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ABSTRACT

Influenza remains a serious global health concern, both as a seasonal pathogen and
as a possible pandemic threat arising from novel strains against which the human
population has no immunity. Current seasonal influenza vaccines provide a moderate level
of protection, but complete protection is not achieved even where vaccination uptake is
high. Furthermore, protection induced by both vaccines and infection is limited by lack of
recognition of emerging zoonotic strains and seasonal strains that have undergone
antigenic shift and/or drift. The current correlate of protection, hemagglutination
inhibition, does not fully explain protection, particularly in high-risk groups. Emerging
data suggests that antibody extra-neutralizing functions, which activate the innate immune
system via interactions with Fc receptors (FcRs), can provide protection against seasonal
and emerging pandemic strains. This work used an unbiased, polyclonal humoral profiling
approach to explore the effects of an adjuvant, MF59, on the immune response to
vaccination and define correlates of protection across multiple high-risk groups. In
neonates, vaccine-induced maternal antibodies capable of binding to FcRs and transferring
across the placenta provided increased protection. Similarly, in older adults,
hemagglutinin- and neuraminidase-specific antibodies capable of activating NK cells
provided increased protection. Linked to the importance of these mechanistic correlates of
protection, the identification of strategies to broaden immunity is also key for the
development of protective vaccines. Thus, to extend the correlates work, analysis of the role

of antibody Fec-biology in the evolution of breadth of immunity across both influenza A and
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B revealed that antibodies capable of binding to FcRs, and especially Fc y receptor 2B, are
both a correlate and a predictor of seroconversion to vaccine strains and seroconversion
breadth. These antibodies, in addition to marking a matured humoral immune response,
also act to promote this maturation upon repeated exposure, highlighting a target for
increasing the potency of influenza vaccines. The data presented here implicate vaccine-
induced Fc biology in tuning both the direct control and clearance of virus, but also,
indirectly, the evolution of the Fab to recognize the breadth of influenza strain diversity,
providing strategies for next generation vaccines, particularly in the context of universal

influenza vaccine candidates.
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Chapter 1: INTRODUCTION

Sections of this introduction were published as’

Boudreau, C. M. & Alter G. (2019). Extra-Neutralizing FcR-Mediated Antibody
Functions for a Universal Influenza Vaccine. Front Immunol, 10(440). doi:
10.3389/fimmu.2019/00440

While neutralizing antibody titers measured by hemagglutination inhibition have
been proposed as a correlate of protection following influenza vaccination, neutralization
alone is a modest predictor of protection against seasonal influenza. Instead, emerging data
point to a critical role for additional extra-neutralizing functions of antibodies in protection
from infection. Specifically, beyond binding and neutralization, antibodies mediate a variety
of additional immune functions via their ability to recruit and deploy innate immune
effector functions. Along these lines, antibody-dependent cellular cytotoxicity, antibody-
mediated macrophage phagocytosis and activation, antibody-driven neutrophil activation,
antibody-dependent complement deposition, and non-classical Fc-receptor antibody
trafficking have all been implicated in protection from influenza infection. However, the
precise mechanism(s) by which the immune system actively tunes antibody functionality to

drive protective immunity against influenza has been poorly characterized.

INFLUENZA VIROLOGY AND VACCINOLOGY

INFLUENZA VIROLOGY

Influenza viruses are enveloped negative-strand RNA viruses with segmented
genomes (Figure 1.1) that can infect a variety of mammals (7). Birds are the zoonotic
reservoirs of many influenza viruses, but influenza can also infect pigs, horses, seals, and

humans (9. Influenza viruses infect cells by binding to sialic acids on the cell surface via



the hemagglutinin (HA) protein, and the specificity of this receptor to sialic acid linkages
determines host specificity (3. The neuraminidase (NA) protein, also expressed on the
virion surface, mediates viral egress by cleaving sialic acids on the infected cell and
allowing viral escape (4). The M1 matrix protein forms the capsid within the lipid envelope
of the virus, and anchors the viral ribonucleoprotein (VRNP) complex (5). The M2 ion-
channel protein, specific to influenza A viruses, is responsible for the release of vVRNP
complexes during an infection in response to pH changes in the endosome after the virion
enters the cell (6). Influenza nucleoprotein (NP) encapsulates the viral RNA within the
virion, interacting with RNA and the polymerase complex (PA,PB1,PB2) to form the vRNP
complex (7). Additional nonstructural proteins, including the nuclear export protein (NEP),
nonstructural protein (NS1), and the N40 truncated PB1 round out the protein coding

regions of the genome.

Two families of influenza viruses, influenza A and influenza B, currently circulate in
the human population. Influenza A strains are named by the hemagglutinin and
neuraminidase molecules they express; there are 18 families of HA molecules and 11
families of NA molecules (8. Currently, HIN1 and H3N2 are the two influenza A strains
causing seasonal outbreaks among the human population. HIN1 undergoes antigenic
shifts, wherein major changes to the virus happen infrequently, often due to zoonotic
emergence. H3N2, in contrast, primarily undergoes antigenic drift, wherein small changes
occur consistently from season to season (9). While influenza A resides and reassorts in
non-human hosts, influenza B has limited transmission outside of humans. Influenza B
infections are typically more regionally contained than influenza A epidemics; however,
influenza B contributes to seasonal epidemics, occasionally as the predominant subtype

(10.
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Figure 1.1 Schematic structure of influenza virion. Surface proteins hemagglutinin (HA) and neuraminidase
(NA) are present on the surface at an approximate 3:1 ratio. The M2 ion channel also spans the envelope. M1
matrix protein forms the inner capsid, which surrounds the segmented RNA genome coated in nucleoprotein
(NP).

IMPACT OF INFLUENZA ON HUMAN HEALTH

Seasonal influenza affects 10-20% of the world’s population per year (71), which is
estimated to cost $4.6 billion yearly for hospitalizations, doctor’s visits, and medications in
the United States alone (72. Additionally, influenza causes U.S. employees to miss
approximately 17 million workdays, at an estimated cost of $7 billion a year in sick days
and lost productivity (72). Increased infection and mortality occurred during four
pandemics in the 20t and 215t centuries, in 1918, 1957, 1968, and 2009 (19, and could
occur again if a new strain, such as avian influenzas H5N1 or H7N9, begins to circulate in

the human population.

CURRENT INFLUENZA VACCINES

To address the looming threat of an influenza pandemic, the National Institute of
Allergy and Infectious Diseases (NIAID) has named the development of a universal

influenza vaccine, defined as one that provides protection against symptomatic disease from



>75% of influenza A strains, as one of its research priorities (74). A key component of the
strategic plan is the initial characterization of the correlates of immunity against influenza
infection and disease (75). While antibody-mediated neutralization has been widely
considered the major protective correlate of immunity, neutralization alone has been only
modestly linked to protection from seasonal influenza infection (16-19). Moreover,
currently licensed seasonal influenza vaccines provide only moderate (10-60%) protection
against specific strains of seasonal influenza, and little to no protection from possible
emerging pandemic influenza strains (20). Low vaccine efficacy is caused by subtype and
strain variability of the two major viral antigens, HA and NA, as well as by antigenic drift
(4). All the available seasonal influenza vaccines, including the inactivated influenza
vaccine (ITV), adjuvanted IIV (FluAd), and live attenuated influenza vaccine (LIAV), are
given yearly due to limited response durability and the need to induce de novoimmunity to
novel circulating strains. The development of yearly influenza vaccines relies on predictions
published by the World Health Organization to determine the strain composition for a
given year (21). Due to the long lead times in producing adequate quantities of the vaccine,
the strains must be selected roughly 6 months in advance of vaccine administration (21),
potentially leading to population vulnerability should a new strain enter circulation.
During seasons when these predictions did not match well with seasonal circulating
strains, vaccine effectiveness has been very low (20). For example, in the 2016-2017 flu
season, the circulating H3N2 virus had an amino acid mismatch leading to the inclusion of
a new glycosylation site that was not included in the egg-adapted viral strain used for
vaccination. Thus, the virus readily evaded vaccine induced immunity, resulting in

decreased vaccine effectiveness (29).



Beyond efforts to match sequences to ensure seasonal immunity, the current
correlate of protection used to evaluate influenza vaccines is the hemagglutination
inhibition (HAI) assay (23). HAI was identified as a predictor of protection from infection in
the initial study of egg-grown inactivated vaccine efficacy conducted in 1943 by Salk,
Menke, and Francis (24). HAI measures the ability of an antibody or serum sample to
prevent HA binding to red blood cells, and is considered a proxy for neutralization by
receptor blockade (23). HAI, however, does not fully explain or predict protection in humans
(16-18). Indeed, individuals lacking detectable HAI titers were found to be resistant to
influenza infection. Additionally, infection risk was clearly linked to age independent of
HAI titer (16). While HAI is considered a classical correlate of protection from influenza

infection, it alone is not sufficient to fully explain protection (79).

ANTIBODY DEVELOPMENT AGAINST INFLUENZA

ORIGINAL ANTIGENIC SIN, OR ANTIGENIC SENIORITY

Original antigenic sin was first defined over 50 years ago as the lifelong shaping of
the anti-influenza immune response by the first exposure to influenza, typically occurring
in infancy or early childhood (25). At a population level, this results in significant immunity
towards the circulating strains that predominated at the time of first exposure (26). More
recent explorations of this topic, which is now also called antigenic seniority, have provided
significant detail into the effects of this phenomenon. Upon exposure, HAI titers of all
previously encountered strains are boosted, resulting in the highest overall titers being
those reactive to the earliest encountered strains (27). Early studies of repeated seasonal
vaccination showed inconsistent results (28-30). However, more recent data indicated that,

while vaccination causes the highest increase in total antibody titers upon the first dose,



current vaccination strategies provide increased protection even when administered
repeatedly (31). Indeed, one recent study characterizing individual antibodies isolated from
vaccinated adults indicated that vaccine-specific antibodies make up a large proportion of
the antibody-secreting plasma cell population immediately following vaccination (329,
suggesting that the impact of pre-existing antibodies may be more complex than originally

described.

ANTIBODY TARGETS

Humoral immune responses to influenza are largely directed towards the
hemagglutinin molecule. HA, the primary viral glycoprotein, exists as a trimer made of
monomers composed of two subunits, HA1 and HA2 (53). The structure of HA is composed
of a “head” and a “stem” domain (Figure 1.1). Heterosubtypic, or cross-reactive, antibodies
to the HA head region are relatively rare due to heavy glycosylation and low sequence
conservation in this region (34, 35). Although highly variable, cross-reactive neutralizing
antibodies have been discovered against the HA head. These antibodies bind primarily to
specific conserved epitopes, including the receptor binding domain (35). While several
protective antibodies have been identified against the HA stem, as it is more conserved, this

region of the HA is poorly immunogenic (34).

As mentioned above, heterosubtypic protective antibodies against influenza
primarily target either the receptor binding site on the HA head or the more conserved HA
stem (36). However, the stem region is infrequently targeted compared to easily inducible
strain-specific HA head responses (37). Antibodies that target the head region largely
provide protection by preventing the virus from entering the target cell, and are thus
referred to as neutralizing antibodies (36). Conversely, non-neutralizing yet protective

influenza-specific antibodies have been documented against both the HA head and stem



(38, 39); however, their mechanisms of action are more complex and varied (40). Although
protective non-neutralizing antibodies have been documented across the HA molecule,
these types of protective antibodies more dominantly target the stem region of HA and can

exhibit wide reactivity, capturing most influenza A viruses (37).

Antibodies arising from influenza vaccination target different viral epitopes and
develop along a distinct immune trajectory as compared to antibodies arising from natural
infection. Infection-induced antibodies have more heavily mutated sequences than vaccine-
induced antibodies; these infection-induced antibodies arise from repeated re-entry of
antibody-producing B cells into the germinal center dark zone, while vaccination recalls
more recent exposures than infection (47). Consistent with this mechanism, vaccine-
induced antibodies are less likely to have cross-strain reactivity (47). Furthermore,
vaccine-induced antibodies are targeted almost exclusively to HA, whereas antibodies
arising from infection recognize a diverse array of viral proteins (£7). During infection,
additional viral antigens are also presented on virions and the surface of infected cells,
including NA, NP, and M2 (). Antibodies to all of these antigens are present in adults
previously exposed to influenza, and as such, are possible candidates for novel vaccine
designs (42-47). While the majority of the field is focused on HA as it is the
immunodominant viral antigen in both vaccination and infection, immune responses
directed towards highly conserved, non-neutralizing epitopes remain a promising area of

investigation.

GERMINAL CENTERS
Antibodies develop in the germinal centers of lymph nodes following infection or
vaccination, and the strength and character of the humoral immune response is largely

determined by the conditions in the germinal centers as these B cells mature (48. Germinal



centers induced by protein model antigens last less than one month, while viral infection—
induced germinal centers can persist for much longer as a result of differences in immune
activation (49). Germinal center formation occurs upon the binding of antigen by resting B
cells, leading to rapid B cell proliferation (49). Germinal centers select antibodies based on
their affinity for the target antigen, and while this process typically results in some highly
protective antibodies, germinal centers do not have a mechanism for assessing protective
efficacy directly. There are two mechanistic models in the field currently for how germinal
center selection works: (1) high affinity for antigens causes signaling through the B Cell
Receptor (BCR) to germinal center light zone follicular dendritic cells (FDCs), which return
to the dark zone of the germinal center to proliferate and (2) that germinal center B cells
compete for limited T Follicular Helper (TFH) cell help by acquiring and presenting antigen
in proportion to their affinity (50). Both of these models contribute to our understanding of
germinal center steering, a phenomenon by which novel influenza exposures shift the
humoral response towards conserved epitopes, whereas repeated exposures to the same

strain bias the response towards the variable, immunodominant HA head (50).

Antibodies present in the serum and lymphoid organs shape the development of the
immune response following vaccination and natural infection. Soluble antibodies present
during the formation of the immune response mask antigen presentation by FDCs,
competing with B cells and increasing the affinity threshold for B cell survival (49. Fcy
receptor IIB (FCGR2B), a transmembrane-receptor containing an immunoreceptor tyrosine-
based inhibitory motif (ITIM) which binds to IgG in complex with antigen, is present on
both B cells and FDCs and helps to shape the developing immune response (57). On B cells,
it works in concert with soluble antibody to raise the B cell activation threshold and

decrease antibody production by suppressing B cell-mediated antigen presentation to T



cells (59. On FDCs, FCGR2B traps the antigen-containing immune complexes and
performs an activating role in driving the germinal center response (51). Overall, the
impact of pre-existing antibodies on the immune response remains an open area of study,

and will be explored in Chapter 5.

FCR-MEDIATED FUNCTIONS IN INFLUENZA INFECTION AND VACCINATION

While the mechanism of protection mediated by neutralizing antibodies is simple to
comprehend, the mechanism of action of non-neutralizing antibodies is less well
understood. Emerging evidence has suggested that mechanisms including the ability of
antibodies to leverage the innate immune system may contribute to protection against
influenza (38-40, 53-59). Critically, antibodies possess two functional domains: the Fab,
which recognizes the antigenic epitope, and the Fc, which interacts with Fc receptors (FcR)
or complement to drive antibody-mediated effector functions (Figure 1.2). Passive transfer
studies using both native IgG1 and FcR-binding ablated monoclonal antibodies (mAbs)

Fab functions
*Epitope
recognition

*Neutralization
*Opsonization

Fc functions
*Phagocytosis

*Cellular cytotoxicity
*Degranulation
*Complement deposition
*Neutrophil netosis
*Mucosal trapping

*Ag delivery to APCs

B cell survival

*Ab recycling

Figure 1.2 Antibody structure highlighting functions of both the Fab and Fc regions. Antibody image shows
heavy chain in dark blue, light chain in light blue, and glycan in magenta. Antibody structure: PDB 11GY.



clearly illustrated the importance of Fc-mediated functions in protection from infection in
mice (38, 39. Moreover, follow-up studies using FcR and complement knock out mice
further clarified the critical nature of specific Fc-effector functions in protection (38-40, 53—
59). Antibody mediated macrophage phagocytosis (56, 60), neutrophil production of reactive
oxygen species (56), cellular cytotoxicity (57), and complement deposition (54, 55, 60, 61)
have all been implicated as protective functions leveraged by antibodies to drive protection
from infection and/or viral clearance. Strikingly, even broadly neutralizing HA-stem
targeting and pan-strain HA-head targeting mAbs require interaction with FcRs to confer

protection (39).

FCyR EXPRESSION AND FUNCTIONALITY

Multiple human Fc y receptors (FCyRs) and FcRn (Figure 1.3) have been implicated
in protection from influenza, namely FCGR2A, FCGR2B, and FCGR3A (69. FCGR1A, 2A,
and 3A are the activating Fc receptors, acting through immunoreceptor tyrosine-based
activation motif ITAM) domains to promote innate immune cell cytokine release,
phagocytosis, and other immune functions. FCGR1A has high affinity for IgG1, IgG3, and
IgG4 and is the sole FCyR capable of binding to monomeric IgG (63, 64). FCGR2A has two
allelic variants, His1 and Ris1, both of which bind with low affinity to IgG1, IgG3, and IgG4,
and only the His: variant binds to IgG2 with appreciable affinity (65). FCGR2A is
primarily associated with monocyte, macrophage, and neutrophil activation to trigger
phagocytosis and cytokine release (66, 67). FCGR3A also has two allelic variants, Viss and
Fiss, both of which bind with low affinity to IgG1 and IgG3; Viss binds with higher affinity
than Fiss to IgG1 and also binds to IgG4, with limited affinity for IgG2 (65). FCGR3A is
primarily associated with natural killer (NK) cell activation to mediate antibody-dependent

cellular cytotoxicity (ADCC) (68, 69.
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Figure 1.3 Human FcRs associated with anti-influenza functionality and their affinities, expression, and
functions. Adapted from (63, 64). Additional information from (70).

FCGR2B is the classical inhibitory low affinity FCyR, which serves multiple roles
depending on the cell type on which it is expressed. FCGR2B binds to 1gG1, 1gG3, and 1gG4
isotypes (63). FCGR2B counteracts activating signals from other FCyRs via signaling
through its ITIM domain and is expressed on macrophages, neutrophils, dendritic cells
(DCs), and eosinophils (57). On B cells, FCGR2B raises the B cell activation threshold
during a germinal center response (57). On FDCs, FCGR2B traps antigen-containing
immune complexes and may serve to drive the germinal center response (51). The dual role
of FCGR2B in both inhibiting certain anti-viral innate immune functions and enhancing
the process of affinity maturation in germinal centers creates a unique opportunity to tune

the developing immune response in the presence of pre-existing antibodies.

FcRn, also known as the neonatal Fc receptor, is not structurally similar to the other

FcRs, but instead is similar to MHC class 1 molecules (70). FcRn is responsible for recycling
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IgG from the serum and extending the half-life beyond other serum proteins (77). During
pregnancy, FcRn is involved in the transport of IgG across the placental barrier (79. FcRn
binds to IgG within acidified endosomes, protecting it from proteolytic cleavage, and
transcytoses across to the basal cell surface or is recycled back to the apical surface of cells,
where the return to physiological pH releases the IgG back into circulation (70). The
sections below will explore in further detail the anti-influenza functions mediated by each

FcR.

ANTIBODY-DEPENDENT CELLULAR CYTOTOXICITY BY NK CELLS

Antibody-dependent cellular cytotoxicity (ADCC) is largely mediated by the
interaction of pathogen or cell-surface bound antibodies with FCGR3A on NK cells in
humans (Figure 1.4D) and FCGR4 on monocytes, macrophages, and neutrophils in mice
(68, 69). FCGR3A is found on the surface of NK cells, monocytes, and macrophages (67).
Engagement of FCGR3A by antibody causes the release of cytotoxic granules from NK cells,
uptake by macrophages, apoptosis of infected targets, and secretion of antiviral cytokines

and chemokines (7:3-76).

However, despite our emerging appreciation for the potential role of ADCC in
protection from infection and disease, the seasonal influenza vaccine poorly induced broadly
reactive ADCC-inducing antibodies in healthy children and adults (77-80). Conversely, the
presence of cross-reactive HA-specific antibodies that can activate NK cells in older adults
suggests that these functional antibodies accumulate over the course of many years of
repeated natural infection with influenza (79, 81). Moreover, some healthy American adults
possessed ADCC activity against avian H7N9 and H5N1 viruses, viruses that do not
circulate in North America but could cause pandemic outbreaks, indicating the natural

evolution of cross-reactive functional antibodies to quite diverse HA antigens in the absence
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Figure 1.4 Known FcR-dependent innate immune effector functions acting in influenza infection. (A) Clearance
of virions and infected cells by macrophage phagocytosis. (B) Clearance of virions and infected cells by
neutrophil phagocytosis, and the release of cytokines and reactive oxygen species. (C) Clearance of infected lung
epithelial cells and activation of the adaptive immune system by antibody interaction with C1Q. (D) Clearance
of infected lung epithelial cells by ADCC. (E) Neutralization of virus by FcRn-bound HA-specific antibodies.

of exposure (59, 82). Furthermore, broadly cross-reactive ADCC-inducing antibodies were

reported in individuals who lack broadly neutralizing influenza-specific antibodies (87-84),
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suggesting that these functions emerge separately and may evolve under distinct stimuli.
Collectively, the data clearly demonstrate that broadly protective ADCC-inducing

antibodies are associated with protection and evolve naturally over time.

HA head-specific mAbs induced less ADCC when compared to stalk-specific
antibodies in an in vitro NK cell activation assay (38). This difference in function has been
suggested to be related to the inability of the head-specific mAbs to efficiently multimerize
when bound to antigen on the cell surface and interact with low-affinity FcRs to induce
functional responses (38). A recent study suggested an alternative explanation in
experiments using FLAG-tagged HA to direct FLAG-specific antibody to certain regions of
the HA molecule. The data from this study suggested that two points of contact were
required between infected and effector cells for efficient ADCC activity (85). These direct
contacts are (1) between the mAb Fc and FcR and (2) between the cell surface sialic acid
and viral HA (85). However, the co-ligation of FcR and viral protein has not been borne out
by studies in other infection or disease contexts, or in polyclonal pools of antibodies directed

against native HA.

An additional layer of complexity in dissecting non-neutralizing antibody mediated
mechanisms of protection in vivois the comparison of polyclonal versus monoclonal
mediated antibody functions. Emerging data suggest that the level of in vitro ADCC is
influenced by the ratio of ADCC-inducing to ADCC-inhibiting antibodies (39, 86). ADCC-
inhibiting antibodies, which can be neutralizing, were shown to compete for binding sites on
HA on the surface of viral particles and infected cells (39, 86). While the delivery of single
protective ADCC-inducing mAbs demonstrated striking protection from infection in vivo
(38, 39), polyclonal pools of antibodies exhibited a much more complex balance of epitope

targeted and functional competition that collectively may contribute to differential
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protection from infection during seasonal exposure. While it is clear that functional
antibodies play a vital role in protection against influenza infection, experimental
approaches able to comprehensively dissect the nature of polyclonal antibody interactions
are urgently needed to further define the nature of protective antibody activity to guide

vaccine design.

ANTIBODY-DEPENDENT MACROPHAGE PHAGOCYTOSIS AND ACTIVATION

ADCC-inducing antibodies, as well as the direct cytopathic effects of the virus,
drives infected cell apoptosis (87). These infected apoptosing cells are then cleared through
phagocytosis to maintain tissue homeostasis (88). Post-infection, macrophages are rapidly
recruited to the lung and are present in bronchoalveolar lavage (BAL), airway, and alveoli
to support the rapid clearance of infected and dying cells (§9. While the supernatant of
influenza-infected cells can stimulate monocyte phagocytosis independently of antibody
involvement (89), antibodies contribute to accelerated clearance of viral particles and
infected cells through interactions with FCGR1A and FCGR2A on immune cells (66).
Antibody mediated viral phagocytosis, resulting in viral degradation, was linked to
decreased spread and severity of infection (66). While this mechanism was not directly
associated with prevention of infection, it was linked to reduced severity of symptoms and

viral shedding, and thus attenuating disease in humans.

Antibody-dependent cellular phagocytosis (ADCP) activity (Figure 1.4A) in healthy
human serum, mediated by monocytes/macrophages, was shown to correlate with HAI titer
both for circulating and non-circulating strains of influenza (66). Interestingly, ADCP
activity was still detectable in diluted serum samples, even at dilutions where
neutralization was no longer detectable (66), indicating that phagocytic antibodies may

mediate antiviral clearance even at very low levels, and thus could still provide protection
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or lessen the severity of disease. Along these lines, non-neutralizing protective mAbs in
mice required alveolar macrophages to provide protection, which was partially dependent
on the induction of a robust inflammatory response in the lung as shown by tissue histology
and increased cytokine/chemokine production, and partially through direct phagocytosis
(568). Additionally, broadly neutralizing HA-specific mAbs also exhibited enhanced
protection in the presence of alveolar macrophages (58). This macrophage-mediated
protection was dependent on interactions of the antibody with FcRs on the macrophage
surface, as evidenced by experiments using FcR-binding null antibodies that failed to
provide protection from infection (58). Together, these studies indicate that FcR-mediated
macrophage activation reduces disease burden and protects mice from lethal influenza, and
that healthy human serum has influenza-specific antibodies capable of inducing this

function.

ANTIBODY-DEPENDENT NEUTROPHIL PHAGOCYTOSIS AND ACTIVATION

Neutrophils are among the first cell populations recruited to the site of infection
and/or inflammation, and have been implicated in the protective response to influenza (90).
Neutrophils are involved in the phagocytic clearance of both virions and infected cells,
release immunostimulatory cytokines and chemokines to recruit additional immune cells,
and form neutrophil extracellular traps (NETs) to capture and inactivate the virus (91).
During influenza infection, neutrophils generate the chemokine CXCL12, required for
efficient recruitment of cytotoxic CD8* T cells to the lung (92). However, beyond this
indirect anti-viral role, human neutrophils express high levels of FCGR1A, FCGR2A, and
FCGR3B after activation, enabling them to respond rapidly and efficiently to antibody

coated targets (67). In addition, neutrophils constitutively express the FcaRI, an activating
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receptor that binds IgA and activates cytotoxic and phagocytic responses via a shared FcR

y-chain (93).

Like macrophages, neutrophils are intimately involved in the phagocytic clearance
of infected and apoptotic cells in the lung during influenza infection (Figure 1.4B) (89.
Impaired neutrophil phagocytosis through depletion of neutrophils was linked to decreased
survival in a mouse model of influenza infection (89, 94). Following phagocytosis,
neutrophils form phagolysosomes containing reactive oxygen species (ROS) to eliminate the
virus (91). Both HA head- and stalk-specific mAbs induced the production of ROS by
neutrophils in vitroin an FcR-dependent manner, as Fc-blockade resulted in reduced ROS
production (56). Influenza-specific class-switched IgA antibodies were also implicated in
neutrophil activation and ROS production (56). However, despite the ability of some
antibodies to recruit neutrophil activity in vitro, the role of neutrophils in protection from
infection remains controversial, as some animal studies using neutrophil depletions found
no significant roles for neutrophils in protection mediated by passively transferred non-
neutralizing mAbs (58, arguing that alveolar macrophages may play a more dominant role
in protection. Conversely, in other studies, neutrophil recruitment and function was linked
to protection from infection and reduction in disease (94, 94). Thus, additional studies will

be required to ultimately define the role of neutrophils in influenza infection.

ANTIBODY-DEPENDENT COMPLEMENT ACTIVATION

The complement system can recognize and eliminate viruses directly or can
contribute to viral clearance via antibody mediated activation (Figure 1.4C) (61). The
requirement for complement in protection from lethal influenza infection in mice was
established in 1978 and has been more recently replicated with novel influenza strains (54,

96). Recently, influenza virions were shown to be susceptible to both classical and
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alternative complement—mediated lysis in vitro only when opsonized by antibodies (55).
However, the level of susceptibility varied by strain. Synergy between the classical and
alternative complement pathways was shown to provide protection against pandemic HIN1
strains in mice and the cooperativity of both pathways is associated with enhanced viral
clearance, further supporting the involvement of antibody-mediated complement
elimination in the influenza immune response (55). In these experiments, C3 knockout mice
(deficient in all complement pathways because C3 is the central point of the cascade), C4
knockout mice (deficient in the classical and lectin pathways) and complement factor B (FB)
knockout mice (deficient in the alternative pathway) were infected with influenza and
disease progression was compared. While both C4- and FB-deficient mice showed increased
mortality, neither pathway alone nor the additive mortality approached the level of
mortality in C3 knockout mice, which have both pathways of complement ablated,

indicating that the two complement pathways work synergistically to clear infection (55).

Beyond antibody driven virion elimination, the complement protein C3 has also been
shown to promote higher titers of influenza-specific IgG antibodies, as well as improve
CD4+ and CD8+ T cell responses, in mouse models of influenza infection (61). Following
vaccination, C3 knockout mice showed dampened antibody titers and increased mortality
when compared to wild type mice. The role of complement in driving immunity was
proposed to be effectuated by the formation of pro-inflammatory complement degradation
products C5a and C3a, which can serve a dual role of directly recruiting T cells and
enhancing T cell priming by recruiting and subsequently stimulating antigen-presenting

cells at the site of infection (67).

In humans, neutralization and complement-dependent lysis activities by influenza-

specific mAbs have not always correlated, although stalk-specific neutralizing antibodies

18



can induce complement-dependent lysis (97). Both IgG1 and IgM antibodies have been
implicated in the activation of the complement system in influenza infection (55).
Complement-stimulating antibodies correlated with protection from infection in children in
a serosurveillance study of seasonal influenza (81), which was potentially attributable to
the complement-stimulating antibodies’ generally higher cross-reactivity as compared to
neutralizing antibodies (59). Importantly, if complement-inducing antibodies do in fact
generally possess higher cross-reactivity as compared to neutralizing antibodies,
complement lysis of virus is an attractive strategy for limiting initial infection with
influenza by non-neutralizing antibodies thus broadening the epitopes that can be targeted

by vaccination.

ADDITIONAL FUNCTIONS VIA NON-CLASSICAL FCR

The neonatal Fe receptor, FcRn, is involved in transcytosing IgG across the placenta
during fetal development, across the vascular endothelium to increase extravascular
antibody levels, and across the mucosal epithelium to provide humoral defense within the
mucosa (98). Additionally, FcRn has a non-canonical role in antiviral immunity against
influenza. FcRn was implicated in facilitating antibody-mediated neutralization of
influenza virions by HA head-specific antibodies that bind to the virus at acidic pH (Figure
1.4E) (99). These unusual head-specific antibodies were then shown to neutralize the virus
by preventing trafficking of the viral ribonucleoproteins into the nucleus for replication

(99.

Systems level analyses aimed at defining biomarkers of productive immunity of
influenza vaccination pointed to pre-existing antibody titers as a negative predictor of
response to vaccination (700), thought to act by capturing, destroying, and preventing

response to vaccine antigens (original antigenic sin) (25). However, recent dissections of
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vaccine-induced immunity suggested that pre-existing antibodies shape the immune
response to influenza vaccination in ways that could be utilized to improve protection. It
was observed that individuals with the most influenza-specific antibody affinity maturation
had significant changes in antibody glycosylation, namely increased sialic acid (701). This
led to a mechanism through which pre-existing cross-reactive influenza antibodies, which
opsonize incoming vaccine antigen, drove the delivery of immune complexes to germinal
centers of lymph nodes by subcapsular sinus macrophages or non-cognate B cells,
preferentially when antibodies were sialylated (102, 103). This delivery relied on
interaction of immune complexes with the non-canonical IgG Fc-receptor, CD23, to capture
antigen and move it to germinal center (701). This delivery of antigen to lymph nodes was
speculated to increase and extend the contact between B cells and antigens of interest to
drive affinity maturation, which can increase both the affinity and potential evolution of
neutralization (104, 105). Broadly cross-reactive neutralizing mAbs specific to influenza HA
were shown to be highly affinity matured, indicating that this pathway may be essential for

the development of broad humoral immunity (706).

Similar effects of glycosylation on shaping humoral immunity have also been
observed in HIV infection, where broadly neutralizing antibodies (bNAbs), the most
protective antibodies, undergo extensive somatic hypermutation and affinity maturation
during their development (7107). Conversely, while CD23 contributed negligibly to immune
complex capture in this HIV model, complement-mediated capture of sialylated immune
complexes appeared to be vital in driving antigen-deposition in germinal centers and in
driving affinity maturation (708). Given the known role of complement in antigen-capture
by FDCs, its role in prolonging the presentation of antigen on the surface of FDCs, as well

as in increasing antigen recycling, it is likely that pre-existing sialylated antibodies can
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selectively adjuvant immunity. In addition to trapping and delivery, these sialylated Fcs
were also shown to increase B cell inhibitory FcR, FCGR2B, expression, resulting in
elevated thresholds required to activate B cells during development in the germinal center
(109). With elevated activation thresholds, B cells require higher affinity interactions or an
ability to capture more antigen to become fully activated within the germinal center and
may then experience more aggressive somatic hypermutation and subsequent affinity
maturation. Because sialylated immune complexes bind to non-cognate B cells at high
levels in the presence of both complement (708 and CD23 (109), it is possible that CD23-
and complement-induced affinity maturation work synergistically to increase affinity
maturation. This may offer a novel approach for the design of next generation vaccines able

to leverage the potent immunomodulatory activity of the Fe-domain of antibodies.

Together, these recent data suggest that the quality of the antibody response may
not only influence direct antiviral activity but may also be critical in influencing the
response to a given vaccine, offering novel vaccination targets to improve universal
immunity to influenza. Seasonal influenza infection in humans has been shown to induce
moderate antibody cross-reactivity (710), and these pre-existing cross-reactive antibodies
may be molding the affinity maturation of new antibodies following vaccination through
mechanisms that increase somatic hypermutation, including increased antigen retention
within germinal centers (701). Harnessing, increasing, and improving this pathway
presents a novel method of improving the breadth and binding affinity of antibodies

following influenza vaccination.

CONTROL OF FCR-MEDIATED FUNCTIONS BY ANTIBODY PROPERTIES

SUBCLASS AND ISOTYPE VARIATION
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The functional potency of an antibody is significantly affected by the antibody’s
subclass, which determines the binding affinity of the antibody for FcRs (771). Antibody
function is tuned at the time of B cell programming via class switch recombination (IgA,
IgM, IgG, IgD or IgE; Figure 1.5). Because each isotype can interact with a distinct family
of FcRs present on different innate immune cells within disparate compartments, each
isotype has the capacity to drive unique antibody effector functions. Beyond the isotypes,
there is additional capacity to select for subclasses of particular antibody isotypes. In
humans, four IgG subclasses can be additionally selected during an immune response, each
of which have further differential affinities for individual FcRs (67). IgG1 antibodies are the
most prevalent at approximately 65% of total serum IgG, with the other three subclasses in
decreasing fractions in numerical order (779). Because individual subclasses have different
affinities for FcRs (67), subclasses drive different antibody effector functions. IgG1 and
IgG3 are considered to be the most functional subclasses due to their enhanced ability to
bind to FcRs, while IgG2 and IgG4 have lower affinities for FcRs (65, 113). However, I1gG3
has a shorter half-life, related to decreased binding affinity to FcRn and due to a
proteolytically vulnerable hinge, although multiple allotypes of IgG3 with longer half-lives

have been reported among non-Caucasian populations (774).

The relative magnitude and distribution of IgG subclass responses vary between
acute influenza infection and vaccination. In adults and children previously exposed to
natural infection, vaccination increased 1gG3 production more than acute infection.
However, this boost resulting from vaccination was not observed in those who were
previously vaccinated (715). Interestingly, IgG3 levels following seasonal influenza
vaccination correlated with cytokine production by peripheral blood mononuclear cells

(PBMCs) stimulated ex vivo with infectious influenza virus, suggesting that enhanced IgG3
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Figure 1.5 Structures of antibody isotypes and subclasses. Fc domains are in color while Fab domains are in
grey. Stars indicate N-linked Fc glycans. IgA isotypes are shown as both monomers (predominant in serum) and
dimers (predominant at mucosal surfaces).

responses were a marker of a more effective response to vaccination (772). While IgG3 is
widely considered to be the most functional subclass due to its affinity for FcRs, the specific

role of IgGG3 in protection from influenza remains largely unclear.

