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Abstract

Humans are repeatedly exposed to variants of influenza virus throughout their lifetime. As a result,
preexisting influenza-specific memory B cells can dominate the response after infection or
vaccination. Memory B cells recalled by adulthood exposure are largely reactive to conserved viral
epitopes present in childhood strains, posing unclear consequences on the ability of B cells to
adapt to and neutralize newly emerged strains. We sought to investigate the impact of preexisting
immunity on generation of protective antibody responses to conserved viral epitopes upon
influenza virus infection and vaccination in humans. We accomplished this by characterizing
monoclonal antibodies (mAbs) from plasmablasts, which are predominantly derived from
preexisting memory B cells. We found that, whereas some influenza infection—induced mAbs
bound conserved and neutralizing epitopes on the hemagglutinin (HA) stalk domain or
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neuraminidase, most of the mAbs elicited by infection targeted non-neutralizing epitopes on
nucleoprotein and other unknown antigens. Furthermore, most infection-induced mAbs had equal
or stronger affinity to childhood strains, indicating recall of memory B cells from childhood
exposures. Vaccination-induced mAbs were similarly induced from past exposures and exhibited
substantial breadth of viral binding, although, in contrast to infection-induced mAbs, they targeted
neutralizing HA head epitopes. Last, cocktails of infection-induced mAbs displayed reduced
protective ability in mice compared to vaccination-induced mAbs. These findings reveal that both
preexisting immunity and exposure type shape protective antibody responses to conserved
influenza virus epitopes in humans. Natural infection largely recalls cross-reactive memory B cells
against non-neutralizing epitopes, whereas vaccination harnesses preexisting immunity to target
protective HA epitopes.

INTRODUCTION

Influenza viruses are responsible for more than 5 million severe cases of respiratory tract
infection and up to 650,000 deaths globally each year (1). Current influenza vaccine
effectiveness is low (2), partly due to rapid antigenic evolution of the major surface
glycoproteins of influenza virus: hemagglutinin (HA) and neuraminidase (NA) (3).
Influenza vaccination platforms focus on eliciting protective antibody responses against HA,
the most abundant and immunodominant viral glycoprotein (4). Antibodies against the HA
head domain are potently neutralizing and inhibit receptor binding to sialic acid on epithelial
cells. This is measured in vitro as the ability of an antibody to inhibit agglutination of red
blood cells, referred to as hemagglutination inhibition (HAI) (5). Antibodies against HA are
capable of limiting infection, and serum HAI titers have been used as the primary correlate
of vaccine-induced protection against influenza for nearly 50 years (5, 6). However, the HA
head is highly variable and easily mutates to evade host immunity (7-10), leading to seasonal
epidemics and necessitating frequent reformulation of seasonal influenza vaccines.

In addition to rapid antigenic evolution, preexisting immunity profoundly affects protective
immune responses upon exposure to novel influenza viruses or viruses that exhibit antigenic
drift, the accumulation of mutations in viral surface glycoproteins (11-13). Original
antigenic sin, also called imprinting, suggests that an individual’s first encountered strain
takes a senior antigenic position in the memory B cell (MBC) repertoire (14-16). As a result,
subsequent exposure to influenza viruses later in life leads to the recall of MBCs specific to
epitopes present in strains from an individual’s childhood. Several reports have proposed
beneficial and detrimental effects of imprinting on antibody responses to influenza viruses,
depending on the context (17-19). It was recently suggested that the first HA group 1 or HA
group 2 virus an individual was exposed to predicts protection against avian influenza
viruses belonging to the same group and susceptibility to avian influenza viruses of the other
group (11). Furthermore, the age distribution of seasonal influenza virus cases can be
predicted by the likely subtype of first infection for each birth cohort (20, 21). The boosting
of antibodies reactive to conserved protective or nonprotective viral epitopes may therefore
play a major role in shaping influenza virus susceptibility or protective outcomes upon
exposure.
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To date, few studies have addressed the role of preexisting immunity in shaping the
reactivity of antibodies elicited by natural influenza virus infection compared to vaccination
at the single B cell level. Our current understanding of antibody immunodominance to
influenza viruses in humans is largely limited to an understanding of vaccination-induced
responses derived from serology studies, which fail to resolve the full spectrum of epitope
targeting. It is well established that vaccination induces HA head—specific responses due to
enrichment of HA during vaccine manufacturing (22, 23), but it is unclear how preexisting
immunity shapes the targeting of conserved HA epitopes upon vaccination. Furthermore,
past studies have suggested that viral antigens such as the HA stalk, NA, and internal
nucleoprotein (NP) are frequently targeted upon infection, as these antigens are in high
abundance (22, 24, 25). However, the frequencies by which conserved antigens are targeted
by B cells upon natural infection remain to be determined. We hypothesized that
plasmablasts that are induced early after natural infection would target conserved, yet less
protective, viral epitopes on the HA stalk domain, NA, and NP rather than antigenically
drifted epitopes on the HA head, as only conserved epitopes will be recognized by the
preexisting MBC repertoire. By contrast, we hypothesized that vaccination may draw upon
preexisting immunity to boost HA head—specific responses.

In this study, we characterized monoclonal antibodies (mAbs) cloned from plasmablasts
induced early after influenza A virus infection and seasonal vaccination. Plasmablasts are a
useful model as they are predominantly derived from the MBC compartment and typically
express highly somatically mutated variable genes despite their rapid activation (5 to 14
days) after antigen exposure (12, 26). In addition, they are readily found to have clonal
relationships with B cells activated by previously encountered influenza virus strains (12).
By characterizing antigen reactivity, cross-reactivity toward historical and contemporary
influenza virus strains, in vitro virus neutralization, and in vivo protective ability of human
mADbs, we found key differences in how natural infection and seasonal vaccination rely on
preexisting B cell memory to induce early protective antibody-mediated immunity. Our data
demonstrate that preexisting immunity largely biases the early antibody response after
infection toward conserved yet less protective viral epitopes, with only a small percentage of
infection-induced mAbs targeting the HA head. Conversely, vaccination can draw upon
preexisting immunity to boost cross-reactive and neutralizing responses against the HA
head, likely resulting in superior protection when circulating strains are well matched to
vaccine strains. This study emphasizes the necessity of understanding mechanisms of
immune memory bias such as original antigenic sin in shaping protective antibody responses
to influenza viruses, as harnessing or surmounting preexisting immunity is likely the most
effective path toward universal vaccination.

A minority of antibodies induced early after influenza virus infection recognize the HA

head

To examine how preexisting immunity shapes the antibody response after natural influenza
virus infection and vaccination, we generated mAbs from single plasmablasts obtained from
human participants after HIN1 or H3N2 virus infection (table S1) and from healthy
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individuals after seasonal vaccination (table S2). HLN1-infected individuals were recruited
during the 2015-2016 flu season, and H3N2-infected individuals were recruited during the
2014-2015 flu season. Vaccinated individuals were studied after receipt of the northern
hemisphere trivalent influenza vaccine in the 2010-2011 flu season or the quadrivalent
influenza vaccine in the 2014-2015 flu season. The vaccine strains received by the
vaccination cohort were distinct from infecting strains circulating during the time of sample
isolation from the infection cohort (tables S1 and S2). Samples were collected at day 7 after
vaccination and estimated days 7 to 11 after infection. All mAbs generated were initially
screened for reactivity to influenza viruses (indicated in tables S1 and S2) and only included
in the study if they exhibited specific binding.

