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ABSTRACT

The 1918-1919 flu pandemic resulted in an estimated 50 to 100 million deaths worldwide, making
it the deadliest pandemic in modern history. It was caused by a new influenza virus that likely spilled
over from birds and reassorted with a human influenza virus. Since the human population was im-
munologically naive to this virus, transmission and lethality was much higher than for seasonal in-
fluenza outbreaks. Numerous pandemic influenza viruses emerged within the next century, with
none causing the same amount of carnage. There is likely to be future influenza pandemics, with
wild migratory birds being carriers of a wide swath of different influenza A viruses. Zoonotic trans-
mission of Avian influenza has taken place with limited human to human transmission. There is
evidence showing that the barrier of human transmissibility by some of these avian viruses is not
very high, and therefore emergence into humans is possible, with most if not all of the population
immunologically naive. The humoral immune response to influenza is defined by the imprinting of
the antibody response to immunodominant epitopes. Such responses can impair immunity, provid-
ing less adequate protection against seasonal and pandemic infections, as well as poorer immunity
induced by seasonal vaccines. There are instances where imprinting can be advantageous and
even offer protection against pandemic or avian viruses, particularly when conserved epitopes to
the HA stalk are exploited. Manipulating the antibody response to recognizing conserved stalk
epitopes on influenza HA is therefore a strategy being used for universal influenza vaccines. In the
second Chapter of this thesis, a mosaic nanoparticle immunization strategy for inducing breadth of
antibody responses against HA will be described. This strategy involves the co-display of HAs from
up to eight different strains on a particle platform. Although the breadth of antibody responses elic-
ited by immunization of these particles was limited, this work provides insight into the antigenicity of

such particles, and a possible alternative to current influenza vaccines.

Approximately 100 years after the 1918-1919 flu pandemic, a deadly SARS-like coronavirus, known
as SARS-CoV-2, emerged in the human population resulting in a currently ongoing pandemic. This
came less than two decades after the small but deadly SARS outbreak, essentially a warning call
for this class of coronaviruses. Other SARS-like coronavirus strains in bats have been identified and
shown to be human tropic, though resulting in an attenuated infection. Some of these viruses can
infect via hACE2 but there are others that may use an unknown receptor for entry into VERO cells
as well as human cell lines. There is evidence that the major barrier to zoonosis is protease com-

patibility, which could be gained through recombination events or errors during replication. There-



fore, future SARS-like coronaviruses (sarbecovirus) may emerge in humans, seeding future out-
breaks. The antibody response to SARS-CoV-2 is robust and protective. Furthermore, there is the
presence of conserved epitopes particularly on the RBD that can be targeted by antibodies that are
cross-neutralizing against many SARS-like coronaviruses. Exploiting these cross-reactive epitopes
is one strategy that can be used for developing a universal coronavirus vaccine. In Chapter 3 of this
thesis, a similar mosaic nanoparticle immunization strategy will be described, that attempts to elicit
cross-reactive antibodies against the SARS-like coronavirus family. The mosaic nanoparticles co-
display the RBDs of eight different sarbecovirus strains including SARS-CoV-2. Immunization with
these mosaic-RBD nanoparticles elicited polyclonal antibody responses that were cross-reactive as
well as cross-neutralizing against sarbecoviruses strains both present and not present on the parti-

cles.



vi

PUBLISHED CONTENT AND CONTRIBUTIONS

Chapter 2:

Cohen, A.A., Yang, Z., Gnanapragasam, P.N.P., Ou, S., Dam, K.-M.A., Wang, H., and Bjork-
man, P.J. (2021). Construction, characterization, and immunization of nanoparticles that display
a diverse array of influenza HA trimers. Plos One /6, €0247963. 10.1371/journal.pone.0247963

My contribution to this work was as the lead researcher of the project. | conceived and designed

the study, prepared the reagents, analyzed the data, and wrote the paper.

Chapter 3:

Cohen, A.A., Gnanapragasam, P.N.P., Lee, Y.E., Hoffman, P.R., Ou, S., Kakutani, L.M.,
Keeffe, J.R., Wu, H.-J., Howarth, M., West, A.P., et al. (2021). Mosaic nanoparticles elicit cross-
reactive immune responses to zoonotic coronaviruses in mice. Science 3717, 735-741.
10.1126/science.abf6840

My contribution to this work was as the lead researcher of the project. | conceived and designed

the study, prepared the reagents, analyzed the data, and wrote the paper.

Appendix A:

Jette, C.A., Cohen, A.A., Gnanapragasam, P.N.P., Muecksch, F., Lee, Y.E., Huey-Tubman, K.E.,
Schmidt, F., Hatziioannou, T., Bieniasz, P.D., Nussenzweig, M.C., et al. (2021). Broad cross-reac-
tivity across sarbecoviruses exhibited by a subset of COVID-19 donor-derived neutralizing anti-

bodies. Biorxiv 2021.04.23.441195



vii

My contribution to this work was as the co-lead researcher of the project. | helped conceive and
design the cross-reactive ELISA and neutralization experiments to both sarbecovirus RBDs as

well as variants of concern, prepared the reagents, and analyzed the data.

Appendix B:

Wang, H., Cohen, A.A., Galimidi, R.P., Gristick, H.B., Jensen, G.J., and Bjorkman, P.J. (2016).
Cryo-EM structure of a CD4-bound open HIV-1 envelope trimer reveals structural rearrange-
ments of the gp120 V1V2 loop. Proceedings of the National Academy of Sciences of the United

States of America 113, E7151-E7158.

| designed the experiment, prepared the reagents, and analyzed the data,



viii

TABLE OF CONTENTS

ACKNOWIEAGEMENTS. ... ..o i
ADSTIACT ... iv
Published Content and Contributions. ..., vi
Table of Contents. ... ... viii
Chapter |: INtrodUCHON .........cceeieeee e 1
Part Az INfIUENZA ... 1
The 1918-1919 Flu PandemiC...........ccoiiiiiiiiiiiie e 1
Virus Structure and GENOME...........coceiiiiiiiiiie e 5
Cell Entry and Viral Replication..............cooiiiiiiiiiieeee e 7
Epidemiology, Disease, and Animal Reservoir............cccccceeiicieieieicceeenee 9
Adaptation of Influenza Viruses to New Hosts..........cccoeviiiiiiiiieccee 14
Antigenic Shift and Drift............cooi 17
Innate Immune Responses to Influenza Viral Infection .............ccccccee. 19
The Adaptive Immune Response: T-Cells.........ccccooioeriiiiiiiieeeee e 23
The Adaptive Immune Response: B-cells and Antibodies ....................... 25
IMMUNOTOMINGNCE........eiiiiiiieieie et 33
Original Antigenic Sin and Antigenic Imprinting...........cccoooeiiiiieniiienns 38
INlUENZA VACCINES ... e 47
Universal FIU VacCCINeS.........cocuiiiiiiiieeeee e 49
Part B: SARS-like COroNaVirUSES ..........cccuieieiiiieiieesie e 51
The SARS OUDIreak ..o 51
Discovery of SARS-like COronaviruses............ccceerueererenierniiee e 54

The COVID-19 PanNdEMIC .....ccoeeeeeeee oot 56



X

Virus structure and GENOMIE .........eeeeeeeeee et ee e e eeeeens 59
Coronavirus life CYClE ..........ooiiiiiiiie e 61

The Coronavirus Spike Protein and Its Effect on Viral Tropism, Transmission, and Pathogenesis

................................................................................................................... 66
Innate Immune Response to0 SARS-COV-2 ........ccccoeeiiieiiiiee e, 75
The Adaptive Immune Response: T-Cells.........ccccooioeriiiiiiieeeee e 78
The Adaptive Immune Response: B-cell and Antibody Responses......... 81
SARS-COV-2 VACCINES ......ooeiuiiiiiiiiieiiee ettt 85
BibliOgraphy .......coooiii e 88

Chapter II: Construction, characterization, and immunization of nanoparticles that display a diverse

array of influenza HA timMers ..o 114
ADSTFACT ... 116
INIrOTUCTION ... 117
Materials and Methods............cceiiiiiiiiii e 120
Results and DiSCUSSION ........c.cuuiiiiiiiiiie e 128
CONCIUSION ...ttt 139
REFEIENCES ... 143
Figure LEgends ... 146
Supporting INformation .............occii e 154

Chapter Ill: Mosaic nanoparticles elicit cross-reactive immune responses to zoonotic coronaviruses

LI 4117 PO PR PP 164
ADSTFACT ... 166
MEIN TEXE. . 167
References and NOtES ..........c.oociiiiiiiiii e 174

Figure LEgends ... 179



Supplementary Materials ...........cccoeciiiiiieecie e 188
Materials and Methods.............c.eeeiiiiiiii e, 189
Supplementary FIQUIES ..........oooiiii e 195

Appendix A: Broad cross-reactivity across sarbecoviruses exhibited by a subset of COVID-19 do-

nor-derived neutralizing antibodies ... 208
SUMMAIY .ottt b et e st e e nae e e ne e s neeeenee 210
INIrOTUCTION ... 211
RESUIES ... e 212
DISCUSSION ..t 219
Figure LEgends ..o 222
REFEIENCES ... 229
MEENOGAS ... e 238
Supplemental EMS..........oooiiiie e 243

Appendix B: Cryo-EM structure of a CD4-bound open HIV-1 Envelope trimer reveals structural re-

arrangements of the gp120 VAV2 100D .....ccueeiiieiiiiiiiceeceeeeee e 260
ADSTFACT ... 263
INIrOTUCTION ... 264
RESUIES ... 266
DISCUSSION ..ttt 272
MEENOGAS ... e 275
REFEIENCES ... 283
Figure LEgends ... 286

Supplemental HEMS............uoiiiiii e 293



Chapter 1: Introduction
Part A: Influenza
The 1918-1919 Flu Pandemic:

In March 1918 approximately 100 soldiers at Camp Funston in Fort Riley became ill with flu-
like symptoms, and over the next few weeks cases increased fivefold (1). Over the next half a year
sporadic flu cases were reported globally in North America, Europe, and Asia. This first wave of
influenza was marked by a high rate of illness with a relatively normal death rate in comparison to
the seasonal influenza (1, 2). This first outbreak of a pandemic flu strain occured in the backdrop of
World War 1, where hundreds of thousands of American soldiers were being deployed overseas to
Europe each month.

Starting September 1918, a second wave of influenza emerged, spreading across the north-
ern hemisphere within the next two months. In the US, around 195,000 people died in October
alone. The wave was accompanied by a a shortage of trained medical personnel such as nurses,
cities across the US began banning public gatherings and closing businesses as the morgues
began piling up with bodies (3). Cities that employed non-pharmaceutical interventions such as
social distancing sooner fared better, a good example being the longer shallow death rate in St
Louis, which employed measures sooner, with respect to the sharp and rapid death rate seen in
Philadelphia, which responded much later (3). Simultaneously, outbreaks occurred globally with a
high death rate being reported in many countries much higher than the initial first wave of infections
(3).

By winter of 1919, a third wave of infections arrive, though not quite as deadly as the second
wave. Infections finally subsided by the summer of 1919. By the end of 1919 It is estimated that 500
million people (a third of the human population) had become infected, with an estimated 50-100
million deaths occurring globally (with case fatalities at around 2.5 %), making it the deadliest pan-

demic in modern history (3).



What was so unusual about this pandemic was that there were three waves of infections
occurring within a very short one year period (3). This is in contrast to previous pandemics, such
as the Russian Flu pandemic which occurred between 1889-1893, that featured waves of infections
emerging yearly rather than every few months (3). Clinically, disease caused by all three waves
were similar enough to conclude that they were all caused by the same infectious agent. Mild forms
of disease caused by the 1918 flu pandemic were directly comparable between waves as well to
mild ilinesses caused by previous pandemic and inter-pandemic seasonal outbreaks (3). However
it was the rapid progression from mild to severe disease, as well as the marked fatality in younger
individuals, that was the main difference in the second and third wave of the 1918-1919 flu pan-
demic (3).

In a normal flu season, influenza infections result in uncomplicated illness that typically re-
solves on its own in young and healthy adults (3). Symptoms range from being asymptomatic to
mild with vague symptoms, or incapacitating with almost a week of fever, chills, headache, muscle
ache, and respiratory symptoms such as cough (3). In some cases for infants or elderly, seasonal
influenza infection can result in severe complications such as pneumonia, which is typically a result
of a bacterial secondary infection(4, 5).

The infection caused by the 1918-1919 flu pandemic was far more severe in young healthy
individuals (4, 5). The majority of deaths had similar clinical pathologies, the most common being
acute bronchopneumonia with necrosis of the epithelium and vascular tissue, microvasculitis, hem-
orrhaging, and edema. Bacterial cultures from lung samples taken by autopsy generally correlated
with the pulmonary lesions, with Streptococcus pneumoniae, S. pyogenes, Haemophilus influen-
zae, and Staphylococcus aureus being identified as possible sources of the bacterial superinfection
(4, 5). About 10-15 % of fatal cases featured a different pathology characterized by an acute respir-
atory distress syndrome (ARDS). In this case patients typically showed cyanosis or a blue-gray

facial discoloration, and essentially drowned in their own blood which filled their lung tissue and



bronchi. It is unclear whether these cases completely lacked bacterial invasion, and were only
caused by viral pathology (4, 5).

Typically during seasonal influenza, deaths with respect to age match a U shaped curve,
where most deaths are in the very young or very old, with few deaths in between (4, 5). What was
unprecedented, and mostly still is, is that the 1918 pandemic featured a W shaped curve, similar to
the U-shaped curve, but with another peak of deaths for young adults aged around 20-40. Death
rates in ages 15-34 were 20 times greater than previous years (4, 5). What's more surprising is that
the majority of deaths were in the <65 age range, representing a case where the overall fatality risk
was greater in the <65 age group than the >65 age group. In other flu pandemics or seasonal
epidemics the fatality risk is usually reversed. The actual incidence of infection was much higher for
the <35 age group, and interestingly the 5-14 age group had a low mortality even though incidence
was high. Interestingly the >65 age group accounted for much lower incidence of infection, with the
>75 age group showing lower case fatality rates than previous outbreaks (4, 5). This suggests some
prior immunity or exposure to a similar virus in their childhood for people in the >65 age group ((4,
5).

It wasn’t until 1995 that the sequence of the virus was determined using archival autopsy
specimens from 1918, showing that the virus was ancestral to the circulating swine and human
H1N1 viruses which cause seasonal influenza epidemics. The Taubenberger’'s group in the Armed
Forces Institute of Pathology successfully isolated RNA from autopsy samples that were obtained
from army soldiers that died in the 1918 pandemic, as well as an Inuit woman who was preserved
in permafrost in Alaska (6).

Nearly simultaneous outbreaks during March-April 1918 in North America, Europe, and Asia
make it hard to pinpoint the true origin of the pandemic virus (4, 5), but a possible origin is in North
America. It is also unclear whether the first, second and third waves were all caused by the same
virus since all of the RNA positive samples were obtained from the second wave. It is unlikely that

they were different viruses given that variation of influenza occurs over years and not months (4,



5). The animal host that acted as the source of the outbreak is also unclear since there is no se-
quence information from possible animal sources at or before 1918 ((4, 5). Sequence analysis sug-
gests the virus is avian-like, however it is unlike any other virus strain obtained from mammals and
birds in the past century indicated by the large number of silent nucleotide changes throughout the
viral genome. This suggests the virus jumped directly to humans from an unidentified avian host (4,
5).

More recent analysis using a molecular clock approach dates the origin of the HA segment
of the 1918 pandemic flu strain to before 1907. Sereoarcheology also suggests that this segment
appeared in the human population in the early 1900s. The rest of the viral genome appears to have
arisen from the same avian source much closer to the pandemic (around 1913), suggesting that the
1918 pandemic strain is a reassortment of a human adapted strain, circulating in the early 1900s,
combined with a novel avian strain which emerged shortly before the pandemic (7). Phylogenetically
the 1918 pandemic strain emerged as the dominant swine flu strain after the pandemic. For hu-
mans, the predominant seasonal strains were more distantly related to the 1918 pandemic strain,
especially after 1922.

Reconstructing the virus with reverse genetics allowed for the probing of why this virus was partic-
ularly so infectious, by seeing how it infects mice and NHP models. In both animal models intra-
nasal viral challenge with reconstructed 1918 influenza resulted in a rapidly progressing pulmonary
disease (4). This caused acute respiratory distress and death characterized by high viral growth
which rapidly spread throughout the respiratory tract in infected animals, resulting in necrotizing
bronchitis, alveolitis, and extensive edema and hemorrhaging in the lungs. These were all reported
for individuals infected who succumbed to illness. Infection in NHPs elicited high expression of in-
nate factors such as pro-inflammatory cytokines and chemokines, also known as a “cytokine storm,”
but fewer viral specific Type-1 interferon responses, suggesting that dysregulated but strong innate

immune responses may have been the trigger for the high fatality of the 1918 Flu Pandemic (4).



Virus Structure and Genome

Influenza in humans is caused by different viruses, influenza A and influenza B. It is estimated that
yearly influenza infects billions of people worldwide resulting in millions of severe illnesses and
hundreds of thousands of deaths. Influenza viruses belong to the orthomyxoviridae family of viruses,
and are enveloped, negative-sense single stranded RNA viruses with a segmented genome (13.6
kb total). Influenza A viruses contain eight RNA genome segments. Each segment encodes the
RNA polymerase subunits (PB1, PB2, and PA), the hemagglutinin glycoprotein (HA) which facili-
tates viral attachment and entry, the neuraminidase glycoprotein (NA) which facilitates detachment
of budding viruses, viral nucleoprotein (NP), matrix protein M1 and M2, the nonstructural protein

NS1, and the nuclear export protein (NEP) (Figure 1) (8).
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Figure 1: Schematic of the influenza Virus (8)

HA can be divided into the globular head and stalk domain. HA and NA are the most variable
antigenically and are the 2 proteins located on the surface of the virion. Furthermore, the HA and
NA genes are classified into different subtypes that are antigenically distinct. To date there are a
total of 18 different HA subtypes and 11 different NA subtypes. Because they are the main proteins
located on the surface of the virus, they are the main targets of protective antibodies elicited by the
immune response. Each influenza isolate is named after its type of genus, place of isolation, isolate

number, and year of isolation (8).



Influenza A viruses are able to circulate in many different animal species such as humans,
pigs, migratory birds and waterfowl, poultry, domestic animals, and even sea mammals and bats.
Wild migratory birds and aquatic birds are considered to be the main viral reservoir (8).

Because the Influenza genome is segmented, the virus can undergo reassortment, i.e. seg-
ments between different strains can be interchanged. This happens when two different viruses of
the same type (for instance influenza A) infect the same cell. 16 of the 18 HA subtypes and nine of
the 11 NA strains are able to reassort with each other. The other two HAs and NAs that are found
in bats are unable to combine with the avian influenza A viruses. The animal reservoir of influenza
contains an array of antigenically distinct HA and NA subtypes that can be exchanged when infect-
ing the same host, sometimes resulting in novel pandemic strain (8). For Influenza A the HA sub-
types can be further classified into two groups group 1 and group 2, which are characterized by

mostly invariable stalk domains, but highly diverse head domains.

Cell entry and Viral Replication

Epithelial cells in the respiratory tract (for humans) or the gut (for birds) are the main targets
of influenza infection. In the first step of infection the influenza virus attaches to the target cell via
binding of the HA to sialic acids on the cell surface present as either oligosaccharides or glycopro-
teins. For mammalian influenza viruses the 02,6 sialoside linkages are best recognized since they
are most abundant in mammalian respiratory epithelial cells, particularly in the upper respiratory,
with 02,3 sialoside linkages being more common in the lower respiratory tract (8, 9). In contrast,
bird influenza viruses preferably recognize 02,3 sialoside linkages since they are abundant in bird
respiratory and intestinal epithelial cells, with 02,6 present at lower levels in both tracts (8, 9). After
viral attachment, the influenza virion is endocytosed into the cell as endosomes. Trafficking and
acidification of the endosomes result in a conformational change in the HA and induces fusion be-

tween the viral envelope and the endosome. Since pH of the endosome varies between species,



pH of the endosome is another host determinant of viral tropism (8). HA protein can induce the
clumping of RBCs via glycoproteins on the cell surface, a process called hemagglutination.

After viral-host fusion, the eight segments of viral ribonucleoproteins (VRNPs) are released
into the cytoplasm and get imported into the nucleus where transcription and replication of the viral
genome takes place, using the enzymatic activity of the viral polymerase that comes attached to
the VRNPs (8). Replication occurs through the synthesis of a positive-sense intermediate, known
as the complementary ribonucleoprotein complex (cCRNP). In the nucleus the vVRNPs are transcribed
into capped and polyadenylated positive-sense mRNAs which get exported back into the cytoplasm
and translated into the viral proteins. Newly synthesized PB1, PB2, and PA as well as NP are then
imported back into the nucleus and amplify the replication of the viral genome (8).

The synthesized viral glycoproteins HA and NA as well as matrix proteins M1 and M2 get
shuffled and inserted into the plasma membrane (8). Cleavage of the uncleaved HA (HAO) into HA1
and HA2 needs to take place in order for the HA to be functional. Therefore, the HA cleavage site
is one of the main determinants of tropism, based on what host cell proteases the HA can utilize.
All influenza viruses have cleave sites that are recognized by extracellular proteases found in the
respiratory and gut epithelium (8).

The non-structural proteins, NS1, PB-F2, and PA-x can serve to regulate the innate and
cellular responses, and dampen the host antiviral response (8). PB-F2 has been implicated in the
induction of cell death .

In the final stages of viral infection, M1 and NEPs localize to the nucleus where they asso-
ciate with the vVRNPs, and mediate their export from the nucleus to the cytoplasm, via recycling
endosomes(8). At the plasma membrane the set of eight VRNPs bundle together. Finally, budding
takes place with the set of eight VRNPs being packaged into enveloped particles derived from the
host plasma membrane and studded with viral transmembrane proteins, forming new virions. To
prevent unproductive attachment of HA to receptors present on glycoproteins from other virions or

the infected host cell, the NA cleaves off the sialic acids, allowing for efficient viral spread (8).
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Figure 2: Viral life cycle (8)

Viral infection results in lysis and cell death, which is implicated in influenza pathology. The
infection is also highly proinflammatory, resulting in the recruitment of many immune cells types,

which in excess can cause immunopathology and pneumonia (8).

Influenza Epidemiology, Disease and Animal Reservoir

Globally, influenza is estimated to infect nearly 1 billion people a year, resulting in approxi-
mately 3-5 million severe cases, with a median death around 400,000 (10). For the yearly seasonal
influenza outbreaks, most infections occur in children with particularly severe infections occurring

in the very young or very old. Furthermore the main drivers of transmission are children, evident
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from the reduction of hospitalization and deaths in older adults when vaccination coverage in chil-
dren is high (8, 11).

Influenza disease is typically characterized initially by nondescript symptoms such as fever,
chills, muscle pain (myalgia), headaches, malaise (feeling unwell), and loss of appetite. Symptom
onset is sudden, with respiratory symptoms appearing such as a dry cough, a sore and dry throat,
and nasal discharge and obstruction. The most common respiratory symptom is coughing, and it is
sometimes accompanied by a burning sensation in the sternum. In older or immunocompromised
patients, symptoms can initially start out as mild but then rapidly progress to severe respiratory
illness.

There are several comorbidities that increase the risk of hospitalization or mortality from
influenza, such as obesity, cardiovascular disease, or immunosuppression (12), (8, 11)(12). Preg-
nancy has also been considered to be a risk factor for severe disease possibly due to the immuno-
suppression associated with pregnancies. Furthermore there is an increased risk of hospitalization
and death for the elderly (>65), as well as an increased risk of hospitalization for pneumonia for the
very young (<1 yo), however with a low mortality, with an average of 100 deaths in children per year
(since 2010) (12), (8, 11). Young children who have had few previous exposures to influenza are
very susceptible to infection, typically with high fever and long periods of viral shedding. Older indi-
viduals are also at higher risk for infection, due to associated comorbidities, and waning immunity
(immunosenescence), or both.

Generally, severe disease caused by influenza can be attributed to either viral pneumonia,
or pneumonia caused by secondary bacterial infections. Influenza infection increases the suscepti-
bility to bacterial coinfection in multiple different ways: the increase of bacterial attachment via virus
induced tissue damage and cleavage of sialic acids as well as dampening of immune responses
(13). However bacterial coinfection may also benefit viral pathogenesis and transmission, via the

secretion of bacterial proteases that may amplify activate and prime influenza virus infection (13).
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Viral induced pneumonia in contrast can be characterized by high amounts of viral replication ac-
companied by an over-exuberant pro-inflammatory response also known as a cytokine storm (14).

Currently, H1N1 and H3N2 are the predominant strains circulating globally. From 1957 to
1968, H2N2 viruses were predominant until they were replaced by H3N2 viruses in 1968 , with
H1N1 viruses reemerging around 1977 (8, 15). It is unclear whether Eastern Asia, Southeast Asia,
and the tropics act as a main source of the yearly epidemics, or whether other regions of the globe
act as a source such as Africa or South America, given uneven surveillance in those regions. Gen-
erally seasonal influenza outbreaks occur during the winter months, with low temperatures and hu-
midity, conditions that favor transmission (8, 15). In temperate regions there are usually two out-
breaks per year, one in the Northern Hemisphere and one in the Southern Hemisphere, both oc-
curring during the respective winter months. However, outbreak patterns in the tropics are far more
complicated and harder to predict. In general climatological conditions such as temperatures, rain-
fall, and maximum humidity are big factors that influence transmission patterns (8, 15).

During pandemic years, the incidence of influenza is much higher due to the lack of preex-
isting immunity. In the past century there have been 4 influenza pandemics: the 1918 flu pandemic
(H1N1), the 1957 pandemic (H2N2), the 1968 Flu pandemic (H3N2), and finally the 2009 swine flu
pandemic (H1N1). Typically the pandemic strains rapidly spread worldwide from their point of origin,

and following global spread shift to a seasonal epidemic type of transmission (8, 15).

Influenza viruses have been found in a wide range of different animals including humans,
pigs, horses, dogs, sea mammals, and a wide variety of domesticated birds. Wild aquatic birds such
as Anseriformes (geese, ducks, and swans) as well as Charadriiformes (gulls) appear to be the
main reservoir, carrying viruses with H1-H16 and N1-N9 subtypes (8, 9).

In birds there are two major types of influenza outbreaks: low pathogenic avian influenza
(LPAI), and high pathogenic avian influenza (HPAI). Infection of aquatic wild birds such as waterfowl

with LPAI are typically asymptomatic, are restricted to the gut and transmission to poultry such as
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chickens, and also result in largely symptom free infections, however in some cases can cause
substantial disease. LPAI in poultry can sometimes adapt and evolve to become HPAI resulting in
systemic infection in poultry birds, with multiple organ and tissue damage, disease, and death (8,
16). Viruses from the subtype H1 to H4, H6 and H8-H16 are LPAI viruses (9). HPAI have always
been from either HSNx or H7Nx subtypes, though these subtypes are not always highly pathogenic
and the vast majority of other strains from these subtypes are LPAI. One of the main factors distin-
guishing LPAI strains from HPAI strains is the introduction of a multibasic cleavage site in HPAIs,
which allow for the cleavage ant maturing of HA by ubiquitous proteases such as furin. The adap-
tation of HPAIs to using ubiquitous proteases allows spread outside the usual gut and respiratory
epithelium to multiple different organs including the brain, which is often fatal in chickens, turkey,
and domestic ducks (8, 16)). LPAIs instead have a single Arg in the HAO cleavage site and require
environmental proteases such as trypsin for cleavage. In some cases HPAI emerge in poultry al-
most immediately after introduction from wild birds, and in other cases the LPAI viruses have been
circulating in poultry for months before acquiring high pathogenicity (8, 16)). In general, it appears
that HPAIl viruses are not separate lineages, but rather emerge from non-pathogenic strains as they
are adapting to a new host (poultry).

Wild aquatic and migratory birds such as waterfowl and gulls are the main reservoir of di-
verse subtypes of influenza. Transmission of avian influenza between wild birds is complicated, but
it is suggested that fecal/cloacal-oral transmission from contaminated lake or drinking water is a
possible route of transmission. Domestic ducks can be an intermediary for influenza transmission
between wild birds and poultry as well. Transmission from wild birds to poultry is dependent on wild
bird activity such as migratory patterns and can be spread through either direct contact with wild
birds, or indirect contact that is introduced via humans mechanically to poultry farms (8, 16). Trans-
mission is accelerated through practices of raising many different domestic poultry species together
either in farms or live markets and can be spread through different farms that lack biosafety

measures, measures designed to protect animals and humans from infection . In some cases,
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LPAIs introduced into poultry become endemic, such as the case for HON2. HPAI outbreaks have
caused a substantial disease burden and staggering economic losses throughout Eurasia, Africa,
and North America, with hundreds of millions of birds killed and tens of billions of dollars in economic
losses in the first decade of the 21st century (8, 16).

Zoonotic transmission of avian influenza (particularly of the HSN1 or N7N9 subtypes) have
occurred and resulted in severe infections with limited human to human transmission (8). Between
2003-2020 the H5N1 HPAI virus caused 862 infections in humans with 455 deaths, and the H7N9
LPAI which causes asymptomatic disease in chickens resulted in 239 cases with 134 deaths (from
2003-2021) (17, 18).

Besides birds, pigs are another important reservoir of influenza viruses, typically of the
H1N1, H3N2, and H1N2 subtypes. Influenza infection in pigs can also be severe with a similar
respiratory iliness as for humans characterized by high fever and pneumonia (Herfst 2012). It was
noted that the 1918 H1N1 pandemic virus emerged in pigs around the same time as it did in hu-
mans, and the 2009 swine flu pandemic virus jumped from pigs to humans via aerosol, suggesting
that there is direct transmission of influenza viruses between pigs and humans (Herfst 2012).

Transmission of influenza between humans is normally through the respiratory route, either
through direct contact, indirect contact via fomites, or airborne transmission via large respiratory
droplets (>5u) or aerosols (<5u) (Herfst 2012). Depending on the route of entry, the virus typically
targets epithelial cells on the surface of the gut or respiratory tract. In some cases, in human influ-
enza viruses can also infect the conjunctiva of the eye, resulting in conjunctivitis (shown in a case
of human H7N9 infection). Severe influenza disease is associated with infection of the lower respir-
atory tract resulting in severe inflammation in the lung mediated by immune cell infiltration (Herfst
2012).

Sustained human to human transmission of HPAIs such as H5N1 have not been detected,
and it is likely that the virus has not acquired the ability to transmit via respiratory droplets or aerosol

(9). Although these LPAIs and HPAIs have not been responsible for the last 4 influenza pandemics,
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it is still a possibility that the next influenza pandemic could emerge from an avian strain. It would
be particularly concerning if an H5N1 or H7N9 strain emerged as pandemic, because the popula-
tion-based immunity would be low, possibly resulting in high levels of transmission as well as mor-

bidity and mortality (Herfst 2012).

Adaptation of Influenza Viruses to New Hosts

Influenza viruses have adapted to different mammalian species as well as domestic birds,
presumably jumping from wild aquatic birds. The viral RNA Polymerase facilitates this type of inter-
species transmission, because of its relatively low fidelity during viral RNA replication, resulting in
incorporating errors in the viral genome. The error prone nature of the viral RNA polymerase allows
for high viral species diversity that can act as a mutant swarm (often referred to as viral qua-
sispecies), which can allow for adaptations to new hosts against selection pressures. Given the
nucleotide error rate estimated to be between 1/10%to 1/10° and the genome size of around 14 kb,
it is unlikely that viral progeny of an infected cell is completely identical to the parent strains. Fur-
thermore, more fit viruses can sometimes aid less fit viruses during inter species transmission, thus
maintaining high diversity within the viral population that exists in a quasi-equilibrium (8, 19). This
in combination with the ability of influenza viruses to reassort can allow for adaptation following
zoonotic transmission to new host species.

Since the type of SA linkages determine the host tropism of influenza viruses, one of the
major ways in which an avian virus would jump into humans would be to switch recognition of SA
from 02,3 to a2,6. The switch from recognizing 02,3 to a2,6 SA receptors are typically achieved via
mutations in the receptor binding site (RBS) of HA: normally E190/G225/Q226/G228 for avian in-
fluenza (recognizing 02,3), whereas for human influenza (recognizing 02,6) either
D190/D225/Q226/G228 or E190/G225/L226/S228 (20). Since 02,6 linkages are abundant in the

upper respiratory tract in humans and other mammals, a switch to 02,6 recognition could allow for
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release of virus into respiratory droplets produced in the upper airway therefore facilitating trans-
mission between human hosts (9). Besides receptor affinity of HA, pH dependence of viral fusion
and HA stability is another factor that can allow for jumping into a new host. For HA mutants that
display fusion at a higher pHs (pH5.5-6) replicate better in duck than in mammals, whereas mutants
that display fusion at a lower pHs (pH 5.0-5.5) replicate better in mammals (21) . Finally, as de-
scribed in the avian influenza section, protease cleavage of HAO is another determinant of host
range and compatibility (8).

Another factor that can greatly influence host cell range is the activity of NA, where poor NA
activity in a host can allow for aggregation of viral particles which can limit transmission as is the
case with H5N1 infections in humans (9). Therefore, optimal HA and NA activity can help to facilitate
release of single particles, allowing for greater spread.

Besides mutations in the viral glycoproteins, amino acid changes in the polymerase subunits
are also a major determinant of host tropism and transmission. Avian influenza typically replicated
around 41°C (temperature in the gut) whereas for humans influenza must replicate at 33°C (tem-
perature of the upper respiratory tract) (9). One such adaptation of the polymerase is the E627K
mutation in PB2 which allows enhanced replication of H7N9 at lower temperatures (22). Further-
more, changes in NP have been associated with susceptibility to the host antiviral response. In
addition, changes in M1 and M2, can change the morphology of the virus, which can be beneficial
for transmission. Together all of these changes can be attained through viral reassortment as was
the case with pandemic influenza viruses that emerged in 1918, 1957, 1968, and 2009 (8).

There are many inter-species interfaces which influenza viruses have crossed, such as the
wild aquatic bird and domestic poultry (H5N1, H7N9, H10N8, HING), with swine to human (in the
cause of the 2009 triple reassortment H1N1 virus, with horses to dogs (in the case of the horse
endemic H3N8 virus) (8). Furthermore H17N10, H18N11 subtype influenza viruses have been iso-

lated from fruit bats from Central and South America (23, 24). These viruses are unable to reassort
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with the conventional influenza A viruses, however they are able to infect multiple different mam-
malian cell lines (humans and dogs) (23, 24)). Furthermore MHC2 has been identified as the puta-
tive receptor for these bat influenza viruses, with MHC2s from bats, humans, pigs, and chickens
being able to be used as the virus receptor and allow for entry into non-susceptible cell lines((23,
24). This suggests that it may be possible for a bat H17N10, H18N11 virus to cross species barriers
and become adapted to infecting other mammals and even birds.

In 2012 a group in Erasmus published a study showing the possibility of an H5N1 virus
gaining the ability for airborne transmission in a mammalian host. They started with an authentic
H5N1 strain, A/Indonesia/5/2005, isolated from a human case in Indonesia. They used ferrets as
the model animal since they are susceptible to humans and avian influenza infection, and they
develop respiratory disease and pathology similar to as shown in humans, and they are capable of
transmitting human influenza viruses to other ferrets (9). Using targeted mutagenesis and serial
transmission they wanted to see whether the H5N1 virus could gain the ability to transmit efficiently.
They used both a wt HS5N1 and a mutant H5N1 containing mutations in the HA (Q222L,G224S)
which allow for recognition of a2,6 receptors, and PB2 (E627K) which allows for better viral replica-
tion. They serially passaged the wt and mutant H5N1 in ferrets a total of 10 times and monitored
the viral titers through nasal turbinates and washes. Interestingly, the mutant H5N1 was showing
greater ability to replicate in the upper respiratory tract indicated by a significant increase in viral
titers in the nasal washes that were apparent after the 4th passage. For the wt H5N1 serial passage
did not affect virus titers significantly (9).

In order to look at transmission between ferrets the final passage nasal wash (containing
either passages wt or mutant H5N1) was used to inoculate a new set of ferrets housed with naive
ferrets. The passage 10 wt H5N1 was not able to transmit and none of the naive ferrets got infected
from the inoculated ferrets. By contrast the passage 10 mutant H5N1 was able to transmit efficiently
and 75% of the naive animals got infected. The nasal wash from these animals infected via trans-

mission were further used to inoculate a new set of ferrets which were housed with naive ferrets
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after inoculation. Transmission occurred again with the naive ferrets getting infected by the inocu-
lated ferrets indicating robust transmission of the passaged mutant H5N1 viruses. Sequencing of
the airborne transmissible viruses from the ferrets showed only two consistent mutations in addition
to the three mutations introduced, both located in the HA (H103Y and T156A), suggesting that only
five substitutions might be required for HSN1 to become airborne. The T156A mutation, which re-
moves an N-linked glycan at position N154, was shown to increase affinity to both a2,3 and 02,6
SA linkages (9). Of note none of the animals infected via airborne transmission died, and symptoms
were limited to lethargy, loss of appetite and ruffled fur, in comparison to the neurological disease
and death normally seen when ferrets are infected with wt H5N1. Intranasal inoculation of ferrets
with a very high dose of the airborne transmissible H5N1 did result in pneumonia and death, though
this is less biologically relevant. The airborne transmissible HSN1 was sensitive to both oseltamivir
and antiserum from H5N1 vaccination. The airborne transmissible HSN1 was not sensitive to serum
from naive individuals suggesting a lack of preexisting humoral immunity to these viruses (9).
Concerningly mutations such as the T156A and E627K have been identified via screening
of H5N1 in birds suggesting that it may be simply a matter of chance before a virus like this emerges
in the wild (9). It should be noted that this study only looked at one possible mammalian host as a
model, and its possible these results don't directly translate into what would happen in a human
host. It does however highlight the importance of doing these types of gain of function studies to

identify mutations of concern in wildly circulating viruses as a method of pandemic preparedness.

Antigenic Drift and Antigenic Shift

Influenza evades the humoral immune response elicited by prior infection or vaccination via
antigenic drift, the process of accumulating mutation in HA and NA. This requires that the vaccine
formulation be updated yearly in order to match emerging variants. Since HA is the major compo-

nent of influenza vaccines, and is the main target for antibodies, changes in HA sequences are
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monitored globally, and validated for immune evasion via hemagglutination inhibition assays. NA to
a lesser extent is also a target of antigenic drift ((8, 16)).

A majority of the antigenic drift of influenza is focused on the HA particularly near the RBS
in the head domain, with sometimes only a few amino acid substitutions being necessary for anti-
body evasion. For example, a single substitution that adds a glycosylation site in the in the head
domain of an H3N2 virus circulating in the 2016-2017 season, rendered vaccination with the H3N2
egg produced virus lacking that glycosylation site, less effective due to the poor binding of vaccine
induced antibodies to the circulating H3N2 that had that glycan (25). In humans, antigenic evolution
is quite rapid, allowing for antigenic drift to take place in a yearly time frame possibly due to human
population size, lifespan, and antibody pressures from vaccination. Interestingly in wild birds, anti-
genic variation of strains is not very large, however upon introduction in poultry variation is in-
creased, possibly due to antibody pressures from vaccination in poultry.

Influenza viruses undergo far more rapid antigenic changes through the process of antigenic
shift. Antigenic shift is carried out when two different strains of influenza infect the same cell in a
host where reassortment of the viral gene segments occurs, with the viral progeny being a mix of
the 2 parent viruses. Influenza pandemics are often associated with cases of antigenic shift, with

one such example being the origin of the pandemic influenza as described earlier.
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For influenza, Type | (IFNa and IFNB) and Type Il interferons (IFNA) are the main inhibitors
of viral replication, and are the major interferons secreted both in-vitro and in-vivo following viral
replication (8, 26) . During viral infection, the main type | interferon producers are plasmacytoid
dendritic cells (pDCs) and macrophages, while the main Type Il interferon producers are airway
epithelial cells ((8, 26)). It is thought that the Type | and Type Ill responses are elicited by the same
signaling events intracellularly, and in the case of influenza infection upregulate virtually the same
IFN-stimulated genes (ISGs). Type | interferon receptors are expressed in all cell types whereas
Type lll receptors are only found in the respiratory and gut epithelial cells, which possibly modulates
the interferon response so that it is restricted to the site of infection (8, 26).

Interferon production is stimulated via various receptors (Pattern recognition receptors or
PRRs) recognizing pathogen associated molecular patterns (PAMPs). One of the main PAMPS for
RNA viruses including influenza is the viral RNA features not present in cellular RNA such as a &’
Triphosphate moiety or dsRNA. Some of the PRRs recognizing these PAMPs include the Toll-like
receptor family, and the cytosolic RNA sensors. The TLRs activated by influenza infection include
TLR?7, which recognizes ssRNA and is important for producing high levels of Type | interferons in
pDCs, and TLR3 which recognizes dsRNA and mediates the proinflammatory response.

The RNA sensors include the retinoic acid-inducible gene or RIG-I, and the melanoma dif-
ferentiation-associated protein 5 or MDA5 and are crucial for the interferon responses in non-den-
dritic cells such as the airway epithelium. RIG-1 and MDAS recognize the 5’ triphosphate moiety and
dsRNA formed by the 5" and 3’ ends of the influenza viral RNAs, which is normally required for viral
RNA replication (8, 26). RIG-I and MDAS5 are very similar, containing two caspase activation and
recruitment domains (CARDs), a C-terminal regulatory domain (CTD) and a helicase domain (26).
Binding of the helicase domain and the CTD to RNA ligands exposes the CARD domains. Modula-
tion of the CARDs through post translational modifications (dephosphorylation and ubiquitination)
activates its function, for example through the polyubiquitination of Lys63 via the E3 ubiquitin ligases

Trim25 and RNF 135, which activates RIG-I (26). Downstream the activated CARD domain of RIG-
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| and MDAS5 associate with the mitochondrial antiviral signaling complex (MAVS), inducing the oli-
gomerization of MAVS, as well as activation of large complexes responsible for activation of the
interferon regulatory factors (IFRs) and NF-kB, which then activate transcription of type | and type
[Il IFNs as well as numerous interferon stimulated genes (ISGs) (26). The RNA sensors are crucial
to the overall antiviral response against influenza with RIG-1 being predominantly used, though there
may be redundancy with MDAS.

Secreted Type 1 IFNs signal via IFN receptors (IFNAR) switching on janus kinase (JAK1)
and tyrosine kinase (Tyk2) activating STAT1, STATZ2, and IRF9, forming a complex that translocates
into the nucleus to activate transcription at interferon-stimulated response elements (ISREs). As a
result hundreds of ISGs get turned on with antiviral functions (27). Activation of ISGs can lead to
further amplification loops as well (27). The IFN response is heterogenous and can depend on cell
type, microenvironments, etc., with different amplitudes and kinetics. The ability to fine tune the IFN
response is critical in disease outcomes for viral infections because there are negative conse-
quences for both the overactivation and underactivation of the IFN response (27) .

The innate immune response is a crucial barrier to overcoming infection by viruses, and as
such influenza has multiple proteins whose role is to evade these responses. NS1 is an RNA binding
protein that prevents recognition of viral RNA by RIG-I, the pattern recognition receptor responsible
for activation of type-1 interferons. NS1 inhibits the RIG-I mediated signaling cascade by binding
and inactivating the E3 ubiquitin ligases, trim25 and RNF135, required for RIG-I activation after viral
RNA binding. This shuts down the downstream activation of interferon and interferon inducible
genes that have antiviral activity. Examples are the Mx family of GTPases that inhibit the viral
nucleocapsid mediated nuclear entry and replication, protein kinase R (PKR) which ultimately shuts
down translation preventing viral protein synthesis, IFN-induced transmembrane members (IFTIM)
which interferes with viral-host fusion, among others. NS1 also shuts down host mRNA synthesis

further preventing the synthesis of interferons and interferon stimulated genes (8, 26). NS1 may
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also target the JAK-STAT pathway (janus kinase and signal transducer and activation of transcrip-
tion) as well as the antiviral activity of interferon stimulated genes such as PKR or RNaseL.

Other influenza viral proteins besides NS1 can affect the innate immune response. PB1-F2
a non-structural protein encoded by an alternative reading frame of PB1, as well as PB2 both sup-
press MAVS. Another reading frame of PA known as PA-x is another viral factor that shuts off mMRNA
expression, and therefore interferon and interferon stimulated gene expression, via its RNA endo-
nuclease activity.

Although epithelial cells are the main targets of infection both tissue resident macrophages
and dendritic cells can be infected to varying degrees, which has implications for the immune re-
sponse driven by these innate immune cell types, as well as pathogenesis. For instance, in macro-
phages replication of seasonal IAVs are typically abortive due to various host restriction factors,
however productive replication in macrophages such as H5N1 HPAI strains may result in overpro-
duction of proinflammatory cytokines or hypercytokinemia and a hyperinflammatory response (28).
Infection of dendritic cells can be important for antigen presentation via MHC-1, though the less
understood more controversial phenomenon of cross-presentation is also very important, and does
not require DC infection (29). IAV infection may also impair the ability of antigen presentation of
MHCs, via either direct presentation or cross presentation which can diminish the cytotoxic T-cell
(CD8+ T-cells) response (29).

Exposure of macrophages and dendritic cells to IAV infection results in secretion of proin-
flammatory cytokines. Proinflammatory cytokines in turn recruit natural killer cells (NK-cells), mon-
ocytes as well as neutrophils to the lung tissue where they kill infected cells and promote viral clear-
ance. There is a delicate balance between the function of these activated innate immune cells in
clearing viral infection and resulting in a hyperinflammatory response. Overactivation of these cell
types can result in an over-exuberant immune response (often regarded as a cytokine storm). The
cytokines responsible for this are largely IFNs, Tumor necrosis factors (TNFs), Interleukins (ILs),

and chemokines (30). In patients the cytokine storm promotes high infiltration of innate immune
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cell types resulting in immunopathology and severe disease such as acute lung injury (ALI) (8, 14).
As an example high neutrophil counts in the lungs of patients with severe H7N9 and H1N1 infection
correlated with lung damage, mediated by high levels of neutrophil extracellular traps (NETs) which
increased permeability across the airway epithelial layer (31).

Proinflammatory cytokines can have various roles in the progression of disease. For exam-
ple, IL-1 is released early in infection and II-6 is released later, where IL-1 is protective and IL-/- null
have more severe disease upon IAV challenge. TNF-a on the other hand is responsible though not
required for escalation of the cytokine storm (30). Abnormally high levels of chemokines such as
IL8 and MCP-1, which recruit neutrophils and monocytes, respectively, seem to be associated with
more severe pathology where levels (30). Altogether it is the circuit of cytokines/chemokines work-
ing together which help to mediate the cytokine storm, with the full circuit not fully elucidated (30).

The cytokine storm does not occur often in the seasonal influenza infection. On the other
hand it is likely that the cytokine storm is responsible for the high death rate in the 1918 influenza
pandemic (5) as well as the high mortality with HSN1 and H7N9 HPAI infection in humans (30).
Polymorphisms in PRRs may actually be responsible for some of the variability in why cytokine
storms only happen in some infected individuals but not others (30). As such targeting the cytokine
storm with various immunomodulatory agents such as corticosteroids and sphingosine-1-phos-

phate receptor 1 agonists has become a treatment option for severe influenza disease (30).

The adaptive immune response: T-cells

For IAV infection and vaccination CD4+ T-helper cells provide help to both the humoral B-
cell response as well as the cellular CD8+ killer T-cell response (8). The main contribution that
CD4+ T-cells provide to overall immunity and protection against influenza is through helping the B-
cell and antibody response . The help is mediated by the interaction between the T-cell receptor

(TCR) on CD4+ T-cells and the cognate peptide antigen that is presented on MHC-2 by influenza
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specific B-cells (32). This interaction drives class switching for both short lived antibody secreting
plasma cells as well as longer lived affinity-matured bone marrow plasma cells and memory B-cells
derived from germinal centers (32).

CD4+ T-cells also play an important role in establishing CD8+ T-cell immunity, by enhancing
recruitment of CD8+ T-cells to germinal centers, and by promoting the priming and expansion of
CD8+ T-cells, establishing CD8+ T-cell long-lived memory, and aiding the positioning of CD8+ T-
cells in the respiratory tract (32). Help given by CD4+ T-cells is further important for establishing the
cytotoxic activity of CD8+ T-cells as well as allowing them to home in and extravasate to their virally
infected target cells (32).

CD4+ T-cells can also be involved in recruiting innate effector cells into the lung, modulating
their effector function for optimal viral clearance such as IFN-g production (32). Finally CD4+ T-cells
can also have effector functions, and play a role in killing virally infected cells in the lung (32).

CD4 T-cells are activated by antigen presenting cells or APCs displaying optimally 13-25
amino acid long peptides presented on major histocompatibility complex class-2 or MHC-2. The
CD4+ T-cell response to IAV infection is highly diverse and is directed towards most if not all of the
viral proteins including HA, NA, NP, M1, M2, and the viral polymerase (32). However the breadth,
as well as the particular epitopes recognized on each viral antigen, depends on the MHC-2 haplo-
types, as well as the complex history of infection and vaccination the individual was exposed to in
their lifetime (32). Given the heterogeneity of the MHC-2 alleles in humans with 8-10 being inherited,
there are hundreds of possible epitopes for CD4+ T-cells in influenza. Furthermore activated CD4+
T-cells of wide viral epitope specificity travel and stay in the lung where they can elicit effector func-
tions to virally infected cells, as well as encounter antigen presenting cells or APCs (32). Secondary
responses to reinfection and vaccination match the degree of diversity elicited in primary CD4+ T-
cell responses, suggesting that CD4 T-cell memory is strong and long lived (32).

CD8+ T-cells or Cytotoxic T-cell lymphocytes (CTLs) are required for effective viral clear-

ance, although without CD8 T-cells antibody mediated effector functions can compensate, albeit



25

more slowly. CD8 T-cells recognize viral 8-12 aa long peptides that are present on the major histo-
compatibility complex class-1, or MHC-1, present on all cell types. The recognition occurs via the
T-cell receptor, or TCR, which is complementary to the peptide MHC-1 complex. The peptides are
derived from components of the viral proteins expressed in infected cells. The CD8 T-cell response
to influenza can be directed to a diverse set of antigens, though NP, M1, and the viral polymerase
seem to be the most prominent. Peptide antigens recognized by CD8+ T-cells can be from viral
proteins that are more conserved across various IAV subtypes and therefore less subject to anti-
genic drift. There is evidence that CTLs elicited against conserved epitopes can result in better
outcomes upon H7N9 influenza infection, whereas lack of these CD8+ T-cell responses is associ-
ated with higher disease severity (33).

Since CTLs can be directed towards conserved epitopes and are associated with protection
against heterosubtypic IAV infections, they are an attractive target to elicit for a broadly protective
universal flu vaccine. Live attenuated influenza virus vaccination can elicit these types of CTLs
however they are not long lived and do not contribute to memory. One of the strategies that will be
needed is to improve the CD8 T-cell memory pool so that cross-reactive CTLs can be recalled,
resulting in more rapid viral clearance, and milder disease. Therefore, strategies at improving CTL

memory, which is poorly understood, are required.

The Adaptive Inmune Response: B-cells and antibodies

During influenza infection IAV specific naive B-cells or preexisting memory B-cells are typi-
cally activated by recognition of viral antigens through the B-cell receptor (BCR or Ig receptor) to-
gether with helping interactions with cognate CD4 T-cells (34). During the primary response some
of these activated B-cells rapidly differentiate into short-lived plasmablasts (also called antibody
secreting cells or ASCs) that secrete IgM initially and later IgG and IgA after class switching. Other

activated B-cells migrate to germinal centers in secondary lymphoid tissue and undergo germinal
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center reaction and affinity maturation (34). The product of the germinal center reactions are B-
cells that secrete higher affinity antibodies and comprise the secondary response which peaks
around day 14. The first wave of antibodies found in the serum comes from the rapidly activated
plasmablasts and peaks approximately 7 days, especially if the antibodies originate from memory
B-cells. The role of this plasmablast driven primary response is to rapidly increase the presence of
protective serum antibodies (34). Later subsets of plasmablasts that are class switched and affinity
matured typically come from the germinal centers. A small subset of these plasmablasts can migrate
to the bone marrow where they become long-lived plasma cells or bone marrow plasma cells
(BMPCs). BMPCs secrete antibodies for long periods and maintain a long-term steady-state serum
antibody level that can be protective against subsequent reinfection and disease (34). Another fate
of activated B-cells is the differentiation to long-lived memory B-cells (MBCs) that do not secrete
antibody but participate in immune surveillance and remain at the periphery. Reactivation of MBCs
occurs rapidly after exposure to antigen, with differentiation into plasmablasts that secrete high-
affinity antibodies as well as more memory B-cells (34). For the case of IAV, the memory B-cell
compartment is highly diverse with B-cells recognizing many different antigens and epitopes, with
a high prevalence of broadly-reactive antibodies, whereas the serum antibody repertoire is more
restricted strain specific. This might allow for the ability to rapidly target conserved epitope on anti-
genically drifted or shifted strains amounting to some protection (34).