While IgG is typically induced at higher levels in the blood, IgA antibodies are
produced at considerable levels in mucosal tissues (716). Secreted IgA represents ~70% of
the body’s total antibody production and, in mucosa, is primarily dimeric, with only small
fractions of monomer, trimer, and tetrameric IgA present; IgA in serum is primarily
monomeric (777). Mucosal IgA can prevent influenza infection in the nasal and upper
respiratory mucosa with higher heterologous neutralization than IgG with the same Fab
(116, 118-120). The protective activity of IgAs was linked to direct viral neutralization as
well as viral capture and cross-linking to the mucosal surface, preventing cell entry in the
absence of classical neutralization (776). However, beyond its direct antiviral effects, IgA

may also recruit the indirect activity of the innate immune system, via the Fc-receptor for
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IgA, FcaRI, which is constitutively expressed on neutrophils and increases in expression as
neutrophils mature (95). Stimulation of this receptor by influenza-specific IgA was linked to
increased ROS production (56), although the precise effect of this activation during

influenza infection is unclear.

ANTIBODY FC GLYCOSYLATION

Beyond isotype and subclass selection, the humoral immune response additionally
modifies antibodies via post-translational modifications in the form of Fc-glycosylation,
further tuning antibody affinity for FcRs, and thus modulating antibody effector function
(121). Each IgG molecule contains two N-glycosylation sites, at asparagine 297 (N297), one
on each heavy chain (Figure 1.6). The core Fc glycan structure is biantennary, with a
structure consisting of two-branched linked N-acetylglucosamine (GlcNAc), a mannose,

followed by 2 branched mannoses, each followed by an additional GIcNAc on each mannose
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Figure 1.6 Structure of antibody glycan. Antibody image shows heavy chain in dark blue, light chain in light
blue, and glycan in magenta. In glycan schematic, solid lines indicate core glycan consisting of two-branched
linked N-acetylglucosamine (GlcNAc; blue rectangle), a mannose (green circle), followed by 2 branched
mannoses, each followed by an additional GleNAc on each mannose. Dotted lines indicate additional sugars
that can be added at variable levels, including a core fucose on the first GIcNAc (red triangle), galactoses
(yellow circle) to each terminal GleNAc, sialic acids (pink diamond) to each galactose, and a bisecting GlcNAc
to the core mannose. Antibody structure: PDB 1IGY.
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(Figure 1.6). Three additional sugars can then be added at variable levels, including a core
fucose on the first GlcNAc, galactoses that can be added to each terminal GlcNAc, sialic
acids that can subsequently be added to the each galactose, and finally the addition of a
bisecting GlcNAc to the core mannose (Figure 1.6) (129. Given the variable addition of each
of the 4 additional sugars, a total of 36 distinct glycan structures can be added to any given
IgG (123. Importantly, while the glycans themselves do not interact directly with FcRs,
they influence the flexibility and structure of the antibody Fc, thereby changing
interactions with FcRs (124). Complete removal of the Fc glycan nearly completely ablates
low affinity FcR binding, with only high affinity FCGR1A retaining measurable binding
ability, highlighting the importance of the glycan in shaping antibody function (725).
Additionally, IgA and IgM antibodies are also Fe-glycosylated (Figure 1.5), although it is

unclear how this glycosylation changes affinity for FcRs.

Across diseases, dramatic shifts have been identified in IgG glycosylation, such as a
significant increase in agalactosylated antibodies in chronic inflammatory diseases such as
autoimmune flares and HIV infection (726, 127). In the monoclonal therapeutics field, the
systematic removal of specific components of the Fc N-glycan have highlighted the critical
role of individual sugars in shaping antibody effector function (728). Specifically, the
presence of sialylation drives anti-inflammatory activity in vivo (129, 130). The removal of
fucose either directly or indirectly, through the upregulation of the bisecting GlcNAc,
results in increased antibody affinity for FCGR3A and consequently enhanced ADCC (121,
131). Conversely, agalactosylated antibodies decrease ADCC and drive pro-inflammatory

responses (121).

Beyond our emerging appreciation for a role of sialylated antibodies in vaccine

induced affinity maturation (101, 108, influenza vaccination is known to alter Fc

25



glycosylation (132, 135. Soon after immunization, influenza-specific antibodies rose
rapidly, and had increased galactosylation, increased sialylation, and reduced bisection
compared to pre-existing influenza-specific antibodies (132, 133. However, these glycan
shifts normalized after a month, suggesting that these transient changes in influenza-
specific antibody glycan profiles may reflect differences in glycosylation by plasmablasts,
not plasma cells. Even in the absence of vaccination, HA-specific antibodies exhibited
unique glycan profiles compared to HIV-specific antibodies from the same individuals.
Specifically, HA-specific antibodies were more highly galactosylated and sialylated and
contained reduced b-GlecNAc (139, highlighting the unique glycan profiles that are
naturally selected on influenza-specific antibodies. Whether individuals who control the
virus more effectively tune antibody glycosylation in a specific or selective manner is

unclear but represents a simple strategy to naturally modulate antibody function.

OPTIMIZING ANTIBODY RESPONSES THROUGH VACCINATION

ADJUVANTS

One of the greatest hurdles of influenza vaccination is overcoming response anergy
caused by previous exposures to influenza in the aging immune system. An attractive
strategy to overcome this anergy and generate protective humoral immunity, particularly
for novel strains or universal vaccine formulations, is the use of adjuvants to enhance and
tune the response to vaccination. There are currently four adjuvants licensed for use in
influenza vaccines in the United States and/or in Europe: aluminum salts (alum), MF59,
AS03, and virosomes (734). In addition to adsorbing antigens and creating multivalent
lattices of antigens, alum activates the inflammasome promoting more effective responses

upon antigen-presenting cell delivery (735). Alum induces primarily a Th2-driven response
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(154). Conversely, Th1 responses are likely to be more critical in the clearance of
intracellular pathogens, including influenza (135). Oil-in-water emulsions, such as MF59
and AS03, are predicted induce a more balanced Th1/Th2 response, enhancing both T cell
and antibody responses via delivery to antigen presenting cells as well as through the
recruitment of specific innate immune cells to the site of injection (736). Specifically, in an
adjuvanted HIV vaccine trial in macaques, MF59 increased recruitment of neutrophils,
monocytes, and MDCs to the site of injection and recruitment of neutrophils to the draining
lymph node (137). In the context of influenza vaccination, MF59 increased a heterosubtypic,
or broadly reactive, antibody response and increased neutralizing antibody responses to
influenza (138, 139). Unfortunately, MF59 also shifted the response even further towards
the immunodominant HA head and away from the HA stem (740). Yet, MF59 increased the
affinity of antibodies developed following both seasonal and novel pandemic influenza
vaccines, suggesting that if skewed selectively to particular target antigenic sites, this
adjuvant could drive enhanced affinity maturation to the correct sites of vulnerability (740).
Virosomes, or phospholipid vesicles, have also been studied in the context of influenza HA
and NA vaccines, showing similar profiles to MF59 (734). The effects of these adjuvants on

FcR-mediated antibody functionality are only beginning to be studied (737).

Other adjuvants are currently under investigation to specifically and selectively
enhance influenza specific immunity. For example, liposomes provide unique scaffolds for
antigen delivery (135), and were shown to increase the humoral and Th1 response, boosting
neutralization titers in mice following influenza vaccination (134). Additionally, virus-like
particles, or nanoparticles, which deliver antigens in a multivalent manner, similar to their
native conformation, increased heterosubtypic IgG2a neutralizing antibody titers in mice,

the mouse analogue of IgG3, the most functional antibody subclass in humans (65).
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Presentation of antigens in the form of a viral particle may play an essential role in driving
functional antibody responses(747—143. Another type of adjuvant, ISCOMS (antigen,
cholesterol, phospholipid and saponin-defined immunomodulatory complexes), created a
balanced, protective immune response based on strong MHC class I presentation in trials
with a pandemic influenza antigen (734). However, ISCOMS have been shown in other
models to shift the response away from antibodies, and towards a cellular immune response
comprising CD4+ and CD8+ T cells, with limited changes seen to antibody responses (744).
Finally, Toll-like receptor (TLR) agonists, involved in early pathogen sensing, are known to
tune the inflammatory response to tailor immunity in a pathogen specific manner (734).
Several TLR agonists were shown to increase influenza-specific antibody titers following
vaccination, however their effects on antibody-mediated functions beyond neutralization
are unexplored (134, 145). While previous studies with these adjuvants have primarily
focused on neutralizing antibody responses, additional insights on the specific effects of
adjuvants on shaping protective FcR activity will provide additional avenues to tune and

direct protective immunity against influenza infection.

ANTIGEN DESIGN AND GLYCOSYLATION

In addition to efforts to promote more effective immune stimulation through
adjuvants, intense investigation is focused on the development and design of unique
antigens able to selectively direct the immune response away from strain-specific
immunodominant sites to those that are more conserved (34). These include the design of
computationally enhanced globally relevant HA sequences, the design of mini-antigens,

chimeric antigens, and glycan-enhanced antigens.

Computationally optimized broadly reactive antigens (COBRAs) are mosaic antigens

designed based on computational modeling of influenza strains with the aim of focusing the
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immune response on the evolution of heterosubtypic responses, and have had some success
in eliciting broadly reactive HAI titers that target both seasonal and pandemic strains of
influenza (146-149. In a recent study, COBRA H3s did not increase the breadth of HAI
reactivity by vaccine-induced antibodies across a panel of strains. However, these COBRA
H3s did increase the phylogenetic diversity of neutralized strains (749, meaning that the
COBRA-induced responses altered which strains were recognized and neutralized without
increasing the total number of strains recognized, providing evidence that this approach
can successfully skew the immune response. COBRA antigens primarily increase receptor
binding site targeting to create heterosubtypic neutralizing antibodies (749). These data
suggest that COBRA antigens can increase heterosubtypic responses to conserved epitopes
on the immunodominant head but are unable to create broadly reactive responses to the

conserved HA stem.

Given the complexity of altering immunodominance using whole HA molecules,
additional efforts have aimed to direct immunity against minimal antigenic regions
associated with broadly protective responses including the stem (750, 151) and the receptor
binding site (152). Although broadly protective non-neutralizing responses can target the
stem region of HA, these responses are typically subdominant (753). HA stem-only antigens
or antigens with conserved stem domains but altered HA heads have been developed (34).
For example, a “headless” HA vaccine tested in mice created a broadly protective non-
neutralizing immune response (754). Furthermore, chimeric HA vaccines, which were used
to immunize animals with “exotic” chimeric molecules that coupled unusual heads to a
single stem region, have shown promise. Specifically, a vaccine strategy using heads that

have not circulated in the population, coupled with conserved stem regions drove a robust
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focused, stem-specific protective immune responses with higher cross-reactive HA-specific

antibody titers, and are now being tested in clinical trials (155, 156).

Seasonal influenza vaccines have been produced in eggs since the introduction of
yearly vaccination, and the manufacturing techniques have remained largely unchanged for
decades (157). Emerging data and technical advances are increasing the attractiveness of
cell culture-based production strategies, rather than egg-based production. Beyond issues
related to speed and cost of vaccine production across these platforms, qualitative
differences in antigens from egg-based vaccines compared to circulating viruses may
necessitate this shift. HA is highly N-glycosylated in a host-cell dependent manner (758~
160). The glycosylation of egg-grown vaccine virus is different than that of naturally
infecting virus (161). Emerging data points to the importance of glycosylation not only in
shaping antigen-exposure on the surface of the HA molecule, such as the masking of
specific epitopes (160, 1629, but also in contributing to the antigenicity of antibody binding
epitopes (22, 163, 164). Differential HA glycosylation between egg- and cell culture-grown
virus impacted innate immune interactions with the virus in the lung, including
neutralization by surfactant protein D (SP-D) (765) and binding to mannose-specific lectins
(166). Moreover, altered glycosylation was shown to change both cellular and humoral
response kinetics in vitro and in vivo (160, 167). These changes included significantly
decreased CD4+ T cell activation and cytokine production, resulting in reduced HA-specific
antibody titers and HAI titers in mice following vaccination with de-glycosylated HA (160,
167). Studies of the antibody response using differentially glycosylated (not de-glycosylated)
HAs showed that glycosylation alters the binding and neutralization of monoclonal
antibodies, but lacked further detail about the effects of glycosylation on polyclonal

antibody pools or on Fec-mediated function (160, 167, 168).
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Epidemiological studies in recent years investigating poor vaccine protective efficacy
have shown that antigen glycosylation has had a direct impact. In the 2016-2017 flu season,
the circulating H3N2 virus had a new glycosylation site compared to previous seasons.
However, the egg-adapted version of the viral strain used to produce the vaccine lacked this
site through an amino acid mismatch in an antigenic site, resulting in decreased vaccine
effectiveness (29). Given that glycosylation can strongly impact epitope antigenicity, a vital
mismatch at a site of neutralization sensitivity resulted in the induction of non-protective
immunity and rendered the circulating virus invisible to vaccine induced immune
responses. Thus, shaping glycosylation to produce representative antigens is critical to

achieving protective immune responses to vaccination.

ADDITIONAL ANTIGENIC TARGETS

While the majority of the humoral immune response is directed towards the
immunodominant HA molecule, antibodies also emerge against other targets including NA,
NP, and M2 (Figure 1.1). Antibodies targeting NA can be neutralizing (4), and have been
associated with seasonal protection (4, 43, 45, 169). Specifically, NA-specific antibodies can
inhibit NA enzymatic activity, thereby neutralizing the virus. Additionally, NA-specific
antibodies have also been shown to drive ADCC (82, 170), suggesting that this less
immunodominant target is still vulnerable to multiple modes of antibody mediated

targeting.

The highly conserved internal viral proteins NP and M2 have been shown to induce
an immune response that is also broadly reactive (171). NP-specific antibodies, which are
always non-neutralizing (772, mediated viral clearance through interaction with FcRs and
protection in mouse models of influenza infection (43, 175). Similarly, non-neutralizing M2-

specific antibodies mediated ADCC and ADCP to clear infected cells and promoted rapid
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viral clearance (45, 169). Thus, while current vaccination strategies largely focus on the
development of broadly reactive immunity against HA, additional largely non-neutralizing
conserved antigens exist within influenza that may represent next generation targets for

protective universal immunity.

MURINE MODELS IN INFLUENZA AND INNATE IMMUNE ANTIBODY

FUNCTIONALITY

MURINE MODELS IN INFLUENZA

Mice and ferrets are the two most commonly used model species in influenza
research, although hamsters, guinea pigs, cotton rats, and rats have also been used. While
ferrets are preferred for their similar symptomatic course to humans, mice are often the
model of choice due to their availability, relatively low cost, well-characterized genetic
backgrounds, and availability of relevant reagents (774). Human influenza viruses typically
only cause disease in mice following adaptation to the species, and then cause symptoms
including weight loss and mortality, but mice do not exhibit respiratory symptoms like
humans (7 75). Mouse models are also difficult to use for transmission studies, with poor
transmissibility of most influenza viruses between individuals (7 75). However, mice have
been widely used in studies of the immune responses to both influenza infection and
vaccination (775), with many preclinical vaccine candidates validated and immunological
principles described in mice but await confirmation in humans (776). While mice provide a
useful and convenient model system for understanding and testing mechanisms of
protection, it is essential to keep in mind the differences between murine and human

immune systems and influenza pathogenesis.
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ANTIBODY ISOTYPE AND FCyR DIFFERENCES IN MICE AND HUMANS

In contrast to the IgG1, 1gG2, IgG3, and 1gG4 subclasses in humans, mice express
the subclasses IgG1, 1gG2a, IgG2b, and IgG3. Of the murine subclasses, mIgG2a is the
most effective at binding FCyR (65. Mice have FCyRs 1, 2B, 3, and 4. mFCGR1 has a
limited expression profile, on only monocyte-derived DCs (777). mFCGR2B plays a similar
role to hFCGR2B but has a wider cellular expression profile (63). mFCGR3 is expressed as
the only FCyR on NK cells, and has a dual activating/inhibitory role in modulating the
threshold of activation depending on whether the binding of IgG is monomeric (inhibitory)
or multimeric (activating) (7178. mFCGR4 is responsible for the most potent ADCC in mice,
which is primarily mediated by monocytes/macrophages (179. Mouse FCyRs and FcRn
effectively bind human IgG subclasses (179, but the opposite is not true and human FCyRs
and FcRn do not bind or poorly bind mouse IgG subclasses (63). Human IgG1 antibodies
can potently induce ADCC on both mouse and human cells, binding to mFCGR1, mFCGR3,
and mFCGR4 on monocytes, mFCGR3 on NK cells, and also mFCGR3 and mFCGR4 on
neutrophils in a target-dependent manner (779. While mice are a useful and necessary tool
in understanding the immunology of the humoral immune response, these nuances between

mouse and human FCyR must be considered when designing and interpreting experiments.

CONCLUDING REMARKS

More than 4 decades of research has clearly illustrated the importance of both direct
neutralization and non-neutralizing functional antibodies in protection against influenza
infection and disease. Because neutralizing and non-neutralizing antibody activities are not
induced in a mutually exclusive manner, vaccine strategies able to leverage both functions
of antibodies are likely to confer the greatest level of protection. However, the precise

innate immune effector functions to sites of viral vulnerability remain to be determined.
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Thus, with emerging novel vaccine design strategies, coupled to emerging immune

modulatory adjuvants, opportunities to drive universal protection are on the horizon.
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Chapter 2: SELECTIVE INDUCTION OF ANTIBODY
EFFECTOR FUNCTIONAL RESPONSES USING MF59-

ADJUVANTED VACCINATION

Based on a published manuscript-

Boudreau, C.M., Yu, W.-H., Suscovich, T.J., Keipp Talbot, H., Edwards, K.M. &
Alter G. (2019) Selective induction of antibody effector functional responses using
MF59-adjuvanted vaccination. JCI, 130(2). doi: 10.1016/j.cell.2019.05.044

Author contributions: CMB, TS, and GA designed the research study. CMB
conducted the experiments and acquired data. CMB and WHY analyzed data. HKT
and KE provided study samples. CMB, TS, and GA wrote the manuscript. All
authors contributed to the final version of the manuscript.

Seasonal and pandemic influenza infection remains a major public health concern
worldwide. Driving robust humoral immunity in the face of pre-existing, often cross-
reactive, immunity and particularly poorly immunogenic avian antigens has been a
challenge. To overcome immune barriers, the adjuvant MF59 has been used in seasonal
influenza vaccines to increase antibody titers and improve neutralizing activity, translating
to a moderate increase in protection in vulnerable populations. However, its impact on
stimulating antibody effector functions, including NK cell activation, monocyte
phagocytosis, and complement activity, all of which have been implicated in protection
against influenza, have yet to be defined. Using systems serology, changes in antibody
functional profiles were assessed in individuals who received H5N1 avian influenza vaccine
administered with MF59, with alum, or delivered unadjuvanted. MF59 elicited antibody

responses that stimulated robust phagocytosis and complement activity. Conversely,
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vaccination with MF59 recruited NK cells poorly and drove moderate monocyte phagocytic
activity, both likely compromised due to the induction of antibodies that did not bind
FCGR3A. Collectively, defining the humoral antibody functions induced by distinct
adjuvants may provide a path to design next generation vaccines able to selectively
leverage the humoral immune functions, beyond binding and neutralization, resulting in

better protection from infection.

INTRODUCTION

Seasonal influenza infects 10-20% of the worldwide population each year, with a
mortality rate of 0.1-0.2%, and increased mortality in the elderly (180, 181). By contrast,
avian influenza viruses that are endemic to global fowl populations, such as H5N1, infect
significantly fewer humans per year but have a much higher mortality rate (approximately
60% for H5N1) (189. While these avian viruses cannot effectively spread from human to
human, it has been suggested that we are on the precipice of highly lethal avian influenza
viruses evolving to allow human-to-human transmission (783). This could result in the
rapid global spread of the virus, causing the next influenza pandemic (182, 184). To
mitigate this concern, pandemic influenza vaccines are urgently needed. These vaccines will
need to provide rapid and robust protection against the potential threat of an avian
influenza pandemic. Current influenza vaccine design strategies, in the best-case scenario,
require 5-6 months from determining the viral sequence to full-scale vaccine production,
time that is not available during a pandemic. In addition, vaccine strategies that induce
equivalent immunity using less antigen, termed antigen sparing, are needed to expand the

quantity of vaccine available for the global population.
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Adjuvants have the potential to not only decrease antigen quantity requirements but
also to improve vaccine effectiveness by enhancing antigen delivery to antigen-presenting
cells and by shaping the functional potency of the vaccine induced immune response(785).
Currently, six adjuvants have been approved for use in licensed human vaccines, and of
these, four have been assessed for use in influenza vaccines (134). Among these, MF59 is an
oil-in-water emulsion licensed for use in seasonal influenza vaccines (186). In seasonal
influenza vaccination, MF59 is known to induce monocyte and granulocyte
chemoattractants (187), to alter the antibody-mediated immune response by inducing
heterotypic antibody responses, increasing the breadth and affinity of the vaccine-induced
antibodies, and to increase neutralizing antibody responses (139, 140, 184). Furthermore,
MF59 also exhibits antigen sparing activity, driving robust neutralizing antibody responses
at 3-fold lower doses of H5 antigen (739). However, despite its potent immunological effects,
the addition of MF59 does not consistently afford equally potent enhanced protection from
seasonal influenza infection to the level that would be predicted by the increased antibody
responses (188, 1589). These data raise the possibility that while MF59 is able to drive
enhanced vaccine-induced immunity, it may fail to raise a key humoral immune function

required to achieve protection.

While the development of broadly neutralizing antibody responses against influenza
remains a critical goal, emerging evidence suggests extra-neutralizing antibody functions
also play an important role in protection from infection (38-40, 53-59). Studies with
passive transfer of neutralizing monoclonal antibodies in mice show that Fcy receptors are
required for protection from lethal infection, via mechanisms that do not block viral entry
(38). In addition to binding pathogens and preventing infection of cells, antibodies mediate

an array of functions, including complement activation and lysis; phagocytosis by
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granulocytes, monocytes, and dendritic cells; NK cell activation; and dendritic cell
maturation and antigen presentation (190-192). Influenza-specific antibodies have been
shown to mediate macrophage phagocytosis (66, 60), neutrophil production of reactive
oxygen species (56), cellular cytotoxicity (567, and complement deposition (54, 55, 60, 61).
However, data using broadly neutralizing monoclonal antibodies suggest that NK cell
driven antibody dependent cellular cytotoxicity (ADCC) may represent a key protective

function against influenza (38, 39, 79.

While previous studies have demonstrated that MF59 can increase the breadth of
the heterosubtypic immune responses and neutralizing titers, the goal of this study was to
systematically probe the functional impact of MF59 induced immunity when administered
in a potential pandemic avian influenza vaccine. Using an unbiased, high-throughput
systems serology platform (793, we observed increased antigen-specific antibody
functionality in serum of individuals who received MF59 adjuvanted vaccinations, with the
notable exception of titer-dependent increases in NK cell activation or monocyte phagocytic
activity, highlighting the robust induction of humoral immune responses programmed to

induce selective antibody effector functions.

METHODS

Vaccine Schedule and Sample Collection
Samples were collected under NIAID-funded Vaccine and Treatment Evaluation

Unit (VTEUs), ClinicalTrials.gov Identifier: NCT00280033. The results of this trial have
been published previously (739. After informed consent, H5N1-naive adult study
participants (ages 18-64) were randomly assigned to receive 151g of recombinant H5
A/Vietnam/1203/2004 antigen without adjuvant, with alum, or with MF59 in two doses

administered 28 days apart. Samples from 90 individuals (30 without adjuvant, 29 with
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alum, 31 with MF59) at four timepoints (0, 28, 56, and 208 days following the initial dose)

were assayed.

Antibody-dependent cellular phagocytosis
THP-1 phagocytosis of HA-coated beads was performed as previously described(794).

Briefly, H5 A/Vietnam/1203/2004 (Immune Technology Corp., New York, NY) or H1 A/New
Caledonia/20/1999 (Immune Technology Corp.) was biotinylated with EZ-link NHS-LC-LC
Biotin per manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA).
Biotinylated HA was adsorbed onto 1 um fluorescent neutravidin beads at a ratio of 10pg of
protein to 10ul of beads (Invitrogen, Carlsbad, CA). 10 pl of antigen-coated beads were then
incubated with equal volume of serum samples diluted in PBS for 2 hours at 37°C in 96-
well plates. Unbound antibody was washed away, and THP-1 cells (ATCC, Manassas, VA)
added and incubated at 37°C for 16 hours, then fixed. Phagocytosis was measured by flow
cytometry on a Becton Dickinson (BD, Franklin Lakes, NJ) LSRII cytometer with a high-
throughput sampler. Phagocytic scores were calculated as the % of bead positive cells x
geometric mean fluorescence intensity (GMFI)/1,000. Area under the curve was calculated
using GraphPad Prism (San Diego, CA) based on three dilutions: 1:50, 1:500, and 1:5000.
Each sample was assayed in two independent replicates performed on different days.
Quality checks were performed to ensure that known positive samples were at least 2x
higher than negative controls, and that replicate values correlated. Following quality
checks, values from replicates were averaged.
Antibody-dependent neutrophil phagocytosis

HA-coated 1 um fluorescent neutravidin beads were prepared and incubated with

equal volume diluted serum samples as in the ADCP assay. For ADNP, optimal dilution
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(1:50) was pre-determined by titration. Primary human leukocytes were isolated from
healthy donors using Ammonium-Chloride Potassium (ACK) lysis, then added to the
opsonized beads and incubated at 37°C for 1 hour. The cells were then stained with
fluorescent anti-human CD66b (Biolegend Cat. No. 305112, San Diego, CA) and fixed prior
to analysis on a BD LSRII cytometer with a high-throughput sampler. Phagocytic scores
are calculated as the % of bead CD66+ positive cells x GMFI/1,000. Two healthy leukocyte
donors were used to assay each sample in parallel. Quality checks were performed to
ensure that known positive samples were at least 2x higher than negative controls, and
that replicate values correlated. Following quality checks, values from replicates were
averaged.
Antibody-dependent complement deposition

Serum samples were heat inactivated at 56°C for 30 minutes and centrifuged to
remove aggregates. HA-coated 1 pm fluorescent neutravidin beads were prepared as in the
ADCP assay and incubated with diluted, heat inactivated serum samples for 20 minutes at
37°C. Lyophilized guinea pig complement (Cedarlane, Burlington, Canada) was
resuspended in ice cold water, then diluted 1:60 in veronal buffer with 0.1% gelatin added.
150ul diluted complement was added to the opsonized beads and incubated for 20 minutes
at 37°C. Beads were then washed with 15 mM EDTA and stained with anti-guinea pig C3
(MP Biomedicals Cat. No. 855385, Santa Ana, CA). Samples were washed and analyzed on
a BD LSRII cytometer with a high-throughput sampler. Complement scores are the % of
C3-positive beads x GMFI1/10,000. Area under the curve was calculated using GraphPad
Prism based on three dilutions: 1:15, 1:30, and 1:60. Each sample was assayed in two
independent replicates performed on different days. Quality checks were performed to

ensure that known positive samples were at least 2x higher than negative controls, and
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that replicate values correlated. Following quality checks, values from replicates were

averaged.

Antibody-dependent NK Cell Activation

Antibody-dependent NK cell activation and degranulation were measured as
previously described(795, 196). ELISA plates (ThermoFisher NUNC MaxiSorp) were coated
with H5 A/Vietnam/1203/2004, then blocked. Serum samples were then diluted 1:60
(dilution pre-determined by titration) and 100pul added to each well and incubated for 2
hours at 37°C. NK cells were isolated from buffy coats from healthy donors using the
RosetteSep NK cell enrichment kit (STEMCELL Technologies, Vancouver, Canada) and
rested in 1 ng/ml IL-15 at 37°C until needed. NK cells, with anti-CD107a PE-Cy5 (BD Cat.
No. 555802), brefeldin A (Sigma-Aldrich, St. Louis, MO), and GolgiStop (BD), were added
and incubated for 5 hours at 37°C. Cells were stained for surface markers using anti-CD56
PE-Cy7 (BD Cat. No. 557747), anti-CD16 APC-Cy7 (BD Cat. No. 557758), and anti-CD3
AF700 (BD Cat. No. 557943), then fixed and permeabilized using FIX & PERM® Cell
Permeabilization Kit (ThermoFisher). Cells were stained for intracellular markers using
anti-MIP1p PE (BD Cat. No. 550078) and anti-IFNy APC (BD Cat. No 554702). Fixed cells
were analyzed by flow cytometry on a BD LSRII equipped with a high-throughput sampler.
NK cells were defined as CD3- and CD16/56+. Two healthy NK cell donors were used to
assay each sample in parallel. Quality checks were performed to ensure that known
positive samples were at least 2x higher than negative controls, and that replicate values

correlated. Following quality checks, values from replicates were averaged.

Ig Subclassing/Isotyping and FcR binding
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Antigen-specific antibody subclass/isotypes and FcR binding were determined using
a high-throughput Luminex-based assay, which has been shown to correlate highly with
more laborious SPR techniques (797). Antigens included were: H1 HA A/New
Caledonia/20/99, H3 HA A/Brisbane/10/2007, H5 A/Vietnam/1203/2004, HA
B/Florida/4/2006, EBV recombinant gH(D1-111)/gL/gp42 (Ectodomain) (Strain B95-8), all
provided from Immune Technology Corp., and EBOV GPdTM from Mayflower Bioscience,
St. Louis, MO. Antigens were coupled to carboxylate-modified microspheres (Luminex
Corp., Austin, TX) by covalent NHS-ester linkages via EDC (ThermoFisher) and Sulfo-NHS
(ThermoFisher) per manufacturer’s instructions. These antigen-coated microspheres were
added to non-binding 384-well plates (Grenier Bio-One, Kremsmunster, Austria) at 1000
beads per well (45ul). Serum samples were diluted 1:100 for IgG1, total IgG and all FcRs,
and 1:10 for other antibody subclasses. 5ul of diluted serum samples were added and
incubated with microspheres on a shaker for 2 hours at room temperature or overnight at
4°C. Sample dilutions were determined by assaying a dilution curve and selecting a dilution
within the linear range of the assay. Microspheres were washed, and PE-conjugated anti-
IgG1 (Cat. No. 9052-09), -IgG2 (Cat. No. 9060-09), -IgG3 (Cat. No. 9210-09), -IgG4 (Cat. No.
9200-09), -IgG (Cat. No. 9040-09), -IgM (Cat. No. 9020-09), -IgA1 (Cat. No. 9130-09), or -
IgA2 (Cat. No. 9140-09) detection antibodies (all Southern Biotech, Birmingham, AL) or
biotinylated FcRs (Duke University Protein Production Core) conjugated to streptavidin-PE
(Prozyme, Hayward, CA) were added for 1 hour at room temperature. The microspheres
were washed and read on a Bio-Plex 3D system (Luminex Corp.) or iQue Plus screener
(Intellicyt, Albuquerque, NM). All samples were assayed in duplicate and values were

averaged. Data were screened to ensure adequate bead counts (>20) per antigen per
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sample, and values for sample/antigen pairs with inadequate counts were excluded from
further analyses.
Statistics & Computational Analyses

For principal components analysis (PCA), data were normalized using Box-Cox
transformation and z-scored. Missing values were imputed using k-nearest neighbor. PCA
was performed to resolve differences between vaccination groups using all measured
features as inputs using MATLAB (MathWorks, Natick, MA). To compare the difference
between two groups (None v MF59 or Alum v MF59) of non-normally distributed PC1

values, Mann-Whitney U tests were calculated with GraphPad Prism.

For univariate analyses comparing multiple groups, ANOVA followed by Tukey’s multiple
comparison test was used with a p value of 0.05 considered significant. For correlations,
Spearman’s rank correlation coefficient was used with a p value of 0.05 considered
significant.
Study Approval

Written informed consent was obtained before inclusion of subjects in the MF59
vaccine trial (139). The current work was approved by Massachusetts General Hospital

Institutional Review Board approval #2015P000646.

RESULTS

MF59 INDUCES A UNIQUE FUNCTIONAL HUMORAL RESPONSE

Emerging data suggest that adjuvants may not only induce higher antibody titers
and enhanced affinity maturation, but may also shape the Fc-profile of antibodies (798). To
initially define whether adjuvants also shape influenza specific humoral immune responses,

we applied a systems serology (199 approach to broadly and comprehensively profile the
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functional and Fc-biophysical profiles of antibodies generated by vaccinees receiving
pandemic influenza H5 immunization alone or adjuvanted with MF59 or alum. Using this
suite of functional and biophysical assays, over 50 data points were collected per subject,
encompassing the ability of antibodies to recruit NK cells, monocytes, neutrophils, and
complement. In addition, differences in the subclass and isotype selection, and Fc y receptor
binding were analyzed across H5-specific immune responses. To determine whether
induced profiles were any different at the peak response, 56 days following initial
vaccination/28 days after 2 dose, a principal components analysis was used to assess
adjuvant effects (Figure 2.1A). While the alum-adjuvanted and unadjuvanted vaccine
groups overlapped and were nearly indistinguishable, the majority of the MF59 group
clearly separated, exhibiting a unique antibody Fc-profile. To further quantify the
significance of the difference between MF59 and alum or unadjuvanted vaccines, scores
along the first principal component (PC1) were analyzed (Figure 2.1B). As demonstrated in
the PCA plot (Figure 2.1A), serum samples from individuals receiving MF59 exhibited a
unique and separate response when compared to either the alum-adjuvanted or
unadjuvanted groups. At baseline (day 0), the responses to H5 were indistinguishable from
the other groups (Figure 2.2). These data suggest that, unlike alum, MF59 induces a
significantly different functional humoral immune response compared to unadjuvanted

vaccination (Figure 2.1A).
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Figure 2.1 MF59 significantly alters the functional humoral profile following H5-vaccination. Antibodies against
H5 were compared for 90 vaccinees who received 151ug recombinant H5 unadjuvanted (none), with alum, or with

MF59. A principal components analysis (PCA) was used to identify differences in the functional responses of
vaccinees by adjuvant. A. All H5-specific systems serology measurements (antibody isotypes, FCGR binding,
and antibody-dependent functions) from post-vaccine day 56 samples were included in the PCA biplot, where
dots represent individual samples (blue=alum, green=MF59, grey=none). B. Scores along the first principal
component (PC1), which captures the greatest separation between samples, were plotted. Error bars show
minimum to maximum. Differences were assessed using a Mann-Whitney U test. ****p<0.0001. C. Loadings in
the PCA biplot are shown. Features are located in the loadings plot where they are enriched in samples in (A).
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Figure 2.2 Antibodies against H5 were compared for 90 vaccinees who received 15ug recombinant H5
unadjuvanted (none), with alum, or with MF59. A principal components analysis (PCA) was used to identify
differences in the functional responses of vaccinees by adjuvant. A. All H5-specific systems serology
measurements (antibody isotypes, FCGR binding, and antibody-dependent functions) from baseline day 0
samples were included in the PCA biplot, where dots represent individual samples (blue=alum, green=MF59,
grey=none). B. Scores along the first principal component (PC1), which captures the greatest separation
between samples, were plotted. Error bars show minimum to maximum. Differences were assessed using a
Mann-Whitney U test. ****p<0.0001. C. Loadings in the PCA biplot are shown. Features are located in the
loadings plot where they are enriched in samples in (A).
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To gain a deeper sense of the differences in the MF59 induced multivariate profile, a
loadings plot was generated showing the specific features that were differentially enriched
within each vaccine group profile (Figure 2.1C). Features cluster on the loadings plot in the
same region as the samples in which they are enriched. Along these lines, nearly all
features were enriched in the MF59-adjuvanted vaccine recipient profiles, except for the
antibody-dependent NK cell activation (ADNKA) features, that clustered in a separate
region of the graph. Consistent with previous studies (138, 139), H5-specific IgG titers were
enriched in the MF59 group. Antibody-mediated complement activity, the ability to drive
monocyte phagocytosis, and neutrophil phagocytosis were also enriched in MF59 profiles
when compared with the two other groups and contributed to the separation across the
vaccine samples. Moreover, limited shifts were observed with 1gG4, 1gG2, and IgM
responses that remained in the middle of the loadings plot (Figure 2.1C), whereas more
pronounced shifts were observed in total IgG, surpassed by Fc-receptor binding antibodies,
pointing to a combination of qualitative and quantitative, rather than strictly titer based,
changes in H5-specific immunity. Thus, beyond strictly quantitative differences, MF59
induced a qualitatively different antibody profile compared to vaccine administered with

alum or no adjuvant.