Whereas greater than 90% of mAbs induced by vaccination recognized HA by enzyme-
linked immunosorbent assay (ELISA; Fig. 1A), only 30% of mAbs induced by natural
infection with either HIN1 or H3N2 were HA reactive, including the HA head and stalk
domain regions, with the majority recognizing other antigens such as NA and the highly
conserved NP (P< 0.0001; Fig. 1B). Nearly half of all HIN1 infection-induced mAbs were
HA reactive, although this was substantially less than the proportion of mAbs induced by
seasonal vaccination (Fig. 1B, bottom left). Furthermore, H3N2 infection—-induced mAbs
mostly targeted NA and NP, whereas only 18% bound HA (Fig. 1B, bottom right). Because
age-related factors likely affect antibody responses to conserved antigens (27-29), we next
analyzed antigen reactivity in each individual within our infection cohort. Although there
was variability in the proportion of antibodies targeting non-HA proteins per H3N2-infected
individual, each individual mounted a non-HA-biased response overall, with roughly 80%
of the response per individual directed toward non-HA antigens (fig. S1A). Similarly, for
H1N1-infected individuals, a substantial fraction of all mAbs per person recognized non-HA
antigens, although there was some degree of interindividual variability (fig. S1B).
Accordingly, we found that only 6% of all mAbs induced by infection had HAI activity
compared to 59% induced by vaccination (P < 0.0001; Fig. 1C), and the percentage of HAI*
mADbs per infected individual was, on average, only 5.5% (Fig. 1D).

Preexisting immunity is expected to affect antibody responses to conserved viral epitopes, so
we next assessed whether antibodies induced by influenza virus infection targeted typically
more conserved and immunosubdominant viral epitopes. Of total HA-binding mAbs induced
by vaccination, nearly two-thirds had HAI activity, reflective of their ability to target the HA
head region (fig. S1C), compared to just 20% of HA-reactive infection-induced mAbs (P <
0.0001; fig. S1D). To determine mAbs binding epitopes on the stalk domain, we performed
competition ELISAs with an anti-stalk mAb known to bind a well-characterized broadly
neutralizing stalk epitope [mMAb CR9114; (30)] as well as ELISA against a headless stalk
construct (31) and chimeric HA constructs (cH5/1; cH7/3). Only 14% of vaccination-
induced HA-reactive mAbs bound the HA stalk domain (fig. S1C), compared to 49% of all
HA-reactive mAbs induced by infection (P < 0.0001; fig. S1D). Remarkably, 58% of all
HA-reactive HIN1 infection—induced mAbs bound the stalk domain (fig. S1D, bottom left).
Of all stalk domain-reactive antibodies induced by infection or vaccination, we did not see a
difference in typical broadly neutralizing stalk epitopes bound (CR9114 competing) versus
mAbs binding uncharacterized stalk epitopes (CR9114 non-competing, but positive for the
headless stalk construct and chimeric HA constructs) (cH5/1; cH7/3) (fig. S1E). We also

Sci Transl Med. Author manuscript; available in PMC 2021 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dugan et al.

Page 5

identified HA-reactive mAbs induced by infection and vaccination that did not confer HAI
activity and were ruled out against binding stalk domain epitopes by our assays (fig. S1, C
and D). These mAbs were categorized as HA* mAbs binding to “unknown” epitopes,
potentially binding undefined HAI™ epitopes on the HA head or stalk. Together, these data
reveal that the minority of infection-induced HA™ mAbs bind HAI* head epitopes and
instead tend to bind HAI™ head and stalk epitopes.

Similar to HA, the head region of the influenza virus NA surface glycoprotein is susceptible
to antigenic drift, although the active site and nearby epitopes are highly conserved (27).
Because several infection-induced mAbs bound to NA, we asked whether NA-reactive mAbs
bound to conserved sites. To address this, we used influenza NA inhibitor resistance
detection (NA-STAR) and NA enzyme-linked lectin assays (ELLA), which can determine
whether a mAb is binding conserved epitopes on the NA active site or regions within close
proximity to it. In the NA-STAR assay, a small chemiluminescent substrate is bound directly
to the NA enzymatic site unless an antibody binds the active site and blocks access of the
substrate. For ELLA, the sialic acid substrate is present in glycans of the fetuin glycoprotein,
and an antibody that binds to NA at or near the enzymatic site can sterically block access to
the enzymatic site. We found that more than half of all infection-induced NA-reactive mAbs
were NA-STAR* or ELLA™ (fig. S1F). There was no difference between the percentages of
combined NA-STAR* and ELLA* mADbs elicited by HIN1 and H3N2 infection, with 70%
induced by H1N1 infection and more than half induced by H3N2 infection (fig. S1F,
bottom). Overall, these data suggest that natural infection recalls preexisting MBCs reactive
to more conserved influenza virus antigens, a hallmark of original antigenic sin.

Infection-induced antibodies are predominantly non-neutralizing

Only 6% of early infection—induced mAbs had HAI activity (Fig. 1C), which is the primary
correlate of antibody-mediated protection against influenza. However, mAbs reactive to
immunosubdominant and neutralizing regions such as the HA stalk and NA active site were
also identified. These results led us to address whether these mAbs were neutralizing toward
the inducing vaccinating and infecting strains. To do so, we determined the neutralization
capacity of mAbs induced by infection or vaccination using an in vitro virus
microneutralization assay or plaque reduction neutralization assay. Only 29% of infection-
induced mAbs were neutralizing, relative to 80% of mAbs that were induced by seasonal
vaccination (P< 0.0001; Fig. 2A). Moreover, we observed that the overall neutralization
potency of all infection-induced mAbs was markedly reduced compared to vaccination-
induced mAbs (P < 0.0001; Fig. 2B), and the potency was still reduced when non-
neutralizing mAbs were not included in the analysis (= 0.0188, HIN1; A= 0.0024, H3NZ2;
Fig. 2C).

We previously demonstrated that the distribution in antibody reactivity varied widely
between HIN1 and H3N2 infections (P = 0.0285; Fig. 1B). We therefore analyzed the
distribution in reactivity of neutralizing and non-neutralizing infection—-induced mAbs. Of
H1N1 infection—-induced mAbs, only 38% were neutralizing, of which 67% bound HA and
33% bound NA (Fig. 2D and fig. S2A). Most of the stalk domain-reactive HLN1-induced
mAbs were neutralizing, confirming the protective nature of mAbs against this region. Only
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20% of all H3N2 infection—induced mAbs were neutralizing, and in sharp contrast to HIN1
infection, 70% of all H3N2 infection—induced neutralizing mAbs were NA reactive, with the
minority recognizing HA (Fig. 2E and fig. S2B). All mAbs binding NP and other unknown
antigens were non-neutralizing, with a substantial fraction of non-neutralizing HA- and NA-
reactive mAbs detected in each group (Fig. 2, D and E).

