with chimeric HA proteins. Specifically, a design is being explored that combines the stem
domain from seasonal influenza strains with a head domain from an avian influenza strain to which humans
have not been exposed [12-16]. The idea behind the chimeric HA vaccine strategy is that pre-existing
antibodies against the more conserved seasonal HA stem domain will be boosted while head domain
antibodies will not because the head domain is antigenically distinct from previous HA exposures. This
method has been successfully used in animal models to elicit cross-protective immunity and has been tested
for immunogenicity in human clinal trials [13,52,53,16,54]. Further supporting this stem antibody boosting
method is the finding that infection by the 2009 pandemic H1N1 virus, which had an antigenically distinct
HA head domain compared to strains circulating immediately prior to its emergence, elicited high levels of
cross-reactive stem antibodies [55]. In our work, we have found that chimeric HA proteins are not only
useful for eliciting stem immunity but also for detecting stem antibodies in human serum. As a research
tool, chimeric HAs are useful for measuring the magnitude of stem-binding antibody levels. In chapter 1, |

discuss my work utilizing chimeric HAs to examine the rate of antigenic drift for the stem domain.

1.1.4 Neuraminidase is a major target of infection-elicited antibodies
While neutralizing influenza antibodies have been the subject of intense investigation, non-neutralizing
antibodies, such as those targeting neuraminidase (NA), also contribute to reduced viral shedding, less
disease severity, and reduced length of illness [56-58,1,11,59]. NA plays a crucial role during the lifecycle
of influenza virus by counteracting HA receptor binding. NA cleaves sialic acid receptors that are abundant

in the mucin layer of the respiratory tract, known as the glycocalyx, and allows the virus to reach targets



cells [60,61]. Similar to how HAs have different binding preferences for a2,6 and a2,3 sialic acids [62],
NA can also show cleavage preferences resulting in greater cleavage activity towards specific sialic acid
types [63,64]. New evidence has shown how the distribution of NA on filamentous virions helps facilitate
the mobility of virus particles by enabling virions to roll along the mucus layer in a linear direction [65,66].
In addition, NA is important for the release of newly formed virions on the cell surface. Without NA, the
binding of HA to cellular sialic acid prevents the efficient release of viral particles and can cause the

formation of viral aggregates [67].

Because NA performs several essential functions that promote infection and viral spread, NA has been
examined as a potential anti-viral drug target and vaccine antigen. Most notably, the drug, oseltamivir,
irreversibly binds and inhibits the NA active site and has been widely used to reduce the length and severity
of disease [68]. Unfortunately, this drug is only effective if taken very early during infection before many
individuals know that they are sick. Additionally, single mutations have been frequently identified in NA
clinical isolates that make the virus resistant to oseltamivir inhibition [69—71]. Current seasonal vaccines
contain NA and do elicit anti-NA antibodies. But unlike HA, the amount and structural integrity of NA
proteins in vaccine batches are currently not carefully regulated [6]. This likely results in variable amounts
of folded and unfolded NA protein in vaccines, and current evidence suggest NA that is not properly folded
does not elicited a high-quality antibody response [72,73]. This is important because recent research
demonstrated that antibodies against NA are more beneficial than originally thought, and currently new

methods are being explored for quantifying NA activity in vaccine batches [74].

1.1.5 Anti-neuraminidase antibodies play a protective role against infection
The study of NA antibodies as a means of protection against influenza virus infection originally fell out of
fashion after the H3N2 pandemic struck in 1968. This pandemic virus contained the same NA as the
previously circulating H2N2 strains, yet the new H3N2 strain was still able to sweep through the population.
There was some evidence, however, that individuals with prior exposure to H2N2 were more resistant to

infection with the new H3N2 strain [75-77]. In addition, changes in the length of infection and the severity



of disease caused by H3N2 strains following prior H2N2 infection was only reported by a few studies and
not well-understood at the time [57]. New evidence has identified anti-NA antibodies as an independent
correlate of protection from infection [58]. One study demonstrated, in a mouse model of infection, that
antibodies targeting residues near the NA active site are particularly protective against viral challenge [78].
A striking finding from this work was the breadth of binding shown by these antibodies which recognized
group 1, group 2, and influenza B virus NAs [78]. Furthermore, it has been shown that such antibodies are
not rare in human serum highlighting the potential of new immunization strategies directed at eliciting a

broad immune response to NA [79].

The greater cross-reactivity of antibodies to NA than typical HA antibodies may not be totally surprising
given that NA is more conserved than HA. Yet despite the greater breadth of many anti-NA antibodies,
antigenic drift still erodes antibody binding to NA over time [80]. Intriguingly, recent evidence suggests
that antigenic changes may oscillate between HA and NA such that they do not occur in at the same time
[81]. Another group demonstrated that serum antibodies elicited by an old NA strain do not bind strongly
to new strains, but antibodies raised against a new NA strain tend to recognize older NA strains as well

[81]. This work highlights exciting findings in the relatively unexplored frontier of NA immune memory.

1.1.6  New methods for understanding anti-NA antibody responses
A large hurdle in the way of better understanding antibody responses to NA is the current lack of reagents
and assays [6]. An abundance of assays has been developed for the study of HA targeting antibodies such
has neutralization, hemagglutination inhibition, plague inhibition, and hemolysis assays, but these assays
are not applicable to the study of anti-NA antibodies and analogous assays do not exist. The recent renewed
interest in anti-NA antibodies has spurred the development of few new methods. These include several
standardized assays to measure NA catalytic activity and the inhibition of NA activity by antibody binding
[82-86]. Since these assays are only useful for measuring NA inhibition (NI) for monovalent vaccine
responses, other assays have been developed specifically to measure NA antibody responses to a wider

range of influenza strains [74]. These include ELISAs which have long been used to identify antibody



responses to a variety of viral proteins. For neuraminidase, ELISAs can provide information on how much
antibody in serum is able to bind to NA but not the functional impact of anti-NA antibodies on the viral

lifecycle.

The NA catalytic assays mentioned above have been instrumental in detecting differences in NA activity
between different influenza strains and the impact of antibody binding on catalytic activity. One limitation
of these assays, however, is that the NA cleavage substrates used for existing assays may not be
physiologically relevant. The substrates used in NA catalytic assays are typically small or bulky, heavily
glycosylated oligosaccharides in a soluble solution which is dissimilar to the membrane bound receptors
that influenza naturally interacts with on target cells. In my work outline in Chapter 3, | detail a new method
for measuring the potency of NA antibodies targeting epitopes near the NA active site which differs from

existing assays because detects antibody inhibition of NA activity towards complex cellular receptors.

1.2 Age, disease severity, and time since infection influence SARS-CoV-2 antibody levels

1.2.1 SARS-CoV-2 infection elicits neutralizing antibodies targeting the spike protein
At the time of this writing, the global pandemic caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) is still ongoing resulting in 6 million deaths worldwide (Johns Hopkins Coronavirus
Resource Center) and causing long term adverse health issues in many more. Only antibodies targeting the
spike protein are known to neutralize viral infection of cells [87,88]. The importance of measuring the level
of neutralizing antibodies in serum from infected or vaccinated individuals is based on evidence that
neutralizing antibody titers correlate with protection from reinfection or infection, respectively

[89,90,5,91].

Importantly, the spike protein of SARS-CoV-2 is divided in to two subunits: S; and S,. Similar to
hemagglutinin, these two subunits have distinct functions. The S; subunit contains the N-terminal domain
(NTD) and the receptor-binding domain (RBD) which is responsible for interacting with angiotensin
converting enzyme 2 (ACEZ2) on the surface of target cells [92-95]. Most neutralizing antibodies following
infection and particularly after vaccination target the RBD or the NTD of the spike protein [20,96-101].
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The S, domain is the fusogenic region of the protein which facilitates membrane fusion. Several broadly
neutralizing antibodies have been recently identified that target conserved cryptic epitopes in the S; domain
[102]. Broadly neutralizing S; antibodies appear to be rare, but may be important for protecting against new

SARS-CoV-2 variants.

1.2.2  Anti-nucleocapsid antibodies are important for immune surveillance
Antibodies are also elicited against other viral proteins following infection, most notably nucleocapsid (N)
and open reading frame 8 (ORF8) [87]. The N protein is highly abundant during infection and is responsible
for encapsidating and protecting the viral RNA genome until its release in host cells [103]. Several antibody
tests have focused on anti-N antibodies which have become an important target for the study of
seroprevalence at the population level since antibodies against N are elicited by infection and not by most
currently available vaccines [104]. A protective role for antibodies targeting N has not been firmly

established, and more work is needed determine any potential disease mitigating impacts.

1.2.3 Factors influencing the magnitude of infection elicited antibodies
Thanks to the tireless efforts of the scientific community, we have gained insight into the immune responses
elicited by SARS-CoV-2 at an unprecedented speed. For example, there are now many studies that show
that disease severity and viral load are important factors that induce a higher magnitude antibody response
following infection [3,105-109]. Other work has demonstrated that neutralizing antibodies tend to wane
gradually over time but still remain detectable [3,106,108,110-113,4,109,114-116]. Nearly all of this work,
however, has focused only on antibody responses in adults who tend to experience the most severe disease
and for whom clinical studies are easier to perform than for other age groups. Yet regardless of the overall
lower disease severity observed for children compared to adults, SARS-CoV-2 infection now causes more
hospitalization and deaths in children than many other childhood illnesses [117]. Furthermore, disease
severity in children ranges as widely as in adults with some pediatric patients experiencing life-threatening
iliness and long-lasting negative health affects [118]. Children are also susceptible to multisystem

inflammatory syndrome in children (MIS-C) that can surface weeks after infection leading to medical



emergencies. The factors leading to MIS-C development remain unknown, and it is unclear if and/or how
the antibody response infection may play a role. For all of the above reasons, further investigation into the
pediatric immune responses is needed to better understand protection from reinfection and overall

population immunity.

1.2.4  Current understanding of the pediatric SARS-CoV-2 antibody response
A few studies, have investigated the level of antibody responses following SARS-CoV-2 infection in
children for relatively short timeframes. One such study, measured virus-specific antibodies by ELISA for
adults and children for up to 60 days following infection [107]. Individuals were only sampled one time
and not longitudinally. Analysis of antibody levels revealed lower levels of anti-N antibody titers in children
than adults. It was also shown that anti-S titers increased for samples taken at later time points post-
symptom onset for both the adult and pediatric cohorts [107]. Furthermore, when neutralizing antibody
titers were measured, pediatric participants tended to have lower titers than adults [107]. In addition, this
work found no detectable difference between antibody titers for children who developed MIS-C compared
to those who did not [107]. In another study that did sample the same children longitudinally, the total

amount of antibody against N and S proteins increased over an average of 62 days [119].

The longest period of time for which antibodies have been measured over time in children, thus far, has
been six- to eight-months post-symptom onset [120,121]. Both studies report the persistence of robust
neutralizing antibody responses. Of the two studies, one further analyzes neutralizing titers by pediatric age
group and finds that children under the age of six have higher titers than older children and adults [120].
Another study corroborates these findings demonstrating higher neutralizing titers in young children than
adults and even greater levels of RBD binding antibodies than in adults [122].Only Dowell et al.
investigates the magnitude anti-N antibodies longitudinally in children finding low but sustained responses
and reporting no differences between children and adults [121]. The limited number of pediatric
longitudinal studies performed to date and variability in reported results necessitates additional

investigation of SARS-CoV-2 infection-elicited antibody features.



1.2.5 Pseudotyped lentivirus neutralization assay measurement of serum antibody
inhibition
At this time, many iterations of pseudoneutralization assays have been developed to measure in vitro
antibody inhibition of viral infection without having to work with live SARS-CoV-2 virus in a biosafety
level 3 setting. Our lab, very early during the pandemic, developed such an assay using lentivirus
pseudotyped with SARS-CoV-2 spike [19]. Work with similar systems has shown that neutralization titers
measured in the pseudoneutralization assay correlate well with assays performed with live virus [123]. The
pseudotyped lentivirus platform used in the Bloom lab has now resulted in numerous publications from one
of the first studies of seroprevalence in children and the dynamics of infection elicited antibodies in adults
out to 90 days to the validation of monoclonal antibody and serum escape mutations just to name a few
[3,20,96,124,125]. In my work, we again utilize the pseudoneutralization assay, as well as the Abbott
Laboratories SARS-CoV-2 1gG assay, to measure pediatric antibody responses in children for up to a year

after SARS-CoV-2 infection.

1.3 Layout of dissertation

The chapters that follow detail my work investigating three aspects of the interactions between antibodies
and their viral targets. Specifically, 1 examine the antibody responses elicited by SARS-CoV-2 and
influenza viral antigens. First, | examine viral evolution in response to antibody selection, then develop a
new method for measuring viral antibody responses, and finally explore how the antibody response to viral

infection changes over time.