MF59 ENHANCES HIGHLY FUNCTIONAL ANTIBODY SUBCLASS LEVELS

While previous studies have demonstrated that MF59 can increase antibody titers, it
1s not clear whether alum and MF59 also drive differential isotype and subclass profiles.
While alum induced both IgG1 (Figure 2.8A) and IgG3 antibodies (Figure 2.3B), levels were
not different than those induced using the unadjuvanted vaccine. Conversely, MF59 drove
significantly higher levels of total antigen-specific IgG1 at days 28 and 56 (Figure 2.3A),

and higher IgG3 responses at day 56 (Figure 2.3B), consistent with previously reported
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data (138, 139). However, despite this significant increase in IgG1 and IgG3 antibodies,
these responses were largely lost by day 208, when all the titers returned to near baseline

levels irrespective of vaccine group.

Beyond IgG subclass level differences, all vaccine strategies slightly, but not
significantly raised IgM levels by day 56 (Figure 2.3C, Figure 2.4). The unadjuvanted
vaccine also tended to drive elevated levels of IgA1 and IgA2 H5-specific antibodies,
although the difference was not always significant. While alum did not differ globally from
the unadjuvanted vaccine profile, IgAl was induced in the non-adjuvanted group at day 28

and 56 but not in the alum-adjuvanted group (Figure 2.3C, Figure 2.4). In contrast, MF59
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Figure 2.3 MF59 selectively enhanced functional antibody subclass levels following H5 immunization. A. The
dot plot shows H5-specific IgG1 titers as measured by Luminex in all three vaccine groups over four timepoints.
Each dot represents the average of two replicates for one serum sample. Bar represents group mean. B. The dot
plot shows H5-specific IgG3 titers as measured by Luminex in all three vaccine groups over four timepoints.
Each dot represents the average of two replicates for one serum sample. Bar represents group mean. A-B.
Significance was determined by two-way ANOVA followed by Tukey’s multiple comparisons test. Significance is
noted only within timepoints. *p<0.05, **p<0.01, ****p<0.0001. C. Titers for other antibody isotypes and
subclasses across all three vaccine groups are shown in the heatmap over four time-points, depicted as values
normalized by dividing by row mean. Significance was determined on raw values by two-way ANOVA followed
by Tukey’s multiple comparisons test. *p<0.05, **p<0.01, *** p<0.001, ****p<0.0001.
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drove significantly higher levels of functionally potent IgG1 and 1gG3 responses (Figure
2.3A-B). MF59 did not drive significantly increased IgA in the serum when compared to
unadjuvanted or alum-adjuvanted vaccination. These data suggest that all vaccine groups
recruited IgM responses, however adjuvants shifted the unadjuvanted vaccine profile away
from IgA dominated responses. Yet, unlike alum, MF59 drove an enhanced functional IgG1
and IgG3 dominated response, further suggesting that, in addition to quantitative changes,
MF59 also induces a qualitative change in vaccine-induced immunity towards more
functional IgG subclasses. Despite the more potent functional subclass induction, MF59 did

not show evidence of enhanced durability of the vaccine response.
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Figure 2.4 MF59 alters specific antibody isotype levels following H5 immunization. A. The dot plot shows H5-
specific total IgG titers as measured by Luminex in all three vaccine groups over four timepoints. B. The dot
plot shows H5-specific IgG2 titers as measured by Luminex in all three vaccine groups over four timepoints. C.
The dot plot shows H5-specific IgG4 titers as measured by Luminex in all three vaccine groups over four
timepoints. D. The dot plot shows H5-specific IgM titers as measured by Luminex in all three vaccine groups

over four timepoints. E. The dot plot shows H5-specific IgA1 titers as measured by Luminex in all three vaccine
groups over four timepoints. F. The dot plot shows H5-specific IgA2 titers as measured by Luminex in all three
vaccine groups over four timepoints. A-F. Significance was determined by two-way ANOVA followed by Tukey’s
multiple comparisons test. *p<0.05, **p<0.01, ****p<(0.0001. Significance is noted only within timepoints.
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MF59 SELECTIVELY INDUCES ANTIBODY -DEPENDENT INNATE IMMUNE

FUNCTIONS

Given the emerging appreciation for a critical role for antibody effector function in
protection against influenza (39, 40), we next probed whether the observed changes in
antibody titer and isotype/subclass selection differences also tracked with changes in
antibody effector functions. Previous studies demonstrated that the rapid increase in MF59
induced titers by day 28 was associated with a delayed increase in HAI and
microneutralization at day 56 that declined to baseline levels by day 208 (Figure 2.5A, C).
To gain a deeper appreciation for the relationship between HAI and vaccine-induced titers,
HAI was normalized to titers at each time point (Figure 2.5B). Interestingly, HAI titer
ratios were consistent across all vaccine arms, with the exception of day 208, when HAI
activity was disproportionately lower than H5-titers in the MF59 group. This selective
reduction in HAI:titer ratio points to a selective loss of HAI-mediating antibodies among
MF59 vaccinees at this late timepoint (Figure 2.5B). In contrast, no differences between
groups were observed in the MN:titer ratios at all timepoints, highlighting the direct
relationship between neutralization and titers across all vaccine arms (Figure 2.5D). These
data point to a titer-based increase in HAI and MN across all vaccine arms, but the sharper

decline in HAI, unlinked from titer, in the MF59 immunized group at day 208.
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Figure 2.5 MF59 induces neutralization and
specific antibody-dependent innate immune
functions along with IgG1 titers. A. HAI activity
for serum samples in all three vaccine groups over
four timepoints (139). Each dot represents the
average of two replicates for one serum sample. For
all dot plots, bar shows group mean. The dotted
line indicates the limit of detection. B. HAI activity
divided by total IgG Luminex MFI as reported in
Figure 2 for all three vaccine groups during the
three post-vaccine timepoints. For all box plots,
error bars show minimum to maximum. C. MN
activity for serum samples (139). Each dot
represents the average of two replicates for one
serum sample. The dotted line indicates the limit of
detection. D. MN activity divided by total IgG
Luminex MFTI for all three vaccine groups. E.
Average ADNP activity for serum samples across
two healthy WBC donors. Each dot represents the
average of two replicates for one serum sample.
The dotted line indicates flu negative serum
background. F. ADNP activity divided by total IgG
Luminex MFT for all three vaccine groups. G.
ADCD by serum samples. Each dot represents the
average of two replicates for one serum sample.
The dotted line indicates the flu negative serum
background. Values are indicated as the average
area under the curve of three serum dilutions run
in two independent replicates H. ADCD activity
divided by total IgG Luminex MFI. A-H.
Significance was tested by two-way ANOVA
followed by Tukey’s multiple comparisons test.
Significance was only noted within timepoint.
#p<0.05, **p<0.01, ¥*¥*p<0.001, ****p<0.0001.



To probe if the same kinetics and titer-based relationships emerged for Fc-effector
functions, the ability of vaccine-induced antibodies to drive antibody-dependent neutrophil
phagocytosis (ADNP), antibody-dependent complement deposition (ADCD), antibody-
dependent cellular phagocytosis (ADCP), and antibody-dependent natural killer (NK)
activation (ADNKA) was assessed. A robust ADNP-inducing antibody response was
observed following MF59-adjuvanted immunization (Figure 2.5E) following similar kinetics
to those observed for both HAI and microneutralization in the MF59 arm (Figure 2.5A, C).
Conversely, these antibodies were significantly lower in the alum or unadjuvanted arms
(Figure 2.5E). ADNP peaked at week 56 in MF59 vaccinees and declined to baseline levels
by day 208, similar to changes observed in antibody titers. Moreover, normalization of
ADNP by titer demonstrated equivalent levels of ADNP per titer activity across all vaccine
arms, highlighting that ADNP activity increased in an equally titer-dependent manner over

time irrespective of adjuvant (Figure 2.5F).

Similarly to ADNP, MF59-adjuvanted vaccinees exhibited a significant increase in
ADCD responses when compared to unadjuvanted and alum-adjuvanted vaccines. This
increase occurred earlier than peak titers, with a significant increase in complement fixing
activity by day 28, but a more significant increase of complement fixing antibodies by day
56 following vaccination (Figure 2.5G). ADCD-inducing antibodies declined by day 208 but
remained slightly higher in the MF59 vaccinated group (Figure 2.5G). Normalization of
ADCD to titer demonstrated the strong and equal association between titer and function
across all vaccine groups, where ADCD:titer ratio did not change between groups over the
vaccine study, suggesting that ADCD simply increased in a titer dependent manner across

all vaccine strategies (Figure 2.5H), similarly to HAI and MN (Figure 2.5B,D).
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ADCP increased in a similar manner to ADCD but remained significantly elevated
in the MF59 group at day 208 (Figure 2.6A), despite the return to equal titers between
vaccine arms (Figure 2.3A). However, normalization of ADCP to titer highlighted a
disproportionate increase in titer compared to ADCP activity in the MF59 group, in such a
way that lower levels of ADCP were induced per titer-level in the MF59 group compared to
the unadjuvanted or alum adjuvanted groups at both days 28 and 56 (Figure 2.6B). These
data suggest that while HAI, MN, ADNP and ADCD were induced in a titer dependent
manner, MF59 induced antibodies possessed less ADCP per antibody generated when
compared to responses in other vaccine arms, pointing to a functional divergence between

the overall quantity and quality of adjuvanted vaccine-induced antibodies.

Finally, given the emerging appreciation for the importance of ADCC activity in
protection against influenza (179, we profiled differences in NK cell activating ability of
H5-specific antibodies following unadjuvanted, alum-adjuvanted or MF59-adjuvanted
vaccination at days 56 and 208 (Figure 2.6C-E). While H5N1-vaccine induced antibodies
were able to drive NK cell degranulation (upregulation of CD107a, a marker of NK cell
cytotoxicity(799) and NK cell chemokine secretion (macrophage inflammatory protein 1p -
MIP1p), these responses were not different across the 3 vaccine groups (Figure 2.6C,E)
despite observed titer differences (Figure 2.3A). MF59 was able to induce H5-specific
antibodies able to stimulate more NK cell interferon-y (IFNy) secretion (Figure 2.6D).
However, normalization of NK cell activating antibody levels to titer revealed
disproportionately lower NK:titer ratios among MF59 vaccinees, across all NK cell
functions (Figure 2.6F-H). These results suggest that despite the robust induction of
antibody titers, HAI, MN, ADCD, and ADNP, MF59 induced antibodies possessed lower NK

cell activating activity on a per antibody level compared to those induced by the vaccine

52



@ None @ Alum e MF59
A 100 —_— B ™ 0.1 =
o) . = . = **
5 —— 'ﬂ —— o H
8 8o [ e 0 = =)
Q s S 8 o z 001y
3 601e 8 ° °g 3 ﬁ é
S =
& 401 ‘ ) ' ’ b4 S 0001
o , ) o
Q ,le 8 o %)
S B IO OOV OO ROORORTS -
z < 0.0001
0 28 56 208 28 56 208,
Days post vaccination Days post vaccination
Co Do E s0 -
604 8 8 8 e i
(<] 304
5 os°| T 6 °¢§
5 501 8 T ! <}
a o! £ 209 g 288
Q 40- ° = '
R !i 2 o 998
0 G &8 104 g 8 8 e
& ® [}
20 0
56 208 56 208
F G H
—_ 1 0.1 o 0.1 o
L — = —
= — m o s -
(0] 0.1 (] = U,(HI
k=) ! o (% 0.014
:m 001} g 0.001y % + E *
5 + L £ 0.0014
5 0001y Z 00001y a
= =
é“g = 0.00001 39‘ 0.0001
0.0001 56 208 ' 56 208 ' 56 208

Figure 2.6 MF59 induces higher titers, but not antibody-dependent monocyte or NK cell functions. A. ADCP
activity for serum samples in all three vaccine groups over four timepoints (139). Each dot represents the
average of two replicates for one serum sample. For all dot plots, bar shows group mean. The dotted line
indicates the flu negative serum background. Values are indicated as the area under the curve of three serum
dilutions run in two independent replicates. B. ADCP activity divided by total IgG Luminex MFI. C-E. ADNKA
activity by average percent of NK cells expressing each of three markers, CD107a (C), IFN-y (D), and MIP-18
(E), for two healthy NK cell donors. The dotted line indicates flu negative serum background. F-H. ADNKA
activity for three markers divided by total IgG Luminex MFI for all three vaccine groups. A-H. Significance was
tested by two-way ANOVA followed by Tukey’s multiple comparisons test. Significance was only noted within
timepoint. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

alone or delivered with alum. Thus, MF59-adjuvanted vaccination may result in weaker
induction of NK cell-activating humoral immune responses, on a per-antibody level. Taken
together, these data point to a potent effect of MF59 in driving H5-specific functional
antibodies, but with a reduced capacity to fully harness NK cell and monocyte functional

responses.
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MF59 INDUCES ANTIBODIES WITH DIFFERENTIAL LOW AFFINITY FCy-

RECEPTOR BINDING PROFILES

To gain further insights into the specific mechanics that could contribute to
differential functional responses, we next aimed to explore changes in vaccine induced
antibody interactions with Fc-receptors involved in directing innate immune effector
function. Specifically, beyond changes in vaccine induced titers, the ability of H5-specific
antibodies to interact with the two low affinity Fcy-receptors involved in inducing
phagocytosis (FCGR2A) and NK cell cytotoxicity (FCGR3A) were interrogated. In
agreement with the functional data, all vaccine groups experienced an increase in FCGR2A
binding (Figure 2.7A) at day 28 and day 56, however subjects receiving MF59 experienced a
significantly higher increase in FCGR2A binding. Moreover, while all FCGR2A binding
antibodies declined at day 208, the levels in MF59 vaccinees remained elevated, consistent
with enhanced ADCP activity (Figure 2.5E) over time and unlinked from changes in overall
H5-specific antibody titers (Figure 2.3A). Conversely, despite the increase in IgG1 and IgG3
titers, only a slight insignificant increase in FCGR3A binding antibodies at day 28 was
observed in MF59-adjuvanted vaccine recipients compared to other groups. However,
FCGR3A binding antibody levels declined rapidly across all groups over time (Figure 2.7B).
Moreover, analysis of vaccine induced binding profiles across both high and low affinity
variants of FCGR2A and FCGR3A showed consistent profiles, with a clear augmentation of
FCGR2A binding across both allotypes, with a preferential significant increase among
MF59 vaccinees (Figure 2.7C, Figure 2.8). Similarly, no evidence of increase in FCGR3A
binding was observed across both FCGR3A variants (65, 67) highlighting the consistent

lack of FCGRS3A binding in all H5N1 vaccinees (Figure 2.7C, Figure 2.8). Given that both
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NK cells and monocytes express FCGR3A (67), unlike neutrophils, these data are consistent

with a lack of a NK cell activating and monocyte phagocytic activity.
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Figure 2.7 MF59 increases enhanced FcyRIIa, but not FeyRIITa, H5-specific binding antibodies. A. The dot plot
shows H5-specific antibody binding to FCGR2A(R) as measured by Luminex in all three vaccine groups over
four timepoints. Each dot represents the average of two replicates for one serum sample. Bar shows group
mean. B. The dot plot shows H5-specific antibody binding to FCGR3A(V) as measured by Luminex bead array in
all three vaccine groups over four timepoints. Each dot represents the average of two replicates for one serum
sample. Bar shows group mean. A-B. Significance was determined by two-way ANOVA followed by Tukey’s
multiple comparisons test. Significance is noted only within timepoints. *p<0.05, **p<0.01, ****p<0.0001. C.
FCR binding for both allotypes of FCGR2A and FCGR3A for other antibody isotypes in all three vaccine groups
over four timepoints are shown in a heatmap as values normalized by dividing by the row mean. Significance
was determined on raw values by two-way ANOVA followed by Tukey’s multiple comparisons test. *p<0.05,
**p<0.01, *** p<0.001, ****p<0.0001.
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Figure 2.8 MF59 increases enhanced FeyRIIa, but not FeyRIIIa, H5-specific binding antibodies across FcyR
polymorphisms. A. The dot plot shows H5-specific antibody binding to FCGR2A(H) as measured by Luminex in
all three vaccine groups over four timepoints. B. The dot plot shows H5-specific antibody binding to FCGR3A(F)
as measured by Luminex bead array in all three vaccine groups over four timepoints. A-B. Significance was
determined by two-way ANOVA followed by Tukey’s multiple comparisons test. *p<0.05, **p<0.01,
****p<0.0001. Significance is noted only within timepoints.
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MF59 OVERCOMES NATURAL PRE-EXISTING HA SPECIFIC ANTIBODIES

Previous data suggest that pre-existing influenza immunity shapes the induction of
the humoral immune response, even to distant HAs (26), so we finally sought to determine
whether the functional profiles of vaccine induced antibodies were differentially influenced
by natural pre-existing humoral immune responses. We hypothesized that individuals with
generally higher levels of phagocytic antibodies in response to seasonal influenza may
leverage these responses more effectively following H5N1 avian influenza vaccination. H1
responses were used a proxy for seasonal influenza responses. Vaccinees within each group
were thus split into tertiles based on their pre-existing H1-specifc functional responses at
baseline (Figure 2.9A, D, G). H5-specific responses were then compared across each group
at peak immunogenicity (day 56). MF59 increased the H5-specific ADCP response at the
peak time point in all three groups, suggesting that pre-existing H1 specific ADCP function
did not influence the induction of H5-specific ADCP (Figure 2.9B). No significant
differences were observed in H5-specific function between low, medium, and high baseline
responders within the three different vaccine groups (Figure 2.9B). This points to a limited
impact of previous influenza exposure in influencing antibody effector function to a novel
influenza hemagglutinin. Importantly, this upregulation of phagocytic function, specifically
in the MF59 group, was not associated with a concomitant increase in H1-specific
functional activity (Figure 2.9C), further demonstrating the specific recruitment of H5-
specific immune responses, rather than the co-recruitment of pre-existing H1-specific

Immune responses.

56



>
o
@]

(6]
g 200 © 100 - = 150
2 1751 3 e el - °
.;\ (8]
150 0 804 @0 %]
§‘125 § s o ol o100f e
T 1 o) o o = ©
o ' 2 60| o & ) E § 'g 8 ° ° °
3 10 soel £ %g°% 8 5 (88 so i
< 75 3 o [2g° 8f8 §o°| £ 501209 .88 883
2 8 O 40 ° o S
8 sl . gpg oe°| 2 B8 870Gy o |af5 88§ 33
[=) o] (5]
T 2518 § , . T 20 0
Low  Mid  High Low Mid High Low Mid High
D H1 Baseline ADCP Level E H1 Baseline ADCP Level F H1 Baseline ADCP Level
(]
g 120 — 600
3 600 o — o
g ° g 100 H 3
g 3 80 e S 400 °
S 400 g o ° £ o
g g g 60f o g o °
(o] Qo
£ 200 o8 £ 40 o © £ 200 o o
2 .'g T 20§'c ig o.g T o ced
@ P
= o8 o288 88 §po ologa aad 838l
T 0w Md Hign Low  Mid  High Low Mid High
G H1 Baseline ADNP Level H1 Baseline ADNP Level H1 Baseline ADNP Level
& 200000 . 80 ————— 200000
e 8 _— | _
O ol S | Em o el °
E 150000 O60{ o 8 2150000
Ii : 8 - ° B (o] 3 '9 [} (&)
[T —_ 5] - Q
3 100000 °f  Z4of °_ 8.8 " °8| Z100000 °
o) e o ' © =
= o] Q (¢] ° — (5} 0] o ! —_
S 50000 8o 220{e®g _~o 8_ | < 50000 o 3®
8 3’6 <7e o ©°° [T 8 oo %o8
o T e o0 g Q 2@ ® o
T 0lecs 888 0 ﬂ-‘—o—’—g-'— 0 M‘gi— _
Low Mid High Low Mid High Low Mid High
H1 Baseline ADCD Level H1 Baseline ADCD Level H1 Baseline ADCD Level

Figure 2.9 MF59 induced antibody functionality is not influenced by pre-vaccination H1 specific immunity. A.
Samples were grouped into low, mid, or high based on their baseline (day 0) H1-specific ADCP. The dot plot
indicates grouping strategy of baseline H1-specific ADCP among each vaccine group. B. H5-specific ADCP at
peak immunogenicity (day 56) for H1 baseline ADCP groups. C. H1-specific ADCP at peak immunogenicity for
each baseline reactivity group by vaccine adjuvant. D. Samples were grouped into low, mid, or high based on
their baseline (day 0) H1-specific ADNP. The dot plot indicates the grouping strategy of baseline H1-specific
ADNP among each vaccine group. E. H5-specific ADNP at peak immunogenicity (day 56) for H1 baseline
ADNP groups. F. H1-specific ADNP at peak immunogenicity for each baseline reactivity group by vaccine
adjuvant. G. Samples were grouped into low, mid, or high based on their baseline (day 0) H1-specific ADCD. Dot
plot indicates grouping strategy of baseline H1-specific ADCD among each vaccine group. H. H5-specific ADCD
at peak immunogenicity (day 56) for H1 baseline ADCD groups. I. H1-specific ADCD at peak immunogenicity
for each baseline reactivity group by vaccine adjuvant. A-I. For all dot plots, each dot represents the average of
two replicates for one serum sample, and bar shows group mean. significance was tested by two-way ANOVA
followed by Tukey’s multiple comparisons test and is noted only within timepoint. * p<0.05, **p<0.01,
#i%p<0.001, ****p<0.0001.

Using a similar grouping strategy, no difference was observed in H5-specific

neutrophil phagocytic activity (Figure 2.9E) or complement activity (Figure 2.9H) across
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the H1 tertiles between the 3 vaccine groups, highlighting the lack of an impact of pre-
existing potentially-cross reactive H1-specific immunity. In contrast, a trend towards
higher ADNP and ADCD recruiting cross-reactive H1-specific responses were detected in
subjects with the highest levels of pre-existing H1-specific immunity (Figure 2.9F, I). Taken
together, these data suggest that pre-existing cross-reactive immunity does not influence

the induction of functional antibodies to diverging HAs (H5N1) induced by MF59.

DISCUSSION

Over 100 years since the Spanish flu pandemic of 1918, strategies to prepare for an
emerging pandemic influenza strain, such as the avian influenza H5N1, are still
inadequate. Several strategies have been proposed including: 1) the acceleration of vaccine
production pipelines (200), 2) the development of novel antigens able to drive immunity to
sites of vulnerability like the HA stem (201), 3) the identification of immune correlates to
induce targeted vaccine immune functions (209, 4) the generation of antigen-sparing
vaccine approaches able to ensure sufficient material to cover the global population (200),
as well as 5) the development of strategies to enhance the protective activity of vaccine-
induced humoral immunity. Specifically, adjuvant technologies have been proposed to
address the latter three efforts. Alum is both the most widely used adjuvant and the
standard comparator for novel adjuvant formulations, but did not satisfy these goals for
avian influenza vaccination, consistent with previous studies (203, 204). MF59, in contrast,
exhibits both antigen-sparing and immune boosting functions, and has shown promise in
seasonal and avian influenza vaccines by significantly increasing antibody response titers
following vaccination (138, 140, 184, 205). However, despite these increases in titer, MF59-
adjuvanted vaccination still provided only partial protection from seasonal infection in

large studies (188, 189). Specifically, while MF59 conferred much higher protection among
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the youngest age group (6-23 months) compared to un-adjuvanted vaccination, this level of
protection was not observed across the whole study population (788). Thus, the level of
protection did not reach the level expected to be conferred by enhanced antibody titers,
pointing to a critical disconnect between the quality and quantity of influenza-specific
humoral immunity. This is reflected in the data presented here, wherein MF59 significantly
augmented H5-specific antibody titer but did not equally enrich for all antibody-dependent
innate immune cell functions in a titer-dependent manner, with notable gaps in monocyte

phagocytic and NK cell functions.

Given our emerging appreciation for the importance of adjuvants in shaping
antibody function (206), here we aimed to deeply profile and compare the functional quality
of the antibody response driven by distinct adjuvants. We found that while alum slightly
enhanced the Th1 character of the humoral immune response, marginally moving the
isotype profile away from IgA1l and IgA2 (Figure 2.3C, Figure 2.4E-F), MF59 drove
significant IgG1 and IgG3 responses able to drive highly neutrophil phagocytic- and
complement-inducing responses. Both IgG and IgA antibodies are critical for the control of
influenza infection, with mucosal and serum IgA complementing IgG in serum and the lung
for both the prevention and clearance of infection (778). IgA alone has been shown to be
sufficient to prevent influenza transmission (720), a proxy for decreasing infection severity.
The dampening of the IgA response by alum, which could decrease the effectiveness of the
vaccine at generating a protective humoral immune response, may explain its’ substandard
performance as an adjuvant in influenza vaccination in this and previous vaccine trials
(139, 203). Additionally, as MF59 did not enhance the IgA levels as compared to

unadjuvanted vaccination (Figure 2.3C, Figure 2.4E-F), this may also be an area of concern
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for future influenza vaccination regimens using MF59 to boost immunity, if this critical

protective isotype is not induced at sufficient levels.

Beyond neutralization and HAI, many antibody functions have been implicated in
protection from and clearance following influenza infection. Complement activation has
been implicated in protection from influenza pathogenesis in mouse models (54, 96), and
was transiently boosted with MF59 (Figure 2.5G). Additionally, neutrophils also play a role
in the phagocytic clearance of influenza-infected lung cells (89. Similarly, macrophage
activity in the lung has been linked to protection from lethal influenza infection in mice
(568), and human serum is known to have ADCP activity against circulating influenza
strains that can clear both virus and infected cells (66). MF59-induced increases in ADCP
did not occur in a titer-dependent manner, although significantly increased ADCP activity
persisted to day 208 (Figure 2.6A). Importantly, while IgG-mediated neutrophil-mediated
phagocytosis occurs in a largely FCGR2A-dependent manner (67), monocytes are able to
phagocytose in both an FCGR2A- and FCGR3A-dependent manner (67). Thus, compromised
monocyte, but not neutrophil phagocytic function, is likely related to the inability of MF59-
induced antibodies to bind to FCGR3A (Figure 2.7B). These data point to enhanced
clearance of ADNP antibodies, that may solely function through FCGR2A, but the potential
slower clearance of antibodies potentially harboring distinct Fe-glycan profiles able to drive
ADCP through non-canonical Fe-receptors, such as lectin-like receptors, known to drive
monocyte mediated activity (207). Defining the unique antibody subpopulations as well as
their functional durability may provide important insights for next generation long-lived
vaccine design. However, despite the significantly increased titers and function of

influenza-specific antibodies, MF59 showed poorly enhanced protection in clinical trials

60



(188, 189), raising the possibility that these functions alone may not be sufficient for

generalized protection from influenza.

Antibody-driven NK cell function has been implicated in protection against multiple
infections, including HIV (208, 209, malaria (210, 211), and Ebola (212). Likewise, while
the protective role of NK cells in influenza is not fully understood, emerging data point to a
critical role for NK cells in the protection against severe disease and the clearance of
influenza infection (40, 79, 213). The importance of NK cells has emerged in relationship to
the disconnect between broadly protective antibodies that show limited HAI activity (39).
Specifically, antibodies that bind to the stalk region of influenza HA and are protective in
animal models require FCGR interactions to provide their protective effect, regardless of in
vitro neutralization capability (38. Further, only stalk-specific and broadly-reactive head-
specific monoclonal antibodies, not head-targeting strain-specific mAbs, were shown to
mediate ADCC (38). Recent studies in this field suggest that stalk-specific, but not head-
specific, antibodies can mediate ADCC by NK cells owing to a requirement for contact both
between the antibody Fc and the receptor binding site of HA with sialic acids on the NK cell
(85, 214). Strain-specific head-targeting antibodies typically block the receptor binding site
interactions with sialic acid needed to efficiently induce ADCC (214). Owing to this
involvement of NK cells in HA stalk-specific antibody-mediated protection, it has been
speculated that NK cell activation may represent a vital Fc-effector function in broadly
reactive humoral immunity against influenza. However, MF59 was unable to efficiently
promote the development of NK-cell activating, FCGR3A-binding antibodies (Figure 2.6C-

E).

Monocytes and NK cells may mediate protection through multiple mechanisms.

Following the recognition of antibody-opsonized cells or virus, monocytes and/or NK cells
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may contribute to direct lysis and destruction, clearance of influenza-infected cells, or to the
indirect arming of antiviral immunity via the release of IFN-y required to potentiate T cell
immunity and efficient antigen-uptake and activation of pulmonary dendritic cells (215).
Recent data and opinion in the field has suggested a particular role for ADCC- or FCGR3A-
binding antibodies (772, with studies in mice finding protection by ADCC-inducing
antibodies and correlations in human studies between ADCC titers (38, 216) and reductions
in disease burden (78. FCGR3A is the primary Fc-receptor expressed on NK cells,
responsible for NK cell activation (68, 69), but is also expressed on mature macrophages
(67) . Affinity for binding to this receptor is influenced by the selection of antibody subclass
and Fc glycosylation (67). Surprisingly, while MF59 induced higher levels of IgG1 and IgG3,
known to bind to FCGR3A, MF59 did not induce antibodies able to enhance binding to
FCGR3A (Figure 2.7B) or drive enhanced NK cell activation (Figure 2.6C-E). The consistent
deficit in FCGR3A and NK cell or incomplete monocyte responsiveness suggests that the
induced IgG3, that typically exhibit enhanced affinity for FCGR3A, may be functionally
distinct from typical IgG3 responses, thought classically to drive enhanced ADCC activity.
However, like IgG1 antibodies, IgG3 also possess an Fe-glycan, that may also change
following vaccination and infection, potentially resulting in differential affinity for Fc-
receptors. Thus, future studies focused selectively on IgG3 glycosylation differences across
adjuvant-platforms may point to opportunities to shape overall and subclass specific

antibody functionality.

Pre-existing antibodies from previous influenza exposure or vaccination have been
an issue in the development of influenza vaccination both seasonal and pandemic, while
cross-reactive antibodies to conserved epitopes like the HA stem have been considered a

possible benefit (26, 100). While pre-existing antibodies have been shown to influence the
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magnitude, epitope targeting, and neutralizing capacity of vaccine induced immunity, it
was uncertain whether pre-existing immunity could also influence antibody effector
function. Here, we observed limited evidence of an influence of pre-existing H1 responses on
H5-induced antibody functionality (Figure 2.9), which was induced equivalently with MF59
across groups. While the influence of stem-specific pre-existing responses, that are likely to
interact more readily with H5, were not investigated here, these responses could potentially
be leveraged to drive enhanced immunity to this diverging strain. Thus, future studies
focused on the interrogation of epitope-specific functional responses may uncover additional

roles for pre-existing antibodies on shaping vaccine induced immunity.

The robust induction of antibody titers and neutralization using MF59 have resulted
in only a modest increase in protection against seasonal and pandemic influenza in
vulnerable populations(788, 189), although the effectiveness of the adjuvant has yet to be
studied against human avian infections. This disconnect may be related to the ability of
MF59 to significantly augment neutralization and antibody function that appears to harbor
a functional “hole” in NK cell and monocyte activation. Given our emerging appreciation for
opportunities to combine adjuvants, due to their complementary immune stimulating
capabilities (206, 217, 218), defining the landscape of qualitative modifications induced by
individual and combined adjuvants, may offer a unique opportunity to fully control both the
quantity and quality of the humoral immune response. Thus with our growing appreciation
for the importance of particular Fc-effector functions across infections (40, 208-212), next
generation rational vaccine design efforts may benefit from a comprehensive understanding
of the functional impact and opportunities to conditionally elicit vaccine-induced antibody
effector function to maximize on both the potency of the antigen binding and constant

domain-driven function of vaccine induced antibodies.
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Chapter 3: IMPACT OF MATERNAL INFLUENZA
VACCINATION ON ANTIBODY PLACENTAL TRANSFER
AND PROTECTION OF INFANTS IN A PLACEBO-

CONTROLLED TRIAL

Based on a manuscript in press-

Boudreau, C.M., Burke, J.S. IV, Shuey, K.D., Wolf, C., Katz, J., Tielsch, J., Khatry,
S., LeClerq, S.C., Englund, J.A., Chu, H.Y., & Alter G. Dissecting Fc signatures of
protection in neonates following maternal influenza vaccination in a placebo-
controlled trial.

Author contributions: CMB, JAE, HYC, and GA designed the research study and
wrote the manuscript. JK, JT, SK, and SCL designed and led the original clinical

sample from which samples were drawn. KDS and CW provided study samples.
CMB and JSB conducted experiments, acquired data, and analyzed data.

Influenza is an important cause of illness and morbidity for infants. Seasonal
influenza vaccination during pregnancy protects both mothers and infants; however, the
precise influence of maternal vaccination and how vaccine-elicited antibodies provide
protection in some but not all infants is incompletely understood. We comprehensively
profiled the transfer of functional antibodies and defined humoral factors contributing to
immunity against influenza in a clinical trial of maternal influenza vaccination. Influenza-
specific antibody subclass levels, Fc y receptor (FCyR) binding levels, and antibody-
dependent innate immune functions were all profiled in the mothers during pregnancy and
at birth, and in cord blood. Vaccination increased influenza-specific antibody levels,
antibody binding to FCyR, and specific antibody-dependent innate immune functions in

both maternal and cord blood, with FCyR binding most enhanced via vaccination.
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Influenza-specific FCyR binding levels were lower in cord blood of infants who subsequently
developed influenza infection. Collectively these data suggest that in addition to increased
antibody amounts, the selective transfer of FCyR-binding antibodies contributes to the

protective immune response in infants against influenza.

INTRODUCTION

Influenza is a major cause of respiratory disease and hospitalization in children
under 5 years of age globally (219-221). Moreover, infants and young children without
underlying medical conditions are hospitalized for influenza-associated-illness at higher
rates than adults with high-risk conditions, including the elderly (222, 225). These data
have revealed the critical need for global vaccine campaigns to protect high risk groups,
including young children, elderly, and pregnant people, leading to the recommendation of
year-round influenza vaccination during pregnancy to protect both the mother and child

(224).

While pregnancy is not associated with an increased risk of influenza virus infection,
pregnancy is associated with an increased risk of hospitalization and adverse outcomes
following an influenza infection, particularly during the third trimester (225, 226).
Specifically, influenza infection during pregnancy is associated with an increased risk of
low infant birthweight, preterm birth, neonatal and maternal ICU admission, and even
infant death (227). Influenza vaccination during pregnancy decreases rates of respiratory
illness in both the mother and the infant (228-233), with efficacy rates among mothers
estimated at 31-70% and efficacy rates in infants estimated at 30-63% across multiple
randomized, controlled trials (2534, clearly highlighting the public health impact of

influenza vaccination during pregnancy.
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Influenza vaccination during pregnancy has been linked to elevated vaccine-specific
antibody concentrations in the cord blood that persist in the neonate for at least 2 months
post-partum (230, 235, 236). However, the mechanism(s) through which these transferred
antibodies afford protection against influenza remains incompletely understood. The
current standard for evaluating influenza vaccination immunogenicity is the
hemagglutination inhibition (HAI) assay (18), which is a proxy measurement for viral
neutralization. While neutralizing antibodies that opsonize the virus and prevent infection
are undoubtedly important for protection, increasing evidence points to additional antibody-
induced functions in protection from influenza infection (629). Extra-neutralizing antibody
functions mediate protection against influenza in animal models (38-40, 563-59 and have
been observed following infection and vaccination in humans (40, 83, 237, 238). Specifically,
the ability of influenza-specific antibodies to drive Fc y receptor (FCyR) dependent
functions, namely antibody-dependent cellular phagocytosis (ADCP) (56, 60), neutrophil
production of reactive oxygen species (56), antibody-dependent cellular cytotoxicity (ADCC)
(67), and antibody-dependent complement deposition (ADCD) (54, 55, 60, 61), have been
linked to protection from influenza infection and disease. Whether influenza vaccination
during pregnancy can induce functional antibodies, and whether these antibodies are

transferred to the fetus and provide protection in infants, remains unknown.

