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ABSTRACT

Class I fusion proteins are critical mediators of viral entry in a range of pathogenic viruses,
making them prime candidates for vaccine development. Despite their potential, the design of
effective vaccines based on these proteins is hindered by two challenges: structural instability and
antigenic variability. To address these limitations, we developed three distinct computational
strategies aimed at optimizing the vaccine potential of class | fusion proteins. Our initial two
methodologies targeted the enhancement of structural stability. The first approach sought to
optimize electrostatic contacts within the protein structure, while the second aimed at the strategic
introduction of disulfide bonds. Notably, the electrostatic optimization method was implemented
across three different viral families and demonstrated significant effectiveness, requiring only a
handful of protein variants for successful stabilization. The structural integrity of the leading
candidates was subsequently validated through crystallography and cryo-electron microscopy
analyses. In a vaccine application focusing on the respiratory syncytial virus (RSV), our designed
protein exhibited protective efficacy in a mouse model comparable to that of a recently approved
RSV vaccine. Further stabilization was achieved through the introduction of a single disulfide
bond, resulting in a thermal stability increase of approximately 12°C without compromising

immunogenicity. Our third computational strategy addressed the issue of antigenic variability by



targeting the hemagglutinin (HA) protein of the H1 influenza virus. Utilizing a hybrid approach
that combines consensus design with the presentation of a diverse array of immunogenic epitopes,
we engineered a HA variant with broad reactivity. This variant induced a diverse antibody response
in a mouse model and demonstrated protective capabilities against heterologous viral challenge.
Collectively, our computational approaches offer a comprehensive toolkit for the optimization of
class | fusion proteins as vaccine candidates. They present substantial promise for the development

of effective preventive measures against a wide spectrum of viral infections.

INDEX WORDS: Respiratory syncytial virus, human metapneumovirus, severe acute
respiratory syndrome coronavirus 2, influenza virus, vaccine development,
class | fusion protein, protein stabilization, antigenic variability, structure-

based computational design, consensus-based sequence design.
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CHAPTER 1

INTRODUCTION

Respiratory infections are highly prevalent among humans, posing a significant concern
for infants and older adults [1]. In 2020, respiratory infections in the United States accounted for
approximately 3.5% of the total causes of death in children aged 1 to 4 years and 13% in
individuals aged 75 and older [2]. Unfortunately, these estimates reached even higher levels in
low- or middle-income countries, where respiratory infections comprised 18.6% and 37.6% of the
total causes of death in children and the elderly, respectively, as reported in Peru [2]. While diverse
pathogenic agents can cause respiratory diseases, systematic meta-analyses indicate that acute
lower respiratory infections in children are predominantly attributed to viruses [3], [4], and about
25% of cases of community-acquired pneumonia in adults are of viral origin [5].

Even though prophylactic interventions and antiviral drugs offer some degree of protection
against various respiratory diseases, durable and effective vaccines continue to be an unmet need
for viruses such as influenza virus [6], [7], human metapneumovirus (hMPV) [8], or human
parainfluenza viruses (hPI1Vs) [9]. Interestingly, these viruses, along with other clinically relevant
pathogens like respiratory syncytial virus (RSV) and coronaviruses, share infection mechanisms
that could unveil generalizable approaches for the development of effective treatments [10]-[13].
Specifically, the dependence on class | fusion proteins for mediating membrane fusion and cell
entry has emerged as a crucial target for inhibition. Indeed, class I fusion proteins have proven to
be potent immunogens and hold significant promise for developing vaccines against respiratory

and non-respiratory diseases [14]-[20].



Despite their potential as vaccine candidates, class | fusion proteins remain challenging
immunogens due to their inherent characteristics. Because of their role in the fusion process, class
| fusion proteins are naturally designed to irreversibly refold from a highly energetic conformation,
called the prefusion state, to a more stable structure known as the postfusion state [21]. This
spontaneous transition presents a significant hurdle in vaccine development as the protein's most
antigenic epitopes often become concealed in the stable postfusion state [22], [23]. Moreover, due
to the selective pressure exerted by the host immune response, some class | fusion proteins
continuously accumulate point mutations and generate unique epitopes that evade existing
immunity [24]-[26]. Consequently, the structural instabilities of the prefusion conformation and
its antigenic variability are critical limitations for designing effective vaccines derived from class
| fusion proteins.

To overcome the above setbacks, we sought to develop diverse computational strategies to
optimize class | fusion proteins as potential vaccine candidates. First, we proposed a two-step
design protocol to increase the conformational stability of the prefusion state. This approach
involved identifying beneficial substitutions of the prefusion conformation by comparing the
energetic profiles of the pre- and postfusion structures. We hypothesized that mutations decreasing
the free energy of the prefusion state, with no benefit in the postfusion state, would create an
energy gap that prevented the pre- to postfusion transition. Second, we aimed to further increase
the prefusion state's stability by introducing disulfide bonds on essential areas for the
conformational switch. Our algorithm automatically detects residue positions capable of
accommodating a disulfide bond by evaluating the correctness of their geometry. Furthermore, we
suggest that the location of the potential new disulfide bond can provide valuable insights into the

level of stability it may confer to the prefusion configuration. Lastly, we addressed the influenza



hemagglutinin (HA) antigenic variability by employing a dual strategy: integrating consensus-
based sequence design with the targeted presentation of distinct immunogenic epitopes in areas of
low sequence conservation. We hypothesized that the key protective elements within the H1
influenza virus may be found in prior vaccine strains that have demonstrated efficacy over
extended periods. Accordingly, summarizing the sequence characteristics of these effective strains
via consensus design could reveal conserved, protective epitopes that span multiple viral
generations. Moreover, substituting highly variable regions with epitopes sourced from different
strains within the long-lasting vaccines, could stimulate an antibody response able to recognize
diverse antigenic phenotypes. Therefore, we propose that the synergistic application of both
approaches holds the potential to produce immunogens capable of inducing a comprehensive
spectrum of protective immune responses.

We have illustrated the value of our computational strategies through their implementation
in different viral proteins, including the RSV F, hMPV F, the severe acute respiratory syndrome
coronavirus 2 spike (SARS-CoV-2 S), and the influenza HA. Notably, our stabilization algorithms
demonstrated high efficiency, requiring testing of only a handful of variants to find successful
designs. Moreover, the leading candidates of each design approach induced robust immune
responses in animal models, consistent with the intended objectives of their respective strategies.
Given the clinical relevance of class I fusion proteins, our computational approaches offer valuable
resources for accelerating the discovery of effective treatments to current and future public health

challenges.



CHAPTER 2

LITERATURE REVIEW

A part of this chapter was accepted by Viruses. Reprinted here with the permission of the publisher.
Narkhede, Y. B., Gonzalez, K. J. & Strauch, E. M. Targeting Viral Surface Proteins through
Structure-Based Design. Viruses, Vol. 13, Page 1320 13, 1320 (2021).



Viral Fusion Proteins

Fusion glycoproteins decorate the surface of enveloped viruses and are essential for their
cell entry. As critical players in the infection process and primary proteins on the viral surface,
fusion proteins are excellent targets for developing antivirals, and they constitute the primary
immunogens of different vaccine modalities [15], [19], [27]-[31]. Despite their diverse structural
features, fusion proteins adhere to common physical principles during the membrane fusion
process. This event relies on a dramatic transformation wherein the protein refolds from a strained
and unstable prefusion conformation to a highly stable postfusion conformation [21], [32]. The
substantial energetic difference between the initial and final conformations is believed to generate
the required free energy for catalyzing the fusion between host and viral membranes [21].

Viral fusion proteins are divided into three classes —class I, 11, and 111 [21], [32]-[34],
according to their structure and activation mechanism. In terms of structure, class | fusion proteins
are trimeric and predominantly composed of a-helices. In their postfusion conformation, they
exhibit a characteristic six-helix bundle comprised of a long a-helical coiled coil surrounded by
three C-terminal helices [21], [35]. In contrast, class Il fusion proteins exist as homo- or
heterodimers in their prefusion state and transform into trimers in their postfusion state. Their
structural signature includes B-sheets in both conformations [36]. Finally, class 111 fusion proteins
are trimers in both prefusion and postfusion states and present a combination of a-helical and -
sheet structures [37]. Notably, unlike most viral fusion proteins where membrane fusion implies
irreversible conformational changes, class Il fusion proteins can achieve a thermodynamic
equilibrium between the prefusion and postfusion states, allowing for reversible transitions [39],

[40].



Regarding activation mechanism, class | and Il fusion proteins require proteolytic
processing, either on themselves or on companion protein, to facilitate cell entry. Conversely, class
Il fusion proteins do not utilize maturation cleavage to initiate membrane fusion [38]. Upon
activation, class | fusion proteins can be triggered by various factors, which will be discussed in
further detail below, while class Il fusion proteins primarily respond to low pH conditions [36].
Class 11 fusion proteins can be triggered by either low pH or through the interaction of a partner

protein with a receptor on the host cell [39].

Class | Fusion Proteins

In this study, we focused on class | fusion proteins as they comprise the fusion machinery
of a wide range of clinically significant viral families, such as the Orthomyxoviridae (e.g.,
influenza virus), Paramyxoviridae (e.g., human parainfluenza viruses), Pneumoviridae (e.g.,
RSV), Coronaviridae (e.g., SARS-CoV-2), Retroviridae (e.g., Human immunodeficiency virus
(HIV)), and Filoviridae (e.g., Ebola) [21], [34]. Class | fusion proteins exhibit a substantial
presence of a-helices and are comprised of several key components, including a small hydrophobic
fusion peptide, an N-terminal heptad repeat sequence 1 (HR1), a C-terminal heptad repeat
sequence 2 (HR2), and a transmembrane domain [41]. As a generalized fusion model, class I fusion
proteins are initially synthesized as single chains precursors that become fusion competent by
proteolytic maturation [38], [42]-[44]. This state, known as the prefusion state, is characterized by
a metastable structure that can be readily triggered to undergo a large and irreversible
conformational change, resulting in the formation of the postfusion state (Fig 2.1) [45]-[48].
Triggering factors include the switch to a low pH environment (e.g., influenza HA protein) [21],
[34], interactions with co-receptors on the cell surface (e.g., HIV Env protein) [21], and stimulation

by a second viral protein (e.g., paramyxovirus F proteins) [49].



Upon their activation, the metastable prefusion state undergoes structural changes in the
fusion subunit that result in an intermediate state termed the “prehairpin” state [50]-[53] (Fig 2.1).
At this point, the prehairpin structure can revert to its prior state in the absence of any membrane
or irreversible transition to the postfusion state [34], [54], [55]. Finally, to prompt the fusion
process, the hydrophobic fusion peptide is released to connect with the target membrane. This
interaction induces the formation of the six-helical postfusion state that brings the virus and host
cell membranes in proximity and drives the membrane fusion (Fig 2.1).

Inhibition of the fusion process, and consequently viral infection, can be achieved by either
blocking binding to host membrane receptors or by stabilizing any of the conformational states
before the completion of the postfusion stage [56]. These inhibition strategies have been observed
in potent neutralizing antibodies, providing valuable insights into the essential components for
designing effective vaccines [57]-[59]. As a result, the prefusion conformation of class | fusion
proteins has emerged as a highly promising immunogen, offering a multitude of opportunities to
effectively halt the fusion process [15]-[18], [23].

In addition to vaccines, potential antivirals have also been developed, drawing inspiration
from antibody binding modes. Remarkable examples include the mini proteins HSB.2A and HB36,
which effectively hinder the influenza fusion process. HSB.2A achieves this by blocking the HA
receptor binding site, while HB36 prevents the refolding of the HA stem [60], [61]. Moreover,
inhibitors stabilizing the conformations preceding the postfusion state are exemplified by HR2-
mimicking peptides, like CP32M, and small molecules such as tertiary butyl-hydrogquinone
(TBHQ). CP32M stabilizes the intermediate state of the HIV-1 gp4l protein, impeding the

formation of the postfusion six-helix bundle [62], whereas TBHQ acts by stabilizing the HA



prefusion conformation, thus increasing the activation barrier to transition into the postfusion state
[63].
The RSV and hMPV Fusion (F) protein

RSV and hMPV viruses belong to the Pneumoviridae family and share similar infection
mechanisms. Their surfaces feature primary glycoproteins, the G and F proteins, which play
crucial roles in viral entry — the G protein functions in attachment, while the F protein mediates
membrane fusion [64], [65]. Notably, studies have shown that RSV and hMPV variants lacking
the G protein can still replicate both in vitro and in vivo [66]-[68], suggesting that the G protein is
not essential for viral entry. In fact, the F protein alone has been demonstrated to mediate both
attachment and infectivity [68], [69], although the RSV F function is enhanced in the presence of
the G protein [70].

The F protein is initially synthesized as an inactive monomer known as Fo. The activation
of Fo occurs through proteolytic processing by specific host proteases. In the case of hMPV F,
trypsin-like proteases cleave it once [71], whereas RSV F requires two cleavage events by furin-
like proteases [72], [73]. As a result of two cleavages, RSV F releases a 27 amino acid peptide
known as pep27 [74]. The remaining monomeric polypeptides, which stay connected by disulfide
bonds [75], subsequently trimerize and give rise to the metastable prefusion state. While the
precise sequence of events regarding trimerization and proteolytic processing is not yet entirely
clear, evidence suggests that RSV F trimerization likely takes place after proteolytic processing
[76], [77]. Triggering of the prefusion conformation finally allows membrane fusion, following
the general mechanism described earlier (see section on Class | fusion proteins).

Triggering factors of the RSV F protein remain largely elusive as fusion seems to occur

independently of pH and other helper glycoproteins [69], [78], [79]. Although receptor-induced



triggering is a plausible explanation, it is also believed that RSV lacks precise control over the F
protein activation, resulting in a basal rate of conversion to the postfusion state [64]. Similarly,
despite some hMPV strains requiring acidic conditions to promote fusion [80], [81], low-pH
triggering is not universally applicable to all hMPV strains, indicating the existence of diverse
fusion activation pathways [82].

The significant level of conservation exhibited by the F protein across RSV and hMPV
strains, coupled with its immunogenicity, renders this protein as a highly promising target for
vaccine development. RSV F presents six major antigenic sites with varying neutralization
sensitivity, depending on the antibody selectivity for the prefusion conformation [59], [83]. The
most powerful neutralizing antibodies focus on the antigenic sites @ and V, which are exclusively
located at the apex of the prefusion structure [58], [84] (Fig 2.2). Similarly, antibodies binding to
site 111 demonstrate potent neutralizing activity, exhibiting a preference for the prefusion state [85]
(Fig 2.2). On the other hand, antibodies targeting shared antigenic sites between pre- and
postfusion conformations (sites Il and V) usually exhibit moderate neutralizing activity [86], [87],
while antibodies predominantly binding to the postfusion state (site 1) tend to be poorly
neutralizing [83] (Fig 2.2).

RSV and hMPV F proteins may only share ~35% sequence identity, yet they exhibit a
considerable level of structural similarity (Fig 2.2). Notably, this sequence and structural
resemblance results in several antibodies demonstrating cross-reactivity between both proteins
[85], [88], [89]. While antibodies targeting analogous antigenic regions of RSV F have been
described for hMPV F [90]-[93], studies on the antibody response induced by hMPV natural
infection have unveiled additional antigenic sites that do not overlap with the RSV F epitopes [92],

[93]. These epitopes are found within the trimer interface, situated either at the apex, middle, or



membrane-proximal regions [92]-[94]( Fig 2.2). In contrast to RSV F, the antibody response to
hMPV F shows less dominance against the apex of the prefusion structure, likely due to a
substantial glycan shield that masks this region [95]. Consequently, the majority of hMPV F
neutralizing antibodies are directed to epitopes exposed in both pre and postfusion conformations,
such as the sites 11, 111, and 1V [91], [93] (Fig 2.2).

The influenza A hemagglutinin (HA) protein

The influenza HA protein stands as a pioneering example among class | fusion proteins,
being one of the first to have its structure elucidated [96]. This significant achievement laid the
foundation for understanding the general fusion mechanisms utilized by this protein family. Within
the influenza virus, the HA plays a crucial role as a major surface glycoprotein, facilitating the
attachment to the host cell and enabling subsequent membrane fusion [97]. The protein's structure
illustrates this functionality, with a head domain responsible for receptor binding, while the stem
region oversees the fusion of viral and host cell membranes [97] (Fig 2.3A).

The HA protein is initially translated as an uncleaved HAO precursor, which promptly
assembles into a trimeric structure right after synthesis [98]. Upon trimerization, the protein
undergoes glycosylation and proteolytic processing, resulting in the generation of the HA1 and
HAZ2 subunits [99] (Fig 2.3A). This proteolytic cleavage is not only critical for infectivity but has
also been shown to be a major determinant of pathogenicity in avian influenza A viruses [100],
[101]. Highly pathogenic avian influenza viruses are characterized by polybasic cleavage sites,
which are recognized and processed intracellularly. In contrast, human and low-pathogenic avian
influenza viruses possess monobasic cleavage sites that undergo processing extracellularly [102],

[103].
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The HA head domain, or globular domain, contains the majority of the HAL subunit,
including the receptor binding site (RBS), and a vestigial esterase subdomain (VE) [96]. For
human viruses, the RBS specifically interacts with a-(2,6)-linked sialic acids present on the host
cell surface [104]. While few residues within the RBS are highly conserved to maintain effective
receptor binding, the peripheral region of this site is highly variable due to the selective pressure
exerted by the host immune response [105] (Fig 2.3A).The key structural elements surrounding
the RBS are identified as the 130-loop, 150-loop, 190-helix, and 220-loop [106] (Fig 2.3A), and
substitutions within these areas determine the antigenic properties of the protein [107]. The major
antigenic regions described in the H1 HA protein, which is studied in Chapter 5, are represented
in Fig 2.3B.

The HA stalk, also known as the stem domain, comprises the HA2 subunit, including the
fusion peptide, along with the remaining amino acids from HA1 [96]. As the main effector of the
fusion, the HA stalk is sensitive to pH changes, triggering its transformation into the postfusion
state when exposed to the low-pH environment of cellular endosomes [45]. Notably, when the
HAZ subunit is absent, the HA2 has been demonstrated to transition to the postfusion conformation
even at neutral pH conditions [47]. This suggests that low pH may not be an absolute prerequisite
for the conformational change, but facilitates the overcoming of kinetic constraints to achieve the
postfusion conformation [47].

Likely due to its accessibility on the viral surface, the head domain exhibits
immunodominance over the stem, and antibodies targeting this region are highly neutralizing
[108]-[110]. However, the head's constant antigenic changes make these antibodies typically
strain-specific, providing protection only until the next antigenic drift occurs [111]. Nevertheless,

some head antibodies do display varying levels of cross-reactivity with different influenza strains,
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although they are not commonly found [112]-[115]. In contrast, the HA stalk exhibits higher
sequence conservation (Fig 2.3A), enabling antibodies directed to this domain to possess broader
reactivity [116]-[119]. Unfortunately, a significant portion of stem-antibodies lack neutralizing
capabilities, rendering them ineffective in clearing the virus from the lungs [120]. Despite this,
some non-neutralizing stem antibodies have been demonstrated to confer protection in vivo, likely
through Fc-mediated mechanisms [121].
The SARS-CoV-2 spike (S) protein

The coronavirus spike protein is one of the largest proteins within the class I family,
consisting of approximately 1,300 amino acids in each protomer of the trimer structure. Unlike the
fusion proteins described so far, coronaviruses have different mechanisms for activating the spike
protein and do not universally rely on immediate proteolytic cleavage after protein synthesis.
Instead, some spikes undergo priming at later stages of the fusion process [122]. In the case of
SARS-CoV-2 S, two proteolytic steps have been identified [123]. The first cleavage occurs during
protein biogenesis at the S1/S2 site, resulting in the formation of the S1 and S2 subunits [124],
[125] (Fig 2.4). This cleavage is facilitated by furin or furin-like proprotein convertase in the Golgi
apparatus [11], [126]. The second cleavage is performed on the S2 subunit upon receptor
attachment. This step is carried out by transmembrane proteases, such as the serine protease
TMPRSS2, or by lysosomal proteases, like cathepsins, within endosomal compartments [127]—
[129]. The latter cleavage, known as the S2’ cleavage, is expected to be a common feature among
all coronaviruses, as it enables the release of the fusion peptide and activates the protein for
membrane fusion [14].

Like the influenza HA protein, the spike S1 and S2 subunits serve distinct functions during

viral entry. The S1 subunit is responsible for viral attachment, mediated by a receptor binding
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domain (RBD), while the S2 subunit harbors essential elements for the fusion process, including
the fusion peptide and heptad repeat domains [130]. To gain entry into target cells, SARS-CoV-2
and other human coronaviruses depend on the interaction between the RBD and the human
angiotensin-converting enzyme 2 (ACE2) [128], [131]-[134]. This interaction is facilitated by the
remarkable conformational flexibility of the RBD, which not only benefits binding but also
contributes to evade immune recognition [135], [136]. The RBD dynamic behavior allows the
receptor binding motif (RBM) to be exposed or concealed in what is referred to as the "up" or
"down" states. In the "up" conformation, key residues are exposed, promoting effective binding to
the ACE2 receptor, whereas in the "down" conformation, these binding residues are hidden [135],
[137] (Fig 2.4).

Structural analysis of ACE2-bound and unbound spikes has provided crucial insights into
the viral entry process. Upon binding of the first ACE2, the up RBD undergoes certain
conformational changes, shifting it away from the trimer axis. This alteration seems to enable the
RBD's progressive opening in the remaining protomers, allowing for interactions with additional
ACE2 molecules [138]. As more ACE2 molecules bind, the S1 and S2 subunits experience a
substantial reduction in atomic contacts, potentially leading to the dissociation of ACE2-bound S1
monomers [138]. The binding of ACE2 and the subsequent disassembly of S1, which can occur
either spontaneously or induced by ACE2, leave the S2' site exposed for its protease processing.
S2' cleavage ultimately triggers a cascade of conformational changes in the S2 subunit that result
in the characteristic postfusion state [139].

Due to its essential function in the early stages of the viral entry, the S1 subunit is the main
target of neutralizing antibodies [140]-[142]. Within S1, the RBD stands out as immunodominant,

and specific epitopes that overlap with the ACE2-binding site exhibit potent neutralizing
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sensitivity [142], [143] (Fig 2.4). Additionally, regions outside the RBD, such as the N-terminal
domain (NTD), have also been found to trigger protective antibody responses, although their
neutralizing potency is generally lower compared to ACE2 binding competitors [144] (Fig 2.4).
Unfortunately, despite the RBD's constrained mutability, imposed by its role in receptor binding,
escape mutants have rapidly emerged in adjacent areas to the RBM. These mutations have led to
the development of viral variants that display reduced sensitivity to existing immunity derived
from the original SARS-CoV-2 strain [145]-[148].

Similarly to the influenza HA, antibodies targeting conserved epitopes within the stem S2
subunit do exist, although they are rarely induced upon infection or vaccination [149]. These
antibodies confer protection by hampering the fusion process and through Fc-mediated effector

functions [149].

Rational structure-based vaccine design of class | fusion proteins

While both the prefusion and postfusion states of the fusion proteins have been studied as
vaccine candidates, the prefusion conformation has been shown to elicit more potent antibody
responses [17], [22], [23], [59], [150]. Notably, stabilized prefusion proteins have been
demonstrated to improve the immunogenicity of diverse vaccine formulations such as protein-
based vaccines [19], [29], [151], [152], virus-like particles [153], gene-based vectors [31], and
nucleic acid-based vaccines [20], [154]. Moreover, stable prefusion proteins have been essential
in the identification of potent neutralizing antibodies that can serve as prophylactic and/or
therapeutic agents [58], [59], [155].

The successful application of structure-based design approaches to stabilize the prefusion
conformation of the RSV F protein has paved the way for generalized strategies to stabilize class

| fusion proteins [19]. This pioneering work, which led to first FDA-approved vaccine against
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RSV [156], aimed to design prefusion RSV F variants with a stabilized antigenic site @. The
strategy involved designing a disulfide bond to prevent the postfusion state, introducing two
cavity-filling substitutions to increase favorable interactions and the structural order of the protein,
and appending a C-terminal T4-phage fibritin trimerization domain (“foldon”) to preserve the
protein’s trimeric structure (Fig 2.5) [19]. The effectiveness of this approach was further confirmed
by the massive stabilization of the prefusion F protein of four different types of human
parainfluenza viruses [15].

A closer analysis of the refolding mechanism of RSV F further identified that proline
substitutions at hinge loops can halt the transition from the prefusion to the postfusion
conformation (Fig 2.5). By disrupting the extension of the central helices within the postfusion
helical bundle, proline mutations have demonstrated remarkable potential for stabilizing the
prefusion conformation of several fusion proteins, including RSV F [77], hMPV F [95], Middle
East respiratory syndrome (MERS) S, SARS-CoV S, and SARS-CoV-2 S [151], [157]-[159]. In
fact, the rapid study of the novel SARS-CoV-2 S protein was facilitated by introducing two proline
mutations that increased the stability of the protein's prefusion state [160]. Additionally, further
improvements in the expression levels and stability of the prefusion SARS-CoV-2 S protein were
achieved by incorporating four more proline substitutions. These additional proline mutations
rigidified flexible loops and stabilized the N termini of helices in the fusion peptide and regions
surrounding it [159]. Notably, although the SARS-CoV-2 S protein was also stabilized by
introducing cavity filling substitutions, salt bridges, and disulfide bonds, the most substantial
increase in expression and stability was observed in proline-containing variants [158], [159].

The neutralization of charge imbalances, particularly at the interface between protomers,

as well as replacing the peptide between maturation cleavage sites with a short linker, represent
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additional strategies that have highly contributed to increasing the expression levels of different
fusion proteins [77], [161]-[163] (Fig 2.5). Finally, a strategy to promote the trimerization of the
soluble protein without appending a foldon domain was successfully designed by introducing a
‘cysteine zipper’ at the C terminus of the RSV F protein (Fig 2.5). The removal of nonpathogenic
motifs such as the foldon is of critical importance in vaccine development to reduce potential off-
target reactivity [164].

Vaccine design targeting sequence shape shifters: Influenza

As influenza viruses use antigenic variability to escape from the immune response, one of
the major challenges in developing influenza vaccines is conferring effective protection against
the diverse antigenic forms of the virus [24]. Since current influenza vaccines are only effective
when the circulating strain is antigenically similar to the vaccine strains, the design of broadly
reactive or universal influenza vaccines is still an unmet need [165].

During naturally occurring infections or after the influenza vaccination, neutralizing
antibodies are mostly produced against the viral HA protein [166], [167]. As explained earlier, the
HA protein is structurally composed of two domains known as the head domain, which mediates
the attachment of the virus to the host cell receptor, and the stem domain, which promotes the
fusion between the viral and the cell membranes [96]. While the head domain denotes the
immunodominant region of HA proteins and comprises most of their antigenic variability, the stem
subunit is a more conserved subdominant domain [109].