Throughout Chapter 2, | probe the natural antigenic evolution of the influenza A virus hemagglutinin (HA)
stem domain. We hypothesize that because the HA of H3N2 strains accumulates mutations at a faster rate
in the stem domain than the HA of H1N1 strains, antibodies targeting the stem domain will lose reactivity
to the H3N2 HA faster than to the HIN1 HA. To test this hypothesis, we employ an ELISA-based assay
with chimeric HAs made up of an avian HA head domain to which humans are immunologically naive

combined with several different seasonal stem domains circulating at disparate points in time. Contrary to



my hypothesis, we find no detectable differences in the rate at which stem antibody-binding is lost between

H3N2 and H1N1 strains.

In Chapter 3, I build on previous work in the lab to create an in vitro neutralization assay to measure the
potency of anti-neuraminidase (NA) antibodies. This assay is analogous to traditional neutralization assays
used to measure the potency of anti-HA antibodies. | used a virus that was previously engineered in our lab
to confer receptor binding to NA via the mutation G147R [17]. This virus was further modified to ablate
HA binding creating a virus dependent on NA for binding to target cell receptors [17]. We hypothesized
that infection by this virus could be inhibited by anti-NA antibodies which | demonstrated for multiple
antibodies. | was further able to select for an escape mutation from one of these antibodies demonstrating

the utility of this model for in vitro study of NA targeting antibodies.

With the emergence of a global pandemic caused by severe acute respiratory syndrome coronavirus 2, my
research transitioned to work on this new pathogen. In Chapter 4, | examined the dynamics of infection
elicited antibodies in children. | measured neutralizing antibodies targeting the spike protein and
nucleocapsid-binding antibodies for up to 52-weeks following symptom onset. | found that compared to
adults, children have lower levels of neutralizing antibodies early after infection that then become similar
to adults by 24 weeks. Strikingly, nucleocapsid-binding antibodies were present at much lower levels and
waned faster over time in children than adults. In sum, this work highlights age-related differences in the

antibody response following infection with SARS-CoV-2.
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Chapter 2.
Similarly slow rates of antigenic evolution in the stem domains of human

influenza virus H1 and H3 hemagglutinins

Lauren E Gentles, Katharine H D Crawford, Michael Murphy, Deleah Pettie, Terry Stevens-Ayers, and
Jesse D Bloom
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2.1  Abstract

The durability of the antibody response elicited by current seasonal influenza vaccines is limited because
the head domain of the hemagglutinin (HA) receptor binding protein rapidly accumulates mutations that
erode antibody immunity. New vaccine strategies aim to combat this challenge by eliciting antibodies to
the more conserved stem domain of HA, but to date it is unknown whether antigenic drift may also erode
the binding of antibodies to the stem domain. Furthermore, the head domain of human H3N2 influenza
evolves faster than the head domain of HIN1, but it is unknown if there could be similar disparities in the
rates of antigenic evolution in the stem domains. Here, we utilize a chimeric HA (cHA) design to measure
the binding of serum antibodies to the HA stem by ELISA. Using soluble cHAs containing stem domains
from the human seasonal HLN1 and H3N2 subtypes over a 17-year timeframe, we directly quantify how
mutations that naturally accumulate in the stem domain reduce the binding of human serum antibodies. Our
findings demonstrate that despite a somewhat faster rate of sequence evolution in the H3 stem domain
compared to H1, the rate at which this evolution erodes binding by human serum antibodies is similarly

slow for both subtypes.

2.2 Introduction

Antigenic drift is the process by which influenza virus accumulates mutations to escape antibody binding
or neutralization [29,126-129]. This phenomenon has been well characterized for the immunodominant
and mutationally tolerant head domain of the virus’s surface glycoprotein hemagglutinin (HA) but not the
membrane proximal stem domain [126,127,29,129-131]. Antigenic drift is distinct from sequence
evolution which may include amino-acid changes that do not directly impact viral antigenicity.
Phylogenetic analysis of influenza HA sequence evolution has revealed that the head domain evolves faster
than the stem domain at the amino-acid level [46,45]. The greater conservation of the stem domain makes
it an attractive target for vaccines aimed at eliciting more durable immunity [33,132]. In support of this
theory, many studies have highlighted stem-binding antibodies with broad heterosubtypic reactivity

[55,133-135,79,15]. However, despite several studies investigating in vitro selection of antibody escape
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mutations in the stem [46,31,136,49], no direct measurements of how mutations that naturally accumulate

in the stem domain impact polyclonal serum antibody binding have been made.

Previous studies combining antigenic cartography and phylogenetic analysis have shown that the H3N2
HA head domain undergoes more rapid antigenic evolution than that of the HLIN1 HA [50]. This work
relies on antigenic data from hemagglutination inhibition (HAI) assay measurements which only detect
changes in the binding of antibodies that directly block HA binding to receptors on the surface of red blood
cells. Many stem binding antibodies do not block HA receptor binding and are, therefore, not accounted for
in these antigenic measurements. Using deep mutational scanning, work by Lee et al. 2018 investigated the
mutational tolerance of the entire HA protein for both HIN1 and H3NZ2 strains [51]. The findings of this
study suggest that while the H1 HA head domain is much more mutationally tolerant than the H1 HA stem,
the H3 HA head and stem domains have more similar mutational tolerance. These results indicate that the
stem domain of the H3 HA may be more evolvable than the H1 HA stem. Supporting this hypothesis, Wu
et al. demonstrated that broadly neutralizing stem antibodies more easily selected for escape mutations in
H3N2 HA than HIN1 HA [48]. In sum, this evidence led us to investigate changes in antibody binding to

the stem domains of HIN1 and H3N2 HAs over time to compare the rate of antigenic drift.

Here, we use an ELISA-based method to detect changes in polyclonal serum antibody binding to the stem
domain over a 17-year timeframe and compare the rate of antigenic drift in the stem domains of the HIN1
and H3N2 HA subtypes. To accomplish this, we utilize a chimeric HA design that has been tested as a
vaccine antigen in Phase 1 human clinical trials as a method to boost stem antibodies [16]. For the chimeric
HA antigens, we combine an immunologically irrelevant avian head domain with the seasonal H3N2 and
H1IN21 stem domains from the early 1990s and the late 2000s. We measure the changes in the binding of
human serum collected in the early 1990s to these two constructs for each subtype. Our findings suggest
that despite a higher rate of sequence evolution in the H3N2 stem domain compared to H1N1, the rate of

antigenic drift across both subtypes is similar.
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2.3  Materials and Methods

2.3.1 Plasmids
The plasmid constructs encoding the chimeric HA coding sequence were designed based on previously
published work with some minor modifications [12]. Briefly, we designed GeneBlocks containing the first
177 (H1) or 204 (H3) of nucleotides coding for the C terminus seasonal influenza HA2 domain followed
by the sequence of immunologically irrelevant head domain inserted between cysteines 59 and 290 for H1
HA and 68 and 293 for H3 HA followed by the remaining HA2 N-terminal domain. We deleted the
transmembrane domain (nucleotide H1 1557-1701 and H3 1561-1701) in order to create a soluble protein.
To facilitate trimerization, we added a flexible linker followed by a FoldOn trimerization domain. We
included Y98F in the head domain coding sequence to limit HA binding and facilitate better protein
production. These GeneBlocks were inserted into the pHW2000 plasmid vector. Plasmid sequences are

available at the following accession number and plasmids are available by request.

2.3.2 Phylogenetic analysis
The influenza H3N2 and H1N1 full-length hemagglutinin phylogenetic tree sequences were curated as
previously published [51]. Briefly, Nextstrain’s augur pipeline was used to generate trees[137]. TreeTime
was employed for ancestral reconstruction and branch length timing inferences[138]. We first analyzed all
the unique seasonal H3N2 HA sequences from 1968 to 2017 and the seasonal HIN1 HA sequences from
1977 to 2009 in order to generate phylogenetic trees as outlined in previous work [51] (Figure 2.1A&B).
We then used these trees to determine the number of mutations that occur along the trunk of the tree over
this time period. We found that between 1968 and 2013, 36 mutations fixed in the stem domain of H3 HA,
and between 1977 and 2007, 10 mutations fixed in the stem domain of H1 HA. Three reversions to previous
amino-acid identities occurred during this timeframe in the H3 lineage at sites 3 in HA1 and at 46 and 121
in HA2 using H3 numbering. No reversions to previous amino-acid identities were observed in the H1

lineage.
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2.3.3  Human serum samples
Serum samples were collected between 1993 to 1994 from healthy donors in compliance with Fred
Hutchinson Cancer Research Center IRB approved protocols. The serum samples were heat inactivated for

30 minutes at 560C prior to use in experiments.

2.3.4 Antibodies
As positive controls for ELISA assays, convalescent ferret anti-A/human/Canada/RV444/2004 (H7N3)
serum (CEIRS Reagent# F.2014-1) was used at a 1:10,000 dilution and mouse anti-A/Vietnam/1203/2004
(H5N1) HA monoclonal antibody, clone 11F4 (BEI Resources Cat# NR-13449) and used at a 1:5,000
dilution. As an additional control, the broadly neutralizing, stem-binding monoclonal antibody FI6v3 [34]
was included in ELISAs at a concentration of 0.008ug/mL.

2.3.5 Chimeric HA ELISAs
To perform ELISAs with the chimeric HA constructs, we coated Thermo Fisher Scientific Clear Flat-
Bottom Immuno Nonsterile 96-Well Plates with 1ug per well of each protein in coating buffer (0.05 M
Carbonate-Bicarbonate, pH 9.6). Protein was allowed to bind to the plates overnight at 40C. Excess protein
was removed by rinsing 5 times with wash buffer solution (50 mM Tris, 0.14 M NacCl, 0.05% Tween 20,
pH 8.0) using the Tecan® Hydroflex® ELISA Plate Washer. The plates were then filled with blocking
buffer (50mM Tris, 0.14M NACI, 1% BSA, pH 8.0) and incubated for 2 hours at room temperature before
being washed 5 times again. Serum samples were added at a 1:100 dilution in blocking buffer to the first
column of the plate and 3-fold dilutions generated across the plate. Anti-HA head domain antibodies were
included as controls for each plate at the concentrations noted above. The primary antibodies were
incubated with the plate antigen overnight at 40C. After washing 5 times, the appropriate HRP conjugated
anti-human (Bethyl Labs Cat#A80-104P), anti-ferret (Bethyl Labs Cat#A140-108P), or anti-mouse (Bethyl
Labs Cat#A90-131P) Fc secondary antibody was added at a 1:100,000 dilution. The plate was then

incubated overnight at 40C then washed 5 times and developed for 5 minutes with Sigma TMB/E Single
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Reagent Horseradish Peroxidase Substrate. 1N HCI Stop Solution was used to quench the reaction before

reading the plate at 450nm on a Tecan®) Infinite® M1000 PRO plate reader.

2.3.6  Analysis of ELISA data
OD450 measurements of the serum dilution series were plotted and a best-fit curve generated for the data.
We then calculated the area under the curve (AUC) above zero for all samples including the head antibody
controls. To compare across replicates and serum samples, we normalized the AUCs to the head antibody
binding response by taking the ratio of the serum AUC to the head antibody controls. The fold change in
AUC over time was calculated as the 2007 serum normalized AUC divide by the 1990 serum normalized

AUC.
2.4 Results

2.4.1 Phylogenetic analysis reveals differences in the rate of sequence evolution in H1 and H3
hemagglutinin stem domain.
To examine the evolution of the influenza A virus HA stem domain, we analyzed the sequences of HIN1
HA and H3N2 HA from the time these strains began to cocirculate in humans in 1977. The goal of this
analysis was to identify mutations that may have arisen in order to escape stem-binding antibodies. We
generated sequence alignments from which we inferred phylogenetic trees as previously described [51].
Characterization of HIN1 and H3N2 trees revealed that a similar proportion of total mutations fixed in the
stem domain compared to the head domain in the H1 and H3 lineages (0.20 and 0.25 respectively).
However, H3 accumulates mutations more rapidly overall [45], and therefore, the H3 stem accumulated
mutations at a higher rate of 0.79 per year compared to the H1 stem which fixed mutations at a rate of 0.33
mutations per year. From these rates, it is clear that H3 HA stem gains mutations more frequently than H1,

specifically 2.4-fold more mutations per year.

Limiting our analysis only to the years in which H3N2 and H1N1 strains co-circulated, we still observe a
substantial difference in the rate of sequence evolution. Between 1977 and 2007, 18 mutations fixed in the

H3 stem domain while only 10 mutations fixed in H1 during this same time frame (Figure 2.1C). To date,
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it has not been shown whether the mutations naturally accumulating in the stem domain contribute to the
antigenic drift of stem epitopes. We set out to determine if over time serum antibodies lose reactivity to the
H1 and H3 stem as more mutations fix in this domain. Based on the faster rate of sequence evolution, we

hypothesized that the H3 stem is drifting antigenically faster than the H1 lineage.