During pregnancy, antibodies are actively transported across the placenta to the
fetus, where they enter fetal circulation and provide protection during the first months of
life (227, 230, 235). The neonatal Fc receptor (FcRn) preferentially transfers IgG1
antibodies across the placenta (239-24.39). Recent studies have further indicated that the
placenta may selectively transfer subsets of IgG1 antibodies with enhanced NK cell

function to provide protection to infants in early life (244). Thus, we aimed to define the
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influence of influenza vaccination on tuning influenza-specific immunity during pregnancy,
to define how vaccination impacts antibody transfer to neonates, and ultimately to probe
the specific patterns of antibodies that track with protection in early life. Using systems
serology (193, we profiled the influenza-specific immune response among a cohort of
pregnant women in rural Nepal (Figure 3.1), where women were enrolled in a randomized
clinical trial of influenza vaccination, and were administered vaccine or placebo between 17
and 34 weeks of gestation (225, 245). Influenza-specific antibody profiles were then
comprehensively assessed in the maternal and cord blood among infants with and without

influenza infection from birth to six months (225).

A C
110 mother-child pairs 110 mother-child pairs
| | I I
61 placebo 49 vaccinated 77 control 33 case

14 pairs with 3 longitudinal samples 9 pairs with 3 longitudinal samples 16 pairs with 3 longitudinal samples 7 pairs with 3 longitudinal samples
21 pairs with 2 longitudinal samples 5 pairs with 2 longitudinal samples 12 pairs with 2 longitudinal samples 14 pairs with 2 longitudinal samples

13 pre-vaccination & time of birth 1 pre-vaccination & time of birth 7 pre-vaccination & time of birth 7 pre-vaccination & time of birth

5 pre-vaccination & cord 3 pre-vaccination & cord 4 pre-vaccination & cord 4 pre-vaccination & cord

3 time of birth & cord 1 time of birth & cord 1 time of birth & cord 3 time of birth & cord
26 pairs with 1 sample 35 pairs with 1 sample 49 pairs with 1 sample 12 pairs with 1 sample

7 pre-vaccination 11 pre-vaccination 15 pre-vaccination 3 pre-vaccination

11 time of birth 8 time of birth 16 time of birth 3 time of birth

8 cord 16 cord 18 cord 6 cord
B D

Total sample counts Total sample counts
l l [ [
Placebo Vaccinated Control Case

39 (11) Pre-vaccination 24 (9) Pre-vaccination 42 (14) Pre-vaccination 21 (6) Pre-vaccination

41 (11) Time of birth 19 (8) Time of birth 40 (14) Time of birth 20 (5) Time of birth

30 (12) Cord 29 (14) Cord 39 (19) Cord 20 (7) Cord

Figure 3.1 Schematic of samples included in this study. Schematic (A) shows dyads with number of longitudinal
samples across placebo and vaccinated groups. Schematic (B) shows number of samples at each timepoint in
each group. Numbers in red indicate samples for which HAI data is available. Schematic (C) shows dyads with
number of longitudinal samples across control (uninfected infants) and case (infants who became infected).
Schematic (D) shows number of samples at each timepoint in each group. Numbers in red indicate samples for
which HAI data is available.

67



METHODS

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Galit Alter (galter@mgh.harvard.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Data reported in this paper will be shared by the lead contact upon request.

Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Serum samples from a community-based, placebo-controlled trial of influenza

vaccination in the rural Sarlahi district of Nepal in 2011-2014 (228 drawn from pregnant
study participants prior to vaccination, at the time of birth, and from the umbilical cord,
were obtained for systems serology analysis. Informed consent was obtained from all
subjects. Saline placebo was used for those assigned to the placebo group and vaccinees
received the Vaxigrip vaccine (Sanofi Pasteur Ltd.) (222). More details about the
demographic data of these subjects can be found in months post-partum for fever or . The
primary outcomes of the original trial were maternal influenza-like-illness, laboratory-
confirmed influenza in infants, and low birthweight (222, 225, 228). Multiple secondary
outcomes, including preterm birth, maternal laboratory-confirmed influenza, and effect of

timing of vaccination, have already been investigated (222, 225, 228). Subjects were actively
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followed weekly for 6 months post-partum for fever or respiratory symptoms to track
influenza infection. We selected a convenience subset of mother-infant pairs with and
without evidence of infant influenza infection from the vaccine and the placebo arms of the
trial and performed a 1:2 match of cases:controls for each time point by vaccine status,
month, and year of birth, as well as infant sex and preterm birth. Cases were defined as
mother-infant pairs with infant laboratory-confirmed influenza infection and controls were
defined as mother-infant pairs without infant influenza infection. Serum sample sets from a
total of 114 mother-child pairs were included in the analysis presented here (Figure 3.1).
Within this study cohort, 23 infants were infected with H3N2, 2 infants were infected with
H1N1, and 6 infants were infected with influenza B. In two dyad pairs with infant
influenza infection and one pair without infant influenza infection, maternal influenza
infection was also documented during the study period. A smaller subset of these samples
had HAI data available from a previous study (228 (Figure 3.1). HAI assays were used to
test for antibodies to influenza antigens contained in the vaccines by a CLIA certified
laboratory at Cincinnati Children’s Hospital. Laboratory staff were blinded to the vaccine
assignments and timing of vaccine. The parent trial is registered at clinicaltrials.gov
(NCT01034254). This study was approved by the Massachusetts General Hospital

Institutional Review Board.
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Table 3.1 Table describing demographic data for study participants.

Demographic Data Available
Missing Demographic Data

Male infants
Preterm infants

[Vaccine Strains

IA/CA/07/2009, A/Perth/16/2009,
B/Brisbane/60/2008

A/CA/07/2009, A/Victoria/361/2011,
B/Wisconsin/1/2010

[Vaccination Season
Dec-Feb

Mar-May

Jun-Aug

Sep-Nov

Birth Season
Dec-Feb

Mar-May

Jun-Aug

Sep-Nov

1st Trimester
2nd Trimester

3rd Trimester

| Approx. Gestational Age at Vaccination

Placebo
60
1

16.7% (10)
28.3% (17)

23.3% (14)

76.7% (46)

55% (33)
21.7% (13)
1.7% (1)
21.7% (13)

18.3% (11)
48.3% (29)
31.7% (19)
1.7% (1)

3.3% (2)
76.7% (46)
20% (12)

Vaccine
49
0

26.5% (13)
20.4% (10)

30.6% (15)

69.4% (34)

30.6% (15)
34.7% (17)
4.1% (2)

30.6% (15)

40.8% (20)
14.3% (7)
32.7% (16)
12.2% (6)

6.1% (3)
61.2% (30)
32.7% (16)

Control
77
0

23.4% (18)
23.4% (18)

28.6% (22)

71.4% (55)

41.6% (32)
27.3% (21)
4.9% (3)

27.3% (21)

32.5% (25)
29.9% (23)
32.5% (25)
5.2% (4)

5.2% (4)
66.2% (51)
28.6% (22)

Case
32

15.6% (5)
28.1% (9)

21.9% (7)

78.1% (25)

50% (16)
28.1% (9)
0% (0)

21.9% (7)

18.8% (6)
40.6% (13)
31.3% (10)
9.4% (3)

3.1% (1)
78.1% (25)
18.8% (6)

Cell lines

THP-1 cells (cell line isolated from a 1-year-old male) were grown in R10 medium

(RPMI plus 10% fetal bovine serum, L-glutamine, and penicillin/streptomycin)

supplemented with 0.01% B-mercaptoethanol at 37°C, seeded at 200,000 cells/ml and split

prior to reaching 1,000,000 cells/ml.

METHOD DETAILS

Ig Subclassing/Isotyping and FcR binding

Antigen-specific antibody subclass/isotypes and FcR binding were determined using

a high-throughput Luminex-based assay (197). Antigens included were: H1
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A/California/07/2009, H3 A/Perth/16/2009, HA B/Brisbane/60/2008, H3 A/Victoria/361/2011,
HA B/Wisconsin/01/2010, H3 A/Singapore/INFIMH-16-0019/2016, HA B/Colorado/06/2017,
H1 A/New Caledonia/1999, H3 A/Wisconsin/67/X-161/2005, HA B/Malaysia/2506/2004, all
provided from Immune Technology Corp., and EBOV GPdTM from Mayflower Bioscience,
St. Louis, MO. Bolded strains indicate vaccine strains during the trial. Antigens were
coupled to carboxylate-modified microspheres (Luminex Corp., Austin, TX) by covalent
NHS-ester linkages via EDC (ThermoFisher) and Sulfo-NHS (ThermoFisher) per
manufacturer’s instructions. These antigen-coated microspheres were added to non-binding
384-well plates (Grenier Bio-One, Kremsmunster, Austria) at 1000 beads per well (45nl).
Serum samples were heat inactivated at 56°C for 30 minutes and centrifuged to remove
aggregates. They were then diluted 1:100 for IgG1, total IgG, and FcRs, and 1:10 for IgG2-
4, IgA1-2, and IgM prior to incubation with beads. 5ul of diluted serum samples were added
and incubated with microspheres on a shaker overnight at 4°C. Microspheres were washed,
and PE-conjugated anti-IgG1, -1gG2, -1gG3, -1gG4, -1gG, -1gM, -IgA1, or -IgA2 detection
antibodies (Southern Biotech, Birmingham, AL) or biotinylated FcRs (Duke Human Vaccine
Institute(246)) conjugated to streptavidin-PE (Prozyme, Hayward, CA) were added for 1
hour at room temperature. The microspheres were washed and read on an 1Que Screener
Plus (Sartorius). All samples were run in duplicate and correlation between duplicates is
ensured. Data are reported as the median fluorescence intensity (MFI) of detection
antibody for the average of two replicates.
Antibody-dependent cellular phagocytosis (ADCP)

THP-1 phagocytosis of HA-coated beads was performed as previously described
(194). HA antigens (H1 A/California/07/2009, H3 A/Perth/16/2009, H3 A/Victoria/361/2011,

HA B/Wisconsin/01/2010, and HA B/Brisbane/60/2008) were purchased from Immune

71



Technologies Corp, New York, NY. Each recombinant antigen was biotinylated with EZ-
link NHS-LC-LC Biotin per manufacturer’s instructions (Thermo Fisher Scientific).
Biotinylated protein was adsorbed onto 1 um fluorescent neutravidin beads at a ratio of
10pg of protein to 10pl of beads (Invitrogen, Carlsbad, CA). 10 pl of antigen-coated beads
were then incubated with equal volume of serum samples diluted 1:200 in PBS for 2 hours
at 37°C in 96-well plates. Unbound antibody was washed away, and THP-1 cells added and
incubated at 37°C for 16 hours, then fixed. Phagocytosis was measured by flow cytometry
on an iQue Screener Plus (Intellicyt, Albuquerque, NM). Data are reported as phagocytic
scores, calculated as the % of bead positive cells x geometric mean fluorescence intensity
(GMF1)/1,000. Each experiment was performed in two independent replicates and
correlation between replicates was ensured.
Antibody-dependent neutrophil phagocytosis (ADNP)

Primary human neutrophil phagocytosis was performed as previously described
(247). HA-coated 1 num fluorescent neutravidin beads were prepared and incubated with
equal volume 1:50 diluted serum samples as in the ADCP assay. Primary human
leukocytes were isolated from healthy donors using Ammonium-Chloride Potassium (ACK)
lysis, then added to the opsonized beads and incubated at 37°C for 1 hour. The cells were
then stained with fluorescent anti-human CD66b (Biolegend, San Diego, CA) and fixed
prior to analysis on an i1Que Screener Plus. Data are reported as phagocytic scores,
calculated as the % of bead positive CD66+ cells x GMFI/1,000. Each sample was assayed
on two healthy PBMC donors and correlation between donors was ensured (p<0.0001).
Antibody-dependent complement deposition (ADCD)

Serum samples were heat inactivated at 56°C for 30 minutes and centrifuged to

remove aggregates. Bead-based antibody-dependent complement deposition was analyzed
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as previously described (248). The 5 HA molecules used for the ADCP and ADNP assays
were pooled in equal amounts and adsorbed to 1 pm fluorescent neutravidin beads as in the
ADCP assay. HA-coated beads were incubated with 1:25 diluted, heat inactivated serum
samples for 2 hours at 37°C. Lyophilized guinea pig complement (Cedarlane, Burlington,
Canada) was resuspended in ice cold water, then diluted 1:60 in veronal buffer with
calcium, magnesium, and gelatin (Boston Bioproducts, Ashland, MA). 150ul diluted
complement was added to the opsonized beads and incubated for 20 minutes at 37°C. Beads
were then washed with 15 mM EDTA and stained with anti-guinea pig C3 (MP
Biomedicals, Santa Ana, CA). Samples were washed and analyzed on an iQue Screener
Plus. Each experiment was performed in two independent replicates and correlation
between replicates was ensured. Data are reported as the GMFI of C3 antibody for the
average of two replicates.

Antibody-dependent NK Cell Activation (ADNKA)

Antibody-dependent NK cell activation and degranulation were measured as
previously described (195, 196). ELISA plates (ThermoFisher NUNC MaxiSorp) were
coated with pooled HAs (as in ADCD), then blocked. 50pl of 1:25 diluted serum sample was
added to each well and incubated for 2 hours at 37°C. NK cells were isolated from buffy
coats from healthy donors using the RosetteSep NK cell enrichment kit (STEMCELL
Technologies, Vancouver, Canada) and rested in 1 ng/ml IL-15 at 37°C until needed. NK
cells, with anti-CD107a PE-Cy5 (BD), brefeldin A (Sigma-Aldrich, St. Louis, MO), and
GolgiStop (BD), were added and incubated for 5 hours at 37°C. Cells were stained for
surface markers using anti-CD56 PE-Cy7 (BD), anti-CD16 APC-Cy7 (BD), and anti-CD3
PacBlue (BD), then fixed and permeabilized using FIX & PERM® Cell Permeabilization Kit

(ThermoFisher). Cells were stained for intracellular markers using anti-MIP-1p PE (BD)
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and anti-IFNy FITC (BD). Fixed cells were analyzed by flow cytometry on an iQue Screener
Plus. NK cells were defined as CD3- and CD16/56+. Each sample was assayed on two
healthy NK cell donors and correlation between donors was ensured (p<0.0001). Further,
each donor was independently quality controlled to ensure that positive control values were
at least two standard deviations above negative control values. Data are reported as the
percentage of cells positive for each marker (CD107a, IFN-y, and MIP-18).
Quantification and statistical analysis

Transfer ratios were calculated by dividing the levels of cord blood antibodies by the
levels of maternal antibodies. One major outlier was removed from the FCGR3A vaccinee
group for visualization purposes. Numbers of samples in each group analyzed can be found
in Figure 3.1. All univariate statistical analyses were performed using GraphPad Prism.
Statistical analyses for specific assays are detailed in the figure legends. Flower plots in
Figure 4 were generated in RStudio version 3.5.1 on z-scored and percentile-ranked data
using the package ggplot2. Correlation matrices in Figure 4 were generated in RStudio

version 3.5.1 using the package corrplot.

Classification models were developed in MATLAB. Missing values due to
experimental error were imputed using k-nearest neighbor. Data was normalized using z
scoring. Models were built using a previously published approach (249. Briefly, Elastic Net
least absolute shrinkage and selection operator (LASSO) was used to select the fewest
number of features to create separation between the groups. This modeling approach was
evaluated through repeated fivefold cross validation, and fold-specific support vector
machine (SVM) classifier model was trained using the LASSO-selected features and
training data. LASSO was performed in a fivefold cross validation framework, meaning

that for each fold 4/5 of the data was used for training and 1/5 of the data was used to test,
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with each fifth serving as the test set once. Data was visualized using a partial least
squares discriminant analysis (PLSDA). The predictive model significance was measured
using a null control model with permuted labels where features were not altered, which
preserves the correlation structure within the data. Each control model was repeated a
hundred times to generate the distribution of model accuracies and tested against the
predictive power of the actual model. The p value represents the tail probability of the true
classification accuracy in the distribution of control model accuracies. For the vaccination
models, all measured features were input to the model. For the H3N2 infection models,
features of H3-specific antibodies were input to the model. Correlation networks were
visualized in Cytoscape with correlations calculated in MATLAB. Pairwise Spearman R
values describe the correlation strength and false discovery rate (FDR)-corrected q values

<0.05 were used as a significance cutoff for inclusion in the correlation network.

RESULTS

VACCINATION BOOSTS ANTIBODY LEVELS, FCGR BINDING, AND

FUNCTIONALITY

Previous studies have demonstrated that influenza vaccination during pregnancy
results in a significant augmentation of influenza-specific antibody titers (250), as well as
serum levels of hemagglutination inhibition (HAI) (228 and neutralization (251). However,
it remains unclear whether vaccination also is able to improve or alter antibody
functionality. Thus, we applied systems serology (195 to comprehensively profile influenza-
specific antibodies in vaccinated and unvaccinated mothers and their infants. Given that
there was a change in vaccine strains over the study period, the humoral immune response

was dissected across all hemagglutinin (HA) strains included in the trivalent vaccine
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Figure 3.2 Vaccination boosts maternal and fetal antibodies, but not transfer efficiency. Violin plots (A-L) show
isotype amounts, FCGR binding levels, HAI titers, or functional levels of H1 A/California/07/2009-specific
antibodies pre-vaccination in maternal circulation, at the time of birth in maternal circulation, and in the cord
blood at the time of birth. (A): H1-specific IgG1 MFI by Luminex bead-based assay; (B): H1-specific IgG2 MFI by
Luminex bead-based assay; (C): H1-specific FCRN-binding antibody MFI by Luminex bead-based assay; (D):
H1N1 HAI titer; (E): score of antibody-dependent cellular phagocytosis of immune complexed H1-coated beads;
(F): H1-specific FCGR2A-binding antibody MFI by Luminex bead-based assay; (G): score of antibody-dependent
neutrophil phagocytosis of immune complexed H1-coated beads; (H): MFI of antibody-dependent C3 deposition
on immune complexed H1-coated beads; (I): H1-specific antibody-dependent CD107a expression by NK cells; (J):
H1-specific antibody-dependent IFN-y expression by NK cells; (K): H1-specific antibody-dependent MIP-1b
expression by NK cells; (I): H1-specific FCGR3A-binding antibody MFI by Luminex bead-based assay. Each dot
represents an individual and violins show the distribution of the group. Red dots represent pairs where the
mother received a placebo injection and blue dots represent pairs where the mother received seasonal influenza
vaccination. (Pre-vax placebo n = 39; pre-vax vaccinee n = 24; time of birth placebo n = 41; time of birth vaccinee
n = 29; cord placebo n = 30; cord vaccine n = 29.) Significance was determined by mixed-effects analysis followed
by Sidak’s multiple comparisons test between placebo and vaccine groups within each timepoint. Violin plots
(M) show transfer efficiencies calculated as the ratio between cord blood experimental value and maternal
experimental value at time of birth for a given antibody isotype, FCGR-binding, or function. (Placebo pairs n =
17; vaccinee pairs n = 10.) Significance was determined by Mann-Whitney U test. * p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001.
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during the study period. For analyses comparing vaccination to placebo (Figure 3.2A-B), we
focused on H1-specific antibodies, as the influenza A H1N1 strain did not change during the
study period, giving our analysis increased power and removing strain variability as a

confounding factor.

No differences were observed in H1-specific IgG1 levels across vaccinated and
unvaccinated mothers prior to vaccination, while increased H1-specific IgG1 levels were
observed in vaccinated compared to unvaccinated mothers at the time of birth (Figure
3.2A). This maternal antibody elevation resulted in increased H1-specific IgG1 levels in the
cord blood as well. A similar trend was observed for H1-specific IgG2 levels (Figure 3.2B),
whereas no significant change following vaccination was observed for any other antibody
subclass (Figure 3.3A-B) or isotype (Figure 3.3D-F). Little to no transfer of IgA or IgM was

observed, as expected (Figure 3.3D-F).

IgG transfer across the placenta depends on the neonatal Fc-receptor (FcRn) (252,
253). To determine whether vaccination altered FcRn binding, thereby improving antibody
transfer, we next examined H1-specific FcRn binding. H1-specific antibodies in sera from
vaccinees bound at higher levels to FcRn compared to the placebo serum (Figure 3.2C);
however, only a subset of vaccinees (n=7) displayed this increase while others remained at
baseline levels. This study was not powered to determine why that subset responded at
higher levels; although all responders were term births, not all the non-responders were
preterm births. Similarly, enhanced binding of H1-specific antibodies to FcRn was also
observed in a subset of cord blood samples (n=10) from the vaccine arm (Figure 3.2C). This
elevation in FcRn binding is likely at least partially attributable to the presence of higher

influenza-specific IgG levels after vaccination (Figure 3.2A, C). These findings indicate that
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vaccination both qualitatively and quantitatively changes the antibody response, enhancing

the placental transfer of antibodies.
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Figure 3.3 Vaccination has isotype- and subclass-specific effects. Paired violin plots show levels of H1
A/California/07/2009-specific antibodies pre-vaccination in maternal circulation, at the time of birth in maternal
circulation, and in fetal circulation in the cord blood at the time of birth and the transfer efficiency of each type
of antibody across the placenta at the time of birth. Each dot represents an individual and violins show the
distribution of the group. Red dots represent pairs where the mother received placebo and blue dots represent
pairs where the mother received influenza vaccination. Violin plots show transfer efficiencies calculated as the
ratio between cord blood antibodies and maternal antibodies at time of birth. (A) H1-specific IgG3 by Luminex
MFT; (B) H1-specific IgG4 by Luminex MFT; (D) H1-specific IgM by Luminex MFT; (E) H1-specific IgA1l by
Luminex MFT; (F) H1-specific IgA2 by Luminex MFI. Dot plots show change over time for connected
maternal:fetal dyads. (C) H1-specific FCGR3A by Luminex MFI; (G) Phagocytosis by monocytes of H1-coated
immune complexed beads; (H) MIP-1b expression by H1-specific antibody-stimulated NK cells. Significance was
calculated by mixed effects analysis with Sidak’s multiple comparisons test or Mann-Whitney U test as
appropriate, * p <0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001.

In addition to enhanced binding to FcRn, vaccination also improved neutralizing
antibody titers, antibody-dependent innate immune functions, and binding to activating Fc

vy receptors (FCyRs). Specifically, HAI titers, the major correlate of vaccine-induced
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protection against influenza infection, were significantly increased in both maternal and
cord circulation following vaccination (Figure 8.2D). Additionally, antibody-dependent
cellular phagocytosis (ADCP) by monocytes was increased following vaccination; this
increase was transferred to neonates (Figure 3.2E), as was binding to the FCyR most
commonly associated with phagocytosis, FCGR2A (Figure 3.2F). Similarly, both increases
in antibody-dependent neutrophil phagocytosis (ADNP) and antibody-dependent
complement deposition (ADCD) were elevated in maternal and cord blood following
vaccination (Figure 3.2G-H). Interestingly, levels of H1-specific antibodies capable of
inducing NK cell cytotoxicity (measured by CD107a expression) and cytokine release
(measured by IFN-y) were augmented in cord blood by vaccination, but vaccination had a
limited effect on altering the levels of NK cell chemokine release-inducing antibodies
(Figure 3.2I-K), corroborating previous data pointing to preferential transfer of NK cell
activating antibodies (244). Interestingly, FCGR3A-binding antibodies increased
spontaneously during pregnancy for some individuals (Figure 3.2L, Figure 3.3C), pointing
to a shift in the quality of H1-specific antibodies during pregnancy, augmented by

vaccination, poised for placental transfer.

To directly compare placental transfer efficiencies across all antibody features, the
ratio between cord and maternal antibodies were calculated for each measurement at the
time of birth. A transfer efficiency of 1 indicates equal levels of antibodies in maternal and
fetal circulation, while a transfer efficiency of greater than 1 indicates that the antibodies
are being selectively transferred to the cord. For most measurements, no difference was
observed in transfer efficiencies between vaccinated and placebo groups (Figure 3.2M),
indicating that the overall antibody increases in the cord blood are the direct result of

increased antibody in the maternal circulation. Surprisingly, significant decreases in
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transfer efficiency were observed in the vaccinated group for ADCP and antibody-mediated
MIP-18 production by NK cells (Figure 3.2M). Whereas in placebo recipients, placental
transfer enriched the levels of ADCP and MIP-18 inducing antibodies in the cord compared
to maternal circulation, transfer in vaccine recipients was not consistently enriched (Figure
3.3G-H). This suggests that the placenta may have a maximal transfer capacity for these
antibodies, and when maternal levels exceed those at which the placenta can transfer, no
more antibody is provided to the fetus. Collectively, these data point to an overall shift in
vaccine-induced antibody levels during pregnancy that lead to a concordant augmentation
of functionally enhanced antibodies in neonates, governed partially in a quantitative
manner by augmented antibody levels, but also driven by qualitative changes in FcRn

binding and NK cell activating antibodies.

FCyR-BINDING ANTIBODIES ARE SELECTIVELY ENHANCED FOLLOWING

VACCINATION IN MOTHERS AND CORD

Given the broad improvement of antibody amounts, FcR binding capacity, and
functional activation in response to vaccination, we next aimed to determine which humoral
features were most significantly altered by vaccination. To avoid overfitting, an Elastic Net-
Least Absolute Shrinkage and Selection Operator (LASSO) feature selection was first
utilized to minimize the features to only include the fewest features that explained the
overall variance in the dataset. Feature reduction was then followed by Partial Least
Squares Discriminant Analysis (PLSDA) to visualize the separation between groups (249).
These analyses were initially run including all samples for which antibody subclass, FcR
binding, and functional data were available (Figure 3.4). Secondly, the analysis was run
with only samples for which HAI titer values were calculated (Figure 3.5), a subset of the

initial sample set. Importantly, while there were no differences between the mothers prior
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Figure 3.4 FCGR binding levels separate vaccinee mother-child pairs from placebo recipients. Dot plots show
Partial Least Squares Discriminant Analysis (PLSDA) scores along latent variable 1 (V1) and latent variable 2
(LV2) for maternal samples at the time of birth (A) and cord blood samples (C). PLSDA was modeled using
Least Absolute Shrinkage and Selection Operator (LASSO)-selected features out of the total pool of measured
humoral biophysical and innate immune functional features. LV percentages represent the amount of total
variance between samples captured by that LV. Bar plots show Variable Importance in Protection (VIP) scores
for the LASSO-selected features separating vaccinees from placebo recipients for maternal samples at the time
of birth (B) and cord blood samples (D). VIP scores reflect the contribution of a feature across all latent
variables.

to vaccination, separation was observed across the placebo and vaccinated mothers after
vaccination, at the time of birth (Figure 3.4A). Interestingly, this separation was not
dependent on HAI, as when it was included in the model it was not selected by the LASSO
algorithm as a contributing feature to separation across LV1 and LV2 (Figure 3.5A-B).

Specifically, using Fe-features alone, vaccinated and unvaccinated mothers could be
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resolved with nearly 80% cross-validation accuracy, with model significance of p <0.001

compared to permuted label model (Figure 3.4A). This separation was primarily driven by

binding of both H1- and H3-specific antibodies to FCGRs, as summarized by the variable

importance in projection (VIP) scores, which rank the minimal set of features required to

discriminate the groups based on their relative importance in driving separation across the

groups (Figure 3.4B). Additionally, phagocytic functions and levels of some H1-specific

antibody IgG subclasses were enriched in the vaccinee serum compared to the placebo
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Figure 3.5 HAI is not a key feature separating vaccinees from placebo recipients. Dot plots show PLSDA scores
along latent variable 1 (LV1) and latent variable 2 (LV2) for maternal samples at the time of birth (A, p < 0.001

compared to permuted label model) and cord blood samples (D, p < 0.01 compared to permuted label model).

PLSDA was modeled using LASSO-selected features out of the total pool of measured humoral features,

including HAI. LV percentages represent the amount of total variance between samples captured by that LV.
Bar plots show VIP scores for the LASSO-selected features separating vaccinees from placebo recipients for
maternal samples at the time of birth (B) and cord blood samples (E). VIP scores reflect the contribution of a

feature across all latent variables. Correlation matrices show Spearman correlation R values calculated
pairwise between HAI titers and LASSO-selected features for samples taken from maternal circulation (C) and
cord blood (F) at the time of birth. Stars indicate Bonferroni-corrected p values: * < 0.05, ** < 0.01, *** < 0.001,

**¥% <0.0001.
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serum. While HAI was not selected by the model (Figure 3.5B), HAI was correlated with
some model selected features (Figure 3.5C). At the maternal time of birth, many of the
FCGR-binding levels and antibody-dependent functions induced by vaccination were
positively, although not significantly, correlated with HAI titers. This is consistent with the
univariate analyses (Figure 3.2), highlighting vaccine-induced changes in antibody levels

and HALI titers, but most significantly in FCGR-binding antibodies following vaccination.

Similar to maternal blood, robust separation was observed in HA-specific antibodies
in cord blood using Fe-profiling. Specifically, vaccinated and unvaccinated cord bloods could
be discriminated with over 75% cross-validated accuracy using as few as 16 LASSO-selected
features out of the overall 146 features measured for each sample (p<0.01 compared to
permuted label model, Figure 3.4C), and again, HAI titers were not selected as a
discriminatory feature between vaccinated and placebo pairs (Figure 3.5D-E). Improved
binding to multiple FCyRs were among the top features that distinguished cord antibodies
from the infants of vaccinated and unvaccinated mothers (Figure 3.4D). Moreover, IgG1
levels were also included in the model, along with FcRn binding, suggesting both
quantitative and qualitative features independently improved in the cord following
vaccination (Figure 3.4D). Again, while HAI was not highlighted by the machine learning
model (Figure 8.5E), HAI titers do correlate significantly with FCyR binding levels and HAI
for both HIN1 and H3N2 influenza (Figure 3.5F). This increase in intercorrelation when
compared to the maternal blood samples perhaps suggests a preferential transfer of
antibodies capable of driving both neutralizing and extra-neutralizing antibody functions.

These data illustrate the parallel shift in maternal (Figure 3.4A-B) and cord (Figure 3.4C-
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D) sera, highlighting the continuum across the mother and fetus resulting in the transfer of

highly functional antibodies to the infant following vaccination.

FCyR-BINDING ANTIBODIES, RATHER THAN OVERALL ANTIBODY
CONCENTRATIONS, DISCRIMINATE INFANTS THAT LATER DEVELOP INFLUENZA

INFECTION

Follow-up of both vaccinated and unvaccinated mother-infant pairs allowed the
identification of a number of infant influenza cases in this study (228). Here we aimed to
determine whether antibody Fc profiles also tracked with differential infant outcomes after
birth. Thus mother-infant pairs were divided into those who remained uninfected for the
duration of this study and those who went on to have infant infection with H3N2 (Figure
3.1C-D). We focused on H3N2 infection as it was the most common strain of influenza
responsible for infant infections in this study. No differences were observed in IgG1 and
IgG2 levels across those with and without infant influenza infection (Figure 3.6A-B).
Additionally, no differences were observed in the level of H3-specific FCRN-binding
antibodies across the groups (Figure 3.6C). However, significant differences in H3-specific
FCyR binding capacity were observed in the cord blood of infants who later became infected
with influenza compared to those who did not (Figure 3.6D-F). Infants who would
ultimately become infected had lower levels of FCyR-binding antibodies specific to the
infecting strain of influenza when compared to infants who were not infected. These data
point to the importance of qualitative changes in FCyR-binding antibodies transferred
across the placenta, rather than the overall levels of HA-binding antibodies, in protection

from influenza infection in early life.
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Figure 3.6 FCGR binding levels separate infected infants from uninfected infants. Violin plots (A-F) show
isotype or FCGR binding levels of H3 A/Perth/16/2009-specific antibodies pre-vaccination, at the time of birth in
maternal circulation, and in the cord blood at the time of birth. A): H3 A/Perth/16/2009-specific IgG1 MFI by
Luminex bead-based assay; (B): H3 A/Perth/16/2009-specific IgG2 MFI by Luminex bead-based assay; (C): H3
A/Perth/16/2009-specific FCRN-binding antibody MFI by Luminex bead-based assay; (D): H3 A/Perth/16/2009-
specific FCGR2A-binding antibody MFI by Luminex bead-based assay; (E): H3 A/Perth/16/2009-specific
FCGR3A-binding antibody MFI by Luminex bead-based assay; (F): H3 A/Perth/16/2009-specific FCGR3A-
binding antibody MFI by Luminex bead-based assay. Each dot represents an individual and violins show the
distribution of the group. Purple dots represent pairs where the infant would not be infected with influenza in
the first six months of life and yellow dots represent pairs where the infant would be infected with influenza
A/H3NZ2 in the first six months of life. (Pre-vax control n = 42; pre-vax case n = 21; time of birth control n = 40;
time of birth case n = 20; cord control n = 39; cord case n = 20.) Significance was determined by mixed-effects
analysis followed by Sidak’s multiple comparisons test between placebo and vaccine groups within each
timepoint. * p < 0.05, * p < 0.01. Dot plot (G) shows PLSDA scores along latent variable 1 (LV1) and latent
variable 2 (LV2) for transfer efficiencies. (Control pairs n = 17; case pairs n = 7.) PLSDA was modeled using
LASSO-selected features out of the total pool of H3-specific transfer efficiencies. Bar plot (H) shows VIP scores
for the LASSO-selected features separating H3N2-infected infant transfer efficiencies from uninfected infant
transfer efficiencies. Correlation network (I) shows positive correlation between LASSO-selected features (thick
borders) and their co-correlates with a significance cutoff for inclusion at false discovery rate (FDR)-corrected q
values <0.05. Purple boxes indicate FCGRs, blue boxes indicate FCRN, and pink boxes indicate IgG amounts.

To further dissect the minimal Fe-features that were uniquely enriched in infants
who did not develop influenza infection, we next used a similar LASSO-PLSDA model to

our previous analysis (Figure 3.6G). Here, because of the differences in cord but not
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maternal antibodies, we focused on transfer ratios for all measured antibody Fc features
across mother-infant pairs, comparing infants with and without H3N2 influenza infection
at follow-up. Using these data, separation was achieved between the two groups, with
nearly 80% cross-validation accuracy (p = 0.02). Interestingly, just 3 features were
necessary to split the groups including enhanced transfer of IgG2 and FCRN binding in the
uninfected mother:cord pairs and elevated IgG4 transfer ratios in infected mother:cord
pairs (Figure 3.6H). Enhanced transfer of H3-specific IgG2 and FCRN transfer efficiencies
may mark overall enhanced transfer of H3-specific antibodies. Conversely, increased levels
of H3-specific IgG4s, known to drive reduced FCGR activity (65), may mark dysregulated

transfer of poorly functional antibodies in infants who went on to develop H3N2 infection.

Because LASSO does not select features based on their biological significance, but
rather simply based on their overall influence on the variance across the sample groups, we
next examined whether additional co-correlates existed that could provide information on
the LASSO-selected features. In addition to IgG2 and FcRn transfer, transfer of H3-
specific-FCGR2A- and FCGR3B-binding antibodies were positively correlated to the
LASSO-selected features (Figure 3.6I). As a particular point of interest, the features
selected in this analysis were not significantly correlated with HAI titer in these infants
(Figure 3.7), indicating that extra-neutralizing antibody effector mechanisms may play a
central part in preventing disease in infants. Overall, the results of this analysis point to
IgG2 as a biomarker of more robust transfer of a protective immune response, resulting in
the transfer of antibodies able to bind more effectively to FCGRs. These FCGR-binding

antibodies may mechanistically underlie protection from influenza outcomes in neonates.

86



H1 H3 B

H3WI05_IgG2=
0.8
H3WI05_FCRN = 0.4
0
H3WI05_lgG4= 04
0.8

H3WI05_FCGR2A—

H3WI05_FCGR3B—

Figure 3.7 Correlations between LASSO-selected features and HAI. Correlation matrix shows Spearman
correlation R values calculated pairwise between HAI titers and LASSO-selected features for samples cord blood
at the time of birth for infants who went on to become infected with H3N2 influenza or remained uninfected
throughout the trial. No correlations were significant when corrected for multiple comparisons.

