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H7 avian influenza represents a significant pandemic threat due to its ability to cause severe
disease in humans and its potential for cross-species transmission. To enhance our
understanding of this virus and improve pandemic preparedness, we developed a
comprehensive deep mutational scanning system to systematically assess the functional effects
of mutations in H7 hemagglutinin (HA). This system utilizes a pseudotyped lentiviral platform
to precisely determine how individual mutations affect critical viral functions including
HA-mediated cell entry, pH stability, and receptor binding specificity. Through this approach,
we generated new insights into H7 evolutionary constraints and identified novel entry
mechanisms that challenge traditional models of influenza host range determination. The
experimental framework we established provides a safe and generalizable method for mapping
the functional landscape of viral entry proteins, offering valuable tools for assessing pandemic
potential across diverse influenza subtypes and other emerging viruses.

In chapter 2, we examine the development of an improved pH stability assay capable of
measuring how mutations affect HA protein stability under acidic conditions. This enhanced
methodology addresses key limitations of traditional approaches by incorporating virus
reconcentration steps, enabling high-throughput analysis of HA variants with varying pH
activation thresholds. We demonstrate the assay's utility using H5N1 hemagglutinin,
successfully identifying both stabilizing and destabilizing mutations that influence viral
environmental persistence and transmission potential.

In chapter 3, we present the first comprehensive deep mutational scanning analysis of H7
hemagglutinin, systematically measuring the functional effects of nearly every possible amino
acid mutation on viral cell entry. Our analysis reveals that H7 can efficiently bind both
human-type a2-6 and avian-type 02-3 linked sialic acid receptors, confirming its dual receptor
capability. We identify critical functional constraints across different HA domains and
demonstrate how specific mutations present in circulating H7NO strains enhance human
receptor binding, providing insights into the virus's pandemic adaptation potential.



In chapter 4, we examine how mutational constraints differ among influenza HA subtypes by
comparing deep mutational scanning datasets from H3, H5, and H7. Despite sharing highly
conserved protein structures and identical functional mechanisms, these HA subtypes display
dramatically different tolerance patterns for specific mutations. Our analysis reveals that
approximately half of all HA sites show significantly diverged amino acid preferences across
subtypes, demonstrating how evolutionary sequence changes can rewire protein constraints
even when overall structure and function remain preserved.

Finally, in chapter 5, we investigate an alternative entry mechanism through which H7 can
utilize Major Histocompatibility Complex class II (MHCII) molecules as cellular receptors. This
discovery reveals that influenza entry pathways extend beyond traditional sialic
acid-dependent mechanisms and may provide previously unrecognized routes for cross-species
transmission. Through systematic mutational analysis, we identify putative MHCII binding
interfaces and demonstrate that this alternative entry pathway operates through molecular
determinants distinct from canonical receptor binding sites, with important implications for
viral host range and pandemic risk assessment
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Chapter 1

1 Introduction

Influenza A viruses represent one of the most successful pathogens in nature, capable of
infecting a remarkable diversity of host species while maintaining the constant threat of
pandemic emergence. The ability of these viruses to jump between species, reassort genetic
material, and rapidly evolve in response to immune pressure has made them a persistent
challenge for global public health. Central to influenza's success is the surface glycoprotein
hemagglutinin (HA), which mediates both viral entry into host cells and serves as the primary
target for neutralizing antibodies. Understanding how HA functions, evolves, and adapts to
new environments is therefore critical for predicting pandemic potential and developing
effective countermeasures.

The hemagglutinin protein exemplifies the complex relationship between protein structure,
function, and evolution. Despite sharing highly conserved structural architectures and
functional mechanisms across subtypes, HA proteins from different influenza strains can differ
by as much as 60% in their amino acid sequences. This remarkable sequence diversity occurs
within the constraints of maintaining essential functions including receptor binding, membrane
fusion, and viral entry. Recent technological advances in deep mutational scanning have made it
possible to systematically map how thousands of individual mutations affect HA function,
providing unprecedented insights into the molecular constraints that govern influenza
evolution.

In this thesis, we will examine the molecular determinants of HA function and evolution
through comprehensive mutational analysis, with particular focus on the H7 subtype that poses
a significant pandemic threat due to its ability to cause severe disease in humans. The work
presented here combines methodological innovation with fundamental discoveries about
influenza biology, revealing both conserved principles of HA evolution and surprising diversity
in entry mechanisms that challenge our current understanding of influenza host range.

The thesis will begin with the development of improved experimental methods for measuring
HA stability, a critical property that influences viral transmission and environmental
persistence. We will introduce a modified pH stability assay that overcomes limitations of
traditional approaches and enables high-throughput characterization of HA variants. Next, we
present the first comprehensive deep mutational scanning analysis of H7 HA, systematically
measuring how nearly every possible amino acid substitution affects viral entry function. This
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dataset reveals the functional landscape of a pandemic-relevant influenza subtype and provides
insights into its evolutionary potential.

We then explore how sequence constraints differ across influenza subtypes by comparing
mutational effects between H3, H5, and H7 hemagglutinins. Despite their structural similarity,
these proteins show surprising differences in their tolerance for specific mutations, revealing
how evolutionary divergence can rewire protein function even when overall structure remains
conserved. The analysis demonstrates that proteins with nearly identical folds can be subject to
dramatically different site-specific evolutionary pressures.

Finally, we investigate an entirely alternative entry mechanism through which H7 HA can
utilize Major Histocompatibility Complex class II (MHCII) molecules as cellular receptors. This
discovery challenges the traditional view that influenza entry depends solely on sialic acid
receptors and reveals a potentially underappreciated pathway for cross-species transmission.
Through systematic mutational analysis, we map the molecular requirements for
MHCII-mediated entry and identify putative binding interfaces that differ dramatically from
canonical receptor binding sites.

Together, these studies provide a comprehensive view of HA functional constraints and
evolutionary dynamics, with important implications for pandemic preparedness, vaccine
development, and our understanding of how viruses adapt to new hosts. The work
demonstrates how systematic experimental approaches can reveal hidden complexity in
well-studied biological systems and highlights the importance of considering alternative
pathways when assessing viral threat potential.

1.1 Influenza Virus

Influenza viruses are single stranded RNA viruses that are members of the Orthomyxoviridae
family. There are influenza A, B, C, and D viruses. While influenza A is most notable for causing
human pandemics (Uyeki et al. 2022), influenza B and C are both capable of causing disease in
humans. These viruses are additionally classified into antigenic subtypes based on thor
hemagglutinin (HA) and neuraminidase (NA) envelope glycoproteins. For the purpose of this
thesis, we will be focusing solely on influenza A viruses.

1.1.1 Genetics

Influenza viruses are categorized by segmented, negative-strand RNA genomes. Influenza A
and B viruses are made up of 8 negative sense, single stranded viral RNA segments. These
segments include; PB2, PB1, PA, HA, NP, NA, M, and NS (Bouvier and Palese 2008). This
segmented genome enables antigenic shift, where an influenza strain can acquire an HA
segment (or NA segment) from a different subtype of influenza virus(Uyeki et al. 2022). As
previously mentioned, these viruses are further categorized into subtypes based on the genetic


https://paperpile.com/c/XjaXbI/Zy8La
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https://paperpile.com/c/XjaXbI/Zy8La
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divergence of the HA and NA surface glycoproteins. There are currently 19 HA subtypes
identified, and 11 NA subtypes identified (Er 2025).

1.1.2 Virion Structure

Influenza virion particles are spherical or filamentous in shape (Bouvier and Palese 2008). The
spherical forms are on the order of 100nm in diameter and the filamentous forms are typically
around 300nm in length. The virions are studded with the primary surface glycoproteins HA
(hemagglutinin) and NA (neuraminidase) at a ratio of ~4:1 (Samji 2009; Bouvier and Palese
2008). There are a smaller number of matrix (M2) ion channels that cross the lipid envelope,
with the M2:HA ratio being around one M2 channel per 1021-10"2 HA molecules (Zebedee and
Lamb 1988).The envelope, including the 3 integral proteins HA, NA, and M2, overlay a matrix
of M1 proteins which enclose the virion core. Inside, the M1 matrix is the nuclear export protein
(NEP, also known as NS2, nonstructural protein) and the ribonucleoprotein (RNP) complex
which is made up of the viral RNA segments covered with nucleoprotein (NP) and the
RNA-dependent polymerase, made up of two polymerase basic (PB1 and PB2) and one
polymerase acidic (PA).

The genome structure of influenza A and B viruses consists of eight negative-sense, single
stranded viral (VRNA) segments (influenza C has seven segments). The eight segments of
influenza A and B are numbered in ordering decreasing length. In these virus segments, 1, 3, 4,
and 5 encode for the following proteins PB2, PA, HA, and NP. All viruses encode the
polymerase subunit PB1 on segment 2, but in some strains of influenza A virus, this segment
also codes for the accessory protein PB1-F2. Segment 6 of influenza A virus encodes for only the
NA protein, while B viruses encode both the NA protein and, in a -1 alternate reading frame, the
NB matrix protein. Segment 7 in both A and B viruses code for the M1 matrix protein. In the
influenza A genome, the M2 ion channel is expressed from segment 7 by RNA splicing (Lamb et
al. 1981). Both A and B viruses also possess segment 8, which is a single RNA segment which
will express the interferon antagonist NS1 protein (Dauber et al. 2004; Garcia-Sastre 2001; Kochs
et al. 2007) and via mRNA splicing, the NEP/NS2 (Briedis and Lamb 1982; Lamb et al. 1981).
THe NEP/NS2 is involved in viral RNP export from the host cell nucleus. The ends of each
vRNA segment form a helical hairpin, bound by the heterotrimeric RNA polymerase complex.
The rest of the segment is covered with NP and the positive charge binds the negatively charged
phosphate backbone of the vVRNA (Baudin et al. 1994; Compans et al. 1972; Murti et al. 1988).
Each vRNA segment contains noncoding regions at both 3" and 5" ends

1.1.3 Replication cycle

Influenza viruses require entering the host cell to replicate. These viruses commonly enter cells
via sialic acid receptors that are expressed on host cells. The viral life cycle is detailed below (G
Bhanu Prakash Animated Medical Videos 2019). Recently, there has been evidence that some
types of influenza are also able to enter via MHCII receptors.


https://paperpile.com/c/XjaXbI/tSiPD
https://paperpile.com/c/XjaXbI/X1g0s
https://paperpile.com/c/XjaXbI/DpFeN+X1g0s
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https://paperpile.com/c/XjaXbI/fvkwi
https://paperpile.com/c/XjaXbI/fvkwi
https://paperpile.com/c/XjaXbI/ZBBVh
https://paperpile.com/c/XjaXbI/ZBBVh
https://paperpile.com/c/XjaXbI/9DbrR+Ve2Os+AFj1I
https://paperpile.com/c/XjaXbI/9DbrR+Ve2Os+AFj1I
https://paperpile.com/c/XjaXbI/wlNWG+ZBBVh
https://paperpile.com/c/XjaXbI/yQvkW+PbRr1+IMSou
https://paperpile.com/c/XjaXbI/XI0u2
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Attachment and Entry

Influenza viruses require entering the host cell to replicate. The virus initiates infection by
attaching to host cells via sialic acid receptors through its hemagglutinin (HA) protein.
Following attachment, the virus is endocytosed and becomes encapsulated within the host cell
cytoplasm. The endocytic vesicle containing the virus then fuses with the lysosome, an
organelle that contains digestive enzymes and maintains an acidic interior environment. While
lysosomes usually digest contents taken in from outside the cell, influenza has evolved to
exploit this acidic environment for its own replication purposes.

Uncoating Process

Influenza uses the lysosome's acidic environment to its advantage during the uncoating process.
The virus contains an ion channel that allows protons to enter the viral particle, creating acidic
conditions within the virus itself. This internal acidity disrupts protein-protein interactions,
causing matrix proteins to detach from the proteins covering the viral RNA genome. This
detachment marks the beginning of the uncoating process. Simultaneously, the low pH
environment triggers HA to undergo a dramatic structural change that allows it to insert into
the vesicle membrane. In this new conformational state, HA stimulates membrane fusion
between the viral envelope and the endocytic vesicle. The RNA genome and its associated
proteins can then float freely away from the matrix proteins into the host cell cytoplasm,
completing the uncoating process.

RNA and Protein Production

The viral genome consists of eight RNA segments that are covered in nucleoproteins (NP) and
attached to several other proteins comprising the viral RNA polymerase complex. These
RNA-protein units enter the host cell nucleus through nuclear pores to begin replication. The
RNA segments exist as negative-sense RNA strands, which are non-coding and must be
converted to complementary positive-sense strands by the viral RNA polymerase before they
can be used for protein translation. To produce functional mRNA for translation by host
ribosomes, the virus must add a 5' cap structure to the beginning of each mRNA transcript. The
virus accomplishes this through a process called cap snatching, where the viral RNA
polymerase cuts off the cap from one of the host cell's own mRNA molecules and uses this
stolen cap to initiate transcription of viral RNA. The newly synthesized positive-strand viral
RNA receives a poly-A tail that enhances mRNA stability. This viral mRNA then leaves the
nucleus and enters the cytoplasm, where host cell ribosomes translate it into viral proteins.
Envelope proteins are specifically synthesized by ribosomes located on the host cell's
endoplasmic reticulum. Meanwhile, back in the nucleus, newly produced NP proteins prime
and stabilize viral RNA as they are being synthesized into full-length positive strands that lack
both cap and poly-A tail structures. Newly made RNA polymerase proteins enter the nucleus
and participate in producing additional full-length negative strands that will serve as RNA
genome segments for new viral particles.

Assembly and Release



13

Through these coordinated processes, ten different viral proteins are synthesized from the eight
RNA segments, and new negative-strand RNA genome segments are produced for progeny
viruses. The RNA genome segments, now complexed with RNA polymerase, NP, matrix
proteins, and packaging proteins, are exported from the nucleus to the cytoplasm. Concurrently,
envelope proteins that were synthesized on the endoplasmic reticulum move through transport
vesicles from the ER to the Golgi apparatus and finally to the plasma membrane, where they
become embedded. The RNA-protein complexes are then packaged into progeny viruses as they
bud from the host cell membrane, completing the viral replication cycle and releasing new
infectious particles that can infect additional cells.

1.1.4 Antigenic shift and drift

The segmented genome that influenza viruses possess enables antigenic shift, where influenza
A virus strain can acquire the HA segment, and in addition possibly the NA segment, form an
influenza virus of a different subtype. This reassortment can happen in cells that were infected
with different human and animal viruses. The resulting virus could then encode completely
different antigenic proteins to which there is limited preexisting immunity in the human
population. Pandemic influenza strains can then arise when antigenic shift creates a virus in
which humans have limited immunity and are susceptible. This shift was likely the cause of the
1918-1919 HINT1 influenza outbreak that caused millions of deaths worldwide.

Influenza viruses are also subject to antigenic drift; this consists of small changes (or mutations)
in the influenza gene segments that can lead to changes in the surface proteins HA and NA. HA
and NA, being the primary surface glycoproteins of influenza are also antigens. This means that
they are recognized by the immune system and can trigger immune responses such as antibody
production to fight off infections. The small changes associated with drift happen consistently
over time as the virus replicates. Vaccines and antibody treatments are typically designed to
target these surface proteins, however, the small changes in HA and NA can accumulate over
time to result in viruses that are antigenically different from each other. This means that a
person’s antibodies will bind differently to this virus or not bind the virus at all meaning that
there is limited protection against that specific influenza virus (CDC 2026).

1.1.5 Avian influenza virus prevalence

Avian influenza viruses represent one of the most significant pandemic threats facing global
public health today. These viruses naturally circulate in wild bird populations worldwide, with
periodic spillover events causing outbreaks in domestic poultry and sporadic infections in
humans. Among the 16 known hemagglutinin subtypes, H5 and H7 viruses have emerged as
particular concerns due to their ability to cause severe disease in both birds and humans, their
demonstrated capacity for cross-species transmission, and their potential for further adaptation
to mammalian hosts.
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H5N1 viruses have caused widespread outbreaks in poultry since the late 1990s and have
infected over 900 humans with a case fatality rate exceeding 50% (CDC 2025). More recently,
H5NT1 has expanded its host range to include marine mammals and has become endemic in
North American dairy cattle (Lee et al. 2026), raising concerns about increased mammalian
adaptation. H7 viruses pose a parallel threat, with H7N9 causing over 1,500 human infections
since 2013 with a case fatality rate around 40% (Ke et al. 2017). Both subtypes have
demonstrated concerning adaptive mutations that enhance binding to human-type receptors
and increase their pandemic potential (Dadonaite et al. 2024; Ahn et al. 2026).

The continued circulation of these viruses in animal reservoirs, combined with their proven
ability to infect humans and cause severe disease, makes H5 and H7 subtypes priority targets
for pandemic preparedness efforts. Understanding their molecular constraints, evolutionary
potential, and host adaptation mechanisms is critical for developing effective surveillance
strategies, risk assessment frameworks, and countermeasures against future pandemic
emergence.

1.2 Deep Mutational Scanning

Deep mutational scanning (DMS) is a high-throughput method for generating large libraries
that contain genotype-to-phenotype links between the mutation and the outcome (Fowler et al.
2010). DMS involves creating a large library of different protein mutations, putting the library
under a selective pressure, and then deep sequencing the library makeup prior to and post
selection to quantify how much each mutational variant affects the phenotype.

Some of the earliest DMS studies on viral proteins were done on influenza HA (Thyagarajan
and Bloom 2014; Wu et al. 2014). These initial studies used reverse genetics to produce libraries
of viruses that contained the HA mutations in addition to the 7 other internal genes from a
lab-adapted A/WSN/1933 (HIN1) strain. These saturated mutagenesis libraries created
through reverse genetics were important in studying how mutations were tolerated by HA
(Doud and Bloom 2016/6; Lee et al. 2018), and how they are able to escape monoclonal
antibodies (Doud et al. 2017, 2018; Wu, Thompson, et al. 2020), polyclonal sera (Lee et al. 2019),
and how the targets for antibodies against HA varied between age groups (Welsh et al. 2024).
Combined mutagenesis libraries also created through reverse genetics were vital in studying the
importance of epistasis in the receptor binding pocket (RBP) (Wu, Otwinowski, et al. 2020; Wu
et al. 2018, 2017). Due to the replicative nature of these experiments, biosafety concerns were
imminent, necessitating the need for a safer approach.

Another type of DMS that is safer uses yeast display. In these experiments a library of peptides
with varying mutations are displayed on the surface of yeast. Most prominently, mutagenesis
yeast display libraries of the SARS-Cov2 receptor binding domain (RBD) have been used to
reveal mutational constraints on RBD folding and receptor binding (Starr, Greaney, Hilton, et al.
2020), and how mutations in the RBD can escape monoclonal antibodies (Cao et al. 2022; Starr,
Greaney, Addetia, et al. 2020; Starr et al. 2021) and polyclonal sera (Greaney et al. 2021; Starr,


https://paperpile.com/c/XjaXbI/Qt7z
https://paperpile.com/c/XjaXbI/aLee
https://paperpile.com/c/XjaXbI/P2ty
https://paperpile.com/c/XjaXbI/C93z1+PbZUW
https://paperpile.com/c/XjaXbI/n8Oum
https://paperpile.com/c/XjaXbI/n8Oum
https://paperpile.com/c/XjaXbI/C7lw7+RWB4n
https://paperpile.com/c/XjaXbI/C7lw7+RWB4n
https://paperpile.com/c/XjaXbI/UBFuJ+5Ao55
https://paperpile.com/c/XjaXbI/dLaW3+GZmwQ+euViE
https://paperpile.com/c/XjaXbI/tK4iT
https://paperpile.com/c/XjaXbI/tVuPE
https://paperpile.com/c/XjaXbI/avNRP+c5xSa+lW17e
https://paperpile.com/c/XjaXbI/avNRP+c5xSa+lW17e
https://paperpile.com/c/XjaXbI/VgoRT
https://paperpile.com/c/XjaXbI/VgoRT
https://paperpile.com/c/XjaXbI/2tChy+w2jYR+iqEgc
https://paperpile.com/c/XjaXbI/2tChy+w2jYR+iqEgc
https://paperpile.com/c/XjaXbI/W2u3i+w2jYR

15

Greaney, Addetia, et al. 2020), and epistatic shifts (Starr, Greaney, Hannon, et al. 2022). Groups
have also created yeast display libraries that contain combinations of different mutations, these
libraries helped to reveal the role of epistasis in RBD receptor binding and antibody binding
(Moulana et al. 2022, 2023). The limitations of this method arise in the size of the peptide that
can be displayed. This is one of the reasons why the experiments are limited to RBD as the full
SARS-CoV2 spike protein or the HA protein are too large. These experiments are also limited to
measuring mutation effects on biochemical phenotypes, meaning that it’s possible to measure
antibody binding effects but not neutralization.