H3 HA lineage H1 HA lineage
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Figure 2.1 Phylogenetic analysis of the HLIN1 and H3N2 hemagglutinin sequences

Phylogenetic trees were generated using all the unique A) H3N2 HA sequences from 1968 - 2013 and B)
H1N1 HA sequences from 1977 - 2009 The resolved trunks of the trees are shown in red while the branches
are shown in blue. Nodes in gray indicate areas where the trunk sequences could not be resolved. The green
circles indicate the strains selected for the stem domains of the chimeric HA constructs used throughout
this study. Trunk sequences with stems identical to the stem sequence of the strains selected are shown in
black. The area in yellow indicates the timeframe of serum collection. C) The cumulative number of
mutations that have fixed in the stem domain of the HIN1 and H3N2 HA since the start of their co-
circulation in 1977 until 2007 is shown. The area highlighted in light blue indicates the timeframe examined
in this study.
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Figure 2.2 Chimeric hemagglutinin ELISA-based method for measuring the binding of stem antibodies in
human serum.

The design of chimeric HAs is based on previous work [8] illustrating that the two highly conserved
cysteine disulfide bonds that delineate the head domain from the stem can allow for the insertion of
different head domains while still forming properly folding HA structures. We build on this design by
adding the Y98F mutation that partially abrogates HA binding and allows for higher protein yield in
transfected 293F cells. The transmembrane domain was replaced by a FoldOn trimerization domain
linked to the HA construct followed by an N-terminal His tag. B) Experimental design for testing
antigenic drift of stem-binding antibodies in human serum is shown. ELISAs measuring the binding of
human serum to chimeric HAs generated with stem domains from seasonal influenza strains were
performed. One of the selected strains for both the HIN1 and H3N2 stems circulated just prior to serum
collection while the second strain selected circulated 17-years later and contains all stem mutations that

fixed during the intervening time.
2.4.2 Development of an ELISA-based method to detect changes in serum antibody
reactivity to the HA stem domain over time using chimeric HAs.
In order to detect changes in stem antibody binding, we performed ELISAs with chimeric HA proteins
containing seasonal H1 and H3 stem domains (Figure 2.2). This design pairs an immunologically irrelevant
avian HA head domain with a seasonal stem domain [12,14,139]. The immunologically irrelevant head

domain of the chimeric proteins ensures that serum antibodies primarily recognize the stem domain and
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any changes in ELISA signal between the two chimeric constructs are due to changes in binding to the stem
domain only. By using these constructs in ELISAs, we are able to measure binding of seasonal stem
targeting antibodies in human serum. Importantly, this method allows for the detection of drift at both
neutralizing and non-neutralizing epitopes within the stem domain unlike traditional neutralization or HAI

based antigenic measurements.

To test the longevity of serum reactivity to the stem domain as mutations accumulate over time, we created
chimeric HAs with stem domains from H1N1 and H3N2 strains isolated approximately 17-years apart.
Stem domains were paired with group 1 or group 2 avian influenza head domains according to the group
of the stem domain. For the H1 constructs, we used the stem domains from A/Florida/2/1993 and
AJEngland/557/2007 paired with an avian H5 head domain from A/Viet Nam/1203/2004. Of note, the stem
sequence from A/Florida/2/1993 is identical to the stem sequence on the trunk of the tree in 1990 and is
thus referred to as the 1990 strain throughout (Figure 2.1). For all chimeric constructs, we use the
nomenclature which indicates the subtype of the head domain followed by the subtype of the stem domain
(e.g., achimeric HA with the H5 head domain + H1 stem = cH5/1). For the H3 constructs, the stem domains
originated from A/Shanghai/24/1990 and A/Colorado/UR06-0534/2007 and contain an avian H7 head
domain from A/mallard/Alberta/24/2001. Between the selected time points, six mutations fixed in the H1
stem and thirteen fixed in the H3 stem (Supplemental Figure 6.1). By performing ELISAs with these
antigens using serum collected in the early 1990s, we can measure whether the mutations that naturally

occurred during this 17-year time frame impact the binding of stem antibodies in human serum.

20



>
=]

Change in serum binding over time Change in serum binding over time
0.3 0.20-
s o sl 8| —— g = o
< o2 < .
- B o
b o
N N 0104 T
£ o014 £
5 5 0.054
c o
0.0 0.00
1990 2007 1990 2007
C
Changein AUC
g 2.0 p=0.3488
= —
g 1.5 .
a
v 10 “.‘o" _ee
? T == T
£ *e, oe® @"I‘%
v 0.5 ee °
3 °° 00.
o
* 0.0
cH5/1 cH7/3

Figure 2.3 Serum antibody binding to chimeric HA constructs over time.

ELISA curves were generated for each serum sample collected between 1993-4 and for antibodies targeting
the constant head domain. The area under these curves (AUC) above zero was calculated and the serum
AUC was normalized by the head domain antibody AUC to account for any assay-to-assay variation in
ELISA antigen. Lines connect the AUCs for a single serum sample against either a chimeric HA with an
H5 head domain and an H1 stem domain A) or an H7 head domain and an H3 stem domain B) and show
the change in binding over time. C) From the calculated AUCs, we determined the fold change over time

in the ELISA serum antibody binding for the cH5/1 and cH7/3 constructs. Statistical significance was
determined using Wilcoxon matched-pairs signed rank test.

2.4.3 Serum reactivity to seasonal H1 and H3 stem wanes slightly over time to a similar
degree.
We tested 20 serum samples collected between 1993-1994, which was contemporary to the stem domains
to which we chose to measure initial reactivity. The serum samples were collected from healthy donors
across a wide range of ages to ensure that potential imprinting from the strains donors were first exposed
to did not bias our results [140,141]. We hypothesized that serum samples collected in the early 1990s
would react strongly with the stem domain from the seasonal strains circulating prior to sample collection,

yet these same serum samples would have reduced reactivity to stem domains of strains from 17-years later
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due to the accumulation of mutations. We generated ELISA curves for serial dilutions of each serum sample
against each chimeric construct and calculated the area under the curve (AUC) for comparison across
samples (Supplemental Figure 2). We simultaneously performed ELISAs using H5 or H7 head-specific
antibodies to normalize for differences between experiments by dividing the AUC from the serum samples
by the AUC of the head-binding monoclonal antibodies (Figure 2.3A & B). To determine changes in stem
antibody binding, the fold change in the AUC was calculated between the 1990 stem chimeras and the 2007
chimeras (Figure 2.3C). From this analysis, we found that serum antibodies against H1 and H3 HA stem
domains retained a mean of 85% and 74% reactivity respectively over 17-years of accumulated mutations.
The difference between the waning of serum reactivity between H1 and H3 strains was not statistically
significant. These results suggest that despite the increased rate at which mutations fix in the H3 lineage,

these mutations do not lead to a greater rate of antigenic drift in the stem domain compared to the H1 stem.

2.5 Discussion

This study provides the first direct evidence of antigenic drift in the HA stem of seasonally circulating
influenza A viruses. Our examination of mutations that accumulated over nearly two decades in the HIN1
and H3N2 HA stem domain reveals a similar rate of antigenic drift. This finding is surprising given the
higher rate of sequence evolution observed in the H3N2 HA and highlights the need for serological binding-

based assays in conjunction with phylogenetic analysis to detect antigenic variation in the stem domain.

Prior work focusing on HA antigenic drift has been unable to accurately detect antigenic changes in the
stem domain because traditional methods rely on HAI and/or neutralization assays. While some broadly
neutralizing stem antibodies are easily measured in these serological assays, many HA stem-binding
antibodies often go completely undetected [142]. To more directly measure changes HA stem antigenicity,
we employed an ELISA based method. Our cHA ELISA detects changes in the binding of both neutralizing
and non-neutralizing antibodies providing a more complete measurement of antigenic drift. Furthermore,

previous studies of serum antibody binding to HA have not been sensitive to changes in stem-binding
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antibodies. This is because this work typically measures total serum binding to the entire protein rather than
just the stem domain, and the immunodominance of the HA head domain could bury relatively smaller
signal changes due to stem-binding antibodies. By performing ELISAs with cHAs containing an
immunologically irrelevant avian head domain, our experiments were designed to largely eliminate
antibody binding to the HA head domain. These experiments do not, however, examine the functional role
of stem-binding antibodies or the consequences of their loss of binding. Future work is needed to better
understand biological impact of stem natural antigenic drift and loss of antibody binding during the virus
lifecycle. For example, measuring changes in serum neutralization of past and future influenza viruses with
only naturally occurring stem mutations could provide insight into functional antigenic drift of the HA stem
domain. It is also worth noting here that we do not attempt to compare the rate at which the HA stem domain
antigenically drifts in relation to the head domain. It is of future interest to understand whether there is a

relationship between the rate of antigenic drift between these two domains.

Previous work has shown that the stem is slow to acquire mutations in vitro that abrogate stem antibody
binding and that antibodies with broader binding are typically more resistant to escape mutations
[31,45,47,49]. Given the potential such broadly reactive antibodies may hold as therapeutics and vaccine
targets, it is important try to understand the impact of not just laboratory selected escape mutations but
mutations that have accumulated naturally as a result of seasonal circulation. Here, we find limited change
in stem antibody binding over 17-years of accumulated mutations. This observation adds to existing
evidence that the stem may be a stable target for more durable vaccine responses. Moreover, our results
suggest that stem constructs used as vaccine antigens may not need to be updated at different frequencies
for HIN1 and H3N2 strains given that they appear to drift antigenically at similar rates.
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3.1 Abstract

The influenza virus infection elicits antibodies against the receptor-binding protein hemagglutinin (HA)
and the receptor-cleaving protein neuraminidase (NA). Because HA is essential for viral entry, antibodies
targeting HA often potently neutralize the virus in single-cycle infection assays. However, antibodies
against NA are not potently neutralizing in such assays, since NA is dispensable for single-cycle infection.
Here we show that a modified influenza virus that depends on NA for receptor binding is much more
sensitive than a virus with receptor-binding HA to neutralization by some anti-NA antibodies. Specifically,
a virus with a receptor-binding G147R N1 NA and a binding-deficient HA is completely neutralized in
single-cycle infections by an antibody that binds near the NA active site. Infection is also substantially
inhibited by antibodies that bind NA epitopes distant from the active site. Finally, we demonstrate that this
modified virus can be used to efficiently select mutations in NA that escape antibody binding, a task that
can be laborious with typical influenza viruses that are not well neutralized by anti-NA antibodies. Thus,
viruses dependent on NA for receptor binding allow for sensitive in vitro detection of antibodies binding

near the catalytic site of NA and enable the selection of viral escape mutants.

3.2 Introduction

Neuraminidase (NA) and hemagglutinin (HA) are the two major proteins on the surface of influenza virions,
and play opposing roles during the viral life cycle. HA mediates viral attachment and entry into cells, while
NA cleaves sialic-acid receptors to release newly formed virions and prevent their aggregation [67]. NA
also plays an important role in vivo by helping the virus penetrate mucus barriers to reach target cells
[60,61]. Because only HA is needed for viral entry, anti-NA antibodies are not strongly neutralizing in
infection assays where viruses are only allowed to undergo a single cycle of growth [79,143]. However,
many studies have shown that anti-NA antibodies are associated with reduced disease severity in humans

[1,57,58].

Recently, several exceptions to the classic role of NA as a receptor-cleaving but not a receptor-binding

protein have been uncovered. Beginning in 2003, several groups identified mutations at NA site 151 in
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H3NZ2 clinical isolates that had been passaged in cell culture [69,144-149]. It was soon discovered that the
mutations D151G/N allow N2 NA to bind sialic-acid receptors, but ablate NA catalytic receptor-cleaving
activity [144,147,149,150]. It was subsequently shown that because D151G/N NA lacks enzymatic activity,
viruses carrying these mutations can only grow in mixed “cooperating” populations with viruses encoding
NA that retains receptor-cleaving activity [151]. Importantly, the D151G/N mutations appear to only arise

in cell culture, and have not been found in actual human infections [146,148,152].

Shortly after the identification of D151G/N in N2 NA, it was discovered that the G147R mutation enables
N1 NA to bind to cellular receptors while maintaining its receptor-cleaving function [17]. Viruses carrying
this NA mutation can grow as a clonal population unaided by wildtype virions [17]. Unlike D151G/N
mutations that only arise in N2 NA in tissue culture, the G147R mutation has been identified at low
frequency in several naturally occurring HIN1 and H5N1 isolates [18]. Importantly, viruses with the
G147R N1 NA can grow efficiently in cell culture even if the receptor-binding activity of HA is completely

ablated by engineered mutations [17,18].

Here, we utilize the G147R NA in conjunction with a binding-deficient HA to develop a sensitive
neutralization assay for anti-NA antibodies. Specifically, we test the susceptibility of this NA-binding-
dependent virus to neutralization by four monoclonal antibodies targeting distinct epitopes of N1 NA [143],
and find that some of these antibodies neutralize the NA-binding-dependent virus much better than they
neutralize a virus that can bind cells via HA. We then leveraged this discovery to select an in vitro escape
mutation to one of the antibodies, demonstrating the value of these viruses for antigenic mapping. Overall,
our work suggests that NA-binding-dependent viruses may be a useful tool for studying antibodies targeting

NA.