CORD BLOOD FROM UNINFECTED INFANTS SHOWS TARGETED HUMORAL

IMMUNE PROFILE

Given the presence of both univariate and multivariate humoral discriminators
across the infected and uninfected infants and their mothers, we next aimed to get a sense
of the overall architecture of the polyclonal humoral immune response. Flower plots
showing the relative magnitude of response within each group at each timepoint (Figure
3.8A) reveal overall higher humoral responses across influenza-specific antibody-dependent
functions, antibody FCyR binding, and antibody isotype levels within the uninfected group
as compared to the infected group at each timepoint. Levels of IgA were similar across the
maternal groups and time points, emphasizing that current vaccination strategies do not
induce robust IgA responses. Furthermore, expanded FCyR-binding profiles were observed
among the uninfected maternal timepoints, but there was selective and more striking

expansion of FCyR-binding antibodies in the cord blood of uninfected infants, linked to
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Figure 3.8 Humoral intercorrelation in cord blood differentiates infected infants from uninfected infants. Flower
plots (A) show average relative magnitude of measured humoral features within a timepoint (maternal pre-
vaccination, maternal time of birth, and cord blood) and group (uninfected vs infected). # marks the wedges
representing H1 CA/09 FCGR binding levels, as referenced in the text. Heat maps (B, C) show Spearman
correlation coefficients for intercorrelations between measured antibody features. Within all features (except
ADCD and ADNKA) the five rows correspond to antigens specific for the five vaccine antigens: H1
A/California/07/2009, H3 A/Perth/16/2009, H3 A/Victoria/361/2011, B/Brisbane/06/2008, and
B/Wisconsin/01/2010. ADCD and ADNKA were performed on pooled HA antigens, and ADNKA rows correspond
to NK activation readouts: CD107a, IFN-y, and MIP-18. Matrices represent data for all cord blood samples
pooled by infection outcome. For the subset of samples with HAI titers measured, matrix (C) represents
Spearman correlation coefficients between HAI against vaccine strains (vertical) and antibody functional and
biophysical features along the horizontal.

enhanced FCRN-binding antibodies in the cord, which indicate increased placental
transfer. Specifically, we observed a selective enrichment of FCyR-binding antibodies
specific to H1 CA/09 in the infected group both in maternal circulation at the time of birth
and in cord blood (shown by the wedges marked with # in those plots). Since most of these
infants were infected with H3N2, these data may point to a mis-directed immune response

primarily targeting HIN1 influenza, resulting in increased susceptibility to H3N2
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influenza. In the uninfected group, the relative magnitude of the immune response was

similar across all influenza strains (H1N1, H3N2, B).

To further dissect the humoral profile in the cord blood of infants, correlation
matrices were calculated and visualized across functions, IgG1 levels, and FCyR-binding
levels (Figure 3.8B). Focused and robust relationships between the same subtype of
influenza and function were observed in uninfected infants, in contrast to the
heterogeneous response patterns in the infected infant cord blood samples. In the
uninfected infants (Figure 3.8B top), robust and highly focused correlations were observed
between phagocytic functions and FCyR-binding antibodies to the same antigen specificity,
with strong coordination within H1, H3, or B immune profiles. Infected infants exhibited a
diffuse positive, but weaker, correlational profile marking a lower level of functional
coordination that may be insufficient to drive protective immunity (Figure 3.8B bottom).
Within the sample group for which HAI titers were available, correlations were plotted
between HAI and influenza-specific antibody-dependent innate immune functions, isotypes,
and FCyR binding (Figure 3.8C). Here, increased correlation between neutralizing and
extra-neutralizing functions/FCyR binding across isotypes was observed in the uninfected
cord blood, whereas infected cord blood shows higher levels of strain-specific correlations.
This further reinforces the conclusions drawn by the multivariate analyses in Figure 3.6
that protection tracks with FCyR-binding levels as well as the previously reported HAI
titers (228). Thus, in addition to the individual biomarkers of protective humoral immunity,
these data point to distinct humoral architecture in infants that ultimately are protected

from influenza infection.
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VACCINATION SHAPES THE TRANSFER OF PROTECTIVE IMMUNITY TO THE CORD

Finally, we examined whether LASSO-selected features that distinguish vaccinee
and placebo cord blood profiles are sufficient to predict protection from subsequent
influenza infection. A model built on vaccine-augmented features classified infants into
those that remained uninfected or became infected significantly better than a model using
all features (Figure 3.9A-B). The vaccine-modified features were not uniformly associated
with protection, but some features were enriched in the uninfected infants and others were
enriched in the infected infants (Figure 3.9C). H3-specific FCyR responses were enriched in
uninfected infants (Figure 8.9C), which was likely influential in protection given that
dominant seasonal infections were H3N2 during the study period (228). Conversely, H1-
specific FCyR responses were enriched in infected infants, supporting the critical
importance of strain-specific immunity in protection from disease. However, beyond IgG
levels, when considered holistically as part of latent variables in the PLSDA model, HA
strain-specific FCyR-binding features were highly discriminatory across the two groups
(Figure 3.9C, Figure 3.10). These data suggest that vaccine strategies able to tune FCyR
binding in a strain specific manner could potentially drive enhanced protection in the first
months of life. The observation that the FCyR-binding levels of antibodies, but not overall
amounts, were both enriched in cord blood by the vaccine (Figure 3.4) and involved in
protection (Figure 3.6, Figure 3.9) suggests that the mechanism of protection by this
vaccine may be driven by increased levels of the antibodies capable of recruiting FCyRs.
Thus, beyond neutralizing antibody transfer from mother to child in the cord blood of
vaccinated mothers (228), the data presented here point to a cooperative role of FCGR2A

and FCGR3A in vaccine-induced protection from influenza infection.
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Figure 3.9 Vaccination strongly affects the protective humoral features in cord blood. PLSDA models were
trained to distinguish between cord blood of infants who go on to be infected versus those who do not, using
either all measured features (light blue) or just those features determined to distinguish between cords of
infants whose mothers were vaccinated and those who were not as shown in Figure 2B (dark blue). Receiver
Operating Characteristic (ROC) curves for final models are represented in (A). Positive rates refer to the model’s
ability to correctly classify cords into infected or uninfected — a false positive indicates an incorrect designation
as a case where a true positive indicates a correct designation as a case. Model accuracy in identifying cords of
infected versus uninfected infants was tested for each fold- and replicate-specific test data set. These values are
represented in the violin plot (B). Significance was determined by Mann-Whitney U test (*** p<0.001). Bar plot
(C) shows VIP scores for the vaccine LASSO-selected features separating infected infant transfer efficiencies
from uninfected infant transfer efficiencies. Bars in yellow show features enriched in infected infants while bars
in purple show features enriched in uninfected infants.
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Figure 3.10 Vaccine-induced features separate infected from uninfected infants. Bar plot shows the area under
the curve for ROC of the PLSDA separating H3-infected infants from uninfected infants. Dark blue bar (left)
shows AUC of ROC for all measured humoral features. Purple bar (right) shows AUC of ROC for vaccine
LASSO-selected humoral features (Figure 3.9). Blue bars in between show sequential addition of individual
features; leftmost blue bar shows only FCGR3A H1 CA/09, then each sequential feature is added moving from
left to right.
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DISCUSSION

Beyond neutralization, mounting evidence points to a critical role of Fc effector
functions in protection against influenza infection in adults (62, 254). However, whether
these responses are also critical for protection in infants, and whether they are tunable via
influenza vaccination remain unclear. Using a unique cohort of longitudinally followed
pregnant women who were enrolled in a randomized clinical trial of influenza vaccine or
placebo, here we had a unique opportunity not only to probe the influence of vaccination on
shaping Fc-effector function across the maternal:fetal dyad, but also to probe the antibody
features that tracked with protection against infection. While naturally, irrespective of
vaccination, the production of increased levels of FCyR and FcRn binding antibodies
occurred over the course of pregnancy, vaccination during pregnancy led to a robust
augmentation of neutralizing and extra-neutralizing functional antibodies. Moreover,
seasonal inactivated influenza vaccination preferentially increased the transfer of FCyR-
binding antibodies across the placenta in coordination with the enrichment of both FCyR-
binding and HALI titers in the cord blood. Yet most critically, lower levels of FCyR-binding
antibody transfer and diffuse HA-specific functional antibody-coordination was correlated
with increased risk of infection independently of HAI titer. These data point to both a
critical role for Fc-effector function in protection from infection in early life, as well as
opportunities for vaccination to selective augment functions that may be most desirable for

protection.

Previous studies of pertussis and influenza have indicated that maternal vaccination
is protective for both pregnant individuals and neonates (225, 245, 2556-257). Here we show
that influenza vaccination in pregnancy increases Fc-effector functions, highlighting that

the quality of the humoral immune response increases with quantitative changes in
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vaccine-induced antibody amounts. Moreover, influenza-specific FCyR-binding levels were
significant co-correlates of influenza vaccination and were chosen by an unbiased modeling
approach over HAI titers when both were included in the model dataset. However, the
ability to compare HAI to other humoral features in this dataset is limited, owing to the
lack of available HAI data across many of the vaccinees. Further studies specifically
designed to answer this question will be required to fully define the key correlates of
protection. Given that the placenta selectively transfers highly effective antibodies to the
infant, developing vaccine strategies that can maximize the induction of functional
antibodies in pregnancy may be key to improving neonatal immunity. Among proposed
strategies, the use of adjuvants may bolster vaccine-induced immune responses (258, 259)
and could be used to selectively promote the most efficacious humoral immune responses.
Future studies of adjuvanted influenza vaccination during pregnancy that characterize the
functional humoral immune response would further elucidate these mechanisms and

ensure that vaccines given during pregnancy are as efficacious as possible.

In this study, participants were under weekly respiratory virus symptom
surveillance from enrollment to six months after birth, which captured symptomatic
infections but did not track disease severity and may have missed asymptomatic infections
or sub-clinical disease. While we cannot fully determine whether the uninfected dyads were
exposed, clear deficits and differences were observed in antibody transfer across the dyads.
However, to reduce variability in this study, we elected to focus solely on the dyads that
became infected with H3N2, given the predominance of infections with this strain
throughout the study. Moreover, due to the limited number of dyads infected with non-
H3N2 strains, the power was insufficient to perform a secondary analysis. With future

studies, focused on validation across years, it may be possible to determine whether the
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humoral features linked to protection here apply to additional influenza strains or other
geographically distinct cohorts, and to further analyze the interplay of HAI with extra-
neutralizing antibody functions, which was outside the scope of the current study. Finally,
comorbidities, malnutrition, and coinfections may alter both vaccine-induced immunity in
mothers, as well as Fe-placental transfer and correlates of immunity, confounding issues
that will be of critical interest in countries such as Nepal, which has high rates of diarrheal
diseases (260), tuberculosis (261), and child malnutrition (262). We note that Nepal also
has a low prevalence of HIV (265 and malaria (264), which have been shown to diminish

transplacental antibody transfer.

Previous studies in the elderly have shown mixed results as to the efficacy of
seasonal influenza vaccines at eliciting FCyR-binding antibodies (79, 237). However, elderly
individuals are known to have decreased responses to traditional influenza vaccination
strategies (265, 266). Vaccination during pregnancy does increase both HAI titers and
influenza-specific IgG concentrations (236, 267), but the impact of pregnancy on the
functional humoral immune response to influenza vaccination is only beginning to be
understood. As shown in the primary results from the clinical trial (228, maternal
influenza vaccination was linked to protection in infants that could not be fully explained
by overall antibody transfer. While other factors, such as antibodies in breastmilk (268,
269) and decreased exposure risk from a vaccinated mother likely also contribute to this
protection, in this study, vaccine impacts on the influenza-specific immune response,
beyond antibody neutralization or hemagglutination inhibition titers, were identified.
Influenza vaccination enriched the serum of both mothers and infants to induce more
antibody-dependent innate immune functions and increased influenza-specific IgGs overall.

Vaccinees and their infants were distinguished from placebo recipients by an enrichment of
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FCyR-binding antibodies. Moreover, the transplacental transfer from maternal to cord blood
of these vaccine-induced FCyR-binding antibodies was linked to protection against
influenza infection in infants. In sum, these functionally efficient antibodies are enriched by
maternal vaccination and, when transferred to the infant, appear to be providing protection
after birth. The data presented here provide a critical new dimension to our understanding
of maternal influenza vaccination, highlighting the presence of functionally potent
antibodies that can be boosted by vaccination during pregnancy and transported to the
infants, resulting in protection of the infants from influenza infection. Which specific
mechanisms are most critical for neonatal influenza infection or disease remain to be
determined, as well as efforts to define the specific vaccine strategies that may selectively

elicit these functions to protect this vulnerable population.
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Chapter 4: VACCINE-INDUCED ANTIBODY MEDIATED
NK CELL ACTIVATION AS A KEY CORRELATE OF

IMMUNITY AGAINST INFLUENZA IN OLDER ADULTS

Based on a manuscript in preparation-

Boudreau, C.M., Burke, J.S. IV, Yousif, A.S., Jastrzebski, S., Verschoor, C.P.,
McElhaney, J.E., Kuchel, G.A., Lingwood, D., Sridhar, S., Kleanthous, H., Landolfi,
V. & Alter G. Vaccine-induced antibody mediated NK cell activation as a key
correlate of immunity against influenza.

Author contributions: CMB, DL, HK, VL, SS, and GA designed the research study.
IDB and VL participated in the original clinical study from which samples were
drawn. Sd, CV, JM, and GK provided older adult NK cells and designed that
experiment together with CMB and GA. CMB, JSB, and ASY conducted experiments
and acquired data. MS provided and tittered influenza virus for animal studies.
CMB analyzed data. CMB and GA wrote the manuscript.

Antibodies play a critical role in protection against influenza; however, antibody levels
and direct viral neutralization alone represent incomplete correlates of immunity. Instead,
the ability of antibodies to leverage the antiviral power of NK cells, monocytes, neutrophils,
and complement have all been implicated in protection from or clearance of influenza
infection. Yet, the precise antibody effector functions most critical for protection against
influenza infection remain unclear. Using systems serology, the humoral immune response
to influenza was comprehensively profiled in a cohort of older adult (>65 years of age)
vaccinees monitored for infection over the influenza season. Robust vaccine-induced
humoral immune responses were observed against both the vaccine H3N2 and circulating

(H1N1, H3N2 and influenza B) strains. Influenza HA- and NA-specific Fcy receptor 3A

(FCGR3A) binding antibodies and NK cell activating antibodies were identified as key
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correlates of protection from infection, strongly arguing for a role for NK cells in protection
against influenza. Similarly, mature mice showed no protection mediated by enhanced NK
cell activating antibodies, and NK cells from older adults were less reactive to FCGR3A-
mediated stimulation. Together, these data pointed to the critical need for a selective
induction of influenza-specific NK activating antibodies to achieve protection in older
adults. Furthermore, these data provide clues related to mechanistic correlates of immunity
in the population aged 65 years and older that may provide a targeted path to improved
vaccine design, and further implicates NK cells as key players in host defense against

influenza.

INTRODUCTION

Over the past decades, seasonal influenza has caused increasing numbers of deaths
in the United States, explained in part by the growth of our aging population (270). Older
individuals suffer from a disproportionate burden of severe disease and hospitalization
following influenza infection, even in the setting of broad vaccine campaigns (271). While
seasonal vaccination has resulted in a 40% reduction in hospitalizations in older adults
(272), the current vaccine is estimated to provide a range of protection from 10-60% in the
general population, depending on the match between vaccine and circulating strains each
year (279. In frail older adults, vaccine effectiveness drops substantially lower (274). Thus,
beyond the goal of developing a universal vaccine able to induce broad immunity across
varying strains, our lack of understanding of the key correlates of immunity against
influenza across the age spectrum has severely limited next generation influenza vaccine

design and development.
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Influenza strains for each year’s vaccine are selected by the World Health
Organization during the previous year to allow for production of vaccine doses in chicken
eggs (275). During the 2012-2013 influenza season, an H3 antigen was selected that
underwent an adaptation in the egg culture, resulting in the acquisition of three amino acid
mutations across two important antigenic sites (276). Despite high titer humoral immune
responses to the vaccine, neutralizing titers to the circulating wild type strain were
decreased by approximately eight-fold compared with responses to the egg adapted strain
(276), which was associated with reduced protection against the virus (277). However,
correlates analyses observed that remaining hemagglutination inhibition (HAI) accounted
for only about 60% of protection observed over the season (16, 19, 278), suggesting that
other antibody effector functions were likely to contribute to protection, even in the setting
of the viral adaptation. The additional functional correlates of immunity remain
incompletely defined but could provide key insights for the design of both broadly specific
and functionally optimized immune responses required for universal protection against

influenza.

The identification of broadly reactive monoclonal antibodies, such as CR6261(162)
and CR9114 (279, that provide robust in vivo protection (214, 280) even in the absence of
HALI titers have raised the possibility that additional humoral mechanisms beyond HAI
titers may be critical for immunity against influenza (39, 40, 69). Several antibody effector
functions have been implicated in protection from influenza infection (62, including
antibody mediated macrophage phagocytosis (56, 60), neutrophil activation (56), antibody-
dependent cellular cytotoxicity (ADCC) (57) by NK cells, monocytes, and neutrophils, and
complement-specific lysis (64, 55, 60, 61). HA-specific functional antibodies capable of

inducing ADCC arise earlier following infection and are more broadly reactive than
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neutralizing antibodies (799, and have been shown to decrease symptom severity and
increase viral clearance (78. Furthermore, in older adults, increased ADCC activity
correlated with strong HAI responses following vaccination (79, although HAI antibodies
may compete with ADCC antibodies for access to antigenic epitopes (86). However, whether
ADCC alone is critical for protection, or whether ADCC antibodies work in tandem with
other antibody effector functions to provide maximal protection from infection, remains

incompletely understood.

In order to further define the functional humoral correlates of immunity against
influenza, we deeply profiled the functional humoral immune response to influenza at the
time of peak immunogenicity in a unique cohort of vaccinated older adults. These older
adults (>65 years old) without moderate or severe acute illnesses were enrolled in the
FIM12 study (278, 281) and immunized with either standard or high dose trivalent
influenza vaccines in October of 2012. Within the randomly selected immunogenicity
subset, serum samples were collected at peak immunogenicity, 28 days post vaccination.
Individuals were tracked throughout the influenza season, with twice weekly surveillance
calls during the peak of the influenza season (January-February), followed by once weekly
calls until the end of the season (April 30). Any individuals with respiratory illness were
tested for influenza by PCR, culture, or both. During the influenza season when this study
took place (2012-2013), the CDC classified the epidemic as moderate severity for children
and adults, but high severity in older adults (2589, related to increases in hospitalization
and deaths in the population >65 years old (283). Decreased vaccine effectiveness was
observed for the H3N2 strain, the major circulating variant that year (2839, later linked to
an adaptation to the egg culture (276), including a three amino acid mutation altering two

critical antigenic sites (276) compromising neutralizing antibody activity (276, 277). While
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dosing improved HAI activity, HAI levels alone, even to the egg-adapted strain, were an
incomplete predictor of protection (278). Specifically, whether neutralization alone among
antibody-mediated defenses or in combination with other humoral functions previously

linked to protection against influenza (629 contributed to protection remained unclear.

METHODS

Samples
100 samples drawn 28 days post-vaccination from older individuals were selected

from a previous published clinical trial (278). This trial compared the standard 15ug per
HA dose or high-dose 60ng per HA Fluzone (Sanofi Pasteur) seasonal influenza vaccines
(278), so individuals were included who received one of these doses (n=50 per vaccine type).
These individuals were followed for the duration of the flu season and influenza infection
status confirmed by both PCR and culture. This was not a controlled exposure study, so the
influenza exposure status of uninfected individuals is unknown. 14 individuals selected for
this study were infected with influenza (any subtype), of which 3 received the high dose
vaccine. This study was approved by the Massachusetts General Hospital Institutional
Review Board.
Antibody isotyping, subclassing, and FCGR binding

Antigen-specific antibody isotype, subclass, and FCGR binding titers in participant
serum were measured using a custom Luminex-based array as previously published (797,
246, 284). Antigens of interest from past, concurrent, and later influenza seasons were
coupled to Luminex beads (Luminex Corp.) through carboxyl chemistry. Antigens assayed
were: wild type H3 A/Victoria/361/2011, egg adapted H3 A/Victoria/361/2011, H1 stem, H1

A/California/07/2009, N1 A/California/07/2009, H1 A/Brisbane/59/2007, H1 A/Chile/1983,
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H1 A/New Caledonia/20/1999, H3 A/Texas/50/2102, N2 A/Texas/50/2012, H3
A/Brisbane/10/2007, H3 A/Hong Kong/4108/2014, N2 A/Hong Kong/4108/2014, H3
A/Panama/2007/1999, H3 A/Singapore/19/2016, H3 A/Switzerland/9715293/13, HA
B/Brisbane/60/2008, HA B/Phuket/3073/2013, HA B/Colorado/06/2017, and ZEBOV GPdTM.
All antigens were provided by Sanofi Pasteur except the A/Victoria/361/2011 HAs, which
were provided by the Ragon Protein Production Core Facility, and the ZEBOV GPdTM,
purchased from Mayflower Biosciences. Antigen-coated beads were incubated with diluted
serum overnight at 4C, shaking. For IgG1 and FCGR detection, samples were diluted to a
final concentration of 1:500. For IgG3, IgA1, and IgM detection, samples were diluted to a
final concentration of 1:100. Following immune complex formation, beads were washed and
incubated with a PE-labeled detection reagent. For antibody isotypes IgG1, IgG3, IgAl, and
IgM, PE-labeled detection antibodies were purchased from Southern Biotech. For FCGRs
FCGR2A (R), FCGR2B, and FCGR3A (V), proteins were acquired from the Duke University
Protein Production Facility and incubated at a 4:1 molar ratio with streptavidin-PE
(Prozyme). After 1 hour incubation at room temperature, excess detector was washed away
and labeled immune complexes resuspended in QSol buffer (Intellicyt). Plates were read
using an iQue Screener PLUS with Forecyt software (Intellicyt), and antibody levels
quantified by PE median fluorescence intensity. All samples were assayed in duplicate.
Antibody-dependent cellular phagocytosis (ADCP)

Antigens (wild type H3 A/Victoria/361/2011, egg adapted H3 A/Victoria/361/2011,
and N2 A/Texas/50/2012) were biotinylated using ezLink NHS-LC-LC-biotin
(ThermoFisher) for 30 minutes at room temperature, cleaned up with Zeba spin columns
(ThermoFisher), and coupled to Neutravidin fluorescent beads (ThermoFisher) for two
hours at 37C. Antigen-coated beads were incubated with diluted serum samples (1:200

dilution for HA antigens and 1:100 dilution for NA antigen) for 2 hours at 37C, washed, and
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incubated overnight with 25,000/well THP-1 monocytes (ATCC) to allow for phagocytosis.
Cells were washed to remove unphagocytosed immune complexes, then fixed. Plates were
read using an iQue Screener PLUS with Forecyt software (Intellicyt). Results are reported
as phagocytic scores, which were calculated by multiplying the percentage of monocytes
that had undergone phagocytosis by the geometric mean fluorescence intensity of bead-
positive monocytes (a proxy for the number of beads phagocytosed by each cell), then
dividing by 10,000. All samples were assayed in two independent replicates.
Antibody-dependent neutrophil phagocytosis (ADNP)

ADNP was assayed as described in (247). Fluorescent beads were coupled to
antigens as for ADCP and incubated with diluted serum samples (1:50 dilution for HA
antigens and 1:25 dilution for NA antigen) for 2 hours at 37C, washed, and incubated with
healthy donor white blood cells isolated by ACK lysis for one hour at 37C. Cells were
washed to remove unphagocytosed immune complexes, then stained with CD66b to
positively identify neutrophils. Cells were fixed and plates were read using an iQue
Screener PLUS with Forecyt software (Intellicyt). Results are reported as phagocytic scores,
which were calculated by multiplying the percentage of neutrophils that had undergone
phagocytosis by the geometric mean fluorescence intensity of bead-positive neutrophils,
then dividing by 10,000. All samples were assayed using two independent white blood cell
donors.

Antibody-dependent dendritic cell phagocytosis (ADDCP)

Dendritic cells were derived from blood monocytes isolated from buffy coats
(Massachusetts General Hospital Blood Donor Center) by CD14 positive selection
(Miltenyi). Following isolation, cells were differentiated in MoDC media (Miltenyi) for 6-7
days. Antigens (wild type H3 A/Victoria/361/2011, egg adapted H3 A/Victoria/361/2011, and

N2 A/Texas/50/2012) were coated onto fluorescent beads (ThermoFisher) via carboxy
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chemistry. Antigen coated beads were incubated with diluted serum (1:50 dilution for HA
antigens and 1:25 dilution for NA antigen) for 2 hours at 37C to form immune complexes.
Beads were washed and incubated with differentiated DCs for 4 hours at 37C. DCs were
then fixed and stained for cell surface activation makers (HLA-DR, CD86, and CD83; all
from BD Biosciences). Plates were read using an iQue Screener PLUS with Forecyt
software (Intellicyt). Results are reported as phagocytic scores, which were calculated by
multiplying the percentage of neutrophils that had undergone phagocytosis by the
geometric mean fluorescence intensity of bead-positive neutrophils, then dividing by 10,000,
and as percentage of cells that are positive for activation markers. All samples were
assayed using two independent DC donors.

Antibody-dependent complement deposition (ADCD)

ADCD was assayed as described in (248). Fluorescent beads were coupled to
antigens as for ADCP and incubated with diluted serum samples (1:25 dilution for HA
antigens and 1:12.5 dilution for NA antigen) for 2 hours at 37C, washed, and incubated
with purified guinea pig complement (Cedarlane) for 20 minutes at 37C. Beads were
washed with EDTA-containing buffer, then incubated with anti-C3 fluorescent detection
antibody (MP Biomedical) for 15 minutes at room temperature. Beads were washed and
read using an iQue Screener PLUS with Forecyt software (Intellicyt). Results are reported
as geometric mean fluorescence intensity of anti-C3 on beads. All samples were assayed in
two independent replicates.

Antibody-dependent NK cell activation (ADNKA)

NK cells were isolated from healthy donor buffy coats (Massachusetts General
Hospital Blood Donor Center) using the RosetteSep NK cell enrichment kit (StemCell).
Antigens (wild type H3 A/Victoria/361/2011, egg adapted H3 A/Victoria/361/2011, and N2

A/Texas/50/2012) were adsorbed onto 96-well ELISA plates (ThermoFisher), and plates
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were blocked in 5% bovine serum albumin (Sigma) in PBS (Corning). Coated plates were
then incubated with diluted serum samples (1:25 dilution for HA antigens and 1:12.5
dilution for NA antigen) for 2 hours at 37C, washed, and incubated with purified donor NK
cells for 5 hours at 37C. The NK cells were then removed from antigen-coated plates, fixed,
permeabilized, and stained for both cell surface and intracellular markers (CD3, CD16,
CD56, CD107a, MIP-18, IFN-y; all from BD Biosciences). Cells were analyzed with an iQue
Screener PLUS with Forecyt software (Intellicyt). Results are reported as percent of NK
cells (CD3-, CD56/CD16+) positive for each activation marker (CD107a, IFN-y, and MIP-

1B). All samples were assayed using two independent NK cell donors.

For comparisons of NK cells from younger and older adults, cryopreserved PMBCs
were provided from the UCONN Center on Aging from a previous study(285). The younger
adult samples came from participants aged 22-40 years old and 70% were female. The older
adult samples came from participants aged 65-90 years old and 70% were female. Within
the older adults, 50% scored robust on the clinical frailty score, 40% were pre-frail, and 10%
were frail. CD16 antibody (Biolegend) was adsorbed onto 96-well ELISA plates
(ThermoFisher), and plates were blocked in 5% bovine serum albumin (Sigma) in PBS
(Corning). PBMCs were added and incubated for 5 hours. The cells were then removed from
coated plates, fixed, permeabilized, and stained for live/dead, cell surface, and intracellular
markers (CD107a, CD3, CD56, CD57, CD14, CD69, and MIP-1b all from BD Biosciences;
CD16, KIR, NKG2D, NKp46, and Perforin all from Biolegend; NKG2A and NKG2C both
from R & D Systems). Cells were analyzed on a BD Fortessa 5-laser cytometer with Diva
software. Flow cytometry files were analyzed with Flowjo. This study was approved by the

Massachusetts General Hospital Institutional Review Board.

Antibody glycan analysis
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Serum samples were heat inactivated at 56C for one hour, then spun down at
>20,000¢g to remove debris. Samples were pre-cleared by incubation with streptavidin-
coated magnetic beads (NEB) for 1 hour, rotating. Antigens (wild type H3
A/Victoria/361/2011 and N2 A/Texas/50/2012) were biotinylated as for ADCP and coupled to
streptavidin-coated magnetic beads. Antigen-coated beads and pre-cleared samples were
incubated for one hour at 37C, rotating. Samples were then washed three times and
resuspended in IDEZ (NEB) to cleave at the Fc-Fab hinge. Fc glycans were isolated and
labeled using the GlycanAssure kit (ThermoFisher) and APTS-labeled glycans were
analyzed by capillary electrophoresis on a 3500xL: genetic analyzer with GlycanAssure
software (Applied Biosystems). Pre-labeled libraries are used as references. Results are
reported for each identified peak as percentage of total isolated glycans, and samples
without identifiable traces are excluded from the analysis. Peaks are combined into
glycoform groups for visualization and statistical testing (e.g. combining all sialylated
glycoforms).

Fc-engineered monoclonal antibodies

The antibody CR9114 (279 was cloned onto three different Fc backgrounds (WT
IgG1, N297Q-aglycosylated, and SDIEALGA (286)) to investigate the impact of enhanced
versus ablated NK cell activation in immune complexes using a Golden Gate cloning
platform (287). Antibodies were produced in HCK-293F cells and purified by protein A/G
resin (287). These antibodies were characterized by analysis in the systems serology
pipeline as described above, using inactivated H3N2 X-31 influenza as antigenic bait and
with each antibody at a concentration of 5ug/ml for ADCP, ADNP, and ADNKA and a
concentration of 50ug/ml for ADCD. The antibodies were further characterized by Luminex
using H3 stem antigen (Iaboratory of Dr. Daniel Lingwood) as bait with human (as above)

and murine (Sino Biological) FCGRs as detection reagents.
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Murine experiments
CR9114-1gG1, CR9114-N297Q, and CR9114-SDIEALGA were administered at

indicated doses to C57BL6/J mice at ages 6-8 weeks or 35 weeks by intraperitoneal
injection. Two hours following antibody administration, mice were intranasally challenged
with H3N2 X-31 at 5 LDso. Mice were monitored for disease progression for 1 week
following infection. This study was approved by the Massachusetts General Hospital
Institutional Animal Care and Use Committee.
Statistical and machine learning analysis

Univariate analyses and visualizations were completed in Prism (Graphpad).

Statistical tests are detailed in figure legends.

HA comparison heatmap and correlation heatmaps were created in RStudio using
the corrplot package (https://cran.r-project.org/web/packages/corrplot/). Chord diagram was
also created in RStudio using the circlize package (https://cran.r-
project.org/web/packages/circlize/index.html). Function heatmaps were created in JMP Pro

14 (SAS) using the hierarchical clustering function.

Multivariate and machine learning analyses and visualizations were completed in
Matlab R2020a (Mathworks). For Elastic Net-Partial Least Squares analysis of influenza
infected compared to uninfected individuals, a dataset containing antigen-specific antibody
isotypes, FCGR binding, neutralization, and antibody-dependent functional data for all 100
study subjects was used. Missing datapoints were imputed using K-nearest neighbor and
data were normalized using z-scoring. Elastic Net machine learning was performed in a 5-
fold cross-validation framework. The Elastic Net lambda coefficient was chosen within this

cross-validation framework. A minimum of 5 antibody features were selected in each
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replicate. Random size-matched and label permuted datasets were compared for each model

within the cross-validation framework.

Networks were plotted in Cytoscape v3.8.1 using pairwise correlation data

calculated in Matlab.

RESULTS

ENHANCED RESPONSES TO EGG-ADAPTED HA CORRELATE WITH RESPONSES

TO CIRCULATING HA

Using this highly characterized cohort, linked to well defined viral breakthrough, we
aimed to objectively define humoral correlates of protection in the elderly population.
Specifically, we applied our systems serology platform (799 to agnostically measure
antigen-specific antibody-dependent innate immune functions, antigen-specific antibody
isotype titers, and antigen-specific Fc-y receptor (FCyR) binding titers at peak
immunogenicity blindly across the samples, and then examined differences across antigens,

doses, and ultimately protection status.

Consistent with previous neutralizing data (278, antibody titers to the vaccine egg-
adapted H3 were significantly higher than to the circulating wild type H3 for all measured
isotypes and FCGRs (Figure 4.1A), including both IgG1, the most abundant circulating
antibody isotype, and IgM, the precursor to IgG in the development of the humoral immune
response (288 (Figure 4.1B) Antibody-dependent innate immune functions mediated by
monocytes (antibody-dependent cellular phagocytosis, ADCP), neutrophils (antibody-

dependent neutrophil phagocytosis, ADNP), complement (antibody-dependent complement
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Figure 4.1 Responses to circulating H3 and vaccine H3 are highly correlated but vaccine H3 responses have
higher magnitude. (A) Circles represent average antigen-specific antibody-dependent functional response,
FCGR binding titer, or isotype titer across all participants to both circulating H3 (H3 WT) and vaccine H3 (H3
EgAd). Sample values were z-score normalized across both antigens, then mean values represented in circle
plots. (B) Violin plots depict responses across all samples for selected univariate antibody features. (A & B)
Significance of difference between magnitude of response to each antigen is represented by stars and was
determined by Wilcoxon matched pairs signed rank test with Bonferroni’s correction. * p <0.05, ** p <0.01,
*#%% 1 < 0.001 (C) Chord diagram shows correlations between antigen-specific antibody-dependent functional
response, FCGR binding titer, or isotype titer across circulating H3, vaccine H3, and N2 antigens. Red chords
represent positive Spearman R values and blue chords represent negative Spearman R values, with more
intense color representing stronger correlation.
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deposition, ADCD), and dendritic cells (antibody-dependent DC phagocytosis, CD83, and
HLA-DR expression) were also significantly increased to the egg-adapted strain (Figure
4.1A). The increase in ADDCP (Figure 4.1B) further underscored augmented antibody-
mediated antigen delivery, activity that could also promote enhanced T cell immunity (289,
selectively to the egg-adapted strain. Surprisingly, despite the higher overall titers of H3
egg-adapted antibodies, antibody dependent NK cell activation (ADNKA), and specifically
degranulation (CD107a) and cytokine release (IFN-y), were not differentially induced to the
egg-adapted strain (Figure 4.1A-1B). Conversely, chemokine secretion by NK cells,
measured by MIP-18, was enhanced to the egg adapted H3 when compared to the wild type

H3 (Figure 4.1A).

However, despite the enhanced boosting of humoral immunity to the egg-adapted
antigen, antibody isotypes, FCGR binding, and antibody-dependent innate immune
functions were highly correlated across the H3 and egg-adapted antigen (Figure 4.1C).
Thus, despite differences in the magnitude of the response across the wildtype and egg-
adapted HAs, the specific humoral features were correlated across H3 antigens, suggesting
that rather than altering the functional response to HA, the egg-adapted HA induced a less
robust, but proportional response to the wildtype circulating HA strain. Moreover, beyond
HA, neuraminidase (NA) is also included at lower and variable concentrations in the
vaccine (290), and also experienced a proportional boost (Figure 4.1C). Thus, these data
collectively suggest that while the vaccine induced more robust responses to the egg-
adapted HA, vaccination also induced a parallel augmentation of humoral immunity across
the wildtype HA and NA, pointing to the presence of functional humoral immune responses

that could still contribute to protection against the circulating strain.