Antigen design strategies focusing on HA proteins have shown promising progress toward
the development of broadly reactive influenza vaccines. These design advances are divided into

two main avenues: head-based and stem-based approaches.
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Head-based vaccine design:

As the head domain contains the receptor-binding site, most neutralizing antibodies target
this region to prevent the virus from binding to host cell receptors [168]. Given this immunologic
pressure, epitopes at the globular head are continually mutating to avoid antibody recognition.
Consequently, targeting the head region poses a significant challenge due to its antigenic
variability. Nevertheless, two protein design approaches have emerged as promising solutions to
overcome this variability, generating immunogens that can elicit broad immune responses. The
first approach involves displaying diverse RBDs on ferritin-based nanoparticles [169] (Fig 2.6).
This mosaic array of HA heads is designed to present conserved regions from adjacent
heterologous antigens, which can activate cross-reactive B cells. As a result, cross-reactive B cells
may gain an avidity advantage over strain-specific B cells [169].

The second head-based approach is called "computationally optimized broadly reactive
antigens (COBRA)" [170]-[172]. COBRA technology consists of a multilayer consensus design
of HA sequences. The HA sequences are initially grouped by antigenic eras or phylogenetic
subclades, followed by different rounds of consensus sequence calculations (Fig 2.6). Notably, the
COBRA technology has shown promising results in various influenza isolates, including H5N1,
HIN1, and H3N2 strains [170]-[172]. While the precise mechanism by which COBRA
immunogens induce broad immunity is still unclear, one possibility is that combining several
antigenically dissimilar sequences results in proteins displaying a cocktail of immunogenic
epitopes. Alternatively, consensus calculations may unveil highly conserved epitopes shared

across different influenza subtypes.
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Stem-based vaccine design:

A strategy to overcome antigenic variability is to direct the immune response towards the
conserved regions of the target immunogen. In HA proteins, the stem is highly conserved across
different influenza subtypes, and antibodies targeting this region have proven to be broadly
reactive [116], [173]-[176]. However, due to the immunodominance of the HA globular head,
stem-directed immunity is minimally induced by vaccination or exposure to influenza [177].
Different studies have revealed that stem-reactive antibodies can be boosted when the dominant
epitopes are inaccessible, or when there is continuous exposure to antigenically divergent HA
heads [177]-[181]. Based on these observations, three main strategies have been successfully
developed to elicit stem antibodies (Fig 2.6):

(1). Immunization with antigenically variable globular heads:

Sequential immunizations with synthetic chimeric HAs (cHASs) containing a conserved
stem domain but holding divergent globular heads have been demonstrated to boost stem-specific
antibodies [182]-[185]. These chimeric proteins are engineered by combining the stem subunit
from one influenza subtype with an irrelevant head from viruses absent in humans. In this
approach, B cells recognizing both head and stem epitopes are generated during the primary
immunization. However, upon subsequent immunizations, the preexisting memory B cells are
recalled for conserved antigens. Since the immunodominant head epitopes are antigenically
distinct in each immunization, only stem-specific antibodies are boosted [167]. This chimeric-HA
immunization strategy is currently undergoing clinical trials [186]. One variation of this approach
has also shown promising results in the development of universal influenza vaccines. In this

modification, only the major antigenic sites are replaced by exotic, typically avian, HA sequences
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rather than the entire globular head. The resulting mosaic proteins are intended to boost the
antibody response for stem antigens and for conserved epitopes at the head [187]-[189].
(2). Removal of the globular head:

Analogous to the previous strategy, HA variants lacking the globular head or “headless”
proteins have been shown to efficiently elicit anti-stem antibodies [120], [174], [198], [190]-[197].
As the removal of the head destabilizes the stem subunit, the incorporation of a trimerization
domain or the fusion of the stem antigen to a self-assembling ferritin nanoparticle has been
necessary to ensure the structural integrity of these immunogens. Both stabilized stem
immunogens have been proven to elicit broad immunity and are promising candidates as broadly
protective vaccines. The ferritin nanoparticles are currently being evaluated in clinical trials [199].
(3). Glycan-masking of immunodominant epitopes:

The third approach to redirect the immune response to the HA stem consists of concealing
immunodominant epitopes at the globular head by introducing new N-glycosylation sites. The
glycosylation of these additional spots obstructs the access of antibodies to the main head epitopes
and facilitates the recognition of other immune, subdominant regions [200]-[203]. The capacity
to drive the immune response toward specific regions of the HA protein has made this approach
an attractive method of identifying novel antigenic epitopes at both the head and the stem domains
[202]. In addition to masking immunodominant regions, modifications in the HA glycosylation
pattern have also been used to increase the immunogenicity of conserved epitopes. In this regard,
the removal of certain glycans around stem epitopes has been found to induce a more potent

immune response against homologous, heterologous, and heterosubtypic influenza viruses [204].
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Figure 2. 1 Generalized model for membrane fusion mediated by class I fusion proteins. The
protein undergoes activation through proteolysis, leading to the formation of a metastable
prefusion state. Upon triggering, this prefusion state initiates a cascade of conformational changes

which ultimately facilitate the fusion of viral and cellular membranes.
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Figure 2. 2 Main antigenic regions of RSV F and hMPV F proteins. Each structure is displayed
in their trimeric conformation. Two protomers are shown as grey molecular surfaces, while one
protomer highlights the location of antigenic epitopes. The RSV F epitopes were color-coded
based on the description in [59], while hMPV F epitopes were assigned according to [93] and [94].
The structures for RSV F correspond to the PDBs 3rrt for the postfusion state [205], and 5w23 for
the prefusion state [206]. For hMPV F, the structures are represented by the PDBs 5I1x for the

postfusion state [207] and 5whb0 for the prefusion state [95].
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Figure 2. 3 Overview of the influenza H1 HA protein in its prefusion conformation. (A)
Protein structure and sequence variability. Two protomers are depicted as molecular surfaces. The
left protomer showcases the HA1 (dark grey) and HA2 (light grey) subunits, while the right
protomer highlights the sequence conservation at each amino acid position. Sequence variability
was assessed using Shannon entropy values calculated with the ProDy python package [208]. The
analysis included all available full-length human H1 HA sequences from the NCBI Influenza Virus
Resource database until 2009 (http://www.fludb.org) [209]. The year 2009 was chosen as the
threshold to capture the most significant sequence changes. The highlighted panel emphasizes the
receptor binding site, with crucial regions for antigenic drift labeled. (B) Main antigenic regions
described for the H1 HA protein. The epitopes are visualized on the monomeric structure, with the
HAL subunit depicted in dark grey and the HA2 subunit in light grey. Epitope location was
determined based on [210], [116], and [119]. The protein displayed corresponds to the influenza

strain A/California/04/2009(H1N1) with PDB 4m4y [112].
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Figure 2. 4 Structural overview of the SARS-CoV-2 S protein in its prefusion state. The
protein is displayed in its trimeric configuration, with two protomers presented as molecular
surfaces and one protomer depicted using ribbon representation. One protomer exclusively
showcases the S1 and S2 subunits, in dark and light grey, respectively. The other protomers
highlight the receptor binding domain (blue) in both the up and down states, the ACE-2 binding
site (red), and the N-terminal domain (orange). The region assignments were based on [139]. The

protein shown corresponds to the PDB 6vyb [211].
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Figure 2. 5 Strategies to stabilize the prefusion conformation of class | fusion proteins. The
protein shown corresponds to the trimeric RSV F protein (PDB 4mmv [19] and 5c¢c6b [77]) with
two protomers as grey molecular surfaces and one protomer as a blue ribbon. Stabilizing
substitutions (S215P, S190F, S155C, S290C, Q487, and a foldon domain) are presented in red,
and hydrogen bonds are depicted as black dotted lines. Each panel contains an example of the main

stabilization strategies of the prefusion conformation.
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Figure 2. 6 Strategies to design broadly reactive HA-based influenza vaccines. The top panel
showcases head-based approaches, whereas the bottom panel presents stem-based approaches. All
graphical representations are artificial and for illustrative purposes. The HA proteins displayed
correspond to PDB 4m4y [112]. The mosaic nanoparticle was created in PyMol [212] using the
ferritin structure from PDB 3bve and the HA head domain from PDB 4md4y. Glycans were drawn
using GlyProt [213]. This figure is an adapted version of Figure 6 from our original publication

[214].
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Abstract

Many pathogenic viruses, including influenza virus, Ebola virus, coronaviruses, and
Pneumoviruses, rely on class | fusion proteins to fuse viral and cellular membranes. To drive the
fusion process, class | fusion proteins undergo an irreversible conformational change from a
metastable prefusion state to an energetically more favorable and stable postfusion state. An
increasing amount of evidence exists highlighting that antibodies targeting the prefusion
conformation are the most potent. However, many mutations must be evaluated before identifying
prefusion-stabilizing substitutions. Therefore, we have established a computational design
protocol that stabilizes the prefusion state while destabilizing the postfusion conformation. As a
proof of concept, we applied this principle to the fusion protein of the RSV, hMPV, and SARS-
CoV-2 viruses. For each protein, we tested less than a handful of designs to identify stable versions.
Solved structures of designed proteins from the three different viruses evidenced the atomic
accuracy of our approach. Furthermore, the immunological response of the RSV F design
compared to a current clinical candidate in a mouse model. Given the clinical significance of
viruses using class | fusion proteins, our algorithm can substantially contribute to vaccine

development by reducing the time and resources needed to optimize these immunogens.
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Introduction

Life-threatening viruses such as the human immunodeficiency virus (HIV) [215], Ebola
virus [216], Pneumoviruses [12], and the pandemic influenza [10] and coronaviruses[ 11], use
class | fusion proteins to induce the fusion of viral and cellular membranes and infect the host cell.
During membrane fusion, class | fusion proteins refold from their metastable conformation
(prefusion state) to the highly stable postfusion conformation, likely to provide the energy
mediating the fusion reaction [21]. Their essential role in the viral entry as well as their location
on the viral surface makes class | fusion proteins one of the major targets of neutralizing antibodies
and, thereby, a critical immunogen for vaccination [14]. However, while both pre- and postfusion
states are usually immunogenic, the labile prefusion state has been demonstrated to induce a more
potent immune response in multiple viral families [15]-[18], [23]. Consequently, the prefusion
state has become an attractive vaccine candidate when its conformation can be maintained [15],
[19], [20].

Based on structural analyses of the fusion mechanism, the stabilization of the prefusion
conformation has been mainly achieved by preventing the release of the fusion peptide or by
disrupting the formation of the coiled-coil structure characteristic of the postfusion state [214].
Two strategies have been particularly successful by either designing disulfide bonds at regions
undergoing remarkable refolding or introducing proline substitutions to impair the formation of
the central postfusion helices [19], [77], [151]. Other stabilization methods have focused on
identifying substitutions that increase favorable interactions or rigidify flexible areas in the
prefusion structure. These methods either design cavity-filling substitutions [19], [77], [163],
neutralize charge imbalances [19], [77], [163], or remove buried charged residues [217]. While the

strategies mentioned so far have been effective, the lack of an automated approach has limited the
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number of amino acid changes to be assessed and required extensive testing of variants. Notably,
more than one hundred different protein variants were evaluated before finding a stable prefusion
conformation of the Filovirus GP protein [218], the severe acute respiratory syndrome coronavirus
2 spike protein (SARS-CoV-2 S) [159], and the F protein from Hendra [219], Nipah [18],
respiratory syncytial virus (RSV F) [77], [163], human metapneumovirus (hMPV F) [95], and
parainfluenza virus types 1-4 [15].

To address these limitations, we developed a general computational approach where the
fusion protein's sequence is optimized for the conformation of interest (here, the prefusion state)
while destabilizing the other conformation. Our general strategy assumes that conformational
rearrangements in class | fusion proteins can be frozen by introducing mutations that reduce the
free energy of the prefusion form but do not benefit or better disrupt the postfusion state. While
this "negative design™ concept has been introduced before in multistate design (MSD) protocols
[220], our efforts to implement leading algorithms in class I fusion proteins, such as the MPI_MSD
[221], evidenced poor sequence sampling. This is likely due to the extensive sequence-structure
search space that needs to be evaluated when modeling both states simultaneously of these large,
underpacked proteins. Therefore, we modified the design process by avoiding explicit negative
design but using the undesired conformation as a guide to identify suboptimal positions. In a
second combinatorial design step, we search for an optimal sequence for the conformation of
interest within the subset of substitutions identified to improve the prefusion conformation while
disfavoring the postfusion conformation. Using this two-step protocol, we can control the
substitution rates by focusing on the most impactful changes. We have successfully stabilized the

prefusion state of several large proteins, namely the RSV F, the hMPV F, and the SARS-CoV-2
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spike proteins, illustrating the general use of the method. Importantly, only 3-4 variations were

necessary to evaluate experimentally, saving a tremendous amount of time and resources.
Results and Discussion

Energy optimization of the prefusion over the postfusion conformation

Fusion proteins must contain various energetically sub-optimal residues for a given
conformation to be able to accommodate other conformations required to complete the fusion
process [21]. As a first step, we identified these sub-optimal positions for the prefusion
conformation based on the protein energetics or its anticipated dynamics (Fig 3.1). For the first
approach, mainly used for the stabilization of the RSV F protein (based on the A2 strain, as
published under the PDB 5w23 [222]), we uncovered residue positions with contrasting stability
between the pre- and postfusion conformations by calculating the energetic contribution of every
residue to each state. In-silico alanine mutagenesis allowed us to quickly identify contributions
towards Gibbs free energy (AAG) of a given residue side chain, approximating the role of the
position on the stability of each state [223]. Negative AAG scores (< -1.0 in Rosetta energy units,
REU) indicated structural stabilization while positive AAG scores (>1.0 REU) suggested
destabilization [223]. Thereby, we created two energetic maps, one for each state, to spotlight
residue positions with differential contributions on each conformation (Fig 3.1). In all our
examples, about 40 - 50 positions displayed higher stability in the prefusion state than in the
postfusion state.

When alanine scanning was not sufficient to locate meaningful designable spots, as defined
by a differential of at least 2 REU, we focused on the dynamics of the protein as a second approach
to identify sub-optimal positions. For hMPV F and SARS-CoV-2 S proteins, we defined as

"designable” all regions undergoing drastic structural rearrangements between states. Highly
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movable residues and all positions identified by alanine scanning were exhaustively explored to
find substitutions that invert the energetics between states. As the final objective was to find
mutations working synergistically rather than individually, all substitutions favoring the prefusion
state over the postfusion conformation were assessed in a combinatorial design step (Fig 3.1).
Though several sequences were found to lower the prefusion state while increasing the postfusion
state energy, the number of mutations introduced was high (~40 substitutions). Therefore, to
prevent changes in the immunological properties of the proteins, the number of designable
positions was decreased. We aimed to introduce less than 10 mutations by focusing on the lowest
energy interactions and the preservation of newly introduced hydrogen bonds and salt bridges in
the prefusion state, or substitutions with a strong negative effect on the postfusion structure's
energy. The combinatorial design of these substitutions resulted in energetic gaps of at least 119
REU (Fig 3.51 and Table 3.S1).
Biochemical characterization of RSV F, hMPV F and SARS-CoV-2 S variants

After ranking all designed sequences based on their energy gap between states, the top 3-
4 designed variants were expressed and purified. For RSV F, one (R-1b) out of three designs was
found to be a monodispersed and trimeric protein, as evaluated by size exclusion chromatography
(SEC) (Fig 3.2.A). For the hMPV F and SARS-CoV-2 S, two (M-104 and M-305) out of four, and
three (Spk-M, Spk-F, and Spk-R) out of three redesigned proteins behaved similarly, respectively
(Fig 3.2.D, G). Remarkably, the hMPV F variant M-104 showed high expression yields, with a
5.5-fold increase with respect to its parent construct the semi-stabilized hMPV F 115-BV [95] (Fig
3.52). The structural state of these expressed constructs was then evaluated based on their
conservation of prefusion-specific epitopes. As predicted, all designs presented a prefusion-like

structure as they tightly bound to prefusion-specific binders such as the RSV F antibodies D25
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[58], [224] and AM14 [84], [224] (Fig 3.2.B and Fig 3.53.A), the hMPV F antibodies MPE8 [225]
or 465 [94] (Fig 3.2.E and Fig 3.S3.B), or the angiotensin-converting enzyme 2 (ACE2) [226] for
the SARS-CoV-2 S protein (Fig 3.2.H).

All expressed proteins showed improved thermal stability compared to their parent
prefusion constructs (Table 3.S1). The spike variants Spk-M and Spk-F displayed the highest
melting temperature improvement, with ~15°C increment above the current SARS-CoV-2 vaccine,
the S-2P construct[130] (Fig 3.2.1). Unlike the vaccine S-2P [130], the design Spk-M preserved
the prefusion conformation even after one hour heating at 55°C as evidenced by ACE2 binding at
this temperature (Fig 3.S4.A). This stability seems to compare with the highly stable HexaPro
construct, which was achieved by introducing several proline substitutions and experimentally
evaluating 100 variants [159].

A similar scenario was observed in the hMPV F variant M-104; its stability is comparable
to variants containing additional disulfide bonds [227]. In fact, M-104 has a higher melting point
(61.5°C, Fig 3.2.F) than the hMPV F variant DS-CavEs (60.7°C)[227] which has two designed
disulfide bonds. Additionally, M-104 remains antigenically unaltered after heating at 55°C (Fig
3.54.B), as has been seen in DS-CavEs2 [227] which contains four new disulfide bonds. Although
testing under identical conditions is required to validate these comparisons, these results
demonstrate how the correct placement of electrostatic interactions can lead to highly stable
proteins.

For RSV F, the improvement of the prefusion state stability cannot be well estimated as we
started with the wild-type sequence [222] whose instability substantially impedes its production as
an isolated soluble prefusion-state protein [77]; all purified RSV F molecules are found mostly in

its postfusion state [228]. Therefore, obtaining the R-1b variant with a melting temperature of 62°C
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revealed an effective optimization of the sequence to stay in the prefusion conformation (Fig
3.2.C); especially since no disulfide bonds were introduced and stabilization was achieved through
the optimization of non-covalent interactions. Remarkably, design R-1b proved to be antigenically

intact even after heating at 55°C (Fig 3.54.C).

Structure determination of leading RSV F, hMPV F and SARS-CoV-2 S variants

Negative-stain electron microscopy (EM) confirmed homogeneous trimeric prefusion
morphology of leading candidates for all three different fusion proteins studied (Fig 3.S5). We
therefore proceeded to obtain atomic details by x-ray crystallization and cryo-EM. The crystal
structure of the variants R-1b and M-104 confirmed their prefusion conformation at a resolution
of 3.1A and 2.4A, respectively (Fig 3.3.A-B). The accuracy of our computational predictions was
reflected on the high structural similarity between the determined structures and the computational
models, with root-mean-square deviations (RMSDs) of only 1.193A (405 Ca atoms) for R-1b, and
0.53A (416 Co atoms) for M-104. The 3D classification performed on the spike cryo-EM images
also verified the prefusion structure of the protein with particles displaying one receptor binding
domain (RBD) in the up conformation (Fig. S6, Table 3.S6). Solving the structure at 3.7A
resolution, revealed that the S2 subunit, which was the only part engineered, agreed closely with
the computational model with a RMSD of only 1.345A (377 Ca atoms) (Fig 3.3.C).

Although no significant perturbations were observed in all our variants overall, subtle
differences at the antigenic site @ were identified between R-1b and its parent RSV F protein.
Specifically, the a4 helix in R-1b is bent towards residue D200 when compared to the parent RSV
F protein. As the antigenic site @ is intrinsically flexible, structural variations in this region are

expected and have been reported in several prefusion-stabilized RSV F proteins, including the
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clinical candidate DS-Cav1 [19], [77], [163]. For future stabilization efforts, this could be another
area of interest for stabilization.

The crystal structures of R-1b and M-104 revealed that despite some deviations between
the designed and crystal structure, most introduced substitutions followed their predicted
stabilization mechanism by either filing cavities or increasing intra- or interprotomer hydrogen
bonds and salt bridges (Fig 3.S7-8 and Table 3.S1). Especially precise rotamer agreement between
our computational models and the experimental data was found in cavity-filling mutations, such
as E60F in R-1b, and the A159L and V203l in M-104 (Fig 3.3.A-B). Significant rotamer agreement
was also observed in substitutions strengthening polar interactions, such as the N380K in R-1b,
and the L130D, V430Q, and V449D in M-104 (Fig 3.3.A-B and Fig 3.S8). Other mutations such
as the S150E and E487N in R-1b did not interact with the predicted residues but still contributed
to the prefusion stability by increasing polar interactions at the protomers' interface (Fig 3.S7).
Lastly, we observed the alleviation of buried polar residues by exchanging them for hydrophobic
amino acids and improving the overall packing density. This effect was observed, for instance,
after swapping the N227 into a leucine residue or removing the unsatisfied hydroxyl of S55 by
replacing it with an alanine residue (Fig 3.3.A). Similarly, we observed these mutations for the
hMPV F protein. Finally, the design Spk-M was stabilized by four substitutions filling cavities and
five substitutions increasing polar interactions at the S2 subunit, three of which were interprotomer
contacts (Fig 3.3.C, S9 and Table 3.S1).

Although most of the designed substitutions stabilized the prefusion state, the mutations
N175R in R-1b, L130D in M-104, and T941D in Spk-M were intended to disrupt the postfusion
conformation (Fig 3.S10). These residues are solvent-accessible in the prefusion state and

therefore should not have an impact on the stability of that conformation. However, the postfusion

34



conformation places these residues at the six-helix bundle where unsatisfied polar residues are
highly unfavored and thereby likely to disrupt the core. As we had the postfusion-specific antibody
131-2A [229], we sought to prove this hypothesis and confirm that we had not only stabilized the
prefusion state but also indeed destabilized the postfusion state. The diminished binding of the
131-2A antibody to R-1b after heating (60°C) (Fig 3.54.D), which should have converted the
protein into its postfusion state, proved that we fulfilled the design objectives we set out for.
Immunogenicity of design R-1b

We selected the R-1b variant for a vaccination study due to the availability of a highly
stable prefusion control, such as the clinical candidate DS-Cav1l [19]. Therefore, to investigate the
effect of the introduced mutations on the RSV F immunogenicity, female BALB/c mice were
vaccinated twice with either 0.2 or 2 pg of purified R-1b or DS-Cavl with or without AddaVax
adjuvant. Mice were bled at three and nine weeks post-second immunization (Fig 3.4.A). Sera
analysis for binding to prefusion RSV F and RSV A2 neutralization revealed that R-1b induced
similar levels of RSV F-specific antibody titers (Fig 3.4.B-C and Fig 3.S11) and comparable
neutralizing activity related to DS-Cavl (Fig 3.4.D).
Conclusion

Detailed antibody response studies have illustrated that prefusion-stabilized class | fusion
proteins are potent immunogens and promising vaccine candidates. This has been proven to be
true for several viruses, including RSV [19], [77], [163], hMPV [227], parainfluenza [15], Nipah
[18], MERS-CoV [151], and SARS-CoV-2 [159]. Several of these immunogens have been
developed by many steps of iterations of manual structure-based design with experimental
evaluation, often testing hundreds of combinations of mutations [15], [18], [77], [95], [159], [163],

[217], [219]. To alleviate this laborious exploratory testing, we automated one of the underlying
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principles behind their stabilization efforts that considers the biophysics of the fusion protein and
its large irreversible switch. We developed a computational approach that seeks to freeze the
prefusion conformation by learning about suboptimal contacts from its alternate conformation.
Our algorithm allows the automated identification of these regions, and their potential
substitutions, based on energy differences and relative motion between the two states. We
acknowledge that our computational approach can be limited by the need for both pre- and
postfusion structures. However, we believe that the high accuracy of current protein structure
prediction algorithms could alleviate this drawback [230]. The efficiency of our method has been
demonstrated on three different fusion proteins, such as the RSV F, hMPV F, and the SARS-CoV-
2 S, where only 3-4 variants were necessary to successfully find a stable prefusion design.
Additionally, we were able to validate the immunogenicity of one design in a mouse model,
showing similar in vitro neutralization and specific serum 1gG patterns compared to a clinical
candidate. Therefore, our algorithm could highly impact the vaccine development field by
allowing a rapid optimization of both novel class | fusion proteins as well as leading vaccine

immunogens.
Materials and Methods

. Computational approach to stabilize the prefusion state
All  computational analysis were performed with the Rosetta version:

2020.10.post.dev+12.master.c7b9c3e c7b9c3edaeblfebab211d63da2914b119622e69b

Structure preparation

e RSVF:

All computational analyses were performed on the crystal structure of the RSV F protein

in the prefusion (PDB:5w23) [222] and postfusion (PDB: 3rrt) [228] conformations. To remove
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small clashes in the structures, both conformations were refined with the Rosetta relax application
guided by electron density data [231]. Density maps were generated from the corresponding map
coefficients files associated to the PDB accession codes. These coefficients were transformed into
density maps using the Phenix software version 1.15 [232] and the option "create map from map
coefficients” (region padding= 0, and grid resolution factor= 0.3333). To include the electron
density in the refinement process, the density energy term was activated in the Rosetta scoring
function with a weight of 20. This weight was selected given the low-resolution of the density map
and the starting structures. During the relaxation protocol, four rounds of rotamer packing and
minimization were performed with gradual increases to the repulsive weight in the scoring function
[233]. After 5 cycles of relaxation, the quality of the resulting models was evaluated with the
Molprobity web service [234]. The structures with the lowest Rosetta energies and Molprobity
scores were used for mutational analysis.

e hMPVF:

As described in the RSV F example, the hMPV F prefusion (PDB: 5wb0)[95] and
postfusion (PDB: 511x) [207] conformations were relaxed using their respective electron density
data. Due to the high resolution of the starting prefusion hMPV F structure (2.6A), the weight of
the density energy term was increased to 50 to encourage a good agreement with the density map.
All other parameters and postprocessing followed the RSV F example.

e SARS-CoV-2S:

The input SARS-CoV-2 S prefusion and postfusion structures and their corresponding
cryo-electron microscopy (cryo-EM) maps were retrieved with the PDB accession codes
6vxx[211] and 6xra[235], respectively. Since both structures were not completely solved, missing

regions were modeled using the default comparative modeling protocol available in Rosetta [236].
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However, the cryo-EM density maps of the input pre- and postfusion structures were integrated in
the modeling process to avoid large deviations from the original configuration. Templates selected
for prefusion modeling corresponded to the PDB IDs 6m0j[237] and the initial 6vxx, while the
postfusion structure was modeled using 6Ixt[238] and the initial 6xra. Model selection was based
on overall agreement with the starting structure and templates, as well as a low Rosetta energy
score. These homology models were then relaxed with the RosettaScripts [239] framework,
incorporating fit-to-density parameters established for cryo-EM density [231]. Due to the high
resolution of the starting structures, the refinement process was performed with a density scoring
weight of 50 and three cycles of FastRelax [233] in cartesian space. The structures with the lowest

Rosetta energies and Molprobity scores were used for mutational analysis.