The final type of DMS experiments that we will describe is based on lentiviral pseudotyping
(Dadonaite, Brown, et al. 2023). The technical innovation comes from conditionally replicative
lentiviral particles that can only undergo a single cycle of infection and can be pseudotyped
with mutant viral entry proteins. The advantages of this system are that they are safe, can
accommodate any viral entry protein, and can be used to study how mutations affect infection
rather than just biochemical phenotypes. So far, these libraries have been used to study the
functional and antigenic effects of mutations to a diverse set of viral entry proteins including
SARS-Cov2 Spike, HIV envelope, nipah glycoprotein, lassa glycoprotein, rabies glycoprotein,
chikungunya virus entry protein, RSV F protein, and influenza HA.

1.4 Overview of the thesis

The goal of this thesis is to study how HA mutational effects can inform on viral protein
evolution. In chapter 2, we talk about the development of a high-throughput pH assay to
measure the stability effects of influenza HA. Using this system, we are able to validate
previously known acid stabilizing mutations and identify new mutations.

In chapter 3, we perform pseudovirus deep mutational scanning on the H7 protein to discover
how different mutations can affect cell entry via human receptors vs. avian receptors. Using this
system, we are able to identify mutations that increase entry on cells expressing human sialic
acid receptors. We analyze the presence of such mutations in current circulating strains and we
provide evidence of adaptive mutations for human receptor binding.

In chapter 4, we compare pseudovirus deep mutational scanning datasets to study how
mutations affect cell entry across different HA subtypes: human H3, avian H5, and avian H7.
These HAs share ~40% amino acid identity yet their structures are quite similar. We find that
despite sharing extremely similar sequences, these subtypes have dramatically different
mutational constraints.

Finally in chapter 5, we perform pseudovirus deep mutational scanning to study the usage of
the MHCII receptor in influenza H7N9 binding.


https://paperpile.com/c/XjaXbI/W2u3i+w2jYR
https://paperpile.com/c/XjaXbI/VXifM
https://paperpile.com/c/XjaXbI/xnOO4+nUWG3
https://paperpile.com/c/XjaXbI/3rhGA

16




17

Chapter 2
A version of this chapter is published as:

Dadonaite, Bernadeta, Jenny J. Ahn, Jordan T. Ort, Jin Yu, Colleen Furey, Annie Dosey,
William W. Hannon, et al. 2024. “Deep Mutational Scanning of H5 Hemagglutinin to
Inform Influenza Virus Surveillance.” PLoS Biology 22 (11): e3002916.
https://doi.org/10.1371/journal. pbio.3002916.

2 Development of a pH Stability Assay for Measuring HA Protein Stability

2.1 Abstract

Influenza hemagglutinin (HA) undergoes pH-triggered conformational changes
essential for viral membrane fusion and infectivity. Traditional pH stability assays require
extensive virus dilution post-treatment, limiting their application to high-titer samples and
hindering large-scale mutational studies. We developed an improved pH stability assay that
incorporates virus reconcentration and neutralization steps, enabling measurement of HA
stability in lower-titer samples suitable for deep mutational scanning (DMS) applications. Using
H5N1 hemagglutinin as a model system, we validated the assay with citric acid buffers at pH
7.4, 6.0, and 5.5, measuring fractional infectivity through luciferase reporter activity. The H5N1
wild-type showed characteristic pH-dependent inactivation, with complete loss of infectivity at
pH 5.5, consistent with reported activation thresholds for emerging H5N1 strains. SARS-CoV-2
Spike BA.2 served as a negative control, maintaining infectivity across all pH conditions and
confirming HA-specific inactivation. The assay successfully distinguished known pH stability
variants: the destabilizing mutant N198K showed premature inactivation at pH 6.0, while the
stabilizing mutant 14341 retained full infectivity even at pH 5.5 where wild-type virus was
completely inactivated. These results demonstrate that our modified assay preserves biological
relevance while improving practical applicability for high-throughput characterization of HA
stability. This approach provides a robust platform for systematic investigation of HA
structure-function relationships and has potential applications in vaccine development and
pandemic preparedness efforts.

2.2 Introduction

Influenza A viruses (IAV) commonly circulate in a variety of wild animals (i.e. seals,
minks, whales), aquatic birds, domestic animals (i.e. poultry, horses, swine), and humans. The
ability of IAV to infect and spread amongst different species depends on a variety of different
factors. During the influenza lifecycle, the virus is able to enter the host cells via the surface
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glycoprotein hemagglutinin (HA). HA binds the sialic acid (SA) receptor expressed on the
surface of host cells (Rogers and Paulson 1983; Rogers et al. 1983) and this causes membrane
fusion in the endosome. Mature HA proteins, HA’s cleaved into HA1/HA2 complexes, are
trapped in a metastable conformation that is then triggered by low pH in endosomes to undergo
an irreversible structural change that ultimately results in membrane fusion (Carr and Kim
1993; Carr et al. 1997). HA stability, meaning the ability of the HA to resist this structural change
induced by low pH (or heating) has recently been shown to be an important adaptation of
influenza viruses to humans and ferrets (Zaraket et al. 2013-9; Russell et al. 2018). The pH values
that trigger this conformational change range from 4.8-6.2, with human-adapted strains having
lower pH stability values (4.8-5.5) (Russell et al. 2018; Scholtissek 3/1985; Galloway et al. 2013).
A stabilized HA protein, meaning one with a lower activation pH value, could have prolonged
environmental stability and may be able to resist virion inactivation in mildly acidic
extracellular environments (Poulson et al. 2016; Russier et al. 2020; Labadie et al. 2018).
Additionally, the upper respiratory tract of humans are mildly acidic, meaning that upon
infection a stabilized HA could enhance intra-host spread of infection by avoiding extracellular
inactivation of virions (Russell et al. 2018). Within the cell, intermediate HA stability may also
play a role (Singanayagam et al. 2019) in minimizing interferon responses triggered by dendritic
cells by high-pH HA protein in the early endosome (Russier et al. 2020) or by interactions
between low-pH HA proteins IFITM2 and IFITM3 proteins in the late endosomes (Gerlach et al.
2017).

With the increasing risks of pandemics, the need for better biosurveillance to prevent future
pandemics has never been greater. The identification of high pathogenicity strains of avian
influenza (HPAI) with the ability to sporadically infect humans has recently raised concerns
regarding their potential to trigger a pandemic. When further evaluating the pandemic potential
of influenza A viruses, risk assessment tools that analyze HA receptor-binding specificity are
commonly used by the WHO and CDC (CDC 2024; “Tool for Influenza Pandemic Risk
Assessment (TIPRA),” n.d.). The addition of considering HA stability in these existing
algorithms could potentially enhance their predictive abilities (Long et al. 2019; Lipsitch et al.
2016; Russell et al. 2018). A challenge to adding HA stability to surveillance stems from the idea
that the stability needs to be measured and cannot be inferred based on the HA gene sequence.
There have been developments of several assays to measure HA stability, although each can be
time-consuming, strain- dependent, and cumbersome which is not well suited for
high-throughput measurements of this property. Here we discuss the development of a
pH-based stability assay capable of measuring the stability effects of thousands of single
mutations in a single experiment. We are then able to test and validate this system to use with
our H5 DMS libraries and identify existing and new stability enhancing mutations.

2.3 Results

2.3.1 Development of pH stability assay
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Membrane fusion of influenza is regulated by the conformational state of the influenza
HA protein. The HA trimer natively exists in a prefusion structure, this structure represents a
high-energy metastable configuration of the HA. Upon exposure to acidic pH’s, typically in the
cellular endosome, the HA protein undergoes an irreversible conformational change that
ultimately results in membrane fusion (Carr and Kim 1993; Skehel and Wiley 2000; Ruigrok et
al. 1988; Weber et al. 1994; Wharton et al. 1995). If the virion is exposed to sufficiently low pH
outside of the host or host cell, the HA protein can be prematurely activated to refold
irreversibly such that the virion is inactivated. This loss of viral infectivity at lower pH is widely
used as a proxy to measure HA stability (W. Yang et al. 2021; Poulson et al. 2016; Russier et al.
2020). While the biological trigger for HA activation is a lower pH, HA refolding can also be
triggered by other destabilizing agents such as urea and heat (Carr et al. 1997; Ruigrok et al.
1986)

Traditional pH stability assays required diluting virus samples after pH treatment to restore
neutral conditions before adding onto the cells (G. Yang et al. 2021), ensuring cell viability
during pH exposure. However, these methods demanded large amounts of starting virus,
limiting their use to high-titer samples, and making it difficult to adapt to our large scale library
system. To address these limitations, we developed an improved pH stability assay that would
work with our DMS libraries. Our approach treats viruses with citric acid buffers across a range
of pH values, reconcentrates and neutralizes the pH with PBS, and then the pH treated virus is
put onto the cells. We initially validated this system using a luciferase-based reporter, where
viruses encoded both the HA variant of interest and a luciferase gene for detection.

During the assay development, we used the HA from the A/American Wigeon/South
Carolina/USDA-000345-001/2021 (H5N1)as our WT, an H5 pH destabilized variant N198K
(N186K, (Timofeeva et al. 2020), an H5 pH stabilized variant L4341 (L419, (Wang et al. 2018),
and the SARS-CoV2 Spike BA.2 variant as control. HA inactivation values tend to fall within the
range of pH 4.8-6.2 (Mair et al. 2014) but the average HA activation pH values was around 5.7
for emerging H5N1 strains (Zaraket et al. 2013-9). We first tested a range of pH buffers with the
H5 WT to see when the WT would be inactivated (figure 1c). Based on the destabilizing pH
values, we chose a range of pH values to test with our viruses, neutral media pH (~7.4), 6.0, and
5.5.
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Figure 2.1 | pH Stability pipeline development and validation.

A) Graph showing the pH buffer range that was tested using H5 WT (purple) and N198K
destabilizing mutation (green) to determine the range of buffer to use for the final H5 pH DMS
selections. B) Graph showing results from treating H5 WT (purple), SARS-CoV-2 Spike BA.2
(pink), H5 N198K destabilizing mutation (yellow), and H5 L434I stabilizing mutation (grey)
with a range of pH buffers and re-concentrating the virus prior to putting them on cells. C)
Diagram detailing the pH stability pipeline. First the libraries are treated with a range of citrate
buffers of the media control. After treatment viruses are re-concentrated and neutralized with
PBS. After neutralization, viruses are concentrated again and then put onto the target cells. The
barcodes from the non-neutralized variants are then read out. Stability was quantified as the
resistance of each mutant to inactivation by pH.

To measure the pH of virion inactivation, we calculated the target RLU readouts (~5M) for each
virus and brought up the volume of the virus to 0.5ml D10. We then added a larger volume of
either D10 or each of the pH adjusted citric acid buffers. The viruses were treated with the



21

buffers or D10 for 1 hour at 37°. After incubation, all the contents were spun down through a
protein concentrator. After the spin down, the spin through liquid was discarded and the virus
concentrated in the filter was topped off with a larger volume of PBS to re-neutralize the
viruses. Viruses were spun down again at the same speed and time and the virus was then
collected. Each virus was brought up to a final volume of ~2ml in D10 and 100ul of pH treated
virus was then added onto the cells.

In this assay we measured the fractional infectivity (FI), meaning that this was the proportion of
virus that was able to infect the cells over the non-pH treated control conditions. For the Spike
BA .2 variant, we saw that despite the lower pH treatments, the FI remained consistent around 1.
This meant that infectivity seen at the lower pH treatments remained similar to the un-treated
(Fig 1B). However, when looking at the H5 WT, we see that the FI starts off around 1 at the D10
pH and 6.0, but as you get to pH 5.5 the FI drops to 0. We also saw the expected results with our
stabilizing and destabilizing mutants. The N198K (destabilizing) mutant had a FI of around 1 at
the neutral D10 pH, but as the pH dropped, the FI dropped at pH 6.0, indicating a loss of
infectivity at this pH. For the L4341 (stabilizing) mutant, we saw that despite the lower pH
treatments, the FI remained consistent around 1, similar to the BA.2 variant. This stabilizing
mutant, retained its fractional infectivity even at pH 5.5 when the WT FI dropped to 0 a pH 5.5.
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2.3.2 Effects of mutations on H5 pH Stability

Mutations that increase HA stability are often associated with airborne transmissibility of
influenza viruses (Linster et al. 2014; Sun et al. 2024; Mair et al. 2014; Zaraket et al. 2013-9;
Poulson et al. 2016). To identify mutations that affect HA’s stability, we incubated the
pseudovirus libraries in progressively more acidic pH buffers and quantified the retention of
infectivity as a measure of HA stability.

Mutations at a variety of sites increase HA stability (Fig 2.2) and an interactive plot at
(https:/ /dms-vep.org/Flu H5 American-Wigeon_South-Carolina_2021-H5N1 DMS /stability.h
tml). Although the stabilizing mutations are widely distributed among the primary sequence of
the HA protein, they are concentrated in 2 regions of HA’s three-dimensional structure: the

stem’s alpha helices the base of the head domain. The spatial location of these mutations is
consistent with the fact that the acidic conditions or high temperatures can trigger that
irreversible conformational change that involves the displacement of the head domain (Carr
and Kim 1993; Xu et al. 2010). Overall the deep mutational scanning both identified previously
known stabilizing mutations (ie. Y17H, A19T, H24Q, E31K, H110Y, and T318I) (Imai et al. 2012;
Reed et al. 2010; Hanson et al. 2015; Russier et al. 2016; Singanayagam et al. 2019) as well as
many additional mutations that increase stability.

We were also able to validate the deep mutational scanning stability measurements by
generating conditionally replicative influenza virions (Fig S1A) carrying key mutations and
quantifying their infectivity after acid treatment. The deep mutational scanning measurements
correlate well with the stability of the influenza virions (Fig S1A), further validating the
approach. We note that the map of the stabilizing mutations could inform on the design of
stabilized HA immunogens (Milder et al. 2022) for vaccines as well as inform on viral
surveillance.
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Figure 2.2 | H5 pH stability DMS Data

A) The average increase in HA stability caused by mutations at each site. See
https://dms-vep.org/Flu H5 American-Wigeon South-Carolina 2021-H5N1 _DMS /stability.ht
ml for an interactive heatmap of the effects of all mutations that include options to show
destabilizing as well a stabilizing mutations B) HA structure colored by the average increase in
HA stability at each site. Sites where mutations increase HA stability are shown in darker blue
and sites where there was little to no effect in HA stability increased are shown in light blue or
white. C) Validation of deep mutational scanning measurements by comparison to direct
measurements of acid-induced inactivation of conditionally replicative influenza virions
carrying the indicated mutations. The mutations validated here were chosen to span a wide

range of effects on stability. The r value in the upper-left of each panel indicates the Pearson
correlation.
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2.4 Discussion

We successfully developed and validated a modified pH stability assay that addresses
key limitations of traditional methods while maintaining biological relevance for measuring HA
conformational stability. Our approach eliminates the need for extensive virus dilution by
incorporating a reconcentration step, making it suitable for lower-titer samples and
high-throughput applications like DMS libraries. The assay effectively distinguished between
viruses with different pH stability profiles. As expected, the H5N1 WT showed characteristic
pH-dependent inactivation, with complete loss of infectivity at pH 5.5, consistent with reported
activation pH values of ~5.7 for emerging H5N1 strains (Zaraket et al. 2013-9). The SARS-CoV-2
Spike BA.2 variant served as an appropriate negative control, maintaining full infectivity across
all pH conditions tested, confirming that the observed inactivation was specific to influenza
HA-mediated fusion rather than non-specific pH effects on viral particles or cell viability.

Importantly, our assay successfully detected both stabilizing and destabilizing mutations
previously identified in literature, in addition to new ones. The N198K destabilizing mutant
showed premature inactivation at pH 6.0, demonstrating increased pH sensitivity as predicted
from previous studies (Timofeeva et al. 2020). Conversely, the L434I stabilizing mutant retained
infectivity even at pH 5.5, where the WT was completely inactivated, confirming enhanced
stability consistent with prior characterization (Wang et al. 2018). These results validate that our
modified assay preserves the biological signal of HA conformational changes while improving
practical applicability. The successful discrimination between known stabilizing and
destabilizing variants demonstrates that this assay can reliably measure the functional
consequences of HA mutations on pH stability. This capability is particularly valuable for DMS
applications, where large libraries of variants need to be systematically characterized. The
improved efficiency and reduced virus requirements make this approach well-suited for
high-throughput screening of HA stability across diverse mutation backgrounds, providing a
robust platform for understanding structure-function relationships in influenza HA and
potentially informing vaccine strain selection and pandemic preparedness efforts.
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S1 Fig. Validation of stability enhancing HA mutations

stability effect in DMS

(A) Correlations between the effects of mutations on HA stability as measured by the deep
mutational scanning for each of the 2 independent library replicates. Experiments 1 and 2 were

performed on different dates. Only stabilizing mutations are shown. The Pearson correlation is

shown in the upper left. Throughout the rest of this paper, we report the average effect across
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libraries and experiments. The data underlying this panel can be found in S3 Data. (B and C)
Stability-enhancing mutations identified in deep mutational scanning were validated using the
conditionally replicative influenza virions. (B) Conditionally replicative influenza virions
carrying each of the indicated mutations were incubated at a buffer of the indicated pH for 30
minutes, diluted into a neutral pH buffer, and then used to infect target cells. The top row shows
the percent of cells infected by each virus after treatment at each pH, and the bottom row shows
the titer per cell (MOI) calculated using the Poisson distribution. (C) The infectivity remaining
for each mutant at the indicated pHs relative to pH 6.9 (as calculated from the bottom row of
panel (B) versus the stability effects of the mutation measured in the deep mutational scanning.
The Pearson correlation is indicated in the upper-left of each plot.
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2.6 Materials and methods

Cell lines and media

293T cells were maintained D10 media (Dulbecco’s Modified Eagle Medium with 10%
heat-inactivated fetal bovine serum, 2 mM I-glutamine, 100 U/mL penicillin, and 100 ug/mL
streptomycin). D10 media was used for all experiments involving pseudovirus.
MDCK-SIAT1-PB1 and MDCK-SIAT1-PB1-TMPRSS2 cells were passaged in D10 media and for
assays described above plated in either Influenza growth media (Opti-MEM supplemented with
0.1% heat-inactivated FBS, 0.3% bovine serum albumin, 100 nug/mL of calcium chloride, 100
U/mL penicillin, and 100 ng/mL streptomycin), or Neutralization assay media (Medium-199
supplemented with 0.01% heat-inactivated FBS, 0.3% BSA, 100 U/mL penicillin, 100 ug/mL
streptomycin, 100 ug/mL calcium chloride, and 25mM HEPES). Influenza growth media was
used for all conditionally replicative virus rescue experiments, while Neutralization assay
media was used for all experiments involving fluorescence readings because riboflavin present
in Opti-MEM has high background fluorescence.