109



HIGH DOSE VACCINATION INDUCES A MULTIPRONGED FUNCTIONAL ANTIBODY

RESPONSE

In order to better understand the mechanisms of immunity in older adults, this trial
measured the protective capacity of high dose (60ug of HA per strain) compared to standard
dose (15pg of HA per strain) vaccination (278). To additionally probe the impact of dosing
on the evolution of the functional humoral immune response, we profiled the differences in
the vaccine-induced Fec-profiles. Significant heterogeneity was observed in HA-specific Fc
profiles across all vaccine recipients (Figure 4.2A), with no two individuals possessing an
identical HA-specific Fc profile. Interestingly, individuals that received the high dose did
not exhibit an overall shift in the magnitude of their vaccine-specific responses. Conversely,
while previous data pointed to an increase in HAI with the higher dose (278, here, limited
differences were noted in either IgG1 or IgM titers to HA or NA antigens (Figure 4.2B). Yet,
selective increases were noted in particular antibody effector functions including elevated
H3 egg-adapted-specific NK cell degranulation, and, surprisingly, reduced wildtype H3 and
N2-specific antibody mediated DC activation with the high dose (Figure 4.2B). These data
suggest that while dosing may not have an effect on IgG antibody titers, it may play a role

in shaping the qualitative immune response.

To further probe the qualitative impact of dosing, we next examined the architecture of the
vaccine-induced humoral immune response by calculating the functional coordination
across the standard dose (Figure 4.2C, top) and high dose (Figure 4.2C, bottom) vaccine
recipients. Positive correlations were observed within opsonophagocytic functions (ADCP,
ADNP, ADCD) across H3 egg-adapted and wildtype strains (Figure 4.2C, top purple box),
as evidenced by strong reds and oranges with larger circles. Conversely, these responses

were poorly, and even inversely, correlated across opsonophagocytic versus NK cell and DC
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Figure 4.2 Regular and high dose vaccines induce different functional humoral responses. (A) Heat map depicts
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were z-score normalized. (B) Violin plots depict responses for regular dose (RD) and high dose (HD) vaccine
recipients across three antigens: circulating H3 (H3 WT), vaccine H3 (H3 EgAd), and N2 for selected univariate
antibody features. Significance of difference between RD and HD recipients for each antigen is represented by
stars and was determined by Mann-Whitney U test. * p < 0.05, ** p < 0.01, **** p < 0.001 (C) Correlation
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111



activating functions in the standard dose group (Figure 4.2C, top pink box) as shown by
small circles and blue colors in the heatmap. Conversely, coordination improved with the
high dose vaccination, with weak but positive correlations across all functions (Figure 4.2C,
bottom). Thus, while increased dosing may not induce individually elevated antibody
effector functions to influenza, increased dosing may improve the overall capability of
antibodies to recruit many antibody effector functions including HAI, opsonophagocytic, NK
cell, and DC activating functions. However, the precise functions required to mediate

protection remain unclear.

PROTECTED VACCINEES INDUCE MORE COORDINATED HUMORAL IMMUNE

RESPONSES

Given the presence of a spectrum of coordinated humoral profiles across HA and NA
antigens in the population (Figure 4.1), we next aimed to determine whether differences
existed in the antibody profiles across vaccinees that were protected versus those that got
infected over the follow up period. Thus, data were grouped by individuals who were
infected during the study (cases) and individuals who remained uninfected (controls)
(Figure 4.3A). While cases exhibited a trend towards lower IgG1 and ADNKA (Figure 4.3A
and B), these differences were not significant. Furthermore, vaccine specific IgG1 and IgM
titers were not predictive of protection from infection (Figure 4.3B), highlighting the lack of
a univariate predictor of protection at peak immunogenicity. Conversely, the coordination of
the immune response varied across the cases and controls (Figure 4.3C), marked by
enhanced coordination in the controls across all antibody functions. More negatively
correlated relationships were observed among cases, marked by a strong correlation
between opsonophagocytic functions that excluded NK cell activating functions. These data

point to the inclusion of NK cell functions in the polyfunctional antibody response in
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in that order.
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controls, but the selective exclusion of these functions in cases, highlighting a possible role

for antibody mediated NK cell recruitment in protective immunity.

NK CELL ACTIVATION SEPARATES INFECTED FROM UNINFECTED VACCINEES

Differences in the correlation matrix across cases and controls pointed to a more
complex (Figure 4.3C), rather than single biomarker, correlate of immunity against
influenza. Given the highly correlated nature of humoral immune features, we used a
Least Absolute Shrinkage and Selection Operator (LASSO)-Elastic Net algorithm (212, 249
to 1dentify key features. LASSO collapsed the measured antibody features to a minimal set
that accounted for the greatest variation in antibody profiles across the cases and controls,
potentially able to predict protective antibody profiles at peak vaccine-induced
immunogenicity and prior to exposure. Separation was observed in Fc profiles across cases
and controls (Figure 4.4A, p < 0.01 when compared to both permuted label and random
size-matched feature sets, Figure 4.5), with the majority of the cases exhibiting higher
values across latent variable 1 (LV1) (Figure 4.4B). As few as nine of the 198 features
captured in our Systems Serological profiling were sufficient to separate out the cases and
controls, with five features enriched in the controls and four features that were enriched in
the cases, with relative contributions ordered according to Variable Importance in
Projection (VIP) (Figure 4.4C). The four features enriched in the controls all pointed
towards increased functional quality, rather than simple quantitative increases in
antibodies, marked by enhanced antibody mediated NK cell activation to both HA and NA,
including higher levels of FCGR3A binding and NK cell activating antibodies. Conversely,
elevated levels of IgG3 and IgA to HA, IgM to NA and HA-specific DC-activating antibodies

were linked to non-protective immunity. These data suggest that increases in antibody
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titers across various isotypes/subclasses, in the absence of NK cell recruiting functions,

across HA and NA 1is a marker of a non-protective humoral immune response.
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Figure 4.4 Antibody-dependent NK cell activation is a predictor of protection from influenza infection. (A)
Partial least squares discriminant analysis separating cases (individuals who became infected) from controls
(individuals who remained uninfected) using LASSO-Elastic Net machine learning algorithm selected humoral
features. Scores across latent variables (LVs) indicate percentage of separation described by that axis. Model is
significant (p < 0.01) compared to permuted label and random size matched models. (B) shows scores for
individuals across LV1. Significance tested by Mann-Whitney U test, **** p < 0.001. (C) Variable importance in
projection plot indicates the relative contribution of humoral features to the model depicted in (A). (D) shows
significant co-correlates, defined as spearman R > 0.6 and FDR-corrected Q < 0.01, of LASSO-Elastic Net
selected features enriched in controls (highlighted in yellow) and cases (highlighted in blue).

Because LASSO simply selects features to maximize differences between groups in

the absence of any biological knowledge, we took a closer look at the co-correlates of the
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LASSO-selected features to gain enhanced insights into additional potential mechanisms of
protection. FCGR3A-binding antibody titers were linked to a broad array of additional NK

activation readouts across multiple antigens, indicating that a broad FCGR3A binding

Model Accuracy
T

0.88 - ' - J .
o

0.86 - E— E—

o

©

b
T

o
@
N
T
|

Classification Accuracy

o
©
T

0.78 -

Il Il Il
Final Model Random Size Matched Permuted

Figure 4.5 Model significance for LASSO-Elastic Net in Figure 4.4. The LASSO-Elastic Net model trained to
distinguish between cases and controls was validated against random size matched and permuted label models.
Significance tested by Mann-Whitney U test, ** p < 0.01.

response was present in controls (Figure 4.4D). The evolution of broad IgG3 responses, a
marker of naive B cell evolution, as well as ADDCP activity to both the wildtype and egg
adapted HA were all enriched among cases (Figure 4.4D). These data may indicate that the
progression and maturation of the immune response, as evidenced by class switching from

IgM, IgA, and IgG3 to IgG1 is required for a fully protective response.

Given the known requirement of afucosylation at the IgG1 Fc glycosylation site for
enhanced ADCC (131, 291), we probed the correlation between H3-specific IgG
glycosylation and NK cell activation (Figure 4.6A). While no particularly strong correlations
were observed, negative correlations between fucosylated antibodies and CD107a

expression, a proxy for ADCC, and between fucosylated antibodies and MIP-1f expression
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were observed. Interestingly, cytokine release by NK cells, measured by IFN-y expression,
was linked to a different glycan profile. Focusing on fucosylation and its possible link to
protection via ADCC induction (291), we observed that controls had significantly lower
levels of fucosylated H3-specific IgG (Figure 4.6B). The increased level of afucosylated
antibodies suggested a mechanistic driver of the observed NK cell markers of a protective
immune response in this cohort, further supporting NK cell activating antibodies as a

correlate of protection from infection.
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Figure 4.6 Glycosylation and NK cell activation. Heat map (A) shows Spearman R correlations between
measures of H3 WT-specific NK cell activation and FCGR3A binding and H3 WT-specific antibody Fc
glycoforms. Dot plot (B) shows levels of Fc fucosylation of H3 WT-specific antibodies in controls and cases.
Significance tested by Mann-Whitney U test, *** p < 0.001.

AGE DECREASES RESPONSIVENESS TO ANTIBODY -MEDIATED PROTECTION

AGAINST INFLUENZA IN MICE

To gain mechanistic insight into the importance of ADCC in protection from
influenza, particularly in older adults, we next tested the protective efficacy of influenza-
specific ADCC-enhanced antibodies in young (6-8 weeks) and mature (35 weeks) mice. The
broadly reactive HA-stem-specific mAb CR9114 was Fc-engineered to express multiple
functional profiles (287). From these, a primary NK activating profile, SDIEALGA (279,

was chosen to be compared to both the wild type IgG1 (WT) and the N297Q functionally
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ablated mutant to determine whether protection provided by these antibodies differed with
age. First, each antibody mutant was tested across antibody-dependent functions and for
binding to both human and mouse FCyRs. As expected, the wildtype CR9114 IgG1 mediated
variegated antibody effector function linked to variable FcR binding. The N297Q variant
demonstrated low level FcR binding and function. Conversely, the SDIEALGA mutant
showing enriched functionality and FCyR binding for all functions except complement
(Figure 4.7A). CR9114 mutants were passively transferred to young and mature mice at 4
mg/kg (292, followed by intranasal infection with H3N2 X-31, a strain that CR9114 binds
but does not neutralize. While all PBS treated mice succumbed to infection (Figure 4.7B),
mice that received the wildtype IgG1 or N297Q variant showed variable levels of protection.
Conversely, the NK activating SDIEALGA mutant provided significantly increased
protection to young mice (Figure 4.7B), as previously described (38). However, most
surprisingly, when administered to older mice, all antibody variants conferred poor
protection (Figure 4.7C). Moreover, the administration of higher concentrations of the
variant mAbs (8 mg/kg) did not enhance protection (Figure 4.7D), suggesting that broader
immune defects may exist in older mice that prevent the ADCC-enhanced antibodies from

mediating their enhanced protective effects.
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Figure 4.7 NK-activating Fc mutant increases protection in young mice while old mice remain susceptible. (A)
Flower plots depict H3 X-31-specific functional and Fe-binding profiles of mAb CR9114 Fc mutants where larger
petals indicate relative strength of that readout compared to other mutants. (B) Survival curves from a
preliminary experiment where mice were given mAbs (CR9114 WT, N297Q or SDIEALGA) or PBS control by
passive transfer at a dose of 4mg/kg, then infected with H3N2 X-31 influenza. ** p< 0.01. (C) Survival curves
from a follow-up experiment where old mice were given CR9114 WT and SDIEALGA variants at 8mg/kg to
attempt to rescue protection.

NK CELLS IN OLDER ADULTS ARE FUNCTIONALLY DIFFERENT THAN NK CELLS
IN YOUNGER ADULTS

To ultimately define whether NK cells in humans also experience loss of ADCC
activity, PBMCs from either younger (<40) or older (>65) adults were stimulated with an
anti-FCGRS3A (anti-CD16) activating antibody, a surrogate of activating ADCC. As expected
(293, 294), elderly NK cells expressed higher levels of CD57 (Figure 4.8A), a marker of
maturation, anergy, and decreased functionality (294). Stimulated NK cells in younger
adults displayed dose-dependent degranulation, measured by increasing levels of CD107a
expression following stimulation with increasing amounts of the agonist antibody (Figure
4.8B). NK cells from older adults exhibited a significantly diminished response to FCGR3A-

crosslinking (Figure 4.8B). However, older adult NK cells still remained somewhat
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responsive at high levels anti-FCGR3A, highlighting the response is not irreversibly lost in
humans, but may be rescued by higher doses of activating antibodies. Interestingly, the
ability of NK cells to respond to FCGR3A (CD16)-crosslinking was inversely correlated to
CD57 expression on NK cells across the ages, pointing to a potential NK cell biomarker that
may provide insights into the levels of ADCC-inducing antibodies required to achieve
protection against influenza (Figure 4.8C). No correlation existed between CD107a
responsiveness and age or clinical frailty index (Figure 4.10), highlighting that mechanisms
of immune aging may not track linearly with age and other clinical markers. Thus,
providing more a more nuanced picture than the mice which experienced a total loss of
protection mediated by FCGR3A-activating antibodies associated with aging, this data in
humans indicates that next generation vaccines may require higher levels of ADCC-
inducing antibodies, able to broadly target influenza, to achieve protection against

influenza across the ages.
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Figure 4.8 NK cells from older adults are less responsive to FCGR3A-mediated stimulation than NK cells from
younger adults. Dot plot (A) shows percentage of NK cells expressing CD57 in older and younger adults.
Representative gating is shown in Figure 4.9. Significance tested by Mann-Whitney U test. Dot plot (B) shows
the percentage of NK cells expressing CD107a following stimulation with increasing concentrations of anti-
CD16. Dotted lines show mean PBS control. Correlation plot (C) shows correlation between CD57 and CD107a
expression across CD16 stimulation conditions. Correlation measured by Spearman’s R. * p < 0.5, ** p <0.01,
###% < 0.0001.
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Figure 4.9 Representative gating for NK cells in Figure 4.8. PBMCs were gated on Size > Singlets > Live cells >
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DISCUSSION

High dose vaccines have successfully increased the relative efficacy of influenza
vaccination in older adults (278 295). This enhanced dosing has been proposed to partially
counteract the effects of antigenic seniority, wherein the initial imprinting of the immune
system limits the ability of the adaptive immune system to respond to newly evolving
influenza strains (296). While antigenic seniority, or original antigenic sin, may explain
reduced diversification and potency of the humoral immune response (297, it does not fully
explain the immunologic deficit in protection, wherein some instances vaccination can
augment immunity, but older adults remain vulnerable to infection and disease (76). Thus,
to gain a deeper appreciation for additional mechanisms that may explain vulnerabilities in
the elderly population, here we deeply profiled the humoral immune response in a well
characterized influenza vaccine efficacy study using both standard and high dose
vaccination. Importantly, despite the antigen mismatch observed during the study period,
Immunity to the circulating strain was induced proportionally to the egg-adapted antigen.
Additionally, the inclusion of both the standard and high dose vaccination provided a range
of antibody profiles across the population, providing the requisite heterogeneity required to
define minimal features of the humoral immune response that were selectively associated
with infection. While measurements of phagocytosis, neutrophil activation, complement
activation, and DC activation were all captured, a striking and highly selective signal of
enhanced FCGR3A binding and NK cell activation, to both HA and NA, were observed in
individuals that resisted infection over the study period. These data argue for a highly
selective defect in ADCC-inducing antibodies in individuals who ultimately became
infected, and objectively point to a critical role for antibody-mediated NK cell activation as

a key correlate of immunity against influenza in the population aged 65 years and older.
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Moreover, while young mice also clearly benefited from ADCC-inducing antibodies, older
mice experienced a loss of responsiveness to ADCC-inducing antibodies even at high levels.
Aged humans also experienced a deficient response to ADCC, proportional to their NK cell
CD57-marked anergy, but that was partially rescued by increasing doses of FCGR3A cross-
ligation. The effect of antibodies on activation of NK cells acts in an age-dependent manner
across in vitro and in vivo models. Thus, these data point to a potential opportunity to
improve immunity to influenza in older adults, via the selective induction of elevated titers

of ADCC inducing antibodies.

While elevated dosing improved overall antibody titers, HAI (278), select antibody
functions, and FCGR3A-binding antibodies, dosing did not alter the level of antibodies able
to drive NK cell degranulation. Similarly, previous efforts to boost immunity with the use of
an adjuvant also resulted in enhanced antibody titers and opsonophagocytic functions, but
led to poor induction of NK cell activating antibodies (258). Thus, novel strategies may be
required to improve the production of ADCC-inducing antibodies. Both changes in antibody
isotype usage and Fc-IgG glycosylation have been linked to improved ADCC activity. IgG3
and IgG1 both exhibit enhanced affinity for FCGR3A, involved in driving ADCC activity,
however the broad induction of increased IgG3 levels was a correlate of risk in this study.
These data suggest that altered IgG1-Fc-glycosylation is likely to be a key immune target
for enhanced vaccine-mediated protection in older adults. However, the precise signals
required to reduce fucosylation, the key glycan modification required to improve affinity for
FCGR3A(298), remains incompletely understood. Emerging data suggest that specific
adjuvants may differentially shape influenza-specific antibody effector function (299, 300),

however whether the same changes will be observed across the ages and through durable
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changes in Fc-glycosylation is unknown but could represent a unique opportunity to shape

immunity to influenza and beyond.

A unique observation in this study relates to the emergence of protective ADCC
signals against both the influenza HA and NA proteins. While both proteins are included in
the seasonal inactivated influenza vaccine, only the concentration of HA is controlled. NA,
along with other viral proteins, is included in the vaccine but are not quantified precisely.
Studies on the level and stability of NA have shown variability from one vaccine to the next
(290, 301). 1t is likely that high dose vaccines include more NA compared to standard dose
vaccines, but that the levels of individual NAs vary by strain, vaccine season, and
manufacturer (47, 290, 302). Due to this variation, typical seasonal influenza vaccination
has been linked to lower NA responses, or no NA responses, in healthy adults (47).
Conversely, high dose vaccination in older adults has been shown to induce an anti-NA
response in a higher proportion of vaccinees (302, as has been observed in mice (290).
While we did not observe a significant N2-specific titer enhancement in this study,
significant differences were observed in the N2-specific humoral immune response across
cases and controls, arguing for a critical role for NA, not just HA, -specific functional
immunity in older adults. Given our emerging appreciation for the importance of NA as a
functional target for ADCC-inducing antibodies, these data suggest that future vaccines
able to drive synergistic functional immunity to HA and NA may synergistically improve

Immunity in the population aged 65 years and older.

The mechanistic finding presented here that “aging” NK cells are less able to
respond to FCGR3A-mediated stimulation builds on previous literature in older adults,
especially in the presence of cytomegalovirus (CMV) (293, 294). While some studies have

indicated that the cytotoxicity of NK cells is comparable between young and old adults
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(303, here we clearly demonstrate that the level of activation required differs across the
ages in humans, pointing to an activation threshold effect, that was linked to the level of
CD57 surface expression. Thus, while mice that mediate ADCC via monocytes rather than
NK cells (179 may experience a more significant defect in ADCC activity, higher levels of
ADCC-inducing antibodies may overcome the NK cell anergy that evolves in aging humans.
Thus, whether CD57 levels can ultimately be used to determine and guide the level of
ADCC required to achieve protective immunity across populations is unclear but provides
the first insights on novel biomarkers that may help guide the development of vaccine
strategies able to reduce the morbidity and mortality associated with influenza across the

ages.

While neutralization is likely to play a critical role in yearly protection from
infection, neutralization and HAI alone represent incomplete metrics of immunity,
particularly in older adults (16, 304). Unlike human challenge studies, individuals in this
study were likely exposed to influenza at variable times following peak immunogenicity
(305), resulting in highly variable signals particularly among the controls. Yet, despite this
heterogeneity, the enrichment of FCGR3A and NK cell activating signals in controls, that
were significantly lacking in the cases, coalesced on an NK cell signature of potential
protective immunity. Given that vaccination remains the most effective strategy to prevent
influenza infections in those over age 65 (265, 266, 306), strategies are urgently needed to
improve both HAI and additional functional correlates of immunity in this population (265,
266). Given our emerging appreciation for the importance of ADCC as a correlate of
immunity against influenza across multiple animal models (38, 39, 196, 216, 307) as well
as a marker of reduced disease burden in humans (78), novel strategies including adjuvants

and new immunogens able to induce ADCC may complement emerging efforts that show
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elevated HAI activity and breadth (308). Future studies will determine whether these novel
vaccine technologies, including the newest innovations currently used for SARS-CoV-2
vaccination, will yield superior responses against influenza in high-risk populations by

eliciting broadly functional and NK cell activating polyclonal humoral immune responses.
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Chapter 5: PRE-EXISTING FC PROFILES SHAPE THE
EVOLUTION OF NEUTRALIZING ANTIBODY BREADTH TO

INFLUENZA

Based on a manuscript in preparation-

Boudreau, C.M., Burke, J.S. IV, Roederer, A., Mundle, S., Delagrave, S., Sridhar, S.,
Ross, T., Kleanthous, H. & Alter G. Pre-existing Fc profiles shape the evolution of
neutralizing antibody breadth following influenza vaccination.

Author contributions: CMB, HK, TR, and GA designed the study. SM, SD, SS, TR,

and HK were involved in the original clinical study and provided samples. CMB and

JSB conducted experiments. CMB and AR analyzed data. CMB, HK, SS, and GA

wrote the manuscript.

Despite ongoing seasonal vaccination campaigns, influenza remains a global health
concern, causing significant morbidity and mortality globally. With the ever-present threat
of the emergence of a pandemic strain, the need for a universal influenza vaccine has never
been more urgent. Emerging data suggest that the evolution of a broad universal
neutralizing and functional humoral immune response may hold the key to protection
against both circulating and potential emerging influenza strains. Here, we applied a
systems approach to profile the unique humoral signatures that tracked with the evolution
of broad influenza-specific immunity in a cohort of 108 individuals and validated these
findings in an additional cohort of 137 individuals followed over 4 years of seasonal
influenza vaccination. Both the biophysical and functional characteristics of the
hemagglutinin- (HA) and neuraminidase- (NA) specific responses were profiled across 15

influenza strains, representing both historical and future strains. Multivariate analysis

highlighted the presence of a unique Fc y receptor-binding antibody profile in individuals
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that evolved hemagglutination inhibition activity (HAI), marked by the presence of elevated
levels of pre-existing FCGR2B-binding antibodies that predicted the evolution of breadth in
a second orthogonal cohort. Moreover, vaccination with FCGR2B-binding antibody-
opsonized influenza resulted in enhanced antibody titers and HAI activity in a murine
model. Together, these data point to a critical role for pre-existing Fc receptor binding
antibodies as key correlates of immunity in the evolution of universal influenza specific
antibodies, collectively providing key insights for the design of next generation vaccines

against influenza.

INTRODUCTION

Despite the availability of seasonal vaccines, influenza remains a major global
health concern. Each year, influenza infects 10-20% of the world’s population and causes
290,000-650,000 deaths (780). The significant burden of influenza is somewhat mitigated by
seasonal vaccination. However, between the limited effectiveness of vaccination (10-60%
depending on the season (279), caused by antigenic drift, unexpected strain mismatches,
production errors, and limited vaccination rates even in areas where the vaccines are
widely available, it is estimated that only 5-18% of annual cases are avoided by vaccination
in the United States (181). Moreover, unpredictable influenza strains that cause increased
illness and death, may emerge at any moment, with four major influenza pandemics having

occurred just in the 20th and 215t centuries (739).

Current influenza vaccines are designed biannually, once annually per hemisphere,
based on predictions of the strains that are projected to circulate in the upcoming season

(across subtypes HIN1, H3N2, and Influenza B). When these projections are correct,
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vaccine efficacy is higher; in seasons where there is a strain mismatch, vaccine efficacy is
low (309. While this strategy provides some level of annual protection against circulating
viruses, it does not appear to boost broad immunity across influenza strains, resulting in a
perpetual need for vaccine re-administration to contemporize immunity to both previously
encountered and novel strains. More critically, this vaccine strategy does not afford
immunity to emerging pandemic influenza strains (370). Thus, vaccine strategies that
enhance both the breadth of immunity to commonly circulating viral strains and drive

Immunity to pandemic strains that may represent a global threat are urgently needed.

The development of a broad, “universal” influenza vaccine, has been named a top
priority by the National Institutes of Health (75), with vaccine-induced protection defined
based on the ability of antibodies to block influenza infection in a hemagglutination
inhibition assay (HAI). Broad HAI has been documented in naturally immune individuals
(811, indicating that a stronger heterosubtypic humoral immune response is achievable.
However, vaccine design efforts to date continually fail to induce robust breadth of
immunity to influenza (311). While consensus in the field points to the importance of
eliciting vaccine induced immune responses to conserved epitopes (319, it remains unclear
how natural HAI breadth evolves and whether other key immunological mechanisms may

be leveraged to drive protective universal immunity to influenza.

To begin to define whether unique immune mechanisms may underlie the evolution
of HAI activity, here we applied an unbiased, comprehensive antibody-profiling strategy to
a cohort of 108 individuals sampled prior to and 21 days after influenza vaccination and
validated these findings in an additional cohort of 137 individuals followed over four years
of seasonal influenza vaccination. HAI was performed on all subjects across 50 strains,

providing a comprehensive opportunity to define the predictors of HAI conversion to the
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vaccine strain, as well as HAI conversion to non-vaccine strains. Multivariate humoral
profiling across the groups pointed to the presence of a unique Fc-effector signature among
individuals that evolved HAI, with a selective FCGR2B binding signature among
individuals that evolved broad HAI activity, validated across a second cohort of vaccinees.
Moreover, immunization of mice with FCGR2B-binding antibody opsonized influenza virus
resulted in potent humoral titers and HAI activity, providing unexpected insights into the
potentially critical adjuvating activity of pre-existing influenza-specific antibodies that may

be required for the evolution of universal influenza specific immune responses.

METHODS

Samples
Samples for the initial dataset were selected from a pool of available samples from a

previous study (315 conducted in Pittsburgh, Pennsylvania and Stuart, Florida and
approved by the Western Institutional Review Board and the Institutional Review Boards
of the University of Pittsburgh and the University of Georgia. Samples were chosen for
inclusion in this study’s initial cohort to answer key questions regarding breadth and
durability of the humoral immune response following seasonal vaccination. To address
breadth, subjects were selected to include extremes in terms of breadth of both
seroprotection and seroconversion. To address durability, subjects were selected who
seroconvert to vaccination and either maintain a protective titer to the next season or drop

below protective HAI titers (1:40) by the next season.

Samples were collected at the time of vaccination (day 0) and 21-28 days post-
vaccination (day 21). Overall, 24 subjects were included with a minimum of two samples
each for a total of 198 samples over the three-year study period. For all day 0 samples

(n=105), demographics of the samples are: 75% female and 25% male; 19% ages 18-34, 15%
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ages 35-49, 38% ages 50-64, and 28% 65+; 74% received regular dose (RD) inactivated
vaccine, 17% received high dose (HD) inactivated vaccine, and 9% received intradermal (ID)

inactivated vaccine.

Samples were chosen from vaccinees in the 2013-2015 influenza seasons. The
vaccine formulations consisted of three or four strains of influenza virus as specified by the
U.S. Food and Drug Administration for inclusion each year. For the 2013-2014 and 2014-
2015 seasons, the strains included a trivalent formulation of A/California/7/2009 (H1N1),
A/Texas/ 50/2012 (H3N2), B/Massachusetts/2/2012 (Yamagata lineage). In the 2015-2016
season, a quadrivalent influenza vaccine formulation composed of A/California/7/2009
(H1N1), A/Switzerland/ 9715293/2013 (H3N2), B/Phuket/3073/2013 (Yamagata lineage),

and B/Brisbane/60/2008 (Victoria lineage) was used for vaccination.

For the validation dataset, samples were chosen from the same initial trial. Samples
were chosen for inclusion based on the availability of samples for at least three out of four
influenza seasons from 2013-2016. Overall, 136 subjects were included with a minimum of
six samples each for a total of 835 samples. For all included individuals, demographics of
the samples are: 74% female and 26% male; 9% ages 18-34, 9% ages 35-49, 37% ages 50-64
and 46% ages 65+ at study end. Breakdown of vaccine types varied by year: year 1 had
466% RD, 9% HD, 26% ID; year 2 had 89% RD, 11% HD; year 3 had 76% RD, 24% HD; and
year 4 had 63% RD, 37% HD. In years 1-3, vaccine composition was as described above. In
year 4, vaccine composition included A/California/7/2009 (H1N1), A/Hong Kong/4801/2014
(H3N2), B/Phuket/3073/2013 (Yamagata lineage), and B/Brisbane/60/2008 (Victoria

lineage).
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The current studies were approved by the Massachusetts General Hospital
Institutional Review Board.
Antibody isotyping/subclassing

HA and NA antigens (H1 stem, H1 A/California/07/2009, N1 A/California/07/2009,
H1 A/Brisbane/59/2007, H1 A/Chile/1983, H1 A/New Caledonia/20/1999, H3
A/Texas/50/2012, N2 A/Texas/50/2012, H3 A/Brisbane/10/2007, H3 A/Hong Kong/4108/2014,
N2 A/Hong Kong/4108/2014, H3 A/Panama/2007/1999, H3 A/Singapore/19/2016, H3
A/Switzerland/9715293/2013, HA B/Brisbane/60/2008, HA B/Phuket/3073/2013, HA
B/Colorado/06/2017; all from Sanofi Pasteur), H1 and H3 stem antigens (from Daniel
Lingwood), additional NA antigens (N1 A/California/07/2009 from Florian Krammer), and
EBOV GPdTM (Mayflower Biosciences) were coupled via carboxyl chemistry to Magplex®
fluorescently bar-coded beads (Luminex Corp.) with sulfo-NHS and EDC (Thermo Fisher)
per manufacturer’s instructions. These beads were then incubated with diluted, heat
inactivated serum samples overnight at 4C, shaking. To detect total IgG, IgG1, and FCGR
binding, samples were incubated with beads at a final dilution of 1:500. To detect IgG3,
IgA1l, and IgM, samples were incubated with beads at a final dilution of 1:100. Each sample
was assayed in duplicate. Beads were then washed to remove unbound sample and
incubated with PE-labeled secondary detection reagents (anti-Ig isotypes from Southern
Biotechnology and FCRs from the Duke University Protein Production Facility). Excess
detection antibody was washed away, and samples were quantified on the iQue Screener

Plus using Forecyt software (Intellicyt).

For the validation cohort, urea wash affinity measurements were taken for antigen-
specific antibodies. Protocol was as above, with each sample run four times. One set of

duplicates was washed with 7M urea for 15 minutes while the other was washed with
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buffer. Affinity was quantified as the fraction of antibodies remaining after urea wash by
dividing the urea wash median fluorescence intensity (MFI) by the buffer wash MFI.
Antibody-dependent cellular phagocytosis

HA antigens (H1 A/California/07/2009 and H3 A/Texas/50/2012) were biotinylated
with Sulfo-NHS-LC-LC Biotin (Thermo Fisher) and excess biotin was removed using a Zeba
size exclusion column (Thermo Fisher). Biotinylated antigens were coupled to Neutravidin
fluorescent beads (Thermo Fisher). Antigen-coupled beads were incubated with 1:200
diluted serum samples for two hours at 37C, then washed to remove unbound sample. THP-
1 cells (ATCC) were added to immune complexes and incubated for 16 hours at 37C. Cells
were then washed to remove unbound immune complexes, fixed, and quantified on the 1Que
Screener Plus using Forecyt software (Sartorius). Phagocytic scores were calculated by
multiplying the percentage of bead positive cells by the bead fluorescence GMFI of bead
positive cells and dividing by 10,000. Each sample was assayed in two independent
replicates.
Antibody-dependent neutrophil phagocytosis

Antibody-dependent neutrophil phagocytosis was adapted from the previously
published protocol (247). HA-coated beads were created as for ADCP. Antigen-coupled
beads were incubated with 1:50 diluted serum samples for two hours at 37C, then washed
to remove unbound sample. Fresh primary human white blood cells, isolated by ACK lysis,
were incubated with immune complexes for one hour at 37C. Cells were then washed to
remove unbound immune complexes, labeled for CD66b (anti-human CD66b fluorescent
antibody from Biolegend), fixed, and quantified on the iQue Screener Plus using Forecyt
software (Intellicyt). Neutrophils were identified as CD66b positive. Phagocytic scores were

calculated by multiplying the percentage of bead positive cells by the bead fluorescence
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GMFTI of bead positive cells and dividing by 10,000. Each sample was assayed for two
healthy blood donors.
Antibody-dependent complement deposition

Antibody-dependent complement deposition was adapted from the previously
published protocol (248). HA-coated beads were created as for ADCP. Antigen-coupled
beads were incubated with 1:25 diluted heat inactivated serum samples for two hours at
37C, then washed to remove unbound sample. Immune complexes were then incubated
with reconstituted lyophilized guinea pig complement (Cedarlane) for 20 minutes at 37C,
and excess complement washed off. Immune complexes were stained with anti-guinea pig
C3 fluorescent antibody (MP Biomedicals). Excess staining antibody was removed by
washing and immune complexes were quantified on the iQue Screener Plus using Forecyt
software (Intellicyt). Complement deposition was indicated by the C3 GMFI of immune
complexes. Each sample was assayed in two independent replicates
Antibody-dependent NK cell activation

ELISA plates NUNC, Thermo Fisher) were coated with HA antigens (H1
A/California/07/2009 and H3 A/Texas/50/2012), washed to remove unbound antigen, and
blocked with 5% bovine serum albumin (Sigma) in PBS. Primary human NK cells were
isolated from fresh buffy coats using the RosetteSep NK cell enrichment kit (StemCell) and
rested overnight at 37C with 1 ng/ml IL-15 (StemCell). 1:25 diluted serum samples were
added to the washed, HA-coated plates and incubated for 2 hours at 37C. Immediately prior
to use, brefeldin A (Sigma), GolgiStop (BD), and fluorescent anti-CD107a (BD) were added
to primary NK cells. Immune complexed plates were washed, and NK cells were added for 5
hours at 37C. After incubation, NK cells were removed and stained with fluorescent
antibodies for cell surface markers CD3, CD56, and CD16 (BD). NK cells were fixed and

permeabilized using Fixation & Permeabilization Media A & B (BD). Permeabilized NK
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cells were stained for intracellular makers MIP-18 and IFN-y (BD). NK cells were
quantified on the iQue Screener Plus using Forecyt software (Intellicyt). NK cells were
defined as CD3 negative, CD16 positive. Each sample was assayed on two buffy coat
donors.
Antibody-dependent Dendritic Cell phagocytosis

Primary human Dendritic Cells (DCs) were derived from buffy coats through
isolation with CD14 microbeads (Miltenyi) and culture in MoDC media (Miltenyi) for 6-7
days. HA antigens (H1 A/California/07/2009 and H3 A/Texas/50/2012) were coupled to
fluorescently-labeled beads (Thermo Fisher) through carboxyl chemistry as for antibody
1sotyping/subclassing. Antigen-coupled beads were incubated with 1:50 diluted serum
samples for two hours at 37C, then washed to remove unbound sample. Immune complexes
were then incubated with differentiated DCs for 4 hours at 37C. DCs were then fixed and
stained for cell surface activation markers HLA-DR, CD86, and CD83. DCs were quantified
on the iQue Screener Plus using Forecyt software (Intellicyt). Phagocytic scores were
calculated by multiplying the percentage of bead positive cells by the bead fluorescence
GMFT of bead positive cells and dividing by 10,000. Other activation markers were
quantified as GMFI of each marker as a percentage of total cells. Each sample was assayed
on two buffy coat donors.
Antigen-specific antibody Fc glycan analysis

HA and NA antigens (H1 A/California/07/2009, H3 A/Texas/50/2012, N2
A/Texas/50/2012) were coated onto magnetic beads through biotin-streptavidin as for
ADCP. Serum samples were pre-cleared with non-coupled magnetic beads to remove
nonspecific serum binding components. Pre-cleared samples were incubated with antigen-
coated beads for 2 hours at 37C to form immune complexes. Beads were washed and Fc

regions were cleaved off from beads by IDEZ digestion (New England Biolabs). Resulting
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solubilized Fc regions were then deglycosylated and labeled with APTS per GlycanAssure
kit instructions (Thermo Fisher). Labeled glycans were analyzed by capillary
electrophoresis (GeneScan 3500XL, Applied Biosciences) and GlycanAssure software
(ThermoFisher). Peaks were called based on known labeled glycan standards and reported
as a percentage of total glycan peak area.
Breadth Score

Sequences were aligned and pairwise distances between the amino acids of the
sequences were generated (Figure 5.1) (314). All hemagglutinin sequences were obtained
through the NIH data base in MEGAX (315-317) or provided by Sanofi Pasteur. Sequences
were aligned with the MUSCLE algorithm (318). MEGAX software was then used to
generate the pairwise distance between amino acids of the sequences using the Jones-
Taylor-Thornton Model with a gamma distributed rate among sites and pairwise deletion

for gaps/missing treatment (319). The pairwise distances were used to calculate the overall

Yijen A(5i,55)

, where the
IN|

breadth score of all neutralized viruses with the formula breadth = Q

sum of d(si,sj) represents the sum of pairwise distances by amino acid change between
strains, and N is the number of strains used. Q is an arbitrary breadth factor calculated
such that the breadth score for a hypothetical individual who neutralizes all strains
included in the dataset will equal 1 for the ease of analysis.
Multivariate and statistical analyses

Univariate visualizations and statistics were generated using Prism 8 (Graphpad

Software, LLC). Statistical tests are described in figure legends.