Selection of target positions to redesign

Residue positions to redesign were selected based on two independent approaches: I)
contrasting energetic contributions to the pre- and postfusion conformations, and 1) location on
regions displaying drastic rearrangements between the pre- and postfusion states.

e Selection based on energetic contributions:

Amino acid positions with contrasting energetic contributions between conformations offer
an opportunity to manipulate the energetics of the conformational switch by allowing the
optimization of one state while the other state is disfavored. Identification of these target spots was
done by in-silico alanine mutagenesis where the energetic role of each residue on each
conformation was estimated using the change in folding energy upon mutation. Consequently,
residue positions displaying simultaneous stabilization of the prefusion state and destabilization of
the postfusion state were selected as hotspots to redesign. Details about the selection process are

described at the computational alanine scanning section
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e Selection based on protein dynamics:

When alanine scanning was not enough to identify positions with contrasting stability
between conformations, all regions involved in the refolding process were chosen as targets to
redesign. To identify these flexible areas, the root mean square deviation (RMSD) of each ca atom
was calculated using their corresponding position in the pre- and postfusion structures. Both
structures were structurally aligned prior to the analysis, and residue positions displaying motion
levels of at least 10A were selected to redesign. Furthermore, residues flanking the highly movable
areas were also considered to be redesigned when their secondary structure differed between the
pre- and postfusion states. Flanking residues were included until a set of 8 (SARS-CoV-2 S) or 16
(hMPV F) consecutive residues matched their secondary structure in the pre- and postfusion

structures.

Computational alanine scanning

A computational alanine scanning was performed on the pre- and postfusion states of RSV
F, hMPV F, and SARS-CoV-2 S proteins to determine the energetic contributions of each amino
acid to each conformation. Since the prefusion SARS-CoV-2 S contains domains that are not
present in the postfusion conformation, alanine scanning in this protein was limited to shared
regions between states. Using the Rosetta AAG protocol "cartesian_ddg" [223], the backbone and
sidechains around the position to be mutated were optimized in the cartesian space and the change
in folding energy (AG) was computed before and after each alanine substitution [223]. The
contribution of every residue to stability was calculated in terms of AAG scores (AG mutant A-G wild
type) Where alanine changes holding AAG scores < -1.0 were considered stabilizing substitutions
while AAG scores > 1.0 were considered destabilizing changes [223]. All calculations were

repeated 3 times and the average value among repetitions was used as the final AAG score. To
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enhance the prefusion stability over the postfusion, regions presenting a stabilizing score in the
prefusion conformation but not in postfusion conformation were chosen to redesign. Specifically,
designable positions were selected based on a) stabilizing AAG score in the prefusion conformation
and destabilizing AAG score in the postfusion conformation, b) stabilizing AAG score in the
prefusion conformation and neutral AAG score in the postfusion conformation, or ¢) destabilizing
AAG score in the postfusion conformation and neutral AAG score in the prefusion conformation.
To restrict the design process to the most relevant spots, positions meeting any of the above criteria
were filtered based on an energetic difference of at least 0.7 (AAG postfusion - AAG prefusion). Finally,
since positions with native alanine are overlooked with this approach, all alanine-bearing spots

were also included as targets to redesign.

Computational protein design

To determine the amino acid identities likely to invert the energetics of the pre- and
postfusion states, target positions to redesign underwent complete in-silico saturation mutagenesis
as described at the computational alanine scanning section. Subsequently, substitutions favoring
the prefusion state over the postfusion state were chosen for combinatorial design through Rosetta
modeling. To bias the design process towards mutations displaying preference for the prefusion
state with a high energetic difference between states, the weight of each substitution was adjusted
in the Rosetta energy function according to a fitness score. Our fitness score compiled the
stabilization effect of one mutation in both pre- and postfusion states by subtracting the AAG
prefusion score from the AAG postfusion score (AAG postfusion - AAG prefusion). Mutations favoring
the prefusion state over the postfusion conformation were then characterized by positive fitness
scores where higher values represented bigger energetic gaps between states. The fitness score was

incorporated into the Rosetta score function through a residue-type constraint term derived from
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the "FavorSequenceProfile™ mover. Since this mover was initially created to re-weight amino acid
substitutions depending on their occurrence in a multiple sequence alignment, we have replaced
the original position-specific substitution matrix (PSSM) input by a fitness score matrix. To follow
the PSSM format, negative fitness scores were replaced by zero and a 0.05 pseudocount was used
for the log-odds scores calculation. After tuning the profile weights of each residue, "allowed"
mutations at every amino acid position were defined as those with a fitness score greater than or
equal to 0.7. For challenging targets such as the SARS-CoV-2 S, the threshold difference was
increased to 2 to focus on the most significant substitutions. Likewise, beneficial mutations for
both states were allowed only if the stabilization effect in the prefusion state was at least 4 units
greater than in the postfusion state. Finally, the combinatorial sequence design was carried out by
the FastDesign algorithm [240], [241]. Upon conclusion, further optimization of a specific target
spot was optionally done by applying FastDesign (all amino acids allowed) on residues
neighboring 6A around the point of interest and limiting packing and minimization to a 12A
sphere. The design process was initially performed on the prefusion conformation, and the

resulting sequences were modeled on the postfusion structure for energetic comparisons.

Selection of top designs

Promising designs were first sorted based on their Rosetta total energy score. Before
comparison, the parent pre and postfusion structures were relaxed and energetically minimized
using the same protocol as the designed models. Top candidates corresponded to designs showing
a lower energy score in the prefusion state compared to the parent pre- and postfusion
conformations. Analogously, the designed sequence in the postfusion state had to display a higher
energy score than the parent postfusion conformation. The selected designs were then analyzed at

the residue level to identify which mutations contributed more to the energetic gap between states.
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In this regard, mutations were filtered according to different structural metrics, such as Rosetta
per-residue energy, and the number of hydrogen bonds and van der Waals contacts. To improve
the prefusion state over the postfusion conformation, mutations showing favorable metrics on the
prefusion state and unfavorable values for the postfusion conformation were selected to be tested

experimentally.
1. Protein expression and characterization

Protein expression

The top 3-4 RSV F, hMPV F, and SARS-CoV-2 S computational designs as well as the
starting constructs hMPV F 115-BV [95], and SARS-CoV-2 S-2P [130], and the control variants
RSV F DS-Cavl [19], postfusion RSV A2 F [205], and postfusion hMPV B2 F [242] were
expressed by transient transfection of FreeStyle 293-F cells (Thermo Fisher) with
polyethylenimine (PEI) (Polysciences). All computationally designed variants were produced in
pCAGGS plasmids encoding the sequence of interest, a C-terminal T4 fibritin trimerization motif
(Foldon), and a His6-tag. The designed RSV F constructs contained residues 1-105 and 137-513,
and a flexible linker replacing the furin cleavage sites and p27 peptide ("QARGSGSGR")[77].
Likewise, the designed hMPV F sequences included residues 1-95 and 103-472, a modified
cleavage site "ENPRRRR", and the A185P mutation [95]. Finally, the designed SARS-CoV-2 S
variants followed the semi-stabilized SARS-CoV-2 S-2P protein sequence [130], with two proline
substitutions at residues 986 and 987, and a "GSAS" linker replacing the furin cleavage site. All
DNA sequences were codon optimized for human expression using the online tool GenSmart
Codon Optimization [243]. Cells were cultured at 37°C and 8% CO>, and the culture supernatant
was harvested on the 3rd day after transfection. Proteins were purified by nickel affinity

chromatography followed by size-exclusion chromatography (SEC) in phosphate-buffered saline
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(PBS) buffer pH 7.4. RSV F and hMPV F variants were SEC purified using a Superdex200 column
(Cytiva) while SARS-CoV-2 S was purified with a Superdex6 column (Cytiva).

The angiotensin-converting enzyme 2 (ACE2) was expressed as an Fc-fusion [226] after transient
transfection as described above. The protein was purified using a Protein A agarose gravity column

(Millipore Sigma) followed by SEC using a S200 column.

Antigenic characterization

Bio-layer interferometry (BLI) was used to evaluate the structural and antigenic
conservation of prefusion-specific epitopes. The prefusion-specific binders used for this purpose
were the antibodies D25 [58], [224] (Thermo Fisher) and AM14 [84], [224] (Cambridge Biologics)
for RSV F, MPES8 [225] and 465 [94] for hMPV, and the angiotensin-converting enzyme 2 (ACE2)
[226] for SARS-CoV-2 S. All binders were immobilized on Protein A sensors (GatorBio) at a
concentration of 15 nM (RSV F, and hMPV F), or 40 nM (SARS-CoV-2 S). Binding against
expressed designs was tested at eight different protein concentrations starting from 200 nM (RSV
F, and hMPV F) or 400 nM (SARS-CoV-2 S) and decreasing by 1:2 dilutions. All solutions had
a final volume of 200 pL/well using PBS buffer supplemented with 0.02% tween-20 and
0.1mg/mL bovine serum albumin (BLI buffer). Biosensor tips were equilibrated for 20 min in BLI
buffer before loading of binders. Loading was then carried out for 180s followed by a baseline
correction of 120s. Subsequently, association and dissociation between the binders and designed
variants were allowed for 180s each. To validate the BLI results, binding with previous prefusion-
stabilized proteins such as the RSV F DS-Cav1[19], hMPV F 115-BV[95], and SARS-CoV-2 S-
2P [130] was used as positive controls, and binding with the postfusion constructs RSV A2 F
[205], and hMPV B2 F [242] was used as negative controls. All assays were performed using a

GatorPrime biolayer interferometry instrument (GatorBio) at a temperature of 30°C and frequency
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of 10 Hz. Data analysis was completed with the GatorOne software 1.7.28, using a global

association model 1:1.

Thermal stability

The thermal stability of the expressed variants was assessed by differential scanning
fluorimetry (DSF). The samples were prepared by creating a solution containing 1.2uL SYPRO
orange fluorescent dye (Thermo Fisher) with 3 pL of 200mM MgCl», 3 uL of 1M KCI, and 3 pL
of 1M Tris (pH 7.4). The final solution volume was 60 pL with a protein concentration of 3.5 uM.
A negative sample with no protein was also prepared as background control. All measurements
were performed by triplicates using 20 pL of sample. The data was collected with a qPCR
instrument (CFX Connect, BioRad) and a temperature ramp from 25 to 90°C with 0.5°C
increments. The melting temperature was determined based on the lowest point of the negative
first derivative of the SYPRO Orange signal.

Antigenic preservation in variants displaying the highest melting temperature was further
evaluated after one hour incubation at 55 and 60°C. This process was carried out in a thermocycler
with heated lid (T100, BioRad). The conservation of the antigenic sites was determined by binding
to prefusion-specific binders as described at the antigenic characterization section. Conversion to
the postfusion state was also evaluated for the RSV F variant R-1b using the postfusion-specific

antibody 131-2A[229] (Millipore Sigma) and the postfusion RSV A2 F[205] as positive control.

Neqgative-stain electron microscopy

Purified R-1b, M-104, and Spk-M (buffer-exchanged into 50 mM Tris pH 7.5 and 100 mM
NaCl) were applied on carbon-coated copper grids (400 mesh, Electron Microscopy Sciences)
using 5 pL of protein solution (10 pg/mL) for 3 min. The grid was washed in water twice and then

stained with 0.75% uranyl formate (R-1b) or Nano-W (Nanoprobes) (M-104, and Spk-M) for
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1 min. Negative-stain electron micrographs were acquired using a JEOL JEM1011 transmission

electron microscope equipped with a high-contrast 2K-by-2K AMT mid-mount digital camera.

X-rays crystallization

The trimeric R-1b and M-104 proteins were concentrated to 14 mg/mL and 13.9 mg/mL,
respectively, and crystallization trials were prepared on a TTP LabTech Mosquito Robot in sitting-
drop MRC-2 plates (Hampton Research) using several commercially available crystallization
screens. R-1b crystals were obtained in the Index HT (Hampton Research) in condition H6 (0.2 M
Sodium formate, 20% w/v PEG 3,350), while M-104 crystals were obtained in the Crystal screen
(Hampton research) in condition C10 (0.1 M Sodium acetate trihydrate pH 4.6, 2.0 M Sodium
formate). Crystals were harvested and cryo-protected with 30% glycerol in the mother liquor
before being flash frozen in liquid nitrogen. X-ray diffraction data were collected at the Advanced
Photon Source SER-CAT beamLine 21-1D-D. Data were indexed and scaled using XDS[244]. A
molecular replacement solution was obtained in Phaser [232] using the prefusion RSV F SC-TM
structure (PDB 5c¢6b)[77] or the prefusion hMPV F 115-BV (PDB 5wb0)[95]. The crystal
structures were completed by manually building in COOT [245], followed by subsequent rounds
of manual rebuilding and refinement in Phenix [232]. The data collection and refinement statistics

are shown in Table 3.S5.

Cryo-electron microscopy

Spk-M cryo-EM density data was obtained by the Eyring Materials Center at Arizona State
University (ASU). Purified protein was diluted to a concentration of 0.35 mg/mL in Tris-buffered
saline (TBS) and applied to plasma-cleaned CF-300 2/1 grids before being blotted for 3 seconds
in a Vitrobot Mark IV (Thermo Fisher) and plunge frozen into liquid ethane. 3,257 micrographs

were collected from a single grid using a FEI Titan Krios (Thermo Fisher) equipped with a K2
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summit direct electron detector (Gatan, Pleasantville CA.). Data collection was automated with
SerialEM with a defocus range of -0.8 to -2.6 um in counting mode on the camera with a 0.2 second
frame rate over 8 seconds and total dose of 58.24 electron per angstrom squared. Images were
processed using cryoSPARC V3.3.2 [246] (Fig. S11). Micrographs were patch motion corrected.
After particle extractions, the blob picker was used, and 1,551,079 and picking was manually
adjusted to reduce "blobs" to 1,394,889 particles. After 2D classifications the first 4 classes were
ab initio reconstructed and heterogeneously refined. The most populated map was refined with
homogenous refinement in cryoSPARC, resulting in a 3.72 A map. The map was further processed
in DeepEM[247]. The resulting final map was aligned with a previously published SARS-CoV-2
S with one RBD domain up (PDB ID 6vyb[211]) using UCSF Chimera-1.15 [248]. Mutations and
coordinate fitting were done manually using COOT [245] and structure optimization was achieved
by iterative refinement using Phenix real space refinement [232] and COOT. The model and map

statistics are presented in Table 3.S6.
1. Animal studies (RSV only)

Mouse immunization

All animal experiments were performed in accordance with the guidelines and approved
protocols by the Institutional Animal Care and Use Committee at University of Georgia, Athens,
USA. Six-to-eight-week female BALB/c mice were purchased and housed in microisolator cages
in the animal facility at University of Georgia. Food and water were provided ad libitum. After
acclimation period, 5 mice per group were intramuscularly (i.m.) inoculated with total 100 pL of
two different doses (2 pg and 0.2 ug) of either purified DS-Cavl or R-1b protein with AddaVax

adjuvant (50% v/v) or PBS at weeks 0 and 4 (Prime and Boost Vaccination protocol) (Fig 3.4.A).
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Bleeds were collected from tail vein pre- and post- immunization (3, 7, and 13 weeks) and sera

were analyzed by ELISA and neutralization assay.

Measurement of 1gG response by ELISA

Medium binding 96 wells microplates (Greiner Bio-One) were coated with 50 puL per well
of DS-Cav1l or R-1b protein at 2 pg/mL at 4°C overnight. Plates were washed in PBS/0.05% Tween
20 (Promega) and then blocked with blocking buffer solution (PBS/0.05% Tween 20 /3% non-fat
milk (AmericanBio) /0.5% Bovine Serum Albumin (Sigma)) at room temperature for 2 hours.
Pooled serum from each group of mice pre-and post-different stages of immunization or control
were inactivated at 56°C per 1 hour for subsequent serial dilution in blocking buffer. 100 pL per
well of inactivated diluted sera were incubated in triplicate at room temperature for 2 hours.
Subsequently, three washes were performed, and plates were incubated with peroxidase-labeled
goat anti-mouse IgG (1:3500) (SeraCare) diluted in blocking buffer. After one-hour incubation at
room temperature, plates were washed and TMB substrate working Solution (Vector Laboratories)
was added. After 10 min at room temperature, the reaction was stopped by adding 50 uL per well
of Stop Solution for TMB ELISA (1N H2SOs). Plates were then read on Cytation7 imaging Reader

(BioTek) at 450 nm.

RSV neutralization assays

Pooled serum samples from mice in each immunization group (5 animals/group) after
vaccination and boost (13 weeks after the beginning of the experiment or prime vaccination/ 9
weeks after Prime and Boost vaccination) were diluted in Opti-MEM media (Thermofisher) in
serial 3-fold dilutions. Antibody 101F (provided by Jarrod J. Mousa) was used as a positive control
for virus neutralization starting at 20 pg/mL. Further, dilutions were mixed with 120 focus-forming

units (FFU) of RSV A virus (strain: rA2 linel9F) (kindly provided by Dr. Martin Moore) and
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incubated for 1 hour at room temperature. Subsequently, RSV and sera/antibody dilutions were
added to Vero E6 (ATCC) monolayer (105 cells/well) in triplicate and incubated for one hour at
37°C, gently rocking the plate every 15 minutes. Following the incubation, cell monolayers were
covered with an overlay of 0.75% methylcellulose dissolved in Opti-MEM with 2% Fetal Bovine
Serum (FBS) (Thermofisher) and incubated at 37 °C, 5% CO2. After four days, the overlay was
removed, and wells fixed with neutral buffered formalin 10% (Sigma) at room temperature for 30
minutes. Further, fixed monolayers were washed with water and dried at room temperature. An
FFU assay was performed to identify the percentage of RSV neutralization. Briefly, wells were
washed gently with PBS-0.05% Tween-20 (Promega) and incubated per one hour with anti-RSV
polyclonal antibody (EMD Millipore) diluted 1:500 in dilution buffer [5% Non-fat dry milk
(AmericanBio) in PBS-0.05% Tween-20]. Plates were washed three times with PBS-0.05%
Tween-20, followed by 30 minutes incubation of secondary antibody HRP conjugate rabbit anti-
goat 1gG (Millipore Sigma) diluted 1:500 in dilution buffer. After incubation, wells were washed,
and TMB Peroxidase substrate (Vector Laboratories) was added for 1 hour at room temperature.

The visualized foci per well were counted under an inverted microscope.

Data and Materials Availability

Atomic coordinates of the reported structures and cryo-EM map were deposited in the
Protein Data Bank under accession codes 7TN1, 8E15, and 8FEZ, and in the Electron Microscopy
Data Bank under accession code EMD-29035. R-1b, M-104, and Spk-M plasmids are available
from EMS under a material transfer agreement with the University of Georgia. Rosetta is available

through licensing https://www.rosettacommons.org. Scripts for generating designs will be

available on https://github.com/strauchlab/stabilization upon publication.
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Figure 3. 2 Biochemical characterization of designed variants. (A) Size-exclusion

chromatography (SEC) of monodispersed RSV F designs. (B) Binding of design R-1b to the

prefusion-specific antibody D25 compared to the clinical candidate DS-Cavl and the postfusion

RSV A2 F (post). (C) Differential scanning fluorimetry (DSF) of design R-1b and the clinical

candidate DS-Cav1l. DS-Cavl was used to compare the stability of R-1b as the parental sequence

of the latter is not prefusion-stabilized. (D) SEC of monodispersed hMPV F designs. (E) Binding

of designed hMPV F variants to the prefusion-specific antibody MPE8 compared to their parent

prefusion construct 115B-V and the postfusion hMPV B2 F (post). (F) DSF of designed hMPV F

variants and their parent prefusion construct 115B-V. (G) SEC of monodispersed SARS-CoV-2 S
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designs. (H) Binding of designed SARS-CoV-2 S variants to ACE2 compared to their parent
prefusion construct S-2P. (1) DSF of designed SARS-CoV-2 S variants and their parent prefusion
construct S-2P. Antibody binding assays show in grey the raw data, in colors the fitted curves, and
in dotted lines the end of the association time. Binding constants are shown in Tables 3.52, S3,

and S4.
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Figure 3. 3 Exemplary stabilizing substitutions of leading designs. (A) R-1b. (B) M-104. (C)

S2 subunit of Spk-M with cryo-EM map. The computational model of each protein is displayed as
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a trimeric structure in grey while the crystal structures and cryo-EM reconstruction model are
displayed as monomeric structures in blue (RSV), magenta (hMPV), or green (SARS-CoV-2).
Each panel shows a magnified view of selected stabilizing substitutions, featured in yellow sticks,
aligned with their computational model. Residues involved in packing changes are displayed with
translucent molecular surfaces, and black dotted lines represent hydrogen bonds or salt bridges.
As density is missing in the overall map to assign the precise location of the side chains, we
displayed existing density as mesh representation to compare agreement with the computational
model as stabilized regions have more density than the remainder of the map. The stabilization

mechanism of all designed substitutions is presented in Table 3.S1.
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Figure 3. 4 Immunogenicity assessment of R-1b in a mouse model using 0.2ug doses. (A)
Schematic diagram of vaccination study schedule. (B) Serum RSV-specific IgG measured by
ELISA three weeks post-boost. (C) Serum RSV-specific 1IgG measured by ELISA nine weeks
post-boost. (D) Serum neutralization titers determined using RSV A (rA2 strain L19F) and sera
from mice nine weeks post-boost. Vertical lines represent the standard deviation of three

repetitions using pooled serum samples from mice in each immunization group (5 animals/group).
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Supplementary Information
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Figure 3.S 1 Gibbs free energy changes (AAG) after alanine scanning in the pre- and
postfusion structures of RSV F, hMPV F, and SARS-CoV-2 S proteins. Mutations favoring
the prefusion state over the postfusion conformation are characterized by positive scores where
higher values represent bigger energetic gaps between states. A solid line represents the kernel
density estimate of each histogram. On display are presented only significant AAG changes as

defined by a differential of at least 2 units.
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Figure 3.S 2 Energy comparison between prefusion base constructs and designed variants.
In black is represented the prefusion conformation while grey depicts the postfusion conformation.
An orange dotted line highlights the energy of the starting sequences in Rosetta Energy Units
(REU). To compare the energy gain or loss of each variant, all prefusion energies were normalized
to the postfusion state using the ratio postfusion-energy base_ construct/prefusion-

energy_base_construct. The energy gap between states is shown in Table 3.S1.
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Figure 3.S 3 Size-exclusion chromatography of design M-104 in comparison to its parent

construct 115B-V.
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Figure 3.S 4 Binding of RSV F variants to the prefusion-specific antibody AM14. In grey is
shown the raw data and in colors the fitted curves. A dotted vertical line represents the end of the

association time. Binding constants are shown in Table 3.S2. “Post” stands for postfusion RSV F

A2.
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Figure 3.S 5 Binding of hMPV F variants to the prefusion-specific antibody 465. In grey is
shown the raw data and in colors the fitted curves. A dotted vertical line represents the end of the

association time. Binding constants are shown in Table 3.S3. “Post” stands for postfusion hMPV

B2 F.
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Figure 3.S 6 Negative stain-electron microscopy of designs (A) R-1b, (B) M-104, and (C) Spk-

M. Scale bar: 100 nm.
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Figure 3.S 7 Binding of design Spk-M and its base construct S-2P to ACE2 after heat
treatment. In grey is shown the raw data and in colors the fitted curves. A dotted vertical line

represents the end of the association time. Binding constants are shown in Table 3.54.
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Figure 3.S 8 Binding of design M-104 and its base construct 115B-V to prefusion-specific

antibodies after heat treatment. (A) Binding to MPES8. (B) Binding to 465. In grey is shown the

raw data and in colors the fitted curves. A dotted vertical line represents the end of the association

time. Binding constants are shown in Table 3.S3.
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Figure 3.S 9 Binding of RSV F variants to prefusion- and postfusion-specific antibodies after

heat treatment. (A) Binding to D25. (B) ) Binding to AM14. (C) Binding to 131-2A. “Post”

stands for postfusion RSV A2 F. As R-1b does not bind to 131-2A after heating at 60°C, only the

raw data is displayed for this protein. In grey is shown the raw data and in colors the fitted curves.

A dotted vertical line represents the end of the association time. Binding constants are shown in

Table 3.52.
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Figure 3.S 10 Summary of cryo-electron microscopy data for design Spk-M. Micrographs

were processed in cryoSPARC V3.3.2 and final refinement in DeepEM enhancer.
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Figure 3.S 11 Structural alignment between head residues of different RSV F variants. (A)
Comparison between design R-1b (blue) and parent construct PDB 5w23 (grey). (B) Comparison

shown in A plus three different DS-Cav1 crystal structures in green (PDB 4mmu, 5ea4, 5k6¢). On

display are residues 195-227.
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Figure 3.S 12 Atomic interactions of all substitutions introduced in design R-1b compared
with a computational model. The computational model of the protein is displayed as a trimeric
structure in grey, while the crystal structure is displayed as a monomeric structure in blue, with
introduced mutations in yellow. Each panel shows a magnified view of the atomic interactions
involving each substitution (in yellow sticks), aligned with their computational model. Residues
contributing to packing changes are displayed with translucent molecular surfaces, and black

dotted lines represent hydrogen bonds or salt bridges.
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Figure 3.S 13 Atomic interactions of all substitutions introduced in design M-104 compared
with a computational model. The computational model of the protein is displayed as a trimeric
structure in grey, while the crystal structure is displayed as a monomeric structure in purple with
introduced mutations in yellow. Each panel shows a magnified view of the atomic interactions
involving each substitution (in yellow sticks), aligned with their computational model. Residues
contributing to packing changes are displayed with translucent molecular surfaces, and black

dotted lines represent hydrogen bonds or salt bridges.
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Figure 3.S 14 Predicted atomic interactions of all designed substitutions introduced in the S2
subunit of design Spk-M. The computational model of the protein is displayed as a trimeric
structure in grey, while the cryo-EM reconstruction model is displayed as a monomeric structure
in green with introduced mutations in yellow. The Spk-M cryo-EM map is shown as a translucent
surface in grey. Each panel shows a magnified view of the atomic interactions involving each
substitution (in yellow sticks), aligned with their computational model. As density is missing in
the overall map to assign the precise location of the side chains, we displayed existing density as
a mesh representation to compare agreement with the computational model. Black dotted lines

represent hydrogen bonds or salt bridges.
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Figure 3.S 15 Computational models of postfusion destabilizing substitutions introduced in
(A) R-1b. (B) M-104. (C) Spk-M. Each panel shows a magnified view of the predicted rotamer

configuration of each mutation. All substitutions are represented in yellow sticks.
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Figure 3.S 16 Immunogenicity assessment of design R-1b in mice using 2ug doses. A) Serum
RSV-specific IgG measured by ELISA three weeks post-boost. (B) Serum RSV-specific 1gG

measured by ELISA nine weeks post-boost.
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Table 3.S 1 Energetic differences between pre- and postfusion states, stabilizing mutations, and thermal stability of designed fusion

proteins.
En(eégE){Jg);ap Stabilizing mutations
Virus . Inter- Intra- Reduction of Melting
Protein Pre -vs- : unsatisfied Decrease : temperature
: Cavity protomer protomer Postfusion (°C)
variants : fillin olar olar polars G destabilizin
Postfusion Y _polar . polar repulsion g
Interactions Interactions
Base
construct 0* N/A N/A N/A N/A N/A N/A N/A
RSV (WT)
R-1b 119.1 E60F S150E N380K S55A, N227L E487N N175R 62
R-02 135.1 ;51650& N/A N380K S55V, N227L E487V N175R N/A
R-03 1217 SEfSOOFI: N/A N380K S55L. N227F E487V N175R N/A
Base
construct o* N/A N/A N/A N/A N/A N/A 54.8
(115B-V)
M-104 158.2 ‘%12509311’ A90N, T114E | V430Q, V449D N/A N/A L130D 61.5
G106R,
hMPV M-305 210.7 A1591 A9ON G277D, N/A E453P L130D 56.7
A314K, V449D
G106W,
A107F,
M-503 161.8 A159L, T114E V430Q, V449D N/A N/A L130D N/A
V1621,
V2031
T114E,
M-601 144.4 ALSOL, D209E, | V430Q,V449D |  S149T N/A L130D N/A
V1911 AR
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SARS-
CoV-2

Base

construct 0* N/A N/A N/A N/A N/A N/A 45.7°62.5°
(S-2P)
L916F,
Spk-M 146.1 YO17W, R ;(191343% N856L D985N T941D 61
A956L
Spk-F A956L, G769K, 61.5
194.9 ALOL6] E990R o N/A N/A T941D
G744T, GT69K, 2 an 2b
Spk-R 198.4 A1016l E990R N955D, N/A D985N T941D 46.5% 60.3
P1143N

*The base construct’s pre- and postfusion energies are normalized.