There are 5 isotypes of human antibodies: IgM, 1gG, IgA, IgD, and IgE. IgM IgG and IgA are the
main protective antibodies against influenza. IgG is Y shaped, existing as a monomer with two
fragments of antigen binding domains (fabs) as its arms and an Fc as its tail (34). IgG is the main
antibody in the serum (75%) and there are 4 subtypes: IgG1 (67% of IgG), IgG2 (22% of IgG), IgG3
(7% of IgG), and 1gG4 (4% of IgG) (34). A majority of the IgG response of influenza is IgG1 mediates
with a lower amount of IgG3, and negligible amounts of IgG2 and IgG4. IgG1 has a long serum half-
life (around 21 days) and interacts strongly with Fc receptors (FCcRs) hence it can have both neu-

tralizing activity and Fc effector functions (34). IgG3 has an even stronger affinity to FcRs, due to
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its flexible hinge, but it has a shorter half-life (around 7 days), and its effector function is mediated
by a glycosylation at position N297 (34).

IgM can exist as a monomer, pentamer or hexamer and accounts for 10% of antibodies in
the serum. IgM is typically secreted in the early response to influenza infection, and typically has
lower affinity than IgG antibodies (34). However IgM can cross the mucosal barrier and be a strong
activator of complement, especially in its multimeric state, and therefore IgM is important for im-
munity against influenza (34). IgA represents 15% of the serum antibodies and is divided into 2
subtypes IgA1 and IgA2 (34). IgA1 exists as a monomer in the serum whereas IgA2 is secreted to
the mucosa as dimers, and also to a smaller extent larger multimers. Since IgAs are highly glyco-
sylated their binding to HA might be further enhanced through these glycans. IgA also interacts with
myeloid cells such as monocytes through FcRa (34).

Since the mucosal surface of the respiratory tract is the main point of entry, protection along
this barrier is important. In the lower respiratory tract IgG is dominant and therefore most protection
is mediated by IgG which crosses the mucosa through neonatal Fc receptors (FCR). Antibodies
found in the respiratory tract tend to differ from those found in the serum (34). In the upper respira-
tory tract IgA (particularly secretory IgA1) is the main protective antibody since its levels are domi-
nant over IgG (34). IgA is secreted by plasmablasts that are located in the lamina propria of the
mucosa-associated lymphoid tissue (MALT), and crosses the mucosal surface via polymeric Ig re-
ceptor (pIgR) (34). Mucosal immunity is not very well studied, though IgA targeting might be similar
to IgG targeting though possibly more broad owing to the avidity effects of dimeric IgA binding (34).

B-cell responses are crucial for immunity elicited by IAV infection and vaccines. Antibodies
secreted by activated B-cells are protective against infection, and passive transfer of antibodies to
a naive host is protective against viral challenge (34). The main antigens detected by B-cells are
HA and NA, since both of these antigens are present on the surface of the virion as well as the
surface of infected cells (large numbers of HA trimers and NA tetramers that form a dense array of

virions). Portions of the M2 ion channel are also exposed on the surface of the virus though they
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are less targeted. Internal proteins such as NP, M1, polymerase (PB1, PB2, PA), and NS1 are
accessible usually after cells die after infection, and can be recognized by B-cells as well (34).
Based on the viral life cycle not all the viral antigens are expressed at similar levels or pre-
sented equally, having dramatic consequences to their recognition by the antibody response.
A majority of the antibody response is elicited towards the HA protein during natural infection (34),
with a lower amount of antibodies elicited against the NA as well as the internal viral proteins. In-
fection with IAV typically induces the seroconversion of antibodies particularly to the HA subtype
(34). This is usually detected via enzyme linked immunosorbent assay or ELISA, and more informa-
tively hemagglutinin inhibition assays (HI) (34).
The influenza HA is composed of two structurally distinct domains, the globular HA head composed
of the central part of HA1 and the elongated stalk composed of the HA2 subunit as well as the N-
term and C-term portions of the HA1 (34). The antibodies targeting the head portion of HA are
highly neutralizing typically by blocking receptor recognition by the RBS. Therefore head targeting
antibodies typically prevent viral attachment to host cells or the first step of the viral life cycle (34).
The activity of these antibodies is often assayed by their ability to inhibit hemagglutination of HA in
a Hemagglutination Inhibition (HI) assay (34). Hemagglutination inhibition is the process in which
antibodies block the ability of 1AV HAs bind to sialic acids on red blood cells (RBCs) that causes
RBC clumping. In vitro neutralization, or the ability to block infection of an authentic virus or pseu-
dovirus from entering cells, correlates well with hemagglutination inhibition (34). HI and neutraliza-
tion potency of antibodies elicited by vaccination or neutralization both correlate well with protection
in animal models as well as in people (34). However antibodies against the head can also be neu-
tralizing but without displaying HI activity (34). Therefore neutralization and HI are surrogates of
protection when determining the efficacy of influenza vaccines, and these are typically mediated by
head targeting antibodies (34). For example a 1:40 Hl titer is considered to reduce the infection

rate of seasonal IAV by 50% (34). Head targeting antibodies with HI and neutralizing activity are the
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main correlates of protection used to determine vaccine efficacy for seasonal influenza vaccines
(34).

Five neutralizing and non-overlapping antigenic sites or epitopes on the globular head do-
main of HA have been identified in classical studies using the H1N1 influenza virus PR8 (A/Puerto
Rico/8/1934) (35). Sa and Sb sites are located at the tip head region of the HA homotrimer, whereas
Ca1, Ca2, and Cb are located towards the stem portion of the head that attaches it to the stalk (34,
35). For H3 HAs the main epitopes on the head domain are A, B, C, D, and E. The head domain of
HA tends to be highly variable between subtypes, as well as being prone to antigenic drift, therefore,
antibodies that target this site are highly strain-specific (34). Addition of N-linked glycans, through
a process called glycan shielding, is a common way in which head epitopes are mutated to avoid
antibody responses that target them (34).

There is also a class of head domain targeting antibodies that recognize the receptor binding
site (RBS) the region where the hemagglutinin binds its sialic acid receptor, and therefore these
antibodies are highly potent. RBS targeting antibodies are broad in binding, being able to cross-
react to both group 1 and group 2 viruses since this epitope is relatively conserved (36). These RBS
targeting antibodies use long CDR3s to mimic the binding of sialic acid in the sialic acid binding
pocket (36). They also appear to be commonly elicited in the human memory B-cell repertoire, being
able to arise from many different germlines (37). Targeting the RBS epitope may be an attractive
target for a universal coronavirus vaccine.

A third class of HA antibodies are elicited against the stalk domain. Since this portion of the HA is
highly conserved between subtypes and even across groups, antibodies that target it are highly
broad in reactivity. In general HA stalk antibodies are usually restricted to binding only within group
1 HAs (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, and H18) or Group 2 HAs (H3, H4, H7,
H10, H14, and H15) (38). There have been some stalk-specific antibodies that bind within group 1,

and group 2, and even influenza B (39). Importantly stalk-reactive antibodies have been shown to
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be broadly neutralizing in vitro and protective in animal models, even showing protection across
different subtypes (34).

Stalk antibodies appear to also be an independent correlate of protection against IAV infec-
tion (40). Although they are not accepted by the regulatory agencies as a surrogate for influenza
vaccine protection. Stalk antibody mediated protection can be due to neutralization. Neutralization
of stalk antibodies is at a different stage of the viral life cycle and does not involve blocking attach-
ment (34). One of the neutralization mechanisms is the locking of the HA in the prefusion confor-
mation, which prevents fusion of the viral and endosomal membrane and subsequent release of the
viral genome (34). Another mechanism for stalk antibody mediated neutralization is the inhibition
of viral egress or the inhibition of viral release from infected cells, however the reason behind this
is unclear. There is some evidence that inhibition of viral egress may be due to steric blocking of
the NA enzymatic site, which is important for viral detachment from infected cells (34). A third mech-
anism is the blocking of the HA1-HA2 cleavage site, preventing the HAO from being cleaved ren-
dering the virus non-infectious since cleavage is necessary for the conformational changes that
guide viral fusion (34).

The mechanisms for protection with these broadly protective anti-stalk antibodies, however,
is not only due to neutralization (blocking the virus from binding or entry into cells) (41). These other
mechanisms of cross-reactive antibody mediated protection include antibody dependent cell-medi-
ated cytotoxicity or ADCC (the killing of infected cells by effector cells such as NK cells through
surface bound antibody), antibody dependent cellular phagocytosis or ADCP (the phagocytosis of
infected cells through surface bound antibody), and complement-dependent cytotoxicity CDC (lysis
of infected cells mediated by complement through surface bound antibody) (34). These mecha-
nisms are mediated by anti-stalk antibody Fc effector function. HI positive head targeting antibodies
have minimal Fc effector function, apparently because they block sialic acid binding by HA to effec-
tor cells, which is apparently required in addition to Fc FcR interactions (34). Other non-HI negative

head targeting antibodies have been shown to protect via FcR functions (34).
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Some anti-stalk antibodies show high in-vitro ADCC potential, as opposed to strain specific
highly potent anti-head antibodies (41). FcyR knockout mice are not protected by the cross-reactive
stalk targeting antibodies, nor are they protected from cross-reactive stalk binding antibodies that
don't bind FcyRs, even though they retain their in-vitro neutralizing capacity (41). This is in contrast
to protection by anti-head specific antibodies which protect mice regardless of whether they can
bind FcyRs or not (41).

The human memory B-cell repertoire has been analyzed for the presence of Stalk-reactive
antibodies using various methods, but recently carried out using stalk only based probes that can
assay to binding of only stalk epitopes (42). B-cells in the memory B-cell compartment that bound
these probes were common and found in 84% of the individuals screened reacting to at least one
probe (42). Serum binding to these probes was common, as well as being able to cross-react to
both H1N1 and H5N1, though the serum was not neutralizing in all cases with only 33% of samples
able to cross-neutralize H5N1 and H1N1 (42). Furthermore older individuals appeared to have
greater quantities of stalk specific antibodies and B-cells (42). Altogether stalk reactive antibodies
appear to be fairly commonly elicited in most individuals from normal influenza exposure. Further-
more stalk antibodies can be elicited in certain contexts of infection (43). For example during the
2009 H1N1 pandemic anti-stalk antibodies with cross-group 1 breadth were elicited in many indi-
viduals presumably because common epitopes shared between the pandemic strain and the prior
seasonal H1N1 strains were restricted to the stalk (43). There have been active strategies to redirect
the response to stalk epitopes which will be discussed later (44—48).

The NA is also targeted by the antibody response, although to a lesser extent than HA.
Antibodies against NA can have antiviral properties and can be neutralizing by blocking NA enzy-
matic activity. NA targeting antibodies are usually characterized by ELISA or Neuraminidase inhi-
bition assays, assays designed to measure the activity of antibodies in blocking sialidase activity of
NA (34). The mechanisms of blocking are either binding to the enzymatic active site or steric hin-

drance of the sialic acid binding. Blocking enzymatic activity of NA can have several outcomes. It
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can make the influenza virus more sensitive to mucins (the sialic acid containing proteins that can
trap influenza viruses on the mucosal surface) (34). Another consequence is the prevention of viral
detachment from host sialylated proteins on infected cells that is mediated by NA cleavage activity.
Furthermore NA is important for preventing aggregation of influenza viruses mediated via sialic
acids on adjacent virions, and blocking neuraminidase activity can result in aggregation of influenza
viruses(34). NA targeting antibodies can also be active through Fc effector function and have been
shown to be capable of ADCC (34). NA targeting antibodies are also determined to be an independ-
ent correlate of protection as well (40).

NA tends to be less immunogenic or immunosubdominant when presented with HA; this
may be due to the lower copies of NA that are presented to the HA (34). Antibodies targeting NA
are however commonly found in most individuals with elderly individuals having the highest titers.
Levels of NA reactive B-cell plasmablasts elicited by infection of either HIN1 or H3N2 viruses are
around 14-35 %, lower than the HA-specific response (34). Antibodies targeting NA tend to be broad
in specificity and inhibitory to a given subtype, and are sometimes broadly protective within a given
subtype against challenge in animal models (34). Furthermore NA antibodies induced by infection
can last for decades possibly due to either backboosting during subsequent infections or generation
of long-lived plasmablasts (34).

The internal viral proteins can also be targets of antibodies especially during infection where
infected cells can express and release them, though these viral proteins are recognized to varying
degrees (34). For example antibodies targeting the NP are present after natural infection in around
80% of individuals, with durability of these antibodies lasting for at least a year (34). Furthermore
the NP-specific B-cells in the memory B-cell repertoire of healthy individuals is highly diversified
probably owing to repeated IAV and therefore NP exposure, which stimulates NP B-cells (34). An-
tibodies against M1 appear to show up in varying degrees in individuals with IAV exposure, whereas

titers against M2 appear to be common but short-lived, with higher titers linked to old age (34). M2
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antibodies have been shown to be effective in mice through Fc effector functions (34). Finally, anti-
body titers against PB1, PB2, PA, PB1-F2, NS1, and NEP have been detected although the mag-
nitude of these responses is not well defined. Furthermore, the function of these antibodies has not
been well defined. Of note, these antigens are highly conserved within IAVs and therefore antibod-
ies targeting them are highly broad (34). Cross-reactive antibodies that are not against HA or NA
can be protective in vivo without being neutralized in vitro, suggesting that mechanisms other than
blocking viral attachment or entry are used (38).

Antibody responses to influenza infection are generally robust and long lived. For example,
individuals infected with the 1918 pandemic influenza strain have antibodies specific to the pan-
demic H1N1 HA that were highly neutralizing as well as circulating B-cells nearly 90 years later (49).
This offered protection to older individuals born before 1950, who were presumably exposed to
similar viruses, against the 2009 H1N1 flu pandemic, whereas younger individuals who were ex-
posed to antigenically distinct HIN1 strains were not as well protected (50). In contrast the antibody
response to influenza vaccination, specifically the inactivated influenza vaccine, is much more short-
lived. As an example, within a year after vaccination bone-marrow plasma B-cells (BMPCs) specific
to the vaccine strain decline and return to pre vaccination levels, whereas levels of non-vaccine
strain specific BMPCs were stable (51). The reasons behind the disparaging immunity induced by
infection versus vaccination are unclear (34). Antibody responses against the HA and NA antigens
are complex and ultimately depend on prior exposure in the individual. Since most young children
(<2) have been exposed to the influenza virus, therefore re-exposure in the future elicits recall re-
sponses as well as de-novo naive responses. This can lead to the phenomenon of original antigenic

sin (OAS) or imprinting.

Immunodominance
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Immunodominance refers to the different immunogenicities (i.e. preference for the immune
system to target) for different antigens as well as different epitopes on the same antigens. B-cell
immunodominance is not completely understood, although overcoming it is needed for a universal
vaccine against influenza and HIV, as the antibody response to these viruses tends to be elicited
against variable and strain-specific immunodominant epitopes (35). Two main examples for influ-
enza are that HA is immunodominant over NA (34), and that the HA head domain is immunodomi-
nant over the HA stem. Interestingly these ID hierarchies have also been observed for lampreys
which have VLRs that are derived from TLR, with HA being immunodominant over NA, and the HA
head being immunodominant over the HA stalk (52).

Five neutralizing and non-overlapping antigenic sites or epitopes on the globular head do-
main of HA have been identified in classical studies using the H1N1 influenza virus PR8 (A/Puerto
Rico/8/1934) (35). Sa and Sb sites are located at the tip head region of the HA homotrimer, whereas
Ca1, Ca2, and Cb are located towards the stem portion of the head that attaches it to the stalk (34,
35).

The immunodominance hierarchy for B-cell epitopes on influenza was determined using a
panel of mutant five mutant PR8 HAs that abrogate the antigenicity of the 5 dominant epitopes (35).
Influenza virus infection results in a consistent hierarchy elicited against these five dominant
epitopes. Influenza virus infection as well as different routes of immunization with inactivated virus
all had different ID hierarchies for the five different epitopes, suggesting that context of the antibody
response influences the hierarchy of epitopes being recognized (35). Different mice strains fea-
tured different ID hierarchies as well after viral challenge. Finally, blocking one antigenic site with
either a monoclonal or polyclonal serum from an immunization (with a virus that only has the tar-
geted epitope intact) does not shift the hierarchy of the other epitopes, but completely suppresses
the response against the blocked epitope (35). Interestingly in this study there were no appreciable

responses to the HA stalk (35) .
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Figure 3: The immunodominance of hemagglutinin domains and epitopes. A) HA homotrimer do-
mains are split into head and stem, adapted from (53). B) Five immunodominant antigenic sites on

H1 and H3 HAs, adapted from (54)

The results of this study were corroborated in where HI inhibition titers to the mutant panel
after infection were characterized in other animals models (55). In this study guinea pigs, ferrets
and mice all featured a different ID hierarchy (55). Furthermore human serum pre and post vaccina-
tion was also characterized with the mutant panel where the ID hierarchy was different from other
animal models (55). Interestingly the HI ID hierarchy was virtually the same pre and post vaccina-
tion, and the majority of the HI response in humans pre and post vaccination was again to the five
head epitopes (55). Together these two studies showed that for humans and mice the Sa and Sb
antigenic site is immunodominant (35)(55)(35). The ID hierarchy for H3 HA has also been investi-

gated, with the antigenic site B being the most targeted (56).
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In a recent study the immunodominance hierarchy was modeled using MD simulations
based on the BCR affinity and avidity of various epitopes on HA presented on either a virus, a ferritin
nanoparticle as an 8-mer, a soluble trimer, and a stalk only HA on a nanoparticle (57). Influenza
virus particles favored head responses since they are readily accessible for bivalent binding by a
BCR, over the stem which is buried. HA trimers show lower amounts of epitopes capable of being
accessible through bivalent binding vs HA multimerized on a nanoparticle, whereas stalk-NPs have
predominantly bivalent interactions with conserved stem epitopes (57). Furthermore ID hierarchy
with stem vs head responses matched in silico immunizations, which in turn matched in vivo im-
munization of humanized mice (57). Priming with either HA-np or a divergent virus strain followed
by two subsequent boosts with stem-NPs redirected the HA response to the stem, subverting the
immunodominance hierarchy (57).

B-cells recognizing highly conserved epitopes on the HA stalk are present in the memory B-
cell compartment, however they are overshadowed by the more immunodominant but less con-
served head specific B-cells. Accordingly boosting with highly divergent HAs may preferentially
expand the stalk specific B-cells since they target better conserved epitopes (58). Frequent boosting
with H3N2 strains during seasonal influenza vaccination tends to rarely elicit these stalk reactive B-
cells, suggesting they are immuno-subdominant (58). Furthermore, although these boosting with a
highly divergent strain may elicit stalk reactive antibodies, subsequent boosting may result in out-
competing of more strain specific head reactive B-cells (58).

The head of the hemagglutinin for the pandemic 2009 strain vs. previous strains is around
68% conserved, whereas the stalk is around 88% conserved, with some epitopes on the head being
more conserved between strains. Based on the age of each cohort, vaccination of individuals with
the 2009 pandemic H1N1 strain elicits either a broadly reactive stalk-biased response or a more
strain specific head targeting response (58). The stalk-biased group were from a younger age group
and were presumably only exposed to H1N1 viruses antigenically distinct from the 2009 pandemic

H1N1 with more antigenically different HA heads, and therefore had lower pre-vaccinated serum
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against older more antigenically distinct HIN1 strains as well as the 2009 pandemic strain (58). The
head-biased cohort were from an older age group, and had higher preexisting serum antibody
against the antigenically distinct H1N1 strains as well as the 2009 pandemic strain (58). Interestingly
revaccination of both cohorts with the 2009 H1N1 pandemic strain biased the response against the
HA head, suggesting that once there is some preexisting memory against the head it is preferentially
activated over stalk specific memory (58). In conclusion, a stalk-specific broadly neutralizing re-
sponse is elicited only when exposure occurs with an antigenically divergent strain that shares few
epitopes on the HA head, however reboosting with the same strain will bias the response back to
the head.

There are several hypotheses as to why the broadly-reactive and broadly neutralizing stalk-
specific antibodies are so hard to elicit. One reason is that these epitopes are harder to reach on
the virion than the better exposed head epitopes, and this has been confirmed with the lower ap-
parent affinity of stalk reactive antibodies to whole virus vs recombinantly expressed hemagglutinin
(58). A second reason is that the stalk reactive antibodies display greater polyreactivity, i.e. they
can bind to off-target epitopes, than head-specific antibodies (58), (59). The polyreactive quality of
these antibodies gives them the ability to bind autoantigens, and therefore B-cells with this specific-
ity would be eliminated through B-cell tolerance (58), (59). A third possible explanation is that stalk
specific antibodies are restricted in humans to certain antibody lineages such as the VH1-69
germline lineage (58).

The HA head is one of the major sites for antigenic drift. This is due to the fact that the HA
head is susceptible and tolerant to mutating, and as a result highly variable (34). Therefore, anti-
bodies that target the HA head are highly sensitive to antibody evasion. In the case of seasonal
influenza if there is antigenic mismatch between the circulating strain and the vaccine strain in a
given year, the vaccine effectiveness can be decreased. This is also the case for pandemic influ-

enza strains that have undergone antigenic shift, where the antibody-based immunity in individuals
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is not matched to the pandemic strain, allowing for its rapid spread. Altogether this shows the im-
portance of the antibody response in controlling and protecting against influenza infection (34).
Exposure of humans with pre-existing seasonal flu immunity to the avian influenza strains
such as H5N1, H7N9, H6N1, and H10N8 has happened. Since H5N1 and H7N9 have pandemic
potential as discussed, vaccines have been prepared to target them (34). Humans lack immunity to
the head domains of H5 and H7 since they are largely different from the H1 or H3 heads humans
would normally be exposed to (34).The stalk domain of H5 has epitopes conserved with H1 and H2
(group 1) whereas the stalk domain of H7 has shared conserved epitopes with H3 (group 2) (34).
Exposure to the H5 HA induces a recall response to the stalk-specific MBCs, resulting in an expan-
sion of stalk-specific plasmablasts and production of broadly cross-reactive anti-stalk antibodies
(60). Similarly H7N9 infection elicited similar cross-reactive anti-stalk antibodies in this case being
cross reactive and cross-neutralizing to both group 1 and group 2 HAs (61). H5 immunization tends
to elicit anti-stalk antibodies that are limited to pan-group 1 breadth that is restricted to the VH1-69
germline lineage (34). Exposure to H7 HAs on the other hand tends to elicit stalk specific antibodies
that feature pan group 1 and group 2 breadth that came from a diverse array of germlines (VH6-2,
VH1-18, and VH3-53) suggesting that group 2 HAs might be better immunogens for a universal flu
vaccine (62). The reason for the difference in breadth elicited H5 vs H7 immunogens is not clear. It
does appear that the titers elicited by H5 vaccination are higher than for H7 vaccination, and this
may be due to higher baseline activity for H5 than for H7. Interestingly if a H5 or H7 immunogen is
vaccinated a second time, the immunodominance for the head is restored, and antibodies targeting
the head will be preferentially activated. This is not necessarily detrimental for the anti-stalk re-

sponses elicited in the second H5 or H7 exposure.

Original Antigenic Sin and Antigenic Imprinting
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Original antigenic sin (OAS) postulates that a person's first exposure to influenza takes an-
tigenic seniority in the B-cell memory repertoire (63). In other words the first exposure to influenza
virus leaves an “imprint” where subsequent exposures to newly circulating strains of influenza will
result in the reactivation or recall of memory B-cells that are specific to epitopes shared with the
priming strain (63). This can both be beneficial or detrimental depending on the context, and there-
fore imprinting may be more apt terminology for this phenomenon (63). An example of how this is
beneficial is how during the 2009 pandemic influenza outbreak, the older cohort that were presum-
ably exposed to H1N1 strains before 1950 had neutralizing antibodies against the 2009 H1N1 pan-
demic strain, and were better protected and less susceptible (64). Exposure of mice to these pre-
1950 H1N1 strains offered protection against the 2009 H1N1 pandemic strain as well (64).

There are multiple different models of OAS. In the first model for classical OAS, the second-
ary response to new viruses is dominated by antibodies with low affinity to the new strains but high
affinity to the primary strain(34). The low affinity response to the new strains can mature and get
increased affinity towards the new strains, or conversely there may be cases where the antibodies
have equal affinity to both sets of strains (34). The second model (known as back-boosting ) occurs
when infection or vaccination with a new strain boosts antibody responses against previous historic
strains as shown in antibody landscapes for H3N2 viruses (65)(34), (65). Antibody responses to
viruses encountered earlier in life (antigenically senior strains) increase over time, due to imprinting,
and following many subsequent exposures over time though responses to the new virus are not
necessarily impaired (65)(34), (65). A common OAS is known as head specific imprinting, and can
occur when a head epitope is shared between the primary strain and new strain (34). The primary
response to the first infection induces a strong response to the head epitope which is then recalled
and strongly boosted during exposure to the new strain (34). This type of imprinting can also take
place within group 1 strains. An example of this is how imprinting with either H1N1 or H2N2 reduced
the morbidity and mortality of an infection of HSN1 later in life. This may be due to group 1 reactive

stalk specific antibodies that are found in the memory B-cell compartment. This phenomenon is also
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seen with Group 2 strains, with H3N2 primary exposure being protective against morbidity and mor-

tality caused by H7N9(66). This phenomenon is known as group imprinting. A final type of OAS is

known as antigen masking, where vaccine effectiveness is reduced with consequence vaccinations

of the same strain (34). This is possibly due to the presence of strain specific antibodies that can

block epitopes from being recognized by B-cells, though this needs more investigation (34).
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The presence of antibodies in three different age groups, young (18-20), middle-aged (33-
44), and experienced (49-64) matched the best with the strains circulating during childhood of each
age cohort (38). Antibodies against H1 as well H2 along with the more related H5 were particularly
high in the experience group given that the likely exposure for this group would be an H1N1 or
H2N2 virus (38). Anti-H3 responses were high in the middle-aged group with lower responses
against H1, which this cohort was presumably exposed to later in life, matching the circulation of
only H3N2 during the childhood this age cohort. Finally the young cohort has high levels of antibod-
ies against H1 and H3 given that HIN1 and H3N2 have been cocirculating in the past couple of
decades (38). Together this provides strong evidence for imprinting or original antigenic sin where
an individual is predisposed to making antibody responses biased towards the primary infecting
strain. The distribution of seasonal influenza cases in different age groups can be predicted based
on the primary infecting subtype during the childhood of each cohort.

The antibody response to HA depends profoundly on the exposure history of the individual,
with children generally having narrower responses than older adults due to less numbers of expo-
sures (38). Adults depending on which strains they were first exposed to and their subsequent ex-
posure history, can have a diverse range of antibody responses to HA, that can be particularly broad
(38). In some cases antibody responses to the historic strain dominate over the responses to the
currently infecting strain which can sometimes be an impairment to developing a protective antibody
response, a process known as original antigenic sin (38). Breadth of the antibody response also
depends on which particular strain a person is exposed to (38).

In a paper published by the Krammer group the so called “cross-reactome” was assessed
to determine the breadth of antibody responses from infections in animal models, infections in hu-

mans, and age stratified cohorts with presumably diverse exposure histories (38). Animal models
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showed varying degrees in the induction of cross-reactive antibodies when challenged with one or
two subsequent infections with divergent virus from the same subtype (two subsequent but diver-
gent H1IN1 infections, or two subsequent and divergent H3 infections) (38). Guinea pigs showed
the greatest breads followed by mice followed by ferrets, with cross-reactivity being restricted mostly
to HAs within the same group (H1N1 infection results in pan-group 1 breadth and H3N2 infections
result in pan-group 2 breadth) (38). Remarkably in humans clinically-confirmed infections with pan-
demic 2009 H1N1 in humans induced much greater HA breadth than seasonal H3N2 infections
which were much narrower, showing that the induction of cross-reactivity can be strain dependent
(38). In agreement, a previous study showed that the antibodies elicited by pandemic 2009 H1N1
infections featured broad reactivity to multiple HIN1 and H5N1 strains (67). Antibodies elicited in
these patients were extensively somatically hypermutated (suggesting they are boosted from
memory), targeted epitopes on the stalk, and were neutralizing and protective in mouse models
against heterotypic challenge (67). Cross-reactive stalk-specific antibodies may be important in re-
ducing morbidity and mortality of antigenically drifted and shifted pandemic strains (41). They are
also attractive targets for a broadly protective universal influenza vaccine (41).

There are major differences within the antibody response elicited by natural infection, versus anti-
body responses elicited by vaccination (63). In a comparison to a cohort infected with pandemic
2015-2016 H1N1 strains or the 2014-2015 H3N2 strains and a cohort vaccinated with the quadri-
valent influenza vaccine, stark differences in epitope specificity were seen (63). For both H1N1 and
H3N2 infections the antibody response is biased to conserved epitopes such as those on the NP,
NA, and HA stalk, with the H1N1 infections eliciting better responses against the HA head (63)).
These antibodies were poorly neutralizing, broadly-reactive in some cases both within and between
subtypes, but were minimally protective in mice against lethal challenge (63). In contrast vaccinated
individuals elicited an antibody response that predominantly against Hi+ head epitopes, with mini-
mal but largely neutralizing stalk antibodies being elicited as well (63)). The vaccine induced HA

antibodies were potently neutralizing, broadly reactive to HAs from heterotypic strains within the
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same subtype, and protective in mice against lethal challenge (63)). Of note is that the antibodies
elicited by infection appeared to recognize past strains with equal or higher affinity, and also con-
tained more somatic hypermutations than antibodies elicited by vaccination, suggesting that the
infection induced antibodies were elicited from memory B-cells from past infections that were re-
called (63)). Altogether this study highlights the importance of memory B-cell recall in OAS where
memory B-cells against conserved non-neutralizing epitopes outcompete more potent but strain
specific B-cells during an infection (63)). Vaccination though does seem to overcome this mecha-
nism, however the responses can be much shorter-lived (51).

The 1918 H1N1 Flu pandemic mortality rates are a particularly good example of how priming
during childhood with a particular influenza subtype governs the immune responses elicited when
challenged with a different strain (7). Matching the unique mortality rates for the 1918 flu pandemic
to seroarcheological data is highly suggestive of OAS playing a role in outcomes (7). The >75 aged
cohort were likely exposed to an H1N1 similar to the 1918 influenza H1N1, which was the likely
source of the 1830 pandemic. Therefore the >75 age group would have had considerable protection
against the 1918 pandemic H1N1, which explains the lower mortality rate in this group (7).Those
born around 1890-1893 were most likely primed with an H3N8 pandemic strain and would have had
minimal protection against the 1918 pandemic strain. This is a possible explanation as to why the
peak mortality in the young adult age group belonged those aged 25-29 at 1918 (7). Those born
before the 1890 pandemic would have had intermediate protection as the likely seasonal influenza
strain was a H1N8 subtype which would have offered some protection, but if their first exposure
was the H3N8 1890 pandemic strain, then they would lack protection (7). Supporting this, presence
of H3 antibodies correlated with mortality rates from the 1918 pandemic, suggesting that primary
exposure to a mismatched influenza strain greatly affects the disease outcome(7). Therefore, a
possible explanation as to why the young adult age group featured such a high mortality is because
they were primed with an H3N8 virus, and therefore elicited an ineffective recall response to the

H1N1 pandemic virus (7).



44

e
o

*baseline: 1913-1917

—— o

1918 excess mortality
per 1000 population*

o

HAH3)  HA(H1)

cohort protection against 1918
H1N1 due to childhood exposure

1830\88  1840\78 1850\68  1860\58 1870\48 1880\38 1890\28  1900\18 1910\8 1920
year of birth\age in 1918

Figure 5: During the 1918 Flu Pandemic childhood exposure may have explained the unique mor-

tality rates.

The manifestation of immunodominance as well as original antigenic sin may be elucidated
by studying clonal dynamics that take place in the germinal center after infection or vaccination (68).
In a groundbreaking study the B-cells were tracked in and out of germinal centers and from a pri-
mary PR8 infection followed by a boost with H1 HA (68). Infection results in a large expansion of
clones in germinal centers, however during the boost almost none of the MBCs from primary infec-
tion made it back to the secondary GCs, with the B-cells in this compartment almost entirely made
up of naive B-cells (68). The few MBCs that do reengage in the secondary germinal center also
tend to come from a very restricted set of clones, but are substantially diversified and expanded

(68). This could explain why conserved epitopes are poorly targeted on HA as continuous exposure
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to influenza may prevent cross reactive B-cells from actively being engaged in secondary GC reac-
tions (68). On the other hand the plasmablast/ and therefore serum antibody response from the
boosts were completely derived from the MBCs elicited by the primary infection, and restricted to a
few clones (68). The MBCs that were reengaged in either GC or PB responses seem to derive from
germlines with higher overall affinity than those MBCs that were not re-engaged, suggesting that
germline affinity is a strong predictor of whether a clone would be recalled (68). The limited clonality
that is accessible upon boosting and is expanded, as well as the requirement for high affinity from
the start, may help explain why OAS and immunodominance are so troublesome for influenza (68).

CD4+ T-cells can also be important in this phenomenon (32, 69). For example, in mice
heterotypic challenge of H3N2 virus followed by H1N1 virus showed poor antibody responses
against the HA of the 2nd challenge H1N1 strain, but robust antibody responses against the NP. T-
cell Epitopes on the HA between the two strains are not well conserved whereas epitopes on other
viral proteins such as the NP are highly conserved. CD4+ T-cells recognizing non-conserved
epitopes on the HA of the heterotypic H1N1 challenge strain were not activated, in contrast to the
CD4+ T-cells recognizing conserved NP epitopes. These NP+ CD4+ T-cells appeared to be recalled
and were prefferentially activated suggesting that T-cells recognizing conserved T-cell epitopes out-
compete naive T-cells recognizing non-conserved epitopes (69). Therefore, the impaired antibody
responses against the heterotypic HA could be the result of poor T-cell help because CD4 T-cells
recognize less conserved epitopes on HA and are poorly elicited (69). Furthermore it was shown
that preexisting NP-specific CD4+ T-cells only stimulate B-cell responses against NP but not HA
and vice versa, and therefore T-cell helper functions play a role in establishing immunodominance
of B-cell epitopes (32). These have been shown in both mice as well as previously infected or vac-
cinated humans.

There may be a couple of reasons to explain the selectivity in CD4 T-cell help to antibody
responses. One possible explanation is that dendritic cells that migrate to the germinal centers re-

lease minimal virus in the lymph nodes, and therefore there are few intact virions for B-cells to
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uptake (55). Furthermore, uptake of infectious viruses by antigen specific B-cells via the BCR results
in death of those B-cells after 18 hours, eliminating them from the pool of B-cells that secrete anti-
body or become memory B-cells (55). The major source of antigen for B-cells in influenza infection
therefore appears to be membrane fragments containing viral proteins, or viral proteins released
from dying cells rather than intact virions (55). This suggests that HA specific B-cells will only be
presenting HA specific T-cell antigens, therefore not activated by CD4+ T-cells recognizing con-
served epitopes on other viral antigens. Therefore the most efficient help of the CD4+ T-cell re-
sponse for the neutralizing antibody response is when the CD4+ T-cell antigen specificity for HA
matches the B-cell antigen specificity for HA, where CD4+ T-cells (55).

Another example of this is how inactivated H5N1 vaccination in humans is relatively poor at
eliciting anti-H5 HA responses, with low amounts of CD4+ T-cells recognizing epitopes in H5-HA
(70). This may be due to mismatch of the CD4+ T-cell memory responses against the HIN1 HA
(closest related influenza virus in humans) that would not overlap as much in specificity with the H5
HA (70). There was strong boosting of CD4+ T-cells against the HSN1 NP which is far more con-
served between the two strains. However a second vaccination with different clade H5N1 HA that
would presumably recall H5 HA responses did expand H5 HA specific CD4+ T-cells better than
vaccination of naive individuals (70). Furthermore this increase in H5 HA specific CD4+ T-cells
correlated with higher neutralization titers against H5N1 virus (70). Finally NP specific T-cell re-
sponses did not correlate with HSN1 neutralizing responses (32). This suggests that improving the
HA specific CD4+ T-cell response may be crucial in developing neutralization breadth. It should be
noted that cross reactive epitopes on HA exist for CD4+ T-cells and can contribute to immunity
against a heterotypic challenge. For example there are H3 HA specific CD4+ T-cells from seasonal
influenza infection or vaccinated that are cross-reactive to H7 HA (71). Presumably these cross-
reactive T-cells can be expanded by H7 boosting and can improve neutralizing antibody responses
directed towards the H7 HA head (71). The amount of these T-cells that recognize cross reactive

HA epitopes are bound to vary from individual to individual.
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Influenza Vaccines

The original influenza virus consisted of crudely purified and chemically inactivated virions known
as whole inactivated virus vaccines or WIVs (65)(34)). For safety concerns of WIVs mainly due to
the reactogenicity, split virus, subunit (inactivated influenza vaccines or IIVs) and recombinant in-
fluenza hemagglutinin (HA)-based insect cell expressed vaccines (Flublok) are the vaccines being
used in North America and Europe. WIVs are still being used and manufactured in low- and middle-
income countries due to the easier downstream processing steps required for these vaccines. WIVs
have been used extensively in humans and are very well studied in animal models because they
are easy to produce (65)(34). Depending on how they are inactivated they may retain HA hemag-
glutination and fusion activity as well as NA neuraminidase activity. They also contain viral RNA,
making them self-adjuvanating by giving them the ability to activate RIG-I as well as TLR3,7 and 8
(65)(34). WIVs tend to elicit s balanced immune response with seroprotection rates approaching
85%. It has been shown that split virus inactivated vaccines (lIVs) do approach similar levels of
protection that WIVS do.

Inactivated split virus or subunit vaccines typically administered intramuscularly (i.m) without
adjuvant. They contain 15 ug of HA per strain and are given as a trivalent (H1N1, H3N2, and B) or
a Quadrivalent (H1N1, H3N2, B/Yamagata, and B/Victoria lineages) (65)(34)). In some cases, for
the elderly adjuvanted inactivated vaccines (with MF59, a squalene-based oil-in-water emulsion)
are given. A majority of IIVs are manufactured in embryonated chicken eggs, with some inactivated
vaccines (Flucelvax) produced in cell culture. They are usually produced using whole inactivated
virus that is then treated with detergent and selectively purified. Depending on how they are purified,
the final preparation either contains HA and NA (split virus) or just almost pure HA (subunit). The
viral RNA is completely removed, which results in both decreased antigenicity but also decreased

reactogenicity (65)(34)). Not much is known about the structural integrity of the HA and NA after the
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purification steps for a split or subunit vaccine, and whether the crucial epitopes on the HA and NA
are intact (65)(34)). Typically, vaccinations with split or subunit vaccines are biased against the HA
with HI seroconversion rates (defined as 4-fold increase in Hl titers) from between 20-77% and
neutralization seroconversion between 47-90%. Antibody responses to NA are also variable with
seroconversion rates between 20-73% (defined as a 2 fold increase in antibody titers) (65)(34)).
Anti-NP titers are also detected in around 20-87% of individuals. Furthermore around 80-90% of B-
cells induced by vaccination are HA specific with 1-2% being NA specific. Therefore the majority of
the immune response elicited by split or inactivated vaccines are to HA (65)(34)). Inactivated influ-
enza vaccines can elicit broadly reactive antibodies against HAs from historic virus strains in adults
with preexisting immunity (65) (65)(34)). However, the responses tend to be relatively narrow and
strain-specific than antibody responses induced by infections, and antibodies that target the con-
served HA stalk are rarely elicited. Furthermore antigenic mismatch between the circulating virus
and the vaccine strain can greatly reduce vaccine effectiveness in a given year (65)(34).

The recombinant HA vaccines are also administered intramuscularly (i.m) without adjuvant
and given at higher doses with 45 ug of HA per strain, given as either a trivalent (H1N1, H3N2, and
B) or a Quadrivalent formulation (H1N1, H3N2, B/Yamagata, and B/Victoria lineages) (65)(34). In
some cases, in elderly the Flublok recombinant HA vaccines are given at higher doses. The recom-
binant HA vaccines are produced in insect cell culture and therefore contain smaller glycans than
those produced in chicken eggs. Since they are HA only the immune responses elicited are only to
HA, though they are comparable with the inactivated influenza vaccines (65)(34). There is some
evidence showing that recombinant HA vaccines elicit broader antibody responses with better pro-
tection in the elderly. An added benefit is that fewer mismatches occur since it is directly expressed
rather than being adapted to chicken eggs where it can gain mutations(65)(34)).

Live-attenuated influenza vaccines (LAIVs) used in Russia and the USA. They are typically
temperature-sensitive and cold adapted meaning they can grow well at lower temperatures but

poorly in higher temperatures (65)(34). For this reason, they can only infect the upper respiratory
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tract (lower temperature) and not the lungs (higher temperature) and are administered as a nasal
spray (Flumist) (65)(34). LAIVs are also manufactured in embryonated chicken eggs and can be
given as a trivalent or quadrivalent formulation. Since the IIV and Recombinant HA vaccines are
administered intramuscularly they may not induce sufficient mucosal immunity, though it is possible
that they may boost mucosal immunity from previous infection (65)(34). Since LAIVs are adminis-
tered through the nose and replicate in the upper respiratory tract they can provide mucosal immun-
ity and the immunity to LAIVs is not entirely serum antibody dependent. For this reason, LAIV effi-
cacy is determined by protection rather than correlates of protection such as HI and neutralization.
Seroconversion in adults for LAIVs was low at 3-7% for HI, 3-13% for neutralization, and 0-17% for
NA inhibition (65)(34)). By contrast, seroconversion rates for children were much higher for Hl,
neutralization as well as NA inhibition, with children even showing an induction of cross-reactive
antibodies against the HA stalk, although these were not at high levels. LAIV mediated immunity is
more durable than vaccination with IIVs, though it may be shorter than natural infection (65)(34)).
Vaccines against H7N9 and H5N1 have also been developed with the vaccine platforms
used above and are currently in preclinical or clinical trials. Other vaccine platforms also include
ANS1 vaccines that have the deleted NS1 which attenuated the innate immune response. DNA
vaccines, mRNA vaccines, virus like particle (VLP) vaccines, and recombinant protein vaccines as

well as other adjuvanted vaccines are all being tested in clinical trials as well.

Universal Influenza Vaccines.

There are ongoing major efforts to develop a universal influenza vaccine, one that would be
broadly protective against many influenza strains. Such a vaccine would remove the need to revac-
cinate yearly, improve accessibility of the vaccine to developing countries, and greatly improve pan-

demic preparedness. As discussed throughout this introduction several antibody targets exist to
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achieve this: the HA stalk as well as conserved head domains on the HA head, the NA, and the M2
ectodomain (65)(34)).

There are two major vaccine candidates against the HA stalk: the stalk only vaccines, and
the chimeric HA vaccines that refocus the immune response towards the conserved HA stalk
through sequential immunizations. In the stalk only approach, since the head is removed the im-
mune response is redirected towards the stalk epitopes, and immunization with these immunogens
elicit a broad-reactive antibody response that is also protective against heterotypic challenge (45,
48). However these stalk based immunogens had a relatively low immunogenicity in comparison to
a full length HA which may be due to lower quantities of Tth cells elicited by HA stalk immunization
(72).

The chimeric HA approach involves sequential immunization with chimeric HAs that have
HA heads from different subtypes but identical HA stalks (44, 73). Since the heads of the sequential
immunogens are drastically different, but the stalk is conserved and identical, the idea is that the
immune response is redirected towards the stalk upon sequential boosts (44, 73). Immunization of
ferrets with a set of three sequential different chimeric HAs, as either a LAIV or IV induced cross
reactive antibody response that targets the stalk (44, 73). Furthermore sequential chimeric HA im-
munization was protective against both homotypic and heterotypic challenges (44, 73). Furthermore
this chimeric HA strategy was shown to be safe and immunogenic, and elicit a broadly reactive
immune response against conserved stalk epitopes in humans (46). The serum antibodies elicited
with the chimeric HA immunization strategy were protective in mice against heterotypic challenge
(46).

Another strategy for eliciting cross-reactive antibodies against HA is a mosaic nanoparticle
approach (74, 75). In this approach a protein-based nanoparticle is used to co-display HA immuno-
gens from different subtypes or strains on the same particle. The rationale behind this is to prefer-
entially activate B-cells recognizing conserved epitopes on the HA over less conserved variable

epitopes since B-cells recognizing conserved epitopes will be able to bind with avidity to only the
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conserved epitopes (74). As such immunization with a mosaic particle displaying 8 different receptor
binding domains or heads from divergent H1N1 strains featured pan-H1N1 neutralizing breadth that
extended even to H5 (74). This breadth was significantly different from the breadth elicited by an
admixture of homotypic particles displaying the same eight strains. Therefore this strategy seems
to subvert immunodominance toward conserved elements (74). Immunization with a quadrivalent
mosaic particle that featured full HAs from H1N1, H3N2, B/Yamagata, and B/Victoria strains fea-
tured breadth and potency against a panel of group 1 and group 2 HAs (74, 75). Mosaic HA nano-
particle immunization furthermore was protective against homotypic and heterotypic challenges
(74, 75). However Mosaic-HA nanoparticles were as good as an admixture of homotypic particles
of the same strains and inducing breadth, suggesting a different mechanism for breadth (74, 75).

Another approach is the computationally optimized broadly reactive antigen or COBRA ap-
proach. This strategy typically has the goal of inducing broad Hl titers elicited against the HA head
from strains within a subtype (65)(34)). Vaccines against M2 are also being considered since this
protein is relatively conserved. Vaccines targeting NA have also been considered since NA anti-
bodies can be broad within a particular subtype. The major hurdle will be to not only elicitimmune
responses that are broadly protective, but also durable and long-lasting, otherwise a universal flu
vaccine will not be of much use.

For Chapter 2, work will be presented on developing a mosaic nanoparticle that co-displays
up to 8 different trimeric HAs from a set of Group 1 and Group 2 strains. These mosaic nanoparticles
were compared to a corresponding admixture of homotypic particles. The breadth of antibody re-

sponses elicited by these particles was characterized along with cross-reactive B-cell responses.

Part B: Coronaviruses

The SARS Outbreak:
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In late 2002 reports of a mysterious respiratory illness emerged from China with unknown
origin. By mid March 2003 new outbreaks were occurring in other parts of Asia, and although the
cause of these outbreaks was still unknown, the WHO put out an alert, with information on disease
severity, transmission, and death rate all unclear (76, 77). The first transmission events happened
in Foshan City, Guangdong Province, China, on November 16, 2003. From November 2002 to
February 2003 there were a total of 305 cases (76, 77). An index case arrived in Hong Kong by
February 22, 2003 when an infected medical doctor checked into the 9th floor of the Metropolitan
hotel, with a total of 10 infections being linked to that case. Eight of the 10 guests infected resided
on the 9th floor. The index patient apparently vomited, and the vomit was subsequently vacuumed,
and therefore it is possible that resulted in the production of aerosols. That single floor is the setting
responsible for seeding the global spread that ensued, with the 10 hotel guests and visitors carrying
the virus to hospital systems in Hong Kong, Toronto, Singapore, and Vietnam, triggering deadly
outbreaks (76, 77).

The Amoy Gardens apartment complex in Kowloon Bay, Hong Kong was the setting of an-
other interesting but frightening outbreak (76, 77). A 33-year-old man with renal disease was visiting
his brother, who lived in a 15-story high rise block in that complex, after getting treated at a hospital
nearby on March 14, 2003. When visiting his brother he had diarrhea and used the toilet (76, 77).
Within the following month 321 cases were linked to Amoy Gardens, with 41% of the cases linked
to the block the brother lived in, and what is now known as the point source outbreak (76, 77). The
secondary cases were suggested to be caused by contaminated sewage water which became aer-
osolized when toilets were flushed and bathroom exhaust fans were turned on (76, 77).

In the hospital setting health care workers and patients were vulnerable as proper safety
precautions were not employed since the transmission mechanisms were unknown. This resulted
in rapid spread of this virus in hospitals, known as nosocomial transmission, with numerous health
care workers, patients, and visitors falling ill with often deadly consequences (76, 77). These types

of cases were known as superspreader events. Secondary cases in homes by contrast besides the
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Amoy Gardens or Metropolitan hotel outbreak were low with rates of around 15 % in Hong Kong
and 6% in Singapore (76, 77)). Interestingly, secondary cases from airlines were also minimal with
only 29 cases total linked to air travel, with some exceptions. For example, one symptomatic case
flying from Hong Kong to Beijing resulted in 22 out of the 119 passengers getting infected (76, 77)).

A total of 8096 cases were reported by July 2003, with 774 deaths from outbreaks in 27
countries (78). The outbreak was declared over at this point though four additional cases occurred
December 2003-January 2004 most likely from zoonotic transmission, with no new cases declared
after 2004 (78).

The attack rate of children is lower than for adults. Children also had less severe disease,
with adolescents having similar iliness to adults but lower case-fatality ratios (CFRs). Symptoms in
children included fever, cough, rhinorrhea, myalgia, chills, and headache (76, 77)). SARS cases in
children did feature abnormal chest scans (computer assisted CT or radiograph) with infiltrates and
opacities suggesting inflammation in the lungs.

The incubation period for SARS-CoV is 2-10 days, with 4-6 days being the median (76, 77)).
In adults in the first week patients present with fever, malaise and headache (76, 77). By week 2
cough, dyspnea (trouble breathing) and diarrhea appear (76, 77). Towards the end of the 2nd week,
some patients deteriorate, with 20% requiring intensive care (76, 77). This deterioration is accom-
panied by laboratory confirmed conditions such as lymphopenia (loss of lymphocytes), thrombocy-
topenia (low platelet count). Chest radiographs or CT scans will show abnormalities such as ground
glass opacification (patchy white parts suggesting fluid and cells in the lungs). In fatal cases several
features are prominent, epithelial cell proliferation (resulting in scarring of lung tissue), diffuse alve-
olar damage (damage of lung tissue), macrophage infiltration of the lungs, and pleural effusion (fluid
buildup in lungs) (76, 77). Comorbidities such as old age, cardiac disease, and lung disease corre-
late with fatal outcomes and disease severity.

The virus responsible was identified by March 2003 as a novel coronavirus known as SARS-

CoV. The virus was able to be sequenced after it was found to replicate in VERO cells (African
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Green Monkey cell line), with multiple labs subsequently obtaining the sequences of the viral ge-
nome, which was at the time difficult due to the large size of the genome (~30kb) (76, 77). These
sequences resulted in the development of diagnostics to track infection, as well as tease the origin
(76, 77)).

Almost identical SARS-CoV-like viruses (99.8% nucleotide identity to SARS-CoV) were iso-
lated from Himalayan palm civets (Paguma larvata) and raccoon dogs (Nyctereutes procyonoides)
in a live animal market from Shenzhen, China (76, 77)). ORF8 sequences from infected palm civets
matched the ORF8 sequences from the early cases. As the outbreak progressed a 29 nucleotide
deletion in ORF8 emerged which became the predominant variant in the middle and late parts of
the outbreak (76, 77)). Therefore, palm civets were presumed to be the source of the outbreak.
Furthermore in the animal market 40% of wild animal traders and 20% of those who slaughter the
animals and 5% of vegetable traders in the same market were seropositive for the SARS-CoV,

further suggesting that palm civets in wild animal markets are the source of the outbreak (76, 77)).

Discovery of SARS-like Coronaviruses

A couple of years after the 2002-2003 SARS outbreak bats were identified as the natural
reservoir for SARS-like coronavirus (79). SARS-CoV and palm civet SARS-like CoV nestled in with
a swath of these SARS-like coronaviruses that were isolated from different bat species in southern
China (79). Following this SARS-like coronaviruses were isolated from bats in Asia, Europe and
Africa (80). However none of these bats were directly related to SARS-CoV and therefore were not
believed to be the progenitors of the SARS-CoV outbreak (80). In 2013 whole genome sequences
of two SARS-like viruses were isolated from horseshoe bats that were found in a cave in Yunnan
Province, China. These viruses, labeled RsSHC014 and WIV1-CoV, were the most closely related
viruses to SARS-CoV identified (80). WIV1-CoV in particular was isolated through the passage of

bat fecal samples in VERO cells where cytopathic effects were seen (80). The isolated WIV1-CoV
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was able to use horseshoe bat, civet, and human ACE2 for cellular entry based on immunofluores-
cence and RT-PCR assays (80). This started to suggest that other SARS-like coronaviruses with
human outbreak potential existed (80).