Multivariate analyses were completed using MATLAB (The Mathworks, Inc.) For
Elastic Net-Partial Least Squares analyses, a dataset containing antigen-specific antibody

isotypes, FCGR binding, neutralization, and antibody-dependent functional data for study
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subjects was used. Missing datapoints were imputed using K-nearest neighbor and data
were normalized using z-scoring. Elastic Net machine learning was performed in a 5-fold

cross-validation framework. The Elastic Net lambda coefficient was chosen within this

cross-validation framework. A minimum of 3 antibody features were selected in each

replicate. Random size-matched and label permuted datasets were compared for each model
within the cross-validation framework. Networks were created from highly significant (false
discovery rate adjusted q value < 0.01 and absolute value of r greater than 0.6) co-correlates

of LASSO-selected features and visualized using Cytoscape.

0 1 2 3 4

James-Taylor-Thornton Pairwise Distance

Figure 5.1 Pairwise distances show subtype variation. Heatmap depicts James-Taylor-Thornton pairwise
distance values between influenza strains.
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RESULTS

RESPONSE TO SEASONAL INFLUENZA VACCINATION IS HIGHLY

HETEROGENEOUS

A cohort of 108 healthy adults was sampled prior to and 21 days following
inactivated influenza vaccination. Serum samples were profiled for hemagglutinin
inhibition (HAI) across 50 influenza strains (Table 5.1). Individuals were selected for
inclusion in this cohort based on their HAI conversion profiles against vaccine strains
H1N1 A/California/07/2009 and H3N2 A/Texas/50/2012. Annual HAI conversion profiles for
each influenza strain could be divided into four patterns (Figure 5.2A): 1) individuals that
did not experience seroconversion (non-converters), 2) individuals who were HAI positive
(>1:40 (320)) prior to vaccination and did not experience significant (4-fold) increase in HAI
titer (positives), 3) individuals who had sub-protective (<1:40) HAI titers prior to
vaccination but seroconverted following vaccination (converters), and 4) individuals who
were HAI positive prior to vaccination but also experienced a greater than or equal to four-

fold increase in HAI titer following vaccination (positive/converters).

To begin to define the humoral immune profile changes that could potentially
provide mechanistic insights into these different vaccine response profiles, systems serology
(209 was used to deeply profile the biophysical and functional characteristics of the
influenza-specific antibodies elicited by vaccination. Over 200 measurements were taken
per serum sample, mapped across 23 influenza antigens (Table 5.2), resulting in a
comprehensive analysis of the polyclonal humoral response to influenza vaccination. For
each individual, a delta from pre- to post-vaccination was calculated to account for pre-

existing immunity, enabling the comparison of vaccine induced immunity. Striking
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Table 5.1 Influenza strains tested in HAI assays and abbreviations used.

H1N1 A/South Carclina/1/1918 H18C18
H1N1 AfFuerto Rico/8/1934 H1PR34
BiLee/1940 BLee40
HIN1 A/Weiss/1943 H1We43
H1N1 A/Fort Monmouth/1/1947 H1FM47
H1N1 ADenver/1957 H1De57
H3N2 A/Hong Kong/1/1968 H3HEKGS
H3NZ2 A/Port Chalmers/12/1973 H3PC73
HIN1 A/New Jersev/1976 HINJ76
H1N1 A/USSR/90/1977 H1USSR77
H3N2 AlTexas/1/1977 HaTX77
HI1N1 A/Brazil/11/1978 H1Bz78
H1N1 A/California/10/1978 H1CA7S8
H1N1 A/Chile/1/1983 H1Ch&3
H3N2 AMississippi/1/1985 HaMB85
H1N1 AfSingapore/6/1986 H18i68
BfYamagatafl16/1988 BYam#8
H3N2 A/Sichuan/60/1989 H38ich&9
H1N1 AfTexas/36/1991 H1TX91
H3NZ2 A/Shandong/9/1993 H3S8han93
B/Harbin/7/1994 BHar94
H1N1 A/Beijing/262/1995 H1Beid5
H3N2 A/Nanchang/933/1995 HiNan95
H3N2 A/Sydney/5/1997 H38yd97
B/Sichuan/379/1999 BSich99
H1N1 A/New Caledonia/29/1999 HINC99
H3N2 A/Panama/2007/1999 HiPa99
B/Hong Kong/330/2001 BHEO1
H3NZ2 A/Fujian/411/2002 HaFu02
B/Malaysia/2506/2004 BMal04
H3N2 AlNew York/55/2004 H3NY04
H3N2 A/Wisconsing7/2005 H3WIos
B/Floridal4/2006 BFLOG
H1N1 AfSclomon Islands/03/2006 H18I06
H1N1 A/Brisbane/59/2007 H1Br07
H3NZ2 A/Brizbane/10/2007 H3Br07
B/Brizsbhane/60/2008 BBro&
H3N2 AlKentucky/UR0T-0028/2008 Haur07
H1N1 A/California/07/2009 H1CA09
H3N2 A/Perth/16/2009 HiPedd
B/Wizconsin/1/2010 BWI10
BiTexas/06/2011 BTX11
H3NZ2 AVictoria/361/2011 Havill
B/Massachusetts/2/2012 BMAI12
H3N2 AlTexas/50/2012 HaTX12
B/Phuket/3073/2013 BPh13
H3N2 A/Switzerland/9715293/2013 Higw13
H3NZ2 A/Hong Kong/4801/2014 H3HK14
H1N1 A/Michigan/45/2015 H1Mil5
B/Colorada/06/2017 BCO17

heterogeneity in influenza specific humoral immune responses were observed across the
vaccinees, where no two individuals possessed an identical response (Figure 5.2B). The data
were therefore collapsed into the 4 groups to begin to visualize potential differences in
profiles across HAI conversion to the vaccine strain HIN1 A/California/07/2009 (Figure
5.2C). As expected, non-converters exhibited the lowest overall reactivity compared to the
other 3 groups. Conversely, robust induction of humoral immune responses was noted in
HALI converters and positive/converters, surprisingly with a marked increase also in

influenza- specific FCGR binding antibody levels among HAI positive individuals.
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Table 5.2 Systems serologic measurements by sample cohort and influenza strain.

Ag-specific Ab Ag-specific Ab
isotype titers & isotype & FcR Ag-specific Ab Ag-specific Ab
Influenza strain Abbreviation| FCR binding binding affinity functions glycosylation
Cohort I Cohort 2 |Cohort 1 Cohort 2 |Cohort 1 Cohort2 |Cohort1 CohortZ2
FCGR2A FCGR2A
FCGR2B FCGR2B
igggﬁ FCGR3A FCGR3A
FCGRIA FCGR3B FCGR3B| ADCP
A1 IgAl IgAl ADNFP  ADCP
IeG1 IgA2 IgA2 ADCD  ADNP
1263 IeG1 IeG1 | ADNKA ADCD
TaM IgG2 IgG2 | ADDCP
£
Total IsG 299 1G5
IgG4 IgG4
IeM IeM
HI1N1 A/Chile/1/1983 H1Ch83 HA HA HA
H1N1 A/New Caledonia/29/1999 HINC99 HA HA HA
H3N2Z A/Panama/2007/1999 H3Pa99 HA HA HA
H1N1 A/Brishane/59/2007 H1Br07 HA HA HA
H3N2 A/Brishane/10/2007 H3Br07 HA HA HA
B/Brisbane/60/2008 BBr08 HA HA HA
H1N1 A/California/07/2009 H1CA09 HA,NA HA NA HA, NA HA HA HA
HI1N1 A/Belgium/145-MA/2009 H1Be09 NA NA
H3N2 A/Texas/50/2012 H3TX12 HA,NA HA, NA HA, NA HA HA HA, NA
B/Phuket/3073/2013 BPh13 HA HA, NA HA, NA
H3N2
|A/Switzerland/9715293/2013 H3Sw13 HA HA, NA HA, NA
H3N2 A/Hong Kong/4801/2014 H3HK14 HA,NA HA NA HA, NA
H1N1 A/Michigan/45/2015 H1Mil5 NA NA
H3N2 A/Singapore/19/2016 H3Si16 HA HA HA
B/Colorado/06/2017 BCO17 HA HA, NA HA, NA
H1 stabilized stem H1 stem HA HA HA
H3 stabilized stem H3 stem HA HA

To gain a precise understanding of the specific vaccine-induced features that

distinguished converters from non-converters to the vaccine strain HIN1

A/California/07/2009, all systems serology data were combined and a Least Absolute

Shrinkage and Selection Operator (LASSO)-Elastic Net (212, 249 was used to define the

minimal set of antibody features required to discriminate converters and non-converters.

Partial Least Squares Discriminant Analysis (PLSDA) was then used to visualize the

differences across the groups. Highly significant separation was observed across the two

groups (Figure 5.2D) compared to random size-matched and permuted label models

(p<0.001, Figure 5.3). As few as five of the total 239 humoral features captured for each
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Figure 5.2 Seasonal influenza vaccine produces highly heterogeneous responses in healthy adults.
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Figure 5.2 cont. Line plot (A) shows before-and-after HAI titers against HIN1 A/California/07/2009, with
individuals broken out into groups based on HAI conversion as described. Heat map (B) shows normalized A day
21 — day 0 values for all antibody biophysical and functional features measured with rows grouped by type of
antibody feature measured. All features are listed in Table S3. Each column represents an individual subject,
grouped by HIN1 A/California/07/2009 HAI response to vaccination. Yellow represents high values and blue
represents low values. Smaller heat map (C) shows median value for each HIN1 seroconversion group by
column and the same antibody features in (B) by row. Dot plot (D) shows PLSDA of HIN1 A/California/07/2009
converters and non-converters graphed across latent variables 1 and 2. Percentages indicate amount of
variation explained by each latent variable. Multivariate modeling in this analysis used A values calculated as
the change from pre- to post-vaccination. Bar graph (E) shows LASSO-Elastic Net selected features contributing
to the separation in (D) graphed by variable importance in projection (VIP) score. VIP scores indicate
contribution to the model. Dot plots (F) show LASSO-Elastic Net selected features (A day 21 — day 0) as
univariate plots. Significance was tested by Kruskal-Wallis test followed by Dunn’s multiple comparisons
correction. * p < 0.05

plasma sample were sufficient to build this model (Figure 5.2E-F), pointing to a highly
focused humoral signature of conversion. Interestingly, no identified features were enriched
in the non-converters, pointing to limited negative predictors of HAI conversion.
Conversely, while antibody titers were not a correlate of conversion, the “converter
signature” included vaccine strain-specific antibody-dependent complement deposition
(ADCD), antibody-dependent neutrophil phagocytosis (ADNP), and binding to both the

activating and inhibitory FCGR2 receptors. Given that univariate differences across the
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Figure 5.3 Accuracy and significance of non-converter vs converter model in Figure 5.2. Box plot shows model
accuracy for LASSO classification model, random size matched models, and permuted label models. LASSO was
run for 20 replicates of 5-fold data separation. Random size matched and permuted label models were run 100
permutations per replicate. Stars indicate significance by Mann-Whitney U test. *** p < 0.001.
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five “correlates of conversion” were modest (Figure 5.2E), these data point to the
importance of a functional multivariate signature of conversion, indicating that the

evolution of HAI occurs in concert with a significant shift in Fc biology.

DEFINING CORRELATES FOR THE EVOLUTION OF BREADTH OF HAT
Across this cohort, differences were seen in seroconversion to different viral strains

(Figure 5.2A, Figure 5.4), with more individuals seroconverting to the H3N2 strain

A/Texas/50/2012 than to the HIN1 A/California/07/2009 (Figure 5.5A, inner rings).
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Figure 5.4 HAI titers by group for vaccine antigens. Line plots show before-and-after HAI titers against (A)
H3N2 A/Texas/50/2012, (B) B/Brisbane/60/2008, and (C) B/Massachusetts/2/2012 with individuals broken out
into groups based on HAI conversion for each strain: 1) individuals that did not experience seroconversion (non-
converters), 2) individuals who were HAI positive prior to vaccination and did not experience significant
increase in HAI titer (positives), 3) individuals who had subprotective HAI titers prior to vaccination but
seroconverted following vaccination (converters), and 4) individuals who were HAI positive prior to vaccination
but saw a significant (greater than or equal to four-fold) increase in HAI titer following vaccination
(positive/converters).

However, interestingly, when we examined how many individuals converted their HAI
responses to both strains, only a small fraction of individuals converted simultaneously to
both strains (Figure 5.5A, 2 strain ring). Furthermore, an even smaller fraction showed
seroconversion to all four strains included in the quadrivalent vaccine (Figure 5.5A, 4 strain
outer ring). Given our ultimate goal of defining the predictors of broad seroconversion, we
calculated a breadth score, encompassing the normalized average pairwise HA genetic
sequence distance between strains to which an individual seroconverted. A breadth score of

0 indicated seroconversion to no or only one strain, whereas higher scores indicated
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Figure 5.5 FCGR-binding titers are correlates of the development of neutralizing breadth. Pie charts (A) show
fraction of individuals who seroconvert to a given strain or strains. In order from smallest to largest: HIN1
A/California/07/2009; H3N2 A/Texas/50/2012; both; both plus B/Brisbane/60/2008 and B/Massachusetts/01/2012.
Dot plot (B) shows correlation between percentage of strains seroconverted and breadth score. Dot plot (C)
represents PLSR for delta values regressed against breadth in the test cohort. Loadings plot (D) represents
relative contributions of LASSO-Elastic Net selected features for the model, with features plotted to represent
where they have highest values if overlaid on the PLSR plot. Dot plots (E) show significantly different LASSO-
Elastic Net selected features as univariate plots binned by quartile of breadth score. Significance (E) was tested
by Kruskal-Wallis test followed by Dunn’s multiple comparisons correction. * p < 0.05, ** p <0.01, *** p < 0.001,
**FF p <0.0001.
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increased breadth of seroconversion. Furthermore, conversion of HAI to two strains that
have low sequence similarity resulted in a higher breadth score than conversion of HAI to
two genetically similar strains. A seroconversion breadth score was generated for each
individual and compared to percentage of strains neutralized. Individuals with percentage
values from 0-20% represented those with low total number of strains neutralized; however,
within this group breadth and percentage neutralized was poorly correlated (Figure 5.5B).
On the high end, percentages above 60% indicated individuals who seroconverted to a large
number of strains, and again within this group the breadth score allowed discrimination
between those who converted to a large number of genetically similar strains (e.g. breadth

scores < 0.5) and those who converted to a large number of genetically different strains.

Using seroconversion breadth, we next explored which humoral features developed
in concert with the evolution of breadth using LASSO-Elastic Net and Partial Least
Squares Regression (PLSR). Using the change in antibody humoral features from pre- to
post-vaccination (delta), individuals with broader responses were separated across LV1
(Figure 5.5C, model p < 0.001, Figure 5.6). Specifically, 10 of a total of 239 analyzed
features per plasma sample were sufficient to separate individuals that evolved broad
neutralizing responses. The features overlapped with features captured in the single HAI
conversion model (Figure 5.2), and included FCGR2A, FCGR2B, FCGR3A, and functional
titers to both vaccine strains and additional breadth strains (Figure 5.5D-E, Figure 5.7).
Interestingly, the breadth strains included in this analysis reflected a wide diversity of
H3NZ2 influenza HA antigens, spanning nearly twenty years of antigenic drift. For HIN1, a
more focused response on the 2009 pandemic strain was observed. This accumulation of Fe-
features, rather than titers, again emphasized the involvement of the Fe region in Fab

evolution.
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Figure 5.6 Accuracy and significance of breadth model in Figure 5.5. Box plot shows model accuracy (R?) for
LASSO-Elastic Net classification model, random size matched models, and permuted label models. LASSO-
Elastic Net was run for 20 replicates of 5-fold data separation. Random size matched and permuted label models
were run 100 permutations per replicate. Stars indicate significance by Mann-Whitney U test. *** p < 0.001.
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Figure 5.7 Additional univariate plots for LASSO-Elastic Net selected features (Figure 5.5). Dot plots show
significantly different LASSO-Elastic Net selected features as univariate plots binned by quartile of breadth
score. Significance was tested by Kruskal-Wallis test followed by Dunn’s multiple comparisons correction. Not
significant.
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VALIDATION OF NEUTRALIZING BREADTH CORRELATES IN AN ORTHOGONAL

COHORT OF VACCINEES

Given the potential role of Fc profiles in tuning both conversion to a single HA as
well as in the development of breadth, we next aimed to validate these signatures in an
orthogonal cohort of vaccinated individuals. Specifically, influenza-specific systems serology
was performed on a second cohort of 137 vaccinated individuals followed over multiple
years, for a total of 430 pairs of before- and after-vaccination samples. Over 450 distinct
humoral features, including antigen-specific antibody-dependent functions, subclass/isotype
titers, FCyR binding titers, and isotype-and FCyR-specific affinities, were mapped in the
validation cohort across 23 influenza antigens (HA and NA) representing 15 distinct strains
(Table 5.2). Like the first cohort, the validation cohort showed a broad heterogeneity in
response to vaccination across the antibody functional and biophysical features measured
(Figure 5.8A). Patterns emerged across individuals, with visibly enhanced functionality and
Fc-receptor binding among individuals with higher breadth scores. This was more apparent
when individuals were grouped into breadth quartiles (Figure 5.8B). To test the
generalizability of the correlates of breadth defined in the first discovery cohort, we built a
model using the features selected using the first cohort but used the data from the second
cohort. The five features selected in the discovery model were able to significantly separate
the converters from non-converters in the second, independent cohort (Figure 5.9).
Additionally, breadth scores were calculated for the second cohort using the same approach
used on the first discovery cohort, with breadth scores ranging from 0 to 0.73, which
reflected a wide range of neutralizing breadth (Figure 5.10). To validate our previous

findings, a model was built for the evolution of breadth of neutralization based on the 10
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Figure 5.8 Validation of breadth findings in an independent cohort. Heat map (A) shows normalized A day 21 —
day 0 values for all antibody biophysical and functional features measured with columns grouped by type of
antibody feature measured. Each row represents an individual subject, ordered by HAI conversion breadth
score. Yellow represents high values and blue represents low values. Smaller heat map (B) shows median value
for each breadth score quartile by row and the same antibody features in (A) by column. Violin plot (C) shows
validation model system in validation cohort, comparing the LASSO-Elastic Net selected features, to all
features, to a random equal sized subset of features. Dot plots (D) show a subset of LASSO-Elastic Net selected
features as univariate plots binned by quartile of breadth score. Significance in (C) and (D) was tested by
Kruskal-Wallis test followed by Dunn’s multiple comparisons correction. * p < 0.05, ** p < 0.01, *** p <0.001,
***% pn < 0.0001.
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used for validation. Histogram (A) shows both percentage seroconversion and breadth score. Dot plot (B) shows
correlation between percentage of strains seroconverted and breadth score.

features selected using the original cohort (Figure 5.5D). When applied to the second
cohort, these 10 features were able to robustly differentiate individuals across neutralizing
breadth (Figure 5.8C). These data suggest that conserved Fc-profiles are linked to the
development of a broad neutralizing responses across individuals, with orthogonal
validation highlighting that these features are not unique to one cohort but represent
conserved features of a broadly neutralizing polyclonal humoral immune response.

Furthermore, analysis of these humoral features on a univariate basis shows significant
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differences developing in coordination with neutralizing breadth (Figure 5.8D, Figure 5.11).
This emphasized and reinforced the findings from the first cohort, showing that a broad
neutralizing response to vaccination develops in concert with extra-neutralizing functions

driven by the binding of influenza-specific antibodies to FCyRs.
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Figure 5.11 Additional univariate plots for LASSO-Elastic Net selected features (Figure 5.8). Dot plots show
significantly different LASSO-Elastic Net selected features as univariate plots binned by quartile of breadth
score. Significance was tested by Kruskal-Wallis test followed by Dunn’s multiple comparisons correction. * p <
0.05, ** p < 0.01, ¥** p < 0.001, **** p < 0.0001.

PRE-EXISTING FCyR-BINDING ANTIBODY TITERS PREDICT A BROAD

NEUTRALIZING VACCINE RESPONSE

Collectively, these data pointed to the existence of conserved Fe-signatures that co-
evolve with breadth of neutralization across cohorts. However, whether any Fc-features
exist prior to immunization that could help predict or explain the response to vaccination
remains incompletely understood. Thus, we next aimed to determine whether the evolution
of breadth could be predicted from pre-vaccine humoral profiles. LASSO-PLSR was
performed on pre-vaccination systems serology data from the second validation cohort,

where more samples were tested to increase power to see predictive differences. The model
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successfully discriminated individuals that evolved broad neutralizing antibody responses

(Figure 5.12A, p<0.001, Figure 5.13) using only pre-existing humoral profiles.
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Figure 5.12 FCGR2B-binding antibodies are a predictor of neutralizing breadth. Dot plot (A) represents PLSR
for day O values regressed against breadth score in the validation cohort. Loadings plot (B) represents relative
contributions of LASSO-Elastic Net selected features for each model. Dot plots (C) represent univariate values
for the LASSO-Elastic Net selected features, with individual samples binned by quartile of breadth score.
Significance was tested by Kruskal-Wallis test followed by Dunn’s multiple comparisons correction. * p < 0.05,
** p <0.01, **** p < 0.0001. Networks (D) show significant (R >0.6 and FDR-corrected Q <0.01) co-correlates of
LASSO-Elastic Net selected features as shown in (B), where stronger red edges indicate stronger correlations
and node shape and color reflects strain and measurement type. All antigens are HA unless otherwise noted.
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Figure 5.13 Accuracy and significance of breadth model in Figure 5.12. Box plot shows model accuracy (R?) for
LASSO-Elastic Net classification model, random size matched models, and permuted label models. LASSO-
Elastic Net was run for 20 replicates of 5-fold data separation. Random size matched and permuted label models
were run 100 permutations per replicate. Stars indicate significance by Mann-Whitney U test. *** p < 0.001.

Among the 524 features analyzed per sample in the second validation cohort, as few
as four features were required to predict the evolution of breadth. Specifically, these
features included titers of IgG2 antibodies specific to H1 A/Chile/1/1983, FCGR2B binding
antibody titers to conserved stem of H3, affinity of IgG2 antibodies for H3
A/Panama/2007/1999, IgM titers specific to H3 A/Panama/2007/1999. Among the predictive
features, HA-specific FCGR2B binding antibodies were selectively enriched among
individuals that elicited the broadest responses (Figure 5.12B-C). FCGR2B-binding
antibody levels, rather than IgG levels, were positively associated with breadth of
seroconversion highlighting the importance of quality, not just quantity, of pre-existing
antibodies in the evolution of breadth. Additionally, pre-existing avidity/affinity and titer of
IgG2 antibody titers were also among the predictors, potentially pointing to the importance

of efficient antigen capture by subclasses that drive less aggressive antigen destruction and
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enhanced presentation. Conversely, IgM antibody titers were a negative predictor of
neutralizing breadth (Figure 5.12B-C), possibly related to the overly efficient role of IgM in

opsonization and rapid antigen clearance prior to deposition in germinal centers.

Given that the LASSO model selects a minimal set of features that differ most
across populations without consideration for biological relevance, we next aimed to further
define the additional co-correlates of the model-selected features to gain a deeper
appreciation of the biological differences across the groups. Thirty highly significant (R >0.6
and FDR-corrected q <0.01) co-correlates were identified (Figure 5.12D). Co-correlates of
the positive predictor IgG2 titer included a variety of HIN1, H3N2, and influenza B
antigen-specific IgG2 titers, as well as FCGR3A binding antibodies to the two H1 antigens
(Figure 5.12D, left), indicating coordination across both the Fab and Fc domains. The
negative IgM co-correlate was linked to a broad array of HIN1, H3N2, and flu B antigen
IgM titers. This breadth of epitope specificity highlights the coordination of this response
across strain diversity, suggesting that a broad pre-existing IgM repertoire inhibits the
development of a broad neutralizing response, while the existence of pre-existing IgG

antibodies capable of binding to FCyRs may enhance the developing immune response.

PRE-EXISTING FCGR-BINDING ANTIBODIES INCREASE HUMORAL RESPONSE TO

INFLUENZA VACCINATION IN MICE

Given the enrichment of particular IgG subclasses with FCGR2B-binding properties
both in the post- and pre-vaccine predictors of evolution of HAI and breadth of HAI, we next
aimed to test whether binding to FCGR2B was key to the evolution of HAI. To address the
role of FCGR2B, a panel of antibody Fc variants were engineered on a broadly cross-

reactive HA stem-specific CR9114 monoclonal antibody (216, 287). The panel included a
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wildtype human (WT) IgG1 backbone; an IgG1-Fc with an N297Q mutation (287), known to
ablate FCGR binding and complement activity; a KWES mutant IgG1 Fc (321), known to
exhibit increased complement and monocyte phagocytic activity; and an EFTEA mutant
IgG1 Fc (522), known to increase FCGR2B and general FCyR binding. Each variant was
tested in our systems serological assays for antibody-mediated innate immune functions
and binding across both mouse and human FCGRs (Figure 5.14A). WT IgG1 CR9114
showed moderate phagocytic and complement activity and strong NK cell activation, while
N297Q decreased binding to all FCyRs and functions to background levels, as expected. The
KWES mutant showed the highest level of complement and monocyte phagocytosis, but
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Figure 5.14 Presence of FCGR-binding antibodies in immunization drives improved humoral immune response
in mice. Flower plots (A) show relative capacity of each Fe-mutant of CR9114 to bind to FCGRs (both mouse and
human) and elicit antibody-dependent functionalities, normalized to the minimum and maximum observed
values for each feature. Line graphs show antibody isotypes (B: IgG2a; C: IgG2b; D: IgG3) and HAI titers (E) of
mouse serum against vaccine strain H3N2 X-31 and antibody isotype Luminex MFIs against vaccine strain
recombinant H3 A/Aichi/2/1968. Violin plots (F) show antibody isotype Luminex MFIs at day 28 against vaccine
strain recombinant N2 A/Aichi/2/1968.
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with decreased overall FCyR binding. Finally, the EFTEA mutant showed high levels of
binding to human and mouse FCGR2s and generally mid- to high binding of FCyRs across
both mouse and human. Importantly, we observed a strong correlation between human and
mouse FCyR binding, with EFTEA demonstrating high human and mouse FCGR2, and

especially FCGR2B, binding.

Using this panel of Fe-variant monoclonal antibodies (mAbs) that bound to HA
equally (Figure 5.15) but differentially to Fc receptors/complement (Figure 5.14A), immune
complexes were generated by incubating inactivated influenza virus to mimic the current
vaccine with mAbs to mimic pre-existing antibodies. Mice were then immunized, and serum
samples were collected weekly to measure the development of both antigen-specific
antibody titers (Figure 5.14B-D) and HAI (Figure 5.14E). Mice immunized with WT
immune complexes exhibited a robust response to vaccination following boosting across
antibody subclasses (Figure 5.14B-D), with similar performance by all Fc variants, except
for the EFTEA variant which induced higher titers across subclasses. The WT and KWES
variants induced comparable HAI (Figure 5.14E), with a trend towards reduced HAI with
the N297Q variant, confirming the importance of Fe-binding to improved Fab qualitative
evolution. Conversely, the EFTEA variant, which exhibited enhanced binding to both
human and mouse FCGR2B, exhibited the most rapid antibody titer evolution across
subclasses (Figure 5.14B-D) as well as the most robust HAI induction (Figure 5.14E).
Importantly, no differences were noted in the evolution of NA-specific antibody titers,
further suggesting that the target of the pre-existing monoclonal antibody specifically
focuses the response to precise immunological targets (Figure 5.14F). These data clearly
confirm the importance of pre-existing antibodies in shaping the evolution of the humoral

immune response, and suggest that broad FcR binding, and specifically FCGR2B binding,
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by pre-existing antibodies may accelerate the speed of class switching and the evolution of
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Figure 5.15 Binding of CR9114 Fc variants to multiple H3N2 antigens. Line plots show serial dilution curves for
CR9114 variants binding to H3N2 antigens. Each point represents two independent measurements.

DISCUSSION

The rapid spread and unpredictable disease caused by SARS-CoV-2 and its variants
has clearly illustrated the urgent need for vaccines against pathogens that have the
potential to cause pandemics. While multiple vaccines exist for influenza, these vaccines
largely confer strain-specific immunity, requiring annual redesign and delivery. However,
emerging data suggest that broadly reactive influenza-specific immune responses can
evolve in rare individuals (279). Thus, understanding the mechanisms by which these
individuals are able to induce protective immune responses may provide critical insights for
the design of next generation vaccines that capitalize on this biology to drive enhanced
immunity to influenza. Both in vitro and in vivo data presented here point to the critical

role for pre-existing FCGR-binding IgG antibodies as potential adjuvants for the evolution
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of qualitatively superior humoral immune responses against influenza. Thus, next
generation vaccines able to harness the immunomodulatory role of pre-existing antibodies
or deliver similar signals may improve the breadth and quality of the vaccine-induced

immune response to influenza and beyond.

The development of a broad and effective humoral immune response to vaccination
is dependent on both antigen specificity and Fc functionality. Here, we observed that HAI
seroconversion to a single vaccine antigen occurred in concert with the evolution of several
opsonophagocytic functions. Specifically, A/California/07/2009 HAI evolved in tandem with
increased levels of H1 A/California/07/2009-specific antibody-mediated complement
deposition, neutrophil activation, and FCGR2B binding. Additionally, HAI conversion also
evolved in concert with FCGR2A-binding NA responses highlighting the presence of
broader, more holistic responses to the vaccine among individuals who seroconverted in
response to the vaccine. Given the emerging appreciation for the importance of NA-specific
immunity to protection against influenza (323, these data suggest that functional humoral
Immunity to both targets may contribute to enhanced HAI conversion. Moreover, both
complement and neutrophil functions have been implicated in protective immunity against
influenza (54, 56), thus co-evolution of HAI and opsonophagocytosis to multiple antigenic
targets may collectively drive the broadest universal immunity. These data highlight the
coevolution of multiple lines of protective humoral immunity pointing to an overall

enhanced immune response to influenza.

Among the theories that have been proposed to explain the poor evolution of breadth
in response to current seasonal vaccines and infections, “original antigenic sin” (25)
suggests that pre-existing responses to influenza dominate all subsequent responses and

prevent the evolution of breadth (324-326). The unbiased nature of systems serology
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allowed us to broadly profile the humoral immune response across many historical strains,
contemporaneous strains, and “future” strains relative to when the samples were drawn.
Interestingly, IgM titer to H3 A/Singapore/INFIMH/16-0019/2016 was the sole feature
negatively associated with the development of vaccine-induced breadth. Importantly, IgM
titers to H3 A/Singapore/INFIMH/16-0019/2016 were correlated to IgM responses across
tested virus antigens, arguing that IgM responses prior to vaccination are highly negatively
associated with the evolution of breadth. IgM deposition on antigens/pathogens results in
rapid complement activation ($27) and opsonophagocytic uptake via complement receptors
(328 that leads to rapid antigen degradation (329). Conversely, FCGR2B binding and IgG2
antibodies were enriched in individuals who developed breadth. IgG2 antibodies have poor
affinity for complement and Fc-receptors (719, and thus likely create complexes that are
poorly phagocytosed and not readily cleared by immune cells. Moreover, in the setting of
FCR2B-binding antibodies, these immune complexes may bind to FCGR2B on the surface of
circulating B cells and traffic into germinal centers. In the germinal center, FCGR2B
binding on follicular dendritic cells (FDCs) likely competes for deposition, and ultimately
presentation, to evolving B cells (57, 109. Thus, the ability of pre-existing antibodies to
redirect the response to either myeloid or follicular DCs may contribute mechanistically to
shifting the response to vaccination, increasing affinity maturation in germinal centers and

the evolution of broader neutralization (7104-106).

To define whether these observed changes in Fec-profiles were simple biomarkers or
mechanistic players in the evolution of HAI breadth, immune complex-based immunization
was performed in mice. Given the redundancy of the human and murine Fc-receptor
system, where human IgG1 binds murine FCyRs and FcRn (63, 330), we were able to select

a set of Fc-modifications that tuned human and murine Fc-receptor binding in an analogous
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manner. However, some differences exist between murine human FCyR function and
affinity for antibodies. ADCC in mice is primarily mediated by monocytes/macrophages via
mFCGR4 (179, rather than exclusively by FCGR3A on NK cells in humans (63).
Additionally, mice do not express FCGR2A, instead relying on mFCGR3 as a more
generalized activating receptor (778). In contrast, FCGR2B expression and function are
relatively conserved across mice and humans, with this lone inhibitory FCGR serving to
limit the development of auto-antibodies, heighten the affinity threshold in germinal
centers, maintain tolerance, and decrease other pro-inflammatory functions of cells (337
333). As shown in the human studies, the EFTEA variant, with the most robust FCGR2B
binding, exhibited rapid induction of antibody titers as well as HAI. Despite the fact that
the EFTEA variant exhibited the single highest binding to both the murine and human
FCR2B receptors, the EFTEA antibody also showed enhanced binding to a wide array of
FcyRs. Combined with previous studies indicating that IgG1 and FCGR2A-binding variants
resulted in comparable antibody responses and HAI activity following challenge (334), these
data suggest a role for FCGR2B specifically in the development of the humoral immunity,
both broadly and in a strain-specific manner. This observed mechanism supports previous
studies indicating that FCGR2B-binding antibodies are important to the development of
neutralization capacity against influenza (109, likely acting through its dual role in the
germinal center, both raising the B cell activation threshold and trapping antigen-
containing immune complexes on FDCs (51). Thus, future studies using larger panels of
variants may further dissect the precise Fe-receptor binding patterns required for optimal
evolution of the Fab and the immunological mechanisms occurring in the germinal center

following seasonal influenza vaccination.
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Altogether, the in vitro and in vivo findings from this study emphasize the
importance of systems level immunological dissection of the humoral immune response to
identify unexpected insights into the key mechanics that may be required to achieve
universal immunity to influenza. Emerging data argue that distinct inflammatory
responses, induced, for example, by adjuvants (335), could shape antibody Fc-profiles and
thereby drive enhanced Fab activity. Thus, whether next generation vaccines seek to
include existing or emerging adjuvants (336), prime-boost strategies with chimeric antigens
(337), or targeted exploitation of pre-existing antibodies (338), several avenues now exist to
rationally exploit the correlates of breadth identified here. These data suggest that future
influenza vaccine studies, in particular those exploiting repeated boosting, should include

some considerations for the recruitment and elicitation of FCGR-binding antibodies.
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Chapter 6: DISCUSSION

The protective efficacy of the antibody response to influenza is shaped by the
antibodies’ ability to both recognize the infecting influenza strain and activate the innate
and adaptive immune systems. This dissertation explored the functional humoral immune
response in natural immunity to influenza and in response to influenza vaccination,
highlighting the effects of adjuvants, pre-existing antibodies, placental transfer, and aging
to create snapshots of the influenza-specific immune response under different states. Across
clinical cohorts, systems serology was used to generate a comprehensive description of the
humoral immune response to vaccination and further mechanistic insights were gained
through in vitro and in vivo experimentation. Across these disparate study populations, an
image of the influenza-specific immune response across stages of life emerged. Repeated
exposures led to the development of heterosubtypic breadth in a subset of individuals, but
for most this broadly protective immune response remained out of reach. The overall
coordination of the immune response across antigens and Fc-functions altered the
susceptibility to influenza across populations. While FcyR binding antibodies emerged as a
key vaccine-induced mechanism of protection in neonates, antibodies capable of activating
NK cells arose as a key correlate of protection in older adults. The titers of these NK-
activating antibodies were not boosted to the same level as overall IgG titers by the
inclusion of adjuvants. Together, this work emphasizes the importance of moving beyond
simply measuring neutralization and considering the antibody Fc when developing novel

universal influenza vaccine candidates.
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USE OF SYSTEMS SEROLOGY IN EVALUATING INFLUENZA VACCINES

Systems serology (193 is a comprehensive, unbiased platform of experiments for
evaluating the biophysical and functional features of a polyclonal humoral immune

response to infection or vaccination (Figure 6.1).
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Figure 6.1 Schematic depicting the systems serology analysis pipeline. Plasma from influenza vaccinees is
analyzed through a variety of antibody functional and biophysical measurements, yielding a high
dimensionality dataset comprehensively capturing the antigen-specific humoral immune response. These large
datasets were then analyzed through machine learning to provide key correlates or predictors of relevant
outcomes, which were then validated through additional cohorts, in vitro, and in vivo studies.