3.3 Materials and Methods

3.3.1 Viruses and Reverse Genetics Plasmids
The viruses used in this study all had internal genes derived from A/WSN/1933. The NA was derived from
A/California/7/2009 (H1N1). The binding-competent HA was also derived from A/California/7/2009
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(HINZ1). The binding-deficient HA is referred to as “PassMut” HA in the original reference [17] describing
its creation. This HA is derived from the A/Hong Kong/1968 H3NZ2 strain, and has the following mutations:
Y98F, H183F, and L194A at receptor binding residues; seven potential N-linked glycosylation sites added
at residues 45, 63, 122, 126, 133, 144, and 246; deletion of the receptor binding proximal loop spanning

residues 221-228; and mutation K62E in the HA2 stem (all mutations in H3 numbering).

All viruses packaged eGFP in place of the PB1 coding sequence in the PB1 segment to enable easy detection
by fluorescence, and so were propagated in cells expressing PB1 as described previously [71]. Briefly, the
PB1flank-eGFP segment retains the non-coding regions of PB1 and the last 80 terminal nucleotides which
allows for efficient packaging of this segment into virions and replication to high titers when complemented
by PB1 constitutively expressing cells. These viruses were generated from the following reverse genetics
plasmids: for the WSN internal genes, pHW181-PB2, pHW183-PA, pHW185-NP, pHW187-M, and
pHW188-NS [153]; for the PB1 segment, pHH-PB1flank-eGFP [71]; for the NA segment either
pHWCAOQ9tc-NA or pHWCAOQ9tc-G147R; and for the HA segment either pHW-CAQ9tc-HA or pHWX31-
HA-NGIly12-Y98F-L194A-H183F-del221t0228-K62EHA?2. Here, “tc” indicates that these segments were

originally cloned from tissue culture-derived virus.

For experiments with the S364N mutant of NA, we introduced S364N into pHWCAOQ9tc-NA-G147R to

create pHWCAOQ9tc-G147R-S364N.

3.3.2  Virus Rescue and Titering
All viruses were rescued in PB1flank-eGFP format by reverse genetics as previously described with minor
modifications [71]. Briefly, in 2 mL DMEM, supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and 2 mM L-glutamine, we transfected co-cultures of 2 x 105 293T-CMV-PB1 [71] and 2.5 x 104
MDCK-SIAT1-CMV-PB1-TMPRSS?2 cells [51] per well in six well plates with 200 ng of each of the eight
plasmids encoding the influenza gene segments plus a PB1 protein expression plasmid, pHAGE2-CMV-
PB1-IRES-mCherry-W, and a TMPRSS2 expression plasmid, pHAGE2-EFlalnt-TMPRSS2-IRES-

mCherry [51] to augment viral growth. At 14-16 hours post-transfection, the media was changed to 1mL
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of Opti-MEM supplemented with 100 ug/mL CaCl2, 0.3% bovine serum albumin (BSA), and 0.01% FBS,
here referred to as influenza growth media (IGM). At 48 h post-transfection, the supernatant was collected,
clarified by centrifugation, and frozen at —80°C. All viruses were then expanded in 10 cm dishes at a low
multiplicity of infection (MOI) (<0.1) in MDCK-SIAT1-CMV-PB1-TMPRSS2 cells that allow for multiple
rounds of replication since PB1 protein is provided in trans and TMPRSS2 cleaves HA into its active form.

Viruses were grown for 72 h and then collected, clarified, and stored at —80 °C.

Infectious particles were titered as described [17] with minor modifications. Briefly, 5 x 105 MDCK-
SIAT1-CMV-PBL1 cells per well in a 12-well plate were infected with serial dilutions of viral supernatant
for 14-16 h. The cells were then harvested by trypsinization and fixed for 1 h in 1% paraformaldehyde in
PBS at room temperature before being washed twice and resuspended in a 1% BSA solution in PBS. The
cells were then analyzed by flow cytometry to determine the % GFP positive cells, and this measurement

was used to calculate the concentration of infectious particles in the viral stocks.

3.3.3 Antibodies

The antibodies used in this study were originally described in the references [143,154,155].

3.3.4 NA Microneutralization Assay
Micro-neutralization assays were performed as previously described with some modifications
[17,18,27,156]. Briefly in 96-well flat-bottom plates, 5-fold dilutions of each antibody were made across
each plate in low autofluorescent media (Medium 199 supplemented with 0.01% FBS, 0.3% BSA,
100ug/mL CaCl2, and 25mM HEPES buffer). We then added either the NAbind / HAAbind virus,
NAbind+S364N / HAAbind virus, NAbind / HA wt virus, or NAwt / HA wt virus using an infectious dose
determined to be within the linear range of detection. This infection dose was determined by making 2-fold
serial dilutions of the viruses in 96-well flat bottom plates and infecting 4 x 104 MDCK-SIAT1-CMV-PB1
cells per well to find the highest viral dose producing a GFP signal at 15-17 h post-infection within the
linear range of detection (i.e., the highest dose where the signal still increased linearly with the virus

concentration). To measure infectivity in the presence of each antibody, the virus/antibody mixtures were
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incubated at 37 °C for 1 h before adding 4 x 104 MDCK-SIAT1-CMV-PBL1 cells per well. Viral growth
was measured 15-17 h post-infection on a Tecan® Infinite® M1000 PRO plate reader to detect the eGFP
signal from infected cells. The background signal from wells containing virus and media only was
subtracted from all measurements. All neutralization curves represent the mean and standard error of the

mean from three technical replicates read from a single plate.

3.3.5 Selection of Escape Mutants
Escape mutations were selected by first incubating 106 infectious particles of the NAbind / HAAbind virus
with 4ug/mL of the antibody HF5 at 37°C for 1 h. The total volume of the virus-antibody mixtures was 1
mL in IGM. We then added the mixture to a 6-well plate containing 5 x 103 MDCK-SIAT1-CMV-PB1-
TMPRSS2 cells per well, rocking the plate every 15 min for 1 h to promote infection. After the 1-hour
incubation, we removed the remaining virus/antibody mixture and added 2 mL of fresh IGM. At 71 h post-
infection, viral supernatant was collected from the selected sample, clarified by centrifugation, and stored
at —80 °C. The selected viruses were then expanded twice by infecting MDCK-SIAT1-CMV-PB1-
TMPRSS?2 cells with the selected viral supernatant, allowing the virus to grow for 72 h. After this expansion
step, the selection was repeated as above to deplete residual wildtype virus. One final expansion of the

selected virus was done as above prior to sequencing.

3.3.6  Sanger Sequencing
Viral RNA was extracted from bulk selected virus supernatant using a Qaigen QIAmp® Viral RNeasy Mini
Kit according to manufacturer instructions. We then used the SuperScript™ III First-Strand Synthesis
System to generate ¢cDNA using a universal influenza RT primer with U12-G4 homology - 5’
TATTGGTCTCAGGGAGCGAAAGCAGG 3’ [157]. HA and NA gene segments were then further
amplified by PCR using KOD Hot Start Master Mix and the following primers: NA forward primer—S5’
TATTGGTCTCAGGGAGCAAAAGCAGGAGT 3> [157] and NA reverse  primer—3’
ATATGGTCTCGTATTAGTAGAAACAAGGAGTTTTTT 3° [157]; HAAbind forward primer—5’

ATGAAGACCATCATTGCTTTGAGCTACATTTTC 3° and HAAbind reverse primer—5’
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AGTAGAAACAAGGGTGTTTTTAATTACTAATACACTCA 3’ that we designed. The PCR products
were then Sanger sequenced. The consensus sequencing was compared to the original NA sequence and

selected mutations were identified as those arising to the majority (>50% frequency) in chromatograms.

3.4 Results

3.4.1  Anti-NA Monoclonal Antibodies Neutralize an NA-Binding-Dependent Virus but
not an HA-Binding Viruses in Single-Cycle Infection Assays
We generated three influenza viruses with differing dependencies on HA and NA for viral entry. The first
virus contains the wild type HA and NA from the pandemic H1N1 vaccine strain A/California/7/2009
(Cal09). This virus has an HA that binds receptors and an NA that cleaves receptors, and will be referred
to as NAwt / HAwt throughout the rest of this paper. We expected this virus to be unaffected by NA

antibodies in a single-cycle infection assay (Figure 3.1).

NAwt / HAwt virus N A NAbind / HAAbind virus
S 1
~ 7
Binding — HA antibody—: - —E-l?j?R "
. inding
Wt HA __Non-binding 3 Abind —
wt NA HA
Sialic acid rys NA antibody —
1Ialic acl
PO frecomors 1111 [T [ 111[1
Target cell

In wildtype viruses, HA binds to  Neutralizing HA antibodies = The mutation G147R enables NA We hypothesize that NA
sialic acid, and NA cleaves these prevent viral attachment by receptor binding. Paired with a targeting antibodies will be
receptors during viral budding.  occluding HA binding. binding-deficient HA, this virus able to neutralize the NA

is NA attachment dependent. binding virus.

Figure 3.1 Proposed mechanism of neutralization of neuraminidase

(NA)-binding-dependent viruses by anti-NA antibodies. Most influenza viruses use hemagglutinin
(HA) to bind and enter cells (left panel), so antibodies targeting HA can prevent infection while NA
antibodies only inhibit the release of new virions. But in our engineered NA-binding-dependent virus
(right panel), antibodies against NA can inhibit infection.

The second virus has the unmutated Cal09 HA, but the NA has the G147R mutation relative to the Cal09
sequence. As described in the Introduction, the G147R mutation enables NA to bind receptor while

retaining its catalytic receptor-cleaving activity [17,18]. This virus will be referred to as NAbind / HAwt

throughout the rest of this paper. We expected this virus to also be largely unaffected by NA antibodies in
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a single-cycle infection assay, since HA can mediate an attachment to cells even when NA binding is
blocked.

Finally, we generated a virus that is totally dependent on NA for receptor binding. To do this, we used a
previously described engineered binding-deficient version of the HA from the H3N2 strain A/Hong
Kong/1968 [17,18]. This engineered HA contains amino-acid mutations at key residues in the receptor
binding pocket (Y98F, H183F, and L194A in H3 numbering [158]), deletion of residues 221-228 that form
a loop near the receptor-binding pocket [159], and the addition of seven potential N-linked glycosylation
sites (at residues 45, 63, 122, 126, 133, 144, and 246) that decrease HA receptor avidity [160]. The HA also
contains the mutation K62E in the HA stem domain, which has previously been shown to enhance viral
growth in the context of the other HA mutations [17,18]. Note that unlike the other HAs in this paper, this
binding-deficient HA is H3 rather than H1—our rationale for using it is that it has been shown to completely
lack receptor binding activity [17,18], whereas most characterized point mutants of HA in the receptor
binding pocket (e.g., the widely used Y98F mutant) still retain a sufficient binding activity to enable HA-
mediated infection in cell culture [161]. This binding-deficient HA was paired with the G147R mutant of
the Cal09 NA to create a virus that we will refer to as NAbind / HAAbind. We expect that anti-NA
antibodies may neutralize this virus in single-cycle infection assays, since it depends on NA to attach to
cells (Figure 3.1).

We tested neutralization of all three viruses using several well-characterized antibodies (HF5, CD6, 1H5,
and 4E9) targeting different epitopes on NA’s membrane-distal head domain [143]. These antibodies all
bind to Cal09 NA and inhibit NA catalytic activity to varying degrees. HF5 and CD®6 are strain-specific
antibodies that each target distinct epitopes, and strongly inhibit NA activity as measured by enzyme-linked
lectin assays (ELLA) which detect NA cleavage of the large glycoprotein substrate, fetuin [86,143].
Antibodies 1H5 and 4E9 recognize a similar epitope on the lateral surface of the NA head that is conserved
across the N1 subtype, but these antibodies only weakly inhibit NA activity in ELLA assays [143].

We tested neutralization by each antibody in a single-cycle infection assay using a previously described
method that uses viruses packaging eGFP in the PB1 segment [17,18,156,27]. The antibodies were pre-
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incubated with the virus for one hour at 37 °C, and then the virus/antibody mix was used to infect cells for
15-17 hours before reading the fluorescent signal. In order to ensure only a single-cycle of viral growth,
we performed the infections in the absence of trypsin, thereby precluding the proteolytic activation of newly
formed HA that is necessary to enable secondary infection [32,162].

As expected, none of the antibodies substantially neutralized the NAwt / HAwt virus (Figure 2). However,
several antibodies partially neutralized and one completely neutralized the NAbind / HAAbind virus
(Figure 3.2). The antibody that completely neutralized the NAbind / HAAbind virus was HF5, which binds
to the top of the NA near the active site [143]. Interestingly, HF5 also partially neutralized the NAbind /

HAwt virus, suggesting that it uses both NA and HA to bind to cells.
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Figure 3.2 Neutralization of viruses with different dependencies on HA and NA for receptor binding by
anti-NA antibodies in single-cycle infection assays.
Neutralization curves show the percentage of the NAwt / HAwt, NAbind / HAwt, or NAbind / HAAbind

virus infection that is inhibited by each antibody over a range of concentrations compared to the no-antibody

control infection. Points represent the mean of three technical replicates with error bars showing the
standard error of the mean.
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The extent to which antibodies neutralized the NAbind / HAAbind virus paralleled with their ability to
inhibit NA catalytic activity in previously reported ELLA assays (Table 3.1) [143]. Specifically, HF5 has
the strongest ELLA activity and was the most potent in our neutralization assay, CD6 has intermediate
ELLA activity and partially neutralized in our assay, and 4E9 and 1H5 have little impact on NA catalytic
activity in ELLA assays and do not neutralize [143]. We speculate that the correlation between
neutralization of NAbind / HAAbind and inhibitory activity in the ELLA assay reflects the fact that the
G147R receptor-binding NA binds to cells using the NA active site [17]. Therefore, an antibody that blocks

NA activity would also be expected to block binding.