N/A = not applicable

a) First apparent melting temperature

b) Second apparent melting temperature
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Table 3.S 2 Binding kinetics of RSV F variants obtained by biolayer interferometry

Antibodies
. Assay D25 AM14 131-2a
Protein
VTS temperature
°C)
koff(1/s) kon(1/Ms) KD(M) koff(1/s) kon(1/Ms) KD(M) koff(1/s) kon(1/Ms) KD(M)
1.79E+05 1.24E-04 2.19E+05 5.68E-10 4.00E-04 3.37E+04 | 1.19E-08
RT N/A 1.51E+05 N/A 1.01E-04 2.03E+05 4.97E-10 3.10E-04 4.79E+04 | 6.47E-09
1.44E+05 1.11E-04 2.27E+05 4.89E-10 3.53E-04 4.75E+04 | 7.43E-09
1.56E+05 N/A 8.87E+04 N/A
R-1b 55 N/A 1.20E+05 N/A 1.15E-05 8.63E+04 1.34E-10 N/A N/A N/A
1.21E+05 1.31E-05 9.91E+04 1.33E-10
92.7
60 N/A 83.8 N/A N.B N.B N.B N.B N.B N.B
54.6
1.21E+05 1.61E+05 0.001 8.29E+03 | 1.33E-07
RT N/A 1.87E+05 N/A N/A 2.04E+05 N/A 3.17E-04 9.19E+03 | 3.44E-08
1.49E+05 1.81E+05 3.07E-04 1.76E+04 | 1.74E-08
DS-Cavi 2.13E+05 5.03E+04
55 N/A 1.60E+05 N/A N/A 5.85E+04 N/A N/A N/A N/A
1.42E+05 5.01E+04
1.15E+05 3.02E+04
60 N/A 1.35E+05 N/A N/A 1.31E+04 N/A N/A N/A N/A
1.32E+05 5.39E+03
4.00E+05
RT N.B N.B N.B N.B N.B N.B N/A 4.09E+05 N/A
RSV A2 F 4.85E+05
(postfusion) 5.22E+05
60 N/A N/A N/A N/A N/A N/A N/A 4.82E+05 N/A
4.52E+05

RT=room temperature; N.B = no binding; N/A = not applicable
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Table 3.S 3 Binding kinetics of hMPV F variants obtained by biolayer interferometry

Antibodies
MPES8 465
Protein Variants 83 t??ép))eratu re

koff(1/s) | kon(1/Ms) | KD(M) | koff(1/s) | kon(1/Ms) | KD(M)

4.01E+04 1.94E+05
RT N/A 3.24E+04 N/A N/A 2.00E+05 N/A

4.21E+04 1.93E+05
9.02E-
3.66E+04 6.60E-05 | 7.32E+04 | o 20
55 N/A 2.17E+04 | N/A | 6.85E-05 | 7.21E+04 '10

M-104 2.51E+04 4.25E-05 | 7.18E+04
5.92E-
10
1.00E-
2.29E-04 | 2.29E+04 08
60 N.B N.B N.B N/A 2.29E+04 N/A
2.62E-04 | 2.56E+04 | 1.02E-
08
4.52E-
08
4.91E-03 | 1.08E+05 3 61E-
M-305 RT N.B N.B N.B | 4.31E-03 | 1.19E+05 .08
4.86E-03 | 1.08E+05 4.51E-
08

1.45E+04 7.99E+04
115B-V RT N/A 1.52E+04 N/A N/A 7.91E+04 N/A

1.09E+04 7.79E+04
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55

N.B

N.B

N.B

N.B

N.B

N.B

hMPV B2 F
(postfusion)

RT

N.B

N.B

N.B

N.B

N.B

N.B

RT=room temperature; N.B = no binding; N/A = not applicable
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Table 3.S 4 Binding kinetics of SARS-CoV-2 S variants obtained by biolayer interferometry

Protein
Variants

Assay temperature
(°C)

Prefusion binder

ACE?2

Koff(1/s)

kon(1/Ms)

KD(M)

Spk-M

RT

5.69E-04
5.54E-04
5.82E-04

4.73E+04
4.89E+04
4.71E+04

1.20E-08
1.13E-08
1.24E-08

55

7.12E-04
6.06E-04
5.41E-04

2.92E+04
2.75E+04
2.72E+04

2.44E-08
2.21E-08
1.99E-08

Spk-F

RT

1.07E-03
7.14E-04
7.86E-04

2.43E+04
2.32E+04
2.61E+04

4.42E-08
3.08E-08
3.01E-08

Spk-R

RT

4.00E-04
4.61E-04
3.43E-04

4.58E+04
4.61E+04
5.03E+04

8.73E-09
1.00E-08
6.81E-09

S-2P

RT

N/A
2.04E-04
N/A

4.26E+04
5.60E+04
3.93E+04

N/A
3.64E-09
NA

55

4.70E-04
3.08E-04
1.93E-03

2.30E+04
1.23E+04
7.03E+03

2.04E-08
2.51E-08
2.74E-07

RT=room temperature; N/A = not applicable
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Table 3.S 5 Data collection and refinement statistics for R-1b and M-104

R-1b M-104
PDB ID 7TN1 8E15
Wavelength 1A 1A
Resolution range 49.3-3.1(3.211-3.1) 47.62 - 2.41 (2.496 - 2.41)
Space group P41212 1213
: 178.191 178.191 178.191
Unitcell | 170.5170.5171.2 90 90 90 90 90 90
Total reflections 286706 (32084) 72725 (7212)
Unique reflections 44788 (4518) 36363 (3606)
Multiplicity 6.4 (7.2) 2.0 (2.0)
Completeness (%0) 96.0 (99.47) 99.91 (99.86)
Mean I/sigma(l) 6.3 (1.7) 9.18 (0.78)
Wilson B-factor 78.2 66.92
R-merge 0.268 (1.34) 0.03633 (0.921)
R-meas 0.292 (1.44) 0.05138 (1.302)
R-pim 0.113 (0.523) 0.03633 (0.921)
CC1/2 0.981 (0.518) 0.999 (0.593)
CccC* 0.995 (0.826) 1 (0.863)
Reflections used in refinement 44449 (4513) 36339 (3601)
Reflections used for R-free 1986 (208) 1871 (192)

R-work 0.257 (0.297) 0.2036 (0.3056)
R-free 0.315 (0.371) 0.2487 (0.3366)
Number of non-hydrogen atoms 10472 3438
macromolecules 10420 3360
ligands 42 67
solvent 10 11
Protein residues 1361 443
RMS (bonds) 0.010 0.009
RMS (angles) 1.29 1.02
Ramachandran favored (%o) 92.3 97.27
Ramachandran allowed (%0) 7.5 2.73
Ramachandran outliers (%) 0.22 0.00
Rotamer outliers (%) 0.25 1.08
Clashscore 13.1 6.61
Average B-factor 71.2 70.90
macromolecules 71.1 70.11
ligands 109.5 110.72
solvent 30.0 70.94

Statistics for the highest-resolution shell are shown in parentheses.
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Table 3.S 6 Cryo-EM data collection and refinement statistics for Spk-M

Spk-M
PDB ID 8FEZ
EMDB EMD-29035
Microscope Krios
Magnification 22,500
Pixel size (A) 1.024
Voltage (kV) 300
Electron exposure (e"/A?) 58.24

Frames

Defocus Range (um)
Number of movies collected
Particles extracted
Symmetry
Map resolution (A)
Protein residues
RMS (bonds)

RMS (angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore

Rama-Z

8 sec exposure, 0.2 sec frames,
40 total frames

-0.8 to -2.6
3257
1,394,889
Cl
3.72
2843
0.018
1.749
95.40
4.60
0.00
0.22
7.96
-1.24
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CHAPTER 4

COMPUTATIONAL DISULFIDE DESIGN IN THE PREFUSION RESPIRATORY
SYNCYTIAL VIRUS FUSION PROTEIN: EXPLORING THE IMPACT OF PRECISE

POSITIONING

Gonzalez, K. J., Yim, K ., Boukhvalova, M ., Kim, S. & Strauch, E. M. “Computational disulfide
design in the prefusion respiratory syncytial virus fusion protein: exploring the impact of precise
positioning.”

To be submitted to Frontiers in Immunology.
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Abstract
The prefusion conformation of class | fusion proteins holds great promise for vaccine

development due to its strong immunogenic properties. However, the fragility of this
conformational state has posed a significant challenge. Although non-native disulfides have
proven effective in preserving the prefusion state's structure, identifying these stabilizing bonds
has remained a intricated task. In this study, we present a novel computational approach to identify
prefusion-stabilizing disulfides. Our approach not only evaluates the geometric constraints
associated with disulfide bonds but also incorporates a ranking system to estimate the bond's
potential to stabilize the prefusion conformation. We propose that disulfides restricting the initial
stages of the conformational switch can offer higher stability to the prefusion state than those
preventing unfolding at a later stage. The implementation of our algorithm on the respiratory
syncytial virus (RSV) fusion protein led to the discovery of three new prefusion-stabilizing
disulfides, providing evidence that supports our hypothesis. Furthermore, the evaluation of our top
design as a vaccine candidate in a cotton rat model demonstrated robust protection against RSV

infection.
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Introduction

The unpredictable outbreaks of the respiratory syncytial virus (RSV) have demonstrated
that enveloped viruses are a constant concern for public health[249]-[253]. Class I fusion proteins
are exceptional vaccine candidates in RSV and many other pathogenic viruses[14]-[20], even
though their structural instabilities have been challenging to overcome. Because of their function
as membrane-fusion mediators, class | fusion proteins are naturally designed to irreversibly refold
from an unstable structure, the prefusion state, to a highly stable conformation, the postfusion
state[21]. This spontaneous transition has represented a major limitation for vaccine development
as potent immunogenic epitopes get usually concealed in the most stable structure of the protein,
the postfusion state[22], [23]. Consequently, stabilizing the prefusion conformation has been a
continuous pursuit to retain the protein's immunogenicity and exploit its potential as a vaccine.

Understanding the conformational rearrangements of class | fusion proteins was largely
possible thanks to the crystallization of the influenza virus hemagglutinin protein[35], [96], [254]
and paramyxoviruses fusion proteins[255]-[258]. As a common fusion mechanism, class | fusion
proteins are initially maturated by proteolytic cleavage, where a hydrophobic fusion peptide is left
unconstrained to connect with the host cell[40], [42]. Following its activation, the fusion-
competent yet fragile prefusion state undergoes conformational changes, facilitating the fusion
peptide’s interaction with the target membrane[35], [45], [47]. As this interaction progresses, the
protein's C-terminal relocates, leading to the assembly of a highly stable six-helix bundle, the
postfusion state. This structural transition ultimately enables the fusion of the viral and cellular
membranes[50], [259], [260].

The structural analysis of the fusion mechanism has guided the prefusion stabilization of

various class | fusion proteins by targeting regions prone for refolding[163]. Historically, this goal
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has been achieved through an arduous manual exploration of the protein structure and extensive
testing of protein mutants [15], [18], [77], [95], [159], [163], [218], [219]. We had previously
pioneered a computational approach that significantly streamlined this demanding process,
requiring only a few designs to identify stable prefusion versions [261]. However, our algorithm's
limitation to optimizing only electrostatic interactions motivated us to develop a complementary
approach capable of automatically designing disulfide bonds.

Our computational method traces potential disulfides based on allowed distance and
geometry, similar to other software [262]-[264]. However, while correct geometry indicates the
likelihood of bond formation, it does not directly reflect its stabilizing effect [262], [265].
Consequently, we sought to tailor the disulfide design process to class | fusion proteins by
considering the conformational dynamics of the protein during the selection of prefusion-
stabilizing bonds. We hypothesize that disulfides restricting the initial stages of the conformational
switch are more impactful at increasing the stability of the prefusion state than those located on
regions unfolding last. By combining our previous approach with this disulfide design strategy,
we have successfully increased the stability of the RSV fusion (F) protein without compromising
its immunogenic properties.

Results

Disulfide bond design strategy

Inspired by the efficacy of non-native disulfides in stabilizing the prefusion conformation
of class I fusion proteins [15], [18], [19], [219], we have developed a computational approach to
automatically identify these covalent bonds. Building upon a previously proposed concept [227],
our computational strategy is centered on identifying novel disulfides within regions undergoing

significant relocation during the prefusion-to-postfusion transition (Fig 4.1. A). Using the Rosetta
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Disulfidize as the disulfide scanning tool [239], [241], the new potential bonds are first detected
by proximity of CP atoms. Residues within 5A are subsequently mutated to cysteine, and energy
minimization and protein repacking are carried out in the surrounding radius (Fig 4.1. A). This
restricted structural sampling not only reduces computational costs but also guarantees that the
introduced disulfide aligns with the protein's initial configuration. Finally, to increase the
likelihood of successful disulfide formation, the new bonds undergo a filtering process based on
the Rosetta disulfide energy (dslf fal3) [266], [267], and geometric adequacy (Fig 4.2.A).

To evaluate how disulfide design can complement and enhance our existing computational
approach, we implemented the above methodology in our previously stabilized RSV F protein, R-
1b [261]. This implementation led to the identification of 12 potential intrachain disulfides within
regions involved in the protein’s conformational switch, one of which matched the most effective
non-native disulfide reported for RSV F (C155-C290)[19] (Fig 4.2.A). Notably, despite the
extensive research conducted on RSV F, eight of these newly identified potential disulfides have
remained unexplored until now, representing promising avenues for further investigation[19],
[161], [163].

After analyzing disulfides that have been unsuccessful at stabilizing the prefusion state of
RSV F [19], [161], [163], we observed that protein stabilization is not solely determined by the
accuracy of the bond's geometry. Interestingly, a significant number of these disulfides
demonstrated appropriate geometric configurations yet failed to enhance protein stability. This
suggests that other factors beyond geometric parameters may play a role in determining the
stabilizing capabilities of disulfide bonds. Consequently, we sought to augment our geometry
analysis by exploring the role of the protein's dynamics in identifying prefusion-stabilizing

disulfides. We hypothesized that substitutions restricting the initial conformational changes of the
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protein would have a stronger impact on the stability of the prefusion state than those preventing
the final stages of the rearrangement.

To integrate this concept into our selection process, we assumed that regions displaying
higher root-mean-square-deviation (RMSD), when comparing the prefusion and postfusion
structures, are more likely to unfold at an earlier stage. As a result, RMSD served as the
quantitative metric to rank disulfide candidates according to their potential for prefusion
stabilization (Fig 4.2. B). Notably, given that conformational changes in the refolding region 1
(protein head) likely trigger conformational changes in the refolding region 2 (membrane-proximal
domain)[77], our ranking system was applied independently to each refolding region.

To validate our design and ranking approaches, we expressed three distinct disulfide
variants, each exhibiting well-differentiated RMSD values (Fig 4.2. B). The selected disulfides
included V157C-N183C (design SsAl), located at the beginning of the refolding region 1, A55C-
L188C (design SsA2), found at the middle of the refolding region 1, and S443C-S466C (design

SsB1), situated at the beginning of the refolding region 2 (Fig 4.1. B).

Biochemical characterization of disulfide candidates

All three designs, SsAl, SsA2, and SsB1, were successfully expressed and purified as
trimeric proteins, as confirmed by size exclusion chromatography (SEC) (Fig 4.3. A).
Additionally, the expression yield of these variants showed no significant changes when compared
to the parent construct R-1b (Fig 4.3. A). As anticipated, the designed proteins exhibited notable
improvements in thermal stability compared to R-1b, with melting temperature increments of
2.5°C (SsB1), 5.5°C (SsA2), or 12.5°C (SsAl) (Fig 4.3. B). This enhancement in heat stability
aligns well with our proposed hypothesis, emphasizing that disulfides restricting the initial stages

of protein unfolding can have a more profound impact on the overall stability of the prefusion
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conformation. Remarkably, the thermal stability of design SsA1 surpassed that of the current RSV
vaccine DS-Cav1[19] by approximately 6.5°C (Fig 4.3. B). However, it is important to note that
these results do not imply that the V157C-N183C disulfide in SsAL is inherently superior to the
C155-C290 disulfide found in DS-Cavl. Instead, the evident improvement observed in SsAl likely
arises from a synergistic effect resulting from the introduction of the new disulfide and the
preexisting optimized electrostatic interactions of R-1b [261].

The melting curve of SsAl and DS-Cavl presented two possible unfolding stages,
characterized by a low-intensity peak at approximately 55°C and a high-intensity peak above 65°C
(Fig 4.3. B). To assess the structural significance of these unfolding phases, we conducted binding
assays with prefusion-specific antibodies after subjecting the proteins to heat treatment. Our results
revealed that SsAl effectively preserves the prefusion conformation at high temperatures, as
evidenced by its strong binding to D25 [58], [224] and MPES8 [225] even after heating at 65°C,
and continued binding to D25 even after heating at 70°C (Fig 4.3. C). In contrast, although DS-
Cavl retained binding to D25 at 65°C, the reduced binding to MPES indicated the loss of the
protein's quaternary structure at this temperature (Fig 4.3. C). These results not only confirmed the
increased stability of SsAl compared to DS-Cavl but also demonstrated that the apparent
unfolding observed at ~55°C has no substantial impact on the conformation of prefusion antigenic
regions. Instead, it is the second melting peak that determines the protein's complete unfolding.

Unfortunately, our antibody binding assays also reveal a diminished interaction between
SsAl and AM14 [84], [224] at room temperature, indicating a potential disruption of the antigenic

site V (Fig 4.3. C).
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Disulfide bond detection in SsAl

To verify the successful formation of the V157C-N183C disulfide bond in design SsAl,
we conducted a tandem liquid chromatography mass spectrometry (LC-MS/MS) analysis. To
achieve this, the protein underwent two consecutive alkylation reactions, enabling the
differentiation of free cysteines from those involved in disulfide bonding. In the first alkylation
step, we used iodoacetic acid (IAA) to attach carboxymethyl groups specifically on free cysteines.
Subsequently, a second alkylation reaction was carried out with iodoacetamide (IAM) to introduce
carbamidomethyl groups on disulfide-bonding cysteines, following the reduction of the disulfide
bond. Finally, peptide fragments obtained from trypsin digestion were subjected to LC-MS/MS
analysis.

The ion chromatograms of peptides containing cysteines 157 (CLHLEGEVNK) and 183
(AVVSLSCGVSVLTSK) displayed two distinct retention times, indicating the presence of both
carboxymethyl and carbamidomethyl in the peptides (Fig 4.S1). Although this signified that the
cysteines 157 and 183 existed in both free and bound states, the predominance of disulfide-bonding
cysteines was evident in base peak intensity of the samples’ mass spectrum (Fig 4.S1).
Specifically, the normalization level (NL) value of each peak indicated that the relative
concentration of the peptide CLHLEGEVNK in the disulfide-bonding state was ~29 times higher
than in the unbound state. Similarly, the concentration of the peptide AVVSLSCGVSVLTSK in
the disulfide-bonding state was ~15 times higher than in the unbound state. The fragmentation
spectrum of both peptides, confirming the disulfide formation (carbamidomethyl labeling), is

shown in Fig 4.S2 and 4.S3.
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Immunogenicity of the SsA1 variant in cotton rats.

The SsA1 protein was selected for a vaccination study to investigate the potential effects
of enhanced prefusion-stability on the immunogenicity of RSV F. Cotton rats were immunized
intramuscularly with 10 or 100ug of AddaSO3-adjuvanted R-1b or SsAl at weeks 0 and 4 (Fig
4.4.A). Three weeks after the booster immunization, sera were collected to examine the 1gG
response against prefusion and postfusion RSV F proteins, along with their neutralizing activity
(Fig 4.4.A). Notably, animals immunized with either R-1b or SsAl presented a robust RSV F
prefusion-specific response, showing equivalent antibody titers against RSV A or RSV B F
proteins, as measured by ELISA (Fig 4.4.B and D). Similarly, no significant differences were
observed in terms of RSV A2 F postfusion-specific antibodies, although SsAl vaccination
evidenced slightly lower titers (Fig 4.4.C). Moreover, both immunogens induced comparable
levels of antibody neutralizing titers, with most doses surpassing the antibody titers generated by
natural RSV A2 infection (Fig 4.4.E). Although these data suggest that the enhanced physical
stability of SsA1 did not lead to increased protection against RSV, it remains unclear whether the
disruption of the antigenic site V hindered such potential improvement.

To gain further insights into the epitope-specific response elicited by SsAl and R-1b, we
conducted antibody binding competition assays against D25, MPE8, and 131-2A [229]. This
competition was carried out following the interaction of the R-1b antigen with different
concentrations of pooled serum. Consistent with our ELISA findings, the sera from SsAl or R-1b
vaccinated animals exhibited strong competition for binding sites specific to the prefusion state
(Fig 4.5). Notably, vaccinations with SsA1 demonstrated a higher prevalence of antibodies
targeting the antigenic site @. In contrast, antibodies specific to the postfusion state were

predominantly observed in animals vaccinated with R-1b, while quaternary antibodies were
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equally abundant in both vaccination groups (Fig 4.5). Altogether, our results suggest that even
though the overall protection against RSV seems comparable with both immunogens, there might
be variations in the specificity of the antibody response based on the physical stability of their
respective binding sites.

Finally, RSV A2 challenge was performed to assess the efficacy and safety of our proteins
as potential vaccine candidates. Overall, animals vaccinated with either R-1b or SsA1 successfully
cleared the virus from the lung and nose and did not exhibit vaccine-enhanced disease, as
evidenced by the levels of interleukin (IL) 4, IL-13, and interferon-gamma (IFN-g) (Fig 4.6).
Nevertheless, it is worth noting that significant differences between the SsAl and R-1b
immunogens were observed at a dosage of 10ug, with SsAl vaccinations showing less

inflammatory responses (Fig 4.6.A and C).

Discussion

Given the clinical significance of prefusion class I fusion proteins [20], [27], [59], [195],
and the proven effectiveness of non-native disulfides in enhancing protein stability [15], [18], [19],
[219], we have developed a computational approach to identify prefusion-stabilizing disulfide
bonds. Although we previously designed an automated method to increase the stability of these
proteins, we recognized the need to complement it due to its primary emphasis on optimizing
electrostatic contacts. Indeed, our prefusion-stabilized RSV F protein, R-1b, served as an ideal
candidate to investigate the impact of designed covalent bonds, given its initial optimization
relying solely on electrostatic interactions [261]. Surprisingly, despite the extensive research on
stabilizing the prefusion RVS F [19], [77], [161], [163], our disulfide search uncovered previously

unexplored and promising mutations. This observation highlights the comprehensive analysis that

83



computational design offers, showcasing its potential benefits not only for novel optimizations but
also for the enhancement of established vaccine candidates.

While predicting the likelihood of disulfide formation is feasible through the analysis of
the bond's geometry [262]-[264], there is currently no metric available to determine whether a
designed disulfide will stabilize or destabilize the protein structure. Various studies have suggested
using residue B-factors to guide the selection of stabilizing disulfides, as rigidifying highly flexible
areas is known to increase protein stability [262], [265]. However, this metric may not fully capture
the complexities of the prefusion state in class | fusion proteins, as demonstrated in the case of
RSV F. Depending on the crystallization method and quality, the region with the highest B-factors
can vary between the head and the membrane-proximal domain, as observed in the PDBs 5¢69[77]
and 5w23[222], respectively. Nevertheless, the most stabilizing disulfide reported for RSV F
(C155-C290)[19] is located in a region with relatively low B-factor. This observation highlights
the challenges of predicting disulfide-induced stabilization of the prefusion conformation and
emphasizes the need to consider other factors to accurately estimate the success of an engineered
disulfide bond.

As class | fusion proteins undergo intricate refolding processes, we investigated the impact
of their conformational dynamics on the ability of a non-native disulfide to stabilize the prefusion
conformation. Our findings revealed that disulfides placed in proximity to the fusion peptide have
a greater effect on the stability of the prefusion state than those located nearer to the membrane-
proximal region (Fig 4.3.B). Interestingly, within the refolding region 1, increases in melting
temperature were correlated with the positioning of the designed disulfides, with bonds closer to
the N-terminal of the F1 subunit providing higher thermal stability (Fig 4.3.B). These results might

reflect the dynamics of the protein, suggesting that disulfide bonds restricting the initial stages of
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the conformational switch have a more significant impact on the stability of the prefusion state
than those hindering the unfolding at later stages. However, the precise sequence of events
preceding the translocation of the fusion peptide has not been definitively determined, and it
remains unclear whether the release of the fusion peptide promotes the refolding of the heptad
repeat A region or if conformational changes at the apex initiate the projection of the fusion peptide
[77]. Our findings appear to lend support to the former hypothesis. If conformational shifts were
to initiate at the apex and propagate downstream, then our 55-188 disulfide, located closer to the
apex, should have exhibited a more significant stabilizing effect by hindering the initial unfolding
phase. Contrarily, it was the 157-183 disulfide, situated closer to the fusion peptide, that displayed
the most pronounced stabilizing impact. This leads us to hypothesize that the release of the fusion
peptide likely drives the subsequent conformational changes and its inhibition results in a more
pronounced stabilization of the prefusion state.

We recognize the importance of further studies to validate our ranking method, which relies
on the RMSD of the prefusion-to-postfusion transition. Unfortunately, we encountered challenges
in fully analyzing the dynamics of the membrane-proximal domain. The disulfides we identified
in this region were not suitable for testing due to several constraints, including poor geometry
(482-499), proximity to natural disulfides (392-493), and the replacement of introduced mutations
on R-1b (397-487). Consequently, it remains uncertain whether disulfides displaying the highest
RMSD values within the refolding region 2 confer greater stability than those located in regions
with relatively low conformational changes.