To further characterize the infection potential of these SARS-like coronaviruses chimeric
virus that contained the SHC014 spike protein on a mouse adapted SARS-CoV backbone was
used to tease out the infection potential of SHC014-CoV (81). The chimeric SHC014 virus was
capable of infecting and replicating in both Calu-3 cells (lung cell line) as well as human airway
epithelial cells (HAE), suggesting that it has human tropism (81). Furthermore, infection of mice with
the chimeric SHC014 did result in infection which resulted in some disease characterized by modest
weight loss, and minimal lethality in aged mice, and less antigen staining in the lung. SARS-CoV
infection on the other hand did result in severe weight loss lethality and extensive antigen staining
(81). The chimeric SHC014 was not able to be neutralized by SARS-CoV neutralizing monoclonals,
suggesting limited neutralizing cross reactivity (81). Finally, the full length SHC014-CoV was cloned
through reverse genetics. The authentic SHC014-CoV was able to infect VERO cells, but did not
replicate as well in HAEs with respect to SARS-CoV. Finally SHC014 was able to infect mice,
though not as well as SARS-CoV (81). This suggests that SHC014 is viable for cross-species in-
fection though it may need more adaptation to become more pathogenic and transmissible (81).

A related study was carried out using WIV1, which shares homology with SARS-CoV and
has 11 out of the 13 ACE2 contact residues conserved (82). WIV1 full length authentic virus was
produced with a reverse genetics approach (WIV1-CoV). A WIV1 chimeric virus (WIV1 spike with
SARS-CoV backbone) was also produced that contained mouse adapting mutations (WIV1 MA15)
(82). The WIV1 MA15 and WIV1-CoV were both able to infect and replicate in VERO and HAEs to
the same degree. WIV1 MA15 virus as well as mouse adapted SARS-CoV MA15 were used to
infect wt mice (82). Infection of the chimeric WIV1 was attenuated in mice with virtually no weight

loss and lower viral titers in the lungs than SARS MA15. Authentic WIV1 infection in hACE2 mice
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was also carried out, and WIV1 infection was attenuated with lower weight loss and mortality ac-
companied by lower viral titers in the lung than SARS-CoV. SARS-CoV neutralizing antibodies were
however cross-neutralized WIV1 (82). The similar attenuation feature of WIV1 infection that was
seen in SHCO014 suggests that WIV1 is viable for cross-species transmission but it will require more
adaptation for disease (82).

In an attempt to see if any of these SARS-like coronaviruses have infected humans, serol-
ogy studies were carried out in 218 residents of four villages in Yunnan Province, China, located
near two caves where SARS-like coronaviruses have been isolated from horseshoe bats. Occupa-
tional most of the villagers were farmers with constant contact with livestock. Notably, 9% of the
participants witnessed bats flying around nearby, and one had even handled a bat corpse. 3%
(6/218) of the serum samples collected were positive for binding to the NP of the SARS-like CoV
Rp3 via ELISA as well as western blot. This serum reactivity was confirmed by western blot analysis.
The serum did not neutralize SARS-CoV and WIV1-Cov, and it did not bind to the RBDS of SARS-
CoV and WIV1-Cov either, suggesting another SARS-like CoV is responsible for the serum reac-
tivity (83). All of the seropositive residents have seen bats flying around. Furthermore, two of the
seropositive residents had travel history to major cities like Kunming and Shenzhen. Finally, none
of the seropositive residents had reported any recent illness. Altogether this study suggests that
spill-over is taking place, though it is an infrequent event.

The COVID-19 Pandemic:

On December 31, 2019 the WHO was alerted to a cluster of pneumonia cases of unknown origin,
in Wuhan, China (84). Less than two weeks later the entire genome of the virus was deposited to
GenBank, with the cause being a new coronavirus, labeled severe acute respiratory syndrome
coronavirus-2 or SARS-CoV-2, related to SARS-CoV and the SARS-like Coronaviruses (84). The
disease that it caused was labeled coronavirus disease 2019 or COVID-19.

The first actual SARS-CoV-2 cases were reported in December 2019 in Wuhan, China,

where from December 18, 2019 to December 29, 2019 five patients were hospitalized and one
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patient died. By December 29th, the source of many of the cases was linked to the Huanan Seafood
Wholesale Market (85). However some of the earliest cases where the onset of illness occurred as
early as December 7th were not associated with the market (85). By January 1, 2020, 47 patients
were admitted and identified as having clinically-confirmed pneumonia, with emergency responses
being initiated by the Chinese Center for Disease Control (CCDC) and the sequencing of the sam-
ples taking place (85). By December 8, 2020 a new coronavirus was confirmed to be the causative
agent, and by December 11, 2020 the virus sequence was deposited into GenBank. By December
15th, 2020 strict screening measures were employed for individuals exiting Wuhan where infections
were in the thousands accompanied by many reported deaths. By December 19th, 2020 the first
case was reported outside of Wuhan in another region of China (85). On January 23, 2020 the
entire city of Wuhan and its 9 million residents were put under a strict lockdown, with most of the
Hubei Province being on lockdown the following day, and other travel restrictions employed across
China (86). Some of the first cases outside of China were identified mid-January in Thailand and
Japan, both being linked to travel from Wuhan. In the ensuing weeks cases were reported expo-
nentially in many countries, first directly related to travel to Wuhan, but with many unrelated. Large
and deadly outbreaks followed in many regions and countries, and the WHO declared the virus as
a pandemic on March 3, 2020 (87). The pandemic spread has emerged as waves of infections with
three peaks. As of May 2021, over 150 million people have been infected, with 3.2 million deaths

(88).

One of the things that sets the SARS-CoV-2 virus apart from previous coronavirus outbreaks
in the 21st century is the efficient person to person transmission, with an Ro estimated to be as high
a 5.7, an incubation period of average 5.7 days, with peak viral loads corresponding to right before
symptom onset (89, 90). This accompanies many reports of asymptomatic infections or presymp-
tomatic transmission (48% to 62%) being one of the major drivers of SARS-CoV-2 spread (91). It

was initially considered that SARS-CoV-2 spread through respiratory droplets (particles 5y mto 10
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M m), however aerosol spread ( particles < 5 py m) was later believed to be a large contributor to the
outbreak with 48% to 62% of transmission believed to be from aerosols and many human activities
having been shown to produce aerosols as well (91). Fomite transmission ( contact with contami-
nated surfaces) is believed to be minimal (91).

Shutdown measures across China were largely successful at blocking transmission. Many
other nations around the world employed less stringent lockdown measures or non-pharmaceutical
interventions (NPI), such as closing international travel, closing schools, cancelling public events,
stay at home requirements, closing workplaces and restricting gatherings (92). These NPIs had
varying success rates at reducing transmission. In addition, masks or face coverings have shown
some efficacy in reducing transmission as well, and were mandated in many different countries and
regions (91).

Covid-19 disease has a wide severity range with 81% of individuals having mild manifesta-
tions, 14% with severe manifestations, and 5% with critical manifestations (respiratory failure,
shock, and multiple organ failure) (93). Within the first week of symptom onset, known as the viral
stage, symptoms could include fever, dry cough, shortness of breath, nausea, vomiting, diarrhea,
myalgia (pain), headache, fatigue, and rhinorrhea. Loss of sense of smell and taste (anosmia and
ageusia) is very common and in some cases is the only symptom as well. For mild infections symp-
toms typically resolve (93). There are also reported asymptomatic cases, though the percentage of
asymptomatic cases does vary, and it is unclear whether they are truly asymptomatic (93). Along
the second week, conditions can deteriorate rapidly in severe and critical patients, with many com-
plications arising. Such complications include hypoxemia (low O- levels in the blood) and respiratory
failure which can require mechanical ventilation, impaired function of the heart, brain, lung, liver,
kidney, and arterial thromboembolic events (blood clots) (93). A common abnormality for COVID-
19 is the presence of diffuse, ground-glass opacities in chest scans of the lung (suggesting fluid
buildup in the lung), and it was described in the earliest patients at the onset of the outbreak. Due

to the immunopathological origins of the severity of the 2nd week of disease, typically steroids are
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prescribed such as dexamethasone, which have shown some efficacy. Comorbidities such as heart
disease, diabetes, and kidney disease among others have all been associated with increased risk
in disease severity (93). In the US the case fatality rate varies dramatically by age with 0.3
deaths/1000 cases for young children and adolescents (5-17) to 305 deaths/1000 cases for those
aged 85 and older, with the >65yo age group being considered the highest risk (93).

The emergence of new SARS-CoV-2 variants has been a cause for concern (known as variants of
concern or VOC), especially with efforts to control the pandemic spread through NPIs and vaccines
(94). These variants include B.1.1.7 (first discovered in the UK), B.1.351 (first identified in South
Africa), B.1.427 (First identified in California), and B.1.526 (identified in California), P1 (identified in
Brazil), and B.1.167 (recently identified in India). There is evidence to suggest that some of these
variants emerged as escape mutants from antibody selection pressures (94). For instance the
B.1.351, B.1.526, and P1 all have the E484K mutation in the S protein whereas B.1.167 has a
E484Q mutation in the S protein, both of which have been shown to abolish binding for a class of
SARS-CoV-2 antibodies (95). There is also evidence that some of these variants resulted in in-
creased transmission, such as in the case for B.1.1.7, where it became the dominant strain with
new infections in the UK late 2020, though this may have also been due to non-adherence to social

distancing measures (96).

Coronavirus structure and genome:

Coronaviruses (CoVs) are a large and diverse class of enveloped positive-sense single
stranded RNA viruses belonging to the order nidoviralae, the suborder coronavirinae, and the family
coronaviridae (97). The coronoviridae family can further be classified into the ortocoronavirinae or-
der, which is divided into four genera: alphacoronaviruses, betacoronaviruses, gammacoronaviru-

ses, and deltacoronaviruses (97). The betacoronavirus family, which will be the main focus of this
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intro, can be further divided into lineages: Sarbecoviridae (SARS-like betacoronavirus), hibecoviri-
dae, merbecoviridae (MERS-like betacoronavirus), nobecoviridae, and Enbecoviridae (HKU1 and
0OC43). The sarbecovirus family includes the severe acute respiratory syndrome coronavirus
(SARS-CoV) and severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and the merbe-

covirus family contains Middle Eastern respiratory syndrome coronavirus (MERS-CoV).

Alphacoronaviruses and betacoronaviruses exclusively infect mammalian species, whereas
gammacornaviruses and deltacoronaviruses infect a wide range of vertebrates including birds and
reptiles (97). In humans HCoV-229E (alphacoronavirus) and HCoV-OC43 (betacoronavirus) have
been circulating together for at least a century along with the more recently discovered HCoV-NL63
(alphacoronavirus) and HCoV-HKU1 (betacoronavirus). These viruses cause mild infection of the
upper respiratory tract in humans with “common cold” like symptoms (97).

The three betacoronaviruses SARS-CoV, SARS-CoV-2, and MERS-CoV in contrast are far more
pathogenic in humans and have emerged over the last two decades. They can infect bronchial
epithelial cells and the pneumocytes of the lower respiratory tract as well as the upper respiratory
tract which can result in severe and fatal respiratory pathology as well as acute lung injury (ALI),

with little therapeutic interventions available (97).
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Figure 6: SARS-CoV-2 Genome. Taken from (98).

The coronavirus genome is large (> 30 kb), and contains long non-translated regions (NTRs)
flanking the 5 and 3’ end that form secondary RNA structures necessary for RNA replication (97).
The coronavirus genome is also capped and polyadenylated. The 5 end contains the ORF1a and
ORF1b reading frames, which cover two-thirds of the viral genome. The ORF1a and ORF1b encode
for 15-16 non-structural proteins (nsp). 15 of the nsps make up the replication and transcription
complex, which include functions such as the RNA polymerase, RNA processing, RNA modifying,
and RNA proofreading function, among others, which help to maintain the integrity of the large RNA
genome. The remaining ORFs encode structural and accessory proteins located at the last 3’ end
(last third of the genome). These ORFs are also transcribed as a nested set of subgenomic mMRNAs
(sgRNA). A map of the viral genome is shown in figure 1.

The coronavirus structure contains Spike (S), Envelope (E), Membrane (M), and for some
betacoronaviruses hemagglutinin esterases (HE) all embedded in the host-derived membrane of
which makes the viral envelope. Inside the virus envelope there is the nucleocapsid protein (N)
which encapsulated the (+) single stranded RNA genome, with M and E ensuring the incorporation
of the N encapsulated RNA genome in the particles. The S protein sticks out of the envelope and
is the protein that attaches to host receptor and mediates cellular entry and fusion. The coronavirus
accessory proteins are variable between viruses, with limited conservation, and because of this
their function is largely unknown for most viruses. The accessory proteins are thought to modulate

host immune responses to infection and can be determinants of viral pathogenesis.

Coronavirus life cycle

The first step of viral entry involves attachment to host cells and cell entry and is mediated

by the interaction of coronavirus spike protein (S) with cell entry receptors. The cell receptors rec-

ognized by S have been identified as human angiotensin converting enzyme-2 or ACE2 (for SARS,
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SARS-2, and NL63), dipeptidyl peptidase 4 or DPP4 (for MERS), and aminopeptidase N or APN
(for NL63). The distribution of receptor expression in different tissues guides the tropism as well as
pathogenesis for coronaviruses (97). Intracellularly upon release of the genome into the cytoplasm,
the full genome is replicated and packaged into new virions.

The release of the coronavirus genome into the cytoplasm starts a complex process of viral
gene expression that is spatially and temporally regulated. ORF1a and ORF1b are directly trans-
lated first from the genomic RNA to produce ppala and ppalab (made from a programmed riboso-
mal frameshift at the ORF1a ORF1b overlap) (97). The stoichiometry of the pp1a and pp1ab effi-
ciency of the frameshift between ORF1a and ORF1b, which was determined by ribosomal profiling
to be 45-70% for SARS-Cov-2. Therefore, ppala is 1.4-2.4 times more expressed than pp1ab. A
total of 16 non-structural proteins are released upon pp1a (nsp1-11) and pp1ab (Nsp1-10 and
Nsp12-16) proteolytic cleavage by nsp3 (papain-like protease; PLpro) and nsp5 (chymotrypsin- like
protease) (97). Nsp5 is also known as the 3C- like protease (3CLpro) due to its similarity to the
picoviral 3C proteases, as well as main protease (Mpro) because it is the protease that predomi-
nantly cleaves most of the nsp cleavage sites. Nsp1 apparently is released first where it immediately
targets host-cell translation by promoting host-cell mMRNA degradation as well as targeting the 40S
ribosomal subunit (99, 100). Interestingly when nsp1 binds the 40S ribosomal subunit it prevents
the binding of cellular mRNAs by blocking the mRNA binding groove, hence shutting down cellular
translation. Viral mRNA with the 5’UTR is better and being translated than cellular RNA, so it is
believed that the nsp1 levels are attenuated such that viral mMRNA will outcompete host cell MRNA
for translation (99).

Nsp2-16 compose the viral replication and transcription complex (RTC), and are localized
to defined subcellular compartments where they interact with host-cell factors and orchestrate the
viral replication cycle (97). Nsp2-11 play the necessary supporting role for the RTC such as host-
immune evasion, providing replication cofactors and intracellular membrane modulation. Nsp12-16

contains the core enzymatic function for the RTC, including RNA polymerase, RNA modification,
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and importantly RNA proofreading. Nsp12 is the RNA-dependent RNA polymerase (RdRp), with
nsp7 and nsp8 (primase or a 3'-adenylyltransferase) as its cofactors (97). Nsp14 is the unique RNA
proofreader for coronaviruses and has 3’-5" exonuclease activity. Coronaviruses also have capping
machinery, with nsp13 as the 5’ triphosphatase activity, ns14 and the N7- methyltransferase, nsp16
as the 2'- O- methyltransferase, and nsp10 as a cofactor with others not fully elucidated including
the guanylyltransferase, a key enzyme involved in the formation of the 5’ cap (97)).

The nsp5 or Mpro protease is a critical protein in releasing the majority of the nsps from the
polyprotein which is crucial for the viral life cycle. Its cleavage function is sequence specific and can
easily be mimicked with a peptide that resembles the cleave site. Structures have been determined
of the Mpro in complex with inhibitory peptides that were computationally designed and allowed for
screening of more compounds resulting in novel leads for Mpro based inhibitors (101). These could
serve as a new set of therapeutics against SARS-CoV-2 with some already showing strong antiviral
activity in animal models (102).

Viral replication begins with the transcription of the genomic RNA into a negative stranded
template, which gets copied into new genomic RNA strands. The newly synthesized gRNAs get
either packaged into new virions or used for translation of more nsps and RTCs. The hallmark of
the entire nidoviralae family of viruses is the production nested set of 3’ and 5’ co-terminal subge-
nomic RNAs (sgRNAs) produced through discontinuous transcription (97)). The viral genome is
interspersed with transcription regulatory sequences (TRS) located upstream of most ORFs, espe-
cially the ones in the 3’ third of the genome. Transcription of the negative stranded RNA copies are
interrupted by these TRS elements with the 5’ leader TRS at the 5’ end of the genome interacting
with the 3’ end of the TRS on the negative strand being transcribed (97)). The end result is the
production of negative stranded sgRNAs that serve as templates to produce positive stranded sgR-
NAs which then get translated into accessory and structural proteins. Although the sgRNAs are
structurally polycistronic, by practice they behave as monocistronic RNAs, where only the 5 ORF

gets translated (97)). There is also the presence of non-canonical RNA products from discontinuous
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transcription. These RNA products may also be derived from recombination events (98). This may
be a mechanism leading to the diversification of coronaviruses and production of variants, possibly
creating novel ORFs or accessory proteins that would enhance viral replication or better dampen
host immune responses (97)).

The nsp12 RdRp accounts for the main enzymatic activity of the RTC and is therefore an
attractive drug target. The structure of the SARS-CoV-2 nsp12 and the cofactors nsp7 and nsp8
has been elucidated and shown to have remarkable conservation to SARS-CoV (aa identity is
>95%) (97). Due to the high similarity of the RdRp of SARS-CoV-2 with other coronavirus RdRps
as well as other viral RdRps, drugs such as remdesevir (RDV) have been repurposed for use in
treating SARS-CoV-2 infections. RDV competes for ATP in the active site of the SARS-2-CoV
RdRp, which results in delayed chain termination (97).

The coronavirus structural proteins S, E, M, and N assist in budding of new virions into the
ER to Golgi compartment ERGIC, and the virions are then thought to be exocytosed to the plasma
membrane (97). There is evidence however that viral egress occurs via the lysosomal trafficking
pathway as well (97).

To date ORFs encoding five accessory proteins have been identified: ORF3a, ORF®6,
ORF7a, ORF7b, and ORF8, with potentially ORF3b and ORF9b as well as ORF10 being other
possible accessory proteins (97). Although between different coronavirus lineages ORF accessory
proteins are not conserved and are highly variable, within a viral species they are relatively con-
served and play an important role in replicating in the natural host. There are some differences
between SARS-CoV and SARS-CoV-2 ORFs. For instance ORF3b in SARS-CoV-2 is much shorter
than in SARS-CoV, with possible implications for it as an interferon agonist in its truncated form
(97)). ORF8 between SARS-CoV and SARS-CoV-2 shows low sequence homology, where in
SARS-CoV the ORF8 underwent a 29 nucleotide deletion in the middle and late stages of the SARS
outbreak, which broke apart ORF8 into two truncated gene products ORF8a and ORF8b and re-

constitution of ORF8 leads to a slightly increased cell culture fitness (97). SARS-CoV-2 which has
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a full length ORF8 may lead to a downregulation of MHC1 and therefore be involved in immune
evasion. However, a deletion of ORF8 was seen in an isolated set of cases in Singapore. Altogether
removal of ORF8 may play a role in viral attenuation in humans (97).

Another hallmark of the coronavirus replication cycle is the formation of replication compart-
ments or replication organelles, which are thought to be formed by both viral and host factors (97).
Specifically nsp3, nsp4, and nsp6, which are membrane bound, have been implicated in diverting
host endomembranes into these replication compartments (97)). Coronavirus infection results in
the formation of ER-derived perinuclear double membrane structures such as double membrane
vesicles (DMVs) and double membrane spherules, and these organelles are highly dynamic. Parts
of the RTC such as nsp2, nsp5, and nsp6 are shown to be tethered to the DMVs, it is still unclear
exactly where replication takes place (97)). Interestingly the dsRNA intermediates formed from viral
replication are exclusively located in the DMVs, suggesting a role in immune evasion, and prevent-
ing the dsRNA intermediates from being recognized by cytosolic RNA sensors. Viral RNA synthesis
for coronaviruses has been shown to take place only in the DMVs, and recently pores have been

shown to exist that may help in release of the viral RNA for packaging and translation (97).
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Figure 7: Coronavirus replication cycle. Taken from (97).

The Coronavirus Spike Protein and Its Effect on Viral Tropism, Transmission, and Pathogen-

esis
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The coronavirus spike is a class 1 fusion homotrimeric protein that is divided into two struc-
turally and functionally distinct subunits: the S1 and the S2 (97). The S1 subunit contains the recep-
tor binding domain, which functionally is what binds to the host cell receptor, and therefore the RBD
is the determinant of viral tropism. The RBD of SARS-CoV-2 and SARS-CoV can exist in two distinct
conformations, designated as the “up” and “down” conformation (103). In the up or open confor-
mation, the RBD is pointed up with the receptor binding motif exposed for ACE2 binding, whereas
in the closed or down confirmation the RBD is facing down on the trimer apex, with the receptor
binding motif occluded. The S2 domain contains two heptad repeats as well as the fusion peptide
which mediates viral membrane-host membrane fusion. Binding of the RBD to the host receptor
mediates conformational changes which rearrange the S2 domain so that it can mediate viral mem-
brane fusion.

The ACE2 receptor was identified as the receptor for SARS-CoV entry shortly after the
SARS outbreak determined by syncytia formation between spike and ACE2 expressing cells (104).
Following the beginning of the COVID-19 pandemic ACE2 was determined to be the receptor for
SARS-CoV-2 entry as well determined by showing the dependence of a SARS-CoV-2 S pseudo-
typed VSV on ACE2 for cell entry (104, 105). The use of ACE2 as the RBD was verified with high
resolution structures of the S and as well as the RBD complexed with ACE2 (103, 106, 107). This
was also predicted to be the case due to the sequence homology of the SARS and SARS-2 spike
(78% sequence homology) which is particularly high though with distinct changes when it comes to
the ACE2 contact residues in the receptor binding motif of the RBD (104). There are other species
of bat sarbecoviruses that are also ACE2 tropic, which also maintain the RBD-ACE2 contact resi-
dues (80, 81, 105). The closest relative of SARS-CoV-2 is the bat virus RaTG13 (96% aa identity
for spike, and 96.2 nucleotide identity for the entire genome) but it has different residues at the
SARS-CoV-2 ACE2 contact positions (with only one identical residue out of the six critical ACE2
contact residues). It should be noted that RaTG13 S is able to mediate entry via human ACE2.

Furthermore ACE2 tropic SARS-like viruses have broad tropism for ACE2 from many different
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mammalian species, most likely due the conservation of RBD binding site on ACE2 (108, 109).
Altogether it is suggested that the ACE2 binding trait of SARS-CoV-2 was not one recently acquired
by recombination but rather an ancestral trait that has been shared with similar viruses (87).

The SARS-CoV-2 virus appears to have arisen via frequent recombination events with re-
lated circulating sarbecoviruses in bats. Based on phylogenetic dating methods that took into ac-
count recombination events, divergence between SARS-CoV-2 from the sarbecovirus reservoir has
been estimated to have occurred between 2-7 decades prior to its arrival in the human population
in 2019, suggesting that SARS-CoV-2 has been circulating in bats unnoticed for decades (87). The
SARS-CoV-2 Spike can be divided into three parts: the N-terminal domain (NTD), the middle re-
ceptor binding domain (RBD), and the S2 (87). The RBD middle portion of the S from SARS-CoV-
2 is closely related to SARS-CoV as well as the ACE2 tropic strains, WIV1-CoV and RsSHC014-
CoV. In contrast the NTD and the C-term S2 portion of the SARS-CoV-2 spike comfrom ZXC21-

CoV and ZC45-CoV (87).
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Based on the RBD sequence identity the sarbecovirus lineage, aka lineage B or the SARS-
like coronaviruses, appears to be divided into four clades: clade 1, which includes SARS-CoV,
WIV1-CoV, and RsSHC014-CoV; clade 1/2 which includes SARS-CoV-2; clade 2 which includes
ZCA45 and ZXC21; and clade 3 which includes BM-4831 (105). In an effort to identify receptor usage
by different sarbecoviruses, VSV pseudoviruses were pseudotyped with chimeric spikes, containing
the RBDs from 29 different sarbecovirus strains on a SARS-CoV spike backbone, and analyzed for
entry into different human and mammalian cell types (105). Most of the clade-1 strains were per-
missive to VERO cells, human tropic, and dependent on ACE2 for viral entry (with SARS-CoV-2 of
clade 1/2 also being ACE2 tropic) (105). The clade 1 mediated entry was enhanced by prior prote-
ase treatment. Interestingly some clade 2 strains were capable of viral entry into VERO cells as well
as Gl tract (Caco-2) and liver (Huh-7) cell lines and this entry was dependent on prior protease
treatment. Clade 2 and clade 3 strains were not dependent on ACE2 for viral entry, suggesting that
some other receptor on the VERO and human cell lines were mediating viral entry (105). Finally,
chimeric clade 2 and clade 3 spikes that contained a consensus receptor binding motif from clade
1 strains gained the ability to recognize ACE2 for viral entry of pseudoviruses. Altogether, there is
an ability of sarbecoviruses to use receptors on a wide variety of mammalian cells for cellular entry,
and protease compatibility most likely drives the tropism of these viruses (105).

Similar to influenza, another important feature that dictates viral tropism is the proteolytic
cleavage of the spike by host derived proteases. For SARS-CoV spike, TMPRSS2 has been iden-
tified as the main host proteases required for spike cleavage, though the endosomal cysteine pro-
tease cathepsins (CatB and CatL) appear to be utilized as well (110, 111). The two cleavage sites
were determined to be the S1-S2 (R667) cleavage site, located between the S1 and S2 subunits,
and the S2'(R797) cleavage site located right before the FP, Mutating both the S1-S2 and S2’ cleav-
age sites inhibited the efficient cleavage of the spike as well as trypsin mediated pseudoviral entry

and syncytia formation (112). TMPRSS?2 is expressed along the human respiratory tract and ap-
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pears to be important for the viral spread and pathogenesis of SARS-CoV (113). TMPRSS2 defi-
cient mice models appear to have decreased body weight loss and a lower viral load when infected
with SARS-CoV (113).

TMPRSS2 was also determined to be the predominant host protease utilized by SARS-
CoV-2, with CatB/L playing a more limited role (114). Blocking of TMPRSS2 with the inhibitor camo-
stat was able to block viral entry of Calu-3 lung cells as well as human primary airway epithelial cells
(114). Viral entry of SARS-CoV-2 was not blocked in VERO cells (African green monkey cell line)
by the TMPRSS2 inhibitor whereas E64D (a cathepsin inhibitor) did block viral entry (114). How-
ever, VERO cells expressing TMPRSS2 were inhibited more by TMPRSS2 inhibitors than by ca-
thepsin inhibitors. Altogether this suggests TMPRSS?2 is the preferred host protease for SARS-CoV-
2 viral entry (114). This preferred host protease usage appears to be the reason why hydroxychlo-
roquine was not proven to be effective in SARS-CoV-2 treatment (115). Hydroxychloroquine works
in part by preventing the acidification of the endosome which is required for the activation of the
cathepsin B/L, therefore preventing these proteins from being utilized for viral entry (115). Hy-
droxychloroquine worked in inhibiting viral entry only when TMPRSS2 was inhibited or suppressed,
where complete inhibition required both proteases to be blocked. Therefore SARS-CoV-2 can utilize
either TMPRSS2 or CatB/L for viral entry, which suggests that SARS-CoV-2 can enter cells either
directly on the plasma membrane or through the endosomal pathway, with direct entry possibly
being the preferred way. This also speaks to the use of TMPRSS2 inhibitors in a clinically relevant
manner (116).

Based on the studies highlighted above, it appears that recombinatorial events guide the
diversification of coronaviruses and drive the zoonotic emergence of coronaviruses into new spe-
cies. This highlights the importance of viral surveillance that can further elucidate the viral diversity
for sarbecoviruses in the wild and determine which of these viral strains are capable of human

tropism. Increased surveillance is therefore a necessary part of pandemic preparedness and what
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needs to be done in order to prevent or at least minimize the severity of another COVID-19-like
outbreak or pandemic.

Although both SARS-CoV and SARS-CoV-2 use ACE2 in entry, they display marked differ-
ences in replication efficiency, spread, and transmission dynamics (97, 116). SARS-CoV mainly
infects various respiratory epithelial cells in the lung, predominantly type Il pneumocytes as well as
alveolar macrophages, which matches the highest levels of surface ACE2 expression, which is in
alveolar epithelial cells in the respiratory tract (117, 118). For SARS-CoV-2, infection seems to be
in both the upper respiratory tract as well as the lower respiratory tract, suggesting that the SARS-
CoV-2 virus is capable of broader tissue tropism (119). It is the ability to replicate efficiently in the
upper respiratory tract that may allow for more efficient transmission of SARS-CoV-2 with respect
to SARS-CoV (91).

One of the reasons for the difference in host-cell tropism for SARS-CoV and SARS-CoV-2
may be due to the receptor affinity of the S protein to the ACE2, with greater affinity for the ACE2
receptor correlating with disease severity of SARS-CoV infections (97). The SARS-CoV-2 RBD on
its own recognizes ACE2 with approximately the same affinity as SARS-CoV. However the SARS-
CoV spike actually recognizes the ACE2 with a slightly lower affinity than SARS-CoV, which might
be explained by the RBD on SARS-CoV-2 being more in the closed confirmation (103). This may
be supported by the fact that the SARS-CoV-2 D614G variant that emerged and dominated rela-
tively earlier in the pandemic featured higher pseudoviral entry as opposed to the wt Wu-1 original
variant (120). The affinity of the D614G variant S protein to ACE2 was slightly higher than that of
the wt, suggesting that the RBD might be more in the open conformation (120). In addition for
SARS-CoV-2 to RBD accessibility, Neuropilin-1 (NRP1) has been determined to be a host factor
for viral entry (121). The S1-S2 cleavage of the SARS-CoV-2 spike by furin proteases exposes a
RRAR CendR motif which has been shown to bind to NRP1 (121). Furthermore, blocking NRP1 S1
interaction results in a loss of infectivity in cell culture. It should be noted that NRP1 is expressed

on most respiratory epithelial cells (121).
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One of the most notable differences between SARS-CoV-2 and the other sarbecoviruses is the
presence of the polybasic cleavage site (PRRARS) in the S1-S2 boundary. This multibasic cleavage
site allows for the efficient cleavage of the SARS-CoV S protein by ubiquitously expressed furin
proteases (103). The addition of the furin cleavage site in SARS-CoV-2 was most likely a critical
event in its evolution, since efficient S-protein cleavage is a requirement for successful infection,
and a determinant for zoonosis or overcoming species barriers.

Removal of the PRRAR S1-S2 furin cleavage site from SARS-CoV-2 has distinct effects on
pseudoviral entry into different cell types. Whereas Furin cleavage site removal improved entry into
VERO cells it decreased entry into Calu-3 lung cells and did not make a difference for Caco-2 Gl
cells (108). Furthermore addition of PRRAR to the RaTG13 S1-S2 furin cleavage site had effects
on pseudoviral entry as well, where for example it allowed for improved entry into murine ACE2
expressing cells, whereas it decreased abrogated entry into horseshoe bat and pangolin ACE2
using cells (108). This suggests a role that the furin cleavage site in SARS-CoV-2 may have con-
tributed to the expanded cell tropism as well as the zoonotic potential that is displayed by SARS-
CoV-2.

In another study removal of the polybasic S1-S2 (ACS) furin cleavage site from SARS-CoV-
2 virus improved replication in VERO E6 cells (a cell line used for passaging SARS-CoV-2) but
impaired replication in Calu-3 (lung cell line) and human airway epithelial cells or HAE (primary cells
derived from human lung tissue) (122). The SARS-CoV-2 wt virus with the S1-S2 polybasic furin
cleavage had an advantage in replicating in HAE and Calu-3 cells when compared to SARS-CoV-
2 ACS (122). Furthermore, this advantage depends on TMPRSS2, for instance replication of wt
virus matched the ACS when VERO E6 cells expressed TMPRSS2. TMPRSS2 appears to allow
for endosomal independent entry, which can allow SARS-CoV-2 to avoid the antivirals IFITM pro-
teins which respond to viruses in the endosome (122). In the absence of TMPRSS2 the endosomal
pathway must be used for CatB/L mediated cleavage and viral entry (122). In HAE culture the ACS

virus replication was restored with the addition of the IFITM inhibitor AmphoB, suggesting that ACS
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viruses replicate poorer because they prefer using the endosomal pathway and as a result activate
an antiviral response with IFITM, whereas furin cleavage site containing wt SARS-CoV-2 avoids
this pathway altogether with TMPRSS2 (122). Finally, the furin cleavage site is necessary for viral
transmission in ferrets. Whereas the wt SARS-CoV-2 virus was able to transmit from infected to
uninfected animals, the ACS virus was not able to transmit and shed to lower titers. Sequences
from SARS-CoV-2 patients showed that the removal of the furin cleavage site was at very low fre-
quency altogether suggesting that it is important as well for human-to-human transmission.

A final study showed that removing the furin cleavage site attenuated the pathogenesis of
SARS-CoV-2 in both hamsters and ACE2 transgenic mice (123). In the case of hamsters the infec-
tion with the ACS virus resulted in reduced weight loss and lower disease score as well as lower
viral titers in the nasal and oral washes, as opposed to wt SARS-CoV-2 (123). The same was true
for ACE2 transgenic mice where the infection with the ACS virus resulted in reduced weight loss,
as well as lower viral RNA titers in the nasal and oral washes as well as the lung when compared
to wt SARS-CoV-2 (123). Furthermore the lung histopathology was less severe for the ACS virus
infected mice than for the wt SARS-CoV-2 infected mice (123). Finally there were lower quantities
of chemokines (a marker for immunopathology) in the lungs of ACS virus infected mice than for the
wt SARS-CoV-2 infected mice (123). This suggests that the furin protease cleavage site may help
in part to enhance the pathogenicity of SARS-CoV-2 in humans.

Within all of the sarbecoviruses SARS-CoV-2 is the only virus that has been identified to
contain a polybasic cleavage site at the S1-S2 position. In other coronaviruses there are examples
of furin-like-cleavage sites being acquired independently through viral evolution, with furin cleavage
sites present in MERS, HCoV-OC43, and HCoV-HKU1 (97, 124). Interestingly a bat virus RmYNO02
has been identified with a PAA insertion at the S1-S2 cleavage site suggest that insertions in the
S1-S2 can take place in other strains (125). Altogether this suggests that other SARS-like corona-
viruses could emerge with features similar to SARS-CoV-2 such as a consensus of the RBD-motif

or a furin cleavage site at S1-S2, which could result in future outbreaks.
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Innate immune responses to SARS-CoV-2

The PRRs that recognize SARS-CoV-2 are not determined yet but are most likely TLR3,
TLR7, RIG1, and MDAS, which are the main PRRs recognizing foreign RNA PAMPs, and stimulat-
ing the interferon response (27) (see section on innate immunity for influenza). The regulation of
the interferon response in COVID-19 is critical in the disease outcome and is not entirely under-
stood.
In vitro infection of SARS-CoV-2 in cell lines resulted in low induction of Type | and Type Il IFNs,
and consequently moderate ISG levels, and a distinct pro-inflammatory cytokine signature consist-
ing of IL6, IL1b, and TNF as well as many chemokines (27). Type | IFNs were also at low levels in
SARS-CoV-2 infected patients independent of disease severity (27). In PBMCs of infected individ-
uals, type | IFN expression was also low, through there was a transient early burst of IFNa possibly
from the lungs. In mild to moderate COVID-19 patients there was a decline of IFNa and IFNA after
the first week, whereas in severe patients there is an increase of Type | and Ill IFNs during the
second week (27). In a murine model, it was found that Type | IFNs do not control infection but
rather are determinants of pathogenesis.
SARS-CoV-2 employs multiple tools to antagonize the IFN response as a method of immune eva-
sion, with a total of 10 proteins so far identified. Nsp16 prevents recognition of viral RNA by intra-
cellular RNA sensors, as well as shut down cellular RNA splicing (27). Nsp1 as described prevents
binding of mMRNA to the ribosome shutting down translation of cellular proteins. Nsp8 and nsp9
prevent protein trafficking to the plasma membrane. Altogether the result is the suppression of type
| interferon responses in the cell (27). Identification of the viral host cell interactome implicated other
nsps and ORFs in the suppression of Type | IFN activation such as nsp13, ORF6, and nsp15 and
ORF9b which have been confirmed to suppress Type | IFNs in functional analysis (27). Altogether

SARS-CoV-2 attenuated the Type | IFN response in various different ways, which interferes with
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the crosstalk between antiviral, proinflammatory and adaptive immune responses, with implications
for the severity and outcome of COVID-19 (27).

Soluble factors such as cytokines, chemokines, inhibitory factors and metabolites, all work
together to orchestrate the immune responses, the immune cell functions, and the immune cell
localization (locally and systemically) (27). Therefore they play an important role in disease, espe-
cially when their levels and functions are dysregulated (27). This type of soluble factor dysregulation
is known as the “cytokine storm” or cytokine release syndrome (CRS), and has been implicated in
the severe disease outcomes that are seen in some COVID-19 patients (27).

In the lungs SARS-CoV-2 enters and rapidly replicates in type Il pneumocytes resulting in a
proinflammatory state where cytokines such as IL6, IL1b, and TNF are elevated. Infection of mon-
ocytes but not dendritic cells results in a similar cytokine manifestation suggesting infected mono-
cytes may be the source of this signature (27). The cytokines involved in the NF-kB pathway appear
to be mostly involved in this case, where NF-kB dependent cytokines can result in the accumulation
of both neutrophils and macrophages in the lung (27). The presence of neutrophils and macro-
phages further induces more inflammatory cytokines and chemokines in the bronchoalveolar lavage
fluid (BALF) ( CCL2, CCL3, CCL4, and CXCL10) as well as systematically through circulation (IL-
1, IFNg, IL-17, TNF, IP-10, MCP-1, G-CSF, GM-CSF, IL-1RA, CCL2, CCL3, CCL5, CCL8, CXCL2,
CXCL8, CXCL9, and CXCL16) (27).

These types of cytokine signatures were observed in COVID-19 patients particularly during
the second week of disease in severe patients (27). These cytokine profiles in combination with the
neutrophil and macrophage infiltration in the lungs result in excessive inflammation in the lung, acute
respiratory distress syndrome (ARDS), characterized by pulmonary edema, lung epithelial necrosis,
vascular endothelial damage, and multi-organ system failure (27). Several clinical laboratory pa-
rameters can be used as a surrogate marker for this cytokine signature including alanine ami-
notransferase, lactate dehydrogenase, C-reactive protein (CRP), ferritin, and D-dimers (27). IL-6

and TNF have been shown to be elevated in blood immune cells. The elevation of TNF as well as
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IFNy is sufficient for the induction of pyroptosis, apoptosis, and PANoptosis (necrosis) and resulting
inflammatory cell death seen in the infected lung tissue and driving COVID-19 mortality. In more
mild disease elevated IFNy and IL10 are another distinct signature (27). Longitudinal studies in
COVID-19 patients reveal a dynamic profile of cytokine levels. Another feature of the overexuberant
activation of inflammation and cytokine storm is the failure of the inflammation to resolve (27).

In children COVID-19 disease is mostly mild but there are rare cases of a multi system
inflammatory syndrome or MIS-C which manifest a couple of months after infection (27). The in-
flammatory cytokine profile is similar to another pediatric inflammatory disease (Kawasakis, which
causes vasculitis) as well as acute severe covid disease, however it also has features that are
unique. Autoantibodies might also be implicated in the pathogenesis of MIS-C (27).

The recognition of SARS-CoV-2 virus by innate immune cells drives innate immune re-
sponses which bring in more innate immune cells as well as activating the adaptive immune re-
sponse for the purpose of viral clearance (27). In COVID-19 patients infected respiratory epithelial
cells release chemokines that result in an influx of monocytes and neutrophils to the nasopharyn-
ges, BALF, and parts of the lung. In severe cases, chemokine levels are elevated, and neutrophils
recruited to higher levels. Proinflammatory macrophages are also seen in severe patients which
may lead to pathology by the recruitment of granulocytes and monocytes to the lungs (27).

In another study elevated neutrophils and NK cells, with lower amounts of T-cells and den-
dritic cells were seen in the BALF of severe patients, whereas clonally expanded CD8-T-cells were
seen in moderately infected patients (27). The increased levels of neutrophils with respect to lym-
phocytes (high NLR ratio) are indeed a hallmark of severe COVID-19 disease. Another feature is
the dysfunction of CD14+ monocytes potentially implicated in their ability to present antigen for
activation of adaptive immune responses (27). The neutrophils in severe COVID-19 have been
shown to have activated neutrophil extracellular traps (NETs) formation. NETosis can seed immu-

nothrombosis, with platelets and neutrophils interacting and guiding thrombus formation, which
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could explain the pro-thrombotic complications and coagulopathy seen in severe COVID-19 pa-
tients. Plasmacytoid dendritic cells are also reduced and impaired in function in severe COVID-19
patients (27). Lymphopenia or the reduction of lymphocytes was also seen in severe COVID-19, as
well as a reduction in levels of NK-cells as well as NK-cell exhaustion. Plasmacytoid dendritic cells
(pDCs) are also reduced and impaired in function in severe COVID-19 patients. Conventional den-
dritic cells (cDCs) are also impaired with reduced activation and therefore poorer antigen presenta-

tion for activation of the adaptive immune response (27).

Adaptive immune response to SARS-CoV-2: T-cell responses

The innate immune dysregulation described above has been shown to result in aberrant T-
cell responses, therefore studies probing the T-cell responses in convalescent patients have been
carried out. The magnitude and composition of the CD4+ and CD8+ T-cells reactive to SARS-CoV-
2 have been identified in COVID-19 patients (126). SARS-CoV-2 infection resulted in robust CD4+
and CD8+ T-cell responses in a majority of convalescent COVID-19 patients (126). For CD4+ T-
cell responses a majority of the T-cell responses were elicited towards the spike followed by M and
N which matched protein abundance during infection. CD4+ T-cells that recognize the ORFs and
nsps were at a much lower abundance with ORF7a, ORF3a, and ORF8 being the best recognized
(126). Furthermore CD4+ T-cell responses correlated with serum IgG titers against the spike RBD.
CD8+T-cell responses also predominantly targeted spike, followed by M followed by N, with ORF3a
and ORF8 being the best recognized from the remainder of the ORFeome (126). Interestingly, in
unexposed individuals there was the presence of SARS-CoV-2 specific CD4+ and CD8+ T-cells
suggesting that these are cross-reactive T-cells elicited by infections of other human coronaviruses
(126). Altogether this revealed that strong T-cell responses occurred in recovered patients of
COVID-19, with a clear ID hierarchy favoring the highly expressed structural proteins, with the CD4

T-cell response playing a role in improving the antibody response (126).
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T-cell responses were also tracked 6 months post infection. CD4+ and CD8+ T-cell re-
sponses were around 50% higher in symptomatic vs asymptomatic individuals (127). Furthermore
CD4+ T-cells correlated with antibody titers 6 months after infection (127).

It is estimated that 20-50% of uninfected individuals have CD4+ T-cells directed against
SARS-CoV-2 viral proteins (128). The CD4+ T-cell repertoire was analyzed in uninfected individuals
using a peptide pool that displayed peptides from different SARS-CoV-2 proteins (128). The most
vigorous CD4+ T-cell responses in uninfected individuals targeted Spike protein accounting for
around 50% of the response (128). The epitopes targeted by the CD4+ T-cells of uninfected indi-
viduals were cross-reactive for other HCoVs. Furthermore a majority of these cross-reactive CD4+
T-cells originated from the memory T-cell compartment suggesting that they were elicited from prior
infection (128). Further inspection of these cross-reactive memory-T-cells suggested that they had
comparable affinity with peptides from SARS-CoV-2 and the other 4 HCoVs, HCoV-OC43, HCoV-
229E, HCoV-NL63, and HCoV-HKU1. This existence of CD4+ T-cell memory could partially explain
the differences in disease outcomes in COVID-19 patients (128).

T-cells elicited by SARS-CoV-2 display acquire normal memory phenotypes suggesting that T-cell
immunity can be recalled during reinfection (129). Both T-cell hyperactivation and T-cell exhaustion
phenotypes have been seen in COVID-19. For instance CD38+ expression on T-cells, a marker of
T-cell Activation, correlated with disease severity (129). Additionally, decreases in regulatory T-cell
subsets such as T-regs have been shown as well. Markers for CD8+ T-cell exhaustion (overstimu-
lation of T-cells that results in dampening of activity usually a feature of chronic infection) and im-
munosuppression have been observed following infection (129). There is evidence that T-cell
memory recall responses are not impaired after recovery (129). There is a wide variety of different
conflicting phenotypes that have been reported for T-cells, suggesting that the T-cell responses to

COVID-19 are highly variable owing to the variability seen in disease severity.
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Studies trying to characterize the immunotype profiles, or the characteristics of the immune cell
types, kinetics and activity, were carried out for patients that represented mild, moderate, and se-
vere COVID-19 disease (130). There were 3 immunotypes observed that featured distinct T-cell
phenotypes. 1mmunotype 1 featured robust CD4+ T-cell responses, highly activated or exhausted
CD8+ T-cells, with poorer Trn responses (CD4+ T-follicular helper cells) (130). Immunotype 2
instead had less robust CD4+ T-cell responses, with effector like CD8+ T-cells, and plasmablast
and MBC responses, Immunotype 3 had lack of lymphocyte responses that were almost indistin-
guishable from uninfected individuals (130). Immunotype 1 correlated with the most severe disease
which matches the overexuberant, exaggerated, and dysregulated immune responses (130). Other
signatures associated with disease severity were identified, though it is hard to exactly identify the
determinants and mechanisms of disease severity using these studies (129).
Th1 CD4+ T-cell responses with balanced Ty1/Th2 and CTL responses are generally hallmarks of
T-cell mediated immunity against viral infections (129). In COVID-19 convalescent individuals Tn1
CD4+ T-cells are dominantly elicited with IFN-g, TNF-a, and IL-2 cytokine expression profiles, which
were present in both mild and severe cases (129). Additionally CD8+ T-cells featuring IFN-g, TNF-
a, GzmB, and/or CD107a, which are markers of CD8+ T-cell cytotoxicity and degranulation) have
been identified on convalescent patients, though increases of these cell types have correlated with
more severe outcomes (129). In some but not cases of severe disease, Tv2 and Tu3 responses
have been identified which may be associated with pro-inflammatory cytokine secretion that result
in neutrophilia, excess inflammation, tissue and organ damage as well as impaired T-cell function
(129). It is also possible that T-cell recognition of self-epitopes or superantigens during COVID-19
infection may result in the tissue damage seen in severe cases as well as the MIS-C syndrome in
children (129).

Trn responses are required for the generation of affinity matured neutralizing antibodies. In

COVID-19 convalescent individuals who have mild or moderate disease, The S-specific Trure-
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sponses were characterized by Tu1/2 and Tu17, with Ty1/2 correlating the best with plasma neu-
tralization potency (129). Furthermore, TrH cells with germinal center activity signatures have been
identified in convalescent individuals. The proportion of T417 and the total S-specific Trninversely
correlate with disease severity where Tn17 skewed responses generally appear in more severe

cases (129).

Adaptive immune response to SARS-CoV-2: B-cell responses and antibodies

The B-cell and humoral antibody response to COVID-19 is currently thought to be one of the main
correlates of protection against SARS-CoV-2 in both vaccines and against reinfection (131). A ma-
jority of the antibodies detected in SARS-CoV-2 infection target the two structural proteins S and N
(132). A major focus of the antibody response against SARS-CoV-2 is to the S protein particularly
the RBD since it mediates viral entry and is a target of neutralizing antibodies (133). In convalescent
COVID-19 patients serum antibodies that were screened for binding of S protein and RBD via ELISA
revealed highly heterogeneous responses. Serum antibody levels appeared to wane over time but
were relatively stable across all age groups. The neutralizing antibody response against SARS-
CoV-2 S pseudotyped lentivirus as well as authentic SARS-CoV-2 also matched this high hetero-
geneity with some individuals having high serum neutralization ( >5000 IDso) whereas a majority
featured low serum neutralization (<50 IDso) (133). Hospitalized patients appeared to have a mod-
est significantly higher serum neutralization and binding to S protein. Binding to S protein as well
as RBD did correlate with serum neutralization potency (133). Although serum neutralization was
not particularly high in most individuals, nonetheless antibody sequencing from B-cells was able to
pull out highly neutralizing antibodies that bound the RBD (133).

The polyclonal antibody response to SARS-CoV-2 in convalescent COVID-19 individuals was char-

acterized by ELISAs and polyclonal EM of plasma IgGs to identify binding features of anti-S anti-
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bodies (134). Binding of plasma IgGs to SARS-CoV-2 S protein and RBD was strongest as ex-
pected. Binding of plasma IgGs against SARS-CoV revealed some IgG binding to full S protein as
well as RBD, whereas binding to MERS was limited to full S protein only (134). This makes sense
as there is some sequence conservation between SARS-CoV-2 S protein and S-RBD whereas for
MERS-CoV the S2 domain is the only domain that is well conserved. There were plasma IgG re-
sponses to the S protein and RBD to other HCoV alpha and beta coronaviruses, but these were
most likely elicited from prior in (134). Polyclonal EM revealed that antibodies targeted both the
RBD as well as the NTD, suggesting that these domains may be immunodominant. Further char-
acterization of monoclonals from these individuals revealed that potently neutralizing antibodies that
targeted the RBD, occluded the ACE-2 binding site on the RBD therefore potentially blocking ACE2
binding (134).

Since the RBD of Spike is immunodominant, the distinct epitopes on the spike protein were further
characterized through structural studies of eight monoclonals isolated from convalescent patients
that targeted the RBD (135). The structures solved using both single particle cryo-EM and X-ray
Crystallography revealed 4 distinct classes of antibodies that recognize 4 different epitopes (135).
Class 1 antibodies recognize the ACE2 binding motif (hence block ACE2 binding) and only recog-
nize RBDs that are in the up conformation. Class 2 antibodies, which recognizes both up and down
conformations, blocks the ACE2 binding motif as well, and can contact adjacent RBDs (135). Class
3 antibodies that bind outside of the ACE2 binding motif and recognize both up and down confor-
mations. Class 4 antibodies that do not bind the ACE2 binding site and only recognize the up con-
formation. Interestingly somatic hypermutation of these antibodies did not map to the antibody par-
atopes, suggesting that these binding capabilities are completely germline encoded (135). Most of
these antibody neutralizing functions depend on their ability to block the interaction of the RBD with
ACE2 (135). Of note is that class 4 epitopes are highly conserved between sarbecoviruses and
therefore class 4 antibodies are highly broad, although because they do not block ACE2 binding as

well, they are less potent (135-137). Class 3 and well as class 4 antibodies were isolated from
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SARS-CoV convalescent individuals being able to cross react with and neutralize SARS-CoV-2
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Figure 9: Structural depiction of 4 different classes of antibodies that recognize the RBD. Taken

from (135).

Longitudinal studies that tracked the antibody responses as well as B-cell responses overtime have
also been carried out. In both mild and severe convalescent patients although serum neutralizing
titers waned over the period of 5 months, S-reactive IgG MBCs were stable or increased. Isolating
monoclonals at different timepoints from these individuals revealed that over time the somatic hy-
permutation increased, as well as binding affinity and neutralization potency. The B-cell ID hierarchy

was also characterized at different time points via binding of the monoclonal panel to S-RBD, ACE2
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blocking vs non-ACE2 blocking, NTD, other S1 and S2. Broad coverage of these epitopes was seen
in most individuals and the ID hierarchies remained stable over time. Interestingly quite a large
percent of monoclonals recognized the S2 domain. A relatively low percentage of antibodies were
potently neutralized with the large majority recognizing the ACE-binding site of RBD, and only a
small fraction recognizing non-ACE2 RBD. The rest of the epitopes were largely non-neutralizing.
Neutralization potency did however increase over time. Finally, only the S2 binding monoclonals
were cross reactive to HCoV-OC43 and HCoV-HKU1, and these monoclonals started out with a
high level of SHM, suggesting that these antibodies were activated by a recall response to HCoVs.
On the other hand the antibodies cross-reactive to SARS-CoV recognized both RBD as well as S2,
and these antibodies started out with a similar SHM to SARS-CoV-2 specific antibodies suggesting
that these antibodies were elicited from the naive response to SARS-CoV-2 infection (138). These
antibodies that are cross-reactive between SARS-CoV-2 and SARS-CoV may be class 3 and class
4 like antibodies.