Measuring effects of mutations on HA Stability

To measure the effects of mutations on HA stability, we followed the workflow outlined in (Fig
2.1C). Specifically, approximately 5 million transcription units of the pseudovirus library were
incubated with D10 media or citrate-based acidic buffers. Buffers were prepared at 0.1 M by
mixing together sodium citrate dihydrate and citric acid solutions and adjusting to pHs 5.7, 5.5,
or 5.3 using hydrochloric acid or sodium hydroxide. Pseudovirus libraries were incubated for 1
hour at 37°C at 1:12 library to buffer volume ratio. After incubation, libraries were then
concentrated using 100k Amicon spin columns (Milipore, UFC910008) by spinning for 15
minutes at 1,500g to approximately 1 ml volume and resuspended in 11 ml of PBS to exchange
and neutralize acidic buffers. Viruses were spun down again for 20 minutes at 1,500g to reduce
sample volume and exchange PBS for 2 ml of D10 media. Oseltamivir was added to the libraries
at 1 uyM and they were then used to infect 293T cells that were plated a day before in the
presence of 2.5 ng/ml of amphotericin B. At 12 to 15 hours postinfection unintegrated, lentiviral
genomes were recovered from cells using Qiagen Miniprep Kit. During the miniprep lysis step
(P2 buffer), 0.003 ng of DNA standard was added to a final molar concentration of
approximately 1% of recovered lentiviral DNA (this was calculated based on the number of
expected nonintegrated lentiviral genomes recovered given the amount of virus used for
infections). The DNA standard consisted of a plasmid encoding lentiviral backbone with a
barcoded mCherry gene (plasmid map for nonneutralizable standard is at

https:/ /github.com/dms-vep/Flu H5 American-Wigeon South-Carolina 2021-H5N1 DMS/b
lob/main/library design/3068 Forlnd mC BCs pooll.gb, and barcodes in this standards can
be found at

https://github.com/dms-vep/Flu_H5_ American-Wigeon South-Carolina_2021-H5N1_DMS/b
lob/main/data/neutralization_standard barcodes.csv), and the purpose of this standard is to
enable conversion of relative sequencing counts to absolute amount of each barcoded
pseudovirus variant (relative to the standard) at each pH condition. Note that unlike for sera
selections (described below) where we use VSV-G or RdPro pseudotyped viruses as
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nonneutralizable standard, here we choose to use DN A-based standard because VSV-G or
RdPro may be affected by the pH treatment. Lentiviral genomes were then used to make
amplicon libraries for Illumina sequencing as described previously (Dadonaite, Crawford, et al.
2023).

The sequencing counts were converted to the fraction infectivity retained at each pH condition
relative to D10 by using the counts of each variant relative to the DNA standard at each
condition. The polyclonal (Yu et al. 2022) software (v6.11) was used to analyze mutation-level
retained infectivity at each pH and to fit a pH-dependent neutralization curve while estimating
the effect of each mutation on stability. An example notebook of this analysis can be found at
https:/ /dms-vep.org/Flu_H5_American-Wigeon_South-Carolina_2021-H5N1_DMS/notebooks
/fit_escape_stability_Lib2-231002-pH.html. HA stability data can be viewed interactively in the
context of the H5 HA protem structure using dms-viz (Hannon and Bloom 2023) at

p 402FF1u H5 Amgngan -Wigeon South-Carolina 2021-H5 ﬂ] DMSY%2Fmain 102Frg§ult§ %2Fdm

s-viz%2Fdms-viz.json.

Validation of stability enhancing mutations using conditionally replicative influenza virus
MDCK-SIAT1-PB1 cells were plated in NAM at 100 k per well in a 6-well dish, 4 hours prior to
infection. Wild-type and mutant viruses were diluted to the target final MOI of 0.75 to 1 and
incubated with citrate buffers at pHs 6.9, 5.7, 5.5, or 5.3 for 30 minutes at 37 C at a dilution of 4ul
virus to 96 ul of buffer. Citrate buffers were prepared at 0.1 M by mixing together sodium citrate
dihydrate and citric acid solutions and adjusted to the required pH using hydrochloric acid or
sodium hydroxide. pH-treated viruses were then brought up to a neutral pH by 3.9mL of NAM
media. About 2mL of the NAM-diluted virus was then added to MDCK-SIAT1-PB1 cells. At 16
to 20 hours postinfection, cells were collected for flow cytometry analysis and the percent
positive eGFP cells were measured for each mutant. We conducted single replicates of each
mutant and repeated these across 3 different days. The fractional infectivity was then calculated
by taking the proportion of the percent positive green cells at pH 5.3

or pH 5.5 over the percent positive green cells at pH 6.9 (S5 Fig).

Production of conditionally replicative influenza viruses

Conditionally replicative influenza viruses with wild-type, mutant, or selected strain HA genes
were generated as described previously (Hooper and Bloom 2013; Doud et al. 2018) with several
modifications explained here. The native HA sequences (not codon optimized) lacking the
polybasic cleavage site for all strains and variants were cloned into the bidirectional pHW2000
influenza reverse genetics plasmid (Hannon and Bloom 2023) (plasmid maps for all strains can
be found at

https://github.com /dms-vep/Flu H5 American-Wigeon South-Carolina 2021-H5N1 DMS/tr
ee/main/library design/conditionally replicative virus plasmids). The polybasic cleavage site
was removed from the HA sequence to further enhance the safety of this system. The native NA
sequence from A /turkey/Indiana/22-003707-003 /2022 strain was also cloned into a pHW2000
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plasmid (plasmid map

https:/ /github.com/dms-vep/Flu H5 American-Wigeon South-Carolina 2021-H5N1 DMS/b
lob/main/library design/conditionally replicative virus plasmids/3972 pHW N1 TurkeyH5
.gb). A mixture of 5e5 293T-PB1 cells (Bloom et al. 2010) and 50,000
MDCK-SIAT1-PB1-TMPRSS2 cells (Lee et al. 2018) per well was plated into a 6-well plate. The
next day, cells were transfected with plasmid mix consisting of A/WSN /1933 PB2, PA, NP, M,
and NS reverse genetics plasmids (Hoffmann et al. 2000), pHH-PB1flank-eGFP plasmid that
consists of noncoding terminal regions from A/WSN /1933 PB1 segment and eGFP gene in

place of PB1 coding sequence (Bloom et al. 2010),
pHW_HA_American-Wigeon_USDA-000345-001_H5N1_delPBCS plasmid and
pHW_N1_TurkeyHb5 plasmid. Next day, cell media was changed to Influenza growth media (see
Cell lines methods subsection below) and virus supernatant was collected 48 hours after media
change. Virus titers were determined by serially diluting virus stocks and infecting
MDCK-SIAT1-PB1 cells in Neutralization Assay Medium (NAM) media. Flow cytometry was
used to determine eGFP positive cell numbers, 16 hours postinfection, and Poisson distribution
was used to determine virus titers. In cases where high virus titers were needed, rescued viruses
were further passaged at low MOI (0.01) in MDCK-SIAT1-PB1-TMPRSS?2 cells in NAM. For
stability mutation validations, passaged viruses were further concentrated using 100k Amicon
spin columns. To avoid any possibility of reassortment between the conditionally replicative
influenza viruses with the HSN1 HA and NA and fully replication competent influenza, work
with these conditionally replicative viruses was strictly segregated away from tissue-culture
incubators and biosafety cabinets where fully replicative seasonal or lab-adapted influenza
viruses were being studied.

Neutralization assays using conditionally replicative influenza virus

To validate sera escape mutations, we performed neutralization assays using conditionally
replicative virus as described previously (Hooper and Bloom 2013). In brief, 50 k
MDCK-SIAT1-PB1 were plated into 96-well plates in NAM media 4 hours before infection. Sera
were serially diluted in NAM media and mixed with wild-type or mutant conditionally
replicative influenza viruses. The amount of virus to use was chosen such that the green
fluorescence signal would change linearly with degree of sera neutralization. Virus and sera
were incubated for 45 minutes at 37°C and preplated MDCK-SIAT1-PB1 were infected.
Fluorescence signal was determined using Tecan M1000 plate reader, 16 hours postinfection.
Fraction infectivity was determined relative to no serum controls and neutralization curves
were plotted using neutcurve software (Loes et al. 2024).
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Chapter 3
A version of this chapter is published as:

Jenny ] Ahn, Timothy C Yu, Bernadeta Dadonaite, Caelan E Radford, Jesse D Bloom,
Influenza hemagglutinin subtypes have different sequence constraints despite
sharing extremely similar structures, Virus Evolution, Volume 12, Issue 1, 2026, veag018,
https://doi.org/10.1093 /ve/veag018

3 Mapping the Functional Landscape of H7 Avian Influenza for Pandemic Preparedness

3.1 Abstract

We performed deep mutational scanning (DMS) on H7 hemagglutinin from the
A/Anhui/1/2013 strain, a Eurasian H7N9 virus that serves as the backbone for WHO candidate
vaccine viruses. Using pseudoviral libraries containing 95-96% of all possible amino acid
mutations in the HA ectodomain, we systematically measured the functional effects of
mutations on cell entry into engineered 293 cells expressing a2-3 linked, 02-6 linked, or mixed
sialic acid receptors. Our comprehensive mutational analysis revealed distinct patterns of
functional constraint across the H7 HA protein. HA2 showed greater sensitivity to mutations
than HA1, with particularly strong constraint in the fusion loop region (sites 330-350) critical for
membrane fusion. In contrast, many areas of the HA1 globular head demonstrated high
mutational tolerance, including regions commonly targeted by neutralizing antibodies. These
results provide the first comprehensive mutational landscape for H7 HA and extend previous
findings from H3 and H5 subtypes, revealing conserved patterns of functional constraint across
influenza A hemagglutinins. This dataset offers critical insights into H7 HA evolutionary
potential and identifies both constrained regions suitable for universal vaccine targets and
highly mutable areas prone to immune escape.

3.2 Introduction

Influenza has caused several past pandemics due to the reassortment of seasonal and
avian viruses, making future occurrences likely. Moreover, the high fatality rates of current
avian flu outbreaks are especially concerning, as the virus could potentially spill over into the
human population, either directly or through reassortment. Particularly concerning are H5 and
H7 which have caused numerous zoonotic outbreaks. H7 viruses have been first reported in
humans in 2013 and since then, there have been multiple additional infections with case fatality
rates around 40% (Liu et al. 08/2021; Xiang 2016; Ning et al. 2019). HA plays a major role in
virus entry, transmission and neutralizing antibody development and therefore a better
understanding of the effects of mutations to H7 HA can help us to understand the pandemic
potential of this virus and be better prepared in case of its pandemic emergence. Additionally,
because antibodies against HA are a primary correlate of protection, they are a key target for
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influenza vaccines. Previous studies have shown that mutations in HA not only impact the
virus’s antigenicity, potentially rendering vaccines and antibody treatments less effective, but
can also impact the ability of the virus to infect and spread efficiently between humans (Tanner
et al. 2015; Watanabe et al. 2014; Si et al. 2014). With continued sporadic outbreaks of H7N9
globally, and a lack of immunity in the population, the potential for a pandemic remains high.
In the event of a pandemic, we currently lack much knowledge necessary to respond effectively
in the case of such a scenario.

3.3 Results

3.3.1 H7 HA deep mutational scanning libraries

We have previously described a pseudovirus deep mutational scanning approach that
can be used to measure the effects of all individual amino-acid mutations to HA on its ability to
mediate the entry of pseudotyped lentiviral particles into cells (Dadonaite, Crawford, et al.
2023) (Fig. S3.1A,B), and applied this approach to H5 and H3 HAs (Dadonaite et al. 2024; Yu et
al. 2025). Note that this experimental approach uses lentiviral particles that encode no viral
protein other than HA, and are therefore only able to undergo a single round of cell entry, this
means that they are not fully infectious pathogens capable of causing disease, making them a
safe tool to study the effects of mutations to HA. Here we extend this previously described
approach to measure the effects of mutations to a H7 HA on cell entry in order to create an
expanded dataset to facilitate comparison of sequence constraints across HA subtypes.

For these new experiments, we selected the HA of one of the World Health Organization’s
candidate H7 vaccine viruses (WHO, n.d.), the Eurasian lineage A/Anhui/1/2013 strain. This
strain is from the Eurasian H7NO lineage that first caused human infections in 2013 in China
(Gao et al. 2013; Wen and Klenk 2013). The human infections were traced to closely related
viruses from this same lineage circulating in poultry and live bird markets (J. Shi et al. 2013;
Lam et al. 2013), with poultry infections identified concurrently with the human cases. The H7
HA from the A/Anhui/1/2013 strain is the background for three current candidate vaccine
viruses, NIBRG-268, NIIDRG-10.1, and IDCDC-RG33A (WHO 2025). The HA from this
A/Anhui/1/2013 strain has been shown to bind both the a2-3 linked sialic acids that are the
typical receptor for avian-adapted influenza viruses and the 02-6 linked sialic acids that are the
typical receptor for human-adapted influenza viruses(Y. Shi et al. 2013). The ability of the
A/Anhui/1/2013 H7 HA to bind a2-6 linked sialic acids is due primarily to the fact that it has
the Q226L mutation (Y. Shi et al. 2013), which promotes binding to a2-6 linked sialic acids in
multiple HA subtypes (Stevens et al. 2006; Sun et al. 2024; Bateman et al. 2008).

We created duplicate mutant libraries of this H7 HA in the context of pseudoviruses capable of
undergoing only a single round of cell entry. The two libraries contained 95% and 96% of all
possible amino-acid mutations to the HA ectodomain, respectively. Most of the barcoded HA
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variants in the libraries contained single amino acid mutations, although a small fraction
contained no mutations or multiple mutations (Fig. S3.1C-E). We measured the ability of each
barcoded HA variant to mediate pseudovirus entry into cells using previously described
approaches (Dadonaite, Crawford, et al. 2023; Dadonaite et al. 2024; Yu et al. 2025) (Fig S3.1B),
and used global epistasis models (Haddox et al. 2023; Otwinowski et al. 2018) to determine the
effect of each mutation on cell entry. The effect of each mutation is quantified as the log, of the
cell entry of pseudovirus with that mutant HA relative to the unmutated HA, so mutations that
do not impact cell entry are assigned effects of zero while mutations that impair entry are
assigned negative effects.

3.3.2 Effects of HA mutations on entry into cells expressing 02-6- versus a2-3-linked sialic
acids

We measured entry into previously described 293 cells (Narimatsu et al. 2019; Biill et al.
2021) that have been engineered to express only a2-3 linked sialic acids, only 02-6 linked sialic
acids, or an equal mix of cells expressing each of the two types of sialic acids. We performed two
experimental replicates for each of the two independent pseudovirus mutant libraries, and the
measured effects of the mutations on cell entry were highly correlated across both replicates of
the same library and between the two independent libraries (Fig. $3.2); throughout this paper
we report the median of the measurements across all replicates.

The effects of nearly all mutations to the H7 HA ectodomain on entry into a mix of 293 cells
expressing 02-3 linked or a2-6 linked sialic acids are shown in Fig. 3.1A (see also the interactive
heatmap at https://dms-vep.org/Flu H7 Anhuil3 DMS/cell entry.html). As can be seen from
this figure, there is wide variation in mutational tolerance across the HA protein, with some
sites being quite tolerant of mutations whereas at other sites nearly any mutation strongly

impairs HA’s cell-entry function. Functional constraint was generally higher in HA2 than HA1,
especially in regions of HA2 like the fusion loop (sites 330-350) that are critical for mediating
HA'’s cell entry function (Fig. 3.1A). However, many regions of HA1, especially near the top of
the globular head of the protein, are quite tolerant of mutations (Fig. 3.1A,B). Overall, these
results are in line with prior deep mutational scanning studies of HA from other influenza A
subtypes, which have found the most constraint in regions of HA2 involved in membrane
fusion, and higher mutational tolerance in many portions of the HA1 globular head including
the epitopes most commonly targeted by neutralizing antibodies (Dadonaite et al. 2024; Wu,
Thompson, et al. 2020; Lee et al. 2018; Wu et al. 2014; Thyagarajan and Bloom 2014).
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Figure 3.1 | Effects of mutations to the ectodomain of H7 HA on its ability to mediate entry
into a mix of cells expressing a2-3 and a2-6 linked sialic acids.

A) Heatmap showing the effects of mutations on HA-mediated cell entry. Negative cell entry
effects (red) indicate impaired cell entry relative to the unmutated HA. Gray indicates mutations
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that were not reliably measured in our experiments, and for each site the X indicates the
amino-acid identity in the unmutated A/Anhui/1/2013 HA. See

dms-vep.org/Flu H7 Anhuil3 DM 1l _entry.html for an interactive version of this
heatmap that also shows effects of mutations on entry into 293 cells expressing only 02-3 or only
a2-6 linked sialic acids. In this figure and throughout the rest of this paper we use H3 sequence
numbering(Burke and Smith 2014). B) The structure of the A/Anhui/1/2013 H7 HA(Huang et
al. 2019) (PDB 6ii9) colored by the mean effects of all mutations at that site on cell entry.
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The effects of H7 HA mutations on entry into 293 cells expressing only a2-3 linked or only a2-6
linked sialic acids were very similar to the effects of mutations on entry into the mix of cells
expressing 02-3 linked and a2-6 linked sialic acids (Fig. S3.3A).

There were only a few sites where the effects of mutations were appreciably different in the a2-3
linked only or 02-6 linked only sialic acid cells; these were mostly sites in the receptor-binding
loops known to be important for receptor binding specificity such as 193, 220, and 226 (Fig.
S3.3A). The reason that the effects of mutations are so similar on entry in both types of cells is
likely because most HA mutations affect entry by modulating HA folding and membrane fusion
rather than receptor-binding, and because the A/Anhui/1/2013 H7 HA wused in our
experiments is already capable of binding both a2-3 linked and a2-6 linked sialic acids due to
the fact that it contains the Q226L mutation(Y. Shi et al. 2013). To confirm this latter point, we
created pseudovirus with the L226Q reversion and measured its entry into the 293 cells
expressing only 02-3 linked or only a2-6 linked sialic acids (Fig S3.3B). Pseudovirus with the
unmutated A/Anhui/1/2013 H7 HA entered both cells similarly, but pseudovirus with the
(Q226L revertant of this protein were better at entering the 02-3 linked sialic acid expressing
cells. As additional controls, we confirmed pseudovirus expressing an avian H5N1 HA was
better at entering the a2-3 linked sialic acid expressing cells, while pseudovirus expressing a
human H3N2 HA was better at entering the a2-6 linked sialic acid expressing cells (Fig S3.3B).
Overall, these results show that the effects of most mutations to the H7 HA on its cell entry
function are the same regardless of the type of sialic acid expressed on the target cells, although
a small number of mutations in the receptor binding loops affect entry in a way that depends on
the sialic acid expressed on the target cells.


https://paperpile.com/c/XjaXbI/sJ5ok

36

I
220-loop-{ @, 4 S i Lw,}..
I epitope-E - I

Receptor binding pocket region Antigenic region
I I
130-loop - » .‘,_..l‘ oo Pois0e epitope-A- | |
| OT |
itope-B -
150-lo0p- 4@+ o .M | epitope I :
| epitope-C - I |
190-loop — ' | & II"g”'q!’d :
epitope-D - I |
|
[
[
[

RBS base - ‘ ! : HAT 4 I
outside RBS - I : HA2 - m
T T T T T T T 1 I T 1 1 1 T
-5 4 3 -2 -1 0 1 -5 -4 -3 -2 -1 0 1
Mutation effect on Mutation effect on
cell entry cell entry

Figure 3.2 | Mutation effect on cell entry group by receptor binding pocket and antigenic
regions.