We next addressed whether there were qualitative differences in the neutralization ability
against distinct antigens between infection-induced and vaccination-induced mAbs. For both
groups, most of the neutralizing mAbs targeted the HA head and stalk domain regions (Fig.
2, F and G). Unique to infection-induced mAbs, a substantial portion of NA-reactive mAbs
were neutralizing (Fig. 2F). Most of the infection-induced mAbs targeting unknown regions
of HA and other unknown antigens were non-neutralizing, in addition to several non-
neutralizing NP-reactive mAbs isolated (Fig. 2, F and G). All mAbs isolated targeting the
broadly neutralizing stalk epitope (CR9114 competing) were neutralizing, and several mAbs
targeting other undefined stalk domain epitopes were also neutralizing (Fig. 2H). Last, we
identified that HA head-reactive mAbs were typically more potent than HA stalk domain-
reactive mAbs (Fig. 2, 1 and J, and fig. S2, C and D), and NA-reactive mAbs were less
potent than HA head- and stalk domain-reactive mAbs (Fig. 21). Together, these data
demonstrate that most mAbs isolated from infected individuals targeted conserved yet non-
neutralizing targets, although some neutralizing mAbs reactive to immunosubdominant
epitopes of the HA stalk domain and NA were identified.

The reactivity of influenza virus infection—induced antibodies is biased by original
antigenic sin

Most of the vaccination-induced mAbs bound antigenically drifted viral epitopes on the HA
head. In contrast, most of the mAbs induced by infection bound to conserved epitopes, such
as the HA stalk domain, NA active site, and NP (Fig. 1B and fig. S1). Accordingly, most of
these mAbs were non-neutralizing (Fig. 2). To further investigate the role of original
antigenic sin and previous immune history in shaping mAb reactivity, we assessed the cross-
reactivity of mAbs induced by natural infection against heterosubtypic viral strains and past
strains circulating during the lifetime of the individual. First, we tested each mAb against
historical and contemporary HIN1 and H3N2 viral strains, which accounted for nearly 50
years of viral antigenic drift, to determine the degree of homosubtypic and heterosubtypic
cross-reactivity within each infection and vaccination cohort. Consistent with the high
prevalence of vaccination-induced mAbs that bound the HA head, most of the vaccination-
induced mAbs were homosubtypic (Fig. 3A). Conversely, infection-induced mAbs displayed
increased heterosubtypic cross-reactivity relative to vaccination-induced mAbs, regardless of
the infecting subtype (p = 0.0017; Fig. 3B). As expected, and likely due to differences in
age, immune histories, and other factors, we observed variation in heterosubtypic cross-
reactivity among individual donors (fig. S3, A to C). Strikingly, 60% of all infection-induced
mADbs displayed equal or stronger affinity for childhood viral strains than viral strains
circulating at the time of infection (Fig. 3C and table S3), confirming a substantial role for
original antigenic sin in shaping early antibody responses to natural infection. For
vaccination-induced mAbs, this phenotype was also substantial, because 45% could bind
with equal or stronger affinity to childhood strains as compared to viral strains circulating at
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the time of mAD isolation. Because responses to influenza viruses are thought to be shaped
not only by childhood exposures but also by any past exposures (15), we analyzed the
percentage of mAbs induced by infection or vaccination that had equal or stronger affinity
toward any past strain relative to the inducing strains. We identified that 60% of vaccination-
induced mAbs had equal or stronger reactivity toward past strains, compared to 80% for
infection-induced mAbs (P = 0.0012; Fig. 3D). We observed a greater effect for original
antigenic sin by past exposures on mAbs that were H3N2-reactive versus H1N1-reactive,
patterns that were consistent among infected individuals [Fig. 3, C and D (bottom), and fig.
S3, D and E]. Overall, we observed greater variation in both cross-reactivity and affinity
toward past strains in vaccinated individuals (fig. S3, C and F).

Because the cross-reactivity of infection-induced mAbs appeared to be more influenced by
past exposures, we addressed whether these mAbs had increased immunoglobulin heavy
chain variable region (VVH) somatic mutations relative to vaccination-induced mAbs, as these
antibodies were likely derived from MBCs that were continually recalled into germinal
centers during the lifetime of the individual. Infection-induced mAbs had a median of 22
VH gene somatic mutations, whereas vaccination-induced mAbs had a median of 14 VH
gene mutations (P < 0.0001; Fig. 3E). There was no difference in the number of somatic
mutations between HIN1 and H3N2 infection-induced mAbs (Fig. 3F). Together, these data
suggest that influenza virus infection recalls MBCs from long-past exposures, likely from
childhood, supporting the original antigenic sin hypothesis. By contrast, vaccination may
recall MBCs from more recent virus exposures, although the antibody response to
vaccination is still largely biased by past exposures. mAbs derived from preexisting MBCs
that bind with higher affinity to historical test strains relative to current test strains imply that
those MBCs were originally generated upon exposure to a similar historical strain. However,
recent exposures to divergent lineages similar to the historical test strain analyzed may also
account for increased affinity.

Influenza virus antigen and subtype reactivities shape original antigenic sin—like antibody

responses

Reactivity toward distinct antigens is expected to shape mAb cross-reactivity. To determine
how antigen targeting and subtype reactivity affect cross-reactivity of infection- and
vaccination-induced mAbs, we clustered mAbs by antigen bound in heatmaps based on their
affinity [ELISA dissociation constant (Kp)] for several HIN1 and H3N2 virus strains. On
the basis of patterns in reactivity, groups of mAbs predicted to bind similar epitopes could
then be visualized on the basis of cluster formation. For HIN1 infection—induced mAbs, HA
stalk domain— and NP-reactive mAbs displayed the greatest breadth of cross-reactivity to
H1N1 strains, generally binding to all seven influenza H1N1 strains tested (Fig. 4, A and B,
and fig. S3D). Most of the mAbs isolated from H1N1-infected individuals bound to the
pandemic strains A/California/7/2009 and A/Michigan/45/2015, suggesting that those
individuals were likely infected with an influenza virus variant most similar to these viral
strains (Fig. 4A, right). Regardless of epitope reactivity, most mAbs cross-reacted with
several HIN1 viral strains dating back to 1983 (A/Chile/1/1983). A distinct pattern in
reactivity was seen for H3N2 infection—-induced mAbs, which exhibited a marked degree of
homosubtypic cross-reactivity, regardless of the epitope bound (Fig. 4, C and D, and fig.
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S3E). For both subtypes, heterosubtypic cross-reactivity was mainly observed for mAbs
reactive to HA, NP, and other unknown antigens, whereas NA-reactive mAbs were largely
homosubtypic. These results demonstrate both distinct and overlapping patterns in mAb
breadth, dependent on the infecting subtype and viral epitopes targeted. Together, these
results highlight the ability of HIN1 and H3N2 viruses to differentially induce antibodies to
conserved viral epitopes.

The cross-reactivity of vaccination-induced mAbs was shaped by preexisting immunity, with
H3N2-reactive mAbs characteristically having higher affinity toward past strains (Fig. 3, C
and D). We therefore performed the same analyses with vaccination-induced mAbs to
determine how antigen and subtype targeting affected cross-reactivity. Vaccination-induced
H1N1-reactive mAbs displayed vast viral binding breadth to several strains, despite these
mAbs predominantly targeting the antigenically variable HA head region (Fig. 5, A and B).
Vaccination-induced H3N2-reactive mAbs were similarly cross-reactive and bound most of
the test strains analyzed (Fig. 5, C and D). We observed similar degrees of homosubtypic
breadth compared to infection-induced mAbs for HIN1- and H3N2-reactive mAbs targeting
the HA head, HA stalk domain, NP, or other regions on HA, with H3N2-reactive
vaccination-induced mAbs typically exhibiting greater breadth regardless of epitope targeted
(Fig. 5, B and D). Together, our results point to inherent differences in the ability of HIN1
and H3N2 viruses to draw upon preexisting immunity and induce cross-reactive antibody
responses, regardless of exposure type, with the degree of cross-reactivity dependent on
antigens targeted. In addition, these results demonstrate the breadth of homosubtypic viral
binding by HA head-reactive mAbs induced by seasonal vaccines, which are typically
thought to elicit highly strain-specific responses.