Table 3.1 NA antibody inhibition by epitope location.

Antibody Amino-Acids ELLA Neutralization
Targeted Inhibition
HF5 364, 369, 397 +++ +++
CD6 95, 449, 451 ++ ++
1H5 273, 338, 339 + +
4E9 273, 338, 339 + -

(—) no activity, (+) weak activity, (++) moderate activity, (+++) strong activity.
Enzyme-linked lectin assay (ELLA)

3.4.2 Selecting Antibody-Escape Mutations Using the NA-Binding Virus
One classic approach to map the epitopes of neutralizing antibodies is to select viral mutants that escape
neutralization. This approach has been widely and successfully applied to neutralizing anti-HA antibodies
where it works very well because it directly selects for viral mutants that can enter cells in the presence of
the antibody [126,163,127,130]. We tested whether our NAbind / HAAbind virus could similarly be used
to select antibody viral escape mutants in NA. To accomplish this, we pre-incubated a stock of the NAbind
/ HAAbind virus with the HFS antibody at an excess of the amount needed to totally neutralize this virus,
and then infected the cells with the antibody/virus mix to select for mutants that escaped antibody binding.
The resulting virus was then passaged to produce appreciable titers before performing a second round of

selection to deplete any parental virus remaining in the population.
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Upon Sanger sequencing of the selected virus population in bulk, we discovered two mutations that were
present in the consensus sequence after the antibody selection. One of the selected mutations, S364N, had
previously been identified as an HF5 escape mutation in cell-based ELISAs using a panel of mutants and
again after the passage of Cal09 virus in passively immunized animals [143]. The second mutation was
D151N—as discussed in the Introduction, this mutation confers receptor-binding properties on N2 NA
[144,147,149,150]. We speculate that D151N indirectly increases antibody resistance by enhancing NA’s
affinity for receptors, similar to the “avidity” mutations that sometimes arise in HA under antibody pressure
[164]. Therefore, D151N might allow the virus to outcompete antibody binding by increasing NA binding
avidity to cells, allowing rapid attachment and therefore reducing sensitivity to antibodies in a similar
fashion to that shown for HA [164]. Since D151N ablates NA catalytic activity, it is not possible to rescue
this virus as a clonal population [151], so we only tested the S364N mutation in subsequent validation.
Based on prior work [151], it may be possible to generate D151N as a mixed cooperating population, but
we did not attempt that here.

To validate that S364N is an HF5 escape mutation in the NAbind / HAAbind virus, we performed
neutralization assays with the parental NAbind / HAAbind virus and a reverse-genetics generated virus with
S364N introduced into this background. As expected, S364N greatly increased the resistance of the virus
to HF5 neutralization (Figure 3.3). This observation illustrates the utility of the NAbind / HAAbind virus

for identifying escape mutants from antibodies that target regions of NA near the active site.
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Figure 3.3 S364N increases resistance to neutralization by antibody HF5 in single-cycle infections for

viruses that are dependent on NA for receptor-binding.

Results are shown as the percent infection at each concentration compared to the no-antibody infection
control. Points represent the mean of three technical replicates with error bars showing the standard error
of the mean.

3.5 Discussion

We have shown that engineered influenza viruses that use NA for receptor-binding are potently neutralized
by some anti-NA antibodies. This contrasts with the typical situation for viruses that bind receptors using
HA, where the inhibitory activity of anti-NA antibodies only becomes strongly apparent after multicycle
growth [79,165].

Notably, neutralization of NA receptor-binding-dependent viruses is strongest for antibodies that bind to
the top of the NA head near the active site where receptor binding also occurs. A similar trend occurs for
HA, with the most potent antibodies often directly blocking the interaction between HA and cellular sialic
acid receptors [28,130,163,166]. Because the neutralization of the NA-binding-dependent virus likely
depends on blocking receptor binding by residues in NA’s catalytic site, neutralization by anti-NA
antibodies parallels their ability to inhibit NA catalytic activity in ELLA assays. Of interest, a recent study
identified NA antibodies that are broadly protective in mice and bind near the active site of NA [78],
suggesting that the types of NA antibodies that are highly active against NA receptor-binding viruses in
vitro can also be protective in vivo.

We also show that NA-binding-dependent viruses can be used to easily select for anti-NA antibody escape
mutations in vitro. Previous in vitro methods of selecting escape mutants to anti-NA antibodies require
selection in multi-cycle growth conditions or by passaging the virus in passively immunized animals
[143,167]. Therefore, we suggest that in some cases, NA receptor-binding viruses could be a useful tool to

simplify the mapping of anti-NA antibody epitopes via escape-mutant selections.
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41 Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection elicits an antibody response that
targets several viral proteins including spike (S) and nucleocapsid (N); S is the major target of neutralizing
antibodies. Here, we assess levels of anti-N binding antibodies and anti-S neutralizing antibodies in
unvaccinated children compared with unvaccinated older adults following infection. Specifically, we
examine neutralization and anti-N binding by sera collected up to 52 weeks following SARS-CoV-2
infection in children and compare these to a cohort of adults, including older adults, most of whom had
mild infections that did not require hospitalization. Neutralizing antibody titers were lower in children than
adults early after infection, but by 6 months titers were similar between age groups. The neutralizing activity
of the children’s sera decreased modestly from one to six months; a pattern that was not significantly
different from that observed in adults. However, infection of children induced much lower levels of anti-N
antibodies than in adults, and levels of these anti-N antibodies decreased more rapidly in children than in
adults, including older adults. These results highlight age-related differences in the antibody responses to
SARS-CoV-2 proteins and, as vaccines for children are introduced, may provide comparator data for the

longevity of infection-elicited and vaccination-induced neutralizing antibody responses.

4.2 Introduction

SARS-CoV-2, the causative agent of coronavirus disease 2019 (COVID-19), elicits an antibody response
targeting multiple viral proteins following infection. Anti-spike (S) antibodies are of particular importance
because S is the major target of neutralizing antibodies and neutralizing anti-S antibody titers correlate with
protection [3-5,168]. For this reason, currently authorized vaccines only include the S antigen and
specifically induce anti-S responses. Additionally, SARS-CoV-2 neutralization assays are designed to
measure the potency of antibodies that block viral binding and entry to cells, including via inhibiting S
binding to host angiotensin converting enzyme 2 (ACE2) on host cells, and/or inhibiting S fusion.

Nucleocapsid (N) protein is also highly immunogenic during SARS-CoV-2 infection and is a predominant
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target of binding antibodies making it a robust marker of infection. In adults, circulating antibodies rise to
peak titers within 3-5 weeks after infection and then gradually begin to wane [3,4,106,108-116]. Studies
have shown a strong positive correlation between neutralizing antibody titers and protection from

subsequent infection [5,90,91,169-171].

COVID-19 in children tends to be milder than in adults, resulting in lower risk of progression to
hospitalization and death [172,173]. However, clinical manifestations of COVID-19 vary widely in children
as in adults and can range from asymptomatic infections to illness lasting for several months [118].
Furthermore, infection by SARS-CoV-2 in children causes a greater burden of hospitalization and death
than pre-vaccine burden of some other childhood illnesses, including varicella [117]. Previous work has
documented the acute and convalescent dynamics of the SARS-CoV-2 antibody response in adults across
a wide range of ages and disease severities [3,4,105-109,116], but few data are available detailing the

longevity of circulating antibodies in the pediatric population [107,119,120].

Here, we follow a cohort of 32 SARS-CoV-2-infected convalescent children <18 years old up to 52 weeks
post-symptom onset, measuring anti-S neutralizing antibody levels with a pseudoneutralization assay, and
anti-N binding antibody levels. We compare the pediatric antibody response to those in a previously

characterized cohort of adults [3].

4.3 Materials and Methods:

4.3.1 Pediatric Participants
Our IRB-approved study enabled us to enroll children, defined as <18 years old at enrollment, including
children with underlying medical conditions, and obtain sera for the assessment of immune responses to
SARS-CoV-2 infection at Seattle Children’s Hospital, Seattle, WA, beginning in April 2020. Informed
consent was obtained from parents and assent from children over 7 years of age. The REDCap electronic
data collection tool was used to acquire demographics, hospitalization data; clinical information including

respiratory support, ICU admission, length of stay; laboratory studies including viral testing results, and
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medical history including chronic underlying medical conditions [174]. This study was reviewed and
approved by the Seattle Children’s Hospital IRBS,

Children with confirmed or presumed SARS-CoV-2 infection were recruited to our study between April
2020 and January 2021. Children were considered to have a confirmed SARS-CoV-2 infection if they tested
positive for SARS-CoV-2 by RT-PCR. Children were presumed to have SARS-CoV-2 infection if they did
not have documentation of a positive RT-PCR, but had detectable SARS-CoV-2-specific antibodies and
either 1) presented with confirmed Multisystem Inflammatory Syndrome in Children (MIS-C), or 2) were

symptomatic and had an RT-PCR-positive household contact.

All children were recruited from the Seattle metropolitan area. Enroliment included hospitalized children,
children who were tested for SARS-CoV-2 using RT-PCR as outpatients as determined by their provider,
and children who did not receive medical care but were recruited from the community, including
community-based surveillance platforms [175]. Children were recruited during acute illness with sera
drawn at approximately 4-8 weeks (1-2 months), 24 weeks (6 months), and 52 weeks (12 months) following
symptom onset for confirmed or presumed infection. Only children who provided at least two specimens
by May 2021 were included in this analysis. In addition, only presumed cases with at least one positive
serological result were included (Supplemental Table 7.1). For asymptomatic cases, weeks post-positive
RT-PCR test result was used as a substitute for weeks post-symptom onset. For children who developed
MIS-C, “weeks post-symptom onset” refers to acute infection symptoms prior to MIS-C onset. No children

in this study were vaccinated prior to specimen collection.

4.3.2  Adult Participants

Adult specimens were collected as a part of the Hospitalized or Ambulatory Adults with Respiratory Viral
Infections (HAARVI) cohort at the University of Washington Department of Medicine [3,96,176]. Adults
were enrolled from March through May of 2020. A convenience sample of adults who provided specimens

at roughly eight- and twenty-four-weeks post-symptom onset were included in this analysis. Study
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enrollment and specimen collection are detailed elsewhere [3,96,176]. Briefly, adults were enrolled in the
study following RT-PCR confirmed SARS-CoV-2 infection. Inpatients were recruited for enrollment
during their hospital stay at Harborview Medical Hospital, University of Washington Medical Center, or
Northwest Hospital in Seattle, Washington in 2020. Asymptomatic adults were identified as participants
who responded “None” to a symptom questionnaire and tested positive for SARS-CoV-2 infection via
outpatient or community testing. Informed consent was provided by all participants or their legally
authorized representatives. No adults in this study were vaccinated prior to specimen collections since no
vaccines were available during the collection period, and no adults in this study were enrolled in ongoing
vaccine clinical trials. Weeks post-positive RT-PCR test result was used in lieu of weeks post-symptom

onset for asymptomatic adults.

4.4  Laboratory Methods

4.4.1 Pediatric specimen collection
Whole blood collection was scheduled for 4 to 8-weeks, 24-weeks, and 52-weeks post-symptom onset for
the pediatric cohort (Supplemental figure 7.1). Blood specimens were collected in serum separator tubes,
stored at 5°C, and spun within 24 hours before being aliquoted and stored at -80°C. Heat inactivation of all

specimens was performed at 56°C for 30 minutes before performing serological assays.