A) Scatter plot comparing mutation effects on cell entry across different functional regions of H7
hemagglutinin. Left panel depicts mutations within receptor binding pocket regions, showing
the distinct constraint patterns across the RBS base (dark purple), structural loops (130-loop,
150-loop, 190-loop, 220-loop in varying shades of purple), and regions outside the RBS (grey).
Right panel depicts mutations within antigenic regions, showing the five major epitopes (A-E in
orange) compared to the broader HA1 and HA2 domains (grey). X-axis measures mutation
effect on cell entry as log2 fold-change relative to wildtype, where negative values indicate
impaired function and positive values indicate enhanced function. Y-axis shows the different
functional regions or epitopes where mutations occur. The data reveal that the receptor binding
site base shows the highest functional constraint with most mutations causing severe defects
(effects ranging from -4 to -5), while surrounding structural loops display intermediate
constraint. In contrast, all five major antigenic epitopes demonstrate remarkable mutational
tolerance with most mutations having minimal impact on cell entry function, highlighting the
evolutionary trade-off between maintaining essential binding functions and allowing immune
escape through antigenic variation.
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Additionally, the mutations show distinct patterns of functional constraint when analyzed by
receptor binding regions and antigenic sites. In the receptor binding pocket region (Fig 3.2), the
RBS base shows the highest constraint, with most mutations causing severe functional defects
(effects ranging from -4 to -5), reflecting the critical importance of direct receptor contact
residues for cell entry. The structural loops surrounding the receptor binding site (130-loop,
150-loop, 190-loop, and 220-loop) display intermediate constraint, with mutation effects
typically ranging from -1 to -3, indicating their supportive role in maintaining proper receptor
binding geometry. Regions outside the RBS show much greater mutational tolerance, with
effects clustered near zero.

When examining antigenic regions (right panel), all five major epitopes (A through E)
demonstrate remarkably high mutational tolerance, with most mutations having minimal
impact on cell entry function (effects near zero). This contrasts sharply with the highly
constrained HA2 region, where mutations consistently impair function, and the moderately
constrained HA1 backbone regions. These findings highlight the evolutionary trade-off in
influenza HA, where antigenic sites maintain high mutational flexibility to facilitate immune
escape while core functional regions like the receptor binding site and fusion machinery remain
under strong purifying selection.

3.3.3 Presence of mutations that confer increased entry in alpha 2,6 cells in current circulating
strains

We wanted to determine whether mutations enhancing entry into cells expressing
human-type 2,6-linked sialic acid receptors had been naturally selected in H7N9 populations. To
address this, we pulled 1,451 H7N9 sequences from GISAID ( isolate IDs hidden for privacy)
and systematically compared them against our DMS-identified beneficial mutations.

The analysis yielded a striking pattern. Among the ~65 sites where we found beneficial
mutations that enhance 2,6 receptor-mediated entry (effects ranging from +0.50 to +1.80),
several showed remarkable convergence between our experimental results and natural
evolution. Five sites emerged as critical adaptive hotspots, each showing near-universal
prevalence in circulating strains.

Most notably, the strongest entry enhancement mutations were already nearly fixed in natural
H7N9 populations. Q210Y and K193T both conferred substantial entry effects (>1.2) and
appeared in ~98% of analyzed sequences (Fig 3.3A). This high prevalence suggests these
represent essential adaptive mutations for human receptor binding. Similarly prevalent were
K169Y (effect +0.80, found in 97.8% of sequences) and P175S (effect +0.91, present in 97.2%). The
K166T mutation showed an effect of +0.82 and appeared in 96% of sequences—clear evidence of
strong positive selection for enhanced 2,6 binding. Interestingly, site 166 displayed functional
redundancy. While K166T dominated, we identified four other beneficial mutations at this
position (K—D, I, L, V), though these occurred at much lower frequencies (<1%). This pattern
indicates multiple evolutionary solutions exist for enhanced entry, but one has become strongly
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favored. We also found nine additional mutations present in more than 10% of sequences,
suggesting their ongoing establishment within the H7N9 population.
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Figure 3.3 | Presence of 2-6 Entry Enhancing Mutations in H7N9 Natural Sequences.

A) Scatter plot comparing the cell entry effects of mutations on 2-6 cells (y-axis) and the natural
frequency (x-axis) of the respective mutations in H7N9 sequences. Each dot represents an
individual mutation and the dots are colored by their respective RBS region. Non-RBS sites
(gre), RBS-base (yellow), 130-loop (red), 220-loop (green), 190-loop (blue), and 150-loop (cyan).
Higher frequency mutations are also noted. B) The structure of the A/Anhui/1/2013 H7 HA
(Huang et al. 2019) (PDB 6ii9) colored by the mutation frequency in natural H7N9 sequences.
Mutations at a site that are more frequent in natural sequences are shown in red - dark red.
Mutations that are less frequent in natural sequences are shown in light pink to dark pink, with
the darker the shade conveying higher frequency.
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Many high-effect mutations (+1.0 to +1.8) were rare or completely absent in circulating strains.
For example, N158bD showed a +1.80 effect but was not detected in any sequences. R482T
conferred a +1.45 effect but appeared in only 0.14% of isolates. ESIN (+1.54 effect) and K200V
(+1.59 effect) were entirely absent from natural populations. Even some moderately beneficial
mutations like G23A remained rare, appearing in <1% of sequences and suggesting ongoing
evolutionary dynamics where advantageous changes haven't reached fixation.

These results illuminate H7N9's evolutionary trajectory. Substantial adaptive evolution toward
human receptor binding has already occurred, with the most beneficial mutations becoming
nearly universal. However, the discovery of numerous high-effect mutations that remain rare
indicates significant untapped evolutionary potential. This could be realized under appropriate
selective pressures, suggesting that while H7N9 has undergone key adaptive changes,
additional functional enhancement remains possible through mutations not yet naturally
selected.

The convergence between our experimentally identified beneficial mutations and those
prevalent in nature validates our DMS approach. More importantly, it demonstrates how
systematic mutational analysis can uncover both realized and potential evolutionary pathways
in influenza adaptation.

3.3 Discussion

We successfully extended our deep mutational scanning approach to H7 hemagglutinin,
providing the first comprehensive mutational landscape for this pandemic-relevant subtype.
Our analysis of the A/Anhui/1/2013 strain serves as the backbone for current WHO candidate
vaccine viruses and reveals important insights into H7 HA functional constraints and
evolutionary potential. The overall pattern of mutational tolerance in H7 HA closely mirrors
tindings from previous DMS studies of H3 and H5 subtypes. This suggests conserved structural
and functional constraints across influenza A hemagglutinins. HA2 showed greater functional
constraint than HAI, as expected, particularly in critical regions such as the fusion loop (sites
330-350) that mediates membrane fusion. Conservation of these constraint patterns indicates
that fundamental aspects of HA structure-function relationships are maintained across
subtypes, despite significant sequence divergence.

Our experimental system benefits from the dual receptor binding capability of the
A/Anhui/1/2013 H7 HA. This strain contains the Q226L mutation enabling binding to both
avian-type a2-3 and human-type 02-6 linked sialic acids. We found that most mutations had
nearly identical effects regardless of the sialic acid type expressed on target cells. Only a few
sites in receptor-binding loops (193, 220, 226) showed differential effects. This similarity likely
reflects the fact that most HA mutations affect protein folding and membrane fusion rather than
receptor specificity. It also confirms that the Q226L-containing H7 HA can efficiently utilize both
receptor types. This dual functionality carries epidemiological significance, as it may facilitate
viral transmission between avian and mammalian hosts.
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Comparing our DMS-identified beneficial mutations with circulating H7N9 sequences from
GISAID revealed striking evidence of natural selection for enhanced human receptor binding.
Among the ~65 sites where we identified mutations that enhance 2,6 receptor-mediated entry,
five emerged as critical adaptive hotspots. These showed near-universal prevalence (>95%) in
natural populations: K193T, Q210Y, K169Y, P175S, and K166T. These mutations displayed some
of the strongest entry enhancement effects in our screen (+0.8 to +1.3) and are nearly fixed in
circulating H7N9 strains. This demonstrates that substantial adaptive evolution toward human
receptor binding has already occurred. The convergence between experimental and
evolutionary data validates our DMS approach while highlighting how natural selection has
favored mutations that optimize viral entry into human-type receptor-expressing cells.

Our DMS also revealed something unexpected: substantial "cryptic" adaptive potential that
remains largely untapped in nature. Many mutations with strong beneficial effects (+1.0 to +1.8)
were rare or entirely absent in circulating strains. Examples include N158bD (+1.80), ESIN
(+1.54), and K200V (+1.59). While H7N9 has undergone key adaptive changes, this pattern
suggests significant evolutionary potential exists. This could be realized under appropriate
selective pressures, potentially enabling further enhancement of human adaptation.

Different functional regions showed distinct constraint patterns that highlight evolutionary
trade-offs inherent in HA evolution. The receptor binding site base showed the most severe
constraint. Mutations here typically caused 4-5 log2 reductions in cell entry, reflecting the critical
importance of direct receptor contacts. Surrounding structural loops displayed intermediate
constraint, supporting their role in maintaining proper receptor binding geometry. All five
major antigenic epitopes (A-E) demonstrated remarkable mutational tolerance in stark contrast.
Most mutations in these regions had minimal impact on cell entry function. This pattern
suggests that antigenic sites can readily accommodate mutations that facilitate immune escape
without compromising viral fitness. This explains the rapid antigenic drift observed in
circulating influenza viruses.

These findings carry important implications for pandemic preparedness and vaccine
development. The high mutational tolerance of antigenic regions, combined with evidence that
beneficial receptor binding mutations have already been naturally selected, suggests H7 viruses
possess substantial capacity for both immune escape and further human adaptation. The
identification of cryptic beneficial mutations not yet present in nature provides a roadmap for
potential evolutionary pathways that could enhance pandemic risk. Conversely, strong
functional constraints in receptor binding and fusion regions identify potential targets for
universal vaccine approaches. These would be less susceptible to viral evolution.
Understanding these constraint patterns and the realized versus potential adaptive landscape
will be crucial for predicting H7 evolutionary trajectories. This knowledge will also prove
essential for developing more robust countermeasures against this pandemic threat.
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Figure S3.1 | Overview of pseudovirus deep mutational scanning of H7 HA
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A) The pseudovirus deep mutational scanning uses a lentiviral backbone encoding the HA
protein followed by an identifying 16-nucleotide barcode under the control of an inducible
promoter. The lentiviral backbone has a full 3’-LTR so that integrated proviruses can be
reactivated by transfection of appropriate helper plasmids. B) Schematic of pseudovirus deep
mutational scanning experiments. We create a library of mutants of the HA in the context of the
barcoded-HA expressing lentiviral backbone plasmid. Cells are transfected with this
HA-encoding lentiviral backbone along with helper plasmids encoding the other proteins
needed to produce lentiviral particles (Gag-Pol, Tat, Rev), a plasmid encoding the matched N9
NA, and a plasmid encoding VSV-G. The resulting lentiviral particles, which lack a
genotype-phenotype link and express VSV-G on their surface, are the infected into rtTA
expressing 293T cells at low multiplicity of infection, and transduced cells are infected so that
each cell encode a unique HA mutant as a provirus in its genome. These cells are then
transfected with the helper plasmids and NA-encoding plasmids to produce pseudoviruses that
express unique HA mutants. Cells are also transfected with VSV-G to produce control
pseudoviruses that are not dependent on HA to infect cells. To measure cell entry of each HA
variant, we use sequencing to compare the efficiency of that barcoded lentiviral particle at
entering cells in the presence or absence of VSV-G (particles always enter cells when VSV-G is
expressed, but otherwise require a functional HA for cell entry). Note that these lentiviral
particles encode no proteins other than HA, and so are not capable of undergoing multicycle
replication and so provide a safe way to study the effects of mutations to HA. C) Number of
uniquely barcoded HA variants and the fraction of all possible HA ectodomain amino-acid
mutations that are present in at least one barcoded variant in each of the two independent H7
HA pseudovirus libraries. D) Distribution of amino-acid mutations per barcoded HA variant in
each library. E) Average number of nonsynonymous, synonymous, stop-codon, and deletion
mutations per barcoded HA variant.



44

a2-3 entry R = 0.83, N = 6835 a2-3 entry R =0.83, N = 6802

Library B cell entry effect,
replicate 1

Library B cell entry effect,
replicate 2

Library A cell entry effect, Library A cell entry effect,
replicate 1 replicate 2
a2-6 entry R = 0.90, N = 6835 a2-6 entry R = 0.89, N = 6802

s w S

Library B cell entry effect,
replicate 1
Library B cell entry effect,
replicate 2

T
5 4 3 2 A 0 1

Library A cell entry effect, Library A cell entry effect,
replicate 1 replicate 2
mix entry R = 0.88, N = 6835 mix entry R = 0.89, N = 6802

. 3

8 k3
% z <;
£y 5%

] 32
=09 8a

838 o
m 2 z

§ 5
.-§ 3
o}

Library A cell entry effect, Library A cell entry effect,
replicate 1 replicate 2

Figure S3.2 | H7 HA cell entry effects measured using independent deep mutational
scanning libraries are highly correlated

Correlation of the effects of H7 HA mutations on cell entry as measured with independent
pseudovirus libraries on 293 cells expressing a2-3 linked sialic acids (top row), a2-6 linked sialic
acids (middle row), or a mix of both cells (bottom row). Each point represents the effect of a
mutation measured in each replicate. For each of the two libraries, two technical replicates were
performed. Each panel shows the correlations between two independent libraries (Library A
and B) for each technical replicate (replicate 1 or 2). R is the Pearson correlation and N is the
number of mutations measured in both pairs of measurements.
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Figure S3.3 | Effects of mutations to the H7 HA on entry in 293 cells expressing only 02-6 or
only 02-3 linked sialic acids

A) Scatter plots showing the average effects of mutations at each site on entry into 293 cells
expressing only a2-3 linked sialic acids, only a2-6 linked sialic acids, or an equal mix of the two
cells. Sites are colored by whether they are part of the receptor-binding site (RBS). See
https://dms-vep.org/Flu H7 Anhuil3 DMS/cell entry.html for interactive versions of these
plots. B) Titers on 293 cells expressing only 02-3 linked sialic acids or only 02-6 linked sialic
acids of lentiviral particles pseudotyped with the HA and NA of A/Anhui/1/2013 (H7N9)
strain, the same H7N9 HA and NA but with the L226Q mutation in HA, the HA and NA of the
avian A/American Wigeon/South Carolina/USDA-000345-001/2021 (H5N1) strain, or the HA
and NA of the human A /Massachusetts/18/2022 (H3N2) strain. text

3.5 Materials and methods
Code and data availability

The computer code for the deep mutational scanning of the H7 HA described in this manuscript

is available on GitHub at https://github.com/dms-vep/Flu H7 Anhuil3 DMS and can be


https://dms-vep.org/Flu_H7_Anhui13_DMS/cell_entry.html
https://github.com/dms-vep/Flu_H7_Anhui13_DMS
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viewed interactively at https://dms-vep.org/Flu H7 Anhuil3 DMS/ via GitHub Pages. The
quality filtered measurements of mutation effects on cell entry for the H7 HA are available in
tabular format at
https://github.com /dms-vep/Flu H7 Anhuil3 D lob/main/resul mmari ntr
all_cells.csv.

Design of H7 HA deep mutational scanning libraries

Deep mutational scanning libraries were designed in the background of the HA of the
A/Anhui/1/2013 (H7N9) strain. The HA gene was codon optimized for use in the lentiviral
backbone, see
https://github.com/dms-vep/Flu H7 Anhuil3 DMS /blob/main/library design/pH2rU3 d1
GTSS extgag extcppt Forlnd Anhuil3 A-Anhui-1-2013 genscript? CMV_ZsGT2APurR.gb for
a map of the lentiviral backbone plasmid encoding the HA gene. The codon optimization tool
used was the Gensmart codon optimization offered by Genscript. This lentiviral backbone
contains several modifications relative to commonly used lentiviral vectors. We used an
extended gag sequence, as has been shown to improve genome packaging efficiency (Humes et
al. 2021; Liu et al. 2017). Under the same rationale, we used an extended cppt sequence with
more of the native HIV sequence following the cppt. We also mutated the transcription start site
of HIV to "TTG" from "GGG" to generate TTG-initiated transcripts more likely to be packaged
than other transcription start initiation site forms(Brown et al. 2020; Nikolaitchik et al. 2023).

The library was designed to have all possible amino acid mutations to each site in the HA
ectodomain and a stop codon at every other position for the first 20 positions of HA. Single
mutant libraries were ordered from Twist Biosciences. Quality control data for library
production by Twist is at

(https://github.com/dms-vep/Flu H7 Anhuil3 DMS/blob/main/library design/Final QC

Report_Q-367972 for_twist_libraries.xlsx)

H7 HA deep mutational scanning plasmid library production

The H7 library ordered from Twist was designed to have mutations to all amino acids in the 506
residue ectodomain of HA. Of the 506 sites, 12 sites failed to be properly mutagenized in the
Twist library production; of the sites that failed, 2 sites were in antigenic regions and within the
receptor-binding pocket. To add mutations at the missing sites, forward and reverse primers
with NNG/NNC codons were designed and ordered from IDT, sequences can be found at
(https:/ /github.com/dms-vep/Flu H7 Anhuil3 DMS/blob/main/library design/Anhuil3

en2 ha missing mut primers.csv and
https: ithub.com/dms-v Flu H7 Anhuil3 DMS/blob/main/librarv_design/Anhuil

en2_ha missing_site NNS_primers.csv ). Forward and reverse primer pools were made by

pooling the primers at equal molar ratios for a final concentration of 5uM. The linear HA
template was produced by digesting the lentivirus backbone encoding the HA (plasmid map
linked above) with Xbal and NotI-HF and then gel purifying the reaction. PCR mutagenesis was
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https://github.com/dms-vep/Flu_H7_Anhui13_DMS/blob/main/library_design/Final_QC_Report_Q-367972_for_twist_libraries.xlsx
https://github.com/dms-vep/Flu_H7_Anhui13_DMS/blob/main/library_design/Final_QC_Report_Q-367972_for_twist_libraries.xlsx
https://github.com/dms-vep/Flu_H7_Anhui13_DMS/blob/main/library_design/Anhui13_gen2_ha_missing_mut_primers.csv
https://github.com/dms-vep/Flu_H7_Anhui13_DMS/blob/main/library_design/Anhui13_gen2_ha_missing_mut_primers.csv
https://github.com/dms-vep/Flu_H7_Anhui13_DMS/blob/main/library_design/Anhui13_gen2_ha_missing_site_NNS_primers.csv
https://github.com/dms-vep/Flu_H7_Anhui13_DMS/blob/main/library_design/Anhui13_gen2_ha_missing_site_NNS_primers.csv

47

then performed as previously described (Yu et al. 2025; Dadonaite, Crawford, et al. 2023) with a
few changes, 9 PCR cycles were used for the mutagenesis and after the joining PCR a Dpnl
digest was performed for 20 minutes at 37° to remove any wildtype template. This PCR
mutagenesis reaction was performed in duplicate, one for library A and one for library B,
resulting in two mutagenesis pools. We barcoded the library pools generated from Twist
Biosciences independently in 2 separate reactions to generate library A and library B pools to
serve as biological replicates, each of which were then handled independently throughout deep
mutational scanning. The two mutagenized pools, A and B, were also barcoded separately,
resulting in 4 separate barcoding PCR reactions. The reactions were barcoded with primers
containing a random 16-nucleotide sequence downstream of the stop codon. The lentiviral
backbone was digested from the same plasmid that was used to generate the linear HA
fragment

(https:/ /github.com/dms-vep/Flu H7 Anhuil3 DMS/blob/main/library design/pH2rU3 d
1GTSS extgag extcppt ForInd Anhuil3 A-Anhui-1-2013 genscript?2 CMV ZsGT2APurR.gb)
by incubating with Xbal and NotI-HF for 2 hours at 37° followed by 65° for 20 minutes to heat
inactivate Xbal. The barcoded libraries and the digested lentiviral backbone were then run on a

0.8% agarose gel at 90V for 1 hour. The bands of the appropriate size were excised using the
Nucleospin Gel and PCR Clean-up Kit (Macherey-Nagel, Cat. No. 740609.5) and then purified
using Ampure XP beads (Beckman Coulter, Cat. No. A63881). All products were eluted in
molecular grade water.