Regrettably, we could not establish a clear correlation between the stability of the prefusion
state and its immunogenic properties. It is still uncertain whether the disruption of the antigenic

site V in SsA1 impeded its potential for enhanced immunogenicity. Prior studies aiming to improve

85



the DS-Cav1 stability have shown a relationship between physical stability and increased RSV
protection, particularly when employing interprotomer disulfides to ensure an appropriate
quaternary structure [163]. However, this association is not consistently observed, as other studies
incorporating interprotomer disulfides and increased stability have not reported a corresponding
increase in immunogenicity [161], [164]. Our observations indicate that the disulfides involved in
enhanced immunogenicity are primarily located within antigenic regions. Therefore, we propose
that the overall stability of the protein may not necessarily correlate with improved
immunogenicity. Instead, it appears that the local stability of immunogenic regions plays a crucial
role in determining immunogenicity. In fact, within our study, we did notice that antibodies
targeting the antigenic site @, which was stabilized by the disulfide V157C-N183C, were slightly
booster in vaccinations with SsA1 (Fig 4.5). However, it is important to consider that this effect
could be attributed to the disruption of the antigenic site V and a potential reduction in interclonal
competition. Nevertheless, despite the complexities surrounding the relationship between stability
and immunogenicity, strategic placement of disulfide bonds may offer opportunities to enhance

the quality of the antibody response.
Materials and Methods

. Computational approach to design disulfide bonds
All  computational analyses were performed with the Rosetta version:

2020.10.post.dev+12.master.c7b9c3e c7b9c3edaeblfebab211d63da2914b119622e69b

Structure preparation

The crystal structure of the R-1b protein (PDB: 7TN1) [261] was refined using the Rosetta
relax application [233], [268], [269]. This refinement process was guided by electron density data

to avoid large deviations from the initial configuration [231]. The protein’s density map was
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recreated from its map coefficients using the Phenix software version 1.15 [232] and the option
"create map from map coefficients” (region padding= 0, and grid resolution factor= 0.3333). The
relaxation process was carried out by assigning a weight of 20 to the density energy term of the
Rosetta scoring function and performing four rounds of rotamer packing and minimization [233].
The structure with the lowest Rosetta energy and Molprobity [234] scores was selected for

downstream analysis.

Design of disulfide bonds

To ensure the RSV F protein is locked in its prefusion state, we have developed a disulfide
design strategy focused on restraining the mobility of regions undergoing drastic conformational
changes. These flexible areas were automatically identified by calculating the root-mean-square-
deviation (RMSD) of each Ca atom in the prefusion conformation (R-1b) compared to the
postfusion structure (PDB: 3rrt) [228]. Residue positions displaying motion levels of at least 10A
were considered to be involved in the conformational switch and selected for disulfide scanning.
Since the RSV F protein is a large biomolecule, disulfide scanning was performed independently
on small regions of the protein to reduce the computational cost of the analysis. Each region
included one residue within the conformational switch area and all residues within a 7A sphere
(Fig 4.1.A). Residues to be mutated to cysteine were first identified by CB-Cp distance (<5.0A),
and potential disulfides were formed when the energetic and geometric properties of the new bond
fell within the expected Rosetta values for native disulfides[271], [272]. The scanning and
modeling process was carried out with the Disulfidize[241] and FastDesign[240], [241] movers
available in RosettaScripts [239], [270], limiting packing and minimization to a 12A area around

the region of interest (Fig 4.1.A).
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Selection of candidate disulfide bonds

To enhance the likelihood of successful disulfide formation, we employed a two-step
filtering process. Initially, all predicted disulfides were filtered based on the Rosetta disulfide
energy (dslf fal3 <0) to ensure favorable conditions for bond formation. Subsequently, the
geometric adequacy of the bonds was evaluated. For this, we conducted a thorough analysis of the
disulfide bond angles (dihedrals y1, %2, %3, and angle CB-S-S) in 300 high-resolution structures
(<1.5 A) obtained from the Protein Data Bank. All structures were relaxed using the FastRelax
mover available in RosettaScripts [233]. Our disulfide candidates were then filtered based on
agreement with the observed angle ranges in these reference proteins, allowing for a tolerance of
up to 10A.

Finally, we incorporated the conformational dynamics of the RSV F protein to assess the
potential prefusion stabilization of the introduced disulfides. For this purpose, we utilized the root-
mean-square deviation (RMSD) of the prefusion-to-postfusion transition as a quantitative metric
to evaluate conformational dynamics. Our hypothesis suggests that regions with high RMSD are
more likely to unfold first during the transition to the postfusion state. Therefore, disulfides
hindering these initial rearrangements would be more effective at stabilizing the prefusion state.
As a result, we ranked our disulfide candidates based on the highest RMSD observed within the
residue pair forming the bond. This ranking was performed independently for the refolding region
1 and 2, as the conformational changes in the refolding region 2 depend on the earlier changes in
refolding region 1[77]. The RMSD values were calculated using the same methodology employed

for the identification of the conformational switch area (see Design of disulfide bonds).
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1. Protein expression and characterization

Protein expression

Three R-1b disulfide-containing variants, namely SsAl (V157C /N183C), SsA2
(A55C/L188C), and SsB1 (S443C/S466C), and the control R-1b, RSV A/A2 F (postfusion) [205],
RSV A/A2 DS-Cavl [19], and RSV B/ 18537 DS-Cavl [273] constructs were expressed by
transient transfection of FreeStyle 293-F cells (Thermo Fisher) with polyethylenimine (PEI)
(Polysciences). All R-1b variants were produced in pPCAGGS plasmids encoding the R-1b protein,
a C-terminal T4 fibritin trimerization motif (Foldon), and a His6-tag. The sequence of the R-1b
protein contained residues 1-105 and 137-513 with the respective substitutions under study, and a
short linker replacing the furin cleavage site and the p27 peptide ("QARGSGSGR") [77]. DNA
sequences were codon optimized for human expression using the online tool GenSmart Codon
Optimization[243]. 293-F cells were incubated at 37°C and 8% CO: for three days after
transfection, and proteins were purified by nickel affinity chromatography followed by size-
exclusion chromatography (SEC). SEC was carried out using a Superdex200 column (Cytiva) and

phosphate-buffered saline (PBS) buffer pH 7.4.

Thermal stability

Differential scanning fluorimetry (DSF) was used to monitor protein stability as a function
of temperature. The samples to analyze contained 4uM of protein, 5X SYPRO orange fluorescent
dye (Thermo Fisher), 5mM MgCl,, 50mM KCI, and 50mM Tris (pH 7.4). All measurements were
performed by triplicates using a qPCR instrument (CFX Connect, BioRad) and a temperature
gradient from 25 to 90°C with 0.5°C increments. The melting temperature of each protein was

estimated based on the lowest point of the negative first derivative of the fluorescence signal.
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Antigenic characterization

Antigenic preservation of prefusion epitopes was evaluated by Bio-layer interferometry
(BLI) using the prefusion-specific antibodies D25 [58], [224] (Thermo Fisher), AM14 [84], [224]
(Cambridge Biologics), and MPES8 [225]. Binding against expressed designs was tested with 15
nM of the antibodies and eight concentrations of the antigens, starting from 200 nM and
decreasing by two-fold dilutions. Prior to all binding assays, Protein A biosensors (GatorBio) were
equilibrated for 20 min in BLI buffer (PBS buffer supplemented with 0.02% tween-20 (Promega)
and 0.1% bovine serum albumin (BSA) (Sigma)). Subsequently, immobilization of the antibodies
on the biosensor tips was allowed for 180s, followed by a baseline correction of 120s, and an
association and dissociation steps of 180s each. All assays were performed on a GatorPrime BLI
instrument (GatorBio) at a temperature of 30°C and frequency of 10 Hz. Binding constants were
obtained with the GatorOne software 1.7.28, using a global association model 1:1 for D25 and
MPES, and 2:1 for AM14.

Antigenic preservation after heat treatment was evaluated in the R1-b variant with the
highest melting temperature (SsA1) and the control proteins R1-b and RSV A/A2 DS-Cavl. The
proteins were incubated for one hour at 65 and 70°C in a thermocycler with heated lid (T100,
BioRad) Binding to D25 and MPES8 antibodies was measured afterwards following the protocol

described above.

Disulfide bond detection through alkylation and mass spectrometry

Alkylation with iodoacetic acid (IAA) and iodoacetamide (IAM) was used to corroborate
the formation of the disulfide bond VV157C - N183C in the SsAl protein. These alkylation reactions

were intended to label free cysteines differentially from disulfide-bonding cysteines. Specifically,
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carboxymethyl groups were attached to free cysteines (IAA reaction) and carbamidomethyl groups

were attached to disulfide-bonding cysteines (IAM reaction), after reduction of the disulfide bond.

Following alkylation, the samples were digested, and peptides were analyzed through tandem

liquid chromatography mass spectrometry (LC-MS/MS).

The detailed steps of the process are described below:

Alkylation reaction: 20uL of SsAl protein at 1.5 mg/mL were incubated for 30 minutes in the
dark with 2uL of 0.1M iodoacetic acid. The protein sample was denatured and reduced by
adding 0.5pL of 0.5M dithiothreitol (DTT). The mixture was heated at 100°C for 5 minutes
and after cooling down the reaction was allowed for 30 minutes at room temperature. The
second alkylation was carried out by adding 2uL of 0.5M iodoacetamide and incubating for 30
minutes.

Deglycosylation: The alkylated sample was mixed with 100uL of digest buffer (0.2% sodium
deoxycholate (SDC) in 50 mM ammonium bicarbonate) and digested with 20U PNGase F
(Lectenz Bio, Athens) in Sartorius Vivacon 500 (10K MWCO) for 2.5 hours at 37°C.

Trypsin digestion: The sample in the filter was washed twice with 200uL of 20mM
triethylammonium bicarbonate. 0.3pg of Trypsin in 50uL of 20mM triethylammonium
bicarbonate were added to the sample in the filter, and the digestion was carried out overnight
at 37°C. The next day, the tryptic digests were spun out of the filter, and remaining peptides in
the filter were eluted with 100uL of water. The tryptic peptides were dried by Vacufuge.
LC-MS/MS: The mass spectrometry analyses were performed on a Thermo Fisher LTQ
Orbitrap Elite Mass Spectrometer coupled with a Proxeon Easy NanoLC system (Waltham,
MA) located at Proteomics and Mass Spectrometry Facility, University of Georgia. The

enzymatic peptides were loaded into a reversed-phase column (self-packed column/emitter
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with Dr. Maisch ReproSil-pur C18AQ 120A 3uM resin), and directly eluted into the mass
spectrometer. Briefly, the two-buffer gradient elution (0.1% formic acid as buffer A and 99.9%
acetonitrile with .0.1% formic acid as buffer B) started with 0% buffer B for 2 minutes, and
then increased to 40% buffer B for 95 minutes and to 95% buffer B for 10 minutes. The MS
data was obtained using the Xcalibur software (version 3.0, Thermo Fisher Scientific) and the
data-dependent acquisition (DDA) method. A survey MS scan was acquired first, and then the
top 10 ions in the MS scan were selected for following CID (collision-induced dissociation)
and HCD (higher energy C trap dissociation) tandem mass spectrometry (MS/MS) analysis.
Both MS and MS/MS scans were obtained by Orbitrap at the resolutions of 120,000 and
15,000, respectively. Protein identification and modification characterization were performed
using Thermo Proteome Discoverer (version 3.0) with Mascot (Matrix Science) against
Uniprot plus the SsAl sequence, and a modified contaminations database with commonly

known contaminating proteins (Mascot).

Animal studies

Cotton rat immunization

Inbred 6-8 weeks-old, Sigmodon hispidus female and male cotton rats (source: Sigmovir

Biosystems, Inc., Rockville MD) were maintained and handled under veterinary supervision in

accordance with the National Institutes of Health guidelines and Sigmovir Institutional Animal

Care and Use Committee's approved animal study protocol (IACUC Protocol #15). Cotton rats

were housed in clear polycarbonate cages and provided with standard rodent chow (Harlan #7004)

and tap water ad lib. Groups of 5 or 6 animals (3 females/2 males or 3 females/3 males) were

immunized intramuscularly with two different doses (10 pg and 100 ug) of either purified R-1b or

SsA1 protein with AddaSO3 adjuvant (50% v/v) at weeks 0 and 4 (Prime and Boost) (Fig 4.4.A).
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Control experiments were carried out immunizing with only PBS (negative control), 10° PFU of
RSV A/A2 Live inoculated intranasally on week 0 (positive control for RSV A/A2 neutralization),
or formalin-inactivated RSV with a dose of 1:100 in PBS (FI- RSV lot#100) (positive control for
vaccine-enhanced disease). Bleeds were collected from the retro-orbital sinus at week 7 (Fig

4.4.A), and sera were analyzed by ELISA, BLI, and neutralization assay.

RSV A/A2 challenge

RSV A/A2 (ATCC, Manassas, VA) was propagated in HEp-2 cells after serial plaque-
purification to reduce defective-interfering particles. A pool of virus designated as RSV/A2 Lot#
092215 SSM containing approximately 3.0 x 108 pfu/mL in sucrose stabilizing media was used
for the in vivo experiment. Virus stock was stored at -80°C and had been characterized in vivo using
the cotton rat model and validated for upper and lower respiratory tract replication. Vaccinated
and control animals were inoculated intranasally at week seven with 0.1 mL of RSV/A2 (Lot#
092215 SSM) at 10° PFU per animal. Back titration on the challenge virus was performed to
confirm challenge dose. Cotton rats were euthanized on day five post-infection for analysis of viral

load and lung mMRNA gene expression.

RSV 1gG measurement by ELISA

100puL of purified R-1b [261], RSV A/A2 F (postfusion) [205], RSV A/A2 DS-Cavl [19],
and RSV B/ 18537 DS-Cavl [273] at 2 pug/mL were coated onto 96 well ELISA plates (Immulon
2 HB, Thermo Fisher) at 4°C overnight. Next day, plates were washed with wash buffer (PBS
buffer with 0.05% tween-20) and blocked with 200pL/well of blocking buffer (wash buffer
supplemented with 3% non-fat milk (LabScientific) and 0.5% BSA). After two hours incubation
at room temperature, plates were washed, and 100uL/well of diluted serum from each rat was

added and incubated for two hours at room temperature. Serum was serially diluted 1:3 in blocking
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buffer starting from a 1:20,000 or 1:60,000 (R1-b binding) dilution until a total of seven dilutions.
Once the serum incubation finished, the plates were washed, and 100uL/well of Rabbit anti Cotton
Rat 1gG (1:1000 in blocking buffer) (Invitrogen) was added and incubated for one hour at room
temperature. The plates were washed again and 100uL/well of Goat anti Rabbit IgG-HRP (1:9000
in blocking buffer) (Invitrogen) was added and incubated for one hour at room temperature.
Finally, plates were washed and 100uL/well of TMB substrate solution (Fisher Scientific) was
added and incubated in the dark for 15 minutes. The reaction was stopped with 100uL/well of 2M
H>SO4 and the optical density (OD) was measured at 450 nm on a SpectraMax M2 Reader
(Molecular Devices). All experiments were performed by duplicates and the averaged OD value
was considered for analysis. Serum titers were estimated with GraphPad Prism 9.0 [274] using the
area under the curve (AUC) measurement with a baseline of 0.3 absorbance units and logs-

transformed serum dilutions.

Antibody competition assays using BLI

Antibody binding competition against D25, MPES8 and 131-2A [229] (Millipore Sigma) was
carried out to estimate epitope-specific responses after vaccination. Prior to data collection, anti-
penta-His sensors (GatorBio) were hydrated for 20 minutes in BLI buffer (PBS buffer
supplemented with 0.5% BSA and 0.05% tween-20, pH 7.4). The assay was initiated with an
equilibration step in BLI buffer for 100s followed by immobilization of the R-1b or RSV A2 F
(postfusion) proteins at 20pg/mL, for 50s. The probes were then washed for 200s in blocking
buffer (25% ChonBlock buffer (Chondrex Inc.) diluted in BLI buffer) and interaction with pooled
serum samples (three weeks post-boost) was allowed for 700s. Sera were serially diluted 1:3 in
blocking buffer, starting from a 1:10 dilution until a total of six dilutions. Blocking buffer with no

serum and naive serum from PBS-vaccinated rats (1:10 dilution) were also included as controls.
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After serum interaction, a baseline phase was carried out by dipping the probes in blocking buffer
for 60s. Finally, association of competing antibodies was performed for 700s. The MPES8 antibody
was tested at 18ug/mL while the remaining antibodies were tested at 9ug/mL. All antibodies were
diluted in blocking buffer and the antigens were diluted in BLI buffer. Percentage of antibody
competition was calculated as 1- (association response vaccinated serum / association response
naive serum) x 100%. Measurements were performed by duplicates and the averaged competition
value was considered for analysis. All assays were performed with a GatorPrime BLI instrument

at a temperature of 30°C and frequency of 10 Hz.

RSV neutralizing antibody assay (60% reduction)

Heat inactivated serum samples were diluted 1:20 with Eagle's Minimum Essential Medium
(EMEM) and serially diluted further 1:4. Diluted serum samples were incubated with RSV A/A2
(25-50 PFU) for one hour at room temperature and inoculated in duplicates onto confluent HEp-2
monolayers in 24 well plates. After one hour incubation at 37°C in a 5% CO2 incubator, the wells
were overlayed with 0.75% methylcellulose medium. After four days of incubation, the overlay
was removed, and the cells were fixed with 0.1% crystal violet stain for one hour and then rinsed
and air dried. The corresponding reciprocal neutralizing antibody titers were determined at the
60% reduction end-point of the virus control. The averaged value for two measurements was

considered for analysis.

Lung and nose viral titration

Lung (en bloc and tri-sect, left section) and nasal tissue were homogenized in 3 mL of Hanks'
Balanced Salt Solution (HBSS) supplemented with 10% Sucrose-Phosphate-Glutamate (SPG).
Homogenates were clarified by centrifugation and diluted in EMEM. Confluent HEp-2

monolayers were infected in duplicates with diluted homogenates in 24 well plates. After one hour
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incubation at 37°C in a 5% CO2 incubator, the wells were overlayed with 0.75% methylcellulose
medium. After 4 days of incubation, the overlay was removed, and the cells were fixed with 0.1%
crystal violet stain for one hour and then rinsed and air dried. Plaques were counted and virus titer
was expressed as plaque forming units per gram of tissue. The averaged value over two

measurements was used for analysis.

Real-time PCR

Total RNA was extracted from homogenized tissue (lingular lobe) or cells using the
RNeasy purification kit (QIAGEN). 1ug of total RNA was used to prepare cDNA using Super
Script I RT (Invitrogen) and oligo dT primer (1uL, Invitrogen). For the real-time PCR reactions,
the Bio-Rad iQ™ SYBR Green Supermix was used in a final volume of 25uL, with final primer
concentrations of 0.5uM. Reactions were set up in duplicates in 96-well trays. Amplifications were
performed on a Bio-Rad iCycler for 1 cycle of 95°C for 3 min, followed by 40 cycles of 95°C for
10s, 60°C for 10s, and 72°C for 15s. The baseline cycles and cycle threshold (Ct) were calculated
by the iQ5 software in the PCR Base Line Subtracted Curve Fit mode. Relative quantitation of
DNA was applied to all samples. The standard curves were developed using serially-diluted cDNA
sample most enriched in the transcript of interest (e.g., lungs from 6 hours post RSV infection of
FI-RSV-immunized animals). The Ct values were plotted against logio cDNA dilution factor, and
these curves were used to convert the Ct values obtained for different samples to relative
expression units. The averaged relative expression units for two measurements were then
normalized to the level of B-actin mMRNA ("housekeeping gene™) expressed in the corresponding

sample.
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Statistical analysis

All statistical analysis were performed in R studio 4.1.0 using the tidyverse and rstatix
packages. ELISA results and vaccine-enhanced disease assessment from R-1b and SsAl
vaccinations were compared applying a two-tailed t-test. Neutralization data was compared with
the Mann-Whitney U test. The normality of each group was confirmed by a Shapiro wilk test, and
the equality of variances was checked through the Levene’s test. The overall level of significance

was set at 5%. Boxplot visualization was done with the seaborn package in python 3.7.

Data and Materials Availability

SsAl plasmid is available from EMS under a material transfer agreement with the
University of Georgia. Rosetta is available through licensing https://www.rosettacommons.org.
Scripts for generating designs will be available on https://github.com/strauchlab/disulfide_design

upon publication.

a. Reference residue
b. Pairing residues
¢. Packing and minimization

S-8 scanning on
-, conformational switch _

Modeling
Geometry check

Ranking based on RMSD transition pre-post

Figure 4. 1 Disulfide design strategy. (A) Disulfide scanning focuses on residues located on the
protein’s conformational switch area. Potential disulfide bonds are determined independently on
small regions of the protein to reduce the computational cost of the analysis. These regions are

defined by: (a) Reference residue: An amino acid located on the conformational switch area. (b)
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Pairing residues: Neighboring residues within a 7A sphere that could form a disulfide bond with
the reference residue. (c) Packing and minimization area: Region 12A around the pairing residues
allowed to repack and energetically minimize during the modeling process. (B) New potential
disulfide bonds identified in R-1b. The disulfides were selected based on a correct geometry and
ranked according to the protein’s conformational dynamics. We propose that disulfide bonds
placed in regions of high root-mean-square-deviation (RMSD), when comparing the pre- and
postfusion structures, would confer higher stability to the prefusion state. The R-1b protein (PDB:
7TN1) is on display with two protomers as light-grey molecular surfaces and one protomer as a
dark-grey ribbon. Regions undergoing drastic conformational changes are highlighted in dark blue,

and newly designed disulfide bonds are shown in yellow sticks.
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Native disulfide bonds in RSV F
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Figure 4. 2 Geometry assessment of the newly identified potential disulfides in RSV F. (A)
Geometric parameters used to evaluate the correctness of a disulfide bond. The top panel displays
the bond angles sampled by the native disulfides in the RSV F (PDB: 5w23) while the bottom
panel presents the bond angles of the new potential disulfides identified in the R-1b protein. The
background color scales in each plot represent the frequency of each bond angle, according to a
set of 300 high-resolution structures (<1.5A). Darker colors indicate angles that were more
frequent in this reference set, while lighter colors represent angles of low frequency. (B) Root-
mean-square-deviation (RMSD) mapping of residues forming new potential disulfide bonds.
RMSD values were calculated by aligning the prefusion and postfusion structures of the RSV F

protein (PDB: 5w23 and 3rrt). The highest RMSD found within the residue pair forming the
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disulfide bond determined the ranking of the disulfide and is highlighted in black or red circles.

Disulfides selected for experimental validation are highlighted in red in all panels.
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Figure 4. 3 Biochemical characterization of R-1b variants containing designed non-native
disulfide bonds. (A) Size-exclusion chromatography. (B) Differential scanning fluorimetry of
designed variants in comparison with the clinical candidate DS-Cav1[19]. On display are shown
averaged values over three replicates. Estimated melting temperatures are R-1b 62°C, SsAl
74.5°C, SsA2 67.5°C, SsB1 64.5°C, and DS-Cav1 68°C. (C) Binding of variants SsAl, R-1b, and
DS-Cavl to prefusion antibodies after heat treatment. R-1b was only tested at room temperature
as the protein's melting temperature was below the set temperature for the assays. Plotted values
correspond to binding at the highest protein concentration (200nM). BLI row data is shown in
grey, while fitted curves are shown in colors. The end of the association time is delimited with a

dotted line. Binding constants are shown in Table 4.S1.
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Figure 4. 4 Immunogenicity assessment of R1-b variants in cotton rats. (A) Vaccination study
regimen. (B) Serum IgG binding against R1-b, (C) RSV A/A2 F (postfusion) [205], and (D) RSV
B/18537 DS-Cav1[273] proteins measured by ELISA three weeks post-boost. Control experiments
corresponded to a mock vaccination with PBS and a primary infection with RSV A/A2 on day 0
(RSV inf.). Serum titers were estimated with GraphPad Prism 9.0 [274] using the area under the
curve (AUC) measurement with a baseline of 0.3 absorbance units and logs-transformed serum
dilutions. Sera were serially diluted three-fold from 1:60,000 (R1-b binding) or 1:20,000 to a total
of 7 dilutions. (E) Serum neutralizing (NA) titers against RSV A/A2 using sera three weeks post-
boost. (F) RSV A/A2 viral titers in lung and nose five days after challenge. Viral titers were
determined by plaque forming units (PFU) per gram of tissue. Averaged values from two
measurements for each animal are presented in circles while the distribution of the data is shown
in boxplots. All boxplots display the median as a central line, lower and upper quartiles as the box

limits, and minimum to maximum values as whiskers. Pairwise statistical analyses were performed

101



with a two-tailed T-test for the ELISA experiments and Mann-Whitney U test for the neutralization
data. *, p < 0.05; **,p < 0.01. Cotton rat cartoon was created with BioRender.com through the

Institute of Bioinformatics licensing at the University of Georgia.
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Figure 4. 5 BLI-based antibody binding competition against three weeks post-boost serum.
Pooled serum samples from rats vaccinated with 10ug of R-1b or SsA1 were tested for binding
competition against D25, MPES, and 131-2A antibodies. Sera reactivity was first evaluated against
immobilized R-1b and the complexes R-1b+serum antibodies were then tested for interaction with
the reference antibodies. Percentage of antibody competition was calculated as 1- (association
response vaccinated serum / association response naive serum) x 100%. Measurements were

performed by duplicates and the averaged value is on display.
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Figure 4. 6 Vaccine-enhanced disease assessment according to mRNA levels of (A)
Interleukin-4 (IL-4), (B) Interleukin-13 (IL-13), and (C) Interferon gamma (IFN-g). mRNA levels
were measured in lung tissue five days post-challenge. A mock vaccination with PBS was used as
the negative control, and mice immunized with formalin-inactivated RSV (FI-RSV) as the positive
control. The relative expression units were normalized to the level of B-actin mMRNA
("housekeeping gene™) expressed in the corresponding sample. Averaged values from two
measurements for each animal are presented in circles while the distribution of the data is shown
in boxplots. All boxplots show the median as a central line, lower and upper quartiles as the box
limits, and minimum to maximum values as whiskers. Pairwise statistical analyses were performed

with a two-tailed T-test. *, p <0.05; **, p<0.01.
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Figure 4.S 1 Tandem liquid chromatography mass spectrometry (LC-MS/MS) analysis of
SsAl1 peptides containing cysteine 157 (CLHLEGEVNK) and cysteine 183
(AVVSLSCGVSVLTSK). The SsAl protein was treated with two alkylation procedures to

distinguish free cysteine residues from disulfide-bonding cysteines. Alkylation with iodoacetic
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acid (IAA) was used to attach carboxymethyl groups to free cysteines while alkylation with
iodoacetamide (IAM) was used to label disulfide-bonding cysteines with carbamidomethyl groups,
after proper reduction of the disulfide bond. (A) IAM-treated (ion m/z 400.2010) and (B) 1AA-
treated (ion m/z 400.5295) spectrums of peptide containing cysteine 157 (CLHLEGEVNK). (C)
IAM-treated (ion m/z 753.9150) and (D) IAA-treated (ion m/z 754.4071) spectrums of peptide
containing cysteine 183 (AVVSLSCGVSVLTSK). Left panels depict ion chromatograms for two
types of ions (IAM and IAA treatments) and right panels show the mass spectrum of each sample.
Although both peptides were slightly alkylated during the 1AA treatment (free-cysteine labeling)
as shown in (B) and (D), the base peak intensity of the IAM treatments (disulfide-bonding
labeling), dictated by the normalization level (NL) value, evidenced the predominance of
disulfide-bonding cysteines. The NL values for IAM and IAA alkylation of peptide
CLHLEGEVNK were 4.28E8 and 1.48E7, respectively, while peptide AVVSLSCGVSVLTSK

showed 1.11E8 and 7.25ES6, respectively.
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Figure 4.S 2 Fragmentation spectrum of ion containing SsA1 cysteine 157 (CLHLEGEVNK)

labeled with carbamidomethyl (IAM treatment). On display is shown the spectrum of +2 charge

state product ion, with monoisotopic m/z: 599.79796 Da (+0.08 mmu/+0.14 ppm), MH+:

1198.58865 Da, and retention time: 21.5271 min. The peptide was identified with Sequest HT

(v1.17); XCorr:3.37, and a fragment match tolerance of 0.02 Da. Fragments used for search were

y-H:0; y-NHs3; b; b-H20O; b-NHs; y.
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Figure 4.S 3 Fragmentation spectrum of ion containing SsAl cysteine 183

(AVVSLSCGVSVLTSK) labeled with carbamidomethyl (IAM treatment). On display is shown
the spectrum of +2 charge state product ion, with monoisotopic m/z: 753.91394 Da (+0.5
mmu/+0.66 ppm), MH+: 1506.82061 Da, and retention time: 38.9540 min. The peptide was

identified with Sequest HT (v1.17); XCorr:3.69, and a fragment match tolerance of 0.02 Da.