4.4.2 Adult specimen collection
Whole blood collection was scheduled for 8- and 24-weeks post-symptom onset for the adult cohort. Blood
specimens were immediately added to acid citrate dextrose tubes upon collection which were then spun
down to separate out the red blood cell fraction. Within 6 hours following collection, aliquots of these
specimens were frozen at -20°C for storage. Prior to use in serological assays, all specimens were heat

inactivated at 56°C for one hour.
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4.4.3 Neutralization assays
Neutralization assays were performed as previously reported using spike-pseudotyped lentiviral particles
[3]. The spike protein used is based on Wuhan-Hu-1 (GenBank: MN908947) with a 21 base pair deletion
(delta2l) at the terminus of the cytoplasmic tail that enhances viral titers [177—-182]. The spike also contains
the mutation D614G that has become predominant in circulating strains [183]. Plasmid
HDM_Spikedelta21_D614G encoding this spike protein is available from AddGene (no. 155130) or BEI
Resources (NR-53765) along with the full annotated sequence. To perform neutralization assays, 1.25x10*
HEK-293T-ACE2 cells [19] (BEI resources NR-52511) are added in 50ul per well of a 96-well poly-L-
lysine coated plate (Greiner; no. 655936). Our limit of detection for the neutralization assay is 1:20 since
this is the starting serum dilution. All assays included pre-pandemic pooled serum collected between 2015
to 2018 as a negative control. No substantial neutralization was observed for a pool of pre-pandemic sera
at a dilution of 1:20. SARS2 Spike-D614G-delta21 pseudotyped lentivirus particles encoding luciferase
were added at a dilution of 200,000 RLU per well as determined by titering. The virus-antibody plate was
then incubated for 1 hour at 37°C before being added to the plate with cells. Neutralization titers were
determined using a plate reader to measure luciferase activity at 50 hours post-infection. Measurements
were given as the reciprocal dilution of sera at which viral infection was inhibited by 50% (NTso). NTso
values were calculated using the neutcurve python package version 0.5.3 available here:

https://github.com/jbloomlab/neutcurve which fit a Hill curve to our data to determine the 50% inhibitory

concentration (ICsp). NTso values reported here were the reciprocal of the 1Cso.

444 SARS-CoV-2 IgG assay
The SARS-CoV-2 IgG assay, an FDA Emergency Use Authorized immunoassay, which utilizes a
chemiluminescent test to assess immunoglobulin G (IgG) binding to nucleocapsid (N) protein, was
performed according to manufacturer specifications. Anti-N IgG index values were assessed; higher index

values reflected higher antibody levels. An index value of > 1.40 is considered a positive result for this
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assay. Sensitivity and specificity of the SARS-CoV-2 1gG assay have been reported elsewhere [105,184—

188].

445 Comparison of antibody levels in a subset of immunocompetent children and adults

For comparison of antibody levels between pediatric participants and adults, we limited our analysis to only
specimens that were collected within a similar range of weeks post-onset between 8-13 (first collection
period) and 24-29 (second collection period) weeks for both cohorts. In this sub-analysis, we excluded
participants with MIS-C development, complicating immunocompromising conditions, or receipt of
multiple blood transfusions. We assessed changes in antibody titers over time among a limited number of
children and adults with two specimens collected within these comparative time frames. Statistical

significance was determined by Mann Whitney test.

45 Results

45.1 Study participants.

From April 2020 through June 2021, we enrolled 97 pediatric participants of whom 42 had completed at
least 6-months of follow-up with two blood draws obtained by May 2021 (Figure 4.1). Thirty-two of the
42 children had evidence of confirmed or presumed infection and were included in the pediatric analysis:
27 of 32 had a confirmed positive RT-PCR test, including one of two children who presented with MIS-C;
one of 32 had a positive serological test result and presented with MIS-C; and four of 32 had a positive
serological test result and a known RT-PCR-positive household member (Supplemental Table 7.1).
Among the 32 children included in this analysis, median age was 12 years, 6 (19%) were female, 5 (16%)
were symptomatic and hospitalized, 25 (78%) were symptomatic but not hospitalized, and 2 (6%) were
asymptomatic during acute infection (Table 4.1, Figure 4.2). Of the two children who developed MIS-C:
one (C27) had an asymptomatic acute infection (identified through RT-PCR) and subsequently required
ICU admission and supplemental oxygen in the form of bilevel positive airway pressure upon the onset of

MIS-C symptoms; the other (C15) had an initial SARS-CoV-2 respiratory infection managed as an
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outpatient but was subsequently hospitalized with MIS-C, during which time C15 was SARS-CoV-2 RNA-
negative and antibody-positive. Five children had underlying immunocompromising conditions or received
multiple blood transfusions; four of whom were hospitalized. Among the 25 children who were not
immunocompromised, did not received multiple blood transfusions, and did not present with MIS-C
(Figure 4.2A), one child was hospitalized, 22 children were symptomatic but not hospitalized, and two

children were asymptomatic.

Table 4.1 Pediatric and adult cohort demographics by disease severity.

Pediatric cohort

Symptomatic Symptomatic
Asymptomatic  non-hospitalized  hospitalized Overall

Characteristic n=2 n=25 n=5 n=32
12 (0.2-

Age, median (range) 10(9.3-10.7) 11.8(0.2-17.8) 16 (3.6-17.7) 17.8)

Sex, no. (%)

Female 0(0) 4 (16) 2 (40) 6 (19)

Male 2 (100) 21 (84) 3 (60) 26 (81)

Immunocompromised or received

multiple blood transfusions* 0 1 4 5

*No other children reported chronic conditions.
Adult cohort

Symptomatic
Asymptomatic Symptomatic non-  hospitalized Overall

Characteristic n=4 hospitalized n=8 n=2 n=14
Age, median (range) 69.5 (60-79) 65 (47-76) 59 (54-64) 65 (47-79)
Sex, no. (%)

Female 3 (75) 4 (50) 1 (50) 8 (57)
Male 1(25) 4 (50) 1 (50) 6 (43)
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Figure 4.1 Pediatric study inclusion criteria flowchart.

Evidence of infection included a PCR-positive test (n=28) or positive serological test result following a
known RT-PCR-positive household exposure (n=4) and/or presentation with MIS-C (n=2).
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Figure 4.2 Neutralization titers in children over time.

Neutralizing antibody titers (NTso) in A) 25 children with confirmed SARS-CoV-2 infection, B) children
who developed MIS-C following acute infection and C) cases complicated by immunosuppression (N = 4)
or multiple blood transfusions (N = 1) in 5 children with confirmed SARS-CoV-2 infection followed
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prospectively over time shown as weeks. Vertical lines represent the week of positive RT-PCR test result(s),
and shaded areas indicate weeks with consecutive positive PCR test results. Colors show disease severity
during acute infection. Dotted horizontal lines indicate the limit of detection (20).

A second cohort of 14 SARS-CoV-2-infected unvaccinated immunocompetent adults between the ages of
47 and 79 years (median: 65) was included in this study as a comparator group. We previously profiled
neutralizing antibody dynamics for all these adults out to 90 days post-symptom onset [3] (See
Supplemental Table 7.2). Here we performed additional assays for the same adult participants to enable
direct comparison with the pediatric cohort in a sub-analysis. This convenience sample of 14 adults included
two who were symptomatic and hospitalized, 8 who were symptomatic non-hospitalized, and 4 who were
asymptomatic. Eight (57%) adults were female. Two adult participants reported underlying conditions: one

participant (A3) was recorded as having diabetes, chronic obstructive pulmonary disease, asthma, and

obstructive sleep apnea; and another (A13) had hypertension.

4.5.2 Specimen collection.

During the first and second collection period, specimens were collected from the 32 children at a median
of 4.5 weeks (IQR: 2.5weeks; range: 2-18weeks) and 26 weeks (IQR: 1.25weeks; range: 23-35weeks),
respectively; 3 children also had blood collected at 52 weeks. At 8- and 24-weeks, specimens were collected
from the 14 adults at a median of 9.5 (range: 8-13weeks, IQR:1wk) and 25 weeks (range: 24-29weeks, IQR:
1wk), respectively. To compare pediatric and adult responses, we performed a sub-analysis which included
specimens collected within two collection periods: the first at 8-13 weeks, and the second at 24-29 weeks.
This sub-analysis included specimens from all 14 adults; for children, 7 children had blood drawn in the
first collection period (median = 9.5 weeks; IQR = 2.5) and 24 children had blood drawn in the second
collection period (median 26 weeks; IQR=1) Five children and 14 adults, with specimens collected at both

timepoints, were included in fold-change analyses.
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4.5.3 Neutralization dynamics over time in children.

We measured neutralization titers for the pediatric specimens collected at each time period (Figure 4.2A,
B, & C). All children with confirmed or presumed infections had measurable neutralizing antibody titers
for at least one specimen. For the 25 children without MIS-C or immunocompromising conditions or
multiple blood transfusions, overall neutralization titers changed very little over the course of 24 weeks
from a geometric mean NTso of 214 and 244 for the first and second collection period, respectively.
Interestingly, a greater than 4-fold increase in neutralization titer between the first and second collection
period was seen for four children all of whom were symptomatic but not hospitalized. If these four children
are excluded, the geometric mean NTso decreases by 1.86-fold from the first to the second collection period
(from 245 to 132, respectively). For two of the 25 children without immunocompromising conditions, a
decrease of greater than 4-fold between 4 and 24 weeks was observed. Both children were symptomatic of
whom one was hospitalized. For 19 (76%) of the 25 children, less than 4-fold (range 3.86- to 1.02-fold)
changes in neutralization titers were observed. One child with increasing titers, (C32), had no detectable
neutralization titer at 3 weeks post-symptom onset despite testing positive by RT-PCR, but subsequently
developed high neutralization titers by 26 weeks. Despite the variability among individual
immunocompetent children, some trends in the overall antibody dynamics were observed (Figure 4.3A).
Nearly all immunocompetent children had neutralizing activity at all timepoints, and the majority of

children (15 out of the 25 total) exhibited at least a 25% decrease in neutralization titers over 24 weeks.

For further clinical and laboratory data on children with underlying immunocompromising conditions,
multiple blood transfusions, or MIS-C, please refer to Figures 2B & C. Three children with specimens at
52 weeks had detectable neutralizing antibodies (Figure 4.2A, B, & C). Of note, one child (C26) with
blood collected at 52 weeks reported a febrile illness, with negative SARS-CoV-2 RT-PCR, between the

24- and 52- week specimen collection (Figure 4.2C).
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Figure 4.3 Neutralization potency kinetics in children compared to adults.

A) Aggregated trajectories of pediatric neutralization titers (NT50) longitudinally with lines connecting
specimens from the same individual for the 25 pediatric participants without underlying
immunosuppression, receipt of multiple blood transfusions, or MIS-C. B) Comparison of adult and pediatric
neutralization titers collected within the time periods 8 to 13 weeks and 24 to 29 weeks for the participants
without underlying immunosuppression, receipt of multiple blood transfusions, or MIS-C. C) Analysis of
fold change in neutralization titers at 24 to 29 weeks relative to titers at 8 to 13 weeks for adults and children
without underlying immunosuppression, receipt of multiple blood transfusions, or MIS-C. Significance
determined by Mann Whitney test.

45.4 Comparison of neutralization dynamics in immunocompetent children and adults.

We next compared neutralization titers and their longitudinal dynamics in children and adults. To
accomplish this, we measured plasma neutralizing antibody levels from adults over a 24-week period.
Neutralization titers for specimens collected at 8- to 13-weeks post-symptom onset (first collection period)

were previously reported using the same spike pseudotyped lentivirus neutralization assay but without the
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D614G spike mutation [3]. Here, we repeated the neutralization assays using spike pseudotyped lentivirus
encoding D614G as well as performing neutralization assays for the first time on specimens collected
between 24 and 29 weeks (second collection period). Neutralization titers had a geometric mean of 385
(range: 56 - 4,487) and 302 (range: 67 — 880) at the first and second collection period, respectively
(Supplemental figure 7.2). Of the 14 participants in our adult cohort, only one demonstrated a greater than
4-fold decrease in neutralization titer over the observation period, and no adults showed an increase greater
than 4-fold. There were no adults for whom neutralization titers fell below the limit of detection during the

timeframe tested.

For comparison of neutralization titers between the children and adults including older adults, we restricted
our analysis to only specimens collected in the same timeframe for both cohorts, as well as only including
children without immunocompromising conditions, those who did not receive multiple blood transfusions,
and those without MIS-C. In this sub-analysis, we found that children had significantly lower neutralization
potency (geometric mean titer [GMT] = 118, range: 46-256, N=7, p<0.05) than adults (GMT = 385, range:
56-4,487, N=14) during the first collection period, but titers were not significantly different between age
groups by the second collection period (children: GMT= 244, range: 27-13,694, N=22; adults: GMT = 302,
range: 67-880, N=14; p = 0.23) (Figure 4.3B). If the four children with neutralization titers that increased
by greater than 4-fold are excluded, the children’s GMT for the second collection period is 2.46-fold lower
than the adults’ (123 compared to 302 in children and adults, respectively). We calculated the fold change
in titers for each individual measured at the first collection period relative to those measured for the same
individual during the second time period. Fold change analysis was limited to 5 children with specimens
collected at both first and second collection period; no difference in the fold change between children
(geometric mean fold decrease = 1.12, N=6, p = 0.893) and adults (geometric mean fold decrease = 1.28,

N=14) was detectable. (Figure 4.3C).
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455 Anti-nucleocapsid antibody dynamics over time in children.