Early infection—induced antibodies are less protective in mice compared to vaccination-
induced antibodies

Most of the early cross-reactive infection-induced mAbs failed to neutralize virus in vitro,
suggesting that they may have limited protective ability in vivo in comparison to HA head—
reactive mAbs induced by vaccination. To evaluate this possibility, we prophylactically
administered representative cocktails of mAbs covering the spectrum of reactivities induced
by infection versus vaccination (Fig. 6A). The mAb cocktails were administered
intraperitoneally at a dose titration of 5, 1, and 0.2 mg/kg to BALB/c mice, which were
intranasally challenged 2 hours after mAb transfer with a lethal dose (10 LDsg) of mouse-
adapted A/Netherlands/602/2009 HIN1 or A/Philippines/2/1982 H3N2 influenza virus. We
generated four separate cocktails each comprising 10 mAbs: an H1N1 infection—induced
cocktail, an H3N2 infection—induced cocktail, and two cocktails of HIN1- and H3N2-
reactive vaccination-induced mAbs (table S4); all of which were representative of typical
binding and neutralization characteristics within each cohort.

H1N1-reactive vaccination-induced mAbs were potently protective against 10 LDgg of A/
Netherlands/602/2009 virus at 1 mg/kg, whereas H1N1 infection—-induced mAbs failed to
provide protection, with mice displaying increased mortality and weight loss relative to mice
receiving the vaccination cocktail (2= 0.0003, survival; Fig. 6, B and C). Whereas H3N2-
reactive vaccination-induced mAbs could provide protection at 1 mg/kg against A/
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Philippines/2/1982 virus, H3N2 infection—-induced mAbs provided substantially reduced
protection when administered at the same dose (2= 0.0080, survival; Fig. 6, D and E). For
both infection- and vaccination-induced mAb cocktails, 100% protection was provided at the
highest dose of 5 mg/kg, and neither infection- nor vaccination-induced mAbs provided full
protection at 0.2 mg/kg (fig. S4).

The limited protective ability of infection-induced mAbs suggested that the specificities
recalled by infection in this cohort were subpar for protection compared to vaccination-
induced mAbs, which largely targeted the HA head. We therefore tested the protective
ability of mAbs targeting distinct epitopes by prophylactically administering cocktails of
H1N1-reactive mAbs targeting the HA head, HA stalk domain, NA, or NP (table S5) into
BALB/c mice intraperitoneally, which were subsequently intranasally challenged with 10
LDsq of mouse-adapted A/Netherlands/602/2009 H1N1. Of note, HA stalk domain—, NA-,
and NP-reactive mAbs were derived from infected individuals, whereas HA head-reactive
mAbs were induced by both infection and vaccination. At 5 mg/kg, we saw clear resolution
of the different potencies of these cocktails. Mice receiving the HA head-reactive mAb
cocktail lost the least weight, followed by the HA stalk domain mAb cocktail, the NA mAb
cocktail, which provided intermediate protection, and, last, the NP-reactive mAb cocktail,
which provided the least protection (Fig. 6, F and G). At 1 mg/kg, the protective ability of
the HA stalk domain-reactive mAb cocktail decreased to the same degree as the NA-reactive
mAb cocktail, and mice in these groups lost substantially more weight relative to the HA
head-reactive mAb cocktail (Fig. 6, H and I). At both 5 and 1 mg/kg, the NP-reactive mAbs
provided minimal protection in vivo.

DISCUSSION

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

Whereas the landscape of protective specificities was diverse between infection and
vaccination, we observed inherent differences in the ability of HLIN1 and H3N2 viruses to
induce cross-reactive antibody responses, regardless of exposure type. Reactivity to
childhood and past viral strains was especially prominent for H3N2-reactive mAbs whether
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they were induced by vaccination or infection, which may result from the rapid evolutionary
rate of the H3N2 HA (27, 32). As the HA head of H3N2 viruses rapidly mutates, repeated
exposures to antigenically drifted H3N2 viruses could further bias the antibody response
toward more conserved epitopes on HA or other viral antigens, as these are the only epitopes
that will be recognized by the preexisting MBC repertoire upon exposure. We observed
increased targeting of NA, NP, and other unknown viral antigens in response to H3N2
infection, whereas H1N1 infection was more biased toward generating HA-reactive
responses. Furthermore, we observed that vaccination generally induced a greater magnitude
of H1N1-reactive plasmablasts relative to H3N2, consistent with findings from a recent
study that suggested that these differences may account for differential vaccine effectiveness
against HIN1 and H3N2 viruses (33). In the future, it will be important to investigate the
role of preexisting immunity in shaping antibody responses to HIN1 versus H3N2 viruses,
which are largely contrasting in the severity of cases they inflict and in their rates of
antigenic evolution.

Through this study, we uncovered a role for preexisting immunity in shaping broadly
reactive and neutralizing anti-HA head responses to vaccination. It is currently appreciated
that influenza vaccination provides effective immunity to vaccine strains; however, immune
pressure drives antigenic drift of the major head epitopes of circulating strains, limiting the
effectiveness of seasonal vaccines (7-10, 34, 35). The extent to which seasonal vaccines
elicit cross-reactive protective responses to the HA head remains unclear, and we
hypothesized that preexisting immunity to HA may bias the induction of highly cross-
reactive HA head-specific responses. Most of the HA head-reactive mAbs induced by
vaccination exhibited broad binding to current, past, and drifted strains circulating years
after mAb isolation, with the minority being strain specific. As the overwhelming majority
of these mAbs were neutralizing and potently protective in vivo, these data suggest that
vaccination can harness preexisting immunity to induce more potently protective antibody
responses than currently appreciated. Moving forward, it will be important to investigate
mechanisms by which cross-reactive responses can be preferentially induced by vaccination
in a durable fashion to develop vaccines that effectively elicit long-lived protective responses
at the population level.

In contrast to vaccination, infection induced a higher frequency of antibodies targeting
conserved influenza virus epitopes on the HA stalk domain, NA, and NP, supported by
previous serology studies (24). Whereas numerous studies have shown that antibodies
reactive to the HA stalk and NA can provide potent viral neutralization and protection (22,
36-39), about half of all HA stalk domain— and NA-reactive infection-induced mAbs
isolated in this study were non-neutralizing, potentially reflecting an unappreciated role for
original antigenic sin in inducing antibodies targeting conserved yet less protective epitopes
on these antigens. Conversely, more than 80% of stalk domain-binding antibodies induced
by vaccination targeted neutralizing epitopes, highlighting the ability of influenza virus
vaccination to induce protective stalk antibody responses. We identified several HA stalk
domain-specific mAbs that did not compete with CR9114, a mAb specific for a well-
characterized neutralizing stalk epitope (30), but did bind a headless HA stalk construct (31),
signifying that these antibodies bind stalk epitopes yet to be characterized.
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Consistent with the reduced neutralization potential of infection-induced mAbs, we
identified that mixed-epitope cocktails of HIN1 and H3N2 infection—induced mAbs were
less protective in vivo compared to vaccination-induced mAbs targeting the HA head. To
date, few studies have directly compared the protective ability of mAbs targeting distinct
conserved influenza virus epitopes on the HA stalk domain, NA, and NP relative to the HA
head in vivo (40). Previous studies have shown that antibodies against the HA stalk are less
potent than antibodies against the HA head in vitro but have the potential to confer robust
protection in vivo, consistent with our findings (36). It has also been shown that NA-reactive
mADbs are protective in vivo (22, 41), although the NA-reactive mAbs from our cohort were
less prophylactically protective relative to HA head domain- and stalk domain-reactive
mAbs. Whereas NA-inhibiting antibodies reduce influenza illness and transmission, past
studies have debated their role as an independent correlate of protection from initial
infection, likely due to their inability to directly inhibit viral entry (42-46). All of the NP-
reactive mAbs isolated in this study were non-neutralizing in vitro and provided limited
protection in vivo, although some studies have suggested that anti-NP mAbs may play a role
in protection through antibody-dependent cellular cytotoxicity or complement-dependent
cytotoxicity (47). In summary, our in vivo data highlight differences in how preexisting B
cells reactive to distinct influenza epitopes provide protection against infection.