Fragments used for search: y-H-O; y-NHs; b; b-H20; y
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Table 4.S 1 Binding kinetics of prefusion-stabilized RSV F variants using Bio-layer interferometry.

Antibodies
S Assay D25 AM14* MPES
. temperatu re
Variants °C
°C) koff kon KD koff kon KD koff kon KD
(1/s) (1/Ms) (M) (1/s) (1/Ms) (M) (1/5) (1/Ms) (M)
0.0541 179 0.000303
. N/A 1.79E+05 N/A 000216 | 6.16E+05 | 351E.09 N/A 4.80E+04 N/A
0.0322 357 9.01E-05
N/A 1.72E+05 N/A NIA 8 O1E+06 /A N/A 5.73E+04 N/A
N/A 1.72E+05 N/A N/A N/A N/A N/A 2.61E+04 N/A
SsAl 65
N/A 1.75E+05 N/A N/A N/A N/A N/A 3.08E+04 N/A
N/A 3.50E+04 N/A N/A N/A N/A N/A 198 N/A
70
N/A 2.72E+04 N/A N/A N/A N/A N/A 87.8 N/A
0.00162 | 5.16E+04 | 3.14E-08
T N/A 1.57E+05 N/A N/A 3.26E+05 N/A N/A 4 93E+04 N/A
0.00126 | 5.87E+04 | 2.14E-08
N/A 1.82E+05 N/A T Eye A N/A 5.10E+04 N/A
DS-Cavl . N/A 3.48E+04 N/A N/A N/A N/A N/A 64.7 N/A
N/A 3.70E+04 N/A N/A N/A N/A N/A 73.8 N/A
N.B. N.B. N.B. N/A N/A N/A N.B. N.B. N.B.
70
N.B. N.B. N.B. N/A N/A N/A N.B. N.B. N.B.
0.00291 | 5.85E+04 | 4.98E-08
R-1b RT N/A 1.82E+05 N/A N/A 5 00E+05 N/A N/A 6.60E+04 N/A
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N/A

1.82E+05

N/A

0.0034
N/A

6.26E+04
5.72E+05

5.42E-08
N/A

N/A

5.58E+04

N/A

RT=Room Temperature, N.B. = No Binding. N/A= Not Applicable.

* Binding was calculated with a 2:1 binding model. The model assumes two molecules bind with different binding constants. Both

constants are presented.
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CHAPTER 5

A NEW PROTEIN DESIGN STRATEGY TO ENGINEER HEMAGGLUTININ (HA)-BASED

VACCINES WITH POTENTIAL BROAD PROTECTION

Gonzalez, K. J., Shepard, J. D., Shi, H ., Gokanapudi, N., Johnson, S. K., Jones, C., Page, C.,
Tompkins, S., Ross, T. M & Strauch, E. M. “A new protein design strategy to engineer
hemagglutinin (HA)-based vaccines with potential broad protection.”

To be submitted to Journal of Virology.
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Abstract
The influenza virus effectively evades existing immunity by accumulating amino acid

variations in regions targeted by antibodies. To ensure adequate protection, vaccines must
stimulate a comprehensive immune response capable of neutralizing a wide range of the virus's
antigenic variants. The development of such universally reactive immunogens remains an ongoing
challenge in vaccine research, emphasizing the need for innovative design approaches. In this
study, we explored the potential of three protein design strategies to engineer broadly protective
HA-based immunogens within the H1 influenza subtype. We were successful in expressing and
characterizing 14 designed candidates, which were subsequently evaluated for their vaccinal
potential in a mouse model. Of these, three proteins demonstrated effective protection against viral
challenge with the A/Brisbane/02/2018 (H1N1) strain. Remarkably, one protein elicited a wide
variety of antibodies capable of interacting with both pre- and post-pandemic HAs, in addition to
H3 subtypes. This immunogen was engineered by replacing all regions outside the head's primary
antigenic sites with a consensus sequence derived from long-lasting HIN1 vaccine strains.
Meanwhile, the head's antigenic regions maintained a native sequence, each epitope containing a
different strain within the long-lasting vaccines. Given the promising broad-spectrum
immunological response elicited by this design strategy, our approach may represent a novel

avenue for the development of universally reactive influenza vaccines.
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Introduction

Although seasonal vaccination is still the most valuable tool to control influenza
infections[275], the rapid evolution of the virus has dramatically constrained the efficacy and
durability of these vaccines[6], [7]. Unfortunately, the influenza virus proficiently escapes from
existing immunity by introducing point mutations that transform its antigenic properties[24], [25].
Since current influenza vaccines are not cross-reactive, vaccination is only effective for specific
influenza strains, and vaccines become obsolete once the virus changes[276]. Therefore, ideal
influenza vaccines are expected to overcome the antigenic variability of the virus and be broadly
protective against seasonal and potential pandemic strains[25], [109].

The hemagglutinin (HA) protein has been the central component of influenza vaccines due
to its ability to trigger strong humoral responses[277]. In fact, hemagglutination inhibiting (HAI)
antibody titers have been historically used to predict influenza vaccine efficacy and select new
vaccine compositions[7]. The HA protein is structurally defined by the head and the stem domains,
each playing different roles during the viral infection[96]. While the head region mediates the
attachment to host cells through a receptor-binding site (RBS), the stem domain serves as a
conformational switch that allows the fusion between the viral and the cell membrane[97]. Likely
because of its accessibility on the viral surface, the head domain is immunodominant over the
stem, and antibodies binding to this region are more potent at directly neutralizing the virus[110].
Sites of vulnerability are predominantly focused on five antigenic sites, designated as Sa, Sh, Cal,
Ca2, and Cb [278], although loops adjacent to the RBS also play a significant role in the antigenic
properties of the protein [107]. As a consequence of the immunodominance of these regions, the
HA head undergoes a constant selective pressure that drives it to be antigenically diverse, whereas

the stem domain remains fairly conserved [105].
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To take advantage of the conservation of the HA stem in enhancing vaccine cross-
reactivity, different approaches are under development to focus influenza immune responses
towards this domain[279]. Attractive strategies include glycan masking[200], [201], [203] or
complete removal of the head[120], [174], [191], [193], and sequential vaccination with chimeric
proteins intended to recall preexisting anti-stem antibodies[184], [186], [189]. Other strategies
involving conserved sequences have considered both HA head and stem and aimed to summarize
in one single protein all common information within influenza subtypes. This idea arose in the
computationally optimized broadly reactive antigens (COBRAS) where multiple layers of
consensus calculations were able to condense historic amino acid changes undergone by the
influenza virus[170]. COBRA proteins have shown favorable reactivity in H5N1, H1N1, and
H3N2 influenza subtypes[170]-[172].

Despite significant progress in expanding the protective scope of HA-based vaccines, the
development of a universal influenza vaccine remains an unmet need. Consequently, in this study
we implemented various protein design methodologies aiming at generating broadly reactive HA
immunogens. One particular design strategy yielded significant success, resulting in an HA variant
capable of conferring protection against heterologous viral challenge. The diverse antibody
response elicited by this protein underscores its potential for broad-spectrum protection, thereby
positioning our design approach as a promising new avenue for the development of universal
influenza vaccines.

Results
Design of HA immunogens
We evaluated the potential of three protein engineering strategies to generate broadly

reactive HA immunogens within the H1 influenza subtype. Initially, we hypothesized that
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elements crucial for protection might be found in the vaccine strains recommended by the World
Health Organization (WHO) [280]. While seasonal vaccinations are generally required, certain
vaccine strains have exhibited multi-seasonal efficacy, suggesting that they contain attributes
conserved among diverse viral strains. To explore this, we generated consensus HA sequences
from H1N1 vaccine strains, with the objective of unveiling these conserved cross-reactive
epitopes. We have termed this approach "consensus vaccines."

Expanding upon the previous concept, our second approach postulates that vaccine strains
offering extended periods of protection may contain the most relevant information for eliciting
robust immunity. Specifically, the strains Brazil/11/1978 (Brz/78), Singapore/6/1986 (Sing/86),
New Caledonia/20/1999 (NC/99), and California/07/2009 (Cal/09) were each shown to confer
protection against HIN1 viruses for at least six years [280]. As such, these strains serve as
repositories of sequence features that span multiple viral generations. Thus, our second design
methodology focused on generating a consensus sequence from the above long-lasting protective
strains. However, given that the resulting protein's head would inherently be biased toward pre-
pandemic strains—due to their higher prevalence in the input sequences—we opted not to assign
the consensus sequence to the immunogenic regions of the protein head. Instead, we constructed
a mosaic-like head, featuring a diverse array of antigenic epitopes (Fig 5.S.1). This involved
isolating the antigenic head epitopes from each of the long-lasting vaccines, followed by the
generation of various combinatorial arrangements across the head domain. With this approach, we
aimed to stimulate an antibody response potentially recognizing commonly found phenotypes in
both head and stem domains. We refer to this strategy as "mixed epitopes” (Fig 5.S.1).

Finally, motivated by the promise of multi-layered consensus [171], we adopted this

approach to generate consensus-based designs with all available H1 HA sequences from human-
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isolated influenza viruses up to the year 2019. This strategy was designed with dual objectives:
first, to identify highly conserved regions that have persisted throughout the evolution of the virus,
and second, to provide a comparative framework for assessing how effectively the consensus
sequence of vaccine strains captures this evolutionary history. Contrary to previous technologies
[171], which required a careful selection of input sequences for consensus calculations, our multi-
layer implementation was intended to be more general and automated. Briefly, all our HA dataset
was sorted based on strain isolation year, and a single consensus sequence was computed for each
period. After this, sequences were grouped according to phylogenetic trees estimates. To enhance
clustering diversity, we employed three phylogenetic algorithms and various sequence inputs (e.g.,
whole protein sequences, head-only sequences, or pseudo-sequences incorporating the most
immunogenic HA head epitopes). Each of these clustering techniques yielded slightly divergent
groups, thereby facilitating a broader range of consensus calculations. The multi-layer consensus
was then carried out in accordance with the sequence clusters delineated on each phylogenetic tree
(Fig 5.S.2 and 5.S.3). Notably, as the initial consensus step based on isolation year substantially
reduced the number of input sequences, ambiguous consensus resulted at certain residue positions
where multiple residues exhibited the same frequency. In such instances, we employed native
sequences possessing pertinent attributes—such as pandemic-like or seasonal-like
characteristics—to inform the identity of the ambiguous residues. We hypothesized that the
integration of these template sequences would facilitate the display of both pre- and post-pandemic
antigenic features, thereby expanding the range and specificity of the elicited antibody response.
We ranked all our designed sequences based on their percentage of sequence similarity
with the pandemic Cal/09 strain, and we selected 27 constructs exhibiting varying degrees of

sequence identity for further experimental characterization.
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Biochemical characterization of designed proteins

Of the selected designs, 14 out of 27 proteins successfully expressed as trimeric complexes
in mammalian cells, as confirmed by their optimal size-exclusion chromatography (SEC) profiles
(Fig 5.1.A). While a substantial portion of these proteins exhibited high expression levels, the
remaining constructs yielded suboptimal results, particularly those originating from mixed-epitope
designs (Fig 5.1.B). Given that these mixed-epitope constructs were assembled through a random
combination of sequences, their lower expression levels are likely due to the inclusion of elements
less favorable in naturally occurring configurations. Nonetheless, assessment of the thermal
stability of all expressed proteins showed melting temperatures comparable to those of native HAs,
suggesting that their fundamental structural attributes might have remained unperturbed (Fig
5.1.B). Notably, around 50% of our designs, including some based on mixed epitopes,
demonstrated an enhanced thermal stability of at least 4°C compared to the Cal/09 HA (Fig 5.1.B).

To characterize the antigenic properties of the expressed designs, we tested binding to a
panel of 12 antibodies, each displaying distinct reactivity (Fig 5.2.A). Specifically, we evaluated
five broadly-reactive antibodies, including two head-specific, C05[281] and 1F8[115], one stem-
specific, FI6v3[118], and two anchor antibodies, P1-03 and P1-05[282]. Additionally, we assessed
4H3, 4G10, and 3D3, which are head-specific antibodies displaying neutralizing activity; 4G10
and 3D3 are effective against pandemic strains only, while 4H3 shows efficacy against both
pandemic and post-pandemic strains [115]. To complete the panel, we included four narrowly
reactive antibodies that were naturally induced by the 2017-2018 influenza vaccine
(Fluzone)[282]. These antibodies target either the RBS surroundings (Ca09-40 and Ca09-16), a
lateral patch epitope (Ca09-28), or an undefined region on the head with non-neutralizing activity

(Ca09-38)[282].
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As anticipated, all designed proteins exhibited high affinity for antibodies targeting the
HAZ2 subunit, such as stem and anchor antibodies (Fig 5.2.A). These results not only confirm the
correct structural assembly of the newly engineered proteins but also highlight the high degree of
sequence conservation within this subunit. In the context of broadly reactive, head-specific
antibodies, 1F8 demonstrated strong binding to nearly all protein designs, with the exceptions of
design #15, which showed weak binding, and design #5, which showed no binding. On the other
hand, while most interactions with the antibody C05 occurred with proteins that lacked an insertion
at position 133a (between HAL residues 133 and 134), as it is characteristic of this antibody [283],
designs #17 and #56 evidenced binding despite the presence of the insertion (Fig 5.2.A). Lastly,
interactions with narrowly reactive antibodies were variable, likely reflecting different
compositions of seasonal pre-pandemic and pandemic-like epitopes within the designed proteins
(Fig 5.2.A). Overall, the diverse antibody binding affinities observed in these characterizations
imply that our engineered proteins are antigenically distinct, potentially offering different
mechanisms of protection when employed as immunogens.

Given the binding profiles displayed by all our designs, we conducted a Principal
Component Analysis (PCA) to better visualize their differences and similarities regarding
antigenic features (Fig 5.2.B). Using a preset cluster count of seven, we found that three of our
designed proteins clustered with established long-lasting H1IN1 vaccine strains, suggesting
antigenic resemblance. Specifically, design #6 showed a close alignment with the Cal/09 strain,
indicative of the presence of protective, pandemic-like epitopes. Likewise, designs #20 and #56
were closely associated with the A/New Caledonia/20/1999 (NC/99) strain, suggesting they
possess epitopes with equivalent pre-pandemic antigenic properties. Additionally, design #57

presented an antigenic profile analogous to the COBRA antigen P1, known for eliciting broad-
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spectrum immune responses against both pandemic and pre-pandemic viruses [115], [171], [284].
Given the broad protective capabilities previously demonstrated by the control proteins in each of
these antigenic clusters, it appears likely that our vaccine designs with similar antigenic profiles
could induce comparable immunogenic responses. Finally, the remaining designed proteins fell
into a transitional clustering zone between seasonal pre-pandemic strains and P1. This may be
reflective of their limited binding affinity to pandemic and post-pandemic-specific antibodies,
despite the incorporation of the K133a insertion—a feature typically associated with pandemic-
like strains.
Immunogenicity evaluation in mouse model

To evaluate our designs’ ability to elicit broadly protective immune responses, we
vaccinated mice using a prime-boost regimen (Fig 5.3.A). Following the last immunization, serum
samples were collected to measure the HAI activity of the induced antibody response. Initial
testing focused on the pandemic strain Cal/09 and the post-pandemic strain A/Brisbane/02/2018
(Bris/18) to estimate potential protection against current influenza strains (Fig 5.3.B). Consistent
with our earlier antibody binding data, the antibodies triggered by design #6 demonstrated robust
activity against Cal/09 and moderate reactivity against Bris/18. Conversely, sera from designs #57
and #15 displayed notable HAI activity against both viral strains (Fig 5.3.B). Surprisingly, such
reactivity was absent in immunizations with design #5, despite its antigenic similarities to design
#15 as per antibody binding-based clustering (Fig 5.2.B). This discrepancy might be a consequence
of the divergent affinities between these two designs and the post-pandemic-specific antibody
Ca09-40 (Fig 5.2.A). The pronounce binding affinity between design #15 and Ca09-40, which was
not observed in design #5 (Fig 5.2.A), suggests the presence of a post-pandemic epitope in the

head region of design #15 that may be lacking in design #5. Finally, corroborating our expectations
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based on antibody-binding clustering and minor reactivity to antibodies recognizing pandemic-
like proteins (Fig 5.2), the remaining designed vaccines were ineffective in eliciting measurable
HA titers against both Cal/09 and Bris/18 strains (Fig 5.3.B).

While HAI* titers are correlate of protection [7], many influenza antibodies can confer
immunity through alternative mechanisms [115], [121], [285]. Consequently, we further assessed
the protective efficacy of our vaccine designs by measuring viral clearance in the lungs following
a challenge with the Bris/18 strain. Consistent with the HAI data, immunization with designs #6
and #15 effectively halted viral replication in the lungs, with most viral titers falling below our
limit of detection (~1 x 102 PFU/mL of lung homogenates) (Fig 5.3.C). In contrast, despite
showing promising HAI activity, the immune response elicited by design #57 failed to achieve
effective viral clearance (Fig 5.3.B-C). Interestingly, an opposite phenomenon was observed with
mice vaccinated with design #56; they exhibited successful protection against viral replication
even though the HAI activity was previously determined to be inadequate (Fig 5.3.B-C).

To further explore the breadth of reactivity, we conducted HAI testing against both pre-
pandemic and H3 strains. This evaluation focused on vaccinated groups that demonstrated
promising viral clearance, as well as design #57. Within this experimental framework, the antibody
response elicited by design #56 had notable reactivity, displaying remarkable HAI activity against
A/Singapore/6/1986 (Sing/86) (Fig 5.3.D). Furthermore, 50% of mice vaccinated with design #56
generated HAI™ titers against A/New Caledonia/20/9 (NC/99) (Fig 5.3.D). This result aligns with
the potential seasonal attributes previously identified in our antibody binding-based clustering
analysis (Fig 5.2.B). Surprisingly, half of the serum samples from animals vaccinated with design
#56 also showed HAI activity against the H3 subtype A/Switzerland/9715293/2013 (Swit/13),

although they did not surpass the 1:40 threshold (Fig 5.3.D). A similarly pattern of reactivity was
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observed for design #6, which induced HAI" titers against both Sing/86 and Swit/13 (Fig 5.3.D).
Finally, design #57 induced reactive antibodies against pre-pandemic viruses, most notably against
Bris/07 (Fig 5.3.D).

In summary, based on HALI titers, vaccination with design #6 generated the most broadly
reactive immune response among our panel of vaccine candidates. This design induced antibodies
that were reactive against four viruses, including two of pandemic-like nature, one pre-pandemic,
and one belonging to the H3 subtype. Following closely, design #56 induced antibodies with HAI*
activity against two pre-pandemic strains and one H3 subtype. Additionally, design #56
demonstrated protective efficacy against the post-pandemic Bris/18 strain. Conversely, although
design #57 successfully generated HAI" titers against both pandemic and pre-pandemic strains, its
inability to offer protection during viral challenge raises questions about its practical utility.

Sera binding competition

Intrigued by the broadly reactive response generated by design #6 and #56, as well as the
protective efficacy of design #15, we chose these candidates for further investigation of their
antibody responses. Specifically, we sought to gain a more in-depth understanding of the binding
regions targeted by the antibodies elicited through vaccination. To this end, we assessed serum
binding competition against a panel of well-characterized, broadly reactive antibodies. These
antibodies included the head antibodies CO5 and 1F8, the stem antibody CR9114[286], and the
anchor antibody P1-05. Our results initially evidenced a pronounced head-specific antibody
response coming from vaccinations with design #15. These antibodies demonstrated competition
solely with the head-specific antibody 1F8, particularly when reacting with the Bris/18 and Cal/09
HAs (Fig 5.4). Considering that the level of binding competition was moderate, and we only found

HAI activity against pandemic-like strains, it is plausible that these antibodies employ a distinct
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binding strategy compared to 1F8, rendering them more strain-specific. Collectively, these data
suggest that the protection conferred by design #15 was likely mediated through head-specific
mechanisms, most probably via HAI activity.

In stark contrast to design #15, vaccination with design #56 elicited the most heterogenous
antibody response among our selected candidates (Fig 5.4). A particularly notable aspect was the
pronounced competition for stem and anchor epitopes, which was not found in any of the other
vaccination groups. This robust stem response was anticipated, given the vaccine's success in
achieving viral clearance despite the absence of HAI activity (Fig 5.3. C). Interestingly, we also
identified several head-directed antibodies against a diverse panel of HAs, including proteins from
H3 strains. The latter was of particular interest, driving us to perform additional HAI assessments.
Specifically, we investigated whether the intense antibody competition against CO5 when reacting
with the Sing/16 HA would translate to HAI activity. Unfortunately, no HAI activity was found
against Sing/16 (Fig 5.S.4.A). Consequently, although the protective role of the observed head
antibodies lacking HAI activity remains ambiguous, our current data suggest that design #56 has
the potential for broad protection. It may confer immunity against some pre-pandemic strains
through HAI activity, while neutralizing other strains through Fc-mediated mechanisms [287].

Finally, the antibody binding features resulting from vaccination with design #6 closely
aligned with that of the control vaccinations using Bris/18 and Cal/09. These responses were
dominated by a substantial population of head-specific antibodies, whereas the induction of stem
antibodies was relatively limited (Fig 5.4). When considered in conjunction with the previously
described HAI activity, these findings suggest that the protection conferred by design #6 is

predominantly mediated by head-specific antibodies.
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Interestingly, design #6 and the controls Cal/09 and Bris/18 appeared to differ in the head
response competing for the 1F8 binding site, in the context of NC/99 and Sing/86 HAs. Serum
from animals vaccinated with design #6 seemed to harbor a greater number of antibodies targeting
this region compared to those in the control groups (Fig 5.4). However, the functional implications
of this apparent enhancement remain to be fully delineated, pending an assessment of the
neutralizing potency of these antibodies.

Second-generation of HA designs

Due to the promising reactivity profiles of designs #6 and #56, we generated second-
generation versions to better understand and potentially improve their immunogenic properties.
For design #56, we specifically investigated whether HAI activity against pandemic-like strains
was constrained by the antigenic site Sa. Given that the original design of #56 incorporated the
NC/99 sequence at the Sa site (Fig 5.S.1), we hypothesized that this sequence could be the primary
factor contributing to the protein's pre-pandemic attributes. To test this, we substituted the NC/99
sequence at the Sa site with the corresponding sequence from Cal/09. The resulting variant was
named "56_Sa."

Regarding design #6, we explored two options. First, sequence alignment revealed that a
major distinction between design #6 and Bris/18 lay at residue position 186. While Bris/18
contains a Proline at this position, both design #6 and Cal/09 feature a Serine (Fig 5.S.5). Given
the immunodominance of the 190-helix [108] and the apparent establishment of this Proline in
newer sequences (Fig 5.S.6), we proposed that incorporating an S186P mutation into design #6
might enhance the vaccine's protective capacity against current and potentially emergent strains.

This modified construct was designated as "6_186."
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To further diversify the protective potential of design #6, our second variant aimed at
enhancing stem-directed antibody responses. We focused our efforts on amino acid position 133a,
where evidence indicates that an insertion at this site can substantially shape the specificity of the
resulting antibody response [288]. To counteract this, we introduced a putative glycosylation site
into design #6 by implementing an N133T substitution. This modification generates an N-X-T
motif spanning residues 131-133, which may undergo glycosylation at position 131. The potential
glycosylation could sterically mask the 133a insertion, redirecting the immune response towards
subdominant regions like the stem domain. This protein variant was named "6_132."
Immunogenicity evaluation of second-generation variants

To evaluate the immunogenic implications of the designed mutations, we performed a
second vaccination study following the same regimen described earlier (Fig 5. 3.A). Serum
samples were collected two weeks post-second boost and analyzed for HAI activity against Bris/18
and Cal/09. For design 6_186, we postulated that the introduction of a Proline residue at position
186 could potentially amplify the vaccine's effectiveness against newer strains like Bris/18.
However, in contrast to our expectations, the antibody responses triggered by 6 186 did not
display significant changes in HAI activity as compared to those elicited by the original design #6
(Fig 5.5.A). It is worth noting that while every mouse vaccinated with design #6 showed strong
HAI" titers against Bris/18, a subset of mice vaccinated with 6_186 failed to produce antibodies
with HAI activity. A similar pattern was noted when the antibody responses were tested against
the Cal/09 strain (Fig 5.5.A).

For the second variant of design #6, design 6_132, we hypothesized that introducing a
glycosylation site at amino acid position 131 would have minimal impact on the HAI" response

against pandemic-like strains. This assumption was informed by existing research, highlighting
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the Sb and Ca2 antigenic sites as the dominant targets of the immune response in the context of
post-pandemic vaccinations [289]. Consistent with their findings, serum samples from mice
vaccinated with 6 132 did not exhibit significant variations in HAI activity against either the
Bris/18 or Cal/09 strains, compared to those vaccinated with the original design #6 (Fig 5.5.A).