The barcoded libraries were then cloned into the lentiviral backbone at a 1:2 insert to vector
ratio in a HiFi assembly for 1 hour at 50°C. This was done using the NEBuilder HiFi DNA
Assembly kit (NEB E5520S). The reactions were then purified with Ampure XP beads and
eluted in molecular grade water. The purified products were then transformed into 10-beta
electrocompetent cells (NEB, Cat. No. C3020K) using a BioRad MicroPulser Electroporator (Cat.
No. 1652100), shocking at 2 kV for 5 milliseconds. For the Twist library pools A and B, 5
reactions were electroporated per library. For the mutagenesis library pools, 3 reactions were
electroporated per library A and B. The resulting tubes of electroporated cells were placed on a
37° shaker for 1 hour to recover. After recovery, the Twist library pools were pooled per
condition (5x tubes for Library A and 5x tubes for Library B) were pooled and transferred into
~300ml of LB + Ampicillin (final concentration at 10pg/ml). The mutagenesis pools were pooled
per condition (3x library A and 3x library B) and transferred into ~150ml of LB + Ampicillin at
the same final concentration as mentioned previously. We then plated 50ul of a 1:1000 dilution
of the Twist library pools and mutagenized HA pools to calculate the CFU/ml. The total
number of colonies from the electroporations were as follows: Twist A 7.2e7 CFU/ml, Twist B
4.8e7 CFU/ml, Mutagenesis A 3.6e6 CFU/ml, Mutagenesis B 4.2e6 CFU/ml. The high number
of colonies is necessary to ensure high diversity of the library and to prevent bottlenecking of
the mutants. After shaking overnight, the plasmids were then extracted using the QIAGEN
HiSpeed Plasmid Maxi Kit (Cat. No. 12662). The mutagenized HA fragments were then pooled
together with the library pool generated by Twist Biosciences at a molar ratio proportional to
the number of mutants in each pool so that each variant was represented equally in the final
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library. For every 1ug of Twist pools, 0.0285ug of mutagenized HA pools were used because
long-read PacBio sequencing of the plasmid libraries showed this ratio resulted in the most even
distribution of mutations across the HA for the combined libraries.

Production of cell-stored deep mutational scanning libraries

We generated cell-stored deep mutational scanning libraries where each cell is integrated with a
single copy of a barcoded HA mutant to enable rescue of the genotype-phenotype linked
pseudoviruses(Dadonaite, Crawford, et al. 2023; Dadonaite et al. 2024; Yu et al. 2025). VSV-G
pseudotyped viruses were produced by transfecting 2x10cm plates seeded with 8 million 293T
cells with the lentiviral backbone containing barcode HA deep mutational scanning libraries
(10pg per plate). Lentiviral Gag/pol, Tat, and Rev helper plasmids (AddGene numbers 204152,
204154, 204153; 1.25 pg per plate), a VSV-G expression plasmid (lpg per plate, AddGene
number 204156), and a plasmid expressing the matched N9 NA from A/Anhui/1/2013 (1ng per
plate). BioT transfection reagent (Bioland Scientific, Cat. No. B01-02) was used according to the
manufacturer’s instructions. The NA gene came from the A/Anhui/1/2013 strain. The
sequence for this NA can be found at
https://github.com/dms-vep/Flu H7 Anhuil3 DMS/blob/main/library design/HDM N9

genscript H7/N9 A Anhui 1 2013.gb. This NA was used because it provided high pseudovirus
titers. It is important to note that VSV-G pseudoviruses do not require NA or virus release or
entry, the produced virions will also have HA expressed from the lentiviral backbone on their

surface, so NA is necessary to prevent HA from binding the virions back to the producer cell
surface. This is important for the HA library, because different HA mutants will have different
expression and sialic-acid binding properties. This could lead to a different tendency of different
virions to be bound on the cell surface by HA if NA is not added at a high excess. 48 hours post
transfection, the supernatant was filtered through a 0.45um syringe filter (Corning, Cat. No.
431220) and then stored at -80°C. These viruses were then used to infect 293T cells to determine
the titer in transcription units (TU) per mL, which was determined by measuring the percentage
of zsGreen positive cells via flow cytometry.

The VSV-G pseudoviruses were then used to infect 293T-rtTA cells (using a specific clone that
had shown to yield good pseudovirus titer(Dadonaite, Crawford, et al. 2023; Dadonaite et al.
2024; Yu et al. 2025) at an infection rate of 0.75% so that most transduced cells receive only a
single integrated proviral genome. The MOI was then confirmed by measuring the percentage
of zsGreen positive cells via flow cytometry 48 hours post transduction. After measuring the
positive cells, Library A contained 37,679 variants and, and library B contained 44,053 (Fig.
§2C).. This allowed for coverage of each barcode ~4x times. Transduced cells were then selected
using 0.75pg/mL puromycin for 1 week (fresh media with puromycin was replenished every 48
hours) leading to a population of cells where each cell contains an integrated proviral genome
encoding a single barcoded variant of HA. These cells were then frozen in 20 million cells per
aliquot and stored in liquid nitrogen until further use.

Rescue of HA and VSV-G expressing pseudovirus libraries
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To rescue HA expressing pseudoviruses from the integrated cells, 150 million cells were plated
in 5-layer flasks in phenol-free tetracycline-free D10 supplemented with 1pg/mL of doxycycline
to induce HA expression from the integrated genomes. The next day, each flask was transfected
with 40pg of each helper plasmids encoding Gag/Pol, Tat, and Rev (AddGene numbers 204152,
204154, 204153), 15pug of plasmid expressing human airway trypsin-like protease
(https:/ /github.com/dms-vep /Flu H7 Anhuil3 DMS/blob/main/library desien/HDM HA
T.gb) to activate the HA for membrane fusion, and 15ug of the plasmid expressing NA. BioT

transfection reagent was used according to the manufacturer's instructions. 16 hours post
transfection, the phenol-free tetracycline-free media was aspirated off, and 150mL of fresh
Influenza Growth Media with 1pg/mL of doxycycline was added. This low serum media is
necessary due to the non-specific inhibitors in FBS that can inactivate HA and interfere with
pseudovirus infection. 32 hours after the media swap, the supernatant was then filtered through
0.45um SFCA Nalgene 500 mL Rapid-Flow filter unit (Cat. No. 09-740-44B). Filtered supernatant
was then concentrated using 100K MWCO Pierce protein concentrators (Thermo Fisher Cat. No.
88537) that were spun down at 1500xg at 4° for 1 hour. After centrifugation, supernatant was
discarded and the concentrated virus was pooled and aliquoted. The estimated titers were
~3.2e6TU/mL. 1mL aliquots of the concentrated library viruses were frozen and stored at -80°C
until further use.

To rescue VSV-G expressing pseudoviruses from integrated cells, 20 million cells were plated in
15cm plates in phenol-free tetracycline-free D10. The next day, each plate was transfected with
6.75ng of each helper plasmids expressing Gag/Pol, Rev, and Tat, 3ug of plasmid expressing
NA, and 6.75ug of plasmid expressing VSV-G. 48 hours post transfection, the supernatant was
tiltered through a 0.45uM SFCA 500mL Rapid-Flow filter unit and concentrated using 100K
MWCO Pierce protein concentrators. Aliquots of the concentrated VSV-G expressing
pseudoviruses were frozen at -80°C for use in linking mutations to barcodes and cell entry
experiments.

Long-read PacBio sequencing for variant-barcode linkage

1e6 293T cells were plated per well in a 6-well plate coated with Poly-L-Lysine to help with cell
adhesion. The next day, 15 million TU’s of VSV-G expressing pseudoviruses that were rescued
from cell-stored deep mutational scanning libraries were used to infect the cells across 3 wells.
12 hours post infection, the non-integrated reverse-transcribed lentiviral genomes were
recovered by minipreping the 293T cells using a QIAprep Spin Miniprep Kit as previously
described(Dadonaite, Crawford, et al. 2023; Dadonaite et al. 2024; Yu et al. 2025). Eluted
genomes were split into 2 separate PCR reactions, where each reaction added a unique tag for
detecting strand exchange, which could prevent correct mutation-barcode linkage. The
resulting set of PCR reactions were then pooled together, and another round of PCR was
performed. In each PCR round, we minimized the number of reaction cycles to limit strand
exchange. The reactions were then purified with Ampure XP beads and eluted in elution
buffer.Long read sequencing was then performed using a PacBio Sequel Ile machine. The PacBio
circular consensus sequences (CCSs) were then aligned to the target amplicon


https://github.com/dms-vep/Flu_H7_Anhui13_DMS/blob/main/library_design/HDM_HAT.gb
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(https:/ /github.com/dms-vep/Flu H7 Anhuil3 DMS/blob/main/data/PacBio _amplicon.gb)
using alignparse(Crawford and Bloom 2019), and consensus sequences for HA variants
associated with each barcode were determined by requiring at least 2 CCSs per barcode. The

tinal barcode-variant lookup table can be found at
https:/ /raw.githubusercontent.com/dms-vep /Flu_H7_ Anhuil3 DMS /refs/heads/main/resul
ts/variants/codon variants.csv. Library A had 37,679 variants and library B had 44,053
variants (Fig. S2C).

Mutation effects on cell entry in a2-3 and a2-6 linked sialic acids expressing cells

Cell entry effects of each mutation in the library were determined as previously described
(Dadonaite et al. 2024). To measure effects of mutations on cell entry, 293 cells expressing
primarily a2-3 or 02-6 linked sialic acids were used. Additionally, we created an equal pool of
the 02-3 or 02-6 linked sialic acid expressing cells, and measured cell entry on this equal pool as
well. These cells were then either infected with libraries pseudotyped with VSV-G envelope
(produced as described above) or HA pseudotyped libraries. For HA pseudotyped libraries, the
a2-3, a2-6, or an a2-3/02-6 cell pool were plated in the presence of 2.5ug/ml of amphotericin B
a day before (amphotericin B was shown to increase library virus titers), and infections were
performed in the presence of 1uM oseltamivir to inhibit NA and prevent cleavage of receptors
on target cell surface. For VSV-G pseudotyped library infections approximately 8 million
transcription units were used and for the H7 pseudotyped library infections approximately 3.2
million transcription units were used. Because the initial titers on a2-3 vs. a2-6-linked sialic acid
cells were similar, we were able to infect both cell lines with the same amount of virus. After
infecting the cells with the viruses, the plates were spun in a 30° centrifuge for 1 hour at 300g to
maximize infection rate. At 12 to 15 hours postinfection, cells were collected, nonintegrated
lentiviral genomes were recovered using QIAprep Spin Miniprep Kit (Qiagen, cat. no. 27104),
and amplicon libraries for barcode sequencing were prepared as previously described
(Dadonaite, Crawford, et al. 2023; Dadonaite et al. 2024; Yu et al. 2025).

Cell entry scores for each variant were calculated using log enrichment ratio: log, ([n",. /
"ol /[N / n™]), where n¥,. is the count of variant v in the H7-pseudotyped infection
(postselection condition), n*,,. is the count of variant v in the VSV-G-pseudotyped infection
(preselection condition, and n™, and n",, are the counts for wildtype variants. Positive cell
entry scores indicate that a variant is better at entering the cells compared to the unmutated

parental HA, and negative scores indicate entry worse than the unmutated HA.

To calculate the mutational-level cell entry effects, a sigmoid global-epistasis (Otwinowski et al.
2018) function was fitted to variant entry scores after truncating the values at a lower bound of
-5, using the multi-dms software package(Haddox et al. 2023). The rationale for fitting the global
epistasis models is that some of the variants have multiple HA mutations, and so the model
enables deconvolution of the mutation effects from these multiple mutated variants as well as
just the single mutants. An interactive heatmap showing the effect of each mutation on cell
entry on 02-3, a2-6, and an equal pool of both cells is at (https://dms-vep.org/Flu H7
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Anhuil3 DMS/cell entry.html). For the mutation effects, values of zero mean no effect on cell

entry, negative values mean impaired cell entry, and positive values mean improved cell entry.
For plots in the paper, we show only mutations observed in average of at least 2 barcoded
variants per library and measured in both biological library replicates.

Text
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https://doi.org/10.1093 /ve/veag018

4 Influenza hemagglutinin subtypes have different sequence constraints despite sharing
extremely similar structures

4.1 Abstract

Hemagglutinins (HA) from different influenza A virus subtypes share as little as ~40%
amino acid identity, yet their protein structure and cell entry function are highly conserved.
Here we examine the extent that sequence constraints on HA differ across three subtypes. To do
this, we first use pseudovirus deep mutational scanning to measure how all amino-acid
mutations to an H7 HA affect its cell entry function. We then compare these new measurements
to previously described measurements of how all mutations to H3 and H5 HAs affect cell entry
function. We find that ~50% of HA sites display substantially diverged preferences for different
amino acids across the HA subtypes. The sites with the most divergent amino-acid preferences
tend to be buried and have biochemically distinct wildtype amino acids in the different HA
subtypes. We provide an example of how rewiring the interactions among contacting residues
has dramatically shifted which amino acids are tolerated at specific sites. Overall, our results
show how proteins with the same structure and function can become subject to very different
site-specific evolutionary constraints as their sequences diverge.

4.2 Introduction

Proteins often evolve at the sequence level while largely retaining their structures and
functions (Lesk and Chothia 1980; Zuckerkandl and Pauling 1965). A particularly striking
example of this evolutionary dynamic is the hemagglutinin (HA) of influenza virus. There are at
least 19 subtypes of HA (numbered H1 to H19), most of which are found in avian influenza
viruses with some also found in viruses that have jumped to humans or other mammals
(Parrish et al. 2015), and a handful found only in bat viruses (W. Yang et al. 2021). These HA
subtypes have highly conserved structures and share the ability to mediate cell entry via a
pH-dependent conformational conversion after binding to receptor (Bouvier and Palese 2008;
Wu and Wilson 2020; Gamblin et al. 2021), which is usually sialic acid although sometimes


https://paperpile.com/c/XjaXbI/7CbzB+yBLrw
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53

MHC class II (Karakus et al. 2024, 2019). Yet despite this structural and functional conservation,
HA subtypes share as little as ~40% amino-acid sequence identity. This high sequence
divergence in the context of a conserved structure and function is driven in part by host
immune pressure for antigenic diversification of HA to evade antibodies elicited by prior
infections (Hill et al. 2022; Smith et al. 2004). The remarkable extent to which HA maintains its
functional properties despite its sequence divergence is illustrated by the fact that two influenza
pandemics in the last century were caused by human strains acquiring HAs of different
subtypes while retaining most other viral genes: in 1957 a human H1INT1 strain acquired a H2
HA with only 67% identity while retaining 5 of the other 7 viral genes, and in 1968 a human
H2N2 strain acquired a H3 HA with only 41% identity while retaining 6 of the other 7 genes
(Palese 2004).

A fundamental question in protein evolution, which is also of public-health relevance in the
case of influenza HA, is how this sequence divergence on a nearly fixed structural backbone
affects tolerance to further mutations. Amino acids have different propensities for certain
secondary structures (Mufioz and Serrano 1994; Chou and Fasman 1978) or hydrophobic versus
polar environments (Tien et al. 2013; Miller et al. 1987), and so when the backbone structure is
preserved there is expected to be some conservation of the preferences of specific sites for
different amino acids. But even on a nearly fixed backbone, sequence divergence can result in
epistatic shifts in a site’s amino-acid preferences due to changes in side-chain interactions or
subtle shifts in the backbone (Starr and Thornton 2016; Pollock et al. 2012). Experiments have
shown that mutations often have similar effects in closely related homologs albeit with
occasional epistasis (Haddox et al. 2018; Moulana et al. 2025; Starr, Greaney, Hannon, et al.
2022), but that the consistency of effects of mutations decays as the homologs become more
diverged (Park et al. 2022). Over long evolutionary times, these shifts can lead to coevolution at
structurally interacting sites (Ovchinnikov et al. 2014; Marks et al. 2012, 2011; Weigt et al. 2009).

Here we compare the effects of mutations across subtypes of influenza HA, which as mentioned
above exemplifies a protein with high sequence divergence but exceptionally conserved
structure and function. To do this, we first use pseudovirus deep mutational scanning
(Dadonaite, Crawford, et al. 2023) to measure how all mutations to the ectodomain of a H7 HA
affect its ability to mediate virion entry into cells. We then compare these measurements to
previously generated experimental data for H5 and H3 HAs (Dadonaite et al. 2024; Yu et al.
2025). Overall, we find that the evolutionary divergence of HA across subtypes has led to
dramatic changes in mutational tolerance via rewiring of residue interactions. In addition, the
new H7 HA deep mutational scanning data reported here provides sequence-function
information that can help inform vaccine immunogen design and viral surveillance (Dadonaite
et al. 2024; Yu et al. 2025) for an influenza subtype of potential relevance to public health.

4.3 Results

4.3.1 Phylogenetic and structural comparison of HAs from H3, H5, and H7 subtypes
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The HA proteins of influenza A viruses of different subtypes are highly diverged at the
sequence level, with amino-acid identities among different subtypes ranging from 36% to 80%
(Fig. 4.1A,B). Here we focus on HAs from three subtypes: H3, H5, and H7 (Fig. 4.1A). H3 and
H7 HAs have 47% amino-acid identity, while the H5 HA is more diverged from these other two,
with identities of 40% and 43% to H3 and H7, respectively (Fig. 4.1B).
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Figure 4.1 | Phylogenetic and structural comparison of H3, H5, and H7 HAs.

A) Maximum-likelihood phylogenetic tree of HA protein sequences inferred using
IQ-TREE(Nguyen et al. 2015) with the Jones-Taylor-Thornton amino-acid substitution model
with rate variation. B) Pairwise amino acid identity between the HAs shown in A, with red
boxes indicating comparisons between the three subtypes that are the focus of the experimental
work in this study. C) Structural alignments of single HA1 or HA2 monomers of H3 (green), H5
(purple), and H7 (orange) HAs. The rest of the H3 HA trimer (white) is included to provide
structural context. HA1 and HA2 were aligned separately due to a shift in the relative
orientation of these domains (see Fig. S4.1). The root mean square deviation (RMSD) of carbons
between the aligned HA1 and HA2 monomers are also reported. D) Pairwise amino acid
identities between the different HA subtypes computed along the length of the primary
sequence with a sliding window of 30 residues. The HA structures used in this figure are PDB
6119 (H7)(Huang et al. 2019), PDB 405N (H3)(Lee et al. 2014), and PDB 4KWM (H5)(Shore et al.
2013).
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Despite their extensive sequence divergence, H3, H5, and H7 HAs have highly conserved
structures (Fig. 4.1C). The root mean square deviations of the structurally aligned backbones of
the two HA polypeptide chains (HA1 and HA2) are within 2.5 angstroms across experimentally
determined structures of HAs from the three subtypes (Fig. 4.1C), although there is some
modest shift in the relative orientation of HA1 and HA2 (Fig. S4.1A,B). All three HAs also have
conserved biological functions of binding to sialic acid receptors and then mediating membrane
tusion at acidic pH (Bouvier and Palese 2008; Wu and Wilson 2020; Gamblin et al. 2021). Viruses
with H3 HAs have circulated in a variety of avian and mammalian species, including humans,
dogs, and horses(Parrish et al. 2015). While avian H3 HAs preferentially bind 02-3 linked sialic
acids, some mammalian-adapted H3 strains (including the H3N2 strains that are currently
endemic in humans) preferentially bind to a2-6 linked sialic acids (Matrosovich et al. 2000).
Viruses with H5 and H7 HAs mostly circulate in avian species, but they have caused sporadic
infections of humans and other mammalian species (Shi et al. 2023), and a H5N1 strain recently
became endemic in dairy cattle (Baker et al. 2025). Avian H5 and H7 strains preferentially bind
a2-3 linked sialic acids, although there are known mutations that can shift this binding
preference from 02-3 to 02-6 linked sialic acids (Tharakaraman et al. 2013; Vries et al. 2017;
Linster et al. 2014; Ayora-Talavera et al. 2009; Lin et al. 2024).