Inherent differences in exposure route as well as the nature of inactivated virus vaccines
versus live viral infections are likely to create differences in antibody epitope targeting. The
greater abundance of non-HA antigens during natural infection compared to vaccination may
bias MBC recall to conserved yet less protective non-HA head epitopes, as MBCs targeting
these regions are likely at an early competitive advantage. Moreover, memory CD4 T cells
recognizing HIN1 and H3N2 viruses largely target NP- and NA-derived peptides,
suggesting that CD4 T cell help could influence MBC recall toward these epitopes (48). The
antibody response to vaccination characterized in the elderly is similarly biased toward non-
HA head epitopes, which may be due to the lack of new naive B cells and adaptability of
MBCs to new influenza viruses encountered with age, increased reliance on CD4 T cell help
for B cell activation, and the competitive advantage of MBCs targeting conserved epitopes
(27).

Our study was limited in that we were only capable of characterizing the early plasmablast
response to infection in symptomatic patients from a single time point. Previous studies have
shown that influenza virus infection can induce broad and durable antibody responses,
which may be due to sustained antigen availability and priming of B cell and T cell
responses (25, 49). In addition, it has been shown that infection induces MBCs with broad
reactivity toward both the HA head and stalk, with evidence of adaptation to the infecting
strain (36, 50). The induction of long-lived MBCs targeting conserved viral epitopes after
natural infection could provide superior protection against future infections relative to the
short-lived immunity induced by vaccination. Although we were able to show that our
collection of infection-induced mAbs provided sub-optimal protection in mice, it is unclear
how antibody targeting of these epitopes affords protection in humans. Past studies have
shown that non-HA\l antibodies can serve as a correlate of protection against infection in
humans, and natural infection is capable of providing long-lived protection from reinfection
with the same subtype (43, 45, 46, 51). Future studies should assess the kinetics of epitope
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targeting across multiple time points at both the cellular and serological level to better
determine correlates of protection. In addition, household cohort studies, controlled human
infections, or vaccine efficacy studies will be required to determine whether preexisting
immune biases toward particular viral epitopes directly affect susceptibility or protection in
humans.

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

The precise epitopes that should be targeted for increased vaccine effectiveness is an area of
active investigation. Our data confirm the well-accepted notion that vaccine-induced
antibodies against the HA head domain are potently protective, but the age-old problem
remains: Constant immune pressure drives antigenic drift of the HA head, limiting the
effectiveness of seasonal vaccines when circulating strains are not well matched (7-10, 34,
35). Moreover, it remains to be determined whether cross-reactive antibody responses to HA
elicited by vaccination can provide potent and durable protection against antigenically
drifted strains in humans. Although not as potently protective as antibodies against the HA
head, antibodies against conserved HA stalk and NA epitopes are associated with protection
against influenza virus infection (46, 52-54), and several vaccine platforms targeting these
epitopes are in preclinical and clinical trials (31, 55-57). The best vaccination platform to
achieve both viral binding breadth and potent protection may be one that drives naive and
MBC maturation against antigenically drifted HA head epitopes but can also induce potent
antibodies against conserved HA and NA epitopes to protect against antigenically drifted
and novel influenza viruses. Further studies on B cell immunodominance patterns in
response to such vaccine platforms are necessary to understand whether antibodies can be
induced against both conserved and nonconserved protective epitopes. In addition, future
research is warranted to address differences in the potency of antibodies targeting distinct
epitopes on HA and NA, as not all conserved viral epitopes will be equally protective to
target. In summary, our results point to inherent differences in the ability of influenza virus
infection and vaccination to induce early protective antibody responses, largely dependent
on preexisting immunity to distinct conserved epitopes and the influenza A virus subtype
encountered.
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MATERIALS AND METHODS

Study design

We recruited human participants about 7 to 11 days after onset of influenza virus infection
(2015-2016 HAIN1 and 2014-2015 H3N2) or 7 days after vaccination (2010-2011 trivalent
influenza vaccine and 2014-2015 quadrivalent influenza vaccine) to assess the role of
immune history in shaping antibody targeting of conserved viral epitopes. We generated
mAbs from single cell-sorted plasmablasts, which peak in expansion between days 5 and 14
and largely derive from the preexisting MBC pool. Plasmablasts were not antigen bait-
sorted, and there is no obvious bias in our mAb generation protocol toward particular
influenza virus antigens. Therefore, the sampling of mAbs per individual is expected to be
representative of the overall plasmablast specificities elicited. We generated and
characterized mAbs from 7 infected individuals and 18 vaccinated individuals across
multiple influenza seasons. Because vaccinated individuals from controlled seasonal vaccine
trials were readily accessible to our group, we included more vaccinated individuals than
infected individuals in our study. We characterized all influenza-reactive mAbs that could be
isolated from individual participants within the limitations of the labor-intensive process of
generating mAbs. We comprehensively characterized antigen specificity and viral cross-
reactivity of all mAbs by ELISA, neutralization potency by microneutralization or plaque
assay, and in vivo protective ability in a mouse model to identify how preexisting immunity
shaped early antibody responses to natural influenza virus infection versus vaccination.
Because these groups were vaccinated or infected in different years with the vaccinating and
infecting strains distinct for each year, this study was unblinded and not randomized.

All studies were performed with the approval of the University of Rochester and the
University of Chicago institutional review boards. Informed consent was obtained after the
research applications, and possible consequences of the studies were disclosed to study
participants. Clinical information is detailed in tables S1 and S2. Polymerase chain reaction
(PCR)-confirmed influenza virus—infected individuals were recruited and only included in
the study if they did not have coinfections and were not being treated with
immunosuppressive therapies.