Another study looked at longitudinal analysis 1.3 months and 6 months after infection. The study
confirmed IgG titer and neutralizing titer waning with the concomitant maintenance or increase of
S-reactive MBCs, and higher levels of SHM 6 months after infection (139). Interestingly the clonal
diversity changed after 6 months with fewer clones expanded after 1.3 months present in the 6
months MBC repertoire, and low overlap between the two timepoints. This suggests that there may
be prolonged GC interactions with extensive clonal turnover and antibody evolution, also suggesting
the prolonged presence of antigens in GCs (139). Isolating monoclonals from both timepoints indi-
cated that although the overall affinity against the RBD between the two timepoints was not signifi-
cantly different, the affinity between paired antibodies from the same lineage isolated at two time
points was significant with the 6-month antibodies showing higher affinity (139). The antibodies
from the 6-month time point were also more resistant to RBD mutants. These binding features
matched neutralization where the 6-month paired antibodies were more potent than the 1.3-month

antibodies against wt as well as the mutant SARS-CoV-2 viruses. Finally antigen persistence was
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seen in the bowel of asymptomatic individuals at 4 months identified by immunofluorescence stain-
ing for NP as well as PCR of intestinal biopsies (139). Altogether this study suggests a model of
antigen persistence after SARS-CoV-2 infection that drives prolonged GC reactions characterized
by high clonal turnover as well as antibody evolution that produces antibodies with higher binding
and neutralization as well as resistance to variants of concern (139).

In a study that tracking protection mediated by anti-SARS-CoV-2 humoral immunity revealed that
IgG+ titers against SARS-CoV-2 were not substantially different between deceased and recovered
individuals (140). However a higher proportion of the humoral response to S protein improved out-
comes and was enriched in recovered individuals whereas an anti-NP response that was skewed
towards ADCC and other functional responses correlated with deceased patients (140). The immu-
nodominant recognition of spike in convalescent individuals correlated with better outcomes in a
larger set of individuals with skewed responses towards NP correlating with deceased patients
(140). Another study confirmed this result where a large cohort study revealed that a larger propor-
tion of anti-S or anti-RBD antibodies compared to anti-NP were seen in mild cases versus severely
ill or deceased individuals (132). Furthermore higher IgG titers to RBD and S correlated with de-
creases in RNAemia, but did not necessarily correlate with disease outcome (132). Altogether these
studies suggest that the quality and type of the antibody responses against SARS-CoV-2 rather

than the amount influence disease outcomes.

SARS-CoV-2 Vaccines

Perhaps the greatest achievement in modern science is the striking efficacy and effective-
ness of the SARS-CoV-2 vaccines. To date a total of three vaccines have been approved for emer-
gency use authorization in the United States which include the Modera and Pfizer mRNA vaccines
as well as the Johnson and Johnson Adenovirus vectored vaccines. Currently there are 5 major

types of vaccines in the advanced stages of clinical testing. This includes mRNA vaccine, replication
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defective adenovirus vectored vaccines, inactivated pathogen vaccines, protein subunit vaccines,
and VLP vaccines (141).

mRNA vaccines are composed of a viral MRNA encapsulated in a proprietary lipid nanopar-
ticle, and have been shown to induce robust humoral and cellular immunity (142). When injected
intramuscularly they can be taken up by APCs such as dendritic cells or macrophages. Since they
are composed of RNA, they can be recognized by the cytosolic RNA sensors activating innate im-
mune responses (142). Furthermore the lipid carrier can also be recognized as a PAMP, therefore
mRNA vaccines are not adjuvanated (142). In APCs they can also be translated and used to present
peptides to both MHC1 and MHC2 inducing strong CD4+ and CD8+ T-cell responses (142). Finally
they can be taken up by cells to produce viral proteins that are recognized by the B-cell compart-
ment and result in a strong humoral response (142). One disadvantage of mRNA vaccines is that
they require long-term cold storage (-70°C for Pfizer or -20°C for Moderna) and can only be stored
at 4°C for short periods of time, due to the unstable nature of RNA.

Both the Pfizer BNT162b2 and Moderna mRNA-1273 vaccines contain an mRNA that en-
codes for a S trimer that is stabilized in the prefusion conformation, and the immunization regime is
2 doses (143, 144). Both of these vaccines elicited robust antibody responses as well as T-cell
responses in a two dose regimen (143, 144). Finally, both vaccines were shown to be safe and
efficacious against disease (94.1% for Moderna mRNA-1273, and 95% for Pfizer BNT162b2). Fi-
nally use of both vaccines in the US were shown to be effective at preventing infection as well in
health care workers with 90% protection for full immunization and 80% for partial immunization.
Similar reports out of Israel for the Pfizer BNT162b2 showed real life reduction in COVID-19 disease
incidence and severity demonstrating the robust protection of these mRNA vaccines.

A study of the B-cell responses elicited on SARS-CoV-2 mRNA vaccination in naive and
recovered individuals revealed distinct MBC and antibody responses (131). For naive individuals

prime and boost of the mRNA vaccines were required for most optimal antibody responses deter-
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mined by ELISA serum binding and neutralization (131). This was especially true for variant neu-
tralization where the neutralization for naive individuals after the prime was only detectable against
the B.1.351 after the boost, however the neutralization potency against B.1.351 was significantly
lower than for D614G (131). For recovered individuals antibody responses peaked after the prime
with no change boost for both serum binding and neutralization, including the neutralization against
the variants, with equivalent neutralization titers against D614G and B.1.351 variants (131). MBC
reactive to the SARS-CoV-2 spike were efficiently elicited after prime and reached maximum levels
after boosting in naive individuals after vaccination. Similar to the antibody levels elicited in the
SARS-CoV-2 recovered cohort, MBC levels peaked after the prime but did not change after the
boost. Furthermore, MBC levels elicited after the prime in SARS-CoV-2 exposed individuals corre-
lated with the pre-vaccination MBC levels, suggesting a successful recall of memory in SARS-CoV-
2 infected individuals (131).

Adenovirus vectored vaccines use a replication incompetent adenovirus as a carrier for viral
genes encoded as DNA. They have similar advantages to RNA vaccines where in this case the
DNA can be recognized by cytosolic DNA sensors, with efficient presentation of peptides to both
MHC-1 and MHC-2, and expression of the viral genes for humoral antibody responses (141). They
are also not adjuvanated and are stable long-term at more reasonable temperatures ( 4°C) (141).
There are four Ad-vectored vaccines currently in use globally: the Jansen JNJ-
78436735/Ad26.COV2 from Jansen a Johnson & Johnson subsidiary, AZD1222 (ChAdOx1) from
AstraZeneca/Oxford University, Gam-COVID-Vac/Sputnik V from Gamaleya Research Institute/
Russian institute of health, and the Ad5-nCoV from CanSino Biological. All four vaccines use differ-
ent adenoviruses as the vaccine vector, Human Ad26 for Jansen NJ-78436735, Chimpanzee
ChAdOx1 for AstraZeneca AZD1222, Human Ad26 (for prime) and Ad5 (for boost) for Gam-COVID-
Vac/Sputnik V, and Human Ad5 for Ad5-nCoV from CanSino Biological (141). Only the JNJ
Ad26.COV2 vaccine uses a perfusion stabilized S protein. Remarkably the efficacy (prevention of

moderate and severe disease) for the single dose regimen of the JNJ Ad26.COV2 vaccine reached
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76.7%, whereas in South Africa where the B.1.351 variant was circulating it reached 64.0% (145).
This showed that the Ad-vectored vaccines could be efficacious with a single dose. Some of the
other Ad vectored vaccines. The Gam-COVID-Vac/Sputnik V was also highly efficacious where the
Ad26 prime and an Ad5 boost regimen resulted in 96.1% efficacy (146).

Altogether vaccines have been shown to be both safe and effective in clinical trials as well
as in real-world scenarios. It is unclear whether these vaccines will provide cross-protection to other
coronavirus including ones that may emerge in the future. Three coronaviruses emerged within the
last two decades. Furthermore, there is a large viral reservoir that exists within bats and other mam-
malian species globally. Therefore, it is likely that these coronaviruses will be the source for future
outbreaks. This emphasizes the need for strategies to combat these viral threats to human health,
with one potential solution being the development of a universal coronavirus vaccine that would
protect against a wide swath of coronaviruses from current and future coronavirus strains. In Chap-
ter 3, a mosaic nanoparticle immunization strategy will be described that elicits a polyclonal antibody
response with high cross-reactivity and cross-neutralization potency to all viruses in the sarbe-

covirus lineage, suggesting a promising route in the development of a pan-coronavirus vaccine.
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This Chapter describes the design and production of mosaic nanoparticles that co-display up to
eight different hemagglutinins trimers derived from group 1 and group 2 HAs, as an immunization
strategy to elicit a broadly reactive immune response against HA. The mosaic-HA particles were
characterized through biochemical and structural methods. Immunizations with mosaic-HA parti-
cles were carried out and antibody as well as B-cell responses were characterized. Although im-
munization with these particles did induce robust antibody responses against the antigens pre-
sents, a benefit was not observed when compared to immunization with a mixture of homotypic
particles
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Abstract

Current influenza vaccines do not elicit broadly protective immune responses against multiple
strains. New strategies to focus the humoral immune response to conserved regions on influenza
antigens are therefore required for recognition by broadly neutralizing antibodies. It has been sug-
gested that B-cells with receptors that recognize conserved epitopes would be preferentially stimu-
lated through avidity effects by mosaic particles presenting multiple forms of a variable antigen. We
adapted SpyCatcher-based platforms, AP205 virus-like particles (VLPs), and mi3 nanoparticles
(NPs) to covalently co-display SpyTagged hemagglutinin (HA) trimers from group 1 and group 2
influenza A strains. Here we show successful homotypic and heterotypic conjugation of up to 8
different HA trimers to both VLPs and NPs. We characterized the HA-VLPs and HA-NPs by cryo-
electron tomography to derive the average number of conjugated HAs and their separation dis-
tances on particles, and compared immunizations of mosaic and homotypic particles in wild-type
mice. Both types of HA particles elicited strong antibody responses, but the mosaic particles did not
consistently elicit broader immune responses than mixtures of homotypic particles. We conclude
that covalent attachment of HAs from currently-circulating influenza strains represents a viable al-
ternative to current annual influenza vaccine strategies, but in the absence of further modifications

is unlikely to represent a method for making a universal influenza vaccine.

Key words: Influenza virus, Hemagglutinin nanoparticles, Hemagglutinin VLPs, SpyCatcher, Na-

noparticle vaccine, Immunizations, Cryo-electron tomography
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Introduction

Each year, influenza virus infections affect 5-30% of the global population, resulting in millions of
severe infections and hundreds of thousands of deaths [1]. Yearly epidemics are typically caused
by the influenza type A, with a smaller number of infections resulting from type B. Vaccines can
minimize the incidence of severe infections; however, they do not offer complete protection and
have to be re-administered annually [1, 2]. The lack of complete efficacy of current vaccines can be
attributed to several reasons. Mainly, the virus undergoes antigenic drift in which mutations accu-
mulate over time that can allow the virus to evade the humoral immune response [1]. This requires
that the vaccine formulation be renewed yearly so that the vaccine strains match the circulating
strains as closely as possible. Influenza virus also features high antigenic diversity resulting in pre-
dominantly strain-specific antibody responses and making it difficult to recognize conserved regions
on the viral antigens [2, 3]. Furthermore, through the mechanism of antigenic shift, the RNA seg-
ments from strains of different origins can reassort, resulting in new strains that are typically the
cause of global pandemics that can rapidly circulate within an antigenically-naive population [1].
Altogether, these necessitate the need for a universal flu vaccine that could confer protection
against a broad swath of antigenically-distinct strains, thereby eliminating the need for yearly vac-

cines and offering protection against emergent pandemics.

The antibody response to influenza is primarily directed against the hemagglutinin (HA) and neu-
raminidase glycoproteins, which appear as a dense array of spikes on the surface of the viral parti-
cles [3, 4]. The majority of the neutralizing antibody response is against HA, the most abundant viral

surface glycoprotein and the sialic acid-binding receptor that mediates fusion between the viral and
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host membranes. Influenza HA is a trimer of HA1 and HA2 heterodimers, which can be subdivided
into head and stalk domains [3, 4]. The HA head is composed of the middle portion of the HA1
sequence, contains the sialic acid binding site responsible for host cell recognition, and features
high variability between different strains/subtypes. The HA2 subunit along with N- and C-terminal
regions of HA1 encodes for the more conserved stalk domain, which contains the fusion peptide
involved in viral/host cell membrane fusion [3, 4]. Antibodies against the immunodominant HA head
can be strongly neutralizing, but are also strain specific, with the exception of antibodies that rec-
ognize the receptor binding site [3, 5, 6]. In contrast, the HA stem is immunosubdominant; however,
stem antibodies are often broader, although generally less potent than anti-head antibodies, and
can induce antibody-dependent cellular cytotoxicity (ADCC) responses [3, 7-9]. Within the past 10
years, broadly neutralizing antibodies (bNAbs) against influenza that target conserved HA stem
epitopes have been discovered, but these antibodies have thus far been difficult to elicit [10]. It is
generally believed that a broadly protective or “universal” vaccine would require the induction of
anti-HA stem antibodies. As a result, there have been numerous attempts to refocus the immune

response to these conserved epitopes [11-16].

One strategy to redirect the antibody response towards invariant epitopes was co-displaying influ-
enza HAs from different strains on nanoparticles [16]. The rationale was to display HAs from several
strains on a multimerized platform, such that any two adjacent HAs have a low probability of being
identical, thereby giving a competitive advantage to B-cells with B-cell receptors (BCRs) that use
avidity effects to recognize conserved epitopes shared between different strains. By contrast, BCRs
that recognize strain-specific epitopes could not use avidity effects to bind adjacent HAs, thus would

be less likely to be activated [16]. In this study, monomeric HA receptor binding domain (RBD)
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sequences were fused to an engineered ferritin subunit to create self-assembling particles display-
ing up to eight different RBD sequences derived from H1N1 strains at 24 total positions [16]. The
elicited humoral immune response in injected mice featured high breadth and potency against a
panel of diverse H1N1 strains, which was most apparent the larger the number of HAs that were
co-displayed, such that the simultaneous display of 8 different HAs elicited the greatest breadth in
comparison with immunization of a cocktail of 8 different homotypic HA nanoparticles. Sorting and
isolation of memory B-cells that were positive for HAs from two different strains further supported
the use of this strategy for inducing cross-reactive B-cells. A logical follow up to this study would be
to co-display HA ectodomain trimers including the stalk and head regions instead of RBD head

domain monomers, with the hope of eliciting antibody lineages with increased breadth.

We reasoned that co-display of multiple HA trimers on a nanoparticle would be facilitated by a sys-
tem in which soluble HA trimers could be covalently attached to a protein nanoparticle, thereby
avoiding potential folding problems created by genetically fusing protomers from a trimer to a nano-
particle subunit. Numerous NP platforms and coupling strategies have been explored for vaccine
design [17]. The “plug and display” strategy involves the use of virus-like particles (VLPs) or nano-
particles (NPs) fused to a SpyCatcher protein that is covalently conjugated to a purified antigen
tagged with a short (13-residue) SpyTag [18, 19]. The conjugation involves the formation of an
isopeptide bond between a lysine from the SpyCatcher protein and an aspartate from the SpyTag
[20]. An advantage of the SpyCatcher-SpyTag system is that it allows for the spontaneous irreversi-
ble conjugation of a purified antigen with native-like post-translational modifications to a scaffold via

an incubation of the antigen and scaffold proteins under physiological conditions. Available Spy-
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Catcher protein scaffolds are highly versatile, coming in different forms that range from a bacterio-
phage AP205 T=3 icosahedral particle (180 SpyCatchers) to a designed dodecahedral NP called
mi3 (60 SpyCatchers) [18, 19]. We recently used AP205 SpyCatcher-VLPs to display SpyTagged
trimeric HIV-1 Envimmunogens and demonstrated priming in immunized mice and non-human pri-
mates of B-cells carrying receptors displaying characteristics of V3-glycan patch-targeting HIV-1

bNAbs [21].

Here we describe the use of bacteriophage AP205-based SpyCatcher VLPs and engineered parti-
cle mi3-based SpyCatcher NPs [18, 19] to display a diverse array of HA ectodomain trimers from
group 1 and group 2 influenza A strains. Successful conjugation was demonstrated by size-exclu-
sion chromatography (SEC), SDS-PAGE, and electron microscopy (EM), with up to eight different
HA trimers successfully conjugated to mosaic mi3 particles. Our results demonstrated that Spy-
Catcher-VLPs and SpyCatcher-NPs can be easily used to stably display at least 8 different trimeric

antigens and that AP205-HA and mi3-HA particles produced strong immune responses in mice.

Materials and methods

Expression and purification of soluble HA trimers. HA ectodomain trimers were ex-
pressed as shown schematically in Fig 1A with a C-terminal foldon trimerization domain, 13-residue
SpyTag [20], and a 6x-His (modified from HA constructs in [22] to include a SpyTag). Genes corre-
sponding to the modified HA1-HA2 sequences (residues 1-504 H3 numbering) from
A/Aichi/02/1968 (Aichi; H3), A/Shanghai/1/2013 (SH13; H7), A/Jiangxi-Donghu/346/2013 JX346;
H10), A/swine/HuBei/06/2009 (HBO9; H4), A/California/04/2009 (CAQ9; H1), A/Vietham/1203/ 2004

(Viet04; H5), A/Japan/305/1957 (JP57; H2), and A/guinea fowl/Hong Kong/1999 (WF10; H9N2)
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were subcloned into a pTT5 expression vector. Genes encoding SpyTagged HAs with a YO8F mu-
tation (H3 numbering) were constructed using site directed mutagenesis. HA ectodomain trimer
constructs were expressed by transient transfection using the Expi293 Expression System (Ther-
moFisher), and soluble HA trimers were purified from transfected cell supernatants by standard Ni-
NTA chromatography using a prepacked HisTrap™ HP column (GE Healthcare) and SEC using a
HiLoad® 16/600 Superdex® 200 column (GE Healthcare). Proteins were concentrated using an
Amicon Ultra 15 mL 30K concentrator (MilliporeSigma) and stored at 4°C in 20 mM Tris pH 8.0, 150
mM NaCl, 0.02% NaNs (TBS buffer).

HA ectodomain trimers for ELISAs were expressed as above without the 13-residue SpyTag or the
Y98F substitution. Additional strains only used for ELISA include: A/shearwater/West Aus-
tralia/2576/79 (WA79; H15) and Afflat-faced bat/Peru/033/2010 (Pe10; H18). The CA09-miniHA
construct (construct #4900) [11] was subcloned into a pTT5 mammalian expression vector with a
6x-His tag and expressed and purified as described for the HA ectodomain trimers. For flow cytom-
etry experiments, an Avi-tag was inserted after the C-termini of the Aichi, Viet0O4, and CA09 HAs
with the Y98F substitution. Avi-tagged HAs were expressed and purified as described above and
biotinylated using the Biotin ligase kit (Avidity) according to the manufacturer’s protocol. Biotinylated
CA09-HA, Aichi-HA and Viet04-HA were incubated with eBioscience™ Streptavidin APC, Streptav-
idin PE-eFluor™ 610, or Streptavidin PE (ThermoFisher) overnight at 4°C at a 1:1 molar ratio of HA

trimer to streptavidin subunit.

Expression of SpyCatcher-VLPs and SpyCatcher NPs. pGEM-SpyCatcher-AP205-CP3 for ex-

pression of SpyCatcher-VLPs was the kind gift of Dr. Mark Howarth (Oxford University). pGEN
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SpyCatcher AP205-CP3 was transformed into OverExpress™ C41(DE3) E.coli (Sigma). Single col-
onies were picked and inoculated into a 2xYT (Sigma) overnight starter culture and then grown in
1L 2xYT media with shaking at 220 rpm at 37°C until OD 0.5 (Aeo), after which they were induced
with 0.42 mM IPTG and grown for 5 hours at 30°C. Cultures were harvested and pellets were frozen
in lysis buffer (20mM Tris-HCI pH 7.8, 150mM NacCl, 0.1% Tween 20, 75 mM imidazole). For pro-
ducing VLPs for conjugation, pellets were thawed and lysed with a cell disruptor in the presence of
2.0 mM PMSF (Sigma). The lysate was spun at 21,000xg for 30 min, filtered with a 0.2 um filter,
and VLPs were isolated by Ni-NTA chromatography using a prepacked HisTrap™ HP column (GE
Healthcare). SpyCatcher VLPs were eluted with 2.0 M imidazole, 50 mM glycine, 25 mM sodium
citrate, 0.1% Tween 20, pH 8.5. Eluted VLPs were concentrated using an Amicon Ultra 15 mL 30K
concentrator (MilliporeSigma) and further purified by SEC using a HiLoad® 16/600 Superdex® 200
(GE Healthcare) column equilibrated with 500 mM glycine pH 8.0, 250 mM sodium citrate, 1%
Tween 20. VLPs were then stored at 4°C and used for up to 1 month for conjugations. SpyCatcher-
VLPs precipitated out of solution over time and before conjugations they were either filtered with a

0.2 pm filter or spun down at 21,000g for 10 min.

The pET28a His6-SpyCatcher-mi3 gene (Addgene) was transformed into BL21 (DE3)-RIPL E.coli
(Agilent). Single colonies were picked and inoculated into an LB overnight starter culture, and grown
in 1L LB media until OD 0.8 (Asoonm) With shaking at 220 rpm at 37°C, after which they were induced
with 0.5 mM IPTG and grown for 16-20 hours at 20°C. Cultures were then harvested and pellets
were frozen in lysis buffer (250 mM Tris-HCI pH 8.0, 150 mM NaCl, 50 mM imidazole, 0.02% NaN3).
For producing NPs for conjugation, pellets were thawed and lysed with a cell disruptor in the pres-

ence of 2.0 mM PMSF (Sigma), and the lysate was spun at 21,000xg for 30 min, filtered with a 0.2
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um filter, and NPs were isolated by Ni-NTA chromatography using a prepacked HisTrap™ HP col-
umn (GE Healthcare), and eluting with 2.0 M imidazole, 20 mM Tris-HCI pH 8.0, 150 mM NacCl,
0.02% NaNs. Eluted NPs were concentrated using an Amicon Ultra 15 mL 30K concentrator (Milli-
poreSigma) and further purified by SEC using a HiLoad® 16/600 Superdex® 200 (GE Healthcare)
column equilibrated with 25 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.02% NaNs. NPs were then stored
at 4°C and used for up to 1 month for conjugations. SpyCatcher-NPs precipitated out of solution
over time, and before use for conjugations they were either filtered with a 0.2 um filter or spun down

at 21,000g for 10 min.

Preparation of HA-VLPs and HA-NPs. Purified SpyCatcher-VLPs or SpyCatcher-NPs were incu-
bated with a 1.2-fold molar excess (HA protomer to VLP or NP subunit) of purified SpyTagged HA
(either a single HA for making homotypic particles or an equimolar mixture of two or more HAs for
making mosaic particles) at room temperature in TBS (25 mM Tris-HCI pH 8.0, 150 mM NaCl,
0.02% NaNs) overnight. Conjugated VLPs or NPs were then separated from free HA trimers by
SEC on a Superose 6 10/300 (GE Healthcare) column equilibrated with PBS (20 mM sodium phos-
phate pH 7.5, 150 mM NaCl). Fractions corresponding to conjugated VLPs or NPs were collected
and analyzed via SDS-PAGE. Concentrations were determined using a Bio-Rad Protein Assay. For
stability studies, mosaic NP preps were stored for a month at 4°C and then analyzed via SEC using
a Superose 6 10/300 (GE Healthcare) column equilibrated with PBS (20 mM sodium phosphate pH

7.5, 150 mM NacCl).

EM. HA-conjugated and unconjugated VLPs and NPs were compared by negative-stain EM. Ul-

trathin, holey carbon-coated, 400 mesh Cu grids (Ted Pella, Inc.) were glow discharged for 60 s at
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15 mA. A 3-ul aliquot of SEC-purified HA-VLPs and HA-NPs diluted to approximately 40-100 ug/mi
were applied to the grids for 60 s, and then negatively stained with 2% (w/v) uranyl acetate for 30
s. Data were collected with a FEI Tecnai T12 transmission electron microscope at 120 keV at

42,000x magnification.

SEC-purified HA-VLPs and HA-NPs were prepared on grids for cryo-ET using a Mark IV Vitrobot
(ThermoFisher Scientific) operated at 21°C and 100% humidity. 3.1 pL of sample was mixed with 1
uL of 10 nm colloidal gold beads (Sigma-Aldrich) as fiducial markers and then applied to 300 mesh
Quantifoil R2/2 grids, blotted for 3.5 s, and plunge-frozen in liquid ethane surrounded by liquid ni-
trogen. Cryo-ET was performed on a 300kV Titan Krios transmission electron microscope (Ther-
moFisher Scientific) equipped with a Gatan energy filter (slit width 20 eV) operating at a nominal
33,000x magnification. For HA-VLPs, tilt series were collected on a K2 direct electron detector (Ga-
tan) with a pixel size of 2.23 Aspixel” using SerialEM software [25], a -3 to -6 um defocus range,
and a total of 98 e*A? per tilt series. For HA-NPs, tilt series were recorded in counting mode on a
K3 direct electron detector (Gatan) with a pixel size of 2.68 Aspixel” using SerialEM [25], a -4 to -5
um defocus range, and a total dose of ~140 e**A? per tilt series. For both data collections, tilt series
images were collected using a dose-symmetric tilt scheme [26] ranging from -60° to 60° with 2° and
3° intervals for HA-VLPs and HA-NPs, respectively. Images were aligned and reconstructed using

IMOD [27, 28].

Immunizations. All animal experiments were carried out in 4-6 week old female Balb/c mice ob-
tained from Charles River Laboratories. The immunizations with HA-VLPs and HA-NPs in Fig 4A

and Fig 5A, respectively, were done in Balb/c mice (n=4 in each group) through intraperitoneal (ip)

124



125

injections of 20 ug of antigen in 200 pL of 50% v/v of adjuvant (Sigma Adjuvant System®). For
experiments in Fig 4A, mice were immunized on Day 0 and boosted on Day 14. Animals were bled
weekly via tail veins. For animals in Fig 5A, mice were also boosted on Day 37. Mice were eu-
thanized 2 weeks later (Day 49, 51), bled through cardiac puncture, and had their spleens har-
vested. For Fig 7A, mice (n=5 except for mi3- or VLP-immunized mice, where n=2) were immunized
with the indicated immunogen in 100 pL of 50% v/v of AddaVax™ adjuvant (Invivogen) and boosted
with adjuvant on Day 14, 28, and 168. This adjuvant was chosen in order to compare with previous
experiments [16, 29]. Mice were euthanized 2 weeks after the final boost (Day 182,183), bled
through cardiac puncture, and had their spleens harvested. All blood samples were allowed to clot
at room temperature in MiniCollect® Serum and Plasma Tubes (Greiner), and then serum was
harvested, frozen in liquid nitrogen, and stored at -80°C until use. All of the animal experiments were
performed using experimental protocols approved by the Institutional Animal Care and Use Com-
mittee (IACUC), California Institute of Technology (Protocol IA19-1725). Animals were euthanized
at the end of the experiment and spleen tissue was harvested for in vitro analysis to look at the
memory B-cell response. Animals were euthanized with CO2 inhalation, confirmed by lack of heart-

beat and/respiratory rate.

ELISAs. Nunc® MaxiSorp™ 384-well plates (Sigma) were coated with 10 ug/ml of a purified HA
(without a SpyTag) in 0.1 M NaHCOs pH 9.8 and stored overnight at 4°C. Plates were blocked with
3% bovine serum albumin (BSA) in TBS-T (TBS with 0.1% Tween 20) for 1 hr at room temperature.

Plates were washed with TBS-T after each step. Serum was diluted 1:100 and then serially diluted
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by 4-fold with TBS-T/3% BSA and added for 3 hr at room temperature. A 1:50,000 dilution of sec-
ondary HRP-conjugated goat anti-mouse IgG (Abcam) was added for 1 hr at room temperature.
Plates were developed using SuperSignal™ ELISA Femto Maximum Sensitivity Substrate (Ther-
moFisher) and read at 425 nm. Curves were plotted and integrated to obtain the area under the
curve (AUC) using Graphpad Prism 8.3. Statistical differences of AUC titers between groups were

calculated using Tukey’s multiple comparison test via Graphpad Prism 8.3.

In vitro neutralization assays. Neutralization assays were conducted using live PB1flank-eGFP
virus for BSL 2 strains A/Aichi/02/1968 (X31; H3N2), A/California/04/2009 (CA09; H1N1),
AlTexas/36/1991 (TX91; H1IN1), and A/Wisconsin/67/2005 (WI05; H3N2) as described [30] using
reagents kindly provided by Dr. Jesse Bloom (Fred Hutchinson). Plasma was set at a top dilution of
1:200 (for Fig 4C) or 1:100 (For Fig 5C) and serially diluted 5-fold (for Fig 4C) or 4-fold (For Fig 5C)
for a total of 8 dilutions. Pseudovirus assays were conducted as described [31] for BSL 3 strains
A/Shanghai/1/2013 (SH13; H7), A/dJiangxi-Donghu/346/2013 (JX346; H10), A/Vietnam/1203/ 2004
(Viet04-H5), and A/Netherlands/219/2003 (NLO3-H7). Plasma was set at a top dilution of 1:200 (for
Fig 4C) or 1:100 (For Fig 5C) and serially diluted 4-fold for a total of 8 dilutions. Neutralization data
were plotted, curves were fit, and IDso values were calculated using Antibody Database [32]. Re-
ported ICsos are geometric means, which are suitable for data sets covering multiple orders of mag-
nitude [33]. Statistical differences of IDso titers between groups were calculated using Tukey’s mul-
tiple comparison test via Graphpad Prism 8.3. Correlation between neutralization IDses and ELISA

AUC titers were calculated using the Pearson correlation function on Graphpad Prism 8.3.
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Flow cytometry. Single cell suspensions were prepared from immunized mouse spleens by me-
chanical dissociation using the back of a syringe plunger. Cell suspensions in 70 um cell strainers
were washed in cold RPMI 1640 media and treated with ACK lysing buffer (Gibco) to lyse red blood
cells. The resulting white blood cell preparation was resuspended in RPMI 1640 MACS and en-
riched for memory B-cells using the negative selection portion of the protocol in a mouse Memory
B-cell Isolation Kit (Miltenyi). For the experiment in Fig 6A, enriched splenocytes were then stained
with the following monoclonal antibodies and reagents: CD4-APC-eFluor 780 (clone: RM4-5),
F4/80-APC-eFluor 780 (clone: BM8), CD8a-APC-eFluor 780 (clone: 53-6.7), Ly-6G-APC-eFluor
780 (clone: RB6-8C5), IgM-PerCP-eFluor 710 ( clone: 11/41) (eBioscience), CD19-FITC (clone: 6D5)
(Biolegend), IgG1 BV421 (clone: X40), IgG2 BV421 (clone: R19-15) (BD Bioscience), and CA09-
HA-APC, Aichi-HA-PEeflour610 and Viet04-HA-PE (prepared as described above). Cell viability
was analyzed with Ghost Dye™ Violet 510 (Tonbo). For the experiment in Fig 8A, enriched spleno-
cytes were stained with the following monoclonal antibodies and reagents: CD4-APC-eFluor 780
(clone: RM4-5), F4/80-APC-eFluor 780 (clone: BM8), CD8a-APC-eFluor 780 (clone: 53-6.7), Ly-
6G-APC-eFluor 780 (clone: RB6-8C5), IgM- APC-eFluor 780 ( clone: 11/41) (Thermo-fisher Scien-
tific), CD19-FITC (clone: 6D5) (Biolegend), IgG1 BV421 (clone: X40), IgG2 BV421 (clone: R19-15)
(BD Bioscience), and CA09-HA-APC, Viet04-HA-PE for looking at CA09+Viet04+ B-cells, CA09-
HA-APC and Aichi-HA-PE for looking at CA09+Aichi+ B-cells, or Sh13-HA-APC and Aichi-HA-PE
for looking at Sh13+Aichi+ B-cells (all HA probes were prepared as described above). Cell viability
was analyzed with Ghost Dye™ Violet 510 (Tonbo). Splenocytes were incubated for 30 min at 4°C
in the dark and then washed twice with staining buffer (HBSS, 50 mM HEPES pH 7.4, 2.5 mg/ml
BSA, 50 ug/ml DNAse, 1 mM MgCl,). Stained cells were then analyzed with a SY3200 Cell Sorter

(Sony) configured to detect 9 fluorochromes. 500,000-1,000,000 events were collected per sample
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and analyzed via FlowJo software (TreeStar). Statistical differences of antigen-specific B-cell pop-
ulations between groups were calculated using Tukey’s multiple comparison test via Graphpad
Prism 8.3. Correlation between percentage of antigen-specific B-cells and ELISA AUC titers were

calculated using the Pearson correlation function on Graphpad Prism 8.3.

Results and discussion

Construction of HA-VLPs and HA-NPs. We adapted the AP205 SpyCatcher-VLP platform that
we had previously used to conjugate a trimeric HIV-1 immunogen [21] as a way to increase the
intrinsic immunogenicity of HA, mask undesired epitopes located at the bottom of the HA trimer,
and attach different HA trimers to the same particle. We reasoned that the SpyCatcher-VLP platform
could be used to display more than one HA by incubating with equimolar amounts of different
SpyTagged HAs. Although the SpyTagged HAs would be conjugated at random to available Spy-
Catcher proteins, there should be no advantage for the conjugation of one HA over another since

they all contained the same SpyTag.

We first expressed and purified SpyTagged soluble HA trimers derived from 8 different influenza
strains from group 1 and group 2 influenza A viruses (Fig 1A). The constructs for each HA protomer
contained HA1 and the HA2 ectodomain (residue 1-503 H3 numbering) linked to a C-terminal foldon
trimerization domain, a SpyTag, and a 6x-His tag (Fig 1A). The HAs for the SpyCatcher-mi3 conju-
gations included the sialic acid binding knockout mutation Y98F (except for the SpyTagged HAs

used to conjugate the SpyCatcher-VLPs). SpyTagged HAs including the Y98F substitution purified
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from the supernatants of transiently-transfected mammalian cells were verified to form monodis-

perse and well-behaved trimers by SEC and SDS-PAGE (Fig 1B).

We used SpyCatcher-AP205 VLPs and SpyCatcher-mi3 NPs as conjugation platforms for multiva-
lent display of HA trimers. AP205-SpyCatcher VLPs are icosahedral capsids (T=3 symmetry) with
180 copies total, therefore 180 SpyCatchers were available for conjugation (Fig 1C). AP205-Spy-
Catcher VLPs were expressed in E. coli and purified via Ni-NTA affinity chromatography followed
by SEC (Fig 1D) [18]. The Spycatcher-AP205-VLPs eluted near the void volume as a single mon-
odisperse peak. SpyCatcher-mi3-NPs are an engineered dodecameric scaffold with 60 total subu-
nits, and therefore 60 conjugation sites [19] (Fig 1E). The SpyCatcher-mi3s were also expressed in
E. coli, purified by Ni-NTA affinity chromatography followed by SEC, and analyzed with reducing

SDS-PAGE (Fig 1F).

Using the SpyCatcher-AP205 VLPs, we first evaluated coupling of two recombinant HAs: A/Califor-
nia/04/09 H1 (CA09-HA) and A/Aichi/02/1968 H3 (Aichi-HA) (chosen to represent two strains that
would normally be present in an annual influenza vaccine [2, 3]). Conjugations of the AP205-Spy-
catcher VLPs were carried out by room temperature incubation with CA09-HA, Aichi-HA, or an
equimolar mixture of both HAs in a 1.2 molar excess to the VLPs (HA protomer to VLP subunit) to
prepare CAQ09-, Aichi-, and mosaic-2 VLPs, respectively (Fig 2A). VLP-conjugated HA trimers were
separated from free trimers by SEC (Fig 2B), and successful conjugation of the SpyCatcher VLPs
to Aichi-HA, CA09-HA, and both HAs was verified by a shift in apparent molecular weight (from 75

kDa to 100 kDa) detected by SDS-PAGE for HAs conjugated to the VLP subunits (Fig 2B).
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Because VLPs conjugated with more than two different HAs tended to precipitate out of solution,
we switched to the SpyCatcher-mi3 NP platform, which is similarly immunogenic as the AP205
platform, but has been shown to exhibit improved yields, stability, and uniformity [19]. In addition,
we modified the SpyTagged HAs to include a receptor binding site mutation, Y98F (H3 numbering),
to abolish sialic acid binding [34] that could result in interactions of aggregation of HAs on neigh-
boring particles. Starting with 8 HAs from influenza group 1 and group 2 strains (Fig 1A) with pan-
demic potential [35], we made mosaic-2, mosaic-4 and mosaic-8 NPs (each with an equal repre-
sentation of group 1 and group 2 strains) and the 8 corresponding homotypic HA-conjugated NPs
(Fig 2C). Homotypic and mosaic HA-mi3s were purified via SEC, and conjugation was verified by a
shift in apparent molecular weight (from 75 kDa to >100 kDa) detected by SDS-PAGE for HAs
conjugated to the mi3 subunits (Fig 2D,E). To assess stability of the conjugated NPs, mosaic NP
samples stored for one month at 4°C were analyzed for degradation by SEC, revealing little to no

free HA trimer for both the mosaic-4 and mosaic-8 NPs (Fig 2E).

EM characterization of HA-VLPs and HA-NPs. Negative-stain EM revealed increased diameters
for conjugated VLPs and NPs compared with their unconjugated counterparts (Fig 3A). HA-conju-
gated VLPs were also examined by single-particle cryo-EM. 2D class averages of mosaic-2 VLPs
showed ordered density for the AP205 VLP, but blurred densities for attached HAs (Fig 3B), sug-

gesting variability in trimer orientations with respect to the VLP surface.

Since the HA trimer densities could not be reliably interpreted by single-particle cryo-EM, we used
cryo-ET to derive 3D reconstructions of individual HA-conjugated VLPs and NPs. Tomograms (Sup-

plemental Movies 1 and 2) showed particles with average diameters of 60 nm (HA-VLPs) and 50
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nm (HA-NPs) and revealed densities for individual HA trimers on VLPs and NPs. The trimers were
separated by distances of ~7-10 nm and ~12-15 nm for VLPs and NPs, respectively (measured
between the head regions of trimer axes on adjacent HAs). To estimate the number of conjugated
HA trimers, we counted HA densities in ~3 nm tomographic slices of individual HA-VLPs and HA-
NPs at their widest diameters, where the symmetries of each type of particle predicted a maximum
of 20 potential attachment sites. We found 9-16 HA densities for conjugated VLPs and 6-8 densities
for conjugated NPs, corresponding to occupancies of 45-80% (VLPs) and 30-40% (NPs). Since
AP205 VLPs and mi3 NPs contain 180 or 60 SpyCatcher domains, respectively, this translates to

~81-144 conjugated HA trimers per AP205 VLP and ~18-24 trimers per mi3 NP.

Immunizations with homotypic- and mosaic-HA-VLPs/NPs. Our next goal was to determine
whether mosaic HA-VLPs induced a more cross-reactive humoral immune response compared with
a mixture of the corresponding homotypic HA-VLPs. We first immunized one group of four mice
with mosaic-2 VLPs (presenting CA09 plus Aichi HAs) and a second group of four mice with an
equal mixture of CA09-VLPs and Aichi-VLPS (admix-2) (Fig 4A). In addition, we immunized groups
of mice with only Aichi-VLPs or only CA09-VLPs. In all cases, mice were primed with equal doses
of VLPs plus adjuvant, boosted 2 weeks later without adjuvant, and bled weekly for serum analyses.
Serum ELISAs were performed to measure IgG binding to purified HAs from a panel of group 1 and
group 2 influenza A strains (Fig 4B). As expected, IgG titers elicited by immunization with mosaic-
2- and admix-2-immunized mice were similar to titers elicited by CA09-VLP immunization against
CA09 HA and Aichi-VLP immunization against Aichi-HA. Against heterotypic HAs not coupled tom
the VLPs (Viet04, Jp57, WF10, Sh13, and JX346 HAs), IgG titers were similar for both mosaic-2-

and admix-2-immunized mice, although titers were consistently higher compared with both CA09-
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VLP- and Aichi-VLP-immunized mice. Thus in terms of elicited IgG binding of HAs, it appeared that
immunizing with the mosaic-2 VLPs that contained group 1 and group 2 HAs was no better at in-
ducing cross-reactive binding of HAs from divergent strains than the corresponding admixture. How-
ever, the mosaic-2 and admix-2 injections induced heterologous breadth that could not be explained

by the overlapping immunogenicity of the homotypic VLPs.

Next, we determined neutralizing activity of the serum samples using in vitro neutralization assays
(using infectious viruses for BSL 2 strains and pseudoviruses for BSL 3 strains) against a panel of
group 1 and group 2 influenza A strains (Fig 4C). For the mosaic-2- and admix-2-immunized mice,
neutralizing titers against homotypic infectious virus strains (CA09 and Aichi) were consistent with
the ELISA titers against these strains. Against the Viet04 and JX346 pseudoviruses, neutralization
titers were not detectable except for one animal in the admix-2 group. Against the Sh13 pseudo-
virus, neutralizing titers for the mosaic-2-immunized mice were higher than for the other groups,
although the spread in potency was broad and overlapped with the other groups. When considering
the neutralization and ELISA results together, the mosaic-2 VLPs did not induce greater breadth

than the corresponding mixture of homotypic VLPs.

In order to determine whether mosaic HA-NPs with higher valencies could elicit antibody responses
with higher breadth, we conducted experiments similar to those described for VLPs to compare
injections of mosaic-2, -4 and -8 NPs with the corresponding admixtures of homotypic NPs (Fig 5A),
a CA09-NP homotypic control, and unconjugated SpyCatcher-NPs. A final boost was performed 5
weeks after the first prime and animals were sacrificed 2 weeks later to harvest spleens for B-cell

analysis. Serum IgG titers from Day 21 and Day 49 were measured by ELISA against a panel of
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purified HAs from homotypic and heterotypic group1 and group 2 strains (Fig 5B) and against un-
conjugated SpyCatcher-NPs (mi3 NPs in Fig 5A). All groups of mice exhibited antibody responses
to unconjugated SpyCatcher-mi3, suggesting that SpyCatcher and/or NP epitopes are accessible

on HA-conjugated particles.

Against HAs from homotypic strains (CA09 and Aichi), the serum from mice immunized with both
the admix and mosaic NPs featured equivalent titers, with the exception of the admix-4 mouse
group, which responded with overall lower titers and included 2 mice with no responses. Against
the Viet0O4 and Sh13 HAs (presented on particles with valencies of 4 and 8), the response was
slightly higher for the mosaic-2 NPs than for the CAO9-NP and admix-2 groups, whereas the mo-
saic-4, mosaic-8 and admix-8 groups showed higher titers, although over a broad range that in-
cluded mice with poor responses even against strains of HA that were presented on admix-4 NPs.
Against the Jp57, JX346, WF10, and HB0O9 HAs (only present on the valency-8 NPs), the admix-8
and mosaic-8 titers were equivalent to each other and the highest on average. The titers against
heterologous HAs from the CA09-NP-injected mice were similar to titers from mice injected with
unconjugated SpyCatcher-NPs, with the exception of responses against Jp57 HA. Responses to
the mosaic-2 NPs were slightly higher than responses against admix-2 and CA09-NP, again except
for the recognition of Jp57 HA. One animal in the mosaic-4 group exhibited high titers against HAs
from all strains in comparison to the admix-4 mice, with the mosaic-4 responses being on par with
responses from the animals immunized with the valency-8 NPs. Finally, against HAs from Pe10 and
WAT9 (not presented on the any of the NPs), serum titers were low for most of the injected animals
except for some animals from the mosaic-4 group (e.g., the animal that exhibited high titers against

strains not represented on the mosaic-4 NPs), and admix-8- and mosaic-8-immunized mice.
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ELISAs were also used to evaluate recognition of CA09-miniHA, a stabilized stem-only construct
derived from CAO09 HA [11] to investigate whether there was preferred recognition of stem epitopes
by the animals immunized with mosaic NPs. We found that the serum response against the CA09
stem was equivalent to responses against the head-containing CA09 HA trimer, with the CA09-NP-
immunized mice exhibiting the highest titers (Fig 5B), suggesting that the mosaic NPs did not pref-

erentially elicit anti-stem responses.

ELISA titers determined for serum samples obtained on Day 49 showed similar responses as Day
21 titers with a few exceptions. For example, the mosaic-8 NP-immunized mice had lower titers
compared to the admix-8 mice against some of the HAs, suggesting that the additional immuniza-
tions were not consistently resulting in strong immune responses. The mice immunized with the
mosaic-4 NPs mounted more robust responses, although two of the animals exhibited low titers
against all of the strains (as compared with three animals from Day 21). Based on ELISAs, we did
not find strong evidence of increased cross-reactivity induced in animals immunized with the mosaic
NPs compared with animals injected with the corresponding admix-NPs of the same valency. How-
ever, for the mosaic-4 NP group, one animal repeatedly showed high titers of IgG binding to HAs

from all strains tested, suggesting that this animal may have induced cross-reactive antibodies.

We also conducted in vitro neutralization assays using Day 49 serum against a panel group 1 and
group 2 influenza strains (Fig 5C). For CA09, neutralization titers correlated with ELISA titers (S1A
Fig), with CA0O9-NP-immunized mice showing the highest neutralization titers. The neutralizing re-

sponse to Aichi HA also correlated with ELISA titers (S1C Fig). For the two heterotypic H1 and H3
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HAs (TX91 and WIO05 strains), serum from all animals was non-neutralizing, suggesting that neu-
tralizing antibodies that cross-react within the H1 and H3 subtypes were not induced. For Viet04
and Sh13, neutralization correlated with the ELISA titers (S1B and S1D Fig) with valency 4 and 8
mosaic and admix particles showing higher neutralization titers as expected. Against NLO3, the
neutralizing responses were difficult to interpret due to high background neutralization from the un-
conjugated mi3 control serum. For JX346, neutralization titers also correlated with ELISA results
(S1E Fig). Overall, it appeared that the mosaic NPs did not offer an advantage compared to corre-
sponding mixtures of homotypic particles in induction of neutralizing antibodies, although the mo-

saic-4 groups included some animals in which greater breadth was induced than admix-4 animals.

B-cell responses induced by mosaic- versus homotypic-NP immunizations. In order to deter-
mine if cross-reactive B-cells were elicited in mice immunized with the mosaic NPs, IgG+ B-cells
from immunized mouse spleens were probed for binding to soluble HAs from three different influ-
enza strains using flow cytometry (Fig 6A). The percent binding was determined by gating antigen-
specific populations to compare populations positive for CA09, Viet04, or Aichi HAs alone, and for
double-positive populations representing B-cells that exhibited cross-reactivity (Fig 6B). As ex-
pected, the CA09+ population was the largest for the CA09-NP-immunized mice, with the rest of
the mosaic and admix groups eliciting lower proportions of the CA09+ B-cells. Admix and mosaic
groups with valencies of 4 and 8 elicited a similar level of Viet04+ IgG+ B-cells, as expected since
Viet04 HA was present only on these NPs. Interestingly, the mosaic-2-immunized mice elicited a
somewhat lower, but detectable, number of Viet04+ B-cells, which were not present in the admix-2

and homotypic CA09-NP samples. Except for the CA09-NP-immunized mice, all animals showed
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Aichi+ B-cells; however, the mosaic-2-immunized mice elicited the largest number of antigen-spe-
cific B-cells, consistent with ELISA and neutralization results (Fig 6A-B). Interestingly, very few
CAQ09+/Viet04+ B-cells were induced in all immunized animals, with the exception of one animal in
the mosaic-4-immunized group, which also featured a high serum IgG and neutralizing response.
The CAQ09-NP and admix-8 immunized mice also induced double-positive B-cells, although to a
lesser extent. CA09+/Aichi+ and Viet04+/Aichi+ double-positive B-cells were not detected for any
of the animals (data not shown). As expected, antigen-specific B-cell populations (CA09+, Viet04+
and Aichi+) correlated strongly with ELISA serum binding (Aichi-HA, Viet04-HA, and Aichi-HA, re-
spectively; S2A-S2C Fig). Interestingly, the percent of double-positive CA09+Viet04+ B-cells corre-
lated with serum titers for Pe10-HA (S2D Fig), a strain not represented on any of the particles. This
suggests that animals that induced CAQ09+Viet04+ B-cells also had cross-reactive serum antibod-
ies. Although there was no significant difference in the induction of double-positive B-cells between
the mosaic versus admix NP-immunized mice, there is some capacity for the HA-conjugated NPs

to induce cross-reactive B-cells and antibodies.

Comparison of Mosaic NP and VLP immunizations. Several possibilities could account for why
no significant differences between mosaic NPs and the corresponding admixture of homotypic NPs
were observed. One reason is that there were some animals from each group that did not respond
strongly to either prime or boost as determined by ELISA (Fig 5B). Another possibility is that the
mi3 NP platform is not as immunogenic as the AP205 VLP platform, which can serve as a self-

adjuvant via toll-like receptors since AP205 carries bacterial nucleic acid [18, 19].
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Another animal experiment was conducted to compare mosaic VLPs and mosaic NPs with their
counterpart admixtures. Mosaic VLPs and mosaic NPs were prepared with valencies of -4 and -8
along with the corresponding admixtures of homotypic VLPs and NPs (S2A and S2B Fig). Groups
of 5 mice were immunized with mosaic and admixture VLPs and NPs, CA09-NP, and CAQ9-VLP,
as well as unconjugated NPs and VLPs as controls (Fig 7A). Mice were then boosted with the same
antigen in the presence of adjuvant a total of 3 times over the course of 4 months. Mice were bled
every two weeks after each immunization. Two weeks after the third boost, mice were sacrificed for

B-cell analysis using harvested spleens.

Serum IgG titers were measured via ELISAs using samples from Day 28 against HAs from a panel
of group 1 and group 2 strains (Fig 7B). There was no significant difference between antibody titers
elicited by mosaic NPs or mosaic VLPs and their counterpart admixtures of equivalent valency
against any of the strains tested. Furthermore, there was no major difference between antibody
titers from animals immunized with mosaic VLPs versus mosaic NPs. Serum IgG responses against
both SpyCatcher-mi3 NPs and SpyCatcher-AP205 VLPs were high not significantly different be-
tween all animal groups, suggesting a strong background response against both spycatcher and

mi3 or AP205 platforms (S4 Fig).

However, there was a statistically significant difference in ELISA titers against CA09-H1, when com-
paring mice immunized with CA09-VLPs with respect to mice immunized with mosaic-4 VLPs
(p=0.0018) and mosaic-8 VLPs (p=0.0084). The difference between CA09 mi3 versus the mosaic
NPs was not significant. This suggests that the increase of valency of strains represent on the mo-

saic VLPs reduced the humoral response against at least one of the component strains.
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Somewhat surprisingly, mice immunized with either CA09-NP or CA09-VLP, which only presented
the group 1 CA09 H1N1 HA, elicited antibody titers that were cross-reactive against all of the strains
tested including the group 2 HAs, often to a similar level as the admix and mosaic VLPs and mosaic
NPs that had those strains represented (Fig 7B), suggesting that immunization with a monovalent

particle can be sufficient to induce cross-reactivity. Day 42 ELISA titers showed a similar trend (S2B

Fig).

Flow cytometry comparisons of mosaic NP and VLP immunizations. The antigen-specific B-
cell response for the mice immunized with mosaic VLPs or mosaic NPs was characterized using
flow cytometry (Fig 8A). IgG+ splenocytes were analyzed for binding to a panel of soluble HAs
derived from four strains: two from group 1 (CAQ09 and Viet04) and two from group 2 (Aichi and
Sh13). The percent binding was determined for each antigen by gating the antigen-specific CD19+,
IgG+, B-cell population that recognized either CAQ9, Viet04, Sh13, and Aichi HAs alone (Fig 8A),
or that recognized double-positive populations that represented cross-reactive B-cells (Fig 8B).
Three sets of double-positive cross-reactive antigen specificities were interrogated: CA09+/Viet04+
to look for group 1 breadth, Sh13+/Aichi+ to look for group 2 breadth, and CA09+/Aichi+ to look for

group 1/group 2 breadth (Fig 8B).