The sequence divergence among H3, H5, and H7 HAs is asymmetrically distributed across the
protein (Fig. 4.1D). The fusion peptide spanning sites 330-350 (throughout this paper, we use
mature H3 numbering) is the most conserved region, consistent with its key function in
mediating membrane fusion. Sites in HA1 tend to be more variable among the HA subtypes
than sites in HA2, reflecting HA1’s higher mutational tolerance (Thyagarajan and Bloom 2014;
Heaton et al. 2013) and positive selection for HA1l mutations that reduce antibody
recognition(Broecker et al. 2018; Popova et al. 2012).

4.3.2 Comparing amino-acid preferences across H3, H5, and H7 HAs

We next compared the H7 HA deep mutational scanning dataset described above to
previously published H3 and H5 datasets (Dadonaite et al. 2024; Yu et al. 2025) to assess how
the effects of amino-acid mutations on HA’s cell entry function differ across these subtypes. To
make these comparisons, we converted the measured effects of mutations on cell entry to
normalized values quantifying the preference of each site for each amino acid. Quantitatively,
the preference T, of site r for amino acid a is defined as proportional to the exponential of the

effect X, of that mutation on cell entry, namely as LA exp(xm )/ (%: exp(xm, )) where the

sum over a’ is taken over all amino-acid identities. If all amino-acid mutations except the
wildtype identity are highly deleterious at a site then only that wildtype amino acid is
preferred; when many mutations are well tolerated at a site then many amino acids have similar
preferences (Fig. 4.2A). There are two advantages of converting the measured effects of
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mutations to amino-acid preferences for comparing across subtypes. First, unlike the mutation
effects, the amino-acid preferences at a site are not defined relative to its wildtype amino-acid
identity and so facilitate direct comparison across H3, H5, and H7, which often have different
amino acids at the same site (Fig. 4.1B). Second, quantitative
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Figure 4.2 | Sequence constraints differ at many sites among H3, H5, and H7 HAs

A) Mutation effects on cell entry at a site are converted into amino-acid preferences, and the
amino-acid preferences, which can be plotted as logo plots where the height of the letter is
proportional to the preference of that site for that amino acid. B) Examples of sites with different
Jensen-Shannon divergence in amino-acid preferences between HA subtypes. The scatter plot
shows the effect of mutating to each amino acid in each of the two subtypes, with the wildtype
identity assigned an effect of zero. C) Divergence in amino-acid preferences at each site in HA
between H3-H5, H5-H7, and H3-H7. Red points indicate sites where preferences have
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comparisons using amino-acid preferences emphasize differences in which amino acids at a site
are well tolerated, whereas quantitative comparisons using directly measured mutation effects
also emphasize less relevant differences between moderately and strongly deleterious amino
acid identities at a site. Given the experimentally measured set of amino-acid preferences at a
site in two different HA subtypes, we quantified the difference in evolutionary constraint at the
site by the Jensen-Shannon divergence. This divergence is high when mutations at a site have
dramatically different effects between HA subtypes, and low when mutations have similar
effects in both HA subtypes (Fig. 4.2B).

Many HA sites display high divergence in amino-acid preferences among subtypes (Fig. 4.2C).
Overall, 58% of sites exhibited significant divergence in amino-acid preferences between H3-H5,
49% of sites between H5-H7, and 54% of sites between H3-H7 (FDR < 0.1, see red points in Fig.
4.2C). At those significantly diverged sites, HAs of different subtypes often preferred distinct
amino acid types (Fig. 4.2B, left panel), demonstrating how the biochemical determinants of
mutational tolerance differs across HA subtypes. Although the experimental measurements of
the effects of mutations on cell entry for the different HA subtypes were performed in different
target cells (a mix of 293 cells expressing a2-3- and a2-6-linked sialic acids for H7, MDCK-SIAT1
for H3 (Yu et al. 2025), and 293T for H5 (Dadonaite et al. 2024)) that express varying ratios of
a2-3- and a2-6-linked sialic acids, the use of different target cells is not a major contributor to the
divergence in amino-acid preferences across subtypes. This fact is demonstrated by observing
that there is very little divergence between the amino-acid preferences of the H7 HA between
measurements made using 293-02-3 versus 293-02-6 cells (Fig. S4.2A,B), with only a few sites in
the receptor-binding pocket exhibiting modest differences in amino-acid preferences between
cell types. Collectively, these results suggest the evolutionary constraints on cell entry are
dramatically different across H3, H5, and H7 HAs due to large changes in sequence that alter
the preferences for specific amino acids at different sites due to their impacts on fundamental
aspects of HA protein folding and function.

4.3.3 Divergence in amino-acid preferences across structural and functional regions of HA

We next examined if divergence in amino-acid preferences differs across the two
polypeptide chains of HA: HA1 and HA2. HA1 contains the antigenic regions that are under
positive selection from antibodies, while HA2 comprises the stem region that is under purifying
selection to maintain HA stability. For the H3-H7 comparison, sites in the HA2 domain showed
lower divergence than those in the HA1 domain (p < 0.001, two-sided Mann-Whitney-U test,
Fig. S4.3A). In contrast, no significant differences in divergence were observed between HA1
and HA2 for the H3-H5 and H5-H7 comparisons. This pattern reflects the higher amino acid
conservation (67%) of HA2 between H3-H7 versus H3-H5 and H5-H7 (Fig. 4.2C), which was
likely maintained due to strong purifying selection against mutations at sites in the HA stem. In
general, sites where amino acids are conserved between HA subtypes are typically mutationally
intolerant in both subtypes (Fig. S4.3B). However, the finding that there is no significant
difference in divergence across HA1 and HA2 between H3-H5 and H5-H7 indicates that while


https://paperpile.com/c/XjaXbI/s0lsl
https://paperpile.com/c/XjaXbI/C93z1

60

the networks of interacting residues in HA2 are more preserved than those for HA1 between
H3-H7, they have diverged similarly in HA1 and HA2 over the broader evolutionary split
between group 1 and group 2 HAs.

Finally, to explore how divergence differs across functional domains in HA, we compared
divergence across the receptor-binding pocket and antigenic regions (Fig. $4.3C). In contrast
with the comparison across HA1 and HA?2 regions, phylogenetic relatedness among HAs does
not always underlie divergence at these functional domains. In the 190-helix of the
receptor-binding pocket, which overlaps with antigenic epitope B (H3 classification), sites
showed the highest median divergence in amino-acid preferences in the H3-H7 comparison
relative to the H3-H5 and H5-H7 comparisons (Fig. S4.3C). In this case, divergence may instead
reflect distinct selective pressures in the human and avian reservoirs that drove adaptations in
receptor binding and antigenic escape. We suggest that a common pressure to maintain receptor
specificity in birds convergently shaped the mutational tolerance of the 190-helix and antigenic
epitope B for H5 and H7, whereas pressure for changes in receptor specificity and antibody
escape in humans drove the divergence in these regions for H3.

4.3.4 Factors associated with divergence in amino-acid preferences among HA subtypes

We sought to determine what specific factors were associated with high divergence in
the amino-acid preferences of the same site across HA subtypes. Sites where the wildtype amino
acid identity changed between HAs tended to show significantly higher divergence compared
to sites where the wildtype amino acids are conserved (p = 0.07 for H3-H5; p < 0.001 for H3-H7;
p < 0.001 for H5-H7; two-sided Mann-Whitney-U test, Fig. 4.3A). This difference likely reflects
the fact that conserved sites usually cannot tolerate most mutations across HAs (Fig. S4.3B).
However, even sites with conserved wildtype amino-acid identities sometimes have different
preferences between HA subtypes (Fig. 4.3A). We therefore examined whether additional
structural or biochemical features beyond conservation could help predict a site’s divergence.
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Figure 4.3 | Sites with divergent amino-acid preferences across HAs tend to be buried and
have different wildtype amino-acid types.

A) Divergence in amino-acid preferences at sites where the wildtype amino-acid identity is
conserved or changed between HA subtypes. B) Among sites where the wildtype identity

changed, buried sites show significantly higher divergence in amino-acid preferences compared

to exposed sites. Buried sites are defined as having a relative solvent accessibility < 0.2. C)
Among buried sites where the wildtype amino-acid identity changed, sites where the wildtype
amino-acid type is different (e.g., hydrophobic versus hydrophilic) show significantly higher
divergence compared to sites where the amino acid type is conserved. Two-sided

Mann-Whitney-U test was used for significance testing.
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There is no correlation between the distance of Ca backbone atoms in structurally aligned HAs
and divergence (Fig. S4.4), indicating structural shifts in the backbone residues between HA
subtypes is not a major driver of divergence in amino-acid preferences. However, among sites
where the wildtype amino-acid identity changed between HAs, sites that are buried (relative
solvent accessibility < 0.2) showed significantly higher divergence in amino-acid preferences
compared to sites that are surface exposed (p < 0.001 for all comparisons, two-sided
Mann-Whitney-U test, Fig. 4.3B). In contrast, among sites where the wildtype identity is
conserved between HAs, solvent accessibility does not significantly explain divergence (p > 0.1
for all comparisons, two-sided Mann-Whitney-U test, Fig. S4.5B). These patterns arise because
conserved sites tend to be more mutationally intolerant regardless of solvent accessibility (Fig.
$4.3B), whereas variable sites that are exposed tend to be more mutationally tolerant in both
HA backgrounds compared to variable sites that are buried (Fig. S4.5C). For example, the
wildtype amino acids at the exposed site 173 (relative solvent accessibility = 0.85) are Q, R, and
K in H3, H5, and H7, respectively, and all measured mutations are tolerated in all backgrounds,
resulting in low divergence in amino-acid preferences (Fig. S4.5D). Together, these data suggest
that among variable sites where the wildtype amino acid changed, the ones with highly
diverged amino-acid preferences are typically buried within the protein.

Yet while the most divergence in amino-acid preferences tends to occur at buried sites with
different wildtype amino acids between subtypes, divergence still ranges widely at such sites
(Fig. 4.3B). What accounts for this variation? Again, structural deviation of the protein backbone
at these sites is not strongly associated with divergence amino-acid preferences (r < 0.1 for all
comparisons, Fig. S4.4). However, buried sites where the wildtype amino-acid identity differs in
biochemical type across subtypes show significantly higher divergence compared to sites where
the wildtype amino acids are of the same type (p < 0.01 across all comparisons, two-sided
Mann-Whitney-U test, Fig. 4.3C). Therefore, the type of amino acid at a buried site where the
wildtype identity changed across subtypes is indicative of divergence in amino-acid
preferences.
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Figure 44 | Example of contacting sites where interactions have been rewired from a
hydrogen bond network in H3 HA to a hydrophobic environment in H5 and H7 HAs.

A) Logoplots showing preferences for amino acids at buried sites 123, 176, and 178 in H3, H5,
and H7. The height of each letter is proportional to the amino-acid preference measured by deep
mutational scanning. Each amino acid is colored by its biochemical type. The amino-acid
preferences at these sites are relatively similar between H5 and H7, but both are highly diverged
from H3 HA. B) Sites 123, 176, and 178 form a hydrogen bond network in H3, but are part of a
hydrophobic environment in H5 and H7 HAs.
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The high divergence of amino-acid preferences at buried sites with different wildtype identities
across HA subtypes can arise from fundamental rewiring of how sets of residues interact, even
when the backbone structure has not changed. For example, the wildtype amino acids at the
buried sites 123/176/178 are E/K/Y in H3, I/L/I in H5, and M/A/I in H7. The amino-acid
preferences at these three sites are fairly similar between H5 and H7 HAs, but both are sharply
diverged from H3 HA (Fig. 4.4A, Fig S4.6). This high divergence of amino-acid preferences is
likely because sites 123/176/178 form a hydrogen bond network in H3 HAs, but this network is
absent in H5 and H7 HAs, which instead have a more hydrophobic environment in this region
(Fig. 4.4B). Collectively, the amino-acid preferences and protein structure show how evolution
has rewired the constraints in this region: H3 relies on a highly constrained hydrogen bond
network to maintain cell entry function, while H5 and H7 rely on a hydrophobic environment
that does not require hydrogen bonds at all.

4.4 Discussion

Here we have measured how nearly all amino-acid mutations to the ectodomain of a H7
HA affect its cell entry function, and compared the results to previously generated data for H3
and H5 HAs. We find that the effects of mutations at many sites have substantially diverged
among the HA subtypes despite the proteins having virtually superimposable backbone
structures and mediating the same biochemical function. This divergence in site-specific
amino-acid preferences is distributed across HA’s sequence and structure, with the greatest
divergence being at buried sites where the wildtype amino-acid type differs between subtypes.
In some cases, the highly diverged amino-acid preferences are due to clear rewiring of how the
neighboring residues interact even though the protein backbone structure remains unchanged.

It is interesting to contrast the highly diverged amino-acid preferences of different HA subtypes
reported here to recent studies that have extensively examined the effects of mutations to the
SARS-CoV-2 spike for different viral variants (Starr, Greaney, Hannon, et al. 2022; Starr, Greaney,
Stewart, et al. 2022; Haddox et al. 2023; Moulana et al. 2022; Taylor and Starr 2024; Moulana et
al. 2025). The spikes of even the most diverged SARS-CoV-2 variants are far more similar at the
sequence level than the different HA subtypes studied here (current SARS-CoV-2 variants
diverged over ~6 years, whereas HA subtypes diverged over many millenia), and most sites in
SARS-CoV-2 spike have similar amino-acid preferences albeit with some examples of epistatic
shifts in mutational effects (Moulana et al. 2025; Taylor and Starr 2024; Moulana et al. 2022;
Haddox et al. 2023; Starr, Greaney, Stewart, et al. 2022; Starr, Greaney, Hannon, et al. 2022).
Furthermore, most of the strong epistastic shifts in amino-acid preferences that have occurred
during the short-term evolution of the SARS-CoV-2 spike involve sites that affect receptor
binding (Moulana et al. 2025; Taylor and Starr 2024; Moulana et al. 2022; Starr, Greaney, Stewart,
et al. 2022; Starr, Greaney, Hannon, et al. 2022), whereas the most striking changes in amino-acid
preferences across the highly diverged HA subtypes involve residues buried in the protein
structure that are more involved in folding and stability than receptor binding. This contrast is
consistent with recent work on other proteins suggesting that over long evolutionary time
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frames, pervasive shifts in site-specific amino-acid preferences across a protein accumulate due
to many small epistatic interactions among fixed mutations (Park et al. 2022).

It is important to note that our experiments only measure how mutations affect HA-mediated
cell entry, which may not fully capture all the ways that HA contributes to viral fitness. In
particular, pseudotyped lentiviral particles are not identical in morphology to actual influenza
virions, and HA can contribute to transmissibility and immune recognition in ways beyond its
ability to mediate cell entry. Therefore, our findings should be interpreted specifically in terms
of how mutations affect HA’s cell entry function, which is related to but not identical to its
contributions to viral fitness.

These results have implications for how large-scale sequence-function measurements can
inform viral surveillance and vaccine immunogen design. One of the rationales for
characterizing the effects of mutations to viral proteins is to provide information that can help
interpret the consequences of changes that are observed during genomic surveillance of
ongoing viral evolution. Indeed, this rationale is why we focused the new experimental work in
this study on H7 HA, since that subtype is thought to pose a potential risk to humans (Sutton
2018). But of course viruses themselves are always evolving, and so the protein sequence that is
the subject of any particular experimental study is unlikely to be identical to that of future
viruses of public-health interest. Our results underscore the limits to the extent that
experimental measurements made in one genetic background can predict the impacts of
mutations in another genetic background. Therefore, reliable prediction of mutation effects
across an entire family of a highly diverged but structurally and functionally conserved protein
such as HA cannot be achieved simply by large-scale experimental studies—although such
studies can be highly predictive for closely related variants of a protein as might be found in the
viral strains circulating in humans at any given time.
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4.5 Supplementary Materials

A HA1 alignment

(I3ED PDB: 405N
@) PDB: 4KWM
PDB: 6119

Shift in HA2
orientation

B HA2 alignment

—
No shift in HA2
orientation

Figure S4.1 | The relative orientations of HA1 and HA2 are shifted in H5 HA relative to H3

and H7 HAs.

A) Structural alignment of the HA1 domain (same as left structure in Fig. 4.1C) with the HA2
domains from H3 (green), H5 (purple), and H7 (orange) HAs. Due to a tilt in the orientation of
the HA1 and HA2 domains, the HA2 domain of H5 becomes shifted relative to where the HA2
domains of H3 and H7 are located. B) Aligning the HA2 domain alone (same as right structure
in Fig. 4.1C) reveals the folds in HA2 are actually highly conserved across H3, H5, and H7.
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Figure S4.2 | Divergence in H7 HA amino-acid preferences for entry into 293 cells expressing
a2-3 versus a2-6 linked sialic acids is minimal compared to the divergence between HA

subtypes.

A) Divergence in amino-acid preferences at each site of the H7 HA as measured in 293 cells
expressing only a2-3 versus only a2-6 linked sialic acids. Note that the divergence at all sites is
low compared to the cross HA-subtype comparisons in Fig. 4.2C, and no sites are significantly
diverged (false discovery rate < 0.1). The largest differences are at sites like 186, 220, 225, and
226, which are important for receptor binding. B) Distributions of divergence in amino-acid
preferences for all sites between subtypes compared to the distribution of divergence in H7 HA
for measurement made using 293 cells expressing entry only 02-3 versus only a2-6 linked sialic

acids.
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Figure S4.3 | Divergence in amino-acid preferences for different domains or regions of HA.

A) Distributions of divergence in amino-acid preferences between HA subtypes for sites in the
HA1 or HA2 domains of HA. In H3-H7, HA2 sites show significantly lower divergence
compared to HA1. B) Correlation of the mean effect of mutations at each site between each pair
of HA subtypes. Sites where the wildtype amino-acid identity differs between subtypes are
colored blue, while sites with conserved wildtype amino-acid identities are red. C) Distributions
of divergence in the amino-acid preferences by receptor binding pocket region (left) and
antigenic region (right) across each HA comparison.
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Correlation between divergence in amino-acid preferences and the Co root mean square
deviation at each site in the structurally aligned backbones of HA1 and HA2 across pairwise
HA comparisons. Sites where the wildtype amino acids changed between subtypes are colored
blue, while conserved sites are red.
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Figure S4.5 | Surface exposed sites are more mutationally tolerant and display less divergent
amino acid preferences across HAs.

A) Correlation between relative solvent accessibility values at structurally aligned sites between
HAs. These values quantify how exposed or buried a site is, and the correlation is strong (r >
0.75) because the HA structures are conserved. PDB accessions are 405N (H3), 4AKWM (H5), 6119
and (H7). B) Among sites where the wildtype amino-acid identity is conserved (red boxplots in
Fig. 4.3A), there is no significant difference in divergence in amino-acid preferences at buried
versus exposed sites. C) Among sites where the wildtype amino-acid identity changed (blue
boxplots in Fig. 4.3A), there is a negative correlation between divergence in amino-acid
preferences and relative solvent accessibility. Sites are colored by mean mutation effect on entry
in the indicated HA background, showing that sites that are more exposed tend to tolerate
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mutations better. D) Correlations of effects of mutations on cell entry between HAs at the
exposed site 173, showing how all measured mutations are tolerated across HAs at this site.
Two-sided Mann-Whitney-U test was used for all significance testing.
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Figure S4.6 | Comparison of mutation effects across H3, H5, and H7 at buried sites 123, 176,
and 178.

Correlation of mutation effects on cell entry as measured by deep mutational scanning between
pairs of HAs. The letters show the effect of mutation to each amino acid in each of the two
indicated HA homologs. The mutation effects at these sites are relatively similar between H5

and H7, but both are highly diverged from H3 HA.
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4.6 Materials and methods
Code and data availability

The computer code for the deep mutational scanning of the H7 HA described in this manuscript

is available on GitHub at https://github.com/dms-vep/Flu H7 Anhuil3 DMS and can be
viewed interactively at https://dms-vep.org/Flu H7 Anhuil3 DMS/ via GitHub Pages. The

quality filtered measurements of mutation effects on cell entry for the H7 HA are available in

tabular format at
https: ithub.com/dms-vep/Flu H7 Anhuil3 DMS/blob/main/results /summaries/entr
all_cells.csv.