All experiments were done in accordance with the University of Chicago Institutional
Animal Care and Use Committee and in adherence to the NIH Guide for the Care and Use of
Laboratory Animals. Six- to 8-week-old female BALB/c mice were used for these studies,

as the virus dose was titrated in mice of this same age and sex. Nine to 10 mice were used
per group, and a power analysis was used to determine the number of mice per experiment.
All mice from independent experiments were included in data analysis until the point of
euthanasia, which occurred upon 25% weight loss from the initial starting weight or upon
completion of the experiment (14 days). Mice were provided standard diet chow and water
and were housed in the ABSL-2 (animal biosafety level-2) facility within the Carlson

Animal Research Facility at the University of Chicago.
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Human embryo kidney (HEK) 293T cells (Thermo Fisher Scientific) were maintained at
37°C with 5% CO» in advanced Dulbecco’s modified Eagle’s medium (DMEM; Gibco) with
2% ultralow immunoglobulin G (IgG) fetal bovine serum (FBS; Gibco), 1% L-glutamine
(Gibco), and 1% antibiotic-antimycotic (Gibco). Madin-Darby canine kidney (MDCK) cells
(American Type Culture Collection or London) were maintained in culture at 37°C with 5%
CO, in DMEM (Gibco) supplemented with 10% FBS (Gibco), 1% L-glutamine (Gibco), and
1% penicillin-streptomycin (Gibco).

Viruses and recombinant proteins

Influenza viruses used in all assays were grown in-house in specific pathogen—free eggs,
harvested, purified, and titered. Recombinant HA and NA proteins derived from A/
Michigan/45/2015 (H1N1), A/California/7/2009 (H1IN1), A/Hong Kong/4801/2014 (H3N2),
A/Switzerland/9715293/2013 (H3N2), A/Texas/50/2012 (H3N2), A/Perth/16/2009 (H3N2),
and A/Philippines/2/1982 (H3N2) were obtained from Biodefense and Emerging Infections
Research Resources Repository or provided as gifts from the Krammer laboratory at Icahn
School of Medicine at Mount Sinai. A/Texas/36/1991 and A/Chile/1/1983 H1N1 viruses
were provided by the Hensley laboratory at The University of Pennsylvania. Stabilized
trimeric headless HA protein was provided by L. Coughlan at Icahn School of Medicine at
Mount Sinai. Recombinant NP proteins derived from A/Puerto Rico/8/1934 (H1IN1) and A/
Aichi/2/1968 (H3N2) were obtained from Sino Biological.

Monoclonal antibodies

mAbs were generated as previously described (26, 58, 59). Peripheral blood was obtained
from each individual 7 days after vaccination or about 7 to 11 days after onset of infection.
Lymphocytes were isolated and enriched for B cells using RosetteSep human B cell negative
selection enrichment cocktail (STEMCELL Technologies). Enriched B cells were stained for
30 min with anti-human CD3 fluorescein isothiocyanate (FITC) (clone 7D6; Invitrogen;
1:50 dilution), anti-human CD19 Pacific Blue (clone H1B19; BioLegend; 1:100 dilution),
anti-human CD27 phycoerythrin (PE) (clone O323; BioLegend; 1:100 dilution), and anti-
human CD38 AF647 (clone HIT2; BioLegend; 1:200 dilution) in 500 ul of 1x PBS
supplemented with 0.2% bovine serum albumin (BSA) (Sigma-Aldrich). Plasmablasts
(CD3-CD19*CD27MCD38M) were single cell-sorted into 96-well plates, and
immunoglobulin heavy and light chain genes were amplified by reverse transcription PCR.
Briefly, the first PCR of a two-step nested PCR was performed on amplified complementary
DNA templates from individual plasmablasts. Three separate PCRs were carried out to
amplify heavy, kappa, and lambda chain genes using DreamTaq Green PCR 2x MasterMix
(Thermo Fisher Scientific). A second nested PCR was then performed using the first PCR
product as a template. Second PCR products were then sequenced, and the first PCR product
was used to perform a cloning PCR for cloning heavy and light chain genes into human
IgG1 expression vectors. The first PCR, second PCR, and cloning PCR primers for heavy,
kappa, and lambda chain genes were obtained from IDT Technologies and detailed in table 1
of a previously published protocol from our group (58). Expression vectors for heavy and
light chain pairs corresponding to individual mAbs were then cotransfected into HEK293T
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cells (Thermo Fisher Scientific). Secreted mAbs were purified from the supernatant using
protein A agarose beads (Thermo Fisher Scientific).

Enzyme-linked immunosorbent assay

High-protein binding microtiter plates (Costar) were coated with eight hemagglutination
units (HAU) of virus in carbonate buffer per well or with recombinant HA, NA, or NP, or
headless HA stalk construct at 1 pg/ml in phosphate-buffered saline (PBS) overnight at 4°C.
Plates were washed the next morning with PBS + 0.05% Tween 20 and blocked with PBS
containing 20% FBS for 1 hour at 37°C. Antibodies were then serially diluted 1:3 starting at
10 ug/ml and incubated for 1 hour at 37°C. Horseradish peroxidase (HRP)-conjugated goat
anti-human IgG antibody diluted 1:1000 (Jackson ImmunoResearch) was used to detect
binding of mAbs, and plates were subsequently developed with Super AquaBlue ELISA
substrate (eBioscience). Absorbance was measured at 405 nm on a microplate
spectrophotometer (Bio-Rad). To standardize the assays, control antibodies with known
binding characteristics were included on each plate and the plates were developed when the
absorbance of the control reached 3.0 OD4gs (optical density at 405 nm) units. To determine
mADbs that bound the HA head, HAI assays were performed. To determine which mAbs
bound the HA stalk domain, competition ELISAs were carried out using the known stalk-
binding mAb CR9114 as a competitor mAb (30) or by performing ELISAs using chimeric
HA (cH5/1; cH7/3) and a headless HA stalk construct derived from the stalk of A/
Brisbane/59/2007 (31). All viruses used in virus-specific ELISAs for the study are shown in
Figs. 4 and 5. All experiments were performed in duplicate two to three times.

NA enzyme-linked lectin assay

ELLAs were performed as previously described (60). Briefly, flat-bottom 96-well plates
(Thermo Fisher Scientific) were coated with 100 ul of fetuin (Sigma-Aldrich) at 25 pug/ml
and incubated at 4°C overnight. mAbs were serially diluted twofold at a starting
concentration of 300 pug/ml in Dulbecco’s PBS containing CaCl, (0.133 g/liter) and MgCl,
(0.1 g/liter) with 0.05% Tween 20 and 1% BSA (DPBSTBSA) and then incubated in fetuin-
coated plates with an equal volume of the desired antigen dilution in DPBSTBSA. Plates
were sealed and incubated for 20 hours at 37°C. Plates were then washed six times with
PBS-0.05% Tween 20, and 100 ml per well of HRP-conjugated peanut agglutinin lectin
(Sigma-Aldrich) in DPBSTBSA was added at room temperature (RT) for 2 hours in the
dark. Plates were washed six more times and subsequently developed with Super AquaBlue
ELISA substrate (eBioscience). Absorbance was read at 405 nm on a microplate
spectrophotometer (Bio-Rad). Data were analyzed using Prism software, and the 50%
inhibitory concentration (1C5p) was determined as the concentration at which 50% of NA
activity was inhibited compared to negative control (PBS). All experiments were performed
in duplicate two times.

NA-STAR assay

NA-STAR assays were performed with the Resistance Detection Kit according to the
manufacturer’s instructions (Applied Biosystems). Briefly, 25-ul test mAbs (starting
concentration of 100 ug/ml) were prepared in serial twofold dilutions in NA-STAR assay
buffer, mixed with 25 pl of 4x ECgy (median effective concentration) of virus, and incubated
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at 37°C for 20 min. After adding 10 pl of 1000x diluted NA-STAR substrate, the plates were
incubated at RT for 30 min. The reaction was stopped by adding 60 pl of NA-STAR
accelerator. Chemiluminescence was determined by using a DTX 880 plate reader
(Beckman Coulter). ICgq values were determined using the Prism software. All experiments
were performed in duplicate two times.