Single positive populations for CA09, Viet04, Aichi, or Sh13 correlated with the Day 28 ELISA titers
(S5A-S5D Fig). CA09-NP and CAQ9-VLP elicited a significantly higher percentage of CA09+ B-cells
with respect to both the mosaic and admix versions of NPs and VLPs (Fig 8A), in agreement with

ELISA results in which the CA09-VLPs elicited higher anti-CA09 titers than mosaic-4 and mosaic-8
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VLPs (Fig 7B). There were no statistical significant differences in the percent of antigen-specific B-
cells between mosaic-4 and mosaic-8 NPs and VLPs. However, as a general trend, the higher the
mosaic valency, the lower the percent of strain-specific B-cells that were elicited, especially in the
case of Viet04+ and Aichi+ B-cells (Fig 8A). Interestingly, mice immunized with CAO9-NP and CAQ9-
VLP induced antigen-specific B-cells that were specific to Viet04, Aichi, and Sh13 (Fig 8A). This
could explain why cross-reactive ELISA titers were observed for these animals against HAs from

every strain that was tested.

Similar to the results shown in Fig 6B, induction of cross-reactive CA09+/Viet04+ B-cells were rare
(Fig 8B). The difference in the percent of CA09+/Viet04+ B-cells between mosaic, admix, and ho-
motypic VLPs/NPs was therefore not significant. Interestingly, both CA09-NP and Ca09-VLPs were
able to induce CAO09+/Viet04+ B-cells, suggesting that immunization with monovalent CAQ9-
VLPs/NPs was sufficient to induce cross-reactive B-cells. As previously observed, the percent of
CAQ09+/Viet04+ B-cells correlated with the Day 28 serum ELISA titers against Pe10, a mismatched

strain not represented on any of the VLPs or NPs (S5E Fig, p=0.0234),

Induction of Ca09+/Aichi+ B-cells was observed, although rarely, making it unclear whether they
represented B-cells that were cross-reactive to group 1 and group 2 HAs (Fig 8B). Sh13+/Aichi+ B-
cells were also observed at a low frequency (Fig 8B). Since both of these populations were rare,
there was no significant difference in the percent of double-positive B-cells between each group of

immunized mice.

Conclusions
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Attempts to develop broadly protective influenza vaccines have been challenging partly due to the
immunodominance hierarchy of antibody epitopes on HA. The variable epitopes on the HA head
tend to be more easily recognized than invariant stem epitopes, therefore driving a predominantly
strain-specific immune response [2, 3]. A potential strategy to redirect the antibody response to-
wards more conserved stem epitopes is to co-display influenza HAs from different antigenically-
distinct strains on particles. A previous study demonstrated the potential for this approach in that
antibody responses with greater breadth were observed for mice injected with mosaic HA receptor
binding domain particles compared with counterpart homotypic admixtures [16]. Here we sought to
extend these results by preparing homotypic and mosaic particles containing trimeric HAs that in-
cluded stem epitopes that are not present on monomeric HA receptor binding domains. Since HA
trimers cannot be fused to ferritin nanoparticles, as previously done to prepare the monomeric HA
receptor binding domain particles [16], we used a “plug and display” strategy [18] to covalently cou-
ple trimeric HAs to symmetric particles with different numbers of attachment sites (VLPs with 180
attachment sites and NPs with 60 attachment sites), thereby developing a simple method to make
homotypic particles displaying a single strain of HA and mosaic particles displaying HAs derived
from up to 8 strains. We demonstrated successful conjugation of HA trimers using biochemical
methods and EM imaging, including cryo-ET to examine coupling densities of HA on VLPs and
NPs. Our biochemical and EM analyses of HA-VLP and HA-NP particles provide useful characteri-
zations for future efforts to utilize the SpyCatcher-SpyTag “Plug and Display” approach [18] for ho-

motypic and heterotypic display of oligomeric antigens.

Our results showed that immunizations with mosaic particles conjugated with HA trimers did not

offer a clear advantage in the induction of cross-reactive B-cells compared with immunization of
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mixtures of homotypic particles. The finding that mosaic particles conjugated with monomeric HA
receptor binding domains showed increased induction of cross-reactive B cells compared with ad-
mixtures [16], but that mosaic HA trimer particles compared with admix HA trimer particles did not,
suggests that potential advantages of mosaic presentation may be related to particular forms of an
antigen. For example, the monomeric HA antigens coupled to ferritin were limited to inducing HA
head-specific antibodies [16], whereas the trimeric HA ectodomains contained head epitopes as
well as stem epitopes that may be partially occluded from interactions with BCRs. In addition, the
HA head monomers that were coupled to ferritin were restricted to the H1N1 subfamily [16],
whereas our study involved HA trimers derived from group 1 and group 2 influenza strains. Con-
sistent with our results, a recent study using designed nanoparticles to present trimeric HAs from
influenza A and B strains also reported no increased breadth of antibody responses against mosaic

particles compared with admixtures [29].

Although a clear difference in the degree of cross-reactive B-cells induced by mosaic NPs versus
admix NPs when presenting a trimeric HA antigen has not yet been demonstrated, we observed
cross-reactive B-cells in response to injections of mosaic and admixture particles. In particular,
VLPs and NPs including CA09 HA induced broad responses for both homotypic and heterotypic
particles. This suggests the inclusion of CA09 HA antigens on particles in future vaccines. In addi-
tion, although mosaic particles and the corresponding admixtures of homotypic particles induced
similar levels of increased breadth, the use of mosaic NPs presents a potential therapeutic ad-
vantage, i.e., production of a mosaic NP would require purification of one set of particles, whereas

use of admix NPs of the same valency would require purification and then mixing of multiple parti-
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cles prior to immunization. Thus mosaic particles presenting HA antigens derived from multiple in-
fluenza strains should be considered as a potential vaccine strategy, and the SpyCatcher-SpyTag
“Plug and Display” system [18] can be used to quickly combine different mixtures of oligomeric

antigens for preparation of mosaic particles.
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Figure legends
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Figure 1. Design and characterization of SpyTagged HAs, SpyCatcher VLPs, and Spy-
Catcher-NPs. A. Top: Schematic of the SpyTagged HA construct (SP = signal peptide). The HA2
ectodomain is followed by a foldon trimerization domain from T4 fibritin, a 13-residue SpyTag, and
a 6x-His tag. Amino acids are numbered according to the H3 nomenclature. Horizontal lines repre-
sent GlysSer linkers. Bottom: Surface representation of an HA trimer structure (PDB 3VUN), sche-
matic of a SpyTagged HA, and list of influenza strains from which SpyTagged HAs were derived.
B. SEC profiles and reducing SDS-PAGE analysis of 8 purified SpyTagged HAs that contain YO8F
substitution. C. SpyCatcher-AP205 VLPs. Top: Schematic of construct. Bottom: EM structure of
T=3 AP205 particle (PDB 5FS3) [23] with the locations of SpyCatcher fusion sites indicated by red
dots (left) and schematic SpyCatcher-VLP (right). D. Purification of SpyCatcher-VLPs. Left: SEC
profile with peak representing properly-assembled VLPs indicated. Right: Reducing and non-reduc-
ing SDS-PAGE of two fractions corresponding to the VLP fractions in red on the SEC trace. E.
SpyCatcher-mi3 NPs. Top: schematic of construct. Bottom: Cryo-EM structure of 13-01 particle re-
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lated to mi3 [24] with the locations of SpyCatcher fusion sites indicated by red dots (left) and sche-
matic SpyCatcher-NP (right). F. Purification of SpyCatcher-NPs. Left: SEC profile. Right: Reducing
SDS-PAGE of fractions corresponding to the mi3 fractions shaded in red on the SEC trace.
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Fig 2. Conjugation of SpyCatcher-VLPs and -NPs. A. SpyCatcher-AP205-VLP conjugations with
SpyTagged-HA trimers. B. Purification of conjugated SpyCatcher-VLPs. Left: SEC separation of
conjugated VLPs from free HA trimers. Right: Reducing SDS-PAGE analysis of VLPs and purified
HAs. C. SpyCatcher-mi3 NP conjugations with SpyTagged-HA Y98F trimers. D. Purification of ho-
motypic SpyCatcher-NPs. Left: SEC separation of conjugated NPs from free HA trimers. Right:
Reducing SDS-PAGE analysis of NPs and purified HAs. E. Purification of heterotypic mosaic NPs.
Left: SEC separation of conjugated NPs from free HA trimers, including SEC profile of purified con-
jugated NPs after one month storage at 4 °C. Right: Reducing SDS-PAGE analysis of NPs and
purified HAs.
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A mosaic-2 VLP unconjugated VLPs

B mosaic-2 VLP

mosaic-2 VLP

Fig 3. EM of conjugated VLPs and NPs. Scale bars shown apply to all images in each panel. A.
Negative-stain EM of HA-conjugated VLPs and mi3 NPs compared with unconjugated counterparts.

148



149

B. Cryo-EM micrograph of HA-VLP sample (left) and representative 2D class averages (right). Den-
sities for HA trimers are blurry in the class averages, likely because the trimers occupy different
positions on individual particles. C. Cryo-ET imaging of HA particles. Computationally-derived tomo-
graphic slices of HA-VLP (top panels; 2.78 nm slices) and HA-NP (bottom panels; 3.21 nm slices).
Slices derived from the widest portions of representative particles are shown to the right in each
panel.
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Fig 4. Inmunizations with HA-VLPs. A. Schematic of the immunization protocol using HA-VLPs
(wt HA). Four animals were used for each sample group. B. Serum antibody response to wt HA
was measured by ELISA and shown as area under the curve (AUC) of Day 28 serum sample to
group 1 and group 2 HA trimers. Each dot represents serum from one animal, with arithmetic means
and standard deviations represented by rectangles and horizontal lines, respectively. Homotypic
strains (present on the mosaic-2 VLP) and heterotypic strains (not present on the mosaic-2 VLP)
are indicated by the blue and red rectangles, respectively, above the ELISA data. Significant differ-
ences between groups represented by horizontal lines are indicated by asterisks: p<0.05 *, p<0.01
**, p<0.001 ***, p<0.0001 ****. C. Serum neutralization titers from Day 45 determined by in vitro
neutralization assays using infectious virus or pseudoviruses. Each dot represents serum from one
animal, with geometric mean and geometric standard deviations represented by rectangles and
horizontal lines, respectively. Dotted lines indicate limits of detection.
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Fig 5. Immunizations with HA-NPs. A. Schematic of the immunization protocol using HA-NPs
(Y98F). Four animals were used for each sample group. B. Serum antibody response to wt HA was
tested by ELISA and shown as binding as area under the curve (AUC) of Day 21 and Day 49 serum
to recombinant group 1 and group 2 HA trimers. Each dot represents serum from one animal, with
means and standard deviations represented by rectangles and horizontal lines, respectively. Ho-
motypic strains that were present on the mosaic NPs and heterotypic strains that were not present
are indicated by the blue and red rectangles, respectively, above the ELISA data. Significant differ-
ences between groups represented by horizontal lines are indicated by asterisks: p<0.05 *, p<0.01
**, p<0.001 ***, p<0.0001 ****. C. Serum neutralization titers from Day 45 determined by in vitro
neutralization assays using infectious virus or pseudoviruses. Each dot represents serum from one
animal, with geometric means and geometric standard deviations represented by rectangles and
horizontal lines, respectively. Dotted lines indicate limits of detection. ND = not determined.
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Fig 6. B-cell responses induced by mosaic NP immunizations. A. Gating strategy for flow cy-
tometry experiments using single cell suspension from spleens harvested from immunized mice in
Fig 5A. Anti-CD3, anti-CD8, anti-F4/80, and anti-Ly6G were used to remove T cells, macrophages,
monocytes, and neutrophils. Cells were then gated to isolate CD19/IgG-positive and IgM-negative
B-cells, which were probed for binding to CA09-HA-APC (Y98F) (allophycocyanin), Aichi-HA-PE-
eFluor610 (Y98F) (phycoerythrin-eFluor 610), and/or Viet04-HA-PE (phycoerythrin) (Y98F). B. Per-
centage of CAQ09+, Viet04+, Aichi+, and CA09+/Viet04+ in IgG+ B-cells plotted for each group.
Significant differences between groups represented by horizontal lines are indicated by asterisks: :
p<0.05 =*, p<0.01=**, p<0.001=***, p<0.0001="***_ Differences with no significance are not shown,
and significant differences between HA-NPs and mi3-NPs are also not shown
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Fig 7. Inmunizations using Mosaic VLPs and NPs. A. Schematic of the immunization protocol
(five animals per injection) using HA-NPs (Y98F) and HA-VLPs (Y98F). Mice were immunized in
the presence of Addavax adjuvant. B. Serum antibody response to wt HA shown by ELISA binding
as area under the curve (AUC) of Day 28 serum to recombinant group 1 and group 2 HA trimers.
Each dot represents serum from one animal, with means and standard deviations represented by
rectangles and horizontal lines, respectively. Homotypic strains that were present on the mosaic
NPs and heterotypic strains that were not present are indicated by the blue and red rectangles,
respectively, above the ELISA data. Significant differences between groups represented by hori-
zontal lines are indicated by asterisks: p<0.05 =*, p<0.01=**, p<0.001="**, and p<0.0001=**** Dif-
ferences with no significance are not shown, and significant differences between HA-NPs and mi3-
NPs, HA-VLPs, and Ap205-VLPs, and HA-mi3s and HA-VLPs are also not shown.
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Fig 8. B-cell responses induced by Mosaic VLP and NP immunization. Flow Cytometry Analy-
sis of IgG+ B-cells isolated from splenocytes as described in Fig 6A. A. Percent CA09+ (Y98F),
Viet04+ (Y98F), Aichi+ (Y98F), and Sh13+(Y98F) B-cells plotted for each group. B. Cross-reactive
B-cell compartment: CA09+/Viet04+, CA09+/Aichi+, Sh13+/Aichi+ B-cell plotted for each group.
Significant differences between groups represented by horizontal lines are indicated by asterisks:
p<0.05 =*, p<0.01=**, p<0.001=***, and p<0.0001="****. Differences with no significance are not
shown, and significant differences between HA-NPs and mi3-NPs, HA-VLPs, and Ap205-VLPs, and
HA-mi3s and HA-VLPs are also not shown.
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S3 Fig. Conjugation of SpyCatcher-VLPs and -NPs. A. SpyCatcher-AP205-VLP and Spy-
Catcher-mi3 conjugations with SpyTagged-HA trimers. B. Purification of homotypic and mosaic
SpyCatcher-VLPs and SpyCatcher-mi3s. Left: SEC separation of conjugated NPs from free HA
trimers. Right: Reducing SDS-PAGE analysis of NPs and purified HAs.
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Chapter 3: Mosaic nanoparticles elicit cross-reactive immune responses to zoonotic corona-

viruses in mice
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This chapter describes the development of mosaic nanoparticles that co-display RBDs from eight
different sarbecovirus strains. These mosaic-RBD nanoparticles were designed in order to elicit
antibody responses to conserved epitopes shared between the sarbecovirus RBDs. Immunizing
with the mosaic-RBD nanoparticles elicited a polyclonal immune response that was cross-reactive
and cross-neutralizing to all the sarbecovirus strains tested, including strains both present and not
present on the particles. Furthermore, the antibody responses elicited by mosaic-RBD immunized
mice were significantly more cross-reactive than immunization with a homotypic SARS-2 RBD na-
noparticle. This study offers a viable strategy for a universal coronavirus vaccine.

My contribution to this work was as the lead researcher of the project. | conceived and designed

the study, prepared the reagents, analyzed the data, and wrote the paper.

This work was published as:

Cohen, A.A., Gnanapragasam, P.N.P., Lee, Y.E., Hoffman, P.R., Ou, S., Kakutani, L.M.,

Keeffe, J.R., Wu, H.-J., Howarth, M., West, A.P., et al. (2021). Mosaic nanoparticles elicit cross-

reactive immune responses to zoonotic coronaviruses in mice. Science 371, 735-741.

10.1126/science.abf6840
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Abstract:

Protection against SARS-CoV-2 and SARS-related emergent zoonotic coronaviruses is urgently
needed. We made homotypic nanoparticles displaying the receptor-binding domain (RBD) of
SARS-CoV-2 or co-displaying SARS-CoV-2 RBD along with RBDs from animal betacoronaviruses
that represent threats to humans (mosaic nanoparticles; 4-8 distinct RBDs). Mice immunized with
RBD-nanoparticles, but not soluble antigen, elicited cross-reactive binding and neutralization re-
sponses. Mosaic-RBD-nanoparticles elicited antibodies with superior cross-reactive recognition of
heterologous RBDs compared to sera from immunizations with homotypic SARS-CoV-2-RBD-na-
noparticles or COVID-19 convalescent human plasmas. Moreover, sera from mosaic-RBD—immun-
ized mice neutralized heterologous pseudotyped coronaviruses equivalently or better after priming
than sera from homotypic SARS-CoV-2—-RBD-nanoparticle immunizations, demonstrating no im-
munogenicity loss against particular RBDs resulting from co-display. A single immunization with
mosaic-RBD-nanoparticles provides a potential strategy to simultaneously protect against SARS-

CoV-2 and emerging zoonotic coronaviruses.
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Main Text:

SARS-CoV-2, a newly-emergent betacoronavirus, resulted in a global pandemic in 2020, infecting
millions and causing the respiratory disease COVID-19 (1, 2). Two other zoonotic betacorona-
viruses, SARS-CoV and MERS-CoV, also resulted in outbreaks within the last 20 years (3). All three
viruses presumably originated in bats (4), with SARS-CoV and MERS-CoV adapting to intermediary
animal hosts before jumping to humans. SARS-like viruses circulate in bats and serological surveil-
lance of people living near caves where bats carry diverse coronaviruses demonstrates direct trans-
mission of SARS-like viruses with pandemic potential (5), suggesting a pan-coronavirus vaccine is
needed to protect against future outbreaks and pandemics. In particular, the bat WIV1 and SHC014

strains are thought to represent an ongoing threat to humans (6, 7).

Most current SARS-CoV-2 vaccine candidates include the spike trimer (S), the viral protein that
mediates target cell entry after one or more of its receptor-binding domains (RBDs) adopt an “up”
position to bind a host receptor (Fig. 1A). The RBDs of human coronaviruses SARS-CoV-2, SARS-
CoV, HCoV-NL63, and related animal coronaviruses (WIV1 and SCH014) use angiotensin-convert-
ing enzyme 2 (ACE2) as their host receptor (1, 8, 9), while other coronaviruses use receptors such
as dipeptidyl peptidase 4 (10) or sialic acids (11, 12). Consistent with its function in viral entry, S is

the primary target of neutralizing antibodies (73-22), with many targeting the RBD (74-18, 21-26).

Multivalent display of antigen enhances B-cell responses and can provide longer-lasting immunity
than monovalent antigens (27, 28), thus protein-based vaccine candidates often involve a nanopar-
ticle that enables antigen multimerization. Many nanoparticles and coupling strategies have been

explored for vaccine design (29), with “plug and display” strategies being especially useful (30, 31).
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In one such approach, multiple copies of an engineered protein domain called SpyCatcher fused to
subunits of a virus-like particle form spontaneous isopeptide bonds to purified antigens tagged with
a 13-residue SpyTag (29-32). The SpyCatcher-SpyTag system was used to prepare multimerized
SARS-CoV-2 RBD or S trimer that elicited high titers of neutralizing antibodies (33, 34). Although
promising for protection against SARS-CoV-2, coronavirus reservoirs in bats suggest future cross-
species transmission (6, 7, 35), necessitating a vaccine that protects against emerging corona-
viruses as well as SARS-CoV-2. Here we prepared SpyCatcher003-mi3 nanoparticles (31, 36) sim-
ultaneously displaying SpyTagged RBDs from human and animal coronaviruses to evaluate
whether mosaic particles can elicit cross-reactive antibody responses, as previously demonstrated
for influenza head domain mosaic particles (37). We show that mice immunized with homotypic or
mosaic nanoparticles produced broad binding and neutralizing responses, in contrast to plasma
antibodies elicited in humans by SARS-CoV-2 infection. Moreover, mosaic nanoparticles showed
enhanced heterologous binding and neutralization properties against human and bat SARS-like

betacoronaviruses (sarbecoviruses) compared with homotypic SARS-CoV-2 nanoparticles.

We used a study of sarbecovirus RBD receptor usage and cell tropism (38) to guide our choice of
RBDs for co-display on mosaic particles. From 29 RBDs that were classified into distinct clades
(clades 1, 2, 1/2, and 3) (38), we identified diverse RBDs from SARS-CoV, WIV1, and SHC014
(clade 1), SARS-CoV-2 (clade 1/2), Rs4081, Yunnan 2011 (Yun11), and Rf1 (clade 2), and BM48-
31 (clade 3), of which SARS-CoV-2 and SARS-CoV are human coronaviruses and the rest are bat
viruses originating in China or Bulgaria (BM48-31). We also included RBDs from the GX pangolin
clade 1/2 coronavirus (referred to here as pang17) (39), RaTG13, the bat clade 1/2 virus most

closely related to SARS-CoV-2 (40), RmYNO02, a clade 2 bat virus from China (41), and BtKY72, a
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Kenyan bat clade 3 virus (42). Mapping of the sequence conservation across selected RBDs
showed varying degrees of sequence identity (68-95%), with highest sequence variability in resi-
dues corresponding to the SARS-CoV-2 ACE2 receptor-binding motif (Fig. 1A-D; fig. S1). We chose
8 of the 12 RBDs for making three types of mosaic nanoparticles: mosaic-4a (coupled to SARS-2,
RaTG13, SHC014, and Rs4081 RBDs), mosaic-4b (coupled to pang17, RmYNO02, RF1, and WIV1
RBDs), and mosaic-8 (coupled to all eight RBDs), and compared them with homotypic mi3 particles
constructed from SARS-CoV-2 RBD alone (homotypic SARS-2). RBDs from SARS, Yun11, BM-
4831, and BtKY72, which were not coupled to mosaic particles, were used to evaluate sera for

cross-reactive responses.

SpyTag003-RBDs were coupled to SpyCatcher003-mi3 (60 potential conjugation sites) (36, 43) to
make homotypic and mosaic nanoparticles (Fig 2A). Particles were purified by size exclusion chro-
matography (SEC) and analyzed by SDS-PAGE, revealing monodisperse SEC profiles and nearly
100% conjugation (Fig. 2B,C). Representative RBDs were conjugated to SpyCatcher003-mi3 with
similar or identical efficiencies (fig. S2), suggesting that mosaic particles contained approximately

equimolar mixtures of different RBDs.

We immunized mice with either soluble SARS-CoV-2 spike trimer (SARS-2 S), nanoparticles dis-
playing only SARS-2 RBD (homotypic SARS-2), nanoparticles co-displaying RBDs (mosaic-4a, mo-
saic-4b, mosaic-8), or unconjugated nanoparticles (mi3). IgG responses were evaluated after prime
or boost immunizations (Fig. 3A) by ELISA against SARS-2 S (Fig. 3B) or a panel of RBDs (Fig.

3C-F; fig. S3). Sera from unconjugated nanoparticle-immunized animals (black in Fig. 3, fig. S3)
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showed no responses above background. Anti-SARS-2 S trimer and anti-SARS-2 RBD serum re-
sponses were similar (Fig. 3B,C), demonstrating that antibodies elicited against RBDs can access
their epitopes on SARS-2 S trimer. We also conducted in vitro neutralization assays using a pseudo-
typed virus assay that quantitatively correlates with authentic virus neutralization (44) for strains
known to infect 293 T ace2 target cells (SARS-CoV-2, SARS, WIV1 and SHC104). Neutralization and
ELISA titers were significantly correlated (fig. S4), thus suggesting ELISAs are predictive of neutral-
ization results when pseudotyped neutralization assays were not possible due to unknown viral

entry receptor usage.

Mice immunized with soluble SARS-2 S trimer (brown bars) showed no binding or neutralization
except for autologous responses against SARS-2 after boosting (Fig. 3C-F). By contrast, sera from
RBD-nanoparticle—-immunized animals (red, green, yellow, and blue bars) exhibited binding to all
RBDs (Fig. 3C-F; fig. S3A) and neutralization against all four strains after boosting (Fig. 3C-E),
consistent with increased immunogenicities of multimerized antigen on nanoparticles versus soluble
antigen (27, 28). Homotypic SARS-2 nanoparticles, but not soluble SARS-2 trimer, induced heter-
ologous responses to zoonotic RBDs and neutralization of heterologous coronaviruses (Fig. 3D-F).
To address whether co-display of SARS-2 RBD along with other RBDs on mosaic-4a and mosaic-
8 versus homotypic display of SARS-2 RBD (homotypic SARS-2) diminished anti-SARS-2 re-
sponses, we compared SARS-2—specific ELISA and neutralization titers for mosaic versus homo-
typic immunizations (Fig. 3C): there were no significant differences in IgG anti-SARS-2 titers for
animals immunized with homotypic (red in Fig. 3C) versus mosaic nanoparticles (green and blue in

Fig. 3C). Thus there was no advantage of immunization with a homotypic RBD-nanoparticle versus
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a mosaic-nanoparticle that included SARS-2 RBD in terms of the magnitude of immune responses

against SARS-2.

We next compared serum responses against matched RBDs (RBDs present on an injected nano-
particle; gray horizontal shading) versus mismatched RBDs (RBDs not present on injected nano-
particle; red horizontal shading) (Fig. 3; fig. S3). Although SARS-2 RBD was not presented on mo-
saic-4b, antibody titers elicited by mosaic-4b immunization (yellow) were not significantly different
than titers elicited by matched nanoparticle immunizations (homotypic SARS-2 (red), mosaic-4a
(green), and mosaic-8 (blue)), and sera from boosted mosaic-4b—immunized mice neutralized
SARS-2 pseudovirus (Fig. 3C). In other matched versus mismatched comparisons, sera showed
binding and neutralization of SHC014 and WIV1 regardless of whether these RBDs were included
on the injected nanoparticle (Fig. 3D), underscoring sharing of common epitopes among RBDs (Fig.

1A).

Demonstrating advantages of mosaic versus homotypic SARS-2 nanoparticles, sera from mosaic-
8—immunized mice bound SHC014 and WIV1 RBDs significantly better after the prime than sera
from homotypic SARS-2-immunized mice and retained better binding to SHC014 RBD after boost-
ing (Fig. 3D). Thus the potential increased avidity of the homotypic SARS-2 nanoparticle displaying
only one type of RBD over the mosaic-8 nanoparticles did not confer increased breadth. Moreover,
mosaic-8—immunized and boosted sera were 7-44—fold more potent than sera from homotypic
SARS-2-immunized animals in neutralizing SHC014 and WIV1 (Fig. 3D). Neutralization of the

SHCO014 and WIV1 pseudoviruses by mosaic-8 sera suggests that combining RBDs on a mosaic
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nanoparticle does not diminish the immune response against a particular RBD, also suggested by

ELISA binding of sera to Rs4081 and RaTG13 (fig. S3A,B).

To further address whether RBD-nanoparticles elicited antibodies that recognized totally mis-
matched strains and SARS-CoV-2 RBD mutants, we evaluated sera for binding to SARS, Yun11,
BM-4831, and BtKY72 RBDs (Fig. 3E,F), SARS-2 RBD mutants (fig. S3C), MERS-CoV RBD (fig.
S3D), and for neutralization in SARS pseudovirus assays (Fig. 3E). We found no reductions in
SARS-2 RBD binding as a result of mutations (Y453F, the “Danish mink variant” (45) or a
Q493K/Q498Y/P499T triple mutant (46)) (fig. S3C), no binding of any elicited sera to MERS-CoV
RBD (fig. S3D), and higher and more cross-reactive antibody responses for mosaic immunizations
compared with homotypic SARS-2 immunizations: e.g., mosaic-8—primed and boosted animals
showed significantly higher titers against SARS RBD than sera from homotypic SARS-2—immun-
ized mice (Fig. 3E). After the prime, sera from the homotypic SARS-2—immunized animals did not
neutralize SARS, whereas the mosaic-4b and mosaic-8 sera were neutralizing (Fig. 3E), perhaps
facilitated by these nanoparticles including WIV1 RBD, which is related by 95% amino acid identity
to SARS RBD (Fig. 1D). After boosting, SARS-2 and mosaic-4a sera were also neutralizing, alt-
hough titers were ~4-fold lower than for mosaic-8—immunized animals (Fig. 3E). ELISA titers against
other mismatched RBDs (Yun11, BM-4831, BtKY72) were significantly higher for sera collected
after mosaic-8 priming compared to sera from homotypic SARS-2 priming, and heightened binding
was retained after boosting (Fig. 3F). Thus mosaic nanoparticles, particularly mosaic-8, induce
higher antibody titers against mismatched RBDs than homotypic SARS-2 nanoparticles, again fa-
voring the co-display approach for inducing broader anti-coronavirus responses, especially after a

single prime.
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We investigated the potential for cross-reactive recognition using flow cytometry to ask whether B-
cell receptors on IgG+ splenic B-cells from RBD-nanoparticle-boosted animals could simultane-
ously recognize RBDs from SARS-2 and Rs4081 (related by 70% sequence identity) (Fig. 1D; fig.
S5). Whereas control animals were negative, all other groups showed B-cells that recognized
SARS-2 and Rs4081 RBDs simultaneously, suggesting the existence of antibodies that cross-react

with both RBDs (fig. SSE).

To compare antibodies elicited by RBD-nanoparticle immunization to antibodies elicited by SARS-
CoV-2 infection, we repeated ELISAs against the RBD panel using IgGs from COVID-19 plasma
donors (47) (Fig. 4). Most of the convalescent plasmas showed detectable binding to SARS-2 RBD
(Fig. 4A). However, binding to other sarbecovirus RBDs (RaTG13, SHC014, WIV1, Rs4081 and
BM-4831) was significantly weaker than binding to SARS 2 RBD, with many human plasma IgGs
showing no binding above background (Fig. 4B-G). In addition, although convalescent plasma IgGs
neutralized SARS-CoV-2 pseudoviruses, they showed weak or no neutralization of SARS, SHC014,
or WIV1 pseudoviruses (Fig. 4H). These results are consistent with little to no cross-reactive recog-

nition of RBDs from zoonotic coronavirus strains resulting from SARS-CoV-2 infection in humans.

In conclusion, we confirmed that multimerization of RBDs on nanoparticles enhances immunogen-
icity compared with soluble antigen (33, 48) and further showed that homotypic SARS-2 nanoparti-
cle immunization produced IgG responses that bound zoonotic RBDs and neutralized heterologous
coronaviruses after boosting. By contrast, soluble SARS-2 S immunization and natural infection

with SARS-CoV-2 resulted in weak or no heterologous responses in plasmas. Co-display of SARS-
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2 RBD along with diverse RBDs on mosaic nanoparticles showed no disadvantages for eliciting
neutralizing antibodies against SARS-CoV-2 compared with homotypic SARS-2 nanoparticles, sug-
gesting mosaic nanoparticles as a candidate vaccine to protect against COVID-19. Furthermore,
compared with homotypic SARS-2 RBD particles, the mosaic co-display strategy demonstrated ad-
vantages for eliciting neutralizing antibodies against zoonotic sarbecoviruses, thus potentially also
providing protection against emerging coronaviruses with human spillover potential. Neutralization
of matched and mismatched strains was observed after mosaic priming, suggesting a single injec-
tion of a mosaic-RBD nanoparticle might be sufficient in a vaccine. Since COVID-19 convalescent
plasmas showed little to no recognition of coronavirus RBDs other than SARS-CoV-2, COVD-19-
induced immunity in humans may not protect against another emergent coronavirus. However, the
mosaic nanoparticles described here could be used as described or easily adapted to present RBDs

from newly-discovered zoonotic coronaviruses.
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Figure 1. Properties of RBDs chosen for this study. (A) Left: Structure of SARS-CoV-2 S trimer
(PDB 6VXX) with one RBD (dashed circle) in an “up” position. Middle and right: Sequence conser-
vation of 12 RBDs calculated by the ConSurf Database (49) plotted on a surface representation of
the RBD structure (PDB 7BZ5). Epitopes for representatives from defined classes of RBD-binding
antibodies (class 1-class 4) (24) indicated by dashed lines. (B) Summary of properties of the viral
strains from which the 12 sarbecovirus RBDs were derived. (C) Phylogenetic tree of human and
selected other coronaviruses based on RBD protein sequences. Red shading indicates strains
known to use ACE2 as a receptor. (D) Heat map showing percent amino acid sequence identities

between 12 sarbecovirus RBDs.

180



Figure 2

181

= mosaic-4a mosaic-4b mosaic-8
?RBD-%?; Tag003 SpyCatcher003-mi3 SARS-2 WIVA SARS-2 WIVA
SHCO014 Rf1 SHC014 Rf1
Homotypic SARS-2 RaTG13 RmYNO02 RaTG13 RmYNO02
SARS 2 Rs4081 pang17 Rs4081 pang17
. | | ‘
’
RBD-mi3
2000+ * — homotypic SARS-2
— mosaic-4a
~ mosaic-4b
15004 — mosaic-8
RBD
2 \/
<“‘ 1000+
€

500

10 15 20
mL

Figure 2. Construction of RBD nanoparticles. (A) Left: SpyTagged RBDs were attached to Spy-

Catcher003-mi3 to make a homotypic particle and three mosaic particles. 10 of 60 potential coupling

sites on mi3 are shown for clarity. (B) SEC profile showing separation of RBD nanoparticles and

free RBD proteins. (C) Coomassie-stained SDS-PAGE of RBD-coupled nanoparticles, free RBD

proteins, and uncoupled SpyCatcher003-mi3 particles (SC3-mi3).
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Figure 3. RBD nanoparticles induce cross-reactive IgG responses in immunized mice. Red and
gray rectangles below ELISA and neutralization data represent mismatched strains (red; RBD from
that strain was not present on the immunized particle) or matched strains (gray; RBD was present
on the immunized particle). (A) Left: Immunization schedule. Adjuvant=AddaVax (Invivogen). Right:
Key for immunizations; number of mice in each cohort is indicated. (B-F) Mice were immunized with
soluble SARS-CoV-2 S trimer (SARS-2 S; brown bars), or the following nanoparticles: homotypic
SARS-2 (red), mosaic-4a (green), mosaic-4b (yellow), mosaic-8 (blue), or unconjugated Spy-
Catcher003-mi3 (mi3; black). ELISA data from serum IgG responses to SARS-2 spike trimer (B) or
RBDs (C-F) shown as area under the curve (AUC). For C-E, neutralization potencies are presented
as half-maximal inhibitory dilutions (IDso values) of sera against the pseudoviruses from the indi-
cated coronavirus strains. Dashed horizontal lines correspond to the lowest dilution representing
the limit of detection. Each dot represents serum from one animal, with means and standard devi-
ations for vaccinated cohorts represented by rectangles (mean) and horizontal lines (SD). Signifi-
cant differences between groups linked by horizontal lines are indicated by asterisks and p-values.
NS=not significant. (B-F) Neutralization and/or binding data for serum IgGs for recognition of (B)
SARS-2 spike trimer, (C) SARS-2 RBD and SARS-2 pseudovirus, (D) SHC014 and WIV1 RBDs
and corresponding pseudoviruses, (E) SARS RBD and SARS pseudovirus, (F) Yun 11, BM-4831,

and BtKY72 RBDs.
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ure 4. IgGs from convalescent COVID-19 plasma (18, 24) show little to no cross-reactive responses.
(A-F) Plasma IgG responses were evaluated by ELISA (data shown as binding curves with plasma
names (18) listed) against RBDs from (A) SARS-2, (B) RaTG13, (C) SHC014, (D) WIV1, (E)
Rs4081, and (F) BM-4831. Data points are plotted as the mean and standard deviation of duplicate
measurements. IOMA, an anti-HIV-1 1gG (50), was used as a control. (G) ELISA results from panels
A-F presented as area under the curve (AUC), where each dot represents one plasma sample, with
means and standard deviations represented by rectangles (mean) and horizontal lines (SD). Sig-
nificant differences between groups linked by horizontal lines are indicated by asterisks and p-val-
ues. (H) ICso values for pseudotyped neutralization assays using IgGs from COV7, COV21, and
COV72 plasmas (18) (evaluated at top concentrations of 1500 pug/mL) against the indicated strains.

Mean=arithmetic mean ICso; SD=standard deviation.
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Materials and Methods

Phylogenetic tree. A sequence alignment of coronavirus RBD domains was made using Clustal
Omega (51). A phylogenetic tree was calculated from this amino acid alignment using PhyML 3.0

(52), and a figure of this tree was made using PRESTO (http://www. atgc-montpellier.fr/presto).

Expression of RBD and S proteins. Mammalian expression vectors encoding the RBDs of SARS-
CoV-2 (GenBank MN985325.1; S protein residues 319-539) and SARS-CoV S (GenBank
AAP13441.1; residues 318-510) with an N-terminal human IL-2 or Mu phosphatase signal peptide
were previously described (47). Expression vectors were constructed similarly for RBDs from the
following other sarbecovirus strains: RaTG13-CoV (GenBank QHR63300; S protein residues 319-
541), SHC014-CoV (GenBank KC881005; residues 307-524), Rs4081-CoV (GenBank KY417143;
S protein residues 310-515), pangolin17-CoV (GenBank QIA48632; residues 317-539), RmYNO02-
CoV (GSAID EPI_ISL_412977; residues 298-503), Rf1-CoV (GenBank DQ412042; residues 310-
515), W1V1-CoV (GenBank KF367457; residues 307-528), Yun11-CoV (GenBank JX993988; res-
idues 310-515), BM-4831-CoV (GenBank NC014470; residues 310-530), BtkY72-CoV (GenBank
KY352407; residues 309-530). Two versions of each RBD expression vector were made: one in-
cluding a C-terminal hexahistidine tag (G-HHHHHH) and SpyTag003 (RGVPHIVMVDAYKRYK)
(43) (for coupling to SpyCatcher003-mi3) and one with only a hexahistidine tag (for ELISAs). Bioti-
nylated SARS-CoV-2 and Rs4081 RBDs were produced by co-transfection of Avi/His-tagged RBD
expression plasmids with an expression plasmid encoding an ER-directed BirA enzyme (kind gift of

Michael Anaya, Caltech). RBD proteins were purified from transiently-transfected Expi293F cell
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(Gibco) supernatants by nickel affinity and size-exclusion chromatography (47). Peak fractions cor-
responding to RBDs were identified by SDS-PAGE and then pooled and stored at 4°C. A trimeric
SARS-CoV-2 ectodomain with 6P stabilizing mutations (53) was expressed and purified as de-
scribed (24). Correct folding of the soluble SARS-CoV-2 S trimer was verified by a 3.3 A cryo-EM
structure of a neutralizing antibody complexed with the trimer preparation used for immunizations
(24). To prepare fluorochrome-conjugated streptavidin-tetramerized RBDs, biotinylated SARS-2
and Rs4081 RBDs were incubated with streptavidin-APC (eBioscience™) and streptavidin-PE

(ThermoFisher), respectively, overnight at 4°C at a 1:1 molar ratio of RBD to streptavidin subunit.

Preparation of human plasma IgGs. Plasma samples collected from COVID-19 convalescent and
healthy donors are described in (18). Human IgGs were isolated from heat-inactivated plasma sam-

ples using 5-mL HiTrap MabSelect SuRe columns (GE Healthcare Life Sciences) as described (24).

Preparation of RBD-mi3 nanoparticles. SpyCatcher003-mi3 particles were prepared by purifica-
tion from BL21 (DE3)-RIPL E coli (Agilent) transformed with a pET28a SpyCatcher003-mi3 gene
(including an N-terminal 6x-His tag) as described (54). Briefly, cell pellets from transformed bacterial
were lysed with a cell disruptor in the presence of 2.0 mM PMSF (Sigma). Lysates were spun at
21,000xg for 30 min, filtered with a 0.2 um filter, and mi3 particles were isolated by Ni-NTA chro-
matography using a pre-packed HisTrap™ HP column (GE Healthcare). Eluted particles were con-
centrated using an Amicon Ultra 15 mL 30K concentrator (MilliporeSigma) and purified by SEC
using a HiLoad® 16/600 Superdex® 200 (GE Healthcare) column equilibrated with 25 mM Tris-HCI

pH 8.0, 150 mM NaCl, 0.02% NaNs (TBS). SpyCatcher-mi3 particles were stored at 4°C and used
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for conjugations for up to 1 month after filtering with a 0.2 um filter or spinning at 21,000xg for 10

min.

Purified SpyCatcher003-mi3 was incubated with a 3-fold molar excess (RBD to mi3 subunit) of
purified SpyTagged RBD (either a single RBD for making homotypic SARS-CoV-2 RBD particles
or an equimolar mixture of four or eight RBDs for making mosaic particles) overnight at room tem-
perature in TBS. Conjugated mi3 particle were separated from free RBDs by SEC on a Superose
6 10/300 column (GE Healthcare) equilibrated with PBS (20 mM sodium phosphate pH 7.5, 150
mM NaCl). Fractions corresponding to conjugated mi3 particles were collected and analyzed by
SDS-PAGE. Concentrations of conjugated mi3 particles were determined using a Bio-Rad Protein

Assay.

Immunizations. Animal procedures and experiments were performed according to protocols ap-
proved by the IACUC. Experiments were done using 4-6 week old female Balb/c mice (Charles
River Laboratories), with 5 animals each for cohorts immunized with soluble SARS-CoV-2 S or
SpyCatcher003-mi3, and 10 animals each for remaining cohorts (Fig 3A). Immunizations were car-
ried out with intraperitoneal (ip) injections of either 5 pg of conjugated RBD (calculated as the mass
of the RBD, assuming 100% efficiency of conjugation to SpyCatcher003-mi3), 5 pg of soluble
SARS-CoV-2 S, or 6 ug of unconjugated SpyCatcher003-mi3, in 100 uL of 50% v/v AddaVax™
adjuvant (Invivogen). Animals were boosted 4 weeks after the prime with the same quantity of an-
tigen in adjuvant. Animals were bled every 2 weeks via tail veins, and then euthanized 8 weeks

after the prime (Day 56, 57) and bled through cardiac puncture. Blood samples were allowed to clot
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at room temperature in MiniCollect® Serum and Plasma Tubes (Greiner), and serum was har-

vested, preserved in liquid nitrogen, and stored at -80°C until use.

Sera for ELISAs were collected at Day 14 (Prime) and Day 42 (Boost). Sera for neutralization as-

says were collected at Day 28 (Prime) and Day 56 (Boost) (Fig. 3, fig. S3).

ELISAs. 10 pg/ml of a purified RBD (not SpyTagged) in 0.1 M NaHCOs3 pH 9.8 was coated onto
Nunc® MaxiSorp™ 384-well plates (Sigma) and stored overnight at 4°C. Plates were washed with
Tris-buffered saline with 0.1% Tween 20 (TBS-T) after blocking with 3% bovine serum albumin
(BSA) in TBS-T for 1 hr at room temperature. Mouse serum was diluted 1:100 and then serially
diluted by 4-fold with TBS-T/3% BSA and added to plates for 3 hr at room temperature. A 1:50,000
dilution of secondary HRP-conjugated goat anti-mouse IgG (Abcam) was added after washing for
1 hr at room temperature. Plates were developed using SuperSignal™ ELISA Femto Maximum
Sensitivity Substrate (ThermoFisher) and read at 425 nm. Curves were plotted and integrated to
obtain the area under the curve (AUC) using Graphpad Prism 8.3 assuming a one-site binding
model with a Hill coefficient (Fig. 3; fig. S3). We also calculated ECs¢s and endpoint titers, which
were determined using the dilution that was at or below the mean + 2 x the standard deviation of
the plate control (no primary serum added) for ELISA binding data (fig. S3E,F). AUC calculations
were used as they better capture changes in maximum binding (55). Statistical significance of titer
differences between groups were calculated using Tukey’s multiple comparison test using

Graphpad Prism 8.3.
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Neutralization assays. SARS-CoV-2, SARS, WIV1, and SHC014 pseudoviruses based on HIV
lentiviral particles were prepared as described (18, 56) using genes encoding S protein sequences
lacking C-terminal residues in the cytoplasmic tail: 21 amino acid deletions for SARS-CoV-2, WIV1,
and SHC014 and a 19 amino acid deletion for SARS-CoV. ICso values derived from this pseudo-
typed neutralization assay method were shown to quantitatively correlate with results from neutral-
ization assays using authentic SARS-CoV-2 virus (44). For pseudovirus neutralization assays, four-
fold serially diluted sera from immunized mice were incubated with a pseudotyped virus for 1 hour
at 37°C. After incubation with 293Tace2 target cells for 48 hours at 37°C, cells were washed twice
with phosphate-buffered saline (PBS) and lysed with Luciferase Cell Culture Lysis 5x reagent
(Promega). NanoLuc Luciferase activity in lysates was measured using the Nano-Glo Luciferase
Assay System (Promega). Relative luminescence units (RLUs) were normalized to values derived
from cells infected with pseudotyped virus in the absence of serum. Half-maximal inhibitory dilutions
(IDsg values) were determined using 4-parameter nonlinear regression in AntibodyDatabase (57).
Statistical significance of titer differences between groups was calculated using Tukey’s multiple

comparison test of IDses converted to log'® scale using Graphpad Prism 8.3.

Statistical Analysis. Comparisons between groups for ELISAs and neutralization assays were
calculated with one-way analysis of variance (ANOVA) using Tukey’s post hoc test in Prism 9.0
(Graphpad). For correlation analysis between ELISA and neutralization titers, significance (p),
Spearman coefficients (rs), and linear plots were calculated using Prism 9.0 (Graphpad). Differences
were considered significant when p values were less than 0.05. Exact p values are in relevant figure
near each corresponding line, with asterisks denoting level of significance (* denotes 0.01<p<0.05,

** denotes 0.001<p<0.01, *** denotes 0.0001<p<0.001, and **** denotes p<0.0001).
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Flow cytometry. B-cell analysis using flow cytometry was carried out as described (54). Briefly,
single-cell suspensions were prepared from mouse spleens using mechanical dissociation, and red
blood cells were removed using ACK lysing buffer (Gibco). The white blood cell preparation was
enriched for IgG+ B-cells using the negative selection protocol in a mouse memory B-cell isolation
kit (Miltenyi). The following commercial reagents were used to stain enriched splenocytes: CD4-
APC-eFluor 780 (clone: RM4-5), F4/80-APC-eFluor 780 (clone: BM8), CD8a-APC-eFluor 780
(clone: 53-6.7), Ly-6G-APC-eFluor 780 (clone: RB6-8C5), IgM- APC-eFluor 780 (clone: 11/41)
(Thermo Fisher Scientific), CD19-FITC (clone: 6D5) (Biolegend), IgG1 BV421 (clone: X40) and
IgG2 BV421 (clone: R19-15) (BD Bioscience). SARS-2 RBD-APC and Rs4081 RBD-PE for used
to identify antigen-specific B-cells. Cell viability was analyzed with Fixable Viability Stain 700 (BD
Bioscience). Stained cells were analyzed with a SY3200 Cell Sorter (Sony) configured to detect 6
fluorochromes. 2,000,000 events were collected per sample and analyzed via FlowJo software

(TreeStar).
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Fig. S1. Alignment of RBD sequences used for making mosaic particles. Sequences shown are for
the RBDs of SARS-CoV-2 (SARS-2, GenBank: MN985325.1), RaTG13 (QHR63300), SHC014
(RsSHCO014, KC881005), Rs4081 (KY417143), PCoV_GX-P5L (pang17) (QlA48632), RmYNO02
(GSAID EPI_ISL_412977), Rf1 (DQ412042), WIV1 (KF367457), SARS-CoV (AAP13441.1), Yun11
(Cp/Yunnan2011, JX993988), BM-4831 (BM48-31/BGR/2008, NC014470), and BtKY72
(KY352407). SARS-2 RBD residues that interact directly with ACE2 (58) are indicated by an aster-
isk. We note that antibody neutralization by direct binding of ACE2-binding residues does not rep-
resent the only mechanism of neutralization for ACE2-tropic viruses. This has been shown for mon-
oclonal human antibodies derived from COVID-19 patients: some neutralizing antibodies do not
directly interact with the ACE2-binding site on RBD (for example, class 3 anti-SARS-CoV-2 neutral-
izing antibodies (24)). Red shading indicates strains known to use ACE2 as a receptor.
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Fig. S2. RBDs from the eight sarbecovirus S proteins conjugate equivalently to SpyCatcher003-
mi3, suggesting a statistical mixture of RBDs on mosaic particles. (A) SEC profiles showing sepa-
ration of RBD nanoparticles and free RBD proteins. (B) Coomassie-stained SDS-PAGE of RBD-
coupled nanoparticles, free RBD proteins, and uncoupled SpyCatcher003-mi3 particles (SC3-mi3).
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Fig. S3. Day 14 serum IgG responses to RBDs evaluated by ELISA shown as area under the curve
(AUC) from mice immunized with soluble SARS-CoV-2 S trimers (SARS-2 S) or RBDs on nanopar-
ticles (homotypic SARS-2, mosaic-4a, mosaic-4b, mosaic-8, or unconjugated SpyCatcher003-mi3
(mi3)). Each dot represents serum from one animal, with means and standard deviations repre-
sented by rectangles (mean) and horizontal lines (SD). RBDs from strains that were not present on
an immunized particle or were present on an immunized particle are indicated by red and gray
rectangles, respectively, below the ELISA data. Significant differences between groups linked by
horizontal lines are indicated by asterisks and p-values. NS=not significant. (A,B) Binding of serum
IgGs to (A) Rs4081 and (B) RaTG13 RBDs. (C) Binding of serum IgGs to SARS-2 RBD (left), a
triple RBD mutant in a mouse-adapted SARS-CoV-2 (46) that includes substitutions adjacent to the
N501Y RBD mutation in an emergent UK SARS-CoV-2 lineage (https://virological.org/t/preliminary-
genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-
spike-mutations/563) (middle), and Y453F, the “Danish mink variant” (45) (right). (D) Binding of
serum IgGs to RBD from MERS-CoV (a non-ACE2-binding merbecovirus, representing a different
subgenus from sarbecoviruses). (E,F) Comparison of ELISA data for serum binding to selected
RBDs presented as AUC, endpoint titers, midpoint titers, or binding curves. Day 14 serum IgG re-
sponses to (E) SARS-2 or (F) SARS RBDs evaluated by ELISA shown as AUC (left), endpoint titers
(middle left), midpoint (ECso) titers (middle right), or binding curves (right). For AUC, each dot rep-
resents serum from one animal, with means and standard deviations represented by rectangles
(mean) and horizontal lines (SD). For endpoint and midpoint titers, each dot represents serum from
one animal, with geometric means and geometric standard deviations represented by rectangles
(mean) and horizontal lines (SD). Binding curves are shown with data points representing the mean
and SD of duplicate measurements fit to a binding model (see Methods) for animals immunized
with mosaic-8 and homotypic SARS-2.
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Fig. S4. Correlation of ELISA and neutralization titers. Spearman correlation coefficients (rs) and p-
values shown for graphs of anti-RBD ELISA titers (AUC) versus pseudovirus neutralization |Dsg
values; significance indicated as asterisks. (A) SARS-2. (B) SARS. (C) SHC014. (D) WIV1.
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Fig S5. Antigen-specific IgG* B-cell analysis of splenocytes isolated from animals immunized with
mosaic-RBD nanoparticles. (A) Flow cytometry gating strategy for characterizing RBD-specific IgG*
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B-cells isolated from splenocytes. Anti-CD4, anti-CD8, anti-F4/80, anti-Ly6G, and anti-IgM were
used in the dump to remove T-cells, macrophages, and IgM* B-cells. Antigen-specific IgG* B-cells
were isolated using labeled anti-CD19 and anti-IgG antibodies, and probed for binding RBD with a
pair of fluorophore-conjugated RBD tetramers (SARS-2 RBD and Rs4081 RBD). (B) Complete flow
cytometry analysis for antigen-specific IgG* splenocytes isolated from animals immunized with mo-
saic-RBD particles. The 4-way gate shown for each animal separates each population of RBD sin-
gle-positive and double-positive cells and was used for the % antigen-specific populations shown
in panels C-E. Q1 represents the Rs4081 RBD" population, Q2 represents the Rs4081 RBD* /
SARS-2 RBD" population, Q3 represents the SARS-2 RBD* population, and Q4 represents the
RBD" population. (C-E) Percent single-positive (SP) and double-positive (DP) cells for the indicated
groups. Significant differences between groups linked by horizontal lines are indicated by asterisks
and p-values. NS = not significant. (C) Percent SARS-2 RBD" B-cells within the IgG* B-cell popula-
tion. (D) Percent Rs4081 RBD™ B-cells within the IgG™ B-cell population. (E) Percent SARS-2 RBD*
/ Rs4081 RBD" B-cells within the IgG* B-cell population.
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Appendix A: Broad cross-reactivity across sarbecoviruses exhibited by a subset of COVID-19 do-

nor-derived neutralizing antibodies
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This work describes the characterization of two antibodies isolated from COVID-19 patients.
These antibodies are both cross-reactive and cross-neutralizing against a panel of sarbe-
coviruses. Structural studies reveal binding to a highly conserved epitope on the RBD with block-
ing of ACE2 receptor binding being the proposed mechanism of neutralization due to recognition

of residues that lie closer to the ACE2 binding motif.