A single CSV with the effects of mutations at each site on entry for the H7 HA measured in this
study as well as the previously measured values for the H5 and H3 HAs(Dadonaite et al. 2024;

Yu et al. 2025) is at https:/ /github.com/jbloomlab/h
a-preference-shifts /blob/main /results /combined effects/combined mutation effects.csv.

e The computer code for comparing mutation effects across H3, H5, and H7 HAs is on
GitHub at https://github.com/jbloomlab /ha-preference-shifts and an interactive plot
showing divergence in amino-acid preferences across the three HAs is at
https:/ /jbloomlab.github.io /ha-preference-s
hifts /htmls/combined interactive lineplots.html.

Biosafety

All experiments reported in this paper used lentiviral particles pseudotyped with HA and NA.
These particles encode no viral genes other than HA and so are only able to undergo a single
round of cell entry, meaning that they are not fully infectious viruses and so are not human
pathogens.

Cell lines and media

HEK?293 isogenic 02-3 and a2-6 cells were stably engineered as previously described (Biill et al.
2021; Narimatsu et al. 2019). The a2-3 cells are 293 cells with combinatorial knockout of
ST3GAL3, ST3GAL4, ST3GAL6, ST6GAL1, and ST6GAL2 genes and knock-in of the human
ST3GAL4 gene. The 02-6 cells are 293 cells with knockout of ST3GAL3, ST3GAL4, ST3GALS®,
ST6GAL1, and ST6GAL2 genes and knock-in of the human ST6GAL1 gene. It is important to
note that both cell lines express 02-3 and a2-6-linked sialic acids on O-linked glycans.

These cells were maintained in D10 media (Dulbecco’s Modified Eagle Medium with 10%
heat-inactivated fetal bovine serum, 2 mM Il-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin). To suppress rtTA activation, 293T-rtTA cells were grown in tet-free D10, which is
made with tetracycline-negative fetal bovine serum (Gemini Bio, Ref. No. 100-800) instead.
Additionally, a phenol free version of D10 was used for library production and rescue. Influenza
growth medium was also used during library production (IGM, Opti-MEM supplemented with
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0.01% heat-inactivated fetal bovine serum, 0.3% bovine serum albumin, 100 pg/mL of calcium
chloride, 100 U/mL penicillin, and 100 pg/mL streptomycin).

Structural alignment of H3, H5, and H7 HAs

Experimentally determined HA protein structures were obtained from the Protein Data Bank
(accession IDs 405N for H3, 4KWM for H5, and 6119 for H7). Foldmason (Gilchrist et al. 2024)
was used to structurally align the HA1 and HA2 domains of the three HAs. Separate alignment
of the domains was necessary due to the relative shift in HA1/HAZ2 orientation shown in Fig.
S1. The alignment results are at:
e HATI:
https:/ /github.com /jbloomlab /ha-epistasis /blob /main /results /foldmason alignment
L
hain A /result aa.f
o HA2:
https:/ /github.com /jbloomlab /ha-epistasis /blob/main /results /foldmason alignment
L
chain B/result aa.fa

Jensen-Shannon divergence in amino-acid preferences

For reasons described in the main text, amino-acid preferences are more suitable for comparing
effects of mutations across HAs. Therefore, for each site r and amino-acid identity a, we
converted the mutation effect on cell entry x _ to an amino-acid preference by:

= exp(xm )/ (§ exp(xm, ))
where o is the preference of site r for amino-acid identity a, and the sum in the denominator is

over all amino-acid identities a' at that site. These amino-acid preferences can be interpreted as
the probability of observing the amino-acid identity a at a site r in an evolutionarily
equilibrated alignment evolving according to the single-mutant effects measured in the deep
mutational scanning(Bloom 2014; Hilton et al. 2017).

To compare the amino-acid preferences between HAs, we quantified the Jensen-Shannon
divergence (JSD) between their amino-acid preference probability distributions at each site. Let
P be the amino-acid preferences at a site in one HA and Q be the amino-acid preferences at the
same site in another HA. Then, the JSD at the site is the average Kullback-Leibler divergence

(KLD) of P and Q from their per-index-mean vector M:
KLD(P|IM) + KLD(Q||M)

JSD(P||Q) = >
where the KLD is calculated as

KLD(P||m) =Y, Palog( ;“ )

a
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We calculated the Jensen-Shannon divergence between HAs at every site where there were at
least 10 amino acids measured in both HA backgrounds.

Significance testing for divergent amino-acid preferences between HAs

We implemented a simulation approach to test for significant divergence in amino-acid
preferences between HAs. Under the null hypothesis that the true mutation effects (and
therefore preferences) are identical across HAs and that any divergence is due only to
measurement uncertainty, we generated a simulated null distribution for the JSD at each site.

For a given background X (e.g., H3), we drew two independent replicate measurements of each
. o 2 . . .
mutation effect by £ ~N (x ,0 ), where x  is the measured mutation effect and o is the

ra ra ra ra r,a

population standard deviation across replicate measurements made for that HA (note that all
cell entry effects for all three HAs were made in replicate with this paper typically just reporting
the median value of the replicate measurements for each mutation effect). For each site, the
sampled mutation effects across amino acids were converted into two amino-acid preference
vectors, and the JSD between these vectors was computed. This procedure was repeated 1000
times to yield a null distribution {]S D

Y (e.g., H5) to obtain {]SD

null, X}. The same procedure was performed for background

}. To account for potentially different levels of noise in the two
null, Y

backgrounds, the final null distribution was defined as the elementwise average of the two
distributions, JSD_ = (]SDnu”’X + JSD, ., Y) /2.

For each site, we computed an empirical one-sided p-value as the fraction of null JSD values
greater than or equal to the observed JSD. We controlled for multiple testing across sites by the
Benjamini-Hochberg false discovery rate (FDR) procedure and considered sites as significant at
FDR < 0.1.

Note this approach makes two assumptions about the null distribution. First, it assumes
Gaussian noise in log-space. Second, it assumes the standard deviations can be faithfully
derived from 2-4 replicate measurements. Therefore, a limitation is that these standard
deviation estimates could be noisy, leading to false positives and negatives at sites with modest
divergence values. However, clear separation between significant and non-significant sites
(when divergence > 0.2) demonstrates that sites with larger divergence are robustly called
significant despite potential uncertainty in the standard deviation estimates (Fig. 3C).

Structural analysis

UCSF ChimeraX v.1.10.1 (Meng et al. 2023) was used for structural analysis and visualizations.
In Fig. S7, we analyzed structural deviation between aligned HAs. The structures were aligned
by Foldmason as described above and the distances between corresponding Ca atoms were
computed by the rmsd function in ChimeraX. In Fig. $3.8, we analyzed the surface accessibility
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of sites in HA. The biological assemblies of each HA were used as input for the Define
Secondary Structure of Proteins (DSSP) program (Hekkelman et al. 2025) to calculate the
absolute solvent accessibility values of each HA site. These values were converted to relative
solvent accessibility values based on the maximum allowed solvent accessibilities of residues
reported in Tien et al. 2013 (Tien et al. 2013). In this work, we define a site as buried if its relative
solvent accessibility < 0.2.
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Chapter 5
A version of this chapter is in progress:

Dadonaite, Bernadeta, Jenny J. Ahn, et al. 2026. “Structural Basis of MHC Class II
Binding by Influenza Hemagglutinin.”

5 Deep Mutational Analysis of H7 MHCII-Dependent Entry Mechanisms

5.1 Abstract

Influenza A viruses traditionally enter host cells through sialic acid receptors, but recent
discoveries have revealed that certain subtypes can utilize Major Histocompatibility Complex
class II (MHCII) molecules as alternative entry receptors. While bat-origin H17/H18 and
duck-origin H19 subtypes exclusively use MHCII for cellular entry, the molecular determinants
governing this interaction remain poorly understood. Here, we employed deep mutational
scanning to systematically map the functional requirements for MHCII-mediated entry using
H7 hemagglutinin as a model system. Our comprehensive mutational analysis revealed distinct
constraint patterns compared to traditional sialic acid receptor binding, with the canonical
receptor binding pocket showing remarkably relaxed functional constraints in
MHClII-expressing cells. Instead, we identified alternative sites in the HA head domain
(positions 131, 67, 247, 138, and 139) that displayed strong functional constraint, suggesting
these residues may comprise a novel MHCII binding interface. Additionally, specific regions in
the HA stalk (sites 330-337 and 408-470) showed critical functional importance for
MHCII-mediated entry. These findings demonstrate that influenza-MHCII interactions utilize
binding determinants distinct from the traditional sialic acid pathway and provide the first
systematic map of molecular constraints governing this alternative entry mechanism.
Understanding these requirements has important implications for predicting viral host range
and pandemic potential, as MHCII-mediated entry may represent an underappreciated
pathway for cross-species transmission that operates independently of well-characterized sialic
acid receptor barriers.

5.2 Introduction

Influenza A viruses have traditionally been understood to enter host cells primarily
through interactions with sialic acid receptors displayed on the cell surface. The specific linkage
of these sialic acid structures plays a crucial role in determining influenza host range, as
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avian-adapted influenza viruses demonstrate a preference for a2-3 linked sialic acids while
human-adapted strains preferentially bind a2-6 linked variants (Stevens et al. 2006; Rajao et al.
2025; Cardenas et al. 2026). This receptor specificity means that mutations occurring in or near
the hemagglutinin (HA) receptor binding pocket can significantly modulate the binding
preferences of the virus, potentially altering host tropism and transmission patterns (Glaser et
al. 2005; Nobusawa et al. 2000; Obadan et al. 2019; Dadonaite, Crawford, et al. 2023; Ahn et al.
2026). However, recent discoveries have revealed that influenza receptor usage is more diverse
than previously appreciated, with several subtypes demonstrating the ability to utilize
alternative entry pathways.

A paradigm shift in our understanding of influenza entry mechanisms emerged with the
discovery that certain influenza subtypes can utilize Major Histocompatibility Complex class II
(MHCII) molecules as their primary entry receptor. Bat-origin subtypes H17 and H18, along
with duck-origin H19, have been shown to exclusively use MHCII for cellular entry, completely
bypassing the traditional sialic acid receptor pathway (Giotis et al. 2019; Karakus et al. 2019,
2024). This discovery has opened new avenues for understanding influenza host range
determination and has important implications for pandemic preparedness, as it suggests that
influenza viruses may have access to entry mechanisms that are independent of the
well-characterized sialic acid pathway.

MHCII molecules represent sophisticated antigen presentation machinery that plays
fundamental roles in adaptive immunity. These heterodimeric transmembrane proteins are
essential components of the immune system, responsible for presenting antigenic peptides
derived from extracellularly acquired proteins on the surface of antigen-presenting cells to
CD4+ T lymphocytes (Roche and Furuta 2015; Rock et al. 2016; Wieczorek et al. 2017). The
structural architecture of MHCII molecules consists of distinct alpha (o) and beta (B)
polypeptide chains, each containing membrane-proximal, barrel-shaped immunoglobulin-like
domains (02 and B2) and membrane-distal domains (al and B1) that contribute approximately
equally to the formation of the peptide-binding groove (Rock et al. 2016; Brown et al. 1993;
Unanue et al. 2016). This peptide-binding groove represents the functional core of the MHCII
molecule and is critical for its role in antigen presentation.

The cellular trafficking and maturation of MHCII molecules involves a highly regulated
pathway that ensures proper peptide loading and surface expression. MHCII molecules initially
fold within the endoplasmic reticulum (ER), where they associate with the invariant chain, a
chaperone protein that facilitates their transport to late endosomal compartments (Rock et al.
2016; Wieczorek et al. 2017). Within these specialized compartments, the invariant chain
undergoes proteolytic degradation, allowing MHCII molecules to be loaded with antigenic
peptides. This peptide loading process is facilitated by HLA-DM, a specialized chaperone
molecule that represents a nonclassical MHCII variant (Wieczorek et al. 2017; Sanderson et al.
1994). HLA-DM resides within late endosomal compartments and exhibits high structural
similarity to classical MHCII molecules, though it notably lacks a functional peptide-binding
groove (Wieczorek et al. 2017; Mosyak et al. 1998). Following successful peptide loading, the
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mature peptide-MHCII complexes are trafficked to the plasma membrane, where they can fulfill
their antigen presentation function (Bosch et al. 2013).

The utilization of MHCII as an entry receptor by H17-H19 subtypes represents a complete
departure from sialic acid-dependent entry mechanisms. Comprehensive glycan array studies
have definitively demonstrated that H17-H19 hemagglutinins fail to bind any of the extensive
panel of sialic acid-containing glycans tested, confirming that their entry pathway is entirely
independent of traditional sialic acid receptors (Karakus et al. 2024; Sun et al. 2013).
Furthermore, H17 viruses exhibit pronounced species-specific preferences for different MHCII
variants, with human HLA-DR (human leukocyte antigen isotype DR) molecules enabling
efficient infection of otherwise non-permissive cells, while the swine homologue (SLA-DR)
provides significantly reduced support for viral entry(Karakus et al. 2019). This species
specificity suggests that subtle structural differences between MHCII molecules from different
species can dramatically influence viral tropism.

Detailed molecular analysis has begun to reveal the specific determinants of MHCII-mediated
influenza entry. Studies of H18N11 infection have identified conserved residues within the al,
a2, and Bl domains of HLA-DR molecules as critical for supporting efficient viral infection of
human cells (Olajide et al. 2023). These findings suggest that MHCII molecules may play
previously unrecognized roles in determining influenza host range specificity, potentially
providing an additional layer of species barrier that operates independently of sialic acid
receptor distribution.

While the precise binding site for H18 hemagglutinin on MHCII molecules remains to be
determined, functional studies have revealed that classical MHCII molecules from all vertebrate
species tested to date can support H18-mediated viral entry (Karakus et al. 2019). This broad
cross-species compatibility suggests that highly conserved structural features of MHCII
molecules, rather than species-specific variations, are responsible for facilitating viral entry.
Understanding which specific residues and structural elements are required for this interaction
represents a critical gap in our knowledge of MHCII-mediated influenza entry. To address this
question and systematically identify the key molecular determinants of MHCII-influenza
interactions, we employed deep mutational scanning approaches to comprehensively map the
functional requirements for this alternative entry pathway.

5.3 Results

5.3.1 Effects of HA mutations on entry into cells expressing tufted duck MHCII receptors

To investigate whether H7 is able to use MHCII receptors to infect cells, we used our H7
pseudovirus DMS library (produced as described in chapter 3). We measured entry into cells
with no sialic acid receptors that were engineered to express the tufted duck MHCII receptor.
We performed two experimental replicates for each of the two independent pseudovirus
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mutants libraries, and the measured effects of the mutations on cell entry were highly correlated

across both replicates of the same library and between the two independent libraries (Fig. S5.1);

throughout this paper we report the median of the measurements across all replicates. The

effects of nearly all mutations to the H7 HA ectodomain on entry into cells expressing the tufted

duck MHCII are shown in (Fig 5.1A) (see also the interactive heatmap at

https:/ /dms-vep.org/Flu-H7-Anhuil3-MHCII-binding /htmls /293 noSA tufted duck MHCII
entry_func_effects.html).
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Figure 5.1 | Effects of mutations to the ectodomain of H7 HA on its ability to mediate entry
into 293 cells expressing tufted duck MHCII receptors.
A) Heatmap showing the effects of mutations on HA-mediated cell entry. Negative cell entry
effects (red) indicate impaired cell entry relative to the unmutated HA. Gray indicates mutations
that were not reliably measured in our experiments, and for each site the X indicates the



amino-acid identity in the unmutated A/Anhui/1/2013 HA. See

entry func gffgg;ts html for an interactive version of this heatmap. In this figure and
throughout the rest of this paper we use H3 sequence numbering (Burke and Smith 2014). B)
The structure of the A/Anhui/1/2013 H7 HA (Huang et al. 2019) (PDB 6ii9) colored by the
mean effects of all mutations at that site on tufted duck MHCII expressing cell entry. Traditional
sialic acid receptor binding pocket is indicated by a circle.
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As illustrated in this figure, there is wide variation in mutational tolerance across the HA
protein, with some sites accommodating mutations readily while others show severe functional
impairment from nearly any amino acid change when tested on tufted duck MHCII-expressing
cells. The overall pattern of functional constraint mirrors what we observed on 02-3 and a2-6
receptor-expressing cells, with HA2 generally displaying higher constraint than HA1. This is
particularly evident in critical HA2 regions such as the fusion loop (sites 330-350), which
mediates the essential membrane fusion step of viral entry (Fig. 5.1A). In contrast, many regions
of HA1, especially those near the top of the globular head domain, remain quite tolerant of
mutations (Fig. 5.1B). These results align well with previous deep mutational scanning studies
of HA from other influenza A subtypes. Those studies consistently identified the strongest
functional constraints in HA2 regions involved in membrane fusion, while finding higher
mutational tolerance in portions of the HA1 globular head, including epitopes commonly
targeted by neutralizing antibodies (Dadonaite et al., 2024; J. M. Lee et al., 2018; Thyagarajan &
Bloom, 2014; Wu et al., 2014; Wu, Thompson, et al., 2020). However, our MHCII entry data
revealed some notable differences from the canonical sialic acid receptor binding patterns.
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Figure 5.2 | Comparison of mutation effects to the receptor binding pocket of H7 HA on its
ability to mediate entry into 293 cells expressing tufted duck MHCII receptors vs. 293 mix
cells.

A) Scatter plot comparing mutation effects on cell entry across different receptor binding pocket
regions when tested on two distinct cell types. The left panel shows results from 293 cells
expressing a mixture of 02-3 and a2-6 linked sialic acid receptors, while the right panel displays
data from 293 cells expressing tufted duck MHCII receptors. Each point represents an
individual mutation, with the y-axis indicating the specific receptor binding pocket loop where
the mutation occurs (130-loop, 150-loop, 190-loop, 220-loop, and RBS base), and the x-axis
showing the measured mutation effect on cell entry from the deep mutational scanning
experiment. Mutations within the traditional receptor binding site regions are colored dark
purple (left panel) and blue (right panel), while mutations outside the RBS are shown in grey.
The data reveal that mutations in the receptor binding pocket loops are generally better
tolerated in the MHCII-expressing cells compared to the sialic acid receptor-expressing cells,
with most mutations showing less severe negative effects (values closer to zero) in the MHCII
context. This pattern suggests that the traditional sialic acid receptor binding pocket may not be
the primary binding site for MHCII-mediated entry, as mutations that significantly impair sialic
acid receptor binding have minimal impact on MHCII-mediated cell entry.
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Most strikingly, the traditional receptor binding site for sialic acid receptors showed relatively
low constraint in our MHCII entry assays. The majority of sites within this pocket tolerated
mutations well, a pattern that extended to the various loops that comprise the receptor binding
pocket. When we directly compared mutation effects on cell entry across these different loops,
mutations were consistently better tolerated in 293 cells expressing tufted duck MHCII
compared to the mixed 293 cells expressing a2,3 and a2,6 receptors (Fig 5.2). Even the receptor
binding site base appeared less constrained in the MHCII context than in standard receptor
binding assays.

This relaxed constraint pattern supports the hypothesis that HA binds to MHCII receptors at a
location distinct from the traditional sialic acid receptor binding pocket. Instead, our constraint
mapping identified alternative sites that may be critical for MHCII engagement. Sites 131, 67,
247, 138, and 139 in the head domain emerged as among the most functionally constrained,
suggesting these positions could comprise a potential MHCII receptor binding interface. The
strong constraint at these sites indicates that maintaining proper amino acid identity is crucial
for MHCII-mediated entry, consistent with their involvement in receptor contact or binding site
architecture. In the stalk region, sites 330-337 and 408-470 showed the strongest functional
constraint. While the 330-337 region corresponds to the well-characterized fusion loop, the
constraint pattern at sites 408-470 suggests additional critical functions in this domain that may
be particularly important for MHCII-mediated entry or subsequent fusion events.