Viruses were diluted to 8 HAU/50 pl in PBS. Twenty-five microliters was combined with an
equal volume of mAD serially diluted 1:3 in PBS in duplicate and subsequently incubated at
RT for 45 min. Fifty microliters of 0.5% Turkey red blood cells (Lampire Biological) was
added to each well and incubated for 1 hour at RT. Minimum effective concentrations were
then calculated on the basis of the final dilution of mAb for which HAI was observed. All
experiments were performed in duplicate two to three times.

Microneutralization assay

Microneutralization assay for mAb characterization was carried out as previously described
(22, 61). MDCK cells were maintained in DMEM supplemented with 10% FBS, 1% L-
glutamine, and 1% penicillin-streptomycin at 37°C with 5% CO». On the day before the
experiment, confluent MDCK cells in a 96-well format were washed twice with sterile PBS
and incubated in minimal essential medium (MEM) supplemented with tosyl phenylalanyl
chloromethyl ketone (TPCK)-treated trypsin (1 pg/ml). Serial twofold dilutions (starting
concentration of 128 pug/ml) of mAb were mixed with an equal volume of 100 50% tissue
culture infectious doses (TCIDgp) of virus and incubated for 1 hour at 37°C. The mixture
was removed, and cells were cultured for 20 hours at 37°C with 1x MEM supplemented
with TPCK-treated trypsin (1 pg/ml) and appropriate mAb concentration. Cells were washed
twice with PBS, fixed with 80% ice-cold acetone at —20°C for at least 1 hour, washed three
times with PBS, blocked for 30 min with 3% BSA in PBS (BSA-PBS), and then treated for
30 min with 2% H,0,. An anti-NP-biotinylated antibody (1:1000) in 3% BSA-PBS was
incubated for 1 hour at RT. The plates were developed with Super AquaBlue ELISA
substrate at 405 nm. The signal from uninfected wells was averaged to represent 100%
inhibition. The signal from infected wells without mAb was averaged to represent 0%
inhibition. Duplication wells were used to calculate the mean and SD of neutralization, and
ICsq was determined by a sigmoidal dose-response curve. The inhibition ratio (%) was
calculated as below: [(OD positive control — OD sample)/(OD positive control — OD
negative control)] * 100. The ICsq was determined using Prism software (GraphPad). All
experiments were performed in duplicate two to three times.

Plaque reduction assay

Plaque assays were performed using the MDCK London cell line, as previously described
(36), with the exception that cells were incubated with the agar overlay for 48 hours. Plaques
were counted, and the final mAb concentration that reduced the number of plaques to 50%
was determined using GraphPad Prism software. The assay was performed in duplicate two
to three times.
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In vivo challenge experiments

mADbs were passively transferred into 6- to 8-week-old female BALB/c mice by
intraperitoneal injection of mAb cocktail (0.2, 1, and 5 mg/kg). Negative control mice
received 5 mg/kg of the anthrax-specific mAb 003-15D03 as an isotype control. Two hours
after mAb injection, mice were anesthetized with isoflurane and intranasally challenged with
10 LDsg of mouse-adapted A/Netherlands/602/2009 HIN1 virus diluted in 20 pl of sterile
1x PBS to test protective ability of HIN1-binding mAbs or A/Philippines/2/1982 H3N2
virus to test protective ability of H3N2-binding mAbs. As a readout, survival and weight loss
were monitored twice a day for 2 weeks.

Clustering of mAbs

mAbs were clustered on the basis of their affinity for a panel of test viruses using a
hierarchical clustering approach. First, each mAb was defined as a vector whose elements
were the binding affinity (ELISA Kp) of that mAb against each of the HIN1 and H3N2
viruses in our test panel. Then, the Euclidean distance between each mAb was calculated.
The unweighted pair group method with arithmetic mean (UPGMA) was applied to the
distance matrix to obtain a hierarchical clustering of all mAbs, which was visualized as a
dendrogram (Figs. 4, A and C, and 5, A and C). Clustering was performed separately for
groups of mAbs belonging to the depicted epitope reactivity categories.

Statistical analysis

All statistical analyses were performed using Prism software (GraphPad version 8.0).
Sample sizes () for the number of mAbs are indicated directly in the figures or in the
corresponding figure legends, and sample sizes (77) for animals, number of biological
replicates for experiments, and specific tests for statistical significance used are indicated in
the corresponding figure legends. P values less than or equal to 0.05 were considered
significant: *£< 0.05, **P< 0.01, ***P< 0.001, and ****P < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A minority of antibodies induced early after influenza virus infection recognize the HA
head.

(A) Pie charts show binding of 2010-2011 trivalent and 2014-2015 quadrivalent
vaccination-induced mAbs to a panel of hemagglutinin (HA), neuraminidase (NA), and
nucleoprotein (NP) recombinant proteins by ELISA. (B) Pie charts show binding of 2015-
2016 HIN1 and 2014-2015 H3N2 infection-induced mAbs to a panel of HA, NA, and NP
recombinant proteins by ELISA. Recombinant proteins were chosen from the representative
influenza A vaccine strains within each vaccine (table S2) or from viruses bearing
resemblance to recently circulating strains during the year of mAb isolation from infected
individuals (2014 H3N2: A/Switzerland/9715293/2013, A/Hong Kong/4801/2014; 2015
H1N1: A/California/7/2009, A/Michigan/45/2015). mAbs in the “Other” category bind
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virus, but not HA, NA, or NP, and likely bind other undetermined influenza virus antigens.
(C) Pie charts demonstrate the percent of total isolated mAbs with HAI activity isolated
from both cohorts (top) and the antigen reactivity of HAI~ mAbs within each cohort (bottom
panel). (D) The percentage of mAbs with HAI activity was compared in individuals from
infected (n=7) and vaccinated cohorts (/7= 16). Numbers in the center of each pie chart
indicate the number of mAbs tested. Statistical significance was determined by chi-square
test (****P< 0.0001; *P=0.0285) (A to C) and unpaired nonparametric Mann-Whitney test
(***P=0.0001) (D). Data are representative of two to three independent experiments
performed in duplicate.
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Fig. 2. Influenza virus infection—-induced antibodies are predominantly non-neutralizing in vitro
compared to vaccination-induced antibodies.
(A) Pie charts display percentages of all vaccination- and infection-induced mAbs with virus

neutralization activity as assessed by microneutralization or plaque reduction assay using
Madin-Darby canine Kidney cell lines. (B) The overall potency of neutralizing and non-
neutralizing vaccination-induced mAbs (/7= 164) was compared to infection-induced mAbs
(H1INZ1, n=56; H3N2, n=51), depicted as microneutralization ICsg values. Non-
neutralizing mAbs are displayed on the red line above the highest test concentration at 150
pg/ml. N.S., not significant. (C) The potency of all neutralizing mAbs induced by the
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quadrivalent vaccine (7= 92) was compared to the potency of neutralizing infection-induced
mAbs (HIN1, 7= 21; H3N2, n=10), depicted as microneutralization ICsq values. (D and
E) Bar charts show the antigen reactivity of neutralizing and non-neutralizing HIN1 (D) and
H3N2 (E) infection-induced mAbs. (F and G) Bar charts display the percent of total
neutralizing and non-neutralizing mAbs induced by infection (F) and vaccination (G), subset
by antigen reactivity. (H) Pie charts demonstrate the percentage of neutralizing and non-
neutralizing stalk domain—reactive mAbs binding a broadly neutralizing stalk epitope, as
determined by a CR9114 competition ELISA (top) or mAbs binding undefined stalk
epitopes, determined by ELISA against a headless HA stalk construct and chimeric HA
(bottom). (I and J) The potency of HA- and NA-reactive mAbs induced by infection (I) was
compared to the potency of HA-reactive mAbs induced by vaccination (J). The numbers in
the center of or below each chart indicate the number of mAbs tested. Statistical significance
was determined by chi-square test (****£ < 0.0001) (A), Fisher’s exact test (*£=0.0427)
(H), or unpaired nonparametric Kruskal-Wallis test with Dunn’s correction for multiple
comparisons (B, C, |, and J). Data are representative of two independent experiments
performed in duplicate.
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Fig. 3. The cross-reactivity of influenza virus infection-induced antibodies is biased by original
antigenic sin.