Claudia A. Jette carried out the crystolography studies as well as designed of some of the rea-
gents including the bispecific antibodies. Christopher Barnes this the single particle Cryo-EM stud-
ies. My contribution to this work was as the co-lead researcher of the project. | helped conceive
and design the cross-reactive ELISA and neutralization experiments to both sarbecovirus RBDs

as well as variants of concern, prepared the reagents, and analyzed the data.

This work was submitted to a preprint as:

Jette, C.A., Cohen, A.A., Gnanapragasam, P.N.P., Muecksch, F., Lee, Y.E., Huey-Tubman, K.E.,
Schmidt, F., Hatziioannou, T., Bieniasz, P.D., Nussenzweig, M.C., et al. (2021). Broad cross-reac-
tivity across sarbecoviruses exhibited by a subset of COVID-19 donor-derived neutralizing anti-

bodies. Biorxiv 2021.04.23.441195.
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Summary

Many anti-SARS-CoV-2 neutralizing antibodies target the ACE2-binding site on viral spike receptor-
binding domains (RBDs). The most potent antibodies recognize exposed variable epitopes, often
rendering them ineffective against other sarbecoviruses and SARS-CoV-2 variants. Class 4 anti-
RBD antibodies against a less-exposed, but more-conserved, cryptic epitope could recognize
newly-emergent zoonotic sarbecoviruses and variants, but usually show only weak neutralization
potencies. We characterized two class 4 anti-RBD antibodies derived from COVID-19 donors that
exhibited broad recognition and potent neutralization of zoonotic coronavirus and SARS-CoV-2 var-
iants. C118-RBD and C022-RBD structures revealed CDRH3 mainchain H-bond interactions that
extended an RBD B-sheet, thus reducing sensitivity to RBD sidechain changes, and epitopes that
extended from the cryptic epitope to occlude ACE2 binding. A C118-spike trimer structure revealed
rotated RBDs to allow cryptic epitope access and the potential for intra-spike crosslinking to in-
crease avidity. These studies facilitate vaccine design and illustrate advantages of class 4 RBD-
binding antibody therapeutics.

Key words

Cryo-EM; Coronavirus; Neutralizing antibody; receptor-binding domain; Sarbecovirus; SARS-CoV-
2; Spike trimer: Structural biology; Virology: X-ray crystallography.
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Introduction

The current SARS-CoV-2 pandemic is a crisis of immediate global concern, but two other zoonotic
betacoronaviruses, SARS-CoV and MERS-CoV (Middle East Respiratory Syndrome), also resulted
in epidemics within the last 20 years (de Wit et al., 2016). All three viruses likely originated in bats
(Li et al., 2005; Zhou et al., 2021), with SARS-CoV and MERS-CoV having adapted to intermediary
animal hosts, most likely palm civets (Song et al., 2005) and dromedary camels (Haagmans et al.,
2014), respectively, prior to infection of humans. Serological surveys of people living near caves
where bats carry diverse coronaviruses suggests direct transmission of SARS-CoV-like viruses
(Wang et al., 2018), raising the possibility of future outbreaks resulting from human infection with
SARS-like betacoronaviruses (sarbecoviruses).

Coronaviruses encode a trimeric spike glycoprotein (S) that serves as the machinery for fusing the
viral and host cell membranes (Fung and Liu, 2019). The first step in fusion is contact of S with a
host receptor. The receptor-binding domains (RBDs) at the apex of the S trimers of SARS-CoV-2,
SARS-CoV, HCoV-NL63, and some animal coronaviruses utilize angiotensin-converting enzyme 2
(ACEZ2) as their receptor (Hoffmann et al., 2020; Li et al., 2003; Zhou et al., 2020b). RBDs can adopt
either ‘down’ or ‘up’ conformations, with ACE2 binding only possible to RBDs in an ‘up’ conformation
(Kirchdoerfer et al., 2016; Li et al., 2019; Walls et al., 2020; Walls et al., 2016; Wrapp et al., 2020;
Yuan et al., 2017). A phylogenetic tree of the relationship between coronavirus S protein RBDs
shows that sarbecovirus RBDs form a separate branch (Figure 1A).

Consistent with their obligate role in viral entry, sarbecovirus S trimers are the primary targets of
neutralizing antibodies (Brouwer et al., 2020; Cao et al., 2020; Fung and Liu, 2019; Kreer et al.,
2020; Liu et al., 2020b; Robbiani et al., 2020; Rogers et al., 2020; Seydoux et al., 2020; Shi et al.,
2020; Zost et al., 2020b), with many focusing on the RBD (Barnes et al., 2020a; Barnes et al.,
2020b; Brouwer et al., 2020; Cao et al., 2020; Kreer et al., 2020; Liu et al., 2020b; Pinto et al., 2020;
Robbiani et al., 2020; Rogers et al., 2020; Seydoux et al., 2020; Zost et al., 2020a). Structural anal-
ysis of the binding epitopes of anti-SARS-CoV-2 RBD antibodies enabled their classification into
four initial categories: class 1, derived from VH3-53/VH3-63 germlines and including a short heavy
chain complementarity determining region 3 (CDRH3) that bind an epitope overlapping with the
ACE2 binding site and only recognize ‘up’ RBDs; class 2, whose epitope also overlaps with the
ACEZ2 binding site, but which can bind to both ‘up’ and ‘down’ RBD conformations; class 3, which
bind to the opposite side of ‘up’ and ‘down’ RBDs adjacent to an N-glycan attached to residue N343;
and class 4, which are often weakly neutralizing antibodies that target a cryptic epitope facing the
interior of the spike protein on ‘up’ RBDs (Barnes et al., 2020a) (Figure S1; Supplemental Movie 1).

Potent anti-SARS-CoV-2 neutralizing antibodies are typically class 1 or class 2 anti-RBD antibodies
that block the ACE2 binding site (Barnes et al., 2020a; Dejnirattisai et al., 2021; Lee et al., 2021;
Liu et al., 2020b; Tortorici, 2020). Since class 1 and class 2 RBD epitopes are not well conserved
(Figure 1B), antibodies in these classes are unlikely to strongly cross-react across sarbecovirus
RBDs. However, an in vitro-selected variant of an ACE2 blocking antibody isolated from a SARS-
infected survivor exhibited increased cross-reactive properties, showing neutralization of SARS-
CoV-2 and other betacoronaviruses (Rappazzo et al., 2021). In general, however, as isolated from
infected donors, class 3 and class 4 RBD-binding antibodies are better prospects for neutralizing
across multiple strains and thereby potentially protecting against emergent sarbecoviruses. Indeed,
S309, a class 3 anti-RBD antibody isolated from a SARS-CoV-infected donor, demonstrated cross-
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reactive neutralization of SARS-CoV-2 (Pinto et al., 2020). Furthermore, reports of class 4 human
antibodies that exhibit cross-reactive binding and neutralization amongst sarbecoviruses (Liu et al.,
2020a; Starr et al., 2021a) suggest that further investigation of antibodies from COVID-19 conva-
lescent donors could lead to discoveries of potent and broadly cross-reactive class 4 antibodies that
recognize the highly-conserved, ‘cryptic’ RBD epitope.

Here we investigated C118 and C022, two class 4 human antibodies isolated from COVID-19 do-
nors (Robbiani et al., 2020) that show breadth of binding and neutralization across sarbecoviruses
and SARS-CoV-2 variants of concern. We report crystal structures of C118 complexed with SARS
RBD and C022 complexed with SARS-CoV-2 RBD, which revealed interactions with a conserved
portion of the RBD in common with interactions of previously-described cross-reactive but more
weakly-neutralizing class 4 antibodies; e.g., CR3022 (Huo et al., 2020; Yuan et al., 2020a; Yuan et
al., 2020b), and EY6A (Zhou et al., 2020a). Unlike these class 4 anti-RBD antibodies, C118 and
C022 also occlude portions of the ACE2 binding site to facilitate more potent neutralization. A single-
particle cryo-EM structure of a C118-S trimer complex demonstrated binding of C118 to an intact
trimer, revealing an S configuration with increased separation between the RBDs than found in
class 1-3 Fab-S or ACE2-S trimer structures, and revealed the potential for intra-spike crosslinking.
These results define a cross-reactive class 4-like epitope on sarbecovirus RBDs that can be tar-
geted in vaccine design and illustrate a mechanism by which the cryptic RBD epitope can be ac-
cessed on intact CoV S trimers.

Results

C022 and C118 IgGs recognize and neutralize diverse sarbecoviruses, including SARS-CoV-
2 variants

From a survey to identify cross-reactive monoclonal antibodies isolated from SARS-CoV-2-infected
donors from the New York area (Robbiani et al., 2020), we found antibodies isolated from different
donors, C118 (VH3-30/VL4-69-encoded) and C022 (VH4-39/VK1-5-encoded), that recognized a
diverse panel of 12 sarbecovirus RBDs spanning clades 1, 1/2, 2 and 3 (Figure 1). As evaluated by
enzyme-linked immunosorbent assay (ELISA), C118 bound to RBDs from all sarbecoviruses
tested, and C022 bound to all but two RBDs, similar to the class 4 anti-RBD antibody CR3022
(Figure 1C). By comparison, the cross-reactive class 3 anti-SARS RBD antibody S309 (Pinto et al.,
2020) recognized half of the set of sarbecovirus RBDs, and C144, a more potent SARS-CoV-2
class 2 neutralizing antibody (Robbiani et al., 2020), bound to the SARS-CoV-2 RBD but not to
RBDs from the other 11 sarbecovirus strains (Figure 1C).

To further define the C022 and C118 antibody epitopes, we evaluated binding of C118 and C022
to a panel of RBDs with mutations chosen from circulating variants that conferred resistance to one
or more classes of anti-RBD antibodies (Li et al., 2020; Starr et al., 2021b; Weisblum et al., 2020).
We also assessed binding to RBD substitutions identified in the B.1.1.7 and B.1.351 SARS-CoV-2
variants of concern (Rambaut et al., 2020; Tegally et al., 2020), and to mutations in the MA10
mouse-adapted SARS-CoV-2 virus (Leist et al., 2020). Relative to wild-type RBD, C118, C022,
CR3022 and S309 demonstrated a similar binding profile with respect to the RBD substitutions
tested and exhibited a broader range of binding to the RBD mutants than did the more potent class
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2 C144 antibody (Figure 1C and Figure S2A). Collectively, the ELISA binding data suggested that
C022 and C118 recognize a highly-conserved epitope and are therefore likely to be class 4 anti-
RBD antibodies.

We next measured neutralization potencies using an in vitro pseudovirus-based assay that quanti-
tatively correlates with authentic virus neutralization (Schmidt et al., 2020) to evaluate SARS-CoV-
2, SARS-CoV-2 RBD mutants, SARS-CoV-2 variants (Annavajhala et al., 2021; Faria et al., 2021;
Rambaut et al., 2020; Tegally et al., 2020; Voloch et al., 2020; West et al., 2021; Zhang et al., 2021),
and sarbecovirus strains known to infect human ACE2-expressing target cells (SARS-CoV-2,
SARS-CoV, WIV1, SHC104, WIV16, Pangolin GD and Pangolin GX) (Figure 1D,E and Figure S2B-
D). Against a panel of SARS-CoV-2 pseudotyped viruses harboring single amino acid RBD substi-
tutions, C118 and C022 neutralized all viruses with potencies similar to ‘wt’ SARS-CoV-2, consistent
with the results obtained in ELISA binding assays (S gene with D614 residue; GenBank:
NC_045512) (Figure S2). For comparisons with SARS-CoV-2 variants of concern, the S gene we
used to make ‘wt’ SARS-CoV-2 pseudovirus included the D614G substitution in the context of the
Wuhan-1 spike (Korber et al., 2020), resulting in a 2-4—fold reduction in ICses for C022 and C118
antibodies (Figure 1E).

We found that C118 and C022 IgGs neutralized all four SARS-CoV-2 variants and all ACE2-tropic
sarbecoviruses with 50% inhibitory concentrations (ICso values) of <1 pyg/mL, with the exception of
C118, which inhibited SARS-CoV-pseudotyped viruses less efficiently (ICso = ~4.5 pug/mL) (Figure
1D,E and Figure S2B-D). By contrast, the class 4 anti-RBD antibody CR3022 showed weak or no
neutralization against the majority of pseudoviruses tested, with the exception of SARS-CoV (ICso
~1.1 pg/mL) and WIV1 (ICso ~0.6 pg/mL). The class 3 S309 antibody showed strong neutralization
potencies (ICsos between 16 ng/mL and 120 ng/mL) against all viruses with the exceptions of the
B.1.1.7 SARS-CoV-2 variant of concern and SHC014. The class 2 anti-RBD antibody C144 was
highly potent against SARS-CoV-2 and the B.1.1.7 and B.1.429 variants (ICsos between 1 ng/mL
and 2 ng/mL), but did not neutralize the other SARS-CoV-2 variants or sarbecoviruses. Taken to-
gether, of the IgGs evaluated, C118 and C022 exhibited the greatest breadth of sarbecovirus neu-
tralization (Figure 1E and Figure S2), consistent with their broad cross-reactive binding profile
demonstrated by ELISA (Figure 1C and Figure S2A).

Crystal structures of C022-RBD and C118-RBD reveal class 4 RBD interactions and conser-
vation of epitope residues

To understand the mechanism underlying the breadth of neutralization of C022 and C118, we
solved structures of complexes between C118 Fab bound to SARS-CoV RBD and C022 bound to
SARS-CoV-2 RBD to resolutions of 2.7A and 3.2A, respectively, chosen based on which complexes
formed well-ordered crystals (Figure 2A,B and Table S1).

The C118-RBD and C022-RBD structures showed that both Fabs recognize an epitope that is
highly-conserved among sarbecoviruses at the base of the RBD (Figure 1B), which is exposed only
in ‘up’ RBD conformations as first described for the class 4 RBD-binding antibodies CR3022 (Huo
et al., 2020; Yuan et al., 2020a; Yuan et al., 2020b) and EY6A (Zhou et al., 2020a). C022 and C118
use four of six complementarity-determining region (CDR) loops to interact with an epitope that
extends towards the RBD ridge near the ACE2 binding site, and in the case of C022, includes an
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overlapping interacting residue (K417rsp) (Figure 2C,D). In both structures, CDRH3 loops, CDRL2
loops, and portions of FWRL3 mediate the majority of RBD contacts and establish extensive polar
and van der Waals interactions with RBD residues (Figure 2C,D), accounting for 71% of epitope
buried surface area (BSA) on the RBD for the C022-RBD and C118-RBD structures, respectively
(Table S2). No contacts were made in either complex with the N343rep N-glycan (SARS-CoV-2 S
numbering). SARS-CoV contains an additional potential N-linked glycosylation site at N357rsp
(SARS-CoV S numbering), which if glycosylated, would not be contacted by C118, a favorable fea-
ture for cross-reactive recognition given that this potential N-linked glycosylation site is conserved
in all S protein sequences except for SARS-CoV-2 (Figure 2A).

Overlaying the RBDs of our Fab-RBD structures with the RBD of the ACE2-RBD structure (PDB
6MO0J) showed that the binding poses of both C118 and C022 placed the V. of each Fab in a position
that would clash with concurrent ACE2 binding, in contrast to the CR3022 and EY6A binding poses
(Figure 2E). This binding orientation would sterically prevent RBD-ACE?2 interactions, as has been
suggested for other class 4 anti-RBD antibodies (Liu et al., 2020a; Piccoli et al., 2020a). To verify
direct competition with ACE2, we conducted a competition experiment using surface plasmon res-
onance (SPR). SARS-CoV-2 RBD was coupled to a biosensor chip, an RBD-binding IgG was in-
jected, and then soluble ACE2 was injected over the RBD-IgG complex. C118, C022, and C144
IgGs all inhibited binding of ACE2 did not bind to the IgG-RBD complex. In contrast, ACE2 bound
the CR3022-RBD complex (Figure S3). These results are consistent with competition for C118,
C022, and C144 for ACE2 binding to RBD, but no competition for CR3022, suggesting a primary
neutralization mechanism for C022 and C118 that prevents spike attachment to host cell ACE2
receptors.

Features of C118 and C022 recognition of the class 4 epitope

Class 4 RBD-binding antibodies contact a common epitope at the base of the RBD that is distant
from the ACE2-binding site (Figure 3A). The epitopes of three class 4 antibodies, C118, C022, and
COVA1-16, also includes a patch reaching towards the ridge on the left side of the RBD as depicted
in Figure 3A.

To compare the C118 and C022 epitopes with epitopes of other class 4 anti-RBD antibodies, we
analyzed RBD residues contacted by C118, C022, COVA1-16, and CR3022 on aligned sequences
of sarbecovirus RBDs (Figure 3B). Sequence conservation among sarbecoviruses at the C022 and
C118 epitopes involves a majority of residues that are strictly-conserved or conservatively-substi-
tuted between SARS-CoV-2 and other RBDs (Figure 3B), likely explaining the broad cross-reactivity
observed for these antibodies (Figure 1C). Comparison of the C118 and C022 epitopes showed a
majority of recognized RBD residues are shared between the two antibodies (70% of C118 epitope
also contacted by C022) (Figure 3B). CR3022 contacted a similar number of residues as C118 and
C022, including the conserved patch at the RBD base (Figure 3B,C); however, a region from 404-
417rep that comprises an unstructured loop and the a4 helix above an internal RBD B-sheet con-
tained only a single CR3022 contact residue (R408rsp) and was not contacted by antibodies EY6A,
S2A4 and S304; whereas C118, C022, and COVA1-16 showed contacts with this region (Figure
3B,D).
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The a4 helix is proximal to the ACE2 receptor-binding motif and has less sequence conservation
across the 12 sarbecoviruses (Figure 3B). To accommodate binding in this region, C118 uses in-
sertions in its FWRL3 (54B-56.c) to form a -strand adjacent to the a4 helix, establishing both side
chain and backbone interactions (Figure 3E — left panel). C022 showed similar binding in this region
but used non-contiguous CDRH1, CDRH3, and CDRL2 loops (Figure 3E — right panel). C022 con-
tacts were located more to the C-terminal end of the a4 helix than the C118 contacts and encom-
passed the disordered RBD loop that includes the ACE2-interacting residue K417rep (K404rgp in
SARS-CoV) (Lan et al., 2020) (Figure 3E — right panel). C022 buried more surface area on RBD in
this region than C118 (323A? vs 150A?). Four of eight and five of nine RBD contacts for C118 and
C022, respectively, were fully conserved among sarbecoviruses (Figure 3B), suggesting that inter-
actions in this region may be possible with other sarbecoviruses. In particular, the conserved resi-
due R408rsp (R395rep in SARS-CoV) was contacted by both antibodies and alone was responsible
for 94A% and 95A2 of BSA buried on the RBDs for C118 and C022, respectively. Despite both C118
and C022 engaging the a4 helix and residue R408rep, mutations at this position known to affect
class 1 and class 4 anti-RBD antibodies (Greaney et al., 2021) had no effect on these antibodies
(Figure S2A). Overall, engagement of the a4 helix region provided 16% (C118) and 36% (C022) of
the BSA buried on RBD, and extended their epitopes past the cryptic epitope to bind adjacent to or
overlapping with the ACE2 binding site.

Shared features of the C022 and COVA1-16 class 4 anti-RBD antibodies

The C022 epitope on RBD closely resembles the epitope of COVA1-16 (Figure 3A,B), a class 4
antibody isolated from a SARS-CoV-2 convalescent donor derived from VH7-46/VK1-33 V-gene
segments (Brouwer et al., 2020) (Figure S4). Yet, COVA1-16 weakly neutralized (>1ug/mL) SARS-
CoV and SARS-CoV-2 variants (Liu et al., 2021), in contrast with C022 neutralization (Figure 1E).
After superimposing the RBDs from crystal structures of SARS-CoV-2 RBD complexed with
COVA1-16 (PDB 7JMW) and C022 (this study), the Vu-VL domains of the bound Fabs were related
by an root mean square deviation (RMSD) of 1.3A (235 Ca. atoms), with the majority of conforma-
tional differences occurring in the CDRH1 and CDRH2 loops (Figure S5A). Despite being derived
from different V gene segments (which would affect their VH gene segment-encoded CDRH1 and
CDRH2 loops), C022 and COVA1-16 recognized similar epitopes, contacting a common set of 23
RBD residues, which included COVA1-16 interactions in common with C022 interactions with the
RBD o4 helix (Figure 3B).

While C022 and COVA1-16 share a generally similar mode of binding, there are differences in in-
teractions of residues encoded within their different Vi gene segments (i.e., their CDRH1 and
CDRH2 loops) (Figure S5B). For example, the C022 contact with T430rsp was part of an extensive
clasp made by an interaction between the C022 CDRH1 residue R33nc with backbone carbonyls
of D427rep, D428rep, and F429rgp and with the sidechain of T430rep (Figure S5C). Two of the same
RBD residues (D427rsp and F429rsp) interacted with an arginine from COVA1-16, but this arginine
(R100Bkc) is located at the base of the CDRH3 loop rather than within CDRH1, as is the case with
C022 R334c. The larger separation distance from the RBD of COVA1-16 R100Bc allowed it to form
a sidechain-backbone H-bond with D427rgp similar to a sidechain—backbone H-bond involving
C022 R334c and D428rgp, but precluded interactions with D428rep and T430reo (Figure S5D). In
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addition, the COVA1-16 CDRH1 was shorter than the C022 CDRH1 (7 versus 9 residues) (Figure
S4A), and was shifted away from the RBD relative to the C022 CDRH1. These differences, in ad-
dition to fewer LC interactions by COVA1-16, resulted in less total BSA for COVA1-16 relative to
C022 (1607 A? vs 1875 A2 respectively) despite similar contributions from CDRH3 loops (Table
S2).

Interactions with RBD main chain atoms facilitate recognition of diverse RBDs

The paratopes of both C118 and C022 were dominated by their long CDRH3 loops (20 and 21
residues, respectively) (Figure 4A,B and Figure S4), which make up ~half of the buried surface
areas (BSAs) of each paratope (461 A2 of 1020 A? for C118 and 537 A? of 969 A? for C022) (Table
S2). The C118 and C022 CDRH3s comprise two anti-parallel 3-strands that extend a largely internal
RBD B-sheet (B-strands p1-p4 and B7) through main chain H-bonds between the RBD B2 strand
(377-379rep) and the first CDRH3 B-strand (CDRH3 residues 97-99 (C118) or 100-100B (C022))
(Figure 4A,B). A similar feature is also seen in the structure of the COVA1-16—-RBD complex (Liu et
al., 2020a), which shares a nearly identical CDRH3 sequence with C022 (Figure S5E).

C118 and C022 form extensive backbone interactions with RBD, with 10 and 9 H-bonds formed
with the backbone of RBD, respectively. Extensive backbone interactions in the C118 and C022
epitopes could contribute to their breadth of binding and neutralization across sarbecoviruses, as
backbone interactions would facilitate binding despite side chain substitutions, which are rare
across the RBD sequences listed (Figure 3B), but could occur in other CoV RBDs. For example,
the backbone H-bonds between the CDRH3s of C118 and C022 with the RBD 2 strand allow for
binding despite substitution at position K378rep (K365rep in SARS-CoV) (Figure S2A and Figure
4C). By contrast, the class 4 antibody CR3022 uses side chain interactions (potential electrostatic
interactions between D54c and E561c and K378grep); thus CR3022 is sensitive to mutation at
K378Nrep (Figure S2A). This is consistent with CR3022 not binding to Rf1-CoV RBD (Figure 1C),
which contains an asparagine at the equivalent position to SARS-CoV-2 K378rsp (Figure 3B),
whereas C118 and C022 binding to Rf1-CoV RBD was not affected. Overall, mainchain H-bond
interactions likely reduce sensitivity to RBD sidechain substitutions, making antibodies such as
C118 and C022 more tolerant to differences between sarbecoviruses strains or variants.

C118-S cryo-EM structure shows increased S trimer opening

On an S trimer, the class 4 cryptic epitope is at the base of the RBD, where it faces towards the
center of the trimer (Barnes et al., 2020a; Huo et al., 2020; Yuan et al., 2020b). The epitope is buried
in the closed, prefusion S conformation and interacts with portions of the spike S2 subunit and
neighboring ‘down’ RBDs. Compared to class 2 or class 3 anti-RBD antibodies that recognize their
epitopes in ‘up’ or ‘down’ RBD conformations (Barnes et al., 2020a), the class 4 epitope is less
accessible and requires two ‘up’ RBDs for antibody binding (Piccoli et al., 2020a). Additionally, class
4 antibody binding may also require RBD rotation to prevent steric clashes with neighboring ‘up’
RBDs, as observed for the complexes of S trimer with EY6A, S2A4, and S304 (Piccoli et al., 2020a;
Zhou et al., 2020a).
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Given the similar binding poses of C118 and C022 antibodies, which bind with a more acute angle
with respect to the RBD than EY6A or CR3022 (Figure 2E), and the increased breadth and potency
of C118 and C022 relative to other class 4 anti-RBD antibodies (Figure 1E), we sought to under-
stand the requirements for epitope recognition on a S trimer. Thus, we solved single-particle cryo-
EM structures of C118 Fabs bound to SARS-CoV-2 S 6P trimers (Hsieh et al., 2020), finding two
distinct states defined by RBDs adopting various rotational conformations (Figure 5A,B and Figure
S6) as well as C118 Fab bound to dissociated S1 subunit protomers (Figure S6B). For the state 1
C118-S trimer complex structure solved to 3.4A, we subsequently used symmetry expansion and
local refinement to generate a 3.7A map of the C118 ViV, — RBD interface (Figure S6B-E).

The C118 pose with respect to the RBD observed in the C118 — SARS-CoV-2 S structure was
similar to the C118 — SARS-CoV RBD crystal structure (Figure S6F), demonstrating consistent
recognition of the cryptic epitope of both SARS-CoV-2 and SARS-CoV RBDs. Furthermore, the
C118 binding pose was oriented higher on the RBD relative to other class 4 anti-RBD antibodies
(Figure 5C), and was consistent with SPR competition data that suggested C118 would sterically
hinder ACE2 binding to the same protomer (Figure S3).

Despite differences in binding poses relative to other class 4 antibodies (Figure 5C), C118 binding
also resulted in RBD conformations displaced further from the trimer center relative to S2E12 (a
class 1 anti-RBD neutralizing antibody) (Tortorici, 2020) and ACE2 (Yan et al., 2020) (Figure 5D).
On average, class 4 anti-RBD antibody binding resulted in an ~15-20A displacement of the RBD
relative to ACE2-bound conformations, which likely results in destabilization of the spike trimer.
Indeed, S1 shedding induced by class 4 antibodies has been described as a possible neutralization
mechanism (Huo et al., 2020; Piccoli et al., 2020a; Wec et al., 2020). The presence of C118-S1
protomer classes in our cryo-EM data suggested that C118 also induces shedding (Figure S6), but
the role S1 shedding and premature S-triggering plays in C118-mediated neutralization requires
further investigation.

C118 and C022 neutralization of sarbecoviruses demonstrate differential effects of avidity
enhancement

Neutralization of SARS-CoV-2 and SARS-CoV by COVA1-16 was found to be mediated by avidity
effects based on potent neutralization by the bivalent COVA1-16 IgG, but not the monovalent Fab
(Liu et al., 2020a). To evaluate whether intra-spike crosslinking, one source of avidity enhancement
for bivalent antibodies, was possible for C118 or C022 IgGs, we examined the C118-S trimer struc-
ture to ask whether the positioning of two Fabs on adjacent RBDs would be compatible with binding
by a single 1gG. As previously described for other anti-RBD IgGs, we compared the distance be-
tween residues near the C-termini of adjacent Fab C41 domains to analogous distances in crystal
structures of intact IgGs, setting a cut-off of <65A as potentially allowing a single IgG to include both
Fabs (Barnes et al., 2020a). The measured distance for the C-termini of adjacent Fab Cy1 domains
in the symmetric State 1 C118-S trimer structure was 41A (Figure 5E), suggesting that intra-spike
crosslinking would be possible for C118 IgGs bound to spike trimers. The asymmetric State 2 C118-
S structure included distances of 50A, 89A, and 92A (Figure 5E), also allowing intra-spike cross-
linking between one combination of two bound RBDs, as well as the potential for inter-spike cross-
linking between adjacent spikes on the virion surface. In comparison, no other class 4 anti-RBD
Fab-S trimer structures showed measured distances that would be compatible with intra-spike
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crosslinking (Figure 5E), thus any potential avidity effects for those IgGs could only occur via inter-
spike crosslinking.

To further evaluate whether avidity could also facilitates cross-reactive neutralization by the C118
and C022 antibodies, we compared neutralization of SARS-CoV-2, SARS-CoV, WIV1, and SHC014
by the bivalent C118 and C022 IgGs and by two monovalent forms of each antibody: a 50 kDa Fab
and an IgG size-matched bispecific IgG containing only one relevant Fab. The bispecific IgGs in-
cluded one C118 or C022 RBD-binding Fab and a second non-RBD-binding Fab derived from the
HIV-1 antibody 3BNC117 (Scheid et al., 2011). To interpret neutralization results, we calculated
molar neutralization ratios (MNRs) defined as: [ICso Fab or bispecific IgG (nM)/ICso IgG (nM)] (Klein
and Bjorkman, 2010). In the absence of avidity effects resulting from either crosslinking within a
spike trimer (intra-spike crosslinking) or cross-linking between adjacent spike trimers (inter-spike
crosslinking), an MNR would be 2.0, which accounts for twice as many relevant Fabs in a bivalent
IgG compared to its monovalent forms.

Using pseudotyped SARS-CoV-2, SARS-CoV, WIV1, and SHC014, we derived neutralization po-
tencies of the bivalent IgG, monovalent bispecific IgG, and Fab forms of C118 and C022 and then
calculated MNRs for the bivalent IgG to bispecific IgG comparison (bispecific MNR) and for the
bivalent IgG to Fab comparison (Fab MNR) (Figure 5F). Comparisons between the Fab and
bispecific IgG forms of monovalent antibody allowed evaluation of potential steric affects that could
increase neutralization potencies for larger IgGs compared to smaller Fabs. With the exception of
the low MNRs derived from the IgG comparison with the bispecific and Fab forms of C118 against
SARS-CoV-2 (MNRs of 5 and 3, respectively), we found mostly high MNRs ranging from the lowest
values of >11 and 28 for the MNRs for C118 against SARS-CoV (where 11 is a minimal estimate
since the C118 bispecific was non-neutralizing) to the highest values of 708 and 1444 for the C022
bispecific and Fab MNRs against SHC014. Four of the bispecific to Fab MNR comparisons showed
a two-fold or higher Fab MNR than the comparable bispecific MNR, suggesting that at least some
of the increased potencies of the bivalent IgGs compared with their counterpart Fabs resulted from
steric effects. However, six of the eight monovalent to bivalent comparisons exhibited MNRs well
over 70, suggestive of strong avidity effects. By contrast, mean MNRs derived for broadly neutral-
izing anti-HIV-1 Env antibodies are <10 (Wang et al., 2017), consistent with the low spike density
on HIV-1 virions that largely prevents inter-spike crosslinking, and the architecture of the HIV-1 Env
trimer, which prohibits intra-spike crosslinking for all known HIV-1 broadly neutralizing antibodies
(Klein and Bjorkman, 2010). Taken together with the analysis of the C118-S trimer structure, the
observed avidity effects for C118 IgGs binding to WIV1 and SHC014 and for the related C022 IgGs
binding to the four viruses tested could arise from intra-spike as well as inter-spike crosslinking.

The question as to why C118 exhibits little or no avidity effects for neutralization of SARS-CoV-2
and SARS-CoV is difficult to address since the same IgG showed strong avidity effects against
WIV1 and SHCO014, and C022, which binds similarly to C118, showed avidity effects in neutraliza-
tion of all four pseudoviruses. These results could derive from different binding characteristics for
C118 to the SARS-CoV-2 and SARS-CoV RBDs compared with C118 and C022 interactions with
the other sarbecoviruses evaluated. Indeed, simulations of avidity effects demonstrated that some
combinations of IgG concentration and antigen-binding affinity and kinetic constants showed no
advantages of bivalent versus monovalent binding (Klein, 2009; Klein and Bjorkman, 2010). Thus
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the effects of avidity are a complicated function of concentration and binding constants that preclude
predictions in the absence of experimental data.

Discussion

Concerns about coronaviruses having spillover potential as well as the increasing prevalence of
SARS-CoV-2 variants necessitates identification of cross-reactive antibodies. Antibodies elicited
against infectious viruses for which there are multiple circulating variants, either within an individual
or the population, often show a trade-off between potency and breadth (Corti et al., 2010; Desrosiers
et al., 2016). In the case of antibody responses against SARS-CoV-2, the cause of the current
global pandemic, many strongly neutralizing antibodies have been isolated that block ACE2 recep-
tor interactions (Barnes et al., 2020a; Dejnirattisai et al., 2021; Lee et al., 2021; Liu et al., 2020b;
Piccoli et al., 2020b). However, the ACE2-binding region of the RBD also tends to accumulate
amino acid changes, as evidenced by substitutions identified in the current SARS-CoV-2 variants
of concern (Annavajhala et al., 2021; Faria et al., 2021; Rambaut et al., 2020; Tegally et al., 2020;
Voloch et al., 2020; West et al., 2021; Zhang et al., 2021), thus reducing the potential efficacies of
vaccines and monoclonal antibody therapies. Recent studies suggest that antibodies against the
S2 subunit offer the potential of greater cross-reactivity across coronaviruses, but these antibodies
generally lack strong neutralization potency (Sauer et al., 2021; Shah et al., 2021; Wang et al.,
2021).

The class 4 RBD-binding epitope, which is more conserved than the class 1 and class 2 RBD
epitopes, represents a plausible target for the elicitation of antibodies with broad cross-reactive
recognition across sarbecoviruses. Indeed, some recently described class 4 antibodies (e.g.,
CR3022, H0O14, COVA1-16, EY6BA, ADI-56046) neutralize two or more sarbecovirus strains, and/or
can bind RBDs from multiple sarbecoviruses (Liu et al., 2020a). However, while many class 4 anti-
bodies show some cross-reactivity, they generally exhibit decreased potencies against heterolo-
gous sarbecovirus strains. For example, the SARS-CoV—derived CR3022 antibody does not po-
tently neutralize SARS-COV-2 (Huo et al., 2020), and the SARS-CoV-2 — derived COVA1-16 anti-
body does not potently neutralize SARS-CoV or SARS-CoV-2 variants of concern (Liu et al., 2020a;
Liu et al., 2021).

Here we characterized two antibodies, C118 and C022, derived from different COVID-19 convales-
cent donors (Robbiani et al., 2020), which show breadth of and potent neutralization against sarbe-
coviruses of all three clades. The structural similarity of RBD binding poses between C022 and
COVA1-16 (Liu et al., 2020a), which was derived from yet a third COVID-19 convalescent donor
(Brouwer et al., 2020), suggests that these sorts of cross-reactive antibodies are commonly elicited
by natural infection and that their epitope represents an attractive target for immunogen design. Of
particular importance for for the current pandemic, circulating variants of concern or variants of
interest did not confer resistance to the C118 and C022 antibodies. In addition, C118 and C022
antibodies were not affected by naturally-occurring RBD mutations that undermine the activity of
several antibodies approved for therapeutic use (Hoffmann et al., 2021; Starr et al., 2021b).

Analysis of our C118-RBD and C022-RBD complex structures revealed key details of cross-reactive
recognition and broad sarbecovirus neutralization. First, C118 and C022 utilize long CDRH3s to
facilitate interactions with the cryptic RBD epitope at the base of the RBD. In contrast to less potent

219



220

class 4 antibodies such as CR3022 (Huo et al., 2020; Yuan et al., 2020a; Yuan et al., 2020b) and
EY6A (Zhou et al., 2020a) that also contact this region, the longer CDRHS3 provides the opportunity
to target a highly-conserved patch of residues across sarbecoviruses with an orientation that ex-
tends the epitope upwards to the ACE2 binding site. This extended epitope and many of the struc-
tural features of C118 and C022 binding are shared with COVA1-16 (Liu et al., 2020a). Second, the
aforementioned binding poses of C118, C022, and COVA1-16, as well as overlap of the C022
epitope with the edge of the ACE2 binding site, suggested competition with ACE2 as part of their
neutralization mechanisms. Indeed, competition experiments reported here for C118 and C022 and
by others for COVA1-16 (Liu et al., 2020a) demonstrated competition with ACE2 for SARS-CoV-2
RBD binding. Third, C118, C022, and COVA1-16 formed many interactions with backbone atoms
of RBD residues, adding a second level of buffering against viral escape since amino acid substitu-
tions at these positions are less likely to abrogate antibody binding. Finally, the demonstration that
C118 and C022 bivalency increased potency of neutralization against some of the viruses evaluated
showed the potential for these antibodies to utilize avidity effects for neutralization of sarbe-
coviruses. Given the requirement for two ‘up’ RBDs on a S trimer for class 4 antibody binding,
bivalent binding within a single S trimer would be possible. Thus we suggest that intra-spike cross-
linking would be an advantage for neutralization of sarbecoviruses, where avidity effects likely play
arole.

In conclusion, class 4 antibodies that access the cryptic RBD epitope and compete with ACE2 bind-
ing are important for understanding cross-reactivity of human SARS-CoV-2 antibody responses
elicited by natural sarbecovirus infection. We suggest that potent class 4 anti-RBD antibodies could
be used therapeutically to avoid resistance to SARS-CoV-2 variants of concern, perhaps after in
vitro selection to further improve their potencies. Structural characterization of these antibodies
could also be used to inform future immunogen design efforts to elicit cross-reactive antibodies
against SARS-CoV-2 variants and other sarbecoviruses.
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Figure 1. C118 and C022 show diverse binding and neutralization of sarbecoviruses

(A) Sarbecovirus (Lineage B) phylogenetic tree classified based on RBD sequence conservation.
(B) Left: Cartoon rendering of SARS-CoV-2 S trimer (PDB 6VYB) showing location of ‘up’ RBD
(surface, orange and purple). Right: Amino acid sequence conservation of 12 RBDs calculated as
described (Landau et al., 2005) plotted on a surface representation of a SARS-CoV-2 RBD structure
(PDB 7BZ5). Primary RBD epitopes for the indicated representatives from defined classes of RBD-
binding antibodies (class 1-4) (Barnes et al., 2020a) are indicated as yellow dotted lines (PDB 7K90,
6W41, 7JX3,7K8M) . C022 epitope indicated as blue dotted line.

(C) Comparison of binding of the indicated monoclonal IgGs to a panel of sarbecovirus RBDs from
ELISA data shown as area under the curve (AUC) values. Data presented are mean AUC values
from two independent experiments. IOMA IgG is an anti-HIV-1 antibody serving as a negative con-
trol (Gristick et al., 2016).

(D) Neutralization ICso values for the indicated IgGs against SARS-CoV-2 (D614G version of the
original variant (GenBank: NC_045512)), SARS-CoV-2 variants of concern, and other ACE2-tropic
sarbecovirus pseudoviruses. Geomean = geometric mean ICso in which ICso values >50000ng/mL
were entered as 50000 ng/mL for the calculation. SD = standard deviation. ICso values are means
of 2-7 independent experiments.
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A C118 Fab - SARS-CoV RBD B C022 Fab - SARS-CoV-2 RBD

C379 K378
SARS-CoV-2 RBD

Figure 2. Crystal structures of C022 and C118 Fabs bound to RBDs reveal class 4-like RBD
binding.

(A,B) Cartoon renderings of crystal structures of (A) C0118 Fab complexed with SARS-CoV RBD,
and (B) C022 Fab complexed with SARS-CoV-2 RBD. Dashed circle shows location of SARS-CoV
N357rep residue, with the inset showing the N357rgp asparagine and glycan modeled based on the
SARS-CoV spike-S230 structure (PDB 6NB6).

(C,D) CDR loops and RBD epitope residues of (C) C118 Fab and (D) C022 Fab overlaid on RBDs
represented as gray surfaces with stick representations of epitope residues. Framework region res-
idues, which account for some of the contacts for both antibodies, are not shown in right panels.
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(E) Comparison of Fab poses for binding to an RBD-ACE2 complex. C118 Fab (blue), C022 Fab
(red), CR3022 Fab (PDB 6W41; orange), and EY6A Fab (PDB 6CZC pink) modeled onto an ACE2-
RBD structure (PDB 6MO0J; RBD shown as a gray surface and ACE2 shown as a green cartoon).

COVA1-16 CR3022
PDB 6M0J PDB 7JMW PDB 6W41 PDB 6Z2CZ PDB 7CAH PDB 7JVA PDB 7JX3
B al B @2 B2 o3 B3 a4 o5
—J m—
Bind Strain 331 340 350 360 370 380 390 400 410 420
oo |[ SARS-CoV-2|[NITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNS-ASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK
eeco |l RaTG1l3-CoV
LERRS SARS-CoV
o WIV1-CoV
.o SCH014-CoV
.'s Rs4081-CoV||....
.- Yunll-CoV|f....
oo Rf1l-CoV
.o RmYNO2-CoV||. . ..
.- BM-4831-CoV||...
oo BtKY72-CoV
Cl18 epitope 90 4 4 4000000000000 e 40 4400
C022 epitope G40 400000000000 " 4000000
COVAl-16 epitope G000 4 400000000000 RTINS
4 6 5 6 7
B: al B B! B
Neut.  Strain 430 440 450 460 470 480 490 500 510
ce—o SARS-CoV-2||LPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLH
RaTGL3-CoV||++evevnennnnn KHI.A.E...F......... AL ybebe s i s K....QT.L...Y..YR...Y..D...H.evvvvenn N
coce SARS-CoV|[..... M...L...TR.I.ATST..... K..YL.HGK.R....... NVPFSPDGK. .TP-PAL...W..ND. . . YT.T o Tueennennnennns N
oo WIVI-CoV|l..vuunn.. L...SR.I.ATQT..... K..SL.HGK.R....... NVPFSPDGK. .TP-PA....W..ND...YT. ' Tuueeunennnennnn N
.o SCHO014-CoV||+ .- L...L...T.SK..STS........ WV.R.K.N.Y...L.ND..SP.GQS.SA-V.P...N..RP...FT.A...H.. ..., N
Rs4081-CoV||++vvevuennnn. TAKQ.Q---——-— Q.Y..SS..TK....... LTSDE--——----— R-—————- T.ST.D.Y.NVPIE..AT.......... N
Yunll-CoV||«+-Beuueenn.. TA.Q.RG-—--- Q.Y..SS..TK.vun... L.SDE---—---- R-————— T.ST.D.Y.SVPLE..AT...uevn... N
REL-COV||« v vvevvnnennn TAKQ.--..---S.F..SH.S.K.u..ou.. L.S.E-——————- R-————— T.ST.D.NQNVPLE. .AT.vvuevn... N
RMYNO2-CoV|[+ v vvnnnn L...TAQQD--IG---S.F..SH.AVK....... L.SDE-=——==—= S O T.ST.D.N.NVPLD..AT.vvueunn.. N
BM-4831-CoV||++eveevrennnn T.S...-—--SNEFF..R..HGKI..YG..L.NVLENPSGGT.SA-..L...K..A....TQSS.I.F.e.civuruennn. N
BtKY72-CoV||......... L...T.SV...S.N--.FY..... HGKI..Y..... NVL.NSAGGT.SSISQLG. .E. . Kueve TVt e eeneennnnnnn N
Cl18 epitope XYxs + e o
C022 epitope (X224 +
COVAl-16 epitope e
C Overla;;plng Epitope D leferllang !Epltope E S'ARS-CoV RBD SARS-CoV-2 RBD
egion . egion % holif s
A f> A )> a4 helix FWRL3 ¢
“\\\\\ N\ %\z\ A~ ‘ A
4} g~ A J f}@ - he";’l <, y if,\é 72\ g7~ CDRL2
/) 5 C\ 0 ab Vo) ¥ QY
‘;5\\435 ,( =S =~ { Q, - CDRL2
NN 4D, . %
Y 8 (\ 54 - FWRL2
p1— 5 §) L at { A a4 helix
~B) / ) ~ " T
ﬁs P ﬂ% I fr f '
iy - I
1< ¥ 1 TR \\ {3 A | 4 % CDRH1 ) | CDRH3
o’ | A ARG : e
,J&-’{?@J‘%ﬁ STy r c11s CORHY c022
Ok COX

Figure 3. The C1 1\8 and C022 epitopes include a conserved RBD helix.
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(A) Epitopes for ACE2 and monoclonal antibodies calculated from analyses of crystal structures of
RBD complexes (human antibodies isolated from COVID-19 patients are C118, C022, COVA1-16,
EY6A, and S2A4). RBDs shown are derived from SARS-CoV-2 except for the C118 panel, which
is SARS-CoV RBD.

(B) Alignment of sequences for sarbecovirus RBDs (residue numbering for SARS-CoV-2 RBD).
Secondary structure for SARS-CoV-2 RBD shown above alignment. Dots designate binding or neu-
tralization for C118 (blue), C022 (red), or CR3022 (orange) for each strain. Diamonds designate
RBD epitope residues for C118 binding to SARS-CoV (blue) and C022 (red) or CR3022 (orange)
binding to SARS-CoV-2. Left boxes show binding by ELISA or neutralization of pseudovirus for
each antibody for each strain; data for COVA1-16 from (Liu et al., 2020a). Circles show binding or
neutralization, blank spaces designate not tested, and dashes designate no binding or neutraliza-
tion. Shadings in the sequence alignment indicate conserved portions of epitope (green). Colored
boxes show differing portion of epitope covering the a4 helix and following loop (pink.

(C) Cartoon representation of SARS-CoV-2 RBD (gray) showing overlapping antibody-interacting
residues (green) as sticks in epitopes for C118, C022, COVA1-16, and CR3022 (corresponding to
green shading in panel B).

(D) Cartoon representation of SARS-CoV-2 RBD (gray) showing a4 helix and and following (sticks,
pink) that differ in their contacts with C118, C022, COVA1-16, and CR3022 (pink shading in panel
B).

(E) Cartoon representation of RBDs showing a4 region of RBD and C118 (left) or C022 (right) in-
teracting loops with interacting Fab residues in light blue (C118) and light pink (C022).
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v ——
F\,b K365 Y366

C118 CDRH3 SARS-CoV RBD C022 CDRH3 SARS-CoV-2 RBD

C118 SARS-CoV RBD (€022 SARS-CoV-2 RBD SARS-CoV-2 RBD

Figure 4: C118 and C022 Fabs primarily use their CDRH3s for contacts with RBD alternative
binding contacts for K378grgp.

(A) Close-up cartoon showing B-hairpin formed by C118 CDRH3 (blue sticks) and B-sheet formation
with SARS-CoV RBD (grey cartoon with sticks). H-bonds shown as black dashed lines.

(B) Close-up cartoon showing B-hairpin formed by C022 CDRH3 (red sticks) and B-sheet formation
with SARS-CoV-2 RBD (grey cartoon with sticks). H-bonds shown as black dashed lines.

(C) Cartoon and stick representation of C118-RBD (left), C022-RBD (middle) and CR3022-RBD
(right) showing distinct interactions with residue K365sars/K378sars2 (Cyan).
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Figure 5.

Cryo-EM structure of C118-S complex shows binding to cryptic epitope in an ‘up’ RBD con-
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formation.

(A) 3.4A cryo-EM density for the C118 — S trimer complex (State 1). Side view (left panel) illustrates
orientation with respect to the viral membrane (dashed line). Top view (right panel) shows symmet-
ric binding at the trimer apex with C118 HC (blue) oriented in the interior.

(B) 4.4A cryo-EM density for the C118 — S trimer complex (State 2). Top view illustrates asymmetry
of complex due to RBD rotation in one protomer.

(C) Composite model of an open SARS-CoV-2 trimer bound by class 4 Fabs: C118 (this paper,
blue), EY6A (PDB 6ZDH, pink), S2A4 (PDB 7JVC, brown), the class 4 anti-SARS antibody S304
(PDB 7JWO, green), and HO14 (PDB 7CAK, yellow).

(D) Comparison of S trimer openness by measurements of Ca distances for D428rgp between ad-
jacent ‘up’ RBDs in S trimers complexed with: the class 1 antibody S2E12 (PDB 7K43, gray), soluble
ACE2 (PDB 7KMS, green) and the class 4 antibodies C118 (this study, blue) and EY6A (PDB 6ZDH,
pink).

(E) Prediction of potential intra-spike avidity effects by measurement of Ca distances between the
C-termini of adjacent Cx1 domains for the mAb-S trimer complexes described in panel C. Measure-
ments were used to evaluate the potential for intra-spike crosslinking by an IgG binding to a single
spike trimer as described (Barnes et al., 2020a). For the H014-S complex, the C41-C. domains
were rigid body fit into the cryo-EM density (EMD-30333) prior to measurements.

(F) ICso values and molar neutralization ratios (MNRs) defined as: [ICso Fab or bispecific 1gG
(nM)/ICso IgG (nM)] (Klein and Bjorkman, 2010) for C118 and C022. ICs, values shown for the IgGs
are from Figure 1D. ICs values for all assays against SARS-CoV-2 and SARS-CoV are means of
2-7 independent experiments. Two MNRs are presented in the MNRs (bispecific/Fab) column: the
MNR calculated using a bispecific IgG versus the bivalent IgG (left) and the MNR calculated using
a Fab versus the bivalent IgG (right). Neutralization results with MNRs <5 are indicated as not
demonstrating avidity effects (-), >10 are indicated as demonstrating minimal avidity (+), results with
one MNR> 50 are indicated as moderate avidity (++), and MNRs demonstrating strong avidity ef-
fects (one MNR >700) are indicated as +++.

228



229

References

Adams, P.D., Afonine, P.V., Bunkoczi, G., Chen, V.B., Davis, |.W., Echols, N., Headd, J.J.,
Hung, L.W., Kapral, G.J., Grosse-Kunstleve, R.W., et al. (2010). PHENIX: a comprehensive Py-
thon-based system for macromolecular structure solution. Acta Crystallogr D Biol Crystallogr 66,
213-221.

Annavajhala, M.K., Mohri, H., Zucker, J.E., Sheng, Z., Wang, P., Gomez-Simmonds, A., Ho,
D.D., and Uhlemann, A.-C. (2021). A Novel SARS-CoV-2 Variant of Concern, B.1.526, Identified
in New York. medRxiv 10.1101/2021.02.23.21252259.

Barnes, C.O., Jette, C.A., Abernathy, M.E., Dam, K.-M.A., Esswein, S.R., Gristick, H.B., Mal-
yutin, A.G., Sharaf, N.G., Huey-Tubman, K.E., Lee, Y.E., et al. (2020a). SARS-CoV-2 neutraliz-
ing antibody structures inform therapeutic strategies. Nature 588, 682-687.

Barnes, C.O., West, A.P., Jr., Huey-Tubman, K.E., Hoffmann, M.A.G., Sharaf, N.G., Hoffman,
P.R., Koranda, N., Gristick, H.B., Gaebler, C., Muecksch, F., et al. (2020b). Structures of Hu-
man Antibodies Bound to SARS-CoV-2 Spike Reveal Common Epitopes and Recurrent Fea-
tures of Antibodies. Cell 182, 828-842 €816.

Bell, J.M., Chen, M., Baldwin, P.R., and Ludtke, S.J. (2016). High resolution single particle re-
finement in EMAN2.1. Methods 7100, 25-34.

Brouwer, P.J.M., Caniels, T.G., van der Straten, K., Snitselaar, J.L., Aldon, Y., Bangaru, S.,
Torres, J.L., Okba, N.M.A,, Claireaux, M., Kerster, G., et al. (2020). Potent neutralizing antibod-
ies from COVID-19 patients define multiple targets of vulnerability. Science 369, 643-650.
Bunkodczi, G., and Read, R.J. (2011). Improvement of molecular-replacement models with
Sculptor. Acta Cryst 67, 303-312.