The 56_Sa variant was anticipated to enhance head reactivity towards pandemic-like
sequences, given that the Sa region in the original design #56 was derived from a pre-pandemic
strain (NC/99). Intriguingly, this hypothesis was validated when HAI reactivity was assessed
against Bris/18 but not against Cal/09 (Fig 5.5.A). This outcome is particularly unexpected,
considering that the head region of the 56_Sa protein shares a higher degree of sequence similarity
with Cal/09 (79.6%) than with Bris/18 (75.3%). To further probe the implications of the Sa
substitution, we assessed HAI reactivity against the pre-pandemic strain NC/99, but similar
unanticipated results were obtained (data not shown). In this experiment, the original design #56
failed to elicit any HAI activity against NC/99, whereas the 56_Sa variant did so in half of the
vaccinated animals. Unfortunately, the incongruent nature of our HAI data precludes a definitive
conclusion regarding the impact of the Sa region in design #56.

The intricate challenges of influenza vaccine design were further underscored by our viral
clearance assays following challenge with the Bris/18 strain. Surprisingly, while all our second-
generation vaccine candidates induced antibody responses with significant HAI activity against
Bris/18, none succeeded in effectively clearing the virus from the lungs (Fig 5.5.B). Design 56_Sa
showed partial viral clearance, yet it failed to provide protection in half of the animals tested.
Sera binding competition of second generation of HA variants

To gain a deeper insight into how the immune response induced by our second-generation

vaccines differed from that triggered by the parental antigens, we conducted serum-binding
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competition assays against the broadly reactive antibodies C05, 1F8, CR9114, and P1-05 (Fig 5.6).
Our results suggest that design 56_Sa induced more head-specific antibody responses in the
context of H1 subtypes, as compared to the antibody response generated by the original design #56
(Fig 5.4 and 5.6). Accordingly, sera obtained from mice vaccinated with 56_Sa demonstrated a
reduction of at least 19% in competition against the CR9114 stem antibody, across all H1L HAs
tested. Conversely, competition for head-binding sites in H3 HAs declined by at least 33% in sera
from 56_Sa vaccinations compared to those from design #56 (Fig 5.6). Taken together, these data
implies that the antibody response produced by design 56_Sa is more subtype-specific compared
to the response triggered by design #56. Furthermore, the design 56_Sa response is possibly more
strain-specific within the H1 subtype, given its increased emphasis on head-directed antibodies.
These observations are consistent with prior studies highlighting the influence of the Sa region on
the specificity and immunodominance of head epitopes [108], [290].

Differences in the antibody response induced by the two variants of design #6 were mostly
seen regarding the CR9114 stem epitope and head antibodies potentially binding to pre-pandemic
and H3 strains. A significant variation in the sera from mice vaccinated with design 6_186 was the
absence of antibodies that compete for the CO5 binding site on H3 HAs (Fig 5.6). The head
antibodies produced by 6 186 appear to adopt a distinct binding mode compared to those elicited
by design #6. This difference is evident in the lack of binding to H3 HAs and in the unique
competition observed for both C05 and 1F8 binding sites on the NC/99 HA—a feature not
previously seen with sera from design #6 (Fig 5.4 and 5.6). In contrast, antibodies from design #6
predominantly competed for the 1F8 binding site on the NC/99 HA (Fig 5.4). These results suggest
that the S186P substitution imposes a structural constraint that alters the binding mode of head

antibodies, potentially narrowing their reactivity range. In terms of stem antibodies, we found that
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vaccination with design 6_186 generated a greater number of antibodies competing for the CR9114
binding site compared to the original design #6. This was particularly evident when sera were
assessed against Bris/18, NC/99, and Sing/86 HAs (Fig 5.6). Interestingly, the overall competition
profile of the 6_186 sera resembled more closely the antibody response observed following Bris/18
vaccination (Fig 5.4). Consequently, it is possible that the emergence of P186 in more recent
strains aimed at discouraging antibody binding to the immunodominant Sb epitope.

The serum competition profile for 6_132 vaccinations exhibited minimal deviation from
that generated by the original design #6 (Fig 5.6). With the 6_132 design, we aimed to enhance
stem antibody responses by reducing binding affinity in the vicinity of the 133a insertion. When
compared to design #6, sera from 6_132 vaccinations did show a modest increase in competition
for the CR9114 stem epitope across most HAs, except for Cal/09, Bris/07, and Swit/13 HAs (Fig
5.6). Interestingly, while sera from 6_132 also presented a relative decrease in C05-competing
antibodies in H3 HAs, there was an increased level of competition for this binding site in Bris/07
and NC/99 HAs. This altered competition profile could indicate the masking of the 133a residue,
suggesting that antibodies elicited by the 6 132 variant adopt a binding mode that remains
unaffected by this insertion within the H1 subtype. Unfortunately, none of the CO5-competing
antibodies generated by 6 132 exhibited HAI activity against either NC/99 or Bris/07 (Fig 5.S.4.
B). Therefore, the precise implications of these apparent increases in stem antibodies, as well as
antibodies targeting the head regions of both pre- and post-pandemic strains, will require further
exploration, particularly in terms of their neutralization capabilities.

T-cell epitope analysis
Recognizing that protection in mice may not directly correlate with efficacy in humans, we

aimed to estimate potential protective effects in humans via T-cell epitope profiling. For this,
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designs #6 and #56, as well as native HA sequences representing post-pandemic (Bris/18),
pandemic (Cal/09), and pre-pandemic (NC/99) phenotypes were analyzed through diverse
computational tools for T-cell epitope prediction [291]-[297]. Our analysis incorporated a broad
spectrum of major histocompatibility complex (MHC) class 1l and class | alleles, collectively
covering the genetic diversity of most of the human population [298], [299]. Specifically, we
focused on MHC Il alleles DRB1*01:01, DRB1*03:01, DRB1*04:01, DRB1*07:01,
DRB1*08:01, DRB1*09:01, DRB1*11:01, DRB1*13:01, and DRB1*15:01, and the MHC-I
alleles A*01:01, A*02:01, A*03:01, A*24:02, B*07:02, and B*44:03.

Our predictions indicated that both designs #6 and #56 present potential CD4" T-cell
epitopes across multiple alleles, although with a few differences. Only design #56 exhibited
epitopes for allele DRB1*01:01, while design #6 was exclusive in sharing epitopes with pandemic-
like sequences for alleles DRB1*03:01 and DRB1*09:01 (Fig 5.S.8). Notably, in most alleles, one
or more potential CD4" epitopes were found at the HA head interface, specifically between
residues 190 and 280. These epitopes were not fully conserved, thereby distinguishing pre-
pandemic from pandemic-like sequences. In this context, design #6 demonstrated greater sequence
similarity with pandemic-like proteins, whereas design #56 more closely resembled pre-pandemic
strains (Fig 5.S.8). This outcome was anticipated, given the prevalence of pre-pandemic features
in the long-lasting vaccines that served as the basis for design #56. Conversely, epitopes located
in the stem domain were highly conserved and well-preserved in both designs #6 and #56 (Fig
5.5.8).

Similar to the MHC-I11 predictions, both designs #6 and #56 exhibited potential CD8" T-
cell epitopes across the majority of selected alleles (Fig 5.S.8). The only exception was allele

A*03:01, for which only design #6 demonstrated epitope sharing with pandemic-like sequences.
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Additionally, both vaccine candidates preserved highly conserved CD8* stem epitopes, several of
which coincided with predicted CD4" epitopes. In terms of epitopes in the head region, the two
designs diverged in a manner consistent with the MHC-II predictions: design #6 exhibited greater
similarity to pandemic sequences, whereas design #56 aligned more closely with pre-pandemic
strains (Fig 5.S.8). Importantly, residues within helix 190 were identified as components of a dual
CD4*/CD8* epitope. Considering that design #56 features the Cal/09 sequence in this region, this
candidate can potentially stimulate a cross-reactive response against pandemic-like strains.

Collectively, our T-cell epitope predictions suggest that neither design #6 nor design #56
disrupts highly conserved HA T-cell epitopes. This implies that both vaccine candidates have the
potential to effectively stimulate cross-reactive T-cell responses in humans.
Discussion

Given the significance of conserved sequences in developing vaccines for rapidly mutating
viruses such as influenza, we evaluated three consensus-based protein engineering strategies aimed
at designing broadly reactive immunogens. To potentially find the minimal sequence inputs
capable of revealing shared characteristics among HA proteins, we examined consensus sequences
derived from small datasets, including either all recommended H1N1 vaccine strains or exclusively
long-lasting vaccine strains, as well as from comprehensive datasets encompassing all available
HA H1 human sequences up to 2019. Regrettably, the majority of our engineered proteins were
unsuccessful in generating HAI titers against pandemic-like viruses and did not confer protection
against a recent influenza strain, such as Bris/18 (Fig 5.3.B-C). These results suggest that the
immunodominant regions within the head were either skewed towards pre-pandemic features or
underwent sequence recombination that likely retained immunodominance without accurately

reflecting either pre- or post-pandemic periods.
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We anticipated the first scenario in sequences derived from consensus with vaccine strains,
given the overrepresentation of vaccines from pre-pandemic periods. To mitigate this bias in our
multi-layer consensus strategy, we sought to maintain a balanced number of sequence
representatives across different time periods. However, due to the pronounce differences between
pre- and post-pandemic sequences, regions of high immunogenicity often yielded ambiguous
consensus results. We initially hypothesized that substituting these ambiguous positions with an
amino acid residue not necessarily the most prevalent, but one found in a protective strain from
either the pre- or post-pandemic periods, could result in sequences featuring components from both
eras. Consequently, the elicited antibody response would confer protection against both pre- and
post-pandemic phenotypes. Contrary to our expectations, our data suggest that such recombination
did not extend the protective capabilities of the resultant proteins. Plausible explanations to this
outcome include either that the antigenic properties of the selected candidates were dominated by
the template protein providing the ambiguous positions, or that our extensive sequence
recombination generated novel antigenic phenotypes that bear little resemblance to either pre- or
post-pandemic strains. Additionally, our candidate selection process may have inadvertently
skewed the results towards uncommon features. This bias could arise from our criterion of favoring
sequences with at least eight amino acid differences in head immunogenic regions relative to native
HAs.

Despite the setback outlined earlier, three of our protein designs—#6, #15, and #56—
demonstrated protective efficacy against the Bris/18 virus (Fig 5.3.C). According to HAI and
antibody competition assays, the immunological responses generated by designs #6 and #15 were
predominantly influenced by antibodies targeting the head region, most notably in the case of

design #15 (Fig 5.4). Conversely, design #56 elicited a diverse antibody profile capable of
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recognizing HAs from both pre- and post-pandemic periods, as well as proteins from the H3
subtype (Fig 5.4). While pinpointing the effects to specific amino acid substitutions remains
elusive due to the extensive divergence between native sequences and our engineered constructs
(Fig 5.S.5 and 5.S.7), the methodologies employed in the creation of these designs can provide
valuable insights into their antigenic properties.

Designs #15 and #6 were generated using multi-layer consensus methodologies, utilizing
either full-length sequences or sequences restricted to antigenic regions, respectively. In contrast,
design #56 was formulated through the mixed epitopes approach (Fig 5.S.1-3). Our data suggest
that the observed pandemic-like characteristics in design #15 could have been incorporated during
the final layer of the consensus-based design (Fig 5.S.3). In this layer, the precursor sequences
contributing to design #15 were a composite of consensus sequences from various years: 1918,
1988, and both pre- and post-pandemic periods (Fig 5.S.3). While these sequences apparently
balance pandemic-like and seasonal-like features, it is worth noting that pre-pandemic sequences
have undergone more antigenic changes compared to their post-pandemic counterparts [300].
When these pre-pandemic sequences are integrated into the consensus calculations—either in
multi-layer designs or in per-year consensus summaries—they introduce considerable sequence
ambiguity, particularly in regions with antigenic significance. Consequently, the more well-
defined post-pandemic sequences could disproportionately influence the antigenic identity in the
final consensus, as might be the case of design #15. This bias also extends to our general strategy
to resolve ambiguities based on native sequence templates. In instances where the consensus
remains highly ambiguous, the identity of the native template could predominate in defining the
antigenic features of the resulting design. As such, while consensus-based design excels in

capturing essential attributes in low-variability regions, it appears less proficient at
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accommodating the complexity of highly variable regions. Indeed, when the original COBRA
technology was used exclusively with HIN1 human sequences, era-specific antibody responses
were also observed [171]. To address this limitation, alternative strategies could focus on reducing
the immunodominance of these highly variable regions, thereby allowing greater responses toward
conserved areas.

The broad antibody diversity induced by vaccination with design #56 underscores the
potential efficacy of integrated strategies combining consensus design with alternative methods
potentially modulating the head's immunodominance by presenting a wide range of antigenic
phenotypes. Within our mixed epitopes strategy, this alternative approach involved the
simultaneous display of a diverse array of head-derived immunogenic epitopes, all sourced from
long-lasting HIN1 vaccine strains. Contrary to recent mosaic design studies that employed exotic
avian sequences to eclipse immunodominant regions of the head [187], [188], our approach aimed
at assembling a relevant cocktail of human-derived epitopes that could potentially stimulate
antibody responses against multiple viral phenotypes. The comprehensive head-directed antibody
responses generated by vaccination with design #56 suggest that this goal was largely
accomplished (Fig 5.4), although at the expense of some HAI reactivity (Fig 5.3). However, this
limited HAI response was not entirely unexpected as existing literature indicates that antibodies
targeting specific antigenic regions exhibit distinct functionalities [108]. For instance, antibodies
focused on the Sa region are generally more HAI-reactive, whereas those targeting the Sb region
own neutralizing capabilities but lack HAI activity [108]. Consistent with these findings, we
observed some HAI activity against NC/99 and Cal/09 following vaccination with designs
featuring the Sa region from these respective strains (#56 and #48; Fig 5.S.1). Furthermore, it

seems plausible that the neutralizing properties of antibodies targeting the Sb region contributed
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to the observed viral clearance in a subset of mice vaccinated with designs #56 and #11, both of
which included a Cal/09-derived Sb epitope (Fig 5.3.C).

The enhanced neutralizing capabilities of design #56, relative to other mixed-epitope
designs, along with its robust stem response (Fig 5.4), additionally suggest that the mixed epitopes
strategy can potentially overcome the immunodominance of the head region, albeit dependent on
specific sequence combinations. Further investigations quantifying the distribution of antibodies
targeting each antigenic domain, including stem regions, are requisite for understanding how
epitope immunodominance could have been modulated within design #56. Interestingly, studies
addressing the immunodominance hierarchy among the five classic immunogenic sites (Sa, Sb,
Cal, Ca2, Cb) have reported varying classifications in mice, contingent on the viral strain used for
analysis. For example, responses to the A/Puerto Rico/8/1934 strain primarily focused on Sb and
Sa sites [108], while those to the post-pandemic A/Michigan/45/2015 strain were dominated by
Sb and Ca2 sites [210]. These observations raise compelling questions about how
immunodominance hierarchies may shift within individual viral strains, and whether such
hierarchies can be ignored when multiple dominant epitopes from different strains are
simultaneously presented. Answering these questions is crucial for understanding the underlying
mechanisms contributing to the broad reactivity observed in design #56 and for assessing the
potential of mixed epitopes in modulating immunodominance.

While the precise consequences of substituting the Sa region in design #56—from a pre-
pandemic to a pandemic sequence—are yet to be determined, the partial protection conferred by
the second-generation antigen (Fig 5.6) implies a certain level of mutational tolerance within this
design. This is in stark contrast to design #6, where protective efficacy was entirely abolished by

just a single mutation (either S186P or N133T) (Fig 5.5.B). Although the impact of these specific
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substitutions within the context of design #56 remains an open question, our current data suggest
that the mixed epitopes strategy may possess inherent robustness, not being constrained by a fixed
sequence within each antigenic site. This flexibility is particularly significant for the potential
extension of this approach to various influenza subtypes. Consequently, the overall design concept
may be versatile enough to accommodate not only long-lasting vaccines but also sets of sequences
that manifest key antigenic characteristics.

Although further research is needed to evaluate the neutralizing capabilities of design #56
across a broad spectrum of viral strains, our work introduced a novel methodology with promising
implications for the development of universal influenza vaccines. Importantly, our results also
invite to re-examinate the criteria used to select influenza vaccines, as high HAI titers might not

be an accurate representation of protection.

Materials and Methods

. Sequence design of hemagglutinin (HA) variants

Consensus-based sequence design was used to integrate common features among HA
sequences in newly generated proteins. For this, all available H1 HA full-length sequences isolated
from human source between 1918 to 2019 were downloaded from the NCBI Influenza Virus
Resource database (http://www.fludb.org)[209]. To reduce sequence bias due to unbalanced
number of sequences for different time periods, a consensus dataset was calculated based on strain-
isolation year. Accordingly, sequences were divided by their isolation year, aligned, and filtered
by <99.65% sequence identity. Sequence alignments were performed with MUSCLE 3.8.31[301]
and identity filtering was done with the ProDy python package[302]. Single consensus sequences
for each year, referred to as per-year consensus sequences, were then estimated using the Bio

python package (consensus threshold=50%)[303]. For years where consensus could not be
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calculated, e.g., when only two sequences were left after filtering, the original sequences were kept
as representatives of that period.
The per-year consensus sequences were input into three different sequence-design strategies, as
described below:
e Consensus based on HIN1 recommended vaccine strains:

Three consensus sequences were calculated using the vaccine strains recommended by the
WHO between 1977 and 2019. The first consensus was estimated using all vaccine strain
sequences retrieved from

https://www.fludb.org/brc/vaccineRecommend.spg?decorator=influenza. This  consensus

sequence was estimated with consensus threshold=45% to decrease the ambiguity of the consensus
calculation.

Given that the recommended vaccine strains did not cover years before 1977, different
historical HA sequences were added to the vaccine strains alignment to have representative
sequences of that time. These extra sequences corresponded to South_Carolina/1/1918,
Puerto_Rico/8/1934, Weiss/1/1943, Fort_Monmouth/1/1947, Denver/1/1957,
New_Jersey/1/1976, and California/10/1978. The dataset with recommended vaccine strains and
the historical sequences was used to calculate the second consensus sequence.

Finally, the last consensus was calculated using only the vaccine strains that were
protective for more than 6 years. These strains included Brazil/11/1978, Singapore/6/1986, New
Caledonia/20/1999, and California/07/20009.

e Mixture of antigenic epitopes from H1N1 vaccines strains that protected for more than 6 years:

This strategy was intended to create a “recombination” of the main antigenic sites of the

HA proteins in combination with consensus design. The regions to recombine were selected based
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on residues frequently interacting with neutralizing antibodies (NAbs) according to a visual
inspection of different crystallized HA-NAb complexes. Thus, six antigenic regions were defined
as follows:

i. Region 1: Helix 190 from residues 186 to 198.

ii. Region 2: Loop 220 (residues 206-208, 210, 212, 218, 219, 222, 224-228, 242).

iii. Region 3: Loop 150 (residues 155-160, 162, 163).

iv. Region 4: Loop 130/140 (residues 124, 125, 128, 129, 131, 132, 133A, 134, 136, 137, 140-

145).

V. Region 5: Residues 149, 169-173, 255, 256.
vi. Region 6: Residues 53, 77-83A, 273, 275, 276, 278.
Residue numbering are based on the PDB 4m4y[112].

The sequences of each antigenic region were individually extracted from vaccine strains
that were protective for more than six years (Brazil/11/1978, Singapore/6/1986, New
Caledonia/20/1999, California/07/2009), and the recombination was generated by permutating the
sequences into the six defined antigenic regions (Fig 5.S.1). The remaining parts of the head and
the stem of the protein were obtained from a consensus sequence using only the long-lasting
vaccine strains, with ambiguous positions replaced by the most frequent small/uncharged residues.
e Multiple layers of consensus design:

To generate a more diverse set of consensus sequences, three sequence-clustering
algorithms, neighbor-joining, UPGMA (Unweighted Pair Group Method with Arithmetic Mean),
and maximum likelihood, were independently used to cluster the per-year consensus sequences.
Neighbor-joining and UPGMA clustering were performed with MUSCLE, while maximum

likelihood was executed with RAXML 8.0.056 [304]. Clustering trees were visualized with iTOL
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(Interactive Tree Of Life)[305], and single consensus sequences were obtained by multiple layers
of consensus calculations on each tree branch. Briefly, consensus sequences were calculated for
the most external subgroups of a branch and then input to a second consensus calculation for the
next, more internal, subgroup. This process was repeated until all the branches were combined into
a single sequence, or the biggest branches, containing sequences from diverse time periods, were
summarized into single sequences (Fig 5.S.2 and 5.S.3). To avoid consensus bias by unbalanced
number of sequences within each group, we tried to keep equal number of sequence representatives
of each subgroup by calculating consensus on groups displaying high number of sequences. The
selection of the subgroups to be condensed by consensus calculation was done manually based on
the visual representation of the phylogenetic trees.

Phylogenetic-based clustering was implemented on three different sets of sequences. The
first group corresponded to full-length per-year consensus sequences, the second set were
shortened per-year consensus sequences having only the HA protein head (the immunodominant
region of the protein), and the last group involved per-year consensus pseudo-sequences containing
only the main antigenic sites at the head of the HA protein. Each set of sequences was aligned with
MUSCLE and duplicates were removed prior to clustering. For the RaxML method, the full-length
or protein head alignments were refined with Gblocks 0.91b [306] to discard large patches of gaps
that could interfere with the distribution of groups.

The protein head sequence was defined according to the crystal structure of
AJ/California/04/2009 HIN1 (PDB 4m4y) as the region comprised between the sequences “LEDK”
and “GAIN” (residues 42 — 289 , numbering from PDB 4m4y chain E). Similarly, the HA main
antigenic sites at the head were selected based on the classic antigenic sites Sa, Sh, Cal, Ca2, and

Cb as described here [289] plus all residues interacting with NAbs according to different
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crystallized HA-NAb complexes. The final set of antigenic regions corresponded to the positions
53,55A,62,77-83A,116C,117,119,122-125,128,129,131,133A,134,136,137,140-145,149,155-
160,162-167,169-173,186-198,206-208,210,212,218,219,222,224-228,238-
240,242,246,255,256,273,275,276,278 (numbering from PDB 4md4y chain E). The remaining
parts of the protein were defined as explained in the next section “Strategies to overcome
consensus ambiguity”.

Strategies to overcome consensus ambiguity

Consensus sequences from small datasets usually present ambiguity when multiple amino
acids have the same frequency at a given position. To define the identity of these ambiguous
positions we used both sequence-based and structure-based approaches. For the sequence-based
strategy, we replaced all undefined positions with the corresponding residue on a vaccine strain
sequence  protective for more than 6 years (Brazil/11/1978, Singapore/6/1986, New
Caledonia/20/1999, California/07/2009) or by the corresponding residue on the consensus
sequence obtained with all recommended HIN1 vaccine strains (see section “Consensus based on
HINI vaccine strains’). Similarly, in the structure-based approach, we threaded all designed
sequences onto three different structural templates so that ambiguous regions were replaced with
the corresponding amino acids in the template. The structural templates used for this analysis were
the California/04/2009 H1N1 (PDB: 4m4y), as a representative of pandemic strains, A/Solomon
Islands/3/06 HIN1 (PDB: 6¢f7 [307]), as a representative of seasonal strains and strains lacking
the 133a insertion, and the A/Almaty/32/1998 H1N1 (PDB: 6mya [283]), as a representative of
historical strains.

This approach was also used to complete those sequences containing only the HA head or

its antigenic regions (section “Multiple layers of consensus design”). Thus, for example, some
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designed proteins would present a consensus sequence on the head, while the rest of the protein
corresponds to a long-lasting vaccine strain.

Selection process

To select sequences that were distinct from natural proteins, all designs were filtered based
on at least eight amino acids differences at the head immunogenic regions compared to native HAs
from the HIN1 influenza subtype. The residue positions comprising these immunogenic regions
are described at the section “Multiple layers of consensus design.” Subsequently, to ensure all
designs were different from each other, a second filtering process was carried out to preserve
sequences with at least five amino acids differences at antigenic regions. Finally, all sequences
were ranked based on their percentage of sequence identity with the California/04/2009 strain.
Sequences selected for experimental validation were chosen based on variable levels of similarity
with California/04/20009.

1. Protein expression and characterization

Protein expression

Both first generation and second generation of designed hemagglutinin (HA) proteins were
produced using pCAGGS vectors encoding the HA residues 1-520 (HLIN1 A/California/04/09 HA
numbering), a C-terminal T4 fibritin trimerization motif (Foldon), and a His6-tag. All DNA
sequences were optimized for human expression with the GenSmart Codon Optimization
tool[243]. The plasmids were transiently transfected in FreeStyle 293-F cells (Thermo Fisher) with
polyethylenimine (PEI) (Polysciences), and cells were cultured for three days at 37°C and 8% CO..
Proteins were purified through nickel affinity chromatography and size-exclusion chromatography
(SEC) using a Superdex200 column (Cytiva) and phosphate-buffered saline (PBS) buffer pH 7.4.

Antigenic characterization
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Purified proteins displaying an optimal SEC profile were antigenically characterized using
Bio-layer interferometry (BLI). Both narrowly reactive and broadly reactive antibodies, such as
CO05, 1F8, Fl6v3, P1-03, P1-05, 4H3, 4G10, 3D3, Ca-28, Ca-38, Ca-16, Ca-40, were used to
evaluate if common antigenic sites were not disrupted during the design process. Prior to antibody
loading, Protein A biosensors (GatorBio) were equilibrated for 20 min in BLI buffer (PBS buffer
supplemented with 0.02% tween-20 and 0.1mg/mL bovine serum albumin (BSA)). Subsequently,
the antibodies were immobilized on the biosensor tips for 90s at a concentration of 15nM. A
baseline correction was carried out for 60s, and the association and dissociation phases with the
designed proteins were allowed for 120s each. Protein solutions were kept at a concentration of
200nM, and all wells had a final volume of 200 uL/well using BLI buffer. Antibody binding
against the following recombinant HAs was used as control experiments:

H1 subtype: A/California/07/2009 (Cal/09), A/New Caledonia/20/1999 (NC/99),
A/Brisbane/59/2007 (Bris/07), and the COBRA design P1.

H3 subtype: A/Switzerland/9715293/2013 (Swit/13), and A/Singapore/INFIMH-16-0019/2016
(Sing/16).

All assays were performed by triplicates in a GatorPrime biolayer interferometry instrument
(GatorBio) at a temperature of 30°C and frequency of 10 Hz. Since only one concentration of
protein was measured, data analysis was done qualitatively based on the observed on-rate signal.