(A and B) Pie charts demonstrate the cross-reactivity of vaccination-induced mAbs (A) and
infection-induced mAbs (B), which was inferred by ELISA binding to a panel of HIN1 and
H3NZ2 viruses. Heterosubtypic cross-reactivity was defined on the basis of the ability of a
mADb to bind to at least one or more strains opposite of the inducing subtype, such as an
H1N1-induced mAb binding to one or more H3NZ2 strains. (C and D) Bar charts represent
the percentage of infection-induced mAbs with equal or greater binding affinity to childhood
strains (C) or any past strains (D) relative to contemporary strains circulating during the time
of mAb isolation. Past strains in (D) include all available strains tested that were circulating
before the year of the inducing strain for each cohort (H1IN1 infection, n=5; H3N2
infection, n=6; H1N1-reactive vaccination, n=5; H3N2-reactive vaccination, n= 3 strains
analyzed). (E) The number of somatic mutations in the immunoglobulin heavy chain VH for
2014-2015 quadrivalent vaccine-induced mAbs (r7= 106) was compared to HIN1 and H3N2
infection—induced mAbs combined (7= 117). (F) The number of somatic mutations in the
immunoglobulin heavy chain VH for HIN1 infection—induced mAbs (n7=57) was compared
to H3N2-infection induced mAbs (7= 60). The numbers in the center of or below each chart
indicate the number of mAbs tested. Statistical significance was determined by chi-square or
Fisher’s exact test (**P=0.0017; *P= 0.0312; **P=0.0012) (A to D) and unpaired
nonparametric Mann-Whitney test (****P < 0.0001) (E and F; bars indicate median). Data
are representative of two to three independent experiments performed in duplicate.
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Fig. 4. The degree of influenza virus infection-induced antibody cross-reactivity is influenced by

antigen-reactivity and infecting subtype.

(A and B) The viral binding breadth of HLN1 infection-induced mAbs is represented by
heatmap analysis displaying affinity (Kp) for contemporary and historical HIN1 and H3N2
whole-virus strains (A) and bar graphs summarizing the number of homosubtypic HIN1
viral strains bound per HIN1 infection-induced mAb (7= 55), subset by antigen specificity
(B; bars indicate median). (C and D) The viral binding breadth of H3N2 infection—induced
mADbs is represented by heatmap analysis displaying affinity (Kp) for contemporary and
historical H3N2 and H1N1 whole viral strains (C) and bar graphs summarizing the number

of homosubtypic H3N2 viral strains bound per H3N2 infection—induced mAb (7= 60),

subset by antigen specificity (D; bars indicate median). Heatmap data are depicted as ELISA
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binding affinity (Kp) values for each individual mAb tested against the respective viruses,
and antigen reactivity of each mAb is indicated by the color coding in the legend. For both
heatmaps, the strains colored in red text represent contemporary circulating strains during
the time of mAD isolation. Data are representative of two to three independent experiments
performed in duplicate.
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Fig. 5. The degree of influenza virus vaccination-induced antibody cross-reactivity is influenced
by antigen reactivity and vaccine strain reactivity.

(A and B) The viral binding breadth of HLN1-reactive quadrivalent vaccine-induced mAbs
is represented by heatmap analysis displaying affinity (Kp) to contemporary and historical
H1N1 and H3N2 whole viral strains (A) and bar graphs summarizing the number of
homosubtypic HIN1 viral strains bound per HIN1-reactive mAb (7= 90), subset by antigen
specificity (B; bars indicate median). (C and D) The viral binding breadth of H3N2-reactive
quadrivalent vaccine-induced mAbs is represented by heatmap analysis displaying affinity
(Kp) to contemporary and historical H3N2 and HLN1 whole viral strains (C) and bar graphs
summarizing the number of homosubtypic H3N2 viral strains bound per H3N2-reactive
mADb (n=18), subset by antigen specificity (D; bars indicate median). Heatmap data are
depicted as ELISA binding affinity (Kp) values for each individual mAb tested against the
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respective viruses, and antigen reactivity of each mAb is indicated by the color coding in the
legend. For both heatmaps, the strains colored in red text represent the vaccinating strains
present in the vaccines at the time of mADb isolation. Data are representative of two to three
independent experiments performed in duplicate.
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Fig. 6. Influenza virus infection—-induced antibodies are less protective in vivo than vaccination-

induced antibodies.

(A) Bar charts display the composition of HIN1 and H3N2 infection— and vaccination-
induced mAb cocktails. For the infection cocktails, all HIN1 mAbs were originally induced
by HIN1 infection, and all H3N2 mAbs were originally induced by H3N2 infection. The
vaccination cocktails were composed of either HLN1- or H3N2-reactive vaccination-induced
mADbs. Each cocktail reflects the antigen reactivity and neutralization frequencies seen in our
analyses. (B and C) Survival and weight loss curves display in vivo prophylactic protective
ability of HIN1 infection— and vaccination-induced mAb cocktails administered

intraperitoneally at 1 mg/kg to 6- to 8-week-old

female BALB/c mice challenged with 10

LDsgg mouse-adapted A/Netherlands/602/2009 H1N1 virus. (D and E) Survival and weight
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loss curves display in vivo prophylactic protective ability of H3N2 infection and
vaccination-induced mAb cocktails administered intraperitoneally at 1 mg/kg to 6- to 8-
week-old female BALB/c mice challenged with 10 LDsy mouse-adapted A/
Philippines/2/1982 H3N2 virus. (F to 1) Survival and weight loss curves display in vivo
prophylactic protective ability of HA head—, HA stalk domain—, NA-, and NP-reactive mAb
cocktails (5 mAbs per cocktail) administered intraperitoneally at 5 mg/kg (F and G) or 1
mg/kg (H and I) to 6- to 8-week-old female BALB/c mice challenged with 10 LDgg mouse-
adapted A/Netherlands/602/2009 H1N1 virus. Data are representative of two independent
experiments and depicted as survival (B, D, F, and H) and weight loss (C, E, G, and )
curves. Statistical significance for survival curves was determined using a Mantel-Cox log-
rank test [(B) ****P< 0.0001 and ***P=0.0003; (D) ***P=0.0002 and **P=0.0080; (F)
***xP<(0.0001 and **P=0.0047; (H) ****P < 0.0001 and ***P = 0.0004]. Weight loss is
presented as means = SEM (7= 9 to 10 mice per group).
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