Cao, Y., Su, B,, Guo, X., Sun, W., Deng, Y., Bao, L., Zhu, Q., Zhang, X., Zheng, Y., Geng, C., et
al. (2020). Potent neutralizing antibodies against SARS-CoV-2 identified by high-throughput sin-
gle-cell sequencing of convalescent patients' B cells. Cell 10.1016/j.cell.2020.05.025.

Chan, K.K., Dorosky, D., Sharma, P., Abbasi, S.A., Dye, J.M., Kranz, D.M., Herbert, A.S., and
Procko, E. (2020). Engineering human ACE?2 to optimize binding to the spike protein of SARS
coronavirus 2. Science 369, 1261-1265.

Chen, V.B., Arendall, W.B., 3rd, Headd, J.J., Keedy, D.A., Immormino, R.M., Kapral, G.J., Mur-
ray, L.W., Richardson, J.S., and Richardson, D.C. (2010). MolProbity: all-atom structure valida-
tion for macromolecular crystallography. Acta Crystallogr D Biol Crystallogr 66, 12-21.

Cohen, A.A,, Gnanapragasam, P.N.P., Lee, Y.E., Hoffman, P.R., Ou, S., Kakutani, L.M., Keeffe,
J.R., Wu, H.-J., Howarth, M., West, A.P., et al. (2021). Mosaic nanoparticles elicit cross-reactive
immune responses to zoonotic coronaviruses in mice. Science 371, 735-741.

Corti, D., Suguitan, A.L., Pinna, D., Silacci, C., Fernandez-Rodriguez, B.M., Vanzetta, F., San-
tos, C., Luke, C.J., Torres-Velez, F.J., Temperton, N.J., et al. (2010). Heterosubtypic neutraliz-
ing antibodies are produced by individuals immunized with a seasonal influenza vaccine. Jour-
nal of Clinical Investigation 720, 1663-1673.

Crawford, K.H.D., Eguia, R., Dingens, A.S., Loes, A.N., Malone, K.D., Wolf, C.R., Chu, H.Y.,
Tortorici, M.A., Veesler, D., Murphy, M., et al. (2020). Protocol and Reagents for Pseudotyping
Lentiviral Particles with SARS-CoV-2 Spike Protein for Neutralization Assays. Viruses 12.

de Wit, E., van Doremalen, N., Falzarano, D., and Munster, V.J. (2016). SARS and MERS: re-
cent insights into emerging coronaviruses. Nat Rev Microbiol 14, 523-534.

229



230

Dejnirattisai, W., Zhou, D., Ginn, H.M., Duyvesteyn, H.M.E., Supasa, P., Case, J.B., Zhao, Y.,
Walter, T.S., Mentzer, A.J., Liu, C., et al. (2021). The antigenic anatomy of SARS-CoV-2 recep-
tor binding domain. Cell 10.1016/j.cell.2021.02.032.

Desrosiers, R.C., Wagh, K., Bhattacharya, T., Williamson, C., Robles, A., Bayne, M., Garrity, J.,
Rist, M., Rademeyer, C., Yoon, H., et al. (2016). Optimal Combinations of Broadly Neutralizing
Antibodies for Prevention and Treatment of HIV-1 Clade C Infection. PLOS Pathogens 12,
e1005520.

Edgar, R.C. (2004). MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nuc Acids Res 32, 1792-1797.

Emsley, P., Lohkamp, B., Scott, W.G., and Cowtan, K. (2010). Features and development of
Coot. Acta Crystallogr D Biol Crystallogr 66, 486-501.

Faria, N.R., Claro, I.M., Candido, D., Moyses Franco, L.A., Andrade, P.S., Coletti, T.M., Silva,
C.AM,, Sales, F.C., Manuli, E.R., Agular, R.S., et al. (2021). Genomic characterisation of an
emergent SARS-CoV-2 lineage in Manaus: preliminary findings. https://virological.org/t/ge-
nomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-manaus-preliminary-findings/586.
Fung, T.S., and Liu, D.X. (2019). Human Coronavirus: Host-Pathogen Interaction. Annu Rev Mi-
crobiol 73, 529-557.

Goddard, T.D., Huang, C.C., and Ferrin, T.E. (2007). Visualizing density maps with UCSF Chi-
mera. J Struct Biol 157, 281-287.

Goddard, T.D., Huang, C.C., Meng, E.C., Pettersen, E.F., Couch, G.S., Morris, J.H., and Ferrin,
T.E. (2018). UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein
Sci 27, 14-25.

Greaney, A.J., Loes, A.N., Crawford, K.H.D., Starr, T.N., Malone, K.D., Chu, H.Y., and Bloom,
J.D. (2021). Comprehensive mapping of mutations in the SARS-CoV-2 receptor-binding domain
that affect recognition by polyclonal human plasma antibodies. Cell Host & Microbe 29, 463-
476.e466.

Gristick, H.B., von Boehmer, L., West, A.P., Jr., Schamber, M., Gazumyan, A., Golijanin, J.,
Seaman, M.S., Fatkenheuer, G., Klein, F., Nussenzweig, M.C., et al. (2016). Natively glycosyl-
ated HIV-1 Env structure reveals new mode for antibody recognition of the CD4-binding site.
Nat Struct Mol Biol 23, 906-915.

Guindon, S., Dufayard, J.F., Lefort, V., Anisimova, M., Hordijk, W., and Gascuel, O. (2010). New
algorithms and methods to estimate maximume-likelihood phylogenies: assessing the perfor-
mance of PhyML 3.0. Syst Biol 59, 307-321.

Haagmans, B.L., Al Dhahiry, S.H.S., Reusken, C.B.E.M., Raj, V.S., Galiano, M., Myers, R.,
Godeke, G.-J., Jonges, M., Farag, E., Diab, A,, et al. (2014). Middle East respiratory syndrome
coronavirus in dromedary camels: an outbreak investigation. The Lancet Infectious Diseases
14, 140-145.

Hoffmann, M., Arora, P., Gro3, R., Seidel, A., Hornich, B.F., Hahn, A.S., Kriger, N., Graichen,
L., Hofmann-Winkler, H., Kempf, A., et al. (2021). SARS-CoV-2 variants B.1.351 and P.1 es-
cape from neutralizing antibodies. Cell 10.1016/j.cell.2021.03.036.

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kruger, N., Herrler, T., Erichsen, S.,
Schiergens, T.S., Herrler, G., Wu, N.H., Nitsche, A,, et al. (2020). SARS-CoV-2 Cell Entry De-
pends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell
181, 271-280 e278.

230



231

Hsieh, C.-L., Goldsmith, J.A., Schaub, J.M., DiVenere, A.M., Kuo, H.-C., Javanmardi, K., Le,
K.C., Wrapp, D., Lee, A.G., Liu, Y., et al. (2020). Structure-based design of prefusion-stabilized
SARS-CoV-2 spikes. Science 369, 1501-1505.

Huo, J., Zhao, Y., Ren, J., Zhou, D., Duyvesteyn, H.M.E., Ginn, H.M., Carrique, L., Malinauskas,
T., Ruza, R.R., Shah, P.N.M., et al. (2020). Neutralization of SARS-CoV-2 by Destruction of the
Prefusion Spike. Cell Host & Microbe 28, 445-454.e446.

Kabsch, W. (2010). XDS. Acta Crystallogr D Biol Crystallogr 66, 125-132.

Kirchdoerfer, R.N., Cottrell, C.A., Wang, N., Pallesen, J., Yassine, H.M., Turner, H.L., Corbett,
K.S., Graham, B.S., McLellan, J.S., and Ward, A.B. (2016). Pre-fusion structure of a human
coronavirus spike protein. Nature 5317, 118-121.

Klein, J.S. (2009). Investigations in the design and characterization of HIV-1 neutralizing mole-
cules (Pasadena: California Institute of Technology), pp. 166.

Klein, J.S., and Bjorkman, P.J. (2010). Few and far between: how HIV may be evading antibody
avidity. PLoS Pathog 6, €e1000908.

Korber, B., Fischer, W.M., Gnanakaran, S., Yoon, H., Theiler, J., Abfalterer, W., Hengartner, N.,
Giorgi, E.E., Bhattacharya, T., Foley, B., et al. (2020). Tracking Changes in SARS-CoV-2 Spike:
Evidence that D614G Increases Infectivity of the COVID-19 Virus. Cell 182, 812-827.e819.
Kreer, C., Zehner, M., Weber, T., Ercanoglu, M.S., Gieselmann, L., Rohde, C., Halwe, S., Ko-
renkov, M., Schommers, P., Vanshylla, K., et al. (2020). Longitudinal Isolation of Potent Near-
Germline SARS-CoV-2-Neutralizing Antibodies from COVID-19 Patients. Cell
10.1016/j.cell.2020.06.044.

Krissinel, E., and Henrick, K. (2007). Inference of macromolecular assemblies from crystalline
state. J Mol Biol 372, 774-797.

Lan, J,, Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., Zhang, Q., Shi, X., Wang, Q., Zhang, L., et
al. (2020). Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 re-
ceptor. Nature 5681, 215-220.

Landau, M., Mayrose, |., Rosenberg, Y., Glaser, F., Martz, E., Pupko, T., and Ben-Tal, N.
(2005). ConSurf 2005: the projection of evolutionary conservation scores of residues on protein
structures. Nucleic Acids Res 33, W299-302.

Lee, B., Huang, K.-Y.A., Tan, T.K,, Chen, T.-H., Huang, C.-G., Harvey, R., Hussain, S., Chen,
C.-P., Harding, A., Gilbert-daramillo, J., et al. (2021). Breadth and function of antibody response
to acute SARS-CoV-2 infection in humans. PLOS Pathogens 17, e1009352.

Lefranc, M.P., Giudicelli, V., Duroux, P., Jabado-Michaloud, J., Folch, G., Aouinti, S., Carillon,
E., Duvergey, H., Houles, A., Paysan-Lafosse, T., et al. (2015). IMGT(R), the international Im-
MunoGeneTics information system(R) 25 years on. Nucleic Acids Res 43, D413-422.

Lefranc, M.P., Giudicelli, V., Ginestoux, C., Jabado-Michaloud, J., Folch, G., Bellahcene, F.,
Wu, Y., Gemrot, E., Brochet, X., Lane, J., et al. (2009). IMGT, the international ImMunoGeneT-
ics information system. Nucleic Acids Res 37, D1006-1012.

Leist, S.R., Dinnon, K.H., Schéfer, A., Tse, L.V., Okuda, K., Hou, Y.J., West, A., Edwards, C.E.,
Sanders, W., Fritch, E.J., et al. (2020). A Mouse-Adapted SARS-CoV-2 Induces Acute Lung In-
jury and Mortality in Standard Laboratory Mice. Cell 783, 1070-1085.e1012.

Li, Q., Wu, J., Nie, J., Zhang, L., Hao, H., Liu, S., Zhao, C., Zhang, Q., Liu, H., Nie, L., et al.
(2020). The Impact of Mutations in SARS-CoV-2 Spike on Viral Infectivity and Antigenicity. Cell
182, 1284-1294.e1289.

231



232

Li, W., Moore, M.J., Vasilieva, N., Sui, J., Wong, S.K., Berne, M.A., Somasundaran, M., Sulli-
van, J.L., Luzuriaga, K., Greenough, T.C., et al. (2003). Angiotensin-converting enzyme 2 is a
functional receptor for the SARS coronavirus. Nature 426, 450-454.

Li, W., Shi, Z., Yu, M., Ren, W., Smith, C., Epstein, J.H., Wang, H., Crameri, G., Hu, Z., Zhang,
H., et al. (2005). Bats are natural reservoirs of SARS-like coronaviruses. Science 310, 676-679.
Li, Z., Tomlinson, A.C., Wong, A.H., Zhou, D., Desforges, M., Talbot, P.J., Benlekbir, S., Rubin-
stein, J.L., and Rini, J.M. (2019). The human coronavirus HCoV-229E S-protein structure and
receptor binding. Elife 8.

Liu, H., Wu, N.C., Yuan, M., Bangaru, S., Torres, J.L., Caniels, T.G., van Schooten, J., Zhu, X.,
Lee, C.-C.D., Brouwer, P.J.M., et al. (2020a). Cross-Neutralization of a SARS-CoV-2 Antibody
to a Functionally Conserved Site Is Mediated by Avidity. Immunity 53, 1272-1280.e1275.

Liu, H., Yuan, M., Huang, D., Bangaru, S., Zhao, F., Lee, C.-C.D., Peng, L., Barman, S., Zhu,
X., Nemazee, D., et al. (2021). A combination of cross-neutralizing antibodies synergizes to pre-
vent SARS-CoV-2 and SARS-CoV pseudovirus infection. Cell Host & Microbe
10.1016/j.chom.2021.04.005.

Liu, L., Wang, P., Nair, M.S., Yu, J., Rapp, M., Wang, Q., Luo, Y., Chan, J.F.W., Sahi, V.,
Figueroa, A., et al. (2020b). Potent neutralizing antibodies against multiple epitopes on SARS-
CoV-2 spike. Nature 584, 450-456.

Mastronarde, D.N. (2005). Automated electron microscope tomography using robust prediction
of specimen movements. J Struct Biol 152, 36-51.

McCoy, A.J., Grosse-Kunstleve, R.W., Adams, P.D., Winn, M.D., Storoni, L.C., and Read, R.J.
(2007). Phaser crystallographic software. J Appl Crystallogr 40, 658-674.

Muecksch, F., Weisblum, Y., Barnes, C.O., Schmidt, F., Schaefer-Babajew, D., Lorenzi, J.C.C.,
Flyak, A.l., DeLaitsch, A.T., Huey-Tubman, K.E., Hou, S., et al. (2021). Development of po-
tency, breadth and resilience to viral escape mutations in SARS-CoV-2 neutralizing antibodies.
bioRxiv 10.1101/2021.03.07.434227.

Piccoli, L., Park, Y.-J., Tortorici, M.A., Czudnochowski, N., Walls, A.C., Beltramello, M., Silacci-
Fregni, C., Pinto, D., Rosen, L.E., Bowen, J.E., et al. (2020a). Mapping neutralizing and immu-
nodominant sites on the SARS-CoV-2 spike receptor-binding domain by structure-guided high-
resolution serology. Cell 10.1016/j.cell.2020.09.037.

Piccoli, L., Park, Y.-J., Tortorici, M.A., Czudnochowski, N., Walls, A.C., Beltramello, M., Silacci-
Fregni, C., Pinto, D., Rosen, L.E., Bowen, J.E., et al. (2020b). Mapping Neutralizing and Immu-
nodominant Sites on the SARS-CoV-2 Spike Receptor-Binding Domain by Structure-Guided
High-Resolution Serology. Cell 183, 1024-1042.e1021.

Pinto, D., Park, Y.-J., Beltramello, M., Walls, A.C., Tortorici, M.A., Bianchi, S., Jaconi, S., Culap,
K., Zatta, F., De Marco, A., et al. (2020). Cross-neutralization of SARS-CoV-2 by a human mon-
oclonal SARS-CoV antibody. Nature 583, 290-295.

Punjani, A., Rubinstein, J.L., Fleet, D.J., and Brubaker, M.A. (2017). cryoSPARC: algorithms for
rapid unsupervised cryo-EM structure determination. Nat Methods 74, 290-296.

Rambaut, A., Pybus, O., Barclay, W., Barrett, J., Carabelli, A., Connor, T., Peacock, T., Robert-
son, D.L., Volz, E., and UK, C.-G.C. (2020). Preliminary genomic characterisation of an emer-
gent SARS-CoV-2 lineage in the UK defined by a novel set of spike mutations. virologicalorg,
https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-line-

age-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563.

232



233

Rappazzo, C.G., Tse, L.V., Kaku, C.I., Wrapp, D., Sakharkar, M., Huang, D., Deveau, L.M.,
Yockachonis, T.J., Herbert, A.S., Battles, M.B., et al. (2021). Broad and potent activity against
SARS-like viruses by an engineered human monoclonal antibody. Science 371, 823-829.
Robbiani, D.F., Gaebler, C., Muecksch, F., Lorenzi, J.C.C., Wang, Z., Cho, A., Agudelo, M.,
Barnes, C.O., Gazumyan, A., Finkin, S., et al. (2020). Convergent antibody responses to SARS-
CoV-2 in convalescent individuals. Nature 584, 437-442.

Rogers, T.F., Zhao, F., Huang, D., Beutler, N., Burns, A., He, W.T., Limbo, O., Smith, C., Song,
G., Woehl, J., et al. (2020). Rapid isolation of potent SARS-CoV-2 neutralizing antibodies and
protection in a small animal model. Science 10.1126/science.abc7520.

Sauer, M.M., Tortorici, M.A., Park, Y.-J., Walls, A.C., Homad, L., Acton, O., Bowen, J., Wang,
C., Xiong, X., de van der Schueren, W., et al. (2021). Structural basis for broad coronavirus
neutralization. bioRxiv 10.1101/2020.12.29.424482.

Schaefer, W., Regula, J.T., Bahner, M., Schanzer, J., Croasdale, R., Durr, H., Gassner, C.,
Georges, G., Kettenberger, H., Imhof-Jung, S., et al. (2011). Immunoglobulin domain crossover
as a generic approach for the production of bispecific IgG antibodies. Proc Natl Acad Sci U S A
108, 11187-11192.

Scharf, L., Wang, H., Gao, H., Chen, S., McDowall, A.W., and Bjorkman, P.J. (2015). Broadly
Neutralizing Antibody BANC195 Recognizes Closed and Open States of HIV-1 Env. Cell 162,
1379-1390.

Scheid, J.F., Mouquet, H., Ueberheide, B., Diskin, R., Klein, F., Olivera, T.Y., Pietzsch, J.,
Fenyo, D., Abadir, A., Velinzon, K., et al. (2011). Sequence and Structural Convergence of
Broad and Potent HIV Antibodies That Mimic CD4 Binding. Science 333, 1633-1637.

Schmidt, F., Weisblum, Y., Muecksch, F., Hoffmann, H.-H., Michailidis, E., Lorenzi, J.C.C., Men-
doza, P., Rutkowska, M., Bednarski, E., Gaebler, C., et al. (2020). Measuring SARS-CoV-2 neu-
tralizing antibody activity using pseudotyped and chimeric viruses. Journal of Experimental Med-
icine 217.

Schoofs, T., Barnes, C.O., Suh-Toma, N., Golijanin, J., Schommers, P., Gruell, H., West, A.P.,
Jr., Bach, F., Lee, Y.E., Nogueira, L., et al. (2019). Broad and Potent Neutralizing Antibodies
Recognize the Silent Face of the HIV Envelope. Immunity 50, 1513-1529 e1519.

Schrédinger, L. (2011). The PyMOL Molecular Graphics System (The PyMOL Molecular
Graphics System).

Seydoux, E., Homad, L.J., MacCamy, A.J., Parks, K.R., Hurlburt, N.K., Jennewein, M.F., Akins,
N.R., Stuart, A.B., Wan, Y.H., Feng, J., et al. (2020). Analysis of a SARS-CoV-2-Infected Indi-
vidual Reveals Development of Potent Neutralizing Antibodies with Limited Somatic Mutation.
Immunity 53, 98-105 e105.

Shah, P., Canziani, G.A., Carter, E.P., and Chaiken, I. (2021). The Case for S2: The Potential
Benefits of the S2 Subunit of the SARS-CoV-2 Spike Protein as an Immunogen in Fighting the
COVID-19 Pandemic. Frontiers in Immunology 712.

Shi, R., Shan, C., Duan, X, Chen, Z,, Liu, P., Song, J., Song, T., Bi, X., Han, C., Wu, L., et al.
(2020). A human neutralizing antibody targets the receptor-binding site of SARS-CoV-2. Nature
584, 120-124.

Shu, Y., and McCauley, J. (2017). GISAID: Global initiative on sharing all influenza data - from
vision to reality. Euro Surveill 22.

Sievers, F., Wilm, A., Dineen, D., Gibson, T.J., Karplus, K., Li, W., Lopez, R., McWilliam, H.,
Remmert, M., Soding, J., et al. (2011). Fast, scalable generation of high-quality protein multiple
sequence alignments using Clustal Omega. Mol Syst Biol 7, 539.

233



234

Song, H.D., Tu, C.C., Zhang, G.W., Wang, S.Y., Zheng, K., Lei, L.C., Chen, Q.X., Gao, Y.W.,
Zhou, H.Q., Xiang, H., et al. (2005). Cross-host evolution of severe acute respiratory syndrome
coronavirus in palm civet and human. Proceedings of the National Academy of Sciences 102,
2430-2435.

Starr, T.N., Czudnochowski, N., Zatta, F., Park, Y.-J., Liu, Z., Addetia, A., Pinto, D., Beltramello,
M., Hernandez, P., Greaney, A.J., et al. (2021a). Antibodies to the SARS-CoV-2 receptor-bind-
ing domain that maximize breadth and resistance to viral escape. bioRxiv
10.1101/2021.04.06.438709.

Starr, T.N., Greaney, A.J., Addetia, A., Hannon, W.W., Choudhary, M.C., Dingens, A.S., Li, J.Z.,
and Bloom, J.D. (2021b). Prospective mapping of viral mutations that escape antibodies used to
treat

COVID-19. Science 371, 850-854.

Tegally, H., Wilkinson, E., Giovanetti, M., Iranzadeh, A., Fonseca, V., Giandhari, J., Doolabh,
D., Pillay, S., San, E.J., Msomi, N., et al. (2020). Emergence and rapid spread of a new severe
acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) lineage with multiple spike mu-
tations in South Africa. medRxiv 10.1101/2020.12.21.20248640.

Terwilliger, T.C., Adams, P.D., Afonine, P.V., and Sobolev, O.V. (2018). A fully automatic
method yielding initial models from high-resolution cryo-electron microscopy maps. Nat Methods
15, 905-908.

Tortorici, M.A. (2020). Ultrapotent human antibodies protect against SARS-CoV-2 challenge via
multiple mechanisms. Science 370, 950-957.

Voloch, C.M., Silva F, R.d., de Almeida, L.G.P., Cardoso, C.C., Brustolini, O.J., Gerber, A.L.,
Guimaraes, A.P.d.C., Mariani, D., Costa, R.M.d., Ferreira, O.C., et al. (2020). Genomic charac-
terization of a novel SARS-CoV-2 lineage from Rio de Janeiro, Brazil. medRxiv
10.1101/2020.12.23.20248598.

Walls, A.C., Park, Y.J., Tortorici, M.A., Wall, A., McGuire, A.T., and Veesler, D. (2020). Struc-
ture, Function, and Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell 187, 281-292
e286.

Walls, A.C., Tortorici, M.A., Bosch, B.J., Frenz, B., Rottier, P.J.M., DiMaio, F., Rey, F.A., and
Veesler, D. (2016). Cryo-electron microscopy structure of a coronavirus spike glycoprotein tri-
mer. Nature 53171, 114-117.

Wang, C., van Haperen, R., Gutiérrez-Alvarez, J., Li, W., Okba, N.M.A., Albulescu, |., Widjaja,
I., van Dieren, B., Fernandez-Delgado, R., Sola, |., et al. (2021). A conserved immunogenic and
vulnerable site on the coronavirus spike protein delineated by cross-reactive monoclonal anti-
bodies. Nature Communications 172.

Wang, H., Gristick, H.B., Scharf, L., West, A.P., Galimidi, R.P., Seaman, M.S., Freund, N.T.,
Nussenzweig, M.C., and Bjorkman, P.J. (2017). Asymmetric recognition of HIV-1 Envelope tri-
mer by V1V2 loop-targeting antibodies. Elife 6.

Wang, N., Li, S.-Y., Yang, X.-L., Huang, H.-M., Zhang, Y.-J., Guo, H., Luo, C.-M., Miller, M.,
Zhu, G., Chmura, A.A,, et al. (2018). Serological Evidence of Bat SARS-Related Coronavirus
Infection in Humans, China. Virologica Sinica 33, 104-107.

Wec, A.Z., Wrapp, D., Herbert, A.S., Maurer, D.P., Haslwanter, D., Sakharkar, M., Jangra, R.K.,
Dieterle, M.E., Lilov, A., Huang, D., et al. (2020). Broad neutralization of SARS-related viruses
by human monoclonal antibodies. Science 369, 731-736.

234



235

Weisblum, Y., Schmidt, F., Zhang, F., DaSilva, J., Poston, D., Lorenzi, J.C.C., Muecksch, F.,
Rutkowska, M., Hoffmann, H.-H., Michalilidis, E., et al. (2020). Escape from neutralizing antibod-
ies by SARS-CoV-2 spike protein variants. eLife 9.

West, A.P., Barnes, C.O., Yang, Z., and Bjorkman, P.J. (2021). SARS-CoV-2 lineage B.1.526
emerging in the New York region detected by software utility created to query the spike muta-
tional landscape. bioRxiv 10.1101/2021.02.14.431043;.

West, A.P., Jr., Scharf, L., Horwitz, J., Klein, F., Nussenzweig, M.C., and Bjorkman, P.J. (2013).
Computational analysis of anti-HIV-1 antibody neutralization panel data to identify potential
functional epitope residues. Proc Natl Acad Sci U S A 170, 10598-10603.

Winn, M.D., Ballard, C.C., Cowtan, K.D., Dodson, E.J., Emsley, P., Evans, P.R., Keegan, R.M.,
Krissinel, E.B., Leslie, A.G., McCoy, A., et al. (2011). Overview of the CCP4 suite and current
developments. Acta Crystallogr D Biol Crystallogr 67, 235-242.

Wrapp, D., Wang, N., Corbett, K.S., Goldsmith, J.A., Hsieh, C.L., Abiona, O., Graham, B.S., and
McLellan, J.S. (2020). Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation.
Science 367, 1260-1263.

Yan, R., Zhang, Y., Li, Y., Xia, L., Guo, Y., and Zhou, Q. (2020). Structural basis for the recogni-
tion of SARS-CoV-2 by full-length human ACE2. Science 367, 1444-1448.

Yuan, M., Liu, H., Wu, N.C,, Lee, C.-C.D., Zhu, X., Zhao, F., Huang, D., Yu, W., Hua, Y., Tien,
H., et al. (2020a). Structural basis of a shared antibody response to SARS-CoV-2. Science
10.1126/science.abd2321, eabd2321.

Yuan, M., Wu, N.C., Zhu, X,, Lee, C.-C.D., So, R.T.Y., Lv, H., Mok, C.K.P., and Wilson, |.A.
(2020b). A highly conserved cryptic epitope in the receptor binding domains of SARS-CoV-2
and SARS-CoV. Science 368, 630-633.

Yuan, Y., Cao, D., Zhang, Y., Ma, J., Qi, J., Wang, Q., Lu, G., Wu, Y., Yan, J., Shi, Y., et al.
(2017). Cryo-EM structures of MERS-CoV and SARS-CoV spike glycoproteins reveal the dy-
namic receptor binding domains. Nat Commun 8, 15092.

Zhang, W., Davis, B.D., Chen, S.S., Sincuir Martinez, J.M., Plummer, J.T., and Vail, E. (2021).
Emergence of a Novel SARS-CoV-2 Variant in Southern California. Jama
10.1001/jama.2021.1612.

Zhou, D., Duyvesteyn, H.M.E., Chen, C.-P., Huang, C.-G., Chen, T.-H., Shih, S.-R, Lin, Y.-C.,
Cheng, C.-Y., Cheng, S.-H., Huang, Y.-C,, et al. (2020a). Structural basis for the neutralization
of SARS-CoV-2 by an antibody from a convalescent patient. Nature Structural & Molecular Biol-
ogy 27, 950-958.

Zhou, H., Ji, J., Chen, X., Bi, Y., Li, J., Hu, T., Song, H., Chen, Y., Cui, M., Zhang, Y., et al.
(2021). Identification of novel bat coronaviruses sheds light on the evolutionary origins of SARS-
CoV-2 and related viruses. bioRxiv 10.1101/2021.03.08.434390.

Zhou, P., Yang, X.L., Wang, X.G., Hu, B., Zhang, L., Zhang, W., Si, H.R., Zhu, Y., Li, B., Huang,
C.L., et al. (2020b). A pneumonia outbreak associated with a new coronavirus of probable bat
origin. Nature 579, 270-273.

Zivanov, J., Nakane, T., Forsberg, B.O., Kimanius, D., Hagen, W.J., Lindahl, E., and Scheres,
S.H. (2018). New tools for automated high-resolution cryo-EM structure determination in
RELION-3. Elife 7.

Zost, S.J., Gilchuk, P., Case, J.B., Binshtein, E., Chen, R.E., Nkolola, J.P., Schafer, A., Reidy,
J.X,, Trivette, A., Nargi, R.S., et al. (2020a). Potently neutralizing and protective human antibod-
ies against SARS-CoV-2. Nature 584, 443-449.

235



236

Zost, S.J., Gilchuk, P., Chen, R.E., Case, J.B., Reidy, J.X., Trivette, A., Nargi, R.S., Sutton,
R.E., Suryadevara, N., Chen, E.C., et al. (2020b). Rapid isolation and profiling of a diverse

panel of human monoclonal antibodies targeting the SARS-CoV-2 spike protein. Nat Med
10.1038/s41591-020-0998-x.

236



237

STAR Methods

RESOURCE AVAILABILITY

Lead Contact
All requests for further information or reagents should be directed to the Lead Contact, Pamela
Bjorkman (bjorkman@caltech.edu).

Materials Availability
All expression plasmids generated in this study for human CoV proteins, Fabs and IgGs are avail-
able upon request.

Data and Code Availability

Atomic models of C118 Fab complexed with SARS-CoV RBD and C022 Fab complexed with
SARS-CoV-2 RBD have been deposited in the Protein Data Bank (PDB) (http://www. rcsb.org/)
under accession codes XXXX and YYYY, respectively. The atomic model and cryo-EM map gen-
erated for the C118 Fab—-SARS-CoV-2 S complex have been deposited at the PDB
(http://www.rcsb.org/) and the Electron Microscopy Databank (EMDB) (http://www.emda-
taresource.org/) under accession codes AAAA and EMD-BBBBB, respectively.

EXPERIMENTAL MODEL DETAILS

Cell lines

Cells for pseudovirus production (HEK293T) were cultured at 37°C and 5% CO- in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Gibco) supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Sigma-Aldrich) and 5 pg/ml Gentamicin (Sigma-Aldrich).

Target cells for pseudovirus neutralization experiments (HEK293Tace2) were generated as de-
scribed (Robbiani et al., 2020) and cultured at 37°C and 5% CO- in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma-
Aldrich), 5 yg/ml gentamicin (Sigma-Aldrich), and 5ug/mL Blasticidin (Gibco).

Expi293F cells (Gibco) for protein expression were maintained at 37°C and 8% CO: in Expi293
expression medium (Gibco), transfected using an Expi293 Expression System Kit (Gibco) and
maintained under shaking at 130 rpm. All cell lines were female and were not specifically authenti-
cated.

Bacteria
E. coli DH5 Alpha (Zymo Research) used for propagation of expression plasmids were cultured with
shaking at 250 rpm at 37°C in LB broth (Sigma-Aldrich).

Viruses

To generate pseudotyped viral stocks, HEK293T cells were transfected with pNL4-3AEnv-nanoluc
and pSARS-CoV2-Sunc (Robbiani et al., 2020) using polyethylenimine, leading to production of HIV-
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1-based pseudovirions carrying the SARS-CoV-2 S protein at the surface. Eight hours after trans-
fection, cells were washed twice with phosphate buffered saline (PBS) and fresh media was added.
Supernatants containing pseudovirus were harvested 48 hours post transfection, filtered and stored
at -80°C. Infectivity of pseudoviruses was determined by titration on 293Tace2 cells.

METHOD DETAILS

Phylogenetic trees

Sequence alignments of RBDs were made with Clustal Omega (Sievers et al., 2011). Phylogenetic
trees were calculated from amino acid alignments using PhyML 3.0 (Guindon et al., 2010) and
visualized with PRESTO (http://www.atgc-montpellier.fr/presto).

Protein Expression

Fabs and IgGs were expressed and purified as previously described (Scharf et al., 2015; Schoofs
et al., 2019) and stored at 4 °C. Bispecific IgGs (C118 or C022 plus 3BNC117, a non-coronavirus
binding HIV-1 antibody (Scheid et al., 2011)) were produced by co-transfection of two heavy chain
and two light chain genes that included knobs-into-holes mutations in IgG Fc and a domain cross-
over in the 3BNC117 Fab to prevent incorrect light chain pairing (Schaefer et al., 2011). Antibody
CDR lengths were determined using the IMGT definitions (Lefranc et al., 2015; Lefranc et al., 2009).

The following C-terminally 6xHis-tagged RBD proteins were transfected and expressed as de-
scribed previously (Cohen et al., 2021): SARS-CoV-2 RBD (residues 328-533), SARS-CoV-2 RBD
mutants (residues 319-541), SARS RBD (residues 318-510), SHC014 RBD (residues 307-524),
WIV-1 RBD (residues 307-528), RaTG13 RBD (residues 319-541), Rs4081 RBD (residues 310-
515), Yun11 RBD (residues 310-515), Rf1 RBD (residues 310-515), RmYNO02 RBD (298-503), BM-
4831 RBD (residues 310-530), BtKY72 RBD (residues 309-530). A trimeric SARS-CoV-2 ectodo-
main (residues 16-1206 of the early SARS-CoV-2 GenBank MN985325.1 sequence isolate with 6P
(Hsieh et al., 2020) stabilizing mutations, a mutated furin cleavage site between S1 and S2, a C-
terminal TEV site, foldon trimerization motif, octa-His tag, and AviTag) was expressed as described
(Barnes et al., 2020a; Barnes et al., 2020b). A gene encoding a 6xHis-tagged soluble human ACE2
construct (residues 1-615) was purchased from Addgene (Catalog # 149268) and expressed and
purified as described (Chan et al., 2020).

SARS-CoV-2 S trimer, RBDs, and soluble ACE2 were purified by Nickel-NTA and size-exclusion
chromatography using a Superdex 200 column (GE Life Sciences) as described (Barnes et al.,
2020a; Cohen et al., 2021). Peak fractions were identified by SDS-PAGE, and those containing S
trimer, monomeric RBDs, or soluble ACE2 were pooled, concentrated, and stored at 4 °C (RBDs)
or flash frozen in nitrogen and stored at -80 °C (S trimer) until use.

ELISAs

Purified RBD at 10 pg/ml in 0.1 M NaHCO3 pH 9.8 was coated onto Nunc® MaxiSorp™ 384-well
plates (Sigma) and stored overnight at 4°C. The following day, plates were blocked with 3% bovine
serum albumin (BSA) in TBS-T Buffer (TBS + 0.1% Tween20) for 1hr at room temperature. Block-
ing solution was removed from the plates, purified IgGs at 50 ug/mL were serially diluted by 4-fold
with TBS-T/3% BSA and added to plates for 3 hr at room temperature. Plates were washed with
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TBS-T and then incubated with 1:15,000 dilution of secondary HRP-conjugated goat anti-human
IgG for 45 minutes at room temperature (Southern Biotech). Plates were washed again with TBS-
T and developed using SuperSignal™ ELISA Femto Maximum Sensitivity Substrate (Ther-
moFisher) and read at 425 nm. ELISAs were done in duplicate, and curves were plotted and inte-
grated to obtain the area under the curve (AUC) using Graphpad Prism v9.1.0.

Neutralization assays

SARS-CoV-2, SARS-CoV-2 variants of concern (Annavajhala et al., 2021; Faria et al., 2021; Ram-
baut et al., 2020; Tegally et al., 2020; Voloch et al., 2020; West et al., 2021; Zhang et al., 2021),
SARS-CoV, WIV1, and SHCO014 pseudoviruses based on HIV-1 lentiviral particles were prepared
as described (Cohen et al., 2021; Crawford et al., 2020; Robbiani et al., 2020) using genes encoding
S protein sequences with cytoplasmic tail deletions: 21 amino acid deletions for SARS-CoV-2,
SARS-CoV-2 variants of concern, WIV1, and SHC014 and a 19 amino acid deletion for SARS-CoV.
Plasmids expressing the spike protein found in the bat (Rinolophus Sinicus) coronavirus bCoV-
WIV16 as well as the pangolin (Manis javanica) coronaviruses from Guandong, China (pCoV-GD)
and Guanxi, China (pCoV-GX) have been described previously and are based on ALK02457
(Genebank), Pangolin_CoV_EPI_ISL_410721(Gisaid) and Pangolin_CoV_EPI_ISL_410542
(Gisaid) (Muecksch et al., 2021).

Relative to the SARS-CoV-2 spike gene (Wuhan-Hu-1 Spike Glycoprotein Gene, D614G mutant,
designated as ‘wt’ in Figure 1E), the SARS-CoV-2 variants of concern included the D614G mutation
and the following other substitutions: B.1.351: L18F, D80A, D215G, del242-244, R246l, K417N,
E484K, N501Y, A701V; B.1.1.7: del69-70, del144, N501Y, A570D, P681H, T716l, S982A, D1118H;
B.1.429: S13I, W152C, L452R, and B.1.526: L5F, T95I, D253G, E484K, A701V. For neutralization
assays presented in Figure 1E,F, four-fold dilutions of purified IgGs (starting concentrations of 50
pg/mL) were incubated with a pseudotyped virus for 1 hour at 37°C. Cells were washed twice with
phosphate-buffered saline (PBS) and lysed with Luciferase Cell Culture Lysis 5x reagent (Promega)
after incubation with 293Tace2 target cells for 48 hours at 37°C. NanoLuc Luciferase activity in ly-
sates was measured using the Nano-Glo Luciferase Assay System (Promega). Relative lumines-
cence units (RLUs) were normalized to values derived from cells infected with pseudotyped virus
in the absence of IgG. Half-maximal inhibitory concentrations (ICso values) were determined using
4- or 5-parameter nonlinear regression in AntibodyDatabase (West et al., 2013).

Relative to the SARS-CoV-2 spike gene (Wuhan-Hu-1; NC_045512, D614 sequence designated
as ‘wt’ in Figure S2), a panel of plasmids expressing RBD mutant SARS-CoV-2 S proteins in the
context of pPSARS-CoV-2-Sa19 have been described previously (Muecksch et al., 2021; Robbiani et
al., 2020; Schmidt et al., 2020; Weisblum et al., 2020). The E484K substitution was constructed in
the context of a pSARS-CoV-2-Sa19 variant with a mutation in the furin cleavage site (R683G) to
increase infectivity (Muecksch et al., 2021). The ICso values of this pseudotype (E484K/R683G) was
compared to a wild-type SARS-CoV-2 S sequence carrying R683G in the subsequent analyses.
For neutralization assays presented in Figure S2, monoclonal antibodies were four-fold serially di-
luted and incubated with SARS-CoV-2 pseudotyped HIV-1 reporter virus for 1 h at 37 °C (final start-
ing concentration of 2.5 pg/ml). The antibody and pseudotyped virus mixture was added to
HT1080ACE2.cl 14 cells (Schmidt et al., 2020). After 48 h, cells were washed with PBS and lysed
with Luciferase Cell Culture Lysis 5% reagent (Promega). Nanoluc luciferase activity in cell lysates
was measured using the Nano-Glo Luciferase Assay System (Promega) and the Glomax Navigator
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(Promega). Relative luminescence units were normalized to those derived from cells infected with
SARS-CoV-2 pseudovirus in the absence of monoclonal antibodies. The 50% inhibitory concentra-
tion (ICso) was determined using 4-parameter nonlinear regression (least-squares regression
method without weighting; constraints: top = 1, bottom = 0) (GraphPad Prism).

SPR-based ACE2 binding competition experiments
Surface Plasmon Resonance (SPR) experiments were done using a Biacore T200 instrument (GE
Healthcare).

Surface Plasmon Resonance (SPR) experiments were done using a Biacore T200 instrument (GE
Healthcare). Purified SARS CoV-2 RBD was conjugated to each of the four flow cells using primary
amine chemistry at pH 4.5 (Biacore manual) to a CM5 chip (GE Healthcare) to a response level of
~700 resonance units (RUs). C118, C022, C144, and CR3022 IgG (1000nM) in buffer HBS-EP+
(150mM sodium chloride, 10mM HEPES, 3mM EDTA, 0.05% Tween-20, pH 7.6) were each in-
jected on the RBD-CM5 chip for a contact time of 600 sec at 30uL/min. A second injection of soluble
ACEZ2 at 250nM was injected over the immobilized RBD-Fab at 30uL/min for a contact time of 300
sec and dissociation time of 30 sec in HBS-EP+ buffer. Data were analyzed and plotted using Prism
9 (Graphpad).

X-ray crystallography

Fab-RBD complexes were assembled by incubating an RBD with a 1.5x molar excess of Fab for 1
hr on ice followed by size exclusion chromatography on an S200 300/10 increase column (GE Life
Sciences). Fractions containing complex were pooled and concentrated to 8mg/mL. Crystallization
trials using commercially-available screens (Hampton Research) were performed at room temper-
ature using the sitting drop vapor diffusion method by mixing equal volumes of a Fab-RBD complex
and reservoir using a TTP LabTech Mosquito instrument. Crystals were obtained for C118 Fab-
SARS RBD in 0.2M sodium fluoride, 20% w/v polyethylene glycol 3,350 and for C022 Fab-SARS-
CoV-2 RBD in 0.05M ammonium sulfate, 0.05M Bis-Tris, 30% v/v pentaerythritol ethoxylate (15/4
EO/OH). Crystals were cryoprotected by adding glycerol directly to drops to a final concentration of
20% and then looped and cryopreserved in liquid nitrogen.

X-ray diffraction data were collected at the Stanford Synchrotron Radiation Lightsource (SSRL)
beamline 12-2 on a Pilatus 6M pixel detector (Dectris). Data from single crystals were indexed and
integrated in XDS (Kabsch, 2010) and merged using AIMLESS in CCP4 (Winn et al., 2011) (Table
S1). The C022-RBD structure was solved by molecular replacement in PHASER (McCoy et al.,
2007) using unmodified RBD coordinates (PDB 7K8M) and coordinates from C102 Fab (PDB
7K8M) after trimming heavy chain and light chain variable domains using Sculptor (Bunkéczi and
Read, 2011) as search models. Coordinates were refined with phenix.refine from the PHENIX pack-
age ver. 1.17.1 (Adams et al., 2010) and cycles of manual building in Coot (ver 0.8.9.1) (Emsley et
al., 2010) (Table S1).

Cryo-EM Sample Preparation

C118 Fab-S trimer complex was assembled by incubating purified SARS-CoV-2 S trimer ata 1.2:1
molar excess of purified Fab per S protomer at RT for 30 min. 17 uL of complex was mixed with
0.8uL of a 0.5% wi/v F-octylmaltoside solution (Anatrace) and then 3uL were immediately applied
to a 300 mesh, 1.2/1.3 AuUltraFoil grid (Electron Microscopy Sciences) that had been freshly glow
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discharged for 1 min at 20mA using a PELCO easiGLOW (Ted Pella). The grid was blotted for 3.5s
with Whatman No. 1 filter paper at 22°C and 100% humidity then vitrified in 100% liquid ethane
using a Mark IV Vitrobot (FEI) and stored under liquid nitrogen.

Cryo-EM data collection and processing

Single-particle cryo-EM data were collected for the C118-S trimer complex as previously described
(Barnes et al., 2020a). Briefly, for the C118-S trimer complex, micrographs were collected on a
Talos Arctica transmission electron microscope (Thermo Fisher) operating at 200 kV using a 3x3
beam image shift pattern with SerialEM automated data collection software (Mastronarde, 2005).
Movies were obtained on a Gatan K3 Summit direct electron detector operating in counting mode
at a nominal magnification of 45,000x (super-resolution 0.4345 A/pixel) using a defocus range of
—0.7 to —2.0 ym. Movies were collected with an 3.6 s exposure time with a rate of 13.5 e’/pix/s,
which resulted in a total dose of ~60 e-/A? over 40 frames. The 2,970 movies were patch motion
corrected for beam-induced motion including dose-weighting within cryoSPARC v3.1 (Punjani et
al., 2017) after binning super resolution movies by 2 (0.869 A/pixel). The non-dose-weighted images
were used to estimate CTF parameters using Patch CTF in cryoSPARC, and micrographs with poor
CTF fits and signs of crystalline ice were discarded, leaving 2,487 micrographs. Particles were
picked in a reference-free manner using Gaussian blob picker in cryoSPARC (Punjani et al., 2017).
An initial 923,707 particle stack was extracted, binned x4 (3.48 A/pixel), and subjected to ab initio
volume generation (4 classes) and subsequent heterogeneous refinement. The 3D classes that
showed features for a Fab-S trimer complex were 2D classified to identify class averages corre-
sponding to intact S-trimer complexes with well-defined structural features. This routine resulted in
a new particle stack of 110,789 particles, which were unbinned (0.836 A/pixel) and re-extracted
using a 432 box size. Particles were then moved to Relion v3.1 (Zivanov et al., 2018), for further 3D
classification (k=6)., which revealed two distinct states of the C118-S trimer complex.

Particles from state 1 (53,728 particles) and state 2 (31,422 particles) were separately refined using
non-uniform 3D refinement imposing either C3 or C1 symmetry in cryoSPARC, respectively, to final
resolutions of 3.4 A and 4.5 A according to the gold-standard FSC (Bell et al., 2016), respectively.
To improve features at the C118-RBD interface, particles from State 1 were symmetry expanded
and classified for a focused, non-uniform 3D local refinement in cryoSPARC. A soft mask was gen-
erated around the C118 V1V — RBD domains (5-pixel extension, 10-pixel soft cosine edge) for local
refinements. These efforts resulted in a modest improvement in the RBD-C118 Fab interface (Fig-
ure S6B), with an overall resolution of 3.7 A according to the gold-standard FSC.

Cryo-EM Structure Modeling and Refinement

Initial coordinates were generated by rigid-body docking reference structures into cryo-EM density
using UCSF Chimera (Goddard et al., 2007). The following coordinates were used: SARS-CoV-2 S
6P trimer: PDB 7K4N (mutated to include 6P mutations), PDB 7BZ5, and C118 Fab variable do-
mains: this study. These initial models were then refined into cryo-EM maps using one round of rigid
body refinement, morphing and real space refinement in Phenix (Adams et al., 2010). Sequence-
updated models were built manually in Coot (Emsley et al., 2010) and then refined using iterative
rounds of refinement in Coot and Phenix (Adams et al., 2010). Glycans were modeled at possible
N-linked glycosylation sites (PNGSs) in Coot using ‘blurred’ maps processed with a variety of B-
factors (Terwilliger et al., 2018). Validation of model coordinates was performed using MolProbity
(Chen et al., 2010) and is reported in Table S3.
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Structure Analyses

Interacting residues were determined using PDBePISA (Krissinel and Henrick, 2007) for the C118
and C022 epitopes using the following criteria: Potential H-bonds were assigned using a distance
of <3.6A" and an A-D-H angle of >90°, and the maximum distance allowed for a van der Waals
interaction was 4.0A". H-bonds assigned for the C022-RBD complex should be considered tentative
due to the relatively low resolution of the structure (3.2A). Epitope patches for other antibodies in
Figure 4A were defined as residues containing an atom within 4A of the partner protein as deter-
mined in PyMOL (Schrédinger, 2011). Buried surface areas (BSAs) were determined with
PDBePISA (Krissinel and Henrick, 2007) using a 1.4A° probe. Structure figures were made using
PyMOL ver. 2.3.5 (Schrodinger, 2011) or UCSF Chimera ver. 1.14 (Goddard et al., 2018). Fab-
RBD-ACE2 complex figures (Figure 2E) were made by aligning RBD Ca atoms of Fab-RBD (this
study and PDBs 6W41 and 6ZCZ) and RBD-ACE2 structures (PDB 6MO0J). As density at position
N357rsp for our C118-SARS RBD structure precluded building of the glycan, it was modeled (Figure
2A) by aligning Ca atoms of residues 353-371 of SARS-CoV spike-S230 structure (PDB 6NB6,
chain E) and overlaying the glycan at N357rgp from the SARS-CoV spike on the RBD model of the
C118-RBD crystal structure. Sequence alignments were done using the MUSCLE server
(https://www.ebi.ac.uk/Tools/msa/muscle/) (Edgar, 2004). Secondary structure was defined as de-
scribed in Huo et al., 2020.

To predict whether intra-spike crosslinking by a single IgG binding to a spike trimer might be possi-
ble, we measured the distance between residue 222,;c Ca atoms in the C41 domains of adjacent
Fabs in Fab-S structures as previously described (Barnes et al., 2020a). This distance was com-
pared to analogous distances in crystal structures of intact IgGs (42A, PDB 1HZH; 48A, PDB 1IGY;
52A, PDB 1IGT). We accounted for potential influences of crystal packing in intact IgG structures,
flexibility in the Vu-V/CH1-C. elbow bend angle, and uncertainties in C11-CL domain placement in
Fab-S cryo-EM structures, by setting a cut-off of <65A for this measured distance as potentially
allowing for a single IgG to include both Fabs when binding a spike trimer.
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Supplemental ltems

Table S1: Crystallographic data collection and validation statistics for C118-SARS RBD and
C022-SARS2 RBD (related to Figure 2)

Table S2. Buried Surface Area (related to Figure 3)

Table S3. Cryo-EM data collection and refinement statistics for C118-S complex structure
(related to Figure 4).

Supplemental Movie 1

C118 and C022 Fab bind to SARS-CoV-2 RBD in a class 4 orientation at a ‘cryptic’ epitope. The
video shows soluble SARS-CoV-2 spike (PDB: 7BZ5) and the ‘down’ and ‘up’ conformations of the
RBD domain. Next, the sequence conservation of 12 sarbecovirus RBDs is mapped onto the sur-
face of the RBD domain. Finally, The C118-SARS-CoV RBD and C022-SARS-CoV-2 RBD struc-
tures are shown.
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Table S1: Crystallographic data collection and validation statistics for C118-SARS RBD and
C022-SARS2 RBD. (Related to Figure 2)

C118 Fab — SARS-CoV RBD

C022 Fab — SARS-CoV-2 RBD

PDB ID AAAA BBBB

Data collection®®

Space group P2 P64

Unit cell (A) 92.9, 90.0, 93.9 178.4 178.4 247.3
a, B,y (°) 90.0, 113.3, 90.0 90.0 90.0 120.0

Wavelength (A)
Resolution (A)
Unique Reflections
Completeness (%)
Redundancy

CCii2 (%)

<l/cl>

Rmerge (%)

Reim (%)

Wilson B-factor (A2)

Refinement and Validation
Resolution (A)
Number of atoms

Protein

Ligand

Waters

0.980
46.6 -2.70 (2.80-2.70)
37504 (3085)
95.7 (79.5)

3.4 (2.9)

99.8 (91.8)
13.14 (2.27)
6.22 (40.1)

3.96 (28.0)

59.53

2.70
9582
9516

66

0.980
44.6-3.20 (3.32-3.20)
73262 (7338)
99.5 (96.9)

10.3 (9.8)

99.8 (27.7)
12.87 (0.56)
16.4 (492)

5.36 (165)

125.06

3.20
19802
19696

106
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Ruwork/Reree (%) 19.2/24.1 18.8/23.1

R.m.s. deviations

Bond lengths (A) 0.009 0.010
Bond angles (°) 1.16 1.23
MolProbity score 1.96 2.04
Clashscore (all atom) 7.61 8.67
Poor rotamers (%) 1.71 1.77

Ramachandran plot

Favored (%) 94.60 94.36
Allowed (%) 5.07 5.28
Disallowed (%) 0.33 0.36
Average B-factor (A2) 63.16 124.1

@Data collected on 12-2 beamline at the Stanford Synchrotron Radiation Lightsource (SSRL).
® Numbers in parentheses correspond to the highest resolution shell.
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Table S2. Buried Surface Area (Related to Figure 4)

246

Interface Buried Surface Area (A?)
Structure C118 Fab/ C022 Fab/ CR3022 Fab/ = COVA1-16 Fab/
SARS RBD SARS2 RBD SARS2 RBD SARS2 RBD
PDB this study this study PDB 6W41 PDB 7JMW
Heavy Chain Para- 750 769 593 673
tope
FWRH1 0 12 4 0
CDRH1 197 218 271 109
FWRH2 0 0 0 0
CDRH2 92 3 113 0
FWRH3 0 0 3 0
CDRH3 461 537 202 564
FWRH4 0 0 0 0
Light Chain Para- 279 200 432 154
tope
FWRLA1 0 0 0 0
CDRL1 0 1 239 0
FWRL2 4 48 50 34
CDRL2 121 20 62 0
FWRL3 147 130 28 120
CDRL3 0 0 0 0
FWRL4 0 0 0 0
Total Paratope 1022 969 1025 827
He;‘;}’tf;‘eai“ 656 704 503 628
Light Chain Epitope 292 202 398 153
Total Epitope 948 906 990 780
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Table S3. Cryo-EM data collection and refinement statistics for C118-S complex structure
(Related to Figure 5).
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C118 Cc118
SARS-CoV-2 S2P SARS-CoV-2 S2P
(state 1) (state 2)
PDB
EMD
Data collection conditions
Microscope Talos Arctica
Camera Gatan K3 Summit
Magnification 45,000x
Voltage (kV) 200
Recording mode counting
Dose rate (e /pixel/s) 13.5
Electron dose (¢/A%) 60
Defocus range (um) 0.7-2.0
Pixel size (A) 0.836
Micrographs collected 2,970
Micrographs used 2,487
Total extracted particles 923,707
Refined particles 53,728 31,422
Symmetry imposed C3 Cl1
Nominal Map Resolution (A)
FSC 0.143 (unmasked/masked) 4.4/3.4 7.7/4.5
FSC 0.143 local (unmasked/masked) 4.8/3.7 NA
Refinement and Validation
Initial model used 7K 43
Number of atoms
Protein 28,865
Ligand 795
MapCC (global/local) 0.83/0.82
Map sharpening B-factor 88
R.m.s. deviations
Bond lengths (A) 0.01
Bond angles (°) 0.81
MolProbity score 2.56
Clashscore (all atom) 16.5
Poor rotamers (%) 0
Ramachandran plot
Favored (%) 92.6
Allowed (%) 6.9
Disallowed (%) 0.5
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A SARS-CoV-2 RBD B  RBD-binding antibody classes

RBD ridge

ACE2 Binding
Site

_‘ . N343 glycan

Class 4 antibody poses

C022 Fab

RBD

CR3022

C118 Fab

CR3022 Fab 8

Figure S1. Epitopes of class 1 — class 4 anti-RBD antibodies (related to Figures 1 and 2)

(A) SARS-CoV-2 RBD surface representation (grey) with N343 glycan (teal).