Anti-N antibody levels were determined for all pediatric specimens (Figure 4.4A, B, & C). Among the 25
children without immunocompromising conditions, multiple blood transfusions, or MIS-C, 23 and 14 had
detectable anti-N antibodies at the first and second collection periods, respectively; 2 children with
confirmed infection by RT-PCR (C1 and C32) did not have detected anti-N antibodies at either timepoint.
Anti-N antibody levels dropped dramatically from a geometric mean index of 3.7 to 1.3 over 24 weeks.
Eighteen of the 23 children, who were positive for anti-N antibodies at the first collection period, exhibited
a decrease in index values of greater than 2-fold, and an additional five changed less than 2-fold. No children
showed an increase in anti-N antibodies. In totality, the children without immunocompromising conditions
showed very similar declining trends in anti-N antibody levels across time (Figure 4.5A). Of the children
with a positive index at 4 weeks, values ranged from 1.9 to 8.0 and from undetectable to 7.3 by the first and

second collection periods, respectively.

For anti-N antibody levels and clinical information for the children with underlying immunocompromising
conditions, multiple blood transfusions, or MIS-C refer to Figure 4B & C. The antibody dynamics out to
52-weeks post-symptom onset were measured for three children all of whom had levels below the limit of

detection by this later time period (Figure 4.4A, B, &C).
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Figure 4.4 Anti-nucleocapsid antibody binding in children over time.
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Anti-N antibody titers in A) 25 children with confirmed SARS-CoV-2 infection, B) children who developed
MIS-C following acute infection, and C) cases complicated by immunosuppression or multiple blood
transfusions in 5 children with confirmed SARS-CoV-2 infection followed prospectively over time shown
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as weeks. Vertical lines represent the week of positive RT-PCR test result(s), and shaded areas indicate
weeks with consecutive positive PCR test results. Colors show disease severity during acute infection.
Dotted horizontal lines indicate the limit of detection for the Abbott Architect assay (1.40).

45.6 Comparison of pediatric and adult anti-nucleocapsid antibody dynamics.

Next, we compared anti-N antibody dynamics in children and adults. We first measured anti-N antibody
levels for all adult specimens in our cohort (Supplemental figure 7.3). Overall, geometric mean values fell
from 6.0 to 3.3 between the first and second collection period, respectively. One adult (A12) had values
below the limit of detection at both 8- and 24-weeks post-symptom onset. Of the adults with a positive
index at 8 weeks, values ranged from 4.2 to 9.4 and from 1.9 to 7.7 by the first and second collection period,
respectively. No adults with positive index values at the first timepoint fell below the limit of detection by
the later timepoint. This is in stark contrast to the pediatric cohort where many fell below detectable levels
over the course of the study. Furthermore, only 3 adults showed a greater than 2-fold decrease in index

values.

Compared to the pediatric cohort, adults had higher anti-N antibody levels at both timepoints measured
although not quite reaching statistical significance at 8-13 weeks (children: GMT = 4.7, range: 3.0-6.2,
p=0.053; adults: GMT = 6.0, range: 0.8-9.4) (Figure 4.5B). The difference between adult and child index
values was greatest at the later 24- to 29-week timepoint (children: GMT = 1.2, range: 0.2-7.3, p<0.0005;
adults: GMT = 3.3, range: 0.2-7.7) suggesting that anti-N antibodies may wane faster in children than adults.
To test this, we compared the fold change between the first and second collection periods in in children and
adults. We found a greater decrease for the pediatric cohort (geometric mean decrease of 4-fold)
demonstrating that these children lost N antibody binding at a faster rate than the adult cohort (geometric

mean decrease of 1.8-fold) (Figure 4.5C).
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Figure 4.5 Change in nucleocapsid-binding antibody levels longitudinally in children and adults.

A) Aggregated Abbott index values for children without immunocompromising conditions over one-year
post-symptom onset with lines connecting specimens from the same individual for the 25 pediatric
participants without underlying immunosuppression, receipt of multiple blood transfusions, or MIS-C. B)
Comparison of Abbott index values between pediatric and adult cohorts restricted to the same time periods
of collection for participants without underlying immunosuppression, receipt of multiple blood
transfusions, or MIS-C. C) Change in Abbott index values at 24 to 29 weeks relative to specimens collected
at 8 to 13 weeks for children and adults with specimens collected within both timeframes for participants
without underlying immunosuppression, receipt of multiple blood transfusions, or MIS-C. Significance
determined by Mann Whitney test. Dotted lines indicate the limit of detection for the Abbott Architect assay

(1.40).

4.6 Discussion

In this study, we describe the kinetics of serum antibodies over time in children after infection with SARS-

CoV-2. In our convenience samples of unvaccinated children and adults with confirmed or presumed
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SARS-CoV-2 infection, we found that pediatric serum neutralizing titers were maintained over 24 weeks
while anti-N-binding antibodies waned quickly. Importantly, neutralizing antibody titers were highly
variable among individual children as has been previously observed in adults [3,4,105-109,111,189]. Other
studies have demonstrated that greater disease severity and higher viral load are associated with higher
antibody levels in adults [3,106,190]. The limited number of asymptomatic, hospitalized, and MIS-C cases
in our cohort prevented analysis of the role that disease severity may play in this variability. While further
investigation is needed, the wide range of neutralization titers and anti-N antibody levels observed in our
group of 22 immunocompetent, non-MIS-C presenting children, who were symptomatic but not

hospitalized, suggests that disease severity may not entirely explain the observed heterogeneity.

There are several reasons why antibody responses to SARS-CoV-2 infection could be different in children
compared to adults, including disease typically being less severe in children [173,191-195] as well as
immune senescence and greater burden of comorbidities in older adults [196-202]. Further, primary
infections with respiratory pathogens tend to occur early in life leaving uncertainty about how antibody
responses to primary infection may differ with age. One example of how age can impact the antibody
development was demonstrated following the 2009 H1N1 influenza pandemic where infection elicited a
more cross-reactive antibody response in adults compared to children [203]. With regards to SARS-CoV-
2, children are also susceptible to life threatening MIS-C following infection, and it remains unclear if

and/or how the immune response following infection may impact development of such sequelae.

Interestingly, only a modest and non-significant decrease in neutralizing antibody level was detected for
pediatric specimens collected out to six months. A similar persistence in neutralization potency was also
observed in the adult cohort, suggesting that there might be long term maintenance of neutralizing
antibodies regardless of age following SARS-CoV-2 infection. This finding is in line with several other
bodies of work demonstrating the persistence of neutralizing antibodies over many months [113,120,204—
206]. We did, however, detect lower levels of neutralization in children’s serum compared to adults early

after infection. This finding is perhaps surprising given recent work, in the context of vaccination, showing
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that older adults, similar to the age group of adults reported here, develop lower neutralizing titers than
younger adults[207]. Antibody dynamics across ages may be different between infection and vaccination,
and other factors such as specimen collection time or disease severity could also contribute the difference
between this study and ours. Interestingly, by 24 weeks, a difference in neutralization titers between
children and adults was no longer detectable. This leveling of neutralization titers over time has also been
observed for some [3] but not all [109] studies of adults who have disease of different severity: adults with
severe disease have higher initial titers at early, but not later, timepoints [3]. Overall, the neutralizing
antibody kinetics that we observe for children are similar to adults with mild infections [3,116]. Our
findings corroborate a previous study which show lower pediatric neutralization titers early after infection
by measuring neutralization titers in children and adults out to 60 days [107], and another study looking at
only hospitalized children and adults reported the same [208]. However, one study [120] found that younger
children had higher titers than older children and adults. Differences in study population and sampling

timepoints could explain these differences.

The most striking difference in SARS-CoV-2 antibody levels between children and adults was seen for
anti-N antibodies. Although not statistically significant, children tended to have lower levels than adults
early after infection and a significantly lower level after six months. Lower anti-N antibody levels in
children than adults have been reported in another study as well [107]. Those authors speculated that, since
nucleocapsid protein is disseminated during infection through the lysis of infected cells, children may
experience lower levels of N antigen expression due to their reduced duration of illness and potentially
lower levels of viral replication [107]. Alternatively, the cumulative lifetime exposure to betacoronavirus
infections in adults may repeatedly boost antibodies to the more conserved nucleocapsid proteins that are
cross-reactive to SARS-CoV-2, as has been observed in for conserved influenza proteins [209]. It is
important to note that several studies have found that the SARS-CoV-2 IgG assay used for this study

decreases in sensitivity over time faster than in other assays [105,115,184-188]. In addition, the SARS-
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CoV-2 IgG assay only has emergency use authorization for qualitative assessment of antibodies and not

guantitative.

The underlying mechanism behind why we observe relatively little waning of neutralizing antibody titers
but a strong decrease in N-binding antibody levels remains unknown. There are several potential factors,
however, that may help to explain this finding. First, the titers from neutralization assays result from both
the concentration of neutralizing antibodies and their affinity while the N-binding antibody measurements
we make primarily account for the concentration not affinity. Therefore, while the absolute amount of the
S-targeting neutralizing antibodies in serum may actually decline overtime, we might not detect a decrease
in the neutralizing titer due to an increase in antibody affinity. This phenomenon would not be detected in

our anti-N antibody assay.

Limitations of our study include small sample size and limited number of children with follow-up at 52-
weeks. Follow-up is ongoing with children who had not yet reached 52-weeks post-symptom onset at the
time of this analysis. Furthermore, blood volume obtained from younger children is limited and therefore
the number of assays utilized was also limited. The adult comparative specimens were obtained from the
same geographic location and analyzed in the same laboratory, although not necessarily collected from the
same families or at the same time. Additionally, the adults in this study were a convenience sample of a
broader study, and approximately half were older adults, over 65 years of age, meaning that the data
presented here may not be representative of all adults across wider age ranges. Likewise, our pediatric
cohort was also a convenience sample and may also not be representative of the broader population.
Furthermore, unlike the pediatric cohort, adults were only enrolled following RT-PCR confirmed infection
without enrollment based on household RT-PCR positive contacts. Of note, both children and adult cohorts

were enrolled prior to the widespread introduction of the SARS-CoV-2 Delta variant.

Overall, our results suggest that although neutralizing antibody responses to SARS-CoV-2 are broadly

similar between adults and children, anti-N antibodies are elicited at lower levels in children than adults.
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These results contribute to our knowledge of pediatric immune responses to SARS-CoV-2 over time, and
the data on the longevity of neutralizing antibodies may prove valuable for comparison investigations of

immunity induced by vaccines in children.
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Chapter 5.

Conclusions and Future Directions

Antibodies that are elicited following infection represent a crucial component of our adaptive immune
response which serve to protect us from infection by many different pathogens whether bacterial, viral,
fungal, or parasitic. In this body of work, | have focused on investigating the robust antibody response that
is generated upon infection by the respiratory pathogens, influenza A virus and SARS-CoV-2. This
antibody response is highly effective at preventing reinfection by antigenically similar strains. As these
viruses evolve to evade antibody recognition, however, it is important to explore how we can broaden
antibody responses to multiple conserved viral targets to combat antigenic drift. In order to move towards
this goal, we need to understand how our antibody response changes over time following infection. To
accomplish this, new tools are need for measuring antibody responses to a wide array of viral targets and
to measure the impact of such antibodies on viral replication. In the preceding chapters, | described my
work to advance these goals, and here | review the main findings discussed in my dissertation along with

potential future directions to continue this work.

5.1 Seasonal group 1 and group 2 influenza A virus hemagglutinin stem domains show a similar
rate of antigenic evolution.

Based on phylogenetic analysis of HA sequences, we observed that H3N2 viruses have a faster rate of

sequence evolution in the HA stem domain than HIN1 viruses. Combined with evidence that stem

antibodies more easily select escape mutations in the H3N2 HA than H1N1 [31,48], we hypothesized that

over time acquired mutations may be degrading antibody binding to the HA stem domain faster for H3N2

viruses than HIN1 viruses.
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By utilizing a chimeric HA design where human serum only recognizes the stem domain, | was able to
measure the amount of antibody binding to the stem by ELISA. The chimeric construct is a critical
component of our experimental design to examine natural antigenic drift in the stem domain. Because the
HA stem domain generates a subdominant antibody response compared to the head domain, using full-
length HA for serum ELISAs would overwhelm the signal from antibodies targeting the stem. The intense
signal from antibodies binding to the head domain makes small changes in stem antibody binding
undetectable. Thus, using a chimeric HA design with an immunologically foreign head domain eliminates

this problem.

To test our hypothesis, | measured the binding of a set of serum samples to chimeric HAs with stem domains
from H3N2 and H1N1 strains spanning 17 years. This experimental design allowed me to test whether the
mutations that accumulate in the stem domain over this timeframe lead to a loss of antibody binding. Unlike
hemagglutination inhibition and neutralization assays which have been traditionally used to measure
antigenic drift of the HA head domain, this method allows us to detect a loss of antibody binding regardless
of function. This is important because stem-binding antibodies do not block agglutination of red blood cells

and non-neutralizing HA antibodies have been shown to also provide protection against infection [10,7-9].

For both H3N2 and H1N1 strains, | found very little change in the binding of serum antibodies over time.
| further examined whether the stem domain of H3N2 strains lost binding at a faster rate than HLN1 strains
since the stem of H3N2 HA accumulates mutations at a faster rate. | found no detectable difference in the
rate at which stem antibody binding was lost between the H3N2 and HIN1 HAs tested. This suggests that
despite the H3N2 HA stem accumulating more mutations over time, relatively few of these mutations lead
to antigenic changes such that a similar loss in binding was observed compared to the less mutated HIN1

HA stem domain.