Thermal stability

Differential scanning fluorimetry (DSF) was used to determine the thermal stability of all
expressed proteins, including the HA control Cal/09. All protein samples contained 3.5 uM of
protein, 5X SYPRO orange fluorescent dye (Thermo Fisher), 5mM MgCI2, 50mM KCI, and

50mM Tris (pH 7.4). Background control was included by mixing all reagents with no protein.
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Measurements were collected with a gPCR instrument (CFX Connect, BioRad) using a
temperature ramp from 25 to 90°C with 0.5°C increments. The melting temperature was
determined based on the lowest point of the HEX signal. All experiments were performed by
triplicates.
I1l.  Animal studies
Cell Culture

Madin-Darby Kidney (MDCK) cells (International Reagent Resource FR-926) were
maintained in Dulbecco’s Modified Eagle Medium (Gibco) supplemented with 5% fetal bovine
serum (Atlanta Biologics) and incubated at 37°C and 5% CQO2.
Viruses

HIN1 strains A/Singapore/06/1986 (Sing/86), A/New Caledonia/20/1999 (NC/99),
A/Brisbane/02/2018 (Bris/18), and H3N2 strains A/Singapore/INFIMH-17-0019/2016 (Sing/16)
and A/Switzerland/9715293/2013 (Swit/13) were propagated in 9- to 11-day old special pathogen
free embryonated chicken eggs (ASVBIo) for 3 days at 37°C. Allantoic fluid was harvested and
clarified by centrifugation at 3000 rpm for 15 min, then aliquoted and stored at -80°C until further
use. A/Brisbane/59/2007 (Bris/07) and A/California/04/2009 (Cal/09) HIN1 were propagated in
MDCK cells. Briefly, cells were grown to approximately 80-90% confluency in tissue culture
treated flasks (Thermo Scientific) with DMEM and 5% FBS. Cells were washed with 1x PBS and
inoculated with A/Brisbane/59/2007 or A/California/04/2009 in DMEM with 1pg/mL of TPCK
Trypsin (Worthington Biochem), and incubated at 37°C and 5% CO2 until significant cytopathic
effect was observed. Culture supernatants were harvested and pelleted by centrifugation at 3000
rpm for 15 min. Clarified supernatants were aliquoted and stored at -80°C until further use. Plaque

assays were performed to determine virus stock titers. 12-well tissue culture treated plates (Thermo
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Scientific) were seeded with 5x10° cells per well in DMEM with 5% FBS and incubated at 37°C
and 5% CO2. 24h later, cells were washed with 1x PBS (Corning), and inoculated with 10-fold
serial dilutions of virus stocks for 1h. After 1h, cells and inoculum were covered with a 2x overlay
medium of MEM (Gibco), 1M HEPES (Corning), 20mM L-glutamine (Corning), 7.5% sodium
bicarbonate (Corning), 1% penicillin/streptomycin (GenDepot), supplemented with Lug/ml TPCK
Trypsin and incubated at 37°C and 5% CO2 for 72h. Plates were then washed with 1x PBS, fixed
with acetone and methanol (80:20), stained with crystal violet, and plaques were counted visually.
Stock titers were calculated as plaque forming units per milliliter (PFU/mL).

Mice, Vaccination and Challenge

6-8-week-old female BALB/c mice (Charles River) were housed in special pathogen-free
cages and given water and chow ad libitum. Mice were primed on day 0 with a 1:1 ratio of 3ug of
HA in 1x PBS and AddaVax (Invivogen) in 50uL doses, or 1x PBS as a negative control,
administered intramuscularly (I.M.) in the right hind quarter. Mice were boosted twice, once on
day 28, and again on day 42 with the same dose. Cheek bleeds were performed 14 days after the
last boost for subsequent hemagglutination inhibition assays. Four weeks after the last boost, mice
were anesthetized with isoflurane, and intranasally challenged with 1x104 PFU of
A/Brisbane/02/2018 in 30uL doses diluted in 1x PBS. Three days post-challenge, mice were
humanely euthanized, and lungs were collected and homogenized. Homogenates were clarified by
centrifugation at 3000 rpm for 15 min and stored at -80°C until further use.

Hemagglutination Inhibition

Prior to performing hemagglutination inhibition (HAI) assays, all serum samples were
pretreated with receptor destroying enzyme (Denka Seiken Co. Ltd) and heat inactivated at 56°C

for 30 minutes. Viruses were first titrated to achieve a reciprocal hemagglutination titer of 8.
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Briefly, 2-fold serial dilutions of virus were performed in 1x PBS (Corning), then incubated at
room temperature for 30 min with 0.5% turkey red blood cells (tRBC) to determine the HA and
appropriate dilution factor for subsequent HAI assays. Serum was then serially diluted 10-fold in
1x PBS. Viruses diluted in 1x PBS to a working stock with an HA titer of 8 were added directly
to the serum and incubated for 1h at room temperature. 0.5% tRBCs in 1x PBS was then added to
the serum and virus mixture and incubated for 30 min at room temperature. The reciprocal of the
highest agglutinating dilution was recorded as the HAI titer for each serum sample.

Viral plaque assay

1 x 108 cells per well of MDCK cells were seeded in a six-well plate one day prior to
performing the plaque assay. Next day, lung tissues were homogenized in 1 mL of DMEM
(Thermo Fisher). Tissue homogenates were centrifuged at 2000 rpm for 5 min, and the supernatant
was serially diluted 10-fold in DMEM supplemented with 1% penicillin-streptomycin (DMEM +
P/S) (Thermo Fisher). Once the MDCK cell reached 90% confluency, the plates were washed with
2x DMEM + P/S and infected with 100 pL of each homogenate supernatant. Plates were shaken
every 15 min for 1h. The supernatant was then discarded, and plates were washed twice with
DMEM + P/S. Subsequently, 2 mL of 2x MEM and 0.8% agarose overlay (Cambrex, East
Rutherford, NJ, USA) was added and incubated for 72h at 37 °C with 5% CO>. The agarose was
then removed, and cells were fixed with 10% buffered formalin followed by staining with 1%
crystal violet (Fisher Science Education, Waltham, MA, USA) for 15 min. After thorough rinsing
with water, plates were allowed to air dry, and the number of plaques were counted. Lung viral

titers were estimated as plaque forming units (PFU) per mL of homogenized tissue (PFU/mL).

142



Focus Forming Unit Assay

4x10% cells per well of MDCK cells in DMEM and 5% FBS were seeded in 96 well plates
(Costar) and incubated at 37°C and 5% CO2. 24h later, cells were washed with 1x PBS and 5-fold
dilutions of clarified lung homogenates prepared in inoculation media (DMEM, 1ug/mL TPCK)
were added to the cells and incubated for 1h at 37°C and 5% CO2. Following incubation, a 0.8%
methylcellulose (Sigma Aldrich) overlay with 1pug/mL of TPCK and 1% penicillin/streptomycin
was added to the cells, and incubated at 37°C and 5% CO2 for 18 — 24h. Following incubation,
the methylcellulose overlay was aspirated, wells were washed with 1x PBS, and fixed with
methanol and acetone (80:20). Cells were then incubated with primary anti-NP antibody (Biovest
International Inc., cell line H16-L10-HRS), diluted 1:1000 in a blocking buffer of 5% non-fat dry
milk (Rockland Immunochemicals) and 0.1% Tween20 (Promega) in 1x PBS on a platform shaker
for 1h at room temperature. Plates were then washed with 1x PBS, and an anti-mouse 1gG - HRP
conjugated secondary (Thermo Fisher) diluted 1:1000 in blocking buffer was placed onto cells and
incubated at room temperature on a platform shaker for 1h at room temperature. Following another
wash, TMB substrate (Vector Laboratories) was added to the plate and incubated at room
temperature for 20 min. The plate was washed with deionized water, and colorometric foci were
counted under a microscope. Titers were calculated as fluorescent focus units per milliliter
(FFU/mL).

Antibody competition assays by Bio-layer interferometry

Antibody competition assays against known protective epitopes were performed to get
deeper insights into the antibody response elicited. Specifically, sera from mice vaccinated with
designs #6, #56, #15, #57, the second-generation antigens 6_186, 6_132, 56_Sa, and the controls

Cal/09 and Bris/18 were tested for competition against the antibodies P1-05, CR9114, 1F8, and
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CO05. All experiments were carried out with anti-penta-His sensors previously hydrated for 20
minutes in BLI buffer (PBS buffer supplemented with 0.5% BSA and 0.05% tween-20, pH 7.4).
The BLI assays initiated with an equilibration phase in BLI buffer for 100s followed by antigen
loading for 400s. The antigens corresponded to the HA proteins from strains Bris/18, Cal/09,
Sing/86, Bris/07, NC/99, Swit/13, Sing/16, and HK/19, and the designs used for vaccination. All
proteins were loaded at 40ug/mL diluted in BLI buffer. After loading, a baseline step was
performed for 200s in ChonBlock blocking buffer (25% ChonBlock buffer diluted in BLI buffer)
(Chondrex Inc.). Subsequently, interaction between the antigens and the sera was allowed for 600s.
Sera were tested at 1:10 dilution, using pooled serum from each vaccination group diluted in
Chonblock blocking buffer. Wells with no serum but only Chonblock blocking buffer were
included to gather the reference antibody binding signal with no competition. After serum
interaction, non-specific binding was removed by dipping the probes in Chonblock blocking buffer
for 60s. Association of competing antibodies was finally carried out for 600s. Competing
antibodies were tested at 20pug/mL (P1-05 and CR9114), 30ug/mL (C05), or 40ug/mL (1F8),
diluting in Chonblock blocking buffer. Percentage of antibody competition was calculated as (1 —
antibody-association signal in serum samples/ antibody-association signal reference sample (no
serum)) x 100%. All assays were performed using a GatorPrime BLI instrument (GatorBio) at a
temperature of 30°C and frequency of 10 Hz.

. Computational analysis

T-cell epitope prediction

Identification of CD4" T cell epitopes was carried out with NetMHClIpan- 4.1[291] and
MixMHC2pred[292], [293]. The HA sequence from designs #6 and #56, as well as the viral strains
Bris/18, Cal/09, and NC/99 were scanned for potential antigen presentation in human major
histocompatibility complex (MHC) 11 alleles DRB1*01:01, DRB1*03:01, DRB1*04:01,
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DRB1*07:01, DRB1*08:01, DRB1*09:01, DRB1*11:01, DRB1*13:01, and DRB1*15:01. The
scanner was done with a peptide length of 15 residues, and selection threshold of <= 1% ranking
score. Peptides predicted by both computational tools were considered as potential CD4* T cell
epitopes.

Peptides likely to interact with MHC class | proteins, specially the human alleles A*01:01,
A*02:01, A*03:01, A*24:02, B*07:02, and B*44:03, were scanned using four different
computational tools: NetMHCpan-4.1[294], MHCflurry 2.0[295], MixMHCpred 2.2[296], and
HLAthena[297]. The analysis was done using a peptide length of 9 residues, and a selection
threshold of <= 0.5% ranking score (presentation percentile in MHCflurry predictions). Peptides
identified by at least three of the prediction tools were considered as potential CD8* T cell epitopes.
Data and Materials Availability

Scripts for generating designs will be available on https://github.com/strauchlab/cossid

upon publication.

145



>

Consensus Vaccines Mixed Epitopes Multi-layer Consensus
800 800 800
700 30 700 - M 700 7
= —_5 — 48 12
2 600 600 — 56 600 57
% 500 ~ 500 — 500 20
2 400 A 400 4 400 4 22
3 15
2 300 ~ 300 300 o
2 13
2 2001 200 ~ 200 A 58
100 ~ 100 o g 100 6
0 T T T T 0 T T T T 0= T T
0 5 10 15 20 0 5 10 15 20 0 5 0 15 20
Elution volume (mL) Elution volume (mL) Elution volume (mL)
B Native HA Consensus Vaccines Mixed Epitopes
12
& 701
& 651 [~ 10 —_
~ =
2 60 - -8 5
5 55 53 | E
F 504 B g
2 45+ -4 2
S 40 L, >
= 351
30 0
Cal/09 30 5 48 11 56 B Melting
HA Variants HA Variants HA Variants
. = Yield
Multi-layer Consensus
12
O 704 64.5 - 10
< 65 87 617 ' =0
2 60 575 58575 595 60 73 Ls 5,
E 554528 54 oo 545 £
= 6 =
50 4.4 e}
2 45 - 5, L4 @
S 40 : L, >
= 351 0.4 0.5 0.7
15 22 57 6 13 58 12 20 17
HA Variants

Figure 5. 1 Protein expression and thermal stability of designed HA variants. (A) Size-
exclusion chromatography. (B) Differential scanning fluorometry and approximated expression
yield. Yield values were estimated based on one single experiment while melting temperatures
refer to averaged values over three repetitions. On the top of each bar are displayed the
corresponding melting temperature or expression yield of each protein. The native protein
A/California/04/2009 (Cal09) only displays melting temperature as expression yield was not
tested. All panels are divided by the strategy used to generate the HA sequences. Computationally

designed HA variants are labeled with numbers ranging from 5 to 63.
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Figure 5. 2 Antibody binding profile of HA variants. (A) Heatmap of antibody binding affinity.
Binding affinity is presented as a qualitative value based on the observed on-rate signal measured
by Bio-layer interferometry (BLI); higher values (redder colors) indicate higher binding affinity.
Zero and negative values (white/grey colors) indicate no binding. Positive and negative controls
included the HAs H1 /California/07/2009 (Cal/09), A/New Caledonia/20/1999 (NC/99),
A/Brisbane/59/2007 (Bris/07), the HAs H3 A/Switzerland/9715293/2013 (Swit/13), and
AJ/Singapore/INFIMH-16-0019/2016 (Sing/16), and the COBRA antigen P1. (B) Principal
component analysis (PCA) according to binding affinities presented on (A). Color clustering
corresponds to a K-means clustering with predefined number of groups = 7. All plots were

generated with Python 3.7.
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Figure 5. 3 Mice immunization schedule, hemagglutinin inhibition titers (HAI), and viral
titers in lung. (A) Vaccination study regimen. BALB/C mice (n=9) were vaccinated three times
with 3ug of designed antigens adjuvanted with Addavax. On week 10, mice were bled for analysis
of HAI titers. Challenge with A/Brisbane/02/2018 H1N1 (Bris/18) influenza virus was performed
on week 12, followed by viral lung titers assessment, three days after challenge. (B) and (D) HAI
titers evaluation two weeks post-second boost. Titers are represented as log.-transformed
reciprocal dilutions. The lower dotted line represents a titer of 1:40 which was selected as the
threshold of a positive HAI reaction (HAI™). The upper dotted line indicates the maximum limit of

detection. Each vaccination group displays individual mouse measurements as circles and a bar
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plot indicating the mean and standard deviation of the group. The title of each panel specifies the
virus used to evaluate HAI activity. Positive controls included sera from vaccinations with the HA
antigen of the strain under study. Negative controls corresponded to mock vaccinations with PBS.
(C) Viral lung titers three days post-challenge (n=3). Viral titers are presented as logio-transformed
values of plague forming units (PFU) per mL of homogenized tissue. The dotted line indicates the
limit of detection (~1 x 102 PFU/mL) below which viral clearance is considered successful. Sera
from animals vaccinated with Cal/09 were used as positive control while vaccinations with NC/99
and PBS were used as negative controls. All bar plots were produced with GraphPad Prism 9.0
[274]. The vaccination schedule was created with BioRender.com through the Institute of
Bioinformatics licensing at the University of Georgia. Influenza strains abbreviations correspond
to: Cal/09: A/California/04/2009, NC/99: A/New Caledonia/20/9, Bris/07: A/Brishane/59/2007,

Sing/86: A/Singapore/6/1986, Swit/13: A/Switzerland/9715293/2013.
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Figure 5. 4. BLI-based antibody binding competition. Pooled sera from vaccination groups
displaying broad HAI activity or promising viral clearance were tested for binding competition
against head (C05 and 1F8), stem (CR9114), and anchor (P1-05) antibodies. The Y-axis contains
the HA proteins loaded into the BLI probes while the X-axis shows the competing antibody. The
color code represents the level of competition while the circle’s size shows the affinity between
the loaded HA and the competing antibody in control samples with no serum. % of competition
was calculated as (1 — antibody-association signal in serum samples/ antibody-association signal
reference sample (no serum)) x 100%. All plots were generated with Python 3.7. Influenza strains
abbreviations correspond to: Bris/18: A/Brisbane/02/2018 H1N1, Cal/09: A/California/04/2009,
NC/99: A/New Caledonia/20/9, Bris/07: A/Brisbane/59/2007, Sing/86: A/Singapore/6/1986,
A/Singapore/INFIMH-16-0019/2016,

A/Switzerland/9715293/2013,

Swit/13: Sing/16:

HK/19:A/Hong Kong/45/2019.
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Figure 5. 5 HAI titers and viral lung titers in vaccinations with second generation of #6 and
#56 antigens. (A) HAI titers evaluation two weeks post-second boost. Titers are represented as
logo-transformed reciprocal dilutions. The lower dotted line represents a titer of 1:40 which was
selected as the threshold of a positive HAI reaction (HAI"). The upper dotted line indicates the
maximum limit of detection. Each vaccination group displays individual mouse measurements as
circles and a bar plot indicating the mean and standard deviation of the group. The title of each
panel specifies the virus used to evaluate HAI activity. (B) Viral lung titers three days post-
challenge (n=4). Viral titers are presented as logio-transformed values of the number of fluorescent
focus units (FFU) per mL of homogenized tissue. The dotted line indicates the limit of detection
(~1 x 102 FFU/mL) below which viral clearance is considered successful. Positive controls in both
experiments included sera from vaccinations with Bris/18 or Cal/09, and negative controls
corresponded to mock vaccinations with PBS. Pairwise statistical analyses with a two-tailed T-test
indicated no significant differences between HAI titers of 6 vs 6_186 and 6 vs 6_132, in both
Bris/18 and Cal/09 assays. All graphs and statistical analyses were generated with GraphPad Prism

9.0 [274].
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Figure 5. 6 BLI-based antibody competition against sera from vaccinations with second
generation of designs #56 and #6. Pooled sera were tested for binding competition against head
(CO5 and 1F8), stem (CR9114), and anchor (P1-05) antibodies. The Y-axis contains the HA
proteins loaded into the BLI probes while the X-axis shows the competing antibody. The color
code represents the level of competition while the circle’s size shows the affinity between the
loaded HA and the competing antibody in control samples with no serum. % of competition was
calculated as (1 — antibody-association signal in serum samples/ antibody-association signal
reference sample (no serum)) x 100%. All plots were generated with Python 3.7. Influenza strains
abbreviations correspond to: Bris/18: A/Brisbane/02/2018 H1N1, Cal/09: A/California/04/2009,
NC/99: A/New Caledonia/20/9, Bris/07: A/Brisbane/59/2007, Sing/86: A/Singapore/6/1986,
Swit/13:  A/Switzerland/9715293/2013,  Sing/16:  A/Singapore/INFIMH-16-0019/2016,

HK/19:A/Hong Kong/45/2019.

152



Supplementary Information

A
R Regi
ke }3&;\ Design eglons
@' @A 1 2 3 4 5 6
Reqi \x"CJj 56 Cal/09 | Brz/78 | NC/99 | Sing/86 | Cal/09 | Cal/Q9
egions ols Sequences
@ Helix190 '{/ o 48 Brz/78 | Sing/86 | Cal/09 | NC/99 Cal/09 | Brz/78
% toopfgg S0 callo9
oop )l -
@ Loop130/140 = N_C/99 11 Cal/09 | Sing/86 | Brz/78 | NC/99 Cal/09 | Cal/09
® Regi Sing/86
gion 5
@ Region 6 ") Brz/78

Figure 5.S 1 Mixed epitopes design strategy. Six immunogenic regions were defined at the HA
head according to the crystal structures of HA proteins in complex with neutralizing antibodies.
The sequence of these regions was extracted from H1N1 vaccine strains that were protective for
more than six years (Brazil/11/1978 (Brz/78), Singapore/6/1986 (Sing/86), New
Caledonia/20/1999 (NC/99), California/07/2009 (Cal/09)) and combined in a permutation fashion.
The remaining portions of the protein, represented in grey, were replaced by the consensus
sequence among the long-lasting vaccines. Expressed designs from the mixed epitopes strategy
are shown on the right table, showcasing the vaccine strain from which each antigenic region

sequence was obtained. The protein on display corresponds to the PDB 4m4y.
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Figure 5.S 2 Multi-layer consensus strategy to design HA variant #6. Sequence clustering was
carried out with RAXML [304] using per-year consensus pseudo-sequences containing only the
HA head’s antigenic sites. To avoid consensus bias by unbalanced number of sequences, consensus
calculations are performed on tree branches displaying a high number of sequences. The resulting
consensuses can be part of subsequent consensus calculation if the external branch containing them
also displays a high number of sequences. Each set of consensus calculations is referred to as
layers. The process is repeated until all tree branches have about the same number of sequences.
At this point the final consensus is obtained. For design #6, the regions outside the antigenic sites

were extracted from the Cal/09 sequence. The tree representation was drawn with iTOL [305].
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Figure 5.S 3 Multi-layer consensus strategy to design HA variant #15. Sequence clustering
was carried out with MUSCLE -UPGMA [301] using full-length per-year consensus sequences.
To avoid consensus bias by unbalanced number of sequences, consensus calculations are
performed on tree branches displaying a high number of sequences. The resulting consensuses can
be part of subsequent consensus calculation if the external branch containing them also displays a
high number of sequences. Each set of consensus calculations is referred to as layers. The process
is repeated until all tree branches have about the same number of sequences. At this point the final
consensus is obtained. Since the final consensus sequence of design #15 contained some positions
with ambiguous consensus, these positions were replaced by a consensus sequence obtained with

all recommended H1N1 vaccine strains. The tree representation was drawn with iTOL [305].
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Figure 5.S 4 HAI titers two weeks post-second boost. (A) First generation HA variants. (B)
Second generation of design #6. Titers are represented as logo-transformed reciprocal dilutions.
The lower dotted line represents a titer of 1:40 which was selected as the threshold of a positive
HAI reaction (HAI). The upper dotted line indicates the maximum limit of detection. Each
vaccination group displays individual mouse measurements as circles and a bar plot indicating the
mean and standard deviation of the group. The title of each panel specifies the virus used to
evaluate HAI activity. All plots were produced with GraphPad Prism 9.0 [274]. Influenza strains

abbreviations correspond to: NC/99: A/New Caledonia/20/9, Bris/07: A/Brisbane/59/2007,

Sing/16: A/Singapore/INFIMH-16-0019/2016.
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Figure 5.S 5 Sequence comparison of protective designs and native HA sequences at the HA
head’s main immunogenic sites. Sequence comparison was performed with Jalview [308] using
the clustal color scheme. The protein on display corresponds to the PDB 4m4y and residue

numbering is based on this structure.
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Figure 5.S 6 Sequence changes of H1 HA’s Sb region from 2018 to 2022. Sequences were
obtained from the GISAID database[309] and filtered based on % identity < 99.7%. Sequence logo

was generated with WebLogo[310].
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Figure 5.S 7 Sequence comparison of protective designs and native HA sequences at the HA
stem immunogenic sites. Sequence comparison was performed with Jalview [308] using the
clustal color scheme. The protein on display corresponds to the PDB 4m4y and residue numbering

is based on this structure.
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Figure 5.S 8 T-cell epitope content prediction of HA variants. Only sequence segments
containing a predicted T-cell epitope are displayed. The segments are shown in blocks where the

top sequence presents epitopes potentially presented by the MCH-I complex (CD8*) while the
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bottom sequence shows epitopes potentially presented by the MCH-II complex (CD4%). The
peptides are highlighted in black squares with the corresponding human allele for which the
prediction was made at the top (CD8") or the bottom (CD4"). All MHC-II alleles correspond to
the subtype DRB1. Residue positions are shown in between sequence blocks, with black numbers
representing the HA1 subunit and blue numbers representing the HA2 subunit. Residue numbers
are based on the PDB 4md4y. Sequence representation was performed with Jalview using the clustal

color scheme.
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CHAPTER 6

SUMMARY AND CONCLUDING REMARKS

Class | fusion proteins play a pivotal role in a broad spectrum of viral infections, including
those responsible for devasting pandemics. An increasing amount of evidence exist underscoring
their robust immunogenic properties and consequent promise for vaccine development. Despite of
this, the practical application of these proteins in vaccine formulations often encounters significant
obstacles, such as structural instability and accelerated antigenic evolution. To address these
challenges, we have developed three computational strategies with the aim of optimizing the
attributes of class | fusion proteins for vaccine candidacy.

In our initial approach, we centered on enhancing the structural stability of the protein's
most immunogenic state—the prefusion conformation. Utilizing electrostatic interaction
optimization as a guiding principle, we assessed the potential energetic contributions of individual
amino acid residues across various structural stages of the protein. Specifically, we introduced
substitutions that favorably contributed to the energy landscape of the prefusion state, while
providing no benefit to the postfusion conformation. This approach aimed to create an energetic
gap between the two states, thereby inhibiting conformational transitions. The strategy was
effectively implemented across a range of viral families, such as RSV, hMPV, and SARS-CoV-2.
The elucidation of high-resolution structures of select candidates provided compelling validation
for the atomic accuracy of our computational models. Furthermore, we demonstrated the vaccine
potential of our RSV design through mouse immunization studies, which revealed protection levels

comparable with those offered by a recently approved RSV vaccine.
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In our second approach, we complemented our initial electrostatic optimization by
strategically incorporating disulfide bonds into the design process. Using the RSV F protein as a
model system, we focused on constraining the mobility of regions susceptible to conformational
alterations during the transition from the pre- to postfusion state. Integration of this disulfide-bond
framework into our previously electrostatically-optimized construct resulted in a thermal stability
increase of approximately 12°C. Further evaluation in a cotton rat model corroborated that the
protein's immunogenicity was preserved and suggested potential enhancements in the quality of
the elicited antibody response.

Our third and final strategy addressed the issue of antigenic variability in the HA protein
of the H1 influenza virus. Given that current influenza vaccines offer protection only when there
is antigenic congruence between the circulating virus and the vaccine, we aimed to design
immunogens capable of eliciting a broadly reactive antibody response. Accordingly, our most
successful construct offered robust protection against a heterologous viral challenge in a mouse
model and induced antibodies reactive with HA proteins from both pre- and post-pandemic periods
as well as H3 subtypes. To obtain this construct, we employed consensus design coupled with the
presentation of a heterogenous set of immunogenic epitopes. Specifically, we substituted regions
outside of the immunogenic epitopes of HA’s head with a consensus sequence derived from H1IN1
vaccines known for extended protective efficacy. The remaining segments of the protein,
characterized by their substantial variability, were each replaced with a unique epitope sourced
from the panel of long-lasting vaccines. The resultant diversified antibody response suggests that
this approach holds significant promise for the development of more universally effective

influenza vaccines.
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In summary, our findings indicate that our computational design strategies successfully
met their intended objectives, yielding a set of class | fusion protein variants with enhanced
characteristics. The application of these algorithms, either singularly or synergistically, holds
potential for mitigating the inherent limitations of these proteins as vaccine candidates—primarily
their structural instability and restricted antigenic reactivity. We recognize, however, that
additional validation studies are needed to confirm the robustness of our computational
methodologies. For instance, our structural stabilization approaches are contingent upon the
availability of resolved protein structures. It remains an open question whether our algorithms
would produce similarly accurate results when applied to computational models in the absence of
crystallographically determined structures. Likewise, our strategies targeting antigenic variability
are dependent on the availability of representative sequences that exhibit significant protective
attributes. The generalizability of this approach to other influenza subtypes could be conditional
on the existence of a relevant panel of antigenic sequences displaying key immunogenic features.
Nonetheless, this study serves as a foundational platform for the development of more advanced
methods, contributing valuable insights for the ongoing quest to improve vaccine design against a

multitude of viral infections.
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