(B) SARS-CoV-2 RBD surface representation (grey) with overlayed bound models of V4V, of anti-
bodies for class 1 (C102, green, PDB: 7K8M), class 2 (C144, purple, PDB: 7K90), Class 3 (S309,
brown, 7JMX), and class 4 (CR3022, orange, PDB: 6W41).
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(C) SARS-CoV-2 surface representation with overlay of bound C118 Fab (blue), C022 Fab (red),
and CR3022 Fab (orange, PDB: 6W41).

(D) SARS-CoV-2 RBD surface representation (grey) at 45 angle from previous panels. Dotted out-
lines show epitopes of C102 (green), C022 (red), C118 (blue), and CR3022 (orange) mapped onto
SARS-CoV-2 RBD.
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wt
v4g3 E484 E484 V483 -

S477 kw \dL S477  V367F s
“. N~ Q498 7501 Q498 o1 S ,.b K378N " s
c476@ . - N50 C -

A4TS Q&usz) V445 vass@\ | / Laz2 Q403 | N\ & G476 i:‘:e 8?
- partegh Pago P499 A '@less Na39K a0 =
‘ : N439 N439~_ 7 ) £3
Ye) K417 | N440K 53
J(‘NMD NMO“ ‘/,r{f% yd V445E 53
“>—R346 R346— @ £ X § L452R 30 £z
) /\ ‘ 2 / Y453F 8%
¢ £
A \ R408 L455R 23
180° W . A4T5V 20 S5
‘{ \ G4768 SE
& vaer V467 ,\ \ \ S477N ©

M\l — V483A 10

\ /m‘\ R E484K

B.1.351 (K417N, E484K, N501Y)
MA10 (Q493K, Q498Y, P499T)

B C
B 1.254 B 1.25- )
g g = Uerr
% 1.004 % 1.004 Ka17N
—o— N439K
o 0.75 o 0.75 = Vasse
5 ™7 o ™M —~ L455R
8 N B
‘g 0.507 ‘g 0.507 - E484K/R683G
£ E Dy
2 0.25-] 2 0.25 ~ V503F
- WIV16

3 3 pCoV-GX
@ 0.004 X 0.00- ~+— pCoV-GD

1 10 100 1000 1 10 100 1000

antibody concentration (ng/mL) antibody concentration (ng/mL)
D — X 0

3¢ 2L EZXTHoEB EZEs e

S 28 3 8535 % 33§ B E £ B 2 3 3 2

E A g 2 2 2 2 £ 3 3 o & 2 2 2 @ =
C022IgG |70 | 60| 86| 11| 70 | 70 [ 40 | 48 |108| 60 [ 90 |126| 68 | 45 | 51 [ 55
C118IgG 114 | 86 75| 44 (118 75 | 88 | 63 | 131|111 (123|168 |122| 76 | 46 | 94

Blic,:1-10ngmL [ Jic,:11-100 ng/mL [ ]iC,;:101-1000 ng/mL
Figure S2. Binding and Neutralization of SARS-CoV-2 RBD or pseudoviruses carrying spike
amino acid substitutions as well as other sarbecovirus pseudoviruses by C118 and C022
(related to Figure 1).
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(A) Left: Cartoon model of SARS-CoV-2 RBD (RBD from C022-RBD structure) showing locations
of point mutations as red spheres and the N343rsp N-glycan as teal sticks. Right: Comparison of
binding of the indicated monoclonal IgGs to RBD mutants from ELISA data shown as AUC values
normalized to antibody binding to ‘wt’ SARS-CoV-2 RBD. Data presented are normalized mean
AUC values from two independent experiments.

(B-C) Normalized relative luminescence values for cell lysates of HT1080ace2 cells 48h after infec-
tion with SARS-CoV-2 pseudovirus carrying indicated spike variants in the presence of increasing
concentrations of monoclonal IgGs C118 (B) and C022 (C). The mutants represented substitutions
found in circulating SARS-CoV-2 sequences with frequencies >0.01% in GISAID (Shu and
McCauley, 2017). Mean and standard deviation of two experiments, each performed in duplicate
(n=4), is shown.

(D) Half-maximal inhibitory concentrations (ICso) calculated from the neutralization curves in panels
B and C for monoclonal IgGs C022 and C118 for neutralization of ‘wt’ (D614 S trimer) and the
indicated mutant SARS-CoV-2 S pseudotyped viruses, as well as other sarbecovirus pseudo-
viruses. ICso values are means of 2 independent experiments. Colors indicate ICso ranges, as indi-
cated. The E484K substitution was constructed in an R683G (furin cleavage site mutant) back-
ground to increase infectivity (Muecksch et al., 2021).
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Competition SPR
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Figure S3. SPR-based competition experiment.

SARS-CoV-2 RBD was coupled to a biosensor chip using primary amine chemistry. An IgG was
injected first (seconds 0-600). Seconds 600 - 730 represent the delay required to switch samples
for a subsequent injection. From seconds 730 — 1030, soluble ACE2 was injected. Buffer was in-
jected after 1030 seconds.
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A
FWR1 FWR2 CDRH2

Cl18 Vg QVQLVESGGGVVQPGRSLRLSCAAS AMHWVRQAPGKGLEWVAVISYDGSNKY
C022 Vy QVQLQESGPGLVKPSETLSVTCTVS YWGWIRQPPGKGLEWIGSIYYSG-STY
COVAl-16 Vg QVQLVQSGAEVKKPGASVKVSCKAS YMHWVRQAPGQGLEWMGI INSSGGSTS

* Kk kx k :** : :*_ : ::* .** N * *:**.**:****:‘ * .*

FWR3 CDRH3

Cl18 Vg YADSVKGRFTISRDNSKNTLYLOMNSLRAEDTAIYYCASGYTGY-—-—-DYEFVRGDYYGLDV
C022 Vy YNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCARHAAAYYDRSGYYF-IEYF--0QH
COVAl-16 Vg YAQKFQGRVTMTRDTSTSTVYMELSSLRSEDTAVYYCARPPRNYYDRSGYYQRAEYF--0OH

FooLr X Ko ROk rrn Lk Rk ok * Lx HE
B

FWR1 FWR2 CDRL2

Cl18 Vi QPVLTQSPSA-SASLGASVKLTCTLS TAWHQQQPEKGPRYLMKLNTDGSHSKGDG
c022 Vi DIQOMTQSPSTLSASVGDSVTITCRAS LAWYQQKPGKAPKLLIY----KASSLESG
COVAl-16 Vi DIQLTQSPSSLSASVGDRVTITCQAS LNWYQQRPGKAPKLLIY----DASNLETG

. :*****: ***:* *':** *' *': H *:**'* *'*' *: : . *

FWR3 CDRL3

Cl18 Vi IPDRFSGSSSGAERYLTISSLQSEDEADYYCOTWGTGILVEGGGTKLTVLLGQPKAAP
c022 Vi VPSREFSGSGSGTEFTLTISSLOPDDFATYYCOOYNNYRYTFGQGTKLEI--KRTVAAP
COVAl-16 Vi VPSREFSGSGSGTDEFTFTISSLOPEDIATYYCOOYDNPPLTFGGGTKLEI--KRTVAAP

:*'*****.**:: :******':* * Kk kK%K s, '** * Kk Kk k H . * * *
C

IGHD3-22 IGHJ1

Germline ATTACTATGATAGTAGTGGTTATTA GCTGAATACTTCCAGCACTGG
COVAl-16 TGTGCGAGGCCCCCTCGAAATTACTATGATAGGAGTGGTTATTATCAGAGGGCTGAATACTTCCAGCACTGG
c022 CTGTGCGAGACATGCGGCAGCA—TACTATGATAGEAGTGGTTATTATTTCATC———GAATACTTCCAGCACTGG

Figure S4. Comparison of C022, C118, and COVA1-16 V4V, sequences (related to Figure 3)
(A,B) Alignment of C118, C022, and COVA1-16 (A) V4 and (B) V. domains. Framework regions
(FWRs) and complementarity determining regions (CDRs) assigned using the IMGT definition (Le-
franc et al., 2015). Conserved residues (*), residues with similar properties (:), residues with weakly
similar properties (.).

(C) Alignment of portions of the C022 and COVA1-16 V domain nucleotide sequences to germline
gene segment sequences for IGHD3-22 (sand) and IGHJ1 (teal).
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Y SARS CoV-2
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Figure S5. Comparison of C022 and COVA1-16 antibody binding
(A) Cartoon representation of superposition of RBDs from C022-RBD and COVA1-16-RBD (PDB
7JMW) crystal structures aligned by their Ca atoms.

(B) SARS-CoV-2 RBD cartoon model showing differences between C022 (red) and COVA1-16
(purple) epitopes.
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(C,D) Interacting residues of SARS-CoV-2 RBD with the CDRH1 regions from (D) C022 Fab and
(E) COVA1-16 Fab (PDB 7JMW). Colors: Oxygens (red), nitrogens (blue). Carbon atoms of critical
arginines from each paratope are highlighted in yellow.

(E) Alignment of CDRH3 amino acid sequences for C022 and COVA1-16 and germline-encoded
amino acids derived from /GD3-22 (mauve) and /GJ7 (blue) gene segments. Identities between
C022 or COVA1-16 with IGHD3-22 and IGHJ1 amino acid sequences shown as shaded boxes and
residues within the CDRH3 loop are green.
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Figure S6. Details for cryo-EM C118-S reconstructions (related to Figure 5)

(A) C118-S 6P representative micrograph (top) and 2D class averages (bottom).

(B) Data processing pipeline for C118-S structure and focused refinement of C118-RBD portion of
the structure.
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(C) Gold Standard FSC for final reconstruction of C118-S reconstructions. Resolutions at
FSC=0.143 are shown for each volume.

(D) Local resolution estimates for C118-S map and C118-RBD focused map calculated in cry-
oSPARC.

(E) Ribbon representation of C118-RBD rigid body-refined model into cryoEM density contoured at
8o (gray mesh).

(F) Overlay of C118-RBD (SARS-CoV-2) from Fab-S cryo-EM structure (blue and gray cartoon)
and C118-RBD (SARS-CoV) (green and light gray). CDRH3 interactions are highlighted.
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Appendix B: Cryo-EM structure of a CD4-bound open HIV-1 Envelope trimer reveals structural re-

arrangements of the gp120 V1V2 loop
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This appendix describes the Cryo-EM structure of an partially-open CD4-bound HIV Env. Haoqing
Wang was the lead author of this project responsible for designing the study preparing the reagents
and processing and analyzing the data. My contribution was to do some of the biochemical studies
characterizing the interaction between BG505 SOSIP and the 17b antibody that can only bind the
open conformation of the Env. | designed that experiment, prepared those reagents, and analyzed

the data,

This work was published as:
Wang, H., Cohen, A.A., Galimidi, R.P., Gristick, H.B., Jensen, G.J., and Bjorkman, P.J. (2016).
Cryo-EM structure of a CD4-bound open HIV-1 envelope trimer reveals structural rearrangements

of the gp120 V1V2 loop. Proc National Acad Sci /13, E7151-E7158.
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Significance Statement

The HIV-1 Env glycoprotein exists in multiple conformations on virion surfaces. Although the closed
Env state is well characterized, less is known about open Env conformations stabilized by host
receptor (CD4) binding. We solved an 8.9A structure of a partially-open CD4-bound Env trimer by
single particle cryo-EM. In the CD4-bound Env, the gp120 V1V2 loops were displaced by ~40A from
their positions at the trimer apex. The displaced V1V2 loops were at the sides of the open trimer in
positions adjacent to, and interacting with, the three bound CD4s. These results are relevant to
understanding CD4-induced conformational changes leading to co-receptor binding and fusion,
HIV-1 Env conformational dynamics, and describe a target structure relevant to drug design and

vaccine efforts.
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ABSTRACT

The HIV-1 envelope (Env) glycoprotein, a trimer of gp120-gp41 heterodimers, relies on conforma-
tional flexibility to function in fusing the viral and host membranes. Fusion is achieved after gp120
binds to CD4, the HIV-1 receptor, and a co-receptor, capturing an open conformational state in
which the fusion machinery on gp41 gains access to the target cell membrane. In the well-charac-
terized closed Env conformation, the gp120 V1V2 loops interact at the apex of the Env trimer. Less
is known about the structure of the open CD4-bound state, in which the V1V2 loops must rearrange
and separate to allow access to the coreceptor binding site. We identified two anti-HIV-1 antibodies,
the co-receptor mimicking antibody 17b and the gp120-gp41 interface-spanning antibody
8ANC195, that can be added as Fabs to a soluble native-like Env trimer to stabilize it in a CD4-
bound conformation. Here we present an 8.9A cryo-electron microscopy structure of a BG505 Env-
sCD4-17b-8ANC195 complex, which reveals large structural rearrangements in gp120, but small
changes in gp41, as compared to closed Env structures. The gp120 protomers are rotated and
separated in the CD4-bound structure, and the three V1V2 loops are displaced by ~40A from their
positions at the trimer apex in closed Env to the sides of the trimer in positions adjacent to, and
interacting with, the three bound CD4s. These results are relevant to understanding CD4-induced
conformational changes leading to co-receptor binding and fusion, HIV-1 Env conformational dy-

namics, and describe a target structure relevant to drug design and vaccine efforts.
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INTRODUCTION

The HIV-1 envelope (Env) glycoprotein, a trimer of gp120-gp41 heterodimers, mediates recognition
of host receptors and fusion of the viral and target cell membranes (1). Structural flexibility of HIV-
1 Env is required for its function in membrane fusion; thus Env exists in multiple conformational
states on the surface of virions (2). Fusion involves several steps: the gp120 portion of Env trimer
first binds to the host receptor CD4 to capture a conformational state of Env that exposes the binding
site for an HIV-1 co-receptor (CCR5 or CXCR4), which in turn leads to gp41-mediated fusion of the
viral and host cell membranes. CD4-induced conformational changes within the Env trimer are in-
completely understood. The binding of soluble CD4 (sCD4) produces little to no changes in the
structures of gp120 cores (gp120 monomers with truncations in the N- and C-termini and V1V2 and
V3 loops) (3), but results in rotation of the gp120 protomers within virion-bound Env trimers to create
an open conformation distinct from the closed conformation of unliganded virion-bound trimers (4).
Single particle electron microscopy (EM) structures of recombinant native-like soluble Env gp140
trimers (SOSIPs) confirmed that they can adopt the same closed and open architectures as virion-
bound Env trimers (5-7), thus the SOSIP substitutions (introduction of a disulfide bond linking gp120
to gp41 and an lle->Pro mutation in gp41 (6)) do not appear to prevent transition to the open state.
Despite the plethora of recent crystal and EM structures at atomic and near-atomic resolutions of
closed Env trimers, most in complex with broadly neutralizing antibodies (bNAbs) (8-19), only low
resolution structures derived from cryo-electron tomography of HIV-1 virions have been available

for sCD4-bound open Env trimers (4-7).
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The closed conformation of HIV-1 Env is stabilized by interactions at the trimer apex mediated by
the gp120 V1V2 loop (8-19). In the closed state, the V1V2 region shields the binding site for the co-
receptor on the V3 loop (11, 16), but V1V2 interactions with V3 cannot be maintained when the
gp120 protomers rotate and separate to create the CD4-bound open conformation. The details of
V1V2 rearrangements in the open structure of HIV-1 Env trimer have not been addressed: the V1V2
loops were not localized in the Env trimer used in a cryo-EM single particle structure of an open
KNH1144 SOSIP bound to the co-receptor-mimicking antibody 17b (7) or in lower resolution cryo-
electron tomography structures of CD4-bound open Env trimers on virions (4, 7). However, compu-
tational modeling suggested displacement of V1V2 towards CD4 in CD4-bound Env structures (20,
21), consistent with earlier studies demonstrating involvement of V1V2 in the induction of the

epitopes of co-receptor mimic/CD4-induced antibodies such as 17b (22).

A structural description of conformational changes resulting from CD4 binding requires identification
of a stable and conformationally homogeneous CD4-Env trimer complex. We previously reported a
16.8 A negative stain single particle EM reconstruction of the BG505 SOSIP.664 Env trimer bound
to sCD4, 17b, and 8ANC195 (18). The two Fab ligands in this complex bind to distinct epitopes on
Env. 8ANC195 binds to a region of the gp120-gp41 interface flanked by N-linked glycans attached
to Asn234 4,120 and Asn276gp120 (18, 23). 17b, an HIV-1 co-receptor mimic (24), binds to a CD4-
induced (CD4i) epitope (25) that comprises part of the gp120 bridging sheet and overlaps with the
co-receptor binding site on gp120 (24). Accordingly, this antibody does not bind or neutralize most
HIV-1 strains; the exceptions being sensitive Tier 1 primary isolates in which the co-receptor binding
site is exposed in the absence of CD4 (26, 27). Because the co-receptor and 17b binding sites are

inaccessible in the closed trimer conformation (11, 16), 17b does not bind to the BG505 SOSIP
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trimer unless sCD4 is present (6). Since three 17b Fabs cannot be accommodated on a closed Env
trimer due to steric clashes (18), a CD4-bound trimer complex might be stabilized by adding 17b

and 8ANC195 (to prevent Env closure and rigidify the gp120-gp41 interface, respectively).

Here we report an 8.9 A structure of the BG505-sCD4-17b-8ANC195 complex (hereafter referred
to as Env-sCD4-17b-8ANC) derived by single particle cryo-EM. The higher resolution structure re-
veals an Env structure with a large CD4-induced rotation of the gp120 protomers and an ~40 A
movement of the V1V2 loop from the apex of the trimer to a position adjacent to sCD4, but relatively
minor changes within gp41 from closed trimer structures. Biochemical studies using a BG505 with
a truncated V1V2 loop support the model in which sCD4 binding induces V1V2 displacement to
expose the co-receptor binding site. These results are relevant to understanding the CD4-induced
conformational changes leading to co-receptor binding and fusion that allows HIV-1 entry into 4

target cells, HIV-1 Env conformational dynamics, and present a target structure relevant to drug

design and vaccine efforts.

Results

Cryo-EM structure determination

BG505 SOSIP.664, a cleaved, soluble native-like HIV-1 Env trimer (6), sCD4 D1D2 (domains 1 and
2 of the CD4 ectodomain), and Fabs from the anti-HIV-1 antibodies 17b and the G52K5 variant of
8ANC195 (23) (hereafter referred to as BANC195) were expressed and purified as previously de-
scribed (18). The Env-sCD4-17b-8ANC complex was prepared for cryoEM by first isolating an Env-

sCD4-17b ternary complex by size exclusion chromatography (SEC), adding 8ANC195 Fab, using
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SEC again to isolate the quaternary Env-sCD4-17b-8ANC complex, and then plunge freezing the

complex onto EM grids (Fig. S1A).

Two independent single particle reconstructions were obtained from 5,175 out of 13,268 total parti-
cles and 9,606 out of 19,355 total particles, respectively, at resolutions of ~8.9 A and ~9.8 A (cal-
culated using the 0.143 gold-standard Fourier shell coefficient cutoff criterion) (28) (Fig. 1, 2; Fig.
S2, S3). These relatively high resolutions for a sCD4-bound Env structure were confirmed by fea-
ture-based criteria including clear definition of gp41 HR1 a-helices (Fig. 1 C) and densities corre-
sponding to BG505 N-linked glycans (Fig. 1 D). Regions of the structure that were disordered and/or
calculated to be at a lower resolution (29) were areas most distant from the trimer axis of symmetry
such as the constant domains (Cx and C.) of the Fabs, the D2 domain of sCD4, and density identi-

fied as the displaced gp120 V1V2 loop (Fig. S2C).

Coordinates from crystal structures of individual components of the Env-sCD4-17b-8ANC complex
were fit by rigid body docking into cryo-EM density maps. The coordinates of 8BANC195 (PDB 4P9M)
(23), 17b and sCD4 (PDB 1RZJ) (30) were first docked into their corresponding densities, after
which the gp41 coordinates from a BG505 trimer structure (PDB 5CEZ) (9) were fit into density. For
fitting gp120 densities, we deleted the V1V2 and V3 coordinates from a closed BG505 trimer struc-
ture (PDB 5T3X) (10) and then fit the truncated gp120s individually into protomer densities. After
fitting the gp120, 17b, and sCD4 coordinates independently, the complex was compared with the
crystal structure of a gp120-sCD4-17b complex (PDB 1RZJ) (30), resulting in root mean square
deviations (RMSDs) of 1.7 A for 98 Co. atoms in sCD4 D1 and 1.5 A for 234 Co atoms in the 17b

Vy-VL domain after superimposing the gp120s. The relatively low RMSDs for the independently fit
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sCD4 and 17b Vu-V. coordinates demonstrated that the cryoEM reconstruction reproduced known
interactions of CD4 and 17b with gp120. The placement of the 8ANC195 Vu-V. domains within its
epitope at the gp120-gp41 interface was also not greatly shifted from its placement in an 8ANC195-
BG505 (closed trimer) crystal structure (PDB 5CJX) (18) (RMSD = 2.3 A for 238 8ANC195 V-V,

Ca atoms after superimposing the gp120s) (Fig. 3 A).

The fitted coordinates and density maps for the 8.9 A and 9.8 A reconstructions showed no major
differences except for the positions of the Fab Cn-CL domains (which are not rigid with respect to
the antigen-binding V-V domains) (Fig. S3). Thus analyses were done using the 8.9 A reconstruc-
tion, with comparisons to verify features of interest with the independently-determined 9.8 A recon-

struction (this study) and the previously-described 16.8 A negative stain reconstruction (18).

Comparison of Env trimer conformational states

The 8.9 A Env-sCD4-17b-8ANC structure revealed densities for three sCD4, three 17b, and three
8ANC195 Fabs interacting with a three-fold symmetric BG505 Env trimer (Fig. 1 A, B). The BG505
Env in this complex adopts a conformation that is more open than the closed conformation in crystal
and EM structures of Env trimers (8-19), but less open than the conformation in low resolution
sCD4-bound Env structures (4-7) (Fig. 2A, B; Fig. 3 A) and an ~9 A cryo-EM reconstruction of the
KN1144 SOSIP.681 soluble trimer bound to 17b in the absence of sCD4 (7). The higher resolution
and/or improved order of the present reconstruction revealed features that were unresolved in the
other open Env structures, including density for several BG505 N-linked glycans (e.g., a well-or-
dered glycan attached to N3864,120) and density for gp41 and gp120 a-helices (Fig. 1 C, D; Fig. S4).

The localization of gp41 helices allows comparison of the degree of CD4-induced movement of
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gp120 versus gp41 in open and closed Env structures. Superposition of the gp120s from the Env-
sCD4-17b-8ANC structure, a closed trimeric Env (PDB 5T3X) (10), and a sCD4-bound Bal open
Env structure (PDB 3DNO) (4) revealed major differences in gp120 orientations (Fig. 2 A, B; Fig. 3
A). Fig. 2 B shows a progression of gp120 displacement from the relatively closely-spaced gp120s
held together by the V1V2 region in the closed trimeric state (left), to the partially-open conformation
in the Env-sCD4-17b-8ANC structure with newly-identified V1V2 loop displacements (middle), to
the fully open conformation in the Bal-17b structure (in which the V1V2 loops were not localized)
(right). By contrast to the large differences in gp120s in the closed, partially-open, and open Env
conformations, the gp41 HR1 a-helices positions were relatively unaffected by CD4-induced Env

opening (Fig. 2 A, B, C, D).

CD4-induced V1V2 loop displacement

The BG505 portion of the Env-sCD4-17b-8ANC reconstruction shows no density for the V1V2 and
V3 loops in their original positions with respect to gp120, indicating structural rearrangements in
addition to the rotation of gp120 monomers that are induced by sCD4 binding. We identified a prom-
inent density near sCD4 as the likely location of the rearranged V1V2 based on several criteria: (i)
the density projects towards sCD4 starting from the center of the gp120 2 and B3 B-strands from
which the V1V2 loop emanates, (i) analogous density is present in independent CD4-bound Env
structures (Fig. 3 B): the 8.9 A and 9.8 A cryo-EM reconstructions of the Env-sCD4-17b-8ANC
complex described here, the 16.8 A negative stain reconstruction of the Env-sCD4-17b-8ANC com-
plex (18), and the ~20 A sCD4-bound Env trimer structures derived from sub-tomogram averaging
of virion-bound Env spikes (4, 5), and (jii) the density in the 8.9 A reconstruction contacts sCD4 D1

(Fig. 3 B, Fig. 5 B), consistent with crystal structures of monomeric gp120s showing V1V2 stem
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interactions with sCD4 (30, 31). We note that analogous density is not present in the open structure
of the KNH1144 SOSIP.681 trimer bound to 17b Fab in the absence of sCD4 (7), suggesting that
the rearranged V1V2 loop becomes more ordered in open Env structures through interactions with

bound sCD4.

Resolution limitations in the Env-sCD4-17b-8ANC complex structure precluded ab initio building of
V1V2 residues into EM density. However, we could use available V1V2 coordinates to interpret the
density since evidence suggests that the V1V2 loop is likely to maintain its overall four-stranded
Greek key B-sheet folding topology because this fold is preserved in closed Env trimer structures
(8-19) and in structures of V1V2-alone scaffolds (32, 33) (Fig. 4 A). In addition, EM reconstructions
of V1V2-directed bNAbs bound to full-length gp120 monomers showed a variety of binding orienta-
tions for V1V2 conformation-specific bNAbs (32), consistent with at least some elements of the
disulfide-bonded V1V2 B-sheet structure being maintained despite flexibility between monomeric
gp120 and V1V2. In closed Env trimer structures, strand A of the four-stranded Greek key p-sheet
structure of the V1V2 loop emanates a region that includes a helical turn (Fig. 4 B), but the analo-
gous residues are within a -strand called B2 in gp120 cores (Fig. 4 C). Strand D, the final B-strand
of the V1V2 loop, leads into the gp120 B3 B-strand. The environment of the $2-33 region in the
closed Env trimer is rearranged in sCD4-bound gp120 core structures into a four-stranded antipar-
allel B-sheet comprising strands 20, p21, B2 and B3 (Fig. 4 B, C). A molecular dynamics model of
repositioned V1V2 in full-length CD4-bound gp120 assumed this same rearrangement of the 2-3

region (21) (Fig. 4 A, D).
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We used a lower contour level for interpreting the V1V2 density (light red densities in Fig. 2, 3) in
our EM maps than we used for central portions of the BG505 trimer; the lower level was required to
reveal density for less ordered portions of the complex structure such as sCD4 D2 (Fig. S2C). At a
high contour level, we saw that coordinates for the gp120 and sCD4 D1 from a crystal structure of
a V1V2-truncated monomeric gp120 core complexed with sCD4 and 17b (PDB 1RZJ) fit the density
well (Fig. 5 A). The electron density suggested contacts between V1V2 and sCD4 D1 (Fig. 5 B),
consistent with monomeric gp120-sCD4 crystal structures (30, 31). At a lower contour level, we
found that the coordinates for the molecular dynamics model of full-length gp120 with a rearranged
V1V2 loop fit the EM density well (Fig. 5 C, D). We were unable to localize the V3 loop in the EM
density of the partially-open sCD4-bound Env trimer, but we could rule out the location predicted in
the molecular dynamics model or in a crystal structure of a V3 loop-containing monomeric gp120
core (PDB 2QAD) (34) (Fig. 5 C; Fig. S5A), perhaps because the V3 loop position in the crystal

structure was influenced by crystal packing (Fig. S5B).

The role of V1V2 in 17b binding

To further investigate the influence of the gp120 V1V2 loop on interactions with sCD4, we con-
structed a V1V2-truncated version of BG505 SOSIP.664 (BG505-AV1V2) analogous to a V1V2-
truncated gp120 core (22, 31) with the goal of solving the structure of a V1V2-truncated Env trimer
bound to sCD4. Purified BG505-AV1V2 appeared trimeric by negative stain EM, and the complex
of BG505-AV1V2 with sCD4, 17b, and 8ANC195 was stable by SEC (Fig. S6A). Trimeric BG505-
AV1V2 and some of the individual ligands could be identified in negative stain EM 2D class aver-
ages (Fig. S6C). However, we could not derive a 3D reconstruction from the class averages to

examine structural differences in BG505 resulting from V1V2 truncation, suggesting that the
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BG505-AV1V2 complex with sCD4, 17b, and 8ANC195, which lacked the sCD4-V1V2 interaction,

was less structurally homogeneous than the Env-sCD4-17b-8ANC complex.

We used the BG505-AV1V2 protein to investigate the effects of the V1V2 loop on 17b binding.
Purified BG505 or BG505-AV1V2 proteins were incubated with 17b Fab in the absence of sCD4
and subjected to SEC. The unmodified BG505 showed no complex formation with 17b, consistent
with previous studies (6, 35), whereas BG505-AV1V2 formed an SEC-stable complex with 17b in
the absence of sCD4 (Fig. 6). These results are consistent with structural changes in the V1V2 loop

upon sCD4 binding allowing binding of 17b in the V1V2 loop-containing Env trimer.

DISCUSSION

The HIV-1 Env spike is a conformationally dynamic molecule, both in its native, virion-bound trimeric
state, and in soluble native-like SOSIP trimers developed as immunogen candidates that are being
used for biochemical and structural studies (36). At least five different conformational states have
been identified by EM and/or X-ray crystallography (listed from closed to increasing open confor-
mation categories): (i) closed unliganded and bNAb-bound conformations observed on virions and
in SOSIPs (4-19), (ii) unliganded partially-open native-like states observed by negative stain EM for
SOSIPs other than BG505 SOSIP.664 (37-39), (iii) partially-open virion-bound Env trimers com-
plexed with the anti-HIV-1 antibodies b12 or A12 (4), (iv) the partially-open sCD4-17b-8ANC195-
BG505 structure reported here and in (18), and (v) an open Env conformation induced on virions
by sCD4 and 17b binding (4), on BG505 and other SOSIPs by sCD4 and 17b binding (5), or on the
KNH1144 SOSIP by binding of either the 17b (7) or Z13e1(40) antibodies alone. At least some of
these conformational states identified through static structural studies are likely to exist on virions,
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as evidenced by single molecule fluorescence resonance energy transfer (FRET) studies of Env
trimers on HIV-1 virions, which revealed unliganded native Env to be intrinsically dynamic (2). Tran-
sitions between low-, intermediate-, and high-FRET states were discovered, with the predominating
low-FRET state identified as the closed Env trimer conformation, and the intermediate-FRET state
(populated almost exclusively from the high-FRET state) interpreted as a co-receptor-stabilized
conformation that was stabilized by simultaneous introduction of sCD4 and 17b (2). Although the
high-FRET state could not be precisely identified, the proportions of both the high- and medium-
FRET states were increased by sCD4 and 17b addition, suggesting they represent distinct forms of

open Env conformational states.

The large conformational differences in the sCD4-17b-8ANC195— bound BG505 trimer with respect
to closed Envs, including rotation/separation of the gp120 cores and a >40 A displacement of the
V1V2 loop, suggests that this conformation represents a structural intermediate to co-receptor bind-
ing that is closer to completely open sCD4-bound Env structures than to closed structures. The
sCD4-induced Env trimer opening observed in this study arose primarily from rigid body rotations
of the gp120 monomers as opposed to changes in trimeric gp41 or the gp120-gp41 interface. With
respect to trimeric gp41, we observed that the HR1 a-helices in the partially-open trimer were
slightly closer together than their counterparts in a closed trimer (Fig. 2 B), but cannot rule out
artifacts from the low resolution of the partially-open structure and/or effects of the SOSIP ‘IP’ subs-
titution (1559Pgp41) (6) on sCD4-induced conformation changes. However, the conclusion that the
gp120-gp41 interface is relatively unchanged during sCD4-induced trimer opening is supported by
the fact that BANC195 binds similarly to both closed and sCD4-bound trimers (Fig. 3 A). The ques-

tion remains as to why the BG505 in our structure is only partially-open as opposed to completely
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open. Because the Env-sCD4-17b-8ANC complex was prepared by adding 8ANC195 to a pre-
formed BG505-sCD4-17b complex, we speculate that the BG505-sCD4-17b complex was fully
open until incubated with 8ANC195, a bNAb that prefers the closed Env conformation (18).
8ANC195 binding could have induced partial closure of the Env trimer to better bind to its gp120-
gp41 epitope, a conformational sequence reminiscent of the high- to intermediate-FRET state con-
version described for native Env trimers on virions (2). It is notable that the Env trimer did not com-
pletely close, which would have resulted in steric occlusion of the three 17b Fabs at the trimer apex
(18) likely leading to 17b Fab dissociation, nor did it even close to the point of creating contacts
between 17b Fabs (as evidenced by the cryo-EM map showing no contact between 17b Fabs) (Fig.
1 A). Thus the partially-open Env conformation revealed in the Env-sCD4-17b-8ANC likely repre-

sents a conformation accessible to native Env trimers on the pathway towards fusion.

In summary, the cryo-EM structure presented here represents the most detailed glimpse of struc-
tural changes occurring during Env-mediated fusion of the HIV-1 and host cell membranes. The
presence of 17b, a co-receptor mimicking antibody, suggests that the partially-open Env confor-
mation we described is correlated with the co-receptor-bound Env state. Hence the V1V2 loop
movement observed in our complex structure rationalizes why CD4 binding is required for co-re-
ceptor binding and subsequent release of the fusion peptide. In addition, the structure provides a

new potential target for design of antibody- or small molecule-based anti-HIV-1 therapeutics.
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Methods

Protein Production and Purification. 6x-His tagged Fabs of 17b and the 8ANC195¢s2«s5 variant of
8ANC195 were expressed by transient transfection in HEK293-6E cells (National Research Council
of Canada) and purified from cell supernatants using Ni-NTA chromatography and SEC as de-
scribed previously (18). sCD4 D1D2 (domains 1 and 2; residues 1-186 of mature CD4) was pro-
duced in baculovirus-infected Hi5 insect cells and was purified by Ni-NTA chromatography and SEC
(41). BG505 SOSIP.664, a native-like soluble clade A gp140 trimer (6), was constructed to include
‘SOS’ substitutions (A501Cgp120, T605Cgp41), the ‘IP’” substitution (1I559Pgp41), the N-linked glycan se-
quence at residue 332gp120 (T332Ngp120), an enhanced gp120-gp41 cleavage site (REKR to
RRRRRR), and a stop codon after residue 664441 (Env numbering according to HX nomenclature).
BG505-AV1V2 trimer was constructed by replacing residues 128-194 of the V1V2 loop with a Gly-
Ala-Gly linker, as described for previous experiments with a V1V2-truncated gp120 (22). BG505
and BG505-AV1V2 proteins were expressed in HEK293-6E cells treated with 5 yM kifunensine
(Sigma) by transient transfection of plasmids encoding Env trimer and soluble furin at a ratio of 4:1
as previously described (18). BG505 SOSIP proteins were isolated from cell supernatants using a
2G12 immunoaffinity column as described (10). After elution with 3M MgCl. followed by immediate
buffer exchange into Tris-buffered saline pH 8.0 (TBS), trimers were purified by SEC using a Su-
perdex 200 16/60 column, Mono Q ion exchange chromatography, and a second SEC purification

using a Superose 6 10/300 column (columns from GE Healthcare).
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Cryo-EM data collection and processing. The Env-sCD4-17b-8ANC complex was made by in-
cubating BG505 with excess sCD4 and 17b Fab overnight and then isolated by SEC. After incubat-
ing the BG505-sCD4-17b complex with excess BANC195 Fab for two hours at 4 °C, the quaternary
complex Env-sCD4-17b-8ANC complex was isolated by SEC. Purified Env-sCD4-17b-8ANC com-
plexes were diluted to 60 ug/mlin TBS and vitrified in liquid ethane using a Mark IV Vitrobot. Sample
grids were prepared by adding 3 pL of complex to glow discharged 400 Mesh Quantifoil ® R1.2/1.3
copper grids (for the 8.9 A reconstruction) or to 400 Mesh C-Flat™ R1.2/1.3 grids (for the 9.8 A
reconstruction). Images were recorded on a Titan Krios electron microscope equipped with Gatan
K2 Summit direct detector and an energy filter with a slit width of 20 eV (for the 9.8 A reconstruction
only) using SerialEM (42). For the 8.9 A reconstruction, 10 sec exposures were divided into 25
subframes and the dose rate was 3.8 electrons/pixel/subframe. For the 9.8 A reconstruction, 20.25
sec exposures were divided into 54 subframes and the dosage rate was 3.7 electrons/pixel/sub-
frame. After binning by 2 and motion correction, each image was 4k x 4k and 1.64 A per pixel (8.9

A reconstruction) or 4k x 4k and 1.71 A/pixel (9.8 A reconstruction).

Both data sets were motion corrected and dose weighted using Unblur and Summovie (43-45).
Motion corrected micrographs without dose weighting were used for CTF estimations. Motion cor-
rected micrographs with dose weighting were used for particle picking, and motion corrected micro-
graphs with dose weighting and restored noise power after filtering were used for all classification

and refinement processes.

Particles were picked using the SWARM method of EMAN2.1 (46) and CTF estimations were done

using CTFFIND4 (47). For the 8.9 A reconstruction: A total of 808 movies were collected. After
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motion correction and dose weighting, CTF curves were confidently fit to beyond 6 A in 360 micro-
graphs; the others were discarded. A total of 13,268 particles were picked. Particles were classified
in 2D with Relion (48), resulting in 130 2D classes. Of these, 9 classes from 6,675 particles were
selected as “good” classes. For 3D classification, the 16.8 A Env-sCD4-17b-8ANC negative stain
structure (EMDB 3086) was used as a reference and the Cy-CL domains of the Fabs were masked
out; two 3D classes were then produced. After selecting one 3D class as a “good” class, 5,175
particles remained for 3D refinement. After 3D refinement, post processing, particle polishing, and
gold-standard FSC estimations were done using Relion (48) following procedures in the tutorial.
Density maps were low pass filtered to 5 A to remove noise. Local resolution estimations were done

using ResMap (29).

The 9.8 A structure was produced in the same way with minor differences: 642 movies were col-
lected; only 480 micrographs could be CTF fit to beyond 6 A; a total of 19,355 particles were picked;

11,915 were retained after 2D classification; and 9,606 particles retained through 3D classification.

After motion correcting, dose weighting, and CTF correcting the two data sets individually, the CTF-
corrected (flipped) particles were scaled to the same A/pixel value and combined into a single data
set of 32,623 particles. 18,476 were retained after 2D classification; and 17,013 particles were re-
tained through 3D classification. The resolution of a reconstruction calculated from the combined
data sets was 9.6 A (Fig. S3C), lower than the 8.9 A resolution calculated for a reconstruction from
the first data set. Because combining the data sets did not improve the resolution beyond 8.9 A, we

kept the data sets separated for structural analyses.
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Model building. Coordinates from crystal structures were manually fit into cryo-EM density maps
as rigid bodies using UCSF Chimera’s Fit in Map function (49), and the complex was further refined
using real-space refinement in PHENIX (50). Coordinates used for fitting or comparisons were
gp120 from BG505 SOSIP.664 (closed conformation) (PDB 5T3X), gp41 from BG505 SOSIP.664
(closed conformation) (PDB 5CEZ or 5T3X), sCD4 (PDB 2NXY), 17b Fab (PDB 2NXY), 8ANC195
Fab (PDB 4P9M), 16.8 A negative stain EM structure of Env-sCD4-17b-8ANC (EMDB 3086),
BG505-8ANC195 (PDB 5CJX) and X1193.c1 SOSIP.664-PGT122-35022-VRC01 (PDB 5FYJ)
closed conformation complexes, V1V2 scaffold (PDB 5ESV), gp120 with V1V2 model from molec-
ular dynamics (coordinates obtained from Hironori Sato), gp120 core-sCD4-17b complex (PDB
1RZJ), gp120 core with ordered V3 loop (2QAD), open 17b-bound KNH1144 SOSIP.681 (EMDB
entry 5462; coordinates for gp120s obtained from Sriram Subramaniam), gp120-sCD4-17b com-
plex (PDB 2NXY), open conformation virion-bound Bal Env-sCD4 (EMD: 5455), and open confor-

mation virion-bound Bal Env-sCD4-17b (EMDB 5020, PDB 3DNO).

The contour levels for EM maps in this study were chosen based on local resolution estimations
and fitted coordinates. For rigid body docking, model building, and coordinates visualization, we
chose a contour level such that the gp41 HR1 a-helices exactly fit into the density. However, density
for the D2 domain of sCD4 could not be visualized at this high contour level. We lowered the contour
level such that density for the D2 domain of sCD4 appeared and used this lower contour level to
interpret the density corresponding to the rearranged V1V2 loop region. For determining the rotation
and translation relating the gp120s in the closed and partially-open conformations, the transfor-

mation relating gp120 o-helices at positions 60-63, 99-113, 335-349, and 475-483 was calculated
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using TM-align (51). The corresponding screw transformation was calculated according to (52) and

visualized using AntibodyDatabase (53).

Negative stain EM. The BG505-AV1V2 -sCD4-17b-8ANC195 quaternary complex was made as
described above for the Env-sCD4-17b-8ANC complex. Purified complexes were diluted to 10 ug/ml
in TBS immediately before adding 3 pl to a glow discharged ultrathin C film on holey carbon support
film, 400 mesh, Cu grids (Ted Pella) and staining with uranyl acetate. Data were collected using a
FEI Tecnai T12 transmission electron microscope operating at 120 keV with a Gatan Ultrascan 2k
x 2k CCD camera. Each image was collected using a 0.5 s exposure at ~1 ym defocus and 42,000x
magpnification resulting in 2.5 A per pixel. For the BG505-AV1V2-sCD4-17b-8ANC195 complex, a
total of 7,251 particles were picked and CTF corrected using EMAN2.1 (46). Reference-free 2D

classification was performed using Relion (48).
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Figure Legends.

B

gp120
gp41
17b V -V,

8ANC195 V -V,

Fig. 1. 8.9 A EM reconstruction of Env-sCD4-17b-8ANC complex. (A, B) Electron density fit by
coordinates for gp120 (gray), gp41 (orange), sCD4 D1 (yellow), 17b V-V, (forest green), 17b Chu-
C. (chartreuse), BANC195 Vu-V. (magenta), and 8ANC195 Cy-C. (pink). N-linked glycan coordi-
nates are shown as sticks. (A) Side view in which the three-fold symmetry axis of the BG505 trimer
is vertical. (B) Bottom view looking down the three-fold symmetry axis of the BG505 trimer. (C) Side
view of density of gp41 portion of the BG505 trimer. (D) Close-up of density near the N-linked glycan
attached to BG505 Asn368p120.
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Partially-open

é@g p41

Fig. 2. CD4-induced structural changes in Env trimers. (A) gp120 surface representations for the
closed (PDB 5T3X) (blue), partially-open (this study) (grey), and sCD4-bound open Env structures
(PDB 3DNO) (green) as seen from the side. V1V2 loops (red) are depicted as surface representa-
tions for the closed and open structures and as EM density for the partially-open structure. Locations
of V3 (blue) and the CD4 binding site (CD4bs) (yellow) are depicted as surface representations. (B)
gp41 in ribbon representation (closed and partially-open Env structures) or as density (open Env
structure) for Env structures. As gp41 coordinates for an open Env structure were unavailable, we
used the density from the single particle EM structure of an open KNH1144-17b complex (EMDB
5462) (7) (C) Top view of gp120 representations shown in panel A. (C) Top view of gp41 represen-
tations shown in panel A.
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Fig. 3. Putative V1V2 densities. (A) Superposition of the gp140 (gp120 plus gp41) coordinates from
one monomer in a closed BG505 Env trimer structure (PDB 5T3X) (blue) and the gp140 coordinates
from the 8.9 A partially-open BG505 Env trimer reported here (gray) as seen from two different
orientations. The gp140 monomers were aligned using the 3-fold symmetry axis of the gp41 trimer.
The arrow in the left panel marks the axis about which a rotation of 30° and a translation of 2.6 A
relates the gp120 in the closed structure to the gp120 in the partially-open structure. The V1V2 loop
(red) is depicted as a ribbon for the closed trimer and as EM density for the partially-open structure.
The V3 loop (dark blue) is depicted as a ribbon for closed trimer and not shown in the partially-open
structure because it was disordered. The 8ANC195 Fab (magenta heavy chain; light pink light
chain) is shown in the left panel based on its position with respect to the partially-open gp140,
illustrating that its epitope at the gp120-gp41 interface does not undergo extensive changes. (B)
sCD4-proximal densities (red) in four independent CD4-bound Env structures: the 8.9 A and 9.8 A
cryo-EM reconstructions of the Env-sCD4-17b-8ANC complex (this study), the 16.8 A negative stain
reconstruction of the Env-sCD4-17b-8ANC complex (18), and the ~20 A reconstruction of a sCD4-
Env trimer structure derived from sub-tomogram averaging of virion-bound Env spikes (4). High
contour level densities in the Env-sCD4-17b-8ANC reconstructions are shown in bright red and
bright yellow for V1V2 and sCD4, respectively, with lower contour level densities in lighter colors.
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A

V1V2 Scaffold V1V2closed Env  V1V2 (MD) V1va

Strand A
Strand D

V1

v2

v2

truncated V1V2

al 1 1

Fig. 4. V1V2 loop structures. (A) V1V2 folding topologies in V1V2 scaffold (PDB 5ESV) (32, 33),
closed BG505 trimer (PDB 5FYJ) (10, 19), and molecular dynamics model of repositioned V1V2 in
full-length CD4-bound gp120 (21). B-strand nomenclature in V1V2 is the same as in (32). Disulfide
bonds are shown as yellow sticks. (B-D) gp120s from structures of closed BG505 trimer (PDB 5FYJ)
(19) (B), sCD4-bound monomeric gp120 core (truncated V1V2 and V3 loops) (PDB 1RZJ) (30) (C),
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and the molecular dynamics model of full-length CD4-bound gp120 (21) (D). Top panels show struc-
tural overviews. Middle panels show close-up views of the regions in the boxed areas. Bottom pan-
els show topology diagrams of the bridging sheet (adapted from (16)). V1V2 is red and V3 is blue.
Strands B2 and B3, which precede and follow V1V2 in the gp120 sequence, are cyan and green,
respectively. gp120 strands 20 and 21, which form a B-sheet with 2 and 3 in sCD4-bound
gp120 structures (31) are orange and magenta, respectively.

Fig. 5. V1V2 fitting to EM density. Densities are gray (gp120), orange (gp41), yellow (sCD4), and
red (V1V2). (A) EM density map (high contour level) fit with coordinates of a sCD4-bound mono-
meric gp120 core (truncated V1V2 and V3 loops) (PDB 1RZJ) (30). (B) Close-up of map and coor-
dinates in panel A showing putative contacts between V1V2 loop stem and CD4 D1. (C) EM density
map (low contour level for V1V2 and sCD4 regions) fit with coordinates of the molecular dynamics
model of full-length CD4-bound gp120 (21). The V3 loop does not fit in the density. (D) Close-up of
map and coordinates in panel C.
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Fig. 6. 17b interactions with BG505 and BG505-AV1V2. (A) SEC profile demonstrating that BG505-
AV1V2, but not BG505, binds 17b Fab. (B) SDS-PAGE analysis of SEC fractions.
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Fig. S1. 8.9 A EM structure determination. (A) Image of the sample grid used for 8.9 A reconstruc-
tions of the Env-sCD4-17b-8ANC complex. Examples of complex particles are boxed. The accu-
mulated dose and defocus values were ~25 e-/A? and ~2.2 ym underfocus. (B) Fourier transform
of the micrograph in panel A. (C) CTF fitting of the left micrograph (generated using CTFFIND4)
shows a good fit to 4.0 A (D) Representative reference-free 2D class averages calculated by
RELION.
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Fig. S2. EM structure analysis. (A) Gold-standard FSCs of reconstructions generated using different
strategies. The 8.9 A reconstruction was generated using dose weighting and masking out the Fab
Cu-C. domains. (B) Orientation distribution of the 8.9 A reconstruction. (C) Local resolution estima-
tion in the 8.9 A reconstruction. The Env-sCD4-17b-8ANC complex is shown as side (top row) and
top (bottom row) views. Local resolution estimations are shown for a high contour level (left) and a
lower contour level (right) with fitted coordinates shown beside each. In the local resolution map,
gray represents resolutions below 20 A. The lower contour level was necessary to visualize density
for the sCD4 D2 domain and V1V2 loop. These regions were estimated to be ~15 A resolution.
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Fig. S3. Comparison of 8.9 A and 9.8 A Env-sCD4-17b-8ANC reconstructions. (A) Image of sample
grid used for 9.8 A reconstruction of the Env-sCD4-17b-8ANC complex. Examples of complex par-
ticles are boxed. The accumulated dose and defocus values were ~68 e-/A? and ~3.3 um defocus.
(B) Superimposition of 8.9 A and 9.8 A reconstructions seen from the side (left) and bottom (right).
(C) Gold-standard FSCs of reconstructions generated using different strategies. The 9.8 A recon-
struction was generated using dose weighting and masking out the Fab Cx-C. domains. The calcu-
lated resolution was 9.6 A when combining the two independent data sets (see Methods), using
out the Fab Cs-CL domains.
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Fig. S4. Electron density in the 8.9 A EM reconstruction. Close-up views of density in gp120 (A) and
near the N-linked glycans attached to BG505 Asn234gp120 (B), BG505 Asn276gp120 (C), and
BG505 Asn637gp41 (D). Glycans are shown as sticks.
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8ANC195
VH-VL

Fig. S5. V3 loop. (A) The gp120 V3 could not be localized in EM density of the sCD4-bound partially-
open BG505 complex. The V3 loop position in the coordinates shown is derived from its position in
a sCD4-bound gp120 core structure with an ordered V3 loop (34) (PDB 2QAD). (B) Crystal contacts
in PDB 2QAD, a complex between a gp120 core (gray) with an ordered V3 loop (blue), sCD4 (yel-
low), and a CD4i Fab (wheat). The ordered V3 loops contact adjacent gp120s in the crystal.
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Fig. S6. Characterization of BG505-AV1V2. (A) Size exclusion chromatography (SEC) profiles
showing SEC purification steps. The BG505-AV1V2-sCD4-17b ternary complex (blue) was purified
first and then BANC195 Fab was added to form the quaternary complex (red). The faster-migrating
peaks (12-15 mL) correspond to BG505-AV1V2 alone (gray), the ternary BG505-AV1V2-sCD4-17b
complex (blue), and the BG505-AV1V2-sCD4-17b-8ANC195 complex (red). The slower migrating
peaks (17-21 mL) correspond to free sCD4 and Fabs. (B) Image of the sample grid used for nega-
tive stain single particle reconstruction. Examples of complex particles are circled. (C) 2D class
averages of the BG505-AV1V2-sCD4-17b-8ANC195 complex. Arrows point to identified ligands.
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