To validate our deep mutational scanning measurements, we generated single mutant viruses
containing specific mutations that either increased or decreased entry efficiency on 293 cells
expressing tufted duck MHCIIL These validation experiments confirmed the accuracy of our
high-throughput screening approach and provided additional confidence in the constraint
patterns we identified (Fig S5.2).

5.4 Discussion

Our deep mutational scanning analysis of H7 hemagglutinin entry via MHCII receptors
provides the first comprehensive map of functional constraints governing this alternative
influenza entry pathway. The striking differences in mutational tolerance patterns between
MHCII-mediated and sialic acid receptor-mediated entry demonstrate that these represent
fundamentally distinct molecular interactions with different structural requirements.

The most significant finding from our analysis is the relaxed functional constraint observed in
the traditional sialic acid receptor binding pocket when viral entry occurs via MHCII receptors.
This pattern strongly supports previous biochemical evidence that H17-H19 subtypes utilize
binding sites distinct from the canonical receptor binding pocket(Karakus et al. 2024; Sun et al.
2013). The tolerance of mutations that would severely impair sialic acid binding suggests that
the MHCII interaction surface is spatially separated from this well-characterized binding site.
This finding has important evolutionary implications, as it suggests that viruses could
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potentially acquire MHCII binding capability without losing sialic acid receptor function,
potentially creating dual-receptor viruses with expanded cellular tropism.

Our identification of highly constrained sites in the HA head domain (positions 131, 67, 247, 138,
and 139) provides the first evidence-based prediction of a putative MHCII binding interface.
The strong functional constraint at these positions suggests they play critical roles in either
direct receptor contact or maintaining the proper structural architecture required for MHCII
recognition. Notably, these sites are distributed across different regions of the HA1 head
domain, suggesting that MHCII binding may involve a more extended or conformationally
complex interface compared to the relatively compact sialic acid binding pocket. This prediction
aligns with the larger size and more complex topology of MHCII molecules compared to sialic
acid receptors, which may require more extensive protein-protein contacts for stable binding.

The functional constraints we identified in the HA stalk region provide additional insights into
the mechanistic requirements for MHCII-mediated entry. While constraint in the fusion loop
region (sites 330-337) likely reflects universal requirements for membrane fusion that are
independent of receptor type, the strong constraint observed at sites 408-470 may indicate
MHClII-specific functional requirements. This could suggest that MHCII-mediated entry
involves distinct conformational changes or membrane fusion kinetics compared to sialic acid
receptor-mediated entry. Alternatively, these stalk region constraints might reflect requirements
for proper HA folding or stability that become more critical when the receptor binding
interaction occurs at an alternative site.

The broader implications of MHCII-mediated influenza entry extend beyond mechanistic
understanding to questions of viral evolution and host range determination. MHCII molecules
are highly conserved across vertebrate species and are expressed on professional
antigen-presenting cells throughout the body(Rock et al. 2016; Wieczorek et al. 2017). This
conservation could explain why H18 can utilize MHCII from diverse vertebrate species(Karakus
et al. 2019), but it also raises concerning possibilities for broad host range and zoonotic
potential. Unlike sialic acid receptor distribution, which varies significantly between species and
tissue types, MHCII expression patterns are more uniform across vertebrates, potentially
providing a pathway for cross-species transmission that bypasses traditional receptor-based
species barriers.

Our findings also highlight important gaps in our understanding of influenza receptor diversity.
While H7 showed the capability to utilize MHCII for entry in our experimental system, it
remains unclear whether other conventional influenza subtypes possess latent MHCII binding
potential or whether this represents an evolutionary innovation specific to certain lineages. The
identification of specific constraint patterns associated with MHCII usage provides a framework
for evaluating other subtypes and assessing their potential for alternative receptor utilization.

From a pandemic preparedness perspective, these results underscore the importance of
surveillance strategies that account for alternative entry pathways. Current monitoring efforts
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focus heavily on sialic acid receptor binding properties as predictors of zoonotic and pandemic
potential(Cardenas et al. 2026; Rajao et al. 2025). However, viruses capable of MHCII-mediated
entry might circumvent these predictions entirely, as their host range determinants would be
governed by different molecular rules. Understanding the structural requirements we have
identified here will be crucial for developing more comprehensive risk assessment frameworks
that account for the full spectrum of potential influenza entry mechanisms.

Future studies should focus on validating our predicted MHCII binding interface through
structural and biochemical approaches, determining whether the constraint patterns we
identified are conserved across other subtypes capable of MHCII binding, and assessing the
prevalence of MHCII-binding capability among circulating influenza strains. Additionally,
investigating the tissue-specific implications of MHCII-mediated entry will be important for
understanding the pathogenetic consequences of this alternative pathway and its potential role
in influenza disease progression.


https://paperpile.com/c/XjaXbI/WupXe+uZ7eS
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5.5 Supplementary Materials

Mutation effects from all variants Mutation effects from just single-mutant
variants

R =0.90, N =6901 R =0.93, N = 4334

LibB-251202-H7_293 _noSA_duck_MHCII

LibB-251202-H7_293 noSA_duck_MHCII

LibA-251202-H7_293_noSA_duck_MHCII LibA-251202-H7_293_noSA_duck_MHCII

Figure S5.1 | H7 HA cell entry effects measured using independent deep mutational
scanning libraries are highly correlated

Correlation of the effects of H7 HA mutations on cell entry as measured with independent
pseudovirus libraries on 293 cells with no sialic acid receptors and expressing tufted duck
MHCII receptors. Each point represents the effect of a mutation measured in each replicate. For
each of the two libraries, two technical replicates were performed. The left panel shows the
correlations between two independent libraries (Library A and B) across all variants. The panel
on the right shows the correlations between two independent libraries (A and B) across just
single-mutant variants. R is the Pearson correlation and N is the number of mutations measured
in both pairs of measurements.
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Figure S5.2 | Single mutant validations of H7 HA cell entry effects measured on 293T cells,
293 no sialic acid expressing cells, and tufted duck MHCII expressing cells

This titer plot validates deep mutational scanning predictions using single-mutant H7 luciferase
viruses tested across three cell types: 293T cells with natural sialic acid receptors (grey), sialic
acid-depleted 293T cells (No SA, yellow), and sialic acid-depleted cells expressing tufted duck
MHCII receptors (No SA DUCK MHCII, blue). The x-axis shows nine selected mutations
(named as original amino acid, position, and substitution), while the y-axis displays viral titers
in relative light units (RLU) per microliter. This experimental design distinguishes between
sialic acid-dependent and MHCII-dependent entry pathways. Mutations showing enhanced
titers in MHCII-expressing cells compared to sialic acid-depleted cells indicate MHCII-specific
entry improvements, validating the functional significance of constraint patterns identified
through deep mutational scanning and confirming distinct molecular requirements for
alternative influenza entry mechanisms.

5.6 Materials and methods

Cell lines and media

293 cells were maintained D10 media (Dulbecco’s Modified Eagle Medium with 10%
tetracycline-free heat-inactivated fetal bovine serum, 2 mM I-glutamine, 100 U/mL penicillin,
and 100 ng/mL streptomycin). D10 media was used for all experiments involving pseudovirus.

To make the 293 cells expressing the tufted duck MHCII that have no sialic acid, on day 1 293T
cells were transfected with 0.25pg of each helper plasmid each helper plasmids encoding
Gag/Pol, Tat, and Rev (AddGene numbers 204152, 204154, 204153), 1pg of the lentivirus
backbone coding for the tufted duck MHCII and purmycin resistance gene (plasmid 5490
https://github.com /jbloomlab /plasmids/blob/master/genbank maps/5490 pHAGE2 EFla

Duck MHCII-DR_IRES Puro.gb). On day 2, 1M 293 cells with no sialic acid were plated in a
6-well plate. On day 3, supernatant was collected from the transfected cells using a 0.45uM
SFCA filter. Iml of the collected virus was then used to infect the previously plated
293-no-sialic-acid cells, since these viruses cannot be titrated without the presence of a
fluorescent protein, an estimated high MOI was used to infect. On day 5, 48 hours post

infection, cells were then trypsinized and then replated in a 10cm dish in the presence of
0.75pg/ml puromycin to select for successfully transduced cells. Cell media was changed with
media with fresh puromycin every 2 days until no more cell death was observed. The cells were
then expanded in D10 media with no puromycin and then frozen down.

Generation of single mutant luciferase pseudoviruses

Single mutant luciferase pseudoviruses were made by plating 293T cells in 6-well dishes. Each
well was seeded with ~800,000 cells/ml in a total volume of 2ml. The next day cells were then
transfected with the following plasmids; 1pg of the 2727 luciferase backbone, 340ng Gag/Pol
(AddGene numbers 204152), 150ng of plasmid expressing human airway trypsin-like protease


https://github.com/jbloomlab/plasmids/blob/master/genbank_maps/5490_pHAGE2_EF1a_Duck_MHCII-DR_IRES_Puro.gb
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(https:/ /github.com/dms-vep/Flu H7 Anhuil3 DMS/blob/main/library design/HDM HA
T.gb) to activate the HA for membrane fusion, 50ng of the plasmid expressing NA, and 500ng of
plasmid expressing the H7 HA with the individual mutations. BioT transfection reagent was

used according to the manufacturer's instructions. 48 hours after transfection, the viral
supernatant was collected and filtered through 0.45uM syringe filters (Corning® 28 mm
Diameter Syringe Filters, 0.45 pm Pore SFCA Membrane). Viruses were then titrated by plating
30,000 cells per well of 293T cells in 96-well black wall plates coated in Poly-L-lysine (Grenier,
Item No.: 6565936). The cells were also plated in the presence of 2.5ug/ml of amphotericin B
(amphotericin B was shown to increase virus titers). The next day, the viruses were then diluted
at a starting dilution of 30ul virus into 210ul of D10 media (total 240ul), 120ul of the previous
dilution was then diluted into 120ul for a 1:2 dilution going down the plate. 48 hours after
adding the virus 100ul of the supernatant was removed and 30ul of brightglo was added and
used according to the manufacturer's instructions (Promega, Cat. E2620). The plate was then
read-out for luciferase activity after 5 minutes and the titers were calculated.

Mutation effects on cell entry in tufted duck MHCII expressing cells

Cell entry effects of each mutation in the library were determined as previously described
(Dadonaite et al. 2024). To measure effects of mutations on cell entry, 293 cells expressing no
sialic acid but did express the tufted duck MHCII were used. These cells were then either
infected with libraries pseudotyped with VSV-G envelope (produced as described above) or HA
pseudotyped libraries. For HA pseudotyped libraries, the tufted duck MHCII cells were plated
in the presence of 2.5ug/ml of amphotericin B a day before (amphotericin B was shown to
increase library virus titers), and infections were performed in the presence of 1uM oseltamivir
to inhibit NA and prevent cleavage of receptors on target cell surface. For VSV-G pseudotyped
library infections approximately 8 million transcription units were used and for the H7
pseudotyped library infections approximately 3.2 million transcription units were used. At 12 to
15 hours postinfection, cells were collected, nonintegrated lentiviral genomes were recovered
using QIAprep Spin Miniprep Kit (Qiagen, cat. no. 27104), and amplicon libraries for barcode
sequencing were prepared as previously described (Dadonaite, Crawford, et al. 2023; Dadonaite
et al. 2024; Yu et al. 2025).

Cell entry scores for each variant were calculated using log enrichment ratio: log, ([n",. /
"ol /[N / n™]), where n¥, is the count of variant v in the H7-pseudotyped infection
(postselection condition), n*,,. is the count of variant v in the VSV-G-pseudotyped infection

(preselection condition, and n™, and n",, are the counts for wildtype variants. Positive cell

pre
entry scores indicate that a variant is better at entering the cells compared to the unmutated

parental HA, and negative scores indicate entry worse than the unmutated HA.

To calculate the mutational-level cell entry effects, a sigmoid global-epistasis(Otwinowski et al.
2018) function was fitted to variant entry scores after truncating the values at a lower bound of
-5, using the multi-dms software package(Haddox et al. 2023). The rationale for fitting the global


https://github.com/dms-vep/Flu_H7_Anhui13_DMS/blob/main/library_design/HDM_HAT.gb
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epistasis models is that some of the variants have multiple HA mutations, and so the model
enables deconvolution of the mutation effects from these multiple mutated variants as well as
just the single mutants. An interactive heatmap showing the effect of each mutation on cell
entry on 293 cells expressing tufted duck MHCII is at
(https:/ /dms-vep.org /Flu-H7-Anhuil3-MHCII-binding /htmls /293 noSA_tufted duck MHCII

entry func effects.html). For the mutation effects, values of zero mean no effect on cell entry,
negative values mean impaired cell entry, and positive values mean improved cell entry. For

plots in the paper, we show only mutations observed in average of at least 2 barcoded variants
per library and measured in both biological library replicates.


https://dms-vep.org/Flu-H7-Anhui13-MHCII-binding/htmls/293_noSA_tufted_duck_MHCII_entry_func_effects.html
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Chapter 6

6 Conclusions and Future Directions

In chapter 2, we developed an improved pH stability assay that enables high-
throughput identification of HA stabilizing and destabilizing mutations, overcoming traditional
limitations through virus reconcentration methods. In chapter 3, we mapped the complete
functional landscape of H7 hemagglutinin, revealing its dual receptor binding capability and
identifying key mutations that enhance human adaptation, many of which have already been
naturally selected in circulating H7N9 strains. In chapter 4, we discovered that amino acid
preferences have diverged dramatically across HA subtypes despite nearly identical structures,
demonstrating how evolutionary changes can rewire protein constraints even when overall
architecture remains conserved. In chapter 5, we characterized an alternative MHCII-mediated
entry pathway that operates through entirely different molecular determinants than traditional
sialic acid binding, challenging conventional models of influenza host range determination.

Coming into the lab, I was under the impression that my thesis work needed to yield some sort
of groundbreaking, field-changing discovery otherwise it wouldn't be important. What I've
learned is that science is constantly evolving, and it's often the accumulation of smaller findings
that ultimately leads to major breakthroughs. More often than not, my most significant progress
came from the parts of experiments that didn't work as expected and digging into why they
failed. These apparent setbacks frequently led the project in unexpected directions, but those
pivots often resulted in the most interesting discoveries. A perfect example of this came when
Jesse suggested we pivot from our planned serum and antibody selections to instead compare
mutation effects across all the HA subtypes we already had data for. This turned out to be one
of the most compelling directions of the project, revealing just how dramatically mutational
tolerance differs across HA subtypes despite their nearly identical structures. What started as a
natural next step in our experimental pipeline uncovered something fundamental about protein
evolution that we hadn't anticipated.

The MHCII work followed a similar trajectory. What began as a side experiment to test
alternative entry mechanisms revealed an entirely new dimension of influenza biology that
challenges our basic assumptions about viral host range. These discoveries remind me that
some of the most important contributions come not from confirming what we expect, but from
revealing gaps in our understanding.

With all the information presented in this thesis, this conclusion wraps up the applications of
my findings while considering what directions might come next. The work demonstrates how
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methodological advances, unexpected experimental results, and willingness to follow
interesting leads can collectively reshape our understanding of complex biological systems.
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6.1 Applications of high-throughput acid stability assay

The development of our improved pH stability assay represents a significant
methodological advance with broad applications for influenza research and public health
preparedness. By incorporating reconcentration and neutralization steps, we have overcome the
traditional limitations that required high-titer virus samples, making systematic stability
measurements feasible for large-scale mutational studies and surveillance applications. Our
validation using H5N1 hemagglutinin demonstrated the assay's ability to accurately distinguish
between stabilizing and destabilizing mutations, with results that correlate well with direct
measurements using conditionally replicative viruses.

The practical implications of this methodology extend far beyond academic research. HA
stability represents a critical parameter for assessing pandemic potential, as viruses with
enhanced environmental persistence may have increased transmission efficiency and broader
geographic spread. Current WHO and CDC risk assessment frameworks could be significantly
enhanced by incorporating stability measurements alongside existing evaluations of receptor
binding specificity and antigenicity. Our high-throughput approach makes it feasible to rapidly
characterize emerging viral isolates for this important phenotype, providing public health
officials with additional data for risk stratification.

From a vaccine development perspective, the ability to systematically map stability-enhancing
mutations offers valuable insights for immunogen design. Stabilized HA variants may serve as
improved vaccine antigens with enhanced shelf life and immunogenicity, while understanding
the molecular determinants of stability provides guidance for rational vaccine optimization. The
broad applicability of our assay across different HA subtypes makes it a valuable tool for both
seasonal vaccine strain selection and pandemic preparedness efforts, enabling rapid
characterization of novel variants as they emerge in surveillance systems.

6.2 Can deep mutational scanning of H7 help inform on pandemic preparedness?

Our comprehensive deep mutational scanning analysis of H7 hemagglutinin provides
the first systematic map of functional constraints for this pandemic-relevant subtype, with
important implications for risk assessment and preparedness strategies. The identification of
nearly 65 sites where mutations enhance entry into human-type receptor-expressing cells
reveals the substantial adaptive potential that exists within H7 populations. Perhaps most
significantly, our comparison with circulating H7N9 sequences demonstrates that many of the
most beneficial mutations have already been naturally selected, indicating that substantial
human adaptation has already occurred in this subtype.

The discovery that H7N9 viruses have achieved near-universal fixation of key adaptive
mutations like K193T and Q210Y suggests these viruses have progressed further along the
pathway toward human adaptation than previously appreciated. However, our identification of
numerous high-effect beneficial mutations that remain rare in nature reveals significant "cryptic"
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evolutionary potential that could be realized under appropriate selective pressures. This finding
has profound implications for pandemic risk assessment, as it suggests that H7 viruses retain
the capacity for further functional enhancement beyond their current state.

The systematic constraint mapping we have provided offers a framework for interpreting future
H7 evolution and assessing the significance of novel mutations as they arise in surveillance.
Mutations occurring in highly constrained regions can be flagged as potentially significant for
viral fitness, while changes in regions we have identified as mutationally tolerant may be of less
immediate concern. This functional annotation of the H7 genome provides public health
officials with evidence-based tools for prioritizing surveillance findings and making informed
decisions about vaccine strain updates and pandemic preparedness measures.

6.2 MHCII-Mediated Influenza Entry: Implications for Host Range and Alternative
Transmission Pathways

Our discovery that H7 hemagglutinin can utilize MHCII molecules for cellular entry
fundamentally challenges traditional models of influenza host range determination and reveals
a potentially underappreciated pathway for cross-species transmission. The systematic
constraint mapping we performed provides the first evidence-based prediction of molecular
determinants governing this alternative entry mechanism, identifying putative binding
interfaces that operate independently of canonical sialic acid receptor interactions. This finding
has profound implications for our understanding of influenza ecology and pandemic
emergence.

The biological significance of MHCII-mediated entry extends beyond mechanistic interest to
practical concerns about viral surveillance and risk assessment. Unlike sialic acid receptor
distribution, which varies significantly between species and provides well-characterized
barriers to cross-species transmission, MHCII molecules are highly conserved across vertebrates
and expressed on professional antigen-presenting cells throughout diverse tissues. This
conservation suggests that MHCII-mediated entry could provide influenza viruses with access
to transmission pathways that bypass traditional receptor-based species barriers, potentially
enabling broader host ranges and more efficient zoonotic transmission.

Our findings highlight critical gaps in current pandemic risk assessment frameworks, which
focus heavily on sialic acid receptor binding properties as predictors of zoonotic potential.
Viruses capable of MHCII-mediated entry might circumvent these predictions entirely,
operating through molecular determinants governed by different evolutionary rules. The
identification of specific constraint patterns associated with MHCII usage provides a foundation
for developing more comprehensive surveillance strategies that account for alternative entry
mechanisms. Future pandemic preparedness efforts must consider the possibility that influenza
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viruses may possess multiple, independent pathways for host cell entry, each with distinct
implications for cross-species transmission and public health risk.
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