INNOVATIONS TO THE PLATFORM

Within this dissertation, systems serology was applied to study influenza-specific
Immune responses across a variety of vaccination strategies and populations. With the
current understanding in the literature of the importance of extra-neutralizing functions to
protection from influenza (40, 62 in animal models, this was a ripe area for investigation
with human clinical samples. The high-throughput nature of the systems serology platform,
which allowed for interrogation of a high number of patient samples, combined with the low
sample volume required to gather hundreds of vaccine-specific datapoints, yielded rich
datasets with significant power to ask a wide variety of interesting, important scientific
questions. Furthermore, this work expanded the systems serology platform beyond the

previous standard. First, increases to the high-throughput capacity of the platform allowed
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the analysis of additional, inter-related antigens (e.g. influenza HAs from over 25 strains
and subtypes at a time) and large, diverse cohorts (over 800 individual samples). Beyond
these expansions, this work pushed the platform forwards by exploring the interaction
between changes in the Fab (avidity) and Fc-function (FcR binding). This created the
ability, in influenza and beyond, to assay the evolution of a humoral immune response from
both an antigen-specific avidity perspective and a functional perspective within the same
individual. In future studies of influenza, interrogating the ability of antibodies to recruit
innate immune cells and function in the mucosal environment of the upper respiratory tract
will be essential. Murine studies have indicated the importance of alveolar macrophages to
the clearance of influenza infection (58, which has not yet been modeled for human cells in
vitro as part of this platform. Furthermore, the mucosa is the site of infection within the
upper respiratory tract, and influenza-specific mucosal IgG and IgA antibodies are known
to provide protection (339). This represents an area of open exploration, and novel assays

will be required to add these key measurements to the systems serology platform.

COMPUTATIONAL BIOLOGY ANALYSES

In conjunction with the systems serology experimental platform, sophisticated
machine learning algorithms were used to identify the key features that track with desired
vaccination outcomes, including humoral breadth, protection from disease, and placental
transfer. The specific approaches chosen here to identify key humoral features that drive
outcomes of interest were selected based on their ability to prevent overfitting while
distinguishing between groups in a high dimensionality dataset (212, 249). Elastic Net
combines the features of linear regression with the prevention of overfitting provided by the
Least Absolute Shrinkage and Selection Operator (LASSO) (340). Similar approaches have

also been used in studies of malaria vaccines (341), HIV patients (249, Ebola antibodies
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(212, 287), an anthrax vaccine (349, a typhoid fever vaccine (349, and SARS-CoV-2
patients (344, 345) to identify correlates of protection. Furthermore, the analysis presented
here represented a step forward for these algorithms, wherein validation was achieved in
an independent cohort, not just through subsetting an individual cohort. Combining the
rich datasets and the power of cutting-edge computational techniques allowed for a deep
analysis of the polyclonal, polyfunctional humoral immune response to influenza

vaccination across the studies presented here.

HUMORAL BREADTH: EPITOPES & FUNCTIONALITY

DEFINING HUMORAL BREADTH

Previous studies in the field have characterized breadth using landscapes (346),
which provide detailed information on strain interrelatedness and are useful in comparing
different populations, or by isolating specific memory B cells (347), which can provide a
deep understanding of single monoclonal antibodies but limited information about the total
polyclonal response. The breadth score, described in Chapter 5, is a single measurement to
describe the cross-reactivity of an individual’s antibody repertoire at a moment in time or in
response to vaccination. It is informed by the genetic sequence distance between strains
and can be applied to any set of strains tested for any single antibody metric for which
positive and negative can be identified (e.g. neutralization, titer). Compared to previous
methods (346, 347), the breadth score is widely and easily applicable to many datasets and
captures more information than a simple percentage of neutralized strains over tested
strains, which may over-emphasize closely related strains. Here, we used machine learning
algorithms and the breadth score to show that the development of breadth was predicted by

FCGR2B-binding antibodies. Future studies may be able to use this metric, as well as
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further analysis of breadth, to elucidate the precise mechanisms by which these antibodies

contribute to that development.

HUMORAL BREADTH IN RESPONSE TO VACCINATION

Humoral breadth develops in response to exposure to multiple strains and subtypes
of influenza, either by vaccination or infection, over the course of an individual’s life. For
this reason, adults have been shown to have more serum cross-reactivity against a variety
of influenza strains than is present in young children (546). Antibody responses to natural
infection are known to be broader and longer-lived than those arising following seasonal
influenza vaccination (211). Seasonal vaccination induces limited breadth, instead engaging
only high affinity B cells to strain specific epitopes and shifting the response towards the
immunodominant globular head (50, 348), giving rise to the same plasmablast clones over
years of repeated vaccination (349). Novel influenza exposures, in contrast, can shift the
response to conserved epitopes creating a wider breadth of binding, a phenomenon known
as GC steering (50). The data presented here begin to elucidate some of the mechanisms at
work in those few individuals who develop a broadly neutralizing polyclonal response
following seasonal vaccination. These individuals making the ideal breadth response
comprised a small segment of the study population, and this population had already been
highly selected to include those who seroconverted following vaccination. Therefore, one
limitation of this study is that the overall distribution of this population not reflective of
natural population diversity and is likely biased to over-represent these rare individuals.
However, this finding is still important and interesting as it points the way towards the

possibility of engaging these mechanisms in a wider swath of the population in the future.

Specifically, in these rare individuals, pre-existing antibodies at the time of

vaccination that are able to bind to FCGR2B lead to a wider breadth of reactivity, likely by
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enhancing binding of the immune complexes in germinal centers and steering the response
away from antigen destruction (Figure 6.2). Mechanistically, when the antigens from
vaccination enter the body, they are bound by pre-existing antibodies forming immune
complexes (101). If these antibodies have high binding affinity for FCGR2B, this can target
them to be deposited in germinal centers via interactions with follicular dendritic cells
(FDCs), which act to trap antigen-containing immune complexes that are crucial to driving
the germinal center response productively forward (57). Furthermore, FCGR2B decreases
antibody-dependent cellular phagocytosis (339, limiting antigen destruction by phagocytic
cells prior to deposition in the germinal center. In germinal centers, FCGR2B increases the
B cell activation threshold, decreasing the output of antibodies overall but increasing levels
of affinity maturation (331, 339). Indeed, sialylated IgG engagement of CD23 on B cells

induces the upregulation of FCGR2B, thereby increasing affinity maturation and

V4 ‘i {{‘ ' £ jﬁf\ v 7
by 'y Al 7 §
:},t '~ _}éf a8 ‘s A
f ] \ )
/ ‘::??%»;g a7 , ﬁ &, 4 q 8 ‘%0
‘3 ~ F/ANY il 7 .
‘/’ . {}W p \l ‘{i No seroconversion breadth
% v”‘,:g"’\ Antigen destruction prior to germinal center deposition
2 -"J( ? vy

e

Pre-existing IgM
forms immune complexes

*®
Protein immunization ~ '””".«'i M a
N ® @ ®
By r .
0 of ® 4 , ~ % "
“A__0 4 0 0 0
A 4
' 4 Qﬁsﬂ"
Py ! | .
M Increased seroconversion breadth

Pre-existing FCGR2B-binding IgG
forms immune complexes

FDC presentation in the germinal center
increases affinity maturation
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generating higher affinity IgG response with broad protective affinity (109), emphasizing
that this pathway may be the key to driving these responses. Together, the downstream
functions of FCGR2B may serve to prolong the half-life of antigen in a vaccinated
individual, increasing affinity maturation and thereby creating additional broadly reactive
and/or neutralizing antibodies. This FCGR2B-dependent mechanism could provide a target
for future universal influenza vaccine designs (75). Protein engineering can be used to
target vaccine antigens into this pathway is the use of Fc-fusion antigens, which have been
studied across a wide range of diseases including Ebola (350), Epstein-Barr Virus (351),
SARS-CoV-2 (352, and cancer (353). The Fc domain of these recombinant fusion antigens
could be specifically altered to preferentially enhance binding to FCGR2B (354), mimicking
the effects seen here in rare individuals with high levels of pre-existing FCGR2B-binding
antibodies and carrying the antigens more effectively into the germinal centers.
Alternately, adjuvants can be used to increase the vaccine-specific IgG sialylation (355), as
sialylated IgG upregulates FCGR2B expression (108, 109), leading to potentially similar
downstream effects. Both of these strategies provide mechanisms that potentially allow for

exploitation of the FGGR2B pathway, thereby increasing antibody breadth and affinity.

EPITOPES AND IMMUNODOMINANCE

Antigenic match to circulating strains is known to be a significant predictor of
seasonal influenza vaccine effectiveness. In seasons where there is a mismatch, the
effectiveness of the vaccine is lower across all age groups (277). In the 2013-2014 influenza
season, there was a 3 amino acid change caused by viral adaptation to egg cultures used to
grow the vaccines (276). This mismatch, which was not discovered until after the influenza
season, caused significantly lower effectiveness but also provided an opportunity to study

the humoral immune response and how a polyclonal response differs across these two
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antigens. The study of influenza vaccination in older adults presented here (Chapter 4)
occurred during this particular vaccine season and indicated that while responses were
qualitatively similar across egg-adapted and circulating antigens, the magnitude of
responses to the circulating antigen was lower, suggesting that the misdirection of the

antibodies changed the specificity but not functional development of the humoral response.

The HA head is immunodominant, leading most responses to be directed to these
variable epitopes. Indeed, the evidence observed here of decreased responses to the
circulating strain in comparison to the mutated vaccine strain (Chapter 4) emphasizes the
importance of the immunodominant HA head epitope labeled antigenic site B, also one of
the sites of antigenic cluster transitions (276, 277). This immunodominance can be
circumvented by high titers of pre-existing antibodies, which suppress responses to similar
antigenic sites and enable B cells specific for non-dominant sites to mature (753. However,
in contrast, memory B cells may dominate the response in the absence of high antibody
titers, leading to original antigenic sin (153, 356), despite naive B cells having similar
frequencies of specificities to both the immunodominant HA head and subdominant HA
stem (548). This is consistent with the findings presented here indicating that

seroconversion occurs in the presence of pre-existing antibodies (Chapter 5).

Beyond epitope specificity, antigen specificity can also play a role in the immune
response. While HA overall is immunodominant compared to other influenza proteins (34),
particularly in the context of vaccination, seasonal inactivated influenza vaccination is also
known to induce antibodies to the other surface protein of influenza, NA (290) (Figure 1.1).
These NA-specific antibodies have been shown to induce ADCC and reduce disease severity
in mice, with correlative epidemiology in humans (46, 170). Coordination between

antibodies targeting both HA and NA as antigenic targets may be a key driver of protection,
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particularly in older adults whose innate immune cells are less responsive to immune
complex-driven stimulation, as was shown in the study of older adults presented here

(Chapter 4).

The antigenic target of antibodies present at the time of vaccination is a key
contributor to the development of further humoral immune responses, as data presented
here indicated an antigen-specific effect of pre-existing antibodies (Chapter 5). Specifically,
pre-existing antibodies to HA had no effect on the development of the anti-NA response.
Further research is needed to determine if the effects on the developing humoral immune
response exerted by pre-existing antibodies are consistent against multiple antigenic
targets. However, this evidence of antigen-specific developments indicates that future
universal influenza vaccine strategies may be able to capitalize on different functionalities

of antigenically distinct antibodies.

THE DEVELOPMENT OF THE INFLUENZA-SPECIFIC IMMUNE RESPONSE ACROSS

A LIFETIME

Using the data presented here, a trajectory of the anti-influenza immune response
across a lifetime can begin to be assembled (Figure 6.3). Correlates of protection from
influenza may be fundamentally different across age groups, leading to the requirement for
different vaccine designs targeting specific humoral outcomes. The development of the
immune system and repeated exposures to influenza and influenza vaccines shape the
humoral immune response, while the capability of innate immune cells to respond to Fe-

mediated signals also changes with age (357).
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Figure 6.3 The development of the influenza-specific immune response over a lifetime. Lines show relative
levels of IgG titers (orange), the influence of original antigenic sin (green), and overall immune cell function
(blue). Below the chart, pictograms depict the key protective antibody qualities described here: FcyR binding
antibodies as a fetus and neonate, and ADCC-inducing antibodies as an older adult, as well as the current
correlate of protection, HAI.

PLACENTAL SIEVING

The immune response to influenza begins during fetal development, as antibodies
developed by the pregnant parent during infection or vaccination are transferred across the
placenta to provide protection to the neonate (227, 250, 235). These antibodies provide
essential immune protection in the first months of life, since at birth, the immune system is
attenuated, with reduced adaptive immune responses and increased regulation preventing
immune activation (358, 359). Previous work in the Alter laboratory has shown that
placental transfer favors antibodies that can bind to both the neonatal Fc receptor (FcRn)

and Fc y receptor ITIA (FCGR3A) independently of antigen specificity (244). The data
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presented here (Chapter 3) broadly supported these conclusions and have built upon this
foundation to understand more about how placentally sieved antibodies can provide

protection to a neonate via binding to FCyRs and activating innate immune functions.

Furthermore, these data demonstrated that the impact of vaccination is not on the
rate of placental transfer itself but rather alters the makeup of available antibodies on the
maternal side of the placental barrier (Chapter 3). Data from this same study population
indicated that maternal vaccination against influenza, in this medically underserved
community, increased protection of both pregnant individuals and their neonates from
infection with influenza and serious complications if infected (228, 245). However, this
protection was incomplete. Here, the data indicated that protection was linked to how well
the vaccination could induce FCyR-binding antibodies. This has important implications for
maternal vaccine design, indicating that vaccination has not overcome the previously
described requirements of a galactosylated Fc capable of binding to FcRn and FCGR3A for
placental transfer (244). However, vaccination can skew the transfer by changing what is
available in maternal circulation to be transferred (Chapter 3). Future vaccination efforts
in pregnant individuals should consider the mechanisms of placental transfer to achieve the

goal of protecting neonates following birth.

ORIGINAL ANTIGENIC SIN

As these maternal antibodies wane over the first few months of life (231, 239, young
children begin to mount an anti-influenza immune response to early exposures, even sub-
clinical exposures. As children mount their own responses, strain-specific antibodies
dominate and breadth remains low until there is a sufficient reservoir of recall responses
(346). Initial exposures to influenza drive antigenic seniority, or original antigenic sin

(OAS). Antigenic seniority is the concept that hemagglutination inhibition (HAI) titers of
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previously encountered strains are boosted upon re-exposure to influenza, resulting in the
highest overall titers for the strains which an individual encountered earliest in their life
(296). OAS encompasses this concept and associates it with negative outcomes to
vaccination with current strains (26). This process has been described in humans over the
decades since its original identification (25, 26) and experimentally modeled in mice (100).
Here, however, limited evidence of OAS was observed. Across age groups, limited negative
predictors of response to vaccination were observed, with only IgM levels presaging a
limited breadth of response to vaccination (Chapter 5). Thus, whether this only relates to
the broadening of the immune response or is related to different populations, in this
agnostic analysis no evidence was found that pre-existing IgG response prevented the
evolution of immunity. Instead, most pre-existing antibodies were seen to be neutral, and a
small group of highly selective antibody features were associated with better immunity,

particularly antibodies binding to FCGR2B.

REPEATED INFLUENZA EXPOSURE

As adults, individuals are repeatedly exposed to HIN1, H3N2, and influenza B
strains through yearly influenza exposure and/or vaccination. These repeated exposures
tune the immune response, generating a wide polyclonal reactivity in some individuals.
Memory B cells in humans can undergo additional somatic hypermutation upon influenza
re-exposure, which occurs within seven days following exposure (360). In others, the
presence of pre-existing antibodies limits the development of new germinal centers
(Chapter 5). Exposure to closely related HA antigens leads to a response dominated by
highly mutated memory B cells, which is a less protective response than the primary
response (361). However, despite the wide body of knowledge around the effect of memory B

cell presence on Fab evolution, little is known about their role in directing the evolution of
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the Fc. Here, we begin to observe the development of breadth across influenza specificities
in some, but not all individuals. Seasonal vaccination provides yearly boosts in antibody
titer, and exposures to circulating influenza can also boost natural immunity. While the
effects on the evolution of antigen specificity have been studied (361), far less has been

understood about how the Fc domain of antibodies changes over the lifetime.

AGING

In older adults, responsiveness to individual challenges with influenza antigens
declines (297, 315). However, the humoral immune response is more critical than ever as
the responsiveness and effectiveness of the overall immune system wanes (357, 362). Innate
immune cells, including neutrophils (363), macrophages (364, NK cells (293), dendritic
cells (865), and adaptive immune cells, including B (366, 367) and T cells (368), show
increasing dysfunction and decreased anti-viral responses as age increases. Specifically in
the humoral immune response, vaccination against influenza elicits limited adaptation to
novel strains in older adults, instead favoring antibodies to historic epitopes where
antigenic drift has evaded immunity (297). Here, we observed that, likely due to decreased
NK cell activation potential, antibodies able to activate NK cell-mediated ADCC are a
correlate of post-vaccine protection from symptomatic influenza infection (Chapter 4). More
studies will be needed to elucidate the precise mechanisms by which vaccine-elicited

antibodies can best activate NK cells.

High dose vaccination has been shown to be protective in older adults, surpassing
the protection achieved by standard inactivated influenza vaccines without increasing
negative side effects (278, 369, 370). While the exact efficacy varies based on the matching
of the vaccine to circulating strains (273, high dose vaccination is now licensed by the CDC

for all US adults over the age of 65 each year. Despite high heterogeneity within regular
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dose and high dose vaccinees, the data presented here suggested that there was a difference
in coordination in the immune responses, with those receiving the high dose vaccination
increasing antibody functionality across measured functions while the regular dose
vaccination only induced high levels of opsonophagocytic functions (Chapter 4). This
suggests that high dose vaccination may also serve to overwhelm the innate targeting of the
response towards certain influenza-specific functions, boosting antibodies across functional

modalities.

However, high dose vaccination is not without risk as high dosing has been shown to
have deleterious effects on humoral immune development in the context of HIV. Repeated
high dose protein vaccination resulted in the generation of IgG4 antibodies which are poorly
functional but can compete for antigen binding with more effective subclasses (209). Over
time, high dosing in older adults, who already have compromised effector function, may
lead to a compromised immune response. The effect of repeated high dosing could not be
evaluated in this trial, as this was the first high dose vaccination received by trial
participants (278. Understanding the key protective modalities in older adults, such as the
NK cell-mediated correlate of protection identified here, may ultimately provide the key to
targeting a more effective immune response that is durable over the lifetime, as well as able

to be activated in a possible pandemic setting, rather than already driven to anergy.

DEFINING ADDITIONAL CORRELATES OF PROTECTION

NEUTRALIZATION AND ANTIBODY TITERS

Historically, HAI titers have been identified as the correlates of protection against
influenza infection and have been used to evaluate vaccine immunogenicity (2.3). However,

HAI is an inadequate correlate of protection that does not fully explain the protection
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afforded by a humoral and cellular immune response, instead focusing on only antibodies
that bind and block the receptor binding domain of HA (76, 17). Individuals with seemingly
protective HAI titers have gone on to be infected with influenza following vaccination (18).
Notably, age has been identified as an independent risk factor for influenza infection (76).
Furthermore, HA-binding antibodies targeting the HA1 domain, the full length HA
molecule, and the HA stalk domain have each been recently identified as independent
correlates of protection from influenza infection across age groups (304). These findings
create the opportunity to identify and put into practice additional correlates of protection

against which future vaccines could be tested.

NK CELLS AS A KEY CORRELATE OF PROTECTION AGAINST INFLUENZA

Antibodies capable of inducing innate immune effector functions via FCyR binding
have been identified as protective in the absence of neutralization in animal models (39,
58). Furthermore, ADCC-inducing antibodies have been linked to shorter duration and less
severe infection in humans (78). Here, antibodies capable of binding to FCGR3A and
activating NK cells were identified as a key correlate of protection against influenza in
older adults. Given the finding that older adult NK cells were also less responsive to FCyR-
mediated stimulation (Chapter 4) and the current literature (reviewed in (40, 199), we
propose that these antibodies capable of activating NK cells can provide protection across
age groups. In neonates, another high-risk group, NK cell-activating antibodies have been
linked to increased placental transfer of IgG from mother to child (244), working in tandem
with the increased NK cell functionality (compared to other innate immune cells) in
neonates (244). While we did not see a measurable effect on ADCC-inducing antibodies
enriched by placental transfer, we did observe an increase in FCGR3A-binding antibodies,

suggesting that the effect may be below the detection sensitivity of ADCC assays. Together,
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these findings suggest that influenza vaccines that induce antibodies with ADCC activity
may be protective across age risk groups, but particularly in older adults where NK cells

are anergic (293).

While HAI is important for blocking infection, ADCC-inducing antibodies may be
acting to prevent disease from occurring after infection or to clear an existing infection (213,
371). The mechanisms by which ADCC-inducing antibodies provide protection is an active
area of study. The current model of ADCC induction by HA-specific antibodies requires a
two-step activation cascade whereby the antibody bound to the HA molecule activates
FCGR3A while the sialic acid binding site of HA provides a second intermolecular bridge
between the infected cell and NK cell surfaces (85). This model posits that epitope
specificity plays a key role in ADCC induction, namely limiting ADCC functionality to
stem-specific and head-specific but not sialic acid binding site—specific antibodies (86, 214).
While the work presented here did not interrogate specific HA epitopes as targets, it clearly
showed that the polyclonal response to vaccination, across populations, elicited ADCC

functionality by NK cells as a key component of protection.

These ADCC-inducing antibodies may not be working alone to provide protection.
Across cohorts, even in those not specifically linked to protection, we observed high levels of
polyfunctionality and coordination between ADCC-inducing antibodies and antibodies
capable of inducing other innate immune functions. This finding is supported by previously
published animal model studies, wherein many antibody-dependent innate immune effector
functions have been linked to both protection against and clearance of influenza infection
(38-40, 53-59). Whether these antibodies provide mechanistic input to the response to

infection or serve as biomarkers remains to be investigated.
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FCyR-BINDING ANTIBODIES AS A PREDICTOR OF PROTECTION IN NEONATES

At birth, neonates have a compromised immune system with many innate immune
cells not yet fully matured and little to no antibody production capacity (359). In order to
protect neonates and their parents, Tdap and seasonal influenza vaccines are recommended
during pregnancy (372. Here, antibodies that bound to FcyRs emerged as a predictor of
protection of infants from influenza infection when measured at the time of birth. These
FcyR-binding antibodies, separate from any specific innate immune effector function, were
both enriched by maternal vaccination and were a biomarker of protection in the neonate
(Chapter 3:). One hypothesis is that these antibodies are a biomarker of successful
placental transfer. This cord blood biomarker would exist in contrast to innate immune
cells in the cord, which have been shown not to correlate with immune cells in the
peripheral blood of newborns (37.9. They may also serve as a biomarker for the higher
transfer of breastmilk antibodies by these vaccinated mothers (257), which is another route
through which protection is transferred from parent to child. Alternately, these FcyR-
binding antibodies could be playing a role to counteract the predominant transfer of anti-
inflammatory glycoforms observed in some studies (374, 375) in an antigen-specific manner,
upregulating an inflammatory response to pathogens but not to microbial antigens or
allergens. Further work is needed to determine the precise contribution of these antibodies
to immunity; however, this finding does emphasize the importance of eliciting this type of

response to vaccination to provide maximal protection in neonates.

This correlate is distinct from the correlate of protection of ADCC-inducing
antibodies identified in older adults. In older adults, NK cells are anergic and less
responsive to FCGR3A-mediated stimulation (Chapter 4). On the contrary, NK cells are the

most effective and abundant of neonatal innate immune cells, despite all cells in the
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neonate being functionally down-regulated (244, 5359. While much of the immune system is
distracted by acquiring tolerance to the gut microbiome (373, vaccine-induced antibodies
may be able to provide some level of protection in the neonate by engaging widely with Fe-
mediated functions. These findings indicate that future vaccine strategies may differ across
populations to induce the most protective effects, with a vaccine for pregnant individuals
targeting cross-FcyR binding antibodies and a vaccine for older adults targeted towards

ADCC.

OVERALL COORDINATION OF THE HUMORAL IMMUNE RESPONSE ALTERS

SUSCEPTIBILITY TO INFLUENZA

In addition to single measures and identification of key features, these rich datasets
allowed for analysis of the overall coordination of the immune response across both antigen
targets and Fc features. A striking pattern was observed across the two cohorts presented
here that have data for protection: a more coordinated immune response, with high levels of
polyfunctionality and concomitant FcR binding, was found in individuals who were
protected from influenza infection by vaccination (Chapters 3 & 4). This finding suggests
that antibody-induced effector functions work in concert and that enriching for one specific
function, while beneficial especially in the case of NK cells, does not capture the important

diversity of the humoral response.

Beyond Fe¢, matching the immune response to the circulating virus was key, as
expected. However, it seemed that those whose immune response was well matched to that
year’s circulating virus responded broadly across vaccine antigens, not just with the unique
strain-specific response required for the current circulating strain (Chapter 4). In both

adults and older adults (>65 years of age), antibody Fc-features were highly correlated
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across antigen specificities; for example, individuals with high pre-vaccination IgM titers
against one H3 antigen were likely to have high pre-vaccination IgM titers across a wide
range of influenza A and B antigens. These data suggest that those who are protected are
more likely to generate responses across vaccine strains, leading not only to a quality Fc

effector response but one that targets multiple subtypes of influenza.

Beyond matching to the circulating strain, coordination between the site of infection
and the site of enhanced immunity may also play a critical role. Mucosal immune
responses, namely IgA and IgG capable of binding to cell-surface mucins, have been
identified as key modulators of infection (376-379), highlighting that the immune response
in the nasal mucosa may be important in providing protection in influenza. Additional
studies will be needed to identify key correlates of protection in the nasal mucosa, and

define how these nasal correlates interact with the systemic correlates of protection

described here (Chapters 3 & 4).

ROLE OF ADJUVANTS IN DEVELOPING PROTECTIVE RESPONSES

Oil-in-water adjuvants, such as MF59 and AS03, have been used successfully to
boost immune responses to influenza vaccination in multiple high-risk populations (380),
including older adults (381), children (740), and infants (3582. However, studies have not
shown consistent results in boosting protection despite increases in HAI and/or overall anti-
influenza titers (188, 189). In further investigations into this mismatch between increased
biomarkers of immunity and immunity itself in the context of adjuvanted vaccination, here
we observed that the reduced efficacy of MF59, compared to expectations based on HAI
immunogenicity (138, 140, 184, 188, 189, 205), may be the result of biasing the humoral
immune response away from NK cell and monocyte activating antibodies (Chapter 2). While

MF59 induced more antibodies overall, the quality of those antibodies was altered by the
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inclusion of the adjuvant. These data presented here demonstrate that the effects of
adjuvants on the resulting vaccine-induced humoral immune response are more nuanced

than previously identified, with implications for future vaccine studies.

Another promising class of adjuvants are Toll-like receptor (TLR) ligands. TLR
ligands engage these evolutionarily conserved pattern recognition receptors to boost
immune responses (135). Studies of a TLR agonist used in a murine model of influenza
vaccination have shown that activation of TLR7/8 boosted type 1 humoral and cellular
immunity in both adult and early-life vaccinations (745). Another TLR agonist adjuvant
Monophosphoryl lipid A (MPLA) targets TLR4, and is part of two adjuvants, ASO1 and
AS04, that have been licensed in vaccines against other pathogens (383. MPLA has shown
promising results in multiple murine studies of influenza vaccination, both with traditional
(384) and novel vaccine preparations (385). Additional adjuvants, including liposomes,
virosomes, saponins, and ISCOMs, are being tested widely in animal models but human
clinical data is not yet available (735). The findings presented here that MF59 alters the
qualitative humoral profile of the influenza-specific vaccine response, together with recent
data on the impact of adjuvants in SARS-CoV-2 vaccination (335), motivate deeper analysis
to find those adjuvants that can tune both the antibody epitope specificity (Fab) and

functional profile (Fc) most effectively to provide protection customized to each pathogen.

FUTURE DIRECTIONS

IMPACT OF REPEATED SEASONAL VACCINATION

Repeated seasonal influenza vaccination provides increased cumulative protection to
individuals, but the magnitude of the immune response following each single vaccination

decreases over time (31, 386). With the contributions of original antigenic sin and immune
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imprinting, seasonal vaccinations must overcome significant immune pressure to generate
de novo responses as opposed to activating cross reactive but low neutralization antibodies.
The seasonal vaccination cohort studies here provide the unique opportunity to investigate
the effect of repeated vaccination on the whole humoral immune response and how
antibodies change over multiple years. Preliminary analyses have indicated that, for the
majority of individuals, breadth is boosted by yearly vaccination but returns to pre-
vaccination levels by the next season (Figure 6.4). Studying the rare individuals in this
cohort whose breadth durability increased following vaccination, may provide insights into
what effects pre-existing immunity has on this process and how vaccines could be designed
to best induce a durable, broad polyclonal humoral immune response. Already, the data
presented here hint at a tiny fraction of the already pre-enriched population studied here
who are elite responders to vaccination with wide response breadth across influenza A and
B, driven by antibodies that bind to pre-existing antibodies that bind FCyRs. Further
research will seek to identify how these individuals are different from others and what

tunes their immune response to recognize influenza across subtype and strain variation.

This work builds on previous investigations in the field detailing the protective
efficacy of repeated influenza investigation (31), providing key information to maximize the
response to future novel influenza vaccines. This work has shown that there are very
specific humoral profiles that pre-exist repeated vaccination and predict the evolution of
breadth, with evidence that this can boost protection during subsequent influenza seasons,
even despite antigenic drift (386). At a single season level, FCGR2B antibodies have been
shown to be a key predictor of the evolution of breadth (Chapter 5); however, how these

antibodies evolve over time in this rare population in yet to be determined. Further
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research will be needed to elucidate the mechanisms of cross-seasonal protection in both

adults and the elderly, for whom vaccines provide lower levels of durable protection (2729).
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Figure 6.4 HAI breadth over multiple influenza vaccinations. Line graph depicts HAI breadth score, as
described in Chapter 5, calculated at each timepoint across four vaccination seasons. Higher numbers indicate
increased neutralizing breadth. Day 0 samples were drawn prior to that season’s vaccination, and Day 21 was
post-seasonal vaccination date during the autumn of that year. Each line represents one individual.

IMPACTS OF NOVEL VACCINE FORMULATIONS

Novel influenza vaccine strategies have been in testing for many years (75). One
promising candidate, stem chimera vaccines, show promise at eliciting a strong humoral
immune response targeting the conserved HA stalk domain (337). However, in the
correlates analyses presented here, antibodies targeting the HA stem were not correlates of
either protection or a broad response to vaccination (Chapters 4 & 5), suggesting that there
1s more to be understood about the mechanisms involved in protection afforded by these
vaccines. Following the recent successes against COVID-19, mRNA vaccine technology is
being investigated for use in influenza. Given emerging data indicating that there are

differences in SARS-CoV-2-specific antibody Fc profiles even between different mRNA
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vaccines in high-risk populations (387), it remains to be seen how mRNA will compare to
inactivated virus immunization such as is typical in influenza. Because mRNA vaccination
presents antigen bound to the membranes of cells instead of in solution, it has been
hypothesized that there will be increased BCR crosslinking, leading to enhanced affinity
maturation and overall humoral immune response (388. Furthermore, the rapid
production timelines of mRNA and other emerging technologies may enable better strain

matching each season.

Various adjuvanted vaccines, including MF59 vaccines, similar to the one described
here, are already in use or in active development. Initial data from this study on the impact
of MF59 indicate that the functional humoral response may vary widely depending on
adjuvant inclusion (Chapter 2). One interesting area of research is vaccination wherein
recombinant HA is bound to C3d have a proposed mechanism of activating B cells via the
complement receptors found on their surface (CR2 or CD21) (389); this may provide a
similar mechanism to the FCGR2B-mediated development of breadth discussed here. This
cDNA-based immunization strategy has, in mice, modestly increased heterosubtypic HAI
and provided protection against heterosubtypic challenge (390, 391). As seen in the data
presented here and in the literature (371), increasing breadth and Fc-functionality are
frequently tied together, with the understanding that by targeting more conserved epitopes,
which may not mediate neutralization, a broad antibody response requires functionality to
elicit maximal protection. Current novel vaccine strategies are already seeking to leverage

this interaction to provide heterosubtypic protection (60).

ANTIGENIC TARGETS BEYOND HA & NA

Another strategy to create a heterosubtypic response to an influenza vaccine is to

direct the immune response against a conserved viral antigen (74). One attractive
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conserved antigen is NP, the influenza nucleoprotein (777). NP is about 90% conserved
across influenza A viruses, so immunity directed towards NP would be heterosubtypic (392,
395). NP is not expressed on the surface of virions but is expressed on the surface of
infected cells (5, 7, 394-396). NP-specific T cell responses and antibodies have been
observed in adults with prior exposure to influenza (397, 398). However, current
vaccination strategies do not increase the titer of these antibodies (397). Experimental NP
vaccination in mice provides heterosubtypic protection from lethal challenge, but does not
prevent infection (397, 399-404). NP antibodies are not neutralizing; therefore, infection is
established but is cleared quicker and with less severe symptoms than in naive animals
(399, 401). FCyRs are required for protection, as FcR y chain’ mice receive significantly less

benefit from the passive transfer of NP-specific IgG (43, 175).

Vaccination with the M2 ion channel protein of influenza A has also shown
protective efficacy in animal models (45, 169). M2 is conserved across all known human
influenza A viruses (405), and immunity to M2 is heterosubtypic (406). M2-specific immune
responses have been observed in adults with prior exposure to influenza, but current
vaccine strategies do not elicit M2-specific immunity (371, 407-409). Like NP, M2-specific
antibodies rely on FCyRs to provide protection and additional immunity is mediated by T
cells (£70). The mechanism by which these antibodies directed towards highly conserved
influenza-specific proteins mediate protection is unknown, but the systems serology

platform is uniquely poised to measure these immune responses.
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CONCLUSION

Historically, influenza vaccines have been evaluated on their ability to induce HAI
titers. This work emphasized the importance of taking a holistic approach to the humoral
immune response, evaluating antibodies not only on their binding and neutralization
capacity but also on their ability to recruit the rest of a protective immune response and,
indeed, to shape the development of future humoral development. The data presented here
indicate that NK cell-activating antibodies provide protection in older adults and FCyR-
binding antibodies provide protection in neonates; however, the heterogeneity of the
influenza-specific vaccine response acts as a crucial barrier to improved vaccination.
Further, these data present the tantalizing suggestion that pre-existing FCGR2B-binding
antibodies act as adjuvants and offer a new opportunity to drive breadth of vaccine-induced
immune response. While there is much to be done to fully understand the immune response
to influenza, both humoral and cellular, these data provide key insights into what antibody
qualities are necessary for the next generation of influenza vaccines to elicit on a
population-specific level and a starting point for understanding the influenza-specific

Immune response over a lifetime.
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