My findings provide evidence that the HA stem domain undergoes minimal antigenic evolution under
selection by stem-binding antibodies elicited by seasonal infection and/or vaccination. These results bode

well for the durability of vaccination strategies aimed at directing antibody responses towards the stem
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domain. However, it remains to be seen whether stronger selection pressure from more a more directed
stem antibody response may lead to more substantial antigenic drift. Future work to address this open
question may include directed evolution studies that assess the evolvability of the stem domain by
measuring the ease of escape from serum collected during clinical studies of chimeric HA vaccination [16].
Deep mutational scanning studies, like those performed in the Bloom lab, would allow for massively
parallel experimental testing of all possible single mutations in the stem to measure ease of escape which
has been demonstrated to work previously for human serum primarily targeting the head domain [156].
Further, new libraries under development have the potential to measure the effects of multiple mutations
on antibody binding that will allow measurement of how combinations of mutations impact stem antibody

binding.

5.2  Anti-NA antibody potency can be measured in a neutralization-based assay.

Recent evidence of anti-NA antibody efficacy against infection has created renewed interest in NA as a
potential target of disease mitigating and durable antibodies. A lack of reagents and NA specific assays
currently hampers investigation into anti-NA antibody responses [6]. Prior work in the Bloom lab and our
interest in influenza antibody responses allowed me to take an interesting approach to address this
technological gap. Using an influenza virus engineered to bind to host receptors exclusively through NA

interactions, | developed a neutralization-like assay for measuring anti-NA antibody potency.

With four previously characterized monoclonal antibodies targeting different NA epitopes [143], | showed
that it is possible to inhibit infection of an NA binding-dependent virus. Neutralization of the NAbind virus
was strongest for the antibody HF5 which, of the four antibodies tested, binds closest to site 147 where the
binding activity of this NA is thought to occur. This region is near the catalytic active site of NA, and
antibodies binding near this epitope, including HF5, have been shown to also inhibit NA catalytic activity
[143]. In addition, recent work has shown that antibodies targeting the NA catalytic site tend to have broad
reactivity and are protective in animal models [78] highlighting the utility of the NAbind virus

neutralization assay for measuring the potency of such important antibodies.
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In addition to demonstrating the utility of this assay for measuring anti-NA antibody potency, | used the
NADbind virus to perform a classical directed evolution experiment with the HF5 antibody. Through minimal
serial passaging of the virus in the presence of HF5, I selected for a mutation that enabled antibody escape.
Such experiments with traditional influenza viruses have required either numerous sequential passaging
with high antibody concentrations limiting feasibility, passaging in an animal model of infection, or have
not been possible at all for many anti-NA antibodies. Thus, the NAbind virus provides a feasible method

for mapping anti-NA antibody epitopes and mutations that allow for antibody escape.

While the current neutralization assay that | developed works well for monoclonal antibodies, there are
limitations that prohibit the use of this assay for accurately measuring the inhibition of NA antibodies in
serum that could be addressed by future studies. The current design of our anti-NA antibody neutralization
assay may overestimate the potency of anti-NA antibodies in serum. Two independent studies have
demonstrated that antibodies targeting the HA stem domain can also inhibit NA activity likely through
steric hinderance [210,211]. While these results suggest an added protective benefit to eliciting an HA stem
antibody response, it does mean that antibodies in serum that do not target NA can still inhibit NA activity
and may also inhibit infection of the NAbind virus used in our neutralization assay. Thus, while the
neutralization assay that | developed may perform well at measuring overall NA inhibiting serum potency,

modification is required to strictly determine the inhibition due to NA antibodies alone.

One potential next step for future development of the anti-NA antibody neutralization assay, is to create
this virus with a non-binding HA from an avian strain that has not circulated in humans. Using such an
avian HA would minimize stem antibody recognition, and therefore ensure that any inhibition measured
from serum in our anti-NA antibody neutralization assay comes from anti-NA antibodies alone. Creating a
new non-binding HA for an avian influenza strain is not trivial, however. The mutation Y98F which has
been reported to abrogate HA binding does not completely remove all binding [158,161]. Thus, additional
careful engineering is required to completely ablate HA binding while still retaining the membrane fusion

properties of HA [17]. Effort to further developing this assay in this way for use in screening human serum
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is justified, however, since an anti-NA serum antibody neutralization assay could provide key information

about the potency of antibodies elicited by infection or vaccination.

5.3 Children have variable antibody dynamics following SARS-CoV-2 infection that are distinct
from adults.

With the pandemic caused by SARS-CoV-2 still ongoing and the rise of new variants of concern, it is
crucial to understand antibody responses following infection in order to gauge the longevity of protective
immunity. In chapter 4, I described my efforts in collaboration with Seattle Children’s hospital to measure
the trajectory of SARS-CoV-2 infection elicited antibody responses in the pediatric population for up to
one-year post-infection. We examined neutralizing and nucleocapsid (N)-binding antibodies in children
over time and found that the dynamics of each were dissimilar with interesting differences compared to the

same antibodies in adults.

In children and adults, neutralizing antibodies were largely maintained over the timeframe of investigation,
although exclusion of a few children who showed increasing titers resulted in a waning of titers over time.
Overall, I did not detect a difference in neutralizing antibody titers over time for either cohort, but when |
compare neutralizing titers between children and adults early after infection, we observed slightly lower
levels in children. It is unclear what factors contribute to this early difference in neutralization titers, and

by 24-weeks post-symptom onset a difference was no longer detectable between the children and adults.

Our results were determined using a pseudoneutralization assay where the spike expressed on the
pseudotyped lentivirus originated from Wuhan-1 with the additional infection enhancing mutation D614G.
Thus, while my longitudinal analysis of neutralizing antibody responses suggests that robust neutralizing
antibody responses are sustained following infection, it remains to be seen how effective infection elicited
antibodies are against new variants of SARS-CoV-2 that have become predominant. This is a particularly
pressing question in light of the recent emergence of the highly transmissible omicron SARS-CoV-2 variant
which appears to evade antibody immunity through a number of antigenic mutations at sites targeted by

neutralizing antibodies [100,212—214].
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Further investigation is needed not only to address the issue of the impact of infection elicited neutralizing
antibodies on new antigenic variants, but also to query the differences between infection and vaccination
elicited neutralizing antibody responses in children over time. Very young children are a particularly
important population to study, in this regard, as infection or vaccination against SARS-CoV-2 may be their
first exposure to a coronavirus. Original antigenic sin, also known as antigenic imprinting, has been a topic
of intense study for influenza virus, dengue virus, and HIV and will likely play an important role in how
our antibody response against SARS-CoV-2 evolves. The phenomena of original antigenic sin hinges on
how the antibody response to a given virus is biased towards in individual's first exposure. For example, an
individual that was first infected with an H3N2 influenza virus early in life will tend to boost antibodies
against this strain during subsequent infections even when later infected with another subtype such as HIN1
[25,215]. This immunological memory tends to make antibodies less likely to be as effective against new
strains compared to antibodies elicited from a primary infection. This mechanism may pose a significant
problem for tackling future SARS-CoV-2 variants as most individuals in the U.S. have been vaccinated
against the original Wuhan-1 strain. Supporting this hypothesis, recent work has demonstrated antigenic
imprinting is possible for Sarbecoviruses in a mouse model [216,217]. Furthermore, as an individual ages,
this immune memory has the effect of shifting antibody responses to more conserved non-neutralizing
antibody targets [141,142,209]. Some studies have begun to suggest similar trends in adults infected or
vaccinated with SARS-CoV-2 [87,218]. Now that SARS-CoV-2 has become the first coronavirus exposure
for many children, longitudinal studies of vaccinated or infected children and adults may reveal differences

in the immunodominance of viral epitopes in an age dependent manner in part due to original antigenic sin.

In chapter 4, we also measured the magnitude and longevity of anti-nucleocapsid (N) antibodies in children.
Our results from this set of experiments were striking: children showed a steep drop in anti-N antibodies
by 24-weeks post-symptom onset. In fact, the rate at which anti-N antibodies declined was much greater in
children when compared to adults. Further, at both early and late time points following infection, children

showed much lower anti-N antibody levels than adults. The cause of this age-related difference in antibody
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targeting is unknown, and as discussed in the previous chapters, has been noted in several other studies. It
is possible that the answer may lie in original antigenic sin and the back boosting of cross-reactive
antibodies against previous betacoronavirus N proteins. Current evidence suggests that anti-N antibodies to
hCoV are boosted upon SARS-CoV-2 infection [219], but more work is needed to determine if this boosting
affect is associated with age. To investigate a potential role of prior exposures to betacoronaviruses in the
boosting of hCoV antibodies following SARS-CoV-2 infection, B cell sequencing to identity cross-reactive
anti-N antibody lineages in SARS-CoV-2 convalescent patients from different birth cohorts may prove

fruitful.

Another hypothesis is that higher levels of N protein are present during adult infection compared to children
which could result in a stronger anti-N antibody response. Chung et al. measured SARS-CoV-2 viral RNA
levels as a surrogate for viral load for a large cohort of children and adults [172]. They found that, while
there were no differences in RNA levels between asymptomatic children and adults or between
symptomatic children and adults, children had slightly lower duration of symptoms [172]. These results
suggest that the levels of N protein are not higher during adult infection compared to children but may
indicate a faster resolution of infection in children compared to adults. This could result a reduced period
of antigen exposure. A future study might test for age-related differences in N antigen persistence, in young
and aged hamsters by examining N staining in infected lungs to determine whether there are differences in

nucleocapsid antigen abundance or duration and test potential impacts on antibody targeting.
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Sites of amino-acid changes between 1990-2007

H1 mutations H3 mutations

Supplemental Figure 6.1 Structural location of mutations accumulated in the stem domain of the HIN1 and
H3N2 HA between 1990 and 2007.
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Supplemental Figure 6.2 ELISA curves generated for each human serum sample collected between 1993 to
1994 against cH5/1 and cH7/3 proteins. Representative stem and head domain antibody control ELISA
curves shown in top two rows.
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Supplemental Table 7.1 Evidence of SARS-CoV-2 infection among patients without a confirmed SARS-

CoV-2 RT-PCR.
Epi-week of
household RT-PCR |Epi-week of participant
Patient ID Evidence of SARS-CoV-2 infection test symptom onset

Experienced syptomatic infection, developed MIS-C,
neutralization and nucleocapsid antibodies confirmed through
serological testing; this child is listed un the MIS-C subset in

2020 week 11 - acute

C15 inclusion flowchart. not applicable 2020 week 18 - MIS-C
Known PCR-positive household infection (family member with
long COVID who was not tested until well after initial
household outbreak), entire family experienced symptoms
consistent with SARS-CoV-2 infection, neutralization and

C12 nucleocapsid antibodies confirmed through serological testing 2020 week 20 2020 week 11
Known PCR-positive household infection, experienced
symptoms consistent with SARS-CoV-2 infection,
neutralization and nucleocapsid antibodies confirmed through

Cc20 serological testing unknown 2020 week 12
Known PCR-positive household infection, experienced
symptoms consistent with SARS-CoV-2 infection, two family members
neutralization and nucleocapsid antibodies confirmed through | positive both in 2020

C23 serological testing week 49 2020 week 49
Known PCR-positive contacts, experienced symptoms
consistent with SARS-CoV-2 infection, neutralization and

Ci14 nucleocapsid antibodies confirmed through serological testing 2020 week 48 2020 week 48

3rd samples
>nd | adult
nd sampie pediatric
1st sample -

Supplementary Figure 7.1 Distribution of specimen collections in children and adults.

50

Approximate weeks post-symptom onset
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Supplemental Table 7.2 Naming of adults across publications.

Naming in Crawford et al. 2020 (3)

Naming in the present study

PID 13 A3
PID 3C Al
PID 4C A2
PID 6C A6
PID 7C A7
PID 11C Ad
PID 12C Al10
PID 22C A9
PID 23C A8
PID 24C Al3
PID 103C Al2
PID 113C Al4
PID 117C All
PID 200C A5
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Supplemental Figure 7.2 Neutralization titers in adults over time.

A) Neutralizing antibody titers in 14 adults with confirmed SARS-CoV-2 infection followed prospectively
over time shown as weeks post-symptom onset, x axis. B) Aggregated neutralization titers for all adults.
Dotted horizontal lines indicate the limit of detection (20).
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Supplemental Figure 7.3: Nucleocapsid-binding antibody levels in adults over time.

Asymptomatic
Symptomatic
Hospitalized
Symptomatic
Non-Hospitalized

A) The Abbott Architect assay was used to determine SARS-CoV-2 nucleocapsid-binding antibody in 14
adults followed prospectively over time shown as weeks post-symptom onset, X axis. B) Aggregated Abbott
index values for all adults. Dotted horizontal lines indicate the limit of detection for the Abbott Architect

assay (1